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Natural proteins and peptides adopt well-defined secondary R ]
structures such ag-helices ang3-sheets through an interplay of )\ )\ R HYO jc',/\/ 21;
hydrophobic collapse, hydrogen bonding, and electrostatic and van ,H%NO K"TK\NJ?\/\/\’HYO 10(\/ o
der Waal interactionsUsing these same forces, artificial peptitiés o) H\J‘J o H 0
and peptide amphiphiles’ (PAs) have been used to form novel
nanostructures. For example, peptide nanotubes are formed through COOH OO OH
sheetlike hydrogen bonding between cydic-peptides. PAs with o u '\ o 1 R= /0
lipid tails have been shown to induce formation of stable triple- ”O\rﬁu Nmﬁut‘/“ =R o OOH
helices and also nanofibers containing paralj@isheet® and © COOHO Loon 2 R= \/\)LNK;OH
hydrophobic cores. Bolaamphiphiles, molecules containing two f,fOH "o
hydrophilic headgroups linked by a hydrophobic spacer, are 2 N N-R 3 R= \/@(0
receiving increased attention as building blocks for structures such Ho \‘O(\ﬂ )
as membranes, fibers, tubes, ribbons, and répéseveral groups COOH COOH

have reported the self-assembly of unsymmetric bolaamphiphes.  Figure 1. Structure of peptide bolaamphiphilésnd2 and control PA3.
However, these molecules typically form lamellar or tubular
structures in water, and in one instance they create monolayer

.~ Scheme 1. Synthesis of Amphiphile Building Blocks 6, 9, and 10
rods12¢We report here the aqueous self-assembly of unsymmetric y phip 9

peptide bolaamphiphilesand2 (Figure 1) to give nanofibers with 0 s!2<l\ o Fmoc\N«)oLOH o Oﬁm

hydrophilic cores and surfaces, in our efforts to control the core @*wm O*osma W?DMKE»" Fmoc\uz\)lxu

chemistry within nanofibers. FeN CriCp, 09% Fel CHCL83% o o Meghonyl = TBAF
Bolaamphiphiled and2 contain headgroups-glutamylxglycine 6 R=H THF, 99%

and tetraethylene glycol (Efor succinylt-aspartic acid separated 1. isobulyiene O)OLOB" 9

by a hydrophobic segment based @alanine §-Ala), p-amino- HO{~gJH ChoCly, 18% >(°{ﬂo)“s o SOt p*oa

benzoic acid (PABA), 6-aminchexanoic acid, anl@ucine. Control 4 2. Ms-Cl, ElsN 4 K,COg 4

PA 3 is similar to 1 but lacks the second headgroup. These Ol 99% ! alZ;ié‘;W;‘i/o : 2:2" Mgg!:dég%

amphiphiles were synthesized by Fmoc solid phase peptide synthesis oo o o
from commercially available amino acids with the exception of >LO:EI/NH30| 7 j\oj)/nNOH
building blocks6, 9, and 10, which were prepared as outlined in >r°o CHZE'ufgg% >(°O ©

Scheme 1. Dipeptidé is a semirigid3-peptide-like building block 10
that combines the stiffness of PABA with the reactivity of the

aliphatic amino group of-alanine and can be readily prepared ,,,sohotungstic acid shows one-dimensional objects that aggregate
through the temporary silyl ester protection of PABA. along their long axi&* Individual fiber components of these bundles
Self-assembly of the peptide amphiphiles was achieved by 516 yp to 5 nm in width, with lengths in excess of a micrometer.

exposing 1 wt % solutions in 0.1 N KOH or NBH to HCl vapors, gy preferentially staining the carboxylic acid groups of the
resulting in the formation of translucent, birefringent, self-supporting ( _gjutamyyglycine with 2 wt % uranyl acetate, TEM shows that
gels. The peptides require a base to be soluble in water, and gelationhe outer edge of individual fibers has higher contrast than the

of 1 negatively stained wit a 2 wt % aqueous solution of

occurs upon acidification to a pH of ca'2Self-healing and self- interior (Figure 2a). This contrast is quantified by line profiles
supporting gels were formed from solutions s dilute as 0.5 (Figure 2a, inset) taken normal to the long axis of individual fibers.
wt %, whereag and3 gave weak gels at 0.5 wt %, aBgartially Tilting experiments on the TEM samples support a fiber, not a flat

precipitated. The solutions df-3 at a pH of 8 and their gels ata  ripbon, morphology. Negatively stained TEM sample2and3
pH of 1 were analyzed by circular dichroism (CD) to show random also show fiber morphologies, with diameters of 5 nm ar6
structure in the solutions becomifigsheet structure after gelatiéh. nm, respectively, wher@gives shorter fibers thahor 2.14 Positive
The solid-state FTIR amide | region of lyophylized 1 wt % gels staining of2 with uranyl acetate fol h shows evidence for staining
showed predominatel§-sheet character with peaks at 163¢641 at the cores and the peripheries of the fibers (Figure 2b).

cml, with possible random content at 1658662 cnil. The FTIR and CD data indicat-sheet formation among peptide
similarities between the amide | regionsIoé&nd3 likely indicate segments of the nanofibers. Because peptide segments can only be
the adoption of similar conformation$. parallel to each other along the fiber axis, the fiber axis must lie

Self-assembled gels of 1 wt % were analyzed by transmission within the plane of the3-sheets. Within thesg-sheets, parallel
electron microscopy (TEM). The bright field image of a gel sample alignment of molecules is promoted by designing two hydrogen-
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Figure 2. The TEM image ofl positively stained with uranyl acetate (a) shows the preferential staining of fiber peripheries, with line profile inset, and the
TEM image of2 positively stained with uranyl acetate (b) shows staining at both cores and peripheries, with line profile and high magnification insets. The
molecular graphics rendition of the cross section of the nanofibetgdfillustrates hydrophilic domains A and C separated by the hydrophobic section B.

bonding patterns into the hydrophobic midsection. These patterns  Supporting Information Available: CD spectra fol—3in solution

lead to selective intermolecular hydrogen bonding ofdh&mino and as gelled. Solid-state FTIR amide | and Il spectralfe8. TEM

acid regions and th@-Ala-PABA regions, resulting in parallel ~ images of negatively stainett-3. An additional molecular graphics
alignment of molecules along the length of the fiber. Even though image. Experimental procedures for compouresl0 (PDF). This

the wedge shape of the molecule may favor nanofiber formation, material is available free of charge via the Internet at http:/pubs.acs.org.
we believe the driving force for self-assemblyjisheet formation.
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Int. Ed. 2001, 40, 988-1011.

to the core of the fiber. . . (3) Vauthey, S.; Santoso, S.; Gong, H.; Watson, N.; Zhandr8c. Natl.
These results show the self-assembly of unsymmetric peptide Acad. Sci. U.S.A2002 99, 5355-5360.

bolaamphiphiles into cylindrical micelles that presumably bury one  (4) MacPhee, C. E.; Dobson, C. M. Am. Chem. So@00Q 122, 12707~

. . 12713

hegdgrou_p in their core a_nd present_ the other at the surface._We (5) (a) Hartgerink, J. D.; Beniash, E.; Stupp, SStience2001, 294 1684

believe this self-assembly is largely driven by the hydrogen-bonding 1688. (b) Hartgerink, J. D.; Beniash, E.; Stupp, SPioc. Natl. Acad.
: : : Sci. U.S.A2002 99, 5133-5138. (c) Niece, K. L.; Hartgerink, J. D.;

patterns that Iead_ to sheet formation along the axis of_ the fiber. Donners. J. J. 3. M.: Stupp. S.J. Am. Chem. So®003 125 7146-

Whereas we previously showed that the surface chemistry of the 7147.

nanofiber can be varied by using hydrophilic peptide epitope (6) Yamada, N.; Ariga, KSynlett200Q 5, 575-586. _
(7) (a) Gore, T.; Dori, Y.; Talmon, Y.; Tirrell, M.; Bianco-Peled, Hangmuir

sequences,here we demonstrate peptide-based bolaamphiphiles 2001, 17, 5352-5360. (b) Fields, G. BBioorg. Med. Chem1999 7
self-assemble in water to form nanofibers with hydrophilic cores 75-81.

as well as hydrophilic surfaces. These nanofibers could be used as Eg; E’ihigi?tl‘:'ugixichW‘?'-SEﬁf EAO_mKTUS’ZSZOZAz_?’b ?r’;é‘gflé Laver M-
both bioactive structures as well as ion channels in biomedical Fuhrhop, J.-HANgew. Chgm’ Int. E¥2002’ 41 1828918’52" T
applications. Further research on their functionality is currently in  (10) (a) Jonkheijm, P.; Fransen, M.; Schenning, A. P. H. J.; Meier, EJ.W.
em. Soc., Perkin Trans. Z)O], 1280-1286. (b) Prehm M.; Cheng

progress. X H.; Diele, S.; Das, M. K.; Tschierske, @. Am. Chem. Soc2002
124, 12072—12073. (c) Eaton, M. A. W.; Baker, T. S.; Catterall, C. F
Crook, K.; Macaulay, G. S.; Mason, B.; Norman, T. J.; Parker, D.; Perry,
X L J. J. B.; Taylor, R. J.; Turner, A.; Weir, A. N\Angew. Chem., Int. Ed.
Acknowledgment. This manuscript is based upon work sup- 2000 39, 4063-4067. (d) Djalali, R ; Chen, Y.-f.; Matsui, H. Am. Chem.
ported by the U.S. Department of Energy (DOE) under Award No. Soc.2002 124, 13660-13661.

(11) (a) Shimizu, T.; Iwaura, R.; Masuda, M.; Hanada, T.; YaseJ.KAm.
DE-FG02-00ER45810. We thank the Electron Probe Instrumenta- Chem. S0c2001, 123 5947-5955. (b) Masuda, M. Shimizu, Them.

tion Center at Northwestern University for use of its Hitachi H-8100 Commun2001, 23, 2442-2443.

issi i i i ili (12) (a) Sirieix, J.; Lauth-de Viguerie, N.; Riviere, M.; Lattes,Mew J. Chem.
transmission electron microscope, and the Keck Biophysics Facility 2000 24, 1045-1048. () Guilbot, J: Benvegnu. T. Legros. N.:

at Northwestern University for the use of its Jasco J-715 CD Plusquellec, D.; Dedieu, J.-C.; Gulik, Aangmuir2001, 17, 613-618.
spectrometer. We thank Mukti S. Rao of our laboratory for (101)5':526@)1,6% 1H Spiroski, D.; Boettcher, £.Am. Chem. S0d.993
assistance in collecting the CD data. Any opinions, findings, and (13) The exact pH at which these gels form is difficult to determine given the
conclusions or recommendations expressed in this publication are gel nature of the materials.

those of the authors and do not necessarily reflect the views of the (14) See Supporting Information.

DOE. JA035882R

J. AM. CHEM. SOC. = VOL. 125, NO. 42, 2003 12681



