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The folding of soluble proteins may be initiated by the 
formation of hydrophobic clusters comprising the side chains 
of residues which are close in primary sequence.1-3 Similarly, 
protein aggregation to form insoluble amyloid may be initiated 
by a soluble, monomeric hydrophobic cluster. Since amyloid 
fibril formation follows a nucleation-dependent mechanism,4 a 
small change in the concentration of the aggregating species 
can have a dramatic effect on the rate of aggregation. For 
example, a 10% increase in its concentration will increase the 
rate of formation of a 20-mer nucleus by (l.l)20, or nearly 
7-fold.4 

An unusual Gly—GIy cis amide bond may characterize the 
amyloid fibril comprising a peptide (y334—42) based on the 
C-terminus of the Alzheimer's disease (AD) amyloid plaque 
protein (j8-protein, /81—42, Figure I).5 This local conformation 
could be stabilized in solution by a hydrophobic cluster 
involving the flanking residues. We report herein solution 1H 
NMR studies which demonstrate that peptide models of the 
/3-protein C-terminus form soluble hydrophobic clusters contain
ing a cis amide bond. Stabilization of the cis amide by cluster 
formation suggests a possible explanation for the higher rate of 
amyloidogenesis observed for the "long" /3-proteins (/31— 42 and 
/81-43) relative to "short" /3 (/31-4O).6 

A series of peptides based on the /3-protein C-terminus were 
synthesized in order to probe the effect of the flanking 
hydrophobic sequence on the amide cis/trans ratio. The 
equilibrium fraction of the cis amide conformer is too small to 
quantify by solution 1H NMR spectroscopy (<2%, AG > 2 
kcal/mol).7""9 Therefore, the Gly37—Gly38 amide bond was 
replaced with an Af-methylamide (Gly38 = sarcosine, Sar), 
which affords comparable populations of cis (E) and trans (Z) 

f This paper is dedicated to Professor Glenn Berchtold, on the occasion 
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Figure 1. Amino acid sequences of two /3-protein variants. /31-40 is 
the normal circulating variant, whereas /31—42 is the major AD amyloid 
plaque protein.1920 The highlighted sequence (Gly37-Gly38) may be 
characterized by a cis amide bond in the /334-42 amyloid fibril.5b 

conformers in solution (Table 1, entry I).10 The cis and trans 
Af-methyl groups are well-resolved singlets in the 1H NMR 
spectrum, the integration of which provides an accurate measure 
of the cis/trans ratio. 

The results of the 1H NMR studies are summarized in Table 
I.11 In general, increasing the hydrophobicity of the residues 
flanking the /V-methylamide led to an increased percentage of 
cis conformer (i.e., 1 — 2 — 3 — 4 — 5). Addition of Val40 
(4 — 6 and 8 — 9) increased the amount of cis isomer by 6%,15 

suggesting that Val36, Val39, and Val40 are involved in a 
stabilizing hydrophobic interaction (Figure 2). However, ad
dition of Met35 (4 — 8 and 6 — 9) had only a small effect in 
this context. No cooperative effect between Met35 and Val40 
was observed (i.e., 4 — 6 = 8 — 9 and 4 — 8 = 6 — 9), 
indicating that Met35 does not interact with Val39 or Val40. 
The amount of cis isomer observed in peptides 4 and 6 increased 
in saturated NaCl solution and decreased to the level of peptide 
1 in 6 M guanidinium thiocyanate (peptide 1 showed no 
significant change).16 This is consistent with a hydrophobic 
stabilization of the cis conformation.17 Examination of mo
lecular models suggests that hydrophobic cluster formation by 
minimization of the solvent-accessible surfaces of Val36 and 
Val39 requires a cis amide at Gly37—Gly38. 

Addition of Leu34 and/or Ile41 to the models resulted in 
peptides which were not soluble enough to be accurately 
analyzed. Therefore, peptides 9—12, in which Met35 and Val40 
were replaced with glutamic acid, were synthesized and 
analyzed. These models allowed assessment of the effect of 
Ile41, which distinguishes the normal circulating variant of the 
/8-protein (/31—40 or short /3)18,19 from the rapidly aggregating, 
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neighboring side chains to stabilize the cis conformation. In addition, NOE 
difference and ROESY spectra of 4 show no measurable interaction between 
the /V-methyl group and any of the Val36 or Val39 protons. 

(11) Peptides were synthesized on the 4-methylbenzhydrylamine (MBHA) 
resin using BOP reagent12 for couplings (except for the Gly to Sar coupling, 
for which PyBrOP1^WaS used), cleaved with trifluoromethanesulfonic acid 
(TFMSA),1* purified by reverse phase HPLC and characterized by plasma 
desorption mass spectrometry and 1H NMR. Solutions of peptides in 
aqueous buffer (100 mM NaCl, 10 mM NaH2P04, pH 7.4) were prepared 
at ca. 10 mM. 1H NMR spectra were recorded on a Varian Unity 500 
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(16) Cis content (%) for peptides 1, 4, and 6 (saturated NaCl, 6 M 
GdnSCN): 1, 23.3, 22.3; 4, 27.8, 22.7; 6, 26.6, 23.8. 

(17) The following thermodynamic parameters were calculated from a 
van't Hoff analysis of peptides 4 and 9 over the range 10 °C to 50 0C (10 
mM peptide, 100 mM NaCl, 10 mM NaH2PO4, pH 7.4). For peptide 4, 
AH(trans — cis) = +0.325 kcal/mol (±0.1); AS(trans — cis) = -1.1 eu 
(±0.4). For peptide 9, AH(trans — cis) = +0.327 kcal/mol (±0.1); AS(trans 
— cis) = —0.8 eu (±0.4). The entropy change is difficult to interpret, 
since solvent structure must be considered. The difference in heat capacity, 
which has been used to assess solvent ordering around denatured proteins, 
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mational peptides discussed herein and was, therefore, not measured.23 
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Figure 2. One possible mechanism for AD amyloid fibril formation. Initial trans to cis isomerization is slow relative to cluster formation and the 
subsequent intermolecular association processes.21 Therefore, KCT is a critical determinant of the rate of nucleus formation. The cis amide is 
stabilized by formation of a hydrophobic cluster. The side-chain interactions indicated were inferred from the model studies and may be direct or 
indirect. They do not necessarily persist in the amyloid fibril.2 

Table 1. 
Peptides 

Cis Amide Population in /S-Amyloid C-Terminal Model 

peptide 

1, Ac-Gly-Sar-CONH2 
2, Ac-Ala-Gly-Sar-Ala-CONH2 
3, Ac-AIa-GIy-SaT-VaI-CONH2 

4, Ac-Val-Gly-Sar-Val-CONH2 
5, Ac-IIe-GIy-SaT-IIe-CONH2 

6, Ac-Val-Gly-Sar-VaI-VaI-CONH2 

7, Ac-Val-Gly-Sar-VaI-VaI-De-CONH2 

8, Ac-Met-Val-Gly-Sar-VaI-CONH2 

9, Ac-Met-Val-Gly-Sar-VaI-VaI-CONH2 

10, Ac-GIu-Val-Gly-Sar-VaI-GIu-CONH2 
11, Ac-Leu-Glu-Val-Gly-Sar-VaI-GIu-CONH2 

12, Ac-GIu-Val-Gly-Sar-VaI-GIu-IIe-CONH2 

13, Ac-Leu-Glu-Val-Gly-Sar-VaI-GIu-IIe-CONH2 

cis content, % 
(±0.3%) 

22.3 
22.6 
24.3 

25.0 
25.4 
26.6 
26.6 

25.3 
26.9 

24.9 
24.9 
25.7 
26.4 

plaques-proteins (/81—42and/?1— 43,long/J).6'20 De41 appears 
to interact with both Leu34 (11 — 13 = +6%) and Glu(Met)-
35 (10 — 12 = +3%) but not residues 36, 39, and 40 (6 — 7 
= 0%) (Figure 2). 

The hydrophobic cluster modeled herein could accelerate 
aggregation of/81-42 by stabilizing the slowly isomerizing cis 
amide at Gly37—Gly38.21 However, the kinetically unstable 
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features of the cluster (side-chain hydrophobic interactions) do 
not necessarily persist in the amyloid fibril (Figure 2). 

The long /8-protein /81—42, the primary constituent of AD 
amyloid plaque,2* nucleates much more rapidly than/81—40.6'22 

It has been suggested that /31—42 is the pathogenic variant and 
that its overproduction may induce early onset AD.6 '2223 In 
the model system, increases of about 6% in the equilibrium cis 
amide population were observed for addition of Val40 and De41. 
Given a reasonable nucleus size of 25, such an increase would 
lead to a greater than 4-fold {(1.06)25} acceleration of nucleation, 
providing a partial explanation for the difference between long 
/J and short /S.6-22 It may therefore be possible to inhibit amyloid 
formation by preventing hydrophobic cluster formation at the 
/3-protein C-terminus. 
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(21) In order for the cis—trans equilibrium constant (KCT, Figure 2) to 
affect the rate of nucleation, isomerization must be slower than protein 
association. At the peptide concentration used in our aggregation assay 
(40 fiM),6 representative rates of ~10 s"1 for interprotein association (Jc« 
105—10° M-1 s-1)24 and ~10~2 s"1 for amide isomerization9 would be 
expected. 

(22) The following nucleation times were observed for /S-amyloid 
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39, 96 h;/31-42, <15 s.6 
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