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METHOD AND CARRIER COMPLEXES FOR DELIVERING
MOLECULES TO CELLS

. This application asserts priority of U.S. Provisional Application Serial No:
60/467,516 filed on May 1, 2003. The specification of U.S. Provisional Application
Serial No: 60/467,516 is hereby incorporated by reference in its entirety.

This invention was made with government support from the National Institute on
Drug Abuse under Grant No. P01-DA-08924. The U.S. Government has certain rights in

this invention.

BACKGROUND OF THE INVENTION

Biological cells are generally highly selective as to the molecules that are allowed
to pass through the cell membrane. As such, the delivery of compounds, such as small
molecules and biological molecules into a cell is usually limited by the physical
properties of the compound. The small molecules and biological molecules may, for

example, be pharmaceutically active compounds.

The lack of delivery of such molecules, including macromolecules, such as
proteins and nucleic acids, into cells in vivo, has been an obstacle to the therapeutic,
prophylactic and/or diagnostic use of a large number of potentially effective compounds.
In addition, many compounds which appear promising iz vitro, have been discarded as
potential drugs due to the lack of ability to deliver the compound effectively inside a cell,

in vivo.

Several reports have addressed the problem of delivering compounds to cells by
covalently attaching the compounds to “protein transduction domains” (PTDs).
Schwarze et al. (Trends Pharmacol Sci. 2000; 21:45-8) and U.S. Patent No. 6,221,355 to
Dowdy disclose several PTDs that can cross the lipid bilayer of cells in a concentration-
dependent manner. The PTDs disclosed include PTDs derived from the HIV-1 tat

protein, from a Drosophila homeotic transcription factor encoded by the antennapedia
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(abbreviated ANTP) gene, and from a herpes simplex virus VP22 transcription factor.
The HIV-1 tat PTD is eleven amino acids in length, the ANTP PTD is sixteen amino
acids in length, and the VP22 PTD is 34 amino acids in length.

Recent publications, however, indicate that these PTDs enter cells via energy-
dependent endocytosis. Therefore, the “PTD-cargo” complexes are contained within the
cell’s endosomal vesicles and not available to, for example, the cytoplasm of the cell.

Accordingly, the “PTD-cargo” complexes must be released from the endosomal vesicles

in order to be bioactive (Richard et al., J Biol. Chem. 2003; 278:585-590; Drin et al., J

~ Biol. Chem. 2003; 278:31192-31201). Further, there are recent reports that these PTDs

are toxic to cells.

Thus, there is a need for peptides which are capable of crossing the lipid
membrane of cells in an energy-independent non-endocytotic manner. In addition, in
order to avoid immune responses, commonly i(nown for large peptides, there is a need for
smaller, peptidase-resistant, peptides. Finally, it is important that the peptide carriers be

nontoxic to cells.

SUMMARY OF THE INVENTION

These needs have been met by the present invention which provides a method for
delivering a molecule to a cell. The method comprises contacting the cell with a carrier
complex, wherein the carrier complex comprises the molecule and an aromatic cationic
peptide, and wherein the aromatic cationic peptide comprises:

(a) at least one net positive charge;

(b) a minimum of three amino acids;

(c) a maximum of ten amino acids;

(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3pp, is the
largest number that is less than or equal tor + 1; and

(e) a relationship between the minimum number of aromatic groups (a)

and the total number of net positive charges (pr) wherein 3a is the
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largest number that is less than or equal to p; + 1, except that when a is

1, pt may also be 1.

In another embodiment, the invention provides a carrier complex comprising a
molecule and an aromatic cationic peptide, wherein the arorﬂatic cationic peptide
comprises:

(a) at least one net positive charge;

(b) a minimum of three amino acids;

(c) a maximum of ten amino acids;

(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3py, is the
largest number that is less than or equal to r + 1; and

(e) a relationship between the minimum number of aromatic groups (2)
and the total number of net positive charges (p¢) wherein 3a is the
largest number that is less than or equal to p; + 1, except that when a is

1, pr may also be 1.

In yet another embodiment, the invention provides a method for delivering a
molecule to a cell. The method comprises contacting the cell with a molecule and an
aromatic cationic peptide, wherein the aromatic cationic peptide comprises:

(a) at least one net positive charge;

(b) 2 minimum of three amino acids;

(c)a méximum of ten amino acids;

(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3py, is the
largest number that is less than or equal tor + 1; and

(e) a relationship between the minimum number of aromatic groups (a)
and the total number of net positive charges (p;) wherein 3a is the
largest number that is less than or equal to p; + 1, except that when a is

1, pt may also be 1.
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BRIEF DESCRIPTION OF THE FIGURES

Figure 1. Peptide uptake in Caco-2 cells. Time course of [’H][Dmt'IDALDA
(A) and [**C]Gly-Sar (B) uptake. Caco-2 cells were incubated with [*H][Dmt' TDALDA

(250 nM, 47 Ci/mmol) or [14C]G1y-Sar (50 uM, 56.7 mCi/mmol) for 1 h at either 37 or
n

4°C. Radioactivity was subsequently determined in solubilized cells. (C) effect of acid-
wash on accumulation of [’H][Dmt'IDALDA. Caco-2 cells were incubated with
[PH][Dmt']DALDA for 1 h at 37°C. Before cell lysis, cells were subjected to acid-wash
to remove cell surface-associated radioactivity. (D) effect of [Dmt'JDALDA
concentration on [Dmtl]DALDA uptake. Cells were incubated with a range of
[Dmt'JDALDA concentrations (1 uM-3 mM) for 1 h at 37°C. All data are presented as
mean + S.E. of three independent monolayers. Where error bars are not apparent, they are

smaller than the symbol.

Figure 2. Effect of pH and DEPC on [*H][Dmt'JDALDA (A and C) and
['*C]Gly-Sar (B and D) uptake in Caco-2 cells. Caco-2 cells were incubated with
[PH][Dmt'JDALDA (250 nM, 47 Ci/mmol) or ["*C]Gly-Sar (50 uM, 56.7 mCi/mmol) for
1 h at 37°C under various pH conditions (A and B). Cells were preincubated at 25°C with
0.2 mM DEPC for 10 min before incubation with [> H] [Dmt']DALDA (250 nM,

47 Ci/mmol) or [**C]Gly-Sar (50 pM, 56.7 mCi/mmol) at 37°C for 1 h (C and D). All

data are presented as mean + S.E. of three independent monolayers.

Figure 3. (A)uptake of [°’H}[Dmt']DALDA in different cell lines. Cells were
incubated with [’H][Dmt']DALDA (250 nM, 47 Ci/mmol) for 1 h at 37°C. Before cell -
lysis, cells were subjected to acid-wash to remove cell surface-associated radioactivity.
Data shown represent acid-resistant radioactivity and are presented as mean + S.E. for
three independent monolayers. (B) specific binding of [PH][Dmt'JDALDA to cell
membranes. Membranes prepared from SH-SYSY cells and Caco-2 cells were incubated
with [PH][Dmt'JDALDA (15-960 pM) for 1 h at 25°C. Nonspecific binding was assessed
by inclusion of 1 uM unlabeled [Dmt'JDALDA. Free radioligand was separated from
bound radioligand by rapid filtration. No specific binding was observed with Caco-2



10

20

25

WO 2005/001023 PCT/US2004/013772

cells. For SH-SYSY cells, the Ky value was 118 pM (range 87-149) and the Bmax value

was 96 fmol/mg protein.

Figure 4. (A) efflux of [*H][Dmt'IDALDA (filled column) and [*C]Gly-Sar
(open column). Caco-2 cells were preloaded with [PH][Dmt']DALDA (250 oM,
47 Ci/mmol) or [**C]Gly-Sar (50 uM, 56.7 mCi/mmol) for 1 h at either 37 or 4°C. Cells
were then washed and incubated with culture medium for 1 h at either 37 or 4°C.
Radioactivity was determined in both medium and cell lysate, and the data are presented
as percentage of peptide effluxed into medium. (B) effect of DEPC on
[PH][Dmt'|DALDA efflux. Cells were preincubated with 0.2 mM DEPC for 10 min at
25°C before loading with [*H] [Dmt'JDALDA. (C) effect of verapamil, an inhibitor of p-
glycoprotein, on efflux (C) and uptake (D) of [*H] [Dmtl]DALDA.

Figure 5. Transport of PH][Dmt']DALDA and [**C]Gly-Sar across a Caco-2
monolayer. Caco-2 cells (2 x 10%) were seeded on microporous membrane inside
Transwell cell culture chambers. Apical-to-basolateral transport of peptides was
determined by adding [*H] [Dmt']DALDA or ["*C]Gly-Sar to the apical compartment,
and 20-ul aliquots were removed from both apical and basolateral compartments at

various times after peptide addition for determination of radioactivity.

Figure 6. Cellular uptake of [Dmt',dnsDap*]DALDA and [Dmt',
atnDap*]DALDA. Caco-2 cells were incubated with 0.1 uM [Dmt',dnsDap*]DALDA for
15 min at 37°C. Cells were then washed and covered with PBS. Microscopy was carried
out within 10 min at room temperature. Excitation was performed at 340 nm and
emission was measured at 520 nm. The fluorescence appeared diffuse throughout the
cytoplasm but was completely excluded from the nucleus. The lack of vesicular

concentration at 37°C suggests non-endocytotic uptake.

Figure 7. Mass spectrometric confirmation of coupling of three peptides to cross-
linker SMCC. SMCC (1 pug) and peptide (5 png) were dissolved together in 2 ml of PBS,
incubated at room temperature for 30 min, and stored at 4°C. An aliquot of sample was
mixed with matrix (saturated 3-hydroxy picolinic acid (HPA) in 50% acetonitrile, 10

mg/ml ammonium citrate) in a 1:10 ratio, and spotted on a stainless steel target plate.
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Samples were analyzed by Matrix Assisted Laser Desorption Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS). The molecular weights of the peptides and their

respective SMCC conjugates are indicated on the spectra.

Figure 8. Ability of peptides to enhance uptake of B-galactosidase (B -Gal) into
N,A neuroblastoma cells. Cells (N2A neuroblastoma cells or Caco-2) were plated in 96-
well plates (2 x 10* cells/well) and incubated with B -Gal or § -Gal conjugated with
peptide (via SMCC) for 1 hat 37°C. Cells were then washed 4 times with phosphate
buffer. The cells were then stained with B -gal staining set (Roche) for at least 2 h at
37°C and examined under the microscope. (A) no uptake of  -Gal was observed when
Caco-Z cells were incubated With B -Gal. (B) presence of blue cells indicate uptake of § -
Gal conjugated with [Dmt'JDALDA in Caco-2 cells. (C) enhanced uptake of p -Gal
conjugatled with [D-Arg-Dmt-Lys-Phe-NH,] in Caco-2 cells. (D) enhanced uptake of 8 -
Gal conjugated with [Phe']JDALDA in Caco-2 cells. Conjugation of p -Gal with SMCC
alone did not enhance uptake.

Figure 9. Co-incubation with [Dmt'JDALDA-SMCC conjugate enhances uptake
of green fluorescent protein (GFP) into Huh7 cells. Huh7 cells (1x106 cells/well) were
washed with DMEM and then incubated with 0.5 ml DMEM containing 3 pg GFP alone
(A), 3 pg GFP and 40 pl [Dmt']DALDA (B), or 3 pg GFP and 40 pl [Dmt'JDALDA
conjugated to SMCC (C) for 60 min at 37°C. 2 ml of cell medium was then added to
cells and incubated for an additional 24 hours in cells incubator. After incubation, cells
were washed four times in cell medium and GFP retained in living cells was visualized
by confocal laser scanning microscopy. Excitation was performed at 340 nm and
emission was measured at 520 nm. Top panel represents images of GFP through 0.8 um
thick central horizontal optical section of Huh7 cells. Bottom panel represents differential

interface contrast images in same field.

Figure 10. Conjugation of [Dmt'] DALDA with an RNA oligo. Synthetic RNA
oligo (40 nucleotides long) was phosphorylated at the 5' end using 7-32P-ATP and

- polynucleotide kinase. The product was purified by gel electrophoresis. 500,000 cpm of
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gel-purified RNA oligo was conjugated with [Dmt'] DALDA in the presence of 1 mg
EDC (N-[3-dimethylaminopropyl-N'-ethylcarboiimide]). The product of the conjugation
reaction ([Dmt'] DALDA-RNA oligo) and RNA oligo alone were analyzed on 15%

polyacrylamide urea gel.

Figure 11. Uptake of [Dmt'JDALDA — [**P]JRNA oligo conjugate into Caco-2
cells. Caco-2 cells (1 x 106) were washed three times in DMEM medium and
preincubated in DMEM for 5 minutes. Cells were then incubated with [Dmt']DALDA-
[P?PJRNA oligo conjugate or control RNA (approximately 20,000 cpm) for 60 minutes at
37°C. After incubation, the cells were washed, lysed, and radioactivity determined in the
cell lysate. The uptake of [Dmt'JDALDA- [*P]RNA conjugate was >3-fold greater
compared to RNA alone. '

Figure 12. Effect of peptide-SMCC conjugates to enhance uptake of RNA oligo
into Huh7 cells. (A) Effect of time on cell uptake of RNA oligo. Huh7 cells (1x106
cells/well) were washed with DMEM and then incubated with 1.0 ml DMEM containing
[>’PJRNA oligo (single strand, 11 bases; ~100,000 cpm) alone or with 40 ml
[Dmt']DALDA-SMCC conjugate for 15 or 60 min at 37°C. Cells were then washed four
times in DMEM and one time in sodium acetate solution to remove nonspecific binding
before incubated in lysis buffer for 30 min and retained radioactivity determined. Co-
incubation of RNA oligo with [Dmt'JDALDA-SMCC at 37°C increased uptake of the
RNA oligo by 10-fold after 15 min incubation, and 20-fold after 60 min incubation. (B)
Effect of temperature on cell uptake of RNA oligo. The ability of [Dmt']DALDA-SMCC
to enhance RNA uptake was less at 4°C, although it was still increased uptake by 10-fold.
(C). Enhanced cellular uptake of RNA by different peptide-SMCC conjugates. Huh7
cells (1x10° cells/well) were washed with DMEM and then incubated with 1.0 ml DMEM
containing [*2P]RNA oligo alone or with 40 ml peptide-SMCC conjugate for 15 minutes
at 37°C. All three peptide-SMCC conjugates increased RNA uptake.

Figure 13. Co-incubation with [Dmt']DALDA-SMCC conjugate enhanced
uptake of two RNAs of different lengths. [Dmt'JDALDA was conjugated with SMCC
and confirmed by mass spectroscopy. An 11-mer RNA oligo and a 1350-mer RNA were
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mixed with the [Dmt' JDALDA-SMCC conjugate for 15 min at room temperature. Huh7
cells (1 x 108 cells/well) were washed with DMEM and then incubated with 1 ml DMEM
containing either the RNA alone (~100,000 cpm), or the RNA mixed with the
[Dmt']JDALDA-SMCC conjugate for 60 min at 37°C and 5% CO,. The cells were then
washed four times in DMEM and one time in sodium acetate solution to remove
nonspecific binding. The washed cells were then incubated in lysis buffer for 30 min and
retained radioactivity counted. Compared to incubation with RNA alone, co-incubation
with the [Dmtl]DALDA~SMCC conjugate increased the uptake of the 11-mer RNA by
22-fold, and the uptake of the 1350-mer RNA by 3-fold.

Figure 14. Conjugation of DNA oligo to ([Dmtl]DALDA. SMCC (1 pg) and
[Dmt'JDALDA (5 pg) were dissolved together in 2 ml of PBS, incubated at room
temperature for 30 min, and mixed with deprotected 3’—thioi DNA oligo at 4°C for 24
hours. After incubation, an aliquot of sample was mixed with matrix (saturated 3-
hydroxy picolinic acid (HPA) in 50% acetonitrile, 10 mg/ml ammonium citrate) ina 1:10
ratio, and spotted on a stainless steel target plate. Samples were analyzed by MALDI-
TOF MS (A). The molecular weights of 3’-thiol DNA oligo and [Dmt'JDALDA-DNA
covalent complex were found to be 6392 and 7171, respectively. Both conjugated and
unconjugated oligos were phosphorylated at the 5’-end using y-.32P-ATP in the reaction
with polynucleotide kinase, and the products of kinase reaction were analyzed on 15%

polyacrylamide urea gel and gel-purified for cellular uptake studies (B).

Figure 15. Cellular uptake of DNA oligo conjugated with [Dmt']DALDA. A 3’-
thiol-modified 20-mer DNA was conjugated to [Dmt'JDALDA using SMCC, and the
formation of the conjugate was confirmed by mass spectroscopy. Both conjugated and
unconjugated DNA oligos were radiolabeled at the 5’-end with 32p and gel-purified.
Neuronal N>A (1 x 10 cells/well). cells were washed with DMEM and incubated with 1
ml DMEM containing either [Dmt'JDALDA-conjugated or unconjugated DNA oligo
(~100,000 cpm) for 2 h or 19 h at 37°C and 5% COs. Cells were then washed four times
in DMEM and one time in sodium acetate solution to remove nonspecific binding. The
cells were then incubated in lysis buffer for 30 min and retained radioactivity determined.

Y-axis shows uptake of DNA represented as percent of total radioactivity.
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Figure 16. [Dmtl]DALDA is not toxic to cells in culture. Neuronal NoA cells
were incubated with [Dmt'JDALDA (1 nM to 10 pM) for 24 h and cell viability was
determined by the MTT assay.

Figure 17. [Dmt']DALDA-SMCC conjugate does not induce apoptosis in"Huh7
cells. Huh7 cells (1 X 10° cells/well) were washed three times in DMEM, and 1 ml of
fresh medium was applied. Then, either 50ul of [Dmt'JDALDA-SMCC conjugate (1mM)
in PBS or PBS only (control) was added to the cell medium and incubated at 37°C for 24
hours at 5% CO,. After incubation, 1 pl of Hoechst dye for staining apoptotic nuclei was
added to the cells and incubated for an additional 15 min. Excessive Hoechst dye was
removed by washing cells with cell medium (free of pH indicator) and cells treated with
[Dmt' JDALDA-SMCC conjugate were compared with control cells using fluorescent

microscopy (excitation at 350 nm and emission at 461 nm).

DETAILED DESCRIPTION OF THE INVENTION

The invention is based on the surprising discovery by the inventors that certain
carrier complexes comprising at least one molecule and an aromatic cationic peptide can
cross cell membranes by an energy-independent mechanism and deliver the molecules

inside the cell.

Aromatic Cationic Peptides

The aromatic cationic peptides useful in the present invention have a net positive
charge as described below, are water-soluble and highly polar. The peptides include a
minimum of three amino acids, and preferably include a minimum of four amino acids,

covalently joined by peptide bonds.

The maximum number of amino acids present in the aromatic cationic peptides is
ten, preferably about eight, and most preferably about six. Optimally, the number of
amino acids present in the peptides is about four. The term “about” as used in the

definition for the maximum number of amino acids means plus or minus one amino acid.
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The amino acids of the aromatic cationic peptides useful in the present invention
can be any amino acid. As used herein, the term “amino acid” is used to refer to any
organic molecule that contains at least one amino group and at least one carboxyl group.

Preferably, at least one amino group is at the o position relative to the carboxyl group.

The amino acids may be naturally occurring. Naturally occurring amino acids
include, for example, the twenty most common amino acids normally found in proteins,
i.e., alanine (Ala), arginine (Arg), asparagine (Asn), aspartic acid (Asp), cysteine (Cys),
glutamine (Glu), glutamic acid (Glu), glycine (Gly), histidine (His), isoleucine (Ilew),
leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline (Pro), serine

(Ser), threonine (Thr), tryptophan, (Trp), tyrosine (Tyr), and valine (Val).

Other naturally occurring amino acids include, for example, amino acids that are
synthesized in metabolic processes not associated with protein synthesis. For example,
the amino acid ornithine is synthesized in mammalian metabolism during the production

of urea.

The aromatic cationic peptides useful in the present invention optionally comprise
one or more amino acids that are non-naturally occurring. In one embodiment, the

peptide has no amino acids that are naturally occurring.

Non-naturally occurring amino acids are those amino acids that typically are not
synthesized in normal metabolic processes in living organisms, and do not naturally

occur in proteins.

In addition, the non-naturally occurring amino acids useful in the present
invention preferably are also not recognized by common proteases. Thus, the non-
naturally occurring amino acids are preferably resistant, and more preferably insensitive,

to common proteases.

Non-naturally occurring amino acids can be present at any position in the peptide.
For example, a non-naturally occurring amino acid can be at the N-terminus, the C-
terminus, and/or at any one or more positions between the N-terminus and the C-

terminus.

10
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The non-natural amino acids may, for example, comprise alkyl, aryl, or alkylaryl
groups. Some examples of alkyl amino acids include ai-aminobutyric acid, -
aminobutyric acid, y-aminobutyric acid, 3-aminovaleric acid, and g-aminocaproic acid.
Some examples of aryl amino acids include ortho-, meta, and para-aminobenzoic acid.
Some examples of alkylaryl amino acids include ortho-, meta-, and para-

aminophenylacetic acid, and y-phenyl-B-aminobutyric acid.

Non-naturally occurring amino acids also include derivatives of naturally
occurring amino acids. The derivatives of naturally occurring amino acids may, for
example, include the addition of one or more chemical groups to the naturally occurring

amino acid.

For example, one or more chemical groups can be added to one or more of the 2°,
3°,4°,5°, or 6 position of the aromatic ring of a phenylalanine or tyrosine residue, or the
4,5, 6, or 7’ position of the benzo ring of a tryptophan residue. The group can be any
chemical group that can be added to an aromatic ring. Some examples of such groups
include branched or unbranched C;-Cy4 alkyl, such as methyl, ethyl, n-propyl, isopropyl,
butyl, isobutyl, or t-butyl, C;-C,4 alkoxy (i.e., alkoxy), amino,C;-C; alkylamino (e.g.,
methylamino) and C;-C4 dialkylamino (e.g., dimethylamino), nitro, hydroxyl, halo (i.e.,
fluoro, chloro, bromo, or iodo). Some specific examples of non-naturally occurring
derivatives of naturally occurring amino acids include norvaline (Nva), norleucine (Nle),

and hydroxyproline (Hyp).

Another example of a modification of an amino acid in a peptide useful in the
present invention is the derivatization of a carboxyl group of an aspartic acid or a
glutamic acid residue of the peptide. One example of derivatization is amidation with
ammonia or with a primary or secondary amine, e.g., methylamine, ethylamine,
dimethylamine or diethylamine. Another example of derivatization includes

esterification with, for example, methyl or ethyl alcohol.

Another such modification includes modification of an amino group of a lysine,
arginine, or histidine residue. For example, such amino groups can be acylated. Some

suitable acyl groups include, for example, a benzoyl group or an alkanoyl group

11
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comprising any of the C;-Cs alkyl groups mentioned above, such as an acetyl or

propionyl group.

The non-naturally occurring amino acids may generally be levorotatory (L-),
dextrorotatory (D), or mixtures thereof. Examples of suitable non-naturally occurring
amino acids also include the dextrorotatory (D-) form of any. of the above-mentioned
naturally occurring L-amino acids, as well as L- and/or D- non-naturally occurring amino
acids. In this regard, it should be noted that D-amino acids do not normally occur in
proteins, although they are found in certain peptide antibiotics that are synthesized by
means other than the normal ribosomal protein synthetic machinery of the cell. As used

herein, such D-amino acids are considered to be non-naturally occurring amino acids.

In order to minimize protease sensitivity, the peptides useful in the invention
should have less than five, preferably less than four, more preferably less than three, and
most preferably, less than two contiguous L-amino acids recognized by common
proteases, irrespective of whether the amino acids are naturally or non-naturally
occurring. In one embodiment, the peptide has only D-amino acids, and no L-amino

acids.

1If the peptide contains protease sensitive sequences of amino acids, at least one of
the amino acids is preferably a non-naturally-occurring D-amino acid, thereby conferring
protease resistance. An example of a protease sensitive sequence includes two or more
contiguous basic amino acids that are cleaved by common proteases, such as
endopeptidases and trypsin. Examples of basic amino acids include arginine, lysine and

histidine.

It is important that the aromatic cationic peptides have a minimum number of net
positive charges at physiological pH in comparison to the total number of amino acid
residues in the peptide. The minimum number of net positive charges at physiological
pH will be referred to below as (pm). The total number of amino acid residues in the

peptide will be referred to below as (r).

12
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The minimum number of net positive charges discussed below are all at
physiological pH. The term “physiological pH” as used herein refers to the normal pH in
the cells of the tissues and organs of the mammalian body. For instance, the
physiological pH of a human is normally approximately 7.4, but normal physiological pH

in mammals may be any pH from about 7.0 to about 7.8.

“Net charge” as used herein refers to the balance of the number of positive
charges and the number of negative charges carried by the amino acids present in the
peptide. In this specification, it is understood that net charges are measured at
physiological pH. The naturally occurring amino acids that are positively charged at
physiological pH include L-lysine, L-arginine, and L-histidine. The naturally occurring
amino acids that are negatively charged at physiological pH include L-aspartic acid and L-

glutamic acid.

Typically, a peptide has a positively charged N-terminal amino group and a
negatively charged C-terminal carboxyl group. The charges cancel each other out at
physiological pH. As an example of calculating net charge, the peptide Tyr-Arg-Phe-
Lys-Glu-His-Trp-Arg has one negatively charged amino acid (i.e., Glu) and four
positively charged amino acids (i.e., two Arg residues, one Lys, and one His). Therefore,

the above peptide has a net positive charge of three.

In one embodiment of the present invention, the aromatic cationic peptides have a
relationship betwéen the minimum number of net positive charges at physiological pH
(pm) and the total number of amino acid residues (r) wherein 3pp, is the largest number
that is less than or equal to r + 1. In this embodiment, the relationship between the
minimum number of net positive charges (pm) and the total number of amino acid

residues (r) is as follows:

) |3(4|5(6(7]|8[9]10

Pw) | 1]112(2]12]|3|3]3
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In another embodiment, the aromatic cationic peptides have a relationship
between the minimum number of net positive charges (pm) and the total number of amino
acid residues (r) wherein 2py, is the largest number that is less than or equal tor+ 1. In
this embodiment, the relationship between the minimum number of net positive charges

(pm) and the total number of amino acid residues (r) is as follows:

@ |314|5|6{7|8|9110

(Pw) 2123|314 ]4]5|5

In one embodiment, the number of net positive charges (pm) and the number of
amino acid residues (r) are equal. In another preferred embodiment, the peptides have
three or four amino acid residues and a minimum of one net positive charge, preferably, a
minimum of two‘ net positive charges and more preferably a minimum of three net

positive charges.

It is also important that the aromatic cationic peptides have a minimum number of
aromatic groups in comparison to the total number of net positive charges (py). The

minimum number of aromatic groups will be referred to below as (a).

Naturally occurring amino acids that have an aromatic group include the amino
acids histidine, tryptophan, tyrosine, and phenylalanine. For example, the hexapeptide
Lys-Gln-Tyr-Arg-Phe-Trp has a net positive charge of two (contributed by the lysine and
arginine residues) and three aromatic groups (contributed by tyrosine, phenylalanine and

tryptophan residues).

In one embodiment of the present invention, the aromatic cationic peptides useful
in the methods of the present invention have a relationship between the minimum number
of aromatic groups (a) and the total number of net positive charges at physiological pH

(py) wherein 3a is the largest number that is less than or equal to p + 1, except that when
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ptis 1, amay also be 1. In this embodiment, the relationship between the minimum

number of aromatic groups (a) and the number of net positive charges (py) is as follows:

(P [1]2(3{45]|]6[7[8]9]10

@ (1{111]112(2]2[3|3|3

In another embodiment the aromatic cationic peptides have a relationship between
the minimum number of aromatic groups (a) and the total number of net positive charges
(py) wherein 2a is the largest number that is less than or equal to p;+ 1. In this
embodiment, the relationship between the minimum number of aromatic amino acid

residues (a) and the total number of net positive charges (py) is as follows:

() | 1(2(314(5/6]78(9]10

@ | 1[1(2]|2[3131414|5]|5

In another embodiment, the number of aromatic groups (a) and the total number

of net positive charges (p;) are equal.

Carboxyl groups, especially the terminal carboxyl group of a C-terminal amino
acid, are preférably amidated with, for example, ammonia to form a C-terminal amide.
Alternatively, the terminal carboxyl group of the C-terminal amino acid may be amidated
with any primary or secondary amine. The primary or secondary amine may, for
example, be an alkyl, especially a branched or unbranched C;-Cy alkyl, or an aryl amine.
Accordingly, the amino acid at the C-terminus of the peptide may be converted to an
amido, N-methylamido, N-ethylamido, N,N-dimethylamido, N,N-diethylamido, N-
methyl-N-ethylamido, N-phenylamido or N-phenyl-N-ethylamido group.
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In addition, the free carboxylate groups of amino acid residues having more than
one carboxylate group, e.g., asparagine, glutamine, aspartic acid, and glutamic acid
residues, may also be amidated wherever they occur. The amidation at these positions

may be with ammonia or any of the primary or secondary amines described above.

In one embodiment, the aromatic cationic peptide useful in the methods of the
present invention is a tripeptide having two net positive charges and at least one aromatic
amino acid. In a particular embodiment, the aromatic cationic peptide useful in the
methods of the present invention is a tripeptide having two net positive charges and two

aromatic amino acids.

Aromatic cationic peptides useful in the methods of the present invention include,

but are not limited to, the following peptide examples:

Lys-D-Arg-Tyr-NH,,

Phe-D-Arg-His,

D-Tyr-Trp-Lys-NHa,

Trp-D-Lys-Tyr-Arg-NH,,

Tyr-His-D-Gly-Met,

Phe-Arg-D-His-Asp,

Tyr-D-Arg-Phe-Lys-Glu-NHo,
Met-Tyr-D-Lys-Phe-Arg,
D-His-Glu-Lys-Tyr-D-Phe-Arg,
Lys-D-GlIn-Tyr-Arg-D-Phe-Trp-NH,,
Phe-D-Arg-Lys-Trp-Tyr-D-Arg-His,
Gly-D-Phe-Lys-Tyr-His-D-Arg-Tyr-NH,,
Val-D-Lys-His-Tyr-D-Phe-Ser-Tyr-Arg-NH,,
Trp-Lys-Phe-D-Asp-Arg-Tyr-D-His-Lys,
Lys-Trp-D-Tyr-Arg-Asn-Phe-Tyr-D-His-NHo,,
Thr-Gly-Tyr-Arg-D-His-Phe-Trp-D-His-Lys,
Asp-D-Trp-Lys-Tyr-D-His-Phe-Arg- D-Gly-Lys-NH,,
D-His-Lys-Tyr- D-Phe-Glu- D-Asp- D-His- D-Lys-Arg-Trp-NH,, and
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Ala-D-Phe-D-Arg-Tyr-Lys-D-Trp-His-D-Tyr-Gly-Phe.

In a particularly preferred embodiment, an aromatic cationic peptide has the
formula Tyr-D-Arg-Phe-Lys-NH, (for convenience represented by the acronym:
DALDA). DALDA has a net positive charge of three, contributed by the amino acids
tyrosine, arginine, and lysine and has two aromatic groups contributed by the amino acids
phenylalanine and tyrosine. The tyrosine of DALDA can be a modified derivative of
tyrosine such as in 2’,6’-dimethyltyrosine to produce the compound having the formula
2°,6’-Dmt-D-Arg-Phe-Lys-NH; (i.e., Dmt!-DALDA). Other modified derivatives of
tyrosine include 2’-methyltyrosine (Mmt); N,2°,6’-trimethyltyrosine (Tmt); and 2°-
hydroxy-6’-methyltryosine (Hmt).

In another preferred embodiment, the amino acid at the N-terminus of DALDA
can be a phenylalanine or its derivative. An aromatic cationic peptide with phenylalanine
at the N-terminus has the formula Phe-D-Arg-Phe-Lys-NH, (i.e., Phe'-DALDA).
Preferred derivatives of phenylalanine include 2’-methylphenylalanine (Mmp), 2°,6°-
dimethylphenylalanine (Dmp), N,2’,6’-trimethylphenylalanine (Tmp), and 2’-hydroxy-
6’-methylphenylalanine (Hmp).

In another embodiment, the amino acid sequence of Dmt!'-DALDA is rearranged
such that Dmt is not at the N-terminus. An example of such an aromatic cationic peptide

has the formula D-Arg-2’6’Dmt-Lys-Phe-NHa.

Any of the specific peptides mentioned herein, such as those mentioned above
and those mentioned below, e.g., in table 1, including Dmt!-DALDA, DALDA, Phe'-
DALDA, D-Arg-2’6’Dmt-Lys-Phe-NH; and their derivatives can further include
functional analogs. A peptide is considered a functional analog of Dmt!-DALDA,
DALDA, Phe!-DALDA, or D-Arg-2’6’Dmt-Lys-Phe-NH, if the analog has the same
function as Dmt'-DALDA, DALDA, Phe!-DALDA, or D-Arg-2’6’Dmt-Lys-Phe-NH,.
The analog may, for example, be a substitution variant of Dmt'-DALDA, DALDA, Phe!-
DALDA, or D-Arg-2’6’Dmt-Lys-Phe-NH,, wherein one or more amino acids is

substituted by another amino acid.
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may be grouped according to their physicochemical characteristics as follows:

10

group is referred to as a conservative substitution. Conservative substitutions tend to

(@  Non-polar amino acids: Ala(A) Ser(S) Thr(T) Pro(P) Gly(G);
(b)  Acidic amino acids: Asn(N) Asp(D) Glu(E) GIn(Q);
(©) Basic amino acids: His(H) Arg(R) Lys(K);

(d)  Hydrophobic amino acids: Met(M) Leu(L) Ile(I) Val(V); and

(¢)  Aromatic amino acids: Phe(F) Tyr(Y) Trp(W) His (H).

Substitutions of an amino acid in a peptide by another amino acid in the same

preserve the physicochemical characteristics of the original peptide. In contrast,

substitutions of an amino acid in a peptide by another amino acid in a different group is

generally more likely to alter the characteristics of the original peptide.
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Examples of analogs useful in the practice of the present invention include, but

are not limited to the aromatic cationic peptides shown in Tables 1 and 2.

Amino Acid
Position 1
Tyr

Tyr

Tyr

Tyr
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
Bio-2'6'Dmt
3'5'Dmt
3'5'Dmt

Amino Acid
Position 2
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Cit
D-Cit
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg

TABLE 1
Amino Acid Amino Acid
Position 3 Position 4
Phe Lys
Phe Om
Phe Dab
Phe Dap
Phe Lys
Phe Lys
Phe Lys-NH(CH,),-NH-dns
Phe Lys-NH(CH;).-NH-atn
Phe dnsLys
Phe Lys
Phe Ahp
Phe Orn
Phe Dab.
Phe Dap
Phe Ahp(2-aminoheptanoic acid)
Phe Lys
Phe Lys
Phe Orn
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Amino Acid
Position 5 (if
present)

Cys

C-Terminal
Modification

NH,
NH,
NH,
NH,
NH,
NH;
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH;
NH,



3'5'Dmt
3'5'Dmt
Tyr

Tyr

Tyr

Tyr

2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Tyr

Tyr

Tyr

Tyr

2'6'Dmt
2'6'Dmt
2'6’'Dmt
2'6'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Tyr

Tyr

Tyr

Tyr

2'6'Dmt
2'6'Dmt
2'6’'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6’'Dmt
2'6'Dmt
2'6'Dmt
2'6’'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Tyr

Tyr

WO 2005/001023

D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Arg
D-Arg
D-Lys
D-Lys
D-Lys
D-Lys
D-Lys
D-Orn

Phe
Phe
Tyr

Tyr

Tyr

Tyr

Tyr

Tyr

Tyr

Tyr
2'6'Dmt
2'6’'Dmt
2'6'Dmt
2'6'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Tyr

Tyr

Tyr

Tyr

Tyr

Tyr

Tyr

Tyr
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
Phe
Phe
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Phe
Phe

Dab
Dap
Lys
Ormn
Dab
Dap
Lys
Orn
Dab
Dap
Lys
Orn
Dab
Dap
Arg
Lys
Ormn-
Dab
Dap
Arg
Lys
Orn
Dab
Dap
Arg
Lys -
Om
Dab
Dap
Arg
Lys
Orn
Dab
Dap
Lys
Orn
Dab
Dap
Lys
Orn
Dab
Dap
dnsDap
atnDap
Lys
Orn
Dab
Dap
Arg
Arg
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NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH;
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH;
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH;
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH;
NH,
NH,
NH;
NH,



Tyr

Tyr
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Tyr

Tyr

Tyr

Tyr
2'6'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Mmt
Mmt
Mmt
Mmt
Tmt
Tmt
Tmt
Tmt
Hmt
Hmt
Hmt
Hmt
Mmt
Mmt
Mmt-
Mmt
Mmt
Tmt
Tmt
Tmt
Tmt
Tmt
Hmt
Hmt
Hmt
Hmt
Hmt
Mmt

WO 2005/001023

Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Tyr

Tyr

Tyr

Tyr
2'6’'Dmt
2'6'Dmt
2'6'Dmt
2'6'Dmt
3'5Dmt
3'5'Dmt
3'5'Dmt
3'5'Dmt
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe

Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Arg
Lys
Orn
Dab
Dap
Lys
Orn
Dab
Dap
Lys
Ormn
Dab
Dap
Lys
Orn
Dab
Dap
Arg
Lys
Orn
Dab
Dap
Arg
Lys
Ormn
Dab
Dap
Arg
Arg
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NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH, -
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,



Mmt
Mmt
Mmt
Mmt
Tmt
Tmt
Tmt
Tmt
Tmt
Hmt
Hmt
Hmt
Hmt
Hmt
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D-Orn Phe Arg
D-Dab Phe Arg
D-Dap Phe Arg
D-Arg Phe Arg
D-Lys Phe Arg
D-Orn Phe Arg
D-Dab Phe Arg
D-Dap Phe Arg
D-Arg Phe Arg
D-Lys Phe Arg
D-Orn Phe Arg
D-Dab Phe Arg
D-Dap Phe Arg
D-Arg Phe Arg

Dab = diaminobutyric

Dap = diaminopropionic acid

Dmt = dimethyltyrosine

Mmt = 2'-methyltyrosine

Tmt =N, 2',6'-trimethyltyrosine

Hmt = 2'-hydroxy,6'-methyltyrosine

dnsDap = B-dansyl-L-o,B-diaminopropionic acid
atnDap = B-anthraniloyl-L-o,3-diaminopropionic acid

Bio = biotin

TABLE 2

Amino Acid ~  Amino Acid Amino Acid Amino Acid

Position 1 Paosition 2 Position 3 Position 4
D-Arg Dmt Lys Phe
D-Arg Dmt Phe Lys
D-Arg Phe Lys Dmt
D-Arg Phe Dmt Lys
D-Arg Lys Dmt Phe
D-Arg Lys Phe Dmt
Phe Lys Dmt D-Arg
Phe Lys D-Arg Dmt
Phe D-Arg Dmt Lys
Phe D-Arg Lys Dmt
Phe D-Arg Phe Lys
Phe Dmt D-Arg Lys
Phe Dmt Lys D-Arg
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NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NHs
NH,

C-Terminal

Modification

NH,

NH,

NH,

NH,

NH,

NH.,

NH2

NH,

NH.,

NH,

NH,

NH,

NH,
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Lys
Lys
Lys
Lys
Lys
Lys
D-Arg
D-Arg
D-Arg
D-Arg
Trp
Trp
Trp
Trp
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
D-Arg
Cha
Ala

Phe
Phe
Dmt
Dmt
D-Arg
D-Arg
Dmt
Dmt
Dmt
Dmt
D-Arg
D-Arg
D-Arg
D-Arg
Trp
Trp
Trp
Trp
Lys
Lys
D-Arg
D-Arg

Cha = cyclohexyl

Phe

Dmt
Trp
Trp
Phe
Phe

Dmt
D-Arg
Phe
D-Arg
Dmt
Phe
Phe
Dmt
Tyr
Trp
Lys
Lys
Lys
Lys
Phe
Lys
Dmt
Lys
Phe
Dmt
Lys
Lys

NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH.
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
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The amino acids of the peptides shown in Tables 1 and 2 may be in either the L-

or the D- configuration.

Further cationic peptides can be found in U.S. Provisional Application No.
60/444,777 filed February 4, 2003, which is hereby incorporated by reference.

Molecules

The molecule can be a biological molecule or a small molecule. Preferably, the

biological molecule or small molecule is a pharmaceutically active molecule. A

pharmaceutically active molecule as used herein, is any molecule which exerts a

beneficial effect in vivo

A biological molecule is any molecule which contains a nucleic acid or amino

acid sequence and has a molecular weight greater than 450. Such nucleic acid and amino

acid sequences are referred to herein as “polynucleotides” and “polyamino acids,”
yn

respectively.
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Biological molecules include polynucleotides, peptide nucleic acids, and
polyamino acids, such as peptides, polypeptides, and proteins. Examples of biological
molecules which are pharmaceutically active include endogenous peptides (e.g.,
vasopressin, glutathione), proteins (e.g., interferons), hormones (e.g., human growth
hormone), enzymes (e.g., a-galactosidase), antibodies (e.g., antibody against beta-
amyloid, which can be used to treat Alzheimers disease), neurotrophic growth factors
(e.g., nerve growth factor NGF, brain-derived neutrophic factor BDNF), cytokines (e.g.,
platelet-derived growth factor PDGF, vascular endothelial cell growth factor VEGF), and

oligonucleotides.

The oligonucleotides may comprise any sequence of nucleotides, such as DNA or
RNA. The DNA and RNA sequences can be single or double-stranded. For example,
DNA encoding a protein that is beneficial in assisting survival of a cell during stress can
be conjugated to the peptides of the invention. Examples of such proteins include the

heat shock proteins (e.g., hsp60, hsp70, etc.).

Examples of single-stranded RNA molecules include ribozymes, RNA decoys,
external guide sequences for ribozymes, antisense RNAs and mRNAs. For a review of
these single-stranded RNA molecules, see Sullenger et al. (Nature 2002, 418:252-247).
The description of these single-stranded RNA molecules, and the description of illnesses
and diseases which can be treated with ribozymes, RNA decoys, external guide
sequences for ribozymes, antisense RNAs and mRNAs molecules disclosed in Sullenger

are hereby incorporated by reference.

An example of double stranded RNA is an RNA interfering molecule (i.e., RNAI
such as, for example, siRNA (i.e., small interfering RNA)). The siRNA can be any
known to those in the art.

/

The siRNA can be, for instance, sufficiently complementary to a mRNA to inhibit
translation of a protein implicated in a disease, condition or illness. Examples of such
proteins include, for instance, B-amyloid which is implicated in Alzheimer’s disease and

the protein ras which is implicated in cancer.
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Alternatively, the siRNA can be, for example, sufficiently complementary to an
RNA produced by a virus. The RNA produced by the virus can be any RNA which is
generally required for infection of a host cell, survival of the virus, and/or propagation of
the virus. Examples of such RNA include Internal Ribosome Entry Site, RNA-dependent
polymerase initiation sites, and RNA encoding viral envelope proteins, viral nucleases,

and viral proteases.

Examples of viruses include, for example, hepatitis virus, such as hepatitis A, B,
and C, human immunodeficiency virus, Epstein-bar virus, cytomegalovirus, and human

papilloma virus.

siRNA which target virus RNAs are known to those in the art. For example,
siRNAs which target hepatitis C virus RNAs are known to those in the art, see Randall et
al. PNAS, 2003,100:235-240.

The molecule can be a small molecule. Small molecules include organic
compounds, organometallic compounds, salts of organic and organometallic compounds,
monosaccharides, amino acids, and nucleotides. Small molecules can further include
molecules that would otherwise be considered biological moleculeé, except their
molecular weight is not greater than 450. Thus, small molecules may be lipids,
oligosaccharides, oligopeptides, and oligonucleotides, and their derivatives, having a

molecular weight of 450 or less.

It is emphasized that small molecules can have any molecular weight. They are
merely called small molecules because they do not qualify as biological molecules, and
typically have molecular weights less than 450. Small molecules include compounds that
are found in nature as well as synthetic compounds. Examples of small molecules which
are pharmaceutically active include antibiotics (e.g., tetracycline, penicillin,
erythromycin), cytotoxic agents (e.g., doxorubicin, adriamycin), and antioxidants (e.g.,

vitamin E, vitamin C, beta carotene).

Carrier Complexes
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At least one molecule as described above, and at least one aromatic cationic
peptide as described above, associate to form a carrier complex. The molecule and
aromatic cationic peptide can associate by any method known to those in the art. Suitable
types of associations include chemical bonds and physical bonds. Chemical bonds
include, for example, covalent bonds and coordinate bonds. Physical bonds include, for
instance, hydrogen bonds, dipolar interactions, van der Waal forces, electrostatic

interactions, hydrophobic interactions and aromatic stacking.

The type of association between the molecules and aromatic cationic peptides
typically depends on, for example, functional groups available on the molecule and

functional groups available on the aromatic cationic peptide.

For a chemical bond or physical bond, a functional group on the molecule
typically associates with a functional group on the aromatic cationic peptide.
Alternatively, a functional group on the aromatic cationic peptide associates with a

functional group on the molecule.

The functional groups on the molecule and aromatic cationic peptide can
associate directly. For example, a functional group (e.g., a sulfhydryl group) on a
molecule can associate with a functional group (e.g., sulfhydryl group) on an aromatic

cationic peptide to form a disulfide.

Alternatively, the functional groups can associate through a cross-linking agent
(i.e., linker). Some examples of cross-linking agents are described below. The cross-

linker can be attached to either the molecule or the aromatic cationic peptide.

The linker may and may not affect the number of net charges of the aromatic
cationic peptide. Typically, the linker will not contribute to.the net charge of the
aromatic cationic peptide. Each amino group, if any, present in the linker will contribute
to the net positive charge of the aromatic cationic peptide. Each carboxyl group, if any,
present in the linker will contribute to the net negative charge of the aromatic cationic

peptide.
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The number of molecules or aromatic cationic peptides in the carrier complex is
limited by the capacity of the peptide to accommodate multiple molecules or the capacity
of the molecule to ac"commodate multiple peptides. For example, steric hindrance may
hinder the capacity of the peptide to accommodate especially large molecules.
Alternatively, steric hinderance may hinder the capacity of the molecule to accommodate
a relatively large (e.g., seven, eight, nine or ten amino acids in length) aromatic cationic

peptide. |

The number of molecules or aromatic cationic peptides in the carrier complex is
also limited by the number of functional groups present on the other. For example, the
maximum number of molecules associated with a peptide depends on the number of
functional groups present on the peptide. Alternatively, the maximum number of
peptides associated with a molecule depends on the number of functional groups present

on the molecule.

In one embodiment, the carrier complex comprises at least one molecule, and
preferably at least two molecules, associated with an aromatic-cationic peptide. A
relatively large peptide (e.g., eight, ten amino acids in length) containing several (e.g., 3,
4, 5 or more) functional groups can be associated with several (e.g., 3, 4, 5 or more)

molecules.

In another embodiment, the carrier complex comprises at least one aromatic-
cationic peptide, and preferably at least two aromatic cationic peptides, associated with a -
molecule. For example, a molecule containing several functional groups (e.g., 3,4, 5 or

more) can be associated with several (e.g., 3, 4, or 5 or more) peptides.

In yet another embodiment, the carrier complex comprises one aromatic-cationic

peptide associated to one molecule.

In one embodiment, a carrier complex comprises at least one molecule chemically
bonded (e.g., conjugated) to at least one aromatic cationic peptide. The molecule can be
chemically bonded to an aromatic cationic peptide by any method known to those in the

art. For example, a functional group on the molecule may be directly attached to a
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functional group on the aromatic cationic peptide. Some examples of suitable functional
groups include, for example, amino, carboxyl, sulfhydryl, maleimide, isocyanate,

isothiocyanate and hydroxyl.

The molecule may also be chemically bonded to the aromatic cationic peptide by

means of cross-linking agents, such as dialdehydes, carbodiimides, dimaleimides, and the

like. Cross-linking agents can, for example, be obtained from Pierce Biotechnology, Inc.,

Rockford, IL. The Pierce Biotechnology, Inc. web-site at the URL
http://www.piercenet.com/products/browse.cfm?fldID=26436A16-60A0-4A56-85F7-
213A50830440 can provide assistance. Additional cross-linking agent include the
platinum cross-linking agents described in U.S. Patent Nos. 5,5 80,990; 5,985,566; and
6,133,038 of Kreatech Biotechnology, B.V., Amsterdam, The Netherlands.

The functional group on the molecule may be different from the functional group
on the peptide. For example, if a sulfhydryl group is present on the mol¢cule, such as in
B-galactosidase or in 5’- and/or 3’-end thiol modified DNA and RNA oligonucleotides,
the molecule can be cross-linked to the peptide, e.g., [Dmt'JDALDA, through the 4-
amino group of lysine by using the cross-linking reagent SMCC (i.e., succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate) from Pierce Biotechnology (see Example
10 below). In another example, the 4-amino group of lysine of DALDA can be
conjugated directly to an a-phosphate group at the 5°-end of an RNA or DNA
oligonucleotide by using the crosslinking reagent EDC (i.e., (N-[3-dimethylaminopropyl-
N'-éthylcarboiimide]) from Pierce Biotechnology (see Example 13 below).

Alternatively, the functional group on the molecule and peptide can be the same.
Homobifunctional cross-linkers are typically used to cross-link identical functional
groups. Examples of homobifunctional cross-linkers include EGS (i.e., ethylene glycol
bis[succinimidylsuccinate]), DSS (i.e., disuccinimidyl suberate), DMA (i.e., dimethyl
adipimidates2 HCI), DTSSP (i.e., 3,3 -dithiobis[sulfosuccinimidylpropionate])), DPDPB
(i.e., 1,4-di-[3"-(2"-pyridyldithio)-propionamido]butane), and BMH (i.e., bis-
maleimidohexane). Such homobifunctional cross-linkers are also available from Pierce

Biotechnology, Inc.
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To chemically bond the molecules and the peptides, the molecules, peptides, and
cross-linker are typically mixed together. The order of addition of the molecules,
peptides, and cross-linker is not important. For example, the peptide can be mixed with
the cross-linker, followed by addition of the molecule. Alternatively, the molecule can be
mixed with the cross-linker, followed by addition of the peptide. Optimally, the

molecules and the peptides are mixed, followed by addition of the cross-linker.

The chemically bonded carrier complexes deliver the molecules to a cell. In some
instances, the molecule functions in the cell without being cleaved from the aromatic
cationic peptide. For example, if the aromatic cationic peptide does not block the
catalytic site of the molecule, then cleavage of the molecule from the aromatic cationic

peptide is not necessary (see Example 11 below).

In other instances, it may be beneficial to cleave the molecule from the aromatic
cationic peptide. The web-site of Pierce Biotechnology, Inc. described above can also
provide assistance to one skilled in the art in choosing suitable cross-linkers which can be
cleaved by, for example, enzymes in the cell. Thus the molecule can be separated from
the aromatic cationic peptide. Examples of cleavable linkers include SMPT (i.e., 4-
succinimidyloxycarbonyl-methyl-a-[2-pyridyldithio]toluene), Sulfo-LC-SPDP (i.e.,
sulfosuccinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate), LC-SPDP (i.e.,
succinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate), Sulfo-LC-SPDP (i.e.,
sulfosuccinimidyl 6-(3-[2-pyridyldithio]-propionamido)hexanoate), SPDP (i.e., N-
succinimidyl 3-[2-pyridyldithio]-propionamidohexanoate), and AEDP (i.e., 3-[(2-
aminoethyl)dithio]propionic acid*HCI).

In another embodiment, a carrier complex comprises at least one molecule
physically bonded with at least one aromatic cationic peptide. Any method known to
those in the art can be employed to physically bond the molecules with the aromatic

cationic peptides.

For example, the aromatic cationic peptides and molecules can be mixed together
by any method known to those in the art. The order of mixing is not important. For

instance, molecules can be physically mixed with modified or unmodified aromatic
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cationic peptides by any method known to those in the art. Alternatively, the modified or
unmodified aromatic cationic peptides can be physically mixed with the molecules by

any method known to those in the art.

For example, the aromatic-cationic peptides and molecules can be placed in a
container and agitated, by for example, shaking the container, to mix the aromatic-

cationic peptides and molecules.

The aromatic cationic peptides can be modified by any method known to those in
the art. For instance, the aromatic cationic peptide may be modified by means of cross-
linking agents or functional groups, as described above. The linker may and may not
affect the number of net charges of the aromatic cationic peptide. Typically, the linker
will not contribute to the net charge of the aromatic cationic peptide. Each amino group,
if any, present in the linker contributes to the net positive charge of the aromatic cationic
peptide. Each é:arboxyl group, if any, present in the linker contributes to the net negative

charge of the aromatic cationic peptide.

For example, [Dmt'JDALDA can be modified, through the 4-amino group of
lysine by using the cross-linking reagent SMCC (i.e., succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate) from Pierce Biotechnology (see Example
10 below). To form a carrier complex, the modified aromatic-cationic peptide is usually

formed first and then mixed with the molecule.

One advantage of the physically bonded carrier complexes, is that the molecule
functions in a cell without the need for removing an aromatic cationic peptide, such as
those carrier complexeé in which the molecule is chemically bonded to an aromatic
cationic peptide. Furthermore, if the aromatic cationic peptide does not block the
catalytic site of the molecule, then dissociation of the complex is also not necessary (see

Example 12 below).

" Synthesis of the Aromatic Cationic Peptides
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The peptides useful in the methods of the present invention may be chemically
synthesized by any of the methods well known in the art. Suitable methods for '
synthesizing the protein include, for example, those described by Stuart and Young in
"Solid Phase Peptide Synthesis," Second Edition, Pierce Chemical Company (1984), and
in ”Solid Phase Peptide Synthesis,” Methods Enzymol. 289, Academic Press, Inc, New
York (1997).

Modes of Administration

In one embodiment, the invention relates to a method for delivering a molecule to
a cell. The method comprises contacting a cell with a molecule and an aromatic cationic
peptide. The cell can be contacted with the molecule and aromatic cationic peptide by
any method known to those in the art. For example, a cell can be incubated with the
molecule and aromatic cationic peptide in vitro. In one aspect, the molecule and aromatic
cationic peptide can be present in the form of a carrier complex, such as those carrier
complexes described above, comprising chemically bonded or physically bonded

molecules and aromatic cationic peptides.

In another embodiment, the method for delivering a molecule to a cell comprises
contacting the cell with a carrier complex. The molecule is delivered to the cell by
contacting the cell with the carrier complex comprising the molecule and an aromatic
cationic peptide. The cell can be contacted with the carrier complex by any method

known to those in the art.

For example, a cell can be incubated with the carrier complex in vitro. The cell
can be any cell. The cell can be of plant, animal, or bacterial origin. An example of a
plant cell includes Arabidopsis cells. Examples of bacterial cells include Saccharomyces
and Lactobacillus. Animal cells include mammalian cells, such as neuronal cells, renal
epithelial cells, kidney cells, vascular endothelial cells, glial cells, intestinal epithelial
cells and hepatocytes. An example of a vascular endothelial cell is a blood brain barrier

endothelial cell.
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Alternatively, the carrier complex can be administered to a mammal in vivo. An
effective amount of a carrier complex, preferably in a pharmaceutical composition, may
be administered to a mammal in need thereof by any of a number of well-known methods

for administering pharmaceutical compounds.

The carrier complex may be administered systemically or locally. In one
embodiment, the carrier complex is administered intravenously. For example, the carrier
complex may be administered via rapid intravenous bolus injection. Preferably, however,

the carrier complex is administered as a constant rate intravenous infusion.

The carrier complexes may be administered to the tissues of a mammal locally,
e.g., by injection into tissues which are accessible by a syringe. For example, if the
carrier complex contains a cytotoxic agent which is to be delivered to a tumor in a
mammal, preferably, the tumor is accessible to local administration. Such tumors

include, for example, skin cancer and breast cancer.

The carrier complex may also be administered orally, topically, intranasally,
intramuscularly, subcutaneously, or transdermally. In a preferred embodiment,
transdermal administration of carrier complex is by iontophoresis, in which the carrier

complex is delivered across the skin by an electric current.

Other routes of administration include intracerebroventricularly or intrathecally.
Intracerebroventiculatly refers to administration into the ventricular system of the brain.
Intrathecally refers to administration into the space under the arachnoid membrane of the
brain or spinal cord. Thus intracerebroventricular or intrathecal administration may be
preferred for those diseases and conditions which affect the organs or tissues of the

central nervous system.

The carrier complex useful in the methods of the invention may be administered
to mammals by sustained release, as is known in the art. Sustained release administration
is a method of drug delivery to achieve a certain level of the drug over a particular period

of time. The level typically is measured by serum concentration.
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Any formulation known in the art of pharmacy is suitable for administration of
the carrier complex. For oral administration, liquid or solid formulations may be used.
Some examples of formulations include tablets, gelatin capsules, pills, troches, elixirs,
suspensions, syrups, wafers, chewing gum and the like. The peptides can be mixed with
a suitable pharmaceutical carrier (vehicle) or excipient as understood by practitioners in
the art. Examples of carriers and excipients include starch, milk, sugar, certain types of
clay, gelatin, lactic acid, stearic acid or salts thereof, including magnesium or calcium

stearate, talc, vegetable fats or oils, gums and glycols.

For systerrﬁc, intracerebroventricular, intrathecal, topical, intranasal,
subcutaneous, or transdermal administration, formulations of the carrier complex may
utilize conventional diluents, carriers, or excipients etc., such as are known in the art can
be employed to deliver the carrier complex. For example, the formulations may comprise
one or more of the following: a stabilizer, a surfactant, preferably a nonionic surfactant,
and optionally a salt and/or a buffering agent. The carrier complex may be delivered in

the form of an aqueous solution, or in a lyophilized form.

The stabilizer may, for example, be an amino acid, such as for instance, glycine;
or an oligosaccharide, such as for example, sucrose, tetralose, lactose or a dextran.
Alternatively, the stabilizer may be a sugar alcohol, such as for instance, mannitol; or a
combination thereof. Preferably the stabilizer or combination of stabilizers constitutes

from about 0.1% to about 10% weight for weight of the carrier complex.

The surfactant is preferably a nonionic surfactant, such as a polysorbate. Some
examples of suitable surfactants include Tween20, Tween80; a polyethylene glycol or a
polyoxyethylene polyoxypropylene glycol, such as Pluronic F-68 at from about 0.001%
(w/v) to about 10% (W/v).

The salt or buffering agent may be any salt or buffering agent, such as for
example, sodium chloride, or sodium/potassium phosphate, respectively. Preferably, the
buffering agent maintains the pH of the pharmaceutical compositioh in the range of about
5.5 to about 7.5. The salt and/or buffering agent is also useful to maintain the osmolality

at a level suitable for administration to a human or an animal. Preferably the salt or
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buffering agent is present at a roughly isotonic concentration of about 150mM to about

300mM.

The formulations of the carrier complex useful in the methods of the present
invention may additionally contain one or more conventional additives. Some examples
of such additives include a solubilizer such as, for example, glycerol; an antioxidant such
as for example, benzalkonium chloride (a mixture of quaternary ammonium compounds,
known as “quats”), benzy! alcohol, chloretone or chlorobutanol; anaesthetic agent such as
for example a morphine derivative; or an isotonic agent etc., such as described a‘bove. As
a further precaution against oxidation or other spoilage, the pharmaceutical compositions

may be stored under nitrogen gas in vials sealed with impermeable stoppers.

The mammal can be any mammal, including, for example, farm animals, such as
sheep, pigs, cows, and horses; pet animals, such as dogs and cats; laboratory animals,

such as rats, mice and rabbits. In a preferred embodiment, the mammal is a human.

\

Utility

Due to the ability of the carrier complexes to cross cell membranes in an energy-

independent mechanism, numerous in vivo and in vitro applications are possible.

The carrier complexes can, for example, be used in vitro, as a research tool. For
example, the carrier complexes can deliver molecules, such as proteins, into a cell so that
the functional role of the molecule can be studied. Such molecules include, for example,

cell signaling proteins (e.g., nuclear factor NF-kB, kinases, such as JAK). ,

Another in vitro application includes, for example, the delivery of a marker, such
as B-galactosidase, into a cell, such as a stem cell, hemopoietic cell, or embryonic cell, to

determine progeny (lineage) of a cell.

Other in vitro applications include, for example, the delivery of a detectable

antibody into a cell to determine the presence of a particular protein in the cell.
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The carrier complexes also have therapeutic uses in vivo. For example, the
aromatic cationic peptides can be used for delivering antisense polynucleotides into a cell
of a mammal to down-regulate overexpression of a protein. Further, the aromatic
cationic peptides can be used for delivering oligonucleotides for RNA interference

(RNAI).

RNAI as used herein refers to a cellular mechanism to regulate the expression of
genes or the replication of viruses or bacteria. The mechanism includes the introduction

of double stranded RNA (e.g., siRNA) to target a gene’s product (typically RNA).

The blood-brain barrier is particularly selective. Thus, another in vivo application
include delivering molecules across the blood-brain barrier. Such molecule can include,
for example, an antibody to $-amyloid in the treatment of patients with Alzheimers

disease.

Typical problems associated with chemotherapeutic agents is achieving adequate
levels inside a cell. For example, the chemotherapeutic agent may be too large or the
agent may not be aromatic enough to cross the cell membrane. Thus, another in vivo
application includes delivering chemotherapeutic agents, such as the cytotoxic agents

described above, into a cell.

EXAMPLES

Example 1: Materials and Methods

Drugs and Chemicals. [Dmt'JDALDA and [*H][Dmt']DALDA (47 Ci/mmol)
were synthesized according to methods described previously (Schiller et al., Eur. J. Med.
Chem. 2000, 35: 895-901; Zhao et al., J. Pharmacol. Exp. Ther. 2002, 302: 188-196).
[*C]Gly-Sar (56.7 mCi/mmol) and [*H][D-Ala®,N-Me-Phe",Gly’-ol]-enkephalin
(50 Ci/mmol) were purchased from Amersham Biosciences (Piscataway, NJ). All other
drugs and chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Cell Culture. All cell lines were obtained from American Type Culture

Collection (Manassas, VA), and cell culture supplies were obtained from Invitrogen
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(Carlsbad, CA). Caco-2 cells were grown in MEM, whereas SH-SY5Y, HEK?293 and
Huh?7 cells were grown in Dulbecco's modified Eagle's medium. Growing media were
supplemented with 10% fetal bovine serum, 200 pg/ml penicillin, and 100 pg/ml
streptomycin sulfate. CRFK cells were grown in MEM + 10% horse serum, nonessential
amino acids, and penicillin/streptomycin. All cell lines were maintained at 37°Cina

humidified atmosphere of 95% air and 5% COx.

Assay for Peptide Uptake. Peptide internalization was studied primarily using
Caco-2 cells and subsequently confirmed with SH-SY5Y, HEK293, and CRFK cells.
Monolayers of cells were grown on 12-well plates (5 x 10° cells/well) coated with
collagen for 3 days. On day 4, cells were washed twice with prewarmed HBSS, and then
incubated with 0.2 ml of HBSS containing either 250 nM °H] [Dmtl]DALDA or 50 uM
[14C]Gly-Sar at 37°C for various times up to 1 h. In a separate experiment, cells were
incubated with the same concentration of [°H] [Dmt'JDALDA in the presence of
unlabeled [Dmt'JDALDA (1 pM-3 mM) for 1 h at 37°C. For uptake studies at 4°C, cells
were put on ice for 20 min before incubation with ["H][Dmt']DALDA or [*“C]Gly-Sar.
At the end of the incubation period, cells were washed four times with HBSS, and 0.2 ml
of 0.1 N NaOH with 1% SDS was added to each well. The cell contents were then
transferred to scintillation vials and radioactivity was counted. An aliquot of cell lysate
was used for determination of protein content using the method of Bradford (Bio-Rad,
Hercules, CA). To distinguish between internalized radioactivity from surface-associated
radioactivity, an acid-wash step was included. Before cell lysis, cells were incubated with
0.2 ml of 0.2 M acetic acid/0.05 M NaCl for 5 min onice.

Assay for Peptide Efflux from CaCo-2 Cells. Monolayers of Caco-2 cells were
grown on 12-well plates (5 x 10° cells/well) for 3 days. On day 4, cells were preloaded
with PH][Dmt'JDALDA or ["*C]Gly-Sar for 1 h at 37°C. Cells were then washed four
times with 1 ml of ice-cold incubation solution to terminate uptake and then incubated
with 0.5 ml of MEM for 1 h at either 37 or 4°C to measure the efflux of peptide from
cells to the incubation medium. The amount of radioactivity was determined in cell

lysates and inthe incubation medium. To e>'(amine the role of P-glycoprotein on peptide
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uptake and efflux from cells, [Dmtl]DALDA uptake and efflux were also determined in
the presence of 100 uM verapamil (P-glycoprotein inhibitor).

Assay for Peptide Translocation across Caco-2 Monolayers. Monolayers of
Caco-2 cells were prepared as described previously (Irie et al., J. Pharmacol. Exp. T) her.
2001, 298: 711-717). Caco-2 cells (2 % 10%) were seeded on microporous membrane
filters (24 mm, 0.4 um) inside Transwell cell culture chambers (Corning Glassworks,
Corning, NY). Each Transwell chamber was filled with 1.5 ml of medium in the apical
compartment and 2.5 ml in the basolateral compartment. The cell monolayers were given
fresh medium every 1 to 2 days and were used on day 28 for transport experiments.
Apical-to-basolateral transport of peptides was determined by adding 0.2 pM
[3H] [Dmtl]DALDA or 100 pM [14C]Gly-Sar to the apical compartment, and 50-pl
aliquots were removed from both apical and basolateral compartments at various times

after peptide addition for determination of radioactivity counts.

The apparent permeability coefficient was calculated according to the following
equation: Py = X/(t - 4 - Co), where X/t is the rate of uptake in the receiver compartment,
A is the diffusion area (4.72 cm?), and Co is the initial concentration in the donor

compartment.

Confocal Laser Scanning Microscopy. The uptake of aromatic-cationic peptides
into cells was confirmed by confocal laser scanning microscopy (CLSM) using two
fluorescent peptides, [Dmt',dnsDap']DALDA (Dmt-D-Arg-Phe-dnsDap-NH,, where
dnsDap is B-dansyl-1-a,3-diamino-propionic acid) and [Dmtl,atnDap4]DALDA (Dmt-D-
Arg-Phe-atnDap-NH,, where atn is B-anthraniloyl-L-o.,3-diaminopropionic acid). Caco-
2 cells or SH-SY5Y cells were grown as described above and were plated on (35-mm)
glass bottom dishes (MatTek, Ashland, MA) for 2 days. The medium was then removed,
and cells were incubated with 1 ml of HBSS containing 0.1 uM of the fluorescent
peptide at either 4°C or 37°C for 15 min. Cells were then washed three times with ice-
cold HBSS and covered with 200 pl of PBS, and microscopy was performed within
10 min at room temperature using a confocal laser scanning microscope with a C-

Apochromat 63x/1.2W corr objective (Nikon, Tokyo, Japan). Excitation/emission
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wavelengths were set at 340/520 nm for [Dmt!,dnsDap*]DALDA and 320/420 nm for
[Dmtl,atnDap4]DALDA, respectively. For optical sectioning in z-direction, 5 to 10

frames with 2.0 um were made.

" Radioligand Binding Assay Using Cell Membranes. Specific binding of
[*H] [Dmtl]DALDA to cell surface receptors was determined using membranes prepared
from Caco-2 and SH-SY5Y cells. After 4 days of culture, cells were washed two times
with PBS buffer and then scraped off. Cells were centrifuged at 500g for 5 min and the
pellet stored at -80°C. Cells were homogenized in ice-cold 50 mM Tris-HCl buffer
(5 pg/ml leupeptin, 2 pg/ml chymostatin, 10 pg/ml bestatin, and 1 mM EGTA, pH 7.4).
The homogenate was centrifuged at 36,000g for 20 min. The pellets were resuspended
with 50 mM Tris-HCI buffer. Aliquots of membrane homogenates (~140 pg of protein)
were incubated with [°H][Dmt'JDALDA (15-960 pM) for 60 min at 25°C. Nonspecific
binding was assessed by inclusion of 1 uM unlabeled [Dmtl]DALDA. Free radioliganci
was separated from bound radioligand by rapid filtration through GF/B filters (Whatman,
Maidstone, UK) with a cell harvester (Brandel Inc., Gaithersburg, MD). Filters were
washed three times with 10 ml of Tris buffer, and radioactivity was determined by liquid
scintillation counting. Binding affinities (K4) and receptor number (Biax) Were determined

using nonlinear regression (GraphPad Software, San Diego, CA).

Conjugation of protein to [Dmt'|DALDA. [Dmt'JDALDA was cross-linked to
B-galactosidase (recombinant E. coli, Sigma-Aldrich) using a cross-linker SMCC
(succinimidyl 4-(N -maleimidomethyl)cyclohexane-1-carboxylate)(Pierce). SMCC reacts
with amine-containing molecules (Lys* of [Dmt'JDALDA) to form stable amide bonds.
Its maleimide end can then be conjugated to a sulfhydryl-containing compound to create
a thioether linkage (Bioconjugate Techniques by Greg T. Hermanson, Academic Press,
page 234-237). B-Gal contains abundant free sulfhydryl groups in its native state. The
uptake of B-Gal provides a convenient read-out with the use of X-gal. Briefly, 1 ml of 5
x 10°M [Dmt'JDALDA was mixed with 1 mg SMCC in phosphate buffer for 1 h at room
temperature. This should result in “activated peptide.” The “activated peptide” was
diluted 1:10 with phosphate buffer. 1 mg of 3-Gal was added to 1 ml of the 1:10
“activated peptide” and mixed at 4°C for either 2 h or overnight.
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Coupling of [Dmt']DALDA to cross-linker SMCC and confirmation by mass
spectrometry. SMCC (1 pg) and [Dmt']DALDA (5 pg) were dissolved together in 2 ml
of PBS, incubated at room temperature for 30 min, and stored at 4°C. An aliquot of the
sample was mixed with matrix (saturated 3-hydroxy picolinic acid (HPA) in 50%
acetonitrile, 10 mg/ml ammonium citrate) in a 1:10 ratio, and spotted on a stainless steel
target plate. Samples were analyzed by Matrix Aassisted Laser Desorption Ionization —
Time-of-Flight Mass Spectrometry (MALDI-TOF MS) (Applied Biosystems (Voyager
DE Pro)) in the positive Reflectron mode.

Conjugation of RNA to [Dmt']DALDA and confirmation by gel
electrophoresis. Synthetic RNA oligo (40 nucleotides long) was phosphorylated at the
5' end using y->*P-ATP and polynucleotide kinase. The product was purified by gel
electrophoresis. 500,000 cpm of gel-purified RNA oligo was conjugated with [Dmt']
DALDA in the presence of 1 mg EDC (N-[3-dimethylaminopropyl-N'-
ethylcarboiimide]). The product of the coﬁjugation reaction ([Dmtl] DALDA-RNA

oligo) and RNA oligo alone were analyzed on 15% polyacrylamide urea gel.

Conjugation of DNA to [Dmtl]DALDA and confirmation by mass
spectrometry. SMCC (1 pg) and [Dmt']IDALDA (5 pg) were dissolved together in 2 ml
of PBS, incubated at room temperature for 30 min, and mixed with deprotected 3’-thiol
DNA oligo at 4°C for 24 hours. After incubation, an aliquot of sample was mixed with
matrix (saturated 3-hydroxy picolinic acid (HPA) in 50% acetonitrile, 10 mg/ml
ammonium citrate) in a 1:10 ratio, and spotted on a stainless steel target plate. Samples

were analyzed by MALDI-TOF MS.

Carrier complex formation by physical mixing of RNA and [Dmt?]DALDA-
SMCC conjugate. The [Dmt' ]JDALDA-SMCC conjugate was prepared as described
above. The RNA molecules were mixed with the [Dmtl]DALDA-SMCC conjugate in

PBS for 15 min at room temperature before use in cellular uptake studies.

Carrier complex formation by physical mixing of protein and

[Dmtl]DALDA-SMCC conjugate. The [Dmtl]DALDA-SMCC conjugate was

-prepared as described above. The protein molecules (i.e. green fluorescent protein, GFP)
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were mixed with the [Dmtl]DALDA-SMCC conjugate for 15 min at room temperature

before use in cellular uptake studies.

Assay for [Dmtl]DALDA-RNA conjugate uptake into cells.( Synthetic RNA
oligos were phosphorylated at the 5' end using y-2P-ATP and polynucleotide kinase, and
the products were purified by gel electrophoresis. 500,000 cpm of gel-purified RNA
oligo was conjugated with [Dmt'] DALDA in the presence of 1 mg N-(3-
dimethylaminopropyl-N'-ethylcarboiimide, EDC). Caco-2 cells (1 x 10°) were washed
three times in DMEM medium and pre-incubated in DMEM for 5 minutes. Cells were
then incubated with [Dmt']DALDA- [**P]RNA oligo conjugate or unconjugated RNA
(approximately 20,000 cpm) for 60 minutes at 37°C. After incubation, the cells were
washed three times in DMEM, incubated with lysis buffer, and radioactivity determined

in the cell lysate.

Assay for uptake of RNA uptake into cells when mixed with [Dmtl]DALDA-
cross-linker conjugate. Huh?7 cells (1x106 cells/well) were washed with DMEM and
then incubated with 1.0 ml DMEM containing [**P]JRNA oligo alone or with 40 ul
[Dmtl]DALDA-SMCC conjugate, for 60 min at 37°C or 4°C. Cells were then washed
four times in DMEM and one time in sodium acetate solution to reduce nonspecific
binding before incubated in lysis buffer for 30 min and radioactivity determined in the

cell lysate.

Assay for [Dmtl]DALDA-protéin conjugate uptake into cells. Cells (N2A
neuroblastoma cells or Caco-2) were plated in 96-well plates (2 x 10* cells/well) and
incubated with [Dmt'JDALDA cross-linked B-Gal or B-Gal alone for 1 h at 37°C. Cells
were then washed 4 times with PBS. The cells were then stained with f-gal staining set

(Roche) for at least 2 h at 37°C and examined under the microscope.
)

Assay for protein uptake into cells when co-incubated with [Dmtl]DALDA-
SMCC conjugate. Huh7 cells (1){106 cells/well) were washed with DMEM and then

incubated with 0.5 m! DMEM containing 3 pg green fluorescent protein (GFP) alone (A),
3 ug GFP and 40 pl [Dmtl]DALDA (B), or 3 pug GFP and 40 pl [Dmt']DALDA
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conjugated to SMCC (C) for 60 min at 37°C. 2 ml of cell medium was then added to
cells which were incubated for an additional 24 hours in the cell culture incubator. After
incubation, cells were washed four times in cell medium and GFP retained in living cells
was visualized by confocal laser scanning microscopy. Excitation was performed at

340 nm and emission was measured at 520 nm.

Assay for apoptosis. Apoptosis was determined with the use of Hoechst dye
(Molecular Probes, Eugene, OR) for staining apoptotic nuclei. The Hoechst dye was
loaded to cell cultures and incubated for 15 min. Excessive Hoechst dye was removed by
washing cells with cell medium (free of pH indicator) the cells examined using

fluorescent microscopy (excitation at 350 nm and emission at 461 nm).

Example 2: Time Course pf Uptake of [DmtllDALDA and Gly-Sar into Caco-2
Cells.

When incubated with Caco-2 cells at 37°C, [PH][Dmt'JDALDA was observed in
cell lysate as early as 5 min, and steady-state levels were achieved by 30 min (Figure 1A).
The total amount of [*H] [Dmt'JDALDA recovered in the cell lysate after 1-h incubation
represented about 1% of the total drug. In contrast, under the same experimental
conditions, ['*C]Gly-Sar continued to increase from 5 to 45 min (Figure 1B). The
measured radioactivity is believed to reflect [Dmt']DALDA levels, because we have
previously demonstrated that [Dmt'JDALDA is resistant against peptidase degradation
(Szeto et al.,J. Pharmacol. Exp. Ther., 2001, 298: 57-61). To determine whether the
measured radioactivity was associated with cell membranes, cells were subjected to acid-
wash to remove surface binding. Figure 1C shows that 80.8% of [PH}[Dmt'JDALDA was
resistant to acid-wash and therefore presumed to be inside the cell. The uptake of
[Dmtl]DALDA was found to be concentration-dependent over a wide range of

concentrations (Figure 1D).

Example 3. Temperature Dependence and Effects of pH on Uptake of
[Dmt']DALDA and Gly-Sar.
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When the incubation was carried out at 4°C, the uptake of [*H] [Dmt']DALDA
was slower compared with 37°C, but reached 76.5% by 45 min (Figure 1A) and 86.3% by
1 h (Figure 1A). In contrast, the uptake of [14C]Gly-Sar was completely abolished at 4°C
(Figure 1B). The uptake of Gly-Sar by PEPT1 is known to be pH-dependent, with
optimal uptake occurring at pH 6.0 (Terada et al., 1999, 4m. J. Physiol. 276:G1435-
G1441). This was confirmed in our study (Figure 2B). In contrast, the uptake of
[*H] [Dmt'JDALDA was unchanged when pH varied from 4.0 to 7.4 (Figure 2A). The
lack of temperature and pH dependence suggests that the uptake of [Dmtl]DALDA in
Caco-2 cells is not mediated via PEPT1 (peptide transporter 1).

Example 4. Effect of DEPC onl [DmtllDALDA and Gly-Sar Uptake.

To further demonstrate that PEPT1 is not involved in the transport of
[Dmtl]DALDA, we examined the effect of DEPC (diethylpyrocarbonate; 0.2 mM) on
[PH][Dmt']DALDA and [**C]Gly-Sar uptake. DEPC is a histidine residue-modifier
reagent that has been shown to inhibit PEPT1 in Caco-2 cells (Terada et al., FEBS. Lett.,
1996, 394: 196—200). The addition of DEPC to the incubation medium significantly
inhibited ["*C]Gly-Sar uptake (Figure 2D). Surprisingly, DEPC not only did not inhibit
[PH][Dmt'JDALDA uptake but also it actually increased [Dmt']DALDA uptake by 34-
fold (Figure 2C).

Example 5 [DmtI]DALDA Internalization in Different Cell Types.

To demonstrate that the internalization of [Dmt'JDALDA was not limited to
Caco-2 cells, we compared the internalization of [Dmt'IDALDA in several different cell
lines. An acid-wash step was included to distinguish internalized radioactivity (acid-
resistant) from surface-bound radioactivity (acid-sensitive). Figure 3A compares the
levels of acid-resistant radioactivity in Caco-2, SH-SY5Y, HEK293, and CRFK cells. The
results show that [°H] [Dmt'JDALDA was taken up extensively in all cell types.

Example 6. Radioligand Binding Assays with PH] [DmtllDALDA.

To determine whether [Dmt']DALDA was internalized via receptor-mediated

mechanisms, we carried out radioligand (PH] [Dmt'JDALDA) binding assays with
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membranes prepared from Caco-2 cells and SH-SYSY cells. Figure 3B shows the specific
binding of "H][Dmt'JDALDA to SH-SY5Y membranes. The calculated Ky value was
118 pM (range 87-149) and the Bpax value was estimated to be 96 fmol/mg protein (range
88-104). This is comparable with the values obtained using recombinant human p-opioid
receptor expressed on Chinese hamster ovary cells (G.-M. Zhao and H. H. Szeto,
unpublished data). No high-affinity specific binding was observed with Caco-2
membranes (Figure 3B). It is known that HEK293 cells do not have opioid receptors
(Blake et al., J. Biol. Chem., 1997, 272: 782-790).

Example 7. Efflux of [Dmt'IDALDA and Gly-Sar from Caco-2 Cells.

The achievement of steady-state [*H] [Dmt'[DALDA levels in Caco-2 cells after
<30 min of incubation suggested that the rate of efflux of the peptide from the cell was
equal to the rate of uptake at that time. To examine the efflux of Gly-Sar and
[Dmt']JDALDA from the cell, Caco-2 cells were preloaded with [14C]G1y-Sar or
°H] [Dmtl]DALDA and then replaced with fresh medium that did not contain peptide.
Figure 4A shows that 39% of ['4C]Gly-Sar was found in the medium after 1 h at 37°C.
The efflux of [**C]Gly-Sar was significantly reduced at 4°C. The efflux of
[PH][Dmt']JDALDA from Caco-2 cells was much faster, with 80% of the peptide effluxed
into the mediur\n by 1 h (Figure 4A). In contrast to the internalization of
[PH][Dmt']DALDA (Figure 1A), temperature had a significant effect on the efflux of
[PH][Dmt'JDALDA from the cell (Figure 4A). The efflux of [Dmt']DALDA was
decreased in cells treated with DEPC (Figure 4B). The reduction in [’H][Dmt'IDALDA
efflux by DEPC is consistent with the greatly increased uptake of [*H][Dmt']DALDA in
the presence of DEPC (Figure 2C). On the other hand, the efflux of [*H] [Dmtl]DALDA
was not affected by verapamil, an inhibitor of P-glycoprotein (Figure 4C). Verapamil also
had no effect on cellular uptake of [°H] [Dmt'|DALDA (Figure 4D). ‘

The efflux of [Dmt'JDALDA out of the cell may be beneficial if upon enzymatic
cleavage after cellular uptake of the [Dmt']DALDA-protein conjugate, [Dmt'|DALDA is

effluxed out of the cell while the protein cargo remains inside.

Example 8. Transcellular Transport of [DmtI]DALDA and Gly-Sar.
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Caco-2 monolayers grown in Transwells were used to study the apical-to-
basolateral transport of PH][Dmt'JDALDA and [.14C] Gly-Sar. Figure 5 illustrates the
transport of ["*C]Gly-Sar and [*H][Dmt']DALDA in the basolateral side at various times
after loading the peptide in the apical side of the Transwell. The percentage of
[*H] [Dmtll]DALDA translocated from the apical to the basolateral side in 60 min (10.4%)
was comparable with the percentage of [**C]Gly-Sar transported (11.9%). The apparent
permeability coefficient was estimated to be 1.24 x 10°° cm/s for [Dmt']JDALDA and
1.26 x 107 cm/s for Gly-Sar.

Example 9. Visualization of Cellular Uptake of Aromatic-Cationic Peptides Using
CLSM.

To visualize the uptake anci mode of cellular internalization of aromatic-cationic
peptides, two fluorescent peptides ([Dmt!,dnsDap*]DALDA and
[Dmtl,atnDap4]DALDA) were studied by CLSM. Figure 6 shows the internalization of
the fluorescent peptide into Caco-2 cells after incubation with 0.1 pM
[Dmtl,dnsDap4]DALDA for 15 min at 37°C. The fluorescence appeared diffuse
throughout the cytoplasm with no apparent vesicular distribution, suggesting that the
uptake of the peptide did not involve endocytosis and the peptide is not enclosed in an.
endosome. Note also that the peptide was completely excluded from the nucleus. The
internalization of [Dmtl,atnDap4]DALDA into SH-SY5Y cells after incubation with 0.1
uM [Dmtl,atnDapA']DALDA for 30 min at 4°C clearly support a energy-independent non-

endocytotic uptake mechanism, because endocytosis is an energy-dependent process.

Example 10. Coupling of peptides to cross-linker SMCC and confirmation by mass

spectrometry.

SMCC (1 pg) and 5 pg of [Dmt'JDALDA, [Phe' [DALDA, or [d-Arg-Dmt-Lys-
Phe-NH,] were dissolved together in 2 ml of PBS, incubated at room temperature for 30
min, and stored at 4°C. An aliquot of the sample was mixed with matrix (saturated 3-
hydroxy picolinic acid (HPA) in 50% acetonitrile, 10 mg/ml ammonium citrate) ina 1:10

ratio, and spotted on a stainless steel target plate. Samples were analyzed by Matrix
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Aassisted Laser Desorption Ionization — Time-of-Flight Mass Spectrometry (MALDI-
TOF MS) (Applied Biosystems (Voyager DE Pro)) in the positive Reflectron mode. The
molecular weights of the peptides and their respective peptide-SMCC conjugates are
indicated on the mass spectra (Figure 7).

Example 11. Peptide Conjugated to a Protein Cargo Brings the Protein Cargo Into
Cells.

Various peptides were cross-linked to B-galactosidase (recombinant E. coli,
Sigma-Aldrich) using a cross-linker SMCC (Pierce). SMCC reacts with amine-
containing molecules (Lys4 of [Dmt'JDALDA) to form stable amide bonds. The
formation of peptide-SMCC conjugates is confirmed by mass spectrometry (Figure 7).
Its maleimide end can then be conjugated to a sulfhydryl-containing compound to create
a thioether linkage (Bioconjugate Techniques by Greg T. Hermanson, Academic Press,
page 234-237). B-Gal contains abundant free sulfhydryl groups in its native state. The

uptake of B-Gal provides a convenient read-out with the use of X-gal.

Briefly, 1 ml of 5 x 10°M [Dmt']DALDA, [Phe']DALDA or [d-Arg-Dmt-Lys-
Phe-NH,] was mixed with 1 mg SMCC in phosphate buffer for 1 h at room temperature.
This should result in “activated peptide.” The “activated peptide” was diluted 1:10 with
phosphate buffer. 1 mg of B-Gal was added to 1 ml of the 1:10 “activated peptide” and

mixed at 4°C for either 2 h or overnight.

Cells (N A neuroblastoma cells or Caco-2) were plated in 96-well plates (2 x 10*
cells/well) and incubated with 3-Gal or B-Gal cross-linked with [Dmt'TDALDA,
[Phe' IDALDA or [d-Arg-Dmt-Lys-Phe-NH,] for 1 hat 37°C. Cells were then washed 4
times with phosphate buffer. The cells were then stained with $-gal staining set (Roche)

for at least 2 h at 37°C and examined under the microscope.

No uptake of B-Gal was observed when Caco-2 cells were incubated with $-Gal
(Figure 8A). Presence of blue cells indicate uptake of B-Gal conjugated with
[Dmt'JDALDA in Caco-2 cells (Figure 8B). Enhanced uptake of 3-Gal was also found
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when it was conjugated with [d-Arg-Dmt-Lys-Phe-NH,] (Figure 8C) or [Phe' TDALDA
(Figure 8D). Conjugation of B-Gal with SMCC alone did not enhance uptake.

Similar results were obtained when neuronal N2A cells or CHO cells (Chinese

hamster ovarian cells) were used.

Example 12: Co-incubation with [Dmt'IDALDA-SMCC conjugate enhances uptake

of oreen fluorescent protein (GFP) into Huh7 cells.

Huh?7 cells (1x1 08 cells/well) were washed with DMEM and then incubated with
0.5 ml DMEM containing 3 pg GFP alone, 3 pg GFP and 40 pl [Dmtl]DALDA, or3 ug
GFP and 40 pl [Dmtl]DALDA conjugated to SMCC for 60 min at 37°C. 2 ml of cell
medium was then added to cells and incubated for an additional 24 hours in cell culture
incubator. After incubation, cells were washed four times in cell medium and GFP
retained in living cells was visualized by confocal laser scanning microscopy. Excitation

was performed at 340 nm and emission was measured at 520 nm.

Figure 9 (top panel) represents images of GFP through 0.8 pm thick central
horizontal optical section of Huh7 cells. Figure 9 (bottom panel) represents differential

interface contrast images in same field.

Co-incubation of GFP with [Dmt']JDALDA showed moderately increased green
fluorescence within the cell cytoplasm (Figure 9B) compared to incubation with GFP
alone (Figure 9A). No green fluorescence was observed in the nucleus. Co-incubation of
GFP with [Dmt']DALDA-SMCC conjugate showed even greater uptake of GFP (Figure
9C). These data show that [Dmt']DALDA can promote protein uptake into cells by just
physical mixing of the modified peptide with the protein, and that chemical conjugation

between the peptide and the protein is not necessary.

Example 13: Conjugation of [DmtllDALDA with an RNA oligo.

Synthetic RNA oligo (40 nucleotides long) was phosphorylated at the 5' end using
y->2P-ATP in the reaction with polynucleotide kinase. The product was gel-purified for
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reaction. 500,000 counts per minute of gel-purified RNA oligo was conjugated in the
reaction with 10 mM [Dmt]'DALDA in the presence of 1 mg EDC (N-[3-
dimethylaminopropyl-N'-ethylcarboiimide]). The product of conjugation reaction
([Dmt]lDALDA-RNA oligo) and control RNA oligo alone were analyzed on 15%
polyacrylamide urea gel. Two distinct bands on the gel indicate the RNA oligo alone and
the [Dmtl] DALDA-RNA oligo conjugate (Figure 10).

Example 14: Uptake of [Dmt]!DALDA-RNA oligo Conjugate into Caco-2 Cells

Caco-2 cells (1 x 106) were washed three times in DMEM medium and
preincubated in DMEM for 5 minutes before addition of oligos. Then, either
[Dmt]lDALDA-RNA oligo conjugate or unconjugated RNA (approximately 20,000

counts per minute each) were added to the cell medium and incubated for 60 min at 37°C.

After the incubation, reaction medium was removed and cells washed four times
with DMEM and one time in sodium acetate solution to reduce nonspecific binding.
Finally, the cells were incul))ated in lysis buffer for 30 minutes and radioactivity in the

cell lysate was measured.

Caco-2 cells exhibited over three times greater uptake of [Dmt'] DALDA-RNA
oligo conjugate as compare to unconjugated RNA oligo alone (Figure 11). Therefore,

[Dmt]'DALDA promotes passage of RNA oligo across the cell membrane.

Example 15: Mixing of RNA with [Dmt' IDALDA-SMCC linker increases RNA

uptake into cells.

The carrier complex was formed by physical mixing of RNA and [Dmt'JDALDA-
SMCC conjugate. The [Dmt'IDALDA-SMCC conjugate was prepared by mixing
[Dmt' JDALDA with the cross-linker SMCC as described under Methods. A single
strand 11-mer [*’PJRNA oligo was mixed with the [Dmt']DALDA-SMCC conjugate for

15 min at room temperature before use in cellular uptake studies.

Huh7 cells (1x1 0° cells/well) were washed with DMEM and then incubated with
1.0 ml DMEM containing the [*?PJRNA oligo (~100,000 cpm) alone or with 40 ml
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[Dmtl]DALDA-SMCC conjugate at 37°C or 4°C. Cells were then washed four times in
DMEM and one time in sodium acetate solution to remove nonspecific binding before

incubated in lysis buffer for 30 min and retained radioactivity determined.

Co-incubation of RNA oligo with [Dmt']JDALDA-SMCC at 37°C increased
uptake of the RNA oligo as a function of time (Figure 12A). At one hour, the uptake of
RNA oligo in the presence of [Dmt1]DALDA-SMCC was increased ~20-fold compared
to incubation with RNA alone. The uptake of RNA was significantly enhanced by
[Dmt1]DALDA-SMCC even at 4°C (Figure 12B). These data show that it is possible to
enhance RNA uptake without chemical conjugation with [Dmt'JDALDA. The uptake at
4°C indicates uptake by energy-independent non-endocytotic processes, consistent with

the ability of [Dmt'JDALDA to penetrate cell membranes by passive diffusion.

In addition to [Dmt}]DALDA-SMCC, co-incubation with [Phe'J]DALDA-SMCC
or [d-Arg-Dmt-Lys-Phe-NH,]-SMCC also enhanced the uptake of the 11-mer RNA
oligo. Figure 12C shows the increase in RNA uptake when incubated with the three
different peptide-SMCC conjugates for 15 min at 37°C.

Co-incubation with [Dmt'JDALDA-SMCC conjugate can also promote the
cellular uptake of a much larger RNA molecule (1350-mer) as shown in Figure 13,

although not as much as for a smaller oligo.

\

Example 16. Conjugation of IDmtI]DALDA with a DNA oligo.

SMCC (1 pg) and [Dmt'JDALDA (SS002; 5 pg) were dissolved together in 2 ml
of PBS, incubated at room temperature for 30 min, and mixed with deprotected 3’-thiol
DNA oligo at 4°C for 24 hours. After incubation, an aliquot of sample was mixed with
matrix (saturated 3-hydroxy picolinic acid (HPA) in 50% acetonitrile, 10 mg/ml

ammonium citrate) in a 1:10 ratio, and spotted on a stainless steel target plate.

The formation of the DNA-[Dmt'JDALDA conjugate was confirmed by MALDI-
TOF MS. The molecular weights of 3’-thiol DNA oligo and [Dmt'JDALDA-DNA
covalent complex were found to be 6392 and 7171, respectively (Figure 14A).
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Example 17. Uptake of [Dmt]'DALDA-DNA oligo Conjugate into Caco-2 Cells

A 3’-thiol-modified 20-mer DNA was conjugated to [Dmt']DALDA using
SMCC, and the formation of the conjugate was confirmed by mass spectroscopy. Both
conjugated and unconjugated DNA oligos were radiolabeled at the 5.end with **P and

gel-purified (Figure 14B)

Neuronal NoA (1 x 10° cells/well) cells were washed with DMEM and incubated
with 1 m] DMEM containing either [Dmt'JDALDA-conjugated or unconjugated DNA
oligo (~100,000 dpm) for 2 h or 19 h at 37°C and 5% CO,. Cells were then washed four
times in DMEM and one time in sodium acetate solution to reduce nonspecific binding.
The cells were then incubated in lysis buffer for 30 min and retained radioactivity

determined.

Uptake of DNA conjugated with [Dmt'JDALDA was greater compared to
unconjugated DNA after 19 h of incubation (Figure 15), indicating that DNA uptake can
be enhanced by conjugation to [Dmt'JDALDA.

Example 18. Peptides and Peptide-SMCC conjugates are not toxic to cells

Neither the peptides nor the peptide-SMCC conjugates are toxic to cells in
culture. Treatment with [Dmt'JDALDA (1 nM to 10 pM) for 24 h had no effect on cell
viability as measured by the MTT assay (MTS assay, Promega, Madison, WI) in NoA
cells (Figure 16), SH-SY5Y cells or Caco-2 cells. Similar studies with [D-Arg-Dmt-Lys-
Phe-NH,) also showed no effect on cell viability.

Incubétion of cells in culture with the peptide-SMCC conjugates also did not
affect cell viability as measured by the uptake of trypan blue. Trypan blue is only taken
by cells with increased membrane permeability. Huh7 cells (1 X 10%) were washed three
times in DMEM, and 1m! of fresh medium, or media containing 50 ul of 1 mM
[Dmt']DALDA-SMCC conjugate, [D-Arg-Dmt-Lys-Phe-NH,]-SMCC conjugate, or
[Phe']DALDA-SMCC conjugate, and incubated at 37°C for 24 hours at 5% CO,. Cells
were then washed three times with DMEM, and 1 ml of 0.4% trypan blue was added to
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the cells for 2 minutes. Excessive dye was removed by washing cells in cell medium and

the cells were examined by light microscopy.

Examination of cells by light microscopy demonstrated that cells incubated with
media alone showed minimal trypan blue uptake. No increase in trypan blue uptake was
observed in cells incubated with [Dmt'JDALDA-SMCC, [D-Arg-Dmt-Lys-Phe-NHz]-
SMCC, or [Phe!]DALDA. In contrast, incubation of cells with DEPC
(diethylpyrocarbonate) resulted in significant uptake of trypan blue.

Incubation of cells in culture with [Dmt' JDALDA-SMCC conjugate also did not
induce apoptosis in Huh7 cells in culture. Huh7 cells (1 X 10° cells/well) were washed
three times in DMEM, and 1 m! of fresh medium was applied. Then, either 50l of
modified [Dmt'JDALDA (ImM) in PBS or PBS only (control) were added to the cell
medium and incubated at 37°C for 24 hours at 5% CO,. After the incubation, 1 ml of
Hoechst dye (Molecular Probes, Eugene, OR) for staining apoptotic nuclei were added to
cells and incubated for additional 15 min. Excessive Hoechst dye was removed by
washing cells with cell medium (free of pH indicator) and cells treated with
[Dmtl]DALDA-SMCC conjugate were compared with control cells using fluorescent
microscopy (excitation at 350 nm and emission at 461 nm). Apoptosis is indicated by
concentration of fluorescence in the nuclei. Figure 17 demonstrates that the level of
apoptosis in Huh7 cells treated with [Dmt'JDALDA-SMCC is the same as in control

cells.
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What is claimed is:

1. A method for delivering a molecule to a cell, the method comprising contacting
the cell with a carrier complex, wherein the carrier complex comprises the
molecule and an aromatic cationic peptide, wherein the aromatic cationic peptide
comprises:
() at least one net positive charge;
(b) a minimum of three amino acids;
(c) a maximum of ten amino acids;
(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3pm is the
largest number that is less than or equal to r + 1; and
(e) a relationship between the minimum number of aromatic groups (a)
and the total number of net positive charges (p;) wherein 3a is the
Jargest number that is less than or equal to p; + 1, except that when a is

1, pr may also be 1.

2. A method according to claim 1, wherein 2a is the largest number that is less than

or equal to pt + 1.
3. A method according to claim 1, wherein a is equal to p.

4. A method according to claim 1, wherein the peptide has a minimum of two

positive charges.

5. A method according to claim 1, wherein the peptide has a minimum of three

positive charges.

6. A method according to claim 1, wherein the peptide is a tripeptide comprising two

positively charged amino acids and one aromatic amino acid.

7. A method according to claim 1, wherein the peptide is water soluble.
8. A method according to claim 1, wherein the peptide comprises one or more D-
amino acids.
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A method according to claim 1, wherein the C-terminal carboxyl group of the

amino acid at the C-terminus is amidated.

A method according to claim 1, wherein the peptide comprises one or more non-

naturally occurring amino acids.

A method according to claim 1, wherein the peptide has a minimum of four amino

acids.

A method according to claim 1, wherein the peptide has a maximum of about

eight amino acids.

A method according to claim 1, wherein the peptide has a maximum of about six

amino acids.
A method according to claim 1, wherein the peptide has four amino acids.

A method according to claim 1, wherein the peptide has the formula Tyr-D-Arg-
Phe-Lys-NH, (DALDA).

A method according to claim 1, wherein the peptide has the formula 2’,6’-Dmt-D-
Arg-Phe-Lys-NH, (Dmt'-DALDA). '

A method according to claim 1, wherein the peptide has the formula Phe-D-Arg-
Phe-Lys-NH; (Phe!-DALDA).

A method according to claim 1, wherein the peptide has the formula D-Arg-
2’,6’Dmt-Lys-Phe-NH,.

A method according to claim 1, wherein the peptide has the formula

2’ ,6’-Dmp-D-Arg-Phe-Lys-NH, (Dmp'-DALDA).
A method according to claim 1 wherein the molecule is a small molecule.

A method according to claim 20, wherein the small molecule is a

pharmaceutically active molecule.

A method according to claim 21, wherein the pharmaceutically active molecule is

an antibiotic.
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A method according to claim 21 wherein the pharmaceutically active molecule is

a cytotoxic agent.
A method according to claim 23, wherein the cytotoxic agent is doxorubicin.
A method according to claim 23, wherein the cytotoxic agent is adriamycin.

A method according to claim 21, wherein the pharmaceutically active molecule is

an antioxidant.

A method according to claim 26 wherein the antioxidant is vitamin E.

A method according to claim 26, wherein the antioxidant is vitamin C.

A method according to claim 26, wherein the antioxidant is beta carotene.

A method according to claim 1, wherein the molecule is a biological molecule.

A method according to claim 30, wherein the biological molecule is a polyamino

acid.

A method according to claim 30, wherein biological molecule is a

pharmaceutically active molecule.

A method according to claim 32, wherein the pharmaceutically active molecule is

an endogenous peptide or protein.

A method according to claim 32, wherein the pharmaceutically active molecule is

an enzyme.

A method according to claim '32, wherein the pharmaceutically active molecule is

an antibody.

A method according to claim 32, wherein the pharmaceutically active molecule is

a neurotrophic growth factor.

A method according to claim 32, wherein the pharmaceutically active molecule is

a cytokine.

A method according to claim 32, wherein the pharmaceutically active molecule is

a polynucleotide.
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A method according to claim 32, wherein the pharmaceutically active molecule is

an oligonucleotide.

A method according to claim 39, wherein the oligonucleotide is RNA

A method according to claim 40, wherein the RNA is double-stranded RNA.
A method according to claim 41, wherein the double-stranded RNA is siRNA.
A method according to claim 39, wherein the oligonucleotide is DNA.

A method according to claim 39, wherein the oligonucleotide is single-stranded
RNA.

A method according to claim 44, wherein the single—'stranded RNA is messenger
RNA (mRNA).

A method according to claim 39, wherein the oligonucleotide is a ribozyme.

A method according to claim 39, wherein the oligonucleotide is an anti-sense

RNA.

A method according to claim 39, wherein the oligonucleotide is an exterﬁal guide

sequence for a ribozyme.
A method according to claim 39, wherein the oligonucleotide is an RNA decoy.

A method according to claim 30, wherein the biological molecule is a polyamino

acid.

A method according to claim 1, wherein the cell is a bacterial cell.

A method according to claim 1, wherein the cell is a plant cell.

A method according to claim 1, wherein the cell is an animal cell.

A method according to claim 53, wherein the animal cell is a mammalian cell.
A method according to claim 53, wherein the cell is a neuronal cell.

A method according to claim 53, wherein the cell is a renal epithelial cell.

A method according to claim 53, wherein the cell is an intestinal epithelial cell.

A method according to claim 53, wherein the cell is a vascular endothelial cell.
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59. A method according to claim 53, wherein the endothelial cell is a blood-brain

barrier endothelial cell.

60. A method according to claim 53, wherein the cell is a glial cell.

61. A method according to claim 53, wherein the cell is a hepatocyte.

62. A method according to claim 1, wherein the aromatic-cationic peptide comprises
a linker.

63. A method according to claim 1, wherein the molecule comiarises a linker.

64. A method according to claim 1, wherein the molecule and aromatic cationic

peptide are chemically bonded.

65. A method according to claim 1, wherein the molecule and aromatic cationic

peptide are physically bonded.

66. A carrier complex comprising a molecule and an aromatic cationic peptide,
wherein the aromatic cationic peptide comprises:

(a) at least one net positive charge;

(b) 2 minimum of three amino acids;

(c) a maximum of ten amino acids;

(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3pp, is the
largest number that is less )than orequal tor+1; and

(e) a relationship between the minimum number of aromatic groups (a)
and the total number of net positive charges (p;) wherein 3a is the
largest number that is less than or equal to p;+ 1, except that when a is

1, pt may also be 1.

67. A carrier complex according to claim 66, wherein 2a is the largest number that is

less than or equal to p; + 1.

68. A carrier complex according to claim 66, wherein a is equal to p;.
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A carrier complex according to claim 66, wherein the peptide has a minimum of

two positive charges.

A carrier complex according to claim 66, wherein the peptide has a minimum of

three positive charges.

A carrier complex according to claim 66, wherein the peptide is a tripeptide

comprising two positively charged amino acids and one aromatic amino acid.
A carrier complex according to claim 66, wherein the peptide is water soluble.

A carrier complex according to claim 66, wherein the peptide comprises one or

more D-amino acids.

A carrier complex according to claim 66, wherein the C-terminal carboxyl group

of the amino acid at the C-terminus is amidated.

A carrier complex according to claim 66, wherein the peptide comprises one or

more non-naturally occurring amino acids.

A carrier complex according to claim 66, wherein the peptide has a minimum of

four amino acids.

A carrier complex according to claim 66, wherein the peptide has a maximum of

about eight amino acids.

A carrier complex according to claim 66, wherein the peptide has a maximum of

about six amino acids.

A carrier complex according to claim 66, wherein the peptide has four amino

acids

A carrier complex according to claim 66, wherein the peptide has the formula
Tyr-D-Arg-Phe-Lys-NH; (DALDA).

A carrier complex according to claim 66, wherein the peptide has the formula

2°.6’-Dmt-D-Arg-Phe-Lys-NH, (Dmt'-DALDA).

A carrier complex according to claim 66, wherein the peptide has the formula

" Phe-D-Arg-Phe-Lys-NH; (Phe'-DALDA).
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A carrier complex according to claim 66, wherein the peptide has the formula D-

Arg-2’,6’Dmt-Lys-Phe-NHo,.

A carrier complex according to claim 66, wherein the peptide has the formula

2 6’-Dmp-D-Arg-Phe-Lys-NH, (Dmp'-DALDA).

A carrier complex according to claim 66, wherein the molecule is a small

molecule.

A carrier complex according to claim 66, wherein the small molecule is a

biological molecule.

A carrier complex according to claim 86, wherein the biological molecule is a

polyamino acid.

A carrier complex according to claim 85, wherein the small molecule is a

pharmaceutically active molecule. j

A carrier complex according to claim 88, wherein the pharmaceutically active

molecule is an antibiotic.

A carrier complex according to claim 88, wherein the pharmaceutically active

molecule is a cytotoxic agent.

A carrier complex according to claim 90, wherein the cytotoxic agent is

doxorubicin.

A carrier complex according to claim 90, wherein the cytotoxic agent is

adriamycin.

A carrier complex according to claim 88, wherein the pharmaceutically active

molecule is an antioxidant.

A carrier complex according to claim 93, wherein the antioxidant is vitamin E.

A carrier complex according to claim 93, wherein the antioxidant is vitamin C.

A carrier complex according to claim 93, wherein the antioxidant is beta carotene.

A carrier complex according to claim 66, wherein the molecule is a biological

molecule.
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98. A carrier complex according to claim 97, wherein biological molecule is a

pharmaceutically active molecule.

99. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is an endogenous peptide or protein.

100. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is an enzyme.

101. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is an antibody.

102. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is a neurotrophic growth factor.

103. . A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is a cytokine.

104. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is a polynucleotide.

105. A carrier complex according to claim 98, wherein the pharmaceutically active

molecule is an oligonucleotide.
106. A carrier complex according to claim 105, wherein the oligonucleotide is RNA

107. A carrier complex according to claim 106 wherein the RNA is double-stranded
RNA.

108. A carrier complex according to claim 107, wherein the double-stranded RNA is

siRNA.
109. A carrier complex according to claim 106, wherein the oligonucleotide is DNA.

110. A carrier complex according to claim 105, wherein the oligonucleotide is single-

stranded RNA.

111. A carrier complex according to claim 110, wherein the single-stranded RNA is

messenger RNA (mRNA).
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112. A carrier complex according to claim 105, wherein the oligonucleotide is a

ribozyme.

113. A carrier complex according to claim 105, wherein the oligonucleotide is an anti-

sense RNA.

114 A carrier complex according to claim 105, wherein the oligonucleotide is an

external guide sequence for a ribozyme.

115. A carrier complex according to claim 105, whereint eh oligonucleotide is an RNA

decoy.

116. A carrier complex according to claim 97, wherein the biological molecule is a

polyamino acid.

117. A carrier complex according to claim 66, wherein the aromatic cationic peptide

comprises a linker.

118. A carrier complex according to claim 66, wherein the molecule comprises a
linker.
119. A carrier complex according to claim 66, wherein the molecule and aromatic
1

cationic peptide are chemically bonded.

120. A carrier complex according to claim 66, wherein the molecule and aromatic

cationic peptide are physically bonded. ‘

121. A method for delivering a molecule to a cell, the method comprising contacting
the cell with a molecule and an aromatic cationic peptide, wherein the aromatic

cationic peptide comprises:

(a) at least one net positive charge;

(b) a minimum of three amino acids;

(c) a maximum of ten amino acids;

(d) a relationship between the minimum number of net positive charges
(pm) and the total number of amino acid residues (r) wherein 3pm is the

largest number that is less than or equal to r + 1; and
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(e) a relationship between the minimum number of aromatic groups (a)
and the total number of net positive charges (p;) wherein 3a is the
largest number that is less than or equal to pt + 1, except that when a is

1, pt may also be 1.

122. A method according to claim 121, wherein the molecule and aromatic cationic

peptide are chemically bonded.

/
123. A method according to clairp 121, wherein the molecule and aromatic cationic

peptide are physically bonded.
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