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Certain proteins contain subunits that enable their active translo-
cation across the plasma membrane into cells. In the specific case
of HIV-1, this subunit is the basic domain Tat49–57 (RKKRRQRRR). To
establish the optimal structural requirements for this translocation
process, and thereby to develop improved molecular transporters
that could deliver agents into cells, a series of analogues of Tat49–57

were prepared and their cellular uptake into Jurkat cells was
determined by flow cytometry. All truncated and alanine-
substituted analogues exhibited diminished cellular uptake, sug-
gesting that the cationic residues of Tat49–57 play a principal role in
its uptake. Charge alone, however, is insufficient for transport as
oligomers of several cationic amino acids (histidine, lysine, and
ornithine) are less effective than Tat49–57 in cellular uptake. In
contrast, a 9-mer of L-arginine (R9) was 20-fold more efficient than
Tat49–57 at cellular uptake as determined by Michaelis–Menton
kinetic analysis. The D-arginine oligomer (r9) exhibited an even
greater uptake rate enhancement (>100-fold). Collectively, these
studies suggest that the guanidinium groups of Tat49–57 play a
greater role in facilitating cellular uptake than either charge or
backbone structure. Based on this analysis, we designed and
synthesized a class of polyguanidine peptoid derivatives. Remark-
ably, the subset of peptoid analogues containing a six-methylene
spacer between the guanidine head group and backbone (N-hxg),
exhibited significantly enhanced cellular uptake compared to
Tat49–57 and even to r9. Overall, a transporter has been developed
that is superior to Tat49–57, protease resistent, and more readily and
economically prepared.

The bioavailability of drugs or molecular probes directed at
intracellular receptors depends significantly on their being

sufficiently polar for administration and distribution and suffi-
ciently nonpolar for passive diffusion through the relatively
nonpolar bilayer of the cell. As a consequence, although covering
a broad range of structural diversity, most drugs are limited to
a narrow range of physical properties. In addition, many prom-
ising drug candidates fail to advance clinically because they fall
out of this range, being either too nonpolar for administration
and distribution or too polar for passive cellular entry. Excep-
tions arise mainly through significant changes in formulation
[e.g., poorly soluble taxol is formulated in ethanol:Cremophor
EL (1)] or extensive tuning of physical properties [e.g., polar
oligonucleotides modified with lipid groups (2)]. Several tech-
niques have been developed to enable cellular uptake including
drug incorporation into cationic liposomes (3), dendrimers (4),
or siderophores (5).

In contrast to most drugs, certain naturally occurring macro-
molecules enter cells through an active transport mechanism.
One important example is the nuclear transcription activator
protein (Tat) encoded by HIV type 1 (HIV-1), a 101-aa protein
that is required for viral replication (6, 7). Of particular interest
for drug delivery is that exogenously added HIV-1 Tat efficiently
crosses the plasma membranes of cells in an apparent energy-
dependent fashion, localizes to the nucleus, and is functional,
stimulating HIV-long terminal repeat-driven RNA synthesis

(6–11). The sequence responsible for the cellular uptake of
HIV-1 Tat consists of the highly basic region, amino acid
residues 49–57 (RKKRRQRRR) (12–16). The detailed mech-
anism for the cellular uptake of HIV-1 Tat49–57 remains
unknown.

HIV-1 Tat has been used to deliver functional biomolecules
into cells. Although the entire protein can be used for this
purpose, it is more efficient to use the truncated sequence
containing only the basic residues required for transport, Tat49–

57. Through covalent attachment to Tat-49–57, several proteins
have been delivered into cells, including an inhibitor of human
papillomavirus type 16 (HPV-16) (13), ovalbumin into the MHC
class I pathway (17), the Cdk inhibitors p27Kip1 (18) and p16INK4a

(19), and a caspase-3 protein (20). Tat49–57 has also been
successfully used to deliver b-galactosidase in vivo into all tissues
of the mouse including the brain (21). In addition to Tat49–57,
several other short peptide sequences have been identified with
membrane translocation activity, including those derived from
Antennapedia (6, 22), fibroblast growth factor (23), Galparan
(transportan) (24), and HSV-1 structural protein VP22 (25).

A structural analogy can be drawn between Tat49–57 and
homopolymers [molecular weight (m.w.) 5 4,000–200,000] of
the cationic amino acids lysine (26), ornithine (27), and arginine
(27) that are also able to enter cells. Polylysine (PL) has been
used to efficiently deliver a range of biomolecules into cells
including albumin and horseradish peroxidase (PL m.w. 5 6700)
(28), methotrexate (PL m.w. 5 70,000) (29), oligonucleotides
(PL m.w. 5 14,000) (30), and adenovirus (PL m.w. 5 20,500)
(31). In addition, polylysine peptoid derivatives (32) have been
used for gene delivery. Polyarginine (PA) has also been used to
enhance the cellular uptake of tumor antigens (TA). The
polyarginine-TA (PA m.w. 5 100,000) conjugates are more
efficiently translocated into cells than the corresponding poly-
lysine-TA (PL m.w. 5 94,000) conjugates by a factor of 10 as
determined by fluorescent flow cytometry (33). However, prob-
lems related to toxicity, protein precipitation, and cost prevent
such large cationic polymers from being broadly useful thera-
peutically. Because of the potential structural analogy to
Tat49–57, we previously compared the cellular uptake of short
oligomers of arginine, lysine, ornithine, and histidine. Interest-
ingly, short oligomers of arginine were much more efficient at
entering cells than the corresponding short oligomers of histi-
dine, lysine, and ornithine (34).

Abbreviations: DMF, dimethylformamide; ahx, aminohexanoic; Fl, fluorescein moiety;
m.w., molecular weight; PL, polylysine; TFA, trifluoroacetic acid; Fmoc, fluorenylmethoxy-
carbonyl.
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Prompted by the potential broad value of using molecular
transporters to enable or enhance drug delivery, we initiated a
program aimed at elucidating the structural features of Tat49–57
that are required for its cellular entry. The second and more
important goal of this study was to design and synthesize simpler
and more effective molecular transporters for use in drug or
probe delivery, a goal of broad fundamental and applied
consequence.

Materials and Methods
General. Rink amide resin and Boc2O were purchased from
NovaBiochem. Diisopropylcarbodiimide, bromoacetic acid,
f luorescein isothiocyanate (FITC-NCS), ethylenediamine,
1,3-diaminopropane, 1,4-diaminobutane, 1,6-diaminohexane,
1,8-diaminooctane, trans-1,6-diaminocyclohexane, and pyrazole-
1-carboxamidine were all purchased from Aldrich. All solvents
and other reagents were purchased from commercial sources and
used without further purification. The mono-Boc amines were
synthesized from the commercially available diamines by using a
literature procedure (10 equiv of diamine and 1 equiv of Boc2O
in chloroform followed by an aqueous work up to remove
unreacted diamine) (35).

N-tert-butoxycarbonyl-1,6-trans-diaminocyclohexane. Mp 159–
161°C; 1H NMR (CDCl3) d 4.35 (br s, 1H), 3.37 (br s, 1H), 2.61
(br s, 1H), 1.92–2.02 (m, 2H), 1.81–1.89 (m, 2H), 1.43 (s, 9H),
1.07–1.24 (m, 4H) ppm; 13C NMR (D6-DMSO) d 154.9, 77.3,
49.7, 48.9, 35.1, 31.4, 28.3 ppm; ES-MS (M11) calcd 215.17,
found 215.22.

General Procedure for Peptide Synthesis. Tat49–57 (RKKRRQRRR),
truncated and alanine-substituted peptides derived from Tat49–57,
Antennapedia43–58 (RQIKIWFQNRRMKWKK), and homopoly-
mers of L-arginine (R5-R9) and D-arginine (r5-r9) were prepared
with an automated peptide synthesizer (ABI433) by using standard
solid-phase fluorenylmethoxycarbonyl (Fmoc) chemistry (36) with
HATU as the peptide coupling reagent. The fluorescein moiety
(Fl) was attached via an aminohexanoic acid spacer by treating a
resin-bound peptide (1.0 mmol) with FITC (1.0 mmol) and diiso-
propyl ethyl amine (5 mmol) in dimethylformamide (DMF; 10 ml)
for 12 h. Cleavage from the resin was achieved by using 95:5
trifluoroacetic acid (TFA)ytriisopropylsilane. Removal of the sol-
vent in vacuo gave a crude oil that was triturated with cold ether.
The crude mixture thus obtained was centrifuged, the ether was
removed by decantation, and the resulting orange solid was purified
by RP-HPLC (H2OyCH3CN in 0.1% TFA). The products were
isolated by lyophilization and characterized by electrospray mass
spectrometry. The purity of the peptides was .95% as determined
by analytical RP-HPLC (H2OyCH3CN in 0.1% TFA).

General Procedure for Peptoid Polyamine Synthesis. Peptoids were
synthesized manually by using a fritted glass apparatus and
positive nitrogen pressure for mixing the resin following the
literature procedure developed by Zuckermann (32, 37, 38).
Treatment of Fmoc-substituted Rink amide resin (0.2 mmol)
with 20% piperidineyDMF (5 ml) for 30 min (23) gave the free
resin-bound amine that was washed with DMF (3 3 5 ml). The
resin was treated with a solution of bromoacetic acid (2.0
mmol) and diisopropylcarbodiimide (2.0 mmol) in DMF (5 ml)
for 30 min. This procedure was repeated. The resin was then
washed (3 3 5 ml DMF) and treated with a solution of
mono-Boc diamine (8.0 mmol) in DMF (5 ml) for 12 h. These
two steps were repeated until an oligomer of the required
length was obtained (Note: the solution of mono-Boc diamine
in DMF could be recycled without appreciable loss of yield).
The resin was then treated with N-Fmoc-aminohexanoic acid
(2.0 mmol) and DIC (2.0 mmol) in DMF for 1 h and this was
repeated. The Fmoc moiety was then removed by treatment

with 20% piperidineyDMF (5 ml) for 30 min. This step was
repeated and the resin was washed with DMF (3 3 5 ml). The
resin was then treated with FITC (0.2 mmol) and diisopropyl
ethyl amine (2.0 mmol) in DMF (5 ml) for 12 h. The resin was
then washed with DMF (3 3 5 ml) and dichloromethane (5 3
5 ml). Cleavage from the resin was achieved by using 95:5
TFAytriisopropylsilane (8 ml). Removal of the solvent in vacuo
gave a crude oil that was triturated with cold ether (20 ml). The
crude mixture thus obtained was centrifuged, the ether was
removed by decantation, and the resulting orange solid was
purified by RP-HPLC (H2OyCH3CN in 0.1% TFA). The
products were isolated by lyophilization and characterized by
electrospray mass spectrometry and in selected cases by 1H
NMR spectroscopy.

General Procedure for Perguanidinylation of Peptoid Polyamines. A
solution of peptoid amine (0.1 mmol) dissolved in deionized
water (5 ml) was treated with sodium carbonate (5 equiv per
amine residue) and pyrazole-1-carboxamidine (5 equiv per
amine residue) and heated at 50°C for 24–48 h. The crude
mixture was then acidified with TFA (0.5 ml) and directly
purified by RP-HPLC (H2OyCH3CN in 0.1% TFA). The prod-
ucts were characterized by electrospray mass spectrometry and
isolated by lyophilization and further purified by RP-HPLC. The
yield for the perguanidinylated peptoids was 60–70%, and their
purity was .95% as determined by analytical RP-HPLC (H2Oy
CH3CN in 0.1% TFA).

Cellular Uptake Assay. The arginine homopolymers and guanidine-
substituted peptoids were each dissolved in PBS buffer (pH 7.2),
and their concentration was determined by absorption of fluores-
cein at 490 nm (« 5 67,000). The accuracy of this method for
determining transporter concentration was established by weighing
selected samples and dissolving them in a known amount of PBS
buffer. The concentrations determined by UV spectroscopy cor-
related with the amounts weighed out manually. Jurkat cells
(human T cell line), murine B cells (CH27), or human PBL cells
were grown in 10% FCS and DMEM and each of these were used
for cellular uptake experiments. Varying amounts of arginine and
oligomers of guanidine-substituted peptoids were added to approx-
imately 3 3 106 cells in 2% FCSyPBS (combined total of 200 ml)
and placed into microtiter plates (96-well) and incubated for varying
amounts of time at 23°C or 4°C. The microtiter plates were
centrifuged and the cells were isolated, washed with cold PBS (3 3
250 ml), incubated with 0.05% trypsiny0.53 mM EDTA at 37°C for
5 min, washed with cold PBS, and resuspended in PBS containing
0.1% propidium iodide. The cells were analyzed by using fluores-
cent flow cytometry (FACScan; Becton Dickinson) and cells stain-
ing with propidium iodide were excluded from the analysis. The
data presented are the mean fluorescent signal for the 5,000 cells
collected.

Inhibition of Cellular Uptake with Sodium Azide. The assays were
performed as previously described with the exception that the
cells used were preincubated for 30 min with 0.5% sodium azide
in 2% FCSyPBS buffer before the addition of fluorescent
peptides and the cells were washed with 0.5% sodium azide in
PBS buffer. All of the cellular uptake assays were run in parallel
in the presence and absence of sodium azide.

Cellular Uptake Kinetics Assay. The assays were performed as
previously described except the cells were incubated for 0.5, 1, 2,
and 4 min at 4°C in triplicate in 2% FCSyPBS (50 ml) in
microtiter plates (96-well). The reactions were quenched by
diluting the samples into 2% FCSyPBS (5 ml). The assays were
then worked up and analyzed by fluorescent flow cytometry as
previously described.
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Results
Structure-Function Relationships of Fluorescently Labeled Peptides
Derived from Tat49–57.i To determine the structural requirements
for the cellular uptake of short arginine-rich peptides, a series of
fluorescently labeled truncated analogues of Tat49–57 were syn-
thesized by using standard solid-phase chemistry (36). A Fl was
attached through an ahx acid spacer on the amino termini. The
ability of these fluorescently labeled peptides to enter Jurkat
cells was then analyzed by using flow cytometry (Fig. 1).
Differentiation between cell surface binding and internalization
was accomplished throughout by running a parallel set of assays
in the presence and absence of sodium azide. Because sodium
azide inhibits energy-dependent cellular uptake (39) but not cell
surface binding, the difference in fluorescence between the two
assays represents the amount of fluorescence resulting from
internalization.

Deletion of one arginine residue from either the amine
terminus (Tat50–57) or the carboxyl terminus (Tat49–56) resulted
in a significant (80%) loss of intracellular fluorescence relative
to the parent sequence (Tat49–57). From the one amino acid
truncated analogs, further deletion of R-56 from the carboxyl
terminus (Tat49–55) resulted in an additional 60% loss of intra-
cellular fluorescence, whereas deletion of K-50 from the amine
terminus (Tat51–57) did not further diminish the amount of
internalization. These results indicate that truncated analogs of
Tat49–57 are significantly less effective at the transcellular deliv-
ery of fluorescein into Jurkat cells, and that the arginine residues
appear to contribute more to cellular uptake than the lysine
residues.

To determine the contribution of individual amino acid res-
idues to cellular uptake, nine fluorescently labeled analogs
containing alanine substitutions at each site of Tat49–57 were
synthesized and assayed by flow cytometry (Fig. 2). Substitution
of the noncharged glutamine residue of Tat49–57 with alanine
(A-54) resulted in a modest decrease in cellular internalization.
On the other hand, substitution of each of the cationic residues
individually with alanine produced a 70–90% decrease in cel-
lular uptake. In these cases, replacement of lysine (A-50, A-51)

or arginine (A-49, A-52, A-55, A-56, A-57) residues with alanine
had similar effects in reducing uptake.

To determine whether the chirality of the transporter peptide
was important, the corresponding d-isomer (d-Tat49–57) and
retro-inverso isomers (l-Tat57–49 and d-Tat57–49) were synthe-
sized and assayed by flow cytometry (Fig. 3). Importantly, all
three analogs were more effective at entering Jurkat cells than
Tat49–57. These results indicated that the chirality of the peptide
backbone is not crucial for cellular uptake. Interestingly, the
retro-l isomer (Tat57–49), which has three arginine residues
located at the amine terminus instead of one arginine and two
lysines, found in Tat49–57 demonstrated enhanced cellular up-
take. Thus, residues at the amine terminus appear to be impor-
tant and arginines are more effective than lysines for internal-
ization. The improved cellular uptake of the unnatural
d-peptides is most likely because of their increased stability to
proteolysis in 2% FCS used in the assays. When serum was
excluded, the d- and l-peptides were equivalent as expected.

These initial results indicated that arginine content is primar-
ily responsible for the cellular uptake of Tat49–57. Furthermore,
these findings are consistent with our previous results showing
that short oligomers of arginine are more effective at entering

iAll synthetic peptides and peptoids contain an aminohexanoic (ahx) acid moiety attached
to the N-terminal amino group with a fluorescein moiety (Fl) covalently linked to the amino
group of the aminohexanoic acid spacer. The carboxyl terminus of every peptide and
peptoid is a carboxamide.

Fig. 1. FACS cellular uptake assay of truncated analogs of Tat49–57 (Fl-ahx-
RKKRRQRRR): Tat49 –56 (Fl-ahx-RKKRRQRR), Tat49 –55 (Fl-ahx-RKKRRQR),
Tat50–57 (Fl-ahx-KKRRQRRR), and Tat51–57 (Fl-ahx-KRRQRRR). Jurkat cells were
incubated with varying concentrations (12.5 mM shown) of peptides for 10 min
at 23°C.

Fig. 2. FACS cellular uptake assay of alanine-substituted analogs of Tat49–57:
A-49 (Fl-ahx-AKKRRQRRR), A-50 (Fl-ahx-RAKRRQRRR), A-51 (Fl-ahx-RKAR-
RQRRR), A-52 (Fl-ahx-RKKARQRRR), A-53 (Fl-ahx-RKKRAQRRR), A-54 (Fl-ahx-
RKKRRARRR), A-55 (Fl-ahx-RKKRRQARR), A-56 (Fl-ahx-RKKRRQRAR), and
A-57 (Fl-ahx-RKKRRQRRA). Jurkat cells were incubated with varying concen-
trations (12.5 mM shown) of peptides for 10 min at 23°C.

Fig. 3. FACS cellular uptake assay of d- and retro-isomers of Tat49–57:
d-Tat49–57 (Fl-ahx-rkkrrqrrr), Tat57–49 (Fl-ahx-RRRQRRKKR), and d-Tat57–49 (Fl-
ahx-rrrqrrkkr). Jurkat cells were incubated with varying concentrations (12.5
mM shown) of peptides for 15 min at 23°C.
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cells than the corresponding short oligomers of lysine, ornithine,
and histidine (34). What had not been established was whether
arginine homo-oligomers are more effective than Tat49–57. To
address this point, Tat49–57 was compared with the L-arginine
(R5-R9) and D-arginine (r5-r9) oligomers. Although Tat49–57
contains eight cationic residues, its cellular internalization was
between that of R6 and R7 (Fig. 4), indicating that the presence
of at least six arginine residues is an important factor for cellular
uptake. Significantly, conjugates containing seven to nine argi-
nine residues exhibited better uptake than Tat49–57.

To quantitatively compare the ability of these arginine oli-
gomers and Tat49–57 to enter cells, Michaelis–Menton kinetic
analyses were performed. The rates of cellular uptake were
determined after incubation (3°C) of the peptides in Jurkat cells
for 30, 60, 120, and 240 s (Table 1). The resultant Km values
revealed that R9 entered cells approximately 20-fold faster than
Tat47–59. Significantly, the r9 transporter was 100-fold faster than
Tat47–59 at entering cells. For comparison, Antennapedia43–58
was also analyzed and was shown to enter cells approximately
2-fold faster than Tat47–59, but significantly slower than r9 or R9.

Design and Synthesis of Peptidomimetic Analogs of Tat49–57. Using
the above structure–function relationships obtained with Tat47–
59, we designed a series of polyguanidine peptoid derivatives that
preserve the 1,4-backbone spacing of side chains of arginine
oligomers but have an oligo-glycine backbone devoid of stereo-
genic centers. These peptoids incorporating arginine-like sides
chains on the amide nitrogen were selected because of their
expected resistance to proteolysis (40), and potential ease and
more significantly lower cost of synthesis (37, 38). Furthermore,
racemization, frequently encountered in peptide synthesis, is not
a problem in peptoid synthesis and the ‘‘submonomer’’ (38)
approach to peptoid synthesis allows for facile modification of
side-chain spacers. Although the preparation of an oligourea
(41) and peptoid-peptide hybrid (42) derivatives of Tat49–57 have

been previously reported, their cellular uptake was not explicitly
studied.

The desired peptoids were prepared by using the ‘‘submono-
mer’’ (38) approach to peptoids followed by attachment of a Fl
through an aminohexanoic acid spacer onto the amine termini.i
After cleavage from the solid-phase resin, the fluorescently
labeled polyamine peptoids thus obtained were converted in
good yields (60–70%) into polyguanidine peptoids by treatment
with excess pyrazole-1-carboxamidine (43) and sodium carbon-
ate (Scheme 1). Previously reported syntheses of peptoids con-
taining isolated N-Arg units have relied on the synthesis of
N-Arg monomers (5–7 steps) before peptoid synthesis and the
use of specialized and expensive guanidine protecting groups
(Pmc, Pbf) (44, 45). The compounds reported here represent
examples of polyguanidinylated peptoids prepared by using a
perguanidinylation step. This method provides easy access to
polyguanidinylated compounds from the corresponding poly-
amines and is especially useful for the synthesis of perguanidi-
nylated homooligomers. Furthermore, it eliminates the use of
expensive protecting groups (Pbf, Pmc). An additional example
of a perguanidinylation of a peptide substrate using a
novel trif lyl-substituted guanylating agent has recently been
reported (46).

The cellular uptake of fluorescently labeled polyguanidine
N-arg5,7,9 peptoids was compared with the corresponding D-
arginine peptides r5,7,9 (similar proteolytic properties) by using
Jurkat cells and flow cytometry. The amount of fluorescence

Fig. 5. FACS cellular uptake of polyguanidine peptoids and D-arginine
oligomers. Jurkat cells were incubated with varying concentrations (12.5 mM
shown) of peptoids and peptides for 4 min at 23°C.

Scheme 1. (a) BrCH2CO2H, DIC, DMF. (b) BocNH-X-NH2, DMF. (c) Fmoc-ahx-
CO2H, DIC, DMF. (d) piperidine, DMF. (e) FITC-NCS, DIEA, DMF. (f) 95:5 TFAyTIS.
(g) pyrazole-1-carboxamidine, aq. Na2CO3, 50°C. Abbreviations: N-etg, X 5
(CH2)2; N-arg, X 5 (CH2)3; N-btg, X 5 (CH2)4; N-hxg, X 5 (CH2)6; N-ocg, X 5
(CH2)8; N-chg, X 5 trans-1,4-cyclohexyl.

Fig. 4. FACS cellular uptake of a series of arginine oligomers and Tat49–57: R5
(Fl-ahx-RRRRR), R6 (Fl-ahx-RRRRRR), R7 (Fl-ahx-RRRRRRR), R8 (Fl-ahx-
RRRRRRRR), R9 (Fl-ahx-RRRRRRRRR), r5 (Fl-ahx-rrrrr), r6 (Fl-ahx-rrrrrr), r7 (Fl-
ahx-rrrrrrr), r8 (Fl-ahx-rrrrrrrr), r9 (Fl-ahx-rrrrrrrrr). Jurkat cells were incubated
with varying concentrations (12.5 mM shown) of peptides for 15 min at 23°C.

Table 1. Michaelis–Menton kinetics: Antennapedia43–58

(Fl-ahx-RQIKIWFQNRRMKWKK)

Peptide Km, mM Vmax

Tat49–57 770 0.38
Antennapedia43–58 427 0.41
R9 44 0.37
r9 7.6 0.38
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measured inside the cells with N-arg5,7,9 was found to be
proportional to the number of guanidine residues: N-arg9 .
N-arg7 . N-arg5 (Fig. 5), analogous to that found for r5,7,9.
Importantly, the N-arg5,7,9 peptoids showed only a slightly lower
amount of cellular entry compared with the corresponding
peptides, r5,7,9. Hence, it is clear from these results that the
hydrogen bonding along the peptide backbone of Tat47–59 or
arginine oligomers is not a required structural element for
cellular uptake and oligomeric guanidine-substituted peptoids
can be used in place of arginine-rich peptides as molecular
transporters. The addition of sodium azide inhibited internal-
ization demonstrating that the cellular uptake of peptoids was
also energy-dependent.

After establishing that the N-arg peptoids efficiently crossed
cellular membranes, the effect of side chain length (number of
methylenes) on cellular uptake was investigated. Significantly,
for a given number of guanidine residues (5, 7, or 9), cellular
uptake was proportional to side-chain length. Peptoids with
longer side chains exhibited more efficient cellular uptake with
N-hxg9 . N-btg9 . r9 . N-arg9 . N-etg9 (Fig. 6). Of special
importance, the N-hxg peptoids showed remarkably high cellular
uptake, even greater than the corresponding D-arginine oli-
gomers. The cellular uptake of the corresponding heptamers and
pentamers also showed the same relative trend. The longer side
chains embodied in the N-hxg peptoids improved the cellular
uptake to such an extent that the amount of internalization was
comparable to the corresponding D-arginine oligomer contain-
ing one more guanidine residue (Fig. 7). For example, the N-hxg7
peptoid showed comparable cellular uptake to r8.

To address whether the increase in cellular uptake was
because of the hydrophobic nature or the flexibility of the side
chains, a set of peptoids was synthesized containing cyclohexyl
side chains, N-chg5,7,9 peptoids. These contain the same number
of side-chain carbons as the N-hxg peptoids but possess different
degrees of freedom. Interestingly, the N-chg peptoid showed
much lower cellular uptake activity than all of the previously
assayed peptoids, including the N-etg peptoids (Fig. 8). There-
fore, the conformational f lexibility and sterically unencumbered
nature of the straight chain alkyl spacing groups is important for
efficient cellular uptake.

Discussion
The nona-peptide, Tat49–57, has been shown to translocate
efficiently across plasma membranes (14). The goal of this
research was to determine the structural basis for this activity
and to use this information to develop simpler and more effective

molecular transporters. Toward this end, truncated and alanine
substituted derivatives of Tat49–57 conjugated to a fluorescein
label were prepared. These derivatives exhibited greatly dimin-
ished cellular uptake compared with Tat49–57, indicating that all
of the cationic residues of Tat49–57 are required for efficient
cellular uptake. When compared with our previous studies on
short oligomers of cationic peptides (34), these findings sug-
gested that an oligomer of arginine might be superior to Tat49–57
and certainly more easily and cost-effectively prepared. Com-
parison of short arginine oligomers with Tat49–57 showed that
members of the former were indeed more efficiently taken up
into cells. This was quantified further by Michaelis–Menton
kinetics analysis that showed that the R9 and r9 oligomers had
Km values 20-fold and 100-fold greater than that found for
Tat49–57.

Given the importance of the guanidino head group and the
apparent insensitivity of the oligomer chirality revealed in our
peptide studies, we designed and synthesized a series of polygua-
nidine peptoids. The peptoids N-arg5,7,9, incorporating the
arginine side chain, exhibited comparable cellular uptake to the
corresponding d-arginine peptides r5,7,9, indicating that the
hydrogen bonding along the peptide backbone and backbone
chirality are not essential for cellular uptake. This observation is
consistent with molecular models of these peptoids, arginine
oligomers, and Tat49–57, all of which have a deeply embedded
backbone and a guanidinium dominated surface. Molecular
models further reveal that these structural characteristics are
retained in varying degree in oligomers with different alkyl
spacers between the peptoid backbone and guanidino head

Fig. 6. FACS cellular uptake of D-arginine oligomers and polyguanidine
peptoids. Jurkat cells were incubated with varying concentrations (12.5 mM
shown) of fluorescently labeled peptoids and peptides for 4 min at 23°C.

Fig. 7. FACS cellular uptake of D-arginine oligomers and N-hxg peptoids.
Jurkat cells were incubated with varying concentrations (6.3 mM shown) of
fluorescently labeled peptoids and peptides for 4 min at 23°C.

Fig. 8. FACS cellular uptake of D-arginine oligomers and N-chg peptoids.
Jurkat cells were incubated with varying concentrations (12.5 mM shown) of
fluorescently labeled peptoids and peptides for 4 min at 23°C.
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groups. Accordingly, a series of peptoids incorporating 2- (N-
etg), 4- (N-btg), and 6-atom (N-hxg) spacers between the back-
bone and side chain were prepared and compared for cellular
uptake with the N-arg peptoids (3-atom spacers) and D-arginine
oligomers. The length of the side chains had a dramatic effect on
cellular entry. The amount of cellular uptake was proportional
to the length of the side chain with N-hxg . N-btg . N-arg .
N-etg. Cellular uptake was improved when the number of alkyl
spacer units between the guanidine head group and the back-
bone was increased. Significantly, N-hxg9 was superior to r9, the
latter being 100-fold better that Tat49–57. This result led us to
prepare peptoid derivatives containing longer octyl spacers
(N-ocg) between the guanidino groups and the backbone. Issues
related to solubility prevented us from testing these compounds.

Because both perguanidinylated peptides and perguanidiny-
lated peptoids efficiently enter cells, the guanidine head group
(independent of backbone) is apparently a critical structural
determinant of cellular uptake. However, the presence of several
(over six) guanidine moieties on a molecular scaffold is not
sufficient for active transport into cells as the N-chg peptoids did
not efficiently translocate into cells. Thus, in addition to the
guanidine head group, the conformational mobility of designed
transporters also plays a role in cellular uptake.

In summary, this investigation identified a series of struc-
tural characteristics including sequence length, amino acid
composition, and chirality that inf luence the ability of Tat49–57

to enter cells. These characteristics provided the blueprint for
the design of a series of peptoids, of which 17 members were
synthesized and assayed for cellular uptake. Significantly, the
N-hxg9 transporter was found to be superior in cellular uptake
to r9 which in turn was comparable to N-btg9. Hence, these
peptoid transporters proved to be substantially better then
Tat49–57. This research established that the peptide backbone
and hydrogen bonding along that backbone are not required
for cellular uptake, that the guanidino head group is superior
to other cationic subunits, and most significantly, that an
extension of the alkyl chain between the backbone and the
head group provides superior transporters. In addition to
better uptake performance, these peptoids offer several ad-
vantages over Tat49–57 including cost-effectiveness, ease of
synthesis of analogs, and protease stability. These features
along with their significant water solubility (.100 mgyml)
indicate that these peptoids could serve as effective transport-
ers for the molecular delivery of drugs, drug candidates, and
other agents into cells.
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