Biochemistry2005,44, 6003-6014

6003

Ap40-Lactam(D23/K28) Models a Conformation Highly Favorable for Nucleation
of Amyloid’
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ABSTRACT. Recent solid-state NMR datd)(demonstrate that A -40 adopts a conformation in amyloid
fibrils with two in-register, paralle|s-sheets, connected by a bend structure encompassing residues
DZVGSNKG??, with a close contact between the side chains of Asp23 and Lys28. We hypothesized that
forming this bend structure might be rate-limiting in fibril formation, as indicated by the lag period typically
observed in the kinetics of A4 fibrillogenesis. We synthesizedfA-s-Lactam(D23/K28), a congener
Ap1-40 peptide that contains a lactam bridge between the side chains of Asp23 and Lgs23-l&actam-
(D23/K28) forms fibrils similar to those formed byA-40. The kinetics of fibrillogenesis, however, occur
without the typical lag period, and at a rate 000-fold greater than is seen with5A 4 fibrillogenesis.

The strong tendency toward self-association is also shown by size exclusion chromatography in which
Ap1-so-Lactam(D23/K28) forms oligomers even at concentratiors bf 5 uM. Under the same conditions,
Ap1-40 Shows no detectable oligomers by size exclusion chromatography. Our data suggegt that A
Lactam(D23/K28) could bypass an unfavorable folding step in fibrillogenesis, because the lactam linkage
“preforms” a bendlike structure in the peptide. Consistent with this vigty_4& growth is efficiently

nucleated by A:-s-Lactam(D23/K28) fibril seeds.

B-Amyloid (AS)* peptides are derived from the proteolytic
cleavage of thg-amyloid precursor protein, forming/A-4o,
Ap1-42, and other less abundant produ@s3). AS peptides,

neuritic plaques in Alzheimer’s disease, assemble into fibrils
with high -sheet content. In this respects Aibrils resemble
those formed by other proteins involved in other neuro-

which constitute the most abundant protein component of degenerative diseases, including Huntington, Parkinson, and
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prion diseases. Fibril-forming proteins lack sequence similar-
ity, but the fibrils are believed to share some structural
characteristics derived from thesrsheet content4], such

as protease resistance and the ability to bind thioflagin (
6) and Congo Red dyeg<{9).

The kinetics of A8;1—40 fibrillogenesis show a long lag
phase, in which no fibrils are formed, followed by rapid
polymerization of the peptide into fibrils. The lag phase has
been attributed to a rate-limiting step that consists of high-
order oligomerization and/or conformational chang#8, (
11). Because of the high propensity ofgApeptides to
aggregate into insoluble fibrils and the temporal instability
of intermediates in the pathway to fibril formation, traditional
biophysical techniques are difficult to apply, and conse-
quently little is know of the structure of these intermediates.
A micelle-like oligomer has been proposed as an intermediate
in Ap fibrillogenesis (2, 13. Small oligomers have been
studied in permeabilization of lipid bilayers suggesting a
mechanism of pathogenesid4]. Small angle neutron
scattering has demonstrated micelle-like intermediates in
p-amyloid protein fibril assemblies; these have been shown
to contain 36-50 A monomers and have elongated geom-
etries (L5). In other studies, A fibrillogenesis was shown
to involve conformational changes leading to the formation
of extende3-sheets and proceeding through an oligomeric
o-helix-containing intermediatel ).
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Ficure 1: (Modified from Petkova et al.1j.) Structural model
for AB1—40fibril derived from energy minimization using constraints
based on solid-state NMR dat&)((A) Peptide backbone confor-
mation in the fibrils, showing a disordered N-terminal segment
(blue), twopS-strand segments (residues—1Z2 and 36-40), and
the bend segment (residues—22) containing oppositely charged
Asp23 and Lys28. (B) Cross-sectional view of a piece of tfig Ay
protofilament, in which peptide molecules assemble into a four-
layered paralleB-sheet structure, stabilized by hydrophobic contacts
within and between the two molecular layers.

Sciarretta et al.

pB-sheet structure in the central portion of5 Apeptides.
Solution-state NMR suggested a turn at positions 24 (24)

or between 2225, 24-27, 27-30, and 36-33 (25) of
ApBi1o-35 Or 20-26 of AB1-4 (26) in soluble, monomeric
form, while molecular modeling and molecular dynamic
simulations also suggest a bend or turn in this region of
ApBio-35 (27). In addition, proteolysis experiments and
hydrogen/deuterium exchange oBA 4 fibrils support the
model of an unstructured, solvent-exposed N-terminus, and
a structured core in the remainder of the peptide in fibrils
(28, 29). Proline mutagenesis3Q) supported a model in
which residues 22, 23, 29, and 30 appear to be involved in
turn region. More recently, Tok et al. @1) used electron
paramagnetic resonance spectroscopy to confirm an in-
register AS-sheet structure for py—_4 fibrils, and demon-
strated that the region around residues 28 of AB;—4 were
more dynamic than surroundifigsheet regions, which was
compatible with a bend or turn in this region.

In this paper, we first report solid-state NMR data for salt
bridge formation from the side-chain interactions of residues
Asp23 and Lys28. Thereafter, we test the hypothesis that a
rate-limiting step in fibrillogenesis is the conformational

We have taken a model peptide approach to study critical change similar to the “bend” seen in the fibril. To test this

conformational changes in the fibrillogenesis pathway. Solid-

state NMR datal(7—20) have demonstrated that the peptides
in fibrils formed by ABi0-35 and ABi1-40 are aligned in
parallel, in-registerf-sheets. Earlier studies used dipolar

hypothesis, we have designed a congengr 4 peptide that
contains a lactam bridge between the side chains of Asp23
and Lys28, and thus is intended to model the structure
proposed by Petkova et all)( If the congener peptide

recoupling NMR methods to measure distances in thesemodels a structure similar to that in the8 Aibrils, we would
peptides between labels (peptides singly or doubly labeled predict that it would form fibrils resembling the un-cross-

with 13C or**N), mainly in the backbone. Peptides containing
single 3C-carbonyl labels had intermoleculdfC—13C
distances of approximatel5 A at many positions in the

linked AB1-40 peptide, but at much greater rates. We show
that this congener does indeed form fibrils similar to that of
Ap1-40 but at~1000-fold greater rate. We also demonstrate

peptide from Tyrl0 to Val40. Results such as these were that fibril formation by this lactam-containing peptide occurs

most consistent with parallel alignment/@theets. Chemical
shift data also supported the conclusiorfesheet structure
for most residues in this region.

More recently, a detailed structural model for fibrillar

without a lag period, suggesting that fibrillogenesis by the
lactam-containing congener of BA 4o bypasses the rate-
limiting step in fibrillogenesis of un-cross-linkedpA- 4.

Ap1-40Was proposed from continued data accumulation and EXPERIMENTAL PROCEDURES

constrained energy minimizatiot)( This model is consistent
with data from NMR studies including measurements of
intermolecular distances using fpRFDR-CI9)(, DRAWS
(17), MQ °C NMR spectra 20), torsion angle constraints
(21), and 3C and ™N chemical shift and line width
measurements from 2D spectroscofiy, @s well as fibril
mass per length from electron microscof@g)(and X-ray
diffraction data 23). According to this model (shown in
Figure 1), residues 22 and 36-40 form two 3-strands

in AfB1-40 fibrils, which are connected by a bend structure
encompassing residues*MGSNKG?. This bend differs
from af-turn. Whereas g-turn, defined by a set of backbone

torsional angles, contains a hydrogen bond between backbon

atoms, the bend structure inpAibrils occurs in the “side-

chain dimension” because it is defined and stabilized by side-

Peptide Synthesis and PurificatioAf1-40 (NH2-DAEF-
RHDSGY*EVHHQKLVFF?’AEDVGSNKGAIGLMVG-
GVV*-COOH) was synthesized using modified 9-fluoren-
ylmethoxycarbonyl (FMOC) and HBTU/HOBT (Fastmoc)
chemistry on an Applied Biosystems (Foster City, CA) model
433A instrument. Peptides were cleaved from the resin using
9 mL of TFA plus 0.5 mL of thioanisole, 0.3 mL of EDT,
and 0.2 mL of anisole for 1.5 h at 2Z. Peptides were
purified by RP-HPLC on a preparative C18 (Zorbax) column
at 60°C. Peptide purity was greater than 98% by analytical
HPLC. The molecular mass of the peptide was verified by
E£SI and MALDI-TOF mass spectrometry.

A congener of #1-4 was synthesized with an amide
cross-link between the side chains of Asp23 and Lys28

chain interactions, both hydrophobic interactions and a salt (Af1-a-Lactam(D23/K28)) using standard tBOC chemistry.
bridge (between Asp23 and Lys28 in Figure 1), between the The procedure for forming the lactam cross-link is based on

two separate, parallgd-sheets. Hence, a single molecular
layer in this model is a doubjg-sheet. The first 10 residues
of Af1-40are structurally disordered in the fibril. According
to this model, the protofilament could be constructed from
two molecular layers, in which residues -300 create a
hydrophobic surface for intermolecular interactions. Other

the methods described in detail elsewh&® .(Briefly, the
peptide chain was elongated using tBoc chemistrBoc-
Asp(3-OFm)-OH (Bachem) and-Boc-Lysf-Fmoc) (Bachem)
were used for residues to be cross-linked.

After Asp23 had been incorporated into the chairBOC
group remaining on Asp23), the Asp23 and Lys28 side chains

investigators have also presented data in support of a nonwere deprotected with piperidine (20%, v/v in NMP, 23 min,
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22°C) and coupled using benzotriazoNtoxytris-(dimethyl- NaOH); (2) sonication (varying time from 0 to 4 h); (3)
amino)phosphonium hexafluorophosphate (BOP) reagentremoval of above solvents (by complete drying with Nr
(33), with the addition of DIEA and NMP fo4 h to form dilution to <2% final concentration); (4) buffers for resolu-
an amide bond between thgcarbon of Asp23 and the bilizing disaggregated peptides (100 mM Tris, 10 mM
e-nitrogen of Lys28. Coupling continued for 2 h, after which sodium phosphate buffer, pH 7.40, with and without 150
the reaction vessel was drained, additional BOP, NMP, andmM NacCl, 5-fold diluted PBS); (5) temperature at which
DIEA were added, and the reaction was allowed to proceedfibrils were grown (37°C, room temperature); (6) agitation
for another 2 h. Formation of the cross-link was later (stirring) or quiescence during fibril growth. One additional
confirmed by ESI and MALDI-TOF mass spectrometry. procedure evaluated was the isolation of a monomer popula-
After formation of the lactam cross-link, the peptide-resin tion of peptide using size exclusion chromatography (Su-
was replaced in the synthesizer, and the remainder of theperdex 75, 10 mM sodium phosphate buffer, pH 7.40 or
peptide chain was elongated using standard tBOC chemistry.10.00), followed by concentration of the peptide by Amicon
For solid-state NMR experiments,'3c-valine was incor- filtration. Although the size exclusion procedure reproducibly
porated as Vall8 of this peptide 13c-Val (=97% isotopic yielded monomeric peptide, it was not feasible because no
purity) was purchased from Cambridge Isotopes (Andover, method could be found to concentrate the peptide to a level
MA) and was protected with the FMOC group by Midwest suitable for fibrillogenesis without inducing oligomerization
Biotech. Peptides made by tBOC chemistry were cleaved and aggregation of the peptide.
from the resin using anhydrous HF in an Immuno-Dynamics  To assess whether the peptide solutions treated by these
(La Jolla, CA) HF apparatus, using 10 mL of HF also procedures were monomeric or aggregated, we examined the
containing 1 mL ofp-cresol and 1 mL of DMS pel g of samples by size exclusion chromatography using a Superdex
resin fa 1 h at—3 to —5 °C. A 0.5 mmol scale reaction 75 (Amersham) column equilibrated with 10 mM sodium
gave approximatelyz200 mg of crude peptide, of which  phosphate buffer, pH 7.40. This column achieves separation
only ~5—8 mg of purified product could be obtained. The of monomeric 4:-4 from smaller and larger aggregates.
low yield was attributable to the high propensity of the The most consistent and reproducible results were achieved
peptide to aggregate, which made it difficult to separate the by solubilizing peptides in neat DMSO at5.8 mM, and
peptide from impurities. Nevertheless, a procedure was foundthen diluting the peptide into 10 mM sodium phosphate
to isolate pure peptide, as follows. Peptide solubilized by buffer, pH 7.40, 0.02% sodium azide, to yield a final peptide
being stirred into 40:66- acetonitrile:water (both containing  concentration o~115 uM. As shown in Figure 9B, this
0.1% TFA, v/v) at~60 °C was chromatographed using a yielded a single peak corresponding with the retention time
Zorbax C-18 preparative column maintained at°@and for monomer A8;—40. In addition, initial thioflavin readings
eluted from the column using a 50 min gradient from 25 to of these solutions were at background levels, suggesting that
65% (v/v) acetonitrile containing 0.1% (v/v) TFA. Purity the -strand structure recognized by the thioflavin was not
was assessed by analytical RP-HPLC using a Vydac C-18present. Hence, this solubilization procedure was followed
column. Mass of the product was verified using MALDI- for all the kinetic experiments discussed below. For chro-
TOF and ESI mass spectrometry. matography of ;-s-Lactam(D23/K28) (Figure 9C), pep-
Kinetics of FibrillogenesisThe purified A3 peptides were  tide was initially dissolved in DMSO and diluted to-5
stored as follows. Peptide was dissolved-&0 °C into 30: uMin 10 mM sodium phosphate, pH 7.40, and a final DMSO
70 acetonitrile:water containing 0.1% TFA (v/v) and lyoph- concentration of 0.5% (v/v).
ilized as aliquots of 0.5 mg in siliconized 1.5 mL tubes, and  For fibril seeding assays (cross-seeding and self-seeding),
then it was stored at-20 °C. For fibrillogenesis assays, seeds were made from stocks of fibrils in which the thioflavin
peptide concentration in buffer was assessed from absorbanc@uorescence was no longer increasing, the endpoint of the
at 274.6 nm, using the extinction coefficient for tyrosine of reaction. To make seeds, slurries of fibrils were sonicated
1420 M1 cm L. Fibrillogenesis was followed by thioflavin  in a Branson model B-22-4 water bath sonicator for 10 min.
fluorescence at 37C. At various time points, 10L aliquots The amounts of seed added was expressed as a weight
were taken, diluted into 1 mL of 1&M Thioflavin T percentage of the mass of monomeri;Ay in solution,
solution, in 10 mM sodium phosphate buffer, pH 7.40. The i.e., 2%, 5%, 7%, and 10%. Seeds were added to solutions
sample was pipetted vigorously, and fluorescence wasof monomeric A6;—40, freshly prepared as described above.
monitored. Measurementsgy = 446 nm,lgm = 490 nm) Electron Microscopy.Five microliter aliquots of fibril
were made on a Hitachi F2000 fluorescence spectrophotom-slurries of A3;—40 or AB1-s0-Lactam(D23/K28) were applied
eter and, aftea 3 sdelay, were averaged for 10 s with a to a glow-discharged,-2400-mesh, carbon-coated support
bandwidth of 10 nm and a photomultiplier voltage of 700. film, washed with water, and stained with 1% uranyl acetate
To compare the fibrillogenesis kinetics opA 4o-Lactam- for 30 s. Micrographs were recorded using a FEI Tecnai F30
(D23/K28) with those of 140 we first compared a number  electron microscope at magnifications of 1560Gand
of fibrillogenesis conditions for B;—4 to determine which 98000x . In addition, the CCD camera added a magnification
gave the most reproducible kinetics, and most closely of all images of 1.4.
approximated “seed-free” conditions. A number of different  Congo Red BindingTo measure Congo Red binding, 3
techniques have been proposed for pretreatifig-A pep- uL of 0.1% (w/v) Congo Red (Sigma) was added to 1 mL
tides to ensure reproducibility of kinetics, where monomer of 10 mM sodium phosphate buffer, pH 7.40. The absorbance
is predominantly or exclusively present at the initiation of spectrum was measured from 400 to 600 nm. TA80 ug
the reaction. We assessed multiple conditions, using variousof fibrillar A 5140 or Af1-s0-Lactam(D23/K28) was added
combinations of the following: (1) solvents to induce to the Congo Red solution and incubated for 30 min at 22
disaggregation (neat HFIP, neat DMSO, neat TFA, 1 mM °C. The absorbance spectrum was repeated. Pipetting the
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sample vigorously or vortexing the sample after incubation A
did not alter readings.
Solid-State NMR1-13C-Val18 labeled #8;_s-Lactam-
(D23/K28) was prepared for fibril growth as described above.
Fibrils were then dialyzed against MilliQ water, using
dialysis tubing with a molecular weight cutoff of 500. The
fibrils were then centrifuged at 132§@or 30 min, super-
natant was removed, and the pellet was lyophilized. After
the labeled sample was loaded into a 3.2 mm magic-angle
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spinning (MAS) rotor, the sample mass was approximately B ASF|’23 C,
1 mg. |
Frequency-selective rotational echo double resonance N off |

(fsREDOR) measurement84, 35 were carried out on an

AB1-40 fibril sample with uniform®N and3C labeling of

Asp23, Lys28, Gly29, lle32, and Val36, prepared as previ-

ously describedl). 5N on
Solid-state NMR measurements were performed at 100.8

MHz 3C NMR frequency, using a Varian Infinity-400 T

spectrometer and a Varian 3.2 mm MAS probe. All mea- 190 180 170 ppm

surements were performed at room temperature. Frequency- 3C NMR frequency

selective>N—13C fsSREDOR data were acquired as described FIGURE 2: (A) Measurement of a5N—13C nuclear magnetic

by Jaroniec et al.35), with an MAS frequency of 9.0 kHz,  dipole—dipole coupling between Nof Lys28 and G of Asp23 in

selective'®N and 13C Gaussiant pulse lengths of 1.0 ms, AP fibrils, using the frequency-selective REDOR solid-state

hard 15N pulse lengths of 15, and 110 kHz proton NMR tech_nique._ Error bars are base(_:i on RMS noise in the NMR
. . . spectra. Simulations for severalN\C, distances are shown. These
decoupling fields. In these measurements, seleafigalses  yata indicate a distance of 3-8 0.2 A. (B) Portion of thelsC

are applied with the radio frequency carrier frequency at the MAS NMR spectrum, at 28.4 ms REDOR dephasing time. The
13C and®™N chemical shifts of Cof Asp23 and Nof Lys28, Asp23 C peak at 180 ppm is strongly reduced when a selective

respectively, to select the magnetic dipetipole coupling ~ °N ra?iodffectlﬁenc}(’jgllﬂsef ?ht tfae NhMR' ffequengy R?fEt[?(e) IR_deZtS N

- - : is applied in the middle of the dephasing period. ata are
bfatween_ these nuc_lear spins while Suppressing all Otherthe difference between,(eak areas without and with th&N pulse
dipole—dipole couplings, scalar couplings, and inhomoge- (As) divided by the peak area without th&N pulse &). Signal

neous broadeningf). 13C constant-time, finite-pulse radio  centered at 172 ppm arises from carbonyl carbons of labeled Asp23,

frequency driven recoupling (fpRFDR-CT) data were ac- Lys28, Gly29, lle32, and Val36 residues, which are not strongly

quired as previously describedd, 36, with 3C z pulse ~ coupled to the Nof Lys28.

lengths of 15us in the fpRFDR periods, 20.0 kHz MAS, i -

110 kHz proton decoupling fields, and pulsed spin locking results of these experiments are shown in Figure 2, along

in the signal detection period to enhance sensitivily ( vv_|th simulated fSREDOR curves for a range of possible
Simulations of fSREDOR data assumed a two-spin systemd'St"’mC(?s betwegn VCO]] Asdp2_3 alnd 3' dOf Lys28. By

and ideal radio frequency (rf) pulses (i.e., negligible effects gprpparlngfeg(p?eslmgr;tg\ '&a\m simulate .ita’ Wel e;tllrgate a

of chemical shift anisotropy, rf inhomogeneity, and incom- Istance ot 5. : ' consustent wit a salt bri 9e

plete inversion by the selective pulses). Simulations of between the oppositely charged side chains. Restrained

. . : ; . energy minimization to generate a molecular model consis-
fpRFDR-CT data used a six-spin system in a linear chain, . : o
with initial spin polarization on the central two spins to tent with the solid-state NMR datd)(indicates that these

minimize end effects, and assumed an ideal rf pulse sequenc% zgtrz(;tts ngirehgg;[g iLnt{r?é_nsorllz(;?Iziruacrgsré;]ti:?hoolﬁcwar:ot(to
(ie., negligible effects of chemical shift anisotropy, rf reviousl gublished the data in Figure 2 .Were us?ad in the
inhomogeneity, and spin relaxation). Previous studies haveP yp ' 9

; : : : . development of the structural model in Figure1). (
validated the assumptions in these simulatial®; 3. Rationale and Design of/A_srLactam(D23/K28) Peptide.

RESULTS The structure propqsed for_ﬁQ—4o fiprilsl by Pgtkova et al.
(2) contains a bend in the side-chain dimension, encompass-

Evidence of Asp23/Lys28 Salt Bridge from Solid-State ing residues BPVGSNKG?, separating two in-register,
NMR.To investigate whether there is a salt bridge between parallel 5-sheets. In contrast to typicdl-turn structures,
residues Asp23 and Lys28 infA-4, fSREDOR experiments  which are stabilized by torsional angle considerati@%
were carried out on By—q fibrils, uniformly 1N,'3C-labeled 39) and, typically, a backbone hydrogen bond (e.g., between
at Asp23, Lys28, Gly29, lle32, and Val36. The fSREDOR C=O0 of theith residue and the NH of the third residue in
technique was chosen for these experiments because it type I5-turn), the bend structure here, betweenitsheets,
permits the measurement of distances between spé¥fic ~ appears to be stabilized by hydrophobic effects and also a
labeled and!®N-labeled sites in samples with multiple salt bridge between Asp23 and Lys28. AlthougB-aurn in
uniformly labeled residues3p) in this case between, ®f this region of the £:1-40 sequence was suggested in early
Asp23 and N of Lys28, and because 4 fibril samples studies of 48140 fibrils (24, 40, a truep-turn is inconsistent
with multiple uniformly labeled residues had been prepared with the later solid-state NMR data.
by Petkova et al. for measurements-# and*>N chemical Kinetics of A3 fibril formation typically show a lag period
shifts in two-dimensional solid-state NMR specttid. (The followed by the rapid accumulation of fibrillar products.
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Ficure 4: Electron micrographs of negatively stained fibrils formed

FIGURE 3: Congo Red absorption spectra from 400 to 600 nm. BY ABi-a0 (A, C, at 15006 and 98006 magnification, respec-

When ABi_sr-Lactam(D23/K28) fibrils are incubated with the
Congo Red, the dye binds to the fibril and gives a red shift in
absorbance typical of amyloid fibrils.

While this pattern has been attributed to the slow formation

of a “seed” or “nucleus”, it is also clear that fibrillogenesis

must include one or more conformational changes, since

fibrillar A has a highs-sheet content, while monomeric
Ap is essentially unstructure@4, 26. We hypothesized that
a conformational change (including formation Bfsheet

structure) and oligomerization is a slow, perhaps even rate-

limiting step in AB1_4 fibril formation. If this hypothesis
were correct, then a congener oA, that bypassed the
need for this conformational change should form fibrils
without a lag period, and yet the fibrils should still closely
resemble those formed bypgA- 4.

tively), and AB;_so-Lactam(D23/K28) (B, D, at 15000 and

98000« magnification, respectively). Fibrils were grown freei15

uM peptide in 10 mM sodium phosphate, pH 7.40 from a peptide

stock in DMSO (final DMSO concentration2%). A1 fibrils
exhibit typical morphology of long, unbranched, twisting amyloid

fibrils. AB1-40-Lactam(D23/K28) are not as frequently twisted and

are composed of single fibrils.

characteristic red shift in absorbance for amyloid fibrils. The

fibrillar nature of these aggregates was also documented by

electron microscopy (Figure 4). The EM images indicate that
fibrils formed by AB1—40-Lactam(D23/K28) and Bi-40 are
similar in length. These data indicate that thé, Ag-Lactam-
(D23/K28) aggregate is indeed fibrillar.

The morphology of the fibrils made byA-4 and AS1_40-
Lactam(D23/K28) peptides are similar but not identical, even

The fSREDOR data presented above suggested a convethough they were grown under identical conditions. Only

nient way to produce such a conformationally restricted
congener of ;4. If the salt bridge between Asp23 and
Lys28 that flanks this bend region were mostly intramolecu-

infrequent AB:-s¢-Lactam(D23/K28) fibrils have the appear-
ance of a twisting duplex, an appearance seen more
frequently in samples of By_4 fibrils. In addition, the

lar rather than intermolecular, then an amide bond betweendiameter £ standard deviation) of the/A-so-Lactam(D23/

the -carboxyl group of the Asp and theamine group of
the Lys, creating a lactam bridge within a single peptide,
would mimic such an interaction.

We synthesized py-so-Lactam(D23/K28), with the se-
guence

NH,-DAEFRHDSGY-’"EVHHQKLVFF*-

30 40
AEDVGSNKSA™IGLMVGGVYV ™-COOH

K28) fibrils is somewhat smaller than that ofsA 4o fibrils,
i.e., 10.88+ 1.5 nm for AB1-40 and 7.34+ 0.85 nm for
Ap1-s0-Lactam(D23/K28) fibrils.

Solid-State NMR of A —40-Lactam(D23/K28)To test the
structural similarity of A81—40 and AB1—40-Lactam(D23/K28)
fibrils at the molecular level, we used solid-state NMR.
Figure 5A shows the one-dimensional (1B MAS NMR
spectrum of A8;_s-Lactam(D23/K28) containing 13C-
Val18. CarbonyfC chemical shifts are sensitive to second-
ary structure 41). The peak at 171.7 ppm for the labeled

where the tie bar represents the lactam cross-link. Details ofSite is typical for af-strand conformation (i.e., 2.9 ppm
the synthesis are described in Experimental Procedures. Lowdpfield shift from the random coil valué®)), and is similar
yields of this peptide are attributable to the high propensity to the chemical shift of Val18 (171.0 ppm) reported for un-

of the peptide to aggregate.

Demonstration that Ay —so-Lactam(D23/K28) Fibrils Hae
Structure Similar to That of A —40 Fibrils. Af;—s-Lactam-
(D23/K28) rapidly formed fibrils under several solvent
conditions. For example, 230M peptide formed fibrils
within an hour at 37C, in 100 mM Tris buffer, 150 mM
NaCl, pH 7.40. The aggregates were thioflavin T positive
to a level similar to but consistently slightly lower than that
observed for 8:-40 at the same concentration. To confirm
that these were typical amyloid fibrils, a Congo Red binding
assay was performed. Figure 3 demonstrates that fhe,A
Lactam(D23/K28) fibrils bind Congo Red, displaying a

cross-linked 4814 fibrils that exhibit the salt bridge between
Asp23 and Lys2843). Although the difference between
Vall8 carbonyl chemical shifts in A_4 and ABG;—40
Lactam(D23/K28) fibrils is real, the small magnitude of this
difference (e.g., relative to the solid-state NMR line widths)
suggests that the underlying structural differences are minor.
Small differences in backbone torsion angles around Vall18
would be sufficient to account for the differences in carbonyl
chemical shifts. Thé*C NMR line width of 2.7 ppm is
similar to carbonyl line widths observed ingA 4 fibrils

(1, 19. Significantly larger line widths are observed in
unstructured peptides (@ ppm) @4).
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A inconsistent with the fpRFDR-CT data unless Vall8 is
hydrogen bonded to either Vall8 or Phel9 (i.e., residue
hydrogen-bonds to either residue B6F 374 in an antipar-
allel alignment of neighboring peptide chains). Otherwise,
nearest-neighbor intermolecular distances for the Vall8
carbonyl would exceed 6.0 A.
Fibrillogenesis KineticsAfS1-4 fibrillogenesis exhibited
a lag period of 3000 min. Fibril growth appeared to be
complete at~15000 min. In contrast, under the same
200 10 100 s o conditions, A8,-sc-Lactam(D23/K28) initiated fibril growth
13C NMR frequency (ppm) immediately and exhibited no lag phase, completing fibril-
logenesis ire30 min. Presence of fibrils was confirmed by
electron microscopy. To compare the fibrillogenesis kinetics
of ABi1-40 and AB;_s-Lactam(D23/K28), the kinetic data
were treated as follows. ForAA-s-Lactam(D23/K28), data
could be fit straightforwardly to a monoexponential equation,
as shown in Figure 6A (solid line). In the case oA
however, where there was a lag period, the kinetics of
fibrillogenesis could not be fitted to a monoexponential
equation, nor to other common kinetic rate equations (e.g.,
sequential or parallel first-order equations, second-order
equation). Instead, we observed that the data fitted the
0 10 20 30 40 50 60 70 equation of a “stretched exponential”, as is often observed
13C-13C dephasing time (ms) for complex kinetic schemes (e.g., Pasternack et4&))(
FiGURE 5: (A) 13C NMR spectrum of f81_-Lactam(D23/K28) In this anglysis, the free monomer concentration decreases
fibril sample with al3C-carbonyl label on Val18 (peak at 171.7 €Xponentially as a power of time, i.e.,
ppm relative to tet;amethylsilantﬁ, 22(')70plngzlil?/l?A vSvid_trk;])é %lztaglt?gnat ]
100.8 MHz NMR frequency wi . . _ — — -
from a random caoll ghemigal shift of 174.6 supportg-atrand (M] = M].) = ([MO] [M].) expC(k)T) (1)

conformation at Vall18. Broad peaks centered at 25 and 120 ppm . ) .
are primarily probe background signals. Spectrum was acquired in where [M] is the free monomer concentration at timgv] o

40960 scans, with approximately 1 mg of fibrils. (B) Experimental s the initial total peptide concentration, and [Mis the

13C fpRFDR-CT data for the same sample, acquired at 100.8 MHz ; ; P
NMR frequency with 20.0 kHz MAS, 6400 scans per data point, concentration of free monomer units at equilibrium569

and pulsed spin locking to enhance sensitivity. Error bars are basedS monomeric by size exclusion chromatography and sedi-
on RMS noise in the NMR spectra. Data are corrected for natural- mentation equilibrium analytical ultracentrifugation under

abundancéC signal contributions as described in 1€ Simulated conditions used for these assays. It is not possible to exclude
curves are for a linear chain iC spins with indicated spacings.  the presence of a small amount of dimeric peptide under

These data indicate nearest-neighbor intermolecular distances o : !
5.0 + 0.3 A for vall8 carbonyl carbons, consistent with an in- fthese circumstances, however.) Leyvraz et 80 @define

register, paralleB-sheet structure. the parameten as a power function of time, which they use
to describe kinetics of fractal growth. Since the total peptide

. . concentration is the sum of monomer and aggregates, i.e.,
To investigate supramolecular structure, the fpRFDR-CT [Mo] = [M] + [Agg], it follows that

technique 19, 3§ was used to measure intermolecular
distances between Val18 carbonyl carbons flh-Ar-Lactam-

3C NMR signal amplitude (a.u.)

_ _ _ a n
(D23/K28) fibrils. The foRFDR-CT data for _sc-Lactam- [Agg] = (Mol — [M{1—expC-(k))t  (2)
(D23/K28) fibrils (Figure 5B) containing the Val18 carbonyl ) o
label are nearly identical to data forf 4 fibrils (19), =~ We followed the formation of fibrillar aggregates ofif4

indicating a nearest-neighbor intermolecular distance betweerPy thioflavin fluorescence, which yields the following
Val18 carbonyl sites of approximately 58 0.3 A. This equation:

distance is consistent with an in-register, pargfledheet

structure, where distances of 4:70.1 A are expected. The ~ ThT = ThT, + {(ThT, — ThT)[1 — exp(k)"]} (3)
fpRFDR-CT data could also be consistent with an out-of-

register paralleB-sheet structure with a one-residue shift in where ThT, Th, and ThT, represent thioflavin fluorescence
backbone hydrogen bond registry, where nearest-neighbomreadings at various times, at tirre 0, and at infinite time,
intermolecular distances in the 5:8.5 A range are expected.  respectively.

On the basis of an examination of energy-minimized parallel  The results of this analysis are shown in Figure 6A and
pB-sheet models, larger shifts in backbone hydrogen bondFigure 6B, for A3;_s-Lactam(D23/K28) and Bi—40, re-
registry would produce nearest-neighbor intermolecular spectively. From this analysis, we found thgtAs-Lactam-
distances greater than 6.5 A and can be ruled out. Antiparallel(D23/K28) formed fibrils with a ratek = 0.107 mirr%, while
B-sheet structures, which to date have only been observedior Af1—40, k= 1.07 X 10* min~%. That is, the rate of fibril
experimentally in amyloid fibrils when the component formation by AS;—s-Lactam(D23/K28) was 1000-fold greater
peptides comprise fewer than 20 residues and contain a singléhan that of A81-40, at the same peptide concentration and
pB-strand and a single hydrophobic segmett<48), are under similar conditions. Therefore, theSA 4-Lactam-
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Ficure 6: Fibril kinetic growth curves for B;—40-Lactam(D23/
K28) (A) and AB1-4 (B) as a function of relative thioflavin T
fluorescence. Peptide samples were incubated 4C3A 10 mM

sodium phosphate, pH 7.40. Ten microliter samples were removed

at various times to measure thioflavin T fluorescence. Curves are

calculated on the basis of representative data (various symbols) from
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ThT=ThT,+ (ThT, — ThT)[1 — expkt)] (4)

Equation 4 yieldedk = 0.122 4+ 0.029 min!, the same,
within experimental error, as the value obtained using eq 3.

In addition, this analysis provided a convenient way to
approximate the length of the lag period: values for the
parameters obtained using eq 3 were then used to derive a
value for the midpoint in the rise in thioflavin fluorescence
(in Figure 6B, the midpoint occurred &t 8.52 x 10° min).
From the calculated local slope at this midpoint, we then
estimated the lag period as tkéntercept of the line formed
tangent to the midpoint of the theoretical curve. Using this
procedure, we estimated that the lag period fB%.Ay fibril
formation was 3.06x 10° min (2.5 days). A similar
calculation for AG1-40-Lactam(D23/K28) yields a lag period
of ~0.12 min., i.e., essentially no lag period.

Seeding of B1—40 Fibril Growth by Addition of 8140 Or
AB1-se-Lactam(D23/K28) FibrilsAn additional criterion for
the similarity between the -4 and AS;_so-Lactam(D23/
K28) fibrils is that the fibrils of one should be able to nucleate
and thus accelerate growth of fibrils by solutions of the other
peptide. The efficiency by which self or other proteins seed
amyloid growth has been shown to be related to structural
similarity, including sequence similaritysy), though the
correlation between seeding efficiency and primary structural
homology is imperfect §2). Accordingly, we examined
whether addition of &;—s-Lactam(D23/K28) fibrils stimu-
lates the growth of monomeric/A-4o into fibrils of specific
morphology. The reverse experiment cannot be performed
because polymerization offA-so-Lactam(D23/K28) is virtu-
ally instantaneous with no lag phase, even under conditions
intended to slow fibrillogenesis; e.g., temperaterel °C,
the addition of glycerol to increase viscosity, and lower
peptide concentrations (2BM). We also examined the
acceleration of &4 fibril growth when A31_4 fibril seeds
were added to solutions of monomeri@Aao.

As expected, the addition ofA-4 fibrils accelerated fibril

two (panel A) and four (panel B) experiments, and normalized to growth of a solution of 10&M monomeric A8:-40 (Figure

a maximum fluorescence of 100. Growth offAo is a typical
sigmoidal growth curve with a lag phase~08000 min &2.5 days).

In the figure, lines represent theoretical curves derived from
nonlinear least-squares fit of the data. Fgh Ay, data were fitted

to the equation ThE ThTy + {(ThT, — ThTo)[1 — exp(—(k)M)]},
where ThT, Thp, and ThT, represent thioflavin fluorescence
readings at various times, at time 0, and at infinite time,
respectively. For B;—40-Lactam(D23/K28), fibrillogenesis showed
essentially no lag phase, with fibril growth completed@®0 min.
When fibrillogenesis data for $-40-Lactam(D23/K28) were
analyzed by this equation, the results were essentially identical to

7TA). ApB1-s0-Lactam(D23/K28) fibrils also accelerated fibril
growth of solutions of monomeric /A-4o (Figure 7B) and
eliminated the lag phase. The kinetics were analyzed as
monoexponential as described above, because the experi-
mental data indicated the absence of a detectable lag phase.
In both experiments, rate constants for fibril growth appeared
to increase proportionately with the amount of fibril seed
added (expressed as weight percent of the massfefé

in solution). Electron micrographs ofA-40 seeded with

those obtained when the data results were analyzed using theeither AB1_4o (Figure 8A) or AB1-s¢-Lactam(D23/K28) seed

equation of first-order kinetics, i.e., Th¥ ThTo + (ThTe — ThTg)-
[1 — exp(—kt)]; these theoretical curves are shown as dashed and
solid lines, respectively.

(D23/K28) demonstrates greatly accelerated incorporation
into amyloid fibrils.

One additional feature of this kinetic analysis comes from
the calculation of the parametar While for AB1-40, N =
2.24+ 0.37, for AB1-s-Lactam(D23/K28)n = 1.46+ 0.64,

i.e., indistinguishable from unity, within the limits of
experimental error. The theoretical curve fg8,As0-Lactam-
(D23/K28) fibrillogenesis kinetics as analyzed by eq 3 is

(Figure 8B) were analyzed for fibril diameter as described
above. The mean diameters (standard deviation) were
11.2 4+ 1.5 nm and 10.1+ 1.4 nm, respectively. Within
experimental limits, these numbers are not different, and also
are the same as the diameter gf,A fibrils grown under
unseeded conditions (1047 1.4 nm). In addition, the Bs—40
fibrils grown using either seed were indistinguishable
morphologically from A8;—4o fibrils grown under unseeded
conditions.

Soluble Oligomers of & —s-Lactam(D23/K28) at +5 uM
ConcentrationsA31—4 peptide used for fibrillogenesis assays

the dotted line in Figure 6A. This curve is not distinguishable was entirely monomeric (i.e., undetectable oligomer) by size
from that of monoexponential kinetics, i.e. (solid line in exclusion chromatography using Superdex-75. When lyoph-
Figure 6A), ilized ABi1-40 was dissolved in DMSO, and the peptide
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FIGURE 7: Afi1-s0-Lactam(D23/K28) and B;-4 fibrils “seeds”
accelerate fibrillogenesis offA—4o solutions and eliminate the lag
phase of fibrillogenesis. (A) Bu—40 fibrils expressed as weight
fraction of the mass of 11BM A f3;—4 in solution were added to

a solution of monomeric Ba—40. Lines represent nonlinear least-
squares fit of the data to a monoexponential growth function. (B)
Ap1-so-Lactam(D23/K28) fibrils (expressed as weight fraction of
the mass of 115M Api1—40 in solution) also accelerated fibril
growth of solutions of monomeric/4 -4, and also eliminated the
lag phase. Data were fitted to a monoexponential growth curve.

A ’

B

Ficure 8: Electron micrographs of 40 fibrils, grown using
either 2% (mass/mass)pi-4o fibril seeds (A) or 2% (mass/mass)
ApB1-so-Lactam(D23/K28) fibril seeds. In addition, similar images
were obtained of ;-4 fibrils grown using 5%, 7%, or 10% & 40

or ABi—s-Lactam(D23/K28) fibril seeds. Images show 98800
magnification.

diluted with 10 mM sodium phosphate, pH 7.40 to a final
peptide concentration e¢115uM (final DMSO concentra-
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FIGURE 9: Size exclusion chromatography ofsApeptides using
Superdex-75. (A) In this sample,A-4 was treated with HFIP

and dissolved in 0.2X PBS, pH 7.40. Peaks representing monomeric
and various forms of oligomeric solubleSA-4o are shown in the
figure. (B) A sample of purified and lyophilized fA-40 was re-
solubilized in 40% acetonitrile in water (both containing 0.1% TFA,
v/v) and then aliquoted and lyophilized in siliconized tubes. The
lyophilized powder was dissolved in DMSO and then transferred
into 10 mM sodium phosphate, pH 7.40 as described in Experi-
mental Procedures, so that the final peptide concentratiomadas

uM, and the DMSO concentration wa®2% (v/v). The chromato-
gram shows only monomeric/A4o, i.€., any oligomers, if present,
were below the limits of detection. (C) A sample B A o-Lactam-
(D23/K28), prepared as described in Experimental Procedures. Even
at~1 uM, the solution of A3;_40-Lactam(D23/K28) gave a chro-
matogram that indicated the presence of both monomers and small
oligomers.

tion < 2% (v/v)), the chromatogram showed predominantly
or exclusively monomeric fq—40 (Figure 9B). When 140
was similarly treated using HFIP in lieu of DMSO, however,



ApB40-Lactam(D23/K28) Models a Nucleating Conformation Biochemistry, Vol. 44, No. 16, 2005011

peaks of monomer and various oligomers were presentrespectively) and show slightly higher thioflavin fluores-
(Figure 9A). cence. The electron microscopic differences betwen 4

In contrast to 48140, solutions of A8;-s-Lactam(D23/  and AB;—s-Lactam(D23/K28) may reflect differences in
K28), prepared by first dissolving it in DMSO or HFIP, molecular organization, e.g., whether the salt bridge between
contained soluble oligomer at all peptide concentrations Asp23 and Lys28 is intramolecular or intermolecular. These
tested. This soluble oligomer was always present, even whendifferences notwithstanding, the most notable feature of
Ap1-srLactam(D23/K28) concentration was as low ag\l Ap1-s0-Lactam(D23/K28) is that its fibrillogenesis kinetics
(Figure 9C). A81-40 oligomers display “micelle-like” be-  do not show a detectable lag period. In contrast, fibrillogen-
havior, as shown by DPH fluorescence measurements. Foresis of A31-4 shows sigmoidal kinetics, which we analyzed
ApBi1-40 prepared as described above, DPH fluorescenceusing the equation of a “stretched exponential”. We calcu-

measurements indicated CM€40—50 uM. Similar mea- lated a rate constant for/A-s-Lactam(D23/K28) fibrillo-
surements for B;_4-Lactam(D23/K28) yielded a CMC of  genesis that was1000-fold greater than for A4 AB1-a0-
~1-3 uM (data not shown). Lactam(D23/K28) fibrillogenesis also fitted well to the

These data, taken with the lack of a detectable lag period Stretched-exponential equation, but the scaling paraneter,
in fibrillogenesis kinetics, suggest thaA 4-Lactam(D23/ was close to unity, SO the'kln('atlcs c;oyld not bg distinguished
K28) bypasses a rate-limiting step in fibril formation. from monoexponential kinetics within experimental error.
Oligomers of the peptide may serve as nucleation sites thatUsing the latter equation, the lag period is calculated as 0.12

allow essentially immediate fibril growth. min, i.e., essentially no lag period. These data indicate that
Ap1-s0-Lactam(D23/K28), which has the same amino acid
DISCUSSION sequence as /A-40, can bypass a kinetic barrier to fibril

_ ) formation. The size exclusion chromatography data and DPH
Solid-state NMR has advanced our understanding of fiygrescence data show thaBA s-Lactam(D23/K28) forms
amyloid structure and has led to the generation of an explicit, pjcelle-like aggregates even at concentraticas uM,
though not fully experimentally determined structural model indicating that this peptide models a conformation that is
of the AB1—4 fibril. In this paper, we have described a model highly favorable for nucleation of amyloid fibrils.
peptide based on the structure proposed from solid-state As a largely unstructured molecule in solutionfAs can
NMR and other data for fy—sofibrils. Af1-s-Lactam(D23/ sample multiple conformational states. As a result of the
K28) contains a Iactam bridge between .the side chains of oqnformational plasticity of A1 4, more than one of its
Asp23 and Lys28, which resembles an intramolecular salt 55|ytion phase conformations could be “fibril competent’,
bridge between these residues in a “bend” region {4 while others may be nonfibrillogenic or may form fibrils with
fibrils. slower kinetics (for example, variations in the alignment of
Since soluble, monomeric/A-4 is largely unstructured  the s-sheet §5, 56). There has been evidence of structural
(26), association of this peptide into an oligomer/nucleating heterogeneity in the B4 fibrils based on fibril growth
seed, and then fibrils presumably entails conformational conditions, which has indeed been observed in solid-state
changes, including formation gf-sheets and the bend NMR measurementl( 43, 57); for example, fibrils formed
structure. We hypothesized that formation of this bend might ynder “quiescent” conditions differ structurally from those
be a rate-limiting step in fibril formation, contributing to the  formed in stirred (“agitated”) solutiong8). AS;_s-Lactam-
lag period typically observed in the kinetics offf 4o (D23/K28) is effectively “locked” into one or a small number
fibrillogenesis. From this hypothesis, one would predict that of particular fibrillogenic structures induced by the lactam
the lactam peptide could bypass this unfavorable step,pond in the bend region. Fibrils formed from this peptide
eliminating a lag period in fibril growth, because of its stable may be capable of adopting some but not all of the possible
preformed bend. conformations of ;-4 in solution and therefore might be
Previous investigators reported constraining the structure predicted to form a less heterogeneous set of structures of
of AB peptides using lactam bridges. For example, Esler et any given growth conditions. If As_s-Lactam(D23/K28)
al. (53) examined a congener offho-35 cyclized between  preferentially adopts a “fibril competent”, micelle-like,
H14K and E22. Similarly, Kapurniotu et ab4) studied an  aggregated structure, then the conformational constraint
Ap1-2g congener, cyclized between L17K and A21D. In both makes this structure readily available in solution, and
cases, these peptides were not able to form amyloid, possiblynucleation followed by polymerization proceeds at a faster
because the lactam bridge disrupted one of fheheet rate.
segments, rather than forming a structure like the “bend” in  AB;_4-Lactam(D23/K28) is also quite effective at cross-
the AB1-4 fibril model. These two lactam bridged peptides seeding, as shown by the ratio &fioss-seedKselt-seea FOr
suggest that bends and related itbaheet structures need example, this ratio was 0.38 fer2% (w/w) AB1—s-Lactam-
to be in a specific and correct location for fibril propagation. (D23/K28) seeding fibril growth from B;—40 solutions. The
Api1-s0-Lactam(D23/K28) has a high propensity to ag- slightly lower effectiveness of Ay_so-Lactam(D23/K28) to
gregate into fibrils. The fibrillar product of A —40-Lactam- seed AB1-40 as compared to self-seeding ofA 4 could be
(D23/K28) is similar in structure to fibrils of the un-cross- explained by the slight variance in number of growth sites
linked AB;1-40as evidenced by ThT fluorescence, Congo Red with the added fibril seed, or nonidentical fibril growth sites
binding, electron microscopy, and the solid-state NMR data between the two fibril seeds; these two explanations cannot
presented above. Small differences exist between fibrils be distinguished by the above experiments. Despite differ-
formed from AG1—40 as compared with those formed by ences in experimental conditions, the level of cross-seeding
Ap1-so-Lactam(D23/K28). The former have a larger diameter that we observed can be compared with results obtained by
than the latter (10.88 1.5 nm and 7.34t+ 0.85 nm, O’Nuallain et al. 62), who studied seeding specificity in
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amyloid growth induced by heterologous fibrils. The most
efficient cross-seeding found by these authors was with islet
amyloid polypeptide (IAPP) used as the seed aggregate. In
a fibril elongation assay, IAPP seeds were 1.1% as efficient
at promoting fibril elongation by Bi—40 solutions as were
AB1-gofibrils, i.e., comparable t&oss-seedKsei-seed™0.0011.

As a possibly more relevant comparison, we reanalyzed the
data appearing in another studyg), in which AB;_4, fibrils
were used to cross-seed solublg; A Using eq 3 and the
data of their Figures 4 and 5, we calculakg@ss-seedKsei-seed

~ 0.033 (for 10ug/mL fibrillar AB1-4, seeding a solution

of SOﬂM Aﬁ1_40) and 0.0065 (fOI’ ZQLg/mL fibrillar Aﬁ1_42
seeding a solution of 50M A 81-40). Thus, A3;_4-Lactam-
(D23/K28) is much more effective at cross-seeding-Ao
than even #8;-4;, which underscores the conformational
similarity between 8,_4 and AB;_s-Lactam(D23/K28)
fibrils. Electron micrographs of Bq—4o fibrils grown using
either AB1-40 or ABi1-s-Lactam(D23/K28) seeds yielded
fibrils of ~10.5 nm diameter, i.e., the same g8, Ay fibrils

Sciarretta et al.

dehydrated center formed by the side chains of hydrophobic
amino acids of the twg-sheets. Some or all of this penalty,
however, would be recovered by formation of a salt bridge
between the side chains. Thus, forming the salt bridge could
represent a kinetic, though not necessarily a thermodynamic,
hindrance to fibril formation. In £;-0-Lactam(D23/K28),
Asp23 and Lys28 are constrained to lie in a “buried” position,
and the charges of these side chains are also neutralized, so
that there is no such energetic penalty for placing them in
the hydrophobic environment.

Clearly, amyloid formation from other peptides or proteins
need not include a bend conformation of the type described
for Af1-40. Short peptides such aspfs—20 form typical
amyloid fibrils @47, 48, 60, and it is unlikely that formation
of these fibrils requires the formation of a “bend” such as
that discussed in this paper. Similarly, it is not known
whether fibrils containing the salt bridge are more or less
stable than fibrils containing blocked or “neutralized”
modifications of Asp23 and Lys28 or substitutions of

grown under unseeded conditions. This suggests that theuncharged amino acids at these positions. In the case of

growth sites of the two seeds are virtually the same. We
infer that the narrower fibrils arising in unseeded growth of
Ap1-so-Lactam(D23/K28) result from the constraint of the
peptide by the lactam cross-link, whereas growth Bf-Ao
fibrils on either seed is not subject to such constraints. At
present, there is not sufficient data to explain the difference
in diameters.

Why would formation of the bend structure and its salt
bridge represent a kinetic barrier to fibril formation, and how
does the lactam bond infA-s-Lactam(D23/K28) overcome
this barrier? Our results are consistent with the idea that
hydrophobic effect, i.e., the clustering of hydrophobic side
chains that shields them from water, drives formation of the
bend structure. Whether this conformational change occurs
in solution as a monomer, driving oligomer formation, or
only after the peptide has oligomerized is not known. First
in the fibril structure proposed by Petkova et dl),(the
interior of thef-sheet duplex in an individual peptide buries
many of the hydrophobic amino acid side chains. To cluster

these hydrophobic residues requires that the salt bridge be 1.

formed, and in forming the salt bridge, it is necessary to

desolvate the charged amino acids to some extent. We

propose that the need to bury Asp23 and Lys28 in a
dehydrated environment could represent a kinetic barrier to
AP0 fibril formation—a kinetic barrier that the lactam bond
eliminates, mimicking an intramolecular salt bridge. Burial
of Lys28 in the fibrils is suggested by solid-state NMR data
(1) and by the fact that Lys28 is more protected against
alkylation than either Lys16 or the-amino group in fibrillar
Af1-40, €ven though all three amino groups are equally
susceptible to alkylation in monomerigsA 40 (59). It is not
possible without further experiments to say which of the
above two factorsthe decrease in the entropy of the
unfolded state or eliminating the need to desolvate two
charged residuesis more important.

The AB1-s0-Lactam(D23/K28) peptide overcomes an en-
tropic penalty by restraining the two clusters of hydrophobic
amino acids to lie in a pocket in apposition to one another,
i.e., the lactam constraint decreases the entropy of the
monomeric (nonfibrillar) state. In forming A -4 fibrils of
the structure shown in Figure 1, one would expect an
energetic penalty of burying charged side chains in the

Ap1-40, however, burial of the oppositely charged amino
acids and the formation of a salt bridge in an apolar
environment might represent a significant kinetic barrier to
fibril formation of AB1-40. Formation of the bend structure
proposed as a conformational change during the lag phase
may increase the ability of A —4 to nucleate for fibril
growth.
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