
Copper Alters Aggregation Behavior of Prion Protein and
Induces Novel Interactions between Its N- and C-terminal
Regions□S

Received for publication, May 27, 2011, and in revised form, August 29, 2011 Published, JBC Papers in Press, September 7, 2011, DOI 10.1074/jbc.M111.265645

Abhay Kumar Thakur‡1, Atul Kumar Srivastava§, Volety Srinivas‡, Kandala Venkata Ramana Chary§,
and Chintalagiri Mohan Rao‡2

From the ‡Centre for Cellular and Molecular Biology, Council of Scientific and Industrial Research, Uppal Road, Hyderabad 500 007
and the §Department of Chemical Sciences, Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba,
Mumbai 400 005, India

Background: Role of copper as an attenuator or facilitator in prion diseases is controversial.
Results: Copper-bound PrP does not aggregate at physiological temperature and shows two novel interactions between its N-
and C-terminal domains.
Conclusion: Copper may act as an attenuator in prion diseases and induces novel long range inter-domain interactions in PrP.
Significance: This study might help in understanding the role of copper in prion diseases.

Copper is reported to promote and prevent aggregation of
prion protein. Conformational and functional consequences of
Cu2�-binding to prion protein (PrP) are not well understood
largely becausemost of theCu2�-binding studies have been per-
formed on fragments and truncated variants of the prion pro-
tein. In this context, we set out to investigate the conformational
consequences of Cu2�-binding to full-length prion protein
(PrP) by isothermal calorimetry, NMR, and small angle x-ray
scattering. In this study, we report altered aggregation behavior
of full-length PrP upon binding to Cu2�. At physiological tem-
perature, Cu2� did not promote aggregation suggesting that
Cu2� may not play a role in the aggregation of PrP at physio-
logical temperature (37 °C). However, Cu2�-bound PrP
aggregated at lower temperatures. This temperature-depen-
dent process is reversible. Our results show two novel intra-
protein interactions upon Cu2�-binding. The N-terminal
region (residues 90–120 that contain the site His-96/His-
111) becomes proximal to helix-1 (residues 144–147) and its
nearby loop region (residues 139–143), which may be impor-
tant in preventing amyloid fibril formation in the presence of
Cu2�. In addition, we observed another novel interaction
between the N-terminal region comprising the octapeptide
repeats (residues 60–91) and helix-2 (residues 174–185) of
PrP. Small angle x-ray scattering studies of full-length PrP
show significant compactness upon Cu2�-binding. Our
results demonstrate novel long range inter-domain interac-
tions of the N- and C-terminal regions of PrP upon Cu2�-
binding, which might have physiological significance.

Prion protein (PrP)3 is involved in transmissible spongiform
encephalopathies, a group of diseases such asCreutzfeldt-Jakob
disease, Kuru, Fatal Familial Insomnia, and Gerstmann-
Straussler-Scheinker syndrome, characterized by neurodegen-
eration, spongiform cerebral tissue, and amyloid plaques. Such
diseases are caused by the conformational transition of�-helix-
rich cellular prion protein (PrPC) to the �-sheet-rich scrapie
prion protein (PrPSC) (1). Copper ions (Cu2�) appear to have a
significant role in such conformational transition (2). PrP
exhibits strong binding toward Cu2�with nano- to femtomolar
affinity (3–5). Cu2�-binding sites are reported in the flexible
N-terminal region (residues 23–120); four of them are present
in the octapeptide repeats (residues 60–91) and one located at
His-96 andHis-111 (6–8) (residues are numbered according to
the human PrP sequence). An additional Cu2�-binding site at
His-187 has also been recognized in the C-terminal region of
PrP (9–12).
Although the functional implication of Cu2�-binding to PrP

is not yet clear, it is believed that Cu2� is an important factor (as
a facilitator or an attenuator) in prion diseases. Cu2�-binding
induces conformational changes leading to reduction in the
helical content and an increase in the�-sheet content especially
in the region 90–120 (13), which partially overlapswith thewell
established amyloidogenic stretch 106–126 (14). Cu2� has also
been shown to induce conformational changes and increased
stability in the octapeptide repeats of PrP (15, 16).
Cu2� is shown to convert PrPC from brain homogenates (2)

and aged recombinant PrP (17) to protease-resistant and deter-
gent-insoluble aggregates. However, these aggregates are struc-
turally distinct from the scrapie prion protein (PrPSC). Expan-
sion of octapeptide repeats has been suggested to cause an early
onset of the prion disease (18, 19). In contrast, several studies
show compelling evidence on the inhibitory role of Cu2� on the
amyloid formation of PrP in vitro (20–23). In vivo studies of
Cu2�-binding to PrP are also not unequivocal. One study
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reports the delay in the onset of prion disease upon removal of
Cu2� by chelation (24), whereas a different study shows that
Cu2�-depleted diet enhances prion disease (25). Thus, the
nature and consequences of interaction of Cu2� with PrP, both
in vitro and in vivo, appear to be a complex phenomenon that
remains to be investigated.
Conformational studies on binding of Cu2� to PrP in vitro

have been performed using peptides (26–28) or truncated vari-
ants of PrP (29–31) and at nonphysiological temperatures (2,
10, 13–17) and inwater or buffers of low ionic strength (3, 9, 13,
32–34). We have used full-length PrP(23–231) to investigate
conformational changes and aggregation upon Cu2�-binding
at physiological temperature (37 °C).We find that Cu2�-bound
PrP undergoes unusual temperature-dependent reversible
aggregation. Interestingly, it aggregates at lower temperatures
and resolubilizes as the temperature is raised. Our investiga-
tions using isothermal calorimetry (ITC), NMR, and small
angle x-ray scattering (SAXS) provide insight into thermody-
namic and conformational aspects of this process. Based on our
study, we propose the involvement of the interaction of helix-2
and the octapeptide repeats region in the aggregation process.
Our results reveal two novel interactions between the flexible
N- and the C-terminal regions of PrP upon Cu2�-binding as
follows: (i) between theN-terminal region and helix-1 (residues
144–147) and its nearby loop region (residues 139–143) and
(ii) between theN-terminal region (residues 60–91) andhelix-2
(residues 174–185) of PrP. We believe these observations have
physiological implications.

EXPERIMENTAL PROCEDURES

All chemicals and reagents were of analytical or ultra pure
grade. Isopropyl 1-thio-�-D-galactopyranoside was obtained
from Bangalore Genei (India), and urea was procured from
United States Biochemical (Cleveland, OH), and ampicillin was
purchased from Biochem Pharmaceutical Industries Ltd.
(India). Protease inhibitor mixture was from Roche Diagnos-
tics; NaCl and glycine were from Qualigens, Fine Chemicals
(India); CuSO4 was from Sisco Research Laboratories Pvt. Ltd.
(Mumbai, India). Nickel-nitrilotriacetic acid matrix was
obtained from Qiagen (GmbH, Hilden, Germany). Other
chemicals or reagents were from Sigma.Water used in all reac-
tions was obtained fromMilliQ, Millipore (Bedford, MA).
Cloning, Expression, and Purification of Prion Protein

Variants—We have cloned, expressed, and purified mouse
PrP(23–231) as described earlier (35). PrP(90–231) was cloned
into pET21a vector after PCR amplification from PrP(23–231)-
pET21a template using gene-specific primers (forward primer
TGGCATATGGGCCAAGGAGGGGGTAC and reverse
primer GCTTTCGAATCAGCTGGATCTTCTCCCG). In-
serts in pMOS blue vector (Novagen) were digested with NdeI
and HindIII and ligated by T4-DNA polymerase (Promega) in
pET21a vector. Escherichia coli DH5� strain was transfected
with the plasmid constructs. Positive colonies were screened
with the help of ampicillin. The sequence of this construct was
verified using 3700ABI automated DNA sequencer.
MoPrP(90–231) (pET21a vector) was expressed in E. coli
Rosetta DE3. After 12 h of induction, cells were harvested,
lysed, and centrifuged. The insoluble pellet was washed and

dissolved in 8Murea and 10mM reduced glutathione and bound
to nickel-nitrilotriacetic acid matrix. On-column oxidative
folding of PrP was done by slow removal of the denaturant and
the reducing agent. Protein was eluted in 50mM imidazole. The
eluted protein was extensively dialyzed against MilliQ water
and then concentrated. Aliquots of protein were stored at
�70 °C. The protein concentrations were estimated using the
extinction coefficient of 2.70 and 1.70 at 280 nm for 1 mg/ml
solutions of PrP(23–231) and PrP(90–231), respectively. The
purity of the protein was checked using SDS-PAGE and found
to be free of any contaminants.
PrP Preparations for Spectroscopic Measurements—Scatter-

ing experiments were performed in 20 mM sodium phosphate
buffer (pH 7.4) and 100 mM NaCl, unless otherwise specified.
For ITC, SAXS, dynamic light scattering, sedimentation veloc-
ity, and NMR experiments, PrP in water with pH 7.4 main-
tained by dilute NaOH solution was used to avoid aggregation.
At low protein (�0.25 mg/ml) concentrations, the reversible
aggregation was not noticeable. However, at higher concentra-
tions up to 2 mg/ml in water (pH 7.4), reversible aggregation
was observed below 22 °C.
Cu2�-binding Studies—For all Cu2�-binding studies, includ-

ing aggregation, NMR, SAXS, sedimentation velocity, and ITC
experiments, Cu2� was complexed with glycine in a 1:4 molar
ratio to form Cu-(Gly)2 complex (referred to as Cu2� every-
where in the text) to avoid any hydroxide formation. The Cu-
(Gly)2 complex was maintained at pH 6.0 to avoid drastic
change in pH of PrP (water, pH 7.4) upon titration in ITC
experiments. After titration, no significant change in pH was
observed. Except for ITC, all the binding studies were done
using 6 M eq of Cu2�.
Scattering Studies—Scattering measurements were moni-

tored using Spectrofluorimeter Fluorolog-3 model FL-3–22
from Horiba Jobin Yvon, Inc. Rayleigh scattering of solutions
was recorded at any given temperature with excitation and
emissionmonochromators fixed at 465 nm, and bandpasses for
excitation and emission were set at 0.5 and 1 nm, respectively.
Datamax software provided by the manufacturer was used to
monitor scattering. The instrument takes 2.5 and 3 min to
increase or decrease the sample temperatures from 15 to 37 °C,
respectively. To measure the extent of reversibility, scattering
was monitored at various temperatures between 37 and 15 °C
and brought back to 37 °C with similar intervals.
Isothermal Calorimetry—Binding of Cu-(Gly)2 complex with

PrP(23–231) was performed using VP-ITC microcalorimeter
from MicroCal, LLC. Data acquisition and analysis were done
with software provided by the manufacturer. PrP(23–231) at a
concentration of 0.25mg/ml (12�M) inwater (pH 7.4) was used
and 2mM of Cu-(Gly)2 was titrated against it. Each solution was
filtered or centrifuged and degassed before binding experi-
ments. Initial injection of 2 �l followed by 29 injections of 4 �l
was used for binding reactions. To remove the heat of dilution
generated because of injection of ligands to the protein solution
in the binding reactions, base-line correction for raw isotherms
was performed by subtracting average saturated values
(obtained from six points) from its corresponding isotherms.
For analysis, a sequentialmodewith four binding siteswas used.
Binding reactions were performed at 16, 20, 25, 30, and 37 °C.
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Three reactions were done at each temperature, and averaged
values are reported.
NMR of Prion Protein—Uniformly 15N-labeled protein sam-

ples of PrP(23–231) and PrP(90–231) were prepared by grow-
ing E. coli cells in M9 minimal medium containing 15NH4Cl as
the sole source of nitrogen. Protein samples (2 mg/ml) were
prepared in ultra pure water (10�18 ��1 cm�1 resistivity)
whose pH was maintained at 7.4. Two-dimensional 15N-1H
HSQC spectra were recorded for PrP(23–231) and PrP(90–
231) at various temperatures ranging from 16 to 37 °C. Each
15N-1HHSQCwas recorded with 1024 and 128 complex points
along 1H and 15N dimensions, respectively, using watergate
sequence for water saturation, on a Bruker Avance 800 MHz
NMR spectrometer equipped with a 5-mm triple-resonance
cryogenic probe, whose temperature was calibrated using
methanol (280–300 K). All the spectra were referenced using
4,4-dimethyl-4-silapentane-1-sulfonic acid as an external ref-
erence at 298 K and then adding the correction of 0.01 ppm/K
for the temperature change. The spectra were processed with
4096 and 1024 points along 1H and 15N dimensions, and a win-
dow function of 60°-shifted sine square bell was used for apo-
dization along both the dimensions usingTopSpin 2.0 software.
Analysis was carried out manually using computer-aided reso-
nance assignment (CARA).
NMR Assignments—Prior to the assignment of the peaks in

the two-dimensional 15N-1H HSQC of PrP(90–231), recorded
in a mixed solvent of 2H2O and H2O (pH 7.4), we recorded the
same spectrum at pH 7.0 for which the chemical shift informa-
tion (32) is available in the BioMagResBank (code 16071) under
similar buffer conditions, 5 mM phosphate buffer (pH 7.0). All
the observed peaks in the pH 7.0 spectrum, totaling 128 out of
138, could be assigned by visual inspection. The missing spec-
tral information about the 10 remaining residues belongs to the
flexible part of the protein. In such an assignment, no changes
were noticed in the respective chemical shifts, except for the
residue Phe-141. We then assigned the 15N-1H HSQC of
PrP(90–231) recorded in water at pH 7.4 by comparing it with
the spectral assignments made at pH 7.0. Once again, no spec-
tral changes were noticed except for the absence of 17 more
cross-peaks belonging to the unstructured part of the protein
(residues 90–120). Thus, we could unambiguously assign the
spectral signatures of 111 residues. Such assignments were fur-
ther used to assign 85 of the observed peaks in the 15N-1H
HSQC of wild-type prion protein, recorded under identical
experimental conditions. Among the residues, whose spectral
signatures were absent in the spectrum, 28 belong to the
unstructured polypeptide stretch (residues 90–120), and the
residues Val-166–Asn-171, Arg-230, and Ser-231, all belong-
ing to the globular domain of the protein.
Sedimentation Velocity Measurements—Sedimentation

velocity measurements were performed using Optima XL-I
analytical ultracentrifuge (Beckman Coulter, Fullerton, CA).
Prion protein samples (2 mg/ml (pH 7.4), conditions identical
to those used in NMR experiments), with and without Cu2�,
were subjected to centrifugation at 58,000 rpm (�240,000 � g)
at 37 °C, using An60Ti rotor with an aluminum center piece.
The protein boundary was scanned at 1-min intervals for 8 h by
interference measurements using 30-milliwatt 660 nm laser

diode. The sedimentation coefficient s20,w and molecular mass
of the protein were calculated using the program SEDFIT (36),
which uses nonlinear regression fitting of the sedimenting
boundary profile with the Lamm Equation 1,

dc

dt
�

1

r
�

d

dr�rD
dc

dr
� s�2r2 � c� (Eq. 1)

which describes the concentration distribution c(r,t) of a spe-
cies with sedimentation coefficient s and diffusion coefficientD
in a sector-shaped volume and in the centrifugal field �2r.
SAXS Studies—SAXS measurements were performed with a

HECUS S3-Micro SAXS camera attached to a Xenocs
microbeamdelivery system (copper target, wavelength� � 1.54
Å) operating at a power of 50watts. SAXSmeasurements of PrP
samples with and without Cu2� (2 mg/ml in water (pH 7.4)) at
37 °C for 10,800 swere recordedwith a Pilatus 100k pixel detec-
tor. The two-dimensional image was reduced to a one-dimen-
sional scattering curve using the Fit2D software and processed
using PRIMUS (37). The Rg and I(0) values were obtained using
the Guinier approximation (38). To obtain shape information,
the scattering data were converted to P(r) function by GNOM
software, and the Dmax was calculated (39). The P(r) function
was taken to GASBOR, to generate ab initiomodels (40). This
process was repeated 10 times and then averaged using
DAMAVER (41). The high resolution NMR data of prion pro-
tein and the ab initio SAXS envelopes of PrP in the absence and
presence of Cu2� obtained from GASBOR program were
matched using SUPCOMB (42).

RESULTS

Reversible Aggregation of PrP(23–231) upon Cu2�-binding—
Wemeasured aggregation of PrP upon Cu2�-binding by mon-
itoring light scattering of the solution under physiological con-
ditions (temperature 37 °C and pH 7.4). Six molar equivalents
of Cu2� in the form of Cu-(Gly)2 (see under “Experimental
Procedures”) were added to full-length PrP (Fig. 1A). No
changes in the scattering at 37 °C were observed upon Cu2�-
binding to PrP(23–231), indicating the absence of aggregation
at this temperature (see Fig. 1A, before 200 s). We made a ser-
endipitous observation that as the temperature was lowered to
15 °C, there was a sudden increase in the scattering, suggesting
protein aggregation (200–400 s). When the temperature was
raised back to 37 °C, the observed light scattering suddenly
decreased (400–600 s), indicating reversible protein aggrega-
tion. The extent of reversibility was monitored by continuous
heating and cooling of the sample for 14 times (supplemental
Fig. S2A). The aggregation was reversible except for a minor
decrease in the observed light scattering. Temperature depend-
ence of this process (supplemental Figs. S1, A and B, and S2A)
suggests that the aggregation occurs below 20 °C. However, at
higher concentrations of PrP(23–231), the protein aggregates
at higher temperatures (below25 °C).We also observed that the
extent of reversible aggregation increased with increasing con-
centration of PrP(23–231) (supplemental Fig. S1, C and D).
Although this aggregation occurs at a nonphysiological tem-
perature, a detailed understanding of this process is likely to
provide insights into the molecular basis of Cu2�/PrP interac-
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tion. We have therefore investigated the temperature-depen-
dent, reversible aggregation of Cu2�-bound PrP.

To examine the role of electrostatic interactions in theCu2�-
bound PrP(23–231) aggregation, we monitored the protein
aggregation at varying concentrations of salt (sodium chloride,
NaCl) (supplemental Fig. S1, E and F). The extent of aggrega-
tion increased with an increase in salt concentration, suggest-
ing the involvement of nonelectrostatic interactions such as
hydrogen bonds (H-bonds) and hydrophobic interactions in
the PrP(23–231) aggregation. PrP(23–231) binds Cu2� in the
N-terminal region involving four octapeptide repeats (residues
60–91) and at the sites His-96 and His-111 (2–12). To probe
the region(s) responsible for temperature-dependent aggrega-
tion of Cu2�-bound PrP(23–231), we have generated an N-ter-
minal deletionmutant PrP(90–231), which lacks the four octa-
peptide repeats (region 23–89). Interestingly, Cu2�-bound
PrP(90–231) (Fig. 1B, squares) did not show any aggregation,
whereas the Cu2�-bound PrP(23–231) shows reversible aggre-
gation as expected (Fig. 1B, triangles). This result shows that the
region encompassing octapeptide repeats is responsible for the
temperature-dependent reversible aggregation of Cu2�-bound
PrP.
We used an amyloid-specific fluorescent probe thioflavin T

(43) to further understand the nature of these aggregates (amy-
loid or amorphous). We did not observe any change in thiofla-
vin T fluorescence with Cu2�-bound PrP(23–231) at various

temperatures (16, 20, 25, 30, and 37 °C), indicating that the
aggregates formed are amorphous in nature (supplemental Fig.
S2B). This result rules out any amyloidogenic conversion of
PrP(23–231) upon Cu2�-binding in the given temperature
range.
Binding Affinity of Cu2� to PrP(23–231) at Various

Temperatures—It is possible that the observed temperature-
dependent aggregation could be due to temperature-depen-
dent changes in the affinity of Cu2� for PrP.We determined the
affinity of Cu2� for PrP(23–231) at different temperatures
using ITC. The apparent dissociation constants (Kd(app)) thus
obtained from the curve fitting of base-line-corrected iso-
therms (see “Experimental Procedures”) did not show signifi-
cant differences at various temperatures (statistical analysis
shows p values in the range 0.11 to 0.23) (supplemental Fig.
S2C). This result clearly suggests that theCu2�-induced revers-
ible aggregation of PrP(23–231) cannot be attributed to
changes in the binding affinities.
The ITC data suggest that both �H and �S show linear

changes with temperature (Fig. 2, A and B); although �H
decreased, �S increased with temperature, indicating confor-
mational changes associated with Cu2�-binding to PrP(23–
231). Interestingly, we observed a linear correlation between
�H and �S with a slope of 297.8 K (Fig. 2C). Such a linear and
positive correlation between �H and �S, with a slope of �300
K, has been proposed to indicate enthalpy/entropy compensa-
tion for small solutes and proteins in water solutions (44, 45).
Temperature-dependent compensation requires heat capacity
to remain more or less constant throughout the temperature
range used (46). In the present case, the calculated molar heat
capacity indeed was found to be constant (�517 cal/mol/K, see
Fig. 3D). This observation may be taken to suggest that at high
temperatures the process is entropy-driven, whereas at lower
temperatures it is driven by enthalpy.
Novel Interactions between the N- and C-terminal Regions

upon Cu2�-binding—Isothermal titration calorimetry studies,
inter alia, show positive and large heat capacity change upon
Cu2�-binding to PrP(23–231) (�517 cal/mol/K, see Fig. 2D).
Several studies associate positive and large heat capacity change
with the breaking of H-bonds or long range electrostatic inter-
actions or loss of polar residues on the surface- or temperature-
dependent conformational changes (47). In our experiments,
positive and large heat capacity change suggests that PrP(23–
231) undergoes conformational changes upon binding to Cu2�

at various temperatures. We have investigated the possible
structural alteration using NMR and SAXS. Because PrP is a
glycosylphosphatidylinositol-anchored protein, it has been
suggested by Nishina et al. (48) that it is likely to exist in rela-
tively nonpolar micro-environments with a dielectric constant
similar to those of low ionic strength buffer solutions. We have
therefore carried out these experiments under low ionic
strength conditions (see “Experimental Procedures”). We have
recorded a series of 15N-1H HSQC spectra of PrP(23–231) (full
length) at different temperatures in the presence and absence of
Cu2� (Fig. 3; supplemental Fig. S3). We could monitor cross-
peaks from the C-terminal region of PrP (residues 120–231).
The cross-peaks from theN-terminal region (residues 23–120),
which included Cu2�-binding sites such as the octapeptide

FIGURE 1. Temperature-dependent reversible aggregation of Cu2�-
bound PrP. A, reversible aggregation of PrP(23–231) in the presence of Cu2�.
Gray lines indicate temperature of the sample, and slopes of lines indicate
decrease or increase in the temperature. B, reversible aggregation of similar
concentrations of PrP(23–231) (circles), Cu2�-bound PrP(23–231) (triangles),
PrP(90 –231) (diamonds), and Cu2�-bound PrP(90 –231) (squares). The circles,
diamonds, and squares are overlapping. Arrows show the directions of exper-
iments. Arrow pointing downward shows cooling, and arrow pointing upward
shows heating of sample.
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repeats region (residues 60–91) and His-96/His-111, were not
visible in the given spectra in the presence and absence of Cu2�

(see “Experimental Procedures”). This facilitated observation of
specific conformational changes in the C-terminal region of
PrP(23–231) induced by Cu2�-binding to the N-terminal
region. Being paramagnetic in nature, Cu2� is known to
increase transverse (spin-spin) relaxation rates, thereby broad-
ening the NMR spectral lines (49). Upon Cu2� addition, we
observed the line broadening of only some but not all the peaks,
indicating strong binding ofCu2� to specific sites. Several of the
original peaks in the HSQC spectrum of PrP(23–231) broad-
ened, upon addition of Cu2�, although others remained unaf-
fected in their line widths. The intensities of these broadened
peaks were below the NMR detection limit (Fig. 3). We further
noted that the number of broadened cross-peaks increased
with a decrease in temperature in the HSQC spectra of Cu2�-
bound PrP(23–231) (compare blue cross-peaks in Fig. 3A with
those inB and those in supplemental Fig. S3,A andF).However,
in the absence of Cu2�, no such broadening of cross-peaks was
noticed in the HSQC spectra of PrP(23–231) (compare red
(without Cu2�) and blue (with Cu2�) cross-peaks in Fig. 3, A
and B). At 37 °C, cross-peaks arising from Phe-141, Asn-143,
andAsp-147were foundmissing (Fig. 3A; Table 1; and Fig. 4,C,
D, and F). As the temperature was lowered, peaks arising from
Glu-146 and Ile-139 disappeared at 34 and 31 °C, respectively
(Fig. 4, E and B; Table 1). Residues Ile-139 to Asn-143 corre-
spond to the loop region preceding helix-1, whereas Glu-146
and Asp-147 are part of helix-1 (Fig. 4A). In addition to the
above-mentioned residues, some of the peaks arising from the
helix-2 region (residues 171–188) also showed line broadening

at temperatures below37 °C (Table 1; Fig. 5,B–H). Asn-174 and
Asp-178 were the first residues whose spectral signatures dis-
appeared at 34 °C (Fig. 5, B and C). This was followed by the
disappearance of peaks of Val-180 and Asn-181 at 31 °C (Fig. 5,
E and F) and also Cys-179, Ile-182, and Lys-185 at 28 °C (Fig. 5,
D, G, and H; Table 1).
Proximity of paramagneticCu2� could lead to the line broad-

ening (disappearance of peaks) in the HSQC spectra listed in
Table 1. Formation of higher order assemblies, however, can
also lead to line broadening. The results from the scattering
experiments (supplemental Fig. S1,A andB) show that PrP(23–
231) does not undergo aggregation in the presence of Cu2� at
these temperatures. We carried out dynamic light scattering
measurements (under conditions identical to NMR experi-
ments) and found no change in the hydrodynamic radius of PrP
andCu2�-bound PrP (supplemental Fig. S2D).We also carried
out sedimentation velocity measurements with PrP and
Cu2�-bound PrP at 37 °C. Fig. 6, A and B, shows the move-
ment of sedimenting boundary, represented as fringe dis-
placement with time, of the samples of PrP and Cu2�-bound
PrP, respectively. Fig. 6C shows the sedimentation coeffi-
cient profiles of PrP (s20,w, 2.694) and Cu2�-bound PrP (s20,w,
2.862) derived from curve-fitting analyses of the sedimenta-
tion profiles. Sedimentation profiles indicate that �98.5% of
the population in the samples containing PrP and Cu2�-
bound PrP are in monomeric form with a molecular mass of
�23.4 kDa. The remaining negligible fraction (�1.5%),
which corresponds to higher oligomers (including dimers,
trimers, or tetramers), is observed both in PrP and Cu2�-
bound PrP, clearly showing that addition of Cu2� to PrP

FIGURE 2. Calorimetric studies on binding of Cu2� to PrP. A, �H; B, �S of Cu2�-binding to PrP at different temperatures. C, plot of �H and �S. Enthalpy/
entropy compensation was observed in the case of Cu2�-binding to PrP at various temperatures. Data were fitted with the linear equation (y � m�x � C),
yielding a slope of 297.8 K. D, plot of �H and T; slope yields heat capacity change (�517 cal/mol/K). For all figures, S.E. was calculated using three sets of
experiments.
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samples at 37 °C does not lead to the formation of higher
order assemblies. It is important to note that the sedimenta-
tion velocity and dynamic light scattering measurements
were carried out under the same conditions of concentration
of PrP, pH, and temperature as used in the NMR experi-
ments. All these observations taken together clearly show
that proximity of paramagnetic Cu2�, but not the formation
of higher order assemblies, is responsible for the observed
line broadening in HSQC spectra.
Interestingly, none of the residues in helix-1 and its nearby

loop region (Ile-139–Asp-147) are implicated in Cu2�-binding
to PrP. It is worth mentioning here that in the polypeptide
stretch Ile-139 toAsp-147,His-140, not detected in the absence
or presence of Cu2� in the given HSQC spectrum, is the lone
residue that could bind Cu2�. However, studies by Van Doors-
laer and co-workers (33) have clearly ruled out the possibility of
Cu2�-binding at this residue. Therefore, we believe that the
reason for the disappearance of peaks from these regions can
only be explained if Cu2� bound at other sites such as the octa-
peptide repeats region and/or His-96/His-111 of the N-termi-
nal region might become proximal to these residues and thus
cause the paramagnetic line broadening leading to the disap-
pearance of their spectral signatures.

TABLE 1
Lists of residues whose cross-peaks are missing upon addition of Cu2�

at various temperatures
In the two-dimensional 15N-1H HSQC spectra of Cu2�-bound PrP(23–231), cross-
peaks of these residues are broadened at a particular temperature compared with
that of PrP(23–231). Cross-peaks of the residues (boldface) are also found to be
missing in the HSQC spectra of Cu2�-bound PrP(90–231). In the case of Cu2�-
bound PrP(90–231), cross-peak arising from Ile-139 disappeared at 25 °C in con-
trast to that of PrP(23–231), where it disappeared at 31 °C. Below 24 °C, cross-peaks
are broadening due to the aggregation process, which is prevalent at or below 22 °C
(shown in supplemental Table S1). Except Asp-178, residues in boldface belong to
the helix-1 region and others correspond to the helix-2 region.

37 °C 34 °C 31 °C 28 °C

Ala-120a Ala-120 Ala-120 Ala-120
Phe-141 Phe-141 Phe-141 Phe-141
Asn-143 Asn-143 Asn-143 Asn-143
Asp-147 Asp-147 Asp-147 Asp-147

Glu-146 Glu-146 Glu-146
Asn-174 Asn-174 Asn-174
Asp-178 Asp-178 Asp-178

Ile-139b Ile-139b
Cys-180 Cys-180
Asn-181 Asn-181

Cys-170
Ile-182
Lys-185
Arg-208a

a Ala-120 is present in a flexible N-terminal region, and Arg-208 is present in
helix-3.

b In the case of PrP(90–231), the cross-peak arising from Ile-139 was found to dis-
appear at 25 °C.

FIGURE 3. Two-dimensional 15N-1H HSQC spectra of PrP(23–231) and PrP(90 –231). A and B, two-dimensional 15N-1H HSQC spectra of PrP(23–231) (red
cross-peaks) were overlaid with those of Cu2�-bound PrP(23–231) (blue cross-peaks) at 37 °C (A) and 25 °C (B). C and D, two-dimensional 15N-1H HSQC spectra
of PrP(90 –231) (red cross-peaks) and Cu2�-bound PrP(90 –231) (blue cross-peaks) were at 37 °C (C) and 25 °C (D).
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To probe residues from the N-terminal regions that might
interact with helix-1 and helix-2 of the C-terminal region, we
have recorded 15N-1H HSQC spectra of the N-terminal dele-
tion mutant PrP(90–231), which lacks the four octapeptide
repeats (region 23–89) leaving His-96/His-111, as the only
Cu2�-binding site. We noticed that the cross-peaks arising
from Phe-141, Asn-143, Glu-146, Asp-147, and Asp-178 com-
pletely disappeared upon addition of Cu2� at 37 °C (Figs. 3C
and 4, C–G). Upon lowering the temperature to 25 °C, the
cross-peak arising from Ile-139 also disappeared (Figs. 3D and
4B; supplemental Fig. S4B; in Table 1 see the boldface residues).
Interestingly, the cross-peaks of PrP(90–231) from helix-1 and
its nearby loop region (Ile-139–Asp-147), which broadened in
the presence of Cu2� at 37 °C, were similar to those of PrP(23–
231), as mentioned above. PrP(90–231) did not show protein
aggregation in the presence of Cu2� at low temperatures (Fig.
1B).We therefore propose here that the C-terminal region (Ile-
139 to Asp-147) of PrP is involved in a novel interaction with
the Cu2�-boundN-terminal region (residues 90–120 that con-
tains the site His-96/His-111). The role of the octapeptide
repeats in this interaction is less pronounced as Cu2�-bound

PrP(90–231) does not have residues from 23 to 89 that harbor
octapeptide repeats. Thus, on the basis of our observations in
proteins PrP(90–231) and PrP(23–231), we suggest that the
region 90–120 (which contains the site His-96/His-111)
becomes proximal to the region Ile-139–Asp-147 for interac-
tion, upon binding to Cu2�.

PrP(23–231) also shows broadened cross-peaks from the
helix-2 region, which is not observed in the case of PrP(90–
231). A few reports suggest that Cu2� binds to His-187 (9–12).
However, we found that the cross-peak arising from His-187
broadened only below 22 °C in the HSQC spectra of Cu2�-
bound PrP(23–231) but not in that of Cu2�-bound PrP(90–
231) (Table S1). Because both the variants of PrP (PrP(23–231)
and PrP(90–231)) haveHis-187, they should have shown a sim-
ilar broadening phenomenon if Cu2� binds to this site. More-
over, the broadened cross-peaks arising from the helix-2 region
(residues 174–182 until 28 °C) are distal to His-187. Thus, the
NMR data clearly shows that His-187 is not involved in Cu2�-
binding under the chosen experimental conditions. This obser-
vation indicates the presence of Cu2� in close proximity of the
helix-2 region, whichmight be responsible for the observed line

FIGURE 4. Representation of the residues corresponding to missing cross-peaks in helix-1 of PrP(23–231) and PrP(90 –231). A, NMR structure of
PrP(121–231) (BioMagResBank code 16071 and Protein Data Bank code 1XYX) displaying residues (in sticks with yellow backbone) from helix-1 and its nearby
loop region, whose cross-peaks were found missing upon addition of Cu2� to PrP(23–231) and PrP(90 –231) in the temperature range of 37–24 °C. The
cross-peaks of helix-1 residues Ile-139 (B), Phe-141 (C), Asn-143 (D), Glu-146 (E), Asp-147 (F), and helix-2 residue Asp-178 (G) in the absence of Cu2� (upper panel)
are compared with the cross-peaks obtained in the presence of Cu2� (lower panel). Each panel has five different color cross-peaks that correspond to the same
residues obtained at different temperatures from 16 °C (dark purple) to 37 °C (red) as shown in the color cross-peaks bar (bottom right corner). In each panel an
arrow is used to indicate the approximate position of cross-peaks in the absence and presence of Cu2�. Asp-178 is the only residue in helix-2 whose cross-peaks
were found to be missing at and above 30 °C in the two-dimensional 15N-1H HSQC of Cu2�-bound PrP(90 –231). Residues are numbered according to the
human PrP sequence. Val-121 and Ser- 231 are the N-terminal (red) and C-terminal (blue) residues, respectively.
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broadening.Webelieve that the reason for the disappearance of
peaks from this region can only be explained by a second novel
interaction of the N-terminal domain with the helix-2 region.
In the case of PrP(90–231) (which lacks octapeptide repeats),
we did not observe broadening of peaks in the helix-2 region
suggesting the role of Cu2�-bound octapeptide repeats in the
disappearance of cross-peaks from the helix-2 region. There-
fore, we further propose that Cu2�-bound octapeptide repeats
region (residues 60–91) interacts with the helix-2 region (resi-
dues 174–185) and is responsible for the broadening of cross-
peaks arising from this region. Viles et al. (28) investigated a
small region of PrP covering 51–91 residues that harbor the
Cu2�-binding octapeptide repeats region and observed line
broadening of some lines from this region. Because we have
used full-length PrP(23–231), we were able to observe long
range, intra-protein interactions upon Cu2�-binding.

Our NMR results also show that residues present in hydro-
phobic core were less affected until 24 °C. Upon further lower-
ing the temperature to 22 °C and below, Cu2�-bound PrP(23–

231) exhibited protein aggregation. HSQC spectra recorded at
these temperatures showed general broadening of cross-peaks
originating from residues of helices 1 and 2 (supplemental
Table S1) and a few of the residues belonging to helix-3, which
are in contact with these helices. As described earlier, the octa-
peptide repeats are responsible for the temperature-dependent
reversible aggregation of Cu2�-bound PrP(23–231). On the
basis of NMR results, we suggest the role of interaction of
helix-2 and octapeptide repeats region in the temperature-de-
pendent reversible aggregation of Cu2�-bound PrP(23–231).
Compaction of the Extended Conformation of PrP upon

Cu2�-binding—Our results indicate that the line broadening of
the peaks from helix-1 and helix-2 regions above 24 °C is not
due to the formation of higher order assemblies but a result of
the interaction of Cu2�-bound N-terminal region with the
C-terminal region of PrP(23–231).
To get an insight into these intra-molecular interactions of

the N-terminal region with the C-terminal counterpart, we
estimated Rg and Dmax of PrP(23–231) and Cu2�-bound

FIGURE 5. Representation of the residues corresponding to missing cross-peaks in the helix-2 of PrP(23–231). A, NMR structure of PrP(121–231)
(BioMagResBank code 16071 and Protein Data Bank code 1XYX) displaying residues from helix-2 whose cross-peaks were found missing upon addition of Cu2�

to PrP(23–231) in the temperature range of 37–24 °C. The cross-peaks of these residues, Asn-174 (B), Asp-178 (C), Cys-179 (D), Val-180 (E), Asn-181 (F), Ile-182 (G),
and Lys-185 (H), in the absence of Cu2� (upper panel) are compared with those obtained in the presence of Cu2� (lower panel). Each panel has five different color
cross-peaks that correspond to the same residues obtained at different temperatures from 16 °C (dark purple) to 37 °C (red) as shown in the color cross-peaks
bar (bottom right corner). In each panel an arrow is used to indicate approximate position of cross-peaks in the absence and presence of Cu2�. Residues are
numbered according to the human PrP sequence. Val-121 and Ser-231 are the N-terminal (red) and C-terminal (blue) residues, respectively.
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PrP(23–231) using SAXS. The Rg of PrP(23–231) (2.55 nm) and
Cu2�-bound PrP(23–231) (2.46 nm) determined by Guinier
analysis show small differences (left inset, Fig. 7A). Distance
distribution function, P(r) analysis, reveals reduction in the
Dmax value from 10 nm for PrP(23–231) to 9 nm for Cu2�-
bound PrP(23–231) (Fig. 7B), which suggests that Cu2�-bound
PrP(23–231) might have become more compact compared
with PrP. The N-terminal region of PrP is unstructured and
flexible in nature. Hence, we analyzed the data using ensemble
optimization method (EOM), which gives useful information
such asRg andDmax distributions (50, 51) in the case of proteins
with flexible domains. Fig. 7,C andD, compare theDmax and Rg
distributions, respectively, of the ensembles of the selected con-
formations with theDmax andRg distributions of the initial pool
(randomly generated) of 10,000 structures. The Dmax and Rg
distributions of PrP(23–231) and Cu2�-bound PrP(23–231)
showedmultimodal distributions. Todiscern these distribution
curves, we have deconvoluted the Dmax and the Rg distribution
plots (supplemental Fig. S5, A–D). In the Dmax distribution of
PrP(23–231), the two conformer populations (mean around
7.31 and 9.52 nm with fractional contributions of 48.7 and
49.9%, respectively) (Fig. 7C, red trace; supplemental Fig. S5B)
converged into a major population with Dmax 8.39 nm (72.7%)
upon Cu2�-binding (Fig. 7C, blue trace; supplemental Fig.

S5D). This suggests that a significant amount of compaction of
the extended conformation of PrP(23–231) occurs upon Cu2�-
binding. We also found similar features in the Rg distributions
of PrP(23–231) and Cu2�-bound PrP(23–231). Rg distributions
of PrP(23–231) corresponding to 2.25 nm (46.4%) and 3.05 nm
(34.5%) (Fig. 7D, red trace; supplemental Fig. S5A) are changed
to 2.24 nm (22.8%) and 2.65 nm (73.4%) (Fig. 7D, blue trace;
supplemental Fig. S5C), respectively, upon Cu2�-binding,
which supports theDmax distribution data obtained above. The
results from the EOM analysis of the size distribution are in
agreement with the values obtained from P(r) distribution
function, where reduction of 1 nm is seen for Dmax of Cu2�-
bound PrP(23–231) compared with that of PrP(23–231). The
reduction in the Dmax leading to the global compactness of
Cu2�-bound PrP(23–231) might be the result of a decrease in
the flexibility of the N-terminal region, which exhibits interac-
tion with the C-terminal region of PrP(23–231) upon Cu2�-
binding. Study from Viles et al. (28) suggests that upon Cu2�-
binding the octapeptide repeats region achieves compact
structure due to four coordinating histidine residues. Studies
fromTakeuchi et al. (52) have reported that Cu2� induces helix
formation in the octapeptide repeat region (53). However, in
both these studies short peptides comprising octapeptide or the
repeat region (residues 51–91) have been used. We report here
a global compaction of full-length PrP(23–231) due to inter-
domain interactions upon Cu2�-binding. Thus, our SAXS
results lend credence to the existence of long range interactions
between the N- and C-terminal regions in the Cu2�-bound
PrP(23–231). The observed marginal increase (Fig. 6C) in the
sedimentation coefficient of Cu2�-bound PrP (2.86 from 2.69
for PrP) also indicates global compaction.

DISCUSSION

We have observed temperature-dependent reversible aggre-
gation of Cu2�-bound PrP(23–231); it aggregates at lower tem-
peratures and resolubilizes at physiological temperature. We
believe that a novel interaction between helix-2 and the octa-
peptide repeats region of PrP(23–231) is involved in this revers-
ible aggregation. Our study further suggests that the aggrega-
tion might proceed through the formation of hydrogen bonds
(H-bonds), which might dissociate rendering the PrP(23–231)
soluble at physiological temperature. We have investigated the
conformational consequences of Cu2�-binding to PrP(23–231)
under physiological conditions. On the basis of our results, we
propose novel interactions between the N- and C-terminal
regions involving the flexible region and the helices-1 and -2.
Aggregation of Cu2�-bound PrP—Cu2� is known to play a

role in prion diseases. It is shown to promote and prevent the
process. We noticed that most of the Cu2�-binding experi-
ments are either performed at nonphysiological temperatures
(2, 10, 13–17) or at very high concentrations of Cu2� (54, 55).
Under physiological conditions, we find that Cu2�-bound
PrP(23–231) does not aggregate. Interestingly, it starts to
aggregate when the temperature is lowered. Aggregation at
lower temperature has been reported earlier (2, 10, 13–17). Our
results suggest that Cu2� may not play a role in the aggregation
of PrP at physiological temperature (37 °C). Our experiments
with mutant protein (PrP(90–231)) show that the region

FIGURE 6. Sedimentation velocity profiles of PrP and Cu2�-bound PrP.
Movement of sedimentary boundary as monitored using interference pat-
tern of PrP (A) and Cu2�-bound PrP (B). C, sedimentation coefficient distribu-
tion of PrP (red) and Cu2�-bound PrP (blue).
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encompassing octapeptide repeats (residues 60–91) is respon-
sible for the temperature-dependent reversible aggregation of
Cu2�-bound PrP(23–231) (Fig. 1). Our ITC experiments show
that the observed temperature-dependent aggregation might
not be due to changes in the affinity of Cu2�-binding. Binding
affinity remains invariant; however, enthalpy and entropy
changes show linear and reciprocal relation indicating an
enthalpy-entropy-compensation phenomenon (44, 45). The
observed enthalpy/entropy compensation phenomenon might
be useful in understanding the temperature-dependent aggre-
gation; due to higher entropy at 37 °C, the Cu2�-binding sites
will be flexible and solvated and might disrupt any cohesive
inter-molecular interactions. This facilitates Cu2�-bound
PrP(23–231) to remain in solution at 37 °C. However, at lower
temperatures, these sites might come together initiating cohe-
sive interactions via H-bonds or hydrophobic interactions.
Hydrophobic interactions are known to increase in strength
with increasing temperatures (56). As mentioned earlier, we
observed that Cu2�-bound PrP(23–231) aggregates at low tem-
perature, but not at higher temperature (supplemental Figs. S1,
A and B, and S2A ), indicating a rather lesser role for hydropho-
bic interactions in the process. Thus, we believe that H-bonds
might play a prominent role in the temperature-dependent
aggregation of Cu2�-bound PrP(23–231).
Interaction between the N- and C-terminal Regions—The

possibility of interaction between the N- and C-terminal
regions of PrP(23–231) has been indicated in earlier studies.

Binding of antibodies specific to the N- and C-terminal regions
(57), high pressure (58), and NMR studies indicates the pres-
ence of a transient interaction of the C-terminal region of
helix-2 (residues 187–193) and helix-3 (residues 217–226) with
the unfolded N-terminal domain (34). Our Cu2�-binding stud-
ies using ITC revealed changes in enthalpy with temperatures
that resulted in large positive heat capacity change. Large heat
capacity change reflects structural rearrangements uponCu2�-
binding to PrP(23–231). Our NMR studies indicate previously
unknown interactions of the N-terminal region with the C-ter-
minal region in the Cu2�-bound PrP(23–231). The NMR of
full-length PrP has been reported earlier; there are also reports
of NMR studies on Cu2�-binding to fragments of PrP (28, 32,
59). To the best of our knowledge, this is the first investigation
of NMR of Cu2�-bound full-length PrP, which shows novel
long range inter-domain interactions.
Fig. 8 schematically describes temperature-dependent

reversible aggregation and long range inter-domain interac-
tions observed with Cu2�-bound PrP(23–231). PrP (Fig. 8,
panel 1) shows interaction of the N-terminal region with the
C-terminal region at helix-2 and -3 (residues 187–193 and 217–
226, respectively) (green arrow) as reported earlier (55–57). At
37 °C, upon Cu2� addition, our studies suggest interaction of
the N-terminal flexible domain with helix-1 and its nearby loop
region (Fig. 8, panel 2, blue arrow). To the best of our knowl-
edge, this is the first report of the interaction of helix-1 and its
nearby region (residues 139–147) with the flexible N-terminal

FIGURE 7. SAXS measurements of PrP and Cu2�-bound PrP. A, scattering profiles of PrP (red circles) and Cu2�-bound PrP (blue circles) plotted against q (q �
4	sin
/�). Black traces are fitted lines obtained from P(r) distribution function. Differences in the scatter profiles of PrP and Cu2�-bound PrP are better seen in
the linear plot (top right inset). Left bottom panel shows Guinier plots (ln(I(q)) versus q2) of PrP (red circle) and Cu2�-bound PrP (blue triangle). Straight lines show
regions of the curve from where Rg values were calculated using Guinier plot. B, distance distribution function (P(r) function) of PrP (red trace) and Cu2�-bound
PrP (blue trace). C, Dmax; D, Rg distribution function calculated from the scattering profiles of PrP(23–231) (red trace in A) and Cu2�-bound PrP (blue trace in a)
using the EOM method. In each (C and D), black traces show Dmax (C) and Rg (D) distributions calculated from the pool of 10,000 conformations from PrP
scattering profiles and green traces are from those of Cu2�-bound profiles. Red trace in each panel shows distribution from the selected 20 structures from PrP
scattering profiles, and blue trace shows that of Cu2�-bound PrP. D, inset, EOM fitting of the PrP (black over blue trace) and Cu2�-bound PrP (black over red trace)
with � values of 0.778 and 0.775, respectively.
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region (residues 90–120 that contains the siteHis-96/His-111).
Cu2�-bound PrP(23–231), in the temperature range 37–24 °C,
exhibits another novel interaction between the N-terminal
(residues 60–91) and the C-terminal (residues 174–185)
regions in the presence of Cu2� (Fig. 8, panel 3, red arrow).
Aggregation‘ at lower temperaturesmight be initiated via inter-
action of helix-2 and the Cu2�-bound octapeptide repeats
region. This interaction will further result in aggregation of
Cu2�-bound PrP (Fig. 8, panel 4).

Our SAXS results lend credence to the scheme described in
Fig. 8.We have generated low resolution ab initio SAXSmodels
for PrP(23–231) and Cu2�-bound PrP(23–231) (supplemental
Fig. S6). Cu2�-bound PrP(23–231) (orange envelope) shows
more curved and smaller envelope compared with that of
PrP(23–231) (blue envelope) (supplemental Fig. S6, A and B). It
is possible that the interaction of the flexible N-terminal region
with the C-terminal region, upon Cu2�-binding, leads to the
observed changes in the shape of envelope of Cu2�-bound
PrP(23–231) compared with that of PrP(23–231).
Functional Consequence of Interaction of Helix-1 and N-ter-

minal Region (Residues 90–120)—We believe that the interac-
tion of theN-terminal region (residues 90–120 that contain the
siteHis-96/His-111) with theC-terminal region (residues 139–
147) is important because of the role played by helix-1 and its
nearby loop in the conversion of PrPC to PrPSC. Involvement of
helix-1 in the conversion of PrPC to PrPSCwas first predicted by
Morrissey and Shakhnovich(60) using CHARMM energy cal-
culation. The �-nucleationmodel proposed by them states that
PrPSC is an aggregate with a hydrophilic core, consisting of a
�-sheet-like arrangement of constituent helix-1 components
(60). Helix-1 has been shown to promote aggregation (61, 62). It
was also found in the dimer interface of the crystal structure of
human PrP (63). Site 139–141 has been shown to be the most
pressure-sensitive region (58) and found to have amuch higher
aggregation tendency compared with helix-1 (64). The helix-1
region Asn-143–Glu-146 also plays a prominent role in the
prion conversion in vivo (65). Thus, it is evident that helix-1 and
the nearby loop region play a major role in the aggregation and

conversion of PrP to PrPSC. Our study shows that helix-1 and
the nearby loop region interactwith theN-terminal region (res-
idues 90–120 that contain the siteHis-96/His-111) uponCu2�-
binding. As mentioned earlier, Cu2� inhibits amyloid forma-
tion of PrP in vitro (22). Baskakov and co-workers (22)
attributed this inhibition to binding of Cu2� in the C-terminal
region of PrP. However, even in the absence of the C-terminal
region, PrP(82–146), in the presence of Cu2�, did not show
amyloid fibril formation (23). It is possible that the interaction
of the N-terminal region (residues 90–120) with the loop (Ile-
139–Phe-141) and helix-1 (Asn-143–Arg-148) region of
PrP(23–231) upon Cu2�-binding is responsible for the
observed inhibition of the amyloid fibril formation in all the
three cases, namely PrP(82–146) (23), PrP(89–231) (22), and
PrP(23–231) (22). This interaction is not present in PrP(23–
231) in the absence of Cu2�. We therefore propose an inhibi-
tory role of Cu2� on the conversion of PrPC to PrPSC in vitro
and in vivo via the interaction between the N-terminal region
and helix-1 and its nearby loop region.
Functional Consequence of Interaction of Helix-2 and Octa-

peptide Repeats—PrP(23–231), in contrast to PrP(90–231),
undergoes temperature-dependent reversible aggregation
upon Cu2�-binding possibly because of the interaction
between the octapeptide repeats region (residues 60–91) and
helix-2. Reversible aggregation of Cu2�-bound PrP(23–231) is
only observed at lower temperature but not at 37 °C. Therefore,
we believe that interaction between the octapeptide repeats
region and the helix-2 region primes Cu2�-bound PrP(23–231)
for inter-protein interactions at 37 °C. Such interactions might
have physiological significance.
The globular C-terminal domain of PrP includes two sub-

domains, H1-B1 and B2-H2-H3. NMR relaxation dynamics
show that H1-B1 and the connecting loop are more flexible
comparedwith the B2-H2-H3 subdomain (66). Rare, large scale
motions of the subdomains have been proposed to initiate
prion protein aggregation (67). Recent studies have shown that
separation of these subdomains and formation of domain-
swapped dimers are a prerequisite for the aggregation of prion

FIGURE 8. Schematic model for novel interactions and Cu2�-induced temperature-dependent aggregation of prion protein. Panel 1, helices 1–3 are
represented as H1, H2, and H3, respectively. Blue arrow in each helix shows the direction of helix. N (red) and C (blue) represents the N and C terminus of PrP.
Green arrow in panel 1 describes transient interaction of the N with C terminus reported earlier in the absence of Cu2� (see “Discussion” for details). Blue arrow
in panels 2 and 3 shows interaction of the N-terminal region (90 –120) with helix-1 and its nearby loop region (139 –147) in the presence of Cu2� obtained from
our results. Red arrow in panel 3 shows interaction of octapeptide repeat region (60 –91) with helix-2(174 –185) upon Cu2� addition. Below 24 °C, Cu2�-bound
PrP undergoes reversible aggregation (panel 4) via inter-molecular interaction initiated by interaction between octapeptide repeats region and helix-2.
Structures are not to scale. Structural features are adopted from the NMR structure (Protein Data Bank code 1XYX) using PyMol software.
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protein (68, 69). This implies that increased proximity between
these subdomains might have an opposite effect and might delay
or completely abrogate the aggregation process. In this study, we
show that N-terminal region wraps around C-terminal region by
interacting with helix-1 and helix-2 upon copper binding. This
might lead to increased proximity of the subdomains, thus inhib-
iting the aggregation process. It appears that copper inhibits amy-
loid formation either by interferingwith the region comprisingH1
and the nearby loop (see above) or by decreasing separation
between the two subdomains of the C-terminal region. These
implications are important in the context of amyloid formation
and role of copper in prion disease.
Harris and Pauly (70) proposed that conformational changes

in PrPC upon Cu2�-binding might increase the affinity of the
protein for a putative endocytic receptor that localizes PrPC in
clathrin-coated pits. Based on our observations, we propose
that the interaction between the octapeptide repeats region and
the helix-2 region might be responsible for the conformational
changes required for increased endocytosis.
The role of Cu2� as an attenuator or facilitator in prion dis-

eases is highly controversial. Our observation that PrP(23–231)
in the presence of Cu2� does not aggregate at 37 °C supports
the suggestion thatCu2� attenuates prion disease.However, we
have also observed an unusual temperature-dependent aggre-
gation ofCu2�-boundPrP(23–231). It aggregated at lower tem-
perature and resolubilized at physiological temperature. We
have investigated this phenomenon using various biophysical
techniques such as ITC, NMR, and SAXS thus providing
detailed thermodynamic and conformational aspects of Cu2�-
binding to PrP(23–231). We observed two novel long range
inter-domain interactions between the N- and C-terminal
regions. Our study shows that Cu2�-bound His-96/His-111
becomes proximal to helix-1 and its nearby loop region (resi-
dues 139–147). This region is shown to have a prominent role in
amyloidogenesis in vitro (22) and prion conversion in vivo (23).
Our observation suggests that upon Cu2�-binding, the proximity
ofHis-96/His-111 to Ile-139–Asp-147 andproximity between the
two subdomains of theC-terminal region are involved in the inhi-
bitionof amyloid formation. In addition,we also observed interac-
tion of the octapeptide repeats region (residues 60–91) with
helix-2 (residues 174–185) uponCu2�-binding.We speculate the
involvement of this interaction in the aggregation process at lower
temperatures. We believe that these interactions should prove
useful in understanding the biological functions of prion protein
upon Cu2�-binding in vivo such as conformational changes (71),
endocytosis (70), lipid rafts localization, and Cu2�-induced signal
transduction (72, 73) and in developing therapeutic strategies
against prion diseases.
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Sóvágó, I., and Rizzarell, E. (2009) Inorg. Chem. 48, 4239–4250

30. Osz, K., Nagy, Z., Pappalardo, G., Di Natale, G., Sanna, D., Micera, G.,

Cu2�-PrP, Aggregation, and N- and C-terminal Interactions

38544 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 44 • NOVEMBER 4, 2011
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121–128

60. Morrissey,M. P., and Shakhnovich, E. I. (1999)Proc. Natl. Acad. Sci. U.S.A.
96, 11293–11298

61. Watzlawik, J., Skora, L., Frense, D., Griesinger, C., Zweckstetter, M.,
Schulz-Schaeffer, W. J., and Kramer, M. L. (2006) J. Biol. Chem. 281,
30242–30250

62. Solforosi, L., Bellon, A., Schaller, M., Cruite, J. T., Abalos, G. C., and Wil-
liamson, R. A. (2007) J. Biol. Chem. 282, 7465–7471

63. Knaus, K. J., Morillas, M., Swietnicki, W., Malone, M., Surewicz, W. K.,
and Yee, V. C. (2001) Nat. Struct. Biol. 8, 770–774

64. Ziegler, J., Viehrig, C., Geimer, S., Rösch, P., and Schwarzinger, S. (2006)
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