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Fig. 4. Function of RECK is inhibited by the expression of Tgat through its C-terminal region. (A) Relative invasion activities. The migrated cells were
stained and then counted under light microscopy. Average migrated cell numbers of HT1080 is determined as score 100 and invasive activities of indicated
are expressed as relative scores. *, HT1080 and HT1080/RECK (P <0.01); “HT1080/RECK and HT1080/hRECK+Tgat (P <0.01). (B) Gelatin
zymogram with the conditioned media from HT1080 and indicted transformants. (C) Relative gelatinase activities. "HT1080 and HT1080/RECK

(P <0.01); *"HT1080/RECK and HT1080/hRECK+Tgat (P <0.01).

human ¢DNAs inducing flat reversion of v-Ki-ras-trans-
formed NIH3T3 cells [4-6]. The following studies have
supported that RECK functions as a suppressor of angio-
genesis and metastasis by inhibiting the MMPs activities.
RECK is a glycoprotein with serine protease inhibitor-like
domains and anchors the cell membrane through the C-ter-
minal glycosylphosphatidylinositol moiety. RECK post-
transcriptionally regulates the members of MMP family,
MMP-2 and MMP-9, by various mechanism [7,8]. RECK
inhibits not only the secretion of proMMP-9 from the cell
but also the processing of proMMP-2 to its intermediate
species, and the following autocatalysis to form activated
MMP-2. Degradation of the extracellular matrix (ECM)
by MMPs is a crucial step in tissue remodeling and tumor
invasion and metastasis [9]. Depending on their substrate
specificities, MMPs are broadly divided into collagenase,
stomelysins, and gelatinase. MMP-2 (Gelatinase A) and
MMP-9 (gelatinase B) degrade denatured collagens, native
type IV and V collagens. MMP-2 and MMP-9 are poten-
tially involved in carcinogenesis and malignant phenotypes
of tumor cells, since correlation between their activity and

the malignancy of tumors have been documented in a num-
ber of studies [10~13].

In the present study, we have found that Tgat certainly
enhances the invasive potential of NIH3T3 cells in correla-
tion with the enhanced secretion of activated MMP-2 and
proMMP-9. In contrast, the expression of Tgat alone gave
little effect on the invasion potential in human fibrosar-
coma cell line HT 1080, possessing highly invasive potential
but lacking the expression of hRECK. Introduction of the
hRECK expression, however, reduced the invasive poten-
tial of HT1080 by 60%, which was restored by co-expres-
sion of Tgat. Levels of activated MMP-2 were again well
correlated with the invasion potential in HT1080 cells.
We have previously found that a Tgat mutant lacking
GEF activity, constructed by single-nucleotide substitution
of Tgat cDNA corresponding GEF domain, did not show
the invasive potential of NIH3T3 cells [1]. These results
suggest that Tgat may block the function of RECK by
physical association via the C-terminal unique sequence,
resulting in activation of MMPs and enhancing the cell
invasion.

_77_



942 T. Mori et al. | Biochemical and Biophysical Research Communications 355 (2007) 937-943

Accumulating evidence has suggested that the altered
expression of RECK plays a role in various human
malignancies. Expression levels of RECK were lower in
breast cancer [14], or hilar cholangiocarcinoma [15] than
in adjacent normal tissue specimens. On the other hand,
the patients with hepatic cell carcinoma with high RECK
expression tended to show better survival and such
tumor were less invasive [16]. Tgat was originally identi-
fied in a cDNA library derived from fresh ATL cells {1].
The Tgat mRNA was detectable in ATL cells and tis-
sues, in contrast to the undetectable level in normal lym-
phocytes, suggesting some roles of Tgat in the malignant
phenotype of ATL [1]. Acute ATL progresses rapidly
and the median survival after diagnosis is approximately
six months [17]. The highly potent invasiveness of ATL
tumor cells into various organs has been recognized to
be a factor affecting the poor prognosis. A significant ele-
vation of plasma MMP-9 was shown to be detected in
some ATL patients, particularly in the patients with
malignant cell infiltration [18,19]. Tax, an oncoprotein
encoded by HTLV-1, is not only trans-activator of the
viral transcription but also responsible for trans-activa-
tion or trans-repression of a variety of cellular genes cod-
ing cytokines and regulators of cell cycles, DNA repair
or apoptosis. Tax has been shown to trans-activate the
MMP-9 gene, however, Tax is hardly implicated to the
enhanced the MMP activity observed in ATL cells since
Tax expression is usually undetectable in fresh ATL cells.
Although we have not clarified the expression of RECK
in ATL cells, yet it is conceivable that Tgat expression in
ATL cells may function as an enhancer of MMP activi-
ties via the direct interaction with RECK and cause the
invasive phenotype. An agent that blocks the physical
interaction between Tgat and RECK could be beneficial
in therapy of ATL, although the mechanisms of Tax-
independent MMPs activation in ATL cells should be
investigated more extensively.
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Prion proteins are key molecules in transmissible spongiform
encephalopathies (TSEs), but the precise mechanism of the con-
version from the cellular form (PrPS) to the scrapie form (PrP5<) is
still unknown. Here we discovered a chemical chaperone to stabi-
lize the PrPC conformation and identified the hot spots to stop the
pathogenic conversion. We conducted in silico screening to find
compounds that fitted into a "pocket” created by residues under-
going the conformational rearrangements between the native and
the sparsely populated high-energy states (PrP*) and that directly
bind to those residues. Forty-four selected compounds were tested in
a TSE-infected cell culture model, among which one, 2-pyrrolidin-1-
yl-N-[4-[4-(2-pyrrolidin-1-yl-acetylamino)-benzyl]-phenyl}-acetamide,
termed GNS8, efficiently reduced PrPSc. Subsequently, administra-
tion of GN8 was found to prolong the survival of TSE-infected mice.
Heteronuclear NMR and computer simulation showed that the
specific binding sites are the A-S2 loop (N159) and the region from
helix B (V189, T192, and K194) to B-Cloop (E196), indicating that the
intercalation of these distant regions (hot spots) hampers the
pathogenic conversion process. Dynamics-based drug discovery
strategy, demonstrated here focusing on the hot spots of PrP<, will
open the way to the development of novel anti-prion drugs.

anti-prion compound | binding sites | chemical chaperone | dynamics-
based drug discovery | transmissible spongiform encephalopathy

he accumulation of abnormal protease-resistant prion pro-

tein (PrP5¢), a conformational isoform of cellular prion
protein (PrPC), is a key event in the pathogenesis of transmissible
spongiform encephalopathies (TSEs) (1-3), and this host-
encoded PrPC has a crucial role in the development of the
diseases (4, 5). Because details of the mechanism of conversion
from PrPC to PrP5¢ still remain obscure at this stage, PrP€ could
be an appropriate molecular target for the drug treatment of
TSEs (6) for avoiding the problems associated with the strain
differences in PrP5¢ (7). PrPC is a membrane-anchored glycosy-
lated protein and is well conserved in mammals, and its physi-
ological function is currently argued (8). The three-dimensional
structure of recombinant PrPC has been elucidated by NMR
(9-13). Briefly, it contains a globular fold with three a-helices
(A, B, and C) and a small, imperfectly formed B-sheet (S1
and S2).

The pathogenic conversion process could be related to the
thermal stability or the global conformational fluctuation of
PrPC. Recently, a metastable state of the PrPC was characterized
by using a high-pressure NMR (14), where hydrostatic pressure
was elevated up to 2,500 bar in an on-line high-pressure NMR
cell. The thermodynamical stability profile shows that diverse
residues in helices B and C are less stable, indicating the
formation of the intermediate conformation (PrP*) (14). Sub-
sequently, a Carr—Purcell-Meiboom—Gill relaxation-dispersion
study revealed that slow fluctuation on a time scale of micro-
seconds to milliseconds occurs at the corresponding regions
[supporting information (SI) Fig. 4a], indicating the conforma-
tional rearrangements occurring between the native and the
sparsely populated high-energy states (15, 16). Interestingly,
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mutations related to familial forms of the prion diseases are
rather concentrated in helices B and C (SI Fig. 4b), and their
distribution is somewhat similar to that of slowly fluctuating
regions. Moreover, those residues form a major cavity (Fig. la,
green). Thus, a small substance capable of specifically binding to
those residues could stabilize the PrP¢ conformation because of
the decrease in the Gibbs free energy of PrPC upon binding (6),
as well as the suppression of the conformational rearrangements
by cross-linking of distant regions. We termed this strategy
dynamics-based drug discovery. Because PrPS¢ is gradually de-
graded in ex vivo experiments (17, 18), such a population shift
toward PrPC will result in a decrease in PrP5¢ population.

Based on dynamics-based drug discovery, we conducted a
search for chemical compounds that could specifically bind to
the unstable residues. We focused on 14 amino acid residues
(M129, G131, N159, V161, Y162, D178, C179, T183, 1184, L185,
H187, T190, G195, and E196, shown in red with side chain in Fig.
1a), located in the loop between helix A and S2 (A-S2 loop) and
the loop between helices B and C (B-C loop). A virtual ligand
screening program initially picked up 624 chemicals potentially
capable of binding to the pocket (Fig. 1a, green) with a binding
score better (i.e., less) than —32 (SI Table 1), of 320,000
candidates in a database. We further selected the compounds
that formed hydrogen bonds with at least one of the 14 amino
acids. With careful examination of binding modes, taking into
account Lipinski’s rules (19), we then selected the 59 compounds
showing the lowest predicted binding free energy.

Results

To evaluate the effect of the selected compounds on the
conversion of PrP, we next conducted ex vivo screening. We used
a mouse neuronal cell culture uninfected (GT1-7) and persis-
tently infected with human TSE agent (Fukuoka-1 strain),
designated GT+FK (20). Of the 59 compounds, we tested the 44
that were commercially available (see SI Table 1). Among these,
2-pyrrolidin-1-yl-N-[4-[4-(2-pyrrolidin-1-yl-acetylamino)-
benzyl]-phenyl]-acetamide (compound number 8, molecular
weight 420) (Fig. 1b) was found to significantly inhibit the PrpSc
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Fig. 1. In silico and ex vivo screening. (3) Residues undergoing global
fluctuation displayed as a wire frame in red mapped on the mouse PrP¢
structure (residues 124-226) (12), and a binding pocket defined by those
residues, colored green. S1, A, S2, B, and Cindicate S1strand, helix A, 2 strand,
helix B, and helix C, respectively. The image was created by using
PyMol (www.pymol.org). (b) 2-Pyrrotidin-1-yl-N-[4-[4-(2-pyrrolidin-1-yl-
acetylamino)-benzyl]-phenyl]-acetamide, termed GN8. (c) Western blotting of
PrP% in GT+FK cells after treatment with different compounds picked up by
in sitico screening. The cells treated with no. 8 compound showed significant
reduction of PrP%¢ which was better than that with 10 ug/ml pentosan
polysulfate. DM, DMSO at 0.1%; PS, 10 ug/ml pentosan polysulfate. Molecular
masses (37, 25, and 15kDa) are indicated by bars on the right side of the panels.
(d) PrP% signals in serially diluted mock-treated samples and tested samples
were scanned and quantified. The 1Csp of no. 8 (72-h treatment), as deter-
mined by four repeated experiments, was 1.35 uM. (e) GN8 reduced PrP5¢ also
in 22L-, Ch-, and BSE-infected cells. CR, Congo red at 10 ug/m); PK, proteinase
K digestion. {(f) Kaplan-Meier’s survival curves of FK-infected mice adminis-
tered GN8 by intraventricular infusion. The control group (n = 6) was killed
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production in the GT+FK at 10 pM (Fig. lc). The other
compounds either had little effect even at a higher dose (ICso >
100 uM) or were highly toxic to the cells at 1 uM. The effect of
the compound (now designated GN8) was dose-dependent (Fig.
1d), and by repeating the experiment we established that the
effective concentration for 50% reduction of PrPS¢ (ICsg) over
72 h was ~1.35 uM. The normal PrP¢ expression in uninfected
cells was unaffected. A similar effect was confirmed by using
other scrapie-infected GT cells (GT+22L and GT+Ch) (20),
and also by using GT+BSE cells stably infected with mouse-
adapted bovine spongiform encephalopathy (BSE) (Fig. le).
This confirms that the action of GN8 is not strain-specific. To see
the effect of GN8in vivo, mice inoculated with 20 ul of 10% FK-1
mouse brain homogenate were given the compound at a dose of
250 pg/kg per day by intraventricular infusion using osmotic
pumps (Alzet Durect, Cupertino, CA) during 42-70 days post-
inoculation (d.p.i.) or 70-98 d.p.i. Although the vehicle-only
control (5% glucose/saline) showed that the average survival
time was 123.8 = 7.4 (n = 6), as expected, the GN8-treated mice
showed slightly but significantly prolonged survival even after
the appearance of clinical signs [132.3 + 9.2 days (n = 7) in the
42-70 d.p.i. group and 141.5 = 18.8 days (n = 6) in the 70-98
d.p.i. group; P < 0.05], as shown in Fig. 1f. The effect on the
survival of infected mice is limited here because of the transient
administration of GN8.

The mice administrated subcutaneously with GN8 at a dose of
8.9 mg/kg per day using infusion pumps survived longer than
control mice. Whereas the control [5% glucose/saline (63-120
d.p.i. group)] showed that the average survival time was 133.0 +
4.9 days (n = 9), the GN8-treated mice showed slightly but
significantly prolonged survival [148.6 + 10.3 days (n = 8) in the
67-95 d.p.i. group and 151.4 + 15.3 days (n = 10) in the 67-123
d.p.i. group; P < 0.01}, as shown in Fig. 1g. Pharmacological
analysis using labeled GN8 is currently going on. On the other
hand, pentosan polysulfate was not effective at ali on the survival
time when given peripherally (data not shown). Thus, GN8 could
be a potential lead compound for prion diseases.

Binding of GN8 to PrP€ was confirmed by the surface plasmon
resonance (21), and its dissociation constant was estimated to be
3.9 = 0.2 X 10~ M from the Scatchard plot (Fig. 2a; see also SI
Fig. 5 and SI Methods). To identify the putative sites for
interaction of GN8 with PrP, we analyzed the chemical shift
perturbation of H-1°N heteronuclear single quantum coherence
NMR spectra (22) of a uniformly 1’N-labeled PrP. A comparison
of the spectra revealed that three cross peaks (corresponding to
V189, K194, and E196) shifted significantly upon the addition of
GN8 (Fig. 2b), apparently in a fast-exchange mode. The GN8
concentration did not appear to significantly affect line broad-
ening. Most of the perturbed residues were located in the S2-A
loop, the B-helix, or the B-C loop regions, indicating the specific
binding between GN8 and PrP¢ (Fig. 2c). Fig. 2d shows the
markedly perturbed residues mapped onto a three-dimensional
PrP model.

To investigate whether GN8 indeed stabilizes the PrPC con-
formation, we measured the thermal stability using CD. The
thermal unfolding curves of recombinant mouse PrP, monitored
by the molar ellipticity at 222 nm, representing the helical
content of PrP and the overall unfolding behavior with (red) or
without (blue) GN8, were compared quantitatively (Fig. 2¢ and

at 123.8 = 7.4 days (black line). Average survival time of GN8-treated mice was
132.3 + 9.2 days (42-70 d.p.i. group, n = 7, red line) and 141.5 + 18.8 days
(70-98 d.p.i. group, n = 6, green line). (g) Kaplan-Meier's survival curves of
FK-infected mice administered GN8 subcutaneously. The control group (n = 9)
was killed at 133.0 + 4.9 days (biack line). Average survival time of GN8-
treated mice was 148.6 = 10.3 days (67-95 d.p.i. group, n = 8, red line) and
151.4 = 15.3 days (67-123 d.p.i. group, n = 10, green line).
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Fig. 2. Interaction of an anti-prion compound, GN8, and a recombinant
mouse PrPC. (a) Scatchard plot (Req vs. Req/C, where Req and C are the
equilibrium response of SPR and the concentration of GNS, respectively) of the
specific binding of GN8 with the PrP obtained by a surface plasmon resonance
sensorgram. From the slope of the line, Kq was estimated to be 3.9 uM. (Details
are shown in SI Fig. 5 and S/ Methods.) (b) An overlay of the 'H-'5N hetero-
nuclear single quantum coherence NMR spectra of PrP in the absence and
presence of GN8. Blue contours show the spectrum of PrPC without GN8, and
red contours show the spectrum in the presence of 1.0 mM GN8 at pH 4.5. (¢)
Plot of the weighted averages of the *H and 'SN chemical shift changes,
calculated by using the function A8 = [(A811)2 + 0.17(A8sn)2]2 against the
residue number. The absence of bars in the plot indicates unassigned residues,
proline residues, or unmeasured shifts due to resonance overlaps. Perturbed
residues with A8 values of >0.9 ppm are shown in red, and those with 0.9 >
A8 > 0.5 ppm are in orange. (d) Mapping of the perturbed residues on the
structure of mPrP(121-231) (PDB entry 1AG2). The perturbed residues with A3
values of >0.9 ppm are shown in red, and those with 0.9 > A8 > 0.5 ppm are
in orange. Binding pocket is overlaid in green. S1, A, S2, B, and C indicate S1
strand, helix A, 52 strand, helix B, and helix C, respectively. The image was
created by using PyMol. (e) Thermal unfolding profiles of recombinant mouse
PrP (amino acids 23-231, 5 uM) without (blue) or with (red) GN8 (10 uM). CD
intensities of PrP in the presence of GN8 were normalized to those of PrP
without GN8, and fitted curves (see S/ Methods) are also shown. Binding with
GNS8 stabilizes the conformation of PrPC. (Inset) The difference in extinction
coefficients at 222 nm of PrP without GN8 and those in the presence of GN8,
as a function of temperature.

SI Methods). Parameter sets obtained by a nonlinear fit, i.e.,
melting temperature (T,) and enthalpy change (AH), without
GN8 were 65.3 = 0.4°C and 35.0 = 1.9 kcal/mol, respectively,
whereas those with GN8 were 67.7 £ 0.6°C and 41.8 = 22
kcal/mol, respectxvely This indicates that the binding of GN8
stabilizes the PrPC conformation significantly. Intriguingly, the
accumulation of the intermediate was demonstrated by an early
increase in ellipticity at =~40°C before the global unfolding as
shown in Fig. 2e Inset. However, this is strongly suppressed in the
presence of GN8. Thus, GN8 suppressed the production of both
PrP5¢ (Fig. 1 c—¢) and PrPU (thermally unfolded state) (Fig. 2¢)
by reducing the intermediate population (14).

Kuwata et al.
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Fig.3. iInhibitory mechanism of GN8 for pathogenic conversion. (a) Stereo-
view of the optimized complex structure of the GN8 and mouse PrPC, with
putative hydrogen bonds, calculated by using ICM version 3.0. Presumed
hydrogen bonds between GN8 (green) and E196 (red) and between GN8
(green) and N159 (blue) are shown in orange (dotted lines). The images were
created with VMD (52). (b) lltustration of the Gibbs free energy as a function
of the conformational space to explain the inhibitory mechanism of a chemical
chaperone, GN8. GN8 stabilizes the PrP¢ conformation and reduces the pop-
ulation of PrP*, PrP%¢, and PrPY. PrP* may not interact with GN8, because the
specific conformation around the binding sites would be lost (14). Thus, the
free energy level of PrP*, PrPY, and PrP5¢ would not change much in the pres-
ence of GN8.

Discussion

The structure of the PrP“~GN8 complex was further analyzed by
computer simulation using the refined energy minimization
procedure with flexible receptor side chain. GN8 (Fig. 3a)
connected distant residues, N159 (A-S2 loop) and E196 (B-C
loop), by hydrogen bonds. The regions with the significant
chemical shift changes described above (Fig. 2d) were in good
agreement with the binding regions of GN8 in the simulated
structure of the prion-GN8 complex (Fig. 3a). Intriguingly, K194
at the C terminus of the helix B and E196 in the B-C loop
undergo slow exchange dynamics (16) (SI Fig. 4b). Indeed, the
mutation E196K causes a rapidly progressive dementia and
ataxia (23) and could be expected to greatly reduce the protein
stability because of the elimination of salt bridges between E196,
R156, and K194 (23).

Intercalation of these two binding regions (A-S2 loop and B-C
loop) may be essential to stabilize the PrPC conformation. For
example, two representative binding sites, N159 and E196, are
close together (dlstancc between C, atoms ~ 15.4 A) in PrPC
structure (12), but in the hypothetical PrPS¢ structure (24) they
are considerably more distant (distance between C, atoms ~
45. 2A) Because GN8 connects distant regions (N159 and E196)
in the PrP sequence (36 aa) by hydrogen bonds, large confor-
mational shift may be significantly prohibited, and thus inter-
mediate (PrP*) and further PrP% or PrPY formation may be also
blocked.

Matsuda er al. (25) reported about the chemical chaperone
therapy for GM1-gangliosidosis, but there has been no direct
evidence for such a mechanism working on the anti-prion com-
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pounds. Experimental evidences presented here fully support the
concept that GN8 acts as a chemical chaperone to stabilize the
normal prion protein (PrP) conformation. As illustrated in Fig. 3b,
free energy of PrP*~GN8 complex is significantly less than that of
PrPC, so the populations of the transition state, PrP*, PrPY, and
PrP5¢ may be reduced accordingly.

Over the past 10 years there have been various efforts to find
out small compounds to reduce PrPS¢ population. These include
porphyrins (26, 27), Congo red and its derivatives (28-30),
acridine and phenothiazine derivatives (17, 31, 32), heparan
sulfate (33), aminoglycan, and polyamines (34, 35). Simulta-
neously, various technological developments have been reported
including structure-based drug design (36) followed by the
structure-activity relationship study (37), small interfering RNA
(38), library screening (18), high-throughput screening (39),
chimeric ligand approach (40), and so on. Although strategies for
drug discovery used in these studies have a broad spectrum from
empirical to rational preponderance, there has been no report on
the residue-specific evidences for the binding regions of anti-
prion compounds. For instance, the effect of BF-168 depends on
the strains (41), suggesting that BF-168 may not interact with
PrP€but with PrP5¢ in a strain-dependent manner, but this is still
indirect evidence.

The structure of GN8 somewhat resembles a number of other
small PrPS¢ inhibitors, such as the Congo red, which is able to
interact with the N-terminal domain of PrPC (42). However, we
could not find out any evidence for the interaction between GN8
and the N-terminal domain. The inhibitory mechanism of GN8
and that of Congo red seem to be quite different because of the
following reasons: (i) Congo red has two sulfonates on the edge
of the molecule, but GN8 does not have negative charge. Thus,
GN8 may not strongly interact with His+ at the octapeptide
repeats of the N-terminal domain. (if) Although Congo red can
cause aggregation of recombinant PrP¢ (42), GN8 never causes
aggregation even at a relatively high concentration (~0.03 mM)
in NMR tube. (i) Chemical shift changes caused by binding with
GNS8 are not significant at the N-terminal half region as shown
in Fig. 2c. (iv) SPR affinity profile between GN8 and the
C-terminal half of PrP€(120-230) and that between GN8 and the
full-length PrP¢(23-231) were quite similar, and the calculated
dissociation constants were also close (=5 uM), supporting our
conclusion that the major binding regions of GN8 locate at the
C-terminal domain. On the other hand, the interaction sites of
GNB8 with the GPI-anchored PrPC on the cell surface could be
different from those with the free PrPC. However, a carboxy-
methyl moiety on the SPR sensor chip has a negative charge like
a phosphate moiety on the cell membrane. Because electrostatic
environments surrounding GN8 and prion on these surfaces are
similar, GN8 may also interact with the C-terminal domain of the
GPI-anchored PrPC.

We found here the effective anti-prion compound GN8, which
specifically binds with the hot spots undergoing the slow fluc-
tuation on the time scale of microseconds to milliseconds and
exclusively interferes with the pathogenic conversion. According
to the dynamics-based drug discovery strategy, we found >20
compounds with any anti-prion activity, and the hit rate is ~10%
at present (data not shown). However, no compound has been
more effective than GN8. For instance, we found a compound,
GN4 (see SI Table 1), whose structure is quite similar to GNB8,
but the computer simulation suggested that the binding sites are
R156 and N159, which are quite close (2 aa). Thus, GN4 is
expected to have less inhibitory effect on the global fluctuation
of PrPC, and indeed ICsp of GN4 was >100 uM (data not shown).

To potentially become of any use clinically, GN8 will need to
clear many pharmacological hurdles; however, our basic principle
presented here constitutes a promising strategy with which to
approach the discovery of therapeutic compounds for TSE. Addi-
tionally, application of the dynamics-based drug discovery ap-
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proach, based on the experimentally identified hot spot (43), will
make the mass screening of chemical compounds more efficient,
especially for diseases related to protein misfolding (44).

Materials and Methods

Virtual Ligand Screening. We performed in silico screening of
ligands on 320,000 compounds in the Available Chemicals
Directory (MDL Information Systems, San Leandro, CA) for
specific binding to mouse PrPC (12). Residues with the exchange
time constant, 7., between two sites of >10 ms are displayed in
SI Fig. 4a (16). The software used was ICM version 3.0 (Molsoft,
La Jolla, CA). The program, by global optimization of the entire
flexible ligand in the receptor (mouse PrPC) field (45), came up
with 624 candidates potentially capable of binding to the pocket
with a binding score better (i.e., less) than —32, which roughly
corresponds to binding energy (kcal/mol). Then, a more refined
energy-minimization procedure using a flexible receptor side
chain was conducted and further selected the compounds that
formed hydrogen bonds with at least one of the 14 amino acids.

Chemical Compounds. Chemical compounds selected from our

. virtual ligand screening simulation were purchased from Aldrich

Chemical Company (Milwaukee, WI), G & J Research Chem-
icals (Devon, U.K.), Wako Pure Chemical (Osaka, Japan),
Interchim (Montlucon, France), Labotest (Niederschoena, Ger-
many), Florida Center for Heterocyclic Compounds (Gaines-
ville, FL), ChemBridge (San Diego, CA), Maybridge Chemical
Company (Cornwall, UK.), TimTec (Newark, NJ), Ambinter
(Paris, France), Oak Samples (Kier, U.K.), Scientific Exchange
(Center Ossipee, NH), ChemStar (Moscow, Russia), ChemDiv
(San Diego, CA), and AsInEx (Moscow, Russia), or kindly
provided by the Drug Synthesis and Chemistry Branch, Devel-
opmental Therapeutic Program, Division of Cancer Treatments
and Diagnosis, National Cancer Institute. Detailed information
on the sources for all of the compounds is shown in SI Table 1.
The compounds were dissolved with DMSO for the in vitro
screening and with distilled water for the spectral measurements.
GNS8 hydrochloride salt was prepared for in vivo test as follows:
GNB8 was first dissolved with dioxane and added to 3 N HCl in
dioxane. The solvent was evaporated in vacuo, and the residue
was recrystallized from acetone to give the hydrochloride salt of
GN8. GN8 hydrochioride salt (2-pyrrolidin-1-yl-N-[4-[4-(2-
pyrrolidin-1-yl-acetylamino)-benzyl)-phenyl]-acetamide dihy-
drochloride); white solid; anal. caled. for CpsH34CloN.O;: C,
60.85; H, 6.94; C1, 14.37; N, 11.35; O, 6.48. %Found: C, 60.83; H,
6.95; N, 11.35.

Recombinant Mouse PrP. The DNA of mouse PrP(23-231) was
amplified by PCR and cloned into the expression vector pET101/
D-TOPO (Invitrogen, Carlsbad, CA). As shown in SI Methods, the
15N-labeled recombinant PrP for NMR measurements was ex-
pressed in Escherichia coli strain BL21 Star (DE3) (Invitrogen),
grown in 1N-labeled minimum medium Spectra9 (Spectra Gases,
Branchburg, NJ), and purified by a Ni-chelating affinity chroma-
tography method (46). Oxidization and refolding of the purified
protein (47) were performed in buffer containing 4 M urea at pH
8. A recombinant PrP sample for the surface plasmon resonance
sensorgram experiment was obtained by a similar procedure using
a non-isotope-labeled LB medium instead of the Spectra9.

Cell Culture and Antibodies. The immortalized mouse neuronal cell
line GT1-7 was cultured as described (20). GT1-7 cells stably
infected with Fukuoka-1, 22L, or Chandler/RML (designated
GT+FK, GT+22L, or GT+Ch, respectively) were maintained for
more than a year in our laboratory. GT +BSE cells were infected ex
vive in our laboratory with mouse-adapted BSE agent (a kind gift
from T. Yokoyama, National Institute of Animal Health, Tsukuba,
Japan). Stock solutions of compounds were prepared fresh in 100%
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DMSO at 100 mM and stored at 4°C. Before use, compounds were
diluted with medium as indicated. Control cells were treated with
medium containing solvent alone (0.1%). Approximately 2 X 10°
cells were plated in each well of a six-well plate, and drug treatment
was started 15 h later. After 72 h of incubation, cells were lysed in
150 pl of 1x Triton X-100/DOC lysis buffer (48), and samples
normalized to 2 mg of protein per milliliter. Western blotting for
PrPS5 was done as described previously (48). Anti-mouse PrP
antisera (SS28) (49) and SAF32 antibody (SPI-BIO, Montigny le
Bretonneux, France) were used for PrP5 and PrPC, respectively, as
the primary antibody. The signals were visualized by ECL-plus
(Amersham, Buckinghamshire, U.K.) and scanned by using Fluor-
Chem (Alpha Innotech, San Leandro, CA).

NMR Measurements and Data Analysis. For NMR measurements,
0.6 mg/ml N-uniformly labeled mouse PrP(23-231) was pre-
pared in 30 mM acetate-d; buffer (pH 4.5) containing 1 mM
NaNj, 4.5 uM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydro-
chloride, 20 uM EDTA, 0.4 pM Bestatin, 0.06 uM pepstatin,
0.06 uM E-64, and 1 nM sodium 2,2-dimethyl-2-silapentane-5-
sulfonate dissolved in 90% H,0/10% D,0. NMR spectra were
recorded at 20.0°C on an Avance600 spectrometer (Bruker,
Rheinstetten, Germany) at Gifu University. The spectrometer
operates at 'H frequency of 600.13 MHz and "N frequency of
60.81 MHz. A 5-mm 'H inverse detection probe with triple-axis
gradient coils was used for all measurements. 'H-1’N hetero-
nuclear single quantum coherence spectra were acquired with
2,048 complex points covering 9,600 Hz for *H and 256 complex
points covering 1,200 Hz for 1’N. NMR data were processed by
using the XWIN-NMR software package (Bruker) and Sparky
(50). Resonance frequencies in these spectra were identified by
using the chemical shift lists on mouse PrP(23-231) and PrP
(121-231) (51). For the chemical shift perturbation experiments,
aliquots of 2.5 pl of 0, 10, or 100 mM GNB8 solutions in DMSO-d¢
were added to 0.6 mg/ml N PrP(23-231) in a 5-mm-diameter
Shigemi microtube; the final concentration of GN8§ is 0, 1, and
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10 mM, respectively. The backbone 'H and >N chemical shifts
for the GN8-bound protein were assigned by tracing the corre-
sponding peaks in 'H-1SN heteronuclear single quantum ccher-
ence spectra measured at various concentrations of GN8.

Preparation of GN8 for Injection and in Vivo Test. The GN8 hydro-
chloride salt was dissolved in saline with 5% glucose and
sterilized by passing through a 0.2-um filter. The concentration
of the stock solution was adjusted to 10 mg/ml and kept at 4°C
until use. Ten percent FK-infected brain homogenate was inoc-
ulated into right temporal lobes of 4-week-old male mice (ddY),
followed by intraventricular infusion of GN8 using an osmotic
pump. Six or 10 weeks after inoculation, an osmotic pump was
inserted subcutaneously and the infusion cannula was implanted
into the right ventricle. The pump was filled with GN8 (1.4
mg/mi) or saline with 5% glucose. In a parallel experiment,
pentosan polysulfate (Bene, Munich, Germany) was adminis-
tered at 200 ug/kg per day by intraventricular or i.p. infusion. All
mice were carefully examined daily for neurological signs, and
the incubation period was monitored. Survival data were statis-
tically evaluated according to Kaplan-Meier's method using
StatMatelll (ATMS, Tokyo, Japan).

In case of subcutaneous infusion of GN8, the concentration of
the stock solution was adjusted to 50 mg/ml. One percent
FX-infected brain homogenate was inoculated in the same way,
and an osmotic pump including GN8 was inserted subcutane-
ously at 9 weeks after inoculation.
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" Abstract Objective To describe
the clinical features of Creutzfeldt-
Jakob disease with a substitution of
arginine for methionine (M232R
substitution) at codon 232
{CJD232) of the prion protein gene
(PRNP). Patients and methods We
evaluated the clinical and labora-
tory features of 20 CJD232 patients:
age of onset, initial symptoms, du-
ration until becoming akinetic and
mute, duration until occurrence of
periodic sharp and wave complexes

on EEG (PSWC), MRI findings, and ..

the presence of CSF 14-3-3 protein.
Immunohistochemically, prion
protein (PrP) deposition was stud-
ied. Results None-of the patients-
had a family history of CJD. We rec-

rapidly progressive type (rapid-
type) and a slowly progressive type
(slow-type). Out of 20 patients, 15
became akinetic and mute, demon-
strated myoclonus, and showed
PSWC within a mean duration of
3.1, 2.4, and 2.8 months, respec-
tively (rapid-type). Five showed
slowly progressive clinical courses
(slow-type). Five became akinetic
and mute and four demonstrated
myoclonus within a mean duration
of 20.6 and 15.3 months, respec-
tively, which were significantly
longer than those in the rapid-
type. Only one demonstrated
PSWC 13 months after the onset.
Diffuse synaptic-type deposition
was demonstrated in four rapid-
type patients, and perivacuolar and

P R

diffuse synaptic-type deposition in
two, and diffuse synaptic-type de-
position in one slow-type patient.
Three of 50 suspected but non-CJD
patients had the M232R substitu-
tion. Conclusions Patients with
CJD232 had no family history like
patients with sCJD, and showed
two different clinical phenotypes in
spite of having the same PRNP
genotype. More studies are needed
to determine whether M232R sub-
stitution causes the disease and in-
fluences the disease progression.

77 Keywords Creutzfeldt-Jakob
disease - M232R - clinical
phenotype - uncommon variant -
diffusion-weighted MRI

ognized two clinical phenotypes: a

introduction

Human prion diseases are divided into three types:
sporadic, genetic, and infectious prion disease. Genetic
prion disease, which is defined as prion disease with
causative abnormalities of the prion protein gene
(PRNP), accounts for approximately 10 to 15% of all
prion disease cases, and includes genetic Creutzfeldt-
Jakob disease (gCJD), Gerstmann-Straussler-Scheinker
disease (GSS), and fatal familial insomnia (FFI) [1]. In
general, the clinical features of gCJD are more various
compared with those of sporadic CJD (sC]D) and are
regulated by the genotype [2]. Therefore, gCJD, even if
its clinical features are quite different from those of
sCJD, especially those of the most often encountered
type of sCJD with methionine homozygosity at codon
129 of PRNP and type 1 protease-resistant prion protein
(MM1) [3], can be diagnosed by examining the geno-
type. To clarify the clinical features of C]D, which asso-
ciates with a substitution in PRNP, will provide an im-
portant clue that can lead to genetic examination.

To date, more than 30 causative mutations have been
recognized and individual PRNP mutations show vari-
able geographical distribution and frequency. The car-
dinal characteristic of gCJD is that more than half of the
patients lack family history.

CJD patients associated with a substitution of argi-
nine for methionine at codon 232 (M232R substitution)
in PRNP with no relevant family history have been re-
ported in Japan [4-10]. Previously, the clinical features
of CJD with the M232R substitution (CJD232) were
thought to be similar to those of typical sCJD with MM1
[3], which accounts for the vast majority of sCJD in

‘terms of clinical features, including EEG findings [5, 6,

9]. However, cases of CJD232 that showed a longer clini-
cal course and lacked the characteristic periodic sharp
and wave complexes (PSWC) have been reported [7, 8].
We have experienced eight cases of CJD232. Five of them
showed a rapid clinical course and typical CJD features,
while the others showed very slow progression and atyp-
ical features. We studied the clinical features of 20
CJD232 patients, including our original patients, and
found that there were two different major clinical phe-
notypes with the same genotype, including polymor-
phisms at codons 129 and 219 of PRNP; one progressed
rapidly, and the other progressed slowly. Better under-
standing of the clinical features of CJD232 would con-
tribute to the diagnosis of CJD232, especially in patients
with atypical clinical features.

Patients and methods

Twenty-four patients with CJD232 were included in this study: eight
were our original cases, seven were obtained by reviewing the litera-
ture [5~10] and nine were found by reviewing the clinical records of
CJD patients reported to the Creutzfeldt-Jakob disease Surveillance
Committee, Japan. We excluded two patients because théy had double
point mutations at codon 180 and at codon 232 {10] and one patient
because her polymorphism at codons 129 and 219 of PRNP was un-
certain [5]. Therefore, 21 patients were enrolled in this study. The nine
who were proven at autopsy are indicated by asterisks in Fig. 1.

We first evaluated the duration from onset until the patients man-
ifested akinetic mutism. As shown in Fig. 1, 15 became akinetic and
mute within six months, while five did not become so until 15 months
after the onset. These CJD232 patients appeared to be comprised of
two different groups: one was a rapidly progressive type (rapid-type)
and the other was a slowly progressive type (slow-type). We evaluated
the age of onset, initial symptoms, duration from onset to the ap-
pearance of myoclonus, duration from onset to akinetic mutism, du-
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Fig. 1 The duration from the onset to akinetic mutism. The X-axis shows the du-
ration (months) and the Y-axis shows the accumulative number of patients. Black
cirdles indicate patients who became akinetic and mute; the white circle indicates
a patient who had not become akinetic and mute. The white circle with a question
matk indicates a 50-year-old-male patient who suddenly died seven months after
the onset because of a myocardial incident. Since he had not become akinetic and
mute, and was able to converse with simple words, we excluded him from further
analyses, Asterisks indicate autopsy proven patients. We recognize two different
groups concerning the duration from the onset to akinetic mutism: a rapidly pro-
gressive type and a slowly progressive type

ration from onset to occurrence of PSWC, results of MRI, and the
presence of 14-3-3 protein in the CSF of the two types. The patient
marked by a question mark in Fig. 1 was excluded from the evalua-
tion. We were unable to determine which group this 50-year-old man
belonged to because he had not become akinetic and mute and was
still able to converse with simple words seven months after the onset
when he suddenly died due to a myocardial incident {8]. Thus, the
clinical data of 20 patients were finally used for this study.

In one of the rapid-type patients and in three of the slow-type pa-
tients including a previously reported 64-year-old woman [7}, im-
munohistochemical staining of PrP using monoclonal antibody 3F4
(Prionics, Schlieren, Switzerland) was performed. Including the pre-

viously reported pathological findings of three patients belonging to -

the rapid-type [6], immunohistochemical staining of PrP in both

groups were studied. In each group, the molecular type of the abnor- .

mal isoform of prion protein (PrP5) was studied.

The Manri-Whitney U test was used for statistical comparison of
the age of onset and the duration until the appearance of myoclonus
and akinetic mutism from the onset between the rapid-type and the
slow-type. The Grubbs-Smirnov critical test was used for statistical
analysis of the duration until the appearance of PSWC from the onset
between the rapid-type and the slow-type. Fisher’s exact probability
test was used for comparison of the male to female ratio, and the rates
of myoclonus, akinetic mutism, and PSWC between the two types. It
was also used for comparison of the positive rate of 14-3-3 im-
munoassay and MRI between the two types.

Results

Reviewing the clinical records of the enrolled patients,
we found that no patients of either group had a family
history of prion disease or dementia.

Fifteen patients, eight men and seven women, with a
mean onset age of 65.4+ 5.2 (Mean % SD) years could be
categorized as the rapid-type. Of those, seven with an
initial symptom of progressive dementia or memory

13N
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disturbance, two with visual symptoms, two with cere-
bellar ataxia, two with involuntary movement, and two
with other symptoms. All except for one uncertain pa-

" tient demonstrated myoclonus 2.4 + 1.8 months after the

onset. All became akinetic and mute within a mean du-
ration of 3.1+1.5 months, and demonstrated PSWC
(Fig.2A and B) within a mean duration of 2.8+1.8
months. CJD-related high intensity lesions [11] were de-
tected in eight of the nine patients examined by MRL
Similar to sCJD, three patterns existed: in one, high in-
tensity lesions appeared mainly in the striatum
(Fig. 3A); in another, they appeared in the striatum and
the cortical ribbon equally (Fig. 3B); and in yet another,
they appeared mainly in the cortical ribbon (Fig. 3C).
The 14-3-3 protein assay was positive in all eight pa-
tients examined. All 15 patients showed MM129, 14
showed glutamic acid homozygosity at codon 219
(GG219) and one showed glutaminic acid/lysine het-
erozygosity at codon 219 in the PRNP analysis. These
clinical features closely resembled typical sCJD with
MM.1 [3]. Immunohistochemical staining of PrP in four
patients (one original patient and three previously re-
ported patients [6]) revealed a diffuse synaptic-type de-
posit (Fig.4A). The molecular type of PrP in one pa-
tient was type 1.

Five patients, two men and three women, witha mean
onset age of 59.0 % 12.8 years could be categorized as the
slow-type. Three had an initial symptom of progressive
dementia or memory disturbance, one showed psychi-
atric symptoms, and one had dressing apraxia. Four of
five patients demonstrated myoclonus 15.3+12.3
months after the onset, and the remaining one did not
demonstrate myoclonus during the 13-month observa-
tion period. All became akinetic and mute within a
mean duration of 20.6 +4.4 months. Only one demon-
strated PSWC within the observation period of
23.8+13.7 months (Fig. 2C and 2D). CJD-related high-
intensity lesions were detected in four of the five pa-
tients examined by MRI [11]. One showed high-inten-
sity lesions in the cortical ribbon (Fig. 3D and 3E), while
in the others such lesions appeared in both the striatum
and cortical ribbon (Fig.3F). The medial thalami
showed high-intensity lesions in all three patients ex-
amined by DWI (white arrows in Fig.3D and E, and
black arrows in Fig. 3F). The 14-3-3 protein assay was
positive in all four patients examined. In the PRNP
analysis, all five patients showed MM129 and GG219.
Immunohistochemical staining in two patients revealed
predominantly perivacuolar-type PrP deposits in the
cerebral cortex (Fig.4B), but also partly the diffuse
synaptic-type deposits. In one patient, only the diffuse
synaptic-type deposits were revealed. The molecular
type of PrP% in one patient who had predominantly
perivacuolar-type PrP deposits was type 1+ 2.

Between the two groups, there were no differences in
the age at onset, male to female ratio, or positive rate of
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Fig. 2 EEG of representative patients of the rapid-type group and the slow-type group. A and B were recorded from the same 55-year-old woman in the rapid-type group.
€ and D were recorded from the same 69-year-old woman in the slow-type group. A EEG obtained two and half manths after onset demonstrated high amplitude periodic
sharp and wave complexes (PSWC) at a frequency of 1.5 Hz characteristic of CID. B EEG obtained five months after the onset demonstrated PSWC ata frequency of 1 Hz. The
amplitude was lower than that of Fig. 1A, and the background activities were flattened. EEG rapidly deteriorated. C EEG abtained four months after the onset. The back-
ground activities were 8 Hz mixed with no apparent slow activities. PSWC was not demonstrated. D EEG obtained twelve months after the onset. The background activities

were 5 Hz mixed with & activities. However, PSWC was not yet demonstrated

14-3-3 protein immunoassay. Similar to sCJD, there were
three patterns of high-intensity lesions shown by MRI in
the rapid-type. We were unable to distinguish the rapid-
type of CJD232 from sCJD based on the clinical features
including MRI findings. Patients with the slow-type did
not have fewer lesions than patients with the rapid-type
at diagnosis. High-intensity lesions in the medial thala-
mus depicted by DWI were a common finding of the
slow-type (Fig.3A-F). There was no difference in the
rate of myoclonus between the two groups, but the du-
ration until the appearance from the onset was longer in
the slow-type compared with the rapid-type (p <0.005).
All patients became akinetic and mute in both types, but
the duration until becoming akinetic and mute from the
onset in the slow-type was longer than that in the rapid-
type (p <0.001). Concerning PSWC, all patients in the
rapid-type demonstrated PSWC 2.8 + 1.8 months after
the onset. However, in the observation period of
21.6 +12.8 months, only one patient with the slow-type

demonstrated PSWC 13 months after onset, which was
later compared with that of the rapid-type (p<0.01).
The rate of PSWC in the slow-type was lower than that
in the rapid-type (p <0.01). Since there were no differ-
ences in the polymorphisms of codons 129 and 219 be-
tween the two groups, such polymorphisms would not
be determinants of the disease subtype. Based on the
differences in the clinical and laboratory findings
(Table 1), we considered that these two types repre-
sented completely different phenotypes of exactly the
same genotype.

By reviewing the investigative reports collected by
the Creutzfeldt-Jakob Disease Surveillance Committee,
Japan, as of February 2006, PRNP information was avail-
able from 511 patients: 317 were acknowledged as spo-
radic CJD, 41 as infectious CJD, 103 as genetic prion dis-
ease that included 28 CJD with V180I (CJD180), 27 GSS
with P102L, 23 CJD with E200K, and 13 CJD232, and 50
as non-CJD. Three of the 50 non-CJD patients who had

_96_



