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In amyloidosis, peptides aggregate first into soluble oligomers,
and then into insoluble protofibrils and fibritsSoluble aggregates
are cytotoxié but difficult to observe directly because they are short-
lived and prone to form insoluble fibrils. One approach for studying
oligomers structurally would be to encapsulate peptides such that
they are prevented from further aggregation into fibrils. Wand and
co-workers reported methods for encapsulating an aggregating
protein in the aqueous core of reverse micelles in liquid heXane.

A low-viscosity solvent is used on the exterior of the reverse 78 7.6 74727068 66 8 0787674727.0ppm

micelles to increase the tumbling rate of the protein. While these
techniques preserved the structural integrity of the proteins they
examined, it is also of interest to examine protein aggregation in
aqueous media under conditions that more closely approximate
physiological conditions.

We encapsulated a fibril-forming peptide, Peptitle NH- 787674727068 66 8.07.87.6747.27.0ppm
SDDYYYGFGSNKFGRPRDD-COOH, in 1-palmitoyl-2-oleogh F:’\sllulgz 1-tidifs>1-l(HA)Ng/r'E gﬁzgf):tlrr? igc’mi g:jeluir]or?%tlsc/ﬁ;ntgie r:g;o‘lnoojv #}JO
glycero-3-phosphocholine single bilayer vesicles (POPC SBVs). As #% Dz(g Significant line broadening was obse‘r)ved Ea\fter thF()a addition of 1
a control, we also encapsulated a smaller, nonaggregating pept'demM Gd-EDTA to the solution containing Peptideé¢C) and2 (D). 1D-H
Peptide2: NH,-EEWEE-COOH. In initial experiments, we verified  spectra were obtained at 2& at 600 MHz. Identical window functions
that Peptided and2 do not bind appreciably to POPC SBVs, using Were applied to all spectra in the figure.

a modification of a published method (see Supporting Information).
We have also shown, by the same method, fhamyloid(1—40)
does not appreciably associate with POPC SBVs, despite its
amphiphilicity>

POPC SBVs were prepared using a modification of the ethanol
injection method of Batzri and KorhTo encapsulate Peptide
an ethanolic solution of POPC was injected into a solution
containing peptide dissolved in 10 mM sodium phosphate, pH 7.40,
with 7.5% DMSO and 6M urea to solubilize the aggregating

P
peptide. Vesicles were concentrated using Amicon ultrafiltration

and chromatographed using Sephacryl S-500 to remove multi .
. . . values decrease markedly in the presence of 1 mM Gd-EDTA
bilayer vesicles (MBVs) and any residual DMSO and urea that had (Table 1). In addition, the line widths were significantly broadened

Itrafiltration. F librati f the col .
Leing polyayrene and protein standards. we calulated a diameteY - MM GE-EDTA. (Figure 1C.0)
g polysty P 1D-'H NMR spectra of the vesicles after encapsulating Peptide

of 40 nm for the SBVs, which was confirmed by electron 1 (Figure 2A) showed several peaks in the aromatic/amide region
microscopy. An NMR sample was prepared by concentrating the |nd|lgEn th rW n Vf pnd ITh kl r | m %I\/h t
SBVs using Amicon ultrafiltration in 10 mM sodium phosphate, cating the presence of peplide. These peaks are somewha

broader than corresponding peaks for peptide free in solution. In

pH 7.40, with 5% DRO. Phospholipid and protein concentrations
of these samples were determined using the Phospholipids B Assay contrast to peptides in solution, addition of Gd-EDTA to the solvent

(Wako) and the BCA Protein Assay (Pierce), respectively. In two surrounding the vesicles did not decredse&alues for the peptide
vesicle preparations with Peptide average lipid and peptide (Table 1). Similarly, whereas 1 mM Gd-EDTA broadened NMR

concentrations were 16.% 1.1 mM and 31.0+ 3.5 uM, lines of Peptidel or 2 free in solution, no such broadening was

respectively. For SBVs of 40 nm diameter at this lipid concentration, ?'gsi:\ée;B)fOLﬁiTﬁj%ﬁIagg_;g?id; tltngobnuls('jsglltl/gg i :Lr?oi-nEdliDnTA
this corresponds to 2.4 0.1 mM peptide in the SBV interior, or 9 : 9 9

24.6+ 1.1 molecules of Peptide per SBV. the vesicles containing Peptidewe added Peptid2to the outside

To demonstrate that Peptidéhad been encapsulated, we added of the vesicles so that it was equimolar with Peptid@eptide2

. . .~ _had shortened? values, similar to the values obtained with this
a paramagnetic substance, Gd-EDTA, to the solution surroundin ) ) o ) .
P g 9 peptide alone in solution (Table S1, Supporting Information). These

the vesicles, and measured longitudinal relaxation timey l§y
NMR.” Peptide encapsulated in vesicles would not be in direct
contact with Gd-EDTA, and so would be shielded from T
shortening shown by peptides in direct contact with Gd-EDTA. In
control experiments, we performed one-dimensional proton (1D-
1H) NMR on 100uM Peptidel or Peptide2 in 10 mM sodium
phosphate, pH 7.40 with 5%D, in the presence or absence of 1
mM Gd-EDTA (Figure 1). Without Gd-EDTA, NMR lines for
eptidel were slightly broader than those for Peptj@s expected
for an aggregating peptide. For peptides free in solution,Tthe

! Department of Chemistry. ) experiments show that Peptidewas indeed encapsulated within
§nggmgm o Eg"tﬂ;‘fggi”y and Molecular Biology. vesicles since it, and not peptide free in solution, was protected
Il Laboratory of Chemical Physics. from T, shortening due to Gd-EDTA in the bulk solvent. Peptide
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Table 1. T; Values for Peptide 1, in Solution or Encapsulated in POPC SBVs and in the Absence or Presence of Gd-EDTA

Peptide 1 in solution

Encapsulated Peptide 1

1mM Gd-EDTA and

1mM Gd-EDTA 1mM Gd-EDTA Peptide 2 outside
o (ppm) 71 () o (ppm) Ti(s) o (ppm) Ti(s) o (ppm) Ti(s) 0 (ppm) T1(s)

7.81 0.62 7.80 0.014 7.82 0.38 7.82 0.86

7.23 1.93 7.24 0.19 7.23 1.66 7.23 1.62 7.23 1.51
7.20 1.96 7.20 0.20 7.18 1.92 7.18 2.04 7.18 2.00
7.13 1.47 7.12 0.21 7.12 1.36 7.12 1.43

7.00 1.44 7.00 0.21 6.99 1.23 6.99 1.25 6.99 1.03
6.87 1.40 6.86 0.18 6.85 1.38 6.85 1.23 6.85 1.15
6.80 1.40 6.80 0.18 6.79 1.23 6.79 1.13 6.79 1.14
6.73 1.77 6.73 0.17 6.72 1.24 6.72 1.28 6.72 1.10
6.67 1.73 6.66 0.20 6.66 1.24 6.66 1.16 6.66 1.13

}A'L‘AM\A\ UWA
78767472706866 787674727068 6.6ppm
C.

787674727068 6.6 ppm

Figure 2. 1D-*H NMR spectra showing the aromatic/amide region of 31.0
+ 3.5uM Peptidel encapsulated in POPC SBVs, without (A) or with (B)
1 mM Gd-EDTA in the surrounding bulk solvent (10 mM sodium phosphate,
pH 7.40 with 5% BO). (C) Aromatic/amide portion of the 1EH spectrum

of Peptidel encapsulated in POPC SBVs 4 days earlier.'HDspectra
were obtained at 28C at 600 MHz. Identical window functions were
applied to these three spectra to improve signal-to-noise.

NMR data on aggregation intermediates of proteins implicated in
amyloidoses such as Alzheimer’s Disease, and to provide the first
detailed structural information about cytotoxic, soluble oligomers.
This method may also be used to study the folding of aggregation-
prone proteins in a chaperone-like protected environment.

Future development of this technique could include the use of
photocrosslinkable phospholipids to minimize vesicle fusitime
use of deuterated lipids or multiple frequency presaturation
techniques to suppress the lipid signaknd the use ofC and
15N labeled peptides for the use of two- and higher dimensional
NMR techniques. Even without these refinements, these results
show that sufficient quantities of proteins can be encapsulated to
obtain structural information. With such developments, it may be
possible to obtain detailed structural data on temporally unstable
protein aggregates that hitherto have been inaccessible to analysis.
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2 could also be encapsulated and showed similar preservation ofChicago, and NIH Cardiovascular Pathophysiology Training Grant

line widths andT; values when Gd-EDTA was added to the solvent
surrounding the vesicles (Figure S7 and Table S1, Supporting
Information). No NMR signals were observed from DMSO or urea,
confirming that the purification had removed most of these additives.
It was also important to show that encapsulation inhibits fibril
formation. Since Peptidé fibrillizes within 1 day, we obtained
NMR spectra of samples encapsulated 4 days earlier. ThEH1D-
spectrum of Peptidé encapsulated for 4 days is essentially identical
to that of the freshly encapsulated peptide, showing the same line
widths (Figure 2A,C). There is also a slight loss of peak intensity
(Figure S8, Supporting Information). Fibrillization is typically
associated with loss of NMR signal, as shown for a 2.8 mM solution
of Peptidel over 14 h (Figure S9, Supporting Information). The

(HLO7237 KLL) and NIH (NS042852 SCM).

Supporting Information Available: Electron micrographs of
Peptidel fibrils and 1 mM POPC SBVs; POPC SBV binding assays
for Peptidesl and 2, and 3-amyloid(1-40); Sephacryl S-500 chro-
matogram of POPC SBVs with encapsulated PeptideD-'H NMR
of Peptide2 encapsulated in POPC SBVs; 1B-NMR of Peptidel
encapsulated in POPC SBVs over time; H#NMR spectra of 2.8
mM solution of Peptidel; fibrils formed around POPC SBVs. Tables
of T, values of Peptide2 and properties of POPC SBVs with
encapsulated Peptide This material is available free of charge via
the Internet at http://pubs.acs.org.
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