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Nearly one-fourth of all structurally characterized proteins contain
prominent metal ion binding sitédsThese metal ions frequently
play critical functional roles that include stabilization of protein
structure, induction of conformational transitions, and facilitation
of electron transfer, small-molecule transport, and enzymatic
catalysis. Numerous peptide models have been examined to define
and potentially replicate the native functional roles of metal ions
within defined polypeptide structural context©ne of the most
striking observations to emerge from these studies is the ability of
metal ions to induce conformational transitions from the unfolded
to the folded stafe® or between different folded stafethrough
interaction with the side chains of appropriately placed amino acid B
ligands within the polypeptide. Moreover, metal ions can influence ZH AN £ fmﬂEKE TQATEKK ﬁmqim TQATEEK fAQﬁKEKfQA‘f’K ConH:
the supramolecular assembly of disease-related protein complexes,
either enhancing or inhibiting the process, depending on the stereo-  m—=S=E=— = Sososcsoso=o=o=0
electronic properties of the specific metah this communication,  Figure 1. (A) Helical wheel diagram of a cross section of the trimeric
we report the ability of silver(l), a non-native metal ion, to selec- coiled-coil depicting the suppositious silver ion binding site. (B) Amino
tively drive a conformational transition that triggers the self-assem- acid sequence ofZ1H depicting the three core histidine residues. The

bly of a de novo designed peptide into a structurally defined nano- ProPosed packing arrangement of peptide$ 6LH in the o-helical fibril
is shown below. The staggered alignment arises from an axial displacement

scale material through complexation to an engineered binding site. peqyeen adjacent protomers (red, His-containing heptads; white, non-His-
Previously, we described the design and synthesis of a peptide,containing heptads).

TZ1H (Figure 1)} based upon a trimeric coiled-coil structural motif,

60

that self-assembled into long aspect ratio helical fibfti¥ at pH 3

values above thelfy of histidine residues that occupied structurally 501 8],

critical positions within the hydrophobic core. The amino acid 40 JM Sikver tifiate -13 1 Tt [Pl
sequence offZ1H was based on that of the isoleucine zipper 30 ] — 18 .

peptide GCN4-pltS which, on the basis of prior structural analyses, % 23 Teea
had demonstrated a strong preference for formation of a three- 20 EEE B e 2 e a m

stranded helical bundle. In addition, the design of T&lH
sequence specified a network of potential electrostatic interactions
between the charges andg-residues that would be fully comple-
mentary only in a staggered alignment in which the peptides self-
assembled into a helical fibril with an axial stagger of two heptads,
or one-third of the peptide length, between structurally adjacent -30 7
helical protomers within the three-stranded rope (Figure 1). 9w ;e @ B B0

The successful pH-triggered formation of the self-assembled Wavelength (nm)
helical fibrils validated the structural principles underlying the Fgure 2. Dependence of the CD spectra DZ1H (50 uM, 10 mM
design ofTZ1H;° however, we also noted that the layers of three NeHPQy, pH 5.6) on silver(l) ion concentration at€. Inset: Dependence

< e ) - < - = of [0]222 on silver(l) ion concentration.

proximal histidine residues within the suppositious fibril structure
provided a potential metal ion binding site and, therefore, a created between similarly sized residues in trimeric coiled-coil
mechanism for coupling a metal-ion-induced conformational transi- structures?
tion to peptide self-assembly. The trigonal planar geometry within  In order to test this hypothesis, circular dichroism (CD) spec-
the hypothetical metal ion binding site, while infrequently encoun- tropolarimetry was employed to evaluate the effect of silver(l) ion
tered, has precedence for some electron-rich late transition metalconcentration on the conformationZ1H in solution at pH values
ions. In particular, the silver(l) ion can adopt trigonal planar below the [K, of the core histidine residues (Figure 2). Peptide
coordination in the presence of soft-donor nitrogen ligands, such TZ1H (50 uM in 10 mM phosphate buffer, pH 5.6) was titrated
as substituted imidazoles, pyrazoles, and pyridii@sth minimal with silver(l) triflate in a concentration range from 0 to BBI. In
deviations from the idealized geometry in sterically unconstrained the absence of metal ions, the CD spectrum of peplidéH
systemsé We anticipated that peptid@Z1H could sterically displays a minimum at approximately 201 nm, which is consistent
accommodate the silver(l) ion within the trimeric binding site as with a random coil conformation in which the charged imidazole
larger ionic species have been observed as guests within cavitiesside chains preclude formation of anhelical conformatior. As

[Ag] ()

[6]/ 10° (degree cm? dmol)
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the concentration of silver(l) ion increases, a conformational
transition is observed in the CD spectroscopic manifold, in which
well-developed minima appear at 208 and 222 nm. These spectro-
scopic features, as well as the observed isodichroic point at 204
nm, are consistent with a quasi-two-state, coil-helix conformational
transition as a function of silver(l) ion concentration. Thermal
unfolding of the helical state ofZ1H was followed by CD
spectropolarimetry and was fully reversible within the temperature
range from 30 to 98C, with aT,, observed at approximately 69 W -
°C for 70 uM peptide in the presence of equimolar silver(l) ion o\ v SN Y LN o 2 AR
(cf. Supporting Information). Figure 3. Unstained TEM image of long aspect ratio fibers resulting from

The nature of the conformational switch can be more easily silver(l)-ion-induced self-assembly of peptid@1H. Inset: High magni-
discerned from the dependence of the mean residue ellipticity for fication TEM image o_f the small diameter fibrils that self-associate to form

. . . . . the larger diameter fibers (scale bar10 nm).

the a-helix, [0]222, on the silver(l) ion concentration (Figure 2,
inset). A conformatipnal transition is obse.rved in which the he.Iicity fit to a single-site model, which resulted in a binding consté} (
approaches a maximal value at an equimolar ratio of peptide to ¢ (6.49 + 0.523) x 10* ML The value for the binding
.s,llver(ll).lon. Further addlltlon.of sn]ver(l) afforgled no further chgnge stoichiometryN, was experimentally determined to be 0:8D.02,
in helicity of TZ1H, which implies saturation of the metal ion \hich most closely corresponded to a situation in which one silver-
binding sites of the peptide under these conditions. The specificity (I) ion was bound per peptide. Thus, the experimental valus of
of the silver ion effect was investigated through selective removal g rejates well with the CD data, in which an equimolar ratio of
of the silver(l) ion by complexation with thiosulfate anigtwhich silver(l) ion to peptide was observed to have the maximal effect
resulted in loss of thex-helical CD signature and concomitant 5 the coil-to-helix transition. Theoretically, ea®Z1H peptide
formation of random coil (cfSupporting Information). In contrast,  can contribute one histidine residue to each of three structurally
the addition of excess EDTA to theZ1H —silver ion complex indistinguishable trigonal planar binding sites for silver ion
had a negligible effect on the helicity of the specimen due the low cqordination (Figure 1). Thus, within the trimeric coiled-coil
formation constant of the silverthEDTA complext® These  sirycture, each histidine contributes one-third of the coordination
observations suggest that the silver ion exerts a specific effect onenyironment for a net value of one binding site, that is, one silver-
the conformation of peptiddZ1H, presumably as a result of () jon per peptide.
selective binding to the histidine residues. Conventional TEM was employed to analyze for the presence

The role of the histidine residues in silver ion binding can be of nelical fibers derived from self-assembly d@Z1H. Prior
indirectly ascertained through the effect of pH on the silver-ion- eyperimental studies of the pH-directed self-assemblyr BtH
induced conformational transition. CD spectropolarimetry was used indicated that fiber formation coincided with the coil-to-helix
to investigate the influence of pH on the metal-induced conforma- conformational transitiof.At pH values below the I, of the
tional change in th&Z1H system. Aliquots of peptid&Z1H (50 histidine residues, negligible evidence was obtained for presence
#M) in 10 mM phosphate buffer were prepared across a pH gradient of self-assembled species, while, at higher pH valli@g4H self-
that ranged from 4.4 to 6.0 in 0.3 pH-unit increments. After assembled into long aspect ratio helical fibers. Similarly, in the
incubation at 4°C, silver(l) triflate was added to each sample to  apsence of silver(l) ion, no fibers were detected in specimens of
adjust the final concentration of 286M silver, resulting in a 0.5 TZ1H in 10 mM phosphate buffer at pH 5.6. However, TEM
metal/peptide molar ratio. Mean residue ellipticity at 222 nfifuzb, measurements indicated the abundant formation of long aspect ratio
was determined as a function of pH (cf. Supporting Information). fibers from self-assembly 6fZ1H under equivalent conditions in
The observed MRE values were weakly negative within the pH the presence of equimolar silver(l) ion (Figure 3).
range from 4.0 to 5.0, indicating marginal helicity. However, alarge  The morphological features of the silver-ion-induced fibers
change in §]22> was observed over the pH range from 5.2 to 5.8, compared well with those of the pH-induced fibers. The smallest
which approached a limiting value at higher pH. In addition, at discernible features observed in the TEM images of the silver-
lower pH values, a much higher concentration of silver(l) ion was treated specimens corresponded to fibrils with a diameter of
required to induce a coil-to-helix conformational transition equiva- approximately 6.5+ 0.2 nm (Figure 3). These morphological
lent to that observed for an equimolar silver ion/peptide ratio at features were similar to those observed in the pH-triggered
pH 5.6. For example, at pH 5.3, a 4-fold molar excess of silver(l) specimens, which were postulated as arising either from single three-
ion was required to induce a fractional helicity value faZ1H stranded helical ropes or from small bundles of tightly associated
that was comparable to that observed for a 1:1 silver/peptide ropes. However, the extent of lateral association between fibrils to
complex at pH 5.6. These data suggest that the silver(l) ions are inform the larger diameter fibers is much less extensive for the silver-
direct competition with protons for the basic lone pairs of the free ion-induced fibrils than for the pH-induced fibrils. The dominant
imidazole nitrogen atoms of the histidine residues, and that silver fiber species in the former case correspond to fibril bundles with
ion coordination is the driving force for the conformational transition average diameters of approximately 401.4 nm, while the pH-
observed folfTZ1H. triggered fibers have much larger diameters and precipitate from

Isothermal titration calorimetry was employed to gain a quantita- solution at lower concentration (ca. 10M TZ1H) than the silver-
tive determination of the binding energetics of silver(l) ion to ion-induced fibers ¥500 uM TZ1H). We postulate that the
peptideTZ1H under conditions that coincided with the conforma- differences that are observed between the pH-triggered versus silver-
tional transition. Silver(l) triflate was titrated into solutions of induced fiber specimens arise from the different mechanisms that
peptideTZ1H (70 uM) in phosphate buffer (10 mM, pH 5.6) at5 drive self-assembly. Individual peptides within the pH-induced
°C. The reaction was exothermic under these conditions, as indicatedfibrils have negligible net charge at near-neutral pH values, while
by negative values for the enthalpy of addition of the silver(l) ion peptides within the silver-ion-induced fibers should have a net
(see Supporting Information). The resulting titration curves were positive charge due the presence of one silver(l) ion p&tH
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relative counts (cps/eV)

5
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Figure 4. EDX analysis of a concentrated preparation of silver-ion-induced
fibers of TZ1H at equimolar silver/peptide concentration. The presence of
copper arises from the EM grid. Inset: Dark-field STEM image of a
dispersed fibril specimen (magnification: 208K

peptide. The large positive charge on the latter is only partially
compensated by co-localization of counterions such that Coulombic
repulsion limits the extent of lateral association in comparison to
the pH-induced fibers.

Direct evidence for the presence of the silver ion within the fibers
was sought by employing electron microscopy methodologies.
Energy-dispersive X-ray (EDX) analysis of a concentrated fiber
specimen indicated the presence of elemental silver (Figure 4). The
strong signature for silver can be compared to the signal for
phosphorus that originates from residual phosphate from the buffer.
The latter is typically present at much higher concentration (10
mM sodium phosphate versus 10200 uM silver(l) triflate) in
the initial specimen prior to isolation of the fibrils. Further
confirmation for the presence of silver was obtained from elemental
analysis of isolated peptide specimens, in which the silver/peptide
ratio was experimentally determined to 0-2®.02, fully supporting
the binding model for the silver ion depicted in Figuré?Dark-
field STEM of dispersed preparations of the silver-ion-induced
TZ1H fibers indicated electron-dense regions versus the electron-
lucent carbon film background (Figure 4, inset). These results
suggested the presence of a high atomic numBeelement that
co-localized with the fibril bundles, as would be expected for silver
ion coordination as depicted in Figure 1.

We conclude from these studies that an appropriately chosen
metal ion can drive the self-assembly of a de novo designed peptide
to form a structurally defined nanoscale material. This process
involves selective recognition and binding of the metal ion at a
complementary site within the peptide sequence, which induces a
conformational transition that results in a specific mode of self-

association. Thus far, we have not addressed the issue of selectivity

in metal ion binding. Although we have demonstrated that silver-
() ion can effectively induce a conformational transition and
subsequent self-assembly of peptiiélH, we anticipated that
other metal ions could act similarly. However, CD titration
experiments indicated that neither the isoelectrodi€) (zinc(Il)

ion, the @° copper(ll) ion, nor the @) nickel(ll) ion could
effectively induce a comparable conformational transition within
TZ1H even in the presence of excess metal ion (cf. Supporting
Information). Since zinc(ll), copper(ll), and nickel(ll) prefer
alternative coordination geometries, these metal ions may not be
accommodated easily within the trigonal sitesTa&1H. As the
metal ion binding sites reside in internal cavities of the peptide

assemblies, rather than at more flexible, surface-exposed sites, steric
constraints are placed on the coordination geometry that, in
combination with the identity and conformation of the amino acid
ligands, may provide a mechanism for introducing selectivity in
metal ion recognitiod=” Thus, the rational design of selective metal
ion binding sites within de novo designed peptides represents a
promising approach to the controlled fabrication of nanoscale, self-
assembled materials that exploits the latent structural specificity
encoded within these sequence-defined macromolecules.
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