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(57) ABSTRACT

Described is a new class of small molecule inhibitors of
amyloid f protein (Ap) aggregation, based on apomorphine.
These molecules target the nucleation phase of A self-
assembly and interfere effectively with aggregation of A
1-40 into amyloid fibrils in vitro as determined by transmis-
sion electron microscopy, Thioflavin T (ThT) fluorescence,
and velocity sedimentation. Structure-activity studies using
apomorphine analogues demonstrate that 10,11-dihydroxy
substitutions of the D ring are preferred for the inhibitory
effectiveness of these aporphines, and that methylation of
these hydroxyl groups reduces their inhibitory potency. The
ability of these small molecules to inhibit A amyloid fibril
formation appears to be linked to their ability to undergo
auto-oxidation in solution, implicating an auto-oxidation
product as the active Af inhibitor. Sedimentation velocity
and electron microscopy studies demonstrate that apomor-
phine and analogues facilitate oligomerization of AP into
short nonfibrillar soluble assemblies, but inhibit A fibrilli-
zation.

Structure of apomorphine.
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Structure of apomorphine.

FIG. 1
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APOMORPHINE INHIBITORS OF AMYLOID-BETA
(ABETA) FIBRIL FORMATION AND THEIR USE
IN AMYLOIDOSIS BASED DISEASE

[0001] This application is a continuation application from
U.S. patent application Ser. No. 10/320,609, filed Dec. 17,
2002, and claims priority from U.S. Provisional Application
Ser. No. 60/341,255, filed Dec. 20, 2001. The entirety both
applications are hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to preparations and methods
for use in the prophylaxis and treatment of amyloidosis-
based diseases, including amyloid encephalopathies such as
non-senile dementias, in particular Alzheimer’s disease. In
particular, the invention relates to use of compounds related
to apomorphine and oxidation products thereof to inhibit Ap
amyloid fibril formation by interfering with aggregation of
amyloid-p peptide (AP 1-40) into amyloid fibrils.

[0004] 2. Related Art

[0005] U.S. Pat. No. 4,120,964 to Hartenstein, et al. dis-
closes 4-hydroxyaporphine derivatives and methods for the
preparation thereof.

[0006] U.S. Pat. No. 4,202,980 to Hartenstein, et al. dis-
closes a process for preparation of 1-hydroxyaporphine
derivatives.

[0007] U.S. Pat. No. 6,210,680 B1 to Jia et al. discloses a
method for the prevention and treatment of chronic venous
insufficiency using isoquinoline alkaloids, and for purifying
and isolating such alkaloids, including aporphine alkaloids,
from plants.

[0008] 3. Background of the Technology

[0009] Throughout this application, various publications
are referenced by Arabic numerals in parentheses. Full
citations for these publications may be found at the end of
the specification immediately preceding the claims. The
disclosures of these publications are in their entirety hereby
incorporated by reference into this application to more fully
describe the state of the art to which this invention pertains.

[0010] Alzheimer’s disease is a progressive neurodegen-
erative disease that is characterized by the presence of both
extracellular (amyloid plaques) as well as intraneuronal
(neurofibrillary tangles) protein aggregates in the brain of
affected patients (1-3). Biochemical analysis reveals that
fibrillar aggregates of a 39-42 residue peptide referred to as
the AP protein is the main constituent of amyloid plaques
(4). The amyloid hypothesis suggests that the aggregation
and deposition of the amyloid-f} peptide(s) into fibrils within
amyloid plaques precedes neurofibrillary tangle formation,
and is critical for triggering a cascade of events that con-
tribute directly to the pathogenesis of Alzheimer’s disease
(1, 5). Thus, interfering with the aggregation of f-amyloid is
considered a viable therapeutic strategy for slowing and/or
preventing the progression of neurodegeneration in Alzhe-
imer’s disease (AD) (6, 7).

[0011] AD fibril formation was thought to follow a two-
state nucleated polymerization mechanism, where only the
amyloidogenic conformational intermediate and amyloid
fibrils are significantly populated during fibril formation
(8,9). Electron microscopy studies revealed that amyloid
fibrils exist as long unbranched filaments that are 50-100 A
in diameter and can exist in different morphologies. The
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neurotoxicity of AP has been demonstrated to be very highly
dependent on Af conformation and the morphology of the
fibrils formed (10-12). Although a causal relationship
between amyloid fibril formation and Alzheimer’s disease
seems likely, the exact mechanism by which amyloid fibrils
induce cytotoxicity and neurodegeneration remains unclear
(13). Recently, careful examination of the amyloid fibril
formation pathway using atomic force microscopy (AFM),
transmission electron microscopy (TEM), and analytical
ultracentrifugation methods allowed for the identification
and characterization of previously undetected soluble
preamyloid intermediate species of different morphologies
(14-18). Studies by several groups suggest a potential patho-
logical role for these preamyloid intermediates in the patho-
genesis of AD (19-21). It remains to be determined whether
these preamyloid intermediates or mature fibrils of specific
morphology are responsible for triggering the cascade of
events associated with the progressive neurodegeneration in
AD. Therefore, the development of a small molecule-based
strategy for manipulating the amyloid fibril formation path-
way such that each of these species can be populated
exclusively is invaluable for elucidation of the toxic inter-
mediate(s), and the development of drugs that block the
formation of such toxic intermediates as a potential thera-
peutic strategy for treating AD.

[0012] Several potential therapeutic strategies have been
proposed for the treatment of amyloid-related disorders
which are caused by the misfolding and aggregation of a
precursor protein from its native (folded, partially folded, or
unfolded state) into amyloid fibrils (7, 22, 23). For example,
stabilization of the native 3-dimensional structure of the
precursor protein has been demonstrated as an effective
strategy for inhibiting amyloid fibril formation in vitro for
the amyloidogenic protein transthyretin (ITTR) and TTR
variants associated with systemic amyloidosis and familial
amyloid polyneuropathy, respectively (24, 25). However,
such a strategy is not applicable to unstructured amy-
loidogenic proteins such as Af in Alzheimer’s disease, thus
precluding structure-based design of specific AP anti-aggre-
gation agents. However, screening of large number of small
molecule libraries has produced several compounds which
were shown to modulate the kinetics and extent of A fibril
formation in vitro (7, 26, 27). These compounds include
dyes such as Congo Red, the antibiotic rifampicin, the
anthracycline 4'-iodo-4'-deoxydoxorubicin, among other
reported inhibitors (7), imidazopyridoindoles (26), and a
large variety of Af-derived peptides and modified peptides,
including peptides homologous to Af[positions 17-21] with
a similar degree of hydrophobicity, but with a very low
propensity to adopt a beta-sheet conformation by incorpo-
rating proline residues (anti-beta-sheet peptides or beta-
sheet inhibitors; 27). Many of the compounds were shown to
function by prolonging the nucleation stage associated with
the formation of an aggregation competent nucleus, i.e.,
fibril formation was delayed. Other compounds alter the
fibril formation pathway of Af resulting in the formation of
amorphous aggregates (22, 28). In addition, small molecules
that dissociate and solublize preformed amyloid fibrils have
been reported, suggesting that the process of amyloid fibril
formation can be reversed (27).

SUMMARY OF THE INVENTION

[0013] The present invention is based in part upon the
discovery of a new class of potentially potent inhibitors of
Ap fibrillogenesis, based on the structure of apomorphine
(FIG. 1). These compounds strongly interfere with the
aggregation of Ap 1-40 into amyloid fibrils in vitro. Sedi-
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mentation velocity and electron microscopy studies clearly
demonstrate that apomorphine and several of its structural
analogues function as AP fibril formation inhibitors by
binding to and stabilizing preamyloid high molecular weight
soluble nonfibrillar assemblies. Apomorphine is a long-used
drug, which has beneficial effects on Parkinsonian patients
experiencing “on” and “off” disabling problems after pro-
longed use of Levodopa (29, 30). However, one of the
limitations of apomorphine is that it is very labile in aqueous
solution, where it is highly susceptible to auto-oxidation (31,
32). Apomorphine is oxidized by a multistep reaction that
eventually leads to a polymeric melanin-like end product
(33). The results presented here demonstrate that auto-
oxidation of apomorphine analogs could be critical for their
activity as inhibitors of AP fibril formation. This suggests
that one or several of the auto-oxidation products of apo-
morphine interacts with AP in a manner that inhibits AP
fibril formation.

[0014] Time-course electron microscopy and sedimenta-
tion velocity studies demonstrate that apomorphine and
several apomorphine derivatives promote AP oligomeriza-
tion (resulting in the accumulation of nonfibrillar oligomers
of AB), but inhibit AP fibrillization. These assemblies
resemble previously identified preamyloid species known as
protofibrils, but are of much higher molecular weight, and
are stable for an extended period of time at 4° or 25° C. (2-3
weeks). The ability to populate these intermediates as the
dominant species in solution for an extended time allows for
investigating their toxic properties and testing the amyloid
hypothesis. Therefore, these compounds are useful for
obtaining further insight into the pathogenesis of Alzhe-
imer’s disease and for the development of effective thera-
peutic strategies to inhibit fibril formation.

[0015] Accordingly, the present invention relates to meth-
ods of inhibiting AP fibril formation using a derivative or
analog of apomorphine (also known as (-)-10,11-dihy-
droxyaporphine, and 6f-aporphine-10,11-diol) or an oxida-
tion product thereof, particularly an analog or derivative of
apomorphine that inhibits Af fibril formation and having a
D ring comprising at least one free hydroxyl or a catechol
moiety. Pharmaceutical compositions comprising an apo-
morphine derivative or analog of the invention are also
provided.

[0016] Apomorphine derivatives and analogs suitable for
use in the methods of the invention include apomorphine
alkaloid compounds that inhibit AP fibril formation of the
following formula I:
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wherein

[0017] * indicates an asymmetric carbon including both
stereoisomers (up and down configurations of the coupled
H),

[0018] R, and R, are independently selected from the
group consisting of H, alkyl, substituted alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl or substituted alkenyl;

[0019] R, R, R, R, R, and Ry are independently
selected from the group consisting of H, hydroxy, thiol,
methoxy, methyl sulfide, methylenedioxy, alkoxy, and alkyl
sulfide;

[0020]
thereof.

and pharmaceutically acceptable acid addition salts

[0021] Acceptable salts may be selected from the group
consisting of chloride, iodide, fluoride, sulfate, phosphate,
acetate or carbonate.

[0022] Preferably, at least one of R, and Ry is a hydroxyl
group, and most preferably both R, and R are hydroxyl
groups.

[0023] A preferred subgenus of the compounds of formula
1, above, comprises apomorphine derivatives or analogs that
inhibit Af fibril formation of the following formula II:

Ro

R4 R,

Rs

wherein

[0024] * indicates an asymmetric carbon including both
stereoisomers (up and down configurations of the coupled
H),

[0025] R, is H or C,-C, alkyl, and

[0026] R.,,R;, R, and R, are independently selected from
the group consisting of H, hydroxy, thiol, methoxy, methyl
sulfide, methylenedioxy, alkoxy, alkyl sulfide, and halo;

[0027]
thereof.

and pharmaceutically acceptable acid addition salts

[0028] Preferably, in the above subgenus of formula 11, at
least one of R, and Ry is a hydroxyl group, and most
preferably both R, and Rs are hydroxyl groups.

[0029] Also useful in the invention methods are 4-hy-
droxy-aporphine derivatives or analogs that inhibit A fibril
formation of the general formula disclosed and claimed in
U.S. Pat. No. 4,120,964, the disclosure of which is hereby
incorporated herein by reference for its disclosure of the
compounds and methods of making same.

[0030] Additional compounds useful in the invention
methods are 1-hydroxy-aporphine derivatives or analogs
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that inhibit Af fibril formation of the general formula
disclosed and recited in the claims in U.S. Pat. No. 4,202,
980, the disclosure of which is hereby incorporated herein
by reference for its disclosure of the compounds and meth-
ods of making same.

[0031] In addition, oxidation products of the above com-
pounds, that inhibit Ap fibril formation, particularly such
products of auto-oxidation of a catechol moiety (D ring) of
the above compounds, are preferred for use in the methods
of the invention.

[0032] According to the present invention, the above
apomorphine derivatives or analogs or oxidation products
thereof that inhibit A fibril formation are useful in a method
for inhibiting, reducing or delaying AP fibril formation
comprising contacting Af protein with an amount of such an
apomorphine derivative or analog or oxidation product
thereof, or pharmaceutically acceptable salt thereof, effec-
tive to inhibit, reduce or delay AP fibril formation by
aggregation of Af} protein.

[0033] Inanother aspect the invention relates to inhibiting,
reducing or delaying the formation of amyloid or amyloid-
like deposits in a subject in need of such treatment, com-
prising administering to the subject an effective amount of
an apomorphine derivative or analog or oxidation product
thereof of the invention that inhibits Ap fibril formation. In
particular, the invention includes a method of inhibiting Ap
fibril formation associated with an amyloidosis-based con-
dition, disease or disease state, comprising administering to
a subject for treatment or prophylaxis of such a condition or
disease an effective amount of an apomorphine derivative or
analog or oxidation product thereof of the invention, that
inhibits A fibril formation.

[0034] Inapreferred embodiment, the subject of the above
methods is a human subject suspected of being susceptible
to or suffering from amyloidosis associated with Alzhe-
imer’s disease. In one particular form of this preferred
embodiment, the invention provides a method of delaying
the onset of Alzheimer’s disease in individuals predisposed
to Alzheimer’s disease or for delaying the onset of other
amyloidosis-related diseases, comprising administering an
effective amount of an apomorphine derivative or analog or
oxidation product thereof of the invention to a subject in
need thereof to reduce, inhibit or reverse the formation of
amyloid fibrils or amyloid or amyloid-like deposits associ-
ated with Alzheimer’s disease or with other amyloidosis-
related diseases.

DESCRIPTION OF THE FIGURES

[0035] FIG. 1 shows the structure of apomorphine which
is related to various test compounds disclosed herein. The
rectangle highlights a portion of the D ring (catechol moiety)
of apomorphine which is thought to be critical for inhibition
of Af fibril formation.

[0036] FIG. 2 shows an emission spectra of Thioflavin T
of solutions of AP (100 uM) incubated alone (solid line) and
Ap incubated in the presence of apomorphine (100 uM)
(dashed line). Thioflavin T in the presence of aggregates
exhibits an emission maximum at 482 nm characteristic of
amyloid fibrils (excited at 450 nm). Solutions of Af con-
taining apomorphine did not exhibit this typical fluorescence
in the presence of Thioflavin T.
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[0037] FIG. 3 illustrates sedimentation velocity profiles
(A) sample of Ap (100 uM) after incubation for 3 days in pH
7.4 butfer (50 mM Tris, 150 mM NaCl) in the presence of
apomorphine (100 puM). Scans were acquired at 1-min
intervals, for clarity scans every 4 min are shown. The
absorbance baseline at 0.6 represents absorbance of unsedi-
mented A and excess apomorphine in solution. (B) Analy-
sis of the sedimentation profiles in (A) using the time
derivative method. The sedimentation coeflicient distribu-
tion plot (g(*s)) reveals the presence of heterogeneous
distribution of high MW Ab-apomorphine aggregates. The
solid line represents three species fit of the experimental data

(x).

[0038] FIG. 4 shows a negatively stained electron micro-
graph of a sample of A 40 (100 uM) in the presence of
apomorphine 50 uM (A), and 25 uM (B). At apomorphine
concentrations of <50 uM significant fibrils were formed
after 3-6 days of incubation at 37° C.

[0039] FIG. 5(A) displays sedimentation velocity profiles
of Ap (100 uM) in the presence of apomorphine (50 uM)
demonstrating the presence of at least two sedimenting
boundaries (see arrows). (B) Sedimentation coefficient dis-
tribution plot obtained by using the time derivative analysis
of data shown in (A) revealing two populations of oligo-
meric species with an average sedimentation coefficients of
35 and 56 S. (C) Sedimentation coefficient distribution plot
for a sample of A incubated with 25 uM of apomorphine.
In the presence of only 25 uM, approximately 50% of the
sample sediments to the bottom of the centrifuge cell as
fibrils at 3,000 rpm. FIG. 5B shows analysis of the 50% of
Ap-apomorphine aggregates remaining in solution.

[0040] FIG. 6 shows structures of apomorphine and apo-
morphine derivatives used to evaluate the role of the dihy-
droxy and N-alkyl substitutions in modulating the ability of
apomorphine to inhibit A fibril formation.

[0041] FIG. 7 presents a bar graph depicting the extent of
AP fibril formation in the absence and presence of apomor-
phine and apomorphine derivatives (FIG. 6). The bar rep-
resents the extent of fibril formation based on a quantitative
Thioflavin T emission (emission=482 nm, excitation=450
nm).

[0042] FIG. 8 is an electron micrograph of negatively
stained quaternary structures deposited from a solution of
Ap (100 uM) at pH 7.4 (50 mM Tris, 150 mM NaCl) after
incubation for 9 days at 37° C. in the accumulation presence
of D030, demonstrating the accumulation of some long
fibrils in solution.

[0043] FIG. 9(A) displays a sedimentation coefficient dis-
tribution of a sample of Af (100 uM) at pH 7.4 (50 mM Tris,
150 mM NaCl) after incubation for 3 days at 37° C. in the
presence of D027 (100 pM) obtained from a 2 species fit
(solid line) of the experimental data (x). (B) Sedimentation
velocity profiles of a solution of A (100 uM), which was
pre-incubated at 37° C. for 18 h after which D027 was added
and the sample was further incubated for 9 days at 37° C.
The sedimentation profiles reveal at least three sedimenting
boundaries (see arrows a, b, ¢). (C) Sedimentation velocity
analysis of the profiles shown in (B) obtained by fitting the
data to three-sedimenting species model.

[0044] FIG. 10 is a bar graph depicting the extent of A
fibril formation in the absence and presence of apomorphine,
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D027, D029, and D030 using freshly prepared stock solu-
tions (dark bars), aged stock solutions (gray bars), and stock
solution of the compounds containing 1% (v/v) sodium
metabisulphite. The bar represents the extent of fibril for-
mation based on a quantitative Thioflavin T emission (emis-
sion=482 nm, excitation=450 pm).

[0045] FIG. 11 illustrates Thioflavin T fluorescence of
samples of AP (100 uM) in the presence and absence of
apomorphine (dark bars). The gray bar represents the
Thioflavin T fluorescence obtained by preincubation of the
AP control sample with apomorphine prior to addition of the
Thioflavin T.

DETAILED DESCRIPTION OF THE
INVENTION

[0046] The accumulation of amyloid-f (Af) deposits in
the form of amyloid plaques in the brain parenchyma is
thought to play a critical role in the pathogenesis of Alzhe-
imer’s disease. Recent studies from several laboratories
suggest that the process of amyloid fibril formation in vivo
is responsible for triggering a cascade of physiological
events that are critical for the initiation and progression of
Alzheimer’s disease as well as other late-onset neurodegen-
erative disorders. Therefore, inhibiting the aggregation or
deposition of AP is thought to be a promising therapeutic
strategy to combat this devastating disease.

[0047] Amyloid fibril formation is known to proceed
through a nucleation-dependent polymerization mechanism
characterized by a slow nucleation phase followed by a rapid
fibril growth phase (8). This mechanism presents several
stages for possible intervention with the polymerization of
Ap into amyloid fibrils. An inhibitor of AP fibril formation
could act by inhibiting the formation of the required nucle-
ation complex or by binding to these nuclei, thus delaying
and/or preventing further addition of Af monomers. An
inhibitor that interferes at the nucleation stage is likely to
result in a marked delay in the onset of fibrillization and
possibly Alzheimer’s disease. An alternative strategy could
involve the stabilization of non-toxic intermediates (through
complex formation with small molecules) on the amyloid
fibril formation pathway of A resulting in delaying and/or
preventing amyloid fibrils from being formed. A delay in
amyloid fibril formation may be sufficient to allow for more
efficient clearance of toxic preamyloid intermediates as well
as preformed amyloid fibrils. The ability to stabilize a
non-toxic AP complex would allow for high Af load without
being detrimental to neurons.

[0048] The sedimentation velocity, EM and thioflavin T
results presented hereinbelow suggest that apomorphine and
some of its structural analogues bind and stabilize oligo-
meric intermediates of AP, and result in a marked delay in
fibril formation. Although these molecules were shown to
bind monomeric Af, they exhibited higher affinity for oli-
gomeric as well as mature Af fibrils. Analytical ultracen-
trifugation methods and electron microscopy methods were
employed to probe the mechanism of interaction of apomor-
phine and its analogues with Af. The recent application of
analytical ultracentrifugation methods (sedimentation veloc-
ity and sedimentation equilibrium) to probe the mechanism
of amyloid fibril formation, has allowed observation and
quantitation of previously undetected soluble high molecu-
lar weight oligomeric intermediates in the amyloid fibril
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formation pathway of several amyloidogenic proteins,
including AP. The sedimentation velocity studies clearly
demonstrate that apomorphine and its structural analogues
bind preferentially to early oligomeric intermediates of Ap
and result in a marked delay in accumulation of fibrils.
Further studies are currently underway to identify the
regions in AP with which these compounds interact. It is
likely that these compounds function either through modu-
lating the kinetics of conformational changes required for
fibril growth or by slowing the kinetics of monomer addition
to nonfibrillar assemblies.

[0049] Nonfibrillar oligomeric Af species have been dem-
onstrated to exist in many different forms, including globu-
lar, ring structures, and chain-like structures. Many of these
oligomeric forms of AP have been observed mainly as
transient species on the fibril formation pathway of Ap as
well as other amyloidogenic protein such as a-synuclein,
and transthyretin. The oligomeric intermediates stabilized
by apomorphine, D027, D029, D030, and D040 are mor-
phologically distinct from those observed in the case of Ap
alone. In addition, the size of these oligomers appears to be
at least twice that seen for protofibrils of A as determined
by sedimentation velocity and electron microscopy studies.
Sedimentation velocity data for AP in the absence and
presence of apomorphine after incubation for 17-24 h (at 37°
C.) showed that addition of apomorphine led to an increase
in the sedimentation coefficient from 20 S to 30 S, reflecting
a significant change in aggregate size. The amount of soluble
protofibrils also increased by 60% in the presence of apo-
morphine. These results suggest that apomorphine interacts
with AP in a manner that promotes rapid oligomerization
into protofibril-like species, but also results in slowed and/or
inhibited fibril formation.

[0050] In vitro experiments have shown that apomorphine
undergoes rapid auto-oxidation in aqueous solutions, sug-
gesting that an oxidation product interacts with AP and is
likely responsible for the observed anti-amyloidogenic prop-
erties of apomorphine. Blocking the auto-oxidation of these
molecules either through modification of the hydroxyl
groups or by using stabilizing agent such as sodium met-
abisulphite results in the loss of the inhibitory effect of these
molecules on AP fibril formulation. Although apomorphine
has been observed to modity proteins such as albumin, we
have not been able to detect any covalent modification of AP
by these compounds using HPL.C and LC/MS methods.

[0051] All forms of amyloidosis are characterized by the
extracellular deposition of multimolecular fibrillar aggre-
gates originating from monomeric precursor proteins (13).
Although the precursor proteins differ, the amyloid fibrils
share a common structural feature, namely a beta pleated
sheet conformation (43, 44). For many years the amyloid
hypothesis has implicated amyloid fibrils as the main patho-
logical agent in amyloid diseases. However, it remains to be
resolved whether misfolded intermediates, amyloid fibrils,
or non-fibrillar oligomers such as those formed in the
presence of apomorphine, are actually the toxic species
associated with the pathogenesis of Alzheimer’s disease. In
vitro studies using biophysical methods with several amy-
loid proteins reveal a common mechanism of assembly
involving several quaternary structural intermediates includ-
ing protofibrils (39, 45-47). Understanding the relative
importance of nonfibrillar intermediates and fibrils in the
pathogenesis of AD is invaluable for elucidation of the
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molecular etiology of AD. If nonfibrillar assemblies such as
those stabilized by apomorphine and its analogues are the
toxic agents in AD, then any conditions resulting in their
accumulation should produce a more severe AD phenotype.
Apomorphine and other compounds capable of stabilizing
intermediates on the fibril formation pathway are useful
tools for testing such hypotheses. On the other hand, if
amyloid fibrils are the toxic species then compounds such as
apomorphine or derivatives thereof would yield a potential
therapeutic for treating AD. An interesting property of the
compounds presented here is that they seem to target a
common intermediate (protofibrils) on the fibril formation
pathway of Af. It is possible that these compounds may
have the same effect in stabilizing protofibrils of other
amyloidogenic proteins and may be a useful tool for the
study and treatment of other forms of amyloidosis.

[0052] In addition to its apparent anti-amyloidogenic
properties, apomorphine is known to act as a potent anti-
oxidant and protects lipids and proteins from radical dam-
age. This, suggests apomorphine derivatives and analogs as
good therapeutic candidates in Alzheimer’s disease, com-
bining both radical scavenging and neurotrophic properties.

Experimental

Materials and Methods

[0053] Apomorphine (HBr), R(-)-Norapomorphine
hydrobromide, R(-)-2,10,11-Trihydroxyaporphine hydro-
bromide, R(-)-Propylnorapomorphine hydrochloride, R(-)-

2,10,11-Trihydroxy-N-propylnorapomorphine  hydrobro-
mide, Bulbocapnine hydrochloride, R(-)-10,11-
Methylenedioxy-N-n-propylnoraporphine  hydrochloride,

R(-)-Apocodeine hydrochloride, and Isocrydine hydrochlo-
ride were purchased from Sigma or ICN biomedicals, Inc.
Thioflavin T and Congo red were purchased from Aldrich
Chemical Company, Inc.

[0054] Preparation of Stock Peptide Solutions for Fibrilli-
zation Studies. Stock solutions of the inhibitors were pre-
pared by dissolving the compounds at a concentration of 5-7
mM in water or in 1-1.5% DMSO solutions (for compounds
with reduced solubility). Amyloid-p (AP 1-40) was pur-
chased from California Peptides (Lot # SF104). Af 1-40
stock solutions were prepared by dissolving purified and
lyophilized peptide in cold double distilled water to yield
stock solutions at a concentration of 2 mg/ml.. The stock
solutions were used within 10-30 minutes of dissolution.
Samples for fibril formation assay were prepared by diluting
the appropriate amount of A stock with pH 7.4 Tris-HCI
buffer (50 mM Tris, 150 mM NacCl) to afford a final peptide
concentration of 100 uM. The samples were incubated at 37°
C. without agitation for 1-10 days, depending on the desired
experiment. Analytical ultracentrifugation, and electron
microscopy were periodically used to ensure that we start
our experiments with a hydrodynamically defined A mono-
mer, and the absence of any preformed fibrils in solution.

[0055] Congo Red Binding Studies. A Congo red stock
solution was prepared by dissolving recrystallized Congo
red as described previously (34). The concentration of the
Congo red stock was determined by measuring the absor-
bance of a diluted aliquot at 477 nm (e,;; ,,=34,722
cm M) (35). Buffered Congo red solutions at the desired
concentration were prepared by dilution of an aliquot of the
stock solution in 50 mM Tris-HCl, 150 mM NaCl (pH 7.4).
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Binding studies were carried out by diluting 10 ul. of a 100
UM Af solutions to 90 pl. of 10 uM Congo red buffered
solution. The resulting solutions were then vortexed and the
UV-Vis spectra (300-700 nm) was collected immediately
using a Beckman UV/VIS spectrophotometer in a mini
cuvette with a 1 cm pathlength. Incubation of the sample for
10-30 min did not appear to change the UV absorbance
spectra.

[0056] Thioflavin T (ThT) Fluorescence Assay for Fibril
Formation. Thioflavin T was purchased from Aldrich (70%
purity) and was recrystallized from benzene/ethanol (1:1) to
afford yellow crystals (36). Thioflavin T binding assays were
performed by addition of 50 pl. of 100 uM Af solutions,
which were incubated at 37° C. in the absence and presence
of inhibitors, to 450 uL. solution of 10 uM Thioflavin T in
phosphate buffer (10 mM phosphate, 100 mM KCI). The
solutions were mixed and fluorescence measurements were
recorded in Biosystems model spectrofluorimeter at 25° C.
using a 1 cm path length quartz cell. An excitation slit width
of' 4 nm and an emission slit width of 8 nm were employed.
The excitation wavelength was set to 450 nm and emission
monitored from 460-630 nm. The relative fluorescence at
482 nm was plotted for each sample, and was used as a
measure of the amount of fibrillar aggregates in solution.

[0057] Molecular Mass Determination of § 1-40 and Ap
1-40 Oligomers in Solution by Analytical Ultracentrifuga-
tion Methods. Sedimentation equilibrium runs were per-
formed on AD (100 pM) samples in the absence and
presence of inhibitors (150 pL.) at pH 7.4 at a rotor speed of
3,000-20,000 rpm using a double sector cell with charcoal-
filled epon centerpieces and sapphire windows. All scans
were performed at 280 nm or at 330 nm (for solutions
containing apomorphine or apomorphine analogues) with a
step size of 0.001 cm and 25 averaged scans. Samples were
allowed to equilibrate for 24-30 h, and duplicate scans 3 h
apart were overlaid to determine that equilibrium had been
reached. The data were analyzed by a nonlinear least squares
analysis using the Origin software provided by Beckman.
The concentration profiles obtained at equilibrium were
initially fit to a single ideal species model using equation I
to determine the best fitting molecular weight:

A=Exp[In(4}+Mo>(1-Vp)/2RT)(x*~x2) W E 0]

where A is the absorbance at radius x, A is the absorbance
at a reference radius x, (usually the meniscus), v is the
partial specific volume of AP (0.733 ml/g, based on the
amino acid sequence of Af 1-40), p is the density of the
solvent (g/ml), ® is the angular velocity of the rotor
(radian/sec), E is the baseline error correction factor, M is
the molecular weight, R is the universal gas constant
(8.314x10 erg/mole), and T is the temperature (Kelvin).

[0058] Probing the Mechanism of Amyloid Fibril Forma-
tion Inhibition using Sedimentation Velocity Experiments.
To probe the mechanism by which apomorphine and its
structural analogues inhibit Ap fibril formation, sedimenta-
tion velocity was used to determine the distribution and
molecular size of quaternary structures of Af in the presence
and absence of inhibitors. Af samples (100 uM) in a pH 7.4
buffer (50 mM Tris-HCI, 150 mM NaCl) were incubated at
37° C. for 1-10 days in the presence and absence of
inhibitors, then transferred to 25° C. for 1-3 hours before the
sedimentation experiments were carried out at 20° C. The
sedimentation properties of Ap 1-40 in the absence and
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presence of inhibitors were obtained from data collected on
a temperature controlled Beckman XL.-1 using 400-420 pL.
of peptide solutions and data were recorded at rotor speeds
ot 3,000-30,000 rpm in continuous mode with a step size of
0.005 cm. The sedimentation velocity absorbance profiles
were then analyzed using the time derivative (dc/dt) analysis
program, which was provided by J. Philo, to obtain the
sedimentation coefficient distribution g(*s) for all the qua-
ternary structures in solution as described previously (37,
38).

[0059] Fitting of the g(*s) profiles allows for the determi-
nation of the sedimentation coefficient (peak position, with
a unit of Svedberg, 1 S=107'3 5) and the diffusion coeflicient
(from the peak width, with a unit of Fick, 1 F=10" cm?s).
This method has the advantage of allowing for the calcula-
tion of the molecular weight of the sedimenting species
using equation II since s and D can be obtained from the
fitting analysis.

ww = FT (I
~ D(l-op)
[0060] In the cases where the diffusion coefficient cannot

be determined accurately, the molecular weight of a spheri-
cal protein can still be estimated by combining the Svedberg
equation and Stokes equation for the frictional coefficient to
obtain equation III which utilizes the estimated sedimenta-
tion coefficient:

1
100s- o3 D

2
MW = ST —op

[0061] Sedimentation velocity was also used to determine
the amount of soluble AP and A monomer in solution after
sedimentation of AP aggregates. In order to determine the
amount of unsedimented AP in solution, two radial scans
were collected at 3,000 rpm (only fibrils are sedimentable at
this speed) and 20,000-30,000 rpm (Ap monomer does not
sediment at this speed, but soluble high molecular weight
oligomers of Af are sedimentable). The percent of mono-
meric species in solution was calculated using equation IV
at 50,000 rpm and after complete sedimentation of Ap high
MW oligomeric species. Sedimentation equilibrium studies
of the unsedimented species were carried out to determine
whether a monomer, dimer or a mixture was present in
solution.

% of unsedimented AP=1-(Absorbancexgo num, 3000

rpm)—Absorbance 296 am, 20,000-30,000 rpm))*100 av)
[0062] Electron Microscopy. Electron microscopy was
used to follow the changes in size and structural morphology
of AP aggregates in the presence and absence of inhibitor at
37° C. as a function of time. EM samples were prepared by
placing 5 uL. of the AP solution on a carbon-coated grid and
allowing the solution to stand for 2 min before removing
excess solution. The grid was then washed once with dis-
tilled water and once with 1% uranyl acetate before staining
the sample with fresh 1% uranyl acetate for another 2 min.
The samples were then studied in a Phillips CM-100 elec-
tron microscope. The grids were thoroughly examined to get
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an overall statistical evaluation of the structures present in
the sample. All electron micrographs were taken at 100 kV.

Results

[0063] Effect of Apomorphine on Amyloid-f (Ap 1-40)
Fibrillization. Solutions of Ap 1-40 (50-100 pM) were
incubated at 37° C. for 1-3 days in the absence and presence
of apomorphine at equimolar concentration. Within 2-3
days, visible sedimentable aggregates were observed in
samples containing Af 1-40 alone. In strong contrast, Af
1-40 (100 pM) solutions incubated under the same condi-
tions, but in the presence of apomorphine (100 pM) did not
show any visible sedimentable aggregates. It is known that
a fluorescent dye, Thioflavin T (ThT), associates with amy-
loid fibrils, and the binding results in a significant enhance-
ment in ThT fluorescence that is proportional to the amount
of fibrils in solution (36). Solutions of AP} containing apo-
morphine (1:1 ratio) did not affect the ThT fluorescence
spectra, whereas solutions lacking apomorphine exhibited a
greatly enhanced emission at 482 nm, a characteristic spec-
trum for ThT bound to amyloid fibrils, FIG. 2. In addition,
no increase in the maximal absorbance and red-shifted
maximum of the amyloid-specific dye Congo red was
observed for AP solutions containing apomorphine after 3
days at 37° C. (data not shown). It is noteworthy that A
1-40 solutions containing apomorphine exhibited a change
in solution color with time, towards an intensive green color
upon incubation at 37° C. The color changes in Af 1-40
solutions containing apomorphine were significantly less
than those in apomorphine alone. This color formation is
known to be the result of a complicated multistep oxidation
process with auto-oxidation of apomorphine itself being the
initial step (33). These results suggest that apomorphine or
one of its auto-oxidation intermediate(s) is acting as an
effective inhibitor of AP 1-40 fibril formation in vitro.

[0064] To verify conclusions drawn from the dye binding
assay data (Thioflavin T and Congo red), and to further
investigate the efficacy of apomorphine and its mechanism
of action, electron microscopy was used to monitor A 1-40
fibril formation in the absence and presence of apomorphine.
Transmission electron microscopy examination of amy-
loid-p solutions incubated in the absence of apomorphine
revealed unbranched fibrils (~10 nm in diameter) of inde-
terminate length and variable helical twist as the major
species in solution. The fibrils were observed to exhibit a
characteristic helical twist with varying periodicity. By
strong contrast, Af 1-40 (100 uM) solutions incubated in the
presence of apomorphine at 100 pM resulted in the accu-
mulation of predominantly soluble, nonfibrillar assemblies.
The absence of amyloid fibrils in Af 1-40 solutions con-
taining apomorphine is consistent with the absence of a
Thioflavin T signal and of Congo red binding for these
samples. These results demonstrate that apomorphine inter-
acts with Ap 1-40 to cause nonfibrillar assemblies to form
and stabilize, which assemblies might represent intermediate
elements on the pathway to fibril formation from peptide
monomers.

[0065] Probing the Molecular Mechanism of Apomor-
phine Inhibition of Ap Fibril Formation by Analytical Ultra-
centrifugation. The results from the EM and dye binding
studies suggest that apomorphine effectively alters the dis-
tribution of Ap 1-40 quaternary structures in solution away
from sedimentable amyloid fibrils and towards soluble high-
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molecular weight non-fibrillar assemblies. Thus, monitoring
the quaternary structural changes of Af 1-40 upon addition
of'apomorphine is critical for a detailed understanding of the
mechanism of apomorphine inhibition of A fibril forma-
tion. However, the lack of interaction between the amyloid-
specific dyes (Congo red and Thioflavin T) and the AP
nonfibrillar assemblies combined with the fact that EM is
not a quantitative technique suggest that an alternative
method is required for monitoring the effect of apomorphine
on the molecular size and distribution of Af 1-40 quaternary
structures in solution. Analytical ultracentrifugation meth-
ods (sedimentation velocity and equilibrium) have been
successfully used to probe the mechanism of amyloid fibril
formation of several amyloidogenic proteins, including AB
1-40, and transthyretin (TTR) (18, 39-42). Therefore, the
quaternary structural changes of A} were monitored using
sedimentation velocity measurements, electron microscopy,
and Thioflavin T fluorescence. The combination of these
methods allowed us to achieve better quantitative measure-
ments of the molecular size and distribution of sedimentable
as well as soluble AP aggregates in the absence and presence
of apomorphine as a function of time.

[0066] Sedimentation velocity and EM experiments per-
formed on solutions of AP 1-40 alone incubated at 37° C.
indicated that, after two days, 90-95% of AP 1-40 exists as
fibrils which rapidly sediment to the bottom of the cell at low
centrifugal force (3000 rpm). Sedimentation equilibrium
studies were carried out to determine the molecular weight
of the 5-10% of unsedimented material. Fitting of the
equilibrium concentration profile using a single species
model yielded a molecular weight of 4,137, corresponding
to the molecular weight of monomeric AP 1-40. These
results suggest an equilibrium between AP monomers and
fibrils, consistent with the widely accepted nucleated poly-
merization mechanism that has been proposed for Af amy-
loid fibril formation in vitro. In the presence of apomorphine
at equimolar ratio to AP 1-40, no sedimentation of Ap 1-40
was observed at 3,000 rpm, consistent with the absence of
fibrils in solution as verified by EM. Upon increasing the
centrifugation speed to 30,000 rpm, high molecular weight,
fast-sedimenting species were observed, as shown in the
sedimentation profiles in FIG. 3A. Analysis of the sedimen-
tation profiles revealed the sedimentation of Ap-apomor-
phine complex(s) with an average sedimentation coefficient
of 50 S, indicative of soluble high molecular weight assem-
blies as the dominant species, FIG. 3B. The sedimentation
coeflicient distribution plot revealed a heterogeneous distri-
bution of AP oligomeric species. Fitting the g(*s) plot to a
three-species model gave an excellent fit with average
sedimentation coefficients of 30 S, 49 S, and 62 S, corre-
sponding in molecular size to 1000, 2000, and 3700 KDa,
respectively, with the 30 S species being the dominant
species in solution. These species roughly correspond to
assemblies of 250, 500 and 925 monomeric units of Af 1-40.
These results from sedimentation velocity experiments were
consistent with parallel EM results, which demonstrated
nonfibrillar assemblies as the major species in solution.

[0067] To determine the stoichiometric ratio of
Ap:apomorphine that is required for effective inhibition of
Ap fibril formation, the aggregation properties of Af (100
uM) were evaluated in the presence of various concentra-
tions of apomorphine (25-200 uM). Af 1-40 (100 uM)
samples were incubated in the presence of apomorphine at
200, 100, 50, and 25 uM and evaluated by EM and sedi-
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mentation velocity after incubation at 37° C. for 2-6 days. At
an apomorphine concentration of 200 uM, both sedimenta-
tion velocity and EM revealed stabilization of soluble oli-
gomeric species with a sedimentation coefficient distribution
and structural morphology similar to that observed at 100
UM of apomorphine. At an apomorphine concentration of 50
uM, both long unbranched fibrils and short nonfibrillar
assemblies were observed by electron microscopy (FIG.
4A). However, the nonfibrillar assemblies remained the
dominant species in solution (~70-85%) over the incubation
period of 3-6 days at 37° C. At concentrations below 50 uM
(for AP 1-40 concentration of 100 uM), apomorphine was
not effective as an inhibitor and the amount of long
unbranched fibrils was significantly increased, with fibrils
the dominant species in solution, especially after longer
incubation (6-9 days), FIG. 4B.

[0068] Sedimentation velocity experiments carried out on
in parallel revealed that A 1-40/apomorphine complexes
sediment as an apparent two species boundary in the pres-
ence of 50 uM apomorhine (100 uM AB), FIG. 5A. Time
derivative (dc/dt) analysis of the sedimentation profiles
demonstrated the presence of two populations of oligomeric
species with an average sedimentation velocity of 35 S, the
other 56 S, with the 35 S species being the dominant species
in solution; FIG. 5B. At an apomorphine concentration of 25
uM (0.25:1, apomorphine: Ap) approximately 40-50% of the
Ap sample sedimented rapidly at 3,000 rpm, reflecting
formation of amyloid fibrils. Analysis of the sedimentation
velocity profiles of the soluble species remaining in solution
after three days of incubation at 37° C. also revealed two
populations of high-molecular weight species with an aver-
age sedimentation coefficient of 36 and 58 S, FIG. 5C. These
results suggest that a 1:1 molar ratio of AP to apomorphine
is preferred for effective inhibition of Af fibril formation in
vitro.

[0069] The Hydroxyl Groups on Apomorphine are Critical
for Inhibiting Ap 1-40 Fibril Formation. The structure of
apomorphine is characterized by the presence of two adja-
cent hydroxyl groups on the D ring of the molecule. Several
commercially available structural analogues of apomorphine
were examined to evaluate the role of the dihydroxy sub-
stitutions (10, 11) of the D ring, and the N-alkyl group of
apomorphine in modulating the inhibitory effectiveness of
these aporphines, FIG. 6. The compounds shown in FIG. 6
were incubated with A 1-40 (100 uM) under conditions that
favor fibril formation (pH 7.4, and at 37° C. for 3 days). The
amount of fibrils formed was evaluated by Thioflavin T
fluorescence, and characterization of the morphology and
the distribution of aggregated species was evaluated by
electron microscopy and sedimentation velocity, respec-
tively. FIG. 7 shows the Thioflavin T binding results of
apomorphine and related compounds after incubation with
AP 1-40 for three days (37° C.). In the presence of apomor-
phine, D027, D029, D030 and D040, AP 1-40 solutions did
not exhibit any increase in ThT fluorescence, whereas in the
presence of bulbocapnine, R(-)-apocodeine, isocrydine, and
M121, AR 1-40 solutions showed ThT binding and ThT
fluorescence similar in magnitude to that of Ap 1-40 incu-
bated alone. Sedimentation velocity and EM studies
revealed that D027, D029, D030 and D040 inhibited the
formation of AP 1-40 fibrils with similarity to apomorphine,
i.e., there was evidence of the accumulation of nonfibrillar
assemblies as the major species in solution. When examined
by electron microscopy, the sample mixtures containing A
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1-40 and apomorphine, D027, D029, D030 and D040
showed the presence of numerous short oligomeric aggre-
gates with an average length of 100-300 nm. To confirm the
electron microscopy results, the same samples were exam-
ined by sedimentation velocity. Sedimentation velocity
analysis confirms the presence of oligomeric complexes of
Ap and apomorphine as the dominant species in solution.
Interestingly, apomorphine, D027, D029, D030 and D040
seem to stabilize oligomeric species of similar size. Two
populations of oligomeric species were shown to be stabi-
lized by these compounds, one with an average sedimenta-
tion coeflicient of 30-35 S, and the second with an average
sedimentation coefficient of 58-65 S. In all cases, the com-
pounds were effective at inhibiting Af 1-40 (100 uM) fibril
formation at 50 and 100 pM over the incubation period of
three days, with the exception of D030, which was shown to
inhibit fibril formation only at 100 uM (1:1, AB:D030). In
the apomorphine-related alkaloids bulbocapnine, R(-)-apo-
codeine, isocrydine, and M121, one or both D-ring hydroxyl
groups are derivatized (by methyl or methylene). These
derivatives of apomorphine showed no effect towards of A
1-40 fibril formation, as discerned from ThT, sedimentation
velocity, and electron microscopy studies. Examination of
these ThT positive samples by EM confirmed the presence
of highly ordered fibrils similar to those seen when A} was
incubated alone under the same conditions. Together, these
results demonstrate that the hydroxyl groups on the D ring
of apomorphine and derivatives are required for the inhibi-
tory effectiveness of these compounds.

[0070] Ap-Inhibitor Nonfibrillar Assemblies are “On
Pathway” Intermediates of A Amyloid Fibril Formation. To
determine whether the nonfibrillar assemblies formed as a
result of apomorphine, D027, D029, D030 and D040 bind-
ing to AP are “on pathway” or “off pathway” intermediates
of' amyloid fibril formation, we carried out a time-dependent
study of AP aggregation in the presence of these compounds.
To see if the nonfibrillar assemblies can be converted to
amyloid fibrils, the incubation period at 37° C. was extended
from three to nine days, and the samples were evaluated by
EM, sedimentation velocity and ThT fluorescence at differ-
ent time intervals. Both electron microscopy and sedimen-
tation velocity studies reveal that nonfibrillar assemblies
remain the dominant species in solution during the incuba-
tion period of 1-3 days in the presence of D030 and 1-6 days
in the presence of apomorphine, D027, D029 and D040.
However, during the incubation period of 6-9 days long
fibrils, which were absent at 3 days, started to become
apparent in the EM micrographs (see FIG. 8). However, the
soluble nonfibrillar assemblies remained the dominant spe-
cies in solution and long fibrils composed only ~10-15% of
AP in solution at nine days. The delayed appearance of AP
fibrils is consistent with the idea that the precedent short
nonfibrillar assemblies of Ap-inhibitor are an on-pathway
intermediates of amyloid fibril formation.

[0071] Apomorphine, D027, D029, D030 and D040 Pro-
mote AP Oligomerization, but Inhibit Fibrillization. Incu-
bation of Af 1-40 at 37° C. for 17-20 hr populates a set of
protofibril intermediates, but little or no fibril formation
occurs. Additional incubation (40-72 h) leads to the disap-
pearance of protofibrils and appearance of fibrils as the
predominant species in the sample. To investigate the effect
of'apomorphine, D027, D029, D030 and D040 on the rate of
protofibril formation of A, we evaluated protofibril forma-
tion of AP in the presence and absence of apomorphine,
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D027, D029, D030 and D040 over the time period of 20-90
h. Table 1 (below) presents a summary of the time-depen-
dent sedimentation velocity studies of Af in the presence of
apomorphine and related compounds over a period of 4
days.

[0072] FIG. 10A shows a negatively stained electron
microscopy image of a sample of AP after incubation for 20
h at37° C., pH 7.4) revealing protofibrillar aggregates as the
predominant species in solution. Sedimentation velocity
analysis of this sample indicates that 15-20% of the sample
sediments as a broad boundary corresponding to a ladder of
protofibrillar species with an average sedimentation coeffi-
cient of 20 S. Equilibrium studies revealed that the remain-
ing 80-85% of AP in solution (i.e., unsedimented Ap) exists
in its monomeric form. In marked contrast, AR (100 pM)
samples incubated for 20 h at 37° C. in the presence of
apomorphine, D027, D029, D030, and D040 (also 100 uM)
showed the accumulation of soluble nonfibrillar assemblies
as the major species in solution. Electron microscopy studies
carried out on these samples revealed assemblies with an
average diameter and length of the dominant species con-
sistent with the sedimentation results. The amount of non-
fibrillar assemblies (“protofibrils”) formed after 20 hour
incubation of AP alone was ~30% of that obtained in the
presence of apomorphine, D027, D029, D030, and D040.

[0073] Sedimentation velocity analysis of this sample
indicate that the AB-inhibitor complexes sediment as a broad
boundary corresponding to a ladder of sedimenting species
with an average sedimentation coefficient of 33, 35, 33, and
31 S in the presence of D027, D029, D030, and D040
respectively. Further incubation of the A solutions resulted
in fibril formation in solutions of Af alone, and the popu-
lation of a second high molecular weight oligomeric species
in the presence of apomorphine and its congeners, FIG. 9,
Table 1.

TABLE 1

DISTRIBUTION OF AGGREGATION SPECIES;
SEDIMENTATION VELOCITIES

Sample 20 h 50h 90 h

Ap 1-40 208 Fibrils Fibrils

AP 1-40 + D027 338 318,658 308,508,768
ApP 1-40 + D029 358 368,708 268,518,708
ApP 1-40 + D030 238,103 8

ApP 1-40 + D040 318 368,618 368,678

[0074] These results suggest that apomorphine is unique
as an anti-amyloidogenic agent as it acts simultaneously as
both a promoter of Af oligomerization and an inhibitor of
Ap fibrillization.

[0075] Apomorphine and its Structural Analogues Binding
to AP Monomer vs. Oligomeric Intermediates. The sedi-
mentation velocity and EM studies suggest that apomor-
phine and some of its derivatives bind preferentially to early
oligomeric intermediates of Af and result in a marked delay
of fibril formation. Analytical ultracentrifugation methods
were also employed to probe the mechanism of interaction
of these molecules with Af. The absorbance of these com-
pounds at 300-340 nm, where AP does not absorb, enabled
us to selectively monitor the sedimentation and estimate the
size of the soluble AP aggregates that were bound to
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apomorphine. Sedimentation velocity studies showed that
5-15% of AP remained in its monomeric form after sedi-
mentation and pelleting of the Af-inhibitor aggregates. To
investigate whether apomorphine binds to monomeric Ap,
we carried out a sedimentation equilibrium experiment on
the remaining monomeric species by monitoring at 330 nm,
where apomorphine is the sole contributor to the absorbance
at this wavelength. Sedimentation equilibrium resulted in a
concentration distribution profile, which when fitted to a
single species model produced an excellent fit and yielded a
molecular weight of 4,430 g/mol, corresponding to the
molecular weight of monomeric Af+apomorphine. This
demonstrated that apomorphine is bound to monomeric Ap.

[0076] The ability of apomorphine and its analogs to act
on late intermediates on the pathway of amyloid fibril
formation was also evaluated by adding apomorphine or one
of its analogues to a pre-incubated solutions of AP, which
were determined to contain preformed Af protofibrils (20-
25%). Apomorphine, D027, D029, D030, and D040 were
added to A solutions that were pre-incubated at 37° C. for
18-20 hr (mainly protofibrils are formed under these condi-
tions). The samples were further incubated at 37° C. for
three to nine days, after which the solutions were examined
by EM and electron microscopy and sedimentation velocity.
The five compounds were shown to interfere with amyloid
fibril formation even when added after the fibrillization
reaction had already started. The coincubation of Af with
D027 at 37° C. resulted in the accumulation of two popu-
lations of nonfibrillar assemblies with an average sedimen-
tation coefficient of 31 and 65 S, respectively, FIG. 10A.
Addition of D027 to pre-incubated Af solutions
(protofibrils) resulted in the accumulation of a wider distri-
bution of quaternary structures (at least three populations of
nonfibrillar species with an average sedimentation values of
32, 48 and 78 S) and no fibril formation, FIG. 10B, C.
Apomorphine, D029, and D040 exhibited similar behavior
with a slightly different size of assemblies being populated.
In all cases fibril formation (protofibril assembly into amy-
loid fibrils) was inhibited. However, D030 was shown to be
the least effective compound towards inhibiting protofibril
assembly into fibrils, as significant amount of fibrils were
observed by EM, which was not the case for the other
compounds. These results suggest structural similarities
between the protofibrils formed by AP and the nonfibrillar
assemblies formed in the presence of apomorphine and its
analogues, with the apomorphine, D027, D029, D030, and
D040 having a binding affinity for both species.

[0077] Apomorphine Auto-Oxidation is Required for
Inhibiting Aggregation. The rapid auto-oxidation of apomor-
phine, which occurs within the first 1-3 hours of incubation
at37° C. (pH 7.4, 50 mM Tris-HCl, 150 mM NaCl) suggests
that one of the oxidation intermediates or products may be
responsible for the anti-fibrillization properties observed for
these compounds. To investigate the role of oxidation in the
inhibitory effect for apomorphine and its analogues, we
carried out an AP fibril formation assay using a one month
old inhibitor stock solution (oxidized, colored solution),
freshly prepared inhibitor stock solution (clear solution), and
freshly prepared stock solution of prepared inhibitors con-
taining 1% (v/v) sodium metabisulphite (clear solution).
Sodium metabisulphite is a reducing agent that is known to
enhance the stability of apomorphine and its analogues
towards auto-oxidation. The samples were incubated at 37°
C. (pH 7.4) for 3 days before being evaluated by ThT
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fluorescence and electron microscopy. Evaluation by ThT
fluorescence revealed similar inhibitory effects for both the
oxidized compounds and the freshly dissolved compounds,
consistent with the idea that the inhibitory effect is associ-
ated with a rapidly formed auto-oxidation product(s) of
these compounds. Addition of sodium metabisulphite to AP
solution samples containing apomorphine, D027, D029,
D030 and D040 resulted in restoration of the ThT signal,
indicating the presence of amyloid fibrils. These results
suggest that auto-oxidation is required for the anti-fibrilli-
zation activity observed for these compounds. Examination
of'the samples containing sodium metabisulphite by electron
microscopy revealed long unbranched fibrils, similar to
those observed for AP alone, as the major species in solu-
tion. Electron microscopy examination of Af samples incu-
bated with either aged or freshly prepared stock solutions of
apomorphine or D027 revealed effective inhibition of AB
fibril formation in both cases over a time course of three to
four days at 37° C.

[0078] Apomorphine, D027, D029, D030, and D040
Compete for Thioflavin T Binding Sites on the Surface of
Amyloid Fibrils. Although longer incubation of AP solutions
in the presence of apomorphine, D027, D029, D030, and
D040 resulted in formation of some long fibrils, the ThT
signal for the samples did not exhibit any changes. In
particular, samples of AP coincubated with D030 and incu-
bated for 11 days at 37° C. did not show a ThT signal even
though EM examination of these samples revealed signifi-
cant amounts of fibrils in solution. These results suggest that
these compounds are capable of binding to the surface of
fibrils as well as protofibrils and consequently interfere with
Thioflavin T binding. To examine the activity of these
compounds to compete for the Thioflavin T binding sites on
the amyloid fibrils, solutions of A were incubated at 37° C.
(3 days) in the presence and absence of apomorphine. The
Thioflavin T fluorescence of each sample was examined and
revealed a high ThT signal for solutions containing AP
alone, and a signal near background for the sample contain-
ing apomorphine. Addition of apomorphine, D027, D029,
D030, and D040 to pre-formed Af fibrils (formed in the
absence of apomorphine) also resulted in a significant (70-
85%) decrease in the ThT signal, thus suggesting that the
ThT binding sites on the surface of Af fibrils were occupied
by apomorphine, D027, D029, D030, and D040, FIG. 11.
Although these results show that ThT fluorescence can be
misleading when used to monitor fibril formation in the
presence of these compounds, electron microscopy studies
clearly demonstrate that the inhibitory effect observed for
these compounds is consistent with their ability to prevent
Ap fibrillization. However, these results demonstrate that
caution should be exercised when using dye-binding assays
such as Congo red or Thioflavin T to monitor amyloid
formation and such techniques should be supplemented by
other biophysical methods such as EM and/or analytical
ultracentrifugation.
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What is claimed is:

1. A method for inhibiting, reducing or delaying Ap fibril
formation comprising contacting Af protein with an apo-
morphine derivative or analog or oxidation product thereof,
or a pharmaceutically acceptable salt of said apomorphine
derivative or analog or oxidation product thereof, in an
amount effective to inhibit, reduce or delay AP fibril for-
mation by inhibiting, reducing or delaying aggregation of
Ap protein.

2. The method of claim 1, wherein said apomorphine
derivative or analog or oxidation product thereof comprises
a D ring comprising at least one free hydroxyl or catechol
moiety or said oxidation product thereof is a product of
auto-oxidation of said hydroxyl or catechol moiety.

3. The method of claim 1, wherein said apomorphine
derivative or analog or oxidation product thereof comprises
a compound of the following formula I:

Ry
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wherein

* indicates an asymmetric carbon including both stereoi-
somers,

R, and R, are independently selected from the group
consisting of H, alkyl, substituted alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl or substituted alkenyl;

R;, Ry, Rs, Rg, R, and R, are independently selected from
the group consisting of H, hydroxy, thiol, methoxy,
methyl sulfide, methylenedioxy, alkoxy, and alkyl sul-
fide;

or a pharmaceutically acceptable acid addition salt
thereof.

4. The method of claim 3, wherein at least one of R, and
R; is a hydroxyl group.

5. The method of claim 4, wherein both R, and Ry are
hydroxyl groups.

6. The method of claim 3, wherein said compound of
formula I is a compound of the following formula II:

11
Ro

R4 R,

Rs

wherein

* indicates an asymmetric carbon including both stereoi-
somers,

R, is H or C,-C; alkyl, and

R,, R;, R, and Ry are independently selected from the
group consisting of H, hydroxy, thiol, methoxy, methyl
sulfide, methylenedioxy, alkoxy, alkyl sulfide, and
halo;

or a pharmaceutically acceptable acid addition salt

thereof.

7. The method of claim 6, wherein at least one of R, and
Rs is a hydroxyl group.

8. The method of claim 7, wherein both R, and Ry are
hydroxyl groups.

9. The method of claim 8, wherein said apomorphine
derivative or analog or oxidation product thereof is a product
of auto-oxidation of a catechol moiety of said compound of
formula II.

10. A method for inhibiting, reducing or delaying A fibril
formation according to claim 1, wherein said AP fibril
formation is associated with an amyloidosis-based condi-
tion, disease or disease state, said contacting A} protein with
an apomorphine derivative or analog or oxidation product
thereof, or a pharmaceutically acceptable salt of said apo-
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morphine derivative or analog or oxidation product thereof,
comprises administering to a subject said apomorphine
derivative or analog or oxidation product thereof, or a
pharmaceutically acceptable salt of said apomorphine
derivative or analog or oxidation product thereof.

11. A method for inhibiting, reducing or delaying forma-
tion of amyloid or amyloid-like deposits in a subject in need
of such treatment, comprising administering to the subject
an apomorphine derivative or analog or oxidation product
thereof, or a pharmaceutically acceptable salt of said apo-
morphine derivative or analog or oxidation product thereof,
in an amount effective to inhibit, reduce or delay formation
of amyloid deposits by inhibiting, reducing or delaying
aggregation of Af} protein.

12. The method of claim 11, wherein said subject is a
human subject suspected of being susceptible to or suffering
from amyloidosis associated with Alzheimer’s disease.

13. A method of delaying the onset of Alzheimer’s disease
or another amyloidosis-related condition in a subject pre-
disposed to said disease or said condition, comprising
administering to the subject an apomorphine derivative or
analog or oxidation product thereof, or a pharmaceutically
acceptable salt of said apomorphine derivative or analog or
oxidation product thereof, in an amount effective to inhibit,
reduce or delay formation of amyloid deposits by inhibiting,
reducing or delaying aggregation of Af protein.

14. A pharmaceutical composition comprising a com-
pound of the following formula I:

wherein

* indicates an asymmetric carbon including both stereoi-
somers,

R, and R, are independently selected from the group
consisting of H, alkyl, substituted alkyl, cycloalkyl,
substituted cycloalkyl, alkenyl and substituted alkenyl;

R;, R4, Ry, Re, R, and Ry are independently selected from
the group consisting of H, hydroxy, thiol, methoxy,
methyl sulfide, methylenedioxy, alkoxy, and alkyl sul-
fide;

or a pharmaceutically acceptable acid addition salt
thereof, and a pharmaceutically acceptable carrier.

#* #* #* #* #*



