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Abstract: Transformation of proteins
and peptides to fibrillar aggregates rich
in f sheets underlies many diseases,
but mechanistic details of these struc-
tural transitions are poorly understood.
To simulate aggregation, four equiva-
lents of a water-soluble, a-helical
(65 %) amphipathic peptide (AEQLL-
QEAEQLLQEL) were assembled in
parallel on an oxazole-containing mac-

gates and amyloid fibrils. Fibrils twist
and grow with time, remaining flexible
like rope (>1 pm long, 5-50 nm wide)
with multiple strings (2 nm), before
ageing to matted fibers. At pH 7 the fi-
brils revert back to soluble monomeric
4a-helix bundles. During a—f folding
we were able to detect soluble 3, heli-
ces in solution by using 2D-NMR, CD
and FTIR spectroscopy. This inter-

mediate satisfies the need for peptide
elongation, from the compressed o
helix to the fully extended 8 strand/
sheet, and is driven here by 3,-helix
aggregation triggered in this case by
template-promoted helical bundling
and by hydrogen-bonding glutamic acid
side chains. A mechanism involving
0==04==(310)s=(310),—=(B)=m(B),
equilibria is plausible for this peptide

rocyclic scaffold. The resulting 4a-helix
bundle is monomeric and even more o
helical (85%), but it is also unstable at
pH 4 and undergoes concentration-de-
pendent conversion to [-sheet aggre-

beta sheets -
peptides

Introduction

Over 30 diseases are now thought to be caused by “misfold-
ing” of proteins (e.g., p-amyloid, prions, superoxide dismu-
tase (SOD), amylin, islet amyloid peptide, a-synuclein, Hun-
tingtin, calcitonin, transthyretin, lysozyme, cystatin C, apoli-
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and also for peptides lacking hydrogen-
bonding side chains, with unfavourable

amyloid -
U equilibria slowing the a—f} conversion.

poproteins), which undergo structural transitions to 3 sheets
that aggregate into water-insoluble, non-crystalline poly-
mers, called amyloids.!! Reasons for misfolding in vivo
remain unclear, and the aggregating and precipitating prop-
erties of such polypeptides have made it difficult to investi-
gate mechanisms of amyloid formation in vitro. Amyloid
structures are long lived and unusually resistant to dissocia-
tion and enzymatic degradation. Non-pathological amyloids
are now known to occur throughout the human body and in
other species!'™**¢? and it has recently become clearer that
living organisms may make use of amyloid for storage or to
perform specific biological functions.'**? Thus, amyloid
formation is not only associated with disease, amyloids may
play roles in normal physiology and might conceivably even
form from any protein under appropriate conditions (pH,
temperature, mutation, chaperones, isomerases, lipid—water
transitions).

Although substantial progress has been made towards un-
derstanding the preferred sequences, structures and proper-
ties of amyloid peptides and proteins,' there is still a lack
of detailed molecular understanding of intra- and inter-
molecular interactions that promote early stages of amyloido-
genesis. However, amyloid formation across diverse systems
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does appear to follow a characteristic kinetic profile, consist-
ing of a number of steps including a lag phase during which
nucleation occurs, followed by rapid chain elongation and
cooperative association.'*"]
Among many folded structures,
o helices have frequently been
found to convert to aggregated
[ sheets but the mechanisms by
which they unfold or partially
unfold and aggregate are un-
known.!"" Helical proteins, pep-
tidomimetics and model sys-
tems have been used to probe o
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a-helix to p-sheet transforma- o N N
H

tions, including examples of
native and mutated proteins,
coil—coil and zipper peptides.’ NH
An interesting question is o
whether it is important for o

helices to aggregate before they

convert to [} sheets. Regardless

of the starting conformation of

the precursor, most amyloid CO-R
fibers are thought to share a
common cross p-structurel*"
assembled from [ strands that
are arranged into sheets, with
strands perpendicular to the
fiber length and backbone hy-
drogen bonds parallel. Structur-
al studies on B-amyloid (AP) and prion fibrils in particular
have found in-register parallel strand arrangements (sheets)
that may be a feature of peptide assembly in amyloids.**#!

To test whether aggregates of parallel helices might pro-
mote helix-sheet transformations leading to amyloid, we
have investigated parallel arrays of a water-soluble, amphi-
pathic, a-helical peptide H-[AEQLLQEAEQLLQEL]-NH,
(1) that is not known®"*I to aggregate or form fibrils. This
peptide was also chosen because it contains multiple Gln/
Glu residues expected to enhance the water solubility and
thought to be important in amyloidosis.” For example,
amyloid formation is enhanced for B-amyloid (Af), p2-mi-
croglobulin, a-synuclein, lysosyme, apolipoproteins, prothy-
mosin and other proteins in acidic media,***! where Glu/
Asp side chains are protonated to form uncharged hydro-
gen-bond donors. Mutation to a hydrogen-bonding gluta-
mine side chain in AB (E22Q),*7 cystatin C (L68Q)P and
transthyretin (L55Q)"" has been found to promote amyloi-
dosis in vitro/vivo, glutamine-containing yeast prions aggre-
gate to fibrils, Huntingtin protein has a polyglutamine se-
quence, and polyglutamine proteins are recruited into fi-
brils.®! Thus, polar amide/acid side chains may assist peptide
aggregation in vivo.

Synthetic peptides have previously been assembled on
templates that can increase the a-helical content in the
backbone of the peptide as a result of inter-peptide interac-
tions.”! By arraying four copies of peptide 1 in parallel regis-
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ter on a template 2,7% which can encourage inter-peptide
interactions in 3 (Figure 1), to effectively simulate an aggre-
gated state of four copies of peptide, we considered that a
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Figure 1. Parallel assembly of four equivalents of peptide 1. Reagents: a) piperidine/DMF (1:1); b) resin-
bound, protected 1, [benzotriazole-1-yl)-oxytris(dimethyl-amino)phosphonium] hexafluoro-phosphate (BOP),
diisopropylethylamine (DIPEA), DMF, RT; c) triflouroacetic acid (TFA)/1,1,3,3-tetraisopropyl-1,3-disiloxan-
1,3-diyl (TIPS)/H,O (95:2.5:2.5), RT. See the Supporting Information for this figure in colour.

helix-to-sheet transition might be inducible and that inter-
mediates in this case may be soluble enough in water to be
identified in solution. Conformational changes in peptides
have been achieved previously through, for example, chemi-
cal bond O—N-acyl migrations inducing random-coil to f3-
sheet transformations.”) a-Helical coiled—coil peptides have
also been shown to form fibrils through interactions of hy-
drophobic and charged residues.'”! We now report detec-
tion of pH- and concentration-dependent conformational
changes that characterise transformation of a monomeric a-
helical 4-peptide bundle 3, via a novel aggregated 3,,-helix
bundle, to nanofiber aggregates typical of amyloid peptides.
Interestingly, in the present case, altering the pH to 7 com-
pletely reverses the process at any stage of the transforma-
tion to regenerate 3.

Results and Discussion

Four copies of peptide 1 were assembled on a macrocyclic
oxazole-containing template 2 to produce the 4-helix bundle
3 (Figure 1). A novel feature of this synthesis was the addi-
tion of multiple equivalents of the resin-bound peptide di-
rectly to a solution of macrocycle 2, a one-pot synthesis that
led to high yields of pure 4-helix bundle 3. The synthesis, pu-
rification and characterisation of peptide 1, template 2 and
the template-mounted 4-helix bundle 3 shown in Figure 1
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Amyloid Formation from an a-Helix Peptide Bundle

are described along with key intermediates in the Support-
ing Information. Properties of peptide 1 and the 4-helix
bundle 3 are detailed below.

Peptide 1, H-[AEQLLQEAEQLLQEL]-NH,, is an « helix:
Peptide 1 alone is inherently o helical in aqueous solution.
Circular dichroism (CD) spectra for 1 indicate that the
extent of o helicity calculated™ from the molar ellipticity at
A=222 nm (Figure 2a) is pH-dependent (65%, pH 4; 28%,
pH 7), but concentration-independent at pH 4 in the range
10-100 um (Figure 2b). There were no substantial changes
to these spectra at higher concentrations (0.2-2 mm) or after
ageing this solution for twelve months, consistent with negli-
gible aggregation or precipitation for 1. At higher concen-
trations (0.5-2 mm), in similar aqueous media (pH 4, 50 mm
phosphate buffer, 25% MeCN), 2D-NOESY NMR spectra
show that peptide 1 is still clearly o helical (Figure 2¢). A
continuous series of cross peaks reveals short NN(i,i+1) and
aN(i,i4-3) inter-proton distances, typical’? of a helical struc-
ture. Prominent af}(i,i+3) NOEs indicative of an o helix
were observed; the distance between CoH(i) and CRH(i+3)
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Figure 2. CD and NMR spectra show that peptide 1, H-AEQLL-
QEAEQLLQEL-NH,, is an unaggregated a helix. a) Far-UV CD spectra
for peptide 1 (55 um in 50 mm phosphate buffer, 25% MeCN, 25°C) at
pH 7 (blue) versus pH 4 (red). b) Far-UV CD spectra for 1 at 12.5, 25,
50, 75 and 100 pum in 50 mm phosphate buffer, 25% MeCN, 25°C at pH 4,
showing concentration independence. c) 2D-NOESY NMR spectrum
(aN region) of peptide 1 (800 um) at pH 4 in aqueous media (50 mm
phosphate buffer, 25% MeCN), showing oN(i,i+2, green), aN(i,i+3,
red), oN(i,i+4, blue); a helicity is shown by the preponderance of
aN(i,i+4, blue) and (i,i4+3, red) NOEs.
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protons being substantially smaller in an a helix than a 3,
helix. Medium-range NOE connectivities (5x aN(i,i+4), 2 x
oN(7,i+2) between residues E2 and L4 as well as Q3 and
L5) (Figure 2¢) are particularly diagnostic of i,i+4 hydrogen
bonds in an a helix rather than i,i+3 hydrogen bonds of a
3,0 helix.">Bl Amide coupling constants (*J(aH,aNH) < 4-
5 Hz) also support an o helix.'?!

In combination, the CD and NMR spectra strongly indi-
cate that peptide 1 is a stable, monomeric a helix at pH 4
with no evidence of aggregation over twelve months at con-
centrations of 10-200 um. This contrasts with other amphi-
pathic peptides that often aggregate to form coiled coils*-'*l
and zippers.®® The origin of the pH dependence of o helici-
ty in peptide 1 is clearly related to the protonation of the
carboxylates, but it is not clear if this reflects intrachain hy-
drogen bonds between carboxylic acids or side chains of res-
idues on the same face of an a helix (e.g., E2-Q6, Q3-E7,
E9-Q13, Q10-E14) or from a reduction in negatively
charged Glu residues at low pH.

Peptide bundle 3 is a monomeric 4a-helix bundle: To simu-
late aggregation, four copies of the 15-residue peptide 1
were assembled in parallel on a macrocyclic oxazole-con-
taining template 2 to produce the 4-helix bundle 3
(Figure 1). A novel feature of this synthesis was the addition
of multiple equivalents of the resin-bound peptide directly
to a solution of macrocycle 2, a one-pot synthesis that led to
high yields of pure 4-helix bundle 3. The a-helical content
per unit of peptide 1 increased from 65 to 84 % when pres-
ent as a component of the helix bundle 3, as calculated from
the molar ellipticity at A=222 nm in CD spectra measured
at pH 4 (Figure 3a, curve 1). A comparable result was re-
ported when three or four copies of peptide 1 were assem-
bled on other templates,®™*! which also increased the «
helicity of 1 to >85% based on CD spectra. This is typical
of template-assembled, synthetic peptides having a molecu-
lar weight of 6-10 kDa "%l and reflects the effect of the
template in bringing hydrophobic peptide side chains to-
gether to interact with one another within the same mole-
cule (see helix wheel in Figure 4a). Helicity of helix bundle
3 was initially concentration independent (see the Support-
ing Information, Figure S1b), but at pH 7 helicity reduced
to 26 % (see the Supporting Information, Figure S1).
However, unlike previous reports of stable helical peptide
bundles formed from 1,°™*! we found that helix bundle 3
undergoes conformational changes at pH 4 (Figure 3) on a
timescale of hours to days depending upon the concentra-
tion of 3, the pH and the solvent, resulting ultimately in fi-
brillar aggregates (see above). The onset of these changes
together with the high internal symmetry of the peptide pre-
vented us from successfully determining a full three-dimen-
sional solution structure for the initial 4a-helix bundle 3 by
2D-NMR spectroscopy. It was noted that the a-helical con-
formation persisted for ~four days when formic acid (capa-
ble of hydrogen bonding with Glu and Gln side chains) was
used in place of phosphoric acid to adjust the solution of 3
to pH 4, or when substantial acetonitrile was added to the
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Figure 3. CD spectra for 3, measured over 0-14 days showing formation
of a 3, helix after 24 h and a f3 sheet after 10 days. a) CD spectrum of
compound 3 (59 um in 50 mm phosphate buffer, 25% MeCN, 25°C,
pH 4): zero time (curve 1), 1 h (curve 2), 6 h (curve 3), 1d (curve 4), 2d
(curve 5), 2.5d (curve6), 4d (curve7) and 5d (curve8; curve9);
curves 4, 5 and 6 are consistent with a 3, helix. Inset: (6,—6,.)/0.; (6, =
molar ellipticity at time ¢, 6,; = minimum molar ellipticity at 222 nm)
versus time over 8 d. For spectra after 6 d see c). b) CD spectra for 3 (2,
6, 12, 17, 23 um) after ~24 h at pH 4, showing a concentration-dependent
reduction of the molar ellipticity that indicates aggregation. Inset: Molar
ellipticity versus concentration, showing changes of 6,, (blue), 0,4 (red)
and of the ratio 6,,,/6,, (black) after lag phase. c) Investigation of the
same solution of 3 as used in a) but aged for 6 (curve 10), 7 (curve 11)
and 8 d (curve 12). Molar ellipticity at A=223 and 200 nm are consistent
with the formation of f§ sheets. d) Far-UV CD spectra (25-50°C) for iso-
lated fibrils after 6 versus 14 d, showing increased thermal stability upon
ageing.

aqueous solutions. Furthermore, there were no correspond-
ing CD spectral changes during the same time that a-helix
to B-strand transitions occurred in the presence of phospho-
ric acid.

The a- to 3,-helix interconversion for peptide bundle 3: A
conformational change in the peptide backbone was ob-
served after several hours at pH 4. For example, CD spectra
for 3 at pH 4 had noticeably changed after 26 h (Figure 3 a,
curve 4), with a ratio 0,,,/6,,s~0.47 more typical of 3,, helic-
ity than a helicity (~1).'") The blueshifted m—m* transition
(208 to 205 nm) and a decrease in intensity of ellipticity at
A=195 nm, due to the perpendicular component of the exci-
ton-split peptide m—m* transition, are also typical of a 3,
helix. Because CD spectra were now concentration depen-
dent (Figure 3b), the ratio 6,,/6, (inset) falling with in-
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creasing concentration of 3, this differently structured pep-
tide bundle must be aggregating.

Nuclear magnetic resonance spectra can readily distin-
guish peptide backbone structures in solution, especially be-
tween o and 3,, helices.">!¥! Although both conformations
produce strong sequential NN(i,i+1) and through space aN-
(i,i43) NOEs, a and 3, helices display different relative in-
tensities for aN(i,i4+4) and aN(i,i+2) correlations. '"H NMR
spectroscopic data for 3 (Figure 4c¢) after 26 h, clearly estab-
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Figure 4. Helical wheels and partial 2D-NOESY spectrum of helix
bundle 3. Helical wheels for a 4-peptide bundle of a-helices (a) versus 3;,
helices (b). The more elongated 3,,-helix bundle redistributes polar side
chains of the amino acids to the interior of the 4-helix bundle and non-
polar side chains to the exterior, leading to new intra-bundle hydrogen
bonds between side chains and new inter-bundle hydrophobic packing of
side chains. ¢) 2D-NOESY spectrum (aN region) for helix bundle 3 after
24 h at pH 4 showing formation of a 3;, helix. The spectrum corresponds
to Figure 3a (curve 4) for helix bundle 3 (50 mm phosphate buffer, 25 %
MeCN, pH 4) showing aN(i,i+2, green), aN(i,i+3, red), aN(i,i+4, blue)
NOE correlations. The 3,, helicity is demonstrated by the preponderance
of aN(i,i+2, green) and (i,i+3, red) NOEs and can be contrasted with
Figure 3c.

lish the presence of a 3jy-helical peptide, defined by pro-
nounced aN(i,i4+2) NOEs (Figure 4c, green) specific for 3y,
helicity, whereas aN(i,i+3), NN(i,i4+2) and af(i,i+3) NOEs
are consistent with a well-structured helix.'***) Only a
single, considerably weaker, oN(i,i+4) NOE (Figure 4c,
blue) typical for an o helix was present after 26 h. The pre-
dominance of a 3j-helix structure is confirmed by other
NOEs between GIn-NH, and yMe(Leu) and from Leu(side
chain) to Glu/GIn(f,y protons), because the side chains on

Chem. Eur. J. 2011, 17, 151 -160
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successive turns are exactly eclipsed in a 3, helix due to an
integral number of residues per turn. Amide coupling con-
stants *J(aH,aNH) of 5-6 Hz, except for frayed N- and C-
terminal residues CI-
(aH,aNH)=6.3, 7.1 Hz, respec-

FULL PAPER

(within 10 h), sonicated for 15 s and examined by CD spec-
troscopy (Figure 5a), showed no change in a helicity. Fur-
ther sonication (2x30s) did not alter the CD spectra, sup-

B
o
1

tively), support 3;, helices
rather than o helices, which
usually show smaller coupling
constants.'” A full three-
dimensional structure determi-

N
o
1

nation was not possible due to
spectral overlap and the high
symmetry of the peptide se-
quence.
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Together, the CD and NMR 180 210
Wavelength (nm)

spectra clearly establish that a
structural transformation from
monomeric o helices to aggre-
gated 3, helices has occurred in
the peptide backbones of 3 at
50—200uM concentrations over
24 h at pH 4.

230 250
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b

230 250 190 | 210

Figure 5. Effects of Sonication and pH on peptide bundle 3. a) Far-UV CD spectra showing the effect of soni-
cation on a solution of 3 (59 um, in 50 mm phosphate buffer, 25% MeCN, 25°C, pH 4). Sonication of 3,,-helix-
rich samples (curve 3) for 15s gave CD spectra like curve 4 and further sonication produced f-turn-like
curve 5. After 1d, spectra were typical of f-sheet formation (close to baseline). b) Far-UV CD spectra of fi-
brils of 3 (50 mm phosphate buffer, 25 % MeCN, 25°C) dissolved at pH 7 reverted to a spectrum (curve 1) typi-
cal of the 4a-helix bundle at pH 7. Re-acidification of this dissolved fibril solution to pH 4 gave predominantly

a a-helical spectra (curve 2), which over time (1, 3.8, 6.8, 8.2 d) progressively gave changing spectra (orange,

Conversion from 3, helices to
B sheets: After 26 h, further
changes occurred in the CD
spectra. The molar ellipticity at A=222, 205, 195 nm de-
creased with time, consistent with helix unwinding and the
onset of formation of insoluble fibrils, until almost merging
into the baseline after 5d (Figure 3a, curve 9). It has been
reported that f§ strands tend to have almost featureless CD
spectra due to antiparallel aligned carbonyl groups.'® Over
the next 3 d (Figure 3c¢), the solution was noticeably turbid
and a concentration-dependent formation of fibrils in solu-
tion was visible by eye at this stage. Molar ellipticity (A=
204, Anin=223 nm, Figure 3a) were now of low intensity;
subsequently, after 8 d 6,y began to decrease and the inten-
sity of the minima at A =223 nm increased rapidly over 14 d,
indicative of another structural transition, probably the ag-
gregation of [-sheet fibrils into thicker/wider fibers (Fig-
ure 3d). A strong dominant nn* band was now visible at 4
~223 nm (Figure 3d) typical of twisted [ sheets. Fibrils fil-
tered off and collected after 6 and 14 d were re-suspended
in the same solvent and their thermal stability was examined
by CD spectroscopy. At 25°C both sets of fibrils gave CD
spectra like typical {3 sheets (Figure 3d). However, the fibrils
collected after 6 d decomposed upon raising the tempera-
ture above 25°C, shown by loss of the CD signals (Fig-
ure 3d), whereas this thermal instability was not present for
fibrils aged for 14 d, their CD spectra being very similar
over the temperature range 25-50°C (Figure 3d). This indi-
cates that aged fibrils are thicker filaments with higher ther-
modynamic and structural stability.

The stability of the different products formed with time
from 3 at pH 4 was briefly investigated by sonication, ex-
pected to disaggregate fibers by decreasing inter-peptide hy-
drogen bonding. Samples of 3 at the 4a-helical bundle stage
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© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

magenta, light blue, green, respectively) before giving a spectrum (curve 3) typical of {3 sheets. Further aging
of the solutions produced spectra as shown in Figure 3d (curves after 14 d).

porting the observations described above that the original
4a-helix bundle form of 3 is quite stable and not aggregated.
Moreover, this sonication had no effect on the lag time that
preceded the changes seen in Figure 3a. However, when the
3, helix form of 3 (aged for 2.5 d) was sonicated (15 s), the
CD spectra changed to A,,=199nm and A,;,=220nm,
which both intensified upon sonication for an additional
30's, the resulting CD spectrum being typical of a 3 turn
(Figure 5a, curve 5). This is not surprising because the tight-
er packing of the backbone in the 3, helix than in an a
helix forces the C=0O--H—N hydrogen bonds to point out-
ward, away from the helical axis, resulting in decreased sta-
bility of the 3;, helix compared with the o helix.'"”? Because
a 3, helix is a combination of back-to-back B turns," some
of these turns might be expected to be detectable during un-
winding of a 3, helix. After one day the molar ellipticity at
A=199 and 220 nm had decreased almost into the baseline
consistent with f-strand formation and the CD spectrum
typical of (3 sheets was subsequently obtained as the sample
aged further in solution (Figure 5a).

Interestingly, when fibrils were re-suspended in phosphate
buffer at pH 7, they instantly became water-soluble with CD
spectra that were quantitatively identical to fresh solutions
of 3 at pH 7 (Figure 5b, curve 1). Re-acidification of such
solutions to pH4 (Figure 5b curve2) gave CD spectral
changes over time identical to those initially observed (Fig-
ure 3a-d). Indeed, when solutions at any of the various
stages described above were altered to pH 7, the CD spectra
revert to identical spectra (Figure 5Sb, curve 1) virtually in-
stantaneously.
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Fourier transform infrared (FTIR) analysis of structural
changes: FTIR spectra were recorded over time and directly
correlated with the CD spectra described above at the same
time points. Figure 6 shows a time-course overlay of the im-

Transmittance (%)

Transmittance (%)

After this stage, as the solution aged, the NH band shifted
to lower wavenumber and merged with the OH band, indi-
cating involvement of both Gln and Glu side chains in hy-
drogen bonding (Figure 6, curve 5). At the p-strand stage
(suggested by CD spectra) the
NH and OH bands separated
into two distinct bands. A nar-
rower band at #=3560 cm™!, in-
dicative  of  non-hydrogen-
bonded backbone NHs, and a
more intense and = slightly
broader band at #=3200 cm*
(hydrogen bonding Glu resi-
dues and some hydrogen bond-
ing Gln residues). This is not
surprising because transition
from o helix to p strand re-
quires breaking of a considera-
ble number of intramolecular
backbone hydrogen bonds.

As the solution sample aged
further, the NH and OH bands

T 1 J L] L
3000 2500 4000 3500

T
3500
Wavenumber (cm™)

T
4000

a

Figure 6. Time-dependent FTIR spectra (NH and OH region) for 3 in solution. a) Spectra at zero time
(curve 1), 1 h (curve 2), 6 h (curve 3), then after 1 (curve 4), 2 (curve 5), 2.5 (curve 6), 4 (curve 7) and 5d
(curve 8; curve 9), corresponding to CD spectra shown in Figure 2a. b) Spectra after 5 (curve 9), 6 (curve 10),
7 (curve 11) and 8 d (curve 12) corresponding to CD spectra shown in Figure 3c. See the Supporting Informa-

tion for this figure in colour.

portant amide NH and OH stretching frequencies, which
are particularly important for understanding the hydrogen-
bonding driving force behind a-helical to B-strand transfor-
mation. Spectral information for the important amide I and
II bands are shown in the Supporting Information.

The initial solution of 3 at pH 4 (=0 h) showed bands at
7=3502 (amide NH stretch), 3350 (OH stretch) (Figure 6,
curve 1) and 1654 cm™ (amide I band, Figure S2 in the Sup-
porting Information) typical of an a helix.'”) Within 30 min,
the carboxylic acid OH stretch vibration had broadened and
shifted to lower wavenumber (#=3300 cm™') consistent with
hydrogen bonding of the glutamic acid side chains within
the helix bundle because it is un-aggregated at this stage ac-
cording to concentration-independent CD spectra for 20—
57 um solutions (Figure S1b in the Supporting Information).
After 26 h, the FTIR spectra had significantly changed
(Figure 6, curve 4) with absorptions at #=3500cm™' (NH
stretch), 3200 (OH stretch, indicative of hydrogen bonding
Glu residues) and 1647 cm™' (amide I band, Figure S2 in the
Supporting Information), respectively, that are characteristic
of a 3,, helix.?”! These observations agree with the CD spec-
tra and strongly support an a- to 3;-helical transformation
of the peptide backbone, driven by inter-helix hydrogen
bonding of glutamic acid side chains. Because the CD spec-
tra recorded after 26 h were concentration dependent, the
3,p-helix bundle must be in an aggregated form.
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3000 2500 again merged, suggesting a fur-
ther transformation. FTIR spec-
b tra of isolated fibrils had strong
NH stretches (7=3270-
3300 cm™) indicative of hydro-
gen-bonded amides, and
amide I and II bands character-
istic of parallel (¥=1637 and
1556 cm™!, respectively; Fig-
ure S3 in the Supporting Infor-
mation) and intermolecular antiparallel (7=1614-1625 and
1537 ecm™!, respectively) p sheets,™ !l as observed for other
aggregated proteins. A weak band at #=1693 cm™' signifies
an antiparallel B-sheet structure,?! whereas the [-sheet
amide I band 7=1614-1625 cm™' suggests strong hydrogen
bonding. This supports intermolecular interactions between
the 4-peptide bundles involving at least some antiparallel
bundle alignments. Together with the CD spectra (Figures 3,
5), the FTIR spectra (Figure 6 and Figure S2 in the Support-
ing Information) strongly support formation of inter-bundle
[B-sheet aggregates as the sample ages at pH 4.

Transmission electron microscopy (TEM): Transmission
electron micrographs were used to monitor the aging solu-
tions of 3 at pH 4. Negatively stained aggregates showed for-
mation of tiny fibrils in solutions of 3 at pH 4 within a few
hours (Figure 7a), greatly increasing in number and thick-
ness as the solution aged. The width (~5 nm, Figure 7b) of
these early fibers corresponds to the length of 3 if its four
peptides are parallel f strands, indicating that the peptide
backbone is perpendicular to, with B-sheet hydrogen bond-
ing parallel to, the fiber axis. After days, these fibers were
much longer (um), twisted and surprisingly flexible (Fig-
ure 7c and d). Fibrils were unbranched, spiraling ribbons
with left-handed twists repeating every 130 nm along their
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Figure 7. TEM of negatively stained (uranyl acetate) nanofibers of 3
(pH 4). A) Early forming fibers (~30-250 nm long). B) One fiber ~5 nm
wide. C) More mature fibers curved (arrows) and pum long. D) Spiraling
twisted ribbon fibers (arrow). E) Larger fiber with twists (arrows).
F) 25 nm wide fiber showing finer ~2.3 nm wide “strings” (arrows).
G) Matted fibers after aging 3 at pH 4.0 for two weeks, scale bar =
250 nm.

axis (Figure 7e), as reported for amyloid fibrils.”?! Higher
magnification revealed multiple ~2.3 nm thick filaments in
fibrils, like strings in a rope (Figure 7 f). Aged solutions pro-
duced matted fibers (Figure 7 g) suggesting inter-ribbon in-
teractions.

The fibrils that formed from 3 clearly exhibit classic TEM
properties characteristic of amyloid structures. The 2.3 nm
thickness corresponds to the cross-sectional dimension of 3
with parallel § strands, along the direction of side chain pro-
jection (Figure 8). First-order diffraction spots showed lat-
tice spacing of 2.0 nm (Figure S4 in the Supporting Informa-
tion), which established the relative arrangement of mole-
cules within the fibrils, the cross -sheet structure being typi-
cal of amyloid fibrils formed by naturally occurring proteins.
Also typical of other amyloids, the fibrils bind to the chemi-
cal dye congo red®! but without yellow—green birefringence
as also noted for amyloid fibrils from Sup35, the N terminus
of Supp35 GNNQQNY, prions, peptides containing gluta-
mine repeats®and thioflavin T (not shown).

Conclusion

A key driving force in protein folding is the burying of hy-
drophobic residues in the interior of a protein, away from
the solvating effects of water. In the case of an amphipathic
peptide, aggregation is the simplest way of achieving this
aim. In this study, four amphipathic peptides of identical se-
quence 1°" were assembled together in parallel alignment
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to form peptide bundle 3 by using a macrocyclic templatel®!
that is of appropriate size and shape to encourage intramo-
lecular inter-peptide interactions.” This device has artifi-
cially promoted the aggregation of peptide 1 in that it is
now part of a parallel aligned 4-peptide bundle 3, a kineti-
cally unfavourable process in the absence of the template,
because there is no detectable aggregation of free peptide 1
alone at either pH4 or 7. Assembling two such peptide
chains in parallel on the cyclic template also leads to aggre-
gation (data not shown), but much more slowly as would be
expected if 4a-helix bundle formation is important for the
process observed.

The ensuing conformational changes that occur at pH 4
for the 4-peptide “aggregate” 3 are not seen for the peptide
1 alone over at least twelve months at room temperature,
but this may merely be an equilibrium problem reflecting
low statistical probability of intermolecular peptide interac-
tions in dilute solutions. Clearly, the peptide chains in the
bundle communicate with one another through side chain to
side chain interactions, which are responsible for the in-
creased o helicity in the bundle versus the single peptide
chain. In forming the 4-peptide bundle 3, the amphipathic
peptide can efficiently bury its hydrophobic Leu and Ala
side chains within a stable 4a-helix bundle (Figure 4a), with
hydrophilic Glu and Gln side chains oriented to the outside
of the bundle for exposure to solvent. This 4a-helix bundle
is monomeric at 20-57 um concentrations (Figure S1 in the
Supporting Information), whereas there is no evidence of
concentration-dependent CD spectra that would be expect-
ed for an aggregating bundle.

However, the monomeric 4o-helix bundle 3 is not stable
and undergoes a pH- and concentration-dependent transfor-
mation (Figures 3, 5) to nanofibers (Figure 7) composed of
aggregated {3 sheets (Figures 3, 5, 7). This acid-dependent re-
folding to P sheets is reminiscent of neurodegenerative dis-
eases where amyloidosis is often promoted by acidosis. The
fibrils found herein display the same key features of other
amyloids, including a cross (-sheet structure, unbranched,
spiralling ribbons with repeating left-handed twists, age-re-
lated induction of thermally stable, matted fibers and the ca-
pacity to bind to dyes. Like some other amyloid-forming
peptides, the peptide chains were organised in parallel align-
ment prior to the a—f folding transition.

A very important finding was the detection in solution (by
CD, NMR and FTIR spectroscopy) of 3;, helix, strand and
sheet bundles as intermediates during the transformation of
the 4a-helix bundle to the fibrillar aggregates. The prepon-
derance of polar amino acids in the peptide aided solution
solubility of these structural intermediates, which may other-
wise have been water-insoluble. Correlative changes in the
FTIR and CD spectra revealed that the 40- to 4 x3,,-helix
transformation at pH 4 was facilitated by hydrogen bonding
of glutamic acid side chains, which began interacting within
30 min (Figure 6), whereas the helix bundle was monomeric.
Furthermore, this transformation could be delayed by ~4 d
by addition of formic acid, a potential hydrogen-bonding
competitor.
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o-helix to B-strand transition

a helix 310 helix

310 helices
aggreated

Transformation of aggregat-
ed, stabilised 3,,-helix bundles
to aggregated [ strands occurs
over the next 5days as evi-
denced by CD and FTIR spec-
tra. The 3, helix is longer and
narrower than an o helix, may
be an intermediate in a—f
folding,”! but although easily
accessed from an a helix, is not
usually  stable.”'18]  These

backbone
[ strands | :side chains
backbone
hydrogen
bonds

p-strand to fiber transition

A e e

longer bundled and aggregated
3, helices are essentially back-
to-back typeIIl B turns."
FTIR spectroscopy in particular

7

indicates that as the 3,;-helix
bundles aggregate and age, hy-
drogen-bonding patterns of the

Glu and Gln residues change
dynamically in line with peptide

p-strand
monomer — e

unfolding and refolding into
longer extended fB-strand inter-
mediates towards B-sheet fibrils

and fibers (Figure 8 and Fig-

Fibril

ure S5 in the Supporting Infor-

Figure 8. Model for conformational transitions of the 4-peptide bundle and assembly into amyloid fibrils.
a) Equilibrium between o and 3,, helix is driven by aggregation-induced stabilisation of 3;,-helix bundles trig-
gered by intra- and intermolecular hydrogen bonding of Glu then Gln side chains. Potentially solvent-exposed
hydrophobic Leu and Ala side chains (not shown) that are redistributed to the outer exposed surfaces of the
3,0-helix bundle (Figure 4b) become buried through aggregation. Further elongation to f§ strands is driven by
the greater thermodynamic stability of f-sheet aggregates that also involve hydrogen bonding by the peptide
backbones aligned both parallel (shown intramolecular) and antiparallel (shown intermolecular). b) Model
(not to scale) of how B-strand bundle 3 may form amyloid-like fibers with dimensions similar to those derived
from TEM of fibrils (Figure 7); B-strands aggregate and form a fibril through peptide-backbone hydrogen
bonding. Striated fibers then form from aggregation of fibrils through inter-fibril side chain interactions (hy-
drogen bonding and hydrophobic interaction). See the Supporting Information for this figure in colour.

We note that a bundle of four o helices distributes the
peptide side chains in a distinctly different manner than four
3,0-helix bundles (Figure 4a vs. b), the latter redistribution
enabling potential interactions between glutamic acid side
chains on different chains but within the same 4-peptide
bundle. Molecular models suggest that E2---E2 and E9---E9
hydrogen bonds are possible within a 3-helix bundle
(Figure 8) that would then project L4, LS, A8 and L11 side
chains to the outside solvent-exposed surface of the bundle,
promoting aggregation of the 3j-helical bundle 3. We sug-
gest that the 3,,-helix bundle, normally a thermodynamically
unstable structure in comparison with the 4a-helix bundle, is
stabilised by 1) intramolecular inter-chain hydrogen bonds
between glutamic acid residues reorganised into close prox-
imity and 2) intermolecular interactions between hydropho-
bic side chains that have as a consequence been redistribut-
ed to the solvent-exposed surfaces of the bundle.
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mation).

Fiber The results suggest that the

elongated 3,j-helical regions of
peptide backbones might be im-
portant unstable intermediates
in the unwinding of the com-
pressed secondary structure, the
o helix, en route to the even
more elongated  strand. This
structural transition may play a
fundamental role in facilitating
refolding of a-helical regions of
proteins and peptides through
transient, more elongated heli-
ces that need to aggregate for thermodynamic stability. Al-
though formation of aggregated 8 sheets is thermodynami-
cally more preferred, the entropic advantage provided by
aggregation of a or 3, helices might also be helpful in
speeding up the folding transition(s). The rate of conversion
of peptidic a helices to 3 sheets will be dependent upon a
series of equilibria associated with a, aggregated o, aggre-
gated 3, and aggregated f structures. Clearly alignment of
four equivalents of the GIn/Glu-rich amphipathic helical
peptide discussed above was a key factor in being able to
observe o.—f refolding and amyloid formation in this partic-
ular case. Bringing the peptides together on a template here,
along with the capacity of a-helical Glu/Gln residues to
form inter-peptide hydrogen bonds, were sufficient to form
a stable peptide aggregate that was predisposed to confor-
mational rearrangement. In other peptides, the hydrogen-
bonding interactions that help bringing peptide chains to-
gether might be supplanted by hydrophobic interactions. It
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remains to be seen if artificially encouraged alignments of
other peptide sequences also convert to aggregated strands/
sheets, but this seems very likely to us if the amino acid se-
quences also have strand/sheet propensity.

Experimental Section

General remarks: For general methods and materials see the Supporting
Information.

Synthesis of compounds 1, 2 and 3: The 15-residue peptide 1 (AEQLL-
QEAEQLLQEL-NH,) was prepared by standard Fmoc (9-fluorenylme-
thoxycarbonyl) solid-phase peptide techniques by using Rink amide
MBHA resin with 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) as a coupling reagent (see the Supporting
Information for the free peptide RP-HPLC trace, Figure S6). Synthesis of
2 is given in the Supporting Information (Scheme S1, RP-HPLC trace
shown in Figure S7). A novel feature of the synthesis of 3 was the reac-
tion of resin-bound peptide 1 with cyclo-[-Glu(OH)(Ox)-], (Ox=oxa-
zole) in the presence of BOP and DIPEA. The helix bundle 3 was
cleaved from the resin with a mixture of 95% TFA, 2.5% water and
2.5% triisopropylsilane, and purified by reversed phase HPLC (see the
Supporting Information, RP-HPLC trace shown in Figure S8).

Characterisation data for compounds 1, 2 and 3

H-AEQLLQEAEQLLQEL-NH, (1): Peptide 1 was isolated off resin as
a white solid (40 mg). 'HNMR (600 MHz, CD;CN/50 mm phosphate
buffer (1:4), pH 4): 6=8.50 (d, *J(NH,aH)=6.6 Hz, 1 H; Glu-aNH), 8.42
(d, *J(NH,aH)=6.2 Hz, 1H; Gln-aNH), 8.07 (d, *J(NH,0H)=4.4 Hz,
1H; Ala-aNH), 8.04 (m, 2H; Leu-aNH, Glu-oNH), 7.99 (d,
3J(NH,aH)=5.3 Hz), 1H; Glu-aNH), 7.91 (d, *J(NH,aH)=5.2 Hz, 1H,
Gln-aNH), 7.85 (d, *J(NH,aH)=5.6Hz, 1H; Gln-oNH), 7.81 (d,
3J(NH,aH)=6.0 Hz, 1H; Leu-NH), 7.83 (d, *J(NH,aH)=4.0 Hz, 1H;
Leu-NH), 7.83 (d, *J(NH,oH) =4.8 Hz, 1 H; Leu-NH), 7.79 (m, 2H; Gln-
oNH, Glu-aNH), 7.74 (d, *J(NH,oH)=7.0 Hz, 1H; Leu-aNH), 4.31 (m,
1H; Glu-oH), 421 (m, 1H; Gln-aH), 4.14 (m, 1H; Leu-aH), 4.12 (m,
1H; Leu-aH,), 4.10 (m, 1H; Leu-aH,), 4.09 (m, 1H; Gln-aH,), 4.06 (m,
1H; Glu-aH,), 4.04 (m, 1H; Leu-aH,), 4.03 (m, 1H; Ala-oH,), 4.02 (m,
1H; Gln-aH,), 4.02 (m, 1H; Leu-aH,), 4.01 (m, 1H; Glu-aH,), 3.99 (m,
1H; Leu-aH,), 3.98 (m, 1H; Gln-aH), 3.95 (m, 1H; Glu-aH), 2.26-2.57
(m, overlap, 16H; Gln-yH, Glu-yH), 1.99-2.12 (m, overlap, 14H; Gln-
BH, Glu-fH), 1.93 (m, 2H; GIn-fH, Glu-fH), 1.69 (m, 5H; Leu-fH),
1.59 (m, 5H; Leu-BH), 1.51 (m, 5H; Leu-yH), 1.44 (d, *J(aH,fH)=
7.0 Hz, 3H; Ala-BH), 1.39 (d, *J(a«H,fH)=7.2 Hz, 3H; Ala-BH), 0.78—
0.87 ppm (m, overlap, 30H; Leu-yCH;); MS (ISMS): m/z (%): 585.3
[M+3H]**/3, 877.4 [M+2H]**/2, 1753.9 [M+H]*; HRMS: m/z: calcd for
CyH 30N 05t [M+H]*" 1753.9331; found: 1753.9346; HPLC (3.33%/
min linear gradient starting from 0% B (0.1% TFA in 10 % water/aceto-
nitrile): R, =23.7 min (Vydac 218TP54 C18 column), R,=23.7 min (Phe-
nomenex Luna 5p C18 column) (see the Supporting Information, Figure
6).

Cyclo-[-Glu(OH)(Ox)-], (2): Compound 2 was isolated as a white solid
(1.0 g, 86%). 'HNMR (600 MHz, [D,]DMSO): 6 =38.00 (s, 4H; Ox-H),
7.79 (d, *J(NH,aCH)=8.3 Hz, 4H; Glu-oNH), 4.67 (m, 4H; Glu-oH),
1.74 (m, 8H; Glu-yH), 1.64ppm (m, 8H; Glu-fH); “CNMR
(150.9 MHz, [D¢]DMSO): 6=173.77 (Glu-yCO,H), 163.90 (Ox C-2),
159.85 (CO-N), 142.54 (Ox CH-5), 135.46 (Ox C-4), 45.89 (Glu-aCH),
30.05 (Glu-yCH,), 27.54 ppm (Glu-BCH,); MS (ISMS): m/z (%): 785.2
[M+H]*; HRMS: caled for Cy,H;NgO(t [M+H]T: 785.2009; found:
785.1986; HPLC (3.33 %/min linear gradient starting from 0% B): R, =
154 min (Vydac 218TP54 C18 column), R,=17.2min (Phenomenex
Luna 5 p C18 column) (see the Supporting Information, Figure 7).

4-Helix Bundle 3: Compound 3 was isolated as a white solid (140 mg,
71%). '"H NMR (600 MHz, CD;CN/50 mm phosphate buffer (1:4), pH 4)
(chemical shifts are ordered by oNH, oH, fH, yH, 6H) 6=8.44 (d,
3J(NH,aH)=5.8 Hz, 1H; Gln-aNH), 8.03 (d, *J(NH,aH)=4.2 Hz, 1H;
Leu-aNH), 7.87 (d, *J(NH,aH)=4.8Hz, 1H; Leu-oNH), 8.04 (d,
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*J(NH,aH)=4.1 Hz, 1H; Gln-oNH), 7.89 (d, *J(NH,aH)=4.7 Hz, 1H;
Glu-oNH), 8.10 (d, *J(NH,aH)=4.2 Hz, 1H; Ala-oNH), 7.76 (d, *J-
(NH,aH)=5.0 Hz, 1H; Glu-aNH), 8.05 (d, (NH,oH)=4.6 Hz, 1H;
GIn-aNH), 7.87 (d,

*J(NH,aH)=4.4.8 Hz, 1 H; Leu-aNH), 7.89 (d, *J(NH,aH) =4.7 Hz, 1 H;
Leu-oNH), 8.03 (d, *J(NH,aH)=4.1 Hz, 1H; Gln-aNH), 7.75 (d, *J-
(NH,aH)=4.5Hz, 1H; Glu-oNH), 7.68 (d, *’(NH,aH)=7.1 Hz, 1H;
Leu-aNH), 4.30 (m, 1H; Glu-aH), 4.21 (m, 1H; Gln-aH), 4.08 (m, 1H;
Leu-aH), 4.04 (m, 1H; Leu-oaH), 4.01 (m, 1H; Gln-aH), 3.96 (m, 1H;
Glu-oH), 4.01 (m, 1H; Ala-aH), 3.97 (m, 1H; Glu-aH), 3.92 (m, 1H;
Gln-aH), 4.04 (m, 1H; Leu-aH), 4.03 (m, 1H; Leu-aH), 4.04 (m, 1H;
Gln-aH), 4.00 (m, 1H; Glu-aH), 7.68 (m, 1H; Leu-aH), 1.93 (m, 2H;
Glu-pH), 1.95, 2.08 (m, 2H, Gln-pH), 1.65 (m, 2H; Leu-fH), 2.37 (m,
2H; GIn-BH), 2.11, 2.04 (m, 2H; Glu-BH), 1.43 (d, *J(BH,aH)=7.3 Hz,
3H; Ala-fH), 2.13, 2.08 (m, 2H; Glu-fH), 2.12, 2.04 (m, 2H; GIn-$H),
1.73 (m, 2H; Leu-H), 1.77 (m, 2H; Leu-fH), 2.14, 2.10 (m, 2H; GIn-
pH), 1.74 (m, 2H; Glu-fH), 2.35 (m, 2H; Glu-yH), 2.32 (m, 2H; Gln-
vH), 1.53 (m, 1H; Leu-yH), 1.72 (m, 1H; Leu-yH), 2.12, 2.06 (m, 2H;
Gln-yH), 2.39, 2.30 (m, 2H; Glu-yH), 2.43, 2.33 (m, 2H; Glu-yH), 2.49,
2.38 (m, 2H; Gln-yH), 1.66 (m, 1H; Leu-yH), 1.54 (m, 1H; Leu-yH),
2.42, 2.33 (m, 2H; Gln-yH), 2.55 (m, 2H; Glu-yH), 1.74 (m, 1H; Leu-
vH), 0.90, 0.85 (d,

*J(yHdH)=5.8 Hz, 6H; Leu-8H), 0.83, 0.86 (d, *J(yHOH)=5.8 Hz, 6 H;
Leu-0H), 0.87, 0.84 (d, *J(yHOH)=6.5 Hz, 6H; Leu-0H), 0.83 (d, *J-
(yYHOH)=6.1 Hz, 6H; Leu-8H), 0.84 ppm (d, */(yHOH)=6.8 Hz, 6H;
Leu-0H); MS (ISMS): m/z (%): 2575.7 [M+3H]**/3; HRMS: calcd for
CiseHs30NgsOpps ™ [M43H]P*/3: 2575.6181, found: 2575.6223; HPLC
(3.33%/min linear gradient starting from 0% B): R, =24.2 min (Vydac
218TP54 C18 column), R,=243min (Phenomenex Luna 5p C18
column) (see the Supporting Information, Figure 8).

Circular dichroism spectroscopy: CD measurements were performed by
using a Jasco model J-710 spectropolarimeter, which was routinely cali-
brated with (15)-(+ )-10-camphorsulfonic acid. The peptide 1 and com-
pound 3 were dissolved in 50 mm phosphate buffer/25% MeCN (peptide
concentrations 2-100 pm) at pH 4 and 7.1. Spectra were recorded at room
temperature (298 K), with a 0.1 cm Jasco quartz cell over the wavelength
range 260-185 nm at 50 nmmin~' with a bandwidth of 1.0 nm, response
time of 1 s, resolution step width of 0.1 nm and sensitivity of 20-50 mdeg.
Each spectrum represents the average of five scans with smoothing to
reduce noise.

Nuclear magnetic resonance spectroscopy: NMR spectra for the peptide
AEQLLQEAEQLLQEL-NH, and compound 3 were recorded on a
Bruker Avance 600 spectrometer in 25% CD;CN/50 mm phosphate
buffer at 298 K. Proton assignments were made by using TOCSY (80 ms
mixing time) and NOESY (300, 420 ms mixing time). Watergate solvent
suppression was used and all spectra were processed by using Xwinnmr.

Fourier transform infrared spectrometry (FTIR): FTIR spectra were re-
corded at room temperature on a Jasco Fourier Transform IR 460 plus
spectrometer with a 2 cm ™' resolution, in the wavelength range of 4000-
1000 cm ', The solutions (25 pL) were placed between CaF, plates as a
thin film and the data were collected. Typically, 64 scans were averaged
for a single spectrum.

Electron microscopy: Assembled filaments precipitated at pH 4.0 formed
defined B-sheet nanofibers in solution. Aliquots of sample were applied
to a glow discharged carbon coated 200 mesh grid and blotted for nega-
tive staining with 1% uranyl acetate in water. A Tecnai 12 transmission
electron microscope (FEI, Netherlands) operating at 100 keV recorded
micrograph images at 98000 and 30000 magnifications on Kodak SO 163
electron image film or directly to CCD (Soft Imaging system megaview
camera). Selected micrograph areas were further digitised on a Nikon
8000 digital scanner (Nikon Inc.) at 4000 dpi. The image processing
IMAGIC software package (Image Science, Germany) was used to dis-
play Fourier transforms of selected regions that show first-order diffrac-
tion spots with a lattice spacing of 2.0 nm, indicating the fibril is more or-
dered in one direction, (see the Supporting Information, Figure S4).
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