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The de novo design of a protein that mimics the properties 
of natural proteins is an important goal.12 Although some 
progress has been made in the design of coiled coils,3 including 
a de novo designed peptide with native-like behavior,3b all 
globular proteins designed to date appear to show some of the 
features of molten globules.4 Here, we describe a peptide that 
self-assembles into a protein with native-like physical properties. 
This was achieved by a strategy which included not only 
interactions that stabilized the desired three-dimensional struc
ture but also interactions that destabilized potential alternative 
folds. 

Several designed four-helix bundles have been prepared with 
a strict heptad repeat of HBa-HPb-HPc-HBd-HBe-HPf-HPg (HB 
and HP are hydrophobic and hydrophilic amino acids, respec
tively).5,6 These include tetrameric peptides (designated cii 
peptides), dimeric helix-turn-helix units (0:2), and single chain 
proteins (cu). The a.2 dimers behave very similarly to the full 
length 04 proteins, hence we have concentrated initial studies 
on the CLi peptides. The first design, (X2B, contained Leu as its 
sole hydrophobic residue,5a,b but its core was unusually flexible 
compared to native proteins. We therefore replaced many of 
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the Leu residues with structurally diverse apolar amino acids 
that pack together in a geometrically complementary fashion,6 

resulting in OaC, which undergoes a transition from a native
like to a molten globule-like state near room temperature. 
However, even at low temperature, (X2C retained some properties 
associated with molten globules: it showed broadened NMR 
resonances and bound the hydrophobic dye 8-anilino-l-naph-
thalenesulfonate (ANS). An alternate strategy, which has been 
partially successful, has been to introduce metal-binding sites 
into 012B and ot4.5ce We therefore attempted to combine these 
strategies by building a metal-binding site into the repacked 
Ĉ C peptide. The resulting sequence ((I2D)7 contains two His 
residues at positions 11 and 26 and a GIu residue at position 7. 
This peptide assembles into a dimeric protein with all the 
hallmarks of a native protein, even in the absence of bound 
metal ions. 

Analytical ultracentrifugation demonstrates that the peptide 
exists in a monomer—dimer equilibrium,8 and the concentration 
dependence of the far-UV CD signal at 222 nm8 indicates that 
the dimers are highly helical whereas the monomers are random 
coils. The free energy of dimerization of CI2D is —7.4 kcal mol-1 

(1 M standard state) at 298 K. 
The interior-facing amino acids of o^D are well-ordered as 

assessed by NMR spectroscopy. Several ring current shifted 
methyl resonances are observed across a 0.75 ppm window in 
the folded state versus a 0.2 ppm window for the denatured 
protein (Figure 1). The upfield region is also relatively sharp 
and well-resolved. Unfortunately, the fingerprint region of the 
two-dimensional correlation spectrum is overlapped due to 
limited dispersion of the Ca protons, precluding sequential 
assignments. We therefore are cloning and expressing a dimeric 
form of CI2D to permit isotopic labeling for multidimensional 
NMR analysis. 

Titrations with ANS also provide evidence for a well-packed 
core. CX2B binds ANS with a dissociation constant on the order 
of 50 fjMSt while no binding of ANS to (X2D could be detected 
using fluorescence under typical conditions8 or NMR at milli-
molar concentrations.9 Each monomer contains a single Trp 
residue that exhibits a strong near-UV CD signal, suggesting 
that the indole side chain is well-ordered. Its CD signal titrates 
with the p£a of a His side chain,8 highlighting the crucial role 
of the residues at positions 11 and 26. Also, the fluorescence 
emission spectrum of this residue is consistent with its designed 
partially-exposed location.8 

While most small, monomeric natural proteins display 
cooperative thermal denaturation transitions10 few designed 
proteins have done so. o^D exhibits a cooperative thermal 
denaturation, with coincident loss of both secondary and tertiary 
structure monitored by following near-UV and far-UV CD 
signals (Figure 2). The same transition was also observed by 
monitoring several NMR resonances. These results suggest that 
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Figure 1. The upfield region of the NMR spectrum of Ct2D at 292 K 
(top spectrum) and 339 K (bottom spectrum) in D2O at pH 7.3. Spectra 
were recorded on a Broker AMX-600 MHz spectrometer with weak 
irradiation to saturate residual HOD. Chemical shifts are given in ppm 
from TMS. 
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Figure 2. Temperature dependence of the near- and far-UV CD signals 
of a2D at 222 (O) and 292 nm (D) at 124 ^M in 50 mM MOPS, pH 
6.9. 

denaturation occurs in a cooperative two-state process. The 
van't Hoff enthalpy8 at 494 /M and 326 K is 26 ± 1 kcal (mol 
of monomer)-1, typical for natural proteins this size, and ACP 

is 9.4 ± 0.9 cal mol - 1 K - 1 per residue, near the values typically 
observed for small globular proteins (10—15 cal mol - 1 K - 1 per 
residue).10 

One criterion that we have suggested for determining the 
"native-ness" of a designed protein is that its amide proton 
exchange rates should be on the order of those in small, globular 
proteins,le and this has been observed for a designed het-
erodimeric coiled coil.3b The dissociation constant for (X2D is 
on the order of micromolar. At the millimolar concentrations 
necessary for NMR, ~ 5 % of (X2D is a nonhelical monomer. 
Unfortunately, rapid exchange from the monomer precluded 
determination of slowed exchange from the dimer. 

The nature of the polar residues at positions 7 and 26 is not 
critical; a variant of (X2D containing His at each of these 
positions behaves similarly (D.P.R. and W.F.D., unpublished 
observations). However, both polar groups are required, as 

Figure 3. Axial view of the central portion (seven-residue slice) of 
the working model of the a2D dimer (left panel). Residues in "e" 
positions (boxed) are hydrophilic in Ct2D, but hydrophobic in earlier 
versions. A counterrotation of the helices (indicated by the curved 
arrows) results in burial of the "e" positions. This alternate packing 
should be highly energetically unfavorable for a2D, but almost 
isoenergetic for Ct2B. 

peptides in which one of these residues is replaced by Leu 
exhibit diffuse thermal denaturation transitions. Furthermore, 
versions of a.2 that contain only Leu residues in the core but 
contain the interfacial polar groups display molten globule-like 
properties in the apo state.5ce Thus, both the presence of the 
repacked helix -helix interface as well as breaks in the repeating 
heptad pattern of hydrophilic and hydrophobic residues are 
required for conformational specificity.11 Interestingly, a 
conserved hydrophilic Asn on the otherwise uninterrupted 
hydrophobic side of an amphiphilic a-helix is similarly impor
tant for the conformational specificity of several two-stranded 
coiled coils related to GCN4.12 The breaks in the hydrophobic 
periodicity of CI2D may play a similar role as described in Figure 
3. 

Recently, a family of random proteins based on the same 
heptad pattern as 04 (with a variety of apolar residues at "a", 
"d", and "e" positions) has been described.28 It will be 
interesting to see if any of these randomly generated molecules 
exhibit native-like behavior without the addition of polar 
residues at "a", "d", or "e" positions. 
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