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ure of end group functionalized
oligomeric-L-lysines: investigations of solvent and
structure dependent helicity†

Merve Basak Canalp,a Annette Meisterb and Wolfgang H. Binder *a

Fibrillation of supramolecular building blocks represents an important model system for complex proteins

and peptides, such as amyloidogenic proteins, displaying aggregation and subsequent collapse of their

biological functions. In this work, we synthesized narrow-dispersed, end group-telechelic, oligomeric-(L-

lysine(carboxybenzyl (Z)/trifluoroacetyl (TFA)))ns (n ¼ 3–33) as a model system for studying assembly and

secondary structure formation, prepared via ring opening polymerization (ROP) of N-carboxyanhydrides

(NCA). Our primary goal was to understand the influence of amino acid chain length and end group-

modification on the secondary structure and fibrillation of the oligo-Z/TFA-protected lysines. Synthesis

was accomplished by initiation of ROP with 11-amino-undecene, followed by complete chain end

functionalization reactions of the N-terminus by 10-undecenoyl-chloride. The so obtained oligomeric-

(L-lysine(Z/TFA))ns were fractionated according to their number of repeating units (n) with preparative

GPC using DMF as the eluent. As proven by MALDI-ToF MS, 1H-NMR-spectroscopy and analytical GPC,

they were separated into fractions with low polydispersity (Đ) values, ranging from 1.02–1.08. Secondary

structural investigations of these narrowly-dispersed oligomeric-(L-lysine(Z/TFA))ns (n ¼ 33 � 6, n ¼ 18 �
6, n ¼ 12 � 4, n ¼ 5 � 2) were accomplished by CD spectroscopy in TFE and HFIP, indicating that TFE

was able to induce/stabilize the formation of a-helicity. Fibril formation of oligomeric-(L-lysine(Z/TFA))ns

with shorter chain lengths (n ¼ 7 and n ¼ 3) were chosen to investigate the effect of the number of

repeating units' role on the self-assembly of the oligomers in TFE. TEM images of these selected

fractions, f19 with n ¼ 7 and f28 with n ¼ 3, showed that fibrillization occured and the formation of

a dense fibrillar mesh was observed when the amino acid chain length is equal to 7. Therefore, the

influences of the number of repeating units (n), end-group functionalities (mono- or bis-functional) and

the choice of solvents (TFE or HFIP) on the propensity to form helical structure allowed us to calibrate

their secondary structure.
Introduction

Homopolymers and copolymers of amino acids,1 which are able
to adopt the main secondary structural features such as alpha
helices and beta sheets, hold importance for understanding the
formation of the 3D structures of proteins.2 Not only protein
folding, but more importantly protein and peptide assemblies3

are within the spotlight of interest4 of researchers, who seek to
shed light on the pathogenesis of neurodegenerative disorders
such as, e.g., in Alzheimer's and Parkinson's diseases.5–7 Quite
a range of different peptides have been reported to form brils
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via mechanisms not largely dissimilar to those of amyloid-beta
1–42 peptide (Ab42).8 Especially amphiphilic peptide-conju-
gates,9 that are prone to aggregation, display brillation via
nucleation dependent aggregation mechanisms. Poly-L-lysine
(PLL) in particular has received signicant attention in the eld
of biomedicine,10–16 as it possesses inter- and intra-molecular
folding behaviour, where its subsequent assembly can lead to
complex, oen even brillar-like structures. Thus, dynamic
conformational changes of PLL depends on various external
chemical and physical conditions having been studied both in
solution and in the solid state, with an unclear contribution of
end groups and chain length.17,18 In solution, high molecular
weight PLL(Z) (n > 5000) has shown transitions from helical
conformations to random coil in 35–40% of dichloroacetic acid/
chloroform mixture as measured by its optical rotatory disper-
sion.19 Secondary structural changes of PLL$HCl (n ¼ 200) have
been analysed by CD spectroscopy, indicating a random coil at
low pH, an a-helix at a pH > 10.6 and a b-sheet at 60 �C.20 There
has been a pronounced solvent-inuence on the conformation
RSC Adv., 2019, 9, 21707–21714 | 21707
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of PLL-oligomers, stimulating investigations on the conforma-
tional distributions of PLL$HCl (31 kDa) by IR spectroscopy in
D2O, DMSO, TFE and ethylene glycol. Mirtič et al. have sug-
gested that an increase in temperature (T ¼ 80 �C) induced the
formation of b structures, while TFE and DMSO stabilized a-
helices.21 Solid state investigations of PLL(Z) lms (DP: 18), cast
from DMF as a solvent, reveal a 3.6 nm a-helix (5 turns) within
a simple hexagonal unit cell.18 Huesmann et al.22 have investi-
gated poly-L-lysine(Z)s with n ¼ 24, 57, 87, 196 and Đs around
1.70 as well as poly-L-lysine(TFA)s (n¼ 20, 65, 90, 143) with Đs up
to 1.95 via CD, showing an increase in helicity with increasing
number of repeating units (n) for poly-L-lysine(Z)s in 1,1,1,3,3,3-
hexauoroisopropanol (HFIP). In these investigations, poly-L-
lysine(Z) with n ¼ 5–15 did not display an ordered secondary
conformation as proven via CD, whereas with a chain length of
n z 60 a-helicity was observed in HFIP.

Our study aims to investigate the secondary structural
behaviour of: (i) the chain end effects introduced by C11 alkyl
groups on each end of the peptide, similar to lipid/peptide
hybrids in e.g. lipopeptides23 or peptide amphiphiles24,25 and
(ii) investigate the inuence of the side chain effects of the
protecting groups, Z(Cbz) and TFA, exerted on the oligomeric
lysines in solution. In order to get a deeper understanding of the
effects of the number of repeating units (n) on the formation of
helices and their brillation behaviour, we have fractionated
the N-terminus functionalized oligomers, enabling us to
perform investigations by CD in two different solvents (HFIP
and TFE) with the aim to understand to what extent TFE can
stabilize a-helix formation. We therefore have prepared oligo-
meric L-lysines with low molecular weights (Mn ¼ 2–3 kDa) via
ROP of NCA monomers using 11-aminoundecene as the
primary amine initiator, followed by an additional chain end
functionalization via amidation reaction of the amino group of
the N-terminus with 10-undecenoyl chloride. Subsequently,
fractionated samples of N-terminus functionalized oligomers
obtained by preparative GPC were investigated by MALDI-ToF
MS, analytical GPC and CD spectroscopy to study their confor-
mational behaviour at precise chain lengths (n).

Experimental section
Materials and methods

DMF was dried over CaH2 and freshly distilled by applying
vacuum (20 mbar) at 50 �C. Ethyl acetate was dried at 100 �C with
P2O5. N-heptane was reuxed over sodium/benzophenone at
120 �C. All of the dried solvents were ushed with N2 gas before
usage. All of the reagents were purchased from Sigma-Aldrich. All
NMR-spectra were recorded on a Varian spectrometer (Gemini
200, Gemini 2000 and Unity 500) at 400 or 500 MHz at 27 �C.
Trimethylsilane was used as internal standard. Deuterated chlo-
roform (CDCl3) and dimethyl sulfoxide (DMSO-d6) were used as
solvent. In the case of all polymer samples triuoroacetic acid
(TFA) (15% of volume) was added to the deuterated chloroform
(CDCl3). All chemical shis (d) were reported in parts per million
(ppm) and the coupling constant (J) in Hertz. For the interpre-
tation of the spectra MestReNova v. 6.0.2 5475 was used. For
analytical GPC measurements a Viscotek GPCmax VE 2001 with
21708 | RSC Adv., 2019, 9, 21707–21714
an HHR-H Guard-17369 and a GMHHR-N-18055 column in DMF
at 60 �C was used. The sample concentration was 5 mgmL�1, the
injection volume was 100 mL. The detection was carried out via
the refractive index with a VE 3580 RI detector of Viscotek at
a temperature of 35 �C and a ow rate of 1 mLmin�1. Polystyrene
standards with molecular weights from 1000, g mol�1 to
115 000 g mol�1 were used for external calibration. Preparative
GPC was performed by a KD-2002.5 column from Shodex
company attached on a VWR HITACHI Chromaster instrument
using DMF (HPLC graded) as the eluent at 55 �C with a ow rate
of 0.70 mL min�1 injecting sample with the concentration of
15 mg mL�1 where refractive index detector from VWR at 50 �C
was employed as the detector. The obtained data were analysed
by using EZChrom Elite (version 3.3.2 SP2) soware. ESI-ToF
measurements were performed on a Focus micro ToF by
Bruker Daltonics. The sample (1.00 mg) was dissolved in meth-
anol (1.00 mL, HPLC grade) and directly infused (180.00 mL h�1,
positive or negative mode). MALDI-TOF MS measurements were
carried out in reector mode on a Bruker Autoex III Smart beam
equipped with a nitrogen laser source (l¼ 337 nm). The samples
were dissolved in DMF (HPLC grade) (c ¼ 10 mg mL�1) with
a ratio of 100 : 10 : 1 (matrix : analyte : salt). Thematrix dithranol
with c ¼ 10 mg mL�1 in THF, the salt potassium triuoroacetate
(KTFA) with c ¼ 5 mg mL�1 in THF were used. For the data
evaluations and simulation of the mass spectra of the polymer
samples the computer programme Flex analysis (version 3.0) was
used. CD spectroscopy measurements were performed with the
instrument, JASCO Corp., J-810, Rev. 1.00, at a constant temper-
ature (20 �C). The UV absorption was measured in CD units of
millidegrees in the wavelength range of 260–190 nm. The cuvette
cell used had a diameter of 0.1 cm. The correction of the
measurements was done by subtraction of the absorption of the
pure solvents e.g. 1,1,1,3,3,3-hexauoroisopropanol (HFIP) and
2,2,2-triuoroethanol (TFE) from the absorbance of the sample.
The negatively stained samples for Transmission Electron
Microscopy (TEM) were prepared by spreading 5 mL of the
dispersion (0.2 mg mL�1 in TFE) onto a Cu grid coated with
a Carbon-lm (PLANO, Wetzlar, D). Aer 1 min excess liquid was
blotted off with lter paper and 5 mL of 1% aqueous uranyl
acetate solution were placed onto the grid and drained off aer
1 min. The dried specimens were examined with an EM 900
transmission electronmicroscope (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany). Micrographs were taken with a SSCCD
SM-1k-120 camera (TRS, Moorenweis, Germany).

Synthesis of N-carboxyanhydride (NCA) monomers

Synthesis of N-carboxyanhydride of N-carboxybenzyl-L-lysine,
NCA(Z). The reaction of NCA of N-carboxybenzyl-L-lysine has
been reported in the literature26 (see ESI†).

Synthesis of N-carboxyanhydride of N-triuoroacetyl-L-
lysine, NCA(TFA). The synthesis of NCA(TFA) was performed in
the same way as NCA(Z) (see ESI†).

Ring opening polymerization (ROP) of NCA monomers

ROP of NCA of N-carboxybenzyl-L-lysine, O-K(Z). O-K(Z) was
performed similar to the procedure with small modications.27 In
This journal is © The Royal Society of Chemistry 2019
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a dry Schlenk ask equipped with a small magnetic stir bar, the
pre-dried monomer NCA(Z) (473 mg, 1.55 mmol) was dissolved in
dry DMF. Subsequently, 11-amino-undecene (54 mg, 0.31 mmol)
in 1mL of dry DMFwas added into the reactionmixture via syringe
under nitrogen atmosphere. The Schlenk ask connected to the
Schlenk line was evacuated from 750 mbar to 40 mbar. The reac-
tion mixture was allowed to stir at room temperature under
vacuum for two days. The polymer was precipitated into 50 mL of
diethyl ether and washed with diethyl ether for several times. The
polymer, OK(Z) was dried under high vacuum and kept in a vial at
room temperature. 1H-NMR (CDCl3, 15% vol TFA, 500 MHz)
d (ppm): 7.94–7.29 (m, 59H, aryl-H), 5.82 (ddt, 1H, CH2C]CH–
CH2,

3,3,3JH,H ¼ 13.5, 10.3, 6.7 Hz), 5.26–4.78 (m, 25H, CH2C]C,
CH2), 4.42 (d, 9H, CH, 3JH,H ¼ 6.7 Hz), 3.39–2.99 (m, 25H, CH2),
2.30–1.15 (m, 94H, CH2). MS (MALDI-ToF, Dithranol/KTFA): m/z
calc. ¼ 1518.8 [M + K]+, m/z exp. ¼ 1519.0 [M + K]+.

ROP of NCA of N-triuoroacetyl-L-lysine, O-K(TFA). The
synthesis of ROP ofNCA(TFA) was performed similar to the ROP
of NCA(Z). 1H-NMR (CDCl3, 15% vol TFA, 400 MHz) d (ppm):
5.80 (dd, 1H, CH2]CH–, 3,3JH,H ¼ 16.6, 6.6 Hz), 4.95 (dd, 2H,
CH2]CH–, 2,3JH,H ¼ 30.2, 13.6 Hz), 4.79 (dd, 1H, CH, 3,3JH,H ¼
9.9, 5.4 Hz), 4.40 (m, 4H, CH), 3.43 (d, 18H, CH2,

3JH,H ¼ 6.6 Hz),
2.14–1.15 (m, 51H, CH2). MS (MALDI-ToF, Dithranol/KTFA):m/z
calc. ¼ 1328.5 [M + K]+, m/z exp. ¼ 1328.6 [M + K]+.
N-terminus functionalization of oligomers

N-terminus functionalization of oligo-carboxybenzyl-L-
lysine, N-OK(Z). In a sealed glass vial equipped with a small
magnetic stir bar, OK(Z) (150 mg, 1 eq.) was added and dissolved
in 1.50 mL dry DMF and allowed to stir under nitrogen atmo-
sphere. Subsequently, 10-undecenoyl-chloride (103 mg, 0.85 mL
in DCM, 5 eq.) and Et3N (56 mg, 0.08 mL, 5 eq.) was added to the
mixture via a syringe. The reaction mixture was stirred at room
temperature over-night under nitrogen. The product was
precipitated into cold diethyl ether and was washed with diethyl
Scheme 1 Synthetic pathway of mono- and bis-functionalized oligo-L-

This journal is © The Royal Society of Chemistry 2019
ether several times. N-OK(Z) was dried under high vacuum and
kept in a vial at room temperature. 1H-NMR (CDCl3, 15% vol TFA
500 MHz) d (ppm): 8.21–7.30 (m, 223H, aryl-H), 5.80 (dd, 2H,
CH2]CH–, 3,3JH,H ¼ 10.2, 6.8 Hz), 5.32–4.84 (m, 74H, H2C]C,
CH2), 4.43 (s, 7H, CH), 3.24 (d, 2H, CH2,

3JH,H¼ 5.9 Hz), 2.48–1.05
(m, 340H, CH2). MS (MALDI-ToF, Dithranol/KTFA): m/z calc. ¼
1669.0 [M + K]+, m/z exp. ¼ 1668.5 [M + K]+.

N-terminus functionalization of oligo-triuoroacetyl-L-
lysine, N-OK(TFA). The N-terminus functionalization of O-
K(TFA) was performed in the same way as N-OK(Z) synthesis.
1H-NMR (CDCl3, 15% vol TFA 500 MHz) d (ppm): 5.80 (dd, 2H,
CH2]CH–, 3,3JH,H ¼ 10.2, 6.8 Hz), 4.95 (dd, H2C]C, CH2), 4.43
(s, 7H, CH), 3.24 (d, 2H, Hd, i, CH2,

3JH,H¼ 5.9 Hz), 2.48–1.05 (m,
340H, CH2). MS (MALDI-ToF, Dithranol/KTFA): m/z calc. ¼
1494.7 [M + K]+, m/z exp. ¼ 1494.7 [M + K]+.
Results and discussion

The synthesis of dened oligo-/poly-L-lysines is conventionally
accomplished by ring opening polymerization of N-carboxyanhy-
drides (NCA)28,29 bearing either carboxybenzyl (Cbz, Z)-L-lysine
(NCA(Cbz, Z)) or the triuoroacetyl (TFA)-L-lysine (NCA(TFA)),
initiated by primary and secondary amines such as hexylamine or
diethylamine in DMF.22,30–33 As livingness and end group delity
during ROP of NCAs can be achieved via the “Normal Amine
Mechanism (NAM)” using primary or secondary amines as initia-
tors,34,35 we have polymerized the two NCA-monomers of carbox-
ybenzyl-L-lysine, NCA(Z), and triuoroacetyl-L-lysine, NCA(TFA) via
the primary amine, 11-aminoundecene to obtain the mono-
functionalized oligomers OK(Z) and OK(TFA) in the rst step.
Subsequently, we have functionalized the N-terminus end groups
of the oligomers OK(Z) and OK(TFA) by direct amidation with 10-
undecenoyl chloride in situ to achieve the respective bis-
functionalized oligomers N-OK(Z) and N-OK(TFA) (see Scheme
1). Subsequently, the bis-functionalized oligomers N-OK(Z) and N-
lysines.

RSC Adv., 2019, 9, 21707–21714 | 21709
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OK(TFA) were fractionated by preparative GPC and then investi-
gated by MALDI-ToF MS, analytical GPC, 1H-NMR and CD
spectroscopy.
Fig. 2 MALDI-ToF MS of (a)N-OK(Z), (b–f) fractions ofN-OK(Z), (g)N-
Fractionation by preparative GPC

The bis-functionalized oligo-L-lysines N-OK(Z) and N-OK(TFA)
were separated into fractions according to their molecular
weights (the number of repeating units (n)) displaying lower
polydispersity (Đ) values, obtained via preparative GPC in DMF
as the eluent at a column temperature of 55 �C.

As presented in Fig. 1 and 2, both N-OK(Z) and N-OK(TFA)
were fractionated successfully, see Fig. 1A and B, collecting the
different fractions, labelled as fx. As can be seen from Fig. 1A,
for N-OK(Z) 11 fractions (f) f12–f28 were collected, whereas the
fractionation of N-OK(TFA) resulted only in 4 fractions which
were referred to as f2 (n ¼ 6), f3 (n ¼ 5), f4 (n ¼ 4) and f5 (n ¼ 3)
(Fig. 1B). Aer fractionation, all fractions were analysed by
analytical GPC as shown in Fig. 1C (forN-OK(Z)) and Fig. 1D (for
N-OK(TFA)), displaying signicantly narrow polydispersity
values as compared to the unfractionated samples, N-OK(Z) and
N-OK(TFA). Subsequently, all selected fractions were also ana-
lysed by MALDI-ToF MS (see Fig. 2 and Table 1) as well as 1H-
NMR spectroscopy (see Fig. 3).

In Fig. 2, the MALDI spectra of both fractionated oligomers
f28, f19, f15, f14, f12 of N-OK(Z) (b–f) and f5, f4, f3, f2 of N-
OK(TFA) (h–k) along with the oligomers (a and g) before
Fig. 1 Preparative GPC graphs of (A) N-OK(Z), (B) N-OK(TFA) and
analytical GPC graphs of (C) N-OK(Z), (D) N-OK(TFA) along with the
selected fractions.

OK(TFA) and (h–k) fractions of N-OK(TFA).

21710 | RSC Adv., 2019, 9, 21707–21714
fractionation are shown. MALDI spectra prove that the fractions
were well separated, with dened end group functionalities on
both sides of the respective oligomers, as shown by the excellent
match between the simulated and the measured isotopic
patterns of the samples (see details in the ESI, Fig. 19S–29S and
31S–33S†). The analytical GPC results also support (see Fig. 2
and Table 1) the very narrow Đ values for each fraction with
small variations in the numbers of repeating units (n). Thus, at
n ¼ 3 to 8 only a chain variation of �2 was obtained, and at n ¼
12–33 the variation was �6.

As shown in Fig. 3, we have investigated the fractions f12 and
f28 of N-OK(Z) by 1H-NMR spectroscopy in CDCl3 (15% volume
TFA added), proving their chemical identity and a good match
to the data obtained by GPC and MALDI.

All analytical data of the samples are summarized in Table 1,
along with the respective n, Mn and Đ values.

Secondary structural analyses by CD spectroscopy

Circular dichroism (CD) is an excellent tool for the rapid
determination of the secondary structure and folding properties
of proteins.36 In this work, the analysis of the secondary struc-
tures of the oligomers was conducted in 1,1,1,3,3,3-hexa-
uoroisopropanol (HFIP) and 2,2,2-triuoroethanol (TFE). We
chose HFIP and TFE as solvents, as they both act as the good
solvents24 for our side chain protected oligomers for the CD
measurements. The measured CD spectroscopy data were re-
ported as ellipticity (q) [mdeg]. The percentage values of a-hel-
icity of the samples were calculated according to the eqn (1),
This journal is © The Royal Society of Chemistry 2019



Table 1 Summary of all the molecular weight data, as well as the CD analyses of all unfractionated and fractionated oligomers

Entry Sample n(MALDI) Mn(MALDI) Mn(GPC) Đ CD-spec. (HFIP) CD-spec. (TFE)

I OK(Z) 15 � 10 4.1 2.5 1.36 22% a-helicity 32% a-helicity
II N-OK(Z) 15 � 10 4.2 1.4 1.36 16% a-helicity 19% a-helicity
III N-OK(Z)-2 8 � 2 2.1 1.9 1.02 b II turn 18% a-helicity
IV N-OK(Z)-3 24 � 8 5.6 8.0 1.33 40% a-helicity 53% a-helicity
V f12 33 � 6 8.9 9.1 1.08 19% a-helicity 32% a-helicity
VI f14 18 � 6 4.9 4.9 1.07 15% a-helicity 25% a-helicity
VII f15 12 � 4 3.4 3.7 1.07 b II turn 18% a-helicity
VIII f16 8 � 2 2.3 2.6 1.02 b II turn 16% a-helicity
IX f19 6 & 7 2.1 2.6 1.03 b II turn 16% a-helicity
X f20 6 � 2 2.1 2.6 1.03 b II turn 16% a-helicity
XI f23 5 � 1 1.8 2.3 1.03 b II turn 15% a-helicity
XII f25 4 � 1 1.5 2.0 1.03 b II turn 12% a-helicity
XIII f28 3 1.1 1.8 1.02 b II turn 12% a-helicity
XIV OK(TFA) 6 � 3 1.5 1.0 1.09 16% a-helicity 31% a-helicity
XV N-OK(TFA) 6 � 3 1.6 1.2 1.05 b II turn 15% a-helicity
XVI f2 6 � 1 1.4 1.3 1.02 b II turn 19% a-helicity
XVII f3 5 � 1 1.2 1.2 1.02 b II turn 15% a-helicity
XVIII f4 4 � 1 1.0 1.0 1.02 b II turn b II turn
XIX f5 3 & 4 0.90 0.96 1.02 b II turn b II turn

Paper RSC Advances
used for the estimation of the helicity of the peptide chains by
Krannig and Sun et al.:37

a-helix (%) ¼ (�[q]222 + 3000)/39 000 � 100% (1)

The summary of all CD spectroscopy measurements along
with analytical GPC results of oligomers and their fractions are
presented in Table 1. The secondary structural investigations of
the fractions ofN-OK(Z); f28, f19, f15, f14, f12 and ofN-OK(TFA);
f4, f3, f2 in TFE are depicted in Fig. 4A and B respectively (also
see Table 1).

Firstly, we investigated the effect of the number of repeating
units (n) on formation of secondary structures by CD spectros-
copy, aiming to understand changes in a-helicity with
increasing chain length n of the bis-substituted N-OK(Z) oligo-
mers (Fig. 4A and Table 1, entries V–XIII). In Fig. 4A, one can see
Fig. 3 1H-NMR spectra of fractions of N-OK(Z), f28 and f12 measured
in CDCl3 (15 vol% TFA).

This journal is © The Royal Society of Chemistry 2019
an increase in a-helicity of the oligomers with increasing n via
enhancement of the [q]222 signal of the fractions of N-OK(Z) f12,
f14, f15, f19 and f28 (Table 1, entries V–VII, IX, XIII) in TFE.
Because of their low number of repeating units (n ¼ 3–7),
fractions of N-OK(TFA) f2, f3, f4 (Table 1, entries XVI–XIX) do
not display helicity for f4, with only 19% helicity for f2. There-
fore, as shown in Fig. 5, chain length dependence of a-helicity in
TFE is demonstrated for the bis-functional fractionated
samples with the Z-group protected moieties possessing low Đ
values (<1.07), e.g. fractions of N-OK(Z): f28, f19, f15, f14, f12),
indicating an almost linear increase in a-helicity (from 12% up
to 33%) with increasing number of repeating units (n). It should
be noted that this trend is also visible in the unfractionated
samples: thus the unfractionated bis-functional oligomer N-
OK(Z)-2, (n ¼ 8) (Table 1, entry III) displays a lower a-helicity
Fig. 4 CD spectra of the fractions of (A) N-OK(Z) and (B)N-OK(TFA) in
TFE (c ¼ 0.2 mg mL�1).

RSC Adv., 2019, 9, 21707–21714 | 21711



Fig. 5 Depiction of increase in a-helicity [%] with respect to increasing
number of repeating units (n) of fractions of N-OK(Z) in TFE (line is
a guide for the eye only).

RSC Advances Paper
(18% in TFE) compared to the unfractionated bis-functional
oligomer N-OK(Z)-3, (n ¼ 24) (53% in TFE, 40% in HFIP)
(Table 1, entry IV), yet conrming the increasing helicity
behaviour of oligomers with increasing n as depicted with the
“linear” line in Fig. 5.

The chain end effects introduced by alkyl groups on one end
(mono-functional) e.g.OK(Z) andOK(TFA), or on both ends (bis-
functional) e.g. N-OK(Z) and N-OK(TFA), of the oligomer chains
were examined by CD spectroscopy in HFIP and in TFE (see
Table 1). Mono-functional oligomers, OK(Z) (Table 1, entry I)
and OK(TFA) (Table 1, entry XIV) with equal chain length show
higher a-helicity in comparison to their bis-functional deriva-
tives, N-OK(Z) (Table 1, entry II) and N-OK(TFA) (Table 1, entry
XV), suggesting that the alkyl end groups do not favour the helix
formation. Furthermore, side chain effects stemming from
amino-protecting groups, Z(Cbz) and TFA on conformational
changes were also studied. We found that there was no
distinctive difference in their a-helicity values ofN-OK(Z) andN-
OK(TFA) oligomers induced by their side chains (Table 1,
entries II and XV respectively). Thus for instance, fractions f19
(with Z) (entry IX, n ¼ 6, 7) and f2 (with TFA) (entry XVI, n ¼ 6 �
1) possess similar a-helicity values. However, as shown in Table
1, there is a slight difference in a-helicity values for the fractions
with lower n, e.g. f5 (entry XIX, n ¼ 3–4) does not display a-
helicity, whereas f25 (entry XII, n ¼ 4 � 1) and f28 (entry XIII, n
¼ 3) with similar ns show 12% helicity in TFE.

From Table 1 it can be also seen that TFE promotes helicity38

compared to HFIP. Fraction f12 of N-OK(Z) (entry V) displays
32% a-helicity in TFE whereas only 19% a-helicity is observed in
HFIP. In the case of the fractions of N-OK(Z) measured in TFE
(entries V–XIII) a-helicity of more than 16% is observed with
a number of repeating units higher than 8 (n > 8) starting from
fractions f19 and f20 (entries IX and X respectively). TFE
increases the stability and formation of the a-helices over HFIP,
explained by comparing polarities of both solvents, where TFE
is more polar than HFIP. Pengo and Pasquato et al.39 have
indicated a correlation between the polarities of different
solvents and the equilibrium of the formation of a-helix struc-
tures, proving that the more polar the solvent is e.g. TFE, the
equilibrium shis to the formation of a-helical structures,
21712 | RSC Adv., 2019, 9, 21707–21714
whereas the less polar solvents promote the formation of 310-
helix structures. It has been stated that the hydroxyl group of
TFE can bind to the carbonyl group in the peptide backbone via
hydrogen bonding without disrupting the hydrogen bonding
interactions between the carbonyls and the amines of the
peptide forming the a-helical structure.40

Inuence of solvent composition and effects of number of
repeating units of the peptide on the dynamics of the secondary
structure formation of peptides and PEG-peptide diblock
copolymers have reported that a-helicity is increasing with
increasing number of repeating units of a peptide chain and
with addition of TFE.41,42
Transmission electron microscopy (TEM) analyses

There has been a number of reports on the visualization of the
bril formation of synthetic peptides at different physical and
chemical conditions.43–45 More complex molecular assemblies
of alkyl chain graed PLLs with n¼ 60, 130 and 300 with varying
degree of graing have been analysed by TEM to observe the
formation of vesicles at neutral pH.46 Energy landscapes of
peptide amphiphile nanobers consisting of an alkyl tail and
peptide unit with a propensity to form b-sheets have revealed
that many products form monodisperse short bres.47

In our study the TEM images of the fractions of N-OK(Z), f19
and f28, obtained aer preparation in TFE (c¼ 0.2mgmL�1) are
shown in Fig. 6. The end groups of both f19 and f28 are func-
tionalized with two C11 vinyl chains. The repeating unit (n) of
each sample is different; for f19, the repeating unit is n z 7,
indicating that helix formation is already favoured, whereas for
f28 (n¼ 3) the a-helical turn could be only 1, stabilized only with
the help of TFE solvent. The TEM image of f19 (n ¼ 7) shows
a densemesh of large brils (see Fig. 6a), while stacks of brillar
bundles are formed by f28 (n ¼ 3) (see Fig. 6b).

As shown in Fig. 6, we chose fractions f19 and f28 to
demonstrate the effect of number of repeating units (n),
specically in the case of very low Đ values, on the formation of
brils due to their secondary structural interactions. We did
also investigate bril formation of various other samples (see
Fig. 36S–40S†), where solvent of choice and the fraction between
helical chain lengths have been probed. In addition to the data
shown in Fig. 6 and the CD results discussed above (Table 1,
Fig. 4 and 5), a higher propensity to form brils is accompanied
with a higher degree to form alpha helices, suggesting the
Fig. 6 TEM images of f19 (a) and f28 (b) in TFE.

This journal is © The Royal Society of Chemistry 2019
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formed to be promoted by the latter. We propose that increasing
a-helicity is crucial to form brils owing to their improved
packing accompanied by a more precise conformational iden-
tity of the peptide with the lower entropy.

Conclusions

In this work, we successfully synthesized mono- and bis-
functionalized lysine oligomers with two different protecting
groups (Z) and (TFA). We separated bis-functional N-OK(Z) and
N-OK(TFA) into fractions by using preparative GPC in DMF to
obtain lower polydispersity values of the low molecular weight
oligomers. All synthesized oligomers and selectively chosen
fractionated samples were analysed by 1H-NMR, analytical GPC
and MALDI-ToF MS. The secondary structural investigations
were conducted with the help of CD spectroscopy in HFIP and
TFE. From our results we conclude that TFE stabilizes helicity
better than HFIP. Additionally, as shown in Table 1, we have
observed that the functionalization of both end groups of the
peptide decreases the stability of the a-helicity for the cases of
O-K(Z/TFA) and N-OK(Z/TFA). The fractions of N-OK(Z) and N-
OK(TFA) were selectively investigated by CD spectroscopy in
HFIP and in TFE, aiming to focus on the effect of the chain
length of the peptide on the formation of a-helices. We can
prove that the number of repeating units of the oligomers
signicantly affects the ability to form helical structure,
showing that higher n values result in an increased amount of a-
helicity as depicted with the linear line in Fig. 5. Moreover, from
TEM images we can conrm that in TFE larger brils form
a dense mesh, when n is larger than 3 (f19), whereas oligomers
with a small number of repeating unit (n ¼ 3) (f28) form small
stacks of brillar bundles.

The so obtained data allow us to quantify the amount of
secondary structure (a-helicity) present within the functional-
ized oligo-L-lysines of precise chain length on basis of eqn (1). It
is crucial to understand peptide assemblies in view of the initial
conformational interactions and their secondary structure
formation, hence we here for the rst time represent a rational
approach to engineer future bril forming systems, based on
oligomeric-L-lysines with very low Đ values (Đ < 1.07). Last but
not least, it should be also emphasized that such articial bril
forming assemblies hold great potential applications as inhib-
itors for amyloidosis of complex proteins e.g. Ab. The inuence
of lipidic alkyl end groups and chain length of peptide unit on
the folding behaviours of peptides within a hybrid polymer can
thus be quantied, prospectively reported in future work.
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