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Copper Reduction by the Octapeptide Repeat Region of Prion Protein:
Dependence and Implications in Cellular Copper Uptake
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ABSTRACT. The physiological function of the prion protein (PrP) remains enigmatic despite its established
involvement in the pathogenesis of spongiform encephalopathies. PrP is a glycolipid-anchored membrane
protein, which constitutively recycles between the cell surface and an endosomal compartment. The
N-terminal region of PrP contains a four tandem repeat (OP4) of the octapeptide PHGGGWGQ (OP) that
binds and reduces Cu(ll) ions. We have examined the kinetic properties of the OP4-mediated Cu(ll)
reduction and found that OP4 exhibits the highest reduction activity around pH 6.5, close to the pH in
early endosomes. All four OP units and at least one tryptophan side chain are essential for Cu(ll) reduction.
The reaction is described by an uncompetitive substrate inhibition mechanism involving a 1:1+Cu(ll)
OP4 active intermediate. Structural analysis by Raman spectroscopy has revealed that the Cu(ll) ion is
coordinated by four histidine Natoms in the active intermediate and the feasibility of formation of this
intermediate correlates with the Cu(ll) reduction over a pH range from 5.0 to 8.2. Molecular mechanics
calculations suggest that two tryptophan residues of OP4 are located near the Cu(ll) site, being consistent
with the importance of redox-active tryptophan in the Cu(ll) reduction. PrP has been proposed to capture
Cu(ll) ions in the extracellular space and release them in the endosome. The results of this study strongly
suggest that PrP also plays a role in the reduction of captured Cu(ll) ions prior to their transfer to Cu(l)-
specific intracellular copper trafficking proteins.

The prion protein (PrP)s a synaptic glycoprotein attached
to the neuronal cell surface via a glycosylphosphatidylinositol
anchor {—3). Human PrP after posttranslational modification
comprises 209 amino acids (residues-231), which are
highly conserved among mammak 6). The N-terminal
half of the PrP polypeptide chain is largely unstructured,
while the C-terminal half is folded into a globular structure

containing threex-helices and two shoyt-strands §—9). of residues 3293 from the mouse PrP polypeptide chain
The normal cellular form of PrP is converted tgsheet-  (16) The deleted peptide segment includes a stretch (residues
rich pathogenic isoform, and deposition of the protease- g4_g1) of four sequential copies of the octapeptide sequence
resistant pathogenic isoform in the central nervous SyStemPro—His-GIy-GIy—GIy—Trp—GIy-GIn (PHGGGWGQ), which

is considered to be the key event in the development of fatal is known to bind Cu(ll) ions preferentially over other metal

n_eurode_generanve d|sorders_ such as Creutzf—éla_ikob_ ions (17, 18). Since the octapeptide repeat region of PrP is
disease in humans and spongiform encephalopathy in anlmalshighly conserved in mammalg,(5), its specific affinity for

(1, 10, 11). Despite the progress made in understanding the

The Cu(ll) ion was reported to stimulate endocytosis of PrP,
which constitutively recycles between the plasma membrane
and early endosomes in neuronal cellg<{14). In PrP gene-
ablated mice, a significant decrease in copper content was
observed for synaptosome- and endosome-enriched subcel-
lular fractions of the brain1(5). An analogous decrease of
synaptosomal copper content was also caused by deletion

prion biology and pathology, the physiological function of
PrP still remains unclear.

Several experimental findings suggest that PrP plays a role
in copper uptake from extracellular environmerit2-16).
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Cu(ll) is considered to be of physiological relevance.

The Cu(ll) binding mode of the prion octapeptide repeat
region has been studied extensively by using various analyti-
cal methods including Raman spectroscopy, electron spin
resonance (ESR), and mass spectromei§~Q7). Most
analytical studies showed that the octapeptide unit PHGGG-
WGQ (OP) binds one Cu(ll) ion at pH 78.0 with an
apparent dissociation constant in the low micromolar range
(20—25). Raman spectra further demonstrated that a Cu(ll)
ion is chelated by the imidazolesiNatom of histidine and
two main-chain amide nitrogens of the OP ur0). An

transporter 1; ESR, electron spin resonance; MES, 2-morpholineethane-analogous chelation was later found by X-ray diffraction in

sulfonic acid; OP, prion octapeptide repeating unit PHGGGWGQy, OP
peptide consisting of amtandem repeat of OR & 1—4); OP4(W—A),
mutant of OP4 with all tryptophan residues being replaced by Ala;
PrP, prion proteinR, molar ratio of Cu(ll) to OP4 or OP4(WA).

the Cu(ll) complex of HGGGW, which spans the central
region of OP 28). Mass spectrometry and ESR studies
confirmed that PrP fragments containing a four tandem repeat
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of OP (OP4) can bind four Cu(ll) ions at pH 7.2 23, intensity of the tryptophan residue§o = 5460 M1 cm™1).

28). For OP4(W-A), the peptide concentration was measured
Upon acidification to pH~6, the Cu(ll) affinity of the by using the relative intensity of an N-deuterated histidine

octapeptide repeat region drastically decreass 22). Raman band at 1408 crhagainst a water (BD) Raman

Concomitantly, the Cu(lFramide linkages observed at band at 1204 cmt in acidic DO solution. Then, the fD
neutral pH are broken, and the Cu(ll) binding site on the solution was lyophilized, and the peptide was dissolved in
histidine imidazole ring changes fromzNo Nz (20). The H,O (or in buffer) at desired concentrations. For Raman
pH-sensitive Cu(ll) binding mode, taken together with the spectral samples of OP4(wA), buffer was not used to avoid
endocytic recycling of PrP1¢—14), leads to the proposal possible spectral interference, and the pH of the solution was
that PrP acquires Cu(ll) ions from the extracellular medium adjusted by using HCI and NaOH.

at neutral pH and releases the captured ions in the acidic Kinetic Assays of Cu(ll) Reductiofihe Cu(ll) reduction
endosomal compartment, thus transporting Cu(ll) ions from by OPT-OP4 and by the mutant OP4(WA) was assayed
the extracellular to intracellular space through endocytosis With a Cu(l)-specific chelator, bathocuproinedisulfonic acid
of the protein itself {2—14, 20, 22, 28). Since monovalent  (BC, Nacalai Tesque). BC forms a Cu{lBC, complex and
Cu(|) is the ion that is bound and delivered by copper exhibits a characteristic absorption band at 483 Bfﬂ—(
chaperones to target proteins in the cytoplag8) 80), the 33). In a typical protocol, the reaction was monitored at room
endocytosed divalent Cu(ll) ions need to be reduced to Cu(l) temperatureri a 1 cmquartz optical cell, which contained
in order to be used efficiently in the cytoplasm. Recently, 204M Cu(ll)—Gly: (a 1:2 mixture of CuGland glycine),
Ruiz et al. have reported that the octapeptide repeat region25h uM OPn (n = 1—4, 25u4M in OP unit irrespective of
has an ability to reduce the Cu(ll) ion to Cu(l) at pH 7.4 ), and 360uM BC. The absorbance at 483 nm at a given
(31), though it remains to be assessed whether the octapeptidéime of reaction was converted into the concentration of Cu(l)
repeat region has a Cu(ll)-reducing ability even under acidic Py using the molar extinction coefficient, 12250 Mem™,

conditions such as in the endosomal compartment. of the Cu(l}-BC, complex 84). The concentration of Cu(l)
In this study, we have examined the Cu(ll) reduction of was recordedtaa 5 sinterval within the 16-60 s time range

peptides comprising 24 OP repeating units (OPIOP4) after addition of Cu(ll)._(_:u(_II%GIyz was.e_mployed as a
in a pH range from 5.0 to 8.2. The result clearly shows that SOUrce of Cu_(II) to minimize the turbidity due to the
the four tandem repeat of OP is essential for Cu(ll) reduction formation of msoluble_metaihydroxy and meta+oxy
and the Cu(ll) reduction activity of OP4 is highest at mildly POlymers by free Cu(ll) ions at neutral-to-alkaline ptby.
acidic pH. Structural analysis by Raman spectroscopy hasThe buffer used for preparation of the reaction mixtures was

further demonstrated that the active reaction intermediate is18 mM Z-g_]orpholineethanesulfonic acid (MES) (pH 5.'0
a 1:1 Cu(ll)-OP4 complex, in which the Cu(ll) ion is 6.8) or sodium phosphate (pH 6-8.2) supplemented with

coordinated by four histidine Natoms. These observations 135 mM .NaCI. In the' over'lapping pH region (pH 6:6.8),
the kinetic data obtained in the two buffers were averaged.

strongly suggest that the octapeptide repeat region of PrP iSWh bi i q i )
involved not only in the Cu(ll) transport from the extracel- en ascorbic acid, a common re uptant In enzymatic
lular medium to an endosome but also in the reduction of '€actions, was l.Jsed instead of the pepﬂdes, the _absorbance
the captured Cu(ll) ions to efficiently pass them to Cu(l)- at 483 nm rapidly reached a plateau irrespective of the

ific int Il trafficki ins. solution pH, confirming that the affinity of BC for Cu(l)
specific intracellular copper trafficking proteins and the molar extinction coefficient of the Cu(iBC,

MATERIALS AND METHODS complex are not affected by the solution pH, at least in the
pH range (5.6-8.2) examined here.
Preparation of PeptidesPeptides composed of (n = Raman SpectroscopfRaman spectra were recorded for

1-4) sequential copies of the prion octapeptide (PHGGG- aqueous solutions containing 10 mM OP4{&) and varied
WGQ), (OPn) were synthesized on an Applied Biosystems amounts of CuGlat pH 5.0-8.2. The sample solution was
Model 431A automated peptide synthesizer by using the sealed in a glass capillary tube and excited with the 514.5
9-fluorenylmethoxycarbonyl method. A Trp Ala mutant nm line (40 mW at the sample) of a Coherent Innova 70
of OP4 [[PHGGGAGQ) OP4(W—A)] was also synthesized Ar* laser. The scattered light was collected with a camera
in the same way. The N-terminus of each peptide was lens and dispersed on a Jasco NR-1800 triple spectrometer
acetylated in order to avoid deprotonation and metal coor- equipped with a liquid nitrogen-cooled CCD detector. The
dination at the Pro imino nitrogen. Cleavage of the peptide intensities of Raman spectra were normalized by using the
from the resin and removal of the protecting groups were C—H deformation band at 1455 crh The solvent HO
performed in a mixture of 10 mL of trifluoroacetic acid, 0.75 Raman band at 1640 crhwas subtracted after the intensity

g of phenol, 0.25 mL of 1,2-ethanedithiol, 0.5 mL of normalization.

thioanisole, and 0.5 mL of water for @Pr in a mixture of Molecular Modeling An initial structure of the 1:1
9.5 mL of trifluoroacetic acid, 0.25 mL of 1,2-ethanedithiol, Cu(ll)-OP4 complex was generated by the Biopolymer
and 0.25 mL of water for OP4(WA). The crude peptide  module of Insight 1l 2000/Discover (Accelrys), and energy
was purified by HPLC on a reversed-phase column (Cos- minimization was repeated until the root-mean-square gradi-
mosil 5GgAR, Nacalai Tesque) by using a@0% linear ent fell below 0.1 kcal mott A=L. Then, simulated annealing
gradient of acetonitrile in 0.1% (v/v) trifluoroacetic acid. was performed by heating the energy-minimized structure
Lyophilized powder of the purified peptide was dissolved to 900 K for 5 ps, cooling to 300 K over 10 ps, and
in 100 mM hydrochloric acid and again lyophilized to equilibrating at 300 K for 8 ps36). During the simulated
remove residual trifluoroacetic acid. The concentration of annealing process, all of the peptide bonds were constrained
OP1-0P4 was determined by using the 280 nm absorption to betransto avoid isomerization tais bonds. Each of the
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FIGURE 1: Progress curve of the OP4-mediated Cu(ll) reduction. F'GURE 2: pH dependence of the steady-state velogjiiiriangle)

The concentration of Cu(l) produced is plotted against the time &nd of the concentration of Cu(f) produced in the initial burst phase,
after mixing of 20uM Cu(ll) and 6.25«M OP4 in the presence of (vi — w9 (filled circle), in the Cu(ll) reduction reaction by OP4.
360 uM BC at pH 6.4. The buffer used was 18 mM MES Each data point represents the me#nSD of three to six
supplemented with 135 mM NaCl. The concentration of Cu(l) independent measurements. The assays were performed at6.25
(circles) was determined by using a 483 nm visible absorption band ©P4 and 36(:M BC in 18 mM MES (pH 5.6-6.8) or phosphate

of the Cu(I)-BC; complex €453 = 12250 ML cm‘l). The broken buffer (pH 60‘82) supplemented with 135 mM NaCI The initial
curve shows a trial fit of the experimental data with a single CU(ll) concentration was 20M. The data shown in the pH 60
exponential function representing a simple first-order kinetics. The 6.8 region are averages of the values measured in the MES and
solid curve shows the least-squares fit of the experimental data toPnosphate buffers.

a biphasic progress curve described by eq 1. The slope of the straigh
line att > 25 s gives the steady-state velocity and the intercept

of the straight line at = 0 corresponds to the concentration of

tdependence of the Cu(l) concentration:

Cu(l) produced in the initial burst phase;  vs)r. The points [Cu()] = vt + (v, — vIr{1 — exp(-t/7)} 2
marked with a cross represent the control data in the absence of
OP4. The solid curve in Figure 1 shows the result of least-squares

fitting of the experimental progress curve to eq 2. The good
100 structures generated by repetitive simulated annealingfit between experiment and calculation lends support to the
was solvated usin a 5 A HO shell and then energy biphasic reaction model. Graphically, the slope of the
minimized to a root-mean-square gradient of 0.1 kcalthol  progress curve in the steady state t{at 25 s) represents
A-L A few series of simulated annealing and energy the linear coefficients, and the vertical intercept of the
minimization were started from different initial structures. straight line extrapolated t@¢ = O corresponds to the
The lowest energy structure obtained was selected as the moséxponential coefficient f — vs)r, which represents the
probable model. In molecular dynamics calculations, a time amount of Cu(l) produced in the initial burst phase. Bash
step of 1 fs was used. The Discover3 software package withand (; — vt characterize the biphasic reaction and reflect
the ESFF force field was used throughout the modela)y. ( the Cu(ll) reduction activity of OP4.
All calculations were performed on a Power Indigo2  pH Dependence of Cu(ll) ReductiéFhe Cu(ll) reduction

workstation (Silicon Graphics). by OP4 was examined in the pH 5:8.2 range. Thes and
(vi — vg)T values obtained are plotted as a function of pH in
RESULTS Figure 2, which demonstrates that the optimum pH for the

Cu(ll) reduction is around 6.5 in both the steady state and

, : ; e the burst phase. At pH %, drops to about one-third that at
Cu(l) concentration against the time after mixing of2@ pH 6.5, while it decreases to about one-half atpF4. An

Cu(ll) and 6.25«M OP4 in the presence of 3GIM BC at analogous change with pH is seen fof ¢ vg)7. These

pH 6.4. The control data recorded in the absence of OP4 5 cerations imply that there are at least two factors that
(marked with a cross) indicate that the Cu(ll) reduction is yecrease the Cu(ll) reduction activity of OP4, one effective
exclusively due to the peptide. The progress curve of OP4- 5; girongly acidic pH and the other at neutral-to-alkaline pH.
mediated Cu(ll) reduction cannot be fitted with a single aq 5 compromise of these two opposing factors, OP4
exponential function representing a simple first-order kinetics acquires the highest activity of Cu(ll) reduction at mildly
as indicated with the broken line in the figure. Close geigic pH. Sincess and @ — w9t exhibit similar pH

examination of the progress curve reveals an initial burst of dependence and the steady state lasts much longer than the
Cu(l) production followed by a slower and linear accumula- st phase, we will hereafter use the steady-state velocity
tion of Cu(l). These features of the progress curve suggest,, as a measure of Cu(ll) reduction activity of OP4 and
that the Cu(ll) reduction by OP4 is described as a biphasic rg|ated peptides.

reaction, in which the rate of product formatios) ecays Structural Elements Necessary for Cu(ll) Reductior4

from an initial high value ;) to a steady-state low value  comprises four OP units and shows a significant Cu(ll)
(v5) with an exponential time constant)(as given in the  reqyction activity as described above. To test whether shorter

Cu(ll) Reduction by OP4Figure 1 shows a plot of the

equation 87, 38): peptides have similar properties, we performed Cu(ll)
reduction assays on peptides consisting of one, two, and three
v=vst (v — vy exp(-t/7) (1) OP units, i.e., OP1, OP2, and OP3. In the assays, the

concentrations of OP1, OP2, and OP3 were set to be 25,
Here,t stands for the time after mixing of the reactants. 12.5, and 8.33M, respectively, in order not to change the
Integration of eq 1 provides an expression for the time molar ratio of the Cu(Il)/OP unit from that in the previous
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Ficure 3: Comparison of the Cu(ll) reduction steady-state velocity
vs for control (in the absence of peptide), OP1, OP2, OP3, OP4,
and OP4(W~A) at pH 6.4 (MES buffer) and 7.4 (phosphate buffer).
Data points represent meattsSD (n = 3). The concentrations of
OP1, OP2, OP3, OP4, and OP4{¥&) were 25, 12.5, 8.33, 6.25,
and 6.25«M. The other solution conditions were the same as in
Figure 2.
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Ficure 4: Effects of the initial Cu(ll) concentration on the progress
curve of Cu(ll) reduction by OP4 at pH 6.4 (MES buffer). The
value ofRin the figure stands for the Cu(l1)/OP4 molar ratio. The
concentration of OP4 was 6.28V, and the initial concentration
of Cu(ll) was varied from 3.125 to 2aM. The other solution
conditions were the same as in Figure 2.
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OP4 assays. Figure 3 compares thealues of these shorter
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FIGURE 5: Plot of the steady-state velocity against the steady-
state Cu(ll) concentration [Cu(I)pt pH 6.4 (MES buffer). The
data points (circles) were obtained by assays at 40 different Cu(ll)
concentrations in the presence of 6:28 OP4. The other solution
conditions employed in the assays were the same as in Figure 2.
The broken curve shows a fit of the experimental data with a
Michaelis—=Menten equation, while the solid curve is a fit to the
uncompetitive substrate inhibition model described by eg5.3

16 20

everyR value, suggesting that the reaction is governed by a
common mechanism irrespective Bf The change irR is
reflected in bothvs (the slope of the straight progress line at

t > 25s) and ¢ — vs)t (the vertical intercept of the straight
vsline). In enzyme kinetic studies, the steady-state velocity
is sometimes plotted against the substrate concentration to
get insight into the reaction mechanism. In the present case,
however, a plot ofys against the initial concentration of
Cu(ll) is not appropriate because a significant fraction of
Cu(ll) is readily converted to Cu(l) in the initial burst phase.
The Cu(ll) concentration in the steady state [Cuglig
estimated by subtracting the concentration of Cu(ll) reduced
in the burst phase §( — wvs)7] from the initial Cu(ll)
concentration. The [Cu(llJ]value thus obtained may be
applicable throughout the steady state because the Cti(ll)
Cu(l) change proceeds slowly in the steady state.

Figure 5 shows a plot ofs as a function of [Cu(ll){ at

peptides at pH 6.4 and 7.4 with those of OP4 and in the pH 6.4. The values obs and [Cu(ll)k were obtained by
absence of peptide. None of the shorter peptides reducesnalyzing 40 progress curves observed at varied Cu(ll)

Cu(ll) ions significantly, demonstrating that the tandem
repeat of four OP units is essential for Cu(ll) reduction.

concentrations. Thess value increases with increase of
[Cu(ll)]s at low concentrations of Cu(ll). At high concentra-

Ruiz et al. reported that the replacement of four tryptophan tions of Cu(ll), however, the velocity rapidly decreases, and

residues of OP4 with Ala largely diminishes the amount of
Cu(ll) reduced in a 60 min incubation at pH 7.31). We
examined the time course of Cu(ll) reduction by the Ftp
Ala mutant, OP4(\W-~A), at both pH 6.4 and pH 7.4. The
values obtained for OP4(WA) are compared with those
of wild-type OP4 in Figure 3. The mutation almost destroys
the Cu(ll)-reducing ability of OP4, indicating that at least

one of the four tryptophan residues in OP4 plays a crucial

role in Cu(ll) reduction. Tryptophan is a well-known redox-
active amino acid, and the indole ring on its side chain is
expected to act as an electron donor to Cu@b, 40). The
lack of an electron donor in OP4(WA) may be the reason
this mutant fails to reduce Cu(ll) ions.

Active Speciesin the Cu(ll) reduction assays described
above, the initial molar ratio of Cu(ll) to OP&) was fixed
at 3.2. We have examined the effect Rfon the Cu(ll)

the plot deviates from the usual hyperbolic saturation curve
(broken line in Figure 5) of the Michaetidvienten equation
(41). Such unusual behavior of may be explained by an
uncompetitive substrate inhibition moddi( 43):

Km
nCu(ll) + OP4== Cu(ll),—OP4~ nCu(l) + OP4  (3)

K.
Cu(ll),—OP4+ Cu(ll) = Cu(ll),.,—OP4  (4)
Here, n is the number of active Cu(ll) binding sites per
molecule of OP4 andl is the rate constanK, andK; are
the dissociation constants of the active intermediate Gu(ll)
OP4 and the inactive complex Cu@)—OP4, respectively.
In this model, the reaction velocity is given by the equation
(42, 43):

reduction at pH 6.4. Figure 4 shows the progress curves at

differentR values ranging from 0.5 to 4, i.e., 3.1:285 uM
Cu(ll) against 6.2%M OP4. As shown with solid curves in

Figure 4, the progress curve is well reproduced by eq 2 at

vs = nKOP4L[Cu(ll)] S”/{ K., + [Cu(ll)] s” +
[Cu(n] ™K} (5)
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where [OP4{ is the concentration of OP4 (6.28M). [The

Michaelis—Menten equation is given by settimg= 1 and N/T=R(N ‘o OP4(W-A) 2H 6.4
Ki = o in eq 5.] Nonlinear least-squares fitting of eq 5 to L A ﬁ 3 9
the data plotted in Figure 5 provides the parameter vaiues 80w N/j=(;‘ T ? § T
=1.24+0.1,k=17+1.0min? Ky, =25+ 11uM, and Ee T © AT
Ki = 17 + 13 uM. The calculated saturation curve (solid ! 2 : Sl

I

line in Figure 5) is in good agreement with the experimental
data (circles). The value of is close to unity, indicating
that Cu(ll) is reduced through a 1:1 CutHpP4 intermedi-
ate. Additional binding of a Cu(ll) ion to the reaction
intermediate leads to the formation of a 2:1 Cy(HpP4
complex, which is inactive in Cu(ll) reduction. Possibly,
Cu(ll) ions further bind to the inactive complex, though such
multiple binding is not explicitly incorporated in the model
described above. In any case, formation of inactive com-
plexes will decrease the apparent valuevofAs shown in
Figure 2, theys value decreases at pH 7.4 compared to that
at pH 6.4. Analysis of thess—[Cu(Il)]s relationship at pH
7.4 gave a value oK; (~6 uM; data not shown) which is D
smaller than that at pH 6.4 and indicative of an increased
formation of inactive complexes. The Cu(ll) reduction
activity of OP4 may be linked with the feasibility of E
formation of the active 1:1 Cu(lhOP4 complex. Raman — 7T
spectra provide the evidence for the formation of a 1:1 1700 1600 1500 1400 1300 1200
Cu(l)—-OP4 complex (vide infra). Wavenumber/cm-!

Cu(ll) Coordination in the Actie IntermediateThe kinetic FicURE 6: Raman spectra of OP4(WA) (10 mM, pH 6.4) in the
data reported above have shown that the 1:1 Cu(ip4 absence and presence of Cu(ll). The Cu(ll)/peptide molar rgjio (
complex plays a key role as an active intermediate in the V&S Val‘”;:d .f(;?)m 0(A)t04.0 (E)hThg.Ramén ba”gs assignable to
Cu(ll) reduction. To understand the mechanism of the Cu(ll) 39““ istidine (His), cationic histidine (His N-Cu(ll) coor-

. . el : inated histidine [His()], and the amide | mode of the peptide main
reduction, the structure of the intermediate is very important. chain are indicated with corresponding labels. The 1455'drand
However, in usual cases, reaction intermediates are so shortis due to C-H bend vibrations and is used as an internal intensity
lived and poorly populated that their structures are difficult reference. The bands at 1422 and 1269‘cane ascribed to overlaps
to study without the use of special techniques such as time—g:;?nugﬂ?nba”ds arising from glutamine, histidine, and the peptide
resolved detection synchronized with initiation of the reaction '
or chemical modification that stops the reaction at a selectedof Cu(ll) at R = 0.5, both the 1574 and 1635 cibands
intermediate state. In this study, we have employed the Trp decrease in intensity (Figure 6B). A broad shoulder at 1495
— Ala mutation to capture the intermediate. The OP4¢W) cm™? arising from His and His also loses intensity.
mutant lacks the tryptophan side chains essential for Cu(ll) Concomitantly, a new band appears at 1603 %which is
reduction but retains histidine side chains and the main-chainassignable to the £-Cs stretch of histidine bound to Cu(ll)
amide groups that can be involved in direct interaction with through N [His(z)] (45, 47—49). At R= 1.0, the 1635, 1574,
Cu(ll) (20). Therefore, the Cu(lfypeptide interaction is  and 1495 cm! bands almost disappear, and the 1603 tm
unlikely to be affected by the Trp> Ala mutation, and the  band of His¢) becomes dominant in the 1650550 cnt?
OP4(W—A) mutant is expected to serve as an appropriate region (Figure 6C). As Figure 6D shows, the Raman spectral
model for studying the Cu(ll) binding mode of OP4 in the change is already completedRit= 1.5, indicating that OP4
reaction pathway of Cu(ll) reduction. complexes containing more than one Cu(ll) ion, if any, are

The interaction between Cu(ll) and OP4{¥A) was not populated significantly and the dominant species in the
examined by Raman spectroscopy, which is a useful tool solution is the 1:1 metalpeptide complex suggested by the
for studying metal binding modes of histidine residugg, ( analysis of kinetic data. The Raman spectrum exhibits no
20, 44, 45). Figure 6 shows the Raman spectra of aqueous further change even whedRis increased to 4.0 (Figure 6E).
mixtures of Cu(ll) and OP4(W-A) with metal/peptide molar ~ These observations indicate that only the-MCu(ll) coor-
ratios ®) of 0—4.0 at pH 6.4, where OP4 exhibited the dination is possible at pH 6.4 and all four histidine &toms
highest Cu(ll) reduction activity. The 1574 cfband in of a OP4(W-A) molecule are bound to the same Cu(ll) ion
the spectrum of the metal-free solutidR € 0, Figure 6A) [Cu(I)=Ntz4] in the 1:1 metat-peptide complex. The Cu(ll)
is assignable to the £Cs stretch mode of imidazole side ion in the active intermediate of Cu(HOP4 may also be
chains of four histidine residues in OP4 (one each from coordinated by histidine residues in the same way.

Intensity —

individual OP units) 46). The wavenumber of the &£Cs Structural Origin of the pH Dependence of Cu(ll) Reduc-
stretch band is known to be sensitive to the protonation andtion. The Cu(ll)-reducing ability of OP4 shows a significant
metal binding states at two imidazole nitrogensc(@&hd Nr) pH dependence as shown in Figure 2. The origin of the pH

(45—49). The corresponding band of histidinium (Hjdoth dependence has also been investigated by using OPAW
Nz and N being protonated) is observed at 1635¢ém  and Raman spectroscopy. Figure 7 shows the Raman spectra
indicating that the histidine residues are partially converted of a mixture of Cu(ll) and OP4(W-A) at pH 5.0, 6.4, 7.4,
to His" at pH 6.4 in the metal-free solution. In the presence and 8.2. The metal to peptide molar raRas 3.2, as in the
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X OP4(W-A) R=3.2
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Ficure 8: Model for the 1:1 Cu(Il-OP4 complex obtained by
molecular mechanics calculations. The peptide main chain of OP4
is depicted as a string except for the most C-terminal glycine residue
of the third OP unit (Gly-3). Side-chain atoms are shown only for
tryptophan and Cu(Itligand amino acids for clarity. The number
suffixed to the residue name represents the index of OP unit (1
4) to which the residue belongs.

T T T T T T T T T T I
1700 1600 1500 1400 1300 1200
Wavenumber/cm-! pH >=7.4. In a previous study, we showed that each
Ficure 7: Effect of pH on the Raman spectrum of OP4{}) octapeptide unit of OP4 could form a Cu(H{Nzz, amide’)-

(10 mM) in the presence of Cu(llR(= 3.2). The pH values were  type chelation at neutral-to-alkaline pRQ). If the Cu(ll)—

5.0 (A), 6.4 (B), 7.4 (C), and 8.2 (D). The spectra exhibit the Raman ; ~ ; ; ;
bands due to cationic histidine (Hjs Nz—Cu(ll) coordinated (N, amide’)-type chelation occurs in one or more OP units
histidine [Hist)], N7—Cu(ll) coordinated histidine [His(], depro- ~ Of an OP4 molecule, the OP4 molecule would become

tonated amide (amidg, and the amide | mode of the peptide main inactive in Cu(ll) reduction because large structural rear-

chain as indicated. The 1455 ciband is due to €H bend rangements are needed to form the Cu{Njr,-type active

vibrations and is used as an internal intensity reference. The bandgntermediate. The binding of Cu(ll) to the main-chain amide

at 1422 and 1272 cm are ascribed to overlaps of multiple bands ) . S

arising from glutamine, histidine, and the peptide main chain.  followed by Cu(ll)=(Nz, amide) chelation is likely to be
the cause of the decrease in Cu(ll) reduction activity at pH

kinetic assays. In comparison with the Raman spectrum at>7.4.

PH 6.4 (Figure 7B), the 1603 cthband of His() is weak, Model Structure for the Acte Intermediateln addition

and instead the 1635 cthband of His is more clearly seen  y nigtidine residues, tryptophan residues also play a critical

in the spectrum at pH 5.0 (Figure 7A). These spectral featuresrole in Cu(ll) reduction as evidenced by the complete loss

indicate that a significant fraction of histidine is fully : o . :
: . - of reduction activity upon mutation of tryptophan to alanine
protonated at pH 5.0 and is not available for Cu(ll) binding. (Figure 2). Since i/ryp?tophan is a redo)g(F—)ath)ive amino acid

The conversion from neutral His to cationic Hisust be : -

: X L .. (39, 40), a plausible role of tryptophan is to donate an
responsible for the loss of Cu(ll)-reducing ability at acidic Salectro?n to 516 Cu(ll) ion that i)s/pca?)tured by the Cufll)
pH. Nzt ination i : i

Lo 4-type coordination in the 1:1 metapeptide complex.
8 ;N (T:?nutrr;efg 8; t?f?estGngorérﬁbealfl\éaé?dHE;cz‘TbBés(;r?]Zé4 However, the 1:1 Cu(ll)-OP4 complex is readily decomposed
' 9 _— into the Cu(l) ion and peptide (eq 3). This makes it difficult

weak and a new band grows at 1593€mhe 1593 e’ to experimentally study the structural role of tryptophan in
band is ascribed to the;£Cs stretch mode of histidine with the OP4-mediated Cu(ll) reduction. Here we have investi-

Nzz—Cu(ll) coordination [Hisf)] (45, 47—49). The conver- gated the structure of the 1:1 Cu@pP4 complex by

sion of the Cu(ll) binding site from Wto Nx is supported . . LT
by the appearance of a prominent band at 1277 cwhich molecular mechanics calculations to get insight into the role
of tryptophan.

is also a marker of M—metal coordination45, 47—49). In
conjunction with the change in Cu(thhistidine interaction, Figure 8 shows the lowest energy structure among a few
a significant intensity increase occurs at 1425 tfrigure ~ hundred sterically possible conformers of the 1:1 Cu(ll)-
7C,D), which is ascribed to the=<€0/C—N~ stretching band ~ OP4 complex with a Cu(lfyNzs-type coordination. The

of deprotonated and Cu(ll)-bound main-chain amide (anjide  peptide main chain of OP4 is depicted as a string except for
(50). It is known that divalent metal ions such as Cu(ll) are the most C-terminal glycine residue of the third OP unit (Gly-
capable of inducing deprotonation and metal binding of the 3). Side-chain atoms are shown only for tryptophan and
peptide amide nitrogen at neutral-to-alkaline [B1)( The Cu(ll)—ligand amino acids. The Cu(ll) ion is coordinated
weakening and small shift of the amide | band~at670 by the Nr atoms of four histidine residues (His-1, His-2,
cm! (Figure 7C,D) may be ascribed to a change in the main- His-3, and His-4) at a distance of 2:02.04 A in a square-
chain vibrational mode due to the binding of Cu(ll) to one planar geometry. In addition, the side-chain carbonyl oxygen
or more amide nitrogens. The Raman spectra clearly of the glutamine residue in the first OP unit (GIn-1) and the
demonstrate that Cu(ll) ions are bound to histidirre &hd main-chain carbonyl oxygen of Gly-3 occupy axial positions
main-chain amide nitrogen atoms [Cu(H)Ns, amide’)] at at a distance of 2.422.43 A from the metal center to form
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a six-coordinate tetragonal geometry (or a square-bipyramidal(Trp-1 and Trp-2) are positioned in the vicinity of His-2,
geometry). one of the Cu(ll) ligands, suggesting electron transfer from

Of four tryptophan residues, two belonging to the third redox-active tryptophan to Cu(ll) via the metal-coordinated
and fourth OP units (Trp-3 and Trp-4) are located far away histidine residue. A possible mechanism of Cu(ll) reduction
(~10 A) from the Cu(ll) ion and also from each other. On Mmay be as follows: (1) Trp-2 donates an electron to the
the other hand, the other two tryptophan residues of the first Cu(ll) ion via His-2. (2) The linkage between the reduced
and second OP units (Trp-1 and Trp-2) gather on one sideCu(l) ion and OP4 is weakened because the Cu(l) ion
of the Cu(ll) center, where His-2 is coordinating to the Cu(ll) strongly favors four-coordinate tetrahedral or three-coordinate
ion. The indole ring of Trp-2 is in close contact (2.97 A) trigonal-planar geometries and does not fit in the square-
with the N atom of His-2, suggesting a direct interaction Planar geometry (or the six-coordinate tetragonal geometry)
between the indole and imidazole rings. Furthermore, the Of the Cu(ll) coordination§3, 54). The loosened Cu(l) ion
indole N1 atom of Trp-2 is close (2.94 A) to the indole ring May be released from the complex and captured by Cu(l)-
of Trp-1, which is not in direct contact with His-2. The N1 SPecific ligands such as BC. (3) Trp-2 in the cationic radical
atom of Trp-1, in turn, is exposed to the solvent. Possibly, State extracts an electron from nearby Trp-1. (4) Trp-1, which
Trp-1, Trp-2, and His-2 form a path of electron transfer for is exposed to the solvent, is reduced by exogenous reductants
the reduction of the Cu(ll) ion captured by the histidine in the solution §5, 56). In the present reduction assay, amino
ligands. It is likely that the OP4-mediated Cu(ll) reduction @acid glycine, which was originally bound to Cu(ll), may be
is made possible by the square-planer coordination of four one of such exogenous reductar#g)( The model proposed
His Nz atoms, which increases the redox potential of Cu(ll) here accounts for the importance of tryptophan residues in
(52, 53), and the close arrangement of two redox-active Trp the Cu(ll) reduction. The first cycle of the reaction may
indole rings around one His ligand, which facilitates electron correspond to the initial burst phase of the Cu(ll) reduction

transfer. and the subsequent cycles to the steady state. The decreased
velocity in the steady state compared to that in the initial
DISCUSSION burst phase may be ascribed to the involvement of the

electron transfer process from an exogenous reductant to

The present kinetic assays have revealed that the fourTrp-1 on returning to the initial state.
tandem repeat of the octapeptide unit (OP4) is an essential prp has been proposed to play a role in transporting Cu(ll)
requirement for the peptide-mediated reduction of Cu(ll) jons from the extracellular to intracellular space through
(Figure 3). Shorter peptides OP1, OP2, and OP3 are inactiveendocytosis of the protein itself2—14, 20, 22, 28). Since
although each OP unit can bind a single Cu(ll) ion at pH the octapeptide repeat region of PrP has an ability to bind
=7.4 20-25). The requirement of four OP units is consistent four Cu(ll) ions at extracellular neutral pH but only one
with the structure of the 1:1 Cu(H)OP4(W—A) complex, Cu(ll) ion at endosomal acidic pH, the Cu(ll) ions captured
which corresponds to the active intermediate of the OP4- jn the extracellular space are expected to be released in the
mediated Cu(ll) reduction and has a Cu(ll) ion coordinated endosomal compartmertt§ 22, 23, 28). The released Cu(ll)
by four histidine N atoms [Cu(ll}-Nz4]. The feasibility of  jons, however, need to be reduced to Cu(l) and transported
forming the Cu(ll)-Nz4-type complex may govern the Cu(ll)  to the cytoplasm across the endosome membrane for efficient
reduction activity of OP4. In other words, any factors that yse of the ions. This is because Cu(l), rather than Cu(ll), is
disfavor the formation of the Cu(H)Nzs-type complex  pound and delivered by copper chaperones to target proteins
would decrease the activity of Cu(ll) reduction. OP4 reduces in the cytoplasmic space and intracellular copper trafficking
Cu(ll) ions most efficiently at pH~6.5 because only the  js made in the reduced Cu(l) forn2g, 30). The necessity
Nz—Cu(ll) coordination occurs at this pH (Figure 6). Atmore  of Cu(ll) reduction in the endosome is consistent with the
acidic pH, some histidine residues are protonated to be present finding that Cu(ll) ions are readily reduced by the
cationic His", and the full coordination of four histidine octapeptide repeat region of PrP, in particular in endosomal
residues to a single Cu(ll) ion is hindered, resulting in a loss acidic environments. Although PrP reduces only one Cu(ll)
of reduction activity (Figures 2 and 7A). At neutral-to- jon at a time, all of the Cu(ll) ions that are captured on the
alkaline pH, on the other hand, the peptide main-chain amide plasma membrane surface and released in the endosome may
nitrogen gains affinity for Cu(ll), and each OP unit binds a e, one by one, reduced to Cu(l) by PrP and transported to
Cu(ll) ion by using a histidine k atom and one or more  copper chaperones outside the endosome. Thus, the rate of
deprotonated amide nitrogens [Cut(Ns, amide)] (Fig- Cu(ll) reduction is important for efficient use of the captured
ures 2 and 7C,D). The Cu(HXNx, amide’)-type coordina-  Cu(ll) ions, and we have shown that the reduction is most
tion competes with the Cu(H)Nzs-type coordination, and  efficiently carried out at acidic endosomal pH. It is strongly
the CU(”) reduction activity decreases at neutral-to-alkaline Suggested that PrP p|ays an important role in cellular copper
pH compared to that at pH6.5. The Cu(ll) binding mode uptake by capturing and reducing Cu(ll) ions.
of OP4 is a key factor that determines its Cu(ll) reduction  Transportation of copper across the endosome membrane,
activity. on the other hand, may be performed by the Cu(l)-specific

Molecular mechanics calculations have provided a plau- transporter Ctrl, which is also a membrane-bound protein
sible model for the active intermediate in the Cu(ll) reduction and is endocytosed upon exposing the cell to high copper
by OP4 (Figure 8). According to the model, the Cu(ll) ion concentrations as was observed for P88, (59). The
is coordinated by four i atoms of histidine in a square- coexistence of PrP and Ctrl in an endosome is not unlikely
planar geometry with two carbonyl oxygen atoms as ad- to happen because both proteins are internalized by clathrin-
ditional weaker axial ligands. Another characteristic of the mediated endocytosis that takes place at specific regions of
model structure is that two of the four tryptophan residues the plasma membrane called clathrin-coated 5 §0). It
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is highly probable that PrP reduces the released Cu(ll) ions 18

in the endosome and the reduced Cu(l) ions are transported

by Ctrl to copper chaperones in the cytoplasm. The coupling 19
of PrP-mediated Cu(ll) reduction and Ctrl-mediated Cu(l)

transport may also occur on the plasma membrane surface,

where both proteins are mainly localized. PrP has an ability
to reduce the Cu(ll) ions even at extracellular neutral pH
(Figure 2), and the Cu(l) transport activity of Ctrl is also
significant at neutral pHg1). Metalloreductases coupled with
Ctrl have been identified for yeast Ctrl but not for
mammalian Ctrl Z9). PrP may be a copper reductase
coupled with mammalian Ctrl.
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