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Coiled coils consist of two or more-helices wound around one
another and occur in nature as the dominant motif in fibrous proteins
and as mediators of oligomerizatiddApplications of coiled coils*
range from affinity purificatioff to the inhibition of viral membrane
fusion?1n addition, coiled coils have been utilized as controllable
cross-linking agents in peptide-based hydro§élghe wide range
of coiled coil applications underscores the need for topological
control of designed peptides. Although naturally occurring parallel
homodimers have been successfully applied to protein fusion and
materials application®;®-6no naturally occurring antiparallel coiled
coil has yet been shown to be suitable for such tgdere we
report the successful design of a stable, homodimeric, antiparallel
coiled coil.

The primary sequence of coiled coils is characterized by a heptad
repeat of amino acid residues, labeleeg.?® Residues at tha
andd positions are predominantly hydrophobic, whereas residues
at thee andg positions are frequently charged and can participate
in interhelical Coulombic interactior’s8 The alignment, partner
specificity, and oligomerization state of a coiled coil are influenced
by the interactions that occur among thel, e, andg positions of
opposing helices (Figure 278

Figure 1. Helical wheel representation of the antiparallel homodimer APH.
The view is shown looking down the superhelical axis from the N-terminus
of the monomer on the left and the C-terminus of the monomer on the
right. Basic (blue), acidic (red), and hydrophobic (green) residues expected
to contribute to a preference for the antiparallel alignment are indicated.

A significant challenge in the design of an antiparallel homodimer
is specifying a two-stranded structure. A buried polar interaction
between a pair of Asn residues on opposite strands of a coiled coll
can specify, at a cost in stabili}t® a preference for a dimeric
statel® as well as for a particular helix orientatigri? or partner
preferencé:*t Specificity for a dimer is most likely due to the
greater solvent accessibility of treeand d positions in a two-
stranded structure relative to higher order oligoniétdowever,
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Asn residues across from one another in the hydrophobictbété?
Becausea—a and d—d' contacts occur in parallel but not
antiparallel coiled coils (Table 1), an interaction between equivalent
Asn residues in a homodimer would favor a parallel alignnient.
A buried polar interaction is therefore not useful for the design of
an antiparallel homodimer.

Table 1. Interhelical Interactions Based on Alignment of APH

Antiparallel Alignment

e—e' g-g a-d’ d-a’

E12—Kao E7—Kas Azg—l1g l18—=A2g
10— K3z E14—Kozg L15—Rs2 Rs2—Lis
K33— Elg K28_ El4’
K40— E12' K 35 E7'
Parallel Alignment

e—g' g—e' a—a' d-d’
E1o—E7 E;—E12 Az9—Azg l1g—l1g
E19—E14 E14—Ei19 Lis—Lis Rs2—Rsz
K33—K28' K28_K33“
Ka0—Kzs K3s—Kao

We and others have recently shown that incorporation of a single
charged residue at an interior position is sufficient to specify a
dimeric structure at a lower cost in stability than two buried Asn
residues® Our homodimer design therefore incorporates a single
Arg residue at a position (Figure 1). Although this design results
in the pairing of Arg residues in a parallel alignment (Table 1),
recent studies suggest that differential packing of charged and
hydrophobic residues is unlikely to contribute to helix orientation
preferencé# Similarly, potentiald—g' interactions that can arise
from a buried charged residue provide little to no contribution to
helix orientationt62 prompting additional strategies for specifying
an antiparallel alignment.

We designed the homodimer to favor an antiparallel alignment
of a-helices through the simultaneous application of Coulombic
and hydrophobic componenisCoulombic interactions between
andg positions have been shown to influence helix orientation in
coiled coils320 Our design features Glu residues at the N-terminal
e andg positions and Lys at C-terminalandg positions, resulting
in eight potential Coulombic attractions in an antiparallel alignment
(Figure 1, Table 1) and eight potential Coulombic repulsions in a
parallel alignment (Table 1).

Our design also favors the antiparallel orientation through steric
matching off-branched and truncated side chains in the hydro-
phobic core818210pposing lle residues alt positions are poorly
accommodated in a parallel homodimérin an antiparallel
homodimer, the lle is accommodated by placement of an Ala residue
at the opposing’ position (Figure 1, Table B8 Indeed, similar
d—a’ layers composed of lle-Gly and lle-Leu are observed in

because the cost of burying polar residues in a nonpolar environmentnaturally occurring antiparallel coiled coil diméfsi® The potential

is minimized when Asn residues interdeg;1*helices align to place
7518 w J. AM. CHEM. SOC. 2003, 125, 7518—7519

formation of a destabilizing Ala-Ala “hole” in the interior of the
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parallel homodimer is also expected to contribute to the antiparallel fide-linked dimer across an order of magnitude in concentration.
preference (Table 83822 In contrast, the parallel-constrained APH-CC aggregates under the
Many de novo designed coiled coils are not amenable to experimental conditions, precluding a quantitative comparison of
expression in a host céft Despite this observation, overexpression the stabilities of the parallel and antiparallel homodimers. The
of a 45 residue construct incorporating the design described abovesimplest explanation for this observation is that APH-CC forms
was achieved irEscherichia col?® The resulting peptide, APH, intermolecular antiparallel coiled coils. Similar higher order as-
forms a highly helical homodimer as judged by CD (Figure 2a) sociation has been observed for naturally occurring parallel coiled
and equilibrium sedimentation experimefitdhe stability of APH coils constrained in an antiparallel orientafioand is indicative
(AG°yns = 11.94 0.3 kcal (mol dimer)?*, Figure 2b) is roughly 2 of an overwhelming preference for a given helical alignni@ht.
kcal (mol dimer)?! greater than that of GCN4, a four-heptad The antiparallel preference of this homodimer is therefore
naturally occurring parallel coiled cdif* sufficiently strong that APH can be used in fusion proteins to control
the topology of interacting protein domains or subdoméits.

ol @ L 10} (b) Successful expression in bacterial cells distinguishes APH from
S 5h f sl other model coiled coils and promotes its use in a biological setting.
£ 1ol s ‘ Indeed, these properties suggest that this self-complementary peptide
k15 (® iy 2067 may also be suitable for the development of novel synthetic
S g . :
e 20 N gl A biomaterialgé
S o5le e [peptide] ) .
:3 a0l e ’ 0.2 % tﬁ Acknowledgment. We thank A. Hansen for assistance with
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200 210 220 230 240 250 260 0 2 4 6 8
wavelength (nm) [Urea] (M) Supporting Information Available: Experimental procedures,

peptide sequences, equilibrium sedimentation data, and thermal dena-
turation data. This material is available free of charge via the Internet
at http://pubs.acs.org.

Figure 2. (a) CD spectrum of the antiparallel homodimer APH (14
peptide, 37°C, pH 7.0). APH is ca. 90% helical under these conditions.
(b) Dependence of the apparent fraction of unfolded pepkgg, on the
concentration of urea at pH 7.0 and 25 for APH. Curves represent fits
of the data to a two-state model using e&f &lobal analysis of three peptide
concentrations yields an appareéy®° s of 11.9 ¢ 0.3) kcal (mol dimer)t

at a standard statef @ M peptide.
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using eq 43 The data yield an apparentz° of 5.9 @ 0.4) kcal (mol) ..
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