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Abstract

Fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation spectroscopy (FCCS) are powerful techniques to
measure molecular interactions with high sensitivity in homogeneous solution and living cells. In this study, we developed methods
for the detection of prion protein (PrP) using FCS and FCCS. A combination of a fluorescent-labeled Fab’ fragment and another
anti-PrP monoclonal antibody (mAb) enabled us to detect recombinant bovine PrP (rBoPrP) using FCS because there was a significant
difference in the diffusion coefficients between the labeled Fab’ fragment and the trimeric immune complex consisting of rBoPrP, labeled
Fab' fragment, and another anti-PrP mAb. On the other hand, FCCS detected rBoPrP using two mAbs labeled with different fluores-
cence dyes. The detection limit for PrP in FCCS was approximately threefold higher than that in FCS. The sensitivity of FCCS in detec-
tion of abnormal isoform of PrP (PrP%%) was comparable to that of enzyme-linked immunosorbent assay (ELISA). Because FCS and
FCCS detect the PrP immune complex in homogeneous solution of only microliter samples with a single mixing step and without

any washing steps, these features of measurement may facilitate automating bovine spongiform encephalopathy diagnosis.
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Transmissible spongiform encephalopathies (TSEs)',
so-called prion diseases, are fatal neurodegenerative
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diseases associated with unconventional proteinaceous
agents [1]. They include scrapie in sheep and goats as well
as bovine spongiform encephalopathy (BSE). A line of evi-
dences suggests that BSE has been transmitted to humans;
this disease is designated a new variant of Creutzfelt-Jakob
disease (vCID) [2]. Secondary transmission of vCID by
blood transfusion raised a public concern about the safety
of blood transfusion and blood-derived products [3.4].
Therefore, the development of a method for early and sen-
sitive diagnosis is essential to prevent the further spread of
prion diseases.

Detection of abnormal isoform of prion protein (PrP%%)
is commonly used for the conclusive diagnosis of prion dis-
eases. At least three different approaches can be used to
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develop a highly sensitive method for prion diseases using
immunobiochemicals as follows: (i) amplification of the
amount of PrPSC, (i) concentration or enrichment of the
amount of PrP% from a sample, and (iii) an improvement
of the sensitivity in prion protein (PrP) detection. Among
these approaches, we aimed to develop a sensitive detection
method for PrP.

Analysis of body fluids or tissue extracts ideally should
combine minimal sample consumption with high sensitiv-
ity. Confocal fluorescence methods are one of the few
methods that can do it because they are based on the detec-
tion of laser-induced fluorescence emission of dye-tagged
single molecules in a very tiny focal volume element of less
than 1fl. Among confocal fluorescence methods, fluores-
cence correlation spectroscopy (FCS) is a state-of-the-art
method based on fluctuation analysis of fluorescence inten-
sity in the confocal volume. The concept of FCS was intro-
duced during the early 1970s [5], and its feasibility in life
science was confirmed during the 1990s [6,7]. Because the
diffusion time of a small fluorescent molecule through the
small detection volume increases on its binding to much
larger molecules, measuring the change of its diffusion time
by FCS allows detection of antigen using fluorescent-
labeled antibody. During recent years, FCS has been
applied to investigate biophysical and biochemical pro-
cesses in vitro, such as interaction of chaperon with sub-
strates [8~11], and to analyze microenvironments of living
cells and molecular interaction on cell membranes [12-14].

Fluorescence cross-correlation spectroscopy (FCCS) is
based on the same principle as FCS, but correlations of
two independent signals are determined instead of correlat-
ing the fluctuations of one signal. If molecules labeled with
two different fluorescent dyes are interacting, only double-
labeled compounds contribute to the results of fluorescence
cross-correlation function (FCF). Therefore, FCCS enable
us to detect antigen using two monoclonal antibodies
(mAbs) labeled with different fluorescent dyes [15]. The
modern FCCS technique was proposed by Eigen and Rig-
ler during the early 1990s [16] and first realized by Schwille
and coworkers [17]. Recently, FCCS has been used to
detect the interaction between two molecular species
in vitro [18-20], and there are reports of ex vivo studies
[21-23].

Because FCS and FCCS allow characterization of fluo-
rophores in homogeneous solutions without any physical
separation steps like those required in other biochemical
methods [24], these methods are suitable for high-through-
put screening with high sensitivity. In this study, therefore,
we employed these techniques to develop the diagnosis
methods for prion diseases by detecting PrP. First, we
established the method for PrP detection by FCS and
FCCS using recombinant PrP as a model. Next, we applied
these methods to detect PrPS° from brain materials of
prion-infected animals and compared the sensitivity of
FCCS with that of the enzyme-linked immunosorbent
assay (ELISA) test approved by the European Commission
for BSE diagnosis.

Materials and methods

Recombinant bovine PrP and sample preparation from BSE-
negative cattle brains and prion-infected mice brain

Recombinant bovine PrP (rBoPrP) was obtained from
Fujirebio (Japan). Medulla oblongata of BSE-negative cat-
tle and brains of mice infected with scrapie Obihiro strain
[25] were processed according to the procedure of the
FRELISA BSE kit (Fujirebio). After centrifugation at
15,000g for 10 min at 25 °C, the pellets were dissolved with
50 ul of urea solution (8 M) and boiled for 5 min. Then the
following modifications to the procedure of the kit were
made. The solution was centrifuged at 3000g for 3 min to
remove scattering debris. The supernatant was diluted
two- and sixfold with phosphate-buffered saline (PBS, pH
7.3) for ELISA and FCCS analyses, respectively. The con-
centration of PrP%® for FCCS analysis, therefore, was 2.3
times less than that for ELISA analysis (350 vs. 150 ul).

Fab'72(532), mAb72(488), and mAb44B1(647)

PrP-specific mAbs 72 and 44B1, which bind to indepen-
dent epitopes, were used in this study [26].

For FCS analysis, Alexa 532-labeled Fab’72 fragment
[Fab’72(532)] was prepared from mAb 72 according to
the methods of Yoshitake and coworkers [27). F(ab’), frag-
ments of mAb 72 prepared by pepsin digestion were further
reduced with 2-mercaptoethylamine to yield Fab' frag-
ments. The fragments were coupled to Alexa 532 malei-
mide (A-10255, Invitrogen, USA), and then unbound
fluorophores were separated using Superdex 200 (16/60,
Pharmacia,. USA) with 10 mM Tris buffer (pH 7.4) con-
taining 0.05% sodium azide. The labeling ratio was 1.1
dye molecules per Fab'.

For FCCS analysis, mAbs 72 and 44B1 were labeled
with an Alexa Fluor 488 Monoclonal Antibody Labeling
Kit (A-20181, Invitrogen) and an Alexa Fluor 647 Mono-
clonal Antibody Labeling Kit (A-20186, Invitrogen),
respectively. After purification with the provided spin col-
umn, unbound fluorophores were further removed using
Stide-A-Lyzer MINI Dialysis Units (Pierce, USA) against
PBS (pH 7.4). The labeling ratios were 3.5 and 1.3 dye mol-
ecules per 72 and 44B1 antibody molecule, respectively.

FCS and FCCS measurements

The urea-treated samples diluted with PBS (pH 7.3)
were mixed with anti-PrP antibodies and incubated for
60 min at 25 °C. The mixtures were subjected to FCS and
FCCS measurements. The reaction mixtures were kept
for measurement in 384-well chambered coverslips
(MP0384120, Olympus, Japan) for MF-20 (Olympus) and
8-well chambered coverslips (Nalge Nunc International,
USA) for compact FCCS (Hamamatsu Photonics, Japan).
To prevent nonspecific adsorption of proteins on the sur-
face of the coverslip, the sample chambers were treated
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with a protein blocker (N101, NOF, Japan) and washed
with distilled water before the experiments.

FCS. and FCCS measurements were carried out with a
modified MF-20 that consisted of a CW Ar' laser
(488 nm), He-Ne laser (543 nm), and He-Ne laser
(633 nm); a water immersion objective (U-Apochromat,
40x, 1.15 NA, Olympus); and two avalanche photodiodes
(SPCM CD3017, PerkinElmer, USA). The confocal pin-
hole diameters were adjusted to 40 pm. The emission signal
was detected. through a bandpass filter (565595 nm) on
autocorrelation mode excitation at 543 nm. The signals in
the cross-correlation mode at 488 and 633 nm were split
by a dichroic mirror (625 nm beam splitter) and detected
at 510 to 560 nm by the green channel for Alexa 488 and
at 650 to 690 nm by the red channel for Alexa 647. The
sample volume, temperature, and duration time were
50 pl, 25 °C, and 180 s, respectively.

FCCS measurements were also carried out with a com-
mercial prototype setup, the compact FCCS apparatus
(Hamamatsu Photonics), which consisted of two LD
pumped solid-state lasers (473 and 635nm), a water
immersion objective (U-Apochromat), and two photomul-
tiplier tubes (H8631-40, Hamamatsu Photonics). The con-
focal pinhole diameters were adjusted to 100 pm. The
emission signals were split by a dichroic mirror (570 nm
beam splitter) and detected at 495 to 575 nm by the green
channel for Alexa 488 and at more than 650 nm by the
red channel for Alexa 647. The sample volume, tempera-
ture, and duration time were 10pul, 25°C, and 30s,
respectively.

FCS and FCCS data analyses

The fluorescence autocorrelation functions (FAFs) of
the red and green channels [G;(t) and G, (1), respectively]
and FCF [G.(1)] are calculated by
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where 1 denotes the time delay, I; is the fluorescence inten-
sity of the red channel (i =r) or green channel (i = g) and
" Gi(1), Gg(1), and G(1) denote the autocorrelation func-
tions of red (i =j = x =7r1), green (i =j = x = g), and cross
(i =1, j =g, and x = c), respectively.
Acquired G(t) values were fitted by a one- or two-com-
ponent model as
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where y denotes the bound ratio of labeled antibody to
antigen, Tge. and Tyoung are the diffusion times of the free
and bound molecules, respectively, N is the average num-
ber of fluorescent particles in the excitation detection vol-

ume defined by radius wy and length 2z, and s is the
structure parameter representing the ratio s = zg/wy.

The average numbers of red fluorescent particles (N,),
green fluorescent particles (Ng), and particles that have
both red and green fluorescence (N.) can be calculated by
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respectively, where C.(0), C,(0), and C.(0) indicate the
amplitudes of the functions C; = G,(1) — 1, Cy = Gg(1) —
1, and C. = G(t) — 1, respectively. When N, and N, are
constant, C.(0) is directly proportional to N.. For quanti-
tative evaluation of cross-correlations among various sam-
ples, C.(0) is normalized by Cg(0) [relative cross-
correlation, C.(0)/C,(0)] (21].

The cutoff values of the detection limits for FCS and
FCCS were determined from the mean of samples without
rBoPrP or PrP plus 3 standard deviations.

N, =

ELISA

ELISA-based BSE diagnosis kits, the FRELISA BSE
and the Platelia BSE, were obtained from Fujirebio and
Bio-Rad (USA), respectively. Optical density (OD) was
assessed with a microplate reader (GENios, Tecan Group)
at wavelengths of 450 to 620 nm. The cutoff values were
determined by the definitions of the kits.

Results
rBoPrP detection by FCS

To distinguish the two components in FCS analysis,
their diflusion times must differ by a factor of at least 1.6,
which corresponds to a molecular weight ratio of 4
(= 1.6%) [28]. We prepared Fab'72(532) (50 kDa) to detect
PrP (30 kDa), and another anti-PrP antibody (mAb44B1,
150 kDa) was also used for weighting to rBoPrP-
Fab’72(532). The molecular ratio of the trimeric immune
complex 44B1-rBoPrP-Fab'72(532) to Fab’72(532) was
4.6, a value sufficiently above the criterion of 4.

The theoretical diffusion times in Fig. 1A were calculated
based on the measured diffusion time of Rhodamine 6G at
543 nm on MF-20 and the molecular weight (0.479 kDa) of
Rhodamine 6 G. On the other hand, the obtained diffusion
times of the - three samples—Fab’72(532), rBoPrP-
Fab'72(532), and 44B1-rBoPrP-Fab’72(532)—were in good
agreement with the theoretical values. There was no signifi-
cant difference in the diffusion times between Fab’72(532)
and rBoPrP-Fab’72(532), whereas the immune complex
44B1-rBoPrP-Fab’72(532) was clearly distinguished from
Fab’72(532). Therefore, we used not only Fab’72(532) but
also 44B1 for the detection of rBoPrP by FCS.

Fig. 1B shows the normalized FAFs that shifted to the
right with the increase in rBoPrP concentration, indicating
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Fig. 1. rBoPrP detection by FCS in PBS (pH 7.3). (A) Theoretical and experimentat diffusion times to molecular weight. The experimental diffusion times
. at the molecular weights of 50, 80, and 230 kDa correspond to Fab'72(532), rBoPrP-Fab’72(532), and 44B1-rBoPrP-Fab'72(532), respectively. (B)
Normalized FAFs of Fab’72(532) and the immune complex 44B1-rBoPrP-Fab’72(532). The FAFs were normalized to 1. The arrow indicates the shift of
FAF with the increase in rBoPrP concentration. (C) Fractions of Fab’72(532) and the immune complex 44B1-rBoPrP-Fab’72(532). (D) Detection limit
for rBoPrP using FCS in PBS (pH 7.3). This is an enlarged graph of panel C. The concentrations of Fab’72(532) and 44B1 used were 0.6 and 50 nM,
respectively. The broken line indicates the cutoff value. Data are expressed as means + standard deviations.

the increasing the fraction of the immune complex 44B1-
rBoPrP-Fab’72(532). The diffusion times of FAFs were
670 and 1190 ps at 0 and 15 nM rBoPrP, respectively. We
assumed them to be the diffusion times of Fab'72(532)
and the immune complex, and then we calculated the frac-
tions (%) of Fab’'72(532) and the immune complex in the
two-component model of Eq. (2) (Fig. 1C). The fractions
of free Fab’72(532) and the immune complex decreased
and increased, respectively, with the increase in rBoPrP
concentration and reached a plateau at approximately
15 nM. To show the detection limit clearly, we present an
enlarged graph of Fig. IC in Fig. 1D. The value at
0.24 nM rBoPrP remained above the cutoff line when the
assay was carried out in PBS (pH 7.3). But the detection
limit of FCS was approximately threefold lower than that
of ELISA (Bio-Rad) (Table 1).

rBoPrP detection by FCCS in PBS (pH 7.3)

To improve specificity and sensitivity, we further
attempted to detect PrP by FCCS using two spectrally
independent fluorescent-labeled probes: mAb72(488) and
mAb44B1(647). Fig. 2A shows FCFs of the double-labeled

immune complex mAb72(488)-rBoPrP-mAb44B1(647).
The increase of the amplitude on the y intercept indicates
the increasing numbers of the immune complex. For quan-
titative evaluation of the amplitude, C.(0) was normalized
by C,(0) in Fig. 2B (see Materials and methods). The value
of C.(0)/Cg(0) at 0.24 nM rBoPrP remained above the cut-
off line when the assay was carried out in PBS (pH 7.3).
The detection limit of FCCS was comparable to that of
ELISA (Bio-Rad) (Table 1).

As shown in Fig. 2C (closed diamonds), unfortunately,
the C.(0)/C4(0) values of the samples above 14.5nM
rBoPrP were below the cutoff line and assessed as negative.
This is because rBoPrP formed the dimeric immune com-
plex with mAb72(488) or mAb44B1(647) instead of the tri-
meric immune complex mAb72(488)-rBoPrP-mAb44B1(647)
at the range of high concentration of rBoPrP. To overcome
the limitation, we carried out combination measurements
in respective samples, namely, without (closed diamonds)
and with (open squares) the addition of 4.8 nM rBoPrP.
Fig. 2D shows a criterion for determination as follows.
The samples containing no rBoPrP showed negative (—)
but showed positive (+) signals by the addition of 4.8 nM
rBoPrP. The samples containing 2.42 nM rBoPrP gave
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Table 1

Detection limits for rBoPrP and PrP> using FCS, FCCS, and ELISAs

Method rBoPrP PrP* from infected mice (dilution rate)
in PBS (pH 7.3) (nM) in BSE-negative samples (nM)

FCS 044 +0.13(n=15) ND ND

FCCS 0.13+0.03 (n=3) - 0.13+£003 (n=3) 475(0.130M)* (n=3)

ELISA (Bio-Rad) 0.15+£0(n=3) 0.15+0(n=3) ND

ELISA (Fujirebio) 0.05+0 (n=3) 0.11+003 (n=13) 47 (0.30 nM)® (n=2)

477(0.08 nM) (n=1)

Note. Values are means + standard deviation of independent experiments. ND, no data.
® The value at 4~%-fold was 2.3 times less than that for ELISA because the samples for FCCS were diluted 2.3-fold (350/150 ul) compared with ELISA.
b< The values were determined by the standard curve of the OD value versus rBoPrP concentration in Fig. 4G.
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Fig. 2. rBoPrP detection by FCCS in PBS (pH 7.3). (A) FCFs of the immune complex mAb72(488)-rBoPrP-mAb44B1(647). The arrow indicates the
elevation of FCF with the increase in rBoPrP concentration. The amplitude on the y intercept of FCF reflects the number of the immune complex. (B)
Relative cross-correlation, C.(0)/C,(0), with various concentrations of rBoPrP. For quantitative evaluation of cross-correlations, the amplitude of cross-
correlation [C,(0)] was normalized by that of autocorrelation [C,(0)]. (C) rBoPrP detection at a broad range of rBoPrP concentration. (D) Criterion for
determination. The signals above and below the cutofT line were determined as positives and negatives, respectively. The sample showing negative (—) and
positive (+) signals without and with the addition of 4.8 nM rBoPrP, respectively, was assessed as negative. The sample showing negative (-+) and positive
(+) signals was assessed as positive. The sample showing negative (—) and positive () signals was assessed as positive. The concentrations of mADb72(488)
and mAb44B1(647) used were 0.1 and 0.1 nM, respectively. The broken lines in panels B, C, and D indicate the cutofl values. Data are expressed as
means =+ standard deviations.

positive (+) and still gave positive (+) signals by the addi-  and still negative (—) even when 4.8 nM rBoPrP was added.
tion of 4.8 nM rBoPrP. In contrast, the samples containing By comparison of the two results in each sample, we could
an excess amount of rBoPrP (48.3 nM) turned negative (—)  make the final decision as to whether the sample was
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negative or positive. As shown Fig. 2C, this criterion
was actually adaptive for the broad range of rBoPrP
concentration.

rBoPrP detection by FCCS in samples prepared from BSE-
negative cattle

When we measured the tissue samples prepared from
BSE-negative cattle without labeled antibodies as a con-
trol experiment, burst signals and high background fluo-
rescence were observed during the time course of
fluorescent intensity (data not shown). Because the agents
. used for preparation had no significant fluorescence in the
final concentration, the burst signals and background
fluorescence probably were derived from the tissue com-
ponent but not identified. To improve the detection
method using FCCS, therefore, we carried out the detec-
tion of rBoPrP in the samples prepared from BSE-nega-
tive cattle that mimic the tissue samples containing PrP.
Because the structure of PrP denatured from PrP¢ is sim-
ilar to that of the rBoPrP used, rBoPrP was used as a
model experiment and was added to the samples prepared
from the BSE-negative cattle after all preparation and
separation steps.

Fig. 3A shows FAFs and FCF of mAb72(488) and
mAb44B1(647) in PBS (pH 7.3). The FAFs were well fitted
with the one-component model. The diffusion times of
mAb72(488), mAb44B1(647), and the immune complex
mAb72(488)-rBoPrP-mAb44B1(647) were 1.1, 1.2, and
2 ms, respectively. In contrast, unusual FAFs and FCF
were obtained in the BSE-negative samples without centri-
fugation due to burst signals that were assumed to be
caused by scattering debris (Fig. 3B).

To overcome this problem, the BSE-negative samples
were clarified by centrifugation at 3000g for 3 min before
FCCS measurement. The FAFs and FCF of centrifuged
samples were well fitted with the one-component model
(Fig. 3C), where the diffusion times of mAb72(488),
mAb44B1(647), and the immune complex were 1.1, 1.3,
and 3.5 ms, respectively. There is a difference in the diffu-
sion times of the immune complex in the presence and
absence of the BSE-negative samples. Given that the other
two faster diffusion times are quite similar, the difference
might be caused by low statistical quality of cross-correla-
tion curves [17]. Using ELISA, we confirmed that signifi-
cant loss of PrP% was not observed by centrifugation at
3000g for 3 min (Fig. 3D). The value at 0.34 nM rBoPrP
remained above the cutoff line when rBoPrP was spiked
to the tissue extract from the BSE-negative cattle
(Fig. 3E). The detection limit in tissue samples was the
same as that in PBS (pH 7.3) (Table 1).

Comparison of FCCS with ELISA for detection limit of
rBoPrP and PrP*¢

Although FCCS detected rBoPrP in both PBS (pH 7.3)
and the samples prepared from BSE-negative cattle, the

apparatus used was too expensive and large to use for
BSE diagnosis at abattoirs. Thus, we developed a compact
FCCS apparatus. The compact FCCS is small
(200 x 300 x 600 mm) and low cost, and it provides FCF
with a high signal-to-noise ratio compared with other sys-
tems (data not shown). The sensitivity of the compact
FCCS in the detection of rBoPrP and PrP5¢ was compared
to that of ELISA approved by the European Commission
for BSE diagnosis.

Figs. 4A and B show a dose-dependent detection of
rBoPrP by FCCS and ELISAs in PBS (pH 7.3) as a simple
model of BSE diagnosis. As shown Fig. 4A, the value at
0.24 nM rBoPrP was located above the cutoff line using
FCCS in PBS (pH 7.3). This value was nearly the same
as that of the Platelia BSE kit (0.15 nM), whereas the
FRELISA BSE kit could detect rBoPrP at 0.05nM.in
PBS (pH 7.3) (Fig. 4B).

As a more feasible condition of BSE diagnosis, the sen-
sitivity of FCCS was compared with that of ELISAs in the
samples prepared from BSE-negative cattle (Figs. 4C and
D). The BSE-negative samples were centrifuged at 3000g
for 3 min to remove scattering debris. The detection limit
for rBoPrP using FCCS was 0.15 nM in the BSE-negative
samples (Fig. 4C), which was the same as both the Platelia
BSE kit (0.15nM) and FRELISA BSE kit (0.15nM)
(Fig. 4D).

We further compared the sensitivities of FCCS and
ELISA using scrapie-affected mice. Only the FRELISA
BSE kit was used for the assessment because the anti-
bodies that come with the Platelia BSE kit do not react
with mouse PrP%. Tissue homogenates from scrapie-
affected mice were serially diluted with 4-fold steps in
the samples prepared from BSE-negative cattle. Fig. 4E
shows a clearly positive change at the 4->-fold dilution
step, and the 47 5-fold dilution step was slightly ahead
of the cutoff line in FCCS. In contrast, Fig. 4F shows
a clearly positive change at the 475-fold dilution in
ELISA. The concentration of PrP at the 4%-fold dilution
step was determined by ELISA using rBoPrP (Fig. 4G).
The OD value at the 47%fold dilution step in Fig. 4F
was equal to approximately 0.3nM rBoPrP. On the
other hand, the rBoPrP concentration for FCCS was
estimated at approximately 0.13 nM. This is because
the samples for FCCS were diluted 2.3-fold compared
with those for ELISA (see Materials and methods) to
reduce the background signal of the turbid medium
and the adverse effect of urea on the immunoreactions.
According to the detection limit of FCCS in both PBS
(pH 7.3) and the samples prepared from BSE-negative
cattle, this estimation was reasonable.

The average detection limits for rBoPrP and PrPs°
using FCS, FCCS, and ELISAs are summarized in Table
1. The FRELISA BSE kit was more sensitive than FCCS
in PBS (pH 7.3). FCCS was significantly more sensitive
to rBoPrP than FCS in PBS (pH 7.3) and nearly the
same as the Platelia BSE kit in the three experimental
conditions.
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Fig. 3. rBoPrP detection by FCCS in samples prepared from BSE-negative cattle. (A-C) FAFs and FCF of the immune complex mAb72(488)-rBoPrP-
mADb44B1(647) in PBS (pH 7.3) (A), in the BSE-negative samples without centrifugation (B), and in the BSE-negative samples with centrifugation at 3000g
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mAb44B1(647), and rBoPrP used were 0.5, 0.5, and 0.97 nM, respectively. (D) Effect of centrifugation on detection of PrP% from infected mice. (E)
Detection limit for rBoPrP using FCCS in BSE-negative samples. The concentrations of mAb72(488) and mAb44B1(647) used were 0.7 and 0.6 nM,
respectively. The broken line indicates the cutoff value. Data are expressed as means + standard deviations. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.) .

Discussion its disadvantages as a screening test are that only a few
' samples can be processed in a single gel and that it is

Most of the diagnostic tests for TSEs are based on the  time-consuming and requires experienced personnel. Some
detection of PrP%¢ using appropriate PrP-specific antibod-  of these limitations have been overcome by using ELISA
ies after the removal of cellular PrP from samples by treat-  for PrP® detection [30,31]. Several spectrophotometric
ment with proteinase K (PK) [29]. Although Western  techniques, such as Fourier transformed infrared spectros-
blotting is a widely validated method for PrPS¢ detection, copy [32], multispectral UV fluoroscopy [33], and fluores-
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cence detection after capillary electrophoresis [34], are also
being developed as sensitive methods for detection of
Prp>°

Bieschke and coworkers [35) developed a highly sensi-
tive detection method based on a two-color scanning
setup, where intensity analy51s is used to detect patholog-
ical aggregates of PrP5 having slow diffusion instead of
correlating signals to get size information on the mole-
cule. However, equipment where the samples need to
be moved to the focal area by scanning stage seems to
be too expensive and sophisticated to use for BSE diag-
nosis at abattoirs. In this study, we have developed
methods for the detection of PrP using conventional
FCS and FCCS analyses and attempted to detect PrPS¢
using the compact FCCS system produced with the aim
of BSE diagnosis at abattoirs.

Although antibodies are essential tools for 1mmunolog-
ical diagnosis, there are limitations in their use for FCS.
Mayboroda and coworkers [36] showed that staphylococ-
cal protein A (PrA, 42 kDa) can be used as a low-molecular
weight tag for immune complex. However, PrA is applied
not for mouse IgG; but for 1gG,,, 1gGap, and 1gG; [37).
Actually, we could not detect rBoPrP with PrA using
FCS because there was no difference between the affinity
of PrA for immune complexes and that for free anti-PrP
antibodies 72 and 44B1. On the other hand, the use of both
Fab’ fragment and another antibody binding to indepen-
dent epitopes is generally applicable for the detection of
every antigen using FCS.

Unlike FCS analysis, depending on diffusion time,
FCCS is not necessary to prepare a lower molecular weight
probe, such as a labeled Fab’ fragment, or to determine the
difference of the solution’s viscosity for each sample, but
the dynamic range of FCCS in this experiment was nar-
rower than that of FCS. This is because nearly identical
concentrations of two mAbs labeled with different fluores-
cence dyes were used in FCCS due to suppression of back-
ground fluorescence, whereas sufficient unlabeled antibody
was used in FCS to form 44B1-rBoPrP completely. To
overcome the limitation of dynamic range, another mea-
surement was carried out with the addition of rBoPrP to
all of the samples; namely, by comparing measurements
without and with the addition of 4.8 nM rBoPrP, we can
determine whether the sample is negative or positive. This
technique is generally applicable for other sandwich detec-
tion methods with two probes. However, because all sam-
ples would need to be measured at least twice given that
the majority of all samples in BSE diagnosis are expected
to be negative, the problem remains the key issue for the
diagnosis using FCCS. The reduction of measuring time
in a sample and the development of a totally automated
system might be a solution to the problem.

Although the detection and characterization of prion
disease [35,38], Alzheimer’s disease [39], and Parkinson’s
disease [40] were reported using confocal fluorescence
methods, they were restricted to analyses in transparent
media such as reaction buffer and cerebrospinal fluid

(CSF). In contrast, we detected PrP using FCCS in turbid
samples prepared from tissue. Because the use of both cen-
trifugation and sufficiently labeled antibodies is easy, they
are generally applicable for the detection of the target mol-
ecule using FCCS in turbid medium.

From infectivity studies in rodent models of TSE [41], it
seems that the maximum concentration of infectivity in cir-
culating blood resides in the buffy coat, where the concen-
tration ranges between 5 to 10 infectious units (IU) ml™!
and approximately 100 IU ml~' at the onset of symptom-
atic disease. One picogram of PrP% is estimated to contain
100 IU [42); therefore, the concentrations of PrP5¢ in the
buffy coat are expected to be 1pgmli~' (33 fM) and
0.1 pg ml~! (3.3 fM) during the symptomatic and presymp-
tomatic phases, respectively.

In the femtomolar concentration range, a target mole-
cule has a territory of 1 nl, whereas the confocal volume
of FCS or FCCS is approximately 1fl. If the radius of
the confocal volume and the diffusion coefficient of parti-
cles are 1 um and 10~% cm?/s, respectively, the femtomolar
concentration is detectable for 15 min measurement using
FCS and FCCS [16]. Because this calculation assumes that
all of the PrP binds to the fluorescent-labeled antibody, the
sensitivity seems to be strongly limited by the Ky values of
antibodies. Therefore, high-affinity antibodies to PrP are
required for the development of a highly sensitive detection
method.

Castilla and coworkers [43] developed an efficient pro-
tocol for the amplification of PrP5°, The combination of
our detection method and amplification technique of
PrP% can improve the detection limit of PrP¢. A perfect
and stable overlap of two laser lines often is difficult, and
this makes the reduction of FCF amplitude and sensitiv-
ity. Thus, we currently are developing a novel detection
method for sensitive improvement with new dyes in
FCCS analysis.

All commercial BSE tests currently used detect the PK
resistance of PrP, but it has been reported that the patho-
logical state of PrP was not only PK resistant but also PK
sensitive [44]. Birkmann and coworkers [45,46] developed
methods for detecting both parts of the prion particles with
FCS in fluorescence intensity distribution analysis (FIDA)
mode, although the limit of sensitivity has not been
exploited. On the other hand, our methods demonstrated
that denatured PrP and rBoPrP are suitable for the detec-
tion of only the PK-resistant form. In the future, the meth-
ods need to improve to detect the entire pathological state
of PrP.

In conclusion, we have presented methods for the detec-
tion of PrP using FCS and FCCS. A combination of a fluo-
rescent-labeled Fab’ fragment and another anti-PrP mAb
enabled us to detect rBoPrP using FCS. On the other hand,
FCCS detected rBoPrP using two mAbs labeled with differ-
ent fluorescence dyes. The sensitivity of a compact FCCS
apparatus produced with the aim of BSE diagnosis at
abattoirs was comparable to that of the ELISA approved
by the European Commission for BSE diagnosis. Because
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FCS and FCCS analyses require only microliter samples
and a single mixing step, the analyses lend themselves to
automation for BSE diagnosis. '
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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 Y161 R1, 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 $2 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 PrP* structure in hereditary prion disease.

© 2007 Elsevier Inc. All rights reserved.
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lopathy; Conformational transition

Transmissible spongiform encephalopathys (TSEs), or
prion diseases, are a group of fatal neurodegenerative dis-
orders including Creutzfeldt-Jacob disease (CJD), Gerst-
mann-Striusler—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 f-sheet-rich) form of prion protein
(PrP%°) is still unknown, the accumulation of PrPS¢ in
endosomes, the main intracellular acidic organelles, indi-
cates that the process of conversion from PrPC 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 CID (CJD,5) 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 B-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 PrP€ 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 a-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-
rPC, 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 moPrPC 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  (l-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)methane thiosulfonate (MTSSL) was introduced
into a Tyr 161 (Y 161) 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
moPrP€ 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 Y16IR1, 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-R 164, on the structural stability of the
S2 region. All moPrPS mutants (Y161C, Y161C/DI177N, Y161C/H186S,
and YI161C/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(;2-211 as reported by
Riek et al. (Potein Data Bank entry [AG2) [17]. The expression and
purification of recombinant moPrP¢ 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-DVTO05; 50 mm x 4.7 mm x 0.3 mm, Radical Research) for spin-
labeled samples of 20 pM moPrP® using a JEOL-RE X-band spectrometer
(JEOL) with a cylindrical TEO}! 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
15 mT scan range. The 1/6H, of the central component (M;=0: '“N
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 moPrPC 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 PrPS 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 (moPrPC containing a
single spin label at site 161 with no additional mutations)
was used for examination of the stability of the S2 region
in moPrPC 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 1/3H, in ESR
spectrum under various pH conditions from 7.5 to 4.0.
The vatues of 1/8H, 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 moPrP€. (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 moPrPy;3)_53, and the mutation site for SDSL~ESR. Four a-carbons indicate the positions of D177, H186, H176 (yellow)
and Y161R] (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 CIJD [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 M} = +1) with a minor mobile component
(M, white arrow in M} = +1). (B) The changes of 1/8H, from ESR spectra
at various pHs from 7.5 to 4.0. The value of 1/3H 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 DI77N 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 PrPSC, the unusual flexible
structure of S2 of the D177N mutant at neutral pH may
induce instability prone to pathogenic conversion.

Previous experiments using 2ZH-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].-
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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*, DI177N, 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 1/86H,
from the ESR spectra of WT® and H186S at pH 7.5
(Fig. 3A). Furthermore, the ESR spectrum of H186S
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 (H187R) may be different
from those of FFI and CJD,;g 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 PrP> struc-
ture in hereditary prion diseases.
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