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Peptides rich in Arg residues can enter the cytoplasm and ulti- HN* N+ HN* - HoN +
L . PNH2 A, P=NH2 N\,
mately the nucleus of a living cell from the external meditin. - AN o - AN e o
Cell entry has also been demonstrated for unnatural molecules that
diS . P Y.3 . ol o (o) [e] (o] [e) o [e]
play multiple guan@mum groups Englne.ered. cell entry may R_N/\/Lu . . - R—N/\)l NI)LN . -
be useful for drug delivery,but the mechanism is not yet clear H H H H H H H H
and may vary as a function of entry agent, cell type, and/or other L 1 4, L 2 |
factors. As a step toward understanding how molecular structure ®
influences cell entry activity, we have explored the effects of H2N>;NH?HZ,\‘>+=NH2 H2N>+:NH2H2N>+=NH2
conformational stability and geometry of guanidinium display on r AN HND r AN OHNG
this behavior. /&/m b o LL b
. . . . . o] o o [e] (o] o [e]
. .a-A.rr.nno ac!d ollgomers 0k 20 residues are very er.X|bIe, and R_N,\/LLI e~y . " R—N/\)l A . o
it is difficult or impossible to generate sets of sharpeptides that H A H H H H H H
manifest a wide range of conformational stabilities while being L 3 1, L 4 1
comparable in other characteristics. In contrast, conformational
stability can be easily varied among shefamino acid oligomers. ”ZN>*=,W;|2N>+=NH2 HZN);NH2H2N>;NH2

3-sequences, however, 14-helicity is observed only in structure- =~ H

promoting solvents, such as methanol, and not in aqueous sditition.

The preorganizettans-2-aminocyclohexanecarboxylic acid (ACHC)

residue has a much stronger 14-helical propensity thgPdesi- solution. Thus, comparind and 5 should indicate whether cell
dues® ACHC and f33-homovaline °hVal) have comparable net  entry activity is affected by the spatial arrangement of guanidinium
hydrophobicitie$¢ so comparison g8-peptides in which these two  groups. Circular dichroism (CD) data indicate that-5a display
residues are swapped allows one to examine the impact of 14-helixthe expected folding behaviér.

stability on other molecular properties of interest.

pB-Peptides containing exclusivef§f-residues can adopt the 14- AN N AN HN Seres s Re BT
helix secondary structure (defined by_l4-memt_>erec; ring hydrogen o )\1 o o z/ﬁ carica b R;,‘i.uo,l;em
bonds between backbone groupss@(i)- -H—N(i-2)).> For most R_N/\/u\H y N ;lLﬂ \ s

5 3

(S.8)-ACHC (S.8)-ACHC
(S.5)-ACHC BhArg
. R o NHp O (S.8)-ACHC BhArg
HZN/H(OH HZNMOH O)koH
O
N N BhArg  PBhArg  (S,S)}-ACHC  phArg
a-amino acid [53_am|no acid (S,S)-ACHC BhArg phArg BhArg (S.S)-ACHC
BhArg phArg  PhArg BhArg
p-Peptides1—4 contain repeating triads (%hArg-3°hArg), 1 5

where the choice of X is intended to influence 14-helix stability. Figure 1. A 14-helical wheel diagram df and5, showing the differential
B-Peptidel is designed to form a very stable 14-helix in aqueous display of guanidinium residues about the helical axis.

solution (X= (§9-ACHC), with the six33hArg residues clustered
along one side (Figure 1p-Peptide2 (X = 3Val) is expected to
have diminished 14-helical propensity relative to thal.§f In 3,
the X residues arghGly, which is even more flexible tha#thVval;
14-helical folding is therefore unlikely fo8. The configurational
switch of the ACHC residues id (X = (RR)-ACHC) relative
to those of diastereomet (X = (SS-ACHC) should prevent
14-helix formation for4. Overall, the likelihood of 14-helix

formatioq should decrease dramgtiqally frdnho 4. . fluorescence in the nucleus; see Supporting Informati@®eptide
f-Peptide5 should form a 14-helix in which thé*hArg residues 2b displayed modest cell entry, but only after 60 min, whereas the

are distributed around the periphery rather than segregated alongggg strcture@b did not result in significant nuclear staining until

one side, as in sequence isordeFigure 1). For botid andS, the 120 min.3-Peptidestb—5b appeared to enter ca. $28% of the
14-helix conformation is expected to be highly populated in agueous cells, although the behavior varied between 15 and 120 min.

§ Department of Chemistry Because of this erratic variation, we regard5% uptake as a
* Department of Biochemistry. nonspecific background effect (dashed line in Figure 2A).

[-Peptideslb—5b bear an N-terminal 6-carboxyfluorescein unit
to allow evaluation of cell entry behavior by fluorescence micros-
copy. 3-Peptidelb entered cells to a greater extent than 2lim-
5b (Figure 2A). Cell entry bylb seemed to peak within 60 min,
with ~70% of the HelLa cells showing nuclear staining. Entry by
1b was completely blocked in the presence of Nakhich implies
an energy-dependent uptake procebgubation of cells withlb
in the presence of Nkl led to only endosomal uptake (no green
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Figure 2. (A) Internalization of1b—5b over time; 8uM p-peptide was
incubated with cells for 15, 30, 60, or 120 min. The cells with nuclear
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staining were counted. Each data point is an average of at least four separate (1) For reviews on cationic peptides, see: (a) Futaking.J. Pharm.2002,

experiments; 76100 cells were counted per experiment. The error bars
denote standard err@rData below the dashed line (15%) are considered
insignificant as variations between 0 and 15% occur over time. (B) Surface
binding comparison g8-peptideslb and5b by flow cytometry. Cells treated
with NaN; were incubated with @M peptide for 10 min at 37C, washed,

and analyzed by flow cytometrg-Peptide2b—4b show similar histograms

to that of 5b (see Supporting Information).

Previous studies have indicated that binding to the cell surface
is a prerequisite for entry by Arg-rioh-peptide$® and their cargo-
conjugated®!! We used flow cytometry to probe for differences
in binding to the surface of HelLa cells amodf—5b. All five
hexacationics-peptides bind to the cell surface, with ca. 2-fold
higher binding forlb relative to that of2b—5b (Figure 2B and
Supporting Information). Because this difference is small, we
conclude that the observed variations in cell entryrexgprimarily
caused by differences in cell surface binding.

The role of endocytosisf100.11.12jn cell entry by Arg-rich
peptides and their cargo-conjugates is a topic of ongoing debate.
We monitored uptake ofb—5b via microscopy, looking for the
punctate pattern of internal fluorescence that indicates endosomal
distribution.5-Peptidelb showed extensive endocytic uptake after
15 min, while2b did not display significant endocytic uptake until
30 min. The other threg@-peptides showed endocytic uptake only
after 60 min. These differences parallel the variations in extent of
cell entry observed across the serids-5b, which is consistent
with the hypothesis that endocytic uptake is necessary for access
of theseS-peptides to the nucleus. These observations do not rule
out the direct entry pathway. In addition, these observations suggest

that endocytic uptake does not guarantee access to the cytoplasm

or nucleus.

The results reported here show that both the spatial arrangement

of guanidinium groupslp vs 5b) and the rigidity of the molecular
scaffold that displays the guanidinium grougb ¢s 2b—4b) affect
the entry of an oligocation into live cells. Our ability to examine

the influence of these structural features on cell entry depends on (1)

the unique control of helix stability offered h§-peptides. The
molecular designs we have introduced should be useful for
exploring the mechanism(s) of cell entry by guanidinium-rich
compounds, which ultimately could allow us to design cationic
oligomers with improved cargo delivery ability.
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