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ABSTRACT

Rational design rules for programming hierarchical organization and function through mutations of
monomers in sequence-defined polymers can accelerate the development of novel polymeric and
supramolecular materials. Our strategy for designing peptide-dendron hybrids that adopt predictable
secondary and quaternary structures in bulk is based on patterning the sites at which dendrons are
conjugated to short peptides. To validate this approach, we have designed and characterized a series of [3-
sheet-forming peptide-dendron hybrids. Spectroscopic studies of the hybrids in films reveal that the

peptide portion of the hybrids adopts the intended secondary structure.

INTRODUCTION

Peptides and proteins are tremendous resources for introducing tunable functionality in synthetic
polymeric materials. Conjugating polymers to peptides and proteins compensates for the imperfect
control over monomer sequence and chain length afforded by modern polymerization methods."” The
precise sequence of amino acid residues of the peptide/protein domain confers hybrid polymers with
emergent functions such as molecular recognition, catalysis, and therapeutic activity.*” Synthetic and
genetic methods make interrogation of these complex functions possible through site-specific mutations
to the amino acid sequence.'”'* The predictable folding and self-assembly of peptides is especially

valuable in programming the hierarchical assembly of hybrid polymers."*"

20, 21

Greater control over molecular structure can be gained by combining peptides with dendrons or other

sequence-defined polymers. The diverse pool of a-amino acid monomers can enrich the programmable

22-24

functionality of dendrons by conferring chirality, molecular recognition,” surface adsorption,”® and
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733 to peptide-dendron hybrids. The homogeneity of hybrids obtained from

stimulus responsive properties
monodisperse polymers may be advantageous for applications as therapeutics.”” ** Peptide-mediated
intermolecular hydrogen-bonding provides mechanisms for supramolecular polymerization of peptide-
dendron hybrids into anisotropic nanostructures.”*' In particular, several macrocyclic peptide-dendron
hybrids*** and dendritic dipeptides**** have been shown to self-organize into periodically ordered arrays
of porous columnar structures in bulk. The design principles gained from studies of dendritic dipeptides
have been successfully applied to the design of other, non-peptidic self-assembled nanostructures.>” '
The porous cylindrical nanostructures obtained from self-assembling dendritic dipeptides are functional
mimics of channel proteins.** *> ¥

Inspired by the tunability and processability afforded by combinations of peptides with dendrons, we have
investigated hybrids of dendrons with an a-helical bundle-forming peptide.” *** ** ** The defined
arrangement of different amino acids in the core of an a-helix bundle motif could allow us to synthesize
chemical gradients or unique binding sites within supramolecular dendrimers. We recently reported
examples of a-helix bundle-forming peptide-dendron hybrids that self-organize in an hexagonally ordered
array of columns.® We found that the helix bundle stoichiometry in the liquid crystalline mesophase
matches the stoichiometry of the bundle formed by the peptide in aqueous buffer. This remarkable
correspondence implies that folding and self-assembly instructions encoded by the amino acid sequence
persist in the non-biological environment of the liquid crystalline mesophase.

To further validate that design rules from biochemical studies of peptides and proteins can be applied to
bulk self-organized materials, we have characterized a series of B-sheet peptide-dendron hybrids 14 (Fig.
1). The same dendrons from our self-organizable a-helix bundle-forming peptide-dendron hybrids have
been conjugated to a seven-residue, B-sheet-forming peptide. Infrared (IR) and circular dichroism (CD)
spectra of hybrids 1-4 confirm that the peptide adopts the B-sheet conformation encoded in the amino

acid sequence. These results support our expectation that transport and binding properties programmed by

the primary sequence of amino acids in proteins can be integrated in peptide-dendron hybrid materials.
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Fig. 1. Structures of the B-sheet peptide-dendron hybrids 1-4. Amino acids are designated by single-letter
codes: Y = tyrosine, K = lysine, and L = leucine.

RESULTS AND DISCUSSION

Design Rationale

The sequence of amino acids in peptide-dendron hybrids 1-4 was designed based on a rudimentary
implementation of hydrophobic patterning. An alternating arrangement of non-polar (n) and polar (p)
amino acids encodes the B-sheet secondary structure (Fig. 2a).>® In an extended conformation, the non-
polar residues make up one face of the B-strand and the polar residues make up the other face (Fig. 2b).
Intermolecular hydrogen-bonding between the backbone amide groups assembles the B-strands into a f-
sheet that amplifies the amphiphilic character of the B-strands (Fig. 2¢). Sequestration of the non-polar
faces of the B-sheets provides an additional driving force for B-sheets to assemble in a face-to-face

manner (Fig. 2d). Polar residues on the exterior of such a putative -sheet assembly serve as the points of

attachment for the dendrons.
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Fig. 2. (a) Pattern of non-polar (n, red color) and polar (p, pink color) amino acids employed in the design
of B-sheet-forming peptides. (b) Schematic model of a peptide in the extended -strand conformation with
colored spheres indicating the relative orientation of the side chains. (c) Schematic model of an
antiparallel B-sheet assembly of the peptide designed by hydrophobic patterning. (d) Packing of the non-
polar faces of two B-sheet assemblies.

Lysine (K) and leucine (L) were chosen as the polar and non-polar amino acids, respectively. The same
polar and non-polar residues were used in our previously reported a-helical bundle-forming peptide-
dendron hybrids.*>**** The side-chain amino group of each lysine residue is efficiently acylated using
dendritic pentafluorophenyl esters.* DeGrado and Lear have shown that a seven-residue peptide with
alternating leucine and lysine residues self-assembles into a P-sheet structure in buffered aqueous
solution.”® The N-terminus of the peptide was acetylated to ensure that the dendrons would be conjugated
exclusively through the side-chains of the lysine residues. The C-terminus of the peptide was amidated.
Tyrosine (Y) was used as the N-terminal non-polar residue to provide a convenient spectroscopic probe
from which we could identify the peptide in HPLC experiments and determine the amount of peptide in
aqueous solutions.”” Thus we arrived at AcNH-YKLKLKL-CONH, (5) as the B-sheet-forming peptide to
which we planned to conjugate the self-assembling dendrons.

Peptide-dendron hybrids 1-4 have dendrons grafted to the side-chain of each lysine residue via an amide
functional group. Conjugating self-assembling dendrons to the polar residues of a -sheet-forming peptide
disrupts the amphiphilic character of the pB-sheet-forming peptide. Nonetheless, the extended [B-strand

conformation should be one of the lowest energy conformations of the peptide-dendron hybrids.”® We

envision that, in the solid and melt states, macromolecular crowding effects replace the hydrophobic drive
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forces that underlie self-assembly of B-sheet-forming peptides in aqueous solution. When the peptide
portion adopts an extended B-strand conformation, the hybrids have an overall anisotropic shape that
should pack more efficiently than other conformations with a less ordered arrangement of the dendrons.
Synthesis of the Peptide-Dendron Hybrids

Scheme 1. Graft-to Synthesis of Peptide-Dendron Hybrids 14
NH, NHp NH,

AcH-Q o 2O-conn,

5

0
R 69

DIEA
DMF/THF (1:1 vAv)
CoFsO 50 °C

1-4
OR'

OR' 0

R= -3 OR' —EQ
OR' O
1,2,6,7 3,4,8,9 OR'
OR'
[6 (R' = Cy2Hzs) |:8 (R'=Cy2Hzs)

1 (96% yield) 3 (92% yield)

2 (75% yield) 4 (83% yield)
Peptide-dendron hybrids 1-4 were prepared by grafting the dendrons to the peptide. An advantage of this
approach is that the peptide and dendrons can be purified to homogeneity using methods that are standard
for the respective materials, which helps to minimize undesired products that need to be separated from
the desired peptide-dendron hybrids. Acylation of the side-chain amino group in each lysine residue of 5

was accomplished using dendritic pentafluorophenyl esters (Scheme 1). The efficient amidation reaction

between amines and pentafluorophenyl esters makes pentafluorophenyl esters excellent reagents for

59, 60 26, 54

ligation of polymers with proteins and dendrons with peptides.

The acylation reactions were performed in a mixture of DMF and THF (1:1 v/v) at 50 °C to fully
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solubilize the reactants, intermediates, and products. Pentafluorophenyl esters 69 are only moderately
soluble in DMF (i.e., a good solvent for §) and very soluble in THF (i.e., a poor solvent for 5). Because
the pentafluorophenyl ester was used in excess ([dendron]y/[amine], = 1.5/1; [5]o = 0.01 M), we judged
the reactions to be complete when we could no longer observe 5 or partially dendronized intermediates in
MALDI-TOF mass spectra of aliquots taken from the reaction mixture. Peptide-dendron hybrids 1-4 were
isolated in good yields (75-96%) using flash column chromatography.

Table 1. Molecular Weight Characteristics of the Hybrids 1-4.

Hybrid miz" M) MM

1 2938.3646° 3,020 1.05
2954.3011¢

2 3892.9287° 4,160  1.07
3908.9287¢

3 41273669 4,120  1.08
4143.3208°

4 5401.1574¢ 6,130  1.09

“Determined from MALDI-TOF mass spectra. "Determined from GPC in THF (1 mL/min, 40 °C)
calibrated with polystyrene standards. {M + Na]" ion. “[M + K] ion.

The identity of the peptide-dendron hybrids was confirmed primarily from MALDI-TOF mass spectra.
We observed very good agreement (0.5 Da) between the exact and observed masses for the Na” and K"
adducts in MALDI-TOF mass spectra of hybrids 1-3 (Table 1). The resolution of these spectra was
sufficient to show agreement between the simulated and observed isotope distributions for the [M + Na]"
ions (Fig. 3a—). The MALDI-TOF mass spectrum of 4 was of overall lower quality (Fig. 3d) than the
spectra of the other hybrids, which accounts for the poorer agreement (+2 Da) between the calculated and
found masses. The chemical shift values in '"H NMR spectra of hybrids 1-4 varied between sample
preparations, which is probably due to aggregation of the hybrids in solution. Nonetheless, there was
generally good agreement between integration values for the resonance assigned to the protons of N-
terminal acetyl group (6 2.5-2.0 ppm), and the broad resonance assigned to the methyl groups of the
leucine side-chain and aliphatic tails of the dendrons (& 0.88 ppm). The spectroscopic data are consistent

with the structures of hybrids 1-4 shown in Fig. 1.
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Fig. 3. MALDI-TOF mass spectra of peptide-dendron hybrids (a) 1, (b) 2, (c) 3, and (d) 4. The inset
compares the simulated isotope pattern® (upper) with the observed isotope distribution (lower) for the [M
+ Na]" ion.

The purity of the peptide-dendron hybrids was confirmed primarily from the elution profile in GPC
experiments. Fig. 4 shows that peptide-dendron hybrids 1-4 each elute as a single species. The number-
average molecular weight (M,) values calculated from the GPC elution profiles increase according to the
size of the conjugated dendrons (Table 1). Peptide-dendron hybrids 2 and 3 are close enough in molecular
weight that they are essentially indistinguishable in the GPC experiments. The narrow molecular weight
distribution (M,,/M,) values calculated from the chromatograms (Table 1) are consistent with hybrids 1-4
each being isolated as monodisperse, sequence-defined macromolecules. We observe no mass peaks at

m/z-values below the mass peaks from the ionized hybrids in lower resolution MALDI-TOF mass spectra

of hybrids 1-4 (Fig. S1). The GPC and MALDI data support that 1-4 are defect-free macromolecules.
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Fig. 4. Elution profiles of hybrids (a) 1, (b) 2, (¢) 3, and (d) 4 from GPC in THF (1 mL/min; 40 °C).

IR Spectra of the Hybrids

Assignments of the infrared (IR) bands that are unique to the backbone amide groups of the peptide-
dendron hybrids can provide significant insight with regard to the conformation of the peptide portion of
the molecules. The C=0 stretching (amide I) and the N-H in-plane bending (amide II) modes are
sensitive to the environment of the amide group. The amide I band, in particular, is distinctly different for
peptides in an a-helical conformation (1660-1648 cm™) and in a B-sheet conformation (1640—1628 cm™
1.5 Contributions from the side-chain amides and aromatic rings to the IR spectra of hybrids 1-4 are

expected in the region of the amide I band from the main-chain of the peptide.

1 amide | amide Il

% Transmission

1750 1700 1650 1600 1550 1500

Wavenumber (cm™)
Fig. 5. Infrared spectra of peptide-dendron hybrids 1-4 acquired at room temperature from spin-cast
films.
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IR spectra of hybrids 1-4 were acquired in the solid state. Films of the hybrids were spin-cast from
CH,Cl, onto a salt plate. The IR spectra of hybrids 1-4 in the region between 1750—-1500 cm ™' is shown in
Fig. 5, and the absorptions assigned to the amide I and amide II bands are reported in Table 2. The amide
I absorption in hybrids 1-4 appears at 1628—1627 cm ', which is substantially different than the amide I
bands we observed in a-helical peptide-dendron hybrids (i.e., 1655-1651 e¢m™).** The position of the
amide I band for each hybrid matches what is expected for a peptide in the B-sheet conformation. In the
IR spectra of peptide-dendron hybrid 4 (Fig. 5) and of peptide 5 (Fig. S4) we were able to identify a
second, much weaker amide I absorption at 1673 cm ', which is sometimes observed in antiparallel f-
sheet assemblies. The IR spectra are consistent with the peptide-dendron hybrids adopting the designed
secondary structure in the solid state.

Table 2. Amide I and Amide II Bands of Peptide-dendron Hybrids 1-4

hybrid  amide I (cm™) amide IT (cm ™)

1 1628 1546
2 1628 1540
3 1627 1540
4 1628, 1673 1543

To determine whether the observed amide I and amide II absorptions are unique to the main-chain
amides, we characterized the dendritic butyl amides 10-13 (Fig. 6). Compounds 10—13 are models for the
dendronized lysine side-chain in the peptide-dendron hybrids. The IR spectra from spin-cast films 10-13
were better resolved than the spectra of 1-4. The N—H stretching band of the amide (a.k.a., amide A band)
was clearly identified in the spectra of 10—13 (Table 3), and was used to confirm that the benzamides are
hydrogen bonded in the solid state. By comparing the spectra of 10—13 with the IR spectra of dendritic
ester intermediates from the syntheses of 6-9 (Fig. S9), we were able to identify those absorptions arising
from the C=C stretching modes of the aromatic rings as well as the amide I and amide II bands of the
amide. We have reported in Table 3 the bands we assigned to each of these vibrational modes. The amide

I and amide II bands of 10-13 occur at higher energy and are more variable than those of the peptide-



Polymer Chemistry

dendron hybrids 1-4. We infer from the IR spectra of 10—13 that the side-chain amide contributes to the

amide [ and amide II bands in the spectra of 1-4.
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Fig. 6. Structures of the dendritic butyl amides 10-13.

Table 3. Assignments of the C=C and Amide Vibrational Modes of the Dendritic Monobenzamides
10-13

monobenzamide amide A (cm™') amideI(cm') C=C (cm ') amide I (cm™")
10 3236 1629 1580, 1503 1555
11 3290 1638 1613, 1582, 1513 1544
12 3249 1638 1590, 1519 1547
13 3268 1633 1613, 1589, 1516 1548

CD Spectra of the Hybrids

B-Sheet and o-helix conformations of peptides can be readily distinguished in CD spectra.”” The B-sheet
conformation is characterized by a maximum at 195 nm from the amide n—=* transition and a minimum at
218 nm from the amide n—m* transition.* There is good agreement between spectra acquired in solution
and film states.”” *® The self-assembling dendrons in 1-4 introduce two potential problems for the
straightforward interpretation of peptide secondary structure from CD spectra of the hybrids. First,
contributions from aromatic groups in the side-chains of peptides can alter the sign and shape of the
observed CD spectrum.” Second, linear dichroism arising from anisotropic order of the hybrids
contributes to the observed CD spectrum from solid films.® We found that, for a-helix bundle-forming
peptide-dendron hybrids,* the self-assembling dendrons made only minor contributions to the CD spectra

of the hybrids.

10

Page 10 of 16



Page 11 of 16

Polymer Chemistry

The CD spectra obtained from films of hybrids 1-4 (Fig. 7) are similar to the CD spectra of B-sheet
peptides. The spectra show minima in the range 215-230 nm. A maximum below 200 nm is also visible
in the spectrum of hybrid 1 (Fig. 7a). There is no maximum in the far-UV region of the CD spectra of
hybrids 2—4, which could be due contributions from the aromatic chromophores in the dendrons. We
previously noted that some chirality transfer from the a-helical peptide to the dendrons was evident in the
far-UV CD spectra of a-helix bundle-forming peptide-dendron hybrids.”* The magnitude of the CD
spectra (per residue) are weaker for B-sheet peptides than for a-helical peptides, which may also account
for a greater contribution from the dendrons to the CD spectra of hybrids 1-4. Importantly, the CD
spectra in Fig. 7 are significantly different from the CD spectra of a-helix bundle-forming peptide-
dendron hybrids bearing the same dendrons.>* The CD spectra are consistent with hybrids 1-4 forming p-

sheet structures in the solid state, and agree well with the CD spectrum obtained from a film of 5 (Fig.

S4).
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Fig. 7. Circular dichroism spectra (upper curve, left-hand axis) and UV—vis spectra (lower curve, right-
hand axis) from films of (a) 1, (b) 2, (¢) 3, and (d) 4 on quartz. Spectra were recorded at 20 °C.

CONCLUSION
Rudimentary protein design rules offer a foundation from which to construct functional materials via
programmable hierarchical organization of peptide-dendron hybrids. The recent report of self-organizable

o-helix bundle-forming peptide-dendron hybrids®> ** ** >

is a promising starting point because natural
helix bundles exhibit diverse functionality.”” ®® Indeed, functional hybrid materials based on o-helix

bundle-forming peptide-polymer conjugates have validated the concept of designing binding sites for

light-harvesting chromophores in polymeric films.”” To confirm that the amino acid sequence helps

11
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determine the secondary structure of the peptide-dendron hybrids, we have investigated rationally
designed B-sheet-forming peptide-dendron hybrids. The spectroscopic studies reported herein strongly
support the successful rational design of -sheet structures in the peptide-dendron hybrids. In conjunction
with our previous spectroscopic studies of related o-helical peptide-dendron hybrids,” these results
provide compelling evidence that protein design rules are applicable to bulk phases of peptide-dendron
hybrid materials.
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