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Amphotericin B Binds to Amyloid Fibrils and Delays Their Formation: A
Therapeutic Mechanismh?
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ABSTRACT. The membrane-active antifungal agent amphotericin B (AmB) is one of the few agents shown
to slow the course of prion diseases in animals. Congo Red and other small molecules have been reported
to directly inhibit amyloidogenesis in both prion and Alzheimer peptide model systems via specific binding.
We propose that it is possible that AmB may act similarly to physically prevent conversion of the largely
o-helical prion protein (PrP) to the pathologigisheet aggregate protease-resistant isoformJPie®

prion disease and by analogy prevent fibrillization in amyloid diseases. To assess whether AmB is capable
of binding specifically to amyloid fibrils as does Congo Red, we have used the insulin fibril &nd A
25—35 amyloid model fibril system. We find that AmB does bind strongly to both insilin= 1.1 «M)

and A3 25—35 amyloid Kyq = 6.4 uM) fibrils but not to native insulin. Binding is characterized by a
red-shifted AmB spectrum indicative of a more hydrophobic environment. Thus AmB seems to have a
complementary face for amyloid fibrils but not the native protein. In addition, AmB interacts specifically
with Congo Red, a known fibril-binding agent. In kinetic fibril formation studies, AmB was able to
significantly kinetically delay the formation of /A25—35 fibrils at pH 7.4 but not insulin fibrils at pH

2.

Amphotericin B (AmB) is a widely used membrane-active which can be genetic, acquired, or sporadic. There are over
antifungal drug which also shows a remarkable breadth of a dozen amyloid diseases, including Alzheimer’'s disease
additional activities 1). For example, it has antiprotozoal (AD) and familial amyloidotic polyneuropathy. These are
also neurodegenerative diseases which are mainly genetic
or sporadic but recently have shown to be transmissible under
some circumstance4@). Prions and amyloid diseases have
many features in common. Chiefly, they both involve protein
misfolding events which can induce other proteins to misfold
into largelyS-sheet fibrillar or oligomeric isoformsl(, 12).
These structures seem to be the key to the disease patho-
genesis by various proposed mechanisfrgs-(5).

There are currently no approved human chemotherapies
for these diseases other than relief of secondary eff&éjs (
. o o . . though vaccines still look promisind. 7). Inhibition of fibril
_(2), antmrql ®), a_nd indirect antlr_nlc_rob_lal activity through growth via binding of small specific ligands has been
immune stimulation 4, 5). Most intriguing are reports of iy estigated as a possible therapeutic approach for amyloid/

the antipri.o.n activity of AmB_ and ijcs d_erivatives)( In fact, prion diseasesl@—21). The polyol region of AmB suggests
amphotericin B (AmB) and its derivatives have been shown ¢ it could be an effective hydrogen bond donor/acceptor

to be among the very few agents which can slow the course 4, may be able to terminate and/or stabilize freheet

of prion disease in animal model3, (8). It is currently  gyrycrure of a growing amyloid fibril or oligomer as has been
unclear as to V\{haf[ the mechanism o_f action could l_ae, bUtsuggested for alternating-methyl peptides and the dye
both.dlrect and _mdwegt blockage of prion Rgpropagation Congo Red (CR)Z1). AmB has the further advantage of
and immune stimulation have been proposéy ( being a well-characterized drug which is already widely
Transmissible spongiform encephalopathies (TSE) are gy jjlable and has many newer low-toxicity pharmaceutical
neurodegenerative diseases which include Creutzféitob preparations 1). We hypothesize that AmB may exert its
disease (CJD) in humans, scrapie in sheep, and chronicypinrion effect by selectively binding fsheet-rich protein

wasting disease (CWD) in deer and elk. The causative agentiyils  jsoforms, or oligomers and preventing or slowing
in these diseases is prions, proteinaceous infectious particlesjgrmation. nucleation. and propagation.

Amphotericin B

s ed by the NSE-RUI (S.C.H,) and the Leoba H We have investigated this proposed binding interaction
upported by the - program (S.C.H.) and the Leoba Hogan | i _ A ; i filri
Scientific Research Scholarship (T.RW) using the low-pH bovine insulin amyloid fibril and thefA
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prions @2). The A5 25—35 peptide, which is the among the
most amyloidogenic stretches of thed A—42 sequence

associated with AD, shows sequence and chemical similari-
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420 nm for A3 25—35 fibrils. The absorption coefficient
was assumed to be the same for both fibril preparations.
The binding data were fitted to a function, taking into

ties to the critical hydrophobic core sequence of the prion account the effect of receptor depletion when ligand con-

protein, PrP 106126 @3). A specific binding interaction
of AmB was observed for both insulin angs&25—35 fibrils

centration is of the same order of magnitude as receptor
concentration from Ellison26) and taking into account the

as quantitated by a red shift of the monomer absorbance andncreasing absorbance “tail” of AmB (a linear function):

disassembly of the AmB oligomer. No significant binding

to the native insulin structure was observed. AmB also binds
to Congo Red and thus seems to have a complementaryRL] =

surface both for Congo Red and for amyloid fibrils. In the
insulin fibril seeding model at pH 2.0, AmB did not inhibit
fibrillogenesis kinetics, but in the more actives25—35
system at pH 7.4, AmB was able to significantly delay
fibrillogenesis.

MATERIALS AND METHODS

Materials. Purified amphotericin B, FMOC/OPfp amino
acid derivatives, Congo Red, and bovine insulin (I-5500,
0.5% Zn) were obtained from Sigma Chemical Co. (St.
Louis, MO). Amphotericin B was prepared in DMSO at a
concentration of 1 mM and quantitated by removing aliquots
into 100% MeOH using the extinction coefficient of 150000

(Kg+ R+ L) = Y(Kg + Ry + L)? = 4R/ L, .
2

NL,

where [RL] is the receptotligand complex,Kq is the
dissociation constanRy is the total receptor (insulin or /A
25—35), andLr is the total ligand (AmB). The function was
fitted using SigmaPlot.

Kinetic Fibril Formation Assay: (A) Insulinlt was
necessary to introduce a seed from preexisiting fibril to
overcome the lengthy lag time in the insulin/fibril system
(24). A fibril “seed” consisting of 0.085 mg/mL fibrillar
insulin was addedota 2 mg/mL solution of native bovine
insulin at pH 1.6, 0.1 M NaCl, and ZZ as described in ref
24. In one experiment 16M AmB was added to the mixture

at 406 nm. The standard Congo Red solution for all assaysat the outset. From these tubes of insulin, 10aliquots

was prepared in Congo Red (CR) buffer{@6 uM Congo
Red, 0.15 M NaCl, 5 mM KPQO,, pH 7.4).

Synthesis of A 25—35. The A5 25—35 undecapeptide,
GSNKGAIIGLM, was synthesized using standard FMOC/

were taken every 15 min. These aliquots were added to 3
mL of 25uM CR and probe sonicated for 30 s before being

scanned from 300 to 600 nm. At the final concentration of

AmB (0.5 uM), an AmB—CR spectral interference was

OPfp chemistry with a Protein Technologies PS3 peptide considered minimal as shown by AmB/CR titration data.
synthesizer. The peptide was analyzed and purified in the (B) A3 25—35 Assay. A 25—35 fibrillization kinetics
laboratory using reversed-phase HPLC (POROS R2 media).were assayed in a similar manner, except that PBS was used

The peptide was stored at70 °C as a lyophilized powder.
The peptide composition and purity were confirmed using
MALDI-MS.

Formation of Fibrils. Insulin fibrils were produced es-
sentially as described in ret4. Briefly, a fresh insulin
solution in deionized water was brought to pH 2.0 with HCI.

for the 2 mg/mL solution of fresh A 25—35 peptide.
Because of & 25—35’s rapid fibril-forming ability, no seed
was needed. AmB concentrations used in the fibril formation
inhibition studies were 7.5 and 18M.

RESULTS

The insulin solution was then subjected to seven freeze/thaw/  AmB Fibril Binding: Absorption Spectralhe ampho-

heating steps, which involved the use of liquid nitrogen and
a water bath at 92C. The solution was sonicated with a
probe sonicator for 1 min prior to use A25—35 fibrils
were produced as described in Klunk et &5)( Briefly, a
fresh A3 25—-35 solution at 1 mM was made up in
phosphate-buffered saline (PBS, 155 mM NacCl, 7 mM-Na
HPO,, 3 mM KH,PO,, pH 7.4) and was incubated at 22

for 48 h with stirring. Withn 3 h solutions were visibly

tericin B spectrum in agueous solution at concentratiohs

uM consists of a combination of two principal species. These
are a monomeric form consisting of the typical polyene
vibrational structure (aqueous absorption maxima at ca. 409,
385, 362, and 345 nm) and a self-associated form(s), typically
a single blue-shifted band at 33840 nm. Upon association
with 30 uM (in insulin) fibrillar insulin, the self-associated
form is nearly eliminated as the equilibrium shifts toward a

cloudy and contained amyloid fibrils as measured by Congo protein-bound monomeric form with blue-shifted absorption

Red binding. The solutions were stored &Clwhen not in

maxima at 418, 392, 374, and 354 nm (Figure 1). From a

use. The presence of characteristic fibrils was confirmed with titration of a fixed amount of AmB with increasing concen-
electron microscopy using a 3% uranyl acetate negative staintrations of sonicated fibrils an extinction coefficient of 95700

Fibril Binding Assay for AmBAf 25—35 and insulin fibril
solutions were titrated with-650 uM AmB from DMSO

was estimated for the AmB/fibril complex. AmB (&M)
with 5—50 «M native insulin shows no spectral shift or

solutions. Scans were taken from 300 to 500 nm with a Cary aggregate dissociation, indicating a specific interaction of
50 spectrophotometer. The concentration of bound AmB was monomeric AmB with insulin fibrils. AmB also interacted

estimated using an absorption coefficient previously deter-

mined from the spectrum of &M AmB in the presence of
increasing amounts of insulin fibrils {5100 uM). The
hyperbolic fit to the 8-0 absorption maxima value at 418
nm provided the absorption coefficient ef= 97500. The
amount of the AmB/fibril complex was estimated using this
value and was measured at 418 nm for insulin fibrils and

with synthetic AG 25—35 fibrils to give similar protein-bound
spectral features with the-@ vibronic maximum slightly
more red shifted to 419420 nm. The data clearly show that
the amino acid sequence is unimportant in AmB binding
since there is virtually no increase in the 418 nm band in
the presence of native insulin. Though the sample size is
small, these data suggest that AmB is binding to a common
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FiGurRe 1: Spectroscopic changes in AmB upon binding to insulin AmBI. (UM
fibrils. Insulin fibrils were prepared by incubation at pH 2.0. These [AmB], (M)
fibrils were sonicated and added to a PBS buffer at pH 7.4 with
5.0 uM AmB from a 1 mM AmB/DMSO stock solution and 5
incubated for 5 min at 22C. The aqueous AmB (light line) and B
AmB + 30 uM native insulin solutions (heavy line) exhibit nearly
identical spectra, consistent with the coexistence of a self-aggregated 4 -
species with a single banda828 nm and a typical AmB aqueous s
monomer with the principal 60 transition at 409 nm and other 3
transitions at 386, 366, and 344 nm. In the presence o0 B 3 o
insulin fibrils (dashed line) there is a near disappearance of the 3
aqueous self-associated form replaced by a new red-shifted (418, S
392, 373, 350 nm) protein-bound monomeric AmB species. 5 2
25 25
50. IJM 1 A
21 2
[0]
o
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2 1 1 [AmBY]. (M)
§ 0.5~ r0.5 Ficure 3: Titration of insulin and & 25—35 fibrils with AmB.
o Amphotericin binding was fitted to a modified hyperbola with a
£ 07 =0 linear component. Panels: (A) insulin fibrils; (B)325—35 fibrils.
a
-0.5 -0.5 uM) in the fibril kinetic assay suggest that this interaction
] ] will not cause significant spectroscopic interference.
"300 350 400 450 500 550 600 Determination of & 25—35 and Insulin Fibril Apparent

Wavelength, nm AmB Dissociation Constantg/e used %M insulin and 25

uM Ap 25-35 fibrils for binding titration with AmB in light

of the 51-residue insulin versus 11 amino acid residge A
was incubated in CR buffer at 3T for 5 min with AmB added 25—-35 difference between the systems. Panels A and B of
from a 1.0 mM DMSO stock solution. 26M CR without AmB Figure 3 show the curves generated using the protein-bound

was the baseline (dashed line) which was subtracted from all of A5 absorbance to determine the concentration of the AmB/
the other spectra to produce the difference. The isosbestic points

at 440 and 535 nm suggest a simple two-species transition. Theamy!Old complex;_ 418_ nm was used as the absorption
inset of a plot of the CR absorbance loss at 473 nm fitted to a Maximum for the insulin fibrils versus 420 nm for theg8A
hyperbolic function suggests a saturable interaction between CR25—35. This difference was due to the slight differences in
and AmB. the Amax Of the two species and also to the larger free AmB
interference with the & 25—35 system, since higher [AmB]
f|br|l Structural m0t|f rather than SpECifiC amil’lO aCid residues was required to approach b|nd|ng saturation. The curves were
much as the fibril-specific azo dye Congo Red. fitted to a modified hyperbola with a linear component due
Since AmB interacted specifically with fibrils, it was of to the increasing contribution of the free AmB absorbance
interest to determine whether it also interacted with Congo tail. It should be noted that “free AmB "is merely a term to
Red and could possibly interfere with fibrillization assay indicate non-protein-bound AmB. In reality, at the concentra-
readings. Figure 2 shows the result of increasing [AmB] on tions used, AmB was largely or entirely in the oligomeric
a fixed (254M) Congo Red aqueous solution. As demon- self-associated state as introduc2d, 8). However, AmB
strated by the saturable loss of CR absorbance at 470 nmwas designated as the ligand for these calculations. Even
(see inset) and the slight increase at 550 nm, AmB and CRthough AmB and & 25—35 monomers have nearly the same
do directly interact. The isosbestic points suggest a cleanmolar mass, the spectra indicate that AmB has dissociated
two-species interaction. The low final concentration of AmB into a bound monomeric form of AmB (a four-band polyene
(<0.5 uM) and the much higher concentration of CR (25 spectrum) and the /A 25—-35 is a high molecular mass

Ficure 2: Difference spectra of the interaction of 2M Congo
Red to varying amounts of AmB. A 26M Congo Red solution
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FiGurRE 4: Kinetics of fibril growth for 2 mg/mL bovine insulin at Time (min)
pH 2.0 as measured by CR binding in 281 CR buffer. Filled FIGURE 5: Kinetics of fibril growth for 2 mg/mL 48 25—35 in
triangles represent unseeded insulin and open triangleM1AmB PBS at pH 7.4 as measured by CR binding in:@5 CR buffer.

alone, open circles are 11 AmB + fibril seeds, and filled circles  Filled triangles represent unseedeg@ 25—35, filled circles are
are fibril seeds alone. Under t_hese conditions AmB neither seeded (as for insulin) A 25—35, open circles are A 25—35
prevented nor promoted fibrillization. incubated with 7.5M AmB, filled squares are a different@®25—

35 preparation with unseeded control, and open triangles are the
fibrillar supramolecular complex2, 30). Thus the amyloid Safﬂe A8 25-35 prepar%pon llﬂ thelpresenﬁe of 4H Aran. In
structure more closely resembles the traditional picture of a 20th cases AmB significantly delayed the onset of unseeded

L . . . . .~ fibrillization; however, points taken after 12 h indicate the ultimate
multisite “receptor”. There is no evidence for similar Kinetic  gytent of fibrillization was unaffected.
reversibility of fibrils (24) under these conditions, and so

we consider the receptor to be unchangeable. DISCUSSION

Quantitatively, AmB has &y of 1.14M for insulin fibrils The spectra in Figure 1 and the subsequent binding curves
and 6.4uM for Af 25-35. In addition, the data indicate i, Figure 3 suggest a specific saturable binding of AmB to
that there is a saturation of about 1 molecule of AmB/2 amyloid fibrils produced from insulin and A25—35. On
insulin “monomers” in the fibril and about 1 AmB/20 of the  thg hasis of results of AmB association with serum albumin,
Ap 25-35 peptide monomers. Since the fraction of protein j; g likely that the “bound” spectra correspond to a
in a fibrillar form is unknown for these systems, the number nonaqueous protein binding si@g. It is possible that AmB
of A.mB. bmdmg sites shoulld be_ regarded as tentative. could be binding less specifically to aggregates by hydro-

Kinetics of Fibril Formation.Figure 4 shows the results  phobic interactions, but we feel this is not the case for several
of kinetic fibril formation studies on the low-pH (2.0) insulin  reasons. First, & 25—35 is not an extremely hydrophobic
system. In agreement with previous studies, no appreciablepeptide overall with an expected net chargetdf and an
fibrillogenesis occurred over a 400 min time frame in the Asn, Lys, and Ser residue and three Gly residues. It does,
absence of a seed from mature insulin fibrigsl( In the however, have a significant hydrophobic segment (the last
presence of a seed, the fibrils began to form immediately. five amino acids, [IGLM). The saturability (the hyperbolic
According to our hypothesis, AmB could bind to and prevent component in Figure 3) and the time dependence of the
a seed from nucleating fibrillogenesis and/or could inhibit pinding paralleling fibril formation (assessed via CR binding)
the process by binding to existing fibrils and arresting further suggest a specific binding to the amyloid structures rather
growth. AmB was preincubated with fibrils at 100, and than a precipitate. The specificity of insulin fibril vs native
subsequently the fibrillogenesis mixture was incubated in the pinding suggests a strong preference for the amyloid
presence of 1xM AmB. This treatment did not delay the  g-structure rather than simply hydrophobic amino acids. In
fibrillogenesis process (Figure 4). As a control .28 AmB addition, the specific interaction of AmB with CR (Figure
was added to an unseeded mixture and failed to promote?) suggests a complementary face to amyloid. Previous

fibrillogenesis by itself. diffraction studies of a yeast prion peptide GNNQQNY fibrils
Figure 5 shows the results of kinetic fibril formation suggest a parallgd-sheet thickness of about 22.6 &4).
studies on the pH 7.4 A25—35 peptide system. A25— Other model studies of Afibrils suggest a thickness of about

35 is one of the most toxic and most fibrillogenesis-prone 30 or 40 A for individual antiparalleB-strands 35, 36).
peptides contained within the amyloid precursor prot8l) (  These numbers fit well with the expected length of AmB
32). In the absence of added seed, this peptide rapidly formsmonomers of 2530 A.

fibrils after dissolving the lyophilized powder as monitored  The clean isosbestic point in the spectral series of AmB
by CR binding. There is no discernible lag time and the and Congo Red indicates a simple two-species transition
typical half-time of fibrillogenesis is 1520 min. Seeding  (Figure 2). Since AmB is mostly in the self-associated state
by the same protocol as above does not enhance this rateat >~1 uM, it is possible that CR is binding and intercalating
Adding AmB to the freshly dissolved peptide, however, does into this regular AmB aggregate as it does into amyloid
have a profound effect on the lag time: 45 min at 78 fibrils. Alternately, it could be causing dissociation of the
AmB and 150 min at 1xM. DMSO alone at the concentra- AmB supramolecular structure and binding to the monomer
tions added from the stock AmB solution did not slow the in a binary complex. The amyloid-like shoulder at 550 nm
fibrillogenesis. suggests the former. Thus it seems that AmB has a
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complementary face for both CR and amyloid. Another interesting implication of the strong interaction

One of the most significant findings in this report is that Of AmB with amyloid structures could bear upon resistance
AmB can significantly delay the onset of fibrillization of ~and efficacy of AmB versus fungal pathogens. It has been
Af 25-35 at near therapeutic levels of AmB (Figure 5). As fecently shown that some fungi express a protein called
this is one of the most toxic as well as one of the most hydrophobin which associates into CR-bindjfigmyloid-
fibrillization-prone fragments of the A1—42 peptide, this like structures®4, 55). It is possible that such a protein could
is a noteworthy result37). The interference of amyloid be a resistance factor for AmB if it sufficiently immobilizes
formation by AmB suggests that AmB could either “cap” a the e}r.lti.biotic. On the qther hand, it could promote AmB
growing fibril as has been proposed for N-methylated peptide S€NSitivity by sequestering AmB near the cell membrane. It
B-sheet breakers3p) or could “overstabilize” the existing will be interesting to see what, if any, effect of expression

amyloid structure and thus slow the recruitment of new Of this protein will have on AmB susceptibility.
peptide units. With the realization that amyloid and prion diseases have

. . . . . much in common, including, apparently, infectivityQ}, it
While AmB has never been investigated as a potential anti- : Y 0! : ’
. ; ; , L I le th lar th I I
Alzheimer’s drug, it has been studied for its antiprion effects seems plausible that similar therapeutic strategies could apply

for over 15 years3g). AmB and its more soluble, less toxic for both. In this report, we have established that AmB can
derivative MS-8209 have proven to be the most successful
drugs for the treatment of experimental prion diseases in
mouse and hamster model syste9( 39—43). Both MS-
8209 and AmB are able to significantly delay the onset of
scrapie in mice and hamsters and reduce the cerebral PrP
load until the onset of the disease. These drugs are eve
effective when given 2 weeks prior to ic RegHnoculation
and discontinued39). Neither affects the spleen load of
PrRes to a great degree9). Since these drugs were given
via the ip route, it is clear that AmB and MS-8209 must
affect either the entry into neural tissue or aggregation within
the brain, in which case the drugs are somehow having an
impact across the bloetbrain barrier 44). As MS-8209 is
less acutely toxic than AmB, it can be given in higher doses
and is thus more effective39). Despite this progress, it is

interact specifically with amyloid folded proteins and can

. significantly inhibit fibril formation by one of the most potent
and toxic of all fibril-forming peptides, A 25—35. Though
AmB itself and the commercial deoxycholate formulation
(Fungizone) are too acutely toxic to contemplate as a
therapeutic agent for long-term therapy of amyloid diseases,
Ntis possible that one of many numerous, less toxic synthetic
derivatives or AmB drug delivery systems could be part of
a management strategy, 66). By analogy with promising
antiamyloid CR derivatives designed to cross the bteod
brain barrier $1), such AmB derivatives may be worth
investigating for Alzheimer’s and prion diseases.
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emerged: blockage of formation or uptake of Ryfr
indirect clearance of PfRby AmB stimulation of macro-

phages (by an unknown mechanism) and increasing phago- 1.

cytic clearance44). This latter proposal has experimental
support in that AmB has been shown to stimulate a primary
response in macrophages and monocytes involving produc- 3
tion of TNF-a. and IL-1(5, 30, 45). Since macrophages are

critical in sequestering PrRinocula and clearing the agent 4.

in animal systems, stimulation could be an important factor
(46). However, AmB has also been shown to inhibit scrapie 5
propagation in cultured cells in the absence of monocytes,

and so there must also be a more direct mechanésia7j. 6.

Like AmB, the anionic azo dye Congo Red has shown 7
antiprion activity ©, 48) though it appears to be strain or
species specificd). In addition, CR inhibits both aggregation
and toxicity of Ag fibrils and aggregatesl®, 20, 49, 50),

and new CR derivatives have been investigated as Alzhei- 9.

mer’s therapiesH1). Since CR binding is, in fact, diagnostic

of amyloid and prion pathogenic structures, it is presumed
that direct binding to misfolded proteins somehow inhibits
propagation and/or damage due to misfolded assembl#es (

As AmB binds strongly to fibrillar peptides, a CR-like
mechanism could be responsible for at least part of its
effectiveness, though in the case of mouse scrapie disease
CR and MS-8209 seem to have distinct mechani9ndrg
addition, inhibition of cellular damage by CR has been

reported to be due to blockage of putatives Aligomer 15.
“protofibril” ion channels B3) or general inhibition of 16.
fibrillogenesis 49). 17.

8.

14.
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