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ABSTRACT. The main structural domains of prion proteins, in particular the N-terminal region containing
characteristic amino acid repeats, are well conserved among different species, despite divergence in primary
sequence. The repeat region seems to play an important role, as verified by pathogenicity only observed
in organisms having repeats composed of eight residues. In this work three different peptides belonging
to the tandem repeat region of StPrP-2 from the Japanese puffsk#fagu rubripediave been considered,;

the coordination modes and conformations of their complexes with Cu(ll) have been investigated by
using potentiometric titrations, spectroscopic data, and restrained molecular dynamics simulations. In all
cases the histidine imidazole(s) provide the anchoring site for copper, with the further involvement of
amide nitrogens depending on the peptide sequence and on pH. An increase in copper binding affinity
has been observed going from the shortest peptide, corresponding to a single repeat and containing two
histidines, to the longest one, encompassing three repeats with six histidines.

The prion protein (PrP), a ubiquitous protein most can create “host barriers4{-6), although infection between
prominently expressed in the braid)( is the object of distant species can also occur after long exposure ti)es (
intensive investigations because of the widespread occurrence Despite divergence in primary sequence, the main struc-
of transmissible spongiform encephalopathy (TSHhe  tyral domains of prion proteins are well conserved among
normal cellular isoform (Pr® is involved in replicating the  gifferent species1-10), and they can therefore be easily
causative agent, which, according to the prion hypothesis, compared in order to reveal functional evolutionary trends
is a misfolded or scrapie prion isoform (PfP(1). The  possibly related to aspects of prion pathogenesis. In particu-
physiological role of PrPis still largely unclear; however,  |ar, the N-terminal domain contains, within each vertebrate
the protein is well-known to bind copper in vivo, and its ¢lass, a distinctive number of degenerate amino acid repeats.
superoxide dismutase activity has been reported, possiblyThe repeat units have increased their length going from fish
indicating a neuroprotective role against oxidative stress tg human, reaching a maximum of eight amino acids in
. mammals. Interestingly, scrapie pathogenicity, related to the

Transmission of TSE between species depends on theself-aggregating properties of the prion protein, has been
degree of sequence similarity at the specific amino acids ppserved only in mammals, i.e., only in the case of PrPs
involved in the interaction between the infectious Pdhd having octarepeatdl{ and refs therein
the host's PrP molecules 8, 4). Variability at these sites Recently, cDNAs have been identified in Japanese puff-
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! Abbreviations: NMR, nuclear magnetic resonance; CD, circular
dichroism; EPR, electronic paramagnetic resonancé’, eeftular prion
protein; PrBC, scrapie prion protein; TSEs, transmissible spongiform
encephalopathies; StPrP, similar to prion protein; TOCSY, total

common with the family of PrP, namely, a signal sequence,
two lysine clusters, a Gly-Pro-rich domain, a hydrophobic
region, two cysteine residues potentially involved in the
formation of an intramolecular disulfide bond, a glycosylation
site, and a presumable GPIl-anchor site. In addition, StPrP-1
is a relatively basic protein with p¥ 9.57 similar to that of
tetrapod PrP12—14). The StPrP-2 cDNA codes for a 425
residues protein with pE 9.14, which, similarly to StPrP-

1, exhibits common features to tetrapod PrP including signal
sequence, two typically positioned cysteine residues, potential

correlation spectroscopy; ROESY, rotational nuclear Overhauser effect glycosylation sites, supposed GPI anchor, and a Gly-Pro-
spectroscopy; NOESY, nuclear Overhauser enhancement spectroscopygicp, region ). Such similarities are expected to yield

IR, inversion recovery; HSQC, heteronuclear single quantum correla-
tion; HMBC, heteronuclear multiple bond correlation; MD, molecular
dynamics; RMSD, root-mean-square deviation.

elements of secondary and tertiary structure of StPrP-2
closely related to the known PrP fold, with the Gly-Pro-rich
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region forming an unstructured flexible domain as repeatedly = 2152.3 [M"], calcd 2152.3; fugu3R, = 12.4 min, MS=

found for all the investigated tandem repeat regiafisi(0).
Studying prion proteins from different species is expected

3411.9 [M" — 1], calcd 3412.7.
Potentiometric Measuremengtability constants for both

to provide valuable information on PrP molecular evolution proton and Cu(ll) complexes were calculated from three
as well as on structure/function relationships. In particular, titrations carried out over the pH range of B1 at 298 K
copper binding to the N-terminal repeat regions of human using a total volume of 3 mL. The purities and the exact
(15—17) and chicken18—20) PrP has been reported to occur concentration of the ligand solutions were determined by the
in similar cooperative ways. It may therefore be rather method of GranZ4). NaOH was added from a 0.500 mL
important to investigate copper coordination properties of micrometer syringe which was calibrated by both weight
prion proteins from species phylogenetically far from each titration and the titration of standard materials. The ligand
other. concentration was 1 mM (for the fugul fragment) and 0.7
In the present work, the structure and copper binding mode MM (for the fugu2 and fugu3 fragments). The metal-to-ligand
of three peptides derived from the tandem repeat region of molar ratio was 1:1. The pH metric titrations were performed
StPrP-2 from the Japanese pufferfisakifugu rubripeg(8) at 298 K in 100 mM KNQ in water (for fugul) or in 30:70
have been investigated by potentiometric titrations, spectro- /v DMSO/water (for fugu2 and fugu3) on a MOLSPIN pH
scopic data including NMR, and restrained MD simulations. meter system. A normal Russel CMAW 711 semicombined
The considered peptides are (i) the StRgPR, fragment electrode was used, which was calibrated in proton concen-
(Ac—GHGYGVYGH—NH, hereafter called fugul), (i) trations with aqueous HN$or HNO; dissolved in 30:70
StPrP3s-116 (Ac—GHGYGVYGH-PGYG-GHGYGVYG— viv DMSO/water R5). The calculated ionic products for
NH,, fugu2), two consecutive almost identical repeats lacking Water and DMSO/water solutions were 13.770 and 14.523,
the last histidine, connected by the linker PGYG, and (jii) respectively. The SUPERQUAD and HYPERQUAD 2000
StPrP3s-128(Ac—GHGYGVYGH—PGYG-GHGYGVYGH— programs were used for stability constant calculatid; (

PGYG-GHGFHGR-NH;, fugu3), three consecutive repeats 27). Standard deviations, as computed by SUPERQUAD and
connected by PGYG linkers. HYPERQUAD 2000, though referring to random errors only,

provide a good indication of the importance of any particular
species in the equilibrium.

EPR, U\ Vis, and CD MeasurementSimilar concentra-
tions as those used in potentiometric studies were employed;
30% ethylene glycol was used as a cryoprotectant for EPR
measurements. Electron paramagnetic resonance (EPR)
spectra were recorded on a Bruker ESP 300E spectrometer
at X-band frequency (9.3 GHz) in liquid nitrogen. The EPR
) ) . ) parameters were calculated from the spectra obtained at the

Attachment of the first amino acid to the resin and next ayimum concentration of the particular species for which
coupling steps were realized using diisopropylcarbodiimide \ye||resolved separations were observed. The absorption
(DIPCI) as a coupling reagent in the presence of 1-hydroxy- gpecira were recorded on a Beckman DU 650 spectropho-
benzotriazole (HOBY) in dimethylformamide (DMK tometer. Circular dichroism (CD) spectra were recorded on
methylpyrrolidone (_NMP)/methernechIorlde/Trlton X-100  3535c0 J 715 spectropolarimeter in the 7280 nm range.
(33:33:33:1, v/v) mixture. _ _ ~ The values ofA¢ (i.e., el — er) ande were calculated at the

Removal of the Fmoc protecting group during peptide maximum concentration of the particular species obtained
synthesis was achieved by action of 20% piperidine solution fyom the potentiometric data.
in DMF/NMP (1:1, v/v) with addition of 1% Triton X-100 NMR Spectroscopyhe peptides were dissolved in water
(22). The N-terminal amino group was acetylated using 1 ¢ontaining 10% deuterium oxide or in deuterium oxide. The
M acetylimidazole in DMF 22, 23). pH was adjusted with either DCI or NaOD. The desired

All peptides were cleaved from the resin and deprotected concentrations of metal ions were obtained by adding aliquots
by treatment with the reagent B (88% trifluoroacetic aCid, of stock aqueous solutions of Cu(m and the pH was

MATERIALS AND METHODS

Peptide Synthesis and PurificatidPeptide synthesis was
performed on a solid phase using Fmoc (Fmo®-fluore-
nylmethoxycarbonyl) strategy with continuous-flow meth-
odology (9050 Plus Millipore peptide synthesizer) on a
polystyrene/poly(ethylene glycol) copolymer resin (TentaGel
R RAM resin) 1).

5% phenol, 2% triisopropylsilane, 5% watery fbh atroom
temperature12).

The resulting crude peptides were purified by reversed-
phase high-performance liquid chromatography (RP-HPLC)

using a G semipreparative Kromasil column (25 mm250
mm, 7 um). The purity of the peptides was confirmed by

again checked and eventually readjusted. BgB-trimeth-
ylsilyl-[2,2,3,3-d4] propionate sodium salt, was used as the
internal reference standard.

NMR measurements were performed at 14.1 T with a
Bruker Avance 600 MHz spectrometer at controlled tem-
peratures+ 0.2 K) using a TBI (triple broadband inverse)

matrix-assisted laser desorption/ionization time-of-flight mass probe. Water suppression was achieved by the excitation

spectrometry (MALDI-TOF MS) and analytical RP-HPLC
using a G Kromasil column (4.6 mmx 250 mm, 5um)
and a 30 min linear gradient of80% acetonitrile in 0.1%
aqueous trifluoroacetic acid as a mobile phase (Figuré 1s).
Analytical data were as follows: fuguR; = 10.7 min,
MS = 987.1 [M'], calcd 987.1; fugu2R, = 13.0 min, MS

2 Figures and tables labeled with “s” can be found in the Supporting
Information.

sculpting method28). A typical NMR spectrum required
eight transients acquired with a & 9C pulse and 1.0 s
recycling delay. Proton resonance assignment was ac-
complished through TOCSY, NOESY, and ROESY standard
experiments. TOCSY spectra were obtained using the
MLEV-17 pulse sequence with a mixing time of 75 ms.
NOESY and ROESY spectra were obtained at different
values of the mixing time to optimize the best one. Carbon
resonance assignment was obtained thréttgh3C HMBC
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Table 1. Potentiometric and Spectroscopic Data for Proton aid Camplexes of AeGHGYGVYGH—NH?

UV —vis CD EPR
species log log K Alnm eM~1cm? Alnm AelM~tcm™ AJG ol
fugul
HL 10.19(1) logKr,r = 10.19
HaL 19.69(1) logKyr = 9.50
Hal 26.46(1) logKim = 6.77
Hal 32.50(1) logKim =6.04
CuHsL 29.91(2) minor
CuH,L 25.36(3) 4.55 659 41 309 0.031 175 2.300
277 —0.143
CuHL 18.50(5) 6.35 minor
CuL 12.15(5) 6.86 573 93 649 —0.030 200 2.208
572 0.122
487 —0.230
322 0.789
260 (sh) 1.676
CuH-1L 4.24(3) 7.91 562 99 594 0.617 200 2.208
484 0.608
322 1.534
288 4.010
CuH-,L —5.42(3) 9.66 559 100 590 0.913 213 2.176
517 100 483 —0.759
321 1.733
287 —0.429
CuH-sL —15.87(3) 10.45 minor

a Metal-to-ligand ratio= 1:1, [C?'] = 0.001 M.

and HSQC standard 2D sequences. Spectra processing was On the best structures of the investigated complexes
performed on a Silicon Graphics O2 workstation using the obtained with this procedure we performed a restrained
XWINNMR 2.6 software. energy minimization followed by a restrained MD simulation
Spin lattice relaxation ratesR() were measured with  in explicit water, using the program HypercheBi) with

inversion recovery (IR) pulse sequences. All rates were the Amber force field §2). Throughout the simulations we
calculated by regression analysis of the initial recovery curves kept the experimentally derived metgroton distance

of |ongitudina| magnetization components |eading to errors restraints already used for structure determination, and we
not larger thant-3%. Instead of the simple inversion recovery additionally imposed the binding of copper(ll) to its coor-
sequence, suitable for well-isolated signals, theTOCSY  dinating nitrogens. The coordinating amide nitrogens were
sequence was apphed to Over|apping NMR resonarﬂ@s ( deprotonated and the type of histidine (deprotonatedéat N
The T, values were determined by a three-parameter fit of Or Ne) was chosen in each case according to the experimental

peak intensities to the following equation: information on its binding mode. First, the structures were
energy minimized in vacuo, then they were solvated using a
I(z) = I,[1 — (1 + B) exp(—7/T,)] parallelepiped box of water with periodic boundary condi-

tions, with a minimum distance between solvent and solute
atoms of 0.23 nm and each of the box dimensions set to
twice the dimension of the complex along the corresponding
axis. The resulting systems (compleéxwater) were again
energy minimized and subsequently brought to the temper-
ature of 288 K through three MD runs in which the
temperature was progressively raised. Then an MD simula-
, TR tion of 14 ps at constant temperaturgé £ 288 K) was
values, obtained from NMR measurements (vide infra), were performed. Throughout the simulations, the time step was

converted int(_) distance constraint_s ano_l used to build_ @set to 1 fs and nonbonded interactions were treated using a
pseudopotential energy for a restrained simulated annealingyi range method, with an outer cutoff radius set to one-

calculation in torsional angle space. In particular, we paf of the smallest box dimension and an inner one set to
performed the calculation with the program DYANAQ), 0.4 nm less.

using 10 000 steps and 300 random relative starting positions

of the peptide and Cu(ll). Since only one molecule can be ResyLTS

given as input in the program, the peptide was linked to Cu-

(1) through a long chain of linkers, i.e., residues made by  Fugul or StPrigs—10s Fugul exhibits four protonation
atoms without van der Waals radius. These linkers could constants with logk 6.77 and 6.04 assigned to two His
freely rotate around their bonds, without causing steric imidazoles and 9.50 and 10.19 assigned to two phenolates
repulsions, and thus enable one to sample a large number obf Tyr residues, respectively (Table 1). Potentiometric
relative positions of the ligand with respect to the metal ion titrations of the Cu(ll)/fugul solution are consistent with
before the minimization step. seven mononuclear species: GuUHCuH,L, CuHL, CuL,

B is a variable parameter<(l) which takes nonideal
magnetization into account. The obtained results were
compared with those obtained from a normal IR sequence.
The agreement was found in the error limit of both
experiments.

Structure Determination and MD Calculationall Ry
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Table 2: Proton Paramagnetic Relaxation Contributidts)(
Copper-Proton Distancesr), and the Derived Exchange Time
Values of 2 mM fugul, pH 7.0T = 288 K in 90% HO, 10% DO
Calculated in the Presence of 0.02 Cu(ll) Equiv

Rip (s71) r (nm) ™2 (MS)

Ac 0.54 0.79

Gly-98 Ha 1.64 0.36-0.40

Tyr-99 Ha 1.59 0.36-0.40

Gly-100 Ha 1.15 0.61

Val-101 Ho 1.04 0.64

Val-101 H3 1.17 0.60 12
Val-101 Hy 0.84 0.70

Tyr-102 Ha 1.04 0.64

Tyr-102 He 1.25 0.78

Gly-103 Ho 1.40 0.53
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Ficure 1: Species distribution profile for Ga complexes of (A)
fugul at 298 K and = 0.1 M KNO;, [Cl?"] = 1 x 103 M,
metal-to-ligand ratio of 1:1; (B) fugu2 at 298 K and= 0.1 M
KNO;3, [CUW?T] = 7 x 107* M, metal-to-ligand ratio of 1:1; (C)
fugu3 at 298 K and = 0.1 M KNO3, [CW?T] = 7 x 1074 M,
metal-to-ligand ratio of 1:1.

CuH-1L, CuH-,L, and CuHsL (Figure 1A). The CuhkL
complex is a minor species with the Cu(ll) ion anchored at
imidazole nitrogen of one His residue. This species trans-
forms to CuHL dominating in acidic pH. The value of log
K* =log ScurzL — log Bz = 5.67 agrees with coordination
of Cu(ll) ion by two imidazole nitrogenslp, 33, 34), as it

is also supported by the-d transition at 689 nm, the EPR
parameters A = 170 G; g, = 2.305) @5), and by the

appearance of the CD charge-transfer band at 279 nm (Table
1) (36). CuHL is a minor species and possibly corresponds
to the {2Nim, N7} coordination mode. The CuL species,
which dominates in the pH range of 7%8.0, involves the
{2Nim, 2N~} donor set, as indicated by the EPR parameters
(A= 200 G;qg, = 2.208), the &-d band which shifts to 573

nm (35), and also by the charge-transfer band at 322 nm
(36). The deprotonation of CuL yields Cukl which
dominates at pH ca. 9. The lack of the charge-transfer band
between 390 and 415 nm strongly indicates that phenolate
group of Tyr residue does not participate in the metal
coordination 84, 37). CuH-_,L is successively formed
through binding of a third amide nitrogen, as confirmed by
the distinct changes in the spectroscopic parameters. Occur-
rence of a{ Nin, 3N"} donor set is in fact consistent with
the d-d band at 517 nm and by the change in EPR
parametersA; = 213 G;g, = 2.176). Deprotonation of the
second Tyr residue leads to Cul, where the phenolate
rings do not participate in coordinating the metal.

The 'H and**C NMR assignments of fugul in water at
pH 7 are reported in Tables 1s and 2s. To minimize exchange
broadening of amide proton resonancs$,NMR experi-
ments were performed at 288 K instead of the temperature
(298 K) used for thé3C NMR. Experiments were run at pH
7.0 and 9.0, where predominance of CuL and CuH
respectively, was shown by potentiometric titrations (vide
supra).

Addition of Cu(ll) at pH 7.0 caused selective proton and
carbon line broadening (Figures 2A and 2s) that mainly
affects aromatic His signals, thus suggesting contemporane-
ous involvement of His-97 and His-104 imidazole nitrogens
in Cu(ll) binding. Furthermore, the carbonyl signals of His-
97, Gly-98, and His-104 (Figure 2B) were strongly broadened
after the addition of 0.1 Cu(ll) equiv indicating Gly-98 and
Tyr-99 amide nitrogens as the additional donor atoms in CuL.

Proton relaxation rates were measured for the free peptide
(Rus) and in the presence of the metal idhd,9. The obtained
paramagnetic relaxation enhancemeRig,= Riops — PrRur,
shown in Table 2, indicate that the region between the two
His residues is the most affected. Besides all signals from
His-97 and His-104 being so broadened that the correspond-
ing relaxation rates could not be measured,dhgrotons of
Gly-98 and Tyr-99 were exhibiting the largest paramagnetic
enhancements.

Addition of 0.5 Cu(ll) equiv to the free peptide at pH 9.0
resulted in washing out of His aromatic signals in A&
1D spectra (Figure 3A) and in a marked line broadening of
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FIGURE 2: 13C 1D spectrum of 5 mM fugul in fD at pH 7 and 298 K, free (lower trace) and in the presence of copper at 1:10 Cu(ll)/
peptide molar ratio (upper trace): (A) Aromatic region; (B) carbonyl region.

the majority of the carbonyl signals. In particular, those of physiological pH. The blue-shift of the-el band to 623
His-97, Gly-98, Tyr-99, Gly-100, Val-101, Gly-103, and His- nm is revealing for amide nitrogen coordination such that
104 almost disappeared (Figure 3B). The effect of copper CuH,L apparently involves th¢3Ni,,, N~} donor set. The
observed on His aromatic signals in the absence and in thedeprotonation of CuklL yields CuHL, where the{2Ny,
presence of 0.1 Cu(ll) equiv suggests the simultaneous2N~}coordination mode is very likely to occur, as suggested
involvement of the two His imidazole nitrogens in Cu(ll) by spectroscopic datd$). CuH,L dominates in the pH range
binding also in CuH,L. of 8.0-9.5. In this case, a third amide nitrogen is involved
Fugu2 or StPrBs-116 Fugu2 behaves as anlHacid with in binding and the[Nim, 3N} donor set is confirmed by
protonation sites at the three imidazole nitrogens and at thespectroscopic parameter33]. The calculated log values
five phenolic oxygens of the Tyr residues. The Kgalues for the successive deprotonation reactions (€ut+ CuHL
of protonation constants of imidazole nitrogens vary from — CuL — CuH-;L — CuH-sL) vary from 9.33 to 11.11, in
5.5 to 6.8 and for the Tyr phenolic side chains from 9.4 to good agreement with deprotonation of the noncoordinating
11.3 in agreement with the literature data for similar peptides Tyr residues.
(Table 3) @5, 18, 20, 24, 33). The 'H and**C NMR assignments of fugu2 in water at
The calculations based on the potentiometric data of the pH 6.0 and 288 K are reported in Tables 3s and 4s. Some
Cu(ll)—fugu2 system indicate the formation of nine species sets of signals are partially or completely overlapped: Tyr-
(Figure 1B). The first minor complex CuyH is a two- 99 and Tyr-112 have completely overlapped signals, 5 of
imidazole-bound complex. Deprotonation of GliH/ields the 10 glycines, Gly-98, Gly-100, Gly-108, Gly-111, and
a very stable three-imidazole-bound species that dominatesGly-113 display both ¢ and HN resonances grouped in a
in the pH range of 5.87.0. The logk* = log fcuns. — log very narrow ppm range, the His-97 and His-13d-@rotons
Bus. = 6.86 is characteristic for three bound imidazole are overlapped in a way that prevents specific assignment
nitrogens 18), as also supported by the EPR parametars ( of the corresponding aromatic protons.
= 185 G;g, = 2.264) and by the €ld transition at 643 nm. Addition of Cu(ll) selectively broadens proton lines,
The two other species, CyH and CuHL, dominate at affecting all His signals. The connectivities of His aromatic
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Ficure 3: 13C 1D spectrum of 5 mM fugul in D at pH 9 and 298 K, free (lower trace) and in the presence of copper at 1:2 Cu(ll)/
peptide molar ratio (upper trace): (A) Aromatic region; (B) carbonyl region.

andp-protons in the HSQC spectra recorded at 1:50 Cu(ll)/ plexes involving from two to possibly six His side chains,
fugu2 disappear (Figure 4), thus supporting the involvement respectively. The lo&k* = log Scuns. — 109 fre. = 9.16
of the three His imidazoles in metal binding. The further may suggest more than four imidazole nitrogens involved
broadening of Pro-105 correlations might be explained just in the coordination proces84). Additionally, the weak blue-
by considering its high proximity to the preceding His-104. shift from 618 to 588 nm suggests an out-of-plane coordina-
In the same way as fuguRy, measurements disclosed tion donor set. However, the similakpvalues of deproto-
the most affected signals belonging to His moieties (Table nation of fourth and fifth imidazole in free and metal-bound
4) and to the residues immediately preceding or following ligand may indicate a rather weak, if any, interaction of the
the three histidines such as Gly-96, Gly-98, Gly-103, Pro- fifth and sixth His residues with apical positions of the metal
105, Gly-109, and Gly-111 (Table 5), which again verifies coordingtion sphere. Because of the lack of intens'rvel d
the exclusive involvement of the three His imidazole bands in CD spectra up to pH 8, the imidazole-only
nitrogens in metal binding. coordination is very likely, as the binding via amide nitrogens
Fugus3 or StPrRs_12s Fugu3 behaves as anH acid with brings Cu(ll) close to the asymmetmic—carpons making the
protonation constants corresponding to six imidazole nitro- €D d—d bands strong. The deprotonation of the GuH
gens of His residues and six phenolate oxygens of Tyr SPECies may lead to substltgtlon of the |m|dazo!e dpnor; by
residues (Table 6). The calculation based on pH titrations am|c_je nitrogens and formation of the 4N coordination with
of equimolar fugu3-Cu(ll) solutions indicates the formation  {3N ", Nim} donor sets in the Cudl complex. The calculated
of a series of mononuclear species (Figure 1C). Due to al0g K values of the step-by-step deprotonation reaction
considerable overlapping of these species, the assignmenfUHsl — CuH-sL are consistent with deprotonation of Tyr
of the spectroscopic data to particular complexes was phenolic groups which do not participate in metal binding.
difficult. The first five species, CukdL, CuHgL, CuHsL, In NMR spectra of fugu3 in water at pH 6.0 and 288 K,
CuH/L, and CuHL, correspond to multi-imidazole com- the first two units are completely overlapped and the third
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Table 3: Potentiometric and Spectroscopic Data for Proton aid Camplexes of Ae GHGYGVYGHPGYGGHGYGVYG-NH, in DMSO/
H,O Mixed Solutiort

UV —vis CD EPR
species log log K Alnm eM~1cm Alnm Ae/M~1cm™t AJG o
fugu2
HL 11.33(1) logKr,r = 11.33
HaL 22.30(1) logKryr = 10.97
HaL 32.79(1) logKryr = 10.49
H.L 43.06(1) logKry = 10.27
HsL 52.45(2) logKryr = 9.39
HeL 59.26(1) logKim = 6.81
H-L 65.54(1) logKim = 6.28
Hel 71.10(3) logKim = 5.56
CuHsL 64.28(2) minor
CuHsL 59.31(4) 4.97 643 48 598 —0.065 185 2.264
310 0.011
276 —0.433
CuH.L 51.90(5) 7.41 623 63 593 —0.052 186 2.252
328 0.034
272 —0.349
CuHsL 44.49(6) 7.41 603 75 560 0.025 199 2.200
485 —0.027
332 0.172
282 —0.853
CuH,L 36.46(6) 8.03 582 (sh) 93 573 0.037 217 2171
513 105 476 —0.197
330 0.450
298 —0.309
268 1.169
CuHL 27.13(3) 9.33 582 (sh) 95 575 0.485 217 2.173
510 117 475 —0.187
330 0.447
299 —0.426
272 1.400
CuL 16.89(3) 10.24 minor
CuH-1L 6.56(3) 10.33 582 (sh) 96 570 0.436 217 2.168
509 117 474 —0.184
330 0.352
298 —0.367
277 0.619
CuH-3L —15.66(3) minor

a Metal-to-ligand ratio= 1:1, [Cl?*] = 0.0007 M.

one can be only partially assigned. As for the His residues, the paramagnetic relaxation enhancemeRts) (therefore
their d-proton signals were overlapped with those of ty- provides a means to calculate the Cu{lbroton distances
rosines, while four of the six-proton signals were separated, to be used in MD simulations leading to a three-dimensional
although it was not possible to assign them to the specific picture of the structure.

residues. On these latter signals, extensive line broadening The paramagnetic contributioRs, are defined as3g, 39):
(Figure 5) and relaxation rate enhancements were caused by D

Cu(ll) addition, which suggests involvement of all the six Ry, = Rigps— PRy = LI

His imidazoles present in the peptide sequence in metal P Rlb_1+ Ty
coordination.

(1)

wherery = koL is the residence time of peptide molecules
DISCUSSION in the metal coordination spheng, andp, are the fraction
of free and bound peptideR;psandRys are the spirrlattice
All reported experiments indicate that copper is bound by relaxation rates measured, respectively, after the addition of
the His imidazole(s) in all investigated peptide sequences. copper and in the metal-free solution, aRg is the rate of
As given evidence by potentiometric titrations that provide ligand nuclei in the metal coordination sphere.
the stoichiometry and the profile of stabilities of formed  Copper binding in histidine-containing peptides with the
complexes, the major species at physiological pH arise from N;,, and N~ donor set is a multistep process, where His
a coordination pattern in which copper is first anchored by imidazole provides the first anchoring site, with the consecu-
a number of imidazole nitrogens depending on the numbertive binding sites depending on the peptide fragm@&s; (
of His residues and is then bound by consecutive amide 40—42). In fact, two different exchange times were measured
nitrogens, finally forming the Nim, 3N"} complex. for the Cu(ll)}-fugul complex, a shorter oney;) for the
The paramagnetic ion shortens the longitudinal and imidazole protons and a longer ongy) for all other protons.
transverse relaxation times of dipolarly or scalarly coupled In the Cu(ll)-fugul complex the calculatel, values
nuclei, thus broadening all the resonances nearby. Measuring18.6 s* at Cu(ll)/fugul 1:100) of the His H(He—Cu(ll)
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Ficure 4: HSQC spectrum of 2 mM fugu2 inJD at pH 6 and 298 K, free (bottom) and in the presence of copper at 1:50 Cu(ll)/peptide

molar ratio (top).

Table 4: Proton Paramagnetic Relaxation Contributidsg)(
Copper-Proton Distancesr), and the Derived Exchange Time
Values of His Aromatic Protons for the Cu(jugu2 Complex in
100% DO at pH 6,T = 288 K

He
cu(ln Rip (s7Y) r (nm)
equiv His-97 His-104 His-116 ©y (ms) His-97 His-104 His-110
0.002 1.06 1.08 1.03 1.8
0.004 2.23 2.25 2.22 1.7
0.010 451 4.53 4.54 2.1
0.020 10.09 10.12 10.16 1.9

Ho
0.002 0.98 0.84 0.37 0.42
0.004 1.93 1.71 1.76 0.38 0.42 0.42
0.010 3.90 3.30 3.74 0.40 0.45 0.42
0.020 9.26 8.32 8.66 0.37 0.41 0.40

aThe two histidines are not unequivocally assigned.

distance 0.31 nm) allowed the determinationzf at 0.5
ms, by usingr, = 0.30+ 0.10 ns, while the use of the Cu-
(I1) —Gly-98 Ha. distance ranging from 0.3 to 0.40 nm yielded
™2 — 12 ms.

The obtained; allowed us to ascertain which imidazole
nitrogen, Ny or Ne, is bound to the paramagnetic ion in the
fugul complex, since the Cu(tHis-Ho distance depends
on Cu(ll) binding at M (r = 0.50 nm) or at M (r = 0.31
nm) 43—44). TheRy, value (13.1 st at Cu(ll)/fugul 1:100)
calculated for the overlapping signals of the two Hig H
yielded a distance of 0.38 nm, suggesting that the two
histidines diversely coordinate the copper ion, one vig N
the other via M. The His binding Cu(ll) through Ncan be
identified as His-104, since binding of Gly-98 and Tyr-99
creates such a steric hindrance that the His-87rnNolve-
ment can be excluded.

The metat-proton distances calculated using (Table
2), together with additional distance restraints on the four
coordinating nitrogens, allowed us to determine the structure
of the Cu(ll}-fugul complex through a restrained simulated
annealing procedure (Figure 6A). On the obtained structure
an energy minimization followed by an MD simulation were
performed (Figure 6A). The backbone RMSD calculated on
all the reported structures from residue 2 to residue 9 is 0.016
nm.

All these findings reveal that Cu(ll), after anchoring at
the two His imidazoles, deprotonates the amide nitrogens
following His-97, toward the C-terminus. It is usually found
that copper amide deprotonation takes place in the N-terminal
direction which results in the formation of a more stable six-
membered chelate ring. The involvement of amide nitrogens
toward the C-terminal direction is likely to be stabilized by
the simultaneous binding of both His imidazole rings which
force the peptide to bend around the metal ion.

The fugul copper coordination sphere, however, is strictly
dependent on the pH. CD and WVis parameters at pkt
7.0 indicate the formation of a diverse 4N complex in which
a third amide nitrogen takes the place of one of the His
imidazole nitrogens (Figure 3s). The substitution of imidazole
nitrogens by amide nitrogen donors shifts theddransitions
toward higher energies (Table 1). However, the copper-
induced broadening of both HiscGesonances (Figure 3A)
strongly supports that both His residues are bound. The
paramagnetic contribution&{;— 20.4 st at Cu(ll)/fugul
1:10) measured on Hisdat pH 9, allow the determination
of the exchange time for the imidazole protons (vide supra),
yielding a value of 4.8 ms. This value is about 10 times larger
than those calculated at physiological pH (0.5 ms) strongly
suggesting the rearrangement of the Cu(ll) complex.
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Table 5: Proton Paramagnetic Relaxation Contributidtg) @nd CopperProton Distancesr) of 1 mM fugu2, pH 6.0,T = 288 K, in 90%
H,0, 10% DO Calculated in the Presence of 0.02 Cu(ll) Equiv

Rip (s7h) r (nm) Rip (7Y r (nm)
Ac 0.305 0.91
Gly-96 Ha 1.16 0.72 Tyr-107 A 0.79 0.77
Gly-98 Ha 1.41 0.69 Gly-108 e 0.67 0.795
Gly-100 Hu 0.20 0.98 Gly-109 e 0.92 0.75
Val-101 H5 0.40 0.87 Gly-111 1 1.41 0.69
Val-101 Hy 0.39 0.87 Gly-113 I 0.20 0.98
Tyr-102 Ho 0.36 0.885 Val-114 e 0.165 1.01
Tyr-102 H51 2 0.61-0.50 0.81+0.84 Val-114 H 0.14 1.04
Gly-103 Hx 1.21 0.71 Val-114 ki 0.45 0.85
Pro-105 Hx 0.45 0.85 Tyr-115 e 0.17 1.01
Pro-105 K8 0.20 0.98 Tyr-115 1, 0.44-0.21 0.86-0.97
Pro-105 B 0.90 0.75 Gly-116 I 0.32 0.90
Gly-106 Ho 0.73 0.78 NH 0.22 0.96

Table 6: Potentiometric and Spectroscopic Data for Proton aid Camplexes of
Ac—GHGYGVYGHPGYGGHGYGVYGHPGYGGHGFHGRNH, DMSO/H,O Mixed Solutiort

UV-—vis CD EPR
species logp log K Alnm eM~1tcm? Alnm Ae/M~1cm™ AIG o
fugu-3
HL 11.51(1) logKry,, = 11.51
Hal 22.45(1) logKryr = 10.94
HsL 33.39(1) logKry, = 10.94
HaL 43.72(1) logKyr = 10.33
HsL 53.94(2) logKry, = 10.22
HeL 63.28(1) logKry = 9.34
HL 70.33(1) logKim = 7.05
HsL 76.92(3) logKim = 6.59
HoL 83.20(2) logKim = 6.28
Hiol 89.12(1) logKim = 5.92
Hal 94.75(1) logKim = 5.63
Hil 99.89(1) logKim = 5.14
CuHyl 94.05(3) minor
CuHsL 89.57(4) 4.48 647 59 556 —0.075 195 2.248
306 0.053
285 —0.579
CuHsL 84.50(5) 5.07 618 66 550 -0.127 195 2.241
306 0.092
283 —1.138
CuH/L 78.76(6) 5.74 605 75 554 —0.150 195 2.238
307 0.115
284 —0.735
CuHsL 72.44(6) 6.32 588 97 553 —0.142 211 2.224
302 0.130
284 —0.672
CuHsL 64.51(6) 7.93 minor
CuH,L 56.45(7) 8.04 minor
CuHsL 48.41(7) 8.06 525 127 607 0.510 211 2.170
589 (sh) 112 485 —0.333
335 0.304
300 —0.954
283 1.114
CuH,L 39.11(7) 9.30 517 142 608 0.614 211 2.170
589 (sh) 117 487 —0.453
336 0.269
300 —1.068
CuHL 28.95(6) 10.16 minor
CuL 18.56(6) 10.39 minor
CuH-4L 7.97(5) 10.59 519 139 604 0.554 211 2.166
589 (sh) 112 484 —0.389
339 0.183
304 —1.038
CuH-,L —3.67(5) 11.64 minor
CuH-sL —15.47(4) 11.80 minor

a Metal-to-ligand ratio= 1:1, [Cl?*] = 0.0007 M.

Moreover, theRy, value Ryp = 15.7 st at a Cu(ll)/fugul HJ yields a distance of 0.50 nm, which is very different from
1:10) calculated for the overlapping signals of the two His that obtained at pH 7 (0.38 nm) and indicates that the
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Ficure 5: H 1D spectrum of 1 mM fugu3 in BD at pH 6 and 288 K, free and in the presence of copper at 1:50 and 1:20 Cu(ll)/peptide
molar ratio (from bottom to top), showing only the region containing the Hissignals.

(A) (B)

(D)

Ficure 6: Structures of the Cu(ll) complexes obtained through restrained simulated annealing and MD. Color codes are the following:
black = structure from DYANA program, blue= minimized in vacuo, red= minimized in water, grees brought to 288 K, magent

after 14 ps of MD at 288 K. All the other colored structures represent the snapshots from MD: (AXQugli)lL; (B) Cu(ll>-fugu2 with

His-110 coordinating copper through idsnitrogen; (C) Cu(ll)-fugu2 with His-110 coordinating copper through étsitrogen; (D) Cu-

(I —fugu3. The figure was created with MOLMOL 2K.1.0.

paramagnetic ion is bound to both His ai.N'hese findings,  with the above-mentioned data from other spectroscopic
together with the extensive broadening of &C NMR techniques under the assumption of the coexistence of two
carbonyl signals (Figure 3B), can only be made consistent Cu(ll)—fugul complexes, one with the metal being coordi-
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nated by His-97 imidazole dand by the amide nitrogens while the involvement of amide nitrogens is observed at

of Gly-98, Tyr-99, and Gly-100, the other with copper physiological pH. Since the evaluated exchange times of the

coordination involving His-104 Bl and the amide nitrogens  anchoring site are directly related Ky, a comparison of

of His-104, Gly-103, and Tyr-102. the 7y values suggests that the three considered fragments
The paramagnetic contributions measured for the Cu(ll)  bind copper with affinities in the order fugu 3 fugu2 >

fugu2 complex were measured, and as in the case of thefugul (Figure 4s).

monomeric unit, a set of coppeproton distances were The multi-imidazole coordination pattern is characteristic
obtained. In this case a single exchange time was obtainedyor 4| tandem repeats in mammalian, avian, and fugu proteins
since metal binding occurs only at imidazole nitrogens, and an( it is a favored binding mode for low Cu(ll) concentra-
its value was calculated using thee(Hlis)—Cu(ll) fixed  tions, Higher metal ion concentrations and higher pH favor
distance, and & of 0.60+ 0.10 ns, resulting into a value  the involvement of amide nitrogen donors in the Cu(ll)
of 1.9 ms (Table 4). Thisy was used to calculate the metal  ¢oordination. In the case of mammalian PtRe Pro residue
proton distances for the Cu(tfugu2 complex (Tables 4 jnserted in front of His residue in octarepeat unit (PHGGG-
and 5). The obtained averaged(Hlis)—Cu(ll) distances of  \yGQ) forces the involvement of amides of GGG fragment
0.38 nm for His-97, 0.43 nm for His-104, and 0.415 nm for (15 33). In the case of avian protein the presence of two
His-110 are intermediate between the values correspondingprg residues in the hexapeptide sequence (PHNPGY) changes
to metal binding to N or to Ne. This indicates the occurrence  the pinding ability of amide donors completely. The amide
of an equilibrium among several complexes with the o pjtrogen of Pro inserted into the peptide sequence does not
possible metal coordination modes for each of the three ping cu(ll) ion, and the metal ion coordination is limited to
histidines. To allow a comparison with the Cuttfugul ~ imjdazole and one peptide bond amid,(34, 42). In the
complex at pH 7.0, the two conformers obtained maintaining case of fugu protein Pro is inserted only in the linker region,
for His-97 and His-104 a coordination mode similar to that anq the impact of this residue on the binding ability of repeat
observed in fugul unit were considered, with His-97 binding region is a minor factor and the amount of amide nitrogens
copper through N and His-104 through § and allowing  jnyolved in the Cu(ll) binding is similar to that found in
for His-110 both possible binding modes. . mammalian peptide. The comparison of the binding ability
The structures of the Cu(H)fugu2 complex were obtained  f fugu and human peptide unit (fugul and PHGGGWGQ)
through restrained simulated annealing based on the etal ¢jearly shows that the fugu fragment is much more effective
proton distances in Table 5. On the two obtained confor- n cy(il) ion binding (Figure 5s). The same could be found
mations, an energy minimization followed by an MD in the case of whole human repeat region and fugu3
simulation were performed (Figure 6B and C). The backbone representing repeat region of fugu protein (Figure 6s).
RMSD calculated on all the reported structures from resi-
due 97 to residue 110 is 0.033 and 0.040 nm for the SUPPORTING INFORMATION AVAILABLE
conformation with His-110 binding throughdNor to Ne,
respectively. IH chemical shift assignment (ppm) of the monomeric unit
Also in the case of Cu(Ihfugu3 complex the exchange of Takifugu rubripegrion protein in water at pH 7 and 288
time Ty was calculated from the éfHis) Ry, values (ranging K (Table 1s);3C chemical shift assignment (ppm) of the
from 7.27 to 7.88 5% by using the H—Cu(ll) fixed distance monomeric unit ofT. rubripesprion protein in water at pH
and ar. of 0.90+ 0.10 ns, resulting into an averaged value 7 and 298 K (Table 2s}H chemical shift assignment (ppm)
of 6.5 ms at 288 K. of the dimeric unit ofT. rubripesprion protein in water at
The above-mentioned extensive overlap of resonances, anghH 6 and 288 K (Table 3s}2C chemical shift assignment
the consequent lack of a sequential assignment, preventedppm) of the dimeric unit ofT. rubripesprion protein in
the calculation of metalproton distances from relaxation water at pH 6 and 298 K (Table 4s); MALDI-TOF MS
rate enhancements and their use as restraints for structurepectra of the monomeric, dimeric, and trimeric unitsrof
determination of the Cu(l}fugu3 complex. Moreover, due  rubripesprion protein (Figure 1s)*H 1D spectrum of the
to the overlap of His K signals with those of tyrosines, no  monomeric unit ofT. rubripesprion protein in water at pH
information on the binding mode (througl®Mr Ne) of each 7 and 288 K, free and in the presence of copper at 1:100,
histidine could be achieved. 1:50, and 1:10 Cu(ll)/peptide molar ratios (from bottom to
To model the effect of metal binding on the peptide global top) (Figure 2s); CD (A) and U¥vis (B) spectra of two
conformation, we performed an MD simulation of the com- different 4N complexes of fugul/Cull2Ny,, 2N} and
plex starting from an extended structure of the fugu3 peptide CuH-1L {1Nin, 3N} (Figure 3s); distribution profiles of
and imposing only copper coordination to all six histidines, competition between fugul and fugu3 in coordination of one
considering a metal binding mode for the imidazoles of each Ciw#t, [Cu?t] =5 x 1074 M, ligand (fugul) to metal to ligand
repeat analogous to that observed for the monomeric unit(fugu3) ratio of 1:1:1 (Figure 4s); distribution profiles of
(Figure 6D). The RMSD calculated on the His residues of competition between fugul and human octarepeated unit
all the reported structures is 0.033 nm. (PHGGGWGQ) in coordination of one €y [Cu?™] =1 x
All the investigated peptides, derived from the tandem 1072 M, ligand (fugul) to metal to ligand (PHGGGWGQ)
region of the fugu prion protein PrP2, behave as strong ratio of 1:1:1 (Figure 5s); distribution profiles of competition
copper chelators at pH 6. The obtained findings suggest between fugu3 and human octarepeated domain (PHGGG-
the involvement of all or most of the His residues in copper WGQ), in coordination of one Clf, [Cu?'] =5 x 1074 M,
coordination. As observed for human and chicken prion ligand (fugu3) to metal to ligand (PHGGGWGLQtio of
protein, copper binding in the tandem repeat region is 1:1:1 (Figure 6s). This material is available free of charge
characterized by multi-imidazole coordination at pH7, via the Internet at http://pubs.acs.org.
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