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Abstract Via the design of a new, soluble poly(S-alkyl-L-cysteine) precursor, a route was developed
for successful preparation of long chain poly(dehydroalanine), APH, as well as the incorporation of
dehydroalanine residues and APH segments into copolypeptides. Based on experimental and
computational data, APH was found to adopt a previously unobserved ‘hybrid coil” structure, which
combines elements of 2s-helical and 31o-helical conformations. Analysis of the spectroscopic properties
of APH revealed that it possesses strong inherent blue fluorescence, which may be amenable for use in
imaging applications. APH also contains reactive electrophilic groups that allowed its efficient
modification to functionalized polypeptides after reaction under mild conditions with thiol and amine
nucleophiles. The combined structural, spectroscopic, and reactivity properties of APH make it a unique

reactive and fluorescent polypeptide component for utilization in self-assembled biomaterials.



Introduction

Dehydroalanine (Dha) is an unsaturated amino acid that occurs naturally as a post-translational
modification in peptides,'? where it imparts unique conformational properties and electrophilic reactivity.
Due to a,B-unsaturation, Dha residues prefer a planar conformation that can induce inverse y-turns in
peptides.® In one study, peptides containing three to six consecutive Dha residues were found to adopt
extended 2s-helical conformations, where each chain possesses a striking, essentially flat conformation
due to gand y angles being ca. 180° for each residue.* Dha residues are also potent electrophiles that
react readily with thiol and amine nucleophiles.’® Such reactions occur in the biosynthesis of cyclic
peptide lantibiotics,” and have also been utilized as a strategy for site-specific functionalization of Dha
residues in peptides and proteins.!®!> In spite of the attractive conformation directing and reactivity
properties of Dha, there has been no successful synthesis of long, repeating Dha sequences, i.e.
poly(dehydroalanine), APH,

The incorporation of multiple Dha residues into short peptides has been accomplished in a variety
of examples.'®!” The most significant were the flat peptides reported by Toniolo, where trimer through
hexamer Dha peptides were synthesized and characterized.* In nearly all Dha containing peptides, the
Dha residues were not incorporated during peptide synthesis, but were introduced after synthesis by
conversion of precursor amino acids into Dha residues.!>!®!° This strategy, which mimics the
biosynthesis of Dha from serine residues,'* is advantageous since it avoids the low nucleophilicity and
instability of N-terminal enamine groups in Dha that hinder efficient peptide coupling (vide infra).!* To
date, a Dha hexamer is the longest repeat of Dha residues that has been reported.* In the 1950s, Sakakibara
attempted to prepare long chain APH via the direct ring-opening polymerization of Dha N-
carboxyanhydride (Dha NCA, Scheme 1).22! These reactions, utilizing primary amine or strong base
initiators, gave low conversions (< 35%) of monomer, possibly due to low reactivity of both monomer

and enamine chain-ends, and gave polymers that contained < 10 mol% of Dha residues. Further studies



by Sakakibara revealed that a dominant reaction pathway was radical addition polymerization across the

alkene bonds in Dha, either in monomer or polymer, resulting in loss of unsaturation (Scheme 1).20-2?

Direct synthesis of APH via NCA polymerization was found to be unsuccessful.
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Scheme 1 Reactions previously reported for dehydroalanine N-carboxyanhydride (Dha NCA).2%-2

Brackets indicate that product was not isolated. APH = poly(dehydroalanine).

APH ig a desirable biopolymer since it is expected adopt a chain conformation different from most
other polypeptides (e.g. a-helices and B-sheets),**>?* and this difference may lead to unique physical
properties and assembled structures. APH would also be a potentially valuable precursor to functional
polypeptides via post-polymerization reactions with various nucleophiles.!*! The o,B-unsaturation of
Dha residues also permits peptide cleavage under mild acidic conditions,!? which may be useful for
applications where chain degradation is desirable. Here, we have circumvented longstanding challenges
in the synthesis of APH by design of a soluble, readily prepared polypeptide precursor that can be
efficiently modified to give APH of controlled length. The preparation of Dha containing block and
statistical copolymers was also demonstrated using this approach. The Dha residues in these homo and
copolypeptides were found to be efficiently derivatized by reaction with amine and thiol nucleophiles
under mild conditions to yield the corresponding functionalized residues. Further, APH was found to adopt
a previously unobserved ‘hybrid coil” structure in both solvents and in the solid-state, and APH chains
were also found to exhibit inherent blue fluorescence. The controlled synthesis of APH containing
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polypeptides and the unique properties of APH reported here are a promising combination for development
of chemically reactive and ‘label-free’ fluorescent polypeptide materials.
Results and Discussion

Since there have been considerable improvements in NCA polymerization methodology®’ since
Sakakibara’s work in the 1950s, we first sought to re-evaluate the polymerization of Dha NCA to
determine if preparation of APH via this route was feasible (Scheme 2). Using a monomer to initiator ratio
of 30 to 1, and either THF or DMF as solvent, polymerizations of Dha NCA were initiated using either
nBuNH, or Co(PMe;3)s initiator’® under air-free and anhydrous conditions at 20 °C. In all four
polymerizations, Dha NCA consumption was sluggish as compared to other NCA monomers, and only
small fractions of monomer were consumed after 24h (see supporting information, SI). Reaction mixtures
were diluted with water, and after no observation of precipitates the samples were then dialyzed against
water to remove small molecules followed by lyophilization. Oligomeric products were then obtained as
off-white solids in poor yields (11 to 16% for nBuNH>, and 27 to 42% for Co(PMe3)s4). Notably, only the
product from nBuNH: initiation in DMF showed resonances in its '"H NMR spectrum assignable as alkene
protons, and all products contained resonances consistent with aliphatic protons that should not be present
in APH (see SI). Solid-state FTIR analysis of the samples also gave spectra that were not consistent with

2022 and the known

APH (vide infra, see SI Figure S1). Overall, in agreement with Sakakibara’s findings,
poor reactivity and stability issues of enamine groups in Dha (Scheme 1), our results confirmed that

direct formation of APH via polymerization of Dha NCA was not feasible.
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Scheme 2 Potential synthetic routes to poly(dehydroalanine), APH. A) Direct polymerization of Dha NCA.
B) Preparation of a poly(S-alkyl-L-cysteine) precursor followed by thioether alkylation or oxidation and
subsequent base catalyzed or thermal elimination. R = alkyl group.

Consequently, we sought to develop an alternative route to APH based on a precursor polypeptide
(Scheme 2), similar to methods used to introduce Dha residues into peptides and proteins. As shown in
Scheme 3, many routes have been utilized to convert amino acid precursors into Dha residues in peptides
and proteins.!>!1%1%27-35 The most economical of these strategies rely on precursors based on natural
cysteine or serine residues. While the methods in Scheme 3 work well for peptides and proteins, these
molecules either contain few Dha residues or consist of short chains such that the solubility of the
molecules is not compromised by incorporation of either precursor or Dha residues.!>*!%!° For
polypeptides, a major challenge in development of a APH precursor is that nearly all derivatives of long
chain poly(cysteine) or poly(serine) adopt stable B-sheet conformations, and consequently have low
solubility in most solvents.>® The poor solubility of these polypeptides prohibits controlled synthesis of

high molecular weight chains, and also can hinder their conversion to APH,
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Scheme 3 Synthetic routes to Dha residues in peptides and proteins.!%!61%27-35 R = alkyl group. EWG =
-Tosyl, -C(O)OR, or -PO3*. TBAF = tetrabutylammonium fluoride.

To address this challenge, we sought to develop a viable precursor to APH that possesses good
solubility in solvents used for NCA polymerization to allow for controlled chain growth. Guided by prior
observations, our efforts focused on derivatives of poly(L-cysteine). While most poly(L-cysteine)
derivatives form poorly soluble B-sheets, e.g. protected poly(S-carboxyalkyl-cysteines),”*#! protected

), 4243

poly(S-aminoalkyl-cysteines), ), 44-48

and poly(S-alkyl-cysteines), we noted two examples had been
reported that instead favor the soluble o-helical conformation. The first was poly(S-(L-
menthyloxycarbonylmethyl)-L-cysteine),* and the second was a series of acetyl protected,
monosaccharide functionalized poly(S-alkyl-L-cysteines) reported by our group.’® Due to the lack of
interchain H-bonding that would occur in B-sheet conformations,*® these a-helical poly(L-cysteine)
derivatives were found to possess good solubility in organic solvents useful for NCA polymerization (e.g.
THF), which allows preparation of high molecular weight chains.

We observed that a common feature of these a-helical poly(L-cysteine) derivatives was the

presence of sterically demanding groups (i.e. menthyl and tetra-acetyl monosaccharide) at the ends of the
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side chains, which may be responsible for their conformational preference. This observation led to a
design concept for a simplified a-helical poly(L-cysteine) derivative to serve as an efficient precursor to
APH While poly(S-(benzyloxycarbonylmethyl)-L-cysteine) is well-known to adopt stable [B-sheet

3739 we hypothesized that replacement of the

conformations that precipitate or gel during polymerization,
benzyl groups with groups that were more sterically demanding could give a-helical polypeptides that
would be soluble to high degrees of polymerization.’® Further, although the hindered ester in poly(S-(L-
menthyloxycarbonylmethyl)-L-cysteine) is difficult to hydrolyze, other alkoxycarbonyl protecting groups
may be more readily removed to give poly(S-carboxymethyl-L-cysteine), CM, which is water soluble
when the carboxylates are deprotonated at pH > 4.5!-33 A water soluble poly(S-carboxyalkyl-L-cysteine)
precursor is desirable since both sulfonium and sulfoxide routes for its conversion to APH could be

2).%:16:19.29.30.54 Hence, we designed and

conducted under mild conditions in aqueous media (Scheme
prepared a new L-cysteine based polypeptide, poly(S-(tert-butoxycarbonylmethyl)-L-cysteine), CBM,

containing the sterically demanding tert-butyl group to both favor helical conformations and allow facile

deprotection.
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Scheme 4 Preparation of S-(tert-butoxycarbonylmethyl)-L-cysteine N-carboxyanhydride, tBuCM-Cys

NCA, and poly(S-(tert-butoxycarbonylmethyl)-L-cysteine), CBM. TMG = tetramethylguanidine.
L-Cysteine was converted to S-(tert-butoxycarbonylmethyl)-L-cysteine using established

procedures,> and this amino acid was then converted to its corresponding NCA under conditions that

avoid the formation of HCI so that the tert-butyl esters remained intact (Scheme 4).>® The resulting



purified S-(fert-butoxycarbonylmethyl)-L-cysteine NCA, tBuCM-Cys NCA, was found to readily
polymerize using Co(PMes)s in THF at 20 °C,* giving CBM that remained soluble in the reaction
mixture. Chain lengths of CBM were readily controlled by variation of monomer to initiator ratio (Figure
la), and molecular weight distributions remained narrow and monomodal (Figure 1a,b). Further, block
and statistical copolypeptides of BuCM-Cys NCA with a model co-monomer tert-butyl-L-glutamate
NCA, tBu-Glu NCA, were readily prepared (Table 1, See SI Schemes S1 and S2, Figures S2 and S3, and
Table S1), which altogether confirmed the ability of /BuCM-Cys NCA to undergo living polymerization.
Thus, our design of CBM was successful in preventing formation of insoluble B-sheet aggregates.
Additional conformational data for CB™ were obtained from FTIR and circular dichroism studies (Figure
lc,d), which were consistent with this polypeptide adopting an extended chain conformation.’’ The
spectra of CBM show features similar to those observed for poly(a-GalNAc-L-serine), which has been

shown to adopt a highly extended helical conformation.*
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Figure 1 A) Variation in molecular weight (M,, determined by 'H NMR) and dispersity (Myw/Mp,
determined by GPC) of CBM as a function of monomer to Co(PMe3)4 initiator ratio (M:I) in THF at 20
°C. B) GPC trace of CB™77 in HFIP containing 0.5% (w/w) KTFA. C) Solid-state FTIR spectrum of the
amide region for CB™7;7. The Amide I and II bands at 1654 and 1546 cm™ are consistent with a helical
conformation.>” The band at 1727 cm™ is the carbonyl stretch of the fert-butyl ester groups. D) CD
spectrum of CB™77 in HFIP. Bands at 197 and 224 nm suggest that the polymer is adopting an extended

helical conformation in this solvent.>®



Table 1 Synthesis of diblock copolypeptides using Co(PMe3)4 initiator in THF.

Monomer Feed Compositions First Segment® Diblock copolymer®

First Monomer? Second Monomer? Mi DP D Mi DP D Yield(%)?

40 Bu-Glu NCA 40 rBuCM-Cys NCA 20,200 88 1.28 42,400 173 1.29 96

40 BuCM-Cys NCA 40 Bu-Glu NCA 20,200 77 1.17 41,300 169 1.17 93

First and second monomers added stepwise to the initiator at 20 °C; number indicates equivalents of
monomer per Co(PMes)s. "Molecular weight (My) and dispersity (P = Mw/M,) after polymerization of the
first monomer determined by '"H NMR and GPC. ‘Molecular weight and dispersity after polymerization
of the second monomer determined by 'H NMR and GPC. 9Total isolated yield of deprotected diblock

copolypeptide as the sodium salt. DP = number average degree of polymerization.

With successful controlled preparation of the soluble polypeptide precursor CBM, the next step
was to attempt to convert this into APH, As shown in Scheme 2, we considered both alkylation and
oxidation routes to convert CBM to APH, Some efforts were made initially to directly convert organic
soluble CBM to APH_ but these suffered from poor yields and negligible formation of APH, Consequently,
CBM yas readily deprotected using trifluoroacetic acid (TFA) to obtain, after neutralization, the water
soluble poly(S-carboxymethyl-L-cysteine), CM, as its sodium salt (Scheme 5). The thioether groups in
CM could either be fully oxidized (see SI Scheme S3) or fully methylated (Scheme 5) under mild
conditions in aqueous media, similar to other thioether containing polypeptides.>**° While attempts to
eliminate the sulfoxide groups at pH 8.0 and 37 °C were found to give only ca. 8% conversion to Dha
residues (see SI), the elimination of sulfonium groups was found to proceed rapidly at pH 8.0 and 37 °C
to give APH in high conversion and yield (Scheme 5).6!%? Elimination occurred so readily at this pH that
the sulfonium product was not isolated, and hydrophobic APH precipitated directly from the reaction
mixture. Thus, methylation of C®™ was determined to be the most efficient method for preparation of

APH (Scheme 5). Note that small amounts of butylated hydroxytoluene (BHT) were added to these
10



reactions (0.01 mol% relative to each Dha residue) in order to inhibit radical induced decomposition of
the reactive Dha functional groups. Also, as the N-terminal groups of the APH chains are enamines (see
SI Scheme S4), it is expected that these will be hydrolyzed to N-terminal pyruvoyl groups under the basic

conditions used for synthesis (Scheme 1, see SI Scheme S4).
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Scheme 5 Deprotection of CBM to give poly(S-carboxymethyl-L-cysteine), CM, and conversion of C¢M
to APH via methylation and subsequent base catalyzed elimination. Brackets indicate that the intermediate
was not isolated.

Samples of APH formed as off-white precipitates that were insoluble in water, but were found to
disperse well in DMSO, TFA and hexafluoroisopropanol (HFIP) solvents. GPC analysis of APH in HFIP
showed a monomodal peak (Figure 2a) with retention time similar to the C™ precursor. This result,
combined with measurement of chain lengths of C®™ and APH segments relative to 1 kDa PEG endgroups
via '"H NMR integration (see SI) confirmed that no chain cleavage occurred during conversion of CM to
APH_ The dispersity of APH (D = 2.3, Figure 2a) was greater than the C™ precursor (P ~ 1.2), but this
was likely due to partial aggregation of APH chains, which was observed in HFIP as well as all other
solvents tested (vide infra). The composition of APH samples was confirmed by 'H and '*C NMR
spectroscopy, as well as FTIR analysis (Figure 2). Contrary to the oligomers obtained above from
attempted Dha NCA polymerizations, the 'H NMR spectrum of APH derived from the C™ sulfonium
precursor showed the expected resonances for the alkene and amide protons of Dha residues (Figure 2b).*
The solid-state CP-MAS *C NMR spectrum of APH was also consistent with the expected structure, with

resonances for carbonyl and alkene carbons (Figure 2¢) that were analogous to those observed in Dha
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containing small molecules.%®> Observation of two resonances for each carbon likely reflects different
residue conformations in the solid-state (vide infra). Finally, the FTIR spectrum of APH contained bands
at 1681, 1656 and 1492 cm™' consistent with Amide I and Amide II vibrations, as well as bands at 1625
and 902 cm! that are consistent with an alkene stretch® and an alkene out of plane bend® in APH,
respectively (Figure 2d, see SI Figures S4 and S5). Altogether, these data confirm the successful

preparation of long chain APH,
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Figure 2 Characterization data for APH. A) GPC trace of APH7; in HFIP containing 0.5% (w/w) KTFA
(D =2.3). B) 'H NMR spectrum of APHs9 in DMSO-ds. C) Solid-state CP-MAS *C NMR spectrum of
APHgy, Asterisks indicate spinning side bands. D) Solid state FTIR spectrum of APHes. The band at 902

cm! is consistent with alkene =C-H out of plane bends in APH % The band at 1625 cm™ is consistent with
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alkene stretches in APH . The bands at 1656 and 1492 cm™! are consistent with Amide I and Amide II
vibrations for peptides in the extended 2s-helical conformation.®

In addition to helping confirm its composition, FTIR analysis of APH also provided valuable
insights into the chain conformation of APH, As mentioned in the introduction, Toniolo and coworkers
discovered that short oligomers of Dha adopt the flat 2s-helical conformation,* and this group has also
pioneered the study of other peptide motifs that adopt this structure.® These investigations led to the
identification of signature FTIR bands for 2s-helices, similar to those that are well known for a-helices,
310-helices and B-sheets.’” Specifically, Toniolo and coworkers noted that peptides in the 2s-helical
conformation possess a strong Amide II band at ca. 1490 cm™ and split Amide I bands at ca. 1675 and
1650 cm!, where the Amide II band has greater intensity than the Amide I bands.® This pattern is distinct
from the Amide bands of all other peptide conformations and is present in the APH samples prepared here,
both in solid-state and in HFIP (Figure 2d, see SI Figures S4 and S5), and strongly suggests that long
chain APH at least partially adopts the 2s-helical conformation.

However, a discrepancy exists between the 2s-helical hexamer of Dha and APH in the FTIR N-H
stretching region, where this band occurs at ca. 3380 cm™ for the hexamer of Dha* and two bands appear
for APH at 3369 and 3259 cm™! (Figure 2d, see SI Figure S5). The smaller APH N-H stretch at 3369 cm™
is consistent with the 3380 cm™ band for the hexamer of Dha since this band is known to shift to lower
wavenumbers as the number of Dha repeats increases,* and is due to weak intra-residue H-bonding in the
2s-helical conformation.®® On the other hand, the larger APH N-H stretch at 3259 cm™! indicates much
stronger H-bonding than previously found in peptides with a 2s-helical conformation.®® A possible
explanation for this additional N-H band may be the partial folding or association of longer chains in APH
via inter-residue H-bonding (vide infra). Such folding would likely lead to conformational distortion of
chain segments from the fully extended 2s-helical conformation, and could also explain the presence of

two sets of resonances observed in the solid-state CP-MAS *C NMR spectra (Figure 2¢). Consistent with
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this hypothesis, weak shoulders are present in the Amide region of the APH FTIR spectra at ca. 1697 and
1519 cm™ (see SI Figure S5), which suggests that some portions of APH chains adopt conformations other
than the fully extended 2s-helix in the solid state and in HFIP (vide infra).

To understand the conformational properties of APH in more detail, we performed computational
analysis using density functional theory (DFT). Geometry optimizations and frequency calculations were
performed at the B3LYP-D3/6-31G(d) level of theory and single point energies were calculated at the
®B97X-D/def2TZVP level of theory using the SMD (solvation model density) for dimethyl sulfoxide
(see SI). Models of APH with varying chain lengths were optimized in both the 2s-helical conformation
and the 3io-helical conformation (Figure 3a). The 3io-helix was included here since it has also been
proposed to be a stable conformation for APH 224 We found the 2s-helical conformation to be clearly
preferred in the shorter chains, with a free energy difference of 8.1 kcal/mol between the favored 2s-
helical conformation and the higher energy 31o-helical conformation of APH4 (Figure 3b). This energy
difference varies linearly with polymer-length, and the 31¢-helical conformation becomes preferred in the

longer chains APHs, APHy9, and APHy4.

To better understand this trend, we performed noncovalent interaction (NCI) analyses on the DFT-
optimized models (Figure 3c). The NCI calculations show that the 2s-helical conformation is stabilized
by weak dispersion interactions between the methylidene groups of the side-chain and the amide groups
of the backbone. Additionally, the linearized backbone dihedrals allow for weak intra-residue hydrogen
bonding between the backbone carbonyl oxygens and amide hydrogens, sometimes referred to as C5
hydrogen bonds.®*7? These noncovalent interactions, along with the extended m-electron conjugation,
make the 2s-helical conformation more stable in shorter APH chains. The 310-helical conformation is
stabilized by dispersion interactions along the helix, and inter-residue hydrogen bonding between the i
and i+3 residue positions. These inter-residue hydrogen bonds have more linear N-H-O angles, making

them stronger than the intra-residue hydrogen bonds observed in the 2s-helical conformation. As the APH
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chain length increases, these inter-residue hydrogen bonds become more abundant, leading to the

preference for the 310-helical conformation in these molecules.

A B

Energy Difference Between 3;; and 25
Conformations vs Oligomer Length

10

2; Helix

AAG (kcal/mol)
-} w

|
wu

Favors 25
»—
J ; -10-
3. Helix Hybrid Coil i ‘ ‘ ‘ . i
10 a 8 12 16 20 24
Polymer Length
C NCI plot Scale

Hydrogen Bonding

Attractive Interactions +—— Repulsive Interactions

Figure 3 Computational analysis of APH conformations. (A) Backbone traces of DFT-optimized models
of APHy;. The 2s-helix conformation is shown in green, the 310-helix conformation is shown in blue, and
the hybrid coil conformation is shown in orange. (B) Plot of polymer length versus the difference in free
energy between the 2s-helix and 3o-helix conformations. Short repeats APHy, APHq, and APHg favor the
2s5-helix conformation. Longer repeats APH16, APHz9, and APH24 favor the 3i10-helix conformation. The
energies are equivalent in APHy2. (C) NCI plots of the DFT optimized structures of APHy2. Scale is shown

for colors that represent attractive interactions like hydrogen bonding and dispersion, along with repulsive
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interactions like steric repulsion. Weak dispersion interactions are observed along the helix in the 31o-
helix conformation and throughout the backbone in the hybrid coil conformation (white arrows).
Additional weak dispersion interactions are observed between the sidechain and backbone in the 2s-helix
conformation and for flat residues in the hybrid coil conformation (brown arrows). Inter-residue hydrogen
bonding is observed between i and i+3 residue positions in the 31o-helix conformation and throughout the
hybrid coil conformation (black arrow). Intra-residue hydrogen bonding is observed between the
backbone carbonyl oxygens and amide hydrogens in the 25-helix conformation and in flat residues in the
hybrid coil conformation (gray arrow).

In addition to the 2s-helical and 3io-helical conformations, we explored other possible
conformations of APHy using CREST, a conformational search algorithm which uses meta-dynamics to
rapidly explore conformational space.”® This led to the discovery of a third conformation type, where
some residues adopt the 2s-helical conformation, but other residues have bends in either the ¢ or y
dihedral angles that cause the chain to fold into a loose coil-like structure (Figure 3a). NCI plots show this
new “hybrid coil” conformation has characteristics of both the 2s-helical and 31o-helical conformations
(Figure 3c). The nearly linearized backbone of many residues allows extended n-electron conjugation and
the same intra-residue hydrogen bonding that stabilizes the 2s-helical structure. The hybrid coil structure
also allows for increased dispersion along the backbone and the same inter-residue hydrogen bonds that
stabilize the 3io-helical conformation. The free energy difference of 2.6 kcal/mol in favor of the hybrid
coil conformer compared to either the 2s-helical and 310-helical conformations of APHy2 shows that this
conformation is clearly preferred, although APHi> chains may exist in an equilibrium between
conformations in solution. Altogether, this new hybrid coil conformation with elements of both 2s-helical
and 31o-helical conformations fits well with our experimental data that shows evidence of both intra- and

inter-chain H-bonding, and is the best model for the conformation of long APH chains.
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When further investigating the properties of APH, we noted that the o,B-unsaturation and flat
conformations of some residues may lead to extended n-electron conjugation. Consequently, we measured
the UV-visible absorption spectrum of APHes in HFIP and compared this to an a-helical sample of poly(L-
alanine)ss, As3, in HFIP as a control. Contrary to As3, which has only weak amide absorption above 200
nm, APHeg showed a strong absorption maximum at 220 nm with absorption extending to nearly 300 nm
(Figure 4a). The absorption of APHes in this region is due to the known spectroscopic properties of Dha
residues.”® The fluorescence spectra of both samples were also acquired. The As3 sample in HFIP showed
weak absorption (Amax = 302 nm) and emission (Amax = 400 nm); while APHggin HFIP showed considerably

stronger absorption at higher wavelength (Amax = 354 nm) and a remarkable strong blue emission (Amax =

440 nm) (Figure 4b,c).
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Figure 4 Spectroscopic properties of APHes (solid lines) and poly(L-alanine)ss, As3 (dashed lines) in HFIP.

A) UV/vis absorption spectra, B) excitation (blue) and emission (red) spectra. All samples were prepared
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in HFIP (0.1 mg/mL) and spectra were acquired at 20 °C. C) Images of As3 and APHs¢ at 1.0 mg/mL in
HFIP. Left image is under ambient light (bright field), and right image is under UV irradiation at 365 nm.

Seeking to better understand the nature of APH fluorescence, we observed that while both of the
polypeptides disperse well in HFIP to give limpid samples, we found via dynamic light scattering that
both As3 and APHes form nanoscale aggregates in this solvent (see SI Figure S6). Consequently, it is likely
that the fluorescence properties of these samples arise due to aggregation induced emission (AIE) from
the nanoparticles rather than from individual solvated chains.”>’® While such AIE has been reported for
synthetic polypeptides,’>’® the intrinsic blue fluorescence of APH has much higher intensity compared to
that observed in other polypeptides in dilute suspension, such as As3 (Figure 4c). The blue fluorescence
of APH is potentially valuable for the development of label-free polypeptide nanoscale assemblies and

biomaterials for combination therapeutic and imaging applications.
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Scheme 6 Functionalization of AP containing polypeptides using thiol and amine nucleophiles.
Another feature of Dha containing polypeptides is the ability to functionally modify these residues
by reaction with nucleophiles.’® To evaluate the ability to functionally modify residues in APH, we reacted

homo, statistical, and block copolypeptides of APH with model thiol and amine nucleophiles in mixtures
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of DMSO and water (Scheme 6, Table 2). Addition of DMSO was necessary to disperse the hydrophobic
APH segments of homo and block copolypeptides in aqueous media. All reactions proceeded in high yields
with no sign of peptide chain cleavage (Table 2, see SI), and the use of hydrophilic nucleophiles resulted
in fully water soluble products. As expected since the Dha precursors lack stereocenters, the resulting
modified Dha residues possessed racemic stereochemistry as verified by circular dichroism spectroscopy
(see SI Figure S7).!° The facile modification of Dha residues in APH provides a new effective route to
side-chain functional polypeptides, which have promise for development of a diverse range of properties.
Since the products of reactions of APH with thiol nucleophiles are poly(S-alkyl-DL-cysteines), the racemic
nature of these products likely provides an added benefit in enhancing their solubility by disfavoring the
B-sheet formation commonly observed in poly(L-cysteine) derivatives.”” An additional feature provided
by modification of Dha residues was reduction of APH fluorescence. Monitoring of polypeptide
fluorescence at different stages of the reaction of APH with mercaptoethanol revealed that fluorescence
decreased as a function of residue modification (see SI Figure S8). Thus chemical modification of APH
can be used to switch chain conformation, solubility, and fluorescence properties.

Table 2. Preparation of functional derivatives of APH containing polypeptides

Starting Polymer  Nucleophile Product Functionalization (%)* Yield (%)®
APH, mEG;SH (rac-CE®), >99 86
(E-s-APH)q; mEG;SH [E-s-(rac-CE%3)]67 >99 89
EgsAPHgs mEG;SH Ess(rac-CF%)ss >99 99
EgsAPHgs HOEtNH, Ess(rac-A"E)gs >99 98
EgsAPHgs HOEtSH Ess(rac-C")ss >99 99
EssAPHgs B-D-glcSH Ess(rac-C%C)ss >99 95

aDetermined by '"H NMR analysis of functionalized polypeptide. ® Isolated yield of purified polypeptide.
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Conclusions

Via the design of a new, soluble poly(L-cysteine) based precursor, we have developed a route for
successful preparation of long chain APH, and the incorporation of Dha residues and APH segments into
copolypeptides. Based on experimental and computational data, APH was found to adopt a previously
unobserved ‘hybrid coil’ structure, which combines elements of both 2s-helical and 3io-helical
conformations. Analysis of the spectroscopic properties of APH revealed that it possesses strong inherent
blue fluorescence that may be amenable for use in downstream imaging applications. APH also contains
reactive electrophilic groups that allowed its efficient modification to functionalized polypeptides after
reaction under mild conditions with thiol and amine nucleophiles. The combined structural, spectroscopic,
and reactivity properties of APH make it a unique reactive and fluorescent polypeptide component for

utilization in self-assembled biomaterials.
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