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Figure 5. Conformation of H2 fibrils monitored by FT-IR spectra. (A)—(C) FT-IR absorption spectra of the fibrils before (gray solid line) and after
(solid line) pH-jumps, and difference FT-IR spectra, subtracting the spectra before pH-jumps from those after pH-jumps (dotted line). (D)—(F)
Secondary derivatives of FT-IR absorption spectra (A)—(C), respectively. Several f-sheet components are evident at 1620—1641 cm™, in addition
to random conformations at 1647—1652 cm™ and turn/loop conformations at 1664—1689 cm™.

(Figure 2K, gray), consisted of a large number of protofila-
ments, were observed (Figure 2G,H). Thus, pH 7.5-like fibrils
(Pigure 2K, gray) were much thicker than pH 2.9 fibrils before
the pH-jump (Figure 21, black). It is considered that the
neutralization of electric repulsion between fibrils induces the
assembly of fibrils. In fact, in the pH-jump to 7.5, the
conformational change predominantly occurred along with the
lateral association of the fibrils. Meanwhile, although the pH 2.9
fibrils consisted of several protofilaments (Figure 2A,D), the
rotational symmetry axis®® was unclear, and these fibrils often
curved. The torsion of these fibrils was not recurrent. On the
other hand, after the pH-jump from 2.9 to 7.5, protofilaments
were fully assembled in pH 7.5-like fibrils (Figure 2H), but
none of pH 2.9 fibrils and pH 7.5-like fibrils appears to
associate with a rotational symmetry.

Double pH-Jump Experiments of H2 Amyloid Flbrlls
The folding reaction of small-sized globular proteins is
generally consldered to be reversible at low protein
‘concentrations.>’ Although a small number of reversible
conformational or morphological changes of amyloid fibrils
have been reported®®® the mechanism of these reactions
remains unknown. To investigate the reversibility of the
conformational change of preformed H2 fibrils, a double pH-
jump, pH 2.9 = 7.5 = 2.9, was performed using preformed by
diluting 2.5-fold with buffers containing the same concentration
of salt at every step. Intrigningly, pH 7.5-like fibrils with a
minimum at 218 nm at pH 7.5 reverted to fibrils very similar to
pH 2.9 fibrils, with an immensely large minimum at 207 nm at
pH 2.9 (Figure 3A). These conformational changes were
almost completed within the dead time of the manual pH-jump,
30 s (Figure 34, inset). Next, the reversibility of pH 2.9 fibrils
* was investigated as a function of incubation time at pH 7.5.
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Efficiency gradually decreased as incubation time at pH 7.5
increased (Figure 3B,C). Although 93% of the pH 7.5-like
fibrils reverted to pH 2.9 fibrils after 1 min of incubation at pH
7.5 (Figure 3C), after 72 h of incubation, approximately 50% of
the pH 7.5-like fibrils had reverted to pH 2.9 fibrils. This
irreversibility can be explained by the formation of an
irreversible aggregate during the incubation at pH 7.5.

EM observations showed that, after the double pH-jump
experiment with 1 min of incubation at pH 7.5, we observed
two types of amyloid fibrils, one were thin fibrils (Figure 4A)
and the other were thick fibrils consisted of a large number of
protofilaments (Figure 4D). After 10 min of incubation at pH
7.5, we also observed thin (Figure 4B) and thick (Figure 4E)
fibrils. After 3 h, we observed thin (Figure 4C) and thick
(Figure 4C, arrow) fibrils. Although the population of these
heterogeneous fibrils was unknown from EM measurements
correctly, the fraction of fully recovered fibrils, which was
obtained from CD measurements, decreased as the incubation
time at pH 7.5 increased (Figure 3C).

Subsequently, light scattering measurements were performed
to monitor the overall extent of fibril assembly (Figure 4F, left’
ordinate). After the pH-jump from 2.9 to 7.5 (Figure 4F, bar 3),
the light-scattering intensity of pH 7.5-like fibrils increased to a
level greater than that of pH 2.9 fibrils (Figure 4F, bar 2). After
the double pH-jump, the light-scattering intensity of the fibrils
slightly decreased (Figure 4F, bar 4), but remained larger than
that before the pH-jump (Figure 4F, bar 2). These observations
correspond to the EM observation that fibrils remained partially
associated even after the double-pH jump (Figure 4C—E). In
addition, all samples were centrifuged at 30,000 X g for 1 h, and
the fractions of precipitated fibrils were estimated (Figure 4F,
right ordinate). With the exception of H2 monomer (Figure 4F,
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Figure 6. Conformational change of H2 fibrils monitored by ANS fluorescence stopped-flow. (A) Static ANS fluorescence spectra of the fibrils
formed at various pHs. The solution pHs from top to bottom, at 475 nm are: pH 2.9, 3.7, 4.6, 5.6, 6.7, 7.5, and 8.8. The inset shows the ANS
intensity at 475 nm as a function of pH. (B) H2 fibrils after a single pH-jump from 2.9 to 7.5 (dotted line) and a double pH-jump, pH 2.9 = 7.5 —
2.9, after incubation for 10 min at pH 7.5 (dashed line), and before the pH-jump of pH 2.9 fibrils (solid line) and pH 7.5 fibrils (gray solid line). (C)
Kinetics of conformational changes of the H2 fibrils after a single pH-jump from 2.9 to 7.5 (red) and a double pH-jump, pH 2.9 — 7.5 = 2.9 (blue),
after incubation for 10 min at pH 7.5. The intensities of the ANS fluorescence before and after the single pH-jump are shown by red closed and open
squares, respectively, and before and after the double pH-jump are shown by blue closed and open squares, respectively.

circle 1), there was no large difference in the fractions of H2
fibrils (Figure 4F, circles 2—5). Thus, EM images roughly
reflect the overall morphological features in the solutions.

Fibril Conformation Monitored by FT-IR Absorption
Spectra. In order to characterize the secondary structure of H2
fibrils, FT-IR absorption spectra were measured in aqueous
solution, The amide I band (1600—1700 cm™) is known to be
a sensitive probe for determination of secondary structure.***!
The FT-IR spectrum of pH2.9 fibrils before the pH-jump
revealed major bands corresponding to intermolecular f-sheet
and f-turn conformations with bands at 1623 cm™ and 1666
cm™, respectively (Figure SA,D). After the pH-jump from 2.9
to 7.5, the FT-IR spectrum dramatically changed and showed
an intermolecular f-sheet conformation with a band at 1625
cm™, and the band indicating a f-turn conformation was not
seen at 1666 cm™ but at 1676 and 1689 cm™, assigned to a
turn/loop conformation (Figure $SA,D).** The difference
spectrum showed an increase in random conformations, with
a band at 1640—1655 cm™, and a decrease in intermolecular f-
sheet conformations at around 1623 cm™ (Figure SA). Thus, it
appears that the pH-jump causes the conformational change
from pH 2.9 fibrils to pH 7.5-like fibrils by disrupting the highly
ordered f-sheet and f-turn conformations, coupled with a
decrease in CD ellipticity at 207 nm (Figure 1A).

The FT-IR spectrum of the pH 7.5-like fibrils was certainly
distinct from that of the pH 7.5 fibrils formed at pH 7.5 (Figure
SB,E). The difference spectrum showed that pH 7.5-like fibrils
were somewhat rich in f-sheet conformation, with a band at
1630~1640 cm™, and poor in turn/loop conformation, with
band at approximately 1668 cm™ (Figure SB). It appears that
the f-sheet hydrogen bonds of pH 2.9 fibrils remain partially
intact even after the pH-jump to 7.5, which leads to the large
negative CD ellipticity, unlike that of fibrils formed at pH 7.5
(Figure 1A).

After the double pH-jump, pH 2.9 — 7.5 — 2.9, the major
bands corresponding to intermolecular f-sheet and f-turn
conformations, with bands at 1624 cm™ and 1664 cm™,
respectively, are comparable with the bands of pH 2.9 fibrils
before the' pH-jump (Figure SC,F). However, the difference
spectrum showed a decrease in intermolecular f-sheet
conformations and an increase in random conformations at
approximately 1624 cm™ and 1649 cm™ (Figure SC),
respectively. This result suggests that although the pH 7.5-
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like fibrils revert to a conformation very similar to that of the
pH 2.9 fibrils, even after the double pH-jump they are
contaminated with some fraction of the pH 7.5-like fibrils, as
shown by the EM observations (Figure 4C—E).

Kinetic Analyses of Conformational Changes of H2
Fibrils Using ANS Fluorescence Stopped-Flow. To
monitor the conformational changes of H2 fibrils within the
dead time of manual mixing, a stopped-flow instrument
composed of a PEEK tube with a diameter of 1.0 mm and a
Y-shaped mixer with a 0.75-mm-diameter channel was
manufactured. The instrument was designed to create laminar
flow and efficient mixing of the amyloid fibril solution,
including large aggregates, without choking. First, the dead
time of the stopped-flow was estimated using the quenching
reaction of N-acetyl-L-tryptophane-amide (NATA) fluorescence
by N-bromosuccinimide (NBS) (Figure S2 of the Supporting
Information),”** and a dead time of 130 ms was obtained. In
addition, the refolding reaction of S-lactoglobulin (ALG) was
examined using Trp fluorescence (Figure S3 of the Supporting
Information). The end of a transient overshoot corresponding
to the partially structured intermediate populated on the
millisecond time scale®® was observed.

Subsequently, the conformation of H2 fibrils formed at
various pH values was examined using static fluorescence of 1-
anilinonaphthalene-8-sulfonic acid (ANS). The fluorescence
intensity of ANS bound to the fibrils gradually decreased as the
-pH value of the solution increased (Figure 6A), indicating that
the hydrophobic region that is partially exposed to the solvent
in the aggregate-like fibrils formed around neutral pH is smaller
than that in the thin fibrils formed at acidic pHs. It appears that
in aggregate-like fibrils the hydrophobic region is buried within
the associated fibrils (Figure 2C).

Next, the conformational change of H2 fibrils induced by the
pH-jump from 2.9 to 7.5 was examined. The ANS fluorescence
dramatically decreased to a level similar to that of aggregate-like
pH 7.5 fibrils (Figure 6B), following the conformational change
from pH 2.9 fibrils to pH 7.5-like fibrils. After the double pH-
jump, pH 2.9 — 7.5 — 2.9, the ANS fluorescence increased by
1.4-fold over that observed in the pH2.9 fibrils before the pH-
jump (Figure 6B). Although the precise details are unknown, it
appears that the H2 fibrils may partially disorder after the
double pH-jump, exposing the much more hydrophobic
domains to the solvent. However, the CD and FT-IR spectra
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and EM observations showed that the conformation of pH 2.9
fibrils reverted almost completely, as described above. Then,
the kinetic conformational changes of the H2 fibrils were
examined by combining ANS fluorescence and stopped-flow.
After the single pH-jump from 2.9 to 7.5, the conformational
change of the fibrils was instantaneous and could not be
monitored within the dead time of 130 ms (Figure 6C). We
analyzed the experimental data according to the following
kinetic formula:

f(t) = Ay + Ajexp(=kit) + Azexp(—kyt) (1)

Although its trace could not be completely fitted by a double
exponential curve (eq 1), it appears that the apparent rate
constant of the fast phase (k;), which may consist of several
phases, was larger than 18.3 & 1.01 s™" and that of slow phase
(k,) was 0.73 # 0.03 s, After restoration of the solution pH to
2.9, the conformation of the fibrils again changed readily
(Figure 6C). The fluorescence intensity was fitted by a double
exponential curve relatively well, and the apparent rate
constants of the fast (k_;) and slow (k_,) phases, after the
double pH-jump, were determined to be 17.6 + 0.77 s™! and
1.0S =+ 0.04 577, respectively. Intriguingly, the kinetic constants
of the fast and slow phases were almost identical between the
single and the double pH-jumps, implying similar conversion
processes of the fibrils, such as lateral association or dissociation
of the preformed fibrils. Collectively, amyloid fibrils can be
readily and nearly reversibly converted between two distinct
conformations separated by a low energy barrier.

B DISCUSSION

Amyloidogenicity of Helix 2 Region of PrP. Recent
studies indicate that the low pH solution is.an ideal trigger of
PrP€ to PrP? conversion and PrP amyloid fibril formation,”” %
The salt bridges of native PrP have been calculated and
analyzed by quantum chemical calculations,™ and the detailed
biophysical characteristics and NMR studies of PrPC—PrP?
conversion process have also been reported.”® Recently,
incorporating Wenxiang diagrams®*"*® further summarized
their research based on the NMR, CD spectra, and dynamic
light scattering data at the low pH environment found that
some salt bridges and the hydrophobic interactions in the three
helices of the prion proteins can affect the helical structural
stability. These studies have provided insight into the prion
misfolding and the mechanism of a.leoid fibril formation.
According to the experimental results*** and recent Wensxiang
diagram analysis,” the helical structure of H1 is much more
stable than that of helices H2 and H3, and helix H3 is more
stable than H2.2%*¢ Therefore, unstable H2 helix should be
more easily converted to H2 fibrils under acidic pH
environment. In addition, after the disulfide bond of PrP is
reduced, helix H2 is no longer stable and is partially unfolded in
the PrP structural conversion.*’ This is why H2 peptide is
selected to study the pH-jump induced conformational
transition.

Conformation Change of H2 Fibrils was Induced by a
Single pH-Jump. In general, it is considered that amyloid
fibrils, which are highly ordered supramolecular complexes, are
stiffer than most functional intracellular biological filaments,*
and are rigid like a needle, X-ray microcrystallography has
revealed that the amyloid fibrils are composed of a pair of f-
sheets with the facing side chains interd{)gitated in a steric
zipper and are extremely highly ordered?**> However, after
pH-jump from 29 to 7.5, H2 fibril conformation readily
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changed to a distinct one as revealed by CD and FT-IR spectra
(PFigures 1 and S), and morphological conversion from thin pH
2.9 fibrils to thick pH 7.5-like fibrils occurred (Figure 2D,H).
Recently, Kurouski et al. reported the pH-induced conforma-
tional changes in insulin fibrils were detected using vibrational
circular dichroism and fluid-cell atomic force microscope,'® and
temperature-induced structural rearrangement has also been
reported for MoPrP fibrils.*®

In the high pressure experiment, amyloid fibrils of f,-
microglobulin showed the structural reorganization into more
tightly packed ones,*® implying that amyloid fibrils are not
tightly packed and contain a large number of cavities at
atmosphere. Thus, although amyloid fibrils seem to be rigid,
mature amyloid fibrils may not represent the most
thermodynamically stable state.'**** Amyloid fibrils are
proposed to be determined predominantly by the hydrogen
bond network in the extended intermolecular S-sheet
architecture of the peptide backbones,™ but the packing
between the side-chains may not be optimized."****> Hence, it
is possible that interactions between the side-chains modulate
fibril conformation when the pH of the solution changes. In
addition, these conversions were completed within a few
seconds (Figure 6C). The pH profile of the conversions was
almost identical to that of fibril formation for the H2 peptide
(Figure 1C), both of which significantly changed at
approximately pH S. Thus, it appears that the side-chains of
the H2 peptide were substantially exposed to the solvent when
the fibrils were formed, enabling the rapid conformational
change of the fibrils.

Nearly Reversible Conformational Change of H2
Fibrils After a Double pH-Jump. Intriguingly, the
conformation of pH 7.5-like fibrils reverted to a conformation
very similar to that of pH 2.9 fibrils when the solution pH was
restored from 7.5 to 2.9 (Figure 3A), and these conversions
were completed rapidly (Figure 6C). EM observation showed
that the thick laterally associated pH 7.5-like fibrils dissociated
into the thin pH 2.9 fibrils (Figure 4A,B), induced by electric
repulsion between fibrils that were stacked by hydrophobic
interactions at pH 7.5. Notably, these phenomena may be
particular to amyloid fibrils and may not be observed for
random aggregates, and observation of these results will depend
on partial maintenance of the conformationr of pH 2.9 -fibrils
after the pH-jump to 7.5. The CD and FT-IR spectra showed
that pH 7.5-like fibrils, prepared by the pH-jump from 2.9 to
7.5, were certainly distinct from fibrils formed at pH 7.5
(Figures 1A and SE).

In general, globular monomeric proteins readily relax
conformation depending on the conditions, but amyloid fibrils
are supramolecular complexes whose global conformational
changes may be hindered by hydrogen bonds and hydrophobic
interactions between both sides of the molecules, unless the
fibrils dissolve into monomers. The partial remaining hydrogen
bond network in the intermolecular f-sheet of the backbones,
which may act like a clasp, can allow rapid reversible
conformational changes between pH 7.5 and 2.9 by decreasing
the energy of transition between pH 7.5-like fibrils and pH 2.9
fibrils. Thus, its rate constant was comparable to that of
globular monomer protein folding**** If the pattern of
hydrogen bonds were completely altered by the pH-jump,
more time would be required to return to either the initial
conformation or the distinct conformation of amyloid fibrils. In
contrast, the reversibility decreased as incubation time at pH
7.5 increased (Figure 3C), because the amyloid fibrils could
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gradually become strongly associated with each other through
hydrophobic interactions. Thus, conformational change of the
fibrils is feasible before they form large aggregates.

Proposed Pathways of Conformational Changes of
H2 Fibrils, The H2 peptide formed pH 2.9 fibrils and pH 7.5
fibrils at pH 2.9 and 7.5, respectively (Figure 7). Their

pH 2.9 _ pH7.5 pH7.5
k,>183s"
k,=073s" k,<0.2 day!
iy S
k,=176s" k,=~0day"
k,=1.05 gt
pH 2.9 fibrils pH 7.5-like fibrils pH 7.5 fibrils

Figure 7. Proposed pathways of conformational changes of H2 fibrils.
The H2 peptide formed pH 2.9 fibrils (left) and pH 7.5 fibrils (right)
at pH 2.9 and 7.5, respectively. After the pH-jump from 2.9 to 7.5, pH
2.9 fibrils instantly changed to pH 7.S-like fibrils (middle), and
reverted to pH 2.9 fibrils when the solution pH was restored to 2.9.
The thick, laterally associated fibrils (middle) or aggregated fibrils
(right) stacked by the hydrophobic interactions at pH 7.5 were painted

gray.

conformations and morphologies are significantly different.
After the pH-jump from 2.9 to 7.5, pH 2.9 fibrils instantly
changed to pH 7.5-like fibrils, but pH 7.5-like fibrils partially
retained the intermolecular hydrogen bonds of pH 2.9 fibrils. In
addition, pH 7.5-like fibrils reverted to pH 2.9 fibrils when the
solution pH was restored to 2.9 (Figure 7). Thus, the transition
energy between pH 2.9 fibrils and pH 7.5-like fibrils is relatively
low, and the relatively fast phases in the conversion between
them were observed (0.7—18 s7*). In contrast, the pH 7.5-like
fibrils did not change to the pH 7.5 fibrils for at least S days
(Figure 1D, inset), and pH 7.5 fibrils also did not change to pH
7.5-like fibrils even under identical conditions (data not
shown), suggesting the presence of a high energy barrier
between them (<0.2 day™) (Figure 7). To exceed these energy
barriers, it might be necessary to break down the intermolecular
restrictions in these fibrils completely.

These conformational changes of H2 fibrils were caused by
the disruption of the balance between hydrophobic and
electrostatic interactions resulting from the change in the
solution pH, and thus the amyloid fibrils may have the potential
to convert into distinct forms depending on the conditions.
Theses conformational varieties of the amyloid fibrils may
explain the physical background of the diversity in prion.

B ASSOCIATED CONTENT
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Structure of MoPrP(121—231) and amino acid sequence of H2
peptide (MoPrP(172—194)), estimation of the dead-time of
the stopped-flow instrument, and refolding of B-lactoglobulin
(ALG) from the urea-denatured state at pH 3.0. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Logical Design of Medical Chaperone for Prion Diseases
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Abstract: A strategy of logical drug design (LDD) and its application to prion diseases are reviewed. LDD is primarily
based on the localizability of a hot spot which initiates structural instability in the target protein. It is also based on the
regulability of the hot spot by small compounds, their designabilty by a computer, their organic synthesizability and the
specificity of their functions once administered to the biological organisms. Unification of localizability, regulablhty, pro-
ducibility and specificity is the central theme of LDD. Theoretical foundation of LDD based on quantum theories is ini-
tially outlined. The localizability using nuclear magnetic resonance (NMR), the regulability by a medical chaperone the
synthesxzablhty, and the functional specificity accomplished thus far, are then described.

Keywords: Logical drug design, quantum chemistry, prion, hot spot, medical chaperone.

1. THEORETICAL FOUNDATION OF LDD

Can we regulate the conformational dynamics of biologi-
cal macromolecules, such as proteins by using the com-
pounds? .

In order to address this question, a theoretical framework
for the geometrical regulation of biological systems includ-
ing macromolecules as well as macroscopic organs was de-
veloped [1].

In essence, according to the cohomology theory, alge-
braic objects can be embedded into geometrical spaces.
Therefore quantum theory, which essentially deals with the
non-commutative operators in Hilbert space, can be also
mapped into the non-commutative geometrical objects, and
vice versa.

Although biological organisms have evolved through the
accumulation of random processes, we do not have any con-
crete representation for this geometry at this stage. However,
accumulation of the evidences on the geometrical regulation
of the biological macromolecules as well as the macroscopic
membranous structures would uncover the structural groups
and the eigenstructures of biological systems embedded in
the non-commutative spaces [11.

2. QUANTUM CHEMICAL APPROACH

In order to construct the representation of molecular sys-
tem in biological space, an original program has been devel-
oped, called "Parallelized ab initio calculation system based
on the fragment molecular orbital method (FMO)
(PAICS)"[2].
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Drug Discovery and Medical Information Sciences, Department of Gene
and Development, Graduate School of Medicine, Gifu University, 1-1 Ya-
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The solvent interaction and intra-molecular interaction
the native structure of prion protein (PrP) were initially ¢
amined. The influence due to the geometrical fluctuation w
taken into account by performing calculations on forty d
ferent conformations. The solvent interaction energies ¢
tained from the calculations provided information about f

" hydrophilicity of the three o-helices in PrP. The roles of 1

charged residues in retaining the native structure of PrP w
the calculated intra-molecular interaction energies were a.
examined. The analysis, focused on van der Waals inter:
tion, showed that the hydrophobic residues were import:
for the stability of the native structure. The identified patt
genic mutations of prion diseases were telated to the hyd:
phobic interactions [3]. It is crucial to take into account f
influence of geometrical fluctuations on quantum chemi
calculations [3]."Other FMO studies on prion were also pt
lished [4, 5].

Density functional theory (DFT) was then applied to «
scribe the prion toxicity. A peptide fragment of human pri
protein, HuPrP(106-126), was reported to mimic the patl
logical features underlying prion diseases. Although the i
tual neurotoxic mechanism of HuPrP(106-126) was elu
dated, several hypotheses were proposed based on the role
copper. In this study, to understand the toxic function
HuPrP(106-126) from a viewpoint of electrochemical co
petence, redox properties of copper ion complexes were
vestigated with four different binding motifs of a model
HuPrP(106-126). It was found that the HuPrP(106-126) «
rived models exhibited diverse redox activities that depenc
on copper-binding conformations [6].

FMO was apphed to drug design & its optimization,
pecxally to examine the molecular interactions between 1
prion protem (PrP) and GN8, which is a potential curat;
agent for prion diseases as descnbed in detail below. T
counterpoise method was introduced into the FMO sche;
to eliminate the basis set superposition error and examir
the influence of geometrical fluctnation on the interacti

© 2013 Bentham Science Publishers
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energies, thereby enabling rigorous analysis of the molecular
interaction between PrP and GN8. This analysis could pro-
vide information on key amino acid residues of PrP as well
as key units of GN§ involved in the molecular interaction
between two molecules (Fig. 1a & b) [2]. :

To perform the geometrical optimization, and also mo-
lecular dynamical simulation in a quantum space, the energy
gradient of a specific-region in a large molecule were ob-
tained. First, a partial energy gradient (PEG) based on the
fragment molecular orbital (FMO) method was defined. The
suitability of PEG was examined by performing geometry
optimizations of model systems, and it was found that opti-
mization with PEG could provide almost the same geometry
obtained with the full FMO energy gradient. Calculations on
real biomolecular systems were carried out; these calcula-
tions demonstrated a great advantage of PEG in computa-~
tional effort [7].

Furthermore, a quantum mechanical/molecular mechani-
cal (QM/MM) method combined with the ab initio fragment

( keal / mol )

Current Topics in Medicinal Chemistry, 2013, Vol. 13, No. 19 24:

molecular orbital (FMO) method, i.e., the ab initio FM(
QM/MM method was proposed. By connecting a molecul
dynamics (MD) program AMBER with an FMO progra
PAICS, an AMBER-PAICS interface (AP-IF) was impl
mented. Using the AP-IF, three example applications we

~ implemented: (a) a hydrogen fluoride and water molecul

clusters, (b) an alanine dipeptide in aqueous solution, and (
a prion protein GN8 complex. From these results, it is co
firmed that the FMO-QM/MM method offers a good cor
promise between chemical accuracy and computational co
and enables us to obtain in ab initio quality the inter- a1
intramolecular interaction energies between molecules
residues in large molecular systems such as solution a1
biomolecule, by using the dynamics-based interfragme
interaction energy (IFIE) analysis [8].

3. ACCURATE EVALUATION OF FREE ENERGY

Fragment molecular orbital (FMO) calculations were pe
formed for the two binding modes of hen egg-whi
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Fig. (1). (a) IFIE between amino acid residues in native prion protein. 6-31G**, MP2 (ses) and cp corr represént the basis set ﬁtilized, t
Maoller-Plesett method, and the counterpoise corrections, respectively. (b) IFIE between prion and GN8. GN8 was divided into four fra
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NAG1

NAG 2

"NAG 3
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Fig. (2). NAG binding sites in lysozyme. TriNAG may‘bind to ABC mode 1 (x-ray analysis), BCD (mode 2), CDE, or DEF.

Fig. (3). A model structure of TriNAG-lysozyme complex sur-
rounded by explicit water molecules. PAICS can calculate the
wave-function of this large system within three days using a single
CPU machine.

lysozyme with tri-N-acetyl-D-glucosamine (tri-NAG) (Fig.
2), in order to examine its accuracy for predicting the inter-
action free energy. Solvent effects were considered using an
explicit solvent model (Fig. 3). For comparison with the
computanonal results, the enthalpic contribution of the bind-
ing free-energy were experimentally determined (Figs. 4 &
5). Calculations showed that the binding (mode 1 in Fig. 2)
observed by X-ray analysis was more stable than the other
binding mode by -6.2 kcal mol (Table 1), where it was
found that the interaction of protein with solvent molecules
was crucial for this stability.

The amplitude of this energy difference was of the same
order as the experimental enthalpic contribution. Detailed
analysis using the energies divided into each residue was
also consistent with a previous mutant study. In addition, the
electron density analysis showed that the formal charge of
the lysozyme (+8.0 €) was reduced to +5.16 e by charge
transfer with solvent molecules [9]. The above calculations
now construct the basis of LDD [10].

- 406 -

4. SELF-REPLICATION PROCESS OF A PRION

Since self-replication hypothesis of prion was propo
[11], its real picture still have remained enigmatic. Althot
many amyloids for neurodegeneration related peptides w

. reported [12], prion is essentially independent of amylc

[13]. Then the propagation mechanism is a real questi
how can oligomers self-replicate?

To construct a model of the propagatlon mechanistn
infectious scraple-féype prion protem (PrP%), a disrupt
simulation of a PrP"° nonamer using structure-based mole
lar dynamics sxmulatlon method was conducted based o
hypothetical PrPS° model structure [14]. The simulation
sults showed that the nonamer disrupted in cooperative
ners into monomers via two significant intermediate sta
(1) a nonamer with a pa’rtially unfolded surface trimer

(2) a hexamer and three monomers Dimers and trimers w

rarely observed. Then, a new PrP propagation mechan
was proposed where a hexamer plays an essential role :
minimum infectious unit [15].

44 ASOUR (intercept on Y-axis

InK,

AHO/R (slope)

AT

Fig. (4). Determination of AG, AH and AS using surface plas
resonance (SPR) measurement. Kp values were obtained as a {
tion of temperature. Slope and intercept correspond to the ent
and enthalpy, respectively, in the plot of RIn(Kp ) vs. 1/T.
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lysozyme using surface plasmon resonance measurement. AG wi

experimentally obtained to be -6.45 kcal/mol. , which is comparable to the value, -6.17 kcal/mol, which was predicted by quantum chemic.

calculation (see text and Table 1).

Table 1. Interaction Energy Obtained by PAICS

Mode 1 Mode 2 - Difference: 1 - 2
Protein internal energy -32994793.62 -32994863.10 +69.48
‘ Ligand internal energy - -1443674.35 | .1443687.82 - +13.47
Protein-solvent interaction energy -6441.41 -6387.78 . -53.63
Ligand-solvent interaction energy ' -230.87 ‘ -209.58 -21.29
Protein ~ligand interaction energy -192.55 -178.38 -14,20

To gain insight into the structural mechanism of the con-
formational conversion process of prion, the potential amy-
loidogenic property of each secondary structural element in a
mouse prion protein (mPrP) and their relative significance
for the formation of amyloid fibrils were further experimen-
tally examined [16]. Although peptides corresponding to o-
helix 2 and o-helix 3 (named H2 peptide and H3 peptide,
respectively) formed the amyloid-like fibrils, their structures
were quite different. H2 fibrils formed the ordered f-sheet
with the $~turn conformation, and the resultant fibrils were
long and straight. In contrast, H3 fibrils consisted of the B-
sheet with the random conformation, and the resultant fibrils
were short and flexible. These properties are basically con-
sistent with their hydrophobicity and f-strand propensity
profiles. To examine the cross reactivity between peptide
fragments and full-length mPrP, seeding experiments were
carried out. While H2 seeds induced the formation of fibrils
of full-length mPrP as quickly as full-length mPrP seeds, H3
seeds exhibited a long lag time. This implies that the region
of o-helix 2 rather than o-helix 3 in mPrP has great potential
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for initiating fibril formation. As a whole, the a-helix 2 re
gion would be crucial for the nucleation-dependent replice
tion process of the prion protein [16].

The nucleation-dependent replication process of the prio
protein is significantly enhanced by the ultrasonication [17
18]. Also it is known that the ulfrasonication causes cavita
tion in the solvent generating the special reaction file
(Fig. 6) [19]. To elucidate the mechanisms of amyloid fibr:
formation under the ulirasonication, the ultrasonic powe
using both calorimetry and potassium iodide (XI) oxidatio.
were quantitatively determined, and under the properly cali
brated ulfrasonic power, the ultasonication-induced amyloi
formation process of the mouse prion protein (mPrP(23
231)) was investigated. These methods revealed that the ul
trasonic power in the system ranged from 0.3 to 2.7 W by
entirely dependent on the positions of the ultrasonic stage
Intriguingly, the nucleation time of the amyloid fibrils wa
found to be shortened almost proportionally to the ultrasoni
power, indicating that the probability of the occurrence o
nucleus formation increases proportionally to the ultrasoni
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power. Moreover, mPrP(23-231) formed two types of aggre-
gates: rigid fibrils and short fibrils with disordered aggre-
gates, depending on the ultrasonic power. The nucleation .of
rigid fibrils required an ulfrasonic power larger than 1.5 W.
While at the strong ultrasonic power larger than 2.6 W, amy-
loid fibrils were formed early, but simultaneously fine frag-
mentation of fibrils occurred. Thus, an ultrasonic power of
approximately 2.0 W would be suitable for the formation of
rigid mPrP(23231) fibrils under the. conditions utilized (ul-
trasonication applied for 30 s every 9 min). As ultrasonica-
tion is widely used to amplify the scrapie form of the prion
protein, or other amyloids in vitro, the calorimetry and KI

oxidation methods proposed first might help determining the

adequate ultrasonic powers necessary to amplify them effi-
ciently [20]. ,

1/ Intra-cavity space :

high pressure (hundreds
bar) & high temperature
(thousands degree(°C))

. ydrhobio solutes

Fig. (6). An illustration of the cavitation reactiont field. Under the
ultrasonication, microscopic cavitation, i.e. formation of small bub-
ble and its breakage, occurs more frequently in the solvent, than
without sonication. When the bubble is broken, the intra-cavity
pressure and temperature are fransiently elevated upto several hun-
dred bar and several thousand degree (°C), respectively, promotmg
the protein denaturation. At the air-water interface, OH" radiclas are
highly concentrated and may cause the modification of the covalent
- bonds at protéin surface.

5. SCARCELY POPULATED HIGH-ENERGY STATE
AND LEAD DISCOVERY

A crucial step for transformatlon of the normal cellular
isoform of the pnon protein (PrP°) to the infectious prion
protein (PrP*) is thought to entail a previously uncharacter-
ized mtermedlate conformer, PrP*, which interacts with a
template PrP*° molecule in the conversion process [11]. By
carrying out N™-H' two-dimensional NMR measurements
under variable pressure on Syrian hamster prion protein
rPrP(90 -231), a metastable conformer of PrP€ coexisting at a
population of similar to 1% at pH 5.2 and 30 °C was found,
in which helices B and C are preferentially disordered. While
the identity is still unproven, this observed metastable con-
former is most logically PrP* or a closely related precursor.
The structural characteristics of this metastable conformer
are consistent with available immunological and pathological
information about the prion protein [21].

Thermal stability was analyzed for the recombinant mur-
ine prion protein mPrP(23-231) with a single tryptophan
mutation (F174W) and its perturbation by cold temperature.
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Compared to the N-terminally truncated ones, full-len;
construct is significantly unstable and forms intermedi
state of urea denaturation, and also undergoes the cold des
bilization under the ambient pressure. In order to detect -
very early phase of the folding, a laser-induced temperat
jump kinetic measurement was applied and a kinetic ph:
of several microseconds was observed, suggesting the ba
erless folding process. The conformational instability &
low barriers between different conformers may explain
unusual flexibility leading to the pathogenic conversion ¢
the strain diversity [22].

In spite the mechanism of the conformational convers:
from the cellular (PrP°) to the scrapie (PrP*°) form of anir
prion proteins has yet to be elucidated, evidence is accun
lating that may provide insight into the conversion proces:
atomic resolution. Critical aspects were shown for the sl
fluctuation dynamics of the recombinant hamster prion p
tein, rPrP(90-231), based on NMR relaxation analysis us
Carr-Purcell-Meiboom-Gill (CPMG) experiments, and cc
pare them in detail with results from high-pressure NM
Residues exhibiting slow fluctuations on the time scale
microseconds to milliseconds were mainly localized on h
ces B and C (172-193 and 200-227), which include loc:
disordered regions in an intermediate conformer, PrP*, id
tified previously by high-pressure NMR [21]. Moreos
chemical shift differences between two putative exchang
conformers obtained by the CPMG relaxation analysis :
the linear component of the pressure-induced chemical s
changes were reasonably correlated at individual resi
sites. These observations suggest that both the CMPG
laxation and the pressure shifts reflect slow conformatlc
fluctuations and that these slow motions in PrPC are rele
to the trajectories leading to the transition fo PrP* [23].

Although the preclse mechamsm of the converswn fi
the cellular form (PrP®) to the scrapie form (PrP® ) is
unknown, a medical chaperone to stabilize the PrP€ con
mation was discovered and the hot spots to stop the pal
genic conversion was identified. In silico screening was
ried out to find compounds that fitted into a "pocket" crez
by residues undergoing the conformational rearrangem
between the native and the sparsely populated high-ene
states (PrP*) and that directly bind to those residues. Fo

_ four selected compounds were fested in a TSE-infected

culture model, among which one, 2-pyrrolidin-lyi-N-[4
(2-p}}rrolidin—1-yl—acetylamino)~benzyll phenyl]-acetamic
termed GNB8, efficiently reduced PrP Subsequently,
ministration of GN8 was found to prolong the surviva
TSE-infected mice. Heteronuclear NMR and comp
simulation showed that the specific binding sites are the
S2 loop (N159) and the region from helix B(V189,T192,
K194) to B-C loop (E196), indicating that the intercala
.of these distant regions (hot spots) hampers the pathog
conversion process. Logical drug design strategy focusiny
the hot spots of PrP°, will open the way to the developn
of novel anti-prion drugs [24].

6. A SYSTEMIC FLOW OF LOGICAL DRUG DESI

A flow of logical drug design, in contrast to the SE
[25], is illustrated in Fig. 7 and also necessary items
shown in Table 2.
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1.Structure  2.Calculation

3.0rganic
Synthesis

Fig. (7). A simplified flow of the logical drug design. Step 1. Struc-
ture and dynamics are determined using X-ray diffraction, NMR
and/or cryo-electron microscopy. Step 2. Based on the structural
dynamical information, appropriate ligands are logically designed
using QC, AA and CG calculations. Step 3. The designed com-
pounds are synthesized semi-automatically. Step 4. Synthesized
compounds are subjected to the bioassays using the disease model
cells or animals. If the compound are effective, the target-ligand
complex structure is further analyzed and the process enters the
recurrence cycle to step 2 and so on. It should be noted that the
interfaces between steps have not been well developed. So one of
the purpose of logical drug design is to construct the bridges be-
tween steps and unify all the necessary fields into an integrated
scheme of logical drug design.

4.Bioassay

Table 2. Production System of Medical Chaperones

1 Individual genome information.

2 | Target protein selection using network analysis.

Determination of structural dynamics (nuclear magnetic reso-
nance (NMR), X-ray crystallography, electron microscopy (EM)).

Structural design and optimizétion of compounds (docking simu-
4 | lation (DS), fragment molecular orbital (FMO) methods, molecu-
lar dynamics simulation (MD), coarse grained (CG) model).

ADMET (absorption, distribution, metabolism, excretion, toxic-
ity) prediction.

6 | Determination of organic synthesis root.

Organic synthesis under the GMP (good manufacturing practice)
regulation.

Preclinical examinations under the GLP (good laboratory prac-
tice) regulation (first in human).

9 ADME examination.

Clinical examinations under the GCP (good clinical practice)

10 .
regulation.

Logical drug design is essentially an application of a non-
commutative mathematical scheme [1], a general strategy of
morphological regulation, which is applicable also to the
surgical operation. As a representation of this theoretical
framework, the quantum chemistry was used because it can
describe the protein structural dynamics in aqueous solvent
as well as the chemical reaction in organic solvent.

Structural dynamical & functional insight into the target
protein is a prerequisite for the logical drug design. Then it is
feasible to design the appropriate chemical structure of spe-
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cific ligand for target using the above described comput
tional approaches.

For organic synthesis of a designed molecule, there a
pear some technical challenges, such as the robotic synthes
and the GMP regulation. Then pharmacological characteriz
tions, non-clinical safety examinations, and clinical tria
follow. For orphan drugs, sometimes ultra-orphan, exhau
tive governmental support would be required to commercia
ize them because of the extremely small market size. It
important to recognize that rare intractable diseases a
sometimes fatal but anybody has a chance to get them.

Transmissible spongiform encephalopathy (TSE) inchu
ing bovine spongiform encephalopathy (BSE), scrapie

‘sheep, Creutzfeldt-Jakob disease in human, are transmittc

by an isoform of a prion protein, and the conversion proce
from the cellular conformation to the scrapie one (PrP*°)
the key process for the regulation of the transmission pro
ess. Since the reaction involves only non-covalent modific
tion of the unique protein conformation, prion diseases a:
considered to be one of the most appropriate targets fi
LDD.

In fact, logical drug design is a general technique ar
was already applied to anti-cancer drug [26] and anf
influenza virus drug [27] discoveries. Notably a novel inhib
tor with ICsp of 6 nM was found with potential anti-canc:
activity by the same technique [28].

7. CONCEPT OF MEDICAL CHAPERONE

Although some antiprion compounds were shown to i1
terfere with the pathological conversion of prion protein in
a misfolded isoform, their actual mechanisms were not eh
cidated. Different conformations of prion protein with ar
without ligand binding were compared, based on molecul:
dynamics simulations, to clarify the role of a typical ant
prion compound termed GN8. Urea-driven unfolding simul:
tions were employed to assay whether or not GN8 preven
denaturation of prion protein. It was found that urea mediatc
partial unfolding at helix B of the prion protein protein [29
suggesting a transition into the intermediate states of tt
pathological conversion. However, GN8 -efficiently suj
pressed local fluctuations by binding to flexible spots ¢
helix B and prevented its urea-induced denaturation. Thus
was concluded that GN8 inhibits pathological conversion t
suppressing the level of the intermediate. This is the fir
evidence supporting the medical chaperone hypothesi
which states that GN8 acts as a medical chaperone to stab
lize the normal form of the prion protein. Although thes
proposed many kinds of chaperones as listed in Table 3, tt
basic principle of ‘medical chaperone’ constitutes a promi:
ing strategy, i.e. thermodynamical stabilization of natit
conformation, particularly for prion diseases as shown i
Fig. 8, and possibly for other diseases related to protein mi:
folding [29].

Although a variety of antiprion compounds were reporte
that are effective in ex vivo and in vivo treatment exper
ments, the molecular mechanisms for most of these con
pounds remain unknown. So antiprion mechanisms are cla:
sified into four categories: I, specific conformational stabil
zation; II, nonspecific stabilization; III, aggregation; and I\
interaction with molecules other than PrP~ (Table 4).
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Table3. Development of Chaperone Concept

Kazuo Ky

Name

Funcion

1 Ch:
aperone ronment for folding.

A class of proteins which prevent unwanted unfolding of other proteins by providing them with a proper envi-

2 dical
Miorloel chaearine their specific sites (hot spots).

A class of small molecule which regulates the folding or dynamical processes of proteins or RNAs by binding 1

3 Chemical chaperone A class of osmolytes such as glycerol and frehalose: they stabilize any protein nonspecifically.

4 Pharmaceutical chaperone
ubiquitin system.

A class of small enzyme inhibitors that stabilize proteins by binding to them and prevent their degradation by tl
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Fig. (8). The concept of medical chaperone. In general, a correlation between affinities and PrP° inhibitory effects was observed for
domly selected anti-prion compounds [34]. In principle, medical chaperone stabilizes the native conformation and increases the barrier
tween the native conformation and the transition state (PrP*), thereby inhibiting the PrP%° generation.

Table4. Classification of Anti-Prion Compounds

Class ' Mechanism Biacore NMR
I Specific conformational stabilization of PrP¢ Specific binding Specific binding
II Non-specific stabilization of PrP€ Non-specific binding * | Non-specific bindil

il
taiton to reduce PrP population

Aggregation and precipitaiton to reduce PrP population Aggregation and precipi-
prec p p

Non-specific binding

Not detectable

v 'Interaction with molecules other than PrP¢

Non-specific binding

No interaction

To characterize antiprion compounds based on this clas-
51ﬁcatlon their binding affinities to PrP® were determined
sing surface plasmon resonance and their binding sites on
PrP using NMR spectroscopy GNB8 and GJP49 bound spe-

cifically to the hot spot in PrP®, and acted as medical chap-
erones to stabilize the native conformaﬁon Thus, mecha-
nisms I was predommant In contrast, quinacrine and epigal-
locathechin bound to PrP° rather nonspecifically; these may
stabilize the PrP€ conformation nonspecifically including the
. interference with the intermolecular interaction following
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mechamsm II. Congo red and pentosan polysulfate bour
PrP° and caused aggregation and prcmpltatlon of PrPF,

reducing the effective concentration of prion protein. Tt
fore, mechanism III was appropriate. Fmally, CP-60, an
rabone derivative, did not bind to PrP€. Thus these °
classified into mechanism IV. However, their antiprior
tivities were not confirmed in the GT + FK system, w
details remain to be elucidated. This proposed antif
mechanjsms of diverse antiprion compounds could he!
elucidate their antiprion activities and facilitate effe
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antiprion drug discovery [30]. In contrast, it was recently
found that FK506 works as an anti-prion agent via mecha-
nism IV , possibly the activation of the autophagy [31].

An RNA aptamer that tightly binds to and stabilizes PrP®
is expected to block this conversion and to thereby prevent
prion diseases. It was shown that an RNA aptamer compris-
ing only 12 residues, r(GGAGGAGGAGGA) (R12), reduces
the PrP™° level in mouse neuronal cells persistently infected
with the transmissible spongiform encephalopathy agent.
Nuclear magnetic resonance analysis revealed that R12,
folded into a unique quadruplex structure, forms a dimer and
that each monomer simultaneously binds to two portions of
the N-terminal half of PrPC, resulting in tight binding. Elec-
trostatic and stacking interactions contribute fo the affinity of
each portion. These results demonstrate the therapeutic po-
tential of an RNA aptamer for to prion diseases [32]. The
antiprion mechanism of the RNA aptamer may belong to
mechanism I described above. .

8. OPTIMIZATION OF CHEMICAL STRUCTURE

A series of GN8 derivatives were synthesized from vari-
ous diamines, carboxylic acid derivatives, and nitrogen nu-
cleophiles, and their antiprion activity was tested in TSE-
infected mouse neuronal cells. It is found that two ethyle-
nediamine units, hydrophobic substituents on the nitrogen
atoms, and the diphenylmethane scaffold were essential
structural features responsible for the activity. Seven deriva-
tives bearing substituents at the benzylic position exhibited
an improved antiprion activity with the ICsy values of 0.51-
0.83 uM. Conformational analysis of model compounds
suggested that the introduction of the substituent at the ben-
zylic position restricted the conformational variability of the
diphenylmethane unit [33].

CONCLUSION

Technical aspects of LDD have been almost established.
Localizability of hot spot in prion protein was positively
proved by nuclear magnetic resonance (NMR). Designability
of medical chaperone was demonstrated using docking simu-
lation, quantum chemical calculation, and molecular dynam-
ics simulation. Synthesizability was also proved by synthe-
sizing more than 200 derivatives. Regulability was also
demonstrated by GT + FK system and in vivo treatment
study. Specificity of medical chaperone is now examined
under GMP and GLP regulations toward the first in human
trial. Remaining themes for LDD would be the developments
of the unified representation theory of medical chaperone
and the unified tools to develop medical chaperones for vari-
ous diseases.

To date we can connect the diseases and their possible
therapeutics only empirically, since chemical structures of
drugs themselves do not necessarily dictate their biclogical
functions at current stage. However, carefully designed
medical chaperone structures would well explain their bio-
logical functions through their specific interaction with the
target proteins or nucleic acids.

In principle the concepts of LDD, i.e. localizability, des-

ignability, producibility, and specificity are general, and fur-
ther applicable to the logical design of surgical operation
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‘devices such as the left ventricular assist device (LVAL
[35] as a different class of medical chaperone.
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ABBREVIATIONS

LDD = Logical Drug Design

FMO = Fragment Molecular Orbital Method
PrP = Prion Protein ‘
PEG = Partial Energy Gradient

QM = Quantum Mechanics

MM . = Molecular Mechanics'

MD = Molecular Dynamics

IFIE = Interfragment Interaction Energy
NAG = N-Acetyl-D-Glucosamine

SBDD = Structure Based Drug Design
CPMG = Carr-Purcell-Meiboom-Gill

NMR = Nuclear Magnetic Resonance

- TSE = Transmissible Spongiform Encephalopathy
BSE = Bovine Spongiform Encephalopathy
LVAD = Left Ventricular Assist Device
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