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A major goal of protein-folding studies is to understand how
amino acid sequence determines structure. This is complicated by the
growing realization that conformational changes in proteins are key
to many biological processes1 and in disease.2 Thus, the long-held
tenet of protein folding that “one sequence determines one structure”
is breaking down to some extent, and some sequences encode two or
more folded states.3 We refer to this as structural duality.4 Protein
design offers a route to test our understanding of sequence-to-struc-
ture relationships. Several peptide- and protein-based switches have
been designed.4,5 In some cases, switches between different oligo-
mers or binding states are induced by noncovalent interactions.5h-j

Other systems introduce structural duality at the sequence level, al-
though only a small number of these have been designed de
novo.4,5a-g Such systems would have academic and technological
value.

We are interested in the de novo design of peptides that encode
two distinct sequence patterns for different structures simultaneously
within the same sequence, and, thus, may be switched between the
different states.4 Our previously described systems are one-way
switches; they are triggered by heat, or the reduction of a disulfide
bond, and they are not easily reversible.

Here, we describe the design of a reversible switch between two
different folded conformations triggered by a noncovalent interac-
tion, namely, metal binding. Given the roles played by metal ions
in biology, the incorporation of a metal-binding site as the trigger
may open new routes to the development of peptide-based metal
sensors. To date, however, the design of metal-binding sites has
primarily been to stabilize a previously unstructured or partially
structured peptide, or to incorporate a metal-binding site onto a
preformed protein scaffold.6 To our knowledge, it has not been
previously exploited to instigate a conformational switch between
two distinct folded states.

Our design process involved the merger of sequence motifs for
two different target folded conformations. For the metal-free struc-
ture, we chose the coiled coil. Sequence-to-structure relationships
for this fold are well understood.7a For instance, hydrophobic resi-
dues alternate three and four residues apart along the sequencesor
with patterns closely similar to thissand the precise nature of these
residues largely determines coiled-coil stability and 3D structure.
The second, metal-bound structure was based on the classical zinc-
finger motif8 and designed helix-loop-helix structures that bind
zinc.9 Figure 1 shows the hydrophobic-repeat and consensus
sequences for these targets and the designed sequence based on
the superimposition of these two motifs. The aim was that the
peptide would display structural duality, forming an amphipathic
helix for coiled-coil oligomerization in the absence of Zn2+ and a
metal-bound monomer with buried hydrophobic residues in the
presence of Zn2+. In the final design, the two zinc-ligating Cys
were replaced with His, to avoid problems with Cys oxidation;10

and a noncanonical coiled-coil patternsnamely, a 3-4-4-3-4-
3-4 hydrophobic pattern as seen in the structure of the hemag-

glutinin trimer7bswas employed to give flexibility between the
â-hairpin andR-helix of the alternate zinc-binding target structure.11

We dubbed the resulting peptide ZiCo for Zinc-binding/Coiled coil.
ZiCo was synthesized by Fmoc-based solid-phase methods,

purified by RP-HPLC, and confirmed by MALDI-TOF mass
spectrometry (Supporting Information).

Circular dichroism (CD) spectra of ZiCo without Zn2+ showed
minima at 208 and 222 nm indicative ofR-helix (Figure 2).
Consistent with this, the FT-IR spectrum had a single band at 1651
( 2 cm-1 (Supporting Information).12 The intensity of the CD signal
at 222 nm suggested∼50% helix.13 This structure unfolded with a
sigmoidal curve upon heating (Figure 3A), indicative of a coop-
eratively folded structure, albeit of low thermal stability: the
midpoint of the unfolding from the first derivative of the thermal
unfolding curves was 14( 1 °C at 100µM peptide. As expected
for a coiled-coil oligomer, theTM was concentration dependent:
at 50µM peptide theTM was 10( 1 °C, and 18( 1 °C at 200µM
peptide (Figure 3A). Analytical ultracentrifugation (AUC) data gave
a molecular weight of 8510( 461 Da when fitted to a single-
species model, and aKD of 10-100 µM (Figure 4A) with a
monomer-trimer equilibrium model. Together, these data are
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Figure 1. (A) Noncanonical coiled-coil pattern of hydrophobic (h) and
polar (p) residues; (B) zinc-finger consensus sequence; (C) peptide ZiCo.

Figure 2. CD spectra for ZiCo without (s) and with (- - -) zinc.
Conditions: 100µM peptide, 5°C, 50 mM sodium phosphate, pH 7.5, 50
mM NaCl; and with 100µM ZnCl2 (dashed spectra).

Figure 3. Thermal unfolding curves for ZiCo: (A) without zinc at 50µM
(s), 100µM (- - -), and 200µM (- ‚ - ‚ -) peptide; (B) with equimolar zinc
at 50µM (s) and 100µM (- - -) peptide.
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consistent with ZiCo forming anR-helical coiled-coil oligomer in
the absence of zinc as designed.

Upon the addition of zinc, both the CD (Figure 2) and FT-IR
spectra changed; the intensity of the CD signal increased indicative
of ∼15% more helix, and the FT-IR spectra had an additional com-
ponent at 1633( 2 cm-1 indicative of â-sheet. The thermal un-
folding behavior also changed. First, zinc stabilized the structure.
Second, with zinc, theTM of ZiCo was concentration independent
at 23( 1 °C, consistent with the peptide folding as a monomer. This
was confirmed by AUC, which fitted best to a single-species model
with a molecular weight of 3142( 328 Da (Figure 4B), in
reasonable agreement with the predicted monomer molecular weight
with zinc of 3296 Da.

To investigate zinc binding further, and to check for reversibility,
CD spectroscopy was used to follow zinc titrations at 50 and 100
µM peptide concentrations. In both cases, saturation was achieved
at equimolar concentrations of peptide:Zn2+ (Figure 5), and no
further changes were observed upon excess Zn2+ addition.14

Furthermore, the switches were reversible as the signal returned to
that of the peptide alone upon addition of EDTA. The noncoinci-
dence of the binding and release curves indicated the expected
higher affinity of EDTA for zinc, which is reported as 10-14 M.10a

The binding affinity of ZiCo was measured directly by isothermal
titration calorimetry (ITC); the titration curves fitted to single-site
binding models and returnedKD values in the range of 3-5 µM
(Supporting Information).

A difference in structure of the two forms of ZiCo was further
supported by 1D1H NMR spectra of ZiCo without and with Zn2+

(Supporting Information). Spectra recorded without Zn2+ showed
little dispersion, consistent with an allR-helical fold without buried
aromatic residues. However, those with zinc present showed greater
chemical shift dispersion and sharper peaks consistent with a smaller

alternately folded species. We are pursuing high-resolution structural
studies of both forms.

In summary, we describe the design and solution-phase charac-
terization of a peptide that reversibly switches between a trimeric
R-helical coiled coil and a zinc-bound folded monomer. Under-
standing how to switch the folded and oligomerization states of
such peptide (and protein) systems by small-molecule binding could
lead to the development of new sensing devices.15
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Figure 4. AUC data for ZiCo: (A) 400µM peptide, 30 000 rpm; (B) 150
µM peptide with zinc, 36 000 rpm. Experimental data are shown as open
circles, and theoretical curves for monomers, dimers, and trimers as broken,
gray, and black lines, respectively. Conditions: 5°C, 50 mM sodium
phosphate, pH 7.5, 50 mM NaCl. (See Supporting Information.)

Figure 5. Zinc binding (black squares) and EDTA-induced release (gray
circles) by ZiCo monitored by CD spectroscopy. Conditions: 5°C, 50 mM
sodium phosphate, pH 7.5, 50µM peptide (for both titrations).
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