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Abstract

We examined the influence of D177N (D178N in humans) mutation on the conformational stability of the S2 region of moPrP® with
varying pHs by using the SDSL-ESR technique. The ESR spectrum of D177N at pH 7.5 was narrower than that of Y161R1, referred to
as WT". The ESR spectrum of D177N did not change when pH in the solution decreased to pH 4.0. Our results suggested that the dis-
appearance of a salt bridge (D177-R163) induced the increase in the instability of S2 region. Moreover, the line shape of the ESR spec-
trum obtained from H176S neighboring the salt bridge linked to the S2 region was similar to D177N. These results indicate that the
protonation of H176 is strongly associated with the stability of S2 region. These findings are important for understanding the mechanism

by which the disruption of the salt bridge in the S2 region forms the pathogenic PrP5¢ structure in hereditary prion disease.
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Transmissible spongiform encephalopathys (TSEs), or
prion diseases, are a group of fatal neurodegenerative dis-
orders including Creutzfeldt-Jacob disease (CJD), Gerst-
mann-Strausler—Scheinker (GSS) syndrome and fatal
familial insomnia (FFI) in humans, scrapie in sheep and
bovine spongiform encephalopathy in cattle [1]. Though
the precise mechanism and parameters of the conversion
from the normal cellular prion protein (PrP) to the abnor-
mal (scrapie-like and B-sheet-rich) form of prion protein
(PrP%) is still unknown, the accumulation of PrP* in
endosomes, the main intracellular acidic organelles, indi-
cates that the process of conversion from PrP¢ to PrP
requires physiological acidic pH conditions [2-4].

The inherited prion diseases associated with mutations
in the prion protein (PRNP) gene coding for PrP fall into
three major groups: CJD, GSS syndrome and FFI [5].
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Despite their phenotypic differences, FFI and one familial
type of CJD (CJD;73) are both linked to a single mutation
of PRNP at codon 178 resulting in the substitution of
asparagine for aspartic acid (D178N) [6]. NMR data have
revealed that a residue of Asp 178 (D178) forms a salt
bridge with Arg 164 (R164), which holds the [-sheet
against Helix 2 [7]. Moreover, the Molecular dynamics
(MD) simulations indicate that the electrostatic interaction
between D178 and R164 plays an important role in the
dynamic stability of PrP® [8]. Thus, it was proposed that
the neutralization of D178 at low pH removes interactions
that inhibit a structural change at neutral pH. In addition,
His 187 (H187) has also been reported to be involved into a
pathogenic mutation associated with GSS syndrome
(H187R), which implies a positively charged residue in
position 187, analogous to H187 protonation [9,10]. A
recent study suggested that the breaking of the salt bridge
between Glu 195 and Arg 156 induced by the protonation
of H187 at acidic pH was the key event underlying the
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extension of the S2 region [11]. However, there is no exper-
imental evidence that these amino acids are involved in the
structure of PrPC such as the high flexibility of the S2
region.

Recently, to obtain experimental information about the
pH-induced conformational changes, we employed cys-
teine-scanning site-directed spin labeling (SDSL) combined
with electron spin resonance spectroscopy (ESR) and ana-
lyzed the pH-induced mobility changes in one o-helix
(Helix 1) and two B-sheets (Sheet 1 and Sheet 2) of mouse
PrP€ (moPrP®) [12,13]. Our experimental data clearly dem-
onstrated the presence of three pH-sensitive sites in moP-
P, i.e. (1) the N-terminal tertiary contact site of Helix 1
(H1), (2) the C-terminal end of H1 and (3) the Sheet 2
(S2) region [13]. At low pH, a study using MD simulation
showed loosening of the tertiary structure, extension of the
S2 region and gain of an extended secondary structure in
the N-terminal region followed by a misfolded intermediate
rich in a B-like structure and a trimetric representation of a
PrP5° protofibril [14]. In addition, high resolution NMR
also suggested that the residues at the C-terminal end of
H1 and B-strand 2 were involved in the ‘‘starting point”
of pH-induced unfolding and implicated in endosomic
PrP€ to PrP% conformational transition resulting in TSEs
[15]. Therefore, elucidation of how the pH-induced local
mobility change correlated with the mechanism of the
extension of the S2 region should provide important clues
regarding the molecular basis of prion diseases.

In the present study, we examined the influence of muta-
tions, D177N (D178N in humans) and H186S (H187S in
humans), on the conformational stability of the S2 region
of moPrP® at various pHs. For this purpose, we employed
the SDSL-ESR method, since SDSL-ESR has been proven
to be a powerful tool to monitor the structure and dynam-
ics of proteins, which are impossible to obtain by NMR
and X-ray crystallographic methods [12,13,16]. In our
SDSL-ESR technique, the nitroxide side chain (R1)
derived  from  (1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)methane thiosulfonate (MTSSL) was introduced
into a Tyr 161 (Y161) residue substituted for a cysteine res-
idue by site-directed mutagenesis (Fig. 1A).

Materials and methods

Materials. (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane
thiosulfonate (MTSSL) was purchased from Toronto Research Chemicals
(ON, Canada). 2-[4-(2-Hydroxyethyl)-1-piperazinyllethanesulfonic acid
(HEPES) and 2-morpholinoethanesulfonic acid, monohydrate (MES)
were from Dojindo, Lab. (Kumamoto, Japan). The Protein Assay Lowry
Kit was from Nacalai Tesque, Inc. (Kyoto, Japan). Other reagents were
from Wako Pure Chemical, Co. (Tokyo, Japan).

Construction, expression, purification, and spin-labeling of recombinant
moPrPC mutants. These experimental procedures were based on those
described previously [12,13]. To study the influences of amino acid resi-
dues Asp 177 and His 186 on the conformational stability of the S2 region
around Y161R1, two plasmids containing double mutations, Y161C/
D177N and Y161C/H186S, were constructed using this Y161C mutant as
a template (Fig. 1B). In addition, we also created a plasmid encoding
Y161C/H176S, to explore the effect of the positive charge of His 176

neighboring the salt bridge, D177-R164, on the structural stability of the
S2 region. All moPrPC mutants (Y161C, Y161C/D177N, Y161C/H186S,
and Y161C/H176S) were generated by the PCR-based site-directed
mutagenesis method and confirmed their change using a CEQ8800 auto-
mated sequencer (Beckman Coulter, Inc.). Fig. 1B shows the positions of
a-carbons of D177, H186, H176 (yellow) and Y161R1 (red) on the 3D
structure in the carboxy-terminal domain of moPrP(;»;_»3) as reported by
Rick et al. (Potein Data Bank entry 1AG?2) [17]. The expression and
purification of recombinant moPrPS mutants were carried out as descri-
bed previously [12,13]. To label the moPrP€ mutants with MTSSL, a 10-
fold molar excess of MTSSL was added to each protein and incubated
overnight in the dark at 4 °C. The free MTSSL was removed from the
protein using a microdialyzer (Nippon Genetics).

ESR spectroscopy. Details of the ESR spectroscopy methods have been
published elsewhere [12,13]. The pH change of the sample solution was
carried out by dialysis of the sample against eight buffers with various pH
conditions from 4.0 to 7.5: 10 mM acetate buffer (pH 4.0, pH 4.5, and pH
5.0), 10 mM MES buffer (pH 5.5, pH 6.0, and pH 6.5) and 10 mM HEPES
buffer (pH 7.0 and pH 7.5). ESR spectra were recorded in a quartz flat cell
(RST-DVTO5; 50 mm x 4.7 mm x 0.3 mm, Radical Research) for spin-
labeled samples of 20 uM moPrP€ using a JEOL-RE X-band spectrometer
(JEOL) with a cylindrical TEO11 mode cavity (JEOL). All ESR spectra
were obtained at 10 °C, controlled by a temperature controller (ES-DVT4,
JEOL), under the following conditions: 5 mW incident microwave power,
100 kHz modulation frequency, 0.2 mT field modulation amplitude and
15mT scan range. The 1/8H, of the central component (M= 0: 4N
hyperfine) in the ESR spectrum of spin-labeled moPrP was employed as a
mobility parameter and was further analyzed using a Win-Rad Radical
Analyzer System (Radical Research). To analyze the stability of the S2
region in moPrP€ mutants, we further measured the intensities of immo-
bile (Im) and mobile (M) nitroxide probes in the low field component
(M; =+1) in each ESR spectrum.

Results and discussion

pH-induced conformational changes of the S2 region in
moPrP€

Many studies have demonstrated the relationship
between the conversion from PrP® to PrP> and the pH
in intracellular acidic compartments such as endosomes
[2-4]. In a previous study, we also analyzed the pH-induced
conformational changes in moPrP€ using SDSL-ESR and
provided experimental evidence for three pH-sensitive sites
in the C-terminal region of moPrP® [12,13]. In particular,
the Y161 in the N-terminal side of S2 region was identified
as one of the highly sensitive site for pH change [13]. To
obtain further information on the pH-sensitivity of this
site, we investigated the pH-induced mobility changes of
Y161R1 under various pH conditions from 4.0 to 7.5. In
the present experiments, Y161R1 (moPrP€ containing a
single spin label at site 161 with no additional mutations)
was used for examination of the stability of the S2 region
in moPrP* and was referred to as WT*. The ESR spectrum
of WT* observed at pH 7.5 showed a line broadening signal
due to a major immobile component (Im) with a minor
mobile component (M) (Fig. 2A). When the pH in the solu-
tion decreased from 7.5 to 4.0, the intensity of the mobile
component increased relatively. To obtain detailed infor-
mation about pH sensitivity, we measured 1/6H, in ESR
spectrum under various pH conditions from 7.5 to 4.0.
The values of 1/3H, obtained from the ESR spectra at
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Fig. 1. A schematic diagram of the site-directed spin labeling (SDSL) technique and the mutation site for SDSL-ESR on the 3D structure of moPrPC. (A)
The reaction of the methanethiosulfonate spin-labeling reagent with the cysteine residue generates the nitroxide side chain (R1) on moPrP€. (B) The
carboxy-terminal domain of moPrP(;5; 31y and the mutation site for SDSL-ESR. Four a-carbons indicate the positions of D177, H186, H176 (yellow)
and Y161R1 (red) in the pH-sensitive S2 region. These a-carbons were superimposed on the 3D structure of moPrP reported in an NMR study (PDB entry
1AG2, Ref. [17]). (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

pH 7.5, pH 7.0, and pH 6.5 were approximately 1.66, 1.70,
and 1.72, respectively, indicating that the nitroxide probes
were strongly immobilized (Fig. 2B). In contrast, the 1/6H,
from the ESR spectra when the pH in the solution changed
from 6.0 to 4.0 increased abruptly from approximately 1.84
to 2.11. These pH-dependent changes of 1/8H, from ESR
spectra were observed when the pH in the solution
decreased to near pH 6.5 or less. Thus it was considered
that the pH-dependent mobility change in the S2 region
resulted in conformational transition.

Since the pH-dependent conformational change from a
rigid to a flexible structure in the S2 region was clearly
observed, we next examined whether isosbestic points were
present in the ESR spectral changes induced by the
decrease of pH. We prepared absorption spectra through
integration of the first derivative spectrum in WT" at each
pH from 7.5 to 4.0. In the superimposed spectra, six points
that did not change during pH change were observed
(Fig. 3C, black arrows). This observation indicated the
presence of isosbestic points, suggesting that the conforma-
tional transition from a mobile structure to an immobile
structure in the S2 region occurred at around pH 6.5. These

findings indicated that the conformational transition
occurred at between pH 6.5 and pH 6.0. These observa-
tions are the first evidence for structural instability in the
S2 region in response to pH, which was assumed based
on MD simulations [14].

Influence of the pathogenic mutations on the conformational
stability of the S2 region with varying pH

Recently, MD simulation has shown that the mutation
of Asp to Asn at position 178 plays an important role in
the conformational conversion to B-sheet-rich PrP [18].
Linkages between familial prion diseases and mutations
in the gene encoding human prion protein were reported
and over 20 such mutations have been shown to date to
segregate familial CJD, GSS and FFI [1,19,20]. The
D178N mutation is one of the most intriguing disease-
related mutations and leads to different phenotypes of
human prion disease depending upon the polymorphism
at position 129. The D178N mutant with methionine at
129 is associated with FFI, whereas the same mutant with
valine at 129 correlates with hereditary CJD [6]. It was
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Fig. 2. The effect of pH on the ESR-spectra from the WT* mutant. (A)
ESR spectra obtained from the WT* mutant at pH 7.5 and pH 4.0 were
recorded using an X-band ESR spectrometer at 10 °C. The ESR spectrum
at pH 7.5 showed a line broadening signal due to a major immobile
component (Im, black arrow in M7 = +1) with a minor mobile component
(M, white arrow in M| = +1). (B) The changes of 1/3H, from ESR spectra
at various pHs from 7.5 to 4.0. The value of 1/8H obtained from the peak-
to-peak central component (M;=0) in each ESR is plotted. It is
considered that the pH-dependent mobility change in the S2 region
results in conformational transition. (C) The absorption spectra obtained
by integration of first derivative spectra in WT* at pH 7.5 (black line), pH
6.5 (blue line), pH 5.0 (violet line) and pH 4.0 (red line) are superimposed.
Six black arrows show the isosbestic points that did not change during pH
change. (For interpretation of color mentioned in this figure the reader is
referred to the web version of the article.)

reported that the D178 side chain is involved in a salt
bridge with R164, connecting Helix 2 with the [B-sheet

[8,21]. These reports led us to speculate that the D178N
mutation induces a flexible structure of Helix 2 and the
B-sheet by disruption of a salt bridge with R164. To clarify
whether the mutations of D177 (D178 in humans) were
actually associated with pH-dependent conformational
changes in the S2 region, we measured the effects of pH
changes on ESR spectrum of D177N. The ESR spectrum
of DI177N at pH 7.5 was narrower than that of WT"
(Fig. 3A). The ESR spectrum of D177N did not change
when the pH in the solution decreased from 7.5 to 4.0.
Fig. 3B shows a summary of the stability of the S2 region
in all mutants. We measured the intensities of immobile
(Im) and mobile (M) nitroxide probes in the low field com-
ponent (M; = +1) and calculated the Im/M ratios at pH
7.5 and pH 4.0 for each ESR signal. At pH 7.5, the Im/
M ratios of WT* were approximately 1.39. However, when
the pH in the solution changed from 7.5 to 4.0, the Im/M
ratios of WT™ significantly decreased to 0.50. On the other
hand, the Im/M ratios of D177N at pH 7.5 were approxi-
mately 0.39, significantly lower than that of WT". More-
over, pH-dependent changes in the Im/M ratio were not
observed for D177N. These results suggested that the struc-
ture around S2 of the PrP® mutant with disappearance of
this salt bridge was a flexible conformation, which was sim-
ilar to that of WT™ in the acidic condition. If the exposure
of PrP€ to acidic conditions in endosomes is accepted as a
key factor in the conversion to PrP%, the unusual flexible
structure of S2 of the D177N mutant at neutral pH may
induce instability prone to pathogenic conversion.

Previous experiments using H-NMR spectroscopy have
shown that the pK, values of glutamic acid at 22 and aspar-
agic acid at 23 on Af(;_40) amyloid peptide are approxi-
mately 4.2-4.3, whereas the pK, values of histidine at 13
and histidine at 14 are approximately 6.2 [22]. Analysis
of Cu, Zn-superoxide dismutase showed that the pK, value
of the C-terminal histidine was 6.73 [23]. Since our data
showed the conformational transition of WT" started from
pH 6.5 (Fig. 2B and C), which was close to the pK, of the
histidine residue but not that of the asparagic acid residue,
and the salt bridge (D177-R163) was essential for this pH-
induced conformational transition in the S2 region of WT*
as mentioned above, the histidine residue neighboring at
the S2 region appeared to interfere with the interaction in
the salt bridge (D177-R163). Therefore, we selected His
176 neighboring salt bridge D177-R163 and measured
the ESR spectra of the H176S mutant. The line shape of
the ESR spectrum obtained from H176S at pH 7.5 was nar-
rower than that of WT" and the spectral change of H176S
was small, when the pH in the solution decreased from 7.5
to 4.0 (Fig. 3A). The behavior of pH-dependent-spectral
changes of H176S seemed to be close to that of D177N,
rather than those of WT", as indicated by the Im/M ratio
(Fig. 3B). These results indicated that the H176 was
strongly associated with the stability of S2 regions,
although this histidine residue (human 177) was reported
to have little effect on the overall spatial arrangement of
PrP in an MD simulation study [11].



248

A B

D177N

Im/M

H186S

i

I
2mT

121

08}

04r

Y. Watanabe et al. | Biochemical and Biophysical Research Communications 366 (2008) 244-249

o WT* M;=0
= D177N
A H176S
© H186S M=+1
< Im
° M

75
pH

Fig. 3. The roles of amino acid residues D177, H176, and H186, in the pH-dependent conformational changes in the S2 region. (A) The ESR spectra of the
WT*, D177N, H186S, and H176S mutants were obtained at pH 7.5 and pH 4.0. The line shapes of spectra were obtained at pH 7.5 (black line) and pH 4.0
(red line). The immobile component and mobile component are indicated by the black arrow and white arrow in the low field component (M} = +1),
respectively. (B) The stability of the S2 region in each moPrP¢ mutants. The intensities of immobile and mobile nitroxide probes obtained from ESR
spectra were measured and the ratios of Im/M were calculated. (For interpretation of color mentioned in this figure the reader is referred to the web

version of the article.)

His 187 is reported to be involved in a pathogenic muta-
tion associated with GSS syndrome (H187R) [9,10]. A
recent study indicated that the breaking of the salt bridge
(E195-R156) induced by the protonation of H187 at acidic
pH was the key event underlying the extension of the S2
region [11]. However, in the present study, there were no
differences in either the line shapes or the value of 1/8H,
from the ESR spectra of WT* and HI86S at pH 7.5
(Fig. 3A). Furthermore, the ESR spectrum of HI186S
became narrower when pH was decreased from 7.5 to
4.0. This pH-dependent change in the line shape and Im/
M ratio of H186S was quite similar to that of WT”
(Fig. 3A and B). These result indicated that H186 was
not involved in the pH-dependent instability in the S2
region. In humans, the trigger of pH-dependent conforma-
tional changes of GSS syndrome (HI187R) may be different
from those of FFI and CJD;;3 with point mutation of
D178. Furthermore, we examined the conformational sta-

bility of the S2 region in the Q167R mutant, which acts
as a dominant-negative, an inhibitory mutant against PrP>°
formation (neighboring the S2 region) [24]. The pH-depen-
dent mobility change in Q168R was also similar to WT*
and H186S (data not shown). These results indicated that
the conversion from PrP¢ to PrP% may be affected by sev-
eral mechanisms of conformational change, including pH-
dependent instability in the S2 region.

In conclusion, the present cysteine-scanning SDSL-ESR
study for full-length recombinant moPrP® provided exper-
imental evidence that amino acid residues D177 and H176,
but not H186, were important in the pH-induced confor-
mational instability of the S2 region. In the D177N mutant,
the mobility of the S2 region at natural pH was signifi-
cantly higher than that in WT" and was similar to that in
WT" at acidic pH. Moreover, the conformational transi-
tion of the S2 region started from pH 6.5, which was close
to the pK, of the histidine residue and the protonation of
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H176 was strongly associated with the stability of S2
regions. These findings appear to be essential for under-
standing the mechanism by which the disruption of the salt
bridge in the S2 region forms the pathogenic PrP5¢ struc-
ture in hereditary prion diseases.
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