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ABSTRACT: Iron has been implicated in Alzheimer’s disease, but until now no direct
proof of Fe"' binding to the amyloid-5 peptide (Af3) has been reported. We used NMR
to evidence Fe'"' coordination to full-length AB40 and truncated AB16 peptides at
physiological pH and to show that the Fe" binding site is located in the first 16 amino-
acid residues. Fe'' caused selective broadening of some NMR peaks that was dependent
on the Fe:Af stoichiometry and temperature. Analysis of Fe~ broadening effect in the |
'H, 3C, and 2D NMR data established that Aspl, Glu3, the three His, but not Tyr10 ' *
nor Met35 are the residues mainly involved in Fe'' coordination.

B INTRODUCTION

Iron is an essential micronutrient involved in many funda-
mental processes including dioxygen transport and electron
transfer reactions. Hence, its dysregulation is at the origin of
several diseases. The brain is the second Fe-richest organ (after
the liver) and contains about 60 mg of nonheme Fe. This Fe
content increases with age. Fe accumulation has been linked to
many neurological diseases, including Parkinson’s disease, Hun-
tington’s disease, and Alzheimer’s disease (AD), and is observed
in brain regions associated to decreased function and cell loss
(ref 1 and references therein).

In AD, Fe overload has been localized in senile plaques (SP)
and neurofibrillary tangles, two hallmarks of AD patients brains,
and in neuropils.” The SP mainly consist of a 39—43 residue
peptide called amyloid-f3 (Af}) in aggregated states and contain
abnormally high (~mM) Fe, Cu, and Zn concentrations.” This
Fe connected to SP has been proposed to originate mainly from
ferritin or related iron—oxide particles.”> However, histochem-
ical studies indicated that some Fe could also be bound directly to
AB” in line with the colocalization of aggregated A and Fe
within the SP.° This Fe might be released (from ferritin) under
pathological conditions."*

In AD as in other diseases, Fe toxicity may be due to the
propensity of the ferrous state to generate reactive oxygen species
(ROS) via Fenton- or Haber—Weiss-type reactions.”® In this
context, it has been proposed that A decreases Fe-induced
oxidative stress.” On the contrary, a deleterious effect due to
Fe involvement in Af3 aggregation has been reported.'”"" Lastly,
Fe concentration affects indirectly the production of AS as
its precursor protein (APP) has an active iron-responsive
element,"" and recently evidence for ferroxidase activity of
APP was reported.'* Hence, there is diverse evidence for the
roles played by Fe in AD (also reviewed in ref 15), but it is still not
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clear if Fe binds to A directly. Thus, better disentangling the
chemistry of Fe ions at the molecular level is of paramount
importance to progress in the knowledge of Fe roles in AD.

In vitro studies regarding the interactions of Cu and Zn ions
with Af} peptides have generated great interest in the last few
years, and a multitude of articles dealing with coordination of
Cu", Zn", and to a lesser extent Cu' to the N-terminal portion of
the full-length A peptides (namely, the A16 peptide) have
been published over the past decade (reviewed in ref 16). Indeed,
several frozen solution studies revealed that the A316 peptide is a
valid model for coordination of the metal ions to the full-length
pegtide.w_19 A consensus exists for the binding site of the
Cu""—AB species predominant at physiological pH (and usually
noted com]gonent I; refs 20 and 21 and references therein) and
for the Cu'—Ap complex”>*? but not for the second minor
Cu"—Ap species and for Zn"—AB.

NMR is a powerful technique to determine metal-ion binding
sites in fluid solution and was used to investigate coordination of
Cu" and Zn" to the full-length Af via assessing line
broadening.”*** In "H—"C experiments, it was evidenced that
the Zn" binding site is in the AB16 fragment.** By 'H—""N
correlation experiments, it was proposed that Cu" first anchors
to the His residues (at positions 6, 13, and 14) and then binds to
less precise sites than in shorter model peptides. However, in
"H—"°N experiments the signals of potential ligands are affected
by an exchange process with the solvent and are missing in the
peptide spectrum (before addition of metal ions), thus preclud-
ing a straightforward analysis of metal-ion binding sites.” This is
the reason why detailed analysis were also performed by 'H, *C,
and "H—"3C correlation experiments on AB316 peptides.”**’
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Figure 1. '"H NMR spectra of 0.2 mM AP16 (A, B) and 0.2 mM AB40 (C, D) peptides in 0.04 M phosphate buffer/D,O and in the absence (A, C) and
presence (B, D) of 0.3 equiv of Fe', pH =72, T =298K, v = 700 MHz. Asterisk (*) is from added DFO.
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F1$ure 2. '"HNMR spectra of 0.2 mM Af3 peptides in 0.04 M phosphate buffer/D,O. (Left) Zoom on the H, region of the A[40 peptide: (A) without

¥ (B) with 0.3 equiv of Fe". Recording conditions: pH = 7.4, T = 298 K, v = 500 MHz. Note that to better detect the Fe™-induced broadening effect on
the Aspl-H, on the AB40 peptide, we recorded it at a slightly higher pH than in usual conditions. (Right) Zoom on the —CHj from Met 35 in the A340
peptide: (A) without Fe", (B) with 0.3 equiv of Fe". Recording conditions: pH = 7.2, T = 298 K, v = 700 MHz.

In contrast to Cu and Zn, to the best of our knowledge, no data
on Fe binding to A3 has been reported. The few studies available
focused on oxidized state Fe™ and report the effect of Fe" on A3
aggregation'****® and AB modulatlon of Fe ROS production,
but it seems that AB binds Fe™ not strong enough to avoid Fe
precipitation.” Thus, direct interaction between Fe and A3 has still
to be demonstrated. As the brain is a rather reducing enwronment
and because production of ROS involves the reduced ions Fe' (and
Cu'), study of the ferrous ion is of biological relevance and Fe"
might interact more specifically with A3 than Fe'". Here, 'H, "°C,
and 2D NMR experlments were carried out to obtain stralgh&or-
ward indications of Fe"" coordination to A and to propose a Fe"!
binding motif.

B RESULTS

"H NMR Data on Fe' Interaction with AB40 and A$16. Full-
length AS40 at low concentration (200 uM) to minimize
aggregation and Af16 peptides was measured by 'H NMR,
and the effect of addition of Fe'' under anaerobic condition

(see Experimental Section for details) was compared. For both
peptides the Hs and H, imidazoles protons, the two diastereo-
topic Hg protons of Asp1 (Figure 1), the H, of Aspl (Figure 2,
left), and to a lesser extent the H of Glu3 are selectively and
significantly broadened upon addition of Fe''. No strong broad-
ening of residues in the stretch 17—40 could be detected (see
also Figure S1, Supporting Information), including the well-
resolved resonance of the potential ligand Met35 (Figure 2,
right). The diastereotopic Hg protons of Asp23 detected at
~2.76 and 2.62 ppm (Figure 1) are not broadened as well as
those of Ala21 (Figure S2, Supporting Information), the closest
residue of Glu22, the third potential ligand present in the 17— 40
fragment, which cannot be unambiguously observed i in the '

spectrum. This strongly indicates that the principal Fe' blndlng
site is confined to Af316, the N-terminal portion of A340 (as is
the case for Cu" and ZnH). Furthermore, A340 has the propen-
sity to aggregate, which is enhanced by treatment for anaerobic
conditions (see Experimental Section), lowering pH, and higher
temperature. Aggregation leads to line broadening and thus
precludes investigation of the Fe"' binding to soluble AB40 by
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Figure 3. Regions of interest in the "H NMR spectra of 1 mM AB16
peptide in 0.2 M phosphate buffer/D,0O (A) and in the presence of 0.1
(B),0.3(C),0.5 (D), and 1.0 (E) equiv of Fe", pH = 7.2, T=298 K, v =
500 MHz. Asterisk (*) is from added DFO.

long-lasting "*C and 2D experiments and pH-dependent or
temperature studies. Consequently, further experiments were
performed on the A316 peptide.

Fe" to AB Titration Experiments. The Fe' to Af stoichiom-
etry dependence of the "H NMR signals is exemplified in Figure 3,
which shows the aromatic region and a selected portion of the
aliphatic region. Note that the broadening effect observed in Figure 1
(spectrum B) and 3 (spectrum C) cannot be directly compared due
to different recording conditions: at 700 MHz and [Af] = 0.2 mM
and at 500 MHz and [Af3] = 1 mM, respectively. The Hs (0 ~ 6.9
ppm) and H, (0 &~ 7.8 ppm) imidazole protons as well as the Hy,
and two diastereotopic Hg protons of Aspl are selectlvely broa-
dened and up-shifted upon increasing addition of Fe"". The rest of
the spectrum remains mainly unchanged. However, at Fe:Af}
stoichiometry higher than 0.5, broadening becomes less specific
and it is then difficult to correctly discriminate which residues are
mainly affected by Fe addition. This is likely due to precipitation of a
very small fraction of Fe as hydroxide that disturbed the spectrum,
and this is the reason why experiments were performed at Fe:Af3
stoichiometry of 0.3. Furthermore, as no strong hyperfine shift
typical of well-defined and tight Fe binding was observed
(Figures 1—3), the NMR signals were quantified via the internal
standard 4,4-dimethyl-4-silapentane- 1-sulfonic acid before and after
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Figure 4. "H NMR spectra of 1 mM Af316 peptide in 0.2 M phosphate
buffer/D,0 and in the presence of 0.3 equiv of Fe™ at 278 (A), 288 (B),
298 (C), 308 (D), and 318 K (E), pHaosk = 7.2, ¥ = S00 MHz. Asterisk
(*) is from added DFO.

Fe"" addition to ensure that no significant loss of AB16 protons
occurred. Indeed, as shown in Figure S3, Supporting Information, all
AP16 proton resonances remained in the classical proton chemical
shift range, contrary to what is observed in the case of tight binding
of high-spin Fe(II) to proteins or ligands, where chemical shifts can
undergo considerable change. These ﬁrst observations are fully
con51stent with other NMR studies on Fe" binding to proteins®***
or DNA®® with moderate affinity and/or flexible binding.

Temperature Dependence Experiments. To disentangle
the origins of the Fe'-induced selective effects of the NMR
signals, a temperature dependence study was performed
(Figure 4 and Figure S4, Supporting Information, for the full
spectra). The first effect of temperature is a modification in the
chemical shift of the His protons. This shift is attributed to a
decrease of the His pK, values with the increase of the
temperature,* the pH value of the phosphate buffer being mainly
independent of the temperature. To verify that broadening was
not dependent on the His protonation state, we recorded 'H
NMR spectra of AB16 in the presence of 0.3 equiv of Fe"" at pH
6.9 and 7.5 (Figure SS, Supporting Information). At the former
pH value (298 K), the His protonation state is equivalent to that
obtained at pH 7.2 and T = 278K, while at the latter pH value
(298 K), the His protonation state is equivalent to that obtained
at pH 7.2 and T = 318 K. This study evidences that pH has very
little influence on the broadening and thus indicates that the
effects observed in the temperature dependence experiment are
attributable to a change in the temperature only (and not to a
resulting change the protonation state of the His).
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Hence, temperature induces strong modification in the broad-
ening observed on His H, and Hs and Asp1 H,, and Hg protons.
Broadening has mainly two origins: PRE (paramagnetlsm relaxa-
tion enhancement) due to the high-spin Fe'' (d° S = 2) and
chemical exchange. (i) PRE diminishes with distance by a power of
6 and will mainly affect atoms in close v1c1mty of the metal center,
similar to what is observed in the Cu' case.” In the case of a
dynamical binding as encountered in the present system, broad-
ening is expected to increase with an increase in temperature. 3738
This is linked to the increase of k.g at higher temperature.37’38
Furthermore, motion of the paramagnetic center with respect to
the ligand will also reduce the pseudocontact shift. This is the
reason why only very small chemical shifts are observed, which are
likely due to chemical exchange more than to paramagnetism. (ii)
Exchange between two chemically different states of apo- and
holo-peptides (conformations, protonation states...) will also
affect atoms in metal center coordination as detected by 'H
NMR for the diamagnetic Cu'*? and Zn" or Cd™.*° In that case,
broadening is exgected to decrease with an increase in tempera-
ture. For the Fe —Af316 system, a combination of PRE and of
chemical exchange is observed. Indeed, when the temperature is
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increased from 278 to 298 K, peaks of the Fe"-responsive residues
become broader. This is attributed to PRE effect. However, when
the temperature is increased from 298 to 318 K (above 318 K the
sample evolves significantly), Fe'-responsive features tend to
become sharper again, in line with the chemical exchange effect
becoming preponderant over the PRE effect. A very interesting
point is that two residue families could be distinguished: the first
one (His13 and Hisl4) for which the peak narrowing upon
temperature increase between 298 and 318 K is strong, and the
second one (His6 and Asp1) for which it is less important. This
strongly suggests that the two broadening effects impact differ-
ently the His13-His14 diad compared to Aspl and His6 residues.
This is tentatively attributed to either a stronger PRE effect on
Aspl and His6 residues and/or a slower chemical exchange for
Asp1-His6 fragment compared to the rest of the peptide, including
His13 and His14.

'3C and 2D Experiments. To complete the '"H NMR data,
3C and 2D data were recorded at 298 K and in the presence of
0.3 equiv of Fe'. These conditions lead to the most effective
discrimination between peaks undergoing dlfferent broadening
amplitude. Figure 5 shows the impact of Fe'" addition to the *C
signals. The Aspl and to a lesser extent the Asp7 and Glu
COO ™ "°C nuclei are broadened. His6 and Aspl *CO fully
vanish, while those of Ala2, Phe4, His13, and Hisl4 are less
affected but still strongly broadened. Regarding C,, those of
Aspl and to alesser extent of Ala2 and Phe4 are broadened while
those of the three His residues are shifted but not affected by
broadening. The Cg and C,, atoms are less affected with the
exception of the Aspl Cg. The aromatic "*C mostly broadened
are those of the three His with a slightly weaker broadening
observed for C, (Figure S6, Supporting Information).

Figure 6 shows that the Hs—C, (7.0 ppm; 117 ppm), H.—C,
(7.8 ppm; 136 ppm), and Hz—Cg (3.1 ppm; 28 ppm) correlation
peaks of the His residues disappeared after addition of 0.3 equiv
of Fe"', while the His Hy—Cq (4.5 ppm; 53 ppm) correlation
peaks are shifted. The Aspl Hy—Cyq, (4.1 ppm; S1 ppm), Hg—Cp
(2.7 ppm; 39 ppm), Glu3 H,,—C,, (2.2 ppm; 34 ppm), and Ala
Hy—Cq (4.3 ppm; S0 ppm) correlatlon peaks also disappeared
after addition of 0.3 equiv of Fe'.

Figure 5. COO™ (A), CO (B), C, (C), and Cg,, (D) regions of the
3C{1H} NMR spectra of AB16 peptide in 0.2 M phosphate buffer/DZO
(bottom spectrum in each panel) and in the presence of 0.3 equiv of F e
(top spectrum in each panel), pH 7.2, T = 298 K, v = 128.5 MHz.

Information collected from the 'H, >C, and 2D NMR data
(see also Figures S7 and S8, Supporting Information) is gathered
in Scheme 1, in which the broadening and shift of relevant (CH)
positions are recapitulated. At 298 K, the residues mainly affected
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Figure 6. 2D '"H—">C HSQC of 5 mM Af16 peptide (black) and 2 mM AS16 peptide in presence of 0.3 equiv of Fe"" (red) in 0.2 M phosphate buffer/
D,0 at pH 7.2, T = 298 K, ¥ = S00 MHz. (Left) Aromatic regions, (middle) (C,, ; Hy) regions, and (right) (Cg,, , Hg,) regions.
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Scheme 1. Schematic Representation of the Most Affected —(CH,,)— Positions in A316"
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Scheme 2. (A) List of the Potential Binding Functions
Affected by Cu" (from ref 26) or Fe"' (in bold, the
mostly broadened residues); (B) Cu'" Binding Site in Af
(component I) and Proposition of Fe"" Binding Site
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by Fe' addition are the Asp1 and the three His. Among the three
remaining carboxylic acids, Glu3 is the one mostly influenced by
Fe'. Regarding the CO from His, the one in position 6 is more
affected than those in positions 13 and 14.

l DISCUSSION

As previously observed for Cu"'—AB16 complexes,
binding to Af16 is very dynamic and likely involves several
differently populated coordination modes of similar types. As a
consensus has been reached in the literature on the nature of the
Cu" coordination sphere in component I, a comparison (detailed
below) of NMR data obtained on Cu"'—~Af16 component I and
Fe''—ApB16 was used to propose Fe' binding site(s) in AB16.
Note that since no steric constraints are exerted by the A16
ligand, hexacoordination of the Fe' ion has been assumed. The
NMR data are compared in Scheme 2a (and Scheme S2,
Supporting Information), and the corresponding Cu'" and Fe'
binding sites are depicted in Scheme 2b. (i) The o position of
Aspl is affected by both Cu' and Fe"!, suggesting that the —NH,
is bound to both metal centers. (ii) The imidazole rinﬁs of the
three His are all broadened in the presence of Cu" or Fe™. For the
Cu"—~ApB16 component I, it has been proposed by other
techniques that while His6 is always bound to Cu", His 13 and
His14 are in equilibrium for one binding position. In the Fe'
species, the same kind of His binding takes place as indicated by
the 'H temperature-dependent study. (iii) As in the Cu"' case, the
Tyr10 residue was not significantly affected by Fe' and thus its

2627 Il

binding was ruled out. (iv) Regarding the carboxylate residues,
they were all equivalently affected in the case of Cu"—AB16
component I, while in the Fe"" case mostly those of Aspl and
Glu3 and to a lesser extent that of Asp7 are broadened. This
suggests that both COO ™ groups from Asp1 and Glu3 are bound
to Fe', whereas all COO ™ groups were in equilibrium for the
Cu" apical position. (v) The carbonIyI functions of Aspl were
predominantly broadened in the Cu'" case, those of Ala2 and of
the three His being less affected. In the Fe' case, both CO
functions from Aspl and His6 are significantly more affected
than those of Ala2 and His13 and His14. This may be in line with
the simultaneous formation of two metallacycles, one with
—NH, (Aspl) and the other with the imidazole ring of His6,
instead of only one in Cu"'—Af16 component L (vi) It is worth
noting that almost all CO and C,H, positions in the 1—6
fragment are noticeably broadened by Fe'!, a fact that was not
observed in the Cu"" case. This may indicate that confinement of
Fe" in the 1—6 N-terminal part of the AB peptide induces
constraints on the backbone peptide.

As may not be antici;)ated based on the different chemical
nature of the two Cu' (d”) and Fe" (d°) ions, the binding sites of
Fe' and of Cu" (component I) are very close, showing only subtle
differences that may however impact the aggregation process.
Differences are more significant with the metal center binding sites
in component II of the Cu"—Af species and in the Cu'—Af
complex, the other reduced redox metal ion of importance (note
that Zn" is not discussed since no consensual data are reported in
the literature). Indeed, Cu' binds linearly to two out of the three
imidazoles moieties of His residues.””** Regarding component I
of the Cu"—AB species, two main coordination spheres are
proposed in the literature: (i) the three imidazole rings and the
CO function from the Ala2-Glu3 peptide bond (ref 40 and
references therein) or (ii) the NH, (Aspl), the deprotonated
amidyl from the Aspl-Ala2 bond, the C=O group from Ala2-
Glu3, and an imidazole ring from either His6, His13, or His14 (refs
20 and 26 and references therein). Hence, whatever the proposi-
tion retained, difference with the Fe"! binding site is important.
Note that contrary to what is observed for Cu'", no pH depen-
dence of Fe"' binding to Af was found near thsiological pH. This
is attributed to a lesser Lewis acidity of Fe' compared to Cu'.

Bl CONCLUDING REMARKS

We reported for the first time a study of Fe'"" coordination to
AP at the molecular scale and show that the binding site is
confined in the 1—16 N-terminal fragment of the A3 peptide. We
also tentatively proposed a structural binding model consistent
with the data presently available. During the course of our study,
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we have been confronted with rapid oxidation of Fe' in the
presence of AfS and to its subsequent precipitation. This may
explain why Fe was not found copurified with A brain extracts
(exposed to dioxygen during measurements) contrary to Cu'
and Zn".*' This latter result was frequently used to argue against
direct interaction between Fe and Af in vivo, an analysis which
seems worth being reevaluated. Indeed, the first insights of Fe!
binding to the amyloid- peptide showed here might be of
biological relevance due to the more reducing environment
found in the brain. That such an interaction might occur
in vivo is still an open issue. Although beyond the scope of this
paper, a more precise determination of the binding affinity is key
to better evaluate this question. It will also be of paramount
importance to determine how Fe' binding to Af affects its
aggregation properties and compare it to the effects of other
metal ions.

B EXPERIMENTAL SECTION

Sample Preparation. Please note that studies were performed in
D,0. However, for clarity, we decided to use the notation pH even if the
measurements were made in D,O. pD was measured using a classical
glass electrode according to pD = pH,cqding + 0-4, and the pD value was
corrected according to ref 42 to be in ionization conditions equivalent to
those in H,O.

Human Af316 peptide (sequence DAEFRHDSGYEVHHQK), A28
peptide (sequence DAEFRHDSGYEVHHQKLVFFAEDVGSNK), and
AB40 peptide (sequence DAEFRHDSGYEVHHQKLVFFAEDVGSN
KGAIIGLMVGGVV) were bought from GeneCust (Dudelange,
Luxembourg).

A stock solution of AB16 or A(328 peptide was prepared by dissolving
the powder in D,O (resulting pH = 2). Peptide concentration was then
determined by UV —vis absorption of Tyr10 considered as free tyrosine
((£276 — €306) = 1410 M 'em™"). The peptide solutions were then
diluted down to the appropriate concentration of Af in phosphate
buffer. pH was adjusted using NaOD/D,SO,.

Human Af40 peptide was prepared by dissolving the powder in
NaOD 0.1 M (resulting pH = 13) to give a concentration of approxi-
mately 0.5 mM. Peptide concentration was then determined by UV—vis
absorption of Tyr10 considered as free tyrosinate ((€,03 — €360) = 2130
Mflcmfl).

Preparation of NMR Samples. Stock solution of A316 or A328
was diluted to 1 ("HNMR), 5 (**C{'H} and 2D experiments of the apo-
peptide), or 2 mM (*C{'H} and 2D experiments of the holo-peptide)
in 0.2 M phosphate buffer/D,0 at pH 7.2.

For the Af340 peptide, the stock solution (pH 13) was then diluted
with 0.1 M phosphate buffer (in D,O and at approximately pH 6.5) and
with D,O to reach a final concentration of 0.2 mM in AB40 peptide,
40 mM in phosphate buffer and a final pH of 7.2.

Substoichiometric quantities (ca. 0.1—1.0 equiv) of Fe"" from Fe-
(NH,),(SO,4), in D,O were used.

NMR samples were prepared as follows.

(1) AP16 and Af328 samples. To a degassed solution of Af3 in 0.2 M
phosphate buffer (in D,O) pH 7.4 (0.7 mL, 1.0 or 2.0 mM) was
added a solution of desferrioxamine (DFO) (7 or 70 mM in
D,0, according to Fe concentration) and a freshly prepared
solution of Fe(NH,),(SO,), (7 or 70 mM in D,O) under inert
atmosphere. A solution of dithionite (70 or 140 mM in D,O, §
equiv) was added to keep Fe into the ferrous state, and the
samples were kept under argon in sealed screw-cap NMR tubes.
Upon oxidation dithionite forms SO, that acidifies the solution.
As millimolar peptide concentration and hence 5—10 mM
dithionite was used, a strong buffer concentration was necessary

to keep the pH constant. Indeed, a stable pH is a prerequisite to
evaluate the effect of Fe(II).

A stoichiometric amount with respect to Fe of DFO, a highly
selective Fe™™ chelator, was used to coordinate small amount of
Fe™ originating from possible partial oxidation of Fe"" during
long lasting experiments (**C) and avoid its precipitation as iron
hydroxide that broadens the signals and reduces the spectral
resolution. Comparison of "H NMR spectra of AB16 peptide:
DFO:Fe™ (1:0.3:0.1) and that of AB16 peptide alone shows that
no important or selective line broadening is observed, indicating
that if there is any interaction between the Fe"—~DFO complex
and the Af16 peptide, it will not perturb detection of the highly
specific F e’ to AB16 peptide interaction. Moreover, NMR
diffusion experiments show that DFO does not interfere with
Fe" binding to A (Table S1, Supporting Information). Lastly,
we also checked that when dithionite is not added to the solution
mixture the effect of Fe'" on the AB16 '"H NMR signature is
similar to that observed in the presence of dithionite. This
indicates that interaction of dithionite with Fe'' can also be
neglected. However, for longer experiments such as **C experi-
ments the use of added dithionite is required to keep the solution
mixture under as strict as possible anaerobic conditions. Note
that when x equiv of Fe"' is added, « equiv of DFO and 5x of equiv
of dithionite are also added. However, for the purpose of clarity,
only the Fe"" concentration is reported in the figure captions
(e.g., 0.3 equiv of Fe' instead of 0.3 equiv of Fe', 0.3 equiv of
DFO, and 1.5 equiv of Fe™).

(2) ApP40 samples. To avoid degassing the AB40 peptide at pH 7.2,
which would trigger the aggregation process (due to repetitive
freezing/thawing), the AB40 stock solution (0.5 mM, pH 13, see
above), phosphate buffer, and D,O were degassed separately and
mixed just before the NMR experiment in a Ar-purged sealed
screw-cap NMR tube. Note that even if the A340 peptide stock
solution is stored at pH 13 and S °C, the signal intensity of a
newly prepared sample is divided after 48 h by ca. two compared
to a sample made with freshly prepared A340 stock solution. The
rest of the sample handling is similar to A316 sample.
pH was checked after the NMR experiments and was within the
error of the measurement (i.e.,, == 0.1 pH unit).

NMR Method. 1D 'H and "*C experiments and 2D experiments
were recorded on a Bruker Avance 500 spectrometer equipped with a §
mm triple-resonance inverse Z-gradient probe (TBI 'H, *'P, BB). All
chemical shifts are relative to tetramethylsilane. 1D and 2D NMR
spectra were collected at 298 K in D,O. For the apo-peptide, accumula-
tion lasts ca. 35 h for the "*C{'H} NMR experiments and 25 h for the 2D
"H—"H TOCSY, '"H-"3C HSQC, and 'H—">C HMBC experiments.
For the holo-peptide, accumulation lasts ca. 72 h for the *C{'"H} NMR
experiments and 14 h for the 2D "H—"H TOCSY and 'H—"3C HSQC.

Suppression of the water signal was achieved with WATERGATE or
presaturation sequences.

"H NMR spectra were also collected using a Bruker Avance 700
spectrometer equipped with a S mm four-channel inverse Z-gradient probe.

Assignments of the 'H and ">C signals: all "H and *C signals were
assigned on the basis of chemical shifts, spin—spin coupling constants,
splitting patterns, and signal intensities and using "H—"H TOCSY,
"H—"3C HSQC, and "H—"*C HMBC experiments (Table S2, Support-
ing Information).

B ASSOCIATED CONTENT

© Supporting Information. 'Hand '*C NMR assignments,
complementary 'H, "*C, and 2D data are reported in the
Supporting Information. This material is available free of charge
via the Internet at http://pubs.acs.org,
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