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ABSTRACT. The prion protein (PrP) binds divalent copper at physiologically relevant conditions and is
believed to participate in copper regulation or act as a copper-dependent enzyme. Ongoing studies aim at
determining the molecular features of the copper binding sites. The emerging consensus is that most
copper binds in the octarepeat domain, which is composed of four or more copies of the fundamental
sequence PHGGGWGQ. Previous work from our laboratory using PrP-derived peptides, in conjunction
with EPR and X-ray crystallography, demonstrated that the HGGGW segment constitutes the fundamental
binding unit in the octarepeat domain [Burns et al. (20B@chemistry 413991-4001; Aronoff-Spencer

et al. (2000)Biochemistry 3913760-13771]. Copper coordination arises from the His imidazole and
sequential deprotonated glycine amides. In this present work, recombinant, full-length Syrian hamster
PrP is investigated using EPR methodologies. Four copper ions are taken up in the octarepeat domain,
which supports previous findings. However, quantification studies reveal a fifth binding site in the flexible
region between the octarepeats and the PrP globular C-terminal domain. A series of PrP peptide constructs
show that this site involves His96 in the PrP{936) segment GGGTH. Further examination by X-band
EPR, S-band EPR, and electron spatho envelope spectroscopy, demonstrates coordination by the His96
imidazole and the glycine preceding the threonine. The copper affinity for this type of binding site is
highly pH dependent, and EPR studies here show that recombinant PrP loses its affinity for copper below
pH 6.0. These studies seem to provide a complete profile of the copper binding sites in PrP and support
the hypothesis that PrP function is related to its ability to bind copper in a pH-dependent fashion.

Prion diseases are fatal neurodegenerative disorders of botlencephalopathy (BSE) with subsequent penetration into the
humans and animald). The causative agent is an isoform human population as variant Creutzfeldt-Jakob disease
of a normal, host-encoded membrane glycoprotein called the(vCJD) @).

prion protein (PrP}.The normal cellular isoform (PHpis PrF is found in all mammals and avian species, yet its
the precursor to the pathogenic, protease-resistant isoforrmormal physiological function has not as yet been determined.
termed Prf, which is responsible for homologous patholo- However, the recently discovered ability of Pri bind
gies within its individual hosts. With rare but notable divalent copper (Ct) in vivo and in vitro suggests that its
exceptions, prion diseases respect the species ba2ri@:. (  normal function is related to copper homeostasis or to copper-
Among these exceptions is the transmission of disease fromdependent enzyme functioB-13). One recent study finds
scrapie-infected sheep to cattle, producing bovine spongiformthat Ci#* stimulates PrP endocytosis, perhaps suggesting that
the role of PrP is to shuttle C&" from the synaptic space
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absorption fine structure; DEPC, diethylpyrocarbonate. tured while the C-terminal segment, residues 1281,
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adopts a globular fold composed of thredelices and two
shortS-strands. It is now recognized that most?Cbinding
takes place in the PfPN-terminal region, which, in most

Biochemistry, Vol. 42, No. 22, 20085795

glycine (5N, 98+ %) was obtained from Cambridge Isotope
Laboratories, Inc.
Protein Expression, Purification, and Refoldingyrian

humans, contains four sequential copies of a highly conservednamster PrPs consisting of residues-231 and 96-231

octarepeat sequence PHGGGWGQ spanning residues 60

were expressed in a protease-deficEestherichia colstrain

91. Several studies have shown that this segment selectivel(27C7) under the control of the alkaline phosphatase

binds Cd*" over other divalent metal ion specieg; (1, 23,
24).

Using EPR, CD, and X-ray crystallography, we recently
investigated the mode of €ubinding in the PrP octarepeat
domain , 10). Consistent with most other studies, we found
a Cu'/octarepeat stoichiometry of 1:1 at pH7. At reduced
pH, the octarepeat domain loses its affinity for copper,

promoter, as described elsewher25)( The cells were
homogenized by a microfluidizer (Microfluidics Corp.), and
the insoluble fraction containing rPrP was pelleted by
centrifugation. The pellet was solubilized 8 M GdnHCI
and 100 mM DTT. The solubilized material was purified by
size exclusion chromatography 6 M GdnHCI, 1 mM
EDTA, and 50 mM Tris-HCI, pH 8 and then reverse-phase

consistent with the proposal that PrP may function as a sensochromatography using a C4 column (Vydac) with an aceto-
or transporter that operates through PrP endocytosis_ Ourﬂltl’l'E/Water gradlent. The pOO|Ed fractions containing rPrP

studies further demonstrated that the peptide unit HGGGW,

were lyophilized and then solubilized B M GdnHCI. For

contained in each octarepeat sequence, is the fundamentdiefolding, these samples were diluted to a final concentration

CW?" binding site. Within the HGGGW segment, copper is
coordinated by a nitrogen of the His imidazole, two depro-
tonated backbone nitrogens from the following glycines, and
the amide carbonyl of the second glyciri®); In addition,

the Trp indole hydrogen bonds to an axially coordinated
water molecule 10). When fully copper-loaded, each
HGGGW unit binds a single Ct and is separated from the
next C#"-HGGGW segment by an intervening GlIn—

Pro linkage. Amide coordination is pH sensitive and thus
explains why PrP loses its affinity for copper below pH 6.

Here we focus on the interaction of copper with full-length

recombinant PrP. There are two goals of this present study.
! o9 'SP ! gCD spectrum of rSHaPrP(2231) in 25 mM N-ethyl-

First, we wish to examine whether the binding mode an
stoichiometry identified using peptides derived from the
octarepeat domain is the same in the full-length protein.
Second, there have been reports suggesting that PrP contai
an additional copper binding site outside of the octarepea

domain; we therefore seek to use EPR methods to identify
and characterize this site. Comparative experiments per-

formed on full-length rSHaPrP and rSHaPrP{&B1),

devoid of the octarepeat domain, indeed corroborates previ-

ous stoichiometry studies showing that full-length protein
binds approximately five copper ions per protein with one
of the copper sites outside of the octarepeat doni#niQ3).

of 100 ug/mL in 25 mM Tris-acetate, pH 8, and 5 mM
EDTA. The solution was dialyzed against 20 mM sodium
acetate, pH 5.5, and 0.05% NaMnd concentrated by
ultrafiltration. Prior to use in experiments, protein solutions
were spun in a microcentrifuge for 20 min and the super-
natant was passed through a Qu®2 Whatman Anatop filter.
The filtered solution was then used immediately.

To ensure that rSHaPrP(2231) remained properly folded
in the buffer used for EPR experiments, CD spectra were
acquired on an Aviv 60DS spectrometer at 291 K. A 0.1-
cm path length cell was used for spectra recorded between
200 and 260 nm, sampling points every 1.0 or 0.5 nm. The

morpholine (NEM) and 20% glycerol (v/v) pH 5.5 (data not
shown) is nearly identical to that reported by &el et al.

rl both spectral shape and mean residue molar ellipticity
t(11). The conditions used for the latter CD wereuM

rSHaPrP(29-231) in 50 mM sodium acetate at pH 6. Raising
the pH to 7.4 does not alter the CD spectrum although the
solubility of rSHaPrP(29231) decreases significantly. To
ensure that glycerol did not adversely affect the secondary
structure, the CD of rSHaPrP(2231) was obtained in 25
mM N-ethylmorpholine buffer pH 5.5 and reproduced the
results for the experiment with 20% glycerol.

Variable pH studies demonstrate that recombinant Prp Protéin and Peptide Concentration Determinati€on-
exhibits affinity for copper only above pH 6.0, as found with Céntrations were determined by aquiring 8Vis spectra

octarepeat peptides. Next, using a series of peptide constructs?

along with S-band EPR and electron spatho envelope
modulation (ESEEM), we mapped specificwontacts in
the site outside of the octarepeat domain. Interestingly,
although this specific copper site may bind independently,

it demonstrates a unique ability to influence the cooperative

binding of the entire N-terminal copper binding regids). (
In conjunction with previous work, this present study

advances the understanding of the molecular features of the

copper binding sites in full-length recombinant PrP and thus
may provide an essential foundation for evaluating the
normal physiological function of the prion protein.

MATERIAL AND METHODS

Peptide SynthesisAll peptides were prepared with an

f samplesn 6 M guanidine hydrochloride. The extinction
coefficient for tryptophan at 280 nm was taken to be 5609
M-t cm™L. The extinction coefficients for GGGTH and
PrP(106-116) at 214 nmn 6 M guanidine hydrochloride
were determined, by amino acid analysis, to be 7914 and
13407 Mt cm™, respectively. The Molecular Structure
Facility at the University of California, Davis, performed
amino acid analysis.

Electron Paramagnetic Resonance (EPR) Spectroscopy.
All samples were prepared with degassed buffer containing
25 mM NEM and 20% glycerol (v/v) in which the glycerol
served as a cryoprotectant. X-band spectra (9.43 GHz) were
acquired using a Bruker ESP380 spectrometer and g, TE
cavity equipped with variable temperature contr&iCu
(99.62%, Cambridge Isotope Laboratories) was used to avoid
inhomogeneous broadening of the S-band EPR lines that

acetyl group at the N-terminus and amidated at the C- would otherwise be present with the mixture of naturally
terminus. Methods for synthesis, purification, and charac- occurring isotopes. S-band spectra (3.5 GHz) were acquired
terization have been described previous8). (N-Fmoc- in DO solution at 133 K using a loop gap resonator as part
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Ficure 1: Integrated EPR signal intensity as a function of titrated
Cu?t at pH 7.4 for rSHaPrP(29231). The protein concentration *

is 21um, and the copper ion concentration is reported in equivalents L . . ! ! L |
per protein. All data collected at 85 K. 2400 2600 2800 3000 3200 3400 3600

of a specially designed spectrometer housed at the Bio- Magnetic Field (Gauss) .
medical ESR Center at the Medical College of Wisconsin. FIGURE 2. X-band EPR spectra of 24m rSHaPrP(29-231) with

) . varying equivalents of Cu at pH 7.4. The two different species
Three-pulse ESEEM measurements were obtained at 4.2 Kare indicated with numbered grids at top, where 1 highlights the

on an X-band pulsed-EPR spectrometer. The instrument, gominant signal at high Cti load and 2 highlights the signal present
cavity, and resonator were constructed in-house and haveat low Ci#* load. The arrow at bottom indicates the region where
been previously describe@§, 27). Data were obtained at  an additio?} featt)ure is presellnt ?5 and 6 eqUi; of addéd-”@ﬂcg -
gn, the point of greatest spectral intensity (3280 G at 9.47 SPectrum has been normalized to unit area. Spectra collected at
GHz). Data processing to attain frequency domain spectraK’ vo = 9:43 GHz, and a sweep width of 1200 G.

for 3-pulse ESEEM was carried out using software described yatermine the amount of spin-active Tubound to

in previous work £8). Experimental parameters for all pulsed  (sHaprp(29-231), quantitative spin integration was deter-
experiments are provided in figure legends. mined at each point. The result, shown as a ratio &t Qo
Determination of C&" Binding StoichiometryCopper PrP along they-axis, was found to be 5.3 1.1 equiv of
titration; were monitored by EPR in frozen solution at 85 copper. The close agreement between the added copper and
K. Solutions of CuGl were made in NEM buffer such that  at detected by spin integration suggests that all of the bound
5 uL additions would deliver the equivalents of copper copper is paramagnetic with little evidence for a diamag-
necessary for the given titration. The pH of the copper stock petically coupled species. These data demonstrate that PrP
was adjusted to 7.4 so that the pH of the peptide solution pi\4s petween 5 and 6 equiv of &t pH 7.4, a result that
would not vary during thg titration. Theaxis for the titration is in agreement with other studiek 13), with no evidence
of each protein or peptide was generated by performing & ot magnetic exchange interaction among the copper centers.
standardizing titration of the Gt solution into a 25 mM There are noticeable differences among the spectra of
imidazole solution at pH 7.4. Under these conditions, afi"Cu rSHaPrP(29-231) at low versus high Cti load as shown
delivered by each titration step can be quantified. Copper j, Figure 2. At 1 and 2 equiv of Ct, the spectra consist of
concentrations were determined by comparison to a standardg; |east two distinct EPR signals. The feature with the highest
End point concentrations, which were used to ascertain theparallel g: value loses intensity with additional &u
binding equivalence, were aided by fitting the low and high Interestingly, the titration behavior of rSHaPrP¢2B1)
[Cu?*] regions of the curve to a linear function. The total closely parallels that of PrP(228,57-91), a peptide
bound Cé" was quantified by spin integration and com-  gncompassing only the octarepeat dom@)nThe observed
parison to accurate standard solutions containingf @u10 spectral changes argue that at low?Cooncentrations, PAP
mM imidazole at pH 7.4. coordinates copper in a manner that is distinct from that
RESULTS observed in the fully bound comple®)( Subtle changes in
the gp region around 3400 G are apparent in rSHaPrP(29
CWw?" Quantification by EPRUsing methods developed 231) at 5 and 6 equiv of Cu.
previously @), EPR spectra were obtained as a function of  To search for the location of the additional ibinding
titrated Cd" to determine the metal ion to PrP binding sites outside of the octarepeat domain, we examined
stoichiometry. Titration results from a solution containing rSHaPrP(96-231), which is composed of the flexible region
21 uM rSHaPrP(29-231) at pH 7.4 are shown in Figure 1. beyond the octarepeats and the ordered PrP C-terminal
The titration curve increases in an approximate linear fashion domain. Spectra of a 15# protein solution as a function
up to a saturation point along thxeaxis at 5.9+ 1.2 equiv of added copper are shown in Figure 3. At 1.0 equiv of'Cu
of added copper. (Note that aqueous*Cat pH 7.0 and rSHaPrP(96-231) binds 0.8+ 0.2 equiv, giving rise to a
above forms EPR silent [Cu(OH) and thus does not spectrum with a significant negative peak on the high field
contribute to the observed spectrum or its integ8l) (To edge of the perpendicular region. With continued addition
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Ficure 3: X-band EPR spectra of 15i#n rSHaPrP(96231) with

varying equivalents of Ct at pH 7.4. Spectra collected at 85 K,
vo = 9.43 GHz, and a sweep width of 1200 G.
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Table 1: PrP-Derived Peptide Sequences

PrP(23-28,57-98) KKRPKPWGQ(PHGGGWGQBEGGTHNQ
PrP(23-28,57-91) KKRPKPWGQ(PHGGGWGQ)

PrP(90-116) GQGGGTHNQWNKPSKPKTNMKHMAGAA
PrP(90-101) GQGGGTHNQWNK

PrP(106-116) KTNMKHMAGAA

PrP(92-96) GGGTH

PrP(94-96) GTH

Biochemistry, Vol. 42, No. 22, 200%797

of these PrP-derived constructs are reported along with the
results from the recombinant proteins in Table 2 and Figure
4. As reported previously, the octarepeat-containing peptide
PrP(23-28,57-91) binds 3.8+ 0.8 equiv of C&" (9).
PrP(23-28,57-98), composed of the octarepeat domain and
the intervening region between the octarepeat domain and
the globular C-terminus, binds 52 1.0 equiv, consistent
with the full-length protein. The histidine residue at position
96 most likely constitutes the focal point for the newly
identified binding site outside of the octarepeat domain. The
peptides PrP(90116), PrP(96-101), PrP(106116), and
PrP(92-96) are C-terminal to residue 90, and, in the presence
of excess metal ion, each coordinates approximately one
equivalent of copper with the exception of PrP{A6),
which weakly binds an additional copper, consistent with
the titration of rSHaPrP(96231) (Table 2).

pH-Dependence of CtiBinding. The interactions between
Cu?t and the PrP-derived peptides are strongly pH dependent.
The X-band spectra of full-length rPrP, approximately 39
uM, with 6 equiv of C@" at several pH values between 7.4
and 5.5 are shown in Figure 5. Examination of the spectra
shows that as the pH is decreased, the low field hyperfine
lines in the parallel region change significantly (Figure 5).
The measured shifts @y andA, reflect changes in the ligand
environment of the copper ion. Starting at pH 7.40, the
spectrum has three dominant peaks in the parallel region with
o1 = 2.22 andA; = 541 MHz (174 G). Reducing the pH to
7.06 and then 6.20, there is a decrease in intensity ofjthe
= 2.22 lines with a concomitant increase in intensity of a
new low field set of lines. At pH 5.95, individual peaks are
difficult to assign in the parallel region due to the presence
of broad overlapping signals, indicating that several species

of Ci#*, another signal emerges with a prominent minimum- are present. At pH 5.55, the spectrum has four dominant
just above 3300 G. This species grows in slowly and does peaks withg, = 2.41 andA, = 408 MHz (121 G), which is

not saturate until approximately 5.0 equiv of LCuAt this
point, integration indicates that rSHaPrP{®B1) has taken

characteristic of aqueous copper. The spectrum of a control
Cu?* sample at pH 4.00 is shown at the bottom of Figure 5

up 2.0 equiv. Because the first site takes up added copper infor reference. Although the parallel region of the spectrum
a nearly quantitative fashion, the dissociation constant for of rprp at pH 5.55 is indicative of aqueous copper, the
this site is likely to be in the low micromolar range, as found differences irng- region demonstrate that a small amount of
with binding sites in the octarepeat domain. (Because of the C(2+ may still be bound to the protein. Thus, full-length rPrP
rPrP and copper concentrations used, it is difficult to use releases the majority of its €uby pH 5.55. A similar pH-

EPR to quantify this specific dissociation constant. See ref dependence for Gt-binding was observed for PrP(228,
9.) The second site, however, exhibits a much lower affinity. 57—-91) ().

Using the EPR integration at 3.0 and 4.0 equiv, thé'Cu

EPR Spectra of the Copper Site Outside of the Octarepeat

dissociation constant was estimated to be approximately 500pomain. The library of PrP-derived peptides was further

uM. This affinity is probably too low to be of physiological

examined to search for the additional C-terminal copper-

significance and may reflect nonspecific binding, and thus pinding site in the flexible region, approximately residues
further characterization of this site was not pursued. Taken go—128, that intervenes between the octarepeat domain and

together, these data demonstrate that rSHaPHZ30) binds

a single additional copper ion with a micromolar affinity

the well-ordered globular, C-terminal domain. Spectra ob-
tained from PrP(96116) at pH 7.4 as a function of added

similar to that observed for the octarepeat domain (see alsoc 2+ are shown in Figure 6. At 0.5 equiv &y the spectrum

Table 2).
To identify the residues participating in the rSHaPrP{90

is very similar to that of rSHaPrP(9@31) with 1 equiv of
Cw?*. Superhyperfine splitting is observable in teregion.

231) copper site, a series of peptides were prepared. TheséJpon further addition of Ctf, the high field peak decreases

constructs, and PrP(228,57-91) from our previous

in intensity with loss of resolution of the prominent negative

studies, are listed in Table 1. Figure 4 shows the sequentialdoublet between 3300 and 3400 G.

relationship of these peptides and rSHaPrP(281) to full

The peptides PrP(960101) and PrP(106116) represent

length PrP. Since polypeptide N-terminal amines can directly N-terminal and C-terminal segments of PrP{dd6), re-

bind copper, all peptides were chemically blocked with an spectively, where each segment contains a single histidine.
acetyl group (Ac) at the N-terminus. Further, the C-terminus The three peptides were examined in the presence of excess
of each peptide was protected as an amide to avoid a non-copper and the EPR spectra are shown in Figure 7. The
native backbone charge. The copper binding stoichiometry spectrum obtained from PrP(9Q01) is nearly identical to
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Equivalents of
Sequence Name Cu® Bound Sequence Location

Octarepeat Region

23 28

60 9 96
PrP(23231) ST (PHGGGWGQ), |GGETH|

PrP(90-231)
PrP(23-28,57-91)
PrP(23-28,57-98)
PrP(90-116)
PrP(90-101)
PrP(106-116) <
PrP (92-96)

PrP(94.96) - —

Ficure 4: Schematic of full-length PrP with the sequence of the octarepeat and other important regions included. Aligned directly below
are the PrP-derived protein and peptide segments used in this study. Theimiling stoichiometry for each protein or peptide is given

on the left. *These peptides are capable of binding an additional equivalent?ofaChigh copper concentrations, thus indicating site(s)

with low affinity.

116 . 231

-
= Ao g a2

Table 2: C@* Binding Stoichiometries of Proteins and Peptides
Determined by EPR

protein or peptide equiv Gt bound determined by EPR
rSHaPrP(29-231) 53+ 1.1
rSHaPrP(96-231) 0.8+ 0.2
PrP(23-28,57-98) 52+ 1.0
PrP(23-28,57-91) 3.8+0.8
PrP(906-116) 0.8+ 0.2
PrP(96-101) 1.1+ 0.2
PrP(106-116) 0.7+ 0.1
PrP(92-96) 0.8+0.2

aError from spin integration, protein concentration determination,
and pipetting is estimated at 20%. Except where noted, values were
determined by either titration or by quantitative signal integration after
addition of excess coppetThese constructs can take up an additional
copper if the metal ion is added at several-fold excess. The binding
stoichiometry reported was determined with 1.0 equiv addett.Cu

L 1 1 1 1 1 ]
2400 2600 2800 3000 3200 3400 3600

Magnetic Field (Gauss)

FiIGUrRe 6: X-band EPR spectra of PrP(©Q16) with indicated
equivalents of C#" at pH 7.4. Spectra collected at 85 K =
9.43 GHz, and a sweep width of 1200 G.

pH 7.40

pH 7.06

superhyperfine splittings in thg; region. Alternatively, the
spectrum of PrP(106116) is distinct from the previous three
in Figure 7. A 1:1 sum of the spectra of PrP{2001) and
PrP(106-116) yields a spectrum (not shown) nearly identical
to that of PrP(96-116), demonstrating that there are two
. distinct binding sites at high copper concentration.
T g The EPR spectrum of PrP(9®6), which corresponds to
the residues GGGTH, is identical to that of PrP{am1)
and thus further identifies the copper ion binding site. Here,
even the ligand superhyperfine splittings match exactly. Last,
the tripeptide GTH exhibits a spectrum that shares similarities
\ . . . . 1 . in theg, region but has significant differences in tiperegion
2400 2600 2800 3000 3200 3400 3600 when compared to PrP(9@16) and PrP(9296). Because
Magnetic Field (Gauss) spectra of this tripeptide did not match that of the longer
Ficure 5: X-band EPR spectra of 3@m rMoPrP at pH values  constructs, detailed spin integration was not pursued.
ranging from 7.40 to 5.55. (Note: mouse PrP was used due to  \agnetic parameters obtained from the spectra displayed
availability; sequence differences in the copper binding regions are reported in Table 3. According to the Peisach-Blumberg

between the mouse and hamster sequences are minor.) The spectru .
of aqueous Ci at pH 4.00 is shown at bottom for reference. tables, theg, andA, values for PrP(9296) are in the range

Spectra collected at 85 Kj = 9.43 GHz, and a sweep width of ~ expected for equatorial coordination of three nitrogen ligands
1200 G. and one oxygen ligand (3N 10) or four nitrogen ligands (4N)

(29). Superhyperfine couplings can also provide information
that of PrP(96-116) with 0.5 equiv of C& (Figure 6), and about the number of nitrogen ligands around &'Catom.
rSHaPrP(96-231) with 1 equiv of Cét. The only noticeable  Nitrogens directly coordinated to €u typically have
difference is that PrP(90101) has significant resolvable couplings between 10 and 15 &0 31). The spectra of both

pH 6.20

pH 5.95

pH 5.55

-
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rSHaPrP(90-231)

with 1 Eq. Cu’ PrP(90-116)

PrP(90-116)

PrP(90-

101)
PrP(106-116)
PrP(92-96)

GTH

PrP(90-101)

Fourier Transform Amplitude

PrP(92-96)

L n L L 1 L L 1 L L L L L
2.0 4.0 6.0 8.0 10.0

Frequency (MHz)
. . . . . . . FIGURE 8: Three-pulse ESEEM spectra for Ctoaded PrP(96

2400 2600 2800 3000 3200 3400 2600 116), PrP(96-101), and PrP(9296) at pH 7.4 obtained at X-band.

Spectra were obtained at 4.2 K from tiperegion of the spectrum
Magnetic Field (Gauss) with 7 = 150 ns.

Ficure 7: X-band EPR spectra of rSHaPrP{9®B1) with 1 equiv

of Ci?* plus PrP(96-116), PrP(96-101), PrP(106-116), PrP(92 relevant. Further work will be needed to determine the exact
96), and GTH all with excess €U, at pH 7.4. Spectra collected at  nature of this component.

85 K, vp = 9.43 GHz, and a sweep width of 1200 G. ESEEM and S-Band EPRhe X-band EPR studies above
indicate that the high affinity C-terminal binding site is
contained within the sequence GGGTH. To aid in identi-

Table 3: EPR Parameters for All EuComplexes at pH 7.4%

0.06 fication of the specific contacts involved in &ucoordina-
AP tion, three-pulse ESEEM spectroscopy was perforndd (
sequence ge MHz (G) 33). ESEEM spectroscopy is a pulsed EPR technique that
rSHaPrP(29-231y 2.22 541 (174) detects spin-active nuclei within approximately 10 A from
ﬁﬂé’?ﬂ?if&% 22% iﬁéé ((llz_)éé)) a parc"ﬂnagnetic_ center. For copper, ESEEM _transitions a_rise
Prp(2}28:57_91) 53 493 (158) from “N n.uclel the_xt are not dlrectly_ coo.rd|.nate.d fo this
PIP(90-116) 599 544 (175) center. T_h|s tgchnlquc_a is ideal for |denylfy|ng imidazole
PrP(96-101) 221 588 (190) coordination via detection of the remote nitrogen. We found
PrP(106-116) 2.23 518 (166) that the solubility limit for the Ctf-loaded, full-length
gfp(92‘96) 2.21 588 (190) recombinant PrP at pH 7.4 is below the detection limit for
rP(94-96) 2.23 562 (180) ESEEM spectroscopy, but the technique can be used to
2The error in all reported values is less thas 0.01.° Error in A examine the PrP-derived peptides. Spectra for full§*Cu

values+ 6 MHz (£ 2 G).¢Values reported for dominant spectral loaded PrP(96116), PrP(96-101), and PrP(9296) are
feature. shown in Figure 8. The spectra are nearly identical and have
features that are characteristic of coordination by a single
Prb(96-101) and PrP(9296) reveal at least eight discernible  histidine imidazole. In addition, the three peptides gave
lines with splittings of 16+ 1 G. This supports the above  simjlar modulation amplitudes in the time domain (data not
assignment that at least three nitrogens coordinaté.Cu  shown), indicating that the same number of imidazoles in
Upon closer examination, peptides PrP{4®1) and each case coordinates copper. This finding, in conjunction
PrP(92-96) reveal an additional feature at 3150 G suggestive with the lack of combination lines, which should arise in
of two coexisting species. Because?Clinding is highly the case of multiple histidine coordination, is indicative of
pH dependent, all of the peptides of Figure 7 were examinedsingle imidazole binding to each copper in the-906
from pH 7.2 to nearly 8.0 and PrP(9@31) was examined  region.
from 7.2 to 7.5 (data not shown). Indeed, at pH approaching To further investigate the possibility of multiple His
8.0, a new spectrum characterized by laryevalues 200 coordination, ESEEM spectra were obtained at multiple
G) emerges. The presence of this species explains thevalues (146-240 ns in 20-ns increments) to determine
anomalously large values & measured for PrP(90101) whether the absence of combination bands was from signal
and PrP(92-96) in Table 3. While the model peptides are suppression characteristic of the three-pulse experiment.
quite sensitive to pH, the spectrum of PrP{®B1) does Examination of the spectra (data not shown) did not reveal
not vary significantly over the pH range tested. Despite the any new spectral features. Moreover, the ratio of the
agreement between PrP{9R31) and peptides containing modulation amplitude to the total echo amplitude remained
residues 9296, the differential behavior as a function of constant in time domain data. We do note, in Figure 8, two
pH suggests that the peptides are imperfect models and thavery weak absorption signals at approximately 2.0 and 3.0
the full PrP C-terminal domain offers additional stabilizing MHz. While these likely arise from single quantum transi-
features in its nonoctarepeat binding site. Because the secontions in the noncanceled electron spin manifold, we cannot
species observed in the peptides does not dominate belowule out weak coupling from a neighboring nonbonded
pH 8.0, at this juncture, we do not believe it is physiologically nitrogen. Regardless, these weak signals are unlikely to arise
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GGGTH). If the multiplet was due solely to equivaléfl
interactions, one should observe an odd multiplet pattern.
An even multiplet can arise from inequivaletN super-
hyperfine interactions or an additional 1/2 spin, possibly
from a nearby proton. In most cases, there is only small
variance in the magnitude of hyperfine couplings for directly
coordinated nitrogen atoms. Alternatively, there is good
precedent for proton coupling to metal centers (see discussion
in ref 9). Since all S-band spectra were obtained ¥OD
GGGTH solution, antH coupling likely arises from a nonexchangeable
proton within the peptide.

As reported previously9), S-band spectra of PrP(23
28,57-91) produced no observable splittings. It is possible
that inhomogeneous broadening masks the multiplet pattern.
GeGTH Given that fully loaded PrP(2328,57-91) contains four

CW?' ions, weak dipolar interactions between the paramag-

T netic centers may contribute an additional source of in-
900 920 940 960 980 1000 1020 homogeneous broadening that is not canceled in them
Magnetic Field (Gauss) —1/2 line at S-band. Unfortunately, solubility limita-

FIGURE 9: The m = —1/2 line from S-band EPR (3.5 GHz) of  tions prevented us from examining rSHaPrP{281) and
Cw-loaded PrP(96101), GGGTH, and'®*N-labeled GGGTH rSHaPrP(96-231)

peptides at 133 K!*N-labeled amino acids are underlined. For ’

GGGTH, a change in multiplet structure is only observed when

the last glycine is!®N-labeled, demonstrating that this nitrogen DISCUSSION

coordinates Cif.

PrP(90-101)

»

GGGTH

GGGTH

The findings reported here demonstrate that rSHaPP(29

from multiple His coordination since they are seen in all 231) takes up approximately five copper ions in its fully
three peptides of which only one has two His residues l0aded state. The protein takes up a sixth copper only if the
(PrP(90-116)). Finally, we note that ESEEM were recorded Metal ion is added in significant excess. Comparing the
at various pH values to determine whether the two coexisting COPPer stoichiometry of rSHaPrP(2231) and rSHaPrP(99
species observed in Figure 7 had different His coordination 231) shows that four equivalents are in the octarepeat
profiles. However, no pH dependence was observed. Takendomain, composed of four PHGGGWGQ segments, and the
together, these findings strongly suggest that‘@oordina-  fifth copper binds beyond residue 90. rSHaPrP{291) was
tion in PrP(96-231) involves only His96. evaluated for its ability to bind copper as a function of pH.
The X-band spectra of PrP(9001) and GGGTH both ~ AS found previously for peptides corresponding to the
revealed superhyperfine splittings indicative of coupling to octarepeat domain, the full-length protein is only able to bind
more than a single nitrogen atom. In addition to the nitrogen copper above pH 6.0. That rSHaPrP{ZB1) takes up four
atoms of histidine imidazoles, deprotonated amide nitrogensCOPPers in its octarepeat domain and exhibits spectral features
may also participate in Ctl coordination. To determine and pH SenSitiVity almost identical to the construct PrP'(23
which additional nitrogen atoms beyond that from the 28,57-91) argues that the previously identified octarepeat
imidazole bind C&", both PrP(96-101) and GGGTH, plus  binding mode 10) applies to the full-length protein. Next,
a series of sequentially labelé@N-labeled analogues of Using a series of PrP-derived peptides, the fifth copper site
GGGTH, were examined by S-band EPR. Low frequency Was localized to His96. This newly identified site was further
S-band (3.4 GHz) EPR is excellent for clearly resolving characterized using a series of peptides in conjunction with
nitrogen couplings. The improvement in spectral resolution X-band EPR, S-band EPR, and ESEEM. Here we find that

for S-band over X-band EPR arises from a partial cancel- COpper is coordinated by three to four nitrogens, in which
lation of g-strain— and A-strain—induced inhomogeneous one is from the imidazole of His96 and another is from the
broadening for specific hyperfine lines. At S-band, this amide nitrogen of Gly94.
cancellation selectively narrows the m —1/2 hyperfine The stoichiometric findings here agree well with other
line (30). Since®™N has a spin I= 1/2, a change in the studies®, 7, 12, 13). The localization of the five main Ct
multiplet pattern is observed if that nitrogen coordinates binding sites in full-length rSHaPrP to the individual
copper 9, 10). PHGGGWGQ segments of the octarepeat region and to
S-band spectra of th€Cw?™ m; = —1/2 line are shown  GGGTH also agrees remarkably well with diethylpyro-
for PrP(96-101), GGGTH, and the GGGTHN-analogues  carbonate (DEPC) protection experiments on full-length
in Figure 9. Spectra for PrP(9d01) and GGGTH are  rMoPrP by Qin et al.13). This study showed that €ubinds
equivalent, each showing a splitting pattern consisting of to histidine residues 61, 69, 77, 85, 96 (note, here the
eight or more resolved lines, and, consistent with the ESEEM sequence numbering has been translated from the MoPrP
and X-band spectra, suggest that each construct coordinategeference frame to the SHaPrP frame), i.e., all four His
copper in an equivalent fashion. Inspection of spectra from residues in the octarepeat region and the adjacent GGGTH
the 1>N-labeled peptides reveals an isotope influence only region. Their work further illustrates that any additionaPCu
for the third glycine amide, demonstrating that its amide binding above five equivalents per rPrP is most likely
nitrogen directly coordinates €u The S-band spectra also  nonspecific and not physiologically relevant, consistent with
reveal an even number of superhyperfine lines (except for our findings here.
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Ficure 10: Location of the five main Ctr binding sites along the
rSHaPrP sequence, top. Bond-line models of the equatorid Cu
coordination sphere for the two different types of binding are shown
below. The structure for the single HGGGWIW" unit was
determined from crystallographic and spectroscopic ddda This
structure is maintained for each HGGGW unit in the full octarepeat
region. The coordination sphere depicted for GGGTEF" is a
model based on data discussed in this work.

Previously, we established the €woordination sphere

in the octarepeat region using a combination of EPR and Fieure 11: Three-dimensional rendering of PrP¢e131) with
CrySta”c’grapth methodslQ). The crystal Struqure of t.he coppers included. Crystal structure coorginates were used for the
HGGGW-CL#* complex reveals a pentacoordinate environ- qctarepeat binding units HGGGW. The PrP(@5) segment is
ment with equatorial ligation from thél nitrogen of the  based on the model shown in Figure 10. Intervening regions were
His imidazole and deprotonated amide nitrogens from the built in a relaxed conformation. Coordinates for Pr{2381) were
next two Gly residues. The second Gly also contributes its Provided by T. L. James.
amide carbonyl oxygen. In an analogous fashion, this current
work has now narrowed in on another segment of PrP of a bis peptide complex. Further work will be required to
responsible for Ct binding, specifically GGGTH (i.e.,  clarify this issue. Figure 10 also shows the previously deter-
residues 9296). mined equatorial binding mode for the HGGGW octarepeat
The peptide GGGTH binds approximately one equivalent segments. To put our cumulative findings in perspective, a
of CW?" and the EPR splitting parameters indicate that 4N rendering of PrP(61231) corresponding to the folded
or 3N 10 comprise the equatorial coordination sphere. C-terminal domain and the copper-binding domain is shown
ESEEM spectroscopy demonstrates the coordination of ain Figure 11. All histidines are shown, as are the octarepeat
single histidine with no evidence of any other weakly coupled tryptophans that interact with axially coordinated water
nitrogens. ScanninéPN through the glycines demonstrates molecules {0). At this time, how the individual copper
that the third Gly amide (GGGTH) participates in equatorial binding segments organize relative to each other and how
coordination. Either one or both amide nitrogens of thr  the overall domain orients with respect to the folded
His also bind C&". Interestingly, an amide nitrogen ESEEM  C-terminal domain is unknown. Thus, relaxed conformations
signal is observed in the case of the octarepeat sequencevere assumed for residues-9r12 as well as the GlyGIn—
HGGGW because carbonyl ligation places the nitrogen of Pro (GQP) residues intervening between the copper sites.
the following residue approximate# A from the copper. Interestingly, recent CD difference spectroscopy studies
If just one of the Thr or His amide nitrogens coordinated suggest specific structuring of the GQP octarepeat linkers
Cw?*, the remaining noncoordinated nitrogen would be held (34) perhaps consistent with a partially extended structure.
in similar close proximity to the paramagnetic center, thus In our model, the prolines tend to introduce turns between
giving rise to an ESEEM signal. However, as discussed, suchthe octarepeats, whereas the linker between the most C-
a signal is not observed (Figure 8). Thus, we believe it is terminal octarepeat and the last binding site at the C-terminal
unlikely that an oxygen ligand is supplied by a backbone end of this region is likely to be flexible and extended. That
carbonyl. Amide binding by both Thr and His, which is this region binds copper in a cooperative fashion suggests
ESEEM silent, or aquo binding, is a more likely scenario. there may be additional folded structure in this domain not
Taken together, we propose a working hypothesis for copperyet revealed by our studies.
binding in the GGGTH segment in Figure 10. Figure 7 shows The binding site outside of the octarepeat domain is
that GTH alone does not provide the necessary coordinationsignificant not only because it coordinates >Cwinder
environment and that the first two glycines in the GGGTH physiological conditions but also because it is linked to the
segment are required to give a spectrum equivalent to thatability of the octarepeat region to bind €ucooperatively.
of rSHaPrP(96-231). However, the first two glycines do At least two studies have shown that extending the sequence
not participate in equatorial coordination. It is possible that from 91 to at least residue 98 markedly increases the affinity
one of these nonequatorial glycines coordinates in an axialof the entire octarepeat region for €5, 12). The sequence
position analogous to the role of Trp in the HGGGW 60—-98 binds C&" in a cooperative manner that is nearly
sequence of each octarepeat. Alternatively, the extra glycinesdentical to that of full-length PrP and can account for the
may create steric hindrance, thereby preventing formation binding of five Ci#t atoms. Adding amino acids beyond this



6802 Biochemistry, Vol. 42, No. 22, 2003 Burns et al.

has only a minor effect on the affinity. Thus, the sequence copper binding takes place outside of the octarepeats and
GGGTH should be considered an integral part of PrP’s thus may be a cofactor in the production of Prindeed,
copper-binding domain. recent studies show that addition of copper toRréhverts

In light of the role played by the nonoctarepeat binding the protein to a partially protease-resistant state, and this
site, it is interesting to note that this site coordinates copper conversion requires only a single copper binding si@).(
in a fashion quite distinct from the octarepeat HGGGW  The normal physiological role of PfPis currently
sequence. In the nonoctarepeat site?'Cinteracts with unknown, but some recent studies point toward an antioxidant
backbone amides on the N-terminal side of His96, whereasfunction. Among the specific theories are that Pi® (i) a
in the octarepeat sites, the metal ion is directed toward thesuperoxide dismutase (SODJ1§), (i) a transmembrane
C-terminal side of each respective His (Figure 10). Typically, copper transporter that operates through endocytbsi)(
N-terminal coordination is preferred as observed in both 14), and (iii) a copper buffer that sequesters excess metal
model peptides and protein35). Recent theoretical studies ion at the plasma membranglj. SOD activity requires that
by Pushie and Rauk identified the 3N 10%Cgoordination the copper ion have two accessible oxidation states to
in HGGGW, observed in our crystallographic and EPR work, complete the dismutation cycle. In known copper-dependent
as the lowest energy configuratiodj. On the basis of their ~ SODs, this involves Cland Céd" (42). Although Cd*
computational findings, the authors further suggested thatreadily coordinates to deprotonated amide bonds, as shown
the octarepeat prolines serve as break points, thus directinghere and in our previous work, this is not the case for Cu
the observed C-terminal coordination in the octarepeat (35). Consequently, the binding sites identified in our studies
domain. Consistent with this suggestion, CD studies by will likely not coordinate Cd as required for SOD function.
Garnett and Viles demonstrate that replacement of the ProThis does not rule out an SOD function for PrBut does
with Ala in octarepeat peptides leads to a fundamental changesuggest that the copper-binding domain would have to
in the Cé#* binding environment34). Consequently, the  significantly restructure to support this activity. Yet another
prolines may serve to tune PrP’s copper affinity in the possibility is that copper alternates between thé™Cand
octarepeat domain. Taken together, these findings pointCu®t oxidation states, although this is unlikely.
toward a sequential model of Euuptake in which the higher Several labs have now investigated the potential for copper
affinity at His96 site takes up the first copper ion and then transport function. In general, these studies have failed to
facilitates cooperative uptake in the adjacent octarepeatfind direct evidence that copper transport depends on the
domain. level of PrP expressiorlb, 41).

Two recent publications have proposed fundamentally —Quite recently, evidence has emerged suggesting théat PrP
different PrP/copper interactions than that identified here. plays a protective role against deleterious redox activity by
Jackson et al. studied €ubinding to human PrP(5298) sequestering excess €u(41). Wild-type cells are more
and PrP(9+231) in the presence of a competitive glycine resistant to oxidative stress, relative to PrP knockouts, and
buffer (37). Using fluorescence spectroscopy, they deduced concentrate copper at the plasma membraiig. (n turn,
the presence of two copper binding sites. One site consistedthis suggests that PfRunctions as part of a “cuprostat” that
of four of the five His imidazoles in 5298, with aKy of helps maintain neuron integrity in the copper-rich environ-
~107*4 and a second site was found around histidines 96 ment of the central nervous system. The Pdructure
and 111 with a slightly higheKy. Copper coordination by  identified in our work (Figure 11) readily takes up copper
four imidazoles would yield remarkable ESEEM combination at extracellular pH and is fully consistent with this function.
peaks which were not observed in our studies of PrP(23 Numerous papers have speculated that loss df farietion
28,5791) (9, 10). Hasnain et al. refined the features of the in the TSEs is partly responsible for neurodegeneration (e.g.,
second site identified by Jackson et al. with XAFS studies see refs16 and 18). With regard to cuprostat function,
on PrP(9%+231) 38). On the basis of the 1:1 CUPrP(91 interesting new results indeed demonstrate that cultured cells
231) stoichiometry, they proposed that the histidine coordi- infected with Pri¢ are more susceptible to oxidative stress
nation to the single copper must result from two imidazoles, and exhibit a significant reduction in the ability to bind
His96 and His111. With regard to this site, our ESEEM copper despite maintaining normal PrP level8)(
spectra of PrP(96116) (Figure 8) lacks the combination In summary, these studies combine peptide design with
peaks and the increased modulation amplitude expected folEPR, ESEEM, and titration experiments to evaluate th& Cu
multiple histidine coordination. In addition, titration of binding sites in full-length recombinant prion protein,
SHaPrP(96-231) shows that the signature assigned te 92 SHaPrP(29-231). Previous spectroscopic studies by our lab
96 dominates with one equivalent of copper. Jackson et al. utilized PrP-derived peptides. Our findings here demonstrate
raise an important issue that evaluation of a relevant copperthat the mode of copper coordination identified by these
affinity must take into account the specific buffer conditions. studies holds in the full-length protein. In addition, we have
However, we are unable to reconcile the molecular featurescharacterized an additional binding site and provided a
of their proposed binding sites with our spectroscopic data. preliminary model of its molecular features. The latter site

Our findings as well as those of Qin et &l3j may have is relevant as it plays a significant role in the cooperative
bearing on the role of copper in the development of prion nature of copper uptake. These studies continue to demon-
disease. The octarepeat domain is outside of the proteasestrate that PrP binds copper in a highly pH-dependent
resistant core of infectious Pi¥Pcorresponding to PrP(90 fashion, a finding that supports the hypothesis that PrP’s
231) in hamster1). In addition, PrP-knockout mice pos- function is related to its ability to bind copper selectively
sessing a transgene that produces PrP devoid of residues 32 when presented to the extracellular milieu. How PrP takes
93 retain their susceptibility to prion infection although with up copper in a cooperative fashion, how copper transduces
longer incubation times3Q). It is clear now, however, that  a signal for endocytosis, and how copper produces a protease-
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resistant state are only a few of the fundamental questions 22. Donne, D. G., Viles, J. H., Groth, D., Mehlhorn, I., James, T. L.,
yet to be addressed.
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