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ABSTRACT. The binding of divalent copper ions to the full-length recombinant murine prion prote#r &P

at neutral pH was studied using vibrational Raman optical activity (ROA) and ultraviolet circular dichroism
(UV CD). The effect of the C#r ions on PrP structure depends on whether they are added after refolding
of the protein in water or are present during the refolding process. In the first case ROA reveals that the
hydrateda-helix is lost, with UV CD revealing a drop fromy25% to~18% in the totaki-helix content.

The losta-helix could be that comprising residues 4E56, located within the region associated with
scrapie PrP formation. In the second case, ROA reveals the protein’s structure to be almost completely
disordered/irregular, with UV CD revealing a drop in totehelix content to~5%. Hence, although

CW?" binding takes place exclusively within the unfolded/disordered N-terminal region, it can profoundly
affect the structure of the foldethelical C-terminal region. This is supported by the finding that refolding

in the presence of Gt of a mutant in which the first six histidines associated with copper binding to the
N-terminal region are replaced by alanine has a simithelix content to the metal-free protein. In contrast,
when the protein is refolded in the presence of divalent manganese ions, ROA indicatebetie is
reinforced, with UV CD revealing an increase in tatahelix content to~30%. The very different influence

of C?* and Mr¥* ions on prion protein structure may originate in the different stability constants and
geometries of their complexes.

Prion proteins are associated with a variety of neurode- pathways of PrP into PrP¢ (2, 3), which in turn will
generative diseases, known as transmissible spongiformfacilitate the rational design of effective anti-TSE compounds
encephalopathies (TSE))( Despite much effort, an under-  (4).
standing of some key aspects of TSE disease remains elusive, PrE° has between 208 and 220 amino acid residues
such as the existence of an infectious form along with geneticdepending on the particular mammalian species. Early
and sporadic forms, something that has not been recognizedtructural analysis by Fourier transform infrared (FTIR)d
in any other class of neurodegenerative disease. The currentiltraviolet circular dichroism (UV CD) spectroscopy indi-
model involves conversion of a ubiquitous cellular form of cated that PrfPcontains significant amounts of-helix but
the prion protein (Pr® into a scrapie (amyloid fibril) form  Jittle amounts ofs-sheet, whereas P¥Rcontains lessi-helix
(PrP®9, the prion protein being both target and infectious but a significant amount g8-sheet §, 6). Although there
agent. PrP has a high proportion afi-helical structure, is  have been numerous NMR studies on the solution structure
soluble in detergents and is susceptible to proteolysis. of PrP° (7), X-ray crystallographic studies have been
Conversely, Pr® has a highp-sheet content, is insoluble i hampered by difficulties in crystallizing the protein. The
detergents, and is partially resistant to proteolysis. Further NMR structures of full-length recombinant prion proteins
understanding of TSE disease requires more detailed knowl-of different mammalian species all revealed a structured
edge of the solution structures of prion proteins and the C-terminal globular domain containing mainty-helical
conformational changes associated with the transformationsequences in the form of a compact three-helix bundle, and

a long “flexibly disordered” unfolded N-terminal domain of
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Ficure 1: Solution NMR structure of murine P¥*231(PDB code
1xyx). Figure generated with pyMOL (http://www.pymol.org).

to the solution NMR structures of other mammalian species.
For crystallization, only the folded C-terminal globular
domain PrP?#-233 was present. It contains 53.886helix,
5.7% 3¢-helix, and 3.8%p-strand, with similar values found
for the C-terminal domains in the various mammalian NMR
solution structures, including that for murine B¥P231 (PDB
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Briefly, a PCR-amplified product consisting of the codons
23—231 of the mouse PrP open reading frame was cloned
in the expression vector, pET-23 (Novagen), and transformed
into Escherichia coliad494(DE3) or BL21(DE3) strains.
Expressed proteins were solubilized by sonication in 8 M
urea and recovered by immobilized metal ion affinity
chromatography. Columns were charged with copper. The
protein was eluted in urea buffer with 300 mM imidazole.
The eluted material was treated with 0.5 mM EDTA to
ensure the protein was free from leached metal ions. All
subsequent steps used doubly deionized water treated with
Chelex resin (Sigma) to remove residual metal ions. The
denatured protein was refolded by a 10-fold dilution of the
urea in deionized water and concentrated by ultrafiltration
and two rounds of dialysis to remove residual urea, imidazole
and EDTA. Protein concentrations were measured using
theoretical extinction coefficients at 280 nm (http://www.u-
s.expasy.org/tools/protparam.html) and confirmed by Brad-
ford assay (SigmaRg). Saturation of the protein with copper
or manganese was achieved by the addition of Cu&O
MnSQ, during the refolding process as previously described

code 1xyx) illustrated in Figure 1. These values are consistent(15). |ncorporation of copper into PrP after refolding was

with a-helix contents 0~25% reported in NMR solution
structures of full-length mammalian prion proteins.
PrP is a cell surface glycoprotein that is attached to the

plasma membrane by a glycosylphosphatidylinositol anchor.

This cellular form of the protein binds €y and it is argued
that this copper binding is intimately linked to its normal
cellular function in copper transport, sequestration, or anti-
oxidant activity —12). Prion diseases are characterized by

achieved by addition of CuSQOn the form of a glycine
chelate with glycine at a 4-fold molar excess to copper. Cu-
(gly). was added to the protein with a 10-fold molar excess
of Cu to PrP. Copper and glycine were removed by dialysis.
For some experiments a mutant of P8t lacking all

six N-terminal histidines (i.e., with the mutations H60A,
H68A, H76A, H84A, HI95A, and H110A) was generated.
This mutant (null-his Pr$231) could not be isolated via its

a metal imbalance in the brain, associated with loss of coppermetal affinity as it lacks the metal binding capacity. Therefore

binding to PrP, that occurs simultaneously with conversion
of PrP* to PrP¢ (13, 14). Hence copper binding to PrP is a
key factor in considerations of both the normal function of
PrP° and its possible role in TSE diseade), Furthermore,
the PrP structure itself might be influenced not only by'Cu
but also by other divalent metal ions such as?Mihat
directly bind to PrP 15, 16). The copper binding appears to
be associated with the first six histidines in the unfolded
N-terminal region of Pr® four Cl&#" ions bind to a highly

an alternative method was used. Pelleted cells expressing
the mutant were lysed in lysis buffer (50 mM Tris-HCI pH
7.6, 1 mM EDTA, 100 mM NacCl) containing 4 mg/mL egg
lysozyme, 2 mg/mL sodium deoxycholate, and @&§mL
bovine pancreas DNase. Lysates were then centrifuged at
10 00@ for 15 min to pellet protein inclusion bodies and
the supernatant discarded. A wash solution containing lysis
buffer with 1% IGEPAL 50 and 0.5% Triton X-100 was then
used to resuspend the pelleted protein by sonication at 30%

conserved group of octapeptide repeats having the consensugaximum power for 1 min. Protein was then repelleted at

sequence PHGGGWGQT) with possibly one more taken

10 00@ for 5 min and the supernatant discarded. This step

globular C-terminal regionl@, 19).

Binding of C#" establishes turnlike structures, based on
paramagnetic squarglanar complexes, within the octare-
peats 20) and also possibly within the region between the
octarepeats and the C-terminal regid®)( However, the
paramagnetic nature of €uhas so far precluded the use of
NMR to obtain the detailed solution structure of the full-
length copper-bound protein, so there is currently little
information on the overall conformation of the copper-bound
N-terminal region and what effect, if any, the binding of
Cuw?* and other divalent metal ions exerts on the structure
of the a-helical C-terminal domain. Here we report a study
of this problem using the complementary chiroptical spec-
troscopic techniques of vibrational Raman optical activity
(ROA) and UV CD applied to recombinant murine PR3,

MATERIALS AND METHODS

Production of Recombinant PrPag-free, recombinant
prion protein was generated as previously descrita. (

buffer containing 1% Triton X was then used to repeat the
six washes as before. The remaining protein was solubilized
in binding buffer (8 M urea, 200 mM NaCl, 50 mM Tris-
HCI pH 7.6) by sonication at 70% maximum power for three
1-min bursts. Protein purity was confirmed by SDS gel. The
null-his mutant PrP was then refolded and dialyzed in the
same manner as described for wild-type recombinant PrP.

ROA Spectroscopyll the murine Pr23-231 Raman and
ROA spectra reported here were measured in backscattering
using the previously described ChiRAMAN instrument
manufactured by BioTools, Inc28), which employs the
scattered circular polarization (SCP) measurement strategy
(vide infra). The ROA spectra are presented as SCP intensity
differencedr — I and the parent Raman spectra as scattered
circular polarization intensity sunig + I, wherelg andl_
are the Raman-scattered intensities with right and left circular
polarization, respectively.

The proteins were studied at concentratier80 mg/mL
at ambient temperature-0 °C) in 10 mM acetate buffer
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at pH 6.5. The solutions{30uL) were filtered through 0.22 . (@) PrP®® metal free
um Millipore filters into quartz microfluorescence cells,
which were centrifuged gently prior to mounting in the ROA ~ M

instrument. This produced clear solutions showing no

0.

evidence of light scattering from aggregation. Residual ROA 120a 330

visible fluorescence from traces of impurities, which can give _. | T exto® 1039 1120 16671684
large backgrounds in Raman spectra, was quenched by r 0P Ax M ranesl s Appamaarn L [ S f”\@
leaving the sample to equilibrate in the laser beam for a oy i el

.. . . 23-23 2+ .
few hours before acquiring ROA data. Experimental condi- — (b) PrP™*" Cu™ added after refolding

tions: laser wavelength 532 nm; laser power at the sample,:“ o
~500 mW; spectral resolutiony 10 cnt!; acquisition time, I g
0.

~24 h,

ROA 1315

The nonlinear mapping (NLM) analysis of the ROA data _. \I/\-’Wﬁ o6 "76137\m 1673
was performed using STATISTICA’s multidimensional scal- = o N LW T.C V-, W iai WPV - A
ing procedures with Euclidean distances in the multidimen- B iy,
sional space of standardized spec®d)( Specifically, we (c) PrP™* refolded with Cu**
used monotone nonmetric multidimensional scaling (MS) ::
with spectra standardized to put them all on an equal footing ™~ [ m0°
such that each spectrum is shifted and rescaled to have zero |
mean (so that the ROA band intensities sum to zero) and ISRX?Q 702 1125 1471 "2%1313, 1680
unit standard deviation. oo Y I v A A,

/\:w\jvv LAV AL Y 4y v V\/m
923 A \/\/1342 1440 To44

UV CD Spectroscopysar- and near-UV CD spectra were 00 T e 1615
recorded on a Jasco J-810 spectropolarimeter, which was =

’ ) - - (d) PrP****" refolded with Mn*
calibrated using a 0.06% w/v solution of ammonium camphor 3
sulfonate 25). Spectra were collected in the far-UV region — [ sao°
(260—180 nm where possible or 2690 nm when signal-

to-noise ratios were unfavorable, i.e., where the high tension I RoA 1305 1346 —
voltage exceeded700 V) using a 0.02 cm path length quartz <~ |~ 0T e o N
cuvette and murine P#P 23 concentrations 0f0.5-0.7 mg/ - “’I“SX:(\){" ’ A=A " NN

1092 1228Y 054

mL in 10 mM acetate buffer at pH 6.5. Spectra in the near-
UV CD region (320 nm-250 nm) were collected using a 0.5 400 600 80 1000 - 1200 1400 1600

th length t tt d tei trati f wavenumber / cm'”
cm pai engin quartz cuvette ana protein concentrations o FicUrRe 2: Backscattered SCP Ramdn ﬁ— |L) and ROA (R B |L)

~1 mg/mL. Samples were checked for light scattering spectra of recombinant murine P#3Lin aqueous solution: (a)
artifacts due to aggregation by measuring UV spectra the metal-free water-refolded protein; (b) the metal-free protein

between 340 and 240 nm prior to acquiring CD data. With refolded in water with the subsequent addition oPCions; (c)
the exception of the sample of null-his P¥P2! refolded phetg)roteln refolde?I Whe presence offCud) the protein refolded

. L . . in the presence o )
without C#* (vide infra), the ability to collect good-quality P
_spectra down to 19_0 nm demqnstratgd that the samples wergaesyL. TS AND DISCUSSION
indeed free from light-scattering artifacts. The average of _ .
eight spectra were collected at 50 nm/min using a 0.5-s ROA Data. ROA measures a small difference in the
response time and a bandwidth of 1.0 nm. In each case thdntensity of vibrational Raman scattering from chiral mol-
averaged spectra were found to be superimposable on thecules in right and left circular polarized incident light or,
first spectrum collected. Estimates of protein concentration €duivalently, the intensity of a small circularly polarized
were obtained using the average values obtained from both®@MPonentin the scattered light using incident light of fixed
UV absorption measurements (using a molar extinction polarization 28). The first and second experiments are called

coefficient of 63 370 M! cm™! at 280 nm) and the Bradford '

incident circular polarization(ICP) and SCP ROA, respec-
assay (vide supra). Data were corrected to give mean residué'vely‘ ROA has been developed to the point where it is an
weight molar ellipticity values.

incisive probe of the structure and behavior of biomolecules
(29), especially proteins2Q).

Estimates of_secondgry structure were obtained using the Figure 2 shows the backscattered SCP Raman (top of each
CDSSTR algorithm available from DICHROWEB, an online  pajr) and ROA (bottom of each pair) spectra of recombinant
server hosted by Birkbeck College, University of London myrine Pr3-231 in various states of metal complexation.

(26,27). CDSSTR is a modification of the Varslc algorithm,  Detailed vibrational band assignments for protein ROA
which uses the variable selection method to eliminate proteinsspectra are provided elsewhe&8,(30, 31).

from the reference set which do not contain characteristics  The first pair (a) corresponds to the metal-free water-
present in the test protein. In each case the NRMSD refolded protein. The ROA spectrum is similar to an ICP
(normalized root-mean-square deviation) data were used toone previously reported®) for ovine PrP5233 The most
assess the quality of the fitting procedures: the fits obtained important features to notice for the present study are the
gave NRMSD values less than 0.03 (these values range frompositive ROA band at-1339 cn1? characteristic of hydrated

0 for a perfect fit to 1 for no fit). a-helix (as distinct from positive ROA at~1300 cn?!
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Ficure 3: Two-dimensional NLM plot of a set of 83 polypeptide, protein, and virus ROA spectra. The samples discussed in the article are

labeled as follows: (1) metal-free murine P¥P31 refolded in water;

(2) murine P#P 23 refolded in water with subsequent addition of

CW#™; (3) murine Pr2-231refolded in the presence of €y (4) murine Pr2-231refolded in the presence of Min More complete definitions
of the structural types are: ail, > ~60% o-helix with little or no 3-sheet; mainlyo, >~35% a-helix and a small amount{(~15%) or
no -sheetof, significant amountsX ~15%) of botha-helix andj-sheet; mainly3, > ~35% f5-sheet and a small amount (~15%) or
no a-helix; all 5, > ~45% f3-sheet with little or noa-helix; mainly disordered/irregular, little-helix or 5-sheet; all disordered/irregular,

no a-helix or 5-sheet.

characteristic of unhydrated-helix) (31) and the sharp
positive band at~1315 cm* characteristic of poly(proline)

Il (PPII) helix (33). The earlier study32) also measured
the ROA spectrum of the N-terminal truncated ovine protein
PrP4-233 in which the positive~1315 cm! band was

CU?*, which appears to greatly reduce the content of both
o-helix and PPII structure, refolding in the presence ofMn
appears to significantly increase thehelix content at the
expense of PPII structure, as the characteristic positive PPII
ROA band at~1315 cmt in the metal-free PrP spectrum

completely absent, thereby demonstrating that this band(a) has disappeared, with the positiv&300 and 1340 cri
originates in the unfolded N-terminal sequence and also thato-helix bands now being very prominent. Also the distinctive

PPII helix is a significant structural element within it.

The second pair (b) corresponds to murine Pre® again
refolded in water, but with the subsequent addition of'Cu
ions, which have induced significant changes in the ROA
spectrum. In particular, the positive1339 cnt! hydrated
a-helix ROA band has completely vanished, together with
the distinctive positive-negative-positive ROA band pattern
in the range~1020-1140 cm!. However, the positive
~1315 cm* PPII ROA band remains, together with positive
intensity at~1300 cnt! that is characteristic of unhydrated
o-helix (32).

The third pair (c) corresponds to murine P23 refolded
in the presence of Cliions. The ROA spectrum has changed

positive—negative-positive ROA band pattern in the range
~1020-1140 cm?, observed in the metal-free spectrum (a)
but absent from the two copper-bound spectra (b,c), remains
highly prominent. Overall, the ROA data suggest that
manganese binding has reinforced tiiaelix content at the
expense of PPII structure, which implies that the additional
o-helix may reside in the N-terminal region.

Figure 3 displays a two-dimensional NLM plot of the PrP
ROA data in the context of a set of 83 polypeptide, protein,
and virus ROA spectra (mostly ICP but some SCP) in
aqueous solution over the range 7#IZ73 cm? (34). A
list of the actual polypeptides, proteins, and viruses is
provided as Supporting Information to ref 34. NLM is a

even more dramatically compared with the previous case of multivariate analysis technique that starts by regarding each

addition of C@* ions after refolding in water. The overall
appearance suggests that very litthaelix or PPII structure
remains, with the protein now containing mainly disordered
or irregular structure.

The fourth pair (d) corresponds to murine PRt
refolded in the presence of Mhions. Unlike the effect of

digitized spectrum as a vector from the origin to a point in
a multidimensional space, with the axes representing the
digitized wavenumbers. Points close to or distant from each
other in this multidimensional space are taken to represent
similar or dissimilar spectra, respectively. NLM creates a
lower dimensional space (two dimensions here) in which the
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relative positions of the points approximately preserve the
relationships between the spectra, thereby providing a more
easily comprehended representation. Since the method N
focuses on interpoint distances, within such plots the choice s 10000

PrP?* %" metal free
J "\ """ PrP?%" Cu* added after refolding
150004 % e PrP??" refolded with Cu®*
™ = POP refolded with M’
%" null-his refolded with Cu™*

20000

of the axes is arbitrary and the distribution of points can be =

arbitrarily rotated or translated in unison within the lower

dimensional space. Further details may be found in referencesg  °7
34 and 35. The spectra separate into clusters corresponding@) -50001
to different structure classes (as determined mostly by X-ray o

or NMR for proteins with well-defined native folds and
UVCD and/or NMR for polypeptides and natively unfolded

proteins). The orientation of the axes has been chosen so as 00004

to provide a display with increasing-helix content to the
right, increasing3-sheet content to the left, and increasing

50004 W)
£
5 J
0N

-10000 4

-15000
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220 240
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disordered or irregular structure (in effect structure containing FIGURE 4: Far-UV CD spectra of the recombinant murine #rf**

no extendedx-helix or g-sheet) from top to bottom. The

polypeptide and protein positions are color coded with respect
to the seven different structure classes listed on the figure,

which provide a useful initial classification that also follows
naturally from the 2D NLM clustering. Since the-helix

andf-sheet contents are inversely correlated (the larger the
amount of one, the smaller the amount of the other), the

dimension 1 values associated witthelix andg-sheet have

opposite signs. The dimension 2 values associated with

disordered/irregular structure and the total amount-belix
andp-sheet are similarly inversely correlated (the larger the

amount of secondary structure, helix or sheet or both, the

smaller the amount of disordered/irregular structure). Dis-

ordered/irregular sequences may adopt any structure other

than o-helix or g-sheet, including PPII helix, turns, and
unassociategs-strand. The positions of the four murine
PrP3-231 samples, which are marked in Figure 3, provide

samples in agueous solution.

UV CD Data.The far-UV CD spectra of the four murine
PrP#-23t samples discussed above, together with that of null-
his PrE3-231 refolded with C@", are displayed in Figure 4.
The shapes of all five spectra are similar, but the molar
ellipticity amplitudes are very different in some cases. Only
o-helix contents are reported from the secondary structure
analysis since the analysis ffsheet contents tends to be
much less accurate than thoseoshelix when significant
amounts ofo-helix are present (spectral contributions from
helices and sheets above 190 nm are overlapping with the
intense signal fronw-helix dominating the spectrumy®).
The secondary structure analysis provides a tathlelix
content of~25% for metal-free murine P#P23%, the same
as that found in the PDB solution NMR structure 1dx0 of
the full-length bovine prion protein.

information about their structures relative to each other and  1Ne totala-helix content found for murine P#P2% when

to those of the other proteins in the data set. Reassuringly,Cu2+

the metal-free PrP1j falls at the boundary between the
mainly a and the mainly irregular/disordered regions,
consistent with its known solution NMR structure containing
a folded mainlya C-terminal domain with only a small
amount of f-sheet, and an unfolded N-terminal domain.
Refolded murine Pi#®231 to which C#" ions have been
added 2) falls toward the top of the mainly disordered/
irregular region and a little to the left of the vertical center
line, which suggests that the lost-helical structure is
replaced withj-like structure. The PrP refolded in the
presence of CU (3) is located lower down within the all-
disordered/irregular region and considerably to the left of
the vertical center line, which implies a bias towaidike
structure. The PrP refolded in the presence of M) is
situated above the metal-free PrB,(comfortably within
the all-a region and consistent with the appearance of its
ROA spectrum, which reveals increasedhelix at the
expense of PPII structure.

We also prepared a mutant (null-his P¥P3%) in which
the first six histidines located in the N-terminal sequence,
and which are responsible for bindinguons, are replaced
by alanine in order to confirm that, without the copper
binding sites, refolding in the presence of*Cgenerates a
structure similar to that of the wild type. Unfortunately, due

ions are added after refolding is18%. This is
consistent with the corresponding ROA spectrum, Figure 2b,
which reveals significant loss of the hydrated (but not the
unhydratedy-helix. The associated small reduction observed
in the amplitude of the far-UV CD spectrum is very similar
to that reported previously on addition of €uions to
refolded full-length hamster Pri37).

When murine PrB-231is refolded in the presence of €u
a dramatic decrease in the amplitude of the far-UV CD
spectrum is observed. The associated totdlelix content
is found to be only~5%, consistent with the appearance of
the ROA spectrum, Figure 2c. The shape of the spectrum is
consistent with an increase fhisheet content. Refolding in
the presence of Mii, on the other hand, generates a far-
UV CD spectrum with increased amplitude compared to that
of the metal-free protein. The corresponding tatahelix
content is now found to have increased80%, consistent
with the appearance of the ROA spectrum, Figure 2d, which
indicates an increase u-helical structure.

The far-UV CD spectrum of null-his P#P 23! refolded
in the presence of Cti ions reveals am-helix content of
~23%, which is similar to that of the wild-type metal-free
protein (~25%) suggesting that, without the histidine metal-
binding sites, the presence of Ludoes not perturb the
secondary structure significantly during refolding. We also

to problems with a high Raman background, we were unable prepared a sample of the null-his PrP refolded in the absence
to measure its ROA spectrum after refolding with and of Cw*, but problems with light scattering prevented
without Cl#*. However, we were able to measure the measurement of its CD spectrum belew®00 nm. However,
corresponding UVCD spectra (vide infra). down to this wavelength its CD spectrum (not shown) was
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essentially superimposable on that of the null-his PrP refolded metal-free murine PA2-231 (Figure 2a) is completely absent
in the presence of Ct, which suggests a similar secondary in the ROA spectra of the copper-bound proteins (parts b
structure composition and also that the scattering did notand ¢ of Figure 2), suggesting that binding of ?Cu
significantly distort the CD data above200 nm. completely changes the conformation of the corresponding
The near-UV CD spectrum of our sample of metal-free sequence. The pattern is not characteristic obemelical
murine Pr%-231 (not shown) is very similar to previously  domain nor is it likely to originate in or below the octarepeat
published spectra of prion proteir37j. It changes in exactly ~ region since it is perceptible in the ROA spectrum of ovine
the same way on addition of €u after refolding 87), PrP4-233 (32). (The only other protein in our dataset
showing an additional band in the aromatic region indicative displaying a very similar ROA band pattern in this wave-
of a change in the tertiary structural environment of the number range is the + j protein ribonuclease A, shown
aromatic residues. The near-UV CD spectrum of the PrP in reference 23, which contains an unusually long stretch of
refolded in the presence of €ushows an even greater highly twistedfs-strand that contributes to two separate short
change in the aromatic region, whereas the protein refoldedstretches of double-strand@dsheet.) It is therefore likely
in the presence of Mt ions shows very little change, that this triplet originates in the regior90-170, at the
thereby reinforcing the conclusion from the ROA and the beginning of which two additional putative copper binding
far-UV CD data that C# significantly alters the fold but  sites, Hi$> and Hig!® have been identified 18, 19).
Mn?* does not. Referring to the NMR solution structure of murine F#pP2?3!
The Different Influences of Gu and Mr#" on PrP in Figure 1, this region contains a short segment of double-
Folding. Both the ROA and UV CD data independently stranded antiparallef-sheet (129130, 162-163) with a
suggest that binding of Gt and Mr#" ions have dramati-  stretch ofa-helix (a-helix 1, residues 145156) forming
cally different effects on the structure of murine Fr2sL part of the long loop connecting the ends of the two
In particular, PrP appears to fold differently depending on S-strands. Consequently, we could speculate that the hydrated
the methodology used to incorporate copper. Another recenta-helix that is lost or modified when Gtiions are added
study using dual polarization interferometry has also provided after refolding corresponds t-helix 1. As in the present
evidence that copper incorporation can result in two seem- study, a'H NMR study of copper binding to the full-length
ingly distinct conformations38). The first, generated by  prion protein also reported that copper binding to the
copper incorporation during refolding, has an elongated N-terminal domain, albeit under mildly acidic conditions,
structure; while the second, generated by copper incorpora-leads to some interaction with the C-terminal domain,
tion after refolding, is slightly shorter and denser. Which of including signal reductions near the C-terminal end of this
these two possible conformations is present in vivo would helix (41). Another study reported this helix to be extremely
depend on when copper incorporation occurs in the cell. hydrophilic with very low protection factors toward hydrogen
Given the high affinity for C&" reported for this protein  deuterium exchanget®).
(21), it is likely that some copper would be incorporated  Our results suggest that, unlike binding of 2€uwhich
during synthesis and entry into the endoplasmic reticulum. disruptso-helix and the associated C-terminal folded domain
This would imply that the more unfolded structure would of murine PrR®-23% binding of Mr¢* reinforces thex-helix
predominate. However, if PrP reached the cell surface content. Thus our far-UV CD data reveal that, on refolding
without copper binding, then the second, more helical the PrP in the presence of K thea-helix content increases

structure would be found. from ~25% to ~30%, with our ROA data indicating that
The far-UV CD data reveal that adding €uo the already  this extrac-helix is formed from sequences, possibly PPII-
refolded PrP results in a drop in totathelix content from like, in the unfolded N-terminal region. A possible explana-

~25% to~18%, accompanied by some change in tertiary tion for this different behavior might be found in the distinct
structure, with the ROA data providing the additional insight coordination and hydration characteristics ofCand Mrt*
that this loss occurs almost exclusively within the hydrated ions. The X-ray crystal structure of HGGGW, which
helix sequences. Refolding of the PrP in the presence ofcomprises the fundamental copper binding unit within an
Cu?, on the other hand, has a more dramatic effect: despiteoctarepeat, in a complex with €ureveals the metal ion to
the fact that the single C-terminal disulfide bond still forms be bound in a square pyramidal complex to the histidine
(39), most of theo-helix is lost, with only~5% remaining imidazole, to two deprotonated glycine amides, and to a
according to far-UV CD. The NLM analysis of the ROA glycine carbonyl, along with an axial water bridging to the
data indicates a mainly disordered/irregular structure with a tryptophan indole12,43). (This only appears to be obtained
bias toward somg-like structure. Similarly the far-UV CD  at full copper occupancy: low copper occupancy favors
data suggest a mainj§-sheet and irregular structure. Why different coordination modesl®, 40).) According to the
refolding murine PrE¥-23% in the presence of Ct should Irving—Williams series, which summarizes the relative
generate a structure comprising mainly irregular sequencesstabilities of complexes formed by ¥ ions of the 3d
in both N- and C-terminal regions, whereas adding'Gons transition metal series and reflects a combination of elec-
to the PrP after refolding destabilizes/unfolds only the trostatic effects and ligand field stabilization energié4)(
hydrated a-helix structure within the C-terminal region, the stability constants of complexes are much greater for
remains an open question. It could be relevant that cepper Cw* than for Mrf*, which shows no great propensity to
copper interactions have been detected at full copper oc-complex with N-donors while Cti does. Furthermore, Mh
cupancy 40), suggesting that the octarepeat domain partially forms regular octahedral complexes, bufCprefers square
collapses. planar or square pyramidal complexdd)( Hence Cé" will

The large positive negative-positive triplet band pattern  bind strongly to the HGGGW binding site, as observ4g) (
in the range~1020-1140 cn1?! in the ROA spectrum of  thereby greatly perturbing the PrP structure; while’Mis
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expected to bind only weakly, if at all, to this site. Rather, modulate the uptake of metal ions should therefore be kept
Mn?* is expected to form less strong associations with PrP, in mind.

with weakly coordinated water molecules completing the  In summary, as well as revealing new structural aspects
hexacoordination and perhaps also serving to further stabilizeof the binding of divalent copper and manganese ions that
hydrateda-helix structure. This idea is supported by the could be important in the normal cellular function of prion
X-ray crystal structure of manganese-bound T7 endonucleaseproteins, our results also show that there is ample scope for
I in which Mn?* is observed to bind to three protein ligands these and possibly other metal ions to be involved in
at one site and a single protein ligand at a second site, withmisfunction and associated TSE disease, with possible
the hexacoordination of the ion completed by a correspondingimplications for the development of TSE chemotherapeutics
number of water moleculed®). Further supporting evidence  (4).
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