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Synthetic channels and pores have been of increasing interest

for their applications as antimicrobial agents, drug delivery,
catalysts, and sensorgurthermore, the development of synthetic
channels and pores that mimic porous proteins should contribute
to a better understanding of the structure and function of natural
transmembrane channélblere, we report a dendritic dipeptide that
self-assembles into thermally stable helical pores. The helical pores
are stable in phospholipid membranes and selectively transport
water.

There has been little progress in the area of synthetic water
channels, pores, and transporterdlatural channels such as
Aquaporin selectively transport water through primarily hydropho-
bic pores>3 Recently, water was shown to transport through
hydrophobic nanotubes very efficienfiydlydrophobic pore sizes
of 13—20 A transport water faster than diffusion modeRrotons
are also translocated through hydrophobic pores via a Grotthuss-
type mechanisrf.

We have previously reported the dendritic dipeptide, (4-3,4-3,5)-
12G2-CH-Boc-L-Tyr-L-Ala-OMe, that self-assembles into helical
pores in bulk, in solution, and in vesicléZhis dendritic dipeptide
self-assembled into helical pores with a column diamegg) of
71.3 A and pore diameteDford of 12.8+ 1.2 A. These helical
pores suffered from low thermal stability since atZ2they were
in dynamic equilibrium with the dendritic dipeptide. Further studies
led to improvements in the stability of the helical pores by more
complex strategies.We decided to attempt the stabilization of
helical pores through simple-stacking interactions on the dendron
periphery by replacing the benzyl group with a naphthyl group.
This generated (6Nf-3,4-3,5)12G2-gBoc-Tyr-L-Ala-OMe (1).°

In the bulk statel formed helical pores similar to previously
reported dendritic dipeptidé% with Do) = 82.3 A andDpore =
14.54 1.5 A (Figure 1) in the bulk stat®,qris within the range
of sizes required to facilitate transport of water and protérwide-
angle X-ray diffraction fiber patterns (Figure 1b and Supporting
Information) showed strong 3.5 A-stacking interactions due to
the naphthyl groups not seen in previous dendritic dipepfides.
Modifying the outer periphery from benzyl to naphthyl increased
the melting temperatureTg) in bulk from 95 to 139 °C.
Furthermore self-assembled into helical pores in organic solvents
that mimic the aliphatic region of phospholipid membranes (Figure
2a). TheT, in solution and the molecular ellipticity were also higher
compared to the benzyl dendritic dipeptide previously reporfed (
= 40 vs 22°C).” The enhanced stability of the pores formed from
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Figure 1. (6Nf-3,4-3,5)12G2-ChtBocL-Tyr-L-Ala-OMe (1). (a) Cross
section of the helical pore assembled frdmColor code: —CHjs of the
protective group of Tyr, blue;-CHjs of the methyl ester of Ala, white; C,
gray; O, red; N-H, green. (b) Wide angle XRD of an oriented fiber of the
helical pores assembled frofin(assignments in Supporting Information
Figure SF4).
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Figure 2. CD of 1in (a) 2.5x 107° M in cyclohexane/THF 98.7/1.3 vlv;

(b) in vesicles (2 mM lipid) in 10 mM phosphate buffer saline (PBS). Arrows
indicate trends upon increasing temperature. The bottom insets show the
molecular ellipticity as a function of temperature at the wavelength that
the intensity of the Cotton effect is maximum. No CD signal is observed
for vesicles withoutl or for 1 in PBS (details in Supporting Information
Figure SF8).
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1 allowed their improved assembly into phospholipid membranes
(Figure 2b). The helical pores showed CD spectra when incorpo-
rated into vesicles similar to their solution spectra. Additionally,
the helical pores did not disassemble at high temperatures. This
improved stability is due to enhancedstacking interactions on
their periphery and higher concentration ofin the vesicle
membrane.

Further confirmation that the helical pores were reconstituted
into phospholipid vesicles came from proton translocation studies

10.1021/ja076066¢c CCC: $37.00 © 2007 American Chemical Society
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F Vesicles were formed in 285 mOsm PBS. After capture of the
- W j GUV with a micropipet, it was transferred to 335 mOsm hypertonic
g PBS. Transfer of the GUVs into the hypertonic PBS created a
pressure difference that increased the lengih) (of the vesicle in

g 100f L the pipet (Figure 4ac). In vesicles without, no further change

5 I aramicidin - W/ was observed. In vesicles that containkda decrease of the
%0.90- - L gramicdn vesicle’s length in the pipet was observed, indicating a reduction

E LN ya in the vesicle size (Figure 4¢f). The reduction in size of the vesicle
0.80k '-‘\:://f:’ He @ b \:}/5* He ® is due to transport of water out of the vesicle, thus balancing the
P S ST B S S S S osmotic pressure. Similarly, vesicles that were transferred to 235

Q 300 600 900 1200 0 300 600 900 1200 . o . . .

Time (8) Time () mOsm hypotonic PBS exhibited opposite effects via swelling of

) ) . dthe vesicles that containdd Supporting Information Figure SF12).
Figure 3. Fluorescence assays showing proton transport in pores assemble - ) . .
from 1 reconstructed in phospholipid vesicles (Supporting Information). Dynamic I'ght_ scattering (DL_S) was also u_t”'zed to monitor the
(a) Vesicles containing only the membrane-impermeable pH-sensitive Size of the vesicles. Small unilamellar vesicles (SUV, 150 nm)
fluorescent dye. (b) Vesicles containing both the pH-sensitive fluorescent without pores did not reduce their size, while SUVs wlitexhibited

dye andl. Arrows indicate the addition of excess gramicidingb of an average reduction size of 843.2 nm when transferred to 385
DMSO solution) that assesses the total amount of dye in vesicles and themOsm hypertonic solutions from PBS.

absence of pores assembled fraim some vesicles. The pH jumps inside

vesicles (bottom) were indicated by the change of fluorescencelgaio In summary, we have demonstrated a SimF?'? ar.1d ge‘neral method
ls7o Created by pH changes outside vesicles (shown on top in green). Detailsto stabilize pores self-assembled from dendritic dipeptides through
in Supporting Information. enhancedr-stacking interactions on their periphefiywas shown

to form thermally stable helical pores in bulk, solution, and vesicles.
Transport studies showed thafacilitated the transport of protons,
(a) Control without 1 (d) With 1 ] while excluding cationic and anionic transport. Although the
335 mOsm 335 mOsm translocation of protons indicates transport of water, additional water
s transport studies were performed by optical microscopy and DLS.
= (ﬁ Therefore, the pores df can be envisioned as a primitive mimic
-~ of Aquaporin that transports water but does not reject protons.

Dendritic pores that selectively transport Na and K cations will be
reported.
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Supporting Information Available: Experimental section contain-

: 100 s 100 s, ing materials, techniques, synthesis, structural and retrostructural
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microscopy, and DLS. This material is available free of charge via the
H,0 Internet at http://pubs.acs.org.

= ‘@ References

| = (1) Reviews: (a) Bong, D. T.; Clark, T. D.; Granja, J. R.; Ghadiri, M. R.
600 s 600 s AL Angew. Chem., Int. EQ001, 40, 988-1011. (b) Sakai, N.; Mareda, J.;

| Matile, Mol. BioSyst2007, Advance Atrticle. (c) Gokel, G. W.; Carasel,
_— @ I. A. Chem. Soc. I?1e2007, 36, (:;78—389.

. . . . . . 2) Agre, P.Angew. Chem., Int. ER004 43, 4278-4290.
F/gure_4. Size tran‘sformatlons drlver_l by changing t_he osmo_tlc pressure (3) Tajkhorshid, E.; Nollert, P.; Jensen, M. O.; Miercke, L. J. W.; O’Connell,
of a single GUV without (ac) and with1 (d—f) and imaged in phase J. Stroud, R. M.; Schulten, KScience2002 296, 525-530.
contrast video microscopy. Vesicles were formed in 285 mOsm PBS and  (4) (a) Hummer, G.; Rasaiah, J. C.; Noworyta, JNBture2001, 414, 188—

placed in 335 mOsm external hypertonic solution and recorded over 20 190. (b) Beckstein, O.; Sansom, M. S.froc. Natl. Acad. Sci. U.S.A.
min (shown at 2, 100, and 600 s). No further changes were observed after ©) |2-|%?t3 Jlog -732?12736% . Wang, Y. Stadermann, M. Artyukhin, A. B.:
600 s. L!nes representdecrease in vesicle projection leadth(fetails in Grigbrépdﬁlos, ¢, F".; Noy, A.;Y Békajin, CSciendeZdbG 312 1034
Supporting Information). 1037

) () de Groot, B. L.; Grubmuller, Hscience2001, 294, 2353-2357. (b)
Dellago, C.; Naor, M. M.; Hummer, Ghys. Re. Lett.2003 90, 105902.
(Figure 3). Transport across phospholipid vesicles was monitored (7) Percec, V.; Dulcey, A. E.; Balagurusamy, V. S. K.; Miura, Y.; Smidrkal,

A .. . J.; Peterca, M.; Nummelin, S.; Edlund, U.; Hudson, S. D.; Heiney, P. A.;
using a pH-sensitive fluorescent dy¥. Vesicles that hadl Hu, D. A.; Magonov, S. N.; Vinogradov, S. Nature2004 430, 764—

transported protons, while vesicles withdudid not. The transport © ;68. v bul A E Pt M Adel b s R
- . ercec, . uicey, . ., Peterca, . elman, ., Samant, .

of protons through W_ater-fllled hydrophobic pores occurs through Balagurusamy, V. S. K.; Heiney, P. A. Am. Chem. So@007, 129

a Grotthuss mechanisfrzurthermore, no measurable transport of © 5Pg92—60‘3/2 agdhflefetfencgs Cged therg'”' Chena. S. Z. D Zhana. A
P + — : H ercec, ., SCnlueter, . ngar, - eng, . L. . ang, .

Li*, Na', or Cl was observed by multinuclear NMR  studies Macromoleculed 998 31, 1745-1762.

(Supporting Information}! (10) Finikova, O.; Galkin, A.; Rozhkov, V.; Cordero, M.; Hagerhall, C.;

; ; ; Vinogradov, SJ. Am. Chem. So2003 125 4882-4893.

_Water_transport V|a_the pores assembled fpbmcorporated in (11) Gupta, R. K.; Gupta. Fl. Magn. Resonl982 47, 344 350.

giant unilamellar vesicles (GUV) was studied through optical (12) Longo, M. L.; Waring, A. J.; Hammer, D. ABiophys. J.1997, 73,

microscopy. GUVs ranging in size of-3.0um were captured with 1430-1439.

a micropipet and individually studied (Figure %). JA076066C

J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007 11699



