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Raman Spectroscopic Study on the Copper(ll) Binding Mode of Prion Octapeptide

and Its pH Dependente
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ABSTRACT. The cellular form of prion protein is a precursor of the infectious isoform, which causes fatal
neurodegenerative diseases through intermolecular association. One of the characteristics of the prion
protein is a high affinity for Cu(ll) ions. The site of Cu(ll) binding is considered to be the N-terminal
region, where the octapeptide sequence PHGGGWGQ repeats 4 times in tandem. We have examined the
Cu(ll) binding mode of the octapeptide motif and its pH dependence by Raman and absorption spectroscopy.

At neutral and basic pH, the single octapeptide
coordinating via the imidazole ;Natom of histidine

PHGGGWGQ forms a 1:1 complex with Cu(ll) by
together with two deprotonated main-chain amide

nitrogens in the triglycine segment. A similar 1:1 complex is formed by each octapeptide unit in
(PHGGGWGQ) and (PHGGGWGQ) Under weakly acidic conditions (pH 6), however, the Cu(lb

amide linkages are broken and the metal binding site of histidine switches frorto W, to share a
Cu(ll) ion between two histidine residues of different peptide chains. The drastic change of the Cu(ll)
binding mode on going from neutral to weakly acidic conditions suggests that the micro-environmental

pH in the brain cell regulates the Cu(ll) affinity of

the prion protein, which is supposed to undergo pH

changes in the pathway from the cell surface to endosomes. The intermoleculay)HS({I)—His(N;)
bridge may be related to the aggregation of prion protein in the pathogenic form.

The prion protein (PrP)is a glycolipid-anchored cell
surface protein which is expressed mainly in the central
nervous systeml( 2). The lack of PrP causes extensive loss
of cerebellar Purkinje cell$8] and alteration of both circadian
activity rhythms and sleep patterd)( The cellular isoform
of PrP (PrP) undergoes a conformational transition from
a-helix-rich to 8-sheet-rich structure under unknown condi-
tions, and abnormal aggregation of {hesheet-rich isoform,

of the octapeptide Pro-His-Gly-Gly-Gly-Trp-Gly-Glin
(PHGGGWGQ) at positions 6891 with an analogous
nonapeptide, PQGGGGWGQ, on the adjacent N-terminal
side (residues 5159). The octapeptide and its repeats are
also found in animals1@) and have high affinities for
divalent metal ions, in particular for Cu(ll}L8, 14). The

Cu content in brains from PfRyene-ablatedRrnp®®) mice

is significantly lowered compared to that in wild-type mouse

PrP¢, causes fatal neurodegenerative diseases includingyains (L5). These findings have raised the possibility that

Creutzfeldt-Jakob disease in human and spongiform en-
cephalopathy in animald (5, 6). The physiological function

of PrP and the mechanism of the formation of pathogenic
PrP¢ remain unclear despite intensive biochemical and
biophysical studies.

Mature mammalian PfPafter posttranslational modifica-
tions spans residues 2231 of the 253-amino acid sequence
coded by a single gene7{9). The C-terminal region
(residues 124231) of Pr® forms a globular structure
comprising threen-helices and two shoyt-strands, while
the N-terminal region (23120) is highly flexible (0, 11).
The N-terminal region of human PfRontains four repeats
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PrP* is involved in the transport of Cu(ll) into brain cells
and the octapeptide repeat region plays a role in Cu(ll)
binding.

Equilibrium dialysis studies have provided information on
the stoichiometry of Cu(ll) binding of PEP Brown et al.
have shown that the N-terminal region of Prpossesses
five to six binding sites for Cu(ll) X5), which is consistent
with the previous finding that one octapeptide unit can bind
one Cu(ll) ion (5, 16). On the other hand, Stkel et al.
have demonstrated that full-length Pias only two Cu(ll)
binding sites 14). According to the model proposed by
Stackel et al., histidyl imidazole nitrogens of two octapeptide
units cooperatively bind a single Cu(ll) ion. Very recently,
Viles et al. have examined the Cu(ll) binding properties of
peptides containing-24 repeats of the octapeptide motif by
circular dichroism, absorption, electron spin resonance, and
nuclear magnetic resonance spectroscdg. (To explain
the observed binding properties, they have proposed a model
in which Cu(ll) ions are coordinated by the main-chain amide
nitrogens of histidine residues as well as by histidyl imidazole
nitrogens.
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In this study, we have examined Raman and absorption (ll), and therefore the Raman spectrum of Cu{lQP2 at
spectra of the octapeptide and its repeats in the presence othis pH was obtained from the precipitated material.
varied concentrations of Cu(ll). Raman spectroscopy is @ The peptide concentration for visible absorption measure-
useful tool to investigate the Cu(ll) binding site on the ments was 12M for PHGGG. The same concentration
histidyl imidazole ring and to detect the deprotonation of (1204M) in octapeptide unit was employed for OP1, OP2,
amide nitrogens associated with the formation of Cu(ll) and OP4. The pH of the solution was adjusted to 8.2 by
amide linkages. On the other hand, absorption spectroscopyadding aqueous KOH. No precipitation was observed in the
can be used to detect changes of the ligands coordinating tchighly diluted solutions except for OP4.
the Cu(ll). Analysis of the observed Raman and absorption Raman and Visible Absorption SpectroscoRaman
spectra has shown that each octapeptide unit binds one Cuspectra were excited with the 514.5-nm line (40 mW at the
(I1) ion via the N, atom of histidine and two deprotonated sample) of a Coherent Innova 70*Aaser and were recorded
amide nitrogens of the neighboring triglycine segment at on 3 Jasco NR-1800 triple spectrometer equipped with a
neutral and basic pH. At weakly acidic pH, however, the jiqyid-nitrogen-cooled CCD detector. Wavenumber calibra-
amide nitrogens dissociate from the Cu(ll), and the site of tjon was effected by using the indene Raman spectrum, and
Cu(ll) binding on the imidazole ring changes from ®  the wavenumbers of sharp Raman bands were reproducible
N.. The drastic change of the binding mode results in the to within +:0.5 cnTL. The intensities of Raman spectra were
formation of a 1:2 Cu(ll}-octapeptide complex and facili-  normalized by using the 1640 cthband of HO or the 1210

tates intermolecular association through HighCu(ll)— cm! band of DO for PHGGG solutions. For OP1, OP2,
His(N;) bridges. and OP4, the strongest Raman band of tryptophan at 1552
EXPERIMENTAL PROCEDURES cm~! was used as an intensity standard. The solvent Raman

) ] ~ bands were subtracted after the intensity normalization.
Materials. The pentapeptide PHGGG, the octapeptide visible absorption spectra were recorded on a Hitachi U-3300
PHGGGWGQ (OP1), and tandem repeats of the octapeptidespectrophotometer using a quartz optical cell of 5-cm path

unit, (PHGGGWGQ) (OP2) and (PHGGGWGQ)OP4),  |ength. Samples were kept at 22 during the collection of
were synthesized on an Applied Biosystems Model 431A Raman and absorption spectra.

automated peptide synthesizer by using the 9-fluorenyl-
methoxycarbonyl (Fmoc) method. The N-terminal Pro was RESULTS
acetylated in order to avoid deprotonation and metal coor- )
dination of the imino nitrogen. Cleavage of the peptide from _ Raman Spectra of Cu(PHGGG. The pentapeptide
the resin and removal of protecting groups from the peptide PHGGG corresponds to the N-terminal segment of the
were performed in a mixture of 10 mL of trifluoroacetic acid, °ctapeptide of PrP, PHGGGWGQ, and may be directly
0.75 g of phenol, 0.25 mL of dithioethylene glycol, 0.5 mL involved in the binding of Cu(ll) 16). In the left panel of
of thioanisole, and 0.5 mL of water. The crude peptide was Figure 1, we show the Raman spectra gbsolutions (pH
purified by HPLC on a reversed-phase column (Cosmosil 8-2) of PHGGG at Cu(ll)/peptide molar ratiog 6f 0, 0.5,
5Ci-AR) by using a 6-50% linear gradient of acetonitrile ~ @nd 1.0. The broad band around 1665 ¢nis assigned to
in 0.1% (v/v) trifluoroacetic acid. Lyophilized powder of the ~the amide I vibration of the peptide backbone. Some of the
purified peptide was dissolved in 50 mM hydrochloric acid Other bands in the spectra are ascribed to vibrations of the
and again lyophilized to remove residual trifluoroacetic acid. imidazole side chain of histidine. A pair of bands at 1587
Copper(ll) chloride was purchased from Nacalai Tesque, Inc. (shoulder) and 1574 cn in the spectrum at = 0 are
Preparation of Sampleglthough the peptides were highly ~ assigned to the £-Cs stretching vibration of the histidyl
soluble at any pH in the absence of Cu(ll), the solubilities iMidazole ring of two tautomeric forms, either,Nor N.-
of the peptides, in particular of OP2 and OP4, were Protonated, respectivelyl§) (see Figure 2). The £Cs
significantly lowered around pH 6 in the presence of Cu- Stretch bands decrease in intensity upon Cu(ll) binding
(I1). To minimize the effects of aggregation, the samples for (Figure 1B) and almost disappearrat= 1.0 (Figure 1C).
spectral analysis were prepared under weakly alkaline Concomitantly, a band appears at 1590"&mwhich is
conditions, pH (pD) 8.2, except for the samples used in pH assignable to the £Cs stretch of metal-bound histidin&€).
(pD) dependence experiments. The peptide was dissolved! e wavenumber of the£-Cs stretch band of metal-bound
in deionized HO or in D,O (Isotec Inc.), and the pH (pD) hlst|d|ne_|s sensitive to the site of metal b|nd|ng:_ 1580
of the sample solution was adjusted by adding a small 10 cn*in the N.—metal form and 1606 6 cm* in the
amount of aqueous KOH (KOD). The concentration of N:—metal form (9, 20) (see Figure 2). According to this
PHGGG was determined from the Raman intensity of relationship, the appearance of the 1590 tivand atr =
histidine using a predetermined standard curve of histidine 0-5 and 1.0 indicates that Cu(ll) binds to the histidyldtom.
Raman intensity versus concentration. For OP1, OP2, and The 1272 cm'!band of the metal-free peptide (Figure 1A)
OP4, the UV absorption intensity of the tryptophan residue is assigned to the imidazole ring breathing mode of histidine
(€20 = 5460 M cm™l) was used to determine the (18), which may be partly overlapped by the amide Il band
concentration. Samples for Raman measurements containe®f the peptide main chain. Upon Cu(ll) binding, this band
20 mM (PHGGG and OP1), 10 mM (OP2), or 5 mM (OP4) exhibits a significant intensity increase (Figure 1, B and C).
peptide (20 mM in octapeptide unit for the repeats). In This observation is consistent with the previous finding that
examining the pH (pD) dependence of the structure of the the imidazole ring breathing mode gains intensity when a
Cu(ll)-OP2 complex, aqueous KOH (KOD) or HCI (DCI) metal ion binds to the Natom but not to the Natom (L9).
was used to adjust the pH (pD). At pH (pD) 6.0, an extensive  The hydrogen atom attached to the Nr N, atom of
precipitation was observed even at low concentrations of Cu- histidine readily exchanges with deuterium ipsolution.
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Ficure 1: Raman spectra of @ (left panel) and BO (right panel) solutions of pentapeptide PHGGG [20 mM, pH (pD) 8.2] at varied
CuCl, concentrations. The molar concentration ratio of Cu(ll) to peptifisn¢reases from top to bottom: 0 (A and D), 0.5 (B and E), and
1.0 (C and F). The Raman intensities of the spectra were normalized by using the sopéwor (40) Raman band, which was subtracted
after the intensity normalization. The assignments of Raman bands are indicated as follows: His, metal-free histidigé; Kig{ine
bound to Cu(ll) via N; His*, histidine bound to Cu(ll) via either Nor N;; Am I, amide I; Am I, amide I; Am lll, amide IIl; Am*,
deprotonated amide bound to Cu(ll); gHinethylene.

As a result, the &=Cs stretch vibration becomes insensitive amide group produces a strong band around 1420'cm
to the tautomerism and gives a singlet Raman band aroundassignable to the in-phase stretch of the@C—N~ bonds,
1570 cn1?, though a wavenumber upshift of the~€Cs and concomitantly the usual amide | band disappe2s (
stretch band upon metal binding still occurs for N-deuterated Thus, the intensity increase at 1420 ¢nand the intensity
histidine (L9). In the right panel of Figure 1, we show the decrease of the amide |'YIband are ascribed to the
Raman spectra of metal-free= 0) and Cu(ll)-boundr(= deprotonation of amide nitrogen caused by the binding of
0.5 and 1.0) PHGGG in D solution. In the spectrum of  Cu(ll). In the DO solution spectra, the amidedand loses
metal-free PHGGG (Figure 1D), the€Cs stretch band of  nearly half of its intensity at = 1.0, indicating two out of
N-deuterated histidine appears at 1568 §mand this singlet  four amide nitrogens of PHGGG are deprotonated in the Cu-
band upshifts to 1584 cnmin the presence of Cu(ll) (Figure  (II)—-PHGGG complex. In previous paper$6( 19), we
1, E and F). The imidazole ring breathing mode of N- reported Raman spectra of Cu(ll) complexes dfistydyl-
deuterated histidine at 1272 chgains intensity with a small  glycylglycylglycine (HGGG) andL-histydylglycylglycine
shift in peak position in the presence of Cu(ll). The (HGG). A strong band due to deprotonated amide appeared
wavenumber upshift of the £Cs stretch band and the at 1419 cm? in the spectrum of Cu(IlFHGGG, whereas
intensification of the ring breathing mode observed g@®©D  no amide deprotonation was observed for Cu(H|GG.
solution support the binding of Cu(ll) to the,Mtom of the Accordingly, it is concluded that the triglycine segment of
histidyl imidazole ring. Strong sharp bands at 1502 and 1394 PHGGG plays a key role in the deprotonation and metal
cmtin the DO solution spectra at= 0.5 and 1.0 are also  coordination of amide nitrogens. The above-mentioned
markers of N-deuterated histidine coordinating to a metal spectral changes of PHGGG in both@and O solutions
ion via the N, atom (9, 21). were observed only in the course of Cu(ll) addition up to
Another spectral change associated with Cu(ll) binding = 1.0. Further addition of Cu(ll) did not affect the Raman
is seen at 1420 cm (Figure 1). The Raman intensity at 1420 spectrum significantly (data not shown), indicating that

cm! increases with increase ofin both HO and BO
solutions. On the other hand, the amide | band OH
(~1665 cn1?) and its counterpart in fD (amide 1, ~1655
cmY) lose intensity. It is known that deprotonation of the

PHGGG forms a 1:1 complex with Cu(ll).

Raman Spectra of Cu(H)OP1.Figure 3 shows the Raman
spectra of HO (pH 8.2, left panel) and D (pD 8.2, right
panel) solutions of PHGGGWGQ (OP1) at Cu(ll)/peptide
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Ficure 2: Protonation and metal-coordination dependence of the
C,=C;5 stretch wavenumber of histidine. The wavenumbers ob-
served in this study are shown. HisjNand His(N,)*, histidine
coordinating to Cu(ll) via Nor N, respectively (top); His, M or
N,-protonated tautomeric form of neutral histidine (middle); His
histidinium (bottom). The wavenumbers in parentheses are@ D
solution.

molar ratios () of 0, 0.5, and 1.0. Most of the Raman bands
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increase of the concentration of Cu(ll) from= 0.5 to 1.0
(Figure 3, E and F). The 1584 ctmband is a marker of
metak-histidine coordination as described above. The ring
breathing mode of N-deuterated histidine at 1268%cshows
an intensity increase characteristic of metdis(N,,) binding
(Figure 3, E and F). The 1502 cthband of N-deuterated,
N.—metal-ligated histidine becomes prominent at 1.0.
These spectral changes are all consistent with Cull¥-
(Ny) binding.

The intensity at 1420 cm slightly increases on going
fromr = 0tor = 1.0 in the Raman spectra o8 solution
of OP1 (Figure 3, B and C), suggesting an emergence of
the in-phase &0/C—N~ stretch band of deprotonated amide
in the presence of Cu(ll). This is more clearly seen y®©D
solution spectra because the W6 band of tryptophan shifts
from the 1420 cm! region to 1384 cm! on deuteration of
the indole nitrogen and does not overlap the@C—N~
stretch band (Figure 3, E and F). The intensity increase of
the 1420 cm? band is accompanied by an intensity decrease
of the amide | (1) band. Atr = 1.0, the intensity of the
amide | band decreases by 30% compared to that=ato,
which indicates that about two of the seven amide groups
of OP1 deprotonate in the 1:1 CuPP1 complex. The
deprotonated amide groups are likely to be in the triglycine
segment as was in the case of the Cae{PHGGG complex.
The Raman spectra strongly suggest that two deprotonated
amide nitrogens of the triglycine segment together with the
histidyl N, atom bind to a Cu(ll) ion in the Cu(HOP1
complex.

Raman Spectra of Cu(HjOP2 and Cu(Il}-OP4. Figure
4 shows the Raman spectra of the octapeptide repeatiOP2 (
= 0) and its Cu(ll) complexes & 0.5 and 1.0) in HO (pH
8.2, left panel) and BD (pD 8.2, right panel) solutions. Note
that ther value represents the molar ratio of Cu(ll) to the
octapeptide unit and therefore the Cu(Il)/OP2 molar ratio is

in the spectra are ascribed to tryptophan side chain vibrationsdiVen by twice the value af. The Raman spectra of OP2 in

as indicated with the mode labels W¥/10 (23). Histidine

both HO and DO solutions exhibit a Cu(ll) concentration

Raman bands are covered by tryptophan bands in the absencééPendence similar to that observed for OP1, i.e., a wave-

of Cu(ll) (Figure 3A). For example, the ,&Cs stretch of
metal-free histidine, which was observed in the Raman
spectrum of PHGGG as a doublet at 1587/1574ffRigure

number upshift of the £=Cs stretch (to 1590 and 1584 crn
in H,O and DO, respectively) and an intensity increase of
the imidazole ring breathing mode (at 1277 and 1268%m

1A), is not seen in the spectrum of OP1 due to the overlap IN H20 and DO, respectively) together with an intensity

of the stronger W2 band at 1577 chIn the presence of
Cu(ll), however, a weak band assignable to teC; stretch
of metal-bound histidine appears at 1590 émand its
intensity increases on going from= 0.5 to 1.0 (Figure 3,
B and C). Concomitantly, the 1577 cftband becomes
weaker, probably reflecting an upshift of the underlying=C
Cs stretch band of histidine fromy1575 to 1590 cmt. The

increase of the €0/C—N- stretch band (1420 cm)
accompanied by a decrease of the amid8 b@nd intensity.
The close similarity of Raman spectra between the Cu(ll)
OP1 and C(I}-OP2 complexes suggests that each octapep-
tide unit of OP2 almost independently forms a Cu(ll)
complex, whose structure is analogous to that of the Cu-
(I)—OP1 complex. Only one difference between the Cu-

ring breathing band of metal-bound histidine also becomes (I) “OP1 and Cu(ll}-OP2 complexes is seen in the®

detectable at 1274 cmin the spectrum at = 0.5 (Figure
3B), and it further gains intensity at= 1.0 (Figure 3C).

solution spectra at= 1.0. The 1420 cmt amide band of
Cu(ll)-OP2 is a little stronger than that of CupP1

These Raman spectral features suggest that the histidindcompare Figures 3F and 4F). Probably, at high concentra-

residue of OP1 binds to Cu(ll) via the,Nitom.

The Cu(ll)-His(N,) binding of OP1 is confirmed by the
Raman spectra in f® solution (Figure 3, right panel). The
1571 cm! band in the spectrum at= 0 (Figure 3D) is

tions of Cu(ll), OP2 forms a minor complex, in which
additional amide nitrogens deprotonate and coordinate to Cu-

(.

We have also examined Raman spectra of OP4 in the

assignable to an overlap of the W2 band of N-deuterated presence of Cu(ll). The general features of the Raman

tryptophan and the £=Cs stretch band of N-deuterated

spectrum of Cu(ll)>OP4 atr = 1.0 (Figure 5) are similar to

histidine. In the presence of Cu(ll), a shoulder becomes those of Cu(ll)>OP1 (Figure 3), indicating that each

detectable at 1584 crih and its intensity increases with

octapeptide unit of OP4 forms a 1:1 complex with Cu(ll)
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Ficure 3: Raman spectra of 4@ (left panel) and BO (right panel) solutions of OP1 [20 mM, pH (pD) 8.2] at varied Cu¢tincentrations.

The molar concentration ratios of the Cu(ll) ion to the octapeptide unéré 0 (A and D), 0.5 (B and E), and 1.0 (C and F). The Raman
intensity was normalized by using the 1552 drntryptophan band (W3). Solvent Raman bands were subtracted. Tryptophan Raman bands
are labeled with WW?10. For the designations of the other Raman bands, see the caption to Figure 1.

analogous to that formed by OP1. A noticeable difference causes a blue shift of about 20, 45, 50, or 60 nm, respectively,
between the OP1 and OP4 spectra is the appearance of avhen the originalmay is located around 600 nn27). On
new weak band at 1287 crhin the DO solution of Cu- the other hand, apical coordination of a strong ligand causes
(I —0OP4 ¢ = 1.0). This weak Raman band is assignable to a red shift of about 40 nm (29). Thus, a change of ligand is
metal-bridging imidazolate2(l) and suggests that some of expected to result in a significant shift of the-d transition.
the histidine residues of OP4 are coordinating to Cu(ll) ions  Figure 6 shows visible absorption spectra in thedd
via both N, and N. Additionally, the intensity ratio of the transition region of the Cu(ll) complexes of PHGGG, OP1,
1360/1340 cm! doublet (W7) of tryptophan is higher at OP2, and OP4. In recording these spectra, the peptide
= 1.0 than atr = 0 (Figure 5, left panel). Since the W7 concentration was kept constant, and varied amounts of Cu-
intensity ratio increases with increase in environmental (Il) were added. Thémax Of the d—d transition of Cu(ll}-
hydrophobicity of the tryptophan indole rin@4, 25), the PHGGG is located at 623 nm, and it does not change with
tryptophan side chain may not be fully exposed to the solvent the concentration of Cu(ll) (Figure 6A). The intensity of the
water in the Cu(Il)>OP4 complex. Probably, the long peptide d—d absorption reaches a plateau rat= 1.3. These
chain of Cu(ll)-OP4 takes major extended and minor folded observations indicate that Cu(ll) binds to PHGGG in a single
forms. In the extended form, each octapeptide unit indepen-1:1 form. Taken together with the Raman data reported
dently binds one Cu(ll) ion, whereas in the folded form the above, the N atom of histidine and two deprotonated amide
Cu(ll)-coordinated octapeptide units interact with each other nitrogens in the triglycine segment are considered to be the
through Cu(ll-His—Cu(ll) bridges with the tryptophan side  equatorial ligands in the Cu(lHPHGGG complex. The
chains buried inside the folded peptide. fourth equatorial ligand may be a water molecule. Ths:
Absorption Spectran Cu(ll) complexes of peptides, the of Cu(I)-PHGGG is close to the value (610 nm) reported
Cu(ll) ion is usually coordinated by four equatorial ligands for a ternary complex of Cu(ll), glycylglycine, and imidazole,
in a tetragonal geometr§). Additional ligands in the axial ~ in which the Cu(ll) ion is coordinated by three-amino and
positions are generally water molecules in agueous solution,amide nitrogens of glycylglycine together with one imidazole
but in some cases they are weakly bound ligand atoms. Thenitrogen @9).
Amax Of the Cu(ll) d—d transition is mainly determined by For the Cu(ll)>OP1 complex (Figure 6B), the -ei
the strength of the ligand field, in particular of the equatorial transition is observed at 615 nm, and thg. is again
ligands @7, 28). Water and the carbonyl group are weak insensitive to the Cu(ll) concentration. Since fhey of the
ligands. Substitution of a weak ligand to a strong one such Cu(ll)-OP1 complex is close to that of CUHPHGGG,
as carboxylate, imidazole, amino, or deprotonated amidethe equatorial ligands in Cu(HHjOP1 must be the same as
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Ficure 4: Raman spectra of @ (left panel) and BO (right panel) solutions of OP2 [20 mM in octapeptide unit, pH (pD) 8.2] at varied
CuCl, concentrations. The molar concentration ratios of the Cu(ll) ion versus the octapeptide anit @ (A and D), 0.5 (B and E), and
1.0 (C and F). The Raman intensity was normalized by using the 1552tcyptophan band (W3). Raman scattering from the solvent was
subtracted. The designations of Raman bands are the same as in Figure 3.
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Ficure 5: Raman spectra of J@ (left panel) and BO (right panel) solutions of OP4 [20 mM in octapeptide unit, pH (pD) 8.2] in the
absencer(= 0, A and C) and presence & 1.0, B and D) of Cu(ll). The Raman intensity was normalized by using the 1552 cm
tryptophan band (W3). Raman scattering from the solvent was subtracted. The Raman band of metal-bridging imidazolate is denoted with

His (N, N,)*. For the designations of the other Raman bands, see the caption to Figure 3.

those in Cu(ll)>-PHGGG. The small difference ifmax attributed to a difference in coordination geometry or in
between PHGGG (623 nm) and OP1 (615 nm) may be apical ligand.
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Ficure 6: Visible absorption spectra of CuHPHGGG (A), Cu(ll-OP1 (B), Cu(ll)>OP2 (C), and Cu(Il-OP4 (D) at a constant peptide
concentration (12@M in pentapeptide or octapeptide unit) and varied Guohcentrations (0, 20, 40, 60, 80, 100, 120, 140, 160, and 180
uM from bottom to top in A-C and 0, 60, and 120M in D). A cell of 5-cm path length was used. The vertical lines indicate the positions
of Amax

The Amax Of the Cu(ll)-OP2 complex depends on the octapeptide unit) at pH (pD) from 8.8 (top) to 4.0 (bottom)
concentration of Cu(ll). It changes from 61810 to 599~ in the presence of 20 mM Cu(lly & 1.0). Exceptionally,
597 nm with a transition midpoint at= 1.0 (Figure 6C). the spectra at pH 6.0 and pD 6.0 were obtained from the
Belowr =1.0, theimaxis nearly identical to that of the Cu-  precipitates because the CuftpP2 complex was insoluble
(1N —OP1 complex, while it is significantly blue-shifted at this pH (pD) as described under Experimental Procedures.
abover = 1.0. At low concentrations of Cu(ll), each The Raman spectra of Cu(tOP2 at pH (pD) 8.8, 7.4, and
octapeptide unit of OP2 may independently form a complex 6.4 bear strong resemblance with that at pH (pD) 8.2
with Cu(ll), whose structure is very similar to that of Cu- (compare Figures 4 and 7), indicating that the structure of
(1) —OP1. In the presence of excess amounts of Cu(ll), 0N the Cu(ll)-OP2 complex remains unchanged above pH 6.4.
the other hand, Cu(ll) may bind to additional sites of the The involvement of deprotonated amide nitrogens in Cu(ll)
peptide such as WGQPH iin the joint region of the two ¢qordination is evidenced by the appearance of the 1420
octapeptide units in OP2. The additional amide deprotonation o1 amide band. The Cu(Hhistidine binding via the N
of OP2 at high Cu(ll) concentrgtions has been suggested by,iom is confirmed by the £=Cs stretch band at 1590 crh
Raman spectroscopy as described above. and the strong imidazole ring breathing band at 1274%cm

We have also investigated visible absorption spectra of (1268 cmit in D,O). The 1502 cmt band characteristic of

OP4 in the presence of Cu(ll) (Figure 6D). Thea of the N.—metal coordination is also : - :
~ - x prominent in thedsolution
d—d transition was found at 607 and 600 nnr & 0.5 and spectra at pD= 6.4.

1.0, respectively. At higher concentrations of Cu(ll), the _
complex precipitated. Thé. values are close to those N contrast, the Raman spectrum at pH (pD) 6.0 differs
observed for the Cu(IlYOP2 complex, indicating that the  Significantly from those at higher pH in the respect that it
primary equatorial ligands to Cu(ll) are the same as in the lacks the marker bands of the deprotonated amide and of
Cu(ll) complexes of the other peptides described above. the N, coordination of histidine. The absence of the 1420
Partial aggregation of the peptide is suggested by the rise ofch™* band indicates that amide groups are not involved in
base line at = 1.0, and the intermolecular association may Cu(ll) coordination. The complete dissociation of Cu(ll) and
be a cause of the blue shift from 607 nmrat 0.5 to 600 concomitant protonation at the amide nitrogens take place

nm atr = 1.0. in a narrow pH range from 6.4 to 6.0. Analogous sharp and
pH Dependence of Cu(HjOP2 ComplexationFigure 7 cooperative transitions of metal binding/unbinding at multiple
shows the Raman spectra of®i(left panel) and BO (right amide sites have been reported for peptides containing

panel) solutions of OP2 (10 mM in peptide, 20 mM in glycine and histidine31). The significant intensity decrease
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FIGURe 7: Raman spectra of J@ (left panel) and BO (right panel) solutions of OP2 (20 mM in octapeptide unit) in the presence of Cu(ll)

(r = 1.0) at varied pH (pD): 8.8, 7.4, 6.4, 6.0, 5.0, and 4.0 from top to bottom. The Raman intensity was normalized by using the 1552

cm! tryptophan band (W3). Solvent Raman bands were subtracted. jtisihd His" denote the Raman bands of histidine bound to
Cu(ll) via the N atom and of histidinium, respectively. For the designations of the other Raman bands, see the caption to Figure 3.

of the imidazole ring breathing mode (1274 <hin H,O
and 1268 cm' in D,O) and the disappearance of the 1502
cm* band in BO solution provide evidence that the Atom

from the amide nitrogens. This observation strongly suggests

that the Cu(Il)-His(N,) coordination in the 1:1 Cu(lh
octapeptide complex at basic or neutral pH is stabilized by

of histidine does not act as a ligand any more. Instead, thethe additional coordination of the adjacent amide groups to

appearance of a new band at 1603 &rfin H,O) indicates
that the N atom (not the N atom) of histidine coordinates
to Cu(ll) at pH 6.0 19) (Figure 2). An intensity increase at
1352 cnmt in the pD 6.0 spectrum is also consistent with
the N.—Cu(ll) coordination of histidine, because a histidine
Raman band around 1350 chngains intensity upon N-
metal coordination in BD (19, 21). As described above, the
C,=Cs stretch of N-deuterated histidine exhibits a wave-
number upshift from 1568 to 1584 cthon metal binding
to either the I or the N atom. The 1584 cmt shoulder
band at pD 8.86.4 remains unchanged at pD 6.0, which
confirms that the Cu(IF-histidine binding persists at pH (pD)
6.0, though the site of ligation is changed from t¢ N..
The switch of the Cu(ll) binding site on the imidazole ring
of histidine is synchronized with the dissociation of Cu(ll)

the same Cu(ll) ion.

At pH 5.0 and 4.0, no indication of amide deprotonation
is observed as was at pH 6.0. The marker of-hetal
coordination of histidine at 1603 cthbecomes less intense
as the pH decreases from 6.0 to 4.0 (Figure 7, left panel).
Concomitant with this intensity decrease, an intensity
increase is seen at 1636 chLikewise, the shoulder band
at 1584 cm? disappears, and a new band emerges at 1605
cmt on going from pD 6.0 to 5.0 in D solution (Figure
7, right panel). The newly observed bands are ascribed to
the G=Cs stretch of histidinium, both Nand N being
protonated or deuterate®1) (Figure 2). The N—C,—N;
symmetric stretch mode of N-deuterated histidinium gives
a sharp characteristic band at 14087¢rmn the spectra at
pD 5.0 and 4.031). Under highly acidic conditions, both
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believed to be the binding site of Cu(llL§—16). It is
interesting to discuss whether the Cu(ll) binding mode of
the octapeptide unit revealed here is applicable to the
octapeptide repeat region in the protein PrP.

In proteins, the main-chain amide is usually neutral
because of its very weak acidityKp~ 15) (28). However,
ionization of the amide group is promoted in the presence
of Cu(ll) when a histidine residue and the N-terminal amino
group are available as primary ligating sit&€§)( Such Cu-

(I1) complexes are formed at the N-termini of serum albumins
and with short peptides that mimic the Cu(ll) binding sites
of albumins (e.g., glycylglycyl-histidine) 8, 32, 33).
FiGure 8: Model for the Cu(ll) binding mode of the octapeptide Amide deprotonation also occurs in Cu(ll) complexes of
unit PHGGGWGQ at neutral and basic pH. Only the C(ll)-bound peptides such as acetylglycylglyayhistidine @4), which

PHGGG segment is shown. The Cu(ll) ion is shaded, and the ; P ; ;
nitrogen atoms are drawn with thick open circles. The PHGGG Eﬁ]sdic:]nlytone Ei”?dail;y I|gi3tlnghsl?r31. T\?Ii Siﬁgt%esititthr?trcﬂ(”)
segment binds a Cu(ll) ion via the histidyl,Natom and the g 1o a hisudine side chain eve e interior of a

deprotonated amide nitrogens of the second and third glycine protein may induce ionization of amide groups nearby. A

residues. The fourth ligand of the Cu(ll) ion may be a water possible factor against such a chelation is steric hindrance

molecule in OP1, OP2, and the extended form of OP4, while it caysed by amino acid side chains and the peptide backbone,

?S‘E‘% %‘? tggzustldyl Natom of another octapeptide unitin the folded o\ 56 metal chelation requires a compact arrangement of
the primary ligation site and amide nitrogerd9,(35). The

PrP octapeptide contains a highly flexible glycine-rich region

adjacent to the primary ligating site (histidine); thereby, the

(I —histidine binding. . ) S
- : ... steric problem may be solved in PrP. The Cu(ll) binding
The change of the Cu(ll) binding mode associated with mode of the octapeptide unit revealed here is likely to be
the pH change may be related to the strong pH dependence

of peptide solubility described under Experimental Proce- applicable to the octapeptide repeat region in PrP.

. . e An equilibrium dialysis study on the entire N-terminal
dures. Above pH 6.4, the Cu(ll) is coordinated by a histidine . S
N, and two amide nitrogens, and the Cu(ll) complex is more domain of human PrP suggested 5#0(4) Cu(ll) binding

or less soluble. However, the complex becomes almostsites per proteinl(5). Another equilibrium dialysis study on
) : ’ o . . . the full-length PrP from Syrian hamster showed saturation
insoluble at pH 6.0, where the histidine side chain provides

metal coordination site ()l but the main chain amide does of the protein by Cu(ll) at about 2 mol equiv of Cu(IB4).

; . Poth human and hamster PrPs contain a tandem repeat of
not. The peptide again becomes soluble upon breakage %our octapeptide units with an analogous nonapeptide on the
the Cu(Il}-His(N;) bond at pH=<5.0. These observations bep 9 pep

suggest that the large decrease of peptide solubilit aroundadjacent N-terminal side. The discrepancy between the two
99 9 . Pep . y dialysis studies could be due to a difference in pH. The
pH 6.0 reflects an aggregation of the peptide caused by

! o9 . . former equilibrium dialysis was carried out at pH 7.4,
intermolecular cross-linking through His{N-Cu(Il)—His-
(N.) bridges. The involverr?ent ofgtwo histidinés) e two whereas the latter was at pH 6.0. The present Raman study

octapeptide units, in the coordination to a Cu(ll) ion is Z%S_zt?;vl tt‘ig;f(‘)crg (I)ec)t(a;e ggﬂﬁalfn; gigizorﬂ "’\‘Nﬁlihclg
supported by the observation that the same precipitation octap p_h h pl f the f dial P 'd
occurred even at= 0.5 and the precipitate at= 0.5 gave consistent with the result of the former dialysis study at pH
a Raman spectrum identical to that obtained from the 7.4 (15), if an additional Cu(ll) ion binds to the nonapeptide

precipitate atr = 1.0 (data not show). The switch of the region as well. At pH 6.0, on the other hand, the Cull)

metal binding site of histidine from No N, in the aggregate amide bonds dissociate, and only the histidine residues
at pH 6.0 mgy be explained by aésumi;wg that tggamgm provide metal coordination sites. This change of the binding

is are located at a longer distance from the peptide main mode causes significant aggregation of the peptide attribut-
. . . . . able to the formation of intermolecular Hi€u—His bridges.
chain than N, is easier to share a Cu(ll) ion with another he i lecul i v be due to the hiah
N, atom of a different peptide chain. The Intermolecular association may partly be due to the hig
peptide concentration (20 mM in octapeptide units) in the
DISCUSSION Raman samples. In highly diluted solutions as employed in
dialysis experiments, however, histidine side chains could
The Raman and absorption spectra reported here havdorm, at least partly, intramolecular Hi€Cu—His bridges
shown that each unit in tandem repeats of the octapeptidewith one Cu(ll) ion shared by two histidines of adjacent
PHGGGWGQ bhinds a Cu(ll) ion via the ,Natom of the octapeptide units. In any case, the number of Cu(ll) binding
histidine side chain and two deprotonated amide nitrogenssites per octapeptide is reduced to half at pH 6.0, and this is
in the triglycine segment at neutral or basic pH. We have consistent with the result of the latter dialysis study at pH
built a possible molecular model for the 1:1 Cufil) 6.0. (14). The pH dependence of the Cu(ll) binding mode
octapeptide complex on the basis of the present spectral dataf PrP may be related to the physiological function of the
(Figure 8). In the model, the histidyl ;Natom and the protein.
deprotonated amide nitrogens of the second and third glycine The content of Cu in the brains of PrRjene-ablated
residues occupy three of the four tetragonal ligand positions. (Prnp®©) mice is greatly reduced compared to those in wild-
PrP contains a tandem repeat of four octapeptide units intype mouse brainslf). The activity of a Cu(ll)-dependent
the N-terminal region, and the octapeptide repeat region isenzyme, superoxide dismutase, is also reduced iRthg’°

N, and N of histidine are protonated, and this inhibits Cu-
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mouse brain 6). These findings indicate that PrP plays a
role in regulating the intracellular Cu concentration in the

brain. PrP is a glycolipid-anchored surface protein and is
recycled between the plasma membrane and endosomal

compartment 7). On the plasma membrane surface, the
neutral extracellular medium may allow each of the four
octapeptide units in PrP to accommodate one Cu(ll) ion. In
acidified endocytic compartments, however, the Cu{ll)
amide bonds would dissociate, and the affinity of PrP to
Cu(ll) would be reduced significantly, resulting in a release
of Cu(ll) ions. The pH-dependent affinity change is expected
to play a role in internalizing extracellular Cu(ll) ions and
in regulating the Cu(ll) concentration in brain cells.

PrP is also known as the infectious agent of transmissible

spongiform encephalopathies including Creutzfelttikob
disease 1, 5, 6). In infected cells, normal cellular prion
protein (PrP) is converted to the protease-resistant patho-
genic form (PrP9 with a change in secondary structure from
o-helix to g-sheet 88—40). Like other membrane glyco-
proteins, PrP is transported to lysosomes for degradation

(42) during recycling between the plasma membrane and

endosomal compartmers®). Although the mechanism of
PrP° — PrP¢ conversion is not yet clarified, it is evidenced

that PrP¢is formed prior to the entry into lysosome$2f
and PrP¢ aggregates mainly in secondary lysosom&3) (

with acquiring protease resistance before exposure to lyso-

somal proteasest{). Recently, Stokel et al. have found

that binding of Cu(ll) promotes the conformational shift of
PrP from a solublex-helical to an insolubles-sheet-rich
structure 14). This result suggests that Cu(ll) ions take part
in the Pri® — PrP¢ conversion. In weakly acidic endosomal
compartments, Cu(ll) would dissociate from the amides in

the

octapeptide region of PtPand the protein would form

intermolecular His-Cu—His bridges. If such a cross-link of
PrP- molecules occurs in the N-terminal region, it may raise

the

probability of proteir-protein contact also in the

C-terminal region, which is considered to be important for

the

conversion of PiPinto Pric (45).
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