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ABSTRACT. The misfolding of proteins int@-sheets and the subsequent aggregation of these sheets into
fibrous networks underlies many diseases. In this paper, the role of peptide structure in determining the
ordering of3-sheet aggregates and the morphology of fibrils and protofibrils is dissected. Using a series
of peptides based on residues 122 of the Syrian hamster prion protein (H1) with a range of substitutions
at position 117, the link between side chain interactions/saleet thermal stability has been investigated.
The thermal stability of3-sheets is associated with the peptides’ ability to adopt the same alignment as
wild-type H1, with residue 117 in register across/abtrands [Silva, R. A. G. D., Barber-Armstrong, W.,

and Decatur, S. M. (2003). Am. Chem. Soc. 12%3674-13675]. These aligned strands are capable of
forming long, rigid, and twisted fibrils (as visualized by atomic force microscopy) which are thermostable.
Peptides which do not adopt this strand alignment aggregate to form thin, flexible, and smooth protofibrils.
The ability to form ordered aggregates, and thus to form twisted fibrils, is modulated by the structure of
the side chain of residue 117.

Protein aggregation, once ignored as an unproductive sidedetailed information on the relationship between the structure
reaction of the protein folding pathway, is now recognized and organization of th8-sheets and the aggregate morphol-
as an important biological process. Protein misfolding into ogy.

fibrous protein aggregates has been inextricably linked with | this paper, we present results from isotope-edited IR
diseases such as Alzheimer’s disease, Huntington's diseasespectroscopy and AFM studies which correlgtesheet
and the spongiform encephalopathiés §), and the ability  structure, aggregate stability, and aggregate morphology for
to form ordered, fibrous aggregates may be a generic featurey series of peptides based on residues-I2 of the Syrian
of proteins #). However, the structural details of these hamster prion protein (H1). Misfolding and aggregation of
aggregates, as well as the mechanism of aggregation, arghe prion protein (PrP) is associated with the spongiform
not fully understood. encephalopathies, including in humans the neurodegenerative
The general morphological features of protein aggregatesdiseases Creutzfeldtlakob disease (CJD), Gerstmann
can be imaged by transmission electron microscopy (FEM) Straussler-Scheinker (GSS) syndrome, and fatal familial
or atomic force microscopy (AFM) and can be classified into insomnia (FFI) {, 17). Short peptides derived from PrP
four morphological categories: amorphous aggregates, whichaggregate to form amyloid fibers in vitréi1, containing
lack any regular long-distance order, protofibrils, thir2(-5 what is believed to be the most amyloidogenic region of PrP
nm), flexible assemblies, fibrils, rigid and twisted assemblies, (12, has been used as a model for characterizing the structure
made up of two or more protofibrils, and fibers, dense and assembly g§-sheet aggregates?, 13, 18). A previous
assemblies of fibrils§—9). In several peptide systems, these isotopic labeling FTIR study1®) has shown that in a 1:1
species are capable of interconversion, with the protofibril acetonitrile/water solution, the hydrophobic core of H1
and fibril forms serving as intermediates to fibrous amyloid (residues 112122) forms an antiparallgl-sheet conforma-
formation. Evidence from spectroscopic techniques (such astion, resulting in the alignment of residue 117 in all of the
circular dichroism, infrared (IR), and solid-state NMR Strands and leaving the first three hydrophilic residues {109
spectroscopies) and X-ray fiber diffraction indicates that the 111) as a dangling tail (Figure 1)§). This alignment was

polypeptide backbone adoptgasheet conformation within ~ derived from the large~10 cnt?) shift in tr_‘elsc amide |

the ordered aggregated0-16). However, there is litle ~ band when the backbone carbonyl of residue 117 is labeled

with 13C. This shift is indicative of strong transition dipole

; coupling at this position, which is only possible if the
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(A) (B) (C) to cleave the peptide from the solid-phase support resin (TFA
e —e & absorb; at around 1674 Ci"n_n the mfra.red and thus dlstprts
——» T ———o0o—» the amide 'l band under investigation) and lyophilized
- —— — 2 -5 overnight
— > < & gnt. . . . .
«——— ——> o 5~ IR Measurement$eptides were dissolved in a 1:1 mixture
—e—» E—

of acetonitrile and buffer (20 mM HEPES, 100 mM
Ficure 1: S-strands in H1. (A) depicts the unaligned form with BD (

the black circles representing A117. (B) and (C) show the aligned NaCl, pH 7.4;13) ar_ld vortexed until dlss_olutlon was
form where residue 117 (black circles in (B)) is aligned across the complete. Concentrations used were approximately 15 mg/

strands. In (C) residues 116 and 118 are highlighted as white andmL. IR measurements were taken using a Vector 22 FTIR
gray circles to show how labeling of these residues simultaneously spectrometer (Bruker) operating at a resolution of 4tm
will also result in3C=0 coupling across the strands and give rise the spectra were averaged over 512 scans. The IR cell was
ItgbtehI?n same decrease #0=0 band frequency as observed for fitted with two Cak, windows separated by a 1@0n Teflon
g residue 117 alone.

spacer. FTIR measurements were taken from 25 toCr7i
steps of 10°C, allowing 10 min at each temperature for the
sample to reach equilibrium before the measurement was
recorded. The temperature of the cell was controlled by a

Table 1: Derivatives of H1 Used in This Stiidy
name sequence

water jacket connected to an external water bath. The sample

H1 Ac-MKHMAGAAAAGAVV-NH , e

Al117B Ac-MKHMAGAABAGAVV-NH » was then cooled back to 28C and maintained at that
A117G Ac-MKHMAGAAGAGAVV-NH , temperature until no further changes occurred in the IR
Al17V AC-MKHMAGAAVAGAVV-NH » spectra. In some cases, second and third heat/cool cycles were
A117L Ac-MKHMAGAALAGAVV-NH » erformed

Al1171 Ac-MKHMAGAAIAGAVV-NH , P s '

A117Z Ac-MKHMAGAAZAGAVV-NH » Data AnalysisSpectra were first scaled to the area of the
A117U Ac-MKHMAGAAUAGAVV-NH , 25 °C measurement for that peptide and then fitted globally
ALLTX Ac-MKHMAGAAXAGAVV-NH » to a three-band pseudo-Voigt function using a nonlinear least-
Hl,ﬁ‘llm AC-MKHMAGAA AAGAVV-NH ; squares (LevenbergMarquardt) fitting routine (Microcal

H1 Ac-MKHMAGA AAAGAVV-NH, oo . o

A117B* Ac-MKHMAGA ABAGAVV-NH » Origin). A pseudo-Voigt function is a commonly used
A117V* Ac-MKHMAGAA VAGAVV-NH ; simplification of a Voigt function which adds, rather than
ALL7G* Ac-MKHMAGAA GAGAVV-NH ; convolutes, Lorentzian and Gaussian functiohS).( This
ALL7L AC-MKHMAGAA LAGAVV-NH ; results in the amid€ band of each peptide being described
ALL7I Ac-MKHMAGA AIAGAVV-NH, . X

ALL7XH Ac-MKHMAGA AXAGAVV-NH, by three overlapping bands, each one being the sum of a
(13C)A116A A117L Ac-MKHMAGAALAGAVV-NH » Gaussian and a Lorentzian band with equal widths at half
A117L (BC)A118A Ac-MHKMAGAAL AGAVV-NH, the maximum height. The fit parameters employed by the

aThe bold lettering in the sequence indicates a residue labeled atroutine allow the center frequency, area, width, and Gaussian/

the carbonyl with al®C. For simplicity, a single letter code for the
synthetic amino acids is used, where B is aminobutyric acic=R
—CHxCHz), Z is norvaline (R= —CH,CH,CHs), U is norleucine (R

= —CH,CH,CH.CHj), and X istert-leucine (R= —C(CHs)3).

Lorentzian contributions for each band to be varied. For each
peptide, the temperature-dependent spectra were fitted
globally to allow the sharing of poorly defined parameters
(for example, the width and position of the high-frequency
p-sheet band, which has a very low intensity), thus decreasing

we determine the conformation, strand alignment, and ynpcertainty in their final value. The total area of the amide
thermostability of thes-sheets formed in solution. Further- ' hang was used to determine the relative concentration; the
more, using AFM, we have characterized the morphologies 5mide | band areas in each case agreed within 10%. The
of the aggregates formed by these peptides. We find thatg;,m of the areas of the tw-sheet bands was divided by
the structure of the side chain at position 117 determines e total area to determine the percentag@-sheet.

the strand alignment adopted within tfesheets, and that Atomic Force MicroscopySamples imaged (H1, A117G,
peptides capable of adopting the same alignment as A117A117B, A1171, A117L, A117V, and A117X) were initially
H1 form stablef-sheet aggregates with a twisted fibril gissolved in a 1:1 mixture of acetonitrile and® buffer
morphology. Other strand alignments produce aggregates oo mM HEPES, 100 mM NaCl, pH 7.4) to a concentration
which are disrupted by high temperature and which do not of 15 mg/mL. Samples of the stock solution were diluted
progress beyond formation of thin protofibril structures. The 1. 50" and 100-fold immediately after preparation. A

combination of isotope-edited IR, AFM, and systematic gecond set of dilutions was made after incubation of the stock
variation of the peptide allows the first detailed demonstration ¢, 2_g days at 25°C (to allow strands to adopt an

of the dictation of aggregate stability and morphology by eqyilibrium alignment). Dilution is necessary to disperse the
the peptide structure anfitsheet organization. aggregates sufficiently to allow comparison of the size and
MATERIALS AND METHODS length to .be made. AFM samples were made.by.immersing
a small piece of freshly cleaved mica in the dilution for 15

Peptide Synthesi®\ series of peptides based on the H1 s. The substrate was then rinsed with distilled water to
sequence (PrP(169.22)) were synthesized using standard remove any salts and any loosely bound peptide, air-dried,
Fmoc chemistry on a Pioneer peptide synthesizer (Table 1).and affixed to a glass slide. The samples were imaged using
Peptides were purified using reversed-phase HPLC (Phar-a Digital Instruments Dimensions 3100 atomic force micro-
macia Biotech) and characterized by electrospray massscope, with an etched silicon probe, operating in the tapping
spectrometry. The peptides were then exchanged in 0.05 Mmode using a scan rate of 1 Hz over & x 2 um area
DCI for 5 h toremove the trifluoroacetic acid (TFA) used and 2 Hz over a 500 nnx 500 nm area.
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Ficure 2: FTIR spectra of H1* (A) and H1** (B) at 28C before
(black) and after (red) heating to 7%. Both spectra show a
downshift in frequency of thé3C band from 1601 to 1593 crh
demonstrating th@-strands aligning at residue 117. For H1* the
shift is induced a$3C-labeled residue 117 comes into register; for
H1** the shift is induced by thé3C label at residue 116 aligning
with the 13C label at residue 118 in the adjac¢hstrand. (C) and
(D) show the difference spectra (alignedunaligned). Spectra were
measured in a 1:1 mixture of acetonitrile angDbuffer (20 mM
HEPES, 100 mM NaCl, pH 7.4).

RESULTS

Aligned and Unaligned H1 Aggregates Differ in Morphol-
ogy.In peptides specifically°C labeled at a single backbone
carbonyl, the frequency of tHéC amide 1 band is a sensitive

Petty et al.

whether affected by heating/recooling or allowing the sample
to stand at room temperature for extended periods of time,
are not reversible; once aligned at residue 117 Stsbeet
arrangement does not alter.

The morphologies of the H1 aggregates were characterized
via AFM. Examples of images of H1 aggregates measured
immediately after preparation of the stock solution (when
the strands are not aligned) and after a 48 h incubation (after
alignment is complete) are shown in Figure 3. The initial
H1 sample contains a large number of smooth, thin protofibrils,
with a height of~1.5 nm and a length o100 nm (Figure
3A).2 Some longer protofibrils of lengthis800 nm are also
evident. They are similar in height to the shorter protofibrils
and are curved, indicating their flexibility. The height of these
protofibrils suggests that they are formed from a single chain
of aggregate@-sheets, with side chains perpendicular to the
mica surface. After 48 h, the aggregates are thické& itm)
and longer (the typical length beirg800 nm) (Figure 3B),
with a distinct beaded pattern. Characteristic examples of
“smooth” and “beaded” aggregates are shown in Figure 4.
The smooth versus beaded morphology of these fibrils is
evident in the lengthwise cross-sectional slices along the
fibrils; the beaded fibrils have a wavelike profile, with the
height varying between~1.5 and 3 nm and a distance
between crests 6100 nm (Figure 4C,D). The beaded fibrils

local probe of peptide secondary structure and the alignmentare also straighter, indicating a greater degree of rigidity,

of residues within ag-sheet. Due to transition dipole
coupling, antiparalleb-sheets with labeled residues aligned
and connected by interstrand hydrogen bonding hat’€ a
amide | band about 10 cnt lower in frequency (at about

and likely form from twisting together two of the chains of
p-sheet aggregates.

Residue 117 Modulates ThermostabilityseSheetsThe
alignment of residue 117 in all of the strands of the aggregate

1592 cm!) compared to peptides with nonaligned labeled suggests that packing of the side chains at this position must

residues 18). Initially, the S-sheet formed by H1 is in a

be important to aggregate stability and conformation. To test

disordered, nonequilibrium arrangement, which converts to this hypothesis, a series of peptides featuring substitutions

the equilibrium alignment slowlyz(> 10 h at 25°C); the

at position 117 were prepared. The temperature-dependent

equilibrium alignment can also be reached by heating and FTIR spectra of each of the variants with an unbranched

then recooling the samplé&®&). This realignment is observed
spectroscopically as a shift in tRéC amide 1| band and is

side chain at position 117, i.e., H1 (together with the’25
H1 spectrum deconvoluted into the tysesheet bands and

seen in Figure 2A for H1* (labeled at residue 117) and Figure the random coil band), A117G, A117B, A117Z, and A117U,

2B for the doubly*3C labeled peptide H1**. As the peptides
align, the *C amide 1 band at 1601 cnt (due to the
misaligned form) decreases in intensity and @& band at
1591 cm? (due to the aligned form) increases. In addition,
the intensity of the'?C amide 1 band increases and the
intensity of the3C amide 1 band decreases upon strand

are shown in Figure 5. The characteristic signalfeheets,

two sharp bands at around 1620 and 1690%s apparent

in all samples. In the case of H1 and A117B (Figure 5A,D)
the3-sheet bands can be clearly observed at all temperatures,
suggesting thg-sheets formed are stable and highly resistant
to melting. The A117G substitution results in a dramatic

alignment (Figure 2C,D); all of these spectral changes are decrease in the amount gfsheet present at 2%, and in
this case thg-sheets can be completely melted by heating
(Figure 5C).

consistent with ab initio models of IR spectra of isotopically
labeled antiparallg-sheets 20, 21). These spectral changes,

250 500

Ficure 3: AFM images of H1 diluted 50 from stock solution immediately (A) and 2 days (B) after preparation. (C) shows the beaded
nature of the fibrils in (B) at higher magnification. All images were measured in tapping mode, (A) and (B) at a scan rate of 1 Hz over an
image area of 2Zm x 2 um, (C) at a scan rate of 2 Hz over an image area of 5000600 nm.
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Ficure 4: Typical AFM images of smooth and beaded fibrils. (A)
shows A117L diluted 100-fold after 5 days of incubation, and (B)
shows A117B diluted 10-fold. (C) and (D) show the height profiles
of one fibril from A117L and A117B, respectively.
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Ficure 5: FTIR spectra of the H1 variants with a straight-chain
side chain at position 117: wt H1 (plus the 28 spectrum
deconvoluted into the twg-sheet bands and the random coil band,
as determined by the fitting procedure), A117G, A117B, A117Z,
and Al117U. Spectra were recorded from 25 to°Thin 10 °C
steps and have been normalized to the area of the°@5
measurement for that peptide.

To quantify thef-sheet content (percentages of the total
number of residues in the sample which adopt-sheet

Biochemistry, Vol. 44, No. 12, 2005723

Table 2. Results of the Pseudo-Voigt Fits to the
Temperature-Dependent FTIR Spectra of All H1 Variants

% [5-sheet

25°C, 25°C,
peptide initial 75°C final
H1 41.8 41.3 47.1
All17B 80.1 83.7 84.3
Al117G 12.4 0
Al17V 60.9 11.8 59.8
Al17L 51.2 3.0 48.1
Al171 71.1 47.0 81.6
All17Z 52.6 7.1 50.5
Al17U 47.6 7.4 40.9
Al117X 52.4 30.5 67.5

aThe “final” 25 °C measurement was taken after the sample was
cooled from 75°C and any re-formation gf-sheet was complete.
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Ficure 6: FTIR spectra of the H1 variants with a branched side
chain at position 117, A117L, A1171, A117X, and A117V. Spectra
were recorded from 25 to 7%C in 10 °C steps and have been
normalized to the area of the 28 measurement for that peptide.

at 75°C. After cooling of the sample to 28C, the amount
of 3-sheet increases to 47%. The results for A117B show
that the s-sheet configuration accounts for 80% of the
structure at 25C, and is largely unchanged upon heating to
75 °C and recooling to 28C (Figure 5D). For side chains
longer than—CH,CHjs, the percentage ¢#-sheet detected
at 25 °C decreases compared to that for the shorter side
chains, and thg-sheets of these variants melt upon heating
to 75°C (Figure 5E,F).

Spectra of peptides with branched side chains (A117L,
Al1171, A117X, and A117V) are shown in Figure 6. In the
spectra of A117L and A117V (Figure 6A,D), thizsheet

conformation) of each sample at each temperature, the amidgyands disappear almost entirely upon heating t6@%ut

I" spectra of H1 were fit to a three-band pseudo-Voigt fit
function. For each peptide, the amidgkak was found to

re-form upon cooling back to 28C. A117] and A117X
(Figure 6B,C) retain a large amount ffsheet structure at

be comprised of three bands at approximately 1620, 1690, high temperatures, and the spectra of the recooled samples

and 1650 cm!. The bands at 1620 and 1690 chmare
ascribed to the antiparall@-sheet structure in accordance
with previous assignments from the literatude,(9) and
with ab initio calculationsZ3). The final band is attributed
to random coil with possibly some-helical contribution;

have a larger percentage ffsheet than the initial 25C
spectra. A117L, A1171, and A117X each have m@rgheet
than the variant with a straight chainCs;Hs side chain
(A117U) with 51%, 71%, and 5296-sheet, respectively,
compared with 48%8-sheet reported for A117U at Z%.

this third band is broader and more Gaussian shaped thanrhe same is also true for the branched (A117V, §2%heet
the other two, which supports the assignment of this band 4; 25°C) and unbranched (A117Z, 53fsheet at 25C)

to a less ordered structure.

—C3H7 side chain.

Results of the spectral fits are summarized in Table 2. The  Residue 117 Also Modulates Strand Alignmésitope-

H1 sample contains 42%-sheet at 25C and 41%5-sheet

2 The width of fibrils in AFM is influenced by the shape and width

edited spectra reveal that A117B and Al117l adopt an
equilibrium structure similar to that of the wild-type H1, with
residue 117 fully aligned. Th&C low-frequencyfs-sheet

of the AFM tip. Absolute height measurements are still affected by band of A117B** is found at 1592 cm immediately after

the electrostatic environment and nature of the substrate materials, but . .
relative measurements (i.e, comparisons of one fibril to another) are dissolution and does not move throughout a heabl cycle,

quite valuable T, 22). indicating that the peptide immediately adopts the favored
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Ficure 7: FTIR spectra of A117B**, A117I**, A117L*, and
A117V* at 25°C before (black) and after (red) heating to X&.
The 13C band of A117B** remains at 1592 crhthroughout the
anneal, but the same heatool process causes tR& band of
A1171** to shift from 1596 to 1593 cm' as the peptide aligns. In
the case of A117L* and A117V* th&’C band shifts to 1597 and
1599 cnt?, respectively, following the anneal.

Absorbance

0.0+

aligned conformation (Figure 7A). As with H1, th& amide

I" band of A1171** shifts to~1593 cm* with heating or
prolonged time periods (Figure 7B). TR amide 1 band

of A117X** also undergoes a large shift after annealing (data
not shown).

A117V* and A117L*, on the other hand, adopfiesheet
alignment different from that of H1 (Figure 7C,D). In the
case of A117L*, thé3C amide 1 band shifts only 3 cmt to
1597 cn1? after annealing, indicating some increased order-
ing of the system but not alignment at position 117. Labeling
residue 118 of A117L results in &C amide 1 band
frequency identical to that of the All7lpeptide, and
labeling residue 116 causes tH€ band to appear at 1599
cm™%; none of these positions are aligned within flisheet
structure. For A117V*, thé’C amide 1 band appears at 1599
cmt after annealing (also a-23 cn1! shift).

On the basis of the spectra of isotope-labeled peptides,
A117B, A117l, and A117X all adopt the same strand
alignment as the wild-type H1, while A117L and A117V
adopt a different arrangement. These alignment results
correlate with the thermostability observations made above;
all of the peptides which adopt the same alignment as H1
resist unfolding upon an increase in temperature, while the
peptides which adopt a different alignment scheme go from
[-sheet to random coil upon heating to &. Moreover, in
the cases where thg-strands align at residue 117 after
annealing (H1, A1171, and A117X), the tofadsheet content
increases after recooling to 2%C; in cases where no
alignment at residue 117 occurs the second@Spectrum
shows a less intensg-sheet signal than was observed
initially. Thus, the aligned conformation is lower in energy
(more favored at 28C) than the misaligned conformation.

Morphology Differences as a Function of Residue 117.

Petty et al.
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Ficure 8: AFM images of (A) A1171, showing the beaded nature
of fibrils observed after thg-strands have aligned, (B) A117V
showing smooth, flexible protofibrils, (C) A117G showing how
no protofibrils form in this H1 variant, and (D) A117V after heating
of the sample used to prepare image B to °Th showing the
disrupted protofibrils. All samples were diluted 100-fold, and images
were measured in tapping mode, (AC) at a scan rate of 1 Hz
over an image area of 2m x 2 um, (D) at a scan rate of 2 Hz
over an image area of 500 ns 500 nm.

this for the case of A117V; smooth fibrils of A117L can be
seen at higher magnification in Figure 4A). Both of these
peptides form long curved fibrils indicative of greater
flexibility. Samples of A117G had no protofibrils or fibrils
present (Figure 8C). Heating the samples of A117V and
Al117L to 75°C before deposition onto mica disrupted the
long thin protofibrils present at 25C, with only a few short,
thin protofibrils with lengths of 56100 nm and heights of
~2 nm observed (Figure 8D for the case of A117V).

DISCUSSION

Relationship between Alignment and Aggregate Morphol-
ogy. H1 forms twisted fibrils only after the alignment of
p-sheets at residue 117; the aggregates formed initially (when
the strands are not aligned) consist only of thin protofibrils.
Similar relationships between strand alignment and aggregate
morphology are observed for A117B, All7l, A117X,
Al117L, and A117V; peptides that adopt the same equilibrium
alignment as H1 form twisted fibrils, while peptides that
adopt different alignments form only thin protofibrils.

The aggregates formed by the different H1 variants also showAttaining an ordered, thermodynamically favored arrange-

differences in aggregate morphology as imaged by AFM.
Example images are shown in Figure 8. A1171 and A117B
produce long ¥ 2 um) beaded fibrils (height-34 nm) after
prolonged incubation at room temperature, similar to the
aligned H1 (Figure 8A illustrates this for the case of A117I;
beaded fibrils of A117B can be seen at higher magnification
in Figure 4B). The majority of the fibrils observed in these
samples were rigid and straight. A117V and A117L, on the
other hand, only form thin, smooth protofibrils even after
prolonged incubation (height of2 nm for A117L and
A117V), similar to the unaligned H1 (Figure 8B illustrates

ment of strands within A-sheet is a prerequisite to forming
higher order aggregate structures, and the process of align-
ment is likely a key (perhaps rate-determining) step in the
fibril nucleation process. The structure of the protofibril
consisting of-sheets with proper alignment enables the
twisting together of two protofibrils to form thicker, more
rigid fibrils.

Effect of Residue 117 gf+Sheet FormationMoreover,
these results also suggest a general mechanism by which site-
specific amino acid substitutions can affect the kinetics of
fibril formation. In the H1 peptides, substitutions that prevent
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the peptide from adopting the ordered alignment also arrest Interestingly, straight-chain norleucine at position 117
aggregate formation at the protofibril stage, inhibiting the (A117U) forms lesg-sheet than leucine (A117L), isoleucine
formation of larger (and more stable) twisted fibrils. In other (A1171), ortert-leucine (A117X) at that position; similarly,
words, peptide structure determines aggregate alignment, norvaline at position 117 (A117Z) forms lefssheet than
which in turn determines fibril morphologNot only may the peptide with valine at 117 (A117V). These differences
this scheme be valuable for understanding other aggregatingalso arise from the loss of side chain entropy upon side chain
peptide systems, it also suggests a strategy for designingpacking @5). A117L and A117V do not adopt the aligned
peptide or peptidomimetic inhibitors capable of arresting conformation, while A117] and A117X do. The shape of
aggregate formation at different stages. the side chain at position 117 may effect the energy barrier
Dissecting the Relationship among Peptide Structure, t© Strand realignment, kinetically trapping the A117L and
Strand Alignment, and Thermostabili§mall differencesin  A117V in the misaligned conformation. This also traps the
the structure of the side chain at position 117 have strikingly 299regates in the smooth protofibril morphology; in this case,
large effects on the aggregates formed. For example, theth® barrier between the aligned and misaligfiesheets is
A117L peptide does not adopt the same alignment as H1 also the rate-determining barrier between the smooth protofibril

forms aggregates which melt at high temperatures, and gives2Nd twisted fibril morphologies. » _
rise to smooth protofibrils; A1171, on the other hand, adopts _ Shortening the side chain at position 117 by replacing

the 117 alignment, forms thermostable aggregates, and give@lanine with glycine (A117G) disrupts-sheet formation.
rise to twisted fibrils. Clearly, the properties of H1 are very CGlycine residues typically introduce greater backbone flex-

sensitive to the structure of the side chain at position 117, iPility into polypeptide chains, disrupting ordered secondary
and close comparison of a series of peptides in which the structure by introducing kinks into the backbone. Introduction
structure of residue 117 is systematically varied illustrates Of @ glycine at position 117 thus destabilizes the extended

how single mutations may alter the energy landscape for 5-Sheet conformation, even at low temperatures.
peptide aggregation. ConclusionsThe formation of twisted bundles of fibrils

H1 is initiallv Kineticall di isali h by the peptide H1 depends on the organization of the
IS Initia y Inetica y.trappe Inamisa 'gf“ﬂs eet p-strands within the aggregate. Single amino acid substitu-
structure; heating (or waiting for an extended time at@}p

I . q I lianed ; g tions can change the relative stabilities of the aligned,
allows it to adopt a lower energy, aligned conformation. ic5jigned, and random coil conformations, as well as the

When alanine 117 :15 S,UbStitrL]‘t?d for aminobutyric acid inetic’ barrier between the aligned and misaligned states.
(A117B, ex.tendrllng t e.S|dE:= chain at Iposmon 117hby ON€ Wwhile these studies are on a small peptide system in a water/
—CH,— unit), the peptide immediately adopts/fasheet  ,catonitrile solution, the adoption of a stable arrangement

structure with position 117 aligned; in other words, the ¢ girands within g-sheet aggregate may be a general feature
A117B substitution eliminates the kinetic trap observed with ¢ iha mechanism of fiber formation for polypeptides, a

H1. The A117B peptide is also thermoostat_)le up t0°C5 molecular-level rearrangement which occurs during the
and the percenfi-sheet measured~80%) is about the  «,cleation” phase of aggregation. The observation that

maximum to be expected for the structure shown in Figure gneific side chain interactions modulate this process suggests

1 (with about 11 of the 14 residues participating in the ¢ fiper formation can be arrested at different phases by
f-sheet core). Thus, the aligned conformation of the A117B designed peptides or peptidomimetics.

peptide is significantly lower in energy than either the
misaligned -sheet or the dissociated, random coil state
(neither of which are observed, even at high temperatures).
The longer side chain likely increases van der Waals
interactions between strands within fhesheet, resulting in
a more stable aligned structure and a lower barrier to
alignment than observed with H1.
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