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ABSTRACT: The synthesis and self-assembly behavior of a set of pefiolgmer conjugates is described. It

is demonstrated that an oligopeptide segment, composing 3.5 wt % of a conjugate, can effectively direct the
microstructure formation of a polgfbutyl acrylate)-block (pBA) with M, ~ 38 000. RAFT polymerization is

used to synthesize conjugates possessiBpApblocks with different block lengthsM, = 8000-38 000) but

having the same peptigde@ggregator domain. The high tendency of this peptide to ad@ptteeet is temporarily
suppressed by switch and pseudoproline defects, allowing the ease of introduction of a RAFT chain-transfer
moiety (CTA). The resulting peptide-CTA can effectively mediate the polymerizatiodbottyl acrylate, leading

to a conjugate with suppressed aggregation tendency. However, the undisturbed peptide segment is reestablished
via a pH-controlled rearrangement in the defects, triggering peptide-directed microstructure formation. Atomic
force microscopy (AFM) allows the visualization of fibrillar microstructures and frequently provides evidence
for a left-handed superhelical fine structure. The peptide segments organifesheets as proven by infrared
spectroscopy (FT-IR) and electron diffraction coupled to transmission electron microscopy (SAED-TEM). Thus,
peptide organization controls microstructure formation and both the dimensions of the fibrils and the approximated
rates of self-assembly are correlated to the molecular weight ofrlBA jplocks in the conjugates.

Introduction a direct consequence it is essential to minimize the fraction of

Biomacromolecules such as nucleic acids, proteins, andthe required ‘biosegments’ in the polymepeptide block
increasingly polysaccharides are recognized to fulfill broad COPClymers (polymerpeptide conjugates), while maintaining

spectra of tasks within biological systedtd. To realize  the functions of these bioinspired polymers. _ _
frequently very complex functions, the ability to self-organize ~ AS this is an important requirement for large-scale industrial
into functional structures with a remarkable chemical diversity @Pplicability of peptide-polymer conjugates, possible synthesis

is mandatory. Therefore, these classes of bioorganic polymers "outes have to be considered carefdfyrhere are two main
inspired the design of synthetic polymer materials having, on approaches to integrate sequence-controlled peptides into syn-
one hand, the potential to expand the structural and functional thetic polymers: (i) direct coupling of peptides to synthetic
space available for “common” polymers, like, for instance, that Polymers and (ii) grafting of polymers from a peptidic macro-
of AB-block copolymer$-14 On the other hand, material initiator. The direct coupling appr(_)ach_relles on the couphng
interfaces might be realizable, enabling one to actively interact ©f @ Selectively addressable functionality that is present in an
with biological systems and potentially control biosystefnas oligopeptide with a complementary end group of a synthetic

Nature offers many biomaterials that possess excellent POlymer®~*® The strategy, however, is strongly limited to
properties, including strength, toughness, elasticity, and light- polymers with fairly low molecular weights due to a decrease

weight construction (e.g., silk8, protein glue® seashell&! in chain end group reactivity with increasing molecular We?_éﬁf._
bones? connective proteins in muschSs Frequently the This obstacle can be avoided by following a polymerization
mechanical properties are beyond those of synthetic poly#fiers. Strategy that allows access to well-defined polymigioconju-
As a consequence academic and applied industrial interests foigates with high molecular weight polymer blocks. Controlled
polymer materials, designed to mimic advanced properties of adical polymerization techniques (CRPhave shown to be
biomaterials, have increased enormously within the last y&ars, MOSt suitable. It was demonstrated that sequence-defined
Recently peptide-guided organization of synthetic polymers POlypeptides can be selectively functionalized and applied as
proved to be a versatile tool to obtain bioinspired materials with macroinitiators for nitroxide-mediated radical polymerization
advanced structural contr8l.Synthetic polymers were conju-  (NMP)**and atom transfer radical polymerization (ATRP)2
gated to sequence-controlled peptide segments. The lattefMoreover, introduction of a chain-transfer moiety to an oli-

exhibited high propensities to self-assemble either spontaneouslydOPeptide allows the effective mediation of a reversible
or in a triggered manner into strongly anisometric micro- or addition—fragmentation chain-transfer radical polymerization

nanostructure¥ -2 In these approaches formation of fheheet ~ (RAFT).* In particular, the tolerance against many functional
secondary structure motif is essential for self-assembly into 90UPS, absence of metal catalysts, and close relation of the
tapes, filaments, or fibe.However, despite all advances in RAFT process to conventional free-radical polymerizations are
structural control, industrial applicability is clearly limited by ~advantages for the synthesis of bioconjugates. Peptide-based
both the high production costs of well-defined peptides and the chain-transfer agents (peptide-CTAs) were obtained by the clean

efforts necessary to integrate these into synthetic polymers. Astransformation of an ATRP initiator group of a solid-phase-
supported oligopeptide ATRP macroinitiator into a chain-transfer

* To whom correspondence should be addressed. Ph¢#dé®:-(0)331- moiety. After liberating the peptide-CTA from the support,

567-9552. Fax: +49-(0)331-567-9502. E-mail: hans.boerner@ PoOlymerization of n-butyl acrylate (BA) was effectively
mpikg.mpg.de. mediated in solution, resulting in conjugates with controllable
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Figure 1. pH-controlled switch of a polymerpeptide conjugate with two switch defects in the peptide segment (two-step process from the fully
disturbed peptide segment (left) via two intermediate structures (middle) to the undisturbed aggregator (right).

molecular weights and low polydispersitiesMf,/M, ~ 1.143 mixture was carefully degassed with argon and heated 6050

In both the direct coupling strategy and the polymerization Samples were taken for kinetic analysis (GPC, NMR). Depending
approach difficulties can occur due to aggregation of the peptide ©n the desired molecular mass the polymerization was stopped by
segments during synthesis, analysis, and polymer conjugation apid cooling to room temperature and exposure of the reaction
Synthesis ofs-sheet-forming peptides, for instance, is often mixture to air. The sample was concentrated in vacuo; then it was

hiahlv ineffective b . fi f th tid precipitated multiple times from MeOH in ieavater and freeze-
Ighly Inefiective because microaggregation ot the peplide qyieq from acetonitrile/benzene (1:1) to extract eventually remaining
segments can take place on the solid support.

- ) ) ) . peptide or peptide transfer agent. Three differe®4v conjugates
Recently, synthesis of peptides, exhibiting highly difficult (jv-gk, 1v-14k, IV-38) were synthesized, utilizing this polymer-
sequences such as the amylojéh A, or the (threoninevaline)- ization procedure. The resulting conjugates were characterized using

multimer aggregator domain, e.g., (Thr-Vialyvas facilitated GPC and NMR spectroscopy.

by introduction of temporary structure breaking defects. These  Iv-8k. IH NMR (DMSO-ds (2.49 and 3.31 ppm))d = 0.78—
defect segments are referred to as “switch” segnm®nt§.and 1.76 (m, 669 H, 30 H C(83), Val + 195 H CH—CH3 + 12 H
previously incorporation of multiple “switch” segments in a C(CHz)OH Thr+ 3 H C(CH3)0—CO Thr+ 3 H S—C(CH3)—CO
(Thr—Val)s oligopeptide was reporte®:4” The defects exhibit ~ + 18 H C(QHz)s 'Bu + 12 H C(CH3); PP+ 9 H C(CH3)s Boc +
a p-ester connectivity between Vaand Thi+! instead of the ~ 130 H GH2=CHs pnBA + 130 H CH—CH,—~CH, + 130 H CH-
nativea-amide linkage (cfScheme 1). This disturbs the peptide Sz PNBA), 1.98-2.31 (m, 70 H 5 H CH(CHy), Val + 65 H,

function and suppresses the aggregation tendency. However SH ~CHz PiBA), 3.64-4.34 (m, 151 H, 12 Hx-CH + 4 H CH—
P gareg Y. OH Thr+ 4 H HO—CH,—CH, + 1 H S~CH(CHs)—CO + 130 H

after successful synthesis of the pep’e’rqim)_lymer co_njugate &  O—CH,pnBA), 5.26 (t, 1 H, Gi—O—CO Thr), 7.29-8.51 (m, 15
pH-controlled rearrangement could be triggered in the switch 5 4 ArH + 10 H NH) ppm. My, con, = 9900, DR, = 65. GPC
segments, restoring the native peptide backbone and thusTHF, pnBA-standards): My app = 11 000, DR = 69, M,,/M,, =
allowing for a controlled activation of the aggregation tendency. 1.29.

It was demonstrated that the switch segments are potent tools |V-14k. H NMR (DMSO-0g): My conj, = 15 800, DR = 111,
for the peptide-guided microstructure formation of synthetic determined by comparison of the characterididNMR resonances
polymers because aggregation kinetics can be controlled (cf.resulting from mBA at 4.05-4.10 ppm (O®1,) with these of the
Figure 1)3048However, the concept was only demonstrated with oligopeptide segmen®(= 5.26 ppm (¢1—O—CO Thise)) and
low molecular weight polymersM,= 2000-3000). the CTA group § = 7.40-7.47 ppm (Arkher)). GPC (THF, mBA

Here we present the synthesis and self-assembly behavior ofSt2Ndards):Mnap, = 16 000, DR = 110, Mw/My = 1.25.

peptide-polymer conjugates, exhibiting high molecular weight . 'V-38k. *H NMR (CDCl): Mp,con. = 39 000, DR = 292,

. g ; : ; determined by comparison of the characteri$tiéNMR resonances
polymer blocks and a switchabfesheet-forming oligopeptide resulting from mBA at 4.05-4.10 ppm (O®l,) with those of the

as an aggregator domain. The RAFT polymerization approach _

was applied, utilizing a peptide-CTA with temporarily disturbed gt-;ﬁdsrrdosL;?Mfsappz :7373 gagl_ggﬁ% E)QM(A,\;ERM (in SCS—HF' pS
aggregation tendency (switch peptide as macrotransfer agent). Deprotectioh of the Conjugates.To cleave the protecting
The peptide-directed microstructure formation of the result- groyps, the conjugates were dissolved in a mixture of 30% TFA in
ing conjugates was studied intensively and correlated to the pCM and the solution was gently shaken for 30 min. Afterward

molecular weight of the synthetic polymer blocks. dioxane was added, and the organic solvents were removed in vacuo
) . at room temperature. The resulting product was lyophilized from
Experimental Section acetonitrile/benzene (1:1).

The materials and instrumentation as well as the synthetic 1V-8k. *H NMR (MeOH-d, (3.30 and 4.84 ppm))5 0.80-1.10
procedure for the switch-peptide precursrdnd switch-peptide (M, 225 H, 30H C(CH3), Val + 195 H CH—CHg), 1.16-1.95
chain-transfer agentll( 1ll ) are provided in the Supporting (M, 408 H, 12 H C(€15)OH Thr + 3 H C(CH3)0—CO Thr+ 3 H
Information. S—C(CH3)—CO + 130 H (H,—CHz pnBA + 130 H CH—CH,—

The idealized models of the superhelical aggregates (Figure 4)CH2 + 130 H CH-CH; pnBA), 2.10-2.42 (m, 70 H, 5 H
are not the result of computer simulation. However, the position CH(CHs)2 Val + 65 H GH—CH; pnBA), 3.64-4.34 (m, 151 H,
of the peptide segments as graphical objects was calculated, 12 Ha-CH + 4 H CH—OH Thr + 4 H HO—CH,—CH, + 1 H
resulting in object translation and rotation that takes ghgheet ~ S—CH(CH3)—CO + 130 H O-CH, pnBA), 5.28 (t, 1 H, Gi—

distortion angles, (twist) andy, (bend) into account. O—CO Thr), 7.45-7.97 (m 5 H ArH) ppm. M con, = 9700, DR
Synthesis of Conjugates (PRC(S)-S-(mBA)-CH(CH3)-C(0)- = 66.

Thr(tBu)-(Val-Thr) Po-Val-Thr(tBu)-(Val-Thr) svich-(\al-Thr) pro- IV-14Kk. 'H NMR (DMSO-dg): My con. = 16 700, DR = 120,

Val-Gly-NHCH ,CH,0H) (IV). General ProcedureThe switch- determined by comparison of the characteri8idNMR resonances

peptide transfer agefit (20 mg, 12.3:mol) was dissolved in DMF  resulting from mBA at 4.05-4.10 ppm (OG1,) with these of the
(4.0 mL) and stirred overnight under an argon atmosphere. A 0.5 CTA group ¢ = 7.49-7.51 ppm (Arbhetg).

mL of a stock solution of AIBN in DMF (0.40 mgnL~1, 1.2umol) IV-38k. *H NMR (CDCLk): Mncon, = 38000, DR = 285
was added followed byBA (0.5 mL, 3.49 mmol). The reaction  determined by comparison of the characteridtid&\MR resonances
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Scheme 1. Synthesis of the Oligopeptide CTA (1P
1. Gly (i)

@ 2. val (i) 1. Thr (v
cl 3. (Val Thr)Pre (i, if) al (v,ii) Sl
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d ) NHZ
Rt (Val-Thr)Pr® switch segment 1
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2. Val (i,ii)
3. (Val-Thr)P" (i, i)
4. Thr (i,ii

o Sy |

(vii) . 0 (vi)
I
H_ peptide-OH <*——— H—peplldeo - Bochinr-(VaI-Thr)F’"’-VaI-GIy—N-Trt-Q
S

H,N-Thr-(Val-Thr)P®-Val-Thr-Val—0
) e an 0
@ Reagents and conditions: 2-aminoethanol-2-chloro-trityl-polystyrene resin; (i) Fmoc-Aa, HBTU/DIPEA/NMP, 20 min.; (ii) 20 vol % piperidine/

NMP; (i) Fmoc-Val-Thr(@“eMepro) OH, PyBOP/HOBt/DIPEA/DMF, 2« 1 h; (iv) Boc-Thr OH, HBTU/DIPEA/NMP, 20 min; (v) Fmoc-Val
OH, DIC/NMI/DCM, 2 x 2 h; (vi) DCC/DIPEA/DMF; (vii) pyridine, THF, 60°C, 2 x 20 h; (viii) 2 vol % TFA in DCM (3 x 1 min).

resulting from mBA at 4.00-4.06 ppm (OCl,) with these of the and valines ((TVg), are known to exhibit a high propensity to
CTA group ¢ = 7.35-7.96 ppm (ArH)). adopt a stablg-sheet in watéf495%as well as in some organic
Switch and Self-Assembly ProcedureFor a typical sample 1 solvents!® The (TV) aggregator domain was capped on the
mg of the conjugatel{) was dissolved in 1 mL of a mixture of  C-terminal side with a Gly, increasing the solubility and
diethyl ether and MeOH (70:30). To prevent early, uncontrolled reducing entropic penalties during-sheet formation. As
switching the solution was immediately stabilized with 20 mg of - entioned before, strongly aggregating peptides are difficult
TFA.To e procucioltof e condons dung e SWIh o icsze v i pras suppore ppice Synbess (SP75)
In the continuing efforts to extend the SPPS to a generic

pH value) was estimated by diluting 14 of the solution with 3 . ; .
uL of deionized water and measuring the pH with a standard platform that allows the synthesis of peptides, independent of

indicator paper (range of pH indicator3 and 5-8). Prior to the their monomer sequence, multiple strategies were developed to
aggregation process the switch in the peptide segment was induce@vercome the problem of “difficult sequences”. Beside others,
by titration of the TFA 0.1 M methanolic NaOH (70:30)). The incorporation of temporary structure breaking defects, like, for
apparent pH of the solution d¥ was adjusted to pig, = 6.0, instance, the switch segméht*¢ and the pseudoproline ur,
allowing the slow transition t&. During the switch and subsequent is a powerful tool to facilitate peptide synthesis. Recently
aggregation the solution was gently shaken at room temperature. incorporation of two or four switch segments into a (FV)
. . domain was reported, and the excellent potential of these defects
Results and Discussion to suppress the aggregation tendency was demonstfated.
To extend the strategy of peptide-guided microstructure Even if the introduction of multiple switch segments in a peptide
formation of organo-soluble, peptig@olymer conjugates from  aggregator domain effectively ensures suppression of the
conjugates with low molecular weight synthetic polymevk, ( aggregation tendency, a high number of possible intermediates
~ 2000-3000) toward high molecular weight systems a peptide- make the switch process complex. As schematically illustrated
CTA was synthesized and utilized for the RAFT polymerization in Figure 1 incorporation of two switch segments into a (§V)
of n-butyl acrylate §BA). Poly(n-butyl acrylate) (pBA) was domain results in two different intermediates, and in the case
chosen because of interesting adhesion properties, ajoand of four switch defects 14 intermediates could be formed.
the absence of crystallinity. Thus, interference of the peptide Because the aggregation tendency of a peptide segment in a
organization process with, e.g., polymer crystallization or glass conjugate is gradually increasing with the length of the
formation is not expected. Combination of the RAFT “grafting continuous, nondisturbed (Tyjomain, a highly predictable
from” strategy with peptide organizer segments, however, might switching process requires minimization of the possible inter-
allow for incorporation of diverse polymer blocks. Self-assembly mediates. Therefore, the number of switch defect segments was
of the conjugates is dominated by the directed interactions reduced to one, allowing for establishment of a binary OFF and
between the peptide segments and takes place in dilute solutionON stage.
where the polymer block is well solvated. Therefore, a variety ~ However, use of only one defect in a (TauJomain between
of polymers could potentially be organized in complex struc- valé and Th¥ increases the difficulties during synthesis because
tures, providing microstructures with different functionalities two native (Vat-Thr), segments already exhibit a weak
and functions. aggregation tendency. Hence, two pseudoproline units were
To effectively direct and control the microstructure formation incorporated between \VatThrd and VaP—Thr®, inhibiting
in peptide-polymer conjugates, a peptide segment with the aggregation of the peptide segment during SPPS. Scheme 1
amino acid sequence (Th¥al)s-Gly (Scheme 11), where Val illustrates the synthesis of the peptide-CTW |, exhibiting
= valine, Thr= threonine, and Gly= glycine, was utilized. temporarily disturbed aggregation tendency by both switch and
Such domains, consisting of repeats of alternating threoninespseudoproline segments.
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Figure 2. (left) Synthesis of the gBA—peptide conjugated\() via RAFT polymerization and switching into the native, all-amide spedif)s (
(reagents and conditions: (iBu, AIBN, DMF, 60 °C; (ii) 30 vol % TFA/DCM,; (iii) adjustment of the apparent pH of a dilute solution\éfin
Et,O/MeOH to ~6.0), and (right) semilogarithmic plot of the RAFT radical polymerizatiomBf, mediated bylll ( monomer conversion vs
reaction time; fBA]o/[Ill ]o/[AIBN] o = 285/1/0.1, DMF= 90 vol %).

The peptide segmeritwas obtained in a semi-automated Table 1. Characterization of the Fully Protected Conjugates

SPPS procedure by the sequential assembly of standard Fmoc Mn,pnea wt%of  Mnapp  Mw/Mn
amino acid derivatives and the pseudoproline units. The latter_S°nugate  (NMR) Mo  pnBA®  (GPC}  (GPCY
are Fmoc-protected dipeptides (Fmodal—Thr(¥MeMeprq) IV d-2ke 2000 3300 60.5 2300 113
OH), which were coupled via bench top techniques. Incorpora- :gj'*j'jlk 243102%0 2‘;0;)00 %?55 11%%%% 112295
tion of the switch ester segment, positioned in the middle of |y,4.3g¢ 38000 39600 96.5 37 000 1.33

the peptide sequence between 8/ahd Thr, proceeded in a M consae™ (Mo + Mun). ® Amount of synthetic polymer in the
smooth manngr using bench top quplf‘ﬁgkfter completion fully dég)ré;tgélc:eted cohTugaté.Calibrated against pS standard®rotected
of | the chemical structure was verified by electrospray mass peptide segment.Synthesized via coupling approath.

spectrometry (ESI-MS) andH NMR techniques. A small
fraction was cleaved from the support, while removing all
protecting groups from the peptide segment. ESI-MS measure-
ments confirmed the successful synthesi$ by showing the
appropriate mass signalmtz 1119.2, assignable to [M- H]™

(cf. Supporting Information Figure S1). This was verified by
IH NMR, showing the presence of one switch threonine ester
(6 = 1.33-1.35 ppm; C(®13)O—CO) and four native threonine
amides ¢ = 1.13—-1.29 ppm; C(Ei3)OH) with respect to the

model peptides to complex peptide sequences, including systems
with temporary switch ester defects.

As outlined in Figure 2 (left) a series of peptidpolymer
conjugates was synthesized using RAFT polymerizatiamBaf
mediated bylll . Polymerization was accomplished in DMF at
60 °C in the presence dfl as a chain-transfer agent, and AIBN
was used to generate the primary radicals. The reaction was
) . . ) followed by GPC andH NMR spectroscopy. Figure 2 (right)
g_s'?gan)c)es of five valine residues € 2.07-2.21 ppm; shows the linear correla}tior_l of t_he monomer converfsion with

3/2/- respect to the polymerization time and indicates first-order

The RAFT initiator moiety was introduced at the N-terminal  kinetics after a short retardation period of2 h. Moreover,
side of the supported peptideutilizing a two-step synthesis  the molecular weight increases linearly with monomer con-
procedure (Scheme $In the first step 2-bromopropionic acid  version andV,/M, remained nearly constant around +23
was coupled to the amine group of the resin-bound peptide  (cf. Figure S2). This suggests that RAFT polymerization was
give an oligopeptide ATRP initiatofl(). Quantitative coupling  effectively mediated byil and highlights the tolerance of the
was confirmed by mass spectrometry using a small sample of RAFT process against rather complex, multifunctional peptide
the fully deprotected!, which was cleaved from the support structures.
for analysis purposes. ESI-MS shows the corresponding ion  To correlate the block length of thenBA block with the
adducts [M + H]" and [M; + Na]* and provides no evidence  self-organization behavior of the peptidgolymer conjugates,
of the nonfunctionalized precursor The subsequent reaction  a set of three different conjugates was synthesized, which exhibit
of the a-bromine group ofll with dithiobenzoate yields the  the same aggregator domain but differ in the lengths of tiBp
peptide-CTA (Il ). lll was isolated as a fully protected peptide blocks. The resulting peptielgoolymer conjugates were isolated
after cleavage from the suppotd NMR verified the chemical after careful precipitation and lyophilization from acetonitrile/
identity of Ill . Quantitative conversion was confirmed by benzene. Analysis was performed prior to removal of the
comparing the integral intensities of both the five valine residues protecting groups from the peptide segment to avoid difficulties
(0 = 2.07-2.18 ppm; G(CHzs),) and the one switch ester defect  that might result, e.g., from peptide aggregation. GPC revealed
(0 =5.26 ppm; G1—O—CO switch Thr) to that of the aromatic  the apparent number-average molecular weightsaf) and
dithioester group = 7.42-7.96 ppm; ArH). The clean  apparent polydispersity indiceBl{/M,). However, the absolute
synthesis oflll demonstrates that the method of solid-phase values forM, were calculated based 4 NMR by comparing
supported synthesis of peptide-CTAs can be expanded fromthe integral intensities of the characteristic resonances of the
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Figure 3. AFM micrograph of the fibrils and fibrillar network formed by the peptide-guided organizatiotv-&k in solution 12 days after
titration (1 mg/mL in E4O/MeOH (70%) at pl,, = 6.0, height image = 12 nm) (a); AFM image of individual fibers with left-handed helical
superstructure as well as the corresponding height profile of a single fiber (height imag&2 nm, low damping) (b); and AFM micrograph
showing the packing of individual fibers in the fiber bundles (phase,70°, high damping) (c).

pnBA block (6 = 4.05-4.10 ppm (G-CHy)) with these of the IV — V). The latter can express the peptide function, which
oligopeptide segmend(= 5.26 ppm (E—O—CO Thrs)) and has in the case of the (TYHomain a high tendency to adopt
CTA group ¢ = 7.34-7.96 ppm (ArH)). As summarized in  a stables-sheet.
Table 1 the conjugates possédscon; between 9900 and 39 000 The process of peptide-guided microstructure formation of
as well as rather low polydispersity indices. It should be noted polymers was demonstrated with the peptigelymer conjugate
that both methods, GPC and NMR, exhibit opposing reliabilities |v-8k that possesses aBA block of M, ~ 8000. It was
with increasing molecular weight of the conjugate. While the previously shown that the -©N acyl transfer rearrangement
error of M nmr progressively increases on molecular weight can be performed in BD/MeOH and occurs in a highly
of the mBA block, the results based on GPC get gradually more controlled manner at apparent pH values fre®.0 to~7.53048
accurate due to the decreasing influence of the multifunctional By adjusting the phhyp. of a dilute solution oflV-8k to 6.0 a
peptide segment on the properties of the conjugate. very slow generation 0¥-8k and thus a rather controlled self-
After isolation and characterization of the conjugates, all side- assembly process is expected. Within 2 days formation of
chain protecting groups, including the pseudoproline defects, anisotropic, fiber-like structures with lengths up to a micrometer
were removed from the peptide segments in order to transformwere observed by AFM (data not shown). These structures
the peptides into switchable aggregator domains (Figuhé 2, organize further into bundles and fibrillar networks as visualized
This was accomplished by treatment with dilute TFA in DCM by AFM after 12 days (Figures 3a and S5). It is important to
followed by lyophilization from acetonitrile/benzene. The cleav- note that besides the microstructures also unstructured material
age conditions were not affecting th@BA block. This was could be observed. This might be so for nonswitched conjugates,
confirmed by'H NMR spectroscopy and is consistent with which probably even enrich on the anionic mica substrate due

previous observatiorfd, to their cationic character. Detailed kinetic investigations are
Microstructure Formation of the Polymer —Peptide Con- currently in progress, using analytical ultracentrifugation to

jugates.In analogy to the conjugatenBA1s-block{TV)s (V- quantify the evolution of the structure formation process.

2k) that was investigated previouéhall conjugates prepared The dominating primary structure elements were investigated

via the RAFT route were readily soluble in a mixture of diethyl more precisely by AFM. As shown in Figure 3b, a distinct fine
ether and methanol. However, due to the longeBA chains structure is apparent, consisting of left-handed helical super-
the percentage of methanol had to be increased from 10 to 30structures. Similar motifs were obtained recently by the
vol % to be able to dissolve the conjugates homogeneously. controlled self-assembly of the conjugate?k.*® The analogy
The early G->N acyl transfer rearrangement could be prevented between the microstructures and the self-assembled building
effectively by addition of a small amount of TFA as a stabilizer. blocks allows for the straightforward suggestion of a common
This was demonstrated witlv-8k . Atomic force microscopy  assembly model. As outlined in Figure 4, at first a flat cere
(AFM) provides under these conditions no evidence of micro- shell nanotape is formed by self-assembly of the peptide
structure formation in solution after 15 days (cf. Figure S3). aggregators of the conjugates into an antiparg@isheet. This
Moreover, the presence of ill-defined amide structures was assembly step controls the microstructure formation process,
confirmed by infrared spectroscopy (FT-IR), showing a broad leading to flat core shell tapes withsasheet core and anBA
Amid | vibration (cf. Figure S4). This indicates that one switch shell (Figure 4a and'a In agreement with theory, describing
defect effectively disturbs the neighboring (PMJomains in extendeds-sheet structures, e.g., assembled from 11mer oli-
the peptide segment diV-8k and suppresses formation of gopeptides! the S-sheet core is distorted by twist (Figure 4
extended3-sheet secondary structures. b,b) and bend distortions of th&strands, resulting in a helical
Peptide-guided microstructure formation could however be superstructure (Figure 4-@). The distortions are driven by (i)
induced if the TFA stabilizer was titrated with a mixture of dipole moment effects, (ii) the anisotropic chemical faces of
diethyl ether and methanolic NaOH (70:30 vol %; 0.1 M NaOH the antiparallej3-sheet, and (iii) probably the steric repulsion
in MeOH). Depending on the adjusted apparent pH the switch- of neighboring pBA coils. Moreover, the process is directed
defect segments can rearrange and the resultingNCacyl by the chirality of the amino acid building blocks, resulting in
transfer converts the conjugate with a disturbed peptide segmentieft-handed helical structurés*® The proposed model is
into a conjugate with a native peptide segment Fifure 2, consistent with FT-IR spectroscopy, verifying the presence of
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Table 2. Structural Parameters of Helical Fibers of Oligopeptides and PeptidePolymer Conjugates

11mer peptide V-2k V-8k V-14k V-38k
height (AFM), nm 2.9+ 05 3.0+ 0.8 3.8+0.8 52+1.4
width (AFM), nm 13+ 1 15+ 3 172+ 25 28+ 5
width (TEM), nm ~10 10+ 1 13+ 2 15+ 3 30+£5
pitch height (AFM), nm 30t 157 37+£2 59+ 5
pitch angle (AFM), deg 48 3 61+5
max tape widt,nm 13.7£2 25.84+ 3
Vv bend deg ~3 ~2.3 ~1.2
V6 twists deg ~3 ~1.9 ~2.2

2 Determined from TEM micrograph8wmax = hpitch X Sin opitch (With Wmax @s the maximum tape width in the helical superstructure, wagkg is the
pitch angle andicn the pitch height).

af3-sheet (amide 1= 1628 cnt?! (cf. Figure S4)). Additionally, companied by an increase in pitch angle fro#8° to ~61° of
the peptide organization motif could be directly correlated to the V-2k and theV-8k structures, respectively. If the increase
the microscopic structures using selected area electron diffractionof the helix cross-sections is taken into account, the observations
(SAED) (cf. Figure S6). The typical spacing of 4.8 A was appear to be consistent with a simple packing model of a tape
observed, which is characteristic for the repeat distance of because the spatial demands of the tapes that are formed first
peptides that adogft-strands in an extendeétsheet and subsequently wind into the superhelices are increasing from
Formation of a fiber network appears to proceed in a the oligopeptide to th&/-2k and to theV-8k system.
hierarchical manner by the directed organization of primary fiber ~ The theoretical tape width could be calculated assuming that
elements (superhelices) into bundles (Figure 3a and c). Thisthe peptide adopts g-strand conformation in an antiparallel
indicates the presence of soft, lateral interactions between theS-sheet and thenBA forms a statistical coil. While the 11mer
fibers. As evident in Figure 3c, the superhelices are not oligopeptide results in a tape with4 nm, V-2k forms a tape
entangled; in fact, they run parallel over several micrometers with ~7 nm andV-8k requires about 10 nm. If these values
and pack densely into bundles. The occurrence of interferenceare compared to the maximum tape widths (Table 2) calculated
pattern in the AFM image of the bundles (&figure 3a) was from the pitch heights and pitch angles of the observed
observed previously alreatfy and suggests a clear axial superhelices (cfSupporting Information eq 3), it becomes
correlation of the superhelices in the bundles. Such in-registerevident that steric repulsion between the tapes cannot be
packing of helices requires well-defined axial repeats of considered to regulate the structural dimensions of the helices.
periodically modulated properties along the helix axis. Probably This highlights the dominating nature of tjfiesheet assembly
this could be periodic stickiness caused by th&4 regions to control the resulting microstructures.
and/or periodic dipole moments, resulting from the peptide  However, the steric repulsion of densely packed neighboring
B-sheets. It is interesting to note that generation of periodic polymer coils in 88-sheet clearly influences the twist and bend
properties along fibers is a fundamental principle abundant in gjstortions of the tape. Given the structure model that suggests
biology, e.g., in collagen filaments, and that this can be a densely wound, twisted, and be#sheet tape, the average
mimicked via Self'organization of artificial Superhelices with bending and tW|St|ng ang|es per pepti(ﬂbstrand can be
periodically modulated axial properties. calculated as described recently (cf. Figure S10, Supporting
Statistical analysis of the AFM images (Figure 3) and TEM Information)3148 Table 2 summarizes the distortion angjes
micrograph (Figure S5c¢) allows for determining the structural (twist) and y, (bend) estimated from th&-2k and V-8k
parameters of the superhelices. These parameters are sunsuperhelices. These values can be compared to symmetrical
marized in Table 2 and should be compared, on one hand, todistortion angles ofyy = y, =~ 3° published for aj-sheet
superhelices formed by the conjugate2k*® and, on the other ~ assembly of a 1lmer oligopeptide in water (for idealized
hand, to helical assemblies of a 11mer oligopeptide without structures see Figure 4€)3! It appears that in organic solvents
polymer3st stiffer 5-sheet tapes are formed. This is due to the differences
A strong structural analogy is evident if the helical structures in binding energy contributions of H bonds in organic solvents
obtained by the self-assembly ¥E8k with 86 wt % mBA as compared to water, resulting in stronger binding between
were compared to those &f-2k with 61 wt % mBA. Both the-strands in thg-sheet. While the increase of the molecular
superstructures appear to be rather soft as indicated by the crosseight of the mBA block from 2k to 8k seems to have a minor
sectional aspect ratios @& = 3.4 and 43, respective|% = effect on the twist distortion (Table 2), the bend angle, hoWeVer,
widthrem/heighiem). Probably deformation is induced by decreases from approximately 21 1.2. As a result of the

substrate contacts and takes place due to strong interactions ofeduced distortions a superhelix with less curvature and larger
the mBA blocks with the high-energy surface of mica, as diameteris generated. This meets the simple model of a distorted

observed for other nano-objects previouSlyintuitively it spring, and distortion energy results from an increase in steric
appears reasonable thaBk assembles to fibers with increased Pressure between densely packe@A coils in the f-sheet.
width and height if compared to thé 2k structures (Table 2). It is an important part of the approach of “peptide-guided

The increase, however, is not dramatic. This can be explainedorganization of synthetic polyme'that the peptide segment
by the constraints of the peptigesheet tape, which seems to  of a peptide-polymer conjugate directs and drives the micro-
have a dominating effect on determining the structural param- structure formation process. However, it is very likely that the
eters of the superhelices. However, a helix is most easily statistical coil of the synthetic polymer block influences the
deformed in a longitudinal manner, resulting in noticeable assembly step progressively on increasing molecular weight.
differences of the pitch height and pitch angle {cdible 2). As Addressing this issue it is interesting to investigate the differ-
expected, the pitch height increases fref80 nm of a 11mer ences in the self-assembly behavior of polymeeptide con-
oligopeptide without polymét to ~37 nm of theV-2k to ~59 jugates depending on the molecular weight of thBA block.

nm of the V-8k structures (cf. Figure 4ee). This is ac- To self-assemble the conjugatésl4k andV-38k with pnBA
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synlhetlc polymer
Yo=v =0°

Figure 4. Idealized model of the peptide-guided microstructure formation, where the peptide segments of the-pap#deonjugates adopt an
antiparallels-sheet tape that winds into a left-handed helical superstructure (undistorted tape, exhibiting g-gleeetrand anBA shell ((a) top
view; (d) front view (polymer coils removed)); coreshell tape with twiste@-sheet core ((b) top view; (pbfront view (polymer coils removed));
f-sheet tape of the 11mer oligopeptidexhibiting uniform twist and bend distortions ((c) side view) {mont view); core-shell tape corresponding
to aggregates of-2k with twist and bend distortions ((d) side view,X&ont view) and distorted coreshell tape oiV-8k ((e) side view, (8 front
view) ((a—e) positions of thgg-sheets were calculated according to specified distortion anglaady,; (a, b and d, e) the polymer block and the
peptide segment were drawn out of scale due to clarity reasons; (d, e€) from the first 20 conjugates the polymer coils were removed).

blocks of M, ~ 14 000 and 38 000, respectively, similar [
protocols were followed as described above. The switching @
process was induced by adjusting the apparent pH of dilute &
solutions oflV-14k andIV-38k to about 6.0. Therefore, the %
O—N acyl switch and generation of the active aggregators
V-14k andV-38k should probably proceed with rates compa- %
rable to theV-8k system. While the microstructure formation
of V-14k appears to evolve similarly -8k, the high molecular
weight analogu&/-38k was found to self-organize considerably
slower.

The V-14k system allows the visualization of fiber-like m— -
structures with AFM after 2 days (data not shown). Even if Figure 5. AFM mlcrographs of structures formed by the self-assembly
microstructures are apparent, a high amount of nonstructured?ge'vsvlvﬁ'éh(agrggg's\g 32';521{{\‘/23}‘1%‘:&2%'{"@ %%dB%y\s/ cﬁfgzréngui:mg
material |nd|cates_ m_comple_te assembly at this stage. After 16 mg/mL; phase = 50° (a) andz = 35° (b)).
days, however, distinct fibrillar structures could be observed
as shown in Figure 5a. In contrast to this rapid self-assembly, expected because kinetics of assembly processes are strongly
theV-38k system organizes significantly slower. Afteb0 days dependent on the volume faction of the peptigé).(Hence,
at room temperature some indications of fiber formation are the apparent rates of the self-assembly of the conjugates decrease
evident, and 80 days are required to clearly observe fibers (cf with increasing molecular weight of thenBA block because
Figure 5b). molar concentration is reduced from 33107 mol/mL (V-

Although precise kinetic investigations were not performed, 2k) to 2.5x 108 mol/mL (V-38k). Moreover, secondary effects
the appearance of anisotropic microstructures is noticeablelike the decrease of polymer end-group reactivity and acces-
depending on the molecular weight of theBA block. While sibility should also be considered.

V-2k assembles within-13 h, V-8k andV-14k require 2-16 Despite the different rates of the self-assembly processes, all
days and/-38k needs 23 months for structure formation under  pnBA-block{TV)s conjugates aggregate into fibrillar micro-
comparable conditions (1 mg conjugate per mL). This is structures with dimensions in a rather comparable range. As it
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