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Fluorescence Intensity

Recently there has been considerable interest in synthetic
peptides and other synthetic structure-forming oligomers as
models for complex self-assembly and biopolymer foldingWe
have measured the nanosecond folding kinetics of a phenylacety-
lene oligomer (PAO-12)that is known to acquire a solvo- — 1 i TR T -

phobically driven helical structufet low temperatures (Figure 350 400 450 500
1) Wavelength, nm

Folded PAO-12 is structurally organized by stacking Figure 1. Emission spectra of PAO-12 (open diamonds) excited in the
interactions. We find that PAO-12 folds to a compact structure proad absorption band peaked at 2800 nm are a diagnostic of its
on a submicrosecond time scale, comparable to helical pegtides. helical content (Lex = 288 nm, 0.5uM PAO-12 in 50:50 (v/v) THF/

In contrast to the peptides studied so far, it undergoes a transitionmethanol.) The folded peak at 400 nm decreases at high&ispectral/

to nonexponential kinetics at low temperatures. Since the lattice model prediction (solid line) describes the folding transition and
thermodynamics and kinetics of this simple system are modeled equilibrium constant near-quantitatively. Insets show representative
only approximately by a two-state process=# U, we have unfolded and folded conformations, as well as the structural formula of
developed a simple hexagonal lattice model that explains the PAO-12. R= —CO(CH;CH;0):CHs.

salient features of our kinetics.

Solutions of PAO-12 were prepared at a concentration of 0.5
uM in 50:50 (v/v) THF/methanol. This concentration and binary 3.01
solvent avoidsT-dependent aggregation, places the folding
transition of the oligomer near room temperature, yet provides 2.54
enough absorbance at 1.a#h for our T-jump studies. Steady-
state fluorescence shows two peaks whose relative intensity varies =
with temperature, associated with the extended (350 nm) and =
folded (400 nm) conformations (Figure 1). The isosbestic point ié—
is ill-defined, presumably due either to an intrindiclependence =
of the fluorescence or to deviations from two-state equilibrium.
Measurements of fluorescence baselines using nonfolding model 1.01
compounds (e.g. PAO-2 or PAO-4) show that the former plays a
role but cannot fully account for the deviations. Nonetheless, 0.5
singular value decompositidmf the fluorescence profiles as a 30 32 3.4 300 310 350
function of temperature reveals a cooperative sigmoidal transition 103/T T,K
between extended and self-assembled states, allowing the detergig e 2. Left: Arrhenius plot of the approximate folding and unfolding

mination of an approximate experimental equilibrium constant aes of PAO-12. Right: At low temperatures, the relaxation is better
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K(T). . . ) fitted by a stretched exponential or biexponential; the stretching exponent
_Laser T-jump relaxation measurements probed the folding g is shown here as a convenient measure of the deviation from single
kinetics with the apparatus described by Ballew P #ihcoming exponentiality.

counterpropagating 1.54m infrared pulses uniformly heated the

. — - oligomer solution 5 K in ~10 ns (the dead-time). A mode-
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in hand, all thermodynamic quantities can be evaluated as a
function of ¢, J, and a. Using a spectral model based on
experimental data to describe the dependence of the spectrum on
n,!tvalues ofe = (—3.74 1)ksT, anda. = 2.7 4 1 were obtained
by directly fitting to the spectra as a function ®f(Figure 1).J
was fixed at 0.86HgT, (T, = 298 K) based on gas-phase
o . B __-—I_ measurements. The fitted value ofe is close to the gas-phase
== 330 K(57°C) | value for benzene stacking interactions2(7kgT,),*S indicating
-27 = 300 K(27°C) ----| a relatively small solvent shift. The model equilibrium constant
47 - - 266 K(-7 °C) _ _ _ yields spectra in close agreement with experiment (Figure 1).
0 . 2 3f4 T 5 6 By grouping states according toas the reaction coordinate,
Number of n- Interactions a one-dimensional free energy plot is obtained in Figure 3. The
Figure 3. Free energy profiles derived from the lattice model described lattice model indicates that the free energy barrier is reached with

in the text and the Supporting Information. The folded side of the barrier @ Single stacking interaction. On the “folded” side of the barrier,

slopes to the folded state very gently. Numerous small barrieksT| the free energy slopes down slowly mspproaches 6. Partially
not shown) connect planar states with differan representative planar ~ folded states can interconvert ovekgT barriers while folding
lattice conformer is shown. and unfolding over the transition state barrier occurs: A Monte

Carlo (MC) simulation using the lattice moéekhows a non-
The approximate folding rate decreases slightly with increas- ~ exponential change in the= 6 concentration. Examination of
ing temperature, indicating that the folding free energy barrier is the MC trajectories indicates that the kinetic behavior at low
slowly increasing withT. This is consistent with the picture that temperatures is due to a separation of the time scales for
the transition state must contain a structurally constrained turn equilibration of partially folded states and for unfolding, which
with at least oner—sr stacking interaction, such that a higher can be approximated by a sequential process* i = U.

entropic free energy cost is incurred @sis increased. The PAO-12 differs from helical peptides in that isomerization has
unfolding rate speeds up dramatically at higher temperatures asa significant enthalpic barriel, and 6 rather than-34 residues
the compact state is destabilized. are involved in a turn. One would expect these factors to slow

The lack of a well-defined isosbestic point and single- folding, yet the approximate time scale and overall activation
exponential kinetics, and extrapolation of the Arrhenius plots to barrier of a fewksT do resemble the behavior af-helix
unrealistically large prefactors, are not consistent with simple two- folders>34 Apparently these effects are offset by the higher
state behavior. To better explain the folding process, a three- rigidity of the PAO-12 structure. The ability to control barriers,
parameter hexagonal lattice model was construttg&tie model interaction energies, and chirality by the use of substituents makes
explicity enumerates only planar are90° twisted states (inset ~ PAOs ideal model compounds for future studies of how structure
in Figure 3 shows a planar state on its lattice). Each planar and energetics affect folding into simple secondary structures.
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Supporting Information Available: Details of the thermodynamic,
spectral, and Monte Carlo kinetic modeling (PDF). This material is
wheren counts the stacking interactions of eneeggndm counts available free of charge via the Internet at http://pubs.acs.org.
the 90 twists of energyl. All conformers 9" of this model can JA993343+

be enumerated explicitly. Forcing PAO-12 onto a lattice under- (11) The model and fitting procedures are described in more detail in the
estimates the entropy of “free” residues compared to “helix” Supporting Information; we were not able to describe the kinetics measured

E(n,m) =ne+mJ D)

residues, and we correct this with a degeneracy factowhere here with standard standard helix-coil models [e.g.: Poland D.; Scheraga H.
fi counts the number of monomers in conformer “i” not part of a A. Theory of Helix-Coil Transitions in Biopolymer8cademic Press: New
- - s . York, 1970].
11 ,
helix.** With the model partition function (12) Katsuhiko, O.; Hasegawa, T.; Ito, M.; Mikami, N. Phys. Chem.
1984 88, 1711-1716.
_ fi (13) Neusser, H. J.; Krause, Bhem. Re. 1994 94, 1829-1843.
Z= Za 'exp(—E;(nm)/kgT) 2 (14) Williams, S.; Causgrove, T. P.; Gilmanshin, R.; Fang, K. S.; Callender,
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