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We have previously shown that overexpressing subunits of
the iron-binding protein ferritin can rescue the toxicity of the
amyloid B (AB) peptide in our Drosophila model system.
These data point to an important pathogenic role for iron in
Alzheimer disease. In this study, we have used an iron-selec-
tive chelating compound and RNAi-mediated knockdown of
endogenous ferritin to further manipulate iron in the brain.
We confirm that chelation of iron protects the fly from the
harmful effects of Af. To understand the pathogenic mecha-
nisms, we have used biophysical techniques to see how iron
affects A aggregation. We find that iron slows the progres-
sion of the A peptide from an unstructured conformation to
the ordered cross-p fibrils that are characteristic of amyloid.
Finally, using mammalian cell culture systems, we have shown
that iron specifically enhances A toxicity but only if the metal
is present throughout the aggregation process. These data sup-
port the hypothesis that iron delays the formation of well or-
dered aggregates of A3 and so promotes its toxicity in Alzhei-
mer disease.

AD? remains the most common cause of dementia in the
elderly; however, our incomplete understanding of its patho-
genesis hinders therapeutic progress. It is widely believed that
an important initiating factor is the accumulation of the amy-
loid B peptide (AB) within the brain (1, 2). AB is generated by
the proteolytic processing of the amyloid precursor protein,
and the behaviors of the resulting peptide isoforms, largely
AB;_,0and AB,_,,, are determined in large part by differ-
ences in their C-terminal residues. In the case of AB;_,,, the
peptide is 40 amino acids long and does not contain the final
two hydrophobic residues that are present in the more aggre-
gation-prone A3, _,,. In some families, mutations in the APP
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gene result in amino acid substitutions within the A peptide;
a particular example of this is the Arctic mutation (E22G) that
is linked to early onset autosomal dominant AD (3). In both
sporadic and familial AD, however, it is the aggregation-prone
AP peptide that comprises the amyloid plaques that are seen
in the brain of individuals with AD (4). However, the mature
amyloid fibrils that constitute these plaques are not thought
to be the prime cytotoxic agent; rather there is strong evi-
dence both in vitro and in vivo that the most toxic A aggre-
gates are small, soluble species that precede, but may also ac-
company, the appearance of mature fibrils (5).

We have generated a model system in which AB peptides
are secreted from neurons in the brain of Drosophila melano-
gaster (6). The consequent phenotypes correlate well with the
propensity of a range of A3 variants to form soluble aggre-
gates (7). Using this system, we performed an unbiased ge-
netic modifier screen that highlighted the importance of iron
metabolism as a cofactor in mediating the A toxicity (8).
Indeed, we and others have shown that both genetic and
pharmacological manipulation of iron metabolism in the fly
(8) and mouse (9) brain can modify A toxicity. Notably, we
found that overexpression of the heavy chain of the iron-
binding protein ferritin affords a complete rescue of the loco-
motor deficits that result from A expression (8). Iron accu-
mulates in the brain with age (10, 11) and may have a role in
the oxidative damage that is observed in AD (12-15), possibly
by catalyzing the Fenton conversion of hydrogen peroxide to
the highly toxic hydroxyl radical (8). Accordingly, we have
shown that ferritin heavy chain can reduce oxidative damage
in our model system; remarkably, ferritin is able to exert these
beneficial effects despite a concomitant increase, sometimes
more than 2-fold, in the accumulation of AB in the brains of
flies (8). However, the role of iron in the aggregation of A3
has been questioned because of the biophysical evidence that
there is no high affinity interaction between the two (16). In
this work, we employ fly, cell culture, and in vitro model sys-
tems to investigate how iron chelation renders A3 aggregates
non-toxic.

EXPERIMENTAL PROCEDURES

Drosophila Lines—D. melanogaster were cultured at 25 °C
and grown on standard fly food containing 1% w/v agar, 8%
w/v glucose, 8% w/v maize, 1.5% w/v yeast, 0.25% w/v Nipa-
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gin. UAS ferritin light chain (FerLCH) RNAi (CG1469) and
UAS ferritin heavy chain (FerHCH) RNAi (CG2216) lines
were obtained from the Vienna Drosophila RNAi Center. Flies
carrying A transgenes UAS-AB, _,, (Alz40.1), UAS-AB,_,,
(Alz42.3), or UAS-Arctic AB,_,, (AlzArcl) have been de-
scribed previously (6).

Hatching Assays—Fly crosses were constructed to study the
interaction between A and ferritin RNAi. Offspring from the
crosses inherited chromosomes carrying: i) UAS-RNAi con-
structs against FerHHCH or FerLCH or control genetic back-
ground; ii) UAS-AB,,, UAS-AB,,, or UAS-ArcticAB,, or con-
trol; and iii) X,elavdss—galél or Y. All the offspring from these
crosses were counted (z > 300 flies for each combination of
RNAi with A transgene), and the hatching efficiency (h.e.)
for each genotype was calculated, allowing for the genetic
backgrounds of both the RNAi and the A transgenes; it was
assumed that genetic interactions were identical in male and
female flies.

Treatment of Flies with the Iron Chelator YM-F24—YM-
F24 was dissolved in dimethyl sulfoxide (the vehicle) and
added to standard fly food at a maximum ratio of 0.2% v/v to
achieve the 1000 uM condition. Developing and adult flies
were cultured on tubes containing the appropriate concentra-
tion of compound throughout their life. Longevity assays were
performed on 10 tubes of 10 flies for each condition as de-
scribed previously (8).

Preparation of the AB,_,, Peptide—AB,_,, (H-1368
Bachem) peptide was dissolved in trifluoroacetic acid, soni-
cated, and lyophilized overnight. The peptides were then re-
suspended with gentle agitation in hexafluoroisopropyl alco-
hol to a concentration of 1 mg/ml for 30 min at 4 °C before
aliquoting in the cold. The samples were dried under vacuum
in a rotary evaporator for 3 h at room temperature and stored
at —80 °C. Quantitative amino acid analysis was performed to
measure the concentration and purity of the peptide (17).

Thioflavin T Assay of Amyloid Formation—Fluorescence
assays were carried out using FLUOstar Optima plate reader
with a 440-nm excitation filter and a 480-nm emission filter at
37 °C. Reactions were performed in black plastic, flat-bot-
tomed 96-well Corning plates in a total volume of 100 ul.
Each reaction mixture contained 20 um thioflavin T, 5 um
AB,_,4, (Bachem), and a range of FeCl, concentrations (0 —
1000 um) in modified Krebs-Henseleit buffer (123 mm NaCl,
4.8 mm KCl, 1.2 mm MgSO,, 1.4 mm CaCl,, 11.0 mm glucose,
and 100 mm PIPES, pH 7.4). The plate was shaken for 5 s be-
fore each reading.

Aggregates to be used as seeds for further amyloid forma-
tion were generated by incubating A3, _,, at 15 um, with or
without 1 mwm iron, in Krebs-Henseleit buffer for 2 h at 37 °C.
The aggregates were disrupted by sonication for 8 min and
centrifuged at 18,000 X g for 10 min. The top 90% of superna-
tant was discarded, and the pellet was resuspended in the bot-
tom 10% of the supernatant. 20 ul of this solution was used to
seed each 100-pul aggregation reaction.

X-ray Fiber Diffraction—Freshly prepared AB,_,, was dis-
solved at a concentration of 1 mM in ultrapure water = 10 mm
FeCl, and allowed to aggregate without agitation at 37 °C for
48 h. Droplets containing the fibrils were suspended between
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wax-coated glass rods and maintained in a sealed environ-
ment. During this desiccating treatment, the A fibrils be-
came aligned with the axis of the opposing glass rods. The
dried bridging material was broken in half and placed in an
x-ray beam with monitoring of the resulting diffraction pat-
tern (18).

Transmission Electron Microscopy— 4-ul aliquots of the
AB,_,, fibril suspension used for x-ray fiber diffraction stud-
ies were incubated on a copper mesh grid (size 400, S162-4
Formvar, Agar Scientific) for 1 min. The grids were then
washed with 4 ul of water for 1 min before being stained
twice in 4 ul of 2% w/v uranyl acetate in water.

Circular Dichroism Spectroscopy—A 3, _ 4, was dissolved at
a concentration of 1 mwm in ultrapure water = 10 mm FeCl; in
5-ul aliquots and allowed to aggregate without agitation at
37 °C. At various time points, an aliquot was diluted 1:40 into
ultrapure water, and the circular dichroism (CD) spectrum
was measured in a quartz cuvette (path length 1 mm) using a
JASCO J-810 spectrometer.

Tissue Culture—The human neuroblastoma cell line SH-
SY5Y (94030304, Sigma) was cultured in Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12 Ham (Sigma D8437)
supplemented with 20% v/v fetal bovine serum (F7524 Sigma),
100 units/liter penicillin, 100 mg/liter streptomycin (P4333
Sigma), 100 mg/liter kanamycin (K0129 Sigma). Cells were
split 1:5 to 1:10 twice per week and incubated at 37 °C, 6% v/v
C0,. The cells were cultured for a maximum of 20 passages.

Cell Toxicity Assay—Cells were seeded overnight in normal
culturing medium at 50,000 cells/well in a 96-well, sterile,
Corning plate and washed twice the following morning with
PBS. AB,_,, fibrils were pelleted by ultracentrifugation
(265,000 X g for 74 min at 25 °C in a TLA 100.3 rotor, Beck-
man Coulter) and diluted in Neurobasal (72349, Sigma) mix-
ture containing the manufacturer’s recommended concentra-
tion of glutamine (35050, Sigma) and N2 supplement (77502,
Sigma). Cell viability was measured 18 h after incubation with
AB,_,, using a live/dead assay kit (L3224, Invitrogen) accord-
ing to the manufacturer’s instructions. Student’s ¢ test (two-
tailed, paired) was used for testing significance between ex-
perimental conditions.

RESULTS

The Iron-specific Metal Chelator YM-F24 Prolongs the Life
of Flies Expressing Aggregation-prone AP Peptides—Previous
work has shown that treatment with the broad spectrum
metal chelating agent, clioquinol, prolongs the life of flies ex-
pressing the most aggregation-prone isoforms of A (AB;_4,
and Arctic AB,_,,) (8). Here we have tested whether the
highly selective iron chelator YM-F24 (Fig. 1a) is able to res-
cue AB in a similar manner (Fig. 15). Developing and then
adult flies were cultured on food containing 40, 200, or 1000
M YM-F24, and their longevity was compared with identical
flies reared on food containing vehicle alone. Log-rank analy-
sis revealed that YM-F24 had no significant effect on the sur-
vival of control (circles) or AB;_,, (crosses) flies at any of the
concentrations tested. In contrast, 1000 um YM-F24 was able
to significantly increase the survival of flies expressing AB; _,,
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FIGURE 1. Pharmacological and genetic manipulation of iron in the
brain modifies the toxicity of Ap. g, the molecular structure of YM-F24.

b, control flies (circles) or flies expressing AB;_,q (crosses), AB,_.- (triangles),
or Arctic AB,_,4, (arcAB,_,, squares) were treated with 40, 200, or 1000 um
YM-F24 or vehicle alone, and the percentage of increase in median survival
was plotted. Log-rank survival analysis indicated that 1000 um YM-F24 was
able to significantly increase the longevity of flies expressing AB,_,, and
Arctic AB,_4, (n = 100 flies for each test; **, = p < 0.01). No other differ-
ences were significant. ¢, the degree of synthetic lethality caused by A and
ferritin RNAI co-expression was determined by measuring hatching effi-
ciency. For flies expressing each AB variant (AB;_4o, AB1_4, Arctic AB,_42,
and controls), genetic crosses were set up, and all four classes of offspring
were counted (=AB X = RNAI). The hatching efficiency for flies expressing
AB was expressed as the -fold change from the expected values as deter-
mined by the control crosses. Co-expression of FerHCH RNAi (light gray
bars) with all three AB peptides reduced hatching efficiency; however, Fer-
LCH RNAI (dark gray bars) only reduced hatching efficiency for the more
aggregation-prone A, _,, and Arctic AB,_,, peptides. Control flies not ex-
pressing RNAi constructs (white bars) did not show a reduction in hatching
efficiency. x? testing of the differences between observed and predicted
numbers of hatching flies (total = 626) for all conditions was significant

(p =5 X 1079). A total of 3468 flies were counted to calculate the expected
hatching frequencies. The data are representative of two independent
experiments.

(triangles, 15% increase) and Arctic AB,_,, (squares, 12.5%
increase).

RNAi Knockdown of the Iron-binding Protein Ferritin En-
hances AB Lethality in Our Drosophila Model System—In-
creasing the iron binding capacity of the brain by overexpress-
ing ferritin subunits has also been shown to protect against
AP toxicity (8). In this light, we tested whether the converse
intervention, that is, the RNAi-mediated knockdown of the
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same genes, might be detrimental (Fig. 1¢). Remarkably, we
found that ferritin RNAi co-expression with AB in the brain
resulted in synthetic lethality that was particularly severe
when combined with Arctic AB,_,,. We quantified this effect
by measuring the hatching efficiency (h.e.) for each of the fly
genotypes. When we controlled for the effect of RNAi expres-
sion in control flies (Fig. 1c, Control) that do not express AS,
we found that flies expressing A3;_,, were insensitive to the
co-expression of FerLCH RNAIi (dark gray bars, h.e. = 109%
versus 130% for controls (white bars)); however, in the same
flies, FerHCH RNAIi was clearly toxic (light gray bars, h.e. =
57%). For the more aggregation-prone isoforms of A3, namely
AB;_,, and Arctic AB,_,,, the hatching efficiency was simi-
larly reduced for both FerHCH and FerLCH RNAI constructs
(h.e. = 44— 69% for Ap flies, gray bars versus 92—-100% for
controls (white bars)). x> testing of the differences between
observed and predicted numbers of hatched flies indicated a
highly likely interaction between A expression and ferritin
RNAi (p = 5 X 10~7). These data indicate that endogenous
ferritin is important in protecting the fly against A toxicity.
The goal of the study presented here was to determine
whether unchelated iron may promote toxicity by modulating
the AB aggregation pathway (19).

Iron Causes A3;_,, to Form Less Ordered Aggregates in
Vitro—The morphology of AB assemblies was determined, in
the presence and absence of iron, using transmission electron
microscopy. When it was incubated without iron, we found
that AB,_,, formed typical, straight, unbranched amyloid
fibrils (Fig. 2, a and b, arrows). However, in the presence of a
10-fold molar excess of iron(III), the fibrils were shorter (Fig.
2, c and d). We quantified the differences in morphology by
tracing representative fibrils for the two conditions (Fig. 2e).
When we aligned the fibrils and measured the length of the
bounding rectangle, we found that fibrils generated in the
presence of iron were significantly shorter than those gener-
ated in the absence of iron (Fig. 2f, 160 versus 570 nm, bars =
S.E., p = 2 X 10?). This morphological change in the amy-
loid fibrils with iron is compatible with them adopting a less
ordered structure that may in turn increase the specific toxic-
ity of the peptide.

Studies of these fibrils using x-ray fiber diffraction con-
firmed the presence of typical cross-f3 structure (20) both in
the absence (Fig. 34) and in the presence (Fig. 30) of iron. The
characteristic features of amyloid fibrils are the 4.6 A reflec-
tions on the meridian (Fig. 3a, 1, and 3b, 5) and the 9.6 A re-
flections on the equator (Fig. 34, 2, and 3b, 6). The reflections
are more intense in the absence of iron; the good alignment of
the fibrils in the absence of iron allowed the visualization of
previously unreported reflections for A fibrils at 24.5 A (Fig.
3a, 3) and 14.4 A (Fig. 3a, 4). The reduced quality of the dif-
fraction pattern obtained in the presence of iron most likely
reflects the poor alignment of the fibrils due to their short and
curved nature.

The Progression to B-Structure Is Impeded by the Presence of
Iron—Circular dichroism spectroscopy was used to monitor
the development of secondary structure when A3 was incu-
bated in the presence and absence of iron. In the absence of
iron, 10 um AB;_,, progressed to a predominantly B-sheet
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FIGURE 2. Iron affects the morphology of AB,_,, fibrils. When visualized using transmission electron microscopy, AB,_., fibrils generated in the absence
of iron (a and b, No Iron, arrows) are longer and straighter than fibrils formed in the presence of a 10-fold molar excess of iron(lll) (c and d, Iron). Scale bars
represent 100 nm in a and c and 20 nm in b and d. Typical fibrils are indicated by arrows. e, 13 representative fibrils formed in the absence and presence of
iron were traced and aligned such that their initial tangent was horizontal (33). f, the horizontal length of the bounding rectangle for each fibril (a combined
measure of length and straightness) was greater in the absence of iron than in the presence (mean lengths = S.E.). The paired two-tailed Student’s t test

was used for statistical analysis (***,p = 2 X 107>).

profile within the first 15 min (Fig. 4a, white triangles). How-
ever, in the presence of iron, this structural progression was
impeded such that the peptide remains in intermediate con-
formations for longer (Fig. 4b, 15 min (open triangles) and 30
min (open rectangles)). As proteins gain -sheet structure,
there is usually a negative change in molar ellipticity at 216
nm. When the signal at 216 nm was plotted against time (Fig.
4c), the delay in the transition to a B-rich structure in the
presence of iron (dashes), as compared with peptide alone
(solid), was readily apparent. These data show that AR takes
longer to progress to its final structure in the presence of iron
and that this kinetic stabilization of intermediate species may
explain the role of iron as a modulator of toxicity.

The Modulation of AB Aggregation by Iron Abolishes Thio-
flavin T Fluorescence—Fluorescent dyes such as thioflavin T
are widely used to detect the presence of amyloid aggregates
in solutions (21, 22). We confirm that, as expected, the aggre-
gation of A, in the absence of iron(IlI) (Fig. 5a, gray dots), is

ACEEVEN
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accompanied by a robust thioflavin T fluorescence signal.
However, for iron(III) concentrations exceeding 16 um (Fig.
5a, black solid line), we found that the consequent fluores-
cence signal was reduced. This signal was abolished by the
addition of 250 um iron(III) or higher (Fig. 5a, black dashes
and dots). The abolition of the thioflavin T fluorescence oc-
curred despite the presence of amyloid fibrils as determined
by transmission electron microscopy (Fig. 2, ¢ and d).

To control for the possibility that the loss of thioflavin T
signal seen in Fig. 5a was caused by competition between iron
and dye for access to the aggregates (23), we undertook the
experiment shown in Fig. 5. Two standard aggregation reac-
tions were set up, with thioflavin T present from the start
(black lines), either in the presence (solid) or in the absence
(dots) of 1 mm FeCl,. Two additional aggregation reactions
(gray lines) were constructed in the same way except that
thioflavin T was added either at time A (dots) or at time B
(solid). Conversely, iron was added, to a final concentration of

JOURNAL OF BIOLOGICAL CHEMISTRY 4251
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FIGURE 3. Iron modulates the degree of order in A, _,, fibrils as determined by x-ray fiber diffraction. a, x-ray fiber diffraction patterns from AB,_,,
fibrils formed in the absence of iron (No Iron) yield high definition reflections that are consistent with a classical cross-8 structure: specifically, 4.66 A reflec-
tions at the meridian (7) and 9.66 A reflections at the equator (2). Previously unreported reflections were also seen at 14.4 A (3) and 24.5 A (4). b, AB,_.,
fibrils formed in the presence of a 10-fold molar excess of iron(lll) (Iron) exhibit poor alignment within the fiber, and so the quality of the diffraction pattern
was diminished. Despite this, the signature reflections at 4.6 A (5) and 9 A (6) indicate that a component of cross-@ structure was retained. The data are rep-

resentative of two independent experiments.

1 mm at times A (solid) and B (dots). The convergence of both
gray traces at time B demonstrated that there was no compe-
tition between iron and thioflavin T for access to preformed
A fibrils.

To test whether the fibrils formed in the presence and ab-
sence of iron might constitute different strains of amyloid, we
investigated their respective seeding properties. Fibrils of
AB,_,, were generated in the absence or presence of iron by
incubation in Krebs-Henseleit buffer overnight at room tem-
perature. The fibrils were disrupted by sonication and spiked
into a fresh aggregation reaction. As compared with unseeded
AB,_,, (Fig. 5¢, black bar), the iron-free thioflavin T kinetics
were unchanged upon the addition of plus-iron seeds (white
bar). In contrast, no-iron seeds added in the same way were
able to significantly reduce the thioflavin T lag time (gray bar,
p <0.01).

The Presence of Iron during the Aggregation of AB,_,, Fa-
vors the Generation of Toxic Species—A live/dead cell viability
assay was used to investigate the iron-mediated modulation of
AB;_ 4, toxicity in cultures of human neuroblastoma (SH-
SY5Y) cells. Our initial experiments showed that FeCl,; con-
centrations up to four times higher than those used in subse-
quent experiments were not cytotoxic (Fig. 6a). AB;_ 4,
aggregates are cytotoxic (24, 25), and so we performed serial
dilutions of the peptide to determine the concentration
dependence of this effect (Fig. 6b). In our system, 10 um
ApB represented a threshold above which, in the absence of
iron, toxicity increased sharply, and so we chose this con-
centration for subsequent cell culture experiments. We
then tested for an interaction between iron and A in gen-
erating cytotoxicity. As shown in Fig. 6¢, 10 um AB; 4,
(first bar) was no more toxic than culture medium alone
(fourth bar). Similarly, when AB,_,, was allowed to aggre-
gate in the absence of iron (with iron being added when
aggregation was complete), there was again no significant
toxicity (second bar). Remarkably, the presence of iron dur-
ing the process of A aggregation reduced the live/dead

4252 JOURNAL OF BIOLOGICAL CHEMISTRY

ratio by over 20% (third bar, p < 0.04). Flow cytometric
measurement of surface-expressed annexin V (see supple-
mental Materials and Methods) indicated that the mecha-
nism of cell death is likely to be apoptotic. Specifically, 56%
of cells treated with AB aggregated in the presence of iron
were annexin V-positive. The corresponding proportion
was only 19% for cells treated with AB aggregates that had
been formed in the absence of iron and subsequently
spiked with iron (supplemental Fig. S1).

DISCUSSION

Metal ions are strongly implicated as cofactors in the
pathogenesis of AD. Indeed, many investigators have
shown that copper, zinc, and iron can exacerbate the oxi-
dative damage that accompanies A3 peptide aggregation
(26 —28). Furthermore, iron and other metals are present in
high concentrations in amyloid plaques in the brains of
individuals with AD (29). The importance of iron was high-
lighted by our genetic screen in a Drosophila model system
that faithfully reports the toxicity of soluble aggregates of
AB (7, 17). In that study, we generated fly lines that exhib-
ited altered sensitivity to A toxicity, and remarkably, the
most powerful phenotypic rescue was seen in flies where
subunits of the iron-binding protein ferritin were co-over-
expressed with AB. We showed that this rescue was ac-
companied by a reduction in the oxidative damage in the
brain, and furthermore, our genetic dissection pointed to
the generation of the hydroxyl radical, by the iron-cata-
lyzed Fenton reaction, as the most important pathological
step (8). However, our previous study left unexplained the
observation that flies expressing both the heavy and the
light chains of ferritin showed phenotypic rescues despite
accumulating more A in their brains. Under such condi-
tions, the AB deposits are more stable and less toxic. These
findings support a dual role for iron in generating toxicity,
firstly by acting as a cofactor in the generation of reactive
oxygen species via the Fenton reaction, a mechanism that
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squares), the reactions exhibit intermediate spectra. By t = 180 and 2880
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¢, the change in molar ellipticity at 216 nm was plotted against time for
AB,_4 incubated in the presence (dashes) or absence (solid) of 1 mm FeCl,.
Three independent experiments were performed, and the values plotted
represent the mean (*=S.E.).

requires the presence of Fe(Il) ion. In this regard, we previ-
ously found that overexpression of FerHCH was most ef-
fective at suppressing toxicity presumably because, in addi-
tion to the chelating role it shares with FerLCH, the heavy
chain subunit is also able to oxidize Fe(II) to the less redox-
active Fe(III). The second role for iron is likely to be as a
modulator of AB aggregation. The goals of the current
study were to confirm the interaction between iron binding
and A toxicity in our in vivo model and then to look at
the effects that iron had on aggregation and consequent
toxicity.

Our first experiments confirmed the importance of iron
metabolism in Af3 toxicity by treating flies with the iron-se-
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FIGURE 5. Iron abolishes the thioflavin T fluorescence signal of A ag-
gregation. g, there was no effect of 0 um (gray dots), 5 um (gray dashes), and
16 um (gray line) iron(lll) on the thioflavin T fluorescence signal during
AB,_4, aggregation. However, the signal was reduced (black line, 63 um)
and then abolished (black dashes = 250 um and black dots = 1000 wm) at
higher concentrations of iron. b, with thioflavin T present throughout the
reaction, the addition of 1 mm FeCl; (solid) prevented the increase in fluo-
rescence as compared with AB alone (dots). When no thioflavin T was
added until after AB,_,, aggregation (gray traces), the final fluorescence
signal was unchanged irrespective of whether iron was added first (solid,
transition A) followed by thioflavin T (solid, transition B) or vice versa (dots,

A and B). An example of the lag time calculation for the black dotted trace is
shown by the asterisk. ¢, the lag time for the iron-free thioflavin T fluores-
cence signal was determined for unseeded AB,_,, aggregation (black, Un-
seeded no-iron), for AB,_,, seeded with fibrils that had been grown in the
absence of iron (gray, Seeded with no-iron fibrils), and for AB,_,, seeded with
fibrils that had been grown in the presence of iron (white, Seeded with plus-
iron fibrils). Only fibrils that formed in the absence of iron were able to seed
the iron-free fibrillization of AB,_,4,. The lag time was calculated by extend-
ing the tangent at the point of inflection of the fluorescence trace and de-
termining the intersection with the minimum fluorescence signal measured
(see asterisk in panel b). Three independent experiments were performed,
and the values plotted represent the mean (£S.E.). The paired two-tailed
Student's t test was used for statistical analysis (**, p < 0.01).
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FIGURE 6. The presence of iron during the aggregation of A,_,, increases the in vitro toxicity of the resulting aggregates. g, the addition of
FeCl; (which will rapidly form iron(lll) hydroxide) at increasing concentrations to the culture medium of SH-SY5Y cells did not result in appreciable
toxicity even when concentrations were 6-fold higher than used in subsequent experiments. b, serial dilutions of AB,_,, demonstrated that above
10 um, there was a rapid concentration-related increase in cytotoxicity. For this reason, 10 um AB,_,, was used in the subsequent experiments. ¢, as
compared with SH-SY5Y cells grown in culture medium alone (Control cells in culture medium only), there was no extra toxicity observed in the pres-
ence of freshly prepared 10 um AB,_,, (AB alone), with 10 um AB,_,, that had been aggregated in the absence of iron and then spiked with iron(lll)
(AB aggregated then iron added), or with iron alone (panel a). In contrast, 10 um AB,_,, that had been aggregated in the presence of iron(lll) (AB ag-
gregated with iron present) caused a greater than 20% decrease in the live/dead ratio (***, p = 0.01 versus AB alone and **, p = 0.04 versus A then
iron). Three biological replicates were performed with n = 8 for each condition for each replicate. The values plotted represent the mean (+S.E.). The

paired two-tailed Student’s t test was used for statistical analysis.

lective chelating agent YM-F24. Previous data showing that
the broad spectrum metal chelator clioquinol could rescue A3
toxicity did not permit a dissection of the relative significance
of copper, zing, or iron. The finding that YM-F24 can signifi-
cantly prolong the lifespan of flies expressing the aggregation-
prone AP, ,, and Arctic AB,_,, peptides indicates that iron
does indeed have an important role in mediating toxicity. We
also probed the endogenous iron binding capacity of the fly by
observing the effect of RNAi knockdown of endogenous Dro-
sophila ferritin. We found the interaction between A expres-
sion and ferritin RNAi to be remarkably strong, with high lev-
els of synthetic lethality, particularly in flies expressing
AB;_4, and Arctic AB;_,, in their brains. For this reason, we
could not perform longevity assays, and instead, we quantified
the developmental lethality. When we controlled for the le-
thality associated with ferritin RNAi in control flies not ex-
pressing A3, we found that the interaction between the two
was particularly apparent for A, ,, and Arctic AB;_,,. For
both these peptides, the co-expression of FerHCH and Fer-
LCH RNAI constructs increased the lethality (h.e. = 44 —-69%
for AP flies with the RNAIi versus 92—100% for controls with
the RNAI). For flies expressing the normally non-toxic

AB,_ 40 we found that co-expression of FerHCH, but not Fer-
LCH, RNAI constructs caused a large reduction in hatching
efficiency (h.e. = 57% for AB,_,, versus 109% for controls). It
is interesting to note that although FerLCH RNAI is increas-
ingly lethal in combination with A isoforms of increasing
aggregation propensity, the same is not true for FerHCH
RNAi. We speculate that this may reflect the differing biologi-
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cal properties of the ferritin subunits, in particular the pres-
ence of ferroxidase activity in the heavy chain that is not pres-
ent in the light chain. However, the precise reason for these
differences has not been established.

The protection afforded by the iron-selective chelator YM-
F24 and the link between ferritin RNAi and reduced hatching
efficiency in the presence of A3 confirmed iron as a cofactor
in the generation of A toxicity. This is concordant with our
previous finding that in the presence of ferritin overexpres-
sion, AP can accumulate to high levels and yet fails to induce
toxicity. To understand how the specific toxicity of the AB
aggregates might be reduced in the absence of iron, we
studied the effect of iron on the aggregation properties of
AP, _,, using a number of biophysical techniques. Specifi-
cally, x-ray fiber diffraction demonstrated that the pres-
ence of iron during the aggregation of AB3; ,, resulted in
fibrils that were less ordered than control reactions per-
formed in the absence of iron (Fig. 2). The regular and
elongated morphology of the iron-free fibrils would pre-
dictably favor their ordered alignment within the x-ray dif-
fraction sample and probably accounts for the high defini-
tion images that were obtained in such conditions (Fig. 3a).
The principal x-ray diffraction findings were characteristic
cross- 3 reflections at 4.6 A on the meridian and at 9.6 A on
the equator. There were also novel reflections present indi-
cating longer range repeats in fibril structure of 14.4 and
24.5 A. The fibrils formed in the presence of iron also
showed characteristic 4.6 and 9.6 A reflections; however,
the quality of the images was poor, most likely because of
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irregular fibril alignment, although increased disorder
within the fibrils themselves is also possible. It is notable
that there are no intense iron spots in Fig. 3b, indicating
that iron is not stably bound to the peptides in the fibrils
(30).

Thus iron can alter the structure of AB amyloid by favor-
ing the generation of less ordered fibrils. To investigate the
kinetics of this effect, we used CD spectroscopy to deter-
mine how iron affected the generation of secondary struc-
ture. Both in the presence and in the absence of iron, there
was a progressive increase in B-sheet structure with time
(Fig. 4, a versus b, and 4c); however, iron was seen to im-
pede this structural progression. Iron was able to delay the
formation of a mature amyloid population by increasing
the lifespan of smaller, soluble species that are thought to
be most toxic in vivo. The kinetics of aggregation were also
studied using thioflavin T fluorescence in the presence of
increasing concentrations of iron. In these experiments,
there is a remarkable reduction in the fluorescence signal
as the iron concentration is increased (Fig. 54) despite the
formation of amyloid fibrils as determined by electron mi-
croscopy. This loss of signal is not due to competition be-
tween iron and thioflavin T for access to the fibrils because
fibrils that were formed in the absence of iron but then
spiked with iron generated a normal fluorescence signal
when thioflavin T was subsequently added (Fig. 5b). Re-
markably, we were able to show that there is a strain-like
difference between fibrils generated in the presence or ab-
sence of iron. Specifically, we have demonstrated that
fibrils generated in the presence of iron are not able to seed
the generation of Af amyloid when iron is no longer
present.

These data strongly suggest that although the aggregates
formed by A in the presence and absence of iron share some
cross-f3 structure, they differ in two important ways. Firstly,
the final structure in the presence of iron is distinctly less or-
dered and does not interact with thioflavin T. Secondly, the
kinetics of A aggregation are slowed, and intermediate con-
formers are stabilized.

Next we assessed whether these differences in aggregate
conformation were mirrored by differential cytotoxicity. We
found that neither 10 uM freshly prepared A nor iron alone
(in the form of the hydroxide) was toxic when added to SH-
SY5Y cells. Likewise AB did not acquire toxicity when it was
allowed to aggregate in the absence of iron and then spiked
with iron. In contrast, the presence of iron during the Af ag-
gregation reaction caused robust toxicity, resulting in a
greater than 20% reduction in the live/dead ratio as compared
with the other conditions (Fig. 6¢). Measurement of the sur-
face expression of annexin V using flow cytometry showed
that this marker of apoptosis is greatly increased when iron is
present during the A aggregation reaction as compared with
control reactions that were spiked after aggregation (supple-
mental Fig. S1).

These observations help us to understand how iron can
have profound effects on the toxicity of the AB peptide de-
spite the absence of any observable high affinity interaction in
vivo (30). Although recent in vitro studies have shown that
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iron can interact with soluble AB (31), we find that iron is not
incorporated into amyloid, but rather it delays the formation
of mature, well ordered, fibrillar aggregates. This iron-medi-
ated stabilization of soluble intermediate A species, probably
by modifying the kinetics of aggregation through low affinity
interactions, explains much, if not all, of the toxicity observed
in our experimental models. These findings further justify the
search for potent iron-chelating agents such as YM-F24 that
may have therapeutic value in Alzheimer disease (32) by fa-
voring the non-toxic deposition of Af.
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