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Despite the importance @gFsheet structures as regular second-
ary structure elements in proteins, the principles underlying their
formation and stability are not well understobd@he $-hairpin
is the simplest form of an antiparallgtsheet and is defined as
a turn region flanked by two strands with a defined backbone
hydrogen-bonding pattern. In contrastdehelices, which have

been extensively studied using synthetic and natural peptides, rigure 1. Residues 114123 (FCTFPGHSALMKG) inPseudomonas

small8-hairpins are normally not thermodynamically stable aeruginosaazurin (LAZU). Copper ligands (Cys112, His117, and Met121)
smallest peptide found to adopfahairpin structure in solution and copper are highlighted.

is a nonamer derived from the protein tendami&tat more
stables-hairpin was found with a 16-residue peptide that included A
three amino acid residues that formed a stabilizing hydrophobic
corelasbed Here we report that a stabje-hairpin structure is
formed in a 13-residue peptide, derived from the blue-copper
protein azurin, when copper ligation is used as the stabilizing 2
factor. E

Azurin is a 128-residue protein with /&barrel structure that o
coordinates a redox-active coppérhe copper ion is coordinated A\ 1
by two histidines (His117 and His4®seudomonas aeruginosa o R
azurin numbering) and one cysteine (Cys112) in a trigonal plane T~ ‘ avaongih (o) ‘
and two axial (Met121 and the carbonyl of Gly45) ligands. Upon 18 oo 210 220 230 240 250
azurin unfolding, induced by a chemical denaturant, the copper W

. . . . avelength (nm)

remains bound to the polypeptfdeoordinated in a trigonal
arrangement by one cysteine, one histidine, and a third, unknown B 02---
ligand® The data suggest that at least two native ligands, Cys112 i peptide-copper complex
and His117, are involved in copper binding in unfolded azurin. ‘
These residues, and axial ligand Met121, are within a short stretch
of the polypeptide that adopts @hairpin conformation (con-
nectingS-strands 7 and 8) in native azurin.
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The kinetics of copper-peptide complex formation was inves-
tigated in a stopped-flow mixer monitoring the appearance of the
340-nm absorptiof. Under pseudo-first-order conditions, the
formation time for the copperpeptide complex is 1615 ms.

‘ The rate reports on interactions between copper and peptide
amino acids; however, to arrange the three ligands near the copper
ion, the peptide has to adopt thiehairpin structure. Visible-
absorption development and peptide-structure formation thus must
be strongly coupled processes. Laser-triggered temperature-jump

! experiments have shown that a sniatairpin can fold in Gs 12

‘ L O If diffusion limited, a peptide loop of 1620 residues may form

280 300 320 340 360 in a fewus O If the azurin peptide adopts i-hairpin structure

Temperature (K) this rapidly, the copper concentration must be very high (in the

Figure 3. Thermal denaturation of the coppgpeptide complex moni- molar range) for peptide folding, and not copper-binding, to be

tored by far-UV CD (217 nm). Both CD and absorption (340 nm) signals rate Ilmltlng. For COI‘IdItIIOI‘IS. withiM to mM (Qr less) copper
show identical cooperative transitions with of 35 (+3) °C. concentration (such as in Vivo), copper binding determines _the
rate of complex formation and variation in copper concentration

changes toward that characteristic ffsheet, orj-hairpin, may agt as a structural SW't(_:h_'
structure (Figure 2A). In parallel with secondary-structure de-  Peptide fragments comprising the complete sequence of the

Fraction unfolded

velopment, absorption bands at 340 rm(1500 M-lcm2) and blue-coppes-sheet protein plastocyanin have been examifed.
530 nm € = 200 M~tcm™1) appear (Figure 2B). The presence of All peptides displayed remarkably little propensities to adopt
absorption at these wavelengths suggest thiolatetSTu(ll) folded conformations in aqueous solution (copper was never
ligand-to-metal charge-transfer (LMCT) transitiocn¥he pos- added). This is in clear contrast to peptides derived from helical
sibility of histidine(N)— Cu(ll) charge-transfer transitions is ruled ~ proteins; such peptides often display significant amount of helical
out as they appear at higher energies than 306 Autdition of preference in solutiot? Monte Carlo simulations explained the
copper to a solution af-cysteine (or-histidine orL.-methionine) plastocyanin results. On-lattice-trajectory calculations showed that

alone does not result in absorption at wavelengths higher thanfor 3-sheet proteins, such as plastocyanin and azurin, nativelike
250 nm. It is likely that in the peptidecopper complex, copper  structural preferences are only required at one or two specific
coordinates all three native ligands in a defined geometry with sites in the unfolded polypeptide chain to obtain correct folding.
good electronic overlapand therefore, visible transitions are  The copper-induce@-hairpin of residues 114123 in azurin may
allowed. In additional support of nativelike copper coordination thus represent such a folding-initiation site (and a corresponding
is the observation of nativelike peptide structure upon copper structure may form in unfolded plastocyanin upon copper addi-
binding (Figure 2A, inset). Titration reveals that copper coordi- tion).

nates to the peptide in an approximate 1:1 ratio.

A hallmark of proteins with defined native conformation is
the presence of a cooperative unfolding transition. We monitored
thermal denaturation of the copper-indugggheet structure in
the peptide by far-UV CD and visible absorption. The copper
peptide complex displays a rather broad, but cooperative, unfold-
ing transition independent of detection method (Figure 3). The
midpoint of the CD-monitored transitioff,{) occurs at 308(2)

K (absorption detection givesylof 310 3) K). Our T, is higher
than that observed for the 16-residésairpin}24°but lower than

In conclusion, a 13-residue peptide, derived fromgHearrel
protein azurin, adopts/hairpin structure in solution upon copper
ligation. Our results are important from at least three perspectives.
First, in the case of the in vivo folding pathway of azurin, the
region of azurin that corresponds to this peptide may act as
the nucleation site that, upon copper coordination, directs (and
possibly speeds up) the folding. Second, since many proteins in
living systems bind metals or other ligands for specific functions,
ligand—polypeptide interactions in unfolded states, generating

that found for a 3-strande@-sheet peptidé By using a two- nonrandom structures, may have importance for folding of a wide

state approximation, we estimated apparent thermodynamicrange qf proteins. Flnally, from a b|otechnq|og|cal viewpoint, our
parameters for the transitionAH(T,) = 82 (+5) kJ/mol and re;ults imply that p.ept|de-based. cqnformatlonal switches (sensors)
AS(T,) = 266 20) J/mol, K. Compared to data for the 16- USINg metals as triggers are within reach.
residues-hairpini@4°our values are larger, in accord with a more o _ _
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