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Natural proteins are composed of linear chains ofR-amino acid
monomers that adopt complex folded structures stabilized primarily
by noncovalent interactions.1 Within a single polypeptide chain,
local interactions generate helix or sheet secondary structures and
longer-range interactions generate tertiary structuressassemblies
of multiple secondary structures.2 Furthermore, multiple discrete
polypeptides can associate to form quaternary complexes. This
higher order structure is nearly universally responsible for the
sophistication of protein function. Non-natural polymers have the
potential for structural complexity and sophisticated function, but
the design of such molecules is even more challenging than protein
design because there exist no natural templates to mimic.3,4

Our efforts to design higher orderâ-peptide folds began with
the synthesis of the oppositely chargedâ-peptides Acid-1F and
Base-1F, which assemble in aqueous buffer into a stable, octameric
quaternary complex.5 To more fully characterize the structure and
thermodynamics of Acid-1F/Base-1F association, we designed the
dodecapeptide Zwit-1F, which we crystallized to obtain the first
high-resolution images of a 14-helicalâ-peptide bundle.6 A detailed
thermodynamic analysis established that the solution-phase behavior
of Zwit-1F was consistent with an equilibrium between unfolded
monomers and folded octamers with an association/folding constant
of 4 × 1030 M-7 at 25°C.7

The Zwit-1F octamer contains four copies of a parallelâ-peptide
dimer. Each parallel dimer associates in an antiparallel fashion with
another dimer to form a tetramer, and two tetramers assemble with
a 39° crossing angle to form the octamer (Figure 1A). The octamer
core is composed entirely of solvent-inaccessibleâ3-homoleucine
(â3L) residues; hydrophobic burial of their side chains presumably
drives association. The solvent-exposed octamer surface is decorated
by â3-homoglutamate (â3E), â3-homoaspartate (â3D), and â3-
homoornithine (â3O) residues that are charge-paired within the
dimer unit and across the dimer/dimer or tetramer/tetramer inter-
faces.

While we regarded the crystal structure as an important step
toward the design of a higher orderâ-peptide fold, several factors
make Zwit-1F nonideal. First, it has a low self-affinity: the
concentrations at which 50% (C50) or 90% (C90) of Zwit-1F exists
in the folded, octameric state are 50 and 350µM, respectively.
Second, because of the complete surface charge pairing and
exclusively 14-helical structure, the Zwit-1F octamer contains no
easily modified residues and no pocket to support ligand binding
and catalysis. Last, the octameric stoichiometry complicates
interpretation of self-association data and increases the chance that
substitution of any single side chain will alter the Zwit-1F fold.

We considered two strategies to identify longerâ-peptides that
could recapitulate the Zwit-1F fold with fewer subunits (Figure 1A).
One, which was not pursued, involves joining the antiparallel strands
of a single tetramer with an appropriate (albeit lengthy) linker
(Strategy A); the strategy reported here reverses the relative

orientation of the two internalâ-peptide monomers, converting four
copies of a noncovalent parallel dimer into four copies of a covalent
antiparallel dimer, Z28 (Strategy B).

To reverse the relative orientation of the two internalâ-peptides
in each tetramer of Zwit-1F, we used Spartan8 to convert each of
the four parallelâ-peptide dimers that comprise the octamer into
an antiparallel dimer (Figure 1B). The side chains of the interior
helix of each parallel dimer (helix 1) were disconnected, and the
â-peptide backbone was flipped axially by 180°. The side chains
were then reconnected and the backbone structure energy-minimized
with the side chains fixed. The now antiparallelâ-peptide dimers
were then connected byâG linkers of varying lengths, and a four
âG linker was determined to be the shortest that could span the
two helices. Finally, the resulting 28 residue structure was energy-
minimized. This modeling exercise suggested that the antiparallel
helix-loop-helix structure, which we call Z28 (Figure 1C), could
replace each parallel dimer unit in Zwit-1F, effectively placing the
side chains in the same regions of space as the parallel dimer from
Zwit-1F (Figure S1 in Supporting Information).

It has previously been shown that the purity ofâ-peptides
prepared using solid-phase synthesis falls off precipitously with
chain length.9,10 We sought methods that could yieldâ-peptide 28-
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Figure 1. (A) Two strategies for conversion of the Zwit-1F octamer into
a tetramer. (B) Details of Strategy B. We began with a parallel dimer unit
(helices 1 and 2) from the Zwit-1F crystal structure and proceeded as
described in the text. Sphere representations of side chains are colored by
residue type as in the sequence. (C) Sequence of Z28.â-Amino acids are
represented by the single letter code of the equivalentR-amino acid. F*
denotesp-iodophenylalanine and O denotes ornithine.âG is commonly
referred to asâ-alanine.
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mers of high purity without need for large excesses of costly
â-amino acid monomers. Z28 was first synthesized in the standard
way, using a single coupling with 3 equivalents of Fmoc-protected
â-amino acid monomer, HOBt, and PyBOP. Solutions of 20%
piperdine (Pip) in DMF were used for Fmoc removal, and both
coupling and deprotection steps were performed with microwave
irradiation. Most short (7- to 12-mer)â-peptides synthesized this
way are purified effectively by a single HPLC pass in yields of
20-40%.11 This protocol failed for Z28: the desired product was
contaminated by many peptidic side products (6% purity by LC
area percentage, LCAP), so that we isolated Z28 in less than a 1%
yield.

The synthesis and purity of Z28 were optimized in several steps.
Significant improvements were observed upon inclusion of a second
piperidine deprotection step and substitution of PyBOP and HOBt
with PyAOP and HOAt (see Supporting Information).12 Our final
synthetic procedure used 3 equiv ofâ-amino acid, PyAOP, and
HOAt; deprotections with one 20% piperidine treatment and two
treatments with 2% DBU; and Ac2O capping after every fourth
amino acid. This procedure provided Z28 in 19% isolated yield at
an LCAP purity of 42%, values that compare favorably with those
generally seen forâ-peptide 12-mers. Thus, we avoided having to
use segment condensation reactions by optimizing microwave
coupling conditions for the linear synthesis of Z28.

With sufficient quantities of Z28 in hand, we characterized its
association and stability using analytical ultracentrifugation (AU),
circular dichroism (CD) spectroscopy, 8-analino-naphthalene sul-
fonate (ANS) binding,1H NMR, and light scattering measurements.
Consistent with our design, Z28 sedimented as an ideal tetramer
upon ultracentrifugation, producing linear ln(absorbance230nm) versus
(radial distance)2 plots at three speeds (Figure 2A).13 Indeed, the
observation that Z28 behaves as a single ideal species implies that
it possesses higher self-affinity than Zwit-1F, which could be fit
only as an equilibrating species. Moreover, the Z28 assembly is
stable under a range of solution conditionssit sediments as a
tetramer in Tris buffer at pH 8.5 or 10.0 and in phosphate buffer at
pH 6.0 or 7.2. At pH 6.0, weak dimerization to form octamers
occurs (C50 ) 41 µM, C90 ) 1.9 mM), but no disintegration of the
tetramer is observed.

Next, we used CD spectroscopy at concentrations from 0.39 to
200µM to evaluate the stability of the tetrameric Z28 fold (Figure
2B). The molar residue ellipticity at 205 nm (MRE205) of 200µM
Z28 is -34 820 deg‚cm2‚dmol-1, 4 times the value measured for
Zwit-1F at an equivalent oligomer concentration (-8700 deg‚cm2‚
dmol-1 at 400µM). The MRE205 concentration dependence fits well
(R) 0.999) to a monomer-tetramer equilibrium with an association

constant of 1.6× 1016 M-3. This value corresponds to a C50 of 4.7
µM (C90 ) 49 µM), 10-fold lower than the C50 of Zwit-1F. The
CD data are consistent with the AU data in that the concentrations
observed in the AU cell range from 9 to 90µM, all of which should
be at least 65% folded and tetrameric.

Temperature-dependent CD studies show Z28 to exhibit a
concentration-dependentTm, an inherent property of protein qua-
ternary structure (Figure 3A). The Z28Tm, which increases from
73 °C at 3.125µM to roughly 92°C at 31.25µM, is higher than
theTm of 100µM Zwit-1F (69 °C). Roughly 25% of the CD signal
is lost prior to cooperative unfolding of Z28, indicating flexibility
in the folded structure. However, the width of the temperature
derivative of the Z28 CD signal (δMRE205/δT) at half-maximum
is 25 versus 40°C for 150 µM Zwit-1F, implying increased
cooperativity in Z28 unfolding (Figure 3B).14 Z28 unfolding is 92%
reversible, as judged by recovery of the CD signal at 25°C
following thermal denaturation.15,16

The temperature-independent van’t Hoff enthalpy (∆HvH) of a
self-associating system can be determined from the slope of a plot
of 1/Tm versus ln[ZT], where ZT is the total concentration of
monomer units (Figure 3A).14 For Zwit-1F and Z28, this analysis
yields ∆HvH values of 104 and 124 kcal‚mol-1, respectively (see
Supporting Information). Thus, both concentration- and temperature-
dependent CD analysis, as well as AU analysis, indicate that Z28
is substantially more stable than Zwit-1F. We note, however, that
∆HvH measurements must be treated with caution, as more thorough
calorimetric analysis found the Zwit-1F enthalpy of denaturation
to be temperature-dependent.7,17

We also characterized the Z28 fold by the extent to which it
influenced ANS fluorescence and by1H NMR. ANS increases in
fluorescence when sequestered in a hydrophobic environment.18,19

A protein-dependent increase in ANS fluorescence suggests that
the protein core is sufficiently fluid to allow invasion by ANS. In
the presence of 200µM Z28 (96% tetrameric), ANS fluorescence
increased 12-fold over background in phosphate buffer at pH 7.2
(see Supporting Information). While direct comparison to Zwit-1F
ANS binding is precluded by the fact that Zwit-1F forms insoluble
aggregates in the presence of ANS, a 12-fold fluorescence increase
is generally regarded as evidence of a molten hydrophobic core.20

Additional evidence for the plasticity of the Z28 core was found
in the 1H NMR spectrum (Figure S4 in Supporting Information).
At 400µM in phosphate buffer, no discrete amide N-H resonances
were observed, whereas 10 discrete peaks could be observed in

Figure 2. (A) AU sedimentation equilibrium at 42 kRPM (red), 50 kRPM
(green), and 60 kRPM (blue) fit to a single ideal species of 14.8 kDa (n )
4.0). Residuals are displayed with a linearY-axis scale. (B) Z28 concentra-
tion-dependent CD data. The molar residue ellipticity at 205 nm (MRE205)
fit to a monomer-tetramer equilibrium where MREmon ) 4.7 × 103

deg‚cm2‚dmol-1, MREtet ) 34.8× 103 deg‚cm2‚dmol-1, and lnKa ) 37.5.
Inset: Wavelength-dependent CD data at the indicated concentrations (in
µM). MRE in units of 103 deg‚cm2‚dmol-1. AU and CD measurements
were performed in 10 mM phosphate, 200 mM NaCl (pH 7.2).

Figure 3. (A) Temperature dependence of the molar residue ellipticity at
205 nm (MRE205) of 3.125 (yellow), 6.25 (light green), 10.0 (dark green),
and 12.5 (teal)µM Z28 in phosphate buffer (pH 7.2). Inset: Inverse thermal
denaturation midpoints (1/Tm, in 10-3 K-1) at various concentrations of
Z28 (3.125, 6.25, 10.0, 12.5, and 18.75µM) fit to eq 1 as described in
Supporting Information. (B) Normalized temperature derivatives of MRE205

for 150 µM Zwit-1F and 6.25µM Z28.
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the Zwit-1F amide region at 750µM (95% folded). The higher
affinity, more cooperative fold of Z28 appears to be related its
topology, as the hydrophobic core is not as well packed as the Zwit-
1F core.

In the absence of high-resolution structural characterization,
sedimentation velocity AU and size-exclusion chromatography
coupled light scattering (SEC-LS) experiments were used to show
that the Z28 oligomer adopts a compact, nearly spherical fold (f/f0
) 1.1). The hydrodynamic radius (RH ) 19 Å) measured by SEC-
LS is consistent with the radius (20 Å) of our computational model
of the tetramer and not with an elongated fold (see Supporting
Information for models, AU data, and SEC-LS data.)

Inherent in the design of Z28 is the assumption that the flipped
helixswhich is formally a “retro”â3-peptideswill present its side
chains in a manner that closely resembles the originalâ-peptide
helix in Zwit-1F. This assumption is frequently invalid forR-peptide
helices: analogous “retro” analogues of the GCN4 leucine zipper
domain formed poorly folded mixtures or oligomers of different
stoichiometries than their parent.21-23 We propose that the design
of Z28 succeeded because of two defining characteristics of the
14-helix: the linear arrangement of side chains along one helix
face, a direct consequence of a 3.1 residue repeat, and the nearly
flat trajectory ofâ-peptide side chains as they emerge from the
helix axis. The side chains of Zwit-1F helix 1 on average project
at 84.6° to the helical axis, a value significantly closer to 90° than
the corresponding angle for a GCN4R-helix (77.7°) (Figure 4 and
Supporting Information). The small deviation of the 14-helix
projection angle from 90° implies that helix flipping will minimally
alter side chain display.

In summary, we successfully converted the parallelâ-peptide
dimer unit embodied in the octameric Zwit-1Fâ-peptide bundle
into a linear, single chain 28 residueâ-peptide. We optimized
microwave-assisted synthesis conditions to enable a linear assembly
of Z28 in sufficient yields and purity to make future analogue
syntheses routine. Z28 is, to our knowledge, the longestâ-peptide
yet synthesized. CD and AU experiments indicate that Z28 is
tetrameric as expected. Furthermore, the CD data show that Z28
unfolds more cooperatively than Zwit-1F, with a higher affinity

and a larger∆HvH. Thus, we have overcome the problems associated
with Zwit-1F: Z28 is a stableâ-peptide bundle of reasonable
stoichiometry with a region ofâG residues that should be amenable
to functionalization. Z28 is an important step toward protein-like
â-peptides, and the apparent ease of flipping the 14-helical epitope
may soon enable the design of even more complex geometries.
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Supporting Information Available: Descriptions of the synthesis
of Z28 and its characterization by MS/MS sequencing, AU, CD, ANS
fluorescence,1H NMR, and SEC-LS, as well as analysis of the side
chain display angles of Zwit-1F and GCN4 are provided in Supporting
Information. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Figure 4. Left: The Zwit-1F side chain display angle, made by theγ carbon
(Cγ), the projection of theâ-carbon on the helix axis (Câ′), and the
C-terminus of the helical axis (C′). The Cγ, Câ′, C′ angle is shown for
reference. Right: The analogous Câ, CR′, N′ side chain display angle and
CR, CR′, N′ reference angle for GCN4 (N′ ) helical axis N-terminus).
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