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ABSTRACT. Aggregation of the amyloig-peptide (AB) into insoluble fibrils is a key pathological event

in Alzheimer’s disease. Zn(ll) induces the3Aaggregation at acidic-to-neutral pH, while Cu(ll) is an
effective inducer only at mildly acidic pH. We have examined Zn(Il) and Cu(ll) binding modessof A
and their pH dependence by Raman spectroscopy. The Raman spectra clearly demonstrate that three histidine
residues in the N-terminal hydrophilic region provide primary metal binding sites and the solubility of
the metat-Af complex is correlated with the metal binding mode. Zn(ll) binds to theatdm of the
histidine imidazole ring and the peptide aggregates through intermolecularHi&NII) —His(N;) bridges.

The N;—metal ligation also occurs in Cu(ll)-inducegsAaggregation at mildly acidic pH. At neutral pH,
however, Cu(ll) binds to N the other nitrogen of the histidine imidazole ring, and to deprotonated amide
nitrogens of the peptide main chain. The chelation of Cu(ll) by histidine and main-chain amide groups
results in soluble Cu(llrApB complexes. Under normal physiological conditions, Cu(ll) is expected to
protect A3 against Zn(ll)-induced aggregation by competing with Zn(ll) for histidine residuesfof A

Amyloid 3-peptide (A5)! is the major constituent of senile
plaques in the brains of patients with Alzheimer’s disease
(AD) (1, 2). The peptide is produced from a precursor

that Cu(ll) is also a strong inducer offifaggregation with
a pH dependence different from that of Zn(I)7). Zn(ll)
induces A8 aggregation in a wide pH range 6.0), whereas

membrane protein by normal proteolytic processing and is Cu(ll) is effective only at pH 6.67.0.

released into extracellular fluids as a soluble peptide ef 39
42 amino acids 3—5). Under unknown conditions, A

Chemical modification and mutation studies have provided
some information on the metal binding site g8 AThe ability

aggregates and accumulates to form amyloid fibrils, whose of both Zn(ll) and Cu(ll) to aggregate humangSAis

extensive deposition causes neurodegeneratipi)( Ex-

diminished by modifying all three histidine residues at

posure to certain metal ions has been proposed as a risk factopositions 6, 13, and 14 with diethyl pyrocarbonat&)( Rat

for developing AD. The concentrations of Fe and Zn in
multiple brain regions vulnerable in AD are elevated in AD
patients compared to their age-matched contr8is1(),
whereas the Cu concentrations are decrea8ed\(recent

Ap, which contains three amino acid substitutions, Argaly,
Tyrl0—Phe, and His13-Arg (18), binds Zn(ll) and Cu(ll)
much less avidly than humanfgA(15, 17). The reduced
affinity of rat AB for zZn(ll) is reproduced by the single

microparticle-induced X-ray emission analysis has shown that His13—Arg mutation of human A& (19). Although these
Fe, Zn, and Cu are significantly concentrated in the neurophil findings suggest that one or more of the histidine residues

of AD patients and are further concentrated within the core
and periphery of senile plaque$lj. Imbalances of metal
ions may be related to the pathogenesis of AD.

Effects of metal ions on the aggregation of humafi A
have been studied in vitro. Al(lIl), Fe(lll), and Zn(ll) are
known to promote aggregation of312, 13). Among them,
Zn(ll) induces significant & aggregation at nearly physi-
ological concentrations of the metal iob4(16), implying
participation of Zn(ll) ions in the deposition of Awithin

is involved in A3 aggregation, little is known about the mode
of metal binding.

In this study, we have examined the Zn(ll) and Cu(ll)
binding modes of human /Ain solution and in insoluble
aggregates by Raman spectroscopy. Analysis of the Raman
spectra has revealed two different modes of metgd
binding. One is characterized by metal binding to the
imidazole N atom of histidine, which produces insoluble
aggregates. The other involves metal binding to thekwt

amyloid plaques. Atwood et al. have recently demonstrated not N,, atom of histidine as well as to main-chain amide
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nitrogens, resulting in the formation of soluble complexes.
Zn(I1) binds to A3 only in the former mode irrespective of
pH. On the other hand, the Cu(ll) binding mode is pH
dependent. At mildly acidic pH, Cu(ll) binds tofAIn the
former mode, whereas the latter mode is predominant at
neutral pH. The transition from one binding mode to the other
explains the strong pH dependence of Cu(ll)-induce®i A
aggregation.
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Zinc and Copper Binding Modes of Amylojf-Peptide

EXPERIMENTAL PROCEDURES

Materials A 40-residue human Apeptide, A81-40 (DAE-
FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG-
GVV), and its N-terminal 16-amino acid fragment5A s,

were synthesized on an automated peptide synthesizer

(Applied Biosystems model 431A). The crude peptides were
purified by HPLC on a reversed-phase column (Cosmosil
5CigAR). ZnCl and CuC} were purchased from Nacalai
Tesque, Inc.

Preparation of Sampledhe concentration of peptide was
determined from the UV absorption intensity of tyrosiagd
= 1410 Mtcm™) at pH 7.4. The metal complexes 0ffA 40
and AB:-16 were prepared by adding 1Q0. of aqueous
ZnCl, or CuCh (1.6 or 3.2 mM, pH~4) to a 10QuL solution
of the peptide (0.8 mM for B1-40 and 3.2 mM for 4811,
pH 7.4) containing 16 mM NaCl. Then, the pH of the mixture
solution was adjusted by adding a trace amount of 2 M
aqueous NaOH or HCI. The metgbeptide mixture was
incubated fo 2 h at 22°C and then centrifuged at 100§0
for 1 h tosediment the aggregated particles. The precipitate
was introduced into a glass capillary tube to record the

Raman spectrum of the aggregates. Soluble complexes in
the supernatant were concentrated for Raman measurements

by lyophilizing a portion (5Q«L) of the supernatant and then
dissolving the lyophilized powder in4L of deionized HO

or D,O (Isotec Inc.). The resulting solution contained30
MM Af1-400r 0—20.0 mM Aj3;_16 depending on the degree
of aggregation. In BD, labile protons of the peptide were
readily exchanged with deuterons both for the soluble
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Ficure 1: Raman spectra of metal-fre8A 40 and Zn(11)}~AB1-40
aggregates. (A) Metal-free solution at pH 7.4. (B) Insoluble
aggregates precipitated from a Zn{ti\j;- 40 mixture solution (pH
7.4) atR= 2. (C) The difference, B- A. (D) Insoluble aggregates

complexes and for insoluble aggregates, as judged from thePrecipitated from a Zn(Ify A1 mixture solution (pH 7.4) aR

Raman spectra.
Aggregation AssaydJ he percentage of aggregated peptide
was estimated from the amount of peptide remaining in the

= 4. The assignments of Raman bands are denoted as follows: His,
metal-free histidine; His{, histidine bound to metal via N
His(r,7)~, metal-bridging histidinate; Phe, phenylalanine; Am I,
amide I; Am lll, amide lll. The Raman intensities of the spectra

supernatant. The peptide in the supernatant was concentratedre normalized by using the 1447 tiC—H bend band as an

in the same way as described above except that 0.5 M
aqueous HCI, instead of deionized® was used to dissolve
the lyophilized powder. In the highly acidic solution, the

metal ions were depleted from the peptide. The concentration

of peptide was determined from the Raman intensity of the
~1445 cm* C—H bending band of CHand CH in the
peptide relative to that of a band at 1640 ¢rof the solvent
water by using a predetermined standard curve of the Rama
intensity versus peptide concentration.

Raman SpectroscopjRaman spectra were excited with
the 514.5 nm line of an Arlaser (Coherent Innova 70) and
recorded on a Jasco NR-1800 spectrometer equipped with
liquid nitrogen cooled CCD detector. Wavenumber calibra-
tion was effected by using the indene Raman spectrum, an
the wavenumbers of sharp Raman bands were reproducibl
to within +0.5 cnT™. The intensities of Raman spectra were
normalized by using the €H bending band at1445 cnt?.

The solvent Raman bands were subtracted after the intensityS

normalization. Although the Raman spectra were recorded
in the 1756-720 cnttinterval, no appreciable effect of metal
coordination was observed below 1200 ¢mAccordingly,

the spectra in the 175@1180 cnt! interval only are
presented here.

RESULTS

Zn(Il) and Cyll) Binding Modes of ;4. The Raman
spectrum of an aqueous solution of metal-frgl-Ao exhibits

internal intensity reference. The structure of the Biside chain
is shown on the right side of the figure.

a very sharp amide | band at 1668 ¢hand a strong amide

[l band at 1240 cm?, indicating that the peptide predomi-
nantly forms ap-strand (Figure 1A) Z0—22). Although
Raman scattering from the imidazole side chain of histidine

H’s weak, a band at 1570 crhcan be assigned to the€Cs

stretching vibration of the imidazole rin@g), which is
known to exhibit a frequency upshift on metal bindirg,(
25). Phenylalanine Raman bands are also seen at 1604 and

4586 cnt (22).

In agreement with the previous observation by Bush et

daI. (14, 15), Zn(ll) induced an extensive aggregation of
ABi-ao at pH 7.4: about 80% and almost 100% qfAq

were precipitated by Zn(ll) at metal/peptide molar ratigp (

of 2 and 4, respectively. Figure 1B shows the Raman
pectrum of the insoluble Zn(HAS1-40 aggregate precipi-
tated atR = 2. Upon binding of Zn(ll), the amide | band
becomes broader and weaker. Similar broadening is also seen
for the amide IIl band. However, the peak positions of the
amide bands are not affected by Zn(ll) binding, suggesting
that the peptide aggregatesirsheet structure, which is the
predominant structural component in amyloid fibrils of AD
(26). The broadening of the amide bands may be ascribed
to an inhomogeneoys-sheet formation and the weakening
of the amide | band to an effect arising from stacking of
S-sheets in the solid aggregates).
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The effects of Zn(ll) binding are also seen for histidine
Raman bands. The 1570 cihband of metal-free histidine
is diminished in the spectrum of insoluble aggregates, and
concomitantly a band at 1604 cfngains intensity (Figure
1B). The intensity increase of the 1604 chiband is likely A
to be caused by a shift of the histidine band from 1570 to
1604 cn1l, where a phenylalanine band originally resides.
This interpretation is confirmed by the appearance of a
negative peak at 1570 cthand a positive peak at 1604 cin
in the difference spectrumR(= 2) — (R = 0) (Figure 1C).
Recently, we have found that the wavenumber of theG
stretch vibration of histidine is sensitive to the site of metal
binding: 15804 10 cnt? in the N,—metal form and 1600
+ 6 cnTtin the N—metal form @4, 25). The positive peak
at 1604 cm? in the difference spectrum indicates that Zn-
(1) binds to the N atom of histidine in the insoluble Zn- 1700 1500 1300
(I —Ap1-40 aggregate. The binding of Zn(ll) to the histidine WAVENUMBER / cm™
N, atom may be a key step in peptide aggregation. Ficure 2: Raman spectra of insoluble aggregates and the soluble
A weak band becomes detectable at 1555 tim the complex of Cu(ll)-ApB1-40. (A) Insoluble aggregates precipitated

; ; from a Cu(lly-Af1-40 mixture solution (pH 7.4) aR = 4. (B)
spectrum of the insoluble aggregatefat= 2 (Figure 1B). Soluble Cu(ll-Af1-40 complex in the supernatant of the same

However, .the difference spectrurR € 2) — (Rlz 0) does mixture solution. The assignments of Raman bands are denoted as
not exhibit any peak around 1555 chn(Figure 1C),  follows: His(z), histidine bound to metal via l Am-, deproto-
suggesting that the same band is buried under the envelopeated amide bound to metal. For the others, see the caption to Figure

of the histidine 1570 cmt band atR = 0 (Figure 1A). 1. The Raman intensities of the spectra are normalized by using
Possibly, the 1555 cmi band is ascribed to the anti- the 1447 cm! C—H bend band as an internal intensity reference.

. : oo The structure of the Hisf) side chain is shown on the right side of
symmetric stretching vibration of COOgroups of the e figure. = 9

peptide C-terminus, three aspartates, and three glutamates
(21). When the concentration of Zn(ll) is elevated frdn amide Il band intensity. The amide | band is also expected
= 2 to 4, the intensity at 1555 crhincreases (Figure 1D), to decrease in intensity upon amide deprotonation, but the
suggesting that an additional band emerges at this wave-intensity rather increases compared to that in the insoluble
number. A similar intensity increase is also seen at 1290 aggregate. This is probably because the intensity decrease
cm L. Both the 1555 and 1290 crhbands are characteristic ~ associated with the deprotonation is covered by an intensity
of the deprotonated form of histidine (histidinate) whose increase on going from the aggregated state in the solid to
imidazolate ring bridges two metal ions through fdnd N- the isolated state in solution.
ligation (27). Deprotonation and additional metal binding at ~ The C=Cs stretching band of the metal-free histidine at
the N, atom of histidine occur at high Zn(Il) concentrations. 1570 cnt! is diminished in the Raman spectrum of the
In contrast to the dramatic aggregation induced by binding soluble Cu(ll}-AfS:1-4 complex (Figure 2B) as in the case
of Zn(l1), Cu(ll) did not much reduce the solubility ofA—40 of the insoluble aggregate (Figure 2A), indicating that all
at neutral pH. Only~5 and~60% of AB;—40 Were precipi- three histidine residues are bound by Cu(ll). Although the
tated by Cu(ll) atR = 2 and 4, respectively. Figure 2  corresponding band of Cu(ll)-bound histidine is not clearly
compares the Raman spectra of the insoluble aggregate angdeen owing to the overlap of phenylalanine bands at 1604
soluble complex of Cu(ll-AfB1-40 prepared aR = 4, pH and 1586 cm?, the spectrum shows a distinct band at 1275
7.4. The Raman spectrum of the aggregate (Figure 2A) iscm™, which is assignable to the ring-breathing mode of
almost identical to that of the insoluble ZnHAB1-40 histidine. The ring-breathing mode of histidine is known to
aggregate &R = 2 (Figure 1B), indicating that metal binding gain intensity when a metal ion binds to the Btom but
to the N atom of histidine is common to the insoluble not to the N atom @4). The metal coordination of the,N
aggregates. No imidazolate bridge is generated by Cu(ll). atom of histidine together with nitrogen atoms of deproto-
The Raman spectrum of the soluble CufiBf1-40 nated amides may be characteristic of the soluble Cu(ll)
complex (Figure 2B) is different from that of the aggregate AfS1-4 complex.
(Figure 2A). In the spectrum of the soluble complex, a new  pH Dependence of Metdihduced Aggregation of A—_ie.
strong band appears at 1417 ¢nilrhe intensity of the amide ~ Af1-4 consists of the N-terminal hydrophilic and C-terminal
Il band at 1240 cm! is also significantly decreased. These hydrophobic segments that can be cleaved between Lys16
spectral features are consistently explained by deprotonatiorand Leul7 by secretase3)( It is known that ASi-40
and metal-coordination of main-chain amide nitrogens. When significantly aggregates near its isoelectric poirt£p5.3)
amide nitrogen deprotonates, the amide | mode=QC even in the absence of metal iorig(29—-31), possibly due
stretch) is replaced by the in-phase and out-of-phase stretchto hydrophobic interactions among the C-terminal segments
ing vibrations of G=O/C—N~ (28). The 1417 cm? band of of peptides. The N-terminal hydrophilic segment itself is
the soluble Cu(l)-ApS1-40 complex is assignable to the in-  expected to be soluble in water. Accordingly, if the N-
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phase stretch, whereas the out-of-phase stret@610 cnm?) terminal peptide fragment,/A-16 aggregates in the presence
is too weak to be detected in the Raman spectrum. Sinceof metal ions, the aggregation is attributable solely to metal
the amide Il mode mainly involves NH bending(—22), peptide interactions. We have examined the aggregation of

it is reasonable to assume that deprotonation reduces theAf:1-16 in the absence and presence of Zn(ll) and Cu@®) (
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Ap1-40 at millimolar concentrations except that aggregation

1009 ABi.16 due to C-terminal hydrophobic interactions around pH 5.3
is not seen for Bi-16 (17). Thus, AB1—16 is suitable for
80 studying the role of metal ions in the aggregation ¢f. A
~ Another advantage of usingfi-¢ is that histidine Raman
€ 60~ bands are more clearly seen fofAis than for A31_40. As
2 described above, the;€Cs stretching band of metal-bound
g 4O_J histidine in A81-40is overlapped by stronger 1604/1586¢m
§ bands arising from three phenylalanine residues at positions
204 4, 19, and 20. B:-16 has only one phenylalanine (Phe4),
but still contains all three histidine residues (His6, His13,
| and His14).
0

Zn(Il) Binding Mode of &1-16. The Raman spectrum of
. an H,0 solution of metal-free ;-1 at pH 7.4 is shown in
6 Figure 4A. The G=Cs stretch vibration of metal-free
PH histidine is clearly seen at 1574 cin this spectrum. The
Ficure 3: Effect of pH on Zn(ll)- and Cu(ll)-induced A\ -16 Y8a band of the single tyrosine residue at position 10 (Tyr10)
?2929589%1?;;r%pgrg%ngozvfﬁ%ggggrﬁ'gg%? fgr'](all\/)ifzg T%ﬁaif)m is also evident at 1615 crh (21). Figure 4B-D shows the
and C’u(ll) (6.4? mM,A). The starting pept’ide concentratibn Was Raman specira of the Zn(#)Af1-1s aggregates precipitated
1.6 mM. Data points are mearis SD, n = 3. at pH 7.4, 6.6, and 5.8. The 1574 chband of metal-free
histidine is absent in these spectra, and, instead, the band at

= 4). Figure 3 shows the results of aggregation assays. In1604 cnt! exhibits a significant intensity increase. The
the absence of metal ions, no aggregation 8f As occurs disappearance of the 1574 chband indicates that every
over a wide pH range of 4:68.8. In the presence of Zn(ll),  histidine residue of A;-16 is bound to Zn(ll), and the
however, AG1_1¢ is totally precipitated at pH 6:68.8. The intensity increase at 1604 crhgives evidence that the Zn-
proportion of aggregated/A-1¢ still remains about 80% at  (ll) binding site is N. In addition to the intensity increase
pH 5.8, and a further acidification to pH 4 is required to of the 1604 cm? band, two new bands appear at 1555 and
recover the solubility of &;1-16. On the other hand, Cu(ll) 1290 cm! in the Raman spectra of the aggregates precipi-
induces aggregation of/A-1s only at pH 6.6 and 5.8, and tated at pH 7.4 and 6.6 (Figure 4B,C). These bands are
the peptide is highly soluble at pH 7.4, 8.8, and 4.0 (Figure characteristic of the metal-bridging imidazolat&7) and

3). The pH dependence of Zn(l1)- and Cu(ll)-inducefiAs indicate that N/N.-ligated histidinate coexists in the ag-
aggregation found here is in parallel with that reported for gregates. At pH 5.8, on the other hand, the Raman bands of
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Ficure 4: Raman spectra of metal-fregsf 16 and Zn(Il-Af1-16 aggregates. (A) Metal-free/A-16 in H,O solution (pH 7.4). (B) Zn-

(I —Ap1-16 aggregates precipitated from a mixture solutioRat 4, pH 7.4. (C) Aggregates precipitated? 4, pH 6.6. (D) Aggregates
precipitated aR = 4, pH 5.8. (E-H) The same samples as+/® but prepared in BD. The assignments of Raman bands are denoted as
in Figures 1 and 2. The Raman intensities of the spectra are normalized by using the 144a-dmbend band as an internal intensity
reference.
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Ficure 5: Raman spectra of the soluble complex and insoluble aggregates of-QA).16. (A) Cu(ll)—ApS1-16 in solution atR = 4, pH

7.4. (B) Cu(lly-Ap1-16 aggregates precipitated from a mixture solutiolRat 4, pH 6.6. (C) Aggregates precipitatedRit= 4, pH 5.8.

(D—F) The same samples as-& but prepared in BD. The assignments of Raman bands are denoted as in Figures 1 and 2. The Raman
intensities of the spectra are normalized by using the 1444 @n-H bend band as an internal intensity reference.

N,/N.-ligated histidinate are almost diminished (Figure 4D),  In D,O, the Y8a band of tyrosine appears at 1612tm
though the other Raman bands are not much affected by theand shifts to 1604 cnt upon deprotonation2). In the
acidification. Possibly, NN, -ligated histidinate at pH 7.4  Raman spectrum of the Zn(t)AS:-16 aggregate precipitated
and 6.6 is converted toNigated histidine at pH 5.8. The at pD 7.4 (Figure 4F), the intensity at 1612 ¢ris decreased
intensity increase at 1604 cihexpected from the conversion and that at 1604 cmi is increased compared to metal-free
may be canceled out by a concomitant intensity decrease atAf31-16 (Figure 4E), suggesting that Tyrl0 is partially
the same wavenumber. Raman spectra i@ Bupport this deprotonated and bound to zZn(ll) in the aggregate. At pD

interpretation (vide infra). 5.8 (Figure 4H), however, the 1612/1604 ¢rimtensity ratio
The right panel of Figure 4 shows the Raman spectra of is very close to that in the spectrum of metal-freg; As,
metal-free A%1-16 in DO solution and Zn(l)-Af1-16 indicating that Zn(lIl) ions no longer interact with Tyr10 even

aggregates precipitated from® solutions (pD 7.4, 6.6, and  in the aggregate. Tyrl0 may not play an important role in
5.8) atR = 4. The G=Cs stretch vibration of N-deuterated  Zn(ll)-induced A3 aggregation. In a previous papets],
histidine is located at 1566 crh(Figure 4E). Upon Zn(ll) Tyrl0 was proposed to be critical in Zn#AS binding
binding, this band disappears, and a new band appears abecause iodination of Tyrl0 decreased the susceptibility of
1584 cm? (Figure 4F). Unlike N-hydrogenated histidine, Ap to Zn(ll)-induced aggregation. However, a recent mu-
the wavenumber of the £Cs stretch of N-deuterated tational study has demonstrated that substitution of pheny-
histidine is not sensitive to the site of metal bindirgg)( lalanine for Tyrl0 does not affect the susceptibility of A
However, the 1584 cni band is assignable to,Nigated, to Zn(ll)-induced aggregatiori ), which is consistent with
N.-deuterated histidine because the Raman spectra of agthe present Raman finding.

gregates obtained from B solution have shown that Zn- Cu(ll) Binding Mode of £&;-16. In contrast to Zn(ll), Cu-

(1) binds to the N atom. The 1584 cnt band increases in  (Il) induces A8:-16 aggregation in a strongly pH-dependent
intensity on going from pD 7.4 to 5.8 with a concomitant manner (Figure 3). Figure 5 shows the Raman spectra of
decrease of the 1555/1290 chbands of N/N.-ligated the soluble complex at pH (pD) 7.4 and insoluble aggregates
histidinate (Figure 4FH). This observation confirms that at pH (pD) 6.6 and 5.8. In all the spectra shown, the=Cs
Zn(ll) is released from the Natom on going from pH 7.4  stretch band of metal-free histidine (1574 @énin H,0,

to 5.8, leaving Nligated histidine. Excess Zn(ll) ions may Figure 4A; 1566 cm! in D,O, Figure 4E) is absent,
bind to the N, atoms of histidine residues at pH 7.4 and 6.6, indicating that all histidine residues are bound to Cu(ll). For
whereas they do not bind to histidine at pH 5.8. Since 80% the soluble complex at pH 7.4 (Figure 5A), strong bands
of Af1-16is aggregated at pH 5.8 (Figure 3), the formation are seen at 1588 and 1275 ciwhich are assignable to

of N,/N.-ligated histidinate may not be essential for Zn(ll)- the G=Cs stretch and ring-breathing modes, respectively,
induced aggregation of /A Actually, the histidinate Raman  of Cu(ll)—N_-ligated histidine 24, 25). Another strong band
bands are absent in the Raman spectrum of the Zn(ll) at 1415 cm? is ascribed to the in-phase stretch o0/
Af1-40 aggregate precipitated at pH 7.4 aRd= 2 (Figure C—N~ of deprotonated amide8). These spectral features
1B). They appear only for the aggregate precipitated =t were also seen in the Raman spectrum of the soluble Cu-
4 (Figure 1D). (1) —AB1-40 complex at pH 7.4 (Figure 2B), though Raman
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scattering from the hydrophobic C-terminal segment made 2B). The Cu(ll) binding to deprotonated amide may destroy
the features less clear when the full-length peptide was usedthe regular 5-sheet structure in part of the N-terminal

It is concluded that Cu(ll) binds to the,Nitom of histidine

hydrophilic segment of B;-40 but not affect thes-sheet

and to one or more deprotonated amide groups of the peptidestructure of the C-terminal hydrophobic segment. The partial

main chain in the soluble Cu(ll) complexes of botf3,A6
and Aﬂ1740.

The Raman spectra of the CufHphfSi-1s aggregates
precipitated from solutions at pH 6.6 (Figure 5B) and 5.8

destruction of thes-sheet structure may be related to the
increased solubility of Cu(IlyAfS complexes at neutral pH.

DISCUSSION

(Figure 5C) are nearly identical to each other, but they are  The metal binding sites of Arevealed in this study are

very different from that of the soluble complex at pH 7.4
(Figure 5A). The 1588 and 1275 cibands of N-ligated

summarized in Figure 6A. All three histidine residues ¢ A
are involved in the interaction with metal ions, and the

histidine are almost diminished in the spectra of the insoluble meta-His(N,) ligation is a common feature among the

Cu(ll)—Ap1-16 aggregates. The=€0/C—N~ stretch band of
deprotonated amide at 1415 chis also very weak. Instead,
the band at 1604 cm and the amide | band at 1668 cin
are greatly intensified. The spectra of the insoluble Cu(ll)

insoluble Zn(ll)- and Cu(ll)-Apj aggregates at pH 58
7.4 and 5.8-6.6, respectively. Both zZn(Il) and Cu(ll) are
released from the Natom by lowering the pH to 4.0 (data
not shown), and the breakage of the metdis(N,) bond

ApB1-16 aggregates bear strong resemblance with those of theleads to the recovery of the peptide solubility (Figure 3).
Zn(ll)—Ap1-16 aggregates at the same pH values (Figure These findings strongly suggest that the metal-induced

4C,D), indicating that the major binding mode of Cu(ll) to

aggregation of A& is promoted by cross-linking of the

ApB1-16 in the insoluble aggregates is analogous to that of peptides through metaHis(N,) bonds, most likely through

Zn(Il) to AB1-16. In other words, Cu(ll) binds mainly to the

His(N;)—metak-His(N;) bridges at three histidine residues

N, atom of histidine when insoluble aggregates are formed. (Figure 6B). In the case of Cu(ll)-induced3fggregation,

A notable difference between the Raman spectra of Zn-

(I)- and Cu(ll)-induced aggregates of5A-16 is that the 1604

the single tyrosine residue is also involved as suggested by
Raman spectroscopy. The tyrosine residue may assist the

cm! band is stronger when the aggregation is induced by aggregation by forming Tyr(Q—Cu(ll)—His(N,) bridges.

Cu(ll). It is also noted that a new band appears at 1504'cm
in the Raman spectra of Cu(hAS1-16 aggregates (Figure

In the soluble complex formed between Cu(ll) and &t
pH 7.4, histidine residues again act as ligands. In this case,

5B,C). Analogous differences are also seen between thehowever, the I\ atom, but not the Natom, of histidine is

corresponding Raman spectra of aggregates precipitated fronbound by Cu(ll). Additionally, deprotonated amide nitrogens
D,O solutions (compare Figure 5E,F with Figure 4G,H). of the main chain are also bound by Cu(ll). Cu(ll) is known
These differences can be explained by assuming the presenc® promote ionization of amide groups in peptides if a
of tyrosinate in the insoluble Cu(lHAS:1-16 aggregates. The  histidine residue is available as a primary binding s&8 (
Y8a and Y19a bands of tyrosinate are expected at about 160434). A histidine residue and two or three deprotonated amides
and 1525 cm?, the former being strong and the latter very in the neighborhood can chelate a Cu(ll) ion in a tetragonal
weak in visible-light-excited Raman spected). When the geometry with Cu(ll) being bound to the Mtom of histidine
deprotonated phenolic oxygen of tyrosinate is bound to a (34). A similar chelation, depicted in Figure 6C, is likely to

transition metal ion such as Cu(ll) and Fe(lll), the Y19a band occur in the soluble Cu(lfyA complex, and the distortion

shifts to about 1500 cni and gains intensity through
resonance with & (phenolate)— d (metal) charge-transfer
transition in the visible 32). [Such charge transfer does not
occur for Zn(ll), thed orbitals of which are fully occupied.]
Accordingly, the 1504 cnt band in the Raman spectra of
insoluble Cu(lly-ApB1-16 aggregates (Figure 5B,C,E,F) is

of peptidef-structure caused by the chelation may disfavor
self-association of the peptide.

Aggregation assays in this study have shown that Zn(ll)
is a strong inducer of B4—15 aggregation over a pH range
from mildly acidic to basic, whereas Cu(ll) is effective only
at pH 5.8-6.6. This finding is in accord with that reported

assigned to Cu(ll)-bound tyrosinate, and the high intensity previously for AG1—4 (17). To explain the different pH

of the 1604 cm? band is ascribed to a contribution of the
Y8a band of tyrosinate. Unlike zZn(ll), Cu(ll) binds to
tyrosine in the insoluble aggregates ofA;s Atwood et

al. have shown that chemical modification of histidine in
Ap1-40abolishes Zn(ll)-induced aggregation completely but
Cu(ll)-induced aggregation only partld 7). Tyr10, located

effects on Cu(ll)- and Zn(ll)-induced aggregation, Atwood
et al. hypothesized two classes of metal binding sites, one
exposed for Zn(ll) and the other buried for Cu(ll). This
hypothesis is not consistent with the present finding that all
three histidine residues, the primary metal ligands, are bound
by Cu(ll) even in the soluble complex. The difference in

between His6 and His13, is likely to serve as a secondary pH dependence between Cu(ll) and Zn(Il) may be explained

metal binding site when Cu(ll) inducessfaggregation.

Secondary Structure of Met&8ound A6. Since both the
aggregates of Zn(Ify and Cu(Il}-ApS1-16 give the amide |
band at~1668 cn1? (Figures 4 and 5), the peptide secondary
structure in the insoluble aggregategisheet as in the case
of Af1-40. On the other hand, the soluble Cutt®pfi-16
complex at pH 7.4 gives a broad band-at660 cn1? (Figure
5A), indicating a partial destruction of tifesheet structure.
In the Raman spectrum of the soluble Cu{Bf1-40
complex, a significant tailing to the low wavenumber side
is seen for the amide | band peaking at 1668 €frigure

as follows. Due to an intrinsic propensity of Cu(ll) to bind
to main-chain amide nitrogens, intramolecular Hig(N
amide(N")—Cu(ll) chelation occurs around histidine residues
of Aj at neutral pH, and the chelation prevents the formation
of intermolecularly cross-linked aggregates. Under mildly
acidic conditions, however, the Cu(tamide(N) bond
dissociates, and the Cu(ll) ion is displaced fromtd N,
which leads to aggregation ofi&hrough His(N)—Cu(ll)—
His(N,) bridges. In contrast, the Zn(lHamide(N") ligation
does not occur, and the His{N-Zn(ll)—His(N,) bridges
between peptide chains are maintained in a wide pH range.
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Ficure 6: Metal binding mode of &. (A) pH dependence of the Zn(ll) and Cu(ll) binding sites g8.AB) A possible model for the
insoluble aggregates of Zn(#) and Cu(lly-ApS formed at neutral-to-acidic and mildly acidic pH, respectivghSheets of & are cross-

linked with His(N;)—metakHis(N;) bridges. (C) A model for the solu

ble CuMAS complex at neutral pH. The Cu(ll) ion is coordinated

by the N, atom of a histidine residue and three deprotonated amide nitrogens. No cross-lingisg@éts occurs. The metal ion is shown

as a ball in panels B and C.

As shown by previous studies, fApreferentially and
saturably binds zn(ll), and Zn(ll) induces significant ag-

(1) (36—39). Recently, we have found that the octapeptide
is capable of forming a soluble complex with Cu(ll) at neutral

gregation of A6 even at its physiological concentrations in pH, in which the N atom of histidine together with
normal brain 14, 16). Therefore, it may be reasonable to deprotonated amide nitrogens act as ligang9).(Under
assume that the normal brain contains a factor that protectsmildly acidic conditions (pH~6), however, the Cu(lty
Ap from Zn(ll)-induced aggregation to avoid unwanted amide linkage is broken, and the metal binding site of
neurodegeneration. The Raman spectra of me&gl com- histidine switches from Nto N,. Concomitant with the
plexes have demonstrated that the ability of a metal ion to drastic change of the Cu(ll) binding mode, the prion

induce A6 aggregation correlates with the mode of metal
histidine binding. At neutral pH, Zn(ll) prefers.Nigation,
while Cu(ll) does N-ligation, both binding modes being
competitive to each other. The ability of metal ions to
displace the Zn(ll) ion on A has been examined at pH 7.4
(35). According to the displacement assay, Cu(ll) is the most

octapeptide repeat significantly aggregates. The pH depen-
dence of the Cu(lb-prion interaction is strikingly similar

to that of the Cu(Il}-Ag interaction found here. It may be
possible that Cu(ll) is commonly utilized for stabilizing the
soluble form of a peptide that has a propensity to form
pathogenic aggregates in brain.

effective among the metal ions tested. Taken together, these

results imply that Cu(ll) may play a role in preventing Zn-
(IN-induced AB aggregation by maintaining/Ain the soluble
form with intramolecular His(ly)/amide(N)—Cu(ll) che-
lation. An appropriate balance of Zn(ll) and Cu(ll) concen-
trations in brain may be important to avoiggAggregation.
Unusual increase in Zn(ll) concentration and decrease in Cu-
(i) concentration have been found in AD braing).(In
contrast to the preventive role of Cu(ll) at neutral pH, Cu-
(I induces aggregation of Aat mildly acidic pH as reported
previously 7) and confirmed in this study. Under mildly
acidic conditions, which might be produced by inflammatory
mechanisms 1(7), Cu(ll) can be a risk factor for AD by
promoting AG aggregation together with Zn(ll).

The Cu(Il}-Ap interaction is highly pH-sensitive, and

analogous interactions have been found for other peptides.

The octapeptide repeat, (PHGGGWGQYhich occurs near
the N-terminus of prion protein, has a high affinity for Cu-
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