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Stabilization of an o Helix by p-Sheet-Mediated Self-Assembly of a

Macrocyclic Peptide**
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The o helix is an essential secondary structural motif in
proteins. In particular, o helices at the outer surface of
proteins play an important role in specific biomolecular
recognition events, such as in protein-DNA, protein—RNA,
and protein—protein interactions.! The a-helical structures
are well stabilized in the context of intact proteins. However,
an o-helix-forming segment, when isolated from the protein
as a short peptide, is rarely helical in solution owing to its
inherent thermodynamic instability.”! Because the stabiliza-
tion of active folded forms of peptide is important for
maintaining the unique functions of protein, extensive
research into stabilized a-helical peptides has been carried
out.’] Peptide helix stabilization approaches include the
covalent cross-linking of amino acids located at the same
face of an a helix,”” hydrogen-bond surrogates,”! metal
coordination, salt bridge formation,®¥ helix nucleation,®
helix capping,®! and synthetic a-helix receptors.?

These minimalist approaches have advantages with regard
to simplicity and cost efficiency. However, when considering
many a-helix-mediated interactions occurring in a multi-
valent fashion,! the inherent limitation of such monomeric a-
helix approaches is that the complex and multivalent biolog-
ical interactions cannot be effectively targeted.

Herein, we describe a simple but effective supramolecular
approach in which multiple a-helix-coated artificial proteins
can be constructed by the self-assembly of simple peptides.
Bottom-up self-assembly of functional supramolecular build-
ing blocks is a cost-efficient way of constructing bioactive
multivalent structures.’! To substantiate this goal, a building
block was designed in such a way that both an a-helical
peptide segment and a self-assembling segment are located
within a single macrocyclic structure (peptide 4, Figure 1a).
As the self-assembling segment, a [3-sheet peptide with
predictable and well-known self-assembly behavior was
selected. The a-helix-forming segment is an alanine-based
peptide. Lysines are located within the stretch of alanines to
increase water solubility and to prevent aggregation.” The f3-
sheet peptide segment is a repeat of hydrophobic and of
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Figure 1. Self-assembly of macrocyclic peptides into an a-helix-deco-
rated artificial protein. a) Chemical structures. For detailed structures
of all peptides, see the Supporting Information. Segments: o helix,
green; [ sheet, blue; linker, black. b) The partially stabilized helical
structure, which is further stabilized and multivalently presented on
the surface of a nanostructure upon self-assembly of the 3-sheet
segment. Segments: a helix, green; 3 sheet, blue; linker, gray.

positively or negatively charged amino acids. Such combina-
tion of amino acids promotes (3-sheet hydrogen bonding and
subsequent self-assembly into bilayered ribbon-like fibrous
nanostructures.” Oligoethylene glycol-based linker segments
are placed between the o-helical- and p-sheet-forming
sequences to decouple both segments. The peptide macro-
cycle was designed based on the hypotheses that 1) a cyclic
structure will partially stabilize the helical structure by
decreasing conformational entropy of the unfolded state,®
and 2) a self-assembly-induced coil-to-rod transition in the [3-
sheet segment will further constrain and stabilize the helical
structure (Figure 1b). The cyclization reaction was performed
while protected peptide was still bound to the resin to achieve
a pseudo-dilution effect and to reduce the entropic penalty
associated with intramolecular cyclization® (Supporting
Information, Figure S1).

We investigated the secondary structure of an only-helix-
forming alanine-based segment, peptide 1, by circular dichro-
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ism (CD) spectroscopy (see Supporting Information, Fig-
ure S2, for the full structure). a-Helix formation is strongly
dependent on temperature, with maximal helicity at low
temperature, and unfolding occurs with increasing temper-
ature. Even at low temperatures (1°C), peptide 1 exhibited a
strong negative band at 196 nm, indicating that the peptide is
mostly in a random-coil conformation (Figure 2a). The o-
helical conformation of peptide 1 could only be stabilized
when a helix-stabilizing agent, 2,2 2-trifluoroethanol (TFE),
was used as a cosolvent and at low temperature (1°C). Two
negative bands at 204 nm and 220 nm and a strong positive
band at about 190 nm were observed (Figure 2b). The small
deviation from the characteristics of perfect a-helical con-
formation (two negative minima at 208 nm and 222 nm)
suggests that the helix is still only partially stabilized. As
shown in Figure 2b, the temperature-induced helix—coil
transition has a clear isodichroic point at 201 nm, which
provides evidence for a simple two-state a-helix and random-
coil equilibrium.Pd Taken together, the results indicate that
peptide 1is a poor helix former. Therefore, certain changes in
molecular structure are necessary to stabilize the helical
structure of peptide 1.

Next, we examined the secondary structure of an only-f3-
sheet-forming segment (peptide 2). The CD spectrum (Fig-
ure 2a) shows a strong negative band at 212 nm, a strong
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positive band at 197 nm, and a crossover point at 203 nm,
indicating that the peptide is predominantly in a [(3-sheet
conformation."” The B-sheet conformation of peptide 2 was
found to be stable even at high temperatures (up to 81°C;
Supporting Information, Figure S4).

We then investigated the secondary structures in peptide
3, a peptide that contains both of the a-helical and (3-sheet
segments in a linear (acyclic) structure. Peptide 3 exists
predominantly in a 3-sheet conformation (Figure 2c¢). Peptide
4 is a cyclic peptide that is cyclized from the acyclic precursor
peptide 3. In clear contrast to the acyclic peptide 3, the CD
spectrum of the cyclic peptide 4 (Figure 2¢) consists of a
strong positive band around 190 nm (a helix), strong negative
bands at 204 nm and 207 nm (a helix), a strong negative band
at 214 nm (p sheet), and a weak shoulder at 223 nm (o helix),
indicating that both a-helical and B-sheet conformations
coexist. Considering the fact that the partially helical peptide
1 in the presence of TFE showed a negative band at 204 nm
(see Figure 2b), the band of peptide 4 at 204 nm is likely come
from the partially stabilized a-helical conformation, or
possibly from other types of intermediate helical structures
(e.g. a polyproline type II helix or 3;, helix). Taken together,
these results clearly demonstrate that p-sheet formation
between the macrocycles can stabilize an otherwise disor-
dered oa-helical structure. It has been shown that a-helical
segment of this type does
not aggregate.’! Thus, the
formation of coiled-coil
helix bundle structures
should not be responsible
for the stabilization of the
a-helix segment. Consider-
ing the fact that the acyclic
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are contained within the
context of cyclic structure
‘ for the a-helices to be effi-
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Figure 2. Peptide secondary-structure analyses by CD. a) Peptide 1 (——) and peptide 2 (-—-) in 75 mm KF
at 1°C. b) Peptide 1 in 75 mm KF, 30% TFE. c) Peptide 3 (——-) and peptide 4 (—) in 75 mm KF at 1°C.

d) Effect of temperature on peptide 4 (75 mm KF).
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To further scrutinize the (3-sheet self-assembly-induced a-
helix stabilization process, we synthesized peptide 5 (Sup-
porting Information, Figure S5). Peptide 5 contains the same
a-helix-forming segment as peptide 4; however, mutations
(Trp to Gly, and Glu to Lys) were performed on the [3-sheet
segment to prevent the peptide from forming a [(-sheet
structure. CD analysis showed that unstructured elements
predominate over a-helix and B-sheet structures (Supporting
Information, Figure S7a), demonstrating the importance of [3-
sheet-induced self-assembly for helix stabilization. Cyclic
peptide 7 was prepared to further exclude any possibility of
coiled-coil helix bundle formation as a means to stabilize the
a helix. In peptide 7, rather hydrophobic Ala residues in the
helix-forming segment of peptide 4 were replaced by hydro-
philic Glu residues to suppress any possibility of coiled-coil
formation (Supporting Information, Figure S5). The Glu
residues were positioned in such a way that Glu and Lys
residues are located at i and i+4 spacing. This type of
arrangement places Glu and Lys residues at the same face of
the o helix, thus promoting salt bridge formation between
oppositely charged ions. Studies have shown that peptide
helices formed by this type of amino acid placement do not
aggregate.’ As for peptide 4, the presence of bands at
208 nm (a helix), circa 215 nm (f sheet), and 221 nm (o helix)
indicates the stabilization of the a helix by p-sheet-mediated
self-assembly (Supporting Information, Figure S7b,c), thus
precluding coiled-coil-mediated helix stabilization.

Transmission electron microscopy (TEM) investigations
revealed that peptide 2 self-assembles into twisted fibers that
are rather thick and intertwined (Figure 3 a). It was difficult to
exactly measure the length of the nanofibers, as they extended
beyond the boundary of the high-resolution TEM image, but
they were more than several micrometers long. This result is
consistent with the previous reports that -sheet peptides, in
the absence of attached hydrophilic segments such as a
polyethylene glycol (PEG) or a hydrophilic peptide, laterally
associate to form hierarchical structures.”'" In contrast, the
acyclic peptide 3 in which the hydrophilic a-helix-forming
segment and oligoethylene glycol-based linkers are attached
to the -sheet-forming segment forms discrete nanofibers that
are mostly over 100 nm in length (Figure 3b).

In contrast to the formation of one-dimensional objects in
the acyclic peptide 3, the cyclic peptide 4 forms two-dimen-
sional spherical objects along with a small number of one-
dimensional objects (Figure 3¢). The diameter of the spher-
ical objects is around 10 nm. The diameter of a typical a helix
is circa 1.2 nm, whereas the interstrand distance between
f strands is about 0.47 nm. Considering the fact that the
o helix is bulkier than the f strand, as noted above, helices
packing side by side on a sheet would have helices rotated
with respect to each other, thus promoting the formation of
spherical objects (see Figure 1b). This structure is similar in
appearance to the protein fold found in o/p barrels."? As for
the o/f barrels, hydrophobic Trp residues on one side of the
f tape are likely to form a hydrophobic core of the spherical
objects. Taking into account of linker length (ca. 2 nm), the
observed size of the spherical object is reasonable: 10 nm (the
sphere diameter) = 1.2 nm x 2 (the helix diameter) +2 nm x 2
(the linker length)-+the additional contributions from
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Figure 3. Negative-stain TEM images. a) peptide 2, b) peptide 3,
c) peptide 4.

f strands and the core of the sphere. Formation of one-
dimensional fibrous objects was also observed. The formation
of additional one-dimensional objects can be rationalized as
follows: During the self-assembly process, the formation of a
double-layered [} ribbon might precede a-helix formation,
which can be considered as a kinetically frozen state owing to
the combination of strong interstrand [3-sheet and intersheet
hydrophobic interactions taking place over the large surface
area. In such a case, the o-helix-forming segment might be
partially helical or unstructured within the one-dimensional
objects.

Dynamic light scattering (DLS) investigations (Figure 4 a)
reveal that the number-weighted hydrodynamic radius dis-
tribution Ry of peptide 4 nanoaggregates is smaller than that
of peptide 3 nanoaggregates, further supporting the view of
the formation of smaller spherical objects than for peptide 4.
FTIR spectroscopy studies showed that both peptide 3 and
peptide 4 form antiparallel B-sheet structures, as evidenced by
the appearance of amide I bands at 1625 and 1695 cm™" for
peptide 3, and 1620 and 1689 cm ™ for peptide 4 (Figure 4b,c).
Contributions from o helices could not be unambiguously
determined owing to significant spectral overlap; however,
the major difference between the spectra of peptide 3 and
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Figure 4. a) Number-weighted hydrodynamic radius distribution Ry of peptide 3 (gray) and peptide 4 (black) by DLS. b),c) FTIR spectrum of

b) peptide 3 and c) peptide 4.

peptide 4 can found in the amide I random-coil frequency (ca.
1640-1650 cm™1).!% The IR spectrum of peptide 3 shows that
the presence of very strong random-coil bands at about
1651 cm™!, which dominate the contributions from other
secondary structural elements. In contrast, the random-coil
bands at about 1654 cm™' diminishes in intensity in the
spectrum of peptide 4. These results can be interpreted as the
transformation of the random coil into another structure
(a helix) in the cyclic peptide nanoaggregates.

We next asked whether the macrocyclization approach
can be applied to stabilize a biologically active a-helical
peptide., Rev peptide from human immunodeficiency virus
type I (HIV-1) was chosen as an example of such a bioactive
peptide. Rev peptide is an arginine-rich peptide that binds
deeply within the major groove of the Rev response element
(RRE) RNA from HIV-1 as an o helix."™* Tt has been shown
that o-helix formation of Rev peptide correlates well with
specific binding to RRE RNA, and the peptide is monomeric
and does not aggregate.™ Toward this end, macrocyclic
peptide 11, which contains both a minimal Rev peptide
sequence (14 amino acids) and a f-sheet-forming segment
along with other control peptides, was synthesized (Support-
ing Inofrmation, Figure S10). The results show that Rev
peptide a-helical structures can also be stabilized by [3-sheet-
mediated self-assembly of macrocyclic peptide 11, indicating
that bioactive a-helix-decorated multivalent proteins can be
fabricated by this approach.!'®!

In conclusion, the rationally designed peptide containing
o-helix- and 3-sheet-forming segments within a single macro-
cyclic structure self-assembles into a-helix-coated nanostruc-
tures. Given that an a helix at the exterior of protein is one of
the key mediators of biological recognition events, our design
principle can provide a good starting point for developing
artificial proteins that can modulate a-helix-mediated molec-
ular recognition occurring in a multivalent fashion.! As the
degree of a-helix stabilization and biological activity should
be the function of relative volume fractions of a-helix, {3-
sheet, and linker segments, and other structural parameters,
we are currently investigating these issues.
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