as the cell voltage decreases during dis-
charge. The discharge behavior is governed
here by the long time constant of the elec-
trometer, but with slower redox couples it
would also be governed by the heteroge-
neous electron-transfer kinetics. For exam-
ple, at an electrode of radius a (nanometers)
in a solution containing C® (micromolar
concentrations) redox couple with a hetero-
geneous electron-transfer rate constant k,
(centimeters per second), the number of
net oxidative charge-transfer events, Nrg
(hertz), at low overpotential ), assuming the
transfer coefficient a = 0.5, is given by

Nerg = 7.36 X 10%%kCPn (6)

Thus for a 1 wM redox couple having slow
charge-transfer kinetics, for example, k. =
0.001 cmy/s, it takes an average of ~25 s for
a single electron-transfer event to occur at
7 = 9 mV at an electrode of radius 2.5 nm.

These coulomb staircase measurements
show that nanometer-size structures can be
produced without high-resolution litho-
graphic processing or precise positioning of
electrode tips. As with other single mole-
cule processes, they may find use in the
study of environmental effects on electron
transfers and in determination of the heter-
ogeneous kinetics of rapid electron-transfer
reactions.
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Solvophobically Driven Folding of
Nonbiological Oligomers

James C. Nelson,* Jeffery G. Saven,t Jeffrey S. Moore,
Peter G. Wolynes

In solution, biopolymers commonly fold into well-defined three-dimensional structures,
but only recently has analogous behavior been explored in synthetic chain molecules.
An aromatic hydrocarbon backbone is described that spontaneously acquires a stable
helical conformation having a large cavity. The chain does not form intramolecular
hydrogen bonds, and solvophobic interactions drive the folding transition, which is
sensitive to chain length, solvent quality, and temperature.

Proteins and polynucleotides epitomize in-
tramolecular self-organization in solution,
as is evidenced by their spontaneous and
reversible folding into well-defined confor-
mations (I). A flexible biopolymer may
assume many conformations, and entropic
effects favor the absence of internal order.
The folded state, however, is stabilized by a
variety of noncovalent cohesive forces, in-
cluding hydrogen (H) bonds, electrostatic
forces, steric packing, and hydrophobic ef-
fects (2). Given the complexity of biopoly-
mers, unraveling the respective roles of the
entropic and energetic interactions remains
a challenging area of theoretical (3) and
experimental (4) research. Nonbiological
macromolecules, however, may provide
simpler systems for investigating self-orga-
nization and allow researchers to isolate
particular interactions. In addition, the
folding of linear polymers may provide syn-
thetically simple means of generating archi-
tectures that could potentially rival the
biopolymers in their complexity and func-
tionality. One of the best studied folding
motifs is the single-stranded helix, which
can also serve as the basis for more compli-
cated structures, as it does in proteins. In
this report, we theoretically and experimen-
tally characterize a nonbiological, supramo-
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lecular helix-forming oligomer.

Much emphasis has been placed on the
role of H bonds in stabilizing secondary
structures, ever since these structures were
predicted in proteins on that basis (5).
Many have argued that the primary reason
that proteins fold is due to intramolecular H
bonding of the backbone (6). Similarly,
most attempts to create synthetic polymers
with secondary structure have involved the
engineering of H bonds, where the back-
bones used have been closely related to
peptides (7, 8). However, H-bonded struc-
tures that are stable in nonpolar solvents
often disintegrate in aqueous solution be-
cause of solvent competition (7). In pro-
teins, hydrophobic interactions and com-
paction due to hydrophobic collapse un-
doubtedly also play a role in guiding helix
formation (9, 10). Unlike H bonds, hydro-
phobic and van der Waals interactions are
less selective and directionally specific,
which discourages their use to confer con-
formational uniqueness. Given the substan-
tial experimental focus on understanding H
bonds in proteins and engineering them in
synthetic polymers, we have chosen to in-
vestigate the extent to which nonspecific
forces alone can guide intramolecular self-
organization.

Although soluble ordered structures that
are not largely H bonded have been ob-
tained (11), here we report the folding of a
phenylacetylene oligomer (Fig. 1A) whose
cooperative transition can be driven, just as
for proteins, by both solvent and tempera-
ture changes. The oligomer is guided to a
folded, helical conformation by nondirec-
tional interactions and local constraints
caused by the covalent structure of the
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= NaEt
MesSi T2 a2

n=2,4,6,8, 10,12,
14, 16, 18 (1-9)

R = -(CH,CH,0),CHj
R

backbone. A substantial number of open
chain conformations are available to an
all-meta phenylacetylene oligomer, whereas
the compact helical conformation has a
well-defined tubular cavity that is poten-
tially useful for binding (Fig. 1B).
Computational studies suggest the possi-
bility of self-organization. Chain lengths at
which the fully helical conformation be-
comes stable were estimated with molecular
mechanics and the microscopic theory of
the helix-coil transition (12, 13). We cal-
culated the difference in free energy (AG)
between the helically ordered state and the
ensemble of unfolded conformations. To
simplify these calculations, we considered
chains having benzoate end groups and ru-
dimentary side chains (see Fig. 1B). The
length of an oligomer refers to n, the number
of benzene rings per molecule. The onset of
helical stability (AG < 0) is predicted to
occur at similar chain lengths (n) of 7 and 8

50

n
(4]

B

AG (kJ/mol)
o

4 5 6 7 8 9
Oligomer length (n)

Fig. 2. Estimated free energy of helix formation
AG versus chain length for meta-substituted oligo-
mers at 27°C. Squares, methyl benzoate—substi-
tuted oligomers (R = CH,) in chloroform; circles,
carboxylic acid-substituted oligomers (R = H) in
water.
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for two different side chains in two very
different solvents: carboxylic acid oligomers
(R = H) in water and methyl benzoate
oligomers (R = CH,) in chloroform (Fig. 2).

We synthesized soluble oligomers
(dimer 1 through octadecamer 9) (14)
whose chain lengths span this onset of
helical stability (Fig. 1A). Oligomers bear-
ing the triglyme mono methyl ether group

Fig. 1. (A) Phenylacetylene oligomers 1 to 9 (inset, upper left). Also shown is
octadecamer 9 in a representative random coil conformation. (B) Helical con-
O formation of a meta-substituted phenylacetylene octadecamer (n = 18), where
R = H and the end groups have been removed.

[R = (CH,CH,0),CH,] are soluble in a
number of different solvents, including
chloroform, acetonitrile, and acetonitrile-
water mixtures.

The hypochromic effect is a powerful
indicator of the oriented chromophores
commonly seen in DNA, RNA, and other
polymers (15, 16), where the effect is
observed as the reduction in optical ab-

0 2 4 6 8 10 12 14 16
Oligomer length (n)

18 20

330 370
Wavelength (nm)

200

SCIENCE

Fig. 3. (A) The molar extinction coefficient & (303 nm) versus oligomer length n for oligomers 1 to 9 in
chloroform (black) and acetonitrile (red and bluge). The lines are linear fits to the data; for acetonitrile, the
fits are forn = 2 to 8 (red)and n = 10 to 18 (blue). (B) Representative UV spectra in acetonitrile: hexamer
3 (red) and dodecamer 6 (blue).

Fig. 4. (A) The ratio of TA 0.90; B
the intensities of the UV 0.9 o o o 0.85
absorption maxima at s o
290 and 303 NM (l554/ :2,03 080
l,go) Versus percent of £0.7 §075
chloroform in acetonitrile 0.6, < ’
(by volume) at 25°C for * 0.70
x L)
octadecamer 9. (B) /5,5/ 0O 20 40 60 80 100
lg0 Versus temperature Chloroform (% by volume) 20 0 20 40 60 80
(T) for octadecamer 9 in Temperature (°C)

60% chloroform. The

curves in (A) and (B) are fits to a simple all-or-none two-state model of the helix-coil equilibria (12), where
the equilibrium constant is K, = 6s"~®, o and s are the helix nucleation and growth parameters, and
In(s) is linearly dependent on the percent of chloroform (A) or 1/T (B). For example, o = 10~2ands = 3
in acetonitrile at 25°C. The spectra were measured at micromolar concentrations.
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Fig. 5. (A) The 'H NMR
(750 MHz) spectra in
acetonitrile for hexamer
3 (a), decamer 5 (b), and
octadecamer 9 (c) at
25°C. (B) The average
chemical shift 8, versus
chain length n for oligo-
mers 1 to 9 in chloroform
(CDCl,) (squares) and
acetonitrile (CD,CN) (cir-
cles) (27). The curves are
drawn only as guides to
the eye. All the spectrain
chloroform and those of
1 to 4 in acetonitrile did & L " L

Average chemical shift (5,)
~
®
1

~N
]
1

| REPORTS |

not change upon dilu- 8.2 8.0
tion; the spectraof 5t0 9 :
in acetonitrile were measured at ~10 uM (22).

sorption intensity. Hypochromic effects
are sensitive to the distance r between
chromophores (varying as r~2) and their
relative orientations (15). In the absence
of any helical ordering, the molar extinc-
tion coefficient € (303 nm) should be
linearly dependent on oligomer length,
because the effective concentration of
chromophores increases linearly with
chain size. If we assume that effects due to
the acetylenic backbone and the side
chains are negligible, monomer chro-
mophores in the helix will be aligned in a
fashion that diminishes the overall absorp-
tion, and € will fall below the linear ex-
trapolation based on shorter chains that
are incapable of forming helices. For oligo-
mers 1 to 9 in chloroform, € is linearly
dependent on n over the entire range of
oligomer lengths (Fig. 3A). However, in
acetonitrile € changes abruptly in its chain
length dependence near n = 8. For n > 8§,
€ is also linearly dependent on n, but the
slope is 35% that seen for the shorter
oligomers (Fig. 3A). To rule out intermo-
lecular association, € for each oligomer
was determined by using a range of con-
centrations. For each compound, Beer’s
law behavior was observed. Thus the hypo-
chromic shifts arise from purely intramolec-
ular interactions. These results indicate that
the oligomers with n > 8 in acetonitrile are
in an ordered conformation consistent with
helix formation.

The shapes of the ultraviolet (UV) spec-
tra of the oligomers are sensitive to chain
length, solvent, and temperature (Fig. 3B).
For all of the oligomers in chloroform and
the shorter oligomers in acetonitrile, two
peaks of nearly equal intensity appear at 290
and 303 nm, but for n > 10 in acetonitrile,
the intensity of the 303-nm band (I5y;) is
~60% that of the 290-nm band (I,4,) (17).
In mixtures of the two solvents, the ratio of
the intensities I;5/l,9, for octadecamer 9
increases nonlinearly with increasing chloro-

www.sciencemag.org ¢ SCIENCE ¢ VOL. 277 ¢ 19 SEPTEMBER 1997

7.8 7.6

Chemical shift (ppm)

form content (Fig. 4A). I33/],95 exhibits a
sharp increase centered at 60% chloroform,
behavior that suggests a cooperative transi-
tion consistent with helix formation. I;y,/
Lo also increases with increasing tempera-
ture (Fig. 4B). To the extent that I3o,/I,94
quantifies the population of the fully he-
lical state, this behavior mimics the ther-
mal stability observed in helical peptides
(18). The data can be fitted with a simple
two-state model of the helix-coil equilib-
ria that considers only the random coil
and fully helical configurations (Fig. 4, A
and B). Thus, chloroform acts as a “dena-
turant” (in contrast to the modeling re-
sults), and in mixed solvents the ordered
oligomer can be thermally unstable.

The chemical shifts 8 of the aromatic 'H
nuclear magnetic resonance (NMR) provide
additional evidence for conformational or-
dering. The chemical shifts of protons within
7 A of an aromatic ring experience an up-
field shift to smaller 8 when located above
the ring (19). Thus upfield shifts in the
aromatic proton resonances are consistent
with parallel stacking of aromatic subunits
(20). Provided the concentration is below
the onset of intermolecular association, we
can use '"H NMR spectra to probe intramo-
lecular aromatic stacking in the open chain
oligomers (Fig. 5A). For dimer 1 through
octadecamer 9 in chloroform at 25°C, the
average chemical shift 8, of the aromatic
region of the 'H NMR [7.2 to 8.3 parts per
million (ppm)] exhibits only a slight down-
field shift with increasing chain length (21)
(Fig. 5B). This slight shift is due to the
diminishing contribution of the end groups
(trimethylsilyl and diethyl triazene) to 8,
with increasing chain size. In acetonitrile
(Fig. 5B), however, 8 , shifts abruptly upfield
by about 0.4 ppm as the chain length in-
creases from 8 to 14. For chain lengths n >
12, 8, is approximately constant. From in-
dependent measurements, we know that the
chemical shifts observed in acetonitrile for

4 6 8 10 12 14
Oligomer length (n)

n > 10 are an intramolecular effect (22).

We have presented the design and charac-
terization of helix-forming oligomers whose
ordered conformations are stabilized by “non-
specific” forces. The UV absorption and 'H
NMR spectra provide strong evidence of helix
formation for n > 8 in acetonitrile. Intramo-
lecular aromatic stacking maximizes solvent
interactions with the polar side chains, max-
imizes aromatic-aromatic contacts, and mini-
mizes interactions of the hydrocarbon back-
bone with solvent. In agreement with the
calculations, which suggest that longer oli-
gomers form conformationally well-defined
helices, octadecamer 9 has the largest shift in
3, and the best-resolved 'H NMR spectra
for n > 12 in acetonitrile (Fig. 5A). Not
included in the calculations, however, was
an entropy cost upon folding due to the loss
of side chain degrees of freedom, and this
must partially explain the discrepancy be-
tween the modeling and experimental re-
sults in chloroform.

When solvophobic interactions are the
dominant contribution to stability, the struc-
tures of folded polymers should tolerate
many modifications of the backbone and
monomer types. By synthesizing these oli-
gomers on a solid support (23), combinato-
rial experiments could probe a broad range of
monomer modifications. Eventually, phenyl-
acetylene helices could be catenated to form
sophisticated architectures, which may self-
organize in aqueous and nonaqueous envi-
ronments. Such design schemes are likely to
produce binding surfaces with the high in-
formation content necessary for molecular
recognition. Lastly, these helical structures
possess an ordered modifiable cavity that
may be used to bind a variety of metals, small
molecules, and reactive species.
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A Mound Complex in Louisiana at 5400-5000
Years Before the Present

Joe W. Saunders,” Rolfe D. Mandel, Roger T. Saucier,
E. Thurman Allen, C. T. Hallmark, Jay K. Johnson,
Edwin H. Jackson, Charles M. Allen, Gary L. Stringer,
Douglas S. Frink, James K. Feathers, Stephen Williams,
Kristen J. Gremillion, Malcolm F. Vidrine, Reca Jones

An 11-mound site in Louisiana predates other known mound complexes with earthen
enclosures in North America by 1900 years. Radiometric, luminescence, artifactual,
geomorphic, and pedogenic data date the site to over 5000 calendar years before
present. Evidence suggests that the site was occupied by hunter-gatherers who sea-
sonally exploited aquatic resources and collected plant species that later became the first

domesticates in eastern North America.

Native American mounds have been rec-
ognized and studied in the eastern United
States for more than a century. They rep-
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resent early evidence for organized society
in North America. Most of the earthen
mounds and enclosures in the east date to
<2500 calendar years before present (B.P.)
(1). In the 1950s, the recognition of prece-
ramic mounds and earthen enclosures from
earlier times came first at the Poverty Point
site in Louisiana, dating to 3500 calendar
years B.P. (2, 3). By the 1970s, four mound
sites in Louisiana and one in Florida had
been dated to >5000 calendar years B.P.
(Middle Archaic), but the data were not
conclusive and the antiquity of the sites
remained in doubt (4, 5).

In the 1990s, four additional mound sites
in Louisiana (6—8) and two in Florida (8)
have been identified as Middle Archaic in
age. Collectively, the Middle Archaic
mound sites provide 56 radiometric dates
that establish the antiquity of earthen
mounds in the southeast. Of these sites,
Watson Brake in northeast Louisiana is the
largest, most complex, and most securely
dated site. Its 11 mounds and connecting
ridges form an oval-shaped earthen enclo-
sure 280 m in diameter (Fig. 1). The largest
mound (Gentry Mound) is 7.5 m high; the
other mounds measure between 4.5 and 1 m
in height, and the connecting ridges aver-
age 1 m in height. Here we present evi-
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