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Abstract

The structure of the mouse prion (moPrP) was studied using site-directed
spin-labeling electron spin resonance (SDSL-ESR). Since a previous NMR study by
Hornemannaet al., [FEBS Lett. 413 (1997) 277-281] has indicated that N96, D143 and
T189 in moPrP are localized in a Cu® binding region, Helix1 and Helix2, respectively,
three recombinant moPrP mutations (N96C, D143C and T189C) were expressed in an E.
coli. system, and then refolded by dialysis under low pH and purified by reverse-phase
HPLC. By using the preparation, we succeeded in preserving a target cystein residue
without alteration of the a-helix structure of moPrP and were able to goply SDSL-ESR
with a methane thiosulfonate spin label (MTSSL) to the full-length prion protein. The
rotational correlation times (1) of 1.1, 3.3 and 4.8 nsec were evaluated from the X-band
ESR spectra at pH 7.4 and 20°C for N96R1, D143R1 and T189R1, respectively. T
reflects the fact that the Cu?" binding region is more flexible than Helix1 or Helix2.
ESR gpectra recorded at various temperatures revealed two phases together with a
transition point at around 20°C in D143R1 and T189R1, but not in N96R1. With the
variation of pH from 4.0 to 7.8, ESR spectra of T189R1 at 20°C showed a gradual
increase of T from 2.9 to 4.8 nsec. On the other hand, the pH-dependent conformational
changes in N96R1 and D143R1 were negligible. These results indicated that T189
located in Helix2 possessed a structure sensitive to physiological pH changes;

simultaneously, N96 in the cu® binding region and D143 in Helix1 were conserved.

Keywords:. site-directed spin-labeling; electron spin resonance; prion; conformational

change; pH-sensitive region.



I ntroduction

The celular prion protein (PrP9) is a glycosylphosphatidylinositol
(GPI)-plasma membrane-anchored protein whose function isstill under debate [1-10].
Conversionof PrP° from an a-helix- to a B-sheet-rich structure (the scrapie prion protein,
PrP*) causes relevant biophysical changes to the protein that have been related to brain
dysunction in prion diseases [1-3]. The mechanisms involved in the conversion are
unknown. However, accumulating evidence suggeststhat the process occurs after PrP°
reaches the plasma membrane, and it may involve entry of PrP® into intracellular acidic
organelles [4-10].

As shown in Fig. 1A, the prion protein of the mouse, moPrP, consists of 208
amino acids (residues 23-231). | t contains a carboxy-terminal domain, moPrP(121-231),
which represents an autonomous folding unit with three a-helices (Helix1, Helix2 and
Helix3) and a two-stranded antiparallel B-sheet [1-3, 11-13]. In the full-length prion
protein, moPrP(23-231), comparison of near-UV circular dichroism (CD), fluorescence
and one-dimensional *H-NMR spectra of moPrP(23-231) and moPrP(121-231) shows
that amino-terminal segment 23-120, which includes the five characteristic octapeptide
repeats, does not contribute measurably to the manif estation of the three-dimensional
structure as detected [7]. Development of techniques for analysis of the structural and
conformational changes in the amino-terminal region of moPrP is of great importance,
because the amino-terminal region acts as a cu® binding domain [11] and Ccu* ions
modulate various biological functions of prions such as the cellular enzymatic activity
of superoxide dismutase (SOD) [14], signal transduction [15], shedding of PrP°[16] and
conversion to PrP* [17]. Recently, site-directed spin labeling (SDSL) together with
electron spin resonance (ESR) spectroscopy has proven to be a practical method for
determining the secondary structure and molecular orientation; surfaces of tertiary
interactions; inter-residue distances and the chain topologies of various proteins[18-21].
SDSL involves the introduction of a spin-labeled side chain into protein sequences,
usually through cysteine substitution mutagenesis, followed by reaction with a
sulfhydryl-specific nitroxide reagent such as a methane thiosulfonate spin label
(MTSSL) (Fig. 1B). Although SDSL-ESR is widely recognized as a useful method for

structural analysis and domain dynamics of anumber of membrane and soluble proteins,



there are no reports about the application of this technique to detection of
conformational changes in PrP".

In the present study, to obtain the information &bout pH- and
temperatur e-dependent conformational changes of typical domains in PrP, we employed
the SDSL-ESR technique. We targeted the amino acid residues of N96, D143 and T189
of recombinant moPrP for the SDSL study, since previous NMR studies showed that
N96, D143 and T189 in moPrP were locdlized in a cu? binding region around H95,
Helix1 and Helix2, respectively [7, 12, 13].

M aterials and M ethods

Materials. (1-Oxy-2,2,5,5-tetramethyl- 3-pyrroline- 3-methyl) Metanethiosulf onate
(MTSSL) was purchased from Toronto Research Chemicals (ON, Canadd). E. coli
BL21(DE3)LysS and isopropylthio-3-p-galactoside (IPTG) were from Invitrogen (CA,
USA). The TSKgel Phenyl-5PW RP column was from TOSOH (Tokyo, Jagpan). Other
reagents were from Wako Pure Chemical, Co. (Tokyo, Japan)

Construction of moPrP mutants. cDNA encoding moPrP codons 23-231 was cloned
into BamHI/EcoRI sites of pRSETb as described previously [22]. To generate the
mutant moPrP containing a single amino acid substitution at codon 96 (Asn to Cys) ,
143 (Asp to Cys) or 189 (Thr to Cys), we used the PCR-based site-directed mutagenesis
method described by Imai et al. [23]. The change of the codon by cystein substitution
mutagenesis was confirmed using a DNA sequencer (CEQ8800, Beckman).

Expression and purification of recombinant moPrP mutants. The expression plasmids
were introduced into E. coli BL21(DE3)LysS. Protein expression was induced by adding
IPTG to afina concentration at 0.5 mM. Four to six hours after induction, bacterial
cells were oollected and inclusion bodies were prepared as described elsewhere [24].
The inclusion bodies from BL21(DE3)LysS transformed with expression plasmids were
solubilized with 6 M GdnHCI in 20 mM phosphate buffer (pH 7.8). The recombinant



moPrP was further purified by Ni?*-immobilized metal affinity chromatography using
Ni%-charged chelating sepharose (Qiagen) and a stepwise elution gradient from pH 6.5
to pH 4.3 in the presence of 8 M urea. After dialysis against 10 mM acetate buffer (pH
4.0) for 48 h, recombinant moPrP containing an intramolecular disulfide bond was
purified by reverse-phase HPLC using TSKgel Phenyl-5PW RP and a 30-50% linear
gradient of acetonitrile with 0.05% trifluoroacetic acid. The purified recombinant moPrP
was dialyzed against 10 mM acetate buffer (pH 4.0) and stored at -20°C until use. The
protein concentration was determined by UV absorption at 276 nm using an extinction
coefficient of 39,425 cm? M™% Protein purity was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Commasie Brilliant Blue
staining. All mutants were at least 95% pure as judged by the SDS-PAGE.

Circular dichroism (CD). Far-UV CD spectra were recorded on a JASCO J}820
spectropolarimeter with a protein concentration of 0.3 mg/ml in 1 mm pathlength
cuvettes using a scan speed of 50 nm/min and aresponse time of 2 sec. Multiple scans

were averaged (typically n=6).

Spin-labeling of moPrP mutants. To label the moPrP mutants with MTSSL, a 10-fold
mola excess of MTSSL was added to each moPrP mutation in 10 mM acetate buffer
(pH 4.5) and the sample was incubated in the dark for 12 h - 24 h a 4°C for
solvent-accessible sites. The free spin label was removed from the protein using a
microdializer (Nippon Genetics) and spin-labeled moPrP was concentrated by
centrifugal concentrator (Vivascience). To confirm the site-gpecific spin-labeling for the
cystein residue created by mutagenesis, the sample solution containing the spin-labeled
moPrP mutant was digested for 3 h - 24 h at 37°C with 1 pg/ml trypsin (Promega) in 50
mM Tris-HCI, pH 8.0, 1 mM CaCl,, and the fragment mass was examined with a
matrix-assisted laser desorption ionization (MALDI) mass spectrometer (AutoFLEX,
Bruker) equipped with a 337 nm laser source. In all mutants, there was an increase of
about m/z=184 by addition of a side chain (R1) of the labeling compound as expected if
specifically incorporated MTSSL was detected in each fragment containing the
substituted cystein (data not shown).



ESR spectroscopy. The pH change of the sample solution was carried out by dialysis of
the sample against 10 mM acetate buffer from pH 4.0 to pH 6.0 or 10 mM Tris-HCl
buffer from pH 6.5 to pH 8.0. For ESR spectroscopy, 70 pl of spin-labeled moPrP
solution was put into a quartz flat cell (RST-DVTO05; 50 mm X 4.7 mm x 0.3 mm,
Radical Research Inc.). Spectra weredetected using a JEOL-RE X-band spectrometer
(JEOL) connected with a cylindrical TEO11 mode cavity (JEOL). All the ESR spectra
were recorded at the temperature range of 5°C - 60°C maintained by a temperature
controller (ES-DVT4, JEOL). We used a field modulation of 0.2 mT operating at 100
kHz, an incident microwave power of 5 mW and afield sweep of 10 mT. Three field
sweeps were averaged for each acquired spectrum by using the Win-Rad Radical
Analyzer System (Radical Research Inc). The rotationa correlation time (1) was

reported by using following equation described by Kivelson [25]).

o))

Here dHg is the width of the central pesk of the nitroxide signal (in mT); h and hy)
are lineheights of the spectral peaks for the quantum numbers of M=0 and +1, and we
employed avalue of 6.5 for the constant a&. The practical evaluation of T was performed
by the spin-label calculator system of the Win-Rad Radical Analyzer System (Radical

Research Inc.).

Results

Spin-labeling of recombinant moPrP

For the SDSL-ESR experiment, refolding of recombinant moPrP mutants
isolated from inclusion bodies of E. coli. was achieved by dialysis against 10 mM
acetate buffer (pH 4.0) and the native form of moPrP was isolated by reverse-phase
HPLC. The native form of recombinant moPrP is generally defined by the oxidative
formation of its single disulfide bond (Cys178-Cys213) and characterized by a typical



a-helica far-UV CD spectrum, with minima at 208 nm and 222 nm [ 7, 26]. These two
minima at 208 nm and 220 nm are reported to disgppear if the disulfide bond between
Cysl179 and Cys214 is destroyed by mutagenesis or treatment with a reducing reagent
such as DTT [26]. Therefore, we first recorded far-UV CD spectra of recombinant
moPrP mutants in order to confirm that the a-helix content of recombinant moPrP
mutants was similar to that of recombinant wild-type moPrP. Figure 2 showsfar-UV CD
spectra obtained from wild-type, N96C, D143C and T189C moPrP. Two minima, at
about 208 and 220 nm, typical of a mainly a helix structure protein, were clearly
observed in al samples and there were no differences in the spectrabetween wild-type
moPrP and moPrP mutants (N96C, D143C and T189C). Moreover, SDS-PAGE with or
without dithiothreitol (DTT) showed that no intermolecular disulfide linkage was
produced in any moPrP mutant (data not shown). Therefore, our results indicated that
the mutagenesis did not affect the a-helical structure of recombinant PrP by pref erential
formation of adisulfide bond between Cys179 and Cys214 and that the cystein residue

created by mutagenesis was preserved during the oxidativ e refolding.

Temperatur e-dependent confor mational changes of moPrP

The ESR spectra detected from MTSSL bonded with moPrP(wild-type),
moPrP(N96C), moPrP(D143C) and moPrP(T189C) were shown in Fig. 3. These ESR
spectra are recorded at pH 7.4 at 20°C. In PrP(wild-type), no signals derived from the
nitroxide radical of MTSSL were not detected, indicating there were no free cystein
residues, wheress a triplet ESR signal due to the nitroxide moiety undergoing various
dynamic changes was clealy seen in moPrP(N96C), moPrP(D143C) and
moPrP(T189C). The rotational correlation times (1) of 1.1, 3.3 and 4.8 nsec were
evaluated from these ESR gpectra of moPrP(N96C), moPrP(D143C) and
moPrP(T189C), respectively. This indicated that the Cu* binding region was more
flexible than the Helixl region containing D139 or Helix2 containing T189.
Furthermore, the line shapes of ESR spectra shown in Fig. 4A-C showed the
temperature-dependent variation. There were some peaks in the outermost of the ESR
spectrum of T189R1 at 10°C and 20°C, which were due to the parallel component (A))
of the hyperfine tensor. These peaks, as shown by arrows in Fig. 4C, therefore indicated



immobilization of the nitroxide moiety in the local region of T189R1. In fact, these
pesks vanished at higher temperatures (e.g. 30°C). The rotational correlation times (T)
were calculated and plotted as afunction of temperature at pH 4.4, pH 6.4 and pH 7.4in
Fig. 4D-F. In al moPrP mutants, an increase of temperature induced a decrease in T,
which indicated rgpid tumbling of the nitroxide moiety. Two phases, a steeper decline of
T at from 5°C to 20°C and a gentle decline at temperatures >20°C, were observed in
moPrP(D143C) and moPrP(T189C) at pH 4.4, pH 6.4 and pH 7.4. We found the
presence of a breaking point or a phase transition at around 20°C. The results of slower
correlation times found at 10 and 20°C explain the gopearance of Aj-peaks in the
outermost field in moPrP(T 189C). However, the phase transition point at 20°C was not
well-defined in moPrP(N96C) at any pH.

pH-Dependent conformational changes in moPrP

As shown in Fig. 4F, we found a difference in T between pH 7.4 and pH 4.4 in
moPrP(T189R1), although there were no pH-dependent differences in T of
moPrP(N96C) and moPrP(D143C) as shown in Fig. 4D and 4E. Figure 5 shows typical
ESR spectra in pH 4.4 solution and pH 7.4 solution of moPrP(T189R1) recorded at
20°C. The immobilization of the nitroxide moiety at pH 7.4 is obvious in comparison
with that at pH 4.4. Furthermore, to define the pH-dependency, we examined the
lineshape variation in the ESR spectra of moPrP(T189R1) and moPrP(T189R1)
solutions whose pHs were gradually changed from pH 4.0 to pH 7.8 by dialysis. As
shown in Fig. 5B, two regions were observable in moPrP(T189R1), a steep increase
phase at pH 4.0 - pH 4.8 and a gradual increase phase at pH 5.4 - pH 7.8. Stone et al.
have also shown similar pH-dependent phase transition at around pH 4.0 in pin-labeled
BSA [27]. At temperatures from 5°C to 20°C, we found a breaking point between the
two phases at around pH 5.0 that was clearer than those seen at temperatures >30°C.
These results indicated that the region around T189R1 was more pH-sensitive than the
N96R1 and D189RL1 regions.

Discussion



Preparation procedures of SDSL.

Site-directed spin labeling is one of the most powerful methods for
investigating structure and conformational switching in soluble and membrane proteins
[18, 20]. Analysis of nitroxide side chain dynamics in spin-labeled proteins reveals
contributions from fluctuations in the backbone, dihedral angles and rigid-body motions
of a-helices [18-21]. With this technique, however it is necessay that free cystein
residues be substituted for alanine or serine residues for specificity in the reaction of
MTSSL with the target cystein residue created by mutagenesis. The native mouse,
hamster, bovine and human prion proteins do not have free cystein residues, but a
disulfide linkage is known to exist between Helix2 and Helix3 and to be essential for
formation of the three helix structures, which are important in refolding prion secondary
structures|[ 26].

Although Lundberg et al. have reported the time-dependent changes of the ESR
spectrum of a short synthetic prion-derived pentapeptide, AGAACAGA with Cysl117
substituted for Alall7 in PrP(113-120) [2§], there have been few reports on structural
analysis by SDSL for the full-length proteins such as PrP having an intracellular
disulfide linkage. Application of the SDSL technique is impossible for full-length native
PrP protein, because cystein residues newly created by mutagenesis interfere with the
formation of the disulfide linkage between Helix2 and Helix3. For this reason, the
present experiment employed dialysis against low pH buffer, and reverse-phase HPLC
for therefolding and the purification procedures. We demonstrated that the recombinant
moPrP produced by this preparation could be successfully used for SDSL experiments
as proved by the following evidence. First, far-UV-CD spectroscopy, as shown in Fig. 2,
clearly demonstrated that the content of the helical structures in moPrP mutants was
similar to that in native moPrP. This fact indicates the preferential formation of a
disulfide linkage between Cys178 and Cys213, because the abrogation of this disulfide
linkage never gives two minima at 208 nm and 220 nm in far-UV-CD gspectra [26].
Second, the possibility of dimer formation due to intermolecular disulfide-linkage
between cystein residues newly created by mutagenesis was ruled out because

SDS-PAGE of recombinant moPrP without the reducing reagent showed a single band



(data not shown). Third, MALDI-TOF mass spectroscopic data showed increases of ca.
m/z = 184 due to a side chain of the nitroxide moiety in the fragment after the tryptic
digestion of spin-labeled moPrP mutants (data not shown). Thus, we were ale to
preserve the target cystein created by mutagenesis, and succeeded for the first timein
applying SDSL to the full length prion protein.

Confor mational changes of Cu®* binding region and a-helix regions.

Prion protein was reported to contain an amino termina Cu® binding
octarepeat segment and a carboxy-terminal domain, three a-helices (Helix1, Helix2 and
Helix3) and atwo-stranded antiparallel 3-sheet [1-3, 11-13]. The amino ecid residues of
N96, D143 and T189 in moPrP have been chosen as targets for SDSL. Recently, in
addition to the octapeptide repeat region, a novel Cu® binding structure between H95
and H110 was reported [29] and N96 is close to this region. D143 is located in the
initial part of Helixl and D189 in the end part of Helix2. A marked difference in
rotational correlation times was observed by the spin-labeled positions (Fig. 3). NMR
data of hamster PrP(90-231) showed that the region from 90-124, which includes the
characteristic octgpeptide repeat sequence, was clealy flexible with large negative
NOEs and local correlation times of less than 1 nsec. Thisis due to the fact that residues
do not form part of any stable secondary or tertiary fold and are highly flexible [30].Our
ESR spectrum of moPrP(N96R1) also showed that the cu® region around H95 reflected
more flexible motion as compared with the rigid-body motion of helix structure
revealed by ESR-line-shapes from moPrP(D143R1) and moPrP(T189R1).

Our data showed that the end part of Helix2 around T189R1 was highly
pH-sensitive compared to the Cu?" binding region around N96R1 and the first part of
Helix1 around T189R1 (Fig. 4D-F and Fig. 5). The conversion from PrP° to PrP¥ is a
post-transcriptional process that appears via the endosome pathway [4, 5, 9 and/or
caveolae-like domains [10], both of which ae acidic. Lower pH also accelerates
conversion from PrP° to PrP> in a cell-free system [30]. Recently, Swietnicki et al. have
shown that incubation of the recombinant prion protein under mildly acidic conditions
(pH 5 or below) in the presence of low concentrations of guanidine hydrochloride

produces a ftransition to PrP*like beta-sheet-rich oligomers that show fibrillar
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morphology and increased resistance to proteinase K digestion [ 32]. Since low pH plays
arolein facilitating the conformational change that ultimately results in PrP= formation,
some pats of Helix2 may be candidates for the pH-sensitive region associated with
PrP>conversion. In this region, we found a phase transition point at around pH 5.0 as
shown in Fig. 5B. This evoked the induction of rgpid structural change in the end part of
Helix2 below pH 5.0. For analysis of the precise mechanism of pH-induced
conformational changes in this region, further studies using the SDSL-ESR technique

using variety of recombinant moPrP mutants created on Helix2 will be necessary.

ESR of spin label dynamics.

The mobility of the spin label moiety attached to a protein can be quantified in
terms of therotational correlation times in the case of weskly immobilized labels (T =
10°— 10 sec). 1 is determined by the relative linewidths based upon relaxation theory
and is given by Eq. 1 (vide infra). In the equation, the lineheights are used instead of the
linewidths, because the former are easy to measure accurately. The constant factor a, in
Eq. 1 isderived from the g-factor and hyperfine anisotropies. For these reasons, Eq. 1 is
only applicable to a spin label signal that possesses three well-defined lines with
longitudinal (or up and down) symmetry and no anisotropic outermost lines due t the
gy anisotropy. In the present study, we gopplied Eg. 1 to the rapid tumbling of the weakly

immobilized regime of the spin label dynamics.
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Legendsto Figures

Figure 1 (A) Three-dimensional rendering of PrP (61-231) [11] and the target sites (N96,
D143 and T189) for site-directed spin-labeling (SDSL). (B) The reaction
scheme of the metanethiosulfonate spin labeling reagent with cystein residue
to yield the R1 side chain attached to the PrP.

Figure 2 Circular dichroism (CD) spectra obtained from 0.3 mg/ml of moPrP
(wild-type), moPrP (N96C), moPrP (D143C) and moPrP(T189C).

Figure 3 X-band ESR spectra of gpin-labeled recombinant moPrP mutants. After
reaction of MTSSL with moPrP (wild-type) (A), moPrP (N96C) (B),
moPrP(D143C) (C) and moPrP (T189C) (D), the free spin labeling
compound was removed by dialysis against 10 mM acetate buffer (pH 4.0)
for 48 h. pH of the sample was adjusted to 7.4 by diaysis against 10 mM
Tris-HCI buffer for 4 hours. ESR spectra were recorded by an X-band ESR
oectrometer with a field modulation of 0.2 mT, operating at 100 kHz, an

incident microwav e power of 5mW and afield sweep of 10 mT.

Figure 4 X-band ESR spectra of recombinant moPrP (N96R1) (A), moPrP (D143R1)
(B) and moPrP (T189R1) (C) at 10°C, 20°C, 30°C, 40°C and 50°C. The
rotational correlation times, T (nsec) were evaluated from ESR spectra of
moPrP (N96R1) (D), moPrP (D143R1) (E) and moPrP (T189R1) (F) at
vaious temperatures at pH4.4, 6.4 and 7.4.

Figure 5 (A) X-Band ESR spectra of moPrP (T189R1) at 20°C and pH 4.4 (black line)

and pH 7.4 (red line). (B) The rotational correlation time, T (nsec) at various
pHs as detected by the ESR spectra of moPrP (T189R1) at from 5°C to 60°C.
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