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The study of protein-protein interfaces has garnered much
recent attention.1 As a ubiquitous and tractable means of governing
protein association, theR-helical coiled-coil has been the focus
of numerous investigations.2 Although considerable data have
been gathered on the structure-function relationships of natural
core residues, the limited number of side chain candidates restricts
the design of novel assemblies.3 Here we report introduction of
core diversity in the form of an unnatural hydrophobic side chain,
and demonstrate its use in the formation of a specific heterotrimer.
These results point toward the development of completely
unnatural interfaces that will greatly expand the scope of available
applications.

Coiled-coils are noncovalent aggregates formed by the super-
coiling of helical strands (typically two or three). Their primary
sequence contains a heptad repeat (abcdefg) with hydrophobic
side chains ina andd positions whose burial in a tightly packed
core is the primary basis for association. In their role as mediators
of protein complexation they perform manifold natural functions
ranging from structural support (R-keratin, actin, etc.) to DNA
binding (bZIP transcription factors), receptor oligomerization
(mannose binding protein), and membrane fusion (HIV, influ-
enza).4 Synthetic analogues that exploit their capacity for specific
association have been used to improve protein purification, direct
the assembly of active protein complexes, design affinity sensors,
and develop novel materials.5 Such broad applicability emphasizes
the need for maximal diversity and design flexibility.

The present system describes heterotrimerization, achieved
through steric matching (Figure 1). A small side chain positioned
at one core position packs against the same residue on opposing
strands of a parallel homotrimer. The resulting pocket should be

destabilizing, and introduction of a complementary peptide,
substituted with a larger side chain, should favor heteromeric
structures due to improved packing interactions. To test this
principle we focused on the dimerization domain of GCN4, where
the impact of natural side chain variation has been thoroughly
investigated.6 We were particularly mindful of work by Alber
and co-workers, who demonstrated that small molecule ligands
could stabilize a trimer containing core alanines.7

The peptides used here, similarly derived from GCN4, contain
either alanine (Ala16) or cyclohexylalanine (Chx16) in place of a
central asparagine residue (Figure 2).8 Since parallel coiled-coil
trimers contain segregated layers ofa andd residues, side chains
introduced in the samea position should be juxtaposed in the
aggregate.9 Accordingly, it was hypothesized that a 2:1 mixture
of Ala16:Chx16 should exhibit signatures characteristic of the
heteromeric complex, rather than a superposition of weighted
average component signals.10
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Figure 1. Heterotrimerization through steric matching. The Ala16

homotrimer (A) contains small methyl side chains at a centrala residue,
creating a pocket in the hydrophobic core. In the 2:1 complex of Ala16:
Chx16 (B) the larger cyclohexylalanine side chain partially fills the void,
stabilizing the heterotrimer.

Figure 2. Helical wheel projection of the 2:1 Ala16:Chx16 complex
(viewed down the helical axis from N to C terminus). The sequence of
both peptides (which differ only in the nature of Z) is also given. Altered
core side chains are emboldened. Solvent exposed residues were omitted
for clarity. X ) cyclohexylalanine.
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Samples ofAla16, Chx16, and 2:1 Ala16:Chx16 all exhibit
circular dichroism (CD) behavior characteristic of helical peptides
(Figure 3A). PureChx16 is significantly more helical thanAla16

and thus also than the predicted average signal of a solution in
which it is the minor component. Despite this, the 2:1 mixture
has a helical content approaching that ofChx16, and considerably
in excess of the weighted average value.

Thermal unfolding experiments reveal cooperative behavior in
each sample (Figure 3B). Again, the 2:1 mixture produces a trace
similar to Chx16, and radically different from the weighted
average. Its melting transition is sharper than the component ones,
particularlyChx16. ObservedTm values (Table 1) display the same
trend.11 PureAla16 melts markedly lower than either of the other
two samples.12

Analytical ultracentrifugation experiments were performed to
investigate aggregation number. Due to the intrinsic stability of
these complexes, experiments were run in buffer containing 3 M
guanidinium hydrochloride to obtain meaningful data about
relative aggregate stabilities (Table 2).14 While Ala16 gives a
weight between monomer and dimer, 2:1Ala16:Chx16 exists as a
trimer. Further work is required to elucidate the solution prefer-
ences of pureChx16, but behavior of the 2:1 mixture is consistent
with specific interactions.15

More direct evidence for specific heterotrimer formation was
obtained from an affinity tagging experiment. An analogue of
Chx16 was prepared with an N-terminal (His)6GlyGly sequence
(ChxHis), which binds tightly to Ni-nitrilotriacetic acid (Ni-NTA)
agarose beads.16 A 3:1 solution ofAla16:ChxHis was exposed to
Ni-NTA beads. HPLC analysis of bound material revealed a molar
ratio of 0.62:0.38Ala16:ChxHis. SinceAla16 has no tag sequence,

retention of approximately two of the three equivalents available
provides additional support for a specific complex.

To further verify specificity for cyclohexylalanine, a control
peptide was prepared with naphthylalanine at the centrala position
(Nap16). The bulky naphthalene should be too large for even the
reduced volume layer created by alanines on opposing strands.
CD studies reveal that pureNap16 indeed exhibits reduced helicity
compared to eitherAla16 or Chx16, while the 2:1Ala16:Nap16

trace overlays almost perfectly with the calculated weighted
average (Figure 4A). Similarly, the 2:1 sample displays a broad
melting transition whose curve shape mimics that of the weighted
average (Figure 4B). Analytical ultracentrifugation of a 2:1Ala16:
Nap16 sample gave an observed molecular weight (9302) well
below that calculated for the trimer (Table 2).17 TaggedNap16

(NapHis) was dramatically less efficient thanChxHis at retaining
Ala16 on Ni-NTA agarose beads.18

The ability of unnatural hydrophobic core side chains to direct
specific aggregation represents a new recognition motif that
promises a large number of programmable aggregates with
biologically orthogonal interfaces. The work described above
represents a first step in that direction.
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Figure 3. Circular dichroism (CD) data for solutions of Ala16 (9), Chx16

(b), and Ala16:Chx16 2:1 (2), along with calculated weighted average
signals for 2:1 samples (O). (A) CD spectra. Samples are 1µM total
peptide concentration in PBS buffer (10 mM phosphate pH 7.5, 150 mM
NaCl).13 (B) Thermal melt. Samples are 10µM total peptide concentration
in PBS buffer (10 mM phosphate, pH 7.5, 150 mM NaCl) containing
1.5 M guanidinium hydrochloride.12

Table 1. ApparentTm Values Derived from CD Dataa

sample Tm (°C) sample Tm (°C)

Ala16 47 Nap16 75
Chx16 87 Ala16:Nap16 2:1 71
Ala16:Chx16 2:1 77

a Buffer conditions as outlined in Figure 3B.

Table 2. Molecular Weights from Analytical Ultracentrifugationa

sample MWobs
b MWcalc dimerc MWcalc trimerc

Ala16 6436 7650 11475
Chx16 12790 7814 11721
Ala16:Chx16 2:1 11215 11557d

Nap16 11443 7902 11853
Ala16:Nap16 2:1 9302 11601d

a Samples were run in PBS buffer containing 3 M GdnHCl (see text).
b Average values obtained at two different speeds and three different
concentrations for each sample (see Supporting Information for details).
c Except where noted molecular weights are calculated for homodimers
and homotrimers.d Calculated weight of 2:1 heterotrimer.

Figure 4. Circular dichroism (CD) data for solutions of Ala16 (9), Nap16

(b), and Ala16:Nap16 2:1 (2), along with calculated weighted average
signals for 2:1 samples (O). (A) CD spectra. Samples are 10µM total
peptide concentration in PBS buffer (10 mM phosphate, pH 7.5, 150 mM
NaCl). (B) CD signal at 222 nm as a function of temperature. Samples
are 10µM total peptide concentration in PBS buffer (10 mM phosphate,
pH 7.5, 150 mM NaCl) containing 1.5 M guanidinium hydrochloride.12
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