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Self-assembly of macroscopic materials from small-molecule L = I . Y
building blocks provides a route to designed molecular bio- v 7/ i ) i) P/
materialst~2 The ability to control the assembly of these structures = o . B

on demandby application of an external stimulus is of value,
especially in biomedical contexts. For example, in minimal invasive oA H CH, _<
surgery for tissue repair, a liquid precursor is mixed with cells and Rz CoR d = f
injected into the body to form a gel scaffold in situ for tissue u,u)}r"j)l\ou _/(\ D /@
regrowth? Stimuli that have been used to trigger self-assembly o R3
include a variety of chemical and physical means, such as changesrigure 1. (A) Proposed mechanism: Fmoc amino acids (gray) are
in ionic strength, pH, and temperature, and addition of certain enzymatically coupled to dipeptides (black) by a protease to form Fmoc-
chemical entitieé# An alternative approach is to exploit enzyme-  tripeptides that self-assemble to higher-order aggregates driven-by
. . . . . . . interactions between fluorenyl groupKeq,1 represents the equilibrium

catalyzed reactions as selective biological stimuli to trigger hydrogel constant for peptide synthesis/hydrolyskeq for self-assembly. (B)
assembly. This approach has a number of advantages becausehemical structures of Fmoc-amino acids, dipeptide precursors and amino
enzymes (a) are uniquely chemo-, regio-, and enantioselective; (b)acid side chainsa Gly, b Ala, ¢ Val, d Leu, e Pro,f Phe.
work under mild conditions (aqueous, pH-8, 37 °C); (c) play group further stabilized by formation of helical structutégmoc
key roles as selective catalysts in cell pathways and disease stategg widely used as a protecting group in peptide chemistry and when
Work in the area of enzyme-assisted assembly was reViewedcoupled to amino acids is known to have anti-inflammatory
recently and includes the use of protein cross-linking enzymes to propertiess We hypothesized that proteases may be used to link
trigger assembly of peptide conjugatethe use of enzymatic  nongelling Fmoc-amino acid and dipeptide starting materials to form
(de-)phosphorylation to contrgi-sheet assemblyhydrolysis of amphiphilic Fmoc-tripeptides. Normally, low concentrations of
L-diphenylalanine peptide nanotuSedephosphorylation to trigger  Fmoc-tripeptide would be expected because thermodynamic equi-
gelation? enzymatic (dis)-assembly of a DNA/gold nanoparticle |iprium lies strongly toward hydrolysis in aqueous media (Figure
system? enzyme-triggered intramolecular acyl migration in modi- 1 k., < 1). However, in cases where a further equilibrium favors
fied peptides} thermal/pH-activated disassembly followed by an self-assembly to higher-order structuréGq> > Keq1), a driving
enzymatic step? protease-catalyzed hydrolysis of cross-linked force is provided to trigger further enzymatic peptide synthesis,
hydrogels'? ultimately resulting in enzyme-triggered gelation (Figure 1). Ther-

We describe a conceptually novel approach by using proteasesmolysin fromThermoproteolyticus rokkaas selected as a suitable
enzymes that normallyydrolyzepeptide bonds in agueous medium, model enzyme to test this hypothesis. This enzyme has been used
to perform the reverse reaction (i.e., pept&jathesior reversed in reverse hydrolysis reactions befttend has a well-known
hydrolysig to produce amphiphilic peptide hydrogelators that self- preference for hydrophobic/aromatic residues on the amine side of
assemble to form nanofibrous structures (Figure 1). The main the peptide bond, whereas it is nonspecific for carboxylic acid
advantage of exploiting reverse hydrolysis is that no byproducts residue. (Phe)® was used as the dipeptide nucleophile, and a small
are formed other than an equivalent of water for each peptide bond.library of Fmoc-amino acids with a range of hydrophobicities
In different context¥' it is well-known that proteases can be made (Figure 1) was chosen (Glg), Ala (b), Val (c), Leu (d), Phe €))
to work in reverse by providing the appropriate environment to in addition to Prof), that was selected to investigate the need for
favor thermodynamically the reverse direction. For example, organic linearity in the peptide backbone. In each case equimolar amounts
(co-) solvents?2highly concentrated substrate suspensidhand of 40 umol of the Fmoc amino acid and (Ph&)ere mixed to give
solid-phase methods with immobilized reactéafftsave been used  a suspension that was dissolved by addition of concentrated NaOH
to shift the reaction equilibrium from hydrolysis to synthesis. In 0.5 M. This was followed by a gradual lowering of pH to a value
each of these examples, the favored direction of the reaction isof 7 using a concentrated 0.1 M HCI solution which resulted in
reversed by thermodynamic stabilization of the peptide reaction formation of a fine suspension with1% w/w precursors (0.12
product relative to its precursots.We hypothesized that self-  umol/g). Gelation was not observed prior to enzyme addition in
assembly of a peptide into a higher-order structure may provide anthese reaction mixtures.
alternative means of stabilizing the peptide reaction product and  Upon addition of 2 mg of enzyme gelation was observed (Figure
may therefore also be used as a driving force to favor peptide 2A) within minutes for several combinations of Fmoc-amino acids
synthesis and consequent formation of supramolecular hydrogels.and peptides (Table 1, entrigs-5), while no obvious macroscopic

The self-assembly mechanism that is exploited in the current changes took place for entrids 6, 7 after a period of up to 2
work builds on recent reports by Xu et al. that demonstrated that weeks. HPLC analysis of the reaction mixtures revealed that for
a number oN-(fluorenylmethoxycarbonyl) (Fmoc)-modified small-  entries1—6 and8 Fmoc-tripeptides were formed in varying yields.
molecule amphiphiles self-assemble into nanofibrous structures Macroscopically observed hydrogel formation correlated well with
driven bys-stacking (Figure 1C) of the highly conjugated fluorenyl formation of Fmoc-tripeptide with non-gelling entrids 6, 7
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2C) similar in dimension to that of fibrous structures observed by
Xu et al*® To study the minimal amount of enzyme required for
significant peptide formation it was varied between 0.05 and 5 mg
(Figure 2, B and D). For up to 2 mg an increase of the enzyme
quantity resulted in a steady increase of the reaction rate up to 3.2
umol/min/mg, which is in line with previously reported reaction
rates for this enzym¥. It is hypothesized that the asymptotic
reduction of enzyme activity at 0.005 and 0.01 mg enzyme was
caused by entrapment of enzyme molecules within small peptide
aggregates that prevented further synthesis. For these experiments
no gelation was observed up to 2 weeks. To put the experiments
into a biomedical context, we observed that enzyme-triggered
gelation of entriess (Table 1) occurred in 0.15 M phosphate

- Time {min) buffered saline solution and in a tissue culture medium at@7
Figure 2. (A) 1. Suspension of Fmoc-Phe and (Ph&) addition of 0.5 In summary, we have demonstrated that a protease can be used
mg of thermolysin. 3 Inversion demonstrates self-supporting gel formation. g selectively trigger the self-assembly of peptide hydrogels via

(B) Effect of enzyme amount on the rate of Fmoc-(RHe)mation. From : .
top to bottom the data represent 2, 0.5, 0.1, 0.05 mg of thermolysin in a reversedhydrolysis. This conceptually novel method may have

total volume of 3.4 mL. Conversions are based on the HPLC peak areas atimplications for in situ formation of nanofibrous hydrogel scaffolds
256 nm. (C) Cryo-SEM micrograph of enzymatically prepared Fmoc-gPhe) for cell culture.

hydrogel obtained from 4@&mol of Fmoc-Phe and (Phepnd 0.5 mg ) ) .
thermolysin. The scale bar represents @5. (D) HPLC chromatograms Acknowledgment. We thank Patrick Hill for help with Cryo-
of peptide synthesis in the course of time in the presence of 0.5 mg SEM.

thermolysin. Peaks shown represent Fmoc-Phe and Fmocs(Phe)

Table 1. Fmoc-Amino Acid/Dipeptide Combinations in References
Enzyme-Triggered Hydrogel Formation? (1) (a) Lehn, J. MSupramolecular ChemistryCH Press: New York, 1995.
) ) e (b) Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L. S.; Huggins, K. E.;
entry Fmoc-X % conversion gel formed? Keser, M.; Amstutz, ASciencel997, 276, 384-389. (c) Whitesides, G.
1 Gly <8 no M.; N_Iathias, J. P.; Seto, C. Bciencel 991, 254, 1312-1319. (c}) Langer,
5 Al 27 R.; Tirrell, D. A. Nature2004428, 487—492. (e) Zhang S\at. Biotechnol.
a yes 2003 21, 1171-1178.
3 Val 64 yes (2) Silva, G. A.; Czeisler, C.; Niece, K. L.; Beniash, E.; Harrington, D. A,;
4 Leu 5P yes Kessler, J. A.; Stupp, S. Bcience2004 303 1352-1355.
5 Phe 54, 55 yes 3) (a). Petka, W. A.; Harden, J. L.; McGra;h, K. P.; Wirtz, D.; _Tirrell, D. A
6 Pro <8 no Sciencel99§ 281, 389-392. (b) Aggeli, A.; Bell, M.; Carrick, L. M.;
7 Pro <01 no Fishwick, C. W. G.; Harding, R.; Mawer, P. J.; Radford, S. E.; Strong,
) A. E.; Boden, NJ. Am. Chem. So@003 125 9619-9628. (c) Collier,
8 Leu 16 yes J. H.; Hu, B. H.; Ruberti, J. W.; Zhang, J.; Shum, P.; Thompson, D. H.;
Messeysmith, P. BJ. Am. Chem. Soc2001, 123 9463-9464. (d)‘
a Conditions were 22C, pH 7, 4Qumol Fmoc-amino acid and dipeptide, Schneider, J. P.; Pochan, D. J.; Ozbas, B.; Rajagopal, K.; Pakstis, L.;
2 mg of enzyme powder in a total volume of 3.4 MlEmoc-pentapeptide JKreKtsllqgerg JJLA"[\"; ghgm. %Qelgozhlz“rljlio?’g‘%so?a?- (%)_g[]ettsmgler,
also formed €60 umol starting material ¢ Chymotrypsin instead of 5008 2%' %?77'—5”185 %?) dbzgg %ni Krotzine grel Je_r, Rla'aaoer;ﬁlsK'
thermolysin © Self-supporting gel was assessed by inversion of the reaction Schneidér, 3.P.; Pochan, D.Macyron"'lbleculeﬁ%oi 3?1 73é197%3'7. v
vial f(Phe) was replaced with (Ley) (9) Westhaus, E.; Messersmith, P. Biomaterials2001, 22, 453-462.
(4) (a) Zhang, S.; Gu, H.; Yang, Z.; Xu, B. Am. Chem. So2003 125,
showing low conversions 0f8%. Yields of peptide formed 13680-13681. (b) Yang, Z.; Gu, H.; Zhang, Y.; Wang, L.; Xu, Bhem.

. o . . . . . Commun 2004 2, 208-209.
increased with increasing hydrophobicity with hydrophobic amino  (s) wu, L.-Q.; Payne, G. FTrends Biotechnol2004 22, 593-599.

acids Fmoc-Val3), Leu (4), and Phe&) giving rise to significantly (6) (@) Hu, E. H; Me('jssersmith, _?f: E. Am. Chem.|30é|’.003125 14298-
higher yields compared to Fmoc-Al&)(and Fmoc-Gly {). The é‘z‘éﬁ?-( ) Sperinde, J. J.; Griffith, L. ®lacromoleculed.997 30, 5255~

<8% conversion that was observed with Fmoc-Gly as the acyl (7) Winkler, S.; Wilson, D.; Kaplan, D. LBiochemistry200Q 39, 12739~
donor appears to be below the critical gelation concentration, ®) 1R2-e7c:?1%s, M.: Gazit, EScience2003 300, 625-627.

therefore not providing a sufficient thermodynamic driving force  (9) Yang, Z.; Gu, H.; Fu, D.; Gao, P.; Lam, J. K.; Xu, Bdv. Mater. 2004
to trigger self-assembly under these conditions. However, it is 16, 1440-1444,

; K 8 10) Kanaras, A. G.; Wang, Z.; Bates, A. D.; Cosstick, R.; Brust ew.
possible that the tripeptide self-assembled, but was not capable of (10) Chem., Int. Ed2003 492 191-194. g

gelation through the formation of stable intermediary structures. (11) gos Sgntolf,_ ?-;"Ch;a)nfirTavahrkarr], A hﬂGanﬁl,ttB.;Jl\\AﬂiEnab?.; Musrat, K,
Entry 6 (Fmoc-Pro) also does not give a gel, and only a small 5005 127 1igas-11g80, oo o e MUHEn MAM. Ehem. So¢
amount <8%) of Fmoc-Pro-Phe-Phe was formed, which was (12) Van Bommel, K. J. C.; Stuart, M. C. A; Feringa, B. L.; Van Esch, J.

; ; Org. Biomol. Chem2005 3, 2917-2920.
thought to be related to the nonlinear nature of the peptide thus (13) (a) Plunkett, K. N.; Berkowski, K. L.; Moore, J. 8iomacromolecules

preventing formation of hydrogen bondstacking stabilized as- 2005 6, 632-637. (b) Lutolf, M. P.; Raeber, G. P.; Zisch, A. H.; Tirelli,
) ) tpis : N.; Hubbell, J. A.Adv. Mater. 2003 15, 888-892.
semblies. In entryl a mixture of Fmoc tri- and pentapt_eptldfes was (14) (3) Kiibanov. A. M.Nature 2001 409, 241-246.: (b) Ulijn, R. V.: De
observed, formed by further coupling of (Pht) Fmoc-tripeptides. Martin, L.; Gardossi, L.; Halling, P. Lurr. Org. Chem2003 7, 1333~
(Phe) has been identified as a key peptide sequence in amyloid %ggg-&? ggg'”gég’-l? Ulijn, R. V.; Flitsch, S. Curr. Opin. Biotechnol.
fibril-forming peptides® To verify whether gel formation was (15) Burch, R. M.; Weitzberg, M.; Blok, N.; Muhlhauser, R.; Martin, D.;
dependent on aggregation of (Phejholecules we tested its Farmer, S. G.; Bator, J. M.; Connor, J. R.; Ko, C.; Kuhn, W.; McMillan,
| t by (L 8 h E -tri tide f fi d B. A,; Raynor, M., Shearer, B. G.; Tiffany, C.; Wilkins, D. Broc. Natl.
replacement by (Lew)(8) where Fmoc-tripeptide formation an Acad. Sci. U.S.A1991, 88, 355-359.

gelation were also observed. Overall, the results demonstrate that (16) This peptide was shown to form self-assembled straight nanotubular

; ; : ; : structures in an organic solvent, which were not observed in the aqueous
thermolysin can selectively trigger hydrogel formation via reversed system that is described héte.

hydrolysis. (17) Ulijn, R. V.; Janssen, A. E. M.; Moore, B. D.; Halling, P. J.; Kelly, S.
Cryo-SEM analysis of the resulting Fmoc-(Phepl revealed M.. Price, N. C.ChemBioCher200Z 3, 1112-1116.
interwoven fibers of approximately H20 nm in diameter (Figure JA056549L
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