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Abstract: Previously, we reported an abiotic amphiphilic foldamer that, upon heating, undergoes an
irreversible conformational change to a highly aggregated state (Nguyen, J.Q.; Iverson, B.L. J. Am. Chem.
Soc. 1999, 121, 2639—2640.). Herein, we extend this work through the study of a series of structurally
related amphiphilic foldamers and present a more refined model of their conformational switching behavior.
Prior to heating, all foldamers of the series exhibited spectral characteristics consistent with folding in the
pleated, stacked geometry characteristic of this class of foldamer. Following heating at 80 °C, three of the
four molecules exhibited irreversible aggregation to produce hydrogels. The hydrogels were characterized
by rheology measurements, and circular dichroism spectra revealed that hydrogel formation was dependent
on highly ordered intermolecular assembly, conceptually analogous to protein amyloid formation. Hydrogel
formation had the effect of amplifying the subtle structural differences between molecules, as the three
amphiphilic foldamer constitutional isomers that formed hydrogels upon heating displayed significant
differences in hydrogel properties. Taking a global view, our results indicate that amyloid-like behavior is
not unique to proteins but may be a relatively general property of amphiphilic folding molecules in agueous
solution.

Introduction Many proteins have been shown to undergo the transformation
to self-assembled fibril¥? The requisite crosg-fiber assembly

is potentially accessible to all polypeptides by virtue of
intrachain and interchain interactions of amide backbones.
Although the main-chain interactions determine the overall
structural theme of the amyloid, the side-chain interactions of
the specific polypeptide sequence determine the variations in

There is a growing appreciation for the importance of
alternative protein conformations. Biological activity is not
restricted to globular folded structures because the polymeric
nature of proteins combined with the unique conformational
properties of the polypeptide backbone can lead to structured

aggregates that have important consequeiites.o and in the fibrillar structure. These structural variations, due to

i l i - i i i . . . .
letror.e I;tgsargfglir’ ns]elt‘;ﬁsﬁéngle:na’;i og‘rjlzgﬁd ﬁ’irsc:ti'fnc;'izz!g;spolypepnde sequence coupled with structural variations from
ggregat ymptor . panding L Subtle changes in solution conditions, have led to the conclusion
that now includes systemic amyloidogeslzheimer’s diseaseg,

. o . ) ) that although the cros8-fold and ordered self-assembly may
Hun,tlng_ton S dlseaséspong!form encephalopathiesarkin- be thermodynamically favored, the exact structural details are
son's diseaséand Type Il diabetes. o ] determined by kinetic accessibility. There have been many

The common theme among the amyloid diseases is the gystems designed to display this amyloid-like behavior, although
presence of partially unfolded or misfolded proteins that self- 5/most all have utilized protein-derived adé nao designed
assemble intdighly ordereds-structured protofibrils followed  heptiges2

by further assembly into amyloid fibrilsThis conformational
change and ordered assembly is irreversible, and the amyloid
fibrils can form protein precipitates vivo. Interestingly, in

the case of Alzheimer's disease and transthyretin amyloidoses
there is growing evidence that the protofibrils are the toxic
species rather than the mature amyloid precipitates.

Interestingly, recent studies have shown that the aggregation
rates of polypeptides (unlike folding of the native structure) can
be predicted using a simple “polymer” modéIThe obvious
difference between non-natural polymers and proteins is that
proteins exhibit exquisitely well-defined native folds, which can
persist in solution (without aggregation) because they represent

local free energy minima. The crofsaggregates of these same
(1) (a) Fowler, D. M.; Koulov, A. V.; Balch, W. E.; Kelly, J. WTrends

Biochem. Sci2007, 32, 217-224. (b) Obici, L.; Perfetti, V.; Palladini, 6.;  Polypeptides correspond to different, more global free energy

Moratti, R.; Merlini, G. Biochim. Biophys. Act200§ 1753 11-22. minima with entirely different sets of ordered conformations.
(2) Merlini, G.; Westermark, PJ. Intern. Med.2004 255, 159-178.

(3) Finder, V. H.; Glockshuber, RNeurodegenerate Dis. 2007, 4, 13—27.

(4) Ross, C. ANeuron2002 35, 819-822. (9) (a) Kayed, R.; Head, E.; Thompson, J. L.; Mclntire, T. M.; Milton, S. C;
(5) Chakraborty, C.; Nandi, S.; Jana, Gurr. Pharm. Biotechnol2005 6, Cotman, C. W.; Glabe, C. Gecience2003 300, 486-489. (b) Taylor, B.
167—-177. M.; Sarver, R. W.; Fici, G.; Poorman, R. A.; Lutzke, B. S.; Molinari, A.;
(6) Cookson, M. RAnnu. Re. Biochem.2005 74, 29-52. Kawabe, T.; Kappenman, K.; Buhl, A. E.; Epps, D. E.Protein Chem.
(7) Hoeppener, J. W. M.; Lips, C. J. Mnt. J. Biochem. Cell B006 38, 2003 22, 31-40. (c) Reixach, N.; Deechongkit, S.; Jiang, X.; Kelly, J.
726—-736. W.; Buxbaum, J. NProc. Natl. Acad. Sci. U.S.R004 101, 2817-2822.
(8) Binder, W. H.; Smrzka, O. WAngew. Chem., Int. EQR006 45, 7324- (10) Dobson, C. MNature 2003 426, 884—890.
7238. (11) Chiti, F.; Dobson, C. MAnnu. Re. Biochem.2006 75, 333—366.
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There are likely to be partial unfolding conformations lying
adjacent to, or between, these ordered states on the free energy
landscape!4 RoH

(a)

The contrasting behavior of non-natural polymers and proteins NJ\KN\/\/O o C?_f” Q O o]
leads to some interesting questions. First, is it possible to create  |H © &) O~ AN NN . N N~ OH
an abiotic (i.e., non-polypeptide) system capable of exhibiting H O o (o] H O
amyloid-like behavior involving two free energy minima, both 3
of which exhibit a great deal of conformational order, the more :_)_\ )/ Yo Y ooN
thermodynamically stable of which is the ordered aggregate? '
If so, what characteristics of such an abiotic system modulate Leu Nle lle Val Asp

behavior and properties? 1 2 3 4 5
Previously, we reported an abiotic amphiphilic foldamer

(cmpd 1) that upon heating undergoes an irreversible confor-

mational change leading to formation of a hydrofeHerein, (b) AcHN

we report the synthesis and characterization of a series of related HO R

foldamers designed to probe the effect of hydrophobic side chain z

structure on this behavior. The results lead to a more refined R

model of the conformational switching of this series of foldamers HO4C,

in which the hydrogel state of our foldamer is shown to be the R

result of thehighly ordered assemblgf alternatively folded

; : . HO,C
molecules, conceptually analogous to protein amyloid formation.

Background

There are now many reports of-amino acid peptide or

protein-derived hydrogels that arise from the ordered aggregation

of self-assembled fibef$.The highly ordered assembly of cyclic

[-peptide foldamer was shown to self-assemble into a lyotropic

phas€e® There are also a growing list of reports involving abiotic

foldamers that undergo a conformational change in response to,

(12) (a) Hamley, I. WAngew. Chem., Int. EQ007, 46, 8128-8147. (b) Teplow,

. B. Amyloid1998 5, 121— 142, (c) Makin, O. S.; Atkins, E.; Sikorski,
P Johansson, J.; SerpeII L. Proc. Natl. Acad SCI U.S. AEOOS 102
315—320. (d) Ciani, B.; Hutchinson, E. G.; Session, R. B.; Woolfson, D.
N. J. Biol. Chem.2002 277, 10150-10155. (e) Mimna, R.; Camus, M.
S.; Schmid, A.; Tuschscherer, G.; Lashuel, H. A.; Mutter Aigew. Chem.,
Int. Ed. 2007, 46, 2681-2684. (f) Chen, PColloids Surf. A2005 261,
3—24. (g) Matsumura, S.; Uemura, S.; Mihara,&Ghem. Eur. J2004 10,
2789-2794. (h) Aggeli, A.; Nyrkova, I. A.; Bell, M.; Harding, R.; Carrick,
L.; McLeish, T. C. B.; Semenov, A. N.; Boden, Rroc. Natl. Acad. Sci.
U.S.A.2001, 98, 1185711862. (i) Wang, K.; Keasling, J. D.; Muller, S.
J.Int. J. Biol. Macromol 2005 36, 232-240. (j) Ray, S.; Drew, M. G. B.;
Das, A. K.; Banerjee, A.Supramol. Chem2006 18, 455-464. (k)
Deechongkit, S.; Powers, E. T.; You, S. L.; Kelly, J. W.Am. Chem.
Soc.2005 127, 8562-8570. (1) Mesquida, P.; Riener, C. K.; MacPhee, C.
E.; McKendry, R. AJ. Mater. Sci2007, 18, 1325-1331. (m) Hirata, A.;
Sugimoto, K.; Konno, T.; Morii, TBioorg. Med. Chem. Let2007, 17,
2971-2974. (n) Kammerer, R. A.; Kostrewa, K.; Zurdo, J.; Detken, A,;
Garcia-Echeverria, C.; Green, J. D.; Muller, S. A.; Meier, B. H.; Winkler,
F. K.; Dobson, C. M.; Steinmetz, M. ®roc. Natl. Acad. Sci. U.S.2004
101, 4435-4440.

(13) (a) Chiti, F.; Stefani, M.; Taddel, N.; Ramponi, G.; Dobson, CNdture
2003 424, 805-808. (b) Tartaglia, G. G.; Cavalli, A.; Pellarin, R.; Caflisch,
A. Protein Sci.2004 13, 1939-1941. (c) Meinhardt, J.; Tartaglia, G. G.;

Pawar, A.; Christopeit, T.; Hortschansky, P.; Schroeckh, V.; Dobson, C.

M.; Verdruscolo, M.; Fandrich, MProtein Sci.2007, 16, 1214-1222.

(14) Gregersen, N.; Bross, P.; Vang, S.; Christensen, Anidu. Re. Genom.
Hum. G.2006 7, 103-124.

(15) Nguyen, J. Q.; Iverson, B. lJ. Am. Chem. S0d.999 121, 2639-2640.

(16) (a) Chen, M.; Kisaalita, W. Riosens. Bioelectror2004 19, 1075-1088.
(b) Yang, Z.; Liang, G.; Wang, L.; Xu, BJ. Am. Chem. So2006 128
3038-3043. (c) Measey, T. J.; Schweitzer-StennerJ RAm. Chem. Soc.
2006 128 13324 -13325. (d) Deming, T. $oft Matter2005 1, 28—35.
(e) Shen, W.; Kornfield, J. A.; Tirrell, D. AMacromolecule2007, 40,
689-692. (f) Ramachandran, S.: Tseng, Y.; Yu, Y.HBomacromolecules
2005 6, 1316-1321. (g) Schneider, J. P.; Pochan, D. J.; Ozbas, B.;
Rajagopal, K.; Pakstis, L.; Kretsinger, J. Am. Chem. SoQ002 124,
15030-15037. (h) Xu, C.; Kopecek, Polym. Bull.2007, 58, 53—63. (i)
Aggeli, A.; Bell, M.; Carrick, L. M.; Fishwick, C. W. G.; Harding, R,;
Mawer, P. J.; Radford, S. E.; Strong, A. E.; Boden JJNAm. Chem. Soc.
2003 125 9619-9628.

(17) (a) Sachez-Quesada, J.; Isler, M. P.; Ghadiri, M. RAm. Chem. Soc.
2002 124, 10004-10005. (b) Sachez-Quesada, J.; Kim, H. S.; Ghadiri,
M. R. Angew. Chem., Int. EQ001, 40, 2503-2506.
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Figure 1. (a) Structure of amphiphilic aedamets 5 and (b) cartoon of
the folded conformation.

foldamer reported to exhibit conformational switching combined
with hydrogel formation behavior.

Foldamerl belongs to a class of molecules we refer to as

aedamers,named for thearomatic electron donor-acceptor
foldamerdesign that enables their folding into a pleated structure
in water driven by the complementary electrostatics and
hydrophobics of alternating electron-rich 1,5-dialkoxynapthalene
(DAN) and electron-deficient 1,4,5,8-napthalenetetracarboxilic
acid diimide (NDI) aromatic units. The aedamer aromatic units
are most often linked with amino acids. Folded aedamers have
been characterized using a number of spectroscopic techniques
and display a characteristic charge transfer absorbance in the
visible region that gives aqueous solutions of folded aedamers
the purple color characteristic of a fine merlot, even though the
component DAN and NDI units are not colored in the visible
region when dissolved individualRp.

The amphiphilic aedamet was constructed with linkers
between aromatic units that contained one amino acid, which
alternated between leucine and aspartic acid. When folded, the
hydrophobic leucine residues are in position to reside on one
side, and the negatively charged aspartate residues are in position
to reside on the opposite side of the pleated, stacked core as
shown in Figure 1.

(18) Pomerantz, W. C.; Abbott, N. L.; Gellman, S. HAm. Chem. So2006
128 8730-8731.

(19) (a) Haldar, D.; Jiang, H.; Leger, J. M.; HucAingew. Chem. Int. EQ006
45, 5483-5486. (b) Seebach, D.; Hook, D. F.; Glattli, Biopolymers2006
84, 23—-37. (c) Tanaka, H.; Bollot, G.; Mareda, J.; Litvinchuk, S.; Tran,
D. H.; Sakai, N.; Matile, SOrg. Biomol. Chem2007, 5, 1369-1380. (d)
Tanaka, H.; Litvinchuk, S.; Tran, D. H.; Bollot, G.; Mareda, J.; Sakai, N.;
Matile, S.J. Am. Chem. So006 128 16000-16001. (e) Balakrishnan,
K.; Datar, A.; Zhang, W.; Yang, X.; Naddo, T.; Huang, J.; Zuo, J.; Yen,
M.; Moore, J. S.; Zang, LJ. Am. Chem. So@006 128 6576-6577. (f)
Liu, S.; Zavalij, P. Y.; Lam, Y. F.; Isaacs, L1. Am. Chem. SoQ007,
129 11232-11241. (g) Khan, A.; Kaiser, C.; Hecht, 8ngew. Chem.,
Int. Ed. 2006 45, 1878-1881.

(20) Lokey, S.; Iverson, B. LNature 1995 375, 303—305.



Amyloid Behavior of Amphiphilic Foldamers ARTICLES

0.049 A -
] 23 (@) 15 (b) 15
0.039 4 4
] 11 Lo 1 R
] '.I " - »
_ 0029 2 , ; Vi < A
< ] Y : 0.51 A v
0.019 1 051 Y Pl L0 A
] 'a m
0.009 0 ) 0 S N
1 250 300 350 400 450 250 300 350 400 450
i Wavelength Wavelength
0001 F T T e R
0 10 20 30 40 50 () 15 (d) 15
Retention Time (min)
Figure 2. RP-HPLC chromatograph of co-injection of compourids4. ;
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Upon heating, amphiphilic aedamkundergoes an irrevers- 2 ',“,”."; < ,'"-‘;':
ible transition to a hydrogel state with significant loss of the 0s] e d Y AN
. . . 3 v
charge-transfer absorbance. A mechanism of hydrogelation was P h / h
proposed that involved partial unfolding of the initial pleated W 0 k%
structure followed by hydrophobically driven aggregation to a e 300 sm0 400 an0 250 300 350 400 450
. avelen
“tangled” hydrogel state in analogy to non-natural polymers. Wavelength ¢

The proposed mechanism took into account a well-defined, Figure 3. UV spectra of compound$—4 (a—d) with (---) and without
folded initial state, as any population of unfolded molecules () @ddition of 2% (w/v) CTAB indicating hypochromism.

should lead to hydrogel formation at room temperature (not
observed). The “tangled” aggregate hydrogel final state, as
originally described, was of unknown conformational order, and
its properties were not investigaté&d.

absorbance. To quantify the hypochromism associated with
folding, ultraviolet spectra (UV) were recorded for the series
of aedamers~15 uM) in aqueous buffer as well as in the
presence of 2% (w/v) cetyl trimethylammonium bromide
Results (CTAB) as shown in Figure 3. The positively charged CTAB
detergent is known to unfold negatively charged aedamers by
causing the unstacking of the aromatic units, so absorbance in
CTAB is used to establish an absorbance value of unfolded

Aedamer Design and SynthesisFigure 1 shows the series
of aedamers synthesized to probe the effect of the hydrophobic

linker amino acid residue on hydrogel properties of heated aedamers for the hypochromism calculation. Observed hypo-

samples. In addition to the original leucine derivative, valine . . .
sample . 'gin ! ' _chromism is reported as [(absorbance recorded in CFAB
isoleucine, and norleucine derivatives were synthesized to probe

the influence of subtle structural changes on hydrogel properties.absmbance recorded n buffer)/absorbance recorded in CTAB]
Note that compound$—3 are actually constitutional isomers. x 100.The hypochromism values mea_sured for compolids
L . . are 51, 52, 52, 53, and 54%, respectively.
All aedamer derivatives were synthesized using standard ] i )
Fmoc solid-phase peptide synthesis methods using monomer HYdrogelation. Upon heating 2.0 mM solutions-0.50 wt
units previously reportetf Experimental measures of the 70) Of the compounds—4 at 80°C for 1.5 h, compound$—3
relative hydrophobicities of the aedamé@rs4 were investigated ~ formed viscous hydrogels. No hydrogel was seen in the case of
by a co-injection of the four compounds on reverse-phase HPLC the valine-containingl. Compoundsl—3 were also found to
as shown in Figure 2. The molecules eluted in the ofdafal), be capable of forming hydrogels at concentrations at 1.0 mM
1 (Leu), 2 (Nle), then3 (lle), indicating that the isoleucine  (~0.25 wt %). Compound did not produce a visible hydrogel
derivative 3 was the most hydrophobic to a small degree, €ven at its maximum solubility~5 mM) after heating at 95
followed closely by the norleucine derivati2and leucine ~ °C for 2 h.
derivativel. Interestingly, valine compoungiwas significantly Visible Spectroscopy.Figure 4 shows the change in the
less hydrophobic than the other members of the series. To thevisible region charge-transfer absorbance for compoudnes
best of our knowledge, this order of elution did not correspond both before and after heating. The degree of charge-transfer
exactly to any scale in the literature that includes norleug¢ine. absorbance varied greatly with changes among the series.
Light Scattering. Dynamic light scattering was measured for Compoundl shows the smallest retention of charge-transfer
compoundsl—4 at 2.5 mM concentration in buffer prior to  absorbance after gelling, with only 28% of the original absor-
heating and analyzed assuming a globular protein structure andcbance remaining. This loss in charge-transfer absorbance was
using the monomodal analysis of data provided by the manu- accompanied by a shift ifinax from 531 to 521 nm. Compound
facturer (Wyatt Technology Corp.). The resulting estimated 2 retained 36% of the initial charge-transfer absorbance with a
molecular weights for compounds-4 are 239, 1.65x 1C3, shift in Amax from 529 to 511 nm. After accounting for light
210, and 340 kDa, respectively. scattering, compoun@ retained 88% of the charge-transfer
UV Spectroscopy.Face-centered stacking of the aromatic absorbance and a shift itimax from 525 to 502 nm. Unlike
units of aedamers leads to pi molecular orbital overlap that compoundd—3, the valine derivativé showed a 33% increase
causes a characteristi50% hypochromism in the 382 nm NDI  in the charge-transfer absorbance with a corresponding shift in
Amax from 518 to 514 nm. In all cases, the spectroscopic
(1) gy_“(’l‘)’)agsgsi-i"\’k;'\g:]‘aﬁ- s gi‘;‘f]gg‘z p%fff’ggg’t?;ggggf g;"' 283 transitions that occurred upon heating were irreversible, even
417. for compound4, as shown by repeated heatingpoling cycles.

J. AM. CHEM. SOC. = VOL. 130, NO. 4, 2008 1519
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(a) " (b) ™ elastic gel strength, the equilibrium storage moduli for com-
0.8] 08l poundsl—4 at a frequency of 2.64 rad/s are 323, 652, 1400,
’ and 0.22 Pa, respectively.
5084 508 Another characteristic feature of hydrogel behavior is a larger
<4l <oal storage modulus versus loss modul@s ¢ G"). Values of the
loss tangent, tad = G"'/G', at a frequency of 2.64 rad/s for
0.29 0.24 compoundd, 2, and3 are 0.096, 0.089, and 0.069, respectively.
1) I 0 However, in the case of the valine derivative compodnthe
400 450 %gvifgnggo 650 700 400 450 800, e5n5g°th6(?]?n$5° 700 loss modulus was fouhd to be Igrge@;"( > G') over the.
frequency range investigated. Again, these data are consistent
(c) (d) " with compoundsl, 2, and 3 exhibiting hydrogel behavior,
0.8/ 0.8] whereas compound does not.
06 061 Self-assembled hydrogels exhibit shear-thinning, that is a
2 ’ 2 decline in absolute viscosity with an increase in shear rate due
0.4] 0.41 to disruptions of noncovalent cross-links within the 8123
0] 0.2] Figure 5d shows the representative shear-thinning behavior of
’ leucine derivative compounthydrogel. A significant decrease
O T S S S50 &R0 w0 ﬁoo 750 500 550 660 650 700 in viscosity with incr_easing shear rate_was also observ_ed for
Wavelength (nm) Wavelength (nm) compound® and3. Figure 5e shows a time sweep experiment
Figure 4. Visible spectrum of compounds-4 (a—d) before ®) and after at 25°C where, after the gel formation of compourdis
(a) heating at 80°C. complete, 1000% strain is applied for 180 s, the strain was

removed, and the storage and loss moduli were monitored. The

Rheology. A variety of rheological experiments were per- hydrogel of compound. regained 94% of its initial elastic
formed to characterize compountis4, both before and after strength after only 15 min.

hydrogel formation. The absolute viscositiyao4 mM solution

of 1 was measured during heating fromZ5to 80°C, as shown

in Figure 5a. Consistent with the light scattering results, the
viscosity at room temperature for the solution of was
considerably greater than that of pure water (0.365 Rarsus
0.001 Pas). Interestingly, the viscosity of the solution decreases

initially during heating, even approaching that of water. ONce o5 acterized folding in aqueous solution, yet no ability to form

80 °C is reached, the viscosity begins to increase rapidly j pyqgrogel state. As expected, the control compdaistowed
corresponding to formation of hydrogel (data not shown) g re|atively small signal in the carbony! regionZ50 nm) and

provided some pre-_gelle_d material was placgd in the rheology nothing in the aromatic region (3t@20 nm). There was no
sample holder, which is presumably required because thechange in its CD spectrum observed upon heating.
rheology sample holder was entirely sealed and therefore did Before heating. compountiaave a CD spectrum with onl
not allow for an air-water interface. Interestingly, compound ng, comp 9 D spectrum y
. . . . avery weak signal in the carbonyl region, similar in shape and
4, although not forming a hydrogel, did show some increase in . . .
viscosity. from 0.038 Pa prior to heating to 0.143 Pa intensity to the control compoun8. After heating to the
foIIowiny’ heatin .at 80C P g ' hydrogel state, a strong negative Cotton effect, centered at 206
H drc? els we?e anal éed followina seeding samples of the "M Was observed followed by a strong positive Cotton effect
ydrog Y 9 g P centered at 231 nm. There are also less intense positive followed

different aedamers with 10% pre-gelled material. Without . . . .
seeding, the gels formed in the rheometer were not reproducibleby negative Cotton effects in the aromatic region, centered at
' 328 and 393 nm, respectively. Compouhdxhibited a strong

enough for quantitative comparison. We attributed this lack of negative Cotton effect at 223 nm with a relatively small

reproducibility to the importance of the aiwater interface in maximum and minimum in the aromatic region at 316 and 342

the nucleation step of the self-assembly process, which wasnm Compound showed a strong positive Cotton effect at the

altered in the absence of seeding because of the required silicor?ow'est wavelength measured (200 nm) with a maximum at 217
il layer revent evaporation in the rheometer. L ! .

oil layer used to prevent evaporatio the rheomete nm and a minimum at 234 nm in the carbonyl region as well as

Hydrogel behawhor is indicated by a f|_requency_-|ndependent a positive Cotton effect in the aromatic region centered at 393
storage modulus@’; a measure of elastic behavior) and loss

modulus ''; a measure of liquid behavior, i.e., the ability of )

the sample to flow). Figure 5b depicts a frequency sweep 1€ CD analysis of compourditurned out to be somewhat
experiment in the linear viscoelastic regime at constant strain SUrPrising. The unheated sample #fwas seen to have the
of 0.5% for compoundd—3 at 4 mM concentration~1 wt strongest CD signal of any unheated sample,.W|th negative
%). Such frequency independence is consistent with gel Cot.ton effects ob;grved at 205 nm anq 231 nm in the carbonyl
behavior22 Both the storage and loss moduli of compouhd ~ '€9ion, but also visible are small negative Cotton effects at 329

werenotfrequency independent, as they both increased at higher@nd 391 nm in the aromatic region. Despite the fact that this
frequency as shown in Figure 5c. For a direct comparison of compound did not form a hydrogel, the negative Cotton effect

Circular Dichroism (CD) Spectroscopy. As a probe of
possible higher order structure in the hydrogel state, CD spectra
of the non-gelled and hydrogel form of compourids4 were
compared as shown in Figure 6. In addition to compounes,

a non-amphiphilic aedamer with all aspartate residues (com-
pound5) was used as an important control molecule with well-

(22) Gupta, R.KPolymer and Composite RheolodWarcel Dekker Inc.: New (23) Terech Ber, PBusen-Ges. Phys. Chem. Chem. PH@9§ 102 1630-
York, 2000. 1643.

1520 J. AM. CHEM. SOC. = VOL. 130, NO. 4, 2008
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4. (d) Shear rate sweep data of viscosity (bl@kand shear stress (gr@®) for compoundl, characteristic of a shear thinning material. (e) Recovery of gel

strength after 1000% strain applied for 180 s for compotind
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Figure 6. Circular dichroism spectra of aedamers at 0.2 mM concentration in 50 mM sodium phosphatépHO0 mM NaCl before-f) and after (---)
heating at 80C for 1 h. (a) Compound. (b) Compound. (c) Compound3. (d) Compound4. (e) Control non-amphiphilic compouril

CD signals present in the unheated sample grew significantly ogies after gelling, with compour@idisplaying thicker fibers.

following heating at 8C°C.

Interestingly, compound showed the same more intense
negative Cotton effects when incubated at°@sfor 2 weeks
as was seen following heating at 8C. On the other hand,
samples of compounds-3 showed no change when incubated
at 25°C for 2 weeks, even after seeding with pre-gelled material

Microscopy. Compound1—3 hydrogel morphology was

The SEM of non-gelling compoundlappeared as a large mass
of material with no discernible fine structure.

Discussion
Similar Folding Prior to Heating. Quantitative analysis of

- the spectroscopic properties of unheated samples of the am-

phiphilic aedamersl—4 is consistent with complete folding

probed via SEM of desalted, lyophilized samples as shown in analogous to our previously reported aedamer designs. In

Figure 7. The SEM image of compoutiéfter heating in Figure

particular, hypochromism arises from the face-centered stacked

6a shows highly branched fibers that form a three-dimensional geometry of the DAN and NDI aromatic units. The extent of

mesh-like scaffold. Compoundsand3 show similar morphol-

hypochromism is dependent on distamas a function of ¥#
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Figure 7. SEM images of gel morphology from lyophilized copper grids
after heating to 80C. (a) Compound.. (b) Compound. (c) Compound

3. (d) Compoundt. See Supporting Information for images of compound
5 as well as compoundk—4 before heating.

and is highly orientation dependent with respect to the angle
formed by the aromatic ring plané%Prior to heating, com-
poundsl—4 exhibited nearly identical levels of hypochromism,
between 51 and 53%. This similarity of hypochromism to that
seen for the well-studied aedanteprovides strong evidence
that all the amphiphilic aedamers used in this study are not only

folded, they are folded to the same extent and with the same A : ! ' .
¢ would be surprising if such large differences in aromatic stacking

pleated, stacked conformation. For comparison, formation o
the DNA double helix from DNA single strands results in an
observed hypochromism of roughly 40%, the exact value of
which is dependent on base sequetfoas further support for
the folding of compound&—4, it should be noted that they all

to the color of a fine merlot) that is characteristic of DAN-NDI
stacking in water.

Aggregation and Hydrophobicity. A major difference
between the amphiphilic aedamérs4 and the control aedamer
5 is that the amphiphilic aedamers aggregate in solution, as
evidenced by significant viscosities prior to heating as well as
their observed dynamic light scattering. Based on the dynamic
light scattering data, the estimated molecular weights of the
aggregates at 2.5 mM concentration are on the order of 90
400 molecules per aggregate. The control aedénbearing
7 negative charges and no hydrophobic side chains, is mono-
meric in solution under these conditiottsUnfortunately, the
aggregation prevents any detailed NMR conformational analysis
of the stacked geometries of compourids4 due to signal
broadening.

The linker residues for compounds-4 were specifically
chosen for their subtle geometrical differences. As a qualitative
experimental measure of overall hydrophobicity, the relative
retention times were compared on reversed-phase HPLC.
Compoundsl—4 elute in the orded first, followed by a gap,
then in quick successiont, 2, 3. Considering that a relatively
slow gradient was used (gradient increase of only 0.36%
acetonitrile per minute), these differences in retention time are
relatively small, consistent with the notion that overall relative
molecular hydrophobicity is similar for compountis4 (at least
as it pertains to interactions with the C-18 HPLC chromatog-
raphy support).

Hydrogel Formation. Analysis of compoundd—5 after
heating at 80°C shows that compound$—3 form self-
supporting hydrogels with varying degrees of the characteristic
purple color remaining. Surprisingly, despite having an am-
phiphilic design similar tol—3, compound4 did not show
gelling behavior under these conditions. Control compobind
with only aspartic acid side chains, also showed no gelling
behavior, consistent with expectations that assume amphiphilic
character is a prerequisite for hydrogel formation.

The significant reduction in the charge-transfer absorbance
upon hydrogel formation of compouridsupported the original
model of a “tangled” (non-ordered) state within the hydrogel,
because it was assumed that any order in the hydrogel would
necessarily derive from systematic doraicceptor aromatic
stacking. Relevant to the present study, an entirely non-ordered,
random mode of aggregation in the hydrogel would have a
statistical distribution of aromatic doneacceptor interactions
producing an average charge-transfer band that should remain
relatively consistent among our series of amphiphilic aedamers.
However, within the series of compounds-3, surprising
variation was seen in the retention of the charge-transfer
absorbance upon hydrogel formation, ranging from 28% reten-
tion of the original charge transfer absorbance intensitylfor
to 88% retention for3. This observed substantial variation
indicates that differences in side chain structure are serving to
strongly modulate either inter- or intra-strand aromatic denor
acceptor stacking interactions in the hydrogel state. Given the
relatively subtle differences in side chain structureslfeB, it

would be manifest in entirely unordered, tangled aggregates as
originally conceived.

Viscoelastic experiments provided a more complete under-
standing of the material properties of compoudds3 as well

exhibit the intense purple charge transfer absorbance (similaras insight into the hydrogel assembly process. Compolin@s

(24) Weissbluth, MQ. Re. Biophys.1971, 4, 1—-34.
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have the characteristic features of a hydrogel: frequency- centers of the linking chains, so again, only a small CD signal
independent moduli, storage modulus greater than loss modulusjs expected in the aromatic region, consistent with what was
and shear thinning behavior. Although compoudds3 share seen.
these characteristic features, there are significant differences in  The CD spectra for compounds-3 in the hydrogel state
elastic behavior within the series. As a larger equilibrium storage show significantly enhanced signals, with features that are
modulus indicates a stronger, more elastic hydrogel, the trendqualitatively very different for the different compounds. The
within the series of compounds-3 indicates the isoleucine-  most straightforward interpretation of these observations is
containing aedameB produces the strongest, most elastic that hydrogel formation involves a mode of intermolecular
hydrogel, followed by the norleucine-containing aedagend aggregation that is highly ordered, generating a strongly chiral
leucine-containing aedam@y the weakest. environment around the various chromophores, especially
A property of self-assembled gels that a polymer tangled those in the far UV region. The linker backbone carbonyls likely
aggregate does not share is the ability to quickly recover elasticmake a major contribution to the far UV signals, although it
strength after a period of strain is applied to the matéfd® should be kept in mind that absorbances centered on the
The hydrogel of compount regained 94% of its initial elastic ~ aromatic units, including the carbonyls of NDI, may be making
strength after only 15 min. This result further suggests the a contribution to these far-UV signals as well. The substantial
original non-ordered, tangled model proposed for the hydrogel differences in CD signal shapes indicate that the different
self-assembly ot is likely not correct. In addition to the quick ~ compounds produce different aggregated species, despite their
recovery of the gel strength, the size of the aedamers must beoverall similar molecular structures and original folded confor-
taken into account. Polymers often have molecular weights that mations.
are at least an order of magnitude more than compotnrds Comparison to Amyloid. The hydrogels formed frorh—3
(2.7 kD), which have a size similar to a2@5 residue peptide.  can be compared to amyloid fibril formation by natural proteins.
It is improbable that such small molecules forming a non- In each case, the molecule can adopt either a compact folded
ordered tangled aggregate could hold water in a hydrogel atstructure or it can be converted to a highly ordered aggregate.
concentrations as low as 0.5 wt %. In the case of amyloid-forming proteins, the highly ordered

Hydrogel assembly apparently begins with the disruption of aggregate state is composed of amphiplfilisheet structures,
the room-temperature intramolecular aggregation of folded based on an alternating hydrophobic-hydrophilic side chain
molecules as shown by an initial decrease in viscosity upon Pattern. In the case of the aedamers, the exact nature of the
heating. Following this loss of viscosity, hydrogel self-assembly hydrogel forming aggregate is unknown at this time. An attempt
begins (viscosity rises sharply), presumably mediated by 0 identify infrared (IR) signatures consistent with strong
molecules that are unfolded to some degree. The self-assembhfiydrogen bonds involving the backbone linker carbonyl groups
process is apparently nucleation dependent as indicated byinthe hydrogel versus solution state failed to give unambiguous
requirements for either (1) an aiwater interface in the hydrogel ~ results (data not shown) fdr-3. What we do know is that the
chamber or (2) the seeding with a small amount of hydrogel in different compounds produced hydrogels with significantly
the absence of an aiwater interface. Importantly, fot—3, differing amounts of DAN-NDI stacking, as indicated by the
hydroge| formation is accompanied by unfo|ding of the Originaj differing intensities of the visible Charge'transfer bands present
pleated, stacked folded structure as evidenced by loss of theln each. It is not clear whether these charge transfer absorbances
charge transfer absorbance to varying degrees. Thus, it appear§€rive from intramolecular or intermolecular stacking or a

that for these derivatives, hydrogel formation involves conver- Mixture of both, so presently we are unsure of the extent to

The bottom line, however, is that like amyloid forming proteins,
the CD measurements have indicated that amphiphilic aedamers
1-3irreversibly form an insoluble, highly ordered aggregate.
To the best of our knowledge, the amphiphilic aedanier8

are the first folding abiotic molecules to undergo such a

The Hydrogels Are Derived from Highly Ordered Ag-
gregation. The CD spectra recorded far-3 prior to heating
show that the absorbing chromophores are not in a highly
ordered chiral environment. In particular, the CD spectra
recorded prior to heating in all cases showed minimal signal i
intensity, with similar peak shapes among the series, including transition. o . .
control compound, and the non-hydrogel forming amphiphilic Branched Fibrils Lead to Hydrogel Formation. Micros-
aedamed. The folded aedamer solution structure does not have COPY Was used to investigate the structural origin of the hydrogel
obvious structural features that would be expected to give rise Properties of compounds—3. The SEM micrographs of the
to strong CD signals. In particular, as opposed to a protein hydrpgels reveal n_gtworks of _branched. fibers surrounding
o-helix or -sheet structure, the carbony! groups in the folded relatlygly large cavities. The difference |n.gel stre'ngth and
aedamer backbone are relatively mobile, far apart from each €lasticity measured by rheology correlate with the thickness of
other, and they interact mainly with aqueous solvent. Therefore, the fibers in the SEM images as is most obvious when
folded aedamer backbone carbonyls would be expected toCOMParing the hydrogel SEM images of the norleucjeafd
have only minimal coupled-oscillator interactions (that are iSoleucine g) derivatives. Stronger hydrogels are derived from
chiral) with each other, consistent with the observed relatively thicker fibers. The structures of the hydrogel forming fibers seen

small signals in the far-UV region of the CD. Previous studies 1" theé SEM images for all three are branched and larger in
have indicated that stacking of the alternating aromatic units in diameter than most proteinaceous amyloid fibrils, which are
the aedamer core involves a perpendicular arrangement of thed€nerally unbranched. Apparently, the ability of heated samples
aromatic long axes. In other words, the resulting high symmetry ©f compoundL—3 to hold water as hydrogels arises from their
of the stacked core is not strongly influenced by the chiral Pranching, whereas the proteinaceous amyloids more often form
insoluble precipitates.

(26) Nowak, A. P.; Breedveld, V.; Pakstis, L.; Ozbas, B.; Pine, D. J.; Pochan, The Valine De_nvatlve 4. anr t(_) heatmg’ the UV vis

D.; Deming, T. JNature2002 417, 424-428. spectra of the valine compourdis virtually identical to that
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of 1-3 indicating similar folding in solution. However, fol-  enhanced interactions between molecules in the hydrogel
lowing heating4 does not form a hydrogel liké—3. The CD state, thus offering another possible explanation for the in-
spectra taken before and after heating indicates that heatingcreased elastic strength of the gels formed frapwith 2
extends the order within samplesfand this increase in order  and 1 having intermediate and the least elastic strength,
appears to be irreversible, like the others. As opposed to therespectively.

other three, however, high temperature is not required to increase The relative HPLC retention times can be compared to the

order, as incubation of at room temperature for an extended S . . . .
period leads to the same increase in order seen following hea,[in(‘;lcalculated hydrophobicities for the different side chains. Using

at 80°C. The SEM image of heated material reveals thdbes a simple su_rface calculation (Spartan 04_, side chains onl_y) gives
notform a branched fibrillar network like the other three. This Nydrophobic surface area values for valine (112”50'890'”9
may be a reflection of lower association energies between mole-(132 ), leucine (133 A), and norleucine (137 #. Using a _
cules of4 following heating, and/or perhaps a different geometry Semiempirical method based on accessibility of hydrophobic
of association that does not lead to branched fibrillar networks, surface area within protein structures, Karplus reports values
which are presumably required for hydrogel formation. The for valine (135 &), isoleucine (155 A), and leucine (163 A.27
bottom line is that the subtle change in chemical structusg of ~ Using this same approach, we come up with a value for
having one -Ch+ group less in each of the three hydrophobic norleucine (165 A) that is very similar to leucine. Using either
side chains as compared with compourds3, is enough to approach, valine is less hydrophobic by a wider margin, as
have a dramatic influence on the properties of the aggregateisoleucine, leucine, and norleucine are relatively similar. This
formed after heating. Therefore, it appears that the appearancearend can be used to explain the reversed phase HPLC elution
of hydrogel properties is exquisitely sensitive to the nature and order of 4 (valine) followed by a gap therd (leucine), 2
probably geometry of intermolecular aggregation that occurs (norleucine), ther8 (isoleucine) in quick succession. Note that
upon heating. the elution order of th&, 2, and3 does not exactly follow from
Interestingly, both the UV vis spectra and CD measurements  calculated hydrophobic surface area considerations alone.

indicate tha# does not rearrange its core stacking as it produces It is important to keep in perspective the relative differences

a more ordered aggregate, because the charge-transfer band o . ;
remains strong and the CD spectral features maintain the same®e" with1-3 before and after heating. The structural differ-

appearance, but are amplified, with heating or when left at room ences betwgeq the molecules are subtle,. becauSeare in
temperature for extended periods. Compourids3 show reality constitutional isomers. Consistent with the subtle nature

various degrees of loss of the charge-transfer band, requireOf the structyral differences., t.heir HPLC retent.ion timgs using
heating, and have altered CD spectral features following @ Slow gradient are very similar. Prior to heating, their dv.
conversion to the more ordered aggregate following heating. A Vis spectra, which provide an accurate assessment of folding,
reasonable conclusion is that 3 undergo more significant core ~ are also virtually identical.
stacking reorganizations when the initially folded state transi-  |n contrast, following hydrogel formatiori—3 can be easily
tions to the ordered, hydrogel-forming aggregate. This require- distinguished on the basis of their hydrogel properties, CD
ment for an alternative conformation may explain vify8 must spectra, and residual charge transfer absorbances. In other words,
be heated to produce the ordered aggregate, wWhilees not.  he aggregation that occurs upon heating amplifies tremendously

Kinetic and Thermodynamic Considerations.In all cases  the small structural differences between the molecules, a
1—-4, the common behavioral feature is that initial aggregation phenomenon that is best explained by proposing a highly ordered
of the folded aedamers in solution gives way to the irreversible aggregate state conceptually analogous to protein derived
formation of a more highly ordered aggregate upon heating (or ymyiig formation. Taking a global view, our results indicate
Just s_tandlng in the case df).‘ The |rrever5|_b|e nature of this that amyloid-like behavior, namely the existence of a stably
transition could be a reflecthn of either kinetic or thermody- folded state as well as the irreversible formation of a highly
namics effects or a complnatlon of both. If the highly ordergd ordered aggregate involving an alternative conformation, is not
state is the thermodynamically most stable form of the material, = . :

unigue to proteins, but may be a relatively general property of

it is reasonable to propose that some sort of cooperative hiohilic foldi lecules i lution. Effort
interactions between chains occurs that overcomes the significan?mp Iphilic Tolding molecules In agueous solution. ETorts are

entropic barrier imposed by ordered assembly. currently underway to characterize in detail the structures of
Subtle Structural Differences Lead to Large Differences the ordered aggregates bf-4.

in Properties. Having only three examples of molecules capable . . .

of forrﬂing hydrogelgs mgkes any corrpelation between strScture Acknov_vledgment. We thgnl_< Chris _B'eIaWSk' for reading the

and properties preliminary. Nevertheless, interesting trends wereManuscript prior to submission. This work was supported by

observed fol—3. In the orderl then2 then3, retention of the ~ the National Institutes of Health (GM-069647) and a grant from

charge-transfer absorbance in the hydrogel state increases, ae Welch Foundation (F-1353).

does elastic hydrogel strength. It is tempting to propose that

the increased residual charge transfer absorbance in the hydrogel Supporting Information Available: Experimental methods,

formed from 3 is providing stronger associations between synthetic details and characterization of compouhedd, SEM

strands, but we cannot tell the difference between intramolecularimages of compoundd—4 before heating, and additional

and intermolecular stacking so such speculation is risky. rheology data. This material is available free of charge via the
The hydrogel properties trend is also mirrored in the HPLC |nternet at http://pubs.acs.org.

retention times on a C-18 column, in tHaeluted first, ther®,

and3 eluted last. To the extent that the HPLC retention times JA0780840

reflect relative molecular hydrophobicities, the implication is

that increasing linker side chain hydrophobicity leads to (27) Karplus, P. AProtein Sci.1997 6, 1302-1307.
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