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ABSTRACT: Transition-metal ions (Ct and Zr#*) play critical roles in the /& plaque formation. However,
precise roles of the metal ions in thesAamyloidogenesis have been controversial. In this study, the
molecular mechanism of the metal-induce@ Aligomerization was investigated with extensive metal

ion titration NMR experiments. Upon additions of the metal ions, the N-terminal regied§)Lof the

Ap (1—40) peptide was selectively perturbed. In particular, polar residue&sahd 13-15 were more
strongly affected by the metal ions, suggesting that those regions may be the major binding sites of the
metal ions. The NMR signal changes of the N-terminal region were dependent on the peptide concentrations
(higher peptide concentrations resulted in stronger signal changes), suggesting that the metal ions facilitate
the intermolecular contact between thg peptides. The & (1—40) peptides ¥ 30 uM) were eventually
oligomerized even at low temperature {B), where the & peptides are stable as monomeric forms
without the metal ions. The real-time oligomerization process was monitoréti/BN HSQC NMR
experiments, which provided the first residue-specific structural transition information. Hydrophobic residues
12—21 initially underwent conformational changes due to the intermolecular interactions. After the initial
structural rearrangements, the C-terminal residues-482 readjusted their conformations presumably

for effective oligomerization. Similar structural changes of the metal-fr8€14-40) peptides were also
observed in the presence of the preformed oligomers, suggesting that the conformational transitions may
be the general molecular mechanism of the (A—40) amyloidogenesis.

Alzheimer's disease, which affects about 3% of individuals of AS aggregation is of great importance in developing
ages 6574 and nearly half of those age 85 and older, is effective therapeutic agents for Alzheimer’s disease.

the most common progressive brain disorder that gradually The A aggregation kinetics is strongly dependent on the
destroys brain cells and nervely.(Extracellular clumps (or  experimental conditions, particularly temperatu. (For
amyloid plaques) deposited in the brain are considered toexample, the A& peptides are highly stable as monomeric
be the hallmark of Alzheimer's disease, (3). Major forms at low temperatures<6 °C) (12, 13), while the
Components of the amy|0|d plaques in Alzheimer’s patients aggregation propensity is great|y enhanced at h|gher tem-
were found to be the 40- and 42-residé@myloid (A3)* peratures (tested up to 86) (14, 15). Transition-metal ions
peptides, which are the fragments of the amyloid precursor (zn2+ and Ci3+) are also known to play critical roles in the
protein (APP) 2—4). The A3 (1-40) and (+-42) peptides A amyloidogenesislg—20). Elevated concentrations of the
readily form amyloids under physiological conditions (pH transition-metal ions (051.0 mM) have been detected in
7.0-7.4,37°C) (3,5, 6). In addition, amyloids derived from  amyloid plaques found in the brain of Alzheimer's patients
the synthetic /& peptides have been shown to be toxic to (21). It was shown that oligomerization of the3Aeptides
the cells V_ll) ThUS, emCidating the molecular mechanism is facilitated by the presence of Znions at physi0|ogica|
: conditions (8). Trace amounts of Ctl ions in the drinking
t;;glsgya\?g'fir‘:‘;aaﬁﬂ/%eg{tted by a research development grant (2005) \yater were also able to inducegAamyloid formation in
? *To whom correspondgﬁce should be addressed. E-mail: limk@ rabbits @2). In addition, agents that can chelate the metal
ecu.edu. Phone: (252) 328-9805. Fax: (252) 328-6210. ions were found to inhibit & aggregation in vitro as well
z Egﬁ& $grf|f()lmivtgsis\€tersity- as in vivo @3). Thus, detailed characterizations of the effect
! Abbreviations: NMR{/InucIear magnetic resonancg; framyloid; of the r.nEtaI lons on the,@co_nformatlon '.Emd aggreggtlon
APP, amyloid precursor protein; HFIP, 1,1,1,3,3,3-hexafluoro-2- Properties would be of great importance in understating the

propanol; Ru(BpyyCl, tris(2,2-bipyridine)ruthenium(ll) chloride; APS, molecular mechanism of Aamyloidogenesis.

ammonium persulfate; SDS, sodium dodecyl sulfatg;sRin—lattice . . . . .
relaxation rate; R transverse relaxation rate; HSQC, heteronuclear Extensive bIOphySICaI methods 'ndUdmg NMR, EPR, and

single-quantum coherence; RDC, residual dipolar coupling; PRE, Raman spectroscopy have been used to investigate the metal-
paramagnetic relaxation enhancement; IPAP, in-phase antiphase; PI3Kcoordination geometry and conformational changes of the

phosphatidylinositol 3-kinase; SH3, Src homology 3; TEM, transmission ; ; i :
electron microscopy; ThT, thioflavin T; EPR, electron paramagnetic Ap peptide upon metal ion binding, and a variety of structural

resonance; ICP-AES, inductively coupled plasma atomic emission Models have been propose@4{-31). However, detailed
spectroscopy. understanding of the roles of the metal ions i§ Amy-
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loidogenesis is yet to be established. First, the binding site previous papers3(, 38). The two chemicals, 1.aL of 1

of the metal ions was mapped to the N-terminus-16), mM Ru(Bpy):Cl, and 1.5uL of 20 mM APS in 10 mM

and the imidazole rings of the three histidines (6, 13, 14) sodium phosphate buffer (pH 7.4), were added ta:B®f

and an oxygen from a side chain (3N10O configuration) were the peptide samples. A 200 W incandescent lamp was used
suggested to be responsible for the interactions with the metalto irradiate the mixtures for 15 s to initiate the cross-linking
ions 30, 32, 33). However, changes in the structural reactions, which were then quenched immediately with 40
properties of the A peptides with additions of the metal uL of Laemmli sample buffer containing 5%-mercapto-
ions have remained elusive. Second, the molecular mecha-ethanol. A 20uL portion of each sample was loaded onto
nism of metal-induced A aggregation is not clearly under- an 8-16% gradient SDS gel, and the silver stain was used
stood. The 4 peptides may form monomeric complexes to stain the gels.

with the metal ions, which may be more amenable to  NMR Spectroscopyll NMR spectra were acquired on a
intermolecular interactions. Dimeric complexes bridged by 500 MHz Varian Inova spectrometer equipped with a triple-
the metal ions were also reported by recent EPR studies,resonance probe. Peptide concentrations ef13uM (pH
(27, 31) while nonbridged monomeric complexes were 7.0-7.2) were used for the NMR experiments. The HSQC
suggested by other EPR studi@$,(30). In addition, metal ~ NMR spectrum at 3°C was identical to the previously
binding to the monomeric A peptides was very recently  reported data for the monomeriggfsamples 12, 39), and
proposed to inhibit oligomerization, which was probed by the NMR signal intensity and the chemical shift were not
electrophoresis, atomic force microscopy (AFM), and thiofla- changed before and after the dynamics experiments. The
vin T (ThT) binding experiments26, 34, 35). spin—lattice relaxation timeT;) was measured using eight
In this study, we systematically investigated the effect of relaxation delays ranging from 10 to 1300 ms. The
the metal ions on the metal-bound conformations and experiments, using the CarPurcel-Meiboom-Gill pulse
aggregation propensity of thef\1—40) peptide at physi-  sequence with a 590s delay between the-pulses, were
ological pH. Extensive metal ion binding studies showed that carried out using nine relaxation delays ranging from 10 to
the metal ions induce subtle conformational changes of the490 ms. All of the relaxation NMR experiments were
N-terminal region including residue F20 and subsequently performed in an interleaved fashion to ensure the experi-
facilitate intermolecular interactions between thegeptides.  mental conditions were identical for each relaxation delay.

These changes lead to oligomerization even at a Iow  Thioflain T Binding AssayAS (1—40) peptide (10(M,
temperature of 3C, where the & peptide remains as the 411 7 2) was incubated in the presence and absence of metal

monomeric form in the absence of the _miastal iongi A jons with various concentrations (6-3.8 molar equiv).
oligomerization was also detected by kinefit"*N HSQC Following incubation, 5@L aliquots of the peptide samples

NMR, ThT fluorescence, and photoinduced cross-Iinking \yere mixed with 15QuL of thioflavin T solution (10uM
experiments, which provided valuable insight into the ihioflavin T in 50 mM glycine buffer, pH 8.5), and

molecular mechanism of an early stage ¢f émyloidogen-  fjorescence was measured at 490 nm (excitation at 450 nm)
esis. by using SAFIRE2.
EXPERIMENTAL PROCEDURES Transmission Electron MicroscopYEM images of A&

aggregates were obtained using 400 mesh Formvar/carbon-
coated copper grids. Aliquots (B.) of the peptide samples
were adsorbed onto the film for 2 min and negatively stained
Wwith a 5ulL drop of 1% uranyl acetate. Images were recorded
using a JEOL 1200EX electron microscope.

Materials. Commercially available HPLC-purifiedN-
labeled recombinant A (1—40) peptides (Recombinant

further purification. Monomeric peptide samples were pre-
pared using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; 100%),
which has successfully produced monomeric forms of the RegyLTS
peptides 86). A thin peptide film prepared with HFIP was
dissolved by using 1% N{OH (1 mg/mL). The peptide Zré* lon Titration NMR Experimentdnitial metal ion
samples were dialyzed against 5 mM potassium phosphatditration experiments were carried out using a peptide
buffer (pH 7.0-7.2) at -4 °C for NMR experiments. The  concentration of 5«M at 3 °C (Figure 1). The histidine
stock solutions of the 1 (0.9 M) and C&" (0.93 M) ions residues were most significantly perturbed by théZons
were prepared by dissolving Zng@nd CuSQ, respectively, (Figure 1A), as was observed in the previldNMR studies
into deionized 18 MR/cm H,O. The metal ion solutions were (24, 26, 28, 30, 31, 40). The chemical shift changes were
diluted to 0.9 mM (ZA") and 0.93 mM (Ca&") using 20 mM accompanied by significant decreases in the NMR signal
potassium phosphate buffer (pH #10.2) or the deionized intensity (Figure 1B). The changes in the NMR signals may
water, and the proper amount of the diluted solution was originate from the conformational exchanges on the milli-
added to the NMR sample for the metal ion titration second time scale or deprotonations that were recently
experiments. The pH of the NMR sample remained un- proposedZ?6). Thus, the transverse relaxation rateg (vere
changed in the presence of the metal ions. The metal ionmeasured with different 2 ion concentrations (Figure 1C).
concentrations were determined with inductively coupled The increases in the relaxation rates were correlated well
plasma atomic emission spectroscopy (ICP-AES). Standardwith the NMR signal intensity changes, strongly suggesting
copper (0.983 mg/mL in 1% HN$§AIdrich) and zinc (1.00 that the A8 (1—40) peptide undergoes conformational
mg/mL in 1% HNQ, Aldrich) ion solutions were used for fluctuations with metal-bound conformations on the milli-
the ICP-AES analyses. second time scale, as was observed in our and other previous
The photoinduced cross-linking experiments were car- NMR studies 13, 41). However, the enhancement of the
ried out by using Ru(BpyLl, and APS, as described in relaxation rates was less significant under the less amy-
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FIGURE 1: (A) H/®N HSQC spectra of the A(1—-40) peptide (5Q«M, pH 7.2) with different Z&* ion concentrations (blue, 0 M; green,

27 uM; red, 45uM). (B) Changes in the NMR signal intensities in the presence éf Zons. The maximum signal intensity in the HSQC
spectra was used to calculate the intensity ratio. The NMR signal intensity measured at different metal ion concentrations was normalized
by that of the HSQC NMR spectrum obtained in the absence of the metal ions. (C) Transverse relaxatié®)ragea function of the

Zn?* ion concentrations. The NMR resonance of H6, D7, and H14 was overlapped in the absence &f tlomn

loidogenic conditions used in the current studies#s0and to probe conformational changes of the¢§ Aeptide upon
3 °C) than that in the previous studies (1081, 3 °C (13); Zn?* ion binding. The overall RDC pattern was not affected
50 uM, 13 °C (41)). This suggests that intermolecular by the metal ions, supporting that the3 Aoeptides form
contacts may also contribute to the transverse relaxation ratesmonomeric complexes with the metal ions. The?Zions

To investigate whether stable dimeric complexes are appear to induce conformational changes in the N-terminal
involved in the conformational exchanges, the titration region (8-10) and residue F20. The higher RDC values upon
experiments were repeated with different peptide concentra-metal ion binding suggest that those regions adopt a slightly
tions (Figure 2A). Interestingly, the extent of the signal more extendeg@-sheet-like conformation in the presence of
changes was considerably reduced at a lower peptidethe metal ions. Our previous relaxation NMR measurements
concentration (1&xM). The N-terminal region of the peptide  showed that the weakly structured N-terminal region is
was continuously affected upon addition of?Ziions at low perturbed at stronger amyloidogenic conditions (higher
peptide concentrations (Figure 2B,C). The effect of the metal temperature and lower pH).). In addition, the RDC pattern
ions was consistently more prominent at higher peptide of the A3/Zn?" complex is highly analogous to that of the
concentrations. At a higher peptide concentration ofiBD more amyloidogenic A& (1—42) peptide (Figure S2B). In
considerable NMR signal changes were detected even withparticular, the phenylalanine residue at position 20, which
lower relative concentration of the Znion (18 uM, 0.23 is critical in determining 48 aggregation propensity, has an
molar equiv) compared to those at the lower peptide extended conformation in the31—40)/Zr?* complex that
concentrations (Supporting information Figure S1A and is similar to that found for metal-free A(1—42) peptide.
Figure 2B). A similar trend was also observed in the chemical The increased in vivo as well as in vitro neurotoxicity of
shift changes in the metal ion titration NMR spectra (Figure AfS (1—42) relative to A (1—40) has been ascribed to
S1). The chemical shift changes for the histidine residues differences in the oligomerization rates and/or mechanisms
are also more significant at the higher peptide concentrations(43—47). These indicate that the subtle changes in the
(Figures S1B-D and 1A). However, the transverse relaxation structural properties induced by metal ion binding may be
times of the C-terminal region remained unchanged in the related to the stronger aggregation propensity of tite A
presence of the 2n ions (Figure 1C), suggesting that the (1—40) peptide in the presence of the metal ions.
Ap peptides do not form stable dimeric complexes. Thisis Cw*' lon Titration NMR ExperimentsThe Zr?" ion
consistent with recent pulsed-field-gradient NMR experi- titration experiments showed that the NMR signal changes
ments, which showed that the monomeric complexes areare mainly due to the transient intermolecular contact. It is,
dominant before the oligomerizatiodl, 42). These obser-  however, unclear whether the metal ions strongly bind to
vations strongly indicate that the changes in the NMR the Aj peptides and form monomeric complexes or directly
parameters originate from transient intermolecular interac- mediate dimeric complexes. Paramagnetié‘dans were,
tions between the N-terminal residues facilitated by th&Zn  therefore, used for the titration experiments to investigate
ions. The significant line-broadenings observed in the whether the & peptides form stable monomeric complexes
previous one-dimensionalH NMR spectra of the A& with the metal ions (Figure 3). Almost identical NMR signal
peptides £ 1 mM), particularly for the histidine side chains changes were observed in the?Cion titration experiments,
(24, 28, 31, 40), may also be due to the intermolecular suggesting that the metal ions selectively interact with the
contacts mediated by the metal ions. N-terminal region (Figure 3A). However, the decreases in

Conformational Changes upon Zrion Binding.Residual the NMR signal intensities are far more pronounced upon
dipolar coupling (RDC) constants were also measured in the addition of the paramagnetic €uions. This indicates that
presence of Z4t ions (Supporting Information Figure S2A), the paramagnetic relaxation enhancement (PRE) effect is
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Ficure 2: (A) NMR signal changes with different concentrations
of the A5 peptide (pH 7.2) in the presence of 0.9 molar equiv of
Zn?* ions at 3°C. (B) Changes in the NMR signal intensity of the
AB (1—40) peptide (15uM) as a function of the Z# ion
concentration (molar equiv) at’®. (C) Changes in the NMR signal
intensity of the A6 (1—40) peptide (3QuM) as a function of the
Zn?* ion concentration at 3C.

dominant over the conformational fluctuations. PreviousCu

Lim et al.
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Ficure 3: (A) NMR signal changes of the Apeptide (30uM,
pH 7.2) as a function of the Gtiion concentration (molar equiv)
at 3°C. (B) Spin-lattice relaxation ratesR}) as a function of the
Cu?* ion concentration at SC.

region (3-16) are significantly increased, as was demon-
strated in other copper binding proteirkl(48—50). This
indicates that the Cti ions are bound to the N-terminal
region strongly enough to induce the PRE. Taken together
with the Zr?* ion titration and the RDC experiments, the
Ap (1—40) peptide appears to initially form monomeric
complexes with the metal ions bound to the N-terminal
region, which may facilitate the intermolecular interactions.
AB Oligomerization in the Presence of Metal lorihe
metal ion binding experiments were originally carried out
using higher peptide concentrations (Figure S1A). Interest-
ingly, the effect of the Zfi" ions on the NMR signal
intensities was saturated at the higher peptide concentration
of 80uM (Figure S1A). In addition, the HSQC NMR spectra
gradually changed with new NMR resonances presumably
due to oligomerization. The metal ion titration experiments
were repeated with a higherf4peptide concentration (130

ion binding studies, however, proposed that the significant 4M) using a Zi* ion concentration of 4@&M. After 13 h
NMR signal changes originate from deprotonations and/or of incubation at 3°C, new NMR resonances appeared in
chemical exchanges on the millisecond time scale rather thanthe HSQC NMR spectrum while certain resonances disap-

from the PRE by the CU ions (26). Thus, spir-lattice

peared (Figure 4A). The NMR spectra continued to slowly

relaxation rates, which are insensitive to deprotonation andchange, and the NMR resonances of the monomefic A
chemical exchange, were measured (Figure 3B). The relax-peptides almost completely disappeared after 5 days of

ation rates are gradually enhanced with highefCion

incubation at 3’C (Figure 4C). The changes in the NMR

concentrations, clearly suggesting the presence of the PREspectra have not been observed at the lowgrp&ptide
The metal ions are known to interact with the side chains concentrations (15M) even with the higher Z# ion
of the three histidines and one additional side chain in the concentration (2 molar equiv). In addition, th¢ Aeptides

N-terminus. However, thB; values of the entire N-terminal

(0.1-0.5 mM) in the absence of the metal ions are highly
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FIGURE 4: Kinetic tH/**N HSQC NMR spectra of A (1—40) (130u«M) in the presence of Zi ions (40uM) at 3°C (pH 7.0). The peptide

samples were soaked in a 4% polyacrylamide gel after 24 h of incubation to reduce the aggregation rates. The NMR signal intensities
gradually decreased with longer incubation times due to oligomerization. Signals denoted with an asterisk originate-fighfy, theup

in the gel. Oligomerization was also eventually observed at lower peptide concentratBing\l) with higher relative ZA"™ ion concentrations

(1.8 molar equiv) after longer incubatior 2 weeks) at 3C.

stable in monomeric form at low temperatufe), strongly V40
suggesting that the changes in the HSQC spectra are caused
by intermolecular 4 interactions facilitated by the 2h

ions.

Several interesting observations can be made from the
kinetic HSQC spectra: First, the broadened NMR resonances M35
in the N-terminal region caused by the Zrions became
narrower as in the HSQC spectra without?Znons and
remained almost unchanged for at least 24 h (Figure 5 and
Supporting Information Figure S3A). Second, NMR signals S26
of residues 1621 disappeared or significantly decreased,
and distinct new NMR resonances appeared after 13 h of
incubation (Figures 5 and S3B). With longer incubations, R5 F19
NMR signals of the C-terminal region (320) were
gradually decreased, while those of residues322 changed
more slowly (Figures 5 and S3C,D). Similar trends were also
observed at a peptide concentration of /8@ but with a
slower rate. These suggest that th@ pAeptide initially
undergoes conformational changes due to the intermolecular
interaction between residues-120 facilitated by the Z#
ions, and the C-terminal region readjusts its conformation Se-
during oligomerization. The narrow distinct NMR resonances g qe 5: 1D slices of the kinetic NMR spectra shown in Figure
during the conformational changes indicate that th& A 4A B (black, O h; blue, 13 h; green, 15 h; magenta, 17.5 h; red, 20
peptides are in equilibrium between the two states (presum-h). NMR resonances of the residues involved in the intermolecular
ably monomers and oligomers) on slow time scales (greaterinteractions disappeared or were significantly weakened, presumably

S it : ; due to the equilibrium between the monomer and oligomers on the
than milliseconds), and the equilibrium is gradually shiited millisecond time scale. The chemical shift of the other residues

to the oligomers. remained unchanged or slightly changed (Figure S3), suggesting
Similar structural transitions were also observed in the minor structural changes in the equilibrium.
presence of CiI ions (Figure 6). The signal changes for
residues 1621 could not be detected, since the NMR initial conformational changes, NMR signals from the
resonances for the N-terminal residues were already signifi- N-terminal residues (410) are still unobservable, unlike in
cantly broadened due to the strong PRE by the 1.4 molarthe HSQC kinetic spectra in the presence of'Zons (Figure
equiv of C#" ions (Figure 3A). The C-terminal residues (in  4B), presumably due to the PRE caused by the paramagnetic
blue) more quickly disappeared than residues 23 (Figure CW?' ions. This indicates that the metal ions remain bound
6), as was observed in the presence ofZions. These  to the N-terminal region during the oligomerization process,
suggest that the two metal ions accelerate tReolgomer- which was also suggested by EPR studies of tRg1A-40)
ization with a similar molecular mechanism. During the peptide 82).
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FIGURE 6: Kinetic tH/*N HSQC NMR spectra of & (1—-40) (30
uM) in the presence of Cti ions (1.4 molar equiv) at 3C (pH

7.0). The circles indicate pick positions for residues G9, S8, and

R5 (top to bottom) in the absence of the2Cion.

The conformational changes during the oligomerization

Lim et al.

(<5 °C), transiently populated small oligomers37 kDa)
with short lifetimes were detected in the cross-linking
experiments, as reported in previous studig® 65, 56).
Upon addition of the two metal ions, two bands for the larger
oligomers (54-99 kDa) were observed, indicating that the
intermolecular association to the oligomers is facilitated by
metal ion binding. Big oligomers with the same sizes were
also detected for the A sample aged for 2 days without
metal ions. These suggest that the (A—40) oligomerization
takes place with a common molecular mechanism, and the
oligomerization kinetics depends on the metal ion concentra-
tion.

Recently, morphology of the Aaggregates was shown
to be strongly dependent on the metal ion concentration. ThT
fluorescence binding assays were carried out to investigate
the degree of the Aoligomers observed in the kinetic NMR
and cross-linking experiments (Supporting Information Fig-
ure S5). The fluorescence intensity for thg Aligomers
induced by the metal ions at’€ remained almost unchanged
(Figure S5A), in comparison to that of thefAsample
incubated at 37C (Figure S5B). This indicates that thggA
oligomers involved in the aggregation process observed in
this study are more likely less fibrillar aggregates that are
not detected by the ThT binding assay. The TEM images
also confirmed that the /A peptides formed nonspecific
aggregates in the presence of metal ions @ 4Figure S6).

DISCUSSION

Evidence that supports the crucial roles of metal ions in
Ap amyloidogenesis has been growiagd,(58). Therapeutic
agents targeting the metal ions have, therefore, been devel-

process were also detected in the absence of the metal ion§Ped and tested for the treatment of Alzheimer's disea8e (

(Figure 7). The A& peptides were initially incubated at
amyloid-forming conditions (10@M, pH 7.0, 17°C). After

5 days of aging, the overall NMR signal intensity was
decreased by more than 50% due to thfeoigomerization
(Figure 7A). The temperature of the age@ Aample was
then lowered to 3C, and the HSQC NMR spectra were
monitored. The initial HSQC spectrum was identical to that
from monomeric 4 peptides. However, the monomeric
forms of the A3 (1—40) peptide gradually underwent

conformational changes (Figure 7B,C), as was observed in

59). However, the precise roles of the metal ions in the A
amyloidogenesis are still under debate. Recently, it was
proposed that the metal ions may prevefitégomerization
with anomalous binding modes at low temperatuté ¢C),

on the basis of the experimental observations that big
aggregates were not detected by the AFM and thioflavin T
fluorescence binding studie2q, 34, 35). On the other hand,
the metal ions were shown to induce? Aggregation, but
facilitate the formation of less ordered aggregaG; 61).

In this study NMR spectroscopy, which is more sensitive

the presence of the metal ions (Figure 4A,B). These suggestto monomers and small oligomers, was utilized to investigate

that the A8 (1—40) peptide is oligomerized with a common

the early stage of oligomerization. ThegA1—40) peptide

molecular mechanism in the presence and absence of thas highly stable in monomeric form at low temperature$ (
metal ions. The preformed oligomers induced either by the °C). In the presence of metal ions, thg peptides underwent

metal ions or at higher temperatures5 °C) appear to
initially interact with residues 1721 of the monomeric &

subtle structural changes in the N-terminal region, which was
observed by the RDC measurements (Figure S2). Recent

peptides. The hydrophobic residues (Leu-17, Phe-19, andNMR and CD studies showed that the N-terminal region

Phe-20), which have a relatively high propensity to form a
[-sheet conformation, may play an important role in initiating
the intermolecular interaction§1—53), as also was shown
in the amylin peptide §4). Further oligomerization was

(1—16) of the AG peptide does not undergo major confor-
mational changes upon metal ion bindi2®,(41). However,
extensive other CD studies demonstrated noticeable confor-
mational changes of the®peptides due to metal ion binding

accompanied by the structural rearrangement of the C-ter-(30, 40, 62—65). The N-terminal region was shown to adopt

minal region (32-40).
To determine the size distributions of oligomers in the

presence of metal ions, photoinduced cross-linking experi-

ments were performed, which were then analyzed by-SDS

PAGE electrophoresis (Supporting Information Figure S4).

Although monomeric forms of the /A (1—40) peptide are

a partly structured turnlike structure at low temperatures (
°C) (12, 66), which resulted in relatively higher transverse
relaxation ratesl(3, 41). It was demonstrated that the partly
structured region was disrupted at stronger amyloidogenic
conditions (higher temperatures and lower pH3)( The
subtle structural changes caused by metal ion binding may,

predominant over the oligomeric forms at low temperatures therefore, result in more facilitated intermolecular interactions



Metal-Induced 8 Amyloidogenesis

Biochemistry, Vol. 46, No. 47, 2007.3529

A B C
109 109 = =% pys
o - 0 -
= 7% > 3¢ ® 3% .
111 @ 0hr 1 = 6d 5 hr “  @ad5hr
®5d ®7d12hr
£ ¥ ssdéhr
113 - 113 ® 8d 10 hr
- *
= ¥ 2" esdzon
115 5
_— - = - =1
g_ o = - T
a 117 117 ).
£
119 119
- * - - [ T [ L-
RIif < Ta_ R L2 >
s - = =* * = :
123 - * 123F = % o - -
‘v - el = =2 = - -
125 125 ¥ -
) = -
= &

89 87 83 83 81 79 49787 85 83 8.

'H (ppm)
FIGURE 7: Kinetic 'H/*N HSQC NMR spectra of & (1—40) (100uM, pH 7.0) in the absence of the metal ions at (A)°I7and (B) 3
°C. The peptide samples were soaked in a 4% polyacrylamide gel after being agCableéduce the aggregation rates. Signals denoted
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mainly through the N-terminal region (Figure 2), which can
lead to the formation of big oligomers (Figure S4). The large Monomers N
oligomers may then induce oligomerization even at a low = LJ/\') = e
temperature of 3C, as clearly illustrated in the kinetic HSQC ® =
NMR experiments. In the absence of metal ions, almost
identical conformational changes during the oligomerization Ficure 8: Schematic diagram for the proposed molecular mech-
process were observed in thes Aample that was aged for ~ anism of metal-induced Aoligomerization. The £ oligomers were
5 days at 17C prior to the kinetic NMR experiments (Figure drawn on the basis of the structural model derived from extensive
. ! solid-state NMR studiesré, 82).
7). Itis well-known that the preformed oligomers accelerate
oligomerization 8). Thus, the oligomers generated by the
metal ions appear to interact with the monomers and induce(72). However, NMR resonances of residues—2® re-
their conformational changes and subsequent oligomerization.mained almost unchanged in the initial oligomerization
The real-time kinetic NMR experiments also revealed (Figure 4A,B). This suggests that those residues may not be
important residues involved in the intermolecular interactions. involved in the intermolecular association, consistent with
Hydrophobic residues 1721 have been shown to play a EPR, solid-state NMR, and H/D exchange NMR studies
critical role in A3 oligomerization $1, 52, 67—70). It was (73-75).
also shown that the histidine residues in the N-terminus On the basis of our metal ion binding and kinetic NMR
undergo a significant change during the oligomerization experiments, we propose a molecular mechanism of the
process, suggesting their involvement in intermolecular metal-induced £ oligomerization (Figure 8). The Cliion
association12). In addition, it was proposed that the more binding experiments showed that the metal ions are strongly
structured C-terminal region in the more amyloidogenic 42- bound to the N-terminus and induce the PRE for the entire
residue 46 (1—42) peptide may be responsible for the N-terminal region (Figure 3). In addition, the relaxation times
stronger amyloidogenic propensity of the 42-residue peptide of the C-terminal region and the overall RDC pattern of the
than the 40-residue//\(1—40) peptide 12, 71). The previous Ap peptide remained unchanged upon metal ion binding
observations are consistent with the kinetic NMR data, which (Figures 1C, 3B, and S2). In addition, diffusion NMR
showed that those residues play a crucial role in the experiments showed that theSA(1—40) peptide forms
oligomerization process. However, interactions between themonomeric complexes with the metal ionkl(42). These
residues in the N-terminal region (321) appear more  suggest that the A (1—40) peptides predominantly form
critical for the initial oligomerization. The initial association monomeric complexes with the metal ions, which may be
of the A peptides through the N-terminal residues may then more amenable to intermolecular interactions. At higher
facilitate hydrophobic interactions between the residues of peptide and metal ion concentrations, the formation of the
the C-terminus. This is consistent with previous fluorescence big oligomers (5499 kDa) was more facilitated in the
guenching experiments that reported conformational changegresence of metal ions due to the intermolecular contact
of the C-terminal region during the/(1—40) fibrillization between the N-terminal regions (Figure S4). The oligomeric
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complexes can then induce conformational changes of thepattern of the polypeptide chain, which are strongly sensitive
monomeric A6 peptides and accelerate amyloid formation. to oligomerization, are not influenced by the metal ions
In the absence of metal ions, a similar oligomerization (Figures 1C and 3B) except for the binding sites. These
process was observed in theAsample containing the suggest that the A peptides form mainly monomeric
preformed oligomers (Figures S4 and 7). This suggests thatcomplexes with the metal ions bound to the N-terminal
the proposed scheme may be the general molecular mechregion @9, 41, 42), rather than stable dimeric complexes
anism of A6 (1—40) amyloidogenesis. During the oligomer- bridged by the metal ions that was proposed by previous
ization process, monomeric forms of th@ peptides appear  studies with Raman, EPR, and X-ray absorption spectroscopy
dominant over the oligomers (Figures 4, 6, and 7). In (25, 27, 81). Our extensive biophysical studies are also in
addition, the 46 peptides formed less fibrillar aggregates in good agreement with a recently proposed model, which
the presence of metal ions (Figures S5 and S6). Thus, thesuggested that the metal ions induce a conformational change
small amount of less ordered oligomers may not have beenof the peptide rather than being directly involved in forming
detected in the previous study using electrophoresis, AFM, metal-bridged oligomers4@).

and ThT binding assay26). Finally, at higher peptide concentrations30 uM), the
The oligomerization process is also highly correlated with A (1—40) peptide was slowly oligomerized at’@ in the
the dynamic properties of theApeptides. Previou$®N presence of metal ions>0.2 molar equiv) mainly through

relaxation NMR studies of the Apeptide have shown that  residues 1221 undergoing relatively restricted motions on
the critical residues (1221) involved in the initial inter- the nanosecond time scale. The more flexible hydrophobic
molecular interactions undergo relatively restricted motions C-terminal residues were then involved after the critical
on the nanosecond time scal&3( 39, 76, 77). On the residues in the N-terminus initiated the intermolecular
contrary, the C-terminus of the AApeptide was highly  association. Thus, small molecules that can prevent the
flexible on the nanosecond time scale, which may hinder intermolecular interactions between those residues may be
effective intermolecular interactions, as was observed in the effective therapeutic agents. In addition, destabilizations of
kinetic NMR data. This indicates that the flexibility of the the metal-bound complexes might also be an effective
polypeptide chain on the nanosecond time scale may playtherapeutic strategy for the treatment of Alzheimer’s disease.
an important role in effective amyloidogenesis, and thus, the

dynamics studies would be very useful for identifying the ACKNOWLEDGMENT

crucial residues, which was demonstrated for the PI3K SH3
domain {¥8) and f.-microglobulin 79).
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