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ABSTRACT. The prion protein (PrP) binds €tin its N-terminal octarepeat domain, composed of four or
more tandem PHGGGWGQ segments. Previous work from our laboratory demonstrates that copper interacts
with the octarepeat domain through three distinct coordination modes at pH 7.4, depending upon the
precise ratio of C#" to protein. Here, we apply both electron paramagnetic resonance (EPR) and
fluorescence quenching to determine the copper affinity for each of these modes. At low copper occupancy,
which favors multiple His coordination, the octarepeat domain bind$ @ith a dissociation constant of

0.10 0.08) nM. In contrast, high copper occupancy, involving coordination through deprotonated amide
nitrogens, exhibits a weaker affinity characterized by dissociation constants in the range H2.D.OM.
Decomposition of the EPR spectra reveals the proportions of all coordination species throughout the copper
concentration range and identifies significant populations of intermediates, consistent with negative
cooperativity. At most copper concentrations, the Hill coefficient is less than 1.0 and approximately 0.7
at half copper occupancy. These findings demonstrate that the octarepeat domain is responsive to a
remarkably wide copper concentration range covering approximately 5 orders of magnitude. Consideration
of these findings, along with the demonstrated ability of the protein to quench copper redox activity at
high occupancy, suggests that PrP may function to protect cells by scavenging excess copper.

The prion protein (PrP)is responsible for a novel class gatarepeat 5. GPI
of infectious, neurodegenerative diseases collectively known
as the transmissible spongiform encephalopathies (T3Es) ( L B o B a o
3). The TSEs include scrapie in sheep, mad cow disease
(bovine spongiform encephalopathy, BSE), chronic wasting
disease (CWD) in deer and elk, and Creutzfelitikob
disease (CJD) in humans. The normal cellular form of the
prion protein, referred to as PiPis found in a wide range
of tissues of all mammalian and avian species. A misfolding
event converts the protein to the infectioyssheet-rich
scrapie form (PrP) responsible for the TSEs.

Pri° is a GPl-anchored glycoprotein expressed in abun-
dance on the surface of neurons, predominantly on presyn-

aptic membraned( 5). The mature form of PrP, consisting Component 1 Component 2 Tlrp
of residues 23231 in hamster, has a globular C-terminal Gly
domain and a largely unstructured N-terminal domdin ( dn
(Figure 1). The C-terminal domain (residues +231) X
contains threex helices, two of which are stabilized by a NN § e /TNH
single interhelical disulfide bond, and a small antiparalel — Nc“N\)\/
sheet. The flexible N-terminal domain is glycine-rich and N
highly flexible. Within the flexible N-terminal region of PrP (/J/\ Component 3

HN

T This work was supported by NIH Grant GM 65790 and NSF . ; _ ; ;
Instrumentation Grant DBI-0217922 (to G.L.M.). Ficure 1. PrP possesses a flexible N-terminal domain and a

* . globular C-terminal domain, made up of thredelices and twg
459_'5%%1.oFrgxc:o(rge?jg)czlns%?gggss' hé)_t:]l,%ﬁ:e;ggLﬁs@eghg;!g?rgili'clfjul.)strands, as shown above. Copper binds primarily in the octarepeat
1 Abbreviations: PrP, prion protein: PfPcellular isoform of PrP; domain, composed of tandem repeats of the fundamental sequence

PP, scrapie isoform of PrP; TSE, transmissible spongiform encepha- PHGGGWGQ. Other notable features are the disulfide bond that
lopathy; CJD, CreutzfeldtJakob disease; PrP(5®1), residues 57 links two C-terminal helices and the GPI anchor, which tethers PrP
91 of PrP; EPR, electron paramagnetic resonakgedissociation ~ to cellular membranes. €tbinds in the octarepeat domain with
constantn, Hill coefficient; SOD, superoxide dismutase; Sar, sarcosine three different coordination modes, as shown. Component 3
(N-methyl glycine); NEM, N-ethylmorpholine; DTAB, dodecyltri- dominates at low Clr occupancy, and component 1 dominates at
methylammonium bromide. saturation.
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is the octarepeat domain, composed of four or five highly Isothermal titration calorimetry (ITC) and competitive metal
conserved, contiguous repeats of the eight-residue sequenceapture analysis (CMCA) also support the presence of a high-
PHGGGWGQ. The physiological function of Prfs un- affinity Cu?*-binding site in the octarepeat regio2ij.
known, but recent investigations focus on the ability of the  Several reports suggest that the octarepeat domain takes
octarepeat domain to take up copggrd—11). PrP protects  uyp Ci* with positive cooperativityd, 22, 25). For instance,
against apoptosid @) and radical-mediated oxidative damage equilibrium dialysis measurements performed on PrP(23
(13, 14) and even stimulates nerve cell growth and develop- 98) find a half-maximal binding at 5.%M and a Hill
ment (L5). Several copper-specific neuroprotective mecha- coefficient f) of 3.4, indicating a very strong positive
nisms have been proposed, including enzymatic function ascooperativity through the micromolar rang8).( Similar
a superoxide dismutase (SOLB, copper sequestration to  results were obtained from CD measurements of thel d
inhibit deleterious oxidative chemistr,(17), and copper-  absorption band at 570 nm, arising from2Cibinding to
dependent cellular signaling,(13). PrP(58-91) (25). The CD signal increases in a sigmoidal
To establish a molecular basis for the neuroprotective role fashion, consistent with positive cooperativity. In support of
of PrP, recent studies have focused on the elucidation of thethese studies, fluorescence quenching measurements suggest
chemical environment of the €ubinding sites. Research  that binding occurs with a half-maximal value of 51
from our laboratory demonstrates that, at pH 7.4, each and a Hill coefficient of 2.4 Z2). On the other hand,
HGGGW segment within the octarepeat domain binds one electrospray ionization (ESI) mass spectrometry performed
CU* at saturation 18—20). In more recent work, we have  on PrP(57-91) found a progressive decrease in the binding
shown that the octarepeat domain takes ug*Go three  affinity as a function of the copper load, perhaps suggesting
distinct coordination modes, referred to as components 1, 2,negative cooperativitylQ).

and 3, controlled by the precise molar ratio of*Cuo Positive cooperativity would exert a profound affect on
protein, as shown in Figure 17). These coordination modes e distribution of copper-occupied states. Specifically,
are clearly discernible by a combination of electron para- concentrations of unbound and fully copper-occupied PrP
magnetic resonance (EPR) techniques, including multifre- shoy1d pe dominant and substantially greater than partially
quency and pulsed EPR. The component 3 coordination copner-occupied proteing§). This is certainly the case for
mode, which is observed at low copper occupancy, involves gyygen binding to hemoglobin, which is characterized by a
three to four octarepeats binding a single*Cthrough the  jjjj coefficient of 2.8. This suppression of intermediate states
h|st|d|_ne |_m|dazoles. Af[ mtermedlate.copper occupancy, the is in contrast to the behavior recently observed by our
coordination mode switches to a mixture of components 2 |aporatory in the elucidation of the three copper-dependent
and 1. In component 2, Clis bound to both the imidazole binding components in the octarepeat domaii).( EPR
nitr(_)gen and deprotonated amide_ni_trogen of_histidine within spectra suggest large populations of partially occupied
a single octarepeat. A second imidazole nitrogen from a jytermediates, quite the opposite of positive cooperativity.
ne|g_hbor|ng octarepeat is post_ulated to bind'Gn the axial The identification of distinct octarepeat binding modes in
position (7). Component 1 arises at full copper occupancy PrP motivates a re-evaluation of the affinity of the protein

a?t?]ir']nvecggﬁsogg ré:og;?'?r?r t(')cl)]n ;Oa;h?mﬁ'igﬁgvnzﬁz'dgﬁsof for copper. The individual modes may have widely differing
histidine deproton’fted amidegnitrogens from the tv?/o fol- d?ssociation constants an_d, if so, wo_uld help explain the y\_/ide
lowing giycines and the amide carbonyl oxygen from the d|screp§1ncy among p.reV|oust pub!lsh_ed values. In agidmon,
second glycine,The Trp participates through the formation determm_mg the affinity for each bmdmg mode provides a
of a hydrogen. bond from the indole NH to an axially guantitative assessment of cooperative copper uptake. Here,
we use fluorescence quenching and EPR measurements on

cogrotllnat_eq wef;]erl(g). . Hinity binding to PrP the octarepeat domain, along with a library of octarepeat-
etermining the precise aflnity 1or copper binding to Fr~ - qa4y6q constructs and selective chelators in competition

is essential for assessing the normal function of the pmte'n'studies, to determine the affinity for the copper-binding

chor anhenz?/me,dgne vyc;tgld expe(;t hl|<gh aZTnlty,hreflected components 1, 2, and 3. Next, we develop and apply an EPR
b rfofug a low dissocia :gn cons anl d ( )fth ere_ﬁ approach for following the populations of the components
utering or sensing would require a lower afinity, With a - 54" fnction of copper occupancy to evaluate cooperative

Ed fnetar tth? c_once?tra:!on (_)fteﬁ]racdelllular_ (t:.OprQ)(t i uptake. Using the population distribution, we then determine
niortunately, investigations into the dissociation constant y,q i coefficient as a function of copper occupancy. In

and the mechanism of copper uptake reveal highly disparate ontrast to previous published measurements, we find that
outcomes depending upon the measurement technique an e affinity ranges from approximately 0.1 nM élt lowZu
the particular PrP constru@,(10, 21—25). Current estimates . " ; -

5 14 occupancy to 1M at high C#" occupancy, with a Hill
placeKq b_etween 1M (.10’ 22,23 and 10**M (21.’ 24), coefficient of less than 1.0 indicative of negative cooperat-
an experimental uncertainty of 8 orders of magnitude. For ivity. For select cases, we reconcile these findings with those

example, mass spectrometry stu;hes on ErPEEI_J,_encom— that were previously interpreted as providing evidence of
passing all of the octarepeats, finds a dissociation ConStampositive cooperativity

of 0.2 uM for the first bound Ca", with the K4 increasing
to 12 ‘uM for the fourth C@* (10) Similar micromolar MATERIALS AND METHODS

affinities have been identified using amino acid competition

studies, as detected by circular dichroism (C23)( Peptide Synthesis and Purificatior\ll peptides were
Alternatively, binding curves determined from tryptophan prepared with N-terminal acetylation and C-terminal ami-
fluorescence quenching from &ureport a very high-affinity dation, using fluorenylmethoxycarbonyl (Fmoc) methods, as
site with aKq of 8 x 10715 M (8 fM) in PrP(57-98) (24). described previouslyl(—20). N-Methylated amino acids
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were incorporated using a custom coupling proceduii ( Table 1. Peptide Sequenées

Peptides were purified by reverse-phase high-performance

liquid chromatography (HPLC) and characterized by mass Eg%%ﬁgggég’é%%fwe@ PrP(23-28, 57-91)
spectrometry. HGGGW

EPR. All samples were prepared with degassed buffer =~ HGXGWGQPHGXGW
containing 25 mMN-ethylmorpholine (NEM) buffer and aX = sarcosine -methylglycine).

20% glycerol (v/v), where the glycerol served as a cryopro-

tectant (8). X-band spectra (frequency of 9.43 GHz, provides a convenient and proven method for monitoring
microwave power in the range of 6:6.0 mW, and  copper uptakeQ2 24, 27). Although affinity, as reflected
modulation amplitude of 5.0 G) were acquired at ap- through dissociation constants, is ideally determined from
proximately 125 K using a Bruker EleXsys 500 spectrometer the fyll-length protein, several aspects of PrP complicate this
and an SHQ (Bruker) cavity equipped with a variable approach. First, as determined by our lab and others, there
temperature controller. Composite spectra were fit to eq 4 are one or more copper-binding sites outside of the octarepeat
using non-negative least-squares (NNLS) routines in the gomain 0, 28). Next, copper binding within the octarepeat
Matlab program suite. domain is heterogeneous, passing through a series of
CD. CD spectra in the visible region were acquired using intermediates before reaching saturation at 1 equiv per
a 1.0 cm path-length square cell and presented as a sum opctapeptide segment 7). The best approach, therefore, is
four scans. Samples were prepared in a buffer containingto determine the dissociation constant for a series of
25 mM NEM at pH 7.4 and 20% glycerol (v/v) using 300 constructs, where each takes up copper in a single binding
uM peptide. Céd" was added from a stock prepared in the mode, and then test the resulting affinities in the intact
same buffer. The concentration of bound*Cwas deter- octarepeat domain, PrP(228, 57-91). To achieve this
mined from double integration of EPR spectra for the objective, we use the full octarepeat domain, as well as
corresponding sample. octarepeat domain constructs developed in our previous
FluorescenceFluorescence spectroscopy was carried out studies 17) (Table 1). Briefly, PrP(2328, 57-91) encom-
using a Jobin Yibon Fluoromax-3 instrument. All titrations passes the entire octarepeat domain and, when challenged
were performed in syringe-filtered (0.2@n) and degassed with up to a single C¥ equivalent, binds strictly as
NEM buffer containing 25 mM NEM, 1 mM dodecyltri-  component 3. The short N-terminal segment of this peptide,
methylammonium bromide (DTAB), and 100 mM NaCl at residues 2328, is included to improve solubility. The
pH 7.4. Cd" was added from a CuSZuCh stock prepared  peptide HGXGWGQPHGXGW, where % sarcosine (Sar),
in Nanopure water and thoroughly mixed by successive is limited to the component 2 mode because it provides two
inversions of the tube followed by pipeting in and out with His residues but lacks two critical backbone amides required
a glass Pasteur pipet. Care was taken to avoid frothing andfor component 1. Finally, the fundamental pentapeptide
precipitation. The excitation wavelength was set to 265 nm, HGGGW binds Ce" strictly as component 1.
and emission spectra were averaged over three scans acquired Cl?* quenches tryptophan fluorescence through both direct
from 280 to 450 nm. Excitation and emission slit widths were binding and collisions with aqueous, unbound copper. The
set to 5 nm. A blank spectrum of the corresponding amount former process gives rise to a saturable binding curve, given
of Cl*" added to NEM buffer and scanned under identical by eq 1
conditions was subtracted from each experimental spectrum.
Data were processed using KaleidaGraph (Synergy Soft- Fo— F [Cu2+]free

. = 1)
Ware) FO Kd + [CU2+] free

RESULTS
where Fo and F are the unquenched ([€J = 0.0) and

The octarepeat domain, within the flexible N-terminal quenched fluorescence intensities, respectively. Collisional
region of PrP, represents a unique®Gbinding segment.  quenching is linear with respect f&/F and dominates at
In hamster and human PrP, this region encompasses residuesoncentrations where [Ct] > Ky (22). Effects from
60-91 and consists of four tandem repeats of the sequencecollisional quenching were removed from the experimental
PHGGGWGQ. Previous work from our lab shows that the data by subtracting the slope of a linear fitRgF for [Cu?t]
specific binding mode is highly dependent upon the number > 2004M. (We did not observe nonlinear behavior in plots
of bound copper equivalents per proteiti7X. Molecular  of Fo/F at high [Ci#] that might arise from a combination
features for these different binding modes are shown in of static and collisional quenching.) The corrected data, along
Figure 1. Here, we extend our previous structural work to with fits to eq 1, are shown in parts A and B of Figure 2.
determine the copper affinities for each individual binding For all measurements of component 1 and 2 coordination,
mode. In addition, EPR spectroscopic signatures allow us peptide concentrations were kept well below the anticipated
to determine the populations of each binding mode as adissociation constants, thus allowing the use of the ap-
function of copper occupancy. When this fundamental proximation [C#*]fee > [CU?*]o. TO test the robustness
information is taken together, it yields the affinity as a of this approachKy values were determined at several
function of copper occupancy and, consequently, the coop-peptide concentrations, as reported in Table 2. There are only
erativity of copper uptake. minor random variations ik, and these variations are

Dissociation Constants of Components 1, 2, an&&ch independent of the peptide concentration. The dissociation
octarepeat segment contains a single tryptophan residueconstant for C&" binding in component 1 (using the peptide
Bound Cd" quenches tryptophan fluorescence and thus HGGGW) is 7.2uM, and replicate experiments on HGXG-
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A 1r Table 3: Amino AcidKg Values
08| Ke1 Kaez B
. arginine 1.2x10°M 18x10°M  2.1x 101 M?
L o6} asparagine 2&10'M  6.0x10°M 1.7 x 102M?
b glycine 1.3x 10¢M 13x 105M 1.7 x 10711 M2
& o4 methionine  5.0< 107M  7.9x 10°M  4.0x 10712M?

aFrom ref34.

0.2
0 ) ) ) ) ) allowed to come to equilibrium. The concentration of each
0 50 100 150 200 250 Cw?*-bound species is determined from their contribution
[Cu?] (uM) to the composite EPR spectrum. For the simplest case of a

competitive chelator that binds copper in a 1:1 ratio, Khe
of the peptide is calculated using

_PPICu - _[Clicu _ [PlICCu]
d [PCu]’ % [ccu]l’ ¢ TYqClPCu]
where P is the peptide, C is the chelator, &ggis the known

dissociation constant for the copparhelate complex. For
a bischelator that binds in a 2:1 mode (with the chelator

0 . . . . . concentratior> Kqcp), the Kq of the peptide can be related
0 50 100 150 200 250 to 8
[Cu?] (uM)
FiIGURE 2: Tryptophan fluorescence quenching from2Cior [C][Cu] [C][CCu]
determining the coppéf, for (A) component 1 and (B) component del — , de2= T~ ~ 70 p= KaciKgea
2, using the appropriate octarepeat constructs in Table 1. For each [CCu] [C.Cu]
case, two representative curves are shown, corresponding to peptide [P][C,Cu]
concentrations of 1.0M (@) and 5.0uM (M). The solid lines are =
fits to eq 1. [C]APCu]
Table 2: Dissociation Constantsg? While the concentrations of the copper-bound PrP construct
05 10 20 50 Kg and chelator are measured directly, the concentrations of the

sequence uMP  uM M M (mean) SD copper-free species must be calculated as the difference

HGGGW 67 51 92 77 72 28 between the total and bound species. Even though the above

HGXGWGQPHGXGW 11.8 150 110 12.8 12.6 2.6 equations are correct regardless of the concentration, spurious
2 All Kq values are reported in micromol&rPeptide concentrations. results may occur if the concentration _Of any Species Is tpo
¢ SD = standard deviation. low and thus not accurately determined. To avoid this
situation, copper is held to be the limiting reagent so that
. . . the free peptide and competing chelator are at concentrations
\é\i/\f;QaPKHd%?(lsZWéﬂvl\\l/lhICh binds in the component 2 mode, in the same range 'a's_the respectivg copper-bound species.
e Also, the copper affinities of the peptide and chelator cannot
Unfortunately, binding detected through fluorescence pe so different that essentially only one copper species is
quenching is not suitable for determining tke of compo- formed (at measurable concentrations).
nent 3. The octarepeat construct PrP¢28, 57-91) binds For these experiments, amino acids serve as excellent
in the component 3 mode up to 1.0 equiv of copper but, chelators. We identified a set of four amino acids (Arg, Asn,
other binding modes. No octarepeat construct gives compo-constants (Table 3). Under the conditions of our experiments,
nent 3 exclusivgly, through a Widg copper concentration || of these species bind 2:1 with 8u(see eq 3) and give
range. As a preliminary test of relative affinity, PrP{228, EPR spectra that reflect only two copper-bound species:
57-91) with a single C&" equivalent was challenged with  chelator and PrP(2328, 57-91) (Figure 3A). In contrast,
a 500-fold excess of HGGGW and monitored by EPR. many other copper chelators had to be disqualified because
Interestingly, Cé* remained quantitatively bound to PrP-  of the formation of ternary complexes with copper simul-
(23-28, 57-91) in the component 3 mode, suggesting that taneously bound to both the PrP peptide and chelator. These
the Ky of component 3 is subnanomolar. Meaningful jnclude ethylenediaminetetraacetic acid (EDTA), 1,10-
fluorescence quenching experiments using the formalism phenanthroline, nitrilotriacetic acid, neocuproine, bathocu-
above are only achievable when the peptide concentrationproine, triphosphate, and others. For these chelators, the

is less tharkq. As such, the tentative subnanomokay of presence of ternary compounds was directly verified by ESI
component 3 is below the fluorescence detection limit for mass spectrometry.
the endogenous tryptophans. EPR spectra from competition experiments were fit to a

To quantitatively assess component 3 binding, we devel- superposition of two spectra and integrated to determine the
oped a new technique that uses EPR in conjunction with respective bound copper concentrations, as shown for one
copper chelators of known affinity. The PrP peptide, specific example in Figure 3A. Results obtained for several different
chelator, and a limiting amount of copper are mixed and copper chelators, over a range of concentrations, are shown
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. . A
PrP(23-28, 57-91) with 1.0 eq. Cf

component 3

Glycine

PrP(23-28,57-91) + Glycine

difference

2400 2600 2800 3000 3200 3400 3600 3800

Field (G)
10°%¢ 10 c
B ® Glycine z <
O Asparagine § % Q ()g
¢ Methionine R B g3
s 10°} O Arginine s 10° %- ?D ® 3
e . <
¥° o °
« 10 0 [m] « 10
£ 10 e ® o e g 10 s ¢
c hd c
Q o
o PS [<%
: .2 ; ;
Q 1 0»1 1 * S 1 0_1]
-12 N N N N N N -12 1
1 0 1 0 -12 -11
0 500 1000 1500 2000 2500 3000 10 10
Chelate Concentration (uM) Chelate g, (M?)

Ficure 3: Copper competition experiments, using a selection of amino acid chelators and detected by EPR, to determine the component
3 Kg. (A) Top two spectra are Gt complexes of PrP(2328, 57-91) and glycine, respectively. Next is the spectrum from a mixture of
PrhP(23-28, 57-91) (250uM) and glycine (2.5 mM), with a limiting amount of Ct. The solid line shows the experimental spectrum, and

the dashed line shows the fit to a superposition of the two spectra above [15% glycine plus 85%-R8&8-91)]. The bottom is the
difference between the experimental and the fit. (B) Meastigdalues for four amino acids as a function of their concentrations. (C)
AverageKy values for each of the amino acid chelators as a function of their dissociation constdhtmd C demonstrate that measured

Kg values for component 3 are relatively independent of the chosen chelator or its concentration.

in Figure 3B. Each data point represents a single determining the relevant binding equilibria. Specifically, a
determination. Except for asparagine, the data do not exhibitlow concentration of PrP(2328, 57-91) (<10 uM) was

any systematic concentration dependence, which attests tdrought to equilibrium with 2.0 or more equivalents ofXu

the robustness of the technique. Measukedvalues are  (to avoid component 3 coordination), with EPR used to
clustered around 1¢° M (0.10 nM), with low asparagine  determine the concentrations of the free and bound species.
concentrations giving slightly highé¢; values and methion-  Each sample was divided into two aliquots. Using the first
ine giving slightly lower values. Figure 3C shows average gjiquot, bound copper was measured by direct integration
Kq values determined for each of the amino acid chelators. ¢ the EPR spectrum. (Note that unbound, aqueods Goes

Tlhﬁ mek?r:j values fdfq fall in the range of 0'02%20 NM, ot give an EPR spectrum; see the Discussion.) Total copper
although determinations using asparagine as the Competito, .~ yetermined by treating the second aliquot with a 10-

give greater scatter. The average dissociation constant for, . : :
component 3 is 0.18- 0.08 nM. This shows that component fqld excess of EDTA followed by signal mtegraﬂon. The
difference between these two measurements gives the

3 binds copper with an affinity that is nearly 5 orders of concentration of free Cti. The resulting binding curve, with

magnitude greater than that for component 1. h ding fi 1 is sh -1 4 Th
Although the octarepeat constructs above provide quantita-1"€ corresponding fit to eq 1, is shown in Figure 4. The
resultingKq is 5.4+ 2.0uM. The examined concentrations

tive Ky values for various binding modes, it is imperative X ] i i
that we re-evaluate components 1 and 2 in the intact correspond to a range in which there is a coexistence between

octarepeat domain. We were not able to identify suitable COmponents 1 and 2; therefore, this measu¢gdannot be
chelators withKy values in the micromolar range and @assigned to either of the two specific binding modes and,
therefore did not pursue competition studies, such as thoseinstead, represents a composite value. The valué&pof
used for component 3 binding (above). As an alternative, measured this way is within experimental error of M

the direct measurement of the component 1 and 2 concentrameasured for HGGGW (component 1) and a factor of 2
tions by EPR signal integration provides a means for lower than that measured for component 2. When these data
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0.8} dipolar coupled A
C'D. - - component 3
5 -
g 0.6} _ ’¢’i { component 2
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S 04} .
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S
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Ficure 4: Binding curve, detected by EPR, for component 1 and
2 coordination in PrP(2328, 57-91).Ky is 5.4+ 2.0 uM, which
matches well toKy values for these coordination modes using
shorter octarepeat constructs and determined by fluorescence
qguenching (Figure 2).

component 1
w/ dipolar couplin

N
T

—_
wv
T

component 1

—_

- component 3

are taken together, they again demonstrate that components

1 and 2 bind C&" with low micromolarKy values.
Cooperatbity of Ci#" Binding.As shown in our previous

work, EPR spectra from a copper titration of PrP{28, = 1 s 2 25 3 as

57-91) show a progression of different spectra and these Total Equivalents of Bound CiZ*

are assigned to individual binding componeritg)( Com-

t 3 dominat £l . Ficure 5: (A) EPR basis spectra of the individual coordination
ponent 3 dominates at low copper occupane.0 equiv). modes. The dipolar coupled spectrum occurs at full copper

Intermediate copper concentrations, in the range of 3.0 occupancy of PrP(2328, 57-91) and arises from coppecopper
equiv, favor components 1 and 2, and higher concentrationscouplings between component 1 centers. All spectra are normalized
give predominantly component 1, accompanied by a strong tc% r:]h% nzarl]fpsel C;Ta%%nng;tg?o&t,gi)oﬁilgttl;?al %%P%tg&se of

H H H y £y u | u L
dipolar SPG‘?‘T“”‘ assigned to coppeopper couplings signirf)icant population of intermediate species, such as component
between individual component 1 modulds). The propor- 375 consistent with negative cooperativity.
tion of each component, in conjunction with the copper

affinity of each component, yields the change in affinity and the concomitant emergence of components 2 and 1. Beyond
binding cooperativity as a function of copper occupancy. This 2 0 equiv, component 1 dominates, as reflected by both its

is evaluated below. ~ spectrum and the associated dipolar spectrum arising from
To determine the amount of each component as a functionstrong coupling between component 1 modules.

of total copper, experimental EPR spectBsened are
decomposed according to the relation

Equivalents of Bound Cu#*
©
(%]

component 2

Several previous studies suggest that PrP takes up copper
with strong positive cooperativity, where the binding of each
_ copper within an octarepeat domain increases the affinity
Sobserved™ Zcis 4) for the next 8, 22). Because of the progressive increase in
' affinity associated with positive cooperativity, copper-free
where § are basis EPR spectra amg are coefficients and fully copper-occupied proteins should dominate the
proportional to the concentration of each component species distribution of species, with only low concentrations of
The basis set consists of normalized EPR spectra forintermediates. Interestingly, the affinities determined for
components 1, 2, and 3 and dipolar-broadened componenicomponents 1, 2, and 3, along with the distribution shown
1, shown in Figure 5A. The basis spectra were generatedin Figure 5B, argue against positive cooperativity. As
using the constructs in Table 1. A second basis spectrumopposed to a progressive increase in affinity, component 3,
for component 2 was obtained by subtraction of the which takes up only a single €uper octarepeat domain,
component 1 portion from the EPR spectrum of a partially exhibits a higher affinity K4 ~ 0.1 nM) than the multiple
copper-occupied di-octarepeat peptide. This latter componentcopper-occupied states reflected by componerK2x 13
2 spectrum gave somewhat lower residuals when fitting to #M) and component 1Kg ~ 7 uM). Moreover, Figure 5B
eq 4. The dipolar-broadened component 1 spectrum is fromshows that the population of intermediates is significant, with
the EPR of a fully copper-occupied PrP(228, 57—91) with the singly copper-bound species dominating between 0.5 and
unbroadened component 1 subtracted. Fits using NNLS yield1.5 equiv.
the coefficients, as well as the residual. The residual To quantitate these findings, we determined the Hill
amplitudes are always less than 5% of the total signal, coefficient,n, which serves as a phenomenological measure
Sserved @Nd  give no indication of additional spectral of binding cooperativity. A value oh greater than 1.0
components beyond those in the fitting function. The corresponds to positive cooperativityy less than 1.0
resulting coefficients are shown plotted against total copper describes negative cooperativity. Noncooperative binding,
in Figure 5B. where ligand-binding centers are fully independent of each
Figure 5B shows how PrP(228, 57-91) passes through  other, followsn = 1.0. Derivation of the Hill coefficient
the various binding modes as a function of copper occupancy.requires the determination of the fraction of bound versus
Component 3 is essentially the only species observed whenunbound copper throughout the titration curve (Figure 5B).
the copper occupancy is less than 1 equiv. With additional Unfortunately, the acquisition of high-quality EPR spectra
copper equivalents, component 3 diminishes, followed by requires copper concentrations of at leasuRQ a threshold
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that is beyond theKy values reported above. As such, 1.4
determining the fraction of unbound copper from the data 1.2
in Figure 5B throughout the entire copper concentration range £ 10
is not reliable. As an alternative, we use coupled equilibria, P
along with the measuréedy values, to provide approximate 3 08
concentrations for all species. Specifically, the relevant set % 0.6
of reactions and corresponding equilibria are = 04
£ O
Ky 0.2
PrP+ CU?" <= PrPCu; I
. _[PrPIICE _ 9 "0 02 04 06 08 1
K1 = |Pr%Cu| =01x10"M Fraction Bound (8)
Ficure 6: Measured Hill coefficient), as a function of the fraction
Kz of PrP(23-28, 57-91) bound with C&". Over most of the range,
+ .
PrPCu+ Cuf" — PrPCy; nis less than 1.0 (- - -), which demonstrates negative cooperativity.
. _[PrPCu][Cd"] _ 5 i
a2 Prp N 13 x lo M '.-f\ 22 | component 1
g .
Ké ": 04 |
PrPCy + cht— PrPCuy; 3 o2 7‘""’"&"‘ 3
, _[PrPCyliCu™] _ o 6 g of
d3 ™ PrPC - 2 02} A7
g 04| component 2
P : Eooel . . . . ..
PrPCy + Cu™ — PrPCy; 400 450 500 550 600 650 700 750
, PrPC CU2+ s Wavelength (nm)
da =™ ! prp([; ) =7x10"M (5) FIGURE 7: CD spectra for the various copper-binding modes. Only

component 1 is CD-active in the visible range. Component 1
. becomes populated only beyond 1.0 equiv of copper (Figure 5),
[CU" ] ital bouna= [PrPCu]+ 2[PrPCy] + 3[PrPCy] + which explains why CD measurements report sigmoidal binding

4[P|’PClA] (6) curves.

ccupancyiimin = 0.2), with a shift ton slightly greater than

We note that the copper occupancy of each species does noT 0 for for higher occupancynfu = 1.2)

necessarily correspond to a specific binding mode. For o , , -
example, the species PrPQuay have both coppers bound | Our findings are in contrast to the large Hill coefficients,
as component 1, component 2, or a mixture of componentsi" te range of 2.83.8, which have been reported for Cu

1 and 2 in the same octarepeat domain. ThusKthealues b!ndln_g to PrP_ based on CD, fluorescence, and equ_|I|br|um
in the equilibrium expressions above may be distinct from dialysis experiments§( 22, 25). For example, the amplitude
the K4 values for the individual binding modes. However, ©f the CD signal from PrP(5891) at 570 nm gives a
for the PrP octarepeat domain, ¢ values may be assigned ~Sigmoidal curve as a function of added copper, thus leading
using the following observations. The first €us taken up to th_e suggestion of strong positive cooperativity. Now with
strictly as component 3 (Figure 5B), and occupancy of copperthe identification of distinct binding components, the molar
in this binding mode precludes component 1 or 2 binding in f€SPonse of CD and other detection techniques to each
the same proteirky:' is therefore approximately equal to binding mode becomes relevant and is further investigated

the K4 for component 340.1 nM). In the vicinity of two ere. . .
equivalents, components 2 and 1 are observed in similar CU?" bound to peptides containing one or more octarepeats
concentrations; thereforéy; is set equal to theky for gives rise to CD signals with positive ellipticity at 340 and

component 2, althougKy, may be somewhat lower (but 590 nm, with the latter presumably because of weakl d
certainly no lower than ZM). Finally, all copper occupancy transitions. To determine how components 1, 2, and 3
beyond 2 equiv is clearly dominated by component 1; individually contribute to this process, the CD spectra were
therefore, the remainindg<; values are set to M. recorded using the constructs in Table 1. The resulting
Regardless of the specifi€d values, beyond 2 equiv of  Spectra, shown in Figure 7, demonstrate that only component
copper, the measureg¢} values exhibit little variation from 1 is optically active at 590 nm. Therefore, CD spectra
approximately 1QuM, which places the valuekg; —Kqs recorded in this spectral range only report component 1
also in the range of 1aM. copper binding and cannot be used to monitor total copper
The Hill coefficient is determined from the slope of log- uptake or the degree of cooperativity. (Note the sigmoidal
(6/(1 — 0)) versus log[C&'], where @ is the fraction of ~ shape of the component 1 curve in Figure 5B.)
copper-bound peptide26). The coefficient is plotted as a Fluorescence quenching studies on the octarepeat domain
function of 6 in Figure 6. The resulting curve shows a also give evidence of a sigmoidal curve, with a relatively
significant variation withn < 1.0 throughout most of the flat response at low Cti concentrations, suggesting positive
concentration range and = 0.74 atd = 0.5. Thus, in cooperativity 22). To evaluate whether the copper-dependent
contrast to reports of positive cooperativity, the affinity data binding components (Figure 1) are accountable for this
here suggest strong negative cooperativity for low copper response, the fluorescence quenching efficiency was mea-
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sured for each of the constructs in Table 1. During measure-coordination is, at a minimum, 3 orders of magnitude stronger
ments, excess copper was added to each of the PrP constructhan component 1 coordination. The componeniKglis

to ensure full occupancy. Replicate measurements (data notherefore between 0.1 and 4™ and most likely at the upper
shown) find that copper coordinated in the component 1 end of this range.

mode is approximately 1.5 times more effective at quenching Because of the previously discussed complexities of
Trp fluorescence than copper bound in the component 2 orworking with full-length PrP (see the Results), our initial
3 modes. This is probably due to the close proximity of the experiments focused on the isolated octarepeat domain.
Trp indole in the component 1 copper coordination environ- Clearly, the results reported here require not only confirma-
ment through its hydrogen bond to an axially bound water. tion in full-length PrP but also an assessment of the influence
It is therefore likely that the weaker quenching response of of non-octarepeat coordination site20( 28) and other
components 2 and 3, as opposed to positive cooperativity,features that may affect €u uptake. With regard to

is responsible for the sigmoidal fluorescence quenching curveoctarepeat coordination, however, our previously published

observed for copper binding to the octarepeat domain. experiments on full-length PrP(2231) suggest that they
values reported here are approximately corr26}.(Specif-
DISCUSSION ically, we found that 2uM PrP(29-231), when challenged

with varying concentrations of €ty passed through the same
intermediate species as PrP{23, 5791). There was no
evidence of a single high-affinity species that precluded
micromolar affinity octarepeat binding, and component 1

. . coordination dominated only near full copper saturation.
occupancy, component 1 takes over and binds Witk 10~ 115 fylllength PrP exhibits a wide range of copper

#M. Both HGGGW and the full octarepeat domain, repre- agfinities, up to the micromolar range, and shows negative
sented by PrP(2328, 57-91), possess micromolég values  qherativity, just like isolated PrP(228, 57-91).

for companent 1 coordination. The V_a”a“or_“‘@ between Since the discovery of the physiological connection of PrP
component 3and component 1 cqordlnanon is nearly 5 qrqlersto copper, there have been intensive efforts to determine the
of magnitude and consistent with negative cooperativity. precise Ce" affinity (8, 10, 21—25). As noted in the
Correspondingly, the Hill coefficient is significantly less than Introduction, there is w}de &iisagreement with reported

1.0 throughout most of the copper concentration range. 565 distributed over nearly 8 orders of magnitude. At the

The component &4 was determined from direct competi-  time of these previous studies, however, it was not known
tion experiments with well-characterized copper chelators. that the PrP octarepeat domain binds2Cwvith three
Moreover, EPR analysis ruled out any ternary complexes coordination modes, depending upon the copper concentra-
and assured that the only species in equilibrium were thetion. Moreover, several investigations, notably those that
copper-bound and unbound PrP and competitor. Conse-report extremely high copper affinity with near femtomolar
quently, the reported component3 is a robust value. Kq values, delivered Gt as glycine chelates2(, 22).

In contrast to the component K, evaluation, the com-  Glycine and other Cii bischelators present complex solution
ponent 1 and K, values were determined from equilibrium  equilbria and allow for the formation of ternary complexes
experiments with aqueous copper. Because of the complexitywhen in competition for copper bound in component 1 and
of copper equilibria in aqueous solution, we consider these 2 modes (EPR data not shown), which is certain to cloud
Kq values as approximate. In aqueous solution, copper formsthe interpretation of binding data. Nevertheless, most deter-
a number of different complexes, including copper hydrox- minations suggest micromolar dissociation constants, in
ides and copper chlorides. Both hydroxide and chloride ions agreement with our findings for component 1 coordination.
have the capacity to bridge between copper ions, forming A fundamentally new and unique aspect of the work
colloids; these colloids readily dissolve at lower pH or when presented here is the finding that PrP takes up copper with
challenged with copper-binding peptides. Anion bridging strong negative cooperativity. Positive cooperativity, a
results in diamagnetic coupling between copper centers, thugamiliar concept in the study of oxygen binding by hemo-
eliminating the normal Cti EPR signal 18). As noted in globin, for example, allows a protein to respond to its ligand
the Results, unbound copper is EPR-silent, and this propertyover a narrow concentration range. Negative cooperativity,
facilitated our analysis of components 1 and 2 in PrP(23 on the other hand, spreads out this response over a wide
28, 57-91). At pH 7.4, a dominant species is Cu(@H) concentration range. Interestingly, a recent survey of known
which is characterized by a solubility product of 21020, cooperative enzymes finds that positive and negative coop-
Using the OH concentration defined by pH 7.4, free copper erativity arise in the literature with approximately equal
arising from the equilibrium with copper hydroxide is frequency 29). The consequence of negative cooperativity,
approximately 0.4:M. Consequently, the PrP constructs are in the PrP octarepeat domain, is that the protein transitions
not competing for free aqueous copper but instead féf Cu  from 10 to 90% copper occupation over an extremely wide
sequestered in colloids. The affinity of PrP for copper may concentration range from 0.1 nM to 90/.
be stronger than ouKy values suggest, and our reported Numerous lines of evidence suggest that PrP functions as
values therefore represent upper bounds on the true dissociaa neuroprotectant. Wild-type cells in culture are substantially
tion constants for component 1 and 2 coordination. Despite more resistant to oxidative stress, arising from copper and
this uncertainty, competition studies between PrP23 other redox-active species, than PrP knockolity. (Simi-
57—-91), with a single equivalent of Gt, and a 500-fold larly, normal mice show much less tissue oxidation than PrP
excess of HGGGW (see the Results) demonstrate noknockouts 80). Although several mechanisms have been
component 1 coordination whatsoever. Thus, component 3advanced to explain these observations, we have argued that

The octarepeat domain exhibits widely varying affinities
for copper uptake, depending upon the specific?'Cu
coordination mode. At low occupancy, component 3 coor-
dination dominates, characterized bi{g~ 0.1 nM. At high
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the ability of component 1 coordination to quench copper 5.

redox activity is key 9, 17). Because of the redox pair
involving the oxidation states Cuand Cé", high concentra- 6
tions of weakly complexed copper contribute to the produc-
tion of reactive oxygen species, which are toxic to cells.
Component 1 coordination, however, binds specifically to
Cu?, with a strong ligand field arising from the imidazole 7
and deprotonated amide nitrogens, and preferentially stabi-
lizes this oxidation state, thus reducing redox activity.

The prion protein is concentrated at presynaptic mem-
branes 4). During neurotransmitter release, Tis released
into the synaptic cleft. The best current estimates place the
peak copper concentration in the range from 3.0 to 290 9
(31, 32). At these concentrations, uncomplexed copper is
likely to threaten cell viability. Thus, there must be mech-
anisms to protect against these transient copper concentration
spikes. In blood and blood plasma, copper is buffered by

amino acids, most of which are at micromolar concentrations 11.

(33), and serum albumin at a concentration of approximately
600 uM. Albumin takes up 1 equiv of copper in its
N-terminal segment and, similar to PrP, coordinates in a
fashion that stabilizes Gt (although albumin has a much
higher C@" affinity than PrP). Cerebrospinal fluid (CSF)
contains amino acids at concentrations similar to that found
in blood. However, the concentration of albumin in CSF is
approximately 100-fold lower than that in blood. Thus, while
synapses experience significant changes in copper levels,
with peak levels likely approaching 25M, the synaptic
fluids themselves lack the ability to complex this cytotoxic

species. Given that PrP responds to widely varying copper 15

concentrations, resulting from negative cooperativity (medi-
ated by component 3), and takes up copper in the concentra-

tion range found in synapses suggest that at least part of the 16.

function of PrP is to scavenge excess copper during neuronal
activity. With the protein located at the presynaptic surface,
it is positioned to hold onto copper until membrane trans-
porters mobilize it back to the cell interior.

The cellular form of PrP is implicated in a number of
critical neurophysiologic functions. Most certainly, at least
one of these functions is related to the ability of the protein
to take up Cét. PrP responds to varying copper concentra-
tions by passing through a series of distinct binding modes.
Our results here show thd€y varies significantly as a
function of copper occupation, resulting in pronounced
negative cooperativity. The consequence is that the response
of PrP is well-matched to Cu variations in the synaptic
cleft. Moreover, at high copper concentrations, in the
micromolar range, PrP binds &€uin a manner that quenches
deleterious redox activity. This type of antioxidant function
is likely to be key for the long-term maintenance of
neurological tissues.

21.
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