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Synthetic helical peptides are valuable scaffolds for the development of modulators of protein–protein interactions involving
helical motifs. Backbone-to-side chain or side chain-to-side chain constraints have been and still are intensively exploited to
stabilize short α-helices. Very often, these constraints have been combined with backbone modifications induced by Cα-
tetrasubstituted, β-, or γ-amino acids, which facilitate the α-peptide or α/β/γ-peptide adopting an α-helical conformation. In this
work, we investigated the helical character of octapeptides that were cyclized by a Lys-Asp-(i,i + 4)-lactam bridge. We started with
two sequences extracted from the helix–loop–helix region of the Id proteins, which are inhibitors of cell differentiation during
development and in cancer. Nineteen analogs containing the lactam bridge at different positions and displaying different amino
acid core triads (i + 1,2,3) as well as outer residues were prepared by solid-phase methodology. Their conformation in water and
water/2,2,2-trifluoroethanol mixtures was investigated by circular dichroism (CD) spectroscopy. The cyclopeptides could be
grouped in helix-prone and non-helix-prone structures. Both the amino acid core triad (i + 1,2,3) and the pendant residues
positively or negatively affected the formation of a helical structure. Computational studies based on the NMR-derived helical
structure of a cyclopeptide containing Aib at position (i + 2) of the triad were generally in agreement with the secondary structure
propensity of the cyclopeptides observed by CD spectroscopy. In conclusion, the Lys-Asp-(i,i + 4)-lactambridgemay succeed or fail
in the stabilization of short helices, depending on the primary structure. Moreover, computationalmethodsmay be valuable tools
to discriminate helix-prone from non-helix-prone peptide-based macrolactams. Copyright © 2017 European Peptide Society and
John Wiley & Sons, Ltd.

Additional Supporting Information may be found online in the supporting information tab for this article.
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Introduction

Protein–protein interactions are key events in cellular signaling and
cover a highly important area of research aiming at their detection
and modulation in vitro and in vivo [1,2]. As the α-helix is the most
common secondary structure found in proteins, it plays a key role
in molecular recognition. Therefore, many efforts are made to
mimic interacting α-helices and use them for the modulation of
protein interactions involving α-helices [3–11]. Several approaches
can be used to stabilize the helical conformation of a short peptide
sequence: Some of these are based on metal ion chelation [12,13],
helix-nucleating templates [14–16], hydrogen bond surrogates
[17,18], non-covalent side chain constraints [19,20] and covalent
side chain linkages such as the disulfide [21], thioether [22,23],
triazole [24,25], hydrocarbon [7,9,10,26–28], diester [29], and lactam
bridges [30–38]. Alternatively or in combination with covalent
constraints, unnatural amino acids with preference for the helical
structure can be used, like Cα-tetrasubstituted, β-, and γ-amino
acids [4,5,28,29,39].
One of the simplest methods to stabilize the helical

conformation is the introduction of a side chain lactam bridge upon
the covalent linkage of the proteinogenic residues Lys and Asp/Glu
[40–42]. These residues should be located at positions (i,i + 3) or (i,

i + 4), in order to stabilize a 310-helical or α-helical turn, respectively.
Accordingly, Fairlie and coworkers reported on Lys-Asp-(i,i + 4)-
lactam-bridged pentapeptides and hexapeptides that adopted
such a motif in water [35]. Instead, the (i,i + 7) linkage should be
suitable to stabilize two α-helical turns, but it requires a bridge
longer than seven or eight atoms, which makes it necessary to
insert additional linkers (e.g. Ala or β-Ala residues) or to use artificial
building blocks such as Dap(AMPA = 4-(aminomethyl)phenylacetic
acid) in place of Lys [37].

We are interested in the development of peptide-based
modulators of the Id proteins that are members of the large family
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of the helix–loop–helix (HLH) transcription factors and play an
important role in fetal development as well as in cancer [43–46].
Their mode of action is based on specific protein–protein
interactions with basic HLH (bHLH) transcription factors like the E
proteins (e.g. E47) and the muscle regulatory factors (e.g. MyoD)
[47–49]. The resulting Id/bHLH heterodimers are unable to bind
the DNA (contrarily to bHLH/bHLH dimers), thus blocking bHLH-
mediated DNA transcription. Such inhibitory activity allows the cells
staying in an undifferentiated state, proliferating, migrating, and
delaying senescence [50,51]. Because the Id proteins are
upregulated in several cancer types while being downregulated
in healthy adult cells, they are interesting molecular targets for
cancer therapy [52,53].

Short fragments from the MyoD or Id HLH domains have been
reported to interact with the Id proteins and modulate their
function in cells [54,55]. By using a fragment scan approach, we
recently showed that octapeptides reproducing part of either helix
or helix–loop junction of the Id HLH domain are able to recognize
the Id HLH domain itself in the low micromolar range [56]. Here,
we present a synthetic and structural studywith the aim to evaluate
the effect of a Lys-Asp-(i,i + 4)-lactam bridge on octapeptides
extracted from the Id HLH domain. We chose the two helix–loop
junctions as octapeptide scaffolds (junction-1: SR(/K)LR(/K)ELVP,
and junction-2: L(/V)SQ(/K)V(/M)EILQ) [57,58], as these regions are
highly conserved within the Id1–4 proteins (Figure 1) and are
important for the correct folding of the Id protein HLH domain into
helical bundles [59–61].

We designed and synthesized 19 Lys-Asp-(i,i + 4)-lactam-bridged
octapeptides and investigated their conformation in water and
water/TFE mixtures by CD spectroscopy (Table 1). Based on their
CD signature, the cyclopeptides were classified in helix-prone and
non-helix-prone structures. The effects of the position of the side
chain constraint and of the residues inside and outside the
macrocycle on the cyclopeptides conformation are discussed in
the following sections. Briefly, the amino acid triad (i + 1,2,3)
included in the macrolactam was found to affect the secondary
structure propensity; in particular, amino acid residues commonly
found in helices, or known to stabilize helices like 2-aminoisobutyric

acid (Aib) [39,62], favored the helical conformation. However, also
the pendant positions influenced the type of CD signature of the
cyclopetides: For example, a Pro or Ala residue at position (i + 5)
gave a non-helix-like or helix-like CD signature, respectively. This
suggests that the amino acid sequence plays a determinant role
in the control and fine-tuning of the structure of the macrolactam,
which may modulate the effect of the side chain constraint [35].

Figure 1. Amino acid sequence of the HLH domains of Id1–4 (top) and view of the crystal structure of the Id2 fragment 44–66 containing the helix–loop
junctions (bottom, color code: green, brown, red, and blue for hydrophobic, polar uncharged, acidic, and basic residues, respectively). The helical regions
found in the NMR structure of the Id3 HLH domain (PDB ID: 2LFH) [57] and in the crystal structure of the Id2 HLH domain (PDB ID: 4AYA) [58] are
underlined. Junction-1 and junction-2 are in the blue and red boxes, respectively. The conserved residues within the Id family are in bold.

Table 1. Amino acid sequence and dichroic properties of the
synthesized cyclopeptides (B = Aib; Z = Nle)

Cyclopeptide
no.

KD-(i,i + 4)-lactam-
bridged sequencea

CD bandb

π → π* (nm)
CD bandb

n → π* (nm)

1 KRLKDLVP 203/204 210–235

2 SKLKEDVP — —

3 SRKKELDP 200/204 —

4 VKKVEDLQ 194/197 223/224c

5 VSKVEIDQ 193/195 220/220

6 VSKKEILD — —

7 SRKKELDA 208/207 218/218

8 SRKKLEDP 202/203 —

9 SRKKLEDA 210/206 222/220

10 VKRBQDLQ 206/209 223/219

11 VKRLQDLQ 205/206 218/222

12 VKRZQDLQ 205/207 222/220

13 VKRWQDLQ 205/207 221/219

14 VKRVQDLQ 205/207 222/220

15 VKQLQDLQ 206/207 216/217

16 VKQZQDLQ 206/207 218/221

17 VKQWQDLQ 203/206 219/218

18 VKKELDLQ 205/206 218/218

19 VKKEVDLQ 194/195 215/215c

aAll cyclopeptides are N-terminally acetylated and C-terminally
amidated. Bold residues are side chain cyclized.
bPosition of the negative CD band in water without/with 30% TFE.
cPositive CD band.
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Materials and Methods

Materials

Chemical reagents and solvents for the peptide syntheses were of
peptide synthesis grade; solvents for HPLC and spectroscopy were
of HPLC or spectroscopy grade. Fmoc-protected amino acids, Rink
Amide MBHA resins (100–200 mesh, loading 0.45–0.56 mmol/g),
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), N,N-diisopropylethylamine (DIPEA),
piperidine, N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), dichloromethane (DCM), diethyl ether, CH3CN, and
trifluoroacetic acid (TFA) were purchased from Novabiochem
(Merck, Darmstadt, Germany), Biosolve (Valkenswaard, Netherland)
and Iris Biotech (Marktredwitz, Germany). Triisopropylsilane (TIS),
1,2-ethanedithiol (EDT), thioanisole (TIA), N-hydroxybenzotriazole
(HOBt), acetic anhydride, PhSiH3, and Pd(PPh3)4 were purchased
from Sigma-Aldrich (Munich, Germany). α-Cyano-4-
hydroxycinnamic acid was purchased from Acros Organics (Geel,
Belgium). D2O was from Armar GmbH (Leipzig, Germany).
Dulbecco’s modified Eagle’s medium – high glucose, fetal bovine
serum (FBS), penicillin–streptomycin, 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and dimethylsulfoxide
(DMSO) were purchased from Sigma-Aldrich. The human breast
cancer cell line T47D was a gift from the Paracelsus Medical
University, Salzburg, Austria.

Methods

The solid-phase peptide syntheses were carried out on an
automatic peptide synthesizer (Syro, Multisyntech, Witten,
Germany, and Syro I, Biotage). The analytical and semipreparative
HPLC equipment was from Agilent Technologies, Böblingen,
Germany (1200 Series) and Thermo Fisher Scientific, Germering,
Germany (Ultimate 3000). The analytical and semipreparative
columns were from Macherey Nagel, Düren, Germany (Nucleosil
C18, 4 × 250 mm and 10 × 250 mm), Thermo Fisher Scientific
(Syncronis C18, 4.6 × 250 mm), and Merck (Chromolith RP-18e,
10 × 100 mm). The gradient used for analytical HPLC was the
following: 3% B for 8 min, up to 60% B over 35 min (A = H2O with
0.06% TFA; B = CH3CN with 0.05% TFA). MALDI-TOF mass spectra
were recorded on an Autoflex mass spectrometer from Bruker
Daltonics (Bremen, Germany) using α-cyano-4-hydroxycinnamic
acid as matrix. The CD measurements were recorded on a Jasco J-
815 CD spectrometer. The UV measurements were carried out on
a Varian Cary 1E UV–visible spectrophotometer. The absorption
measurements for the MTT assay were carried out on a Tecan
Infinite 200M Pro microplate reader. The NMR spectra were
recorded on a Bruker BioSpin (Rheinstetten, Germany) AVANCE III
HD 600-MHz spectrometer equipped with a QXI (1H/13C/15N/31P)
probe. Structure optimization and molecular dynamics simulations
were carried out using MOE2015.10 [63] (Amber 99 force field).
Stepwise molecular dynamics calculations were performed by
using NWChem 6.6 [64].

Peptide synthesis

The linear peptides were assembled on an automatic peptide
synthesizer by using a Rink Amide resin and Fmoc chemistry. The
side chain protecting groups were t-Bu (Ser, Asp, Glu), Boc (Lys,
Trp), Alloc (Lys to be cyclized), allyl (Asp to be cyclized), and Pbf
(Arg). The Fmoc deprotection was carried out with 28% piperidine
in DMF/NMP (70:30, v/v) for 3 min and 14% piperidine in

DMF/NMP (70:30, v/v) for 10min. The couplingswere accomplished
with the mixture Fmoc-AA-OH/HOBt/HBTU/DIPEA (5:5:4.8:10 equiv)
for 2 × 40min. N-terminal acetylationwas performedmanually with
acetic anhydride/DIPEA (10:10 equiv) in DMF for 30 min. To control
the quality of the linear peptide chain by HPLC and MS, a small
portion of the peptidyl resin was treated with TFA/H2O/TIA/EDT/
TIS (80:5:5:5:5; Vtot = 100 μl) for about 2 h. Ice-cold diethyl ether
was added to precipitate the peptide that was recovered by
centrifugation andwashed several timeswith ice-cold diethyl ether.
The Alloc/allyl protecting groups were orthogonally removed by
repeated treatments (6 × 20 min) with Pd(PPh3)4 (0.5 equiv) in the
presence of PhSiH3 (25 equiv) in DCM. Side chain cyclization was
carried out with DIPEA/3-(diethoxyphosphoryloxy)-1,2,3-
benzotriazin-4(3H)-one (DEPBT) (3:2 equiv) in DCM/DMF (3:1, v/v)
and monitored (generally over 72 h) by MS after small-scale TFA
cleavage. The cyclization yielded different ratios of
product/oligomer depending on the peptide sequence. The
cyclized peptides were cleaved from the resin with TFA/H2O/TIA/
EDT/TIS (80:5:5:5:5; Vtot = 1 ml) for about 3 h, precipitated by ice-
cold diethyl ether, and recovered by centrifugation at 3 °C for
5 min. The crude peptides were purified by semipreparative HPLC.
The homogeneity (≥90%, except for cyclopeptide 7, which was
~70% homogeneous) and identification of the desired
cyclopeptides were assessed by analytical HPLC and MALDI-TOF-
MS (Table S1 and Figures S1–S3). One-dimensional 1H-NMR spectra
of the synthetically more easily accessible cyclopeptides 5, 10–18,
which were obtained in sufficient amount, were recorded in H2O/
D2O (12:1, v/v) at 298 K by using excitation sculpting or 3-9-19
WATERGATE for the suppression of the water signal (Figure S4).

CD spectroscopy

The peptides were dissolved in water and a water/TFE mixture
(70:30, v/v) at the following concentrations: 50 μM (1, 3–5, 7–9,
13, 18, 19), 44 μM (14), 40 μM (15, 16), 33 μM (11), 20 μM (12,
17), and 15 μM (10). The CD spectra were recorded at 20 °C using
a 1-mm quartz cell from Hellma Analytics. For each CD spectrum,
four scans were accumulated using a step resolution of 0.1 nm, a
bandwidth of 1 nm, and a response time of 2 s. The CD signal was
recorded from 260 to 190 nm with a scan speed of 20 nm/min.
The CD spectrum of the solvent was subtracted, and the difference
spectrum was normalized to express the ellipticity in mean residue
molar ellipticity [θ]R (deg cm2/dmol). The latter was divided by 103

and represented in the graphs as [θ]R × 10�3 (deg cm2/dmol).

NMR spectroscopy of 10

Two-dimensional 1H-NMR spectra were recorded in H2O/D2O (12:1,
v/v) at 303 K. The peptide concentration was approximately 1 mM.
The water signal was suppressed with 3-9-19 WATERGATE. The spin
systems of all amino acid residues were identified using TOCSY
spectra (mixing time of 80 ms and 12 ms) and additional phase-
sensitive 1H–13C multiplicity-edited HSQC spectra. The sequence-
specific assignment was accomplished using phase-sensitive ROESY
spectra (mixing time of 200 ms). Spectra processing was carried out
using TOPSPIN 3.2 from Bruker. The spectra were referenced to 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) using the standard
Bruker sample 2 mM sucrose/0.5 mM DSS at the same temperature
and settings. 13C chemical shifts were referenced using a scaling
factor Ξ of 0.251449530 according to IUPAC recommendations
[65]. Complete 1H and 13C resonance assignment was achieved
using standard TOCSY, ROESY, and 1H-13C HSQC spectra (Table S2
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and Figures S5 and S6). NOE distance restraints were derived from
ROESY spectra. The NOE cross peaks were classified as very
strong/medium strong/medium weak/weak corresponding to
applied distance restraints of 2.5/3.5/4.5/5.5 Å.

Computational methods

Because of the available NOE constraints from NMRmeasurements,
first, cyclopeptide 10 was built up using the protein builder and
general builder functions of MOE2015.10 [63]. Afterwards, a series
of restraints (Table S3) were applied for the given intramolecular
distances on the basis of NMR measurements (H–H interactions)
and the peptide was energy-minimized using the Amber 99 force
field as implemented into MOE2015.10. This process led to the α-
helical structure as presented in Figure 5. Subsequently, the
restraints were lifted and the system was re-optimized. Upon
optimization, the helical structure as well as the trans-configuration
of the lactam bridge was preserved. All other cyclopeptides were
generated starting from this structure by modifying or mutating
the given residues. Subsequent optimization with the Amber 99
force field delivered the energy-minimized structures that were
the starting point (one by one) for further molecular dynamics
studies. To ensure full relaxation of the peptides in solution, we
placed each one into a 35Å large cubic box of (explicit) water. The
system was slowly heated up from 0 K to room temperature (RT)
and then equilibrated at room temperature for 300 ps.

Cell viability assay

To determine the inhibitory effect of the cyclopeptide on cell
viability, the MTT assay [66] was used. The human breast cancer
cells T47D in Dulbecco’s modified Eagle’s medium containing
10% FBS and 1% penicillin–streptomycin were seeded into 96-well
culture plates (1 × 104 cells per well). The day after, cells were
treated with peptides at the concentrations of 50 μM and 500 μM
in a medium containing 5% FBS as triplicates for 24 h. To determine
the cell viability, 10 μl 5 mg/ml MTT solution were added to the
peptide-treated and peptide-non-treated cells for 2 h at 37 °C in
the dark. Then the medium was aspirated, cells were lysed with
100 μl DMSO, and the absorbance of the product formazan, which
results from the reduction of MTT taking place only in the viable
cells having an active metabolism, was measured at 550 nm with
a Tecan Infinite M200 Pro microplate reader. Two independent
experiments were performed (Figure S7).

Results and Discussion

Design and synthesis of the Lys-Asp-(i,i + 4)-lactam-bridged
peptides

To investigate whether the position of the Lys-Asp-(i,i + 4)-lactam
bridge may affect the conformation of the two octapeptide
scaffolds, we designed three cyclic analogs based on junction-1
(1–3), in which the lactam bridge is at position (1,5), (2,6), or (3,7),
and three cyclic analogs based on junction-2 (4–6), in which the
lactam bridge is at position (2,6), (3,7), or (4,8) (Table 1). In the case
of 3, the (3,7)-lactam bridge would be adjacent to the C-terminal
Pro, which might have additional effects on the conformation of
the cyclic peptide; thus, we also designed an analog of 3 by
replacing Pro with Ala (7). Additionally, to see whether the
composition or sequence of the amino acid core triad (i + 1,2,3)
might affect the conformation upon cyclization, we designed two

analogs of 3 and 7 by replacing their core triad KEL with KLE (8
and 9).
To further evaluate the role of the core triad on the conformation

of a lactam-bridged peptide, we designed two series of
cyclopeptides both based on junction-2 and with (2,6)-side chain
cyclization (analogous to 4), but containing RXQ (10–14) or QXQ
(15–17) as core triad. The variable central residue X was Aib, Leu,
norleucine (Nle), Trp, or Val. Finally, to distinguish the contribution
of the core triad from that of the outer residues, we designed
cyclopeptides 18 and 19: Cyclopeptide 18 results from the
combination of the core triad KEL of cyclopeptides 3 and 7 with
the outer residues of cyclopeptides 4 and 10–16. Cyclopeptide
19 contains the same outer residues as 18 but differs in the core
triad, which is KEV instead of KEL.
The sequences were assembled on a Rink Amide MBHA resin by

using Fmoc chemistry. The Lys and Asp side chains to be cyclized
were protected with the Alloc and allyl groups, respectively, in
order to allow the application of the on-resin cyclization strategy
[67]. On-resin allyl/Alloc deprotection was performed by using Pd
(PPh3)4 in the presence of PhSiH3 [68], followed by cyclization with
DEPBT/DIPEA. The HPLC and MS analysis of the crude products
revealed different levels of success in the syntheses of the
cyclopeptides: For example, attempts to cyclize the linear
precursors of 2 and 6 failed, as the first was prone to dimerization,
whereas the second remained mainly in the linear form. Moreover,
in accordance with the high propensity of Asp(Oall) to form an
aspartimide upon incorporation into a peptide chain, especially
under basic conditions [69,70], we also observed the formation of
an aspartimide during the assembly of some linear sequences,
particularly of the linear precursors of cyclopeptides 7 and 9, both
containing the motif Asp(Oall)-Ala. Nevertheless, we were able to
purify all cyclized peptides with a homogeneity ≥90%, with the
exception of cyclopeptide 7, whose homogeneity was ~70%
(Figures S1–S3).

Effect of the lactam bridge position

The CD spectra of the two cyclic analogs of junction-1, 1 and 3, are
shown in Figure 2(A). The CD spectrum of 1, in both water and
water/TFE (70:30, v/v), is reminiscent of that of a 310-helix [71], with
a negative band around 203 nm, a negative shoulder over the
range 210–235 nm, and a positive signal below 195 nm. However,
the weak mean residue ellipticity (between �2000 and
�4000 deg cm2/dmol) is indicative of the presence of turns. The
CD spectrum of 3 in water displays a negative band at 200 nm
but lacks any ellipticity above 210 nm. TFE has no significant effect
on the CD signal above 210 nm, while it induces a detectable red
shift (from 200 to 204 nm) and a decrease in intensity of the π–π*
transition band. This excludes the presence of any helical motif in
both water and water/TFE.
Based on the dichroic properties of cyclopeptides 1 and 3, it is

evident that none of them has the propensity to build an α-helical
turn, despite the (i,i + 4)-side chain cyclization. The slightly different
CD curves of 1 and 3 probably reflect different turn-type
propensities as the result of the shift of the lactam bridge from
the (1,5)-position to the (3,7)-position, the latter being immediately
adjacent to the C-terminal Pro. In general, proline is a helix breaker
and prefers positions at the extremities of a helix, in particular at N-
cap + 1, N-cap� 1, and C-cap + 1 [72]. Alternatively, proline is often
found at the corners of β-turns. In order to prove the effect of
proline, we replaced Pro-8 in cyclopeptide 3 with Ala-8 and
obtained cyclopeptide 7 that displays an α-helix-like CD curve in
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both water and water/TFE (Figure 2(B)). Similar behavior is shown
by the Pro-8-containing cyclopeptide 8, which is analogous to 3
but differs in the core sequence (KEL in 3 versus KLE in 8), upon
substitution of the C-terminal Pro-8 with Ala-8 (analog 9) (Figure 2
(C)). Although the CD spectra of 7 and 9 are reminiscent of that of
an α-helix, the fact that they show moderate mean residue
ellipticity, especially of the two negative bands (less negative than
�10 000 deg cm2/dmol), and are unaffected by the presence of
TFE would suggest the formation of turns rather than of a helical
motif.
The CD spectra of the two (2,6)-cyclized and (3,7)-cyclized

analogs of junction-2, 4 and 5, in water and in water/TFE, show a
minimum below 200 nm and a weak band at 220–224 nm, which
is positive for 4 and negative for 5 (Figure 2(D)). Addition of TFE
to both peptides is accompanied by a positive ellipticity
contribution to the CD signal below 200 nm and by a negative
one around 220 nm. Again, the presence of any helical motif in
these two cyclopeptides can be excluded in both water and
water/TFE.

In summary, the dichroic properties of the two octapeptide
scaffolds (junction-1/-2) upon (i,i + 4)-side chain cyclization lead to
the following observations: (i) the constraint does not necessarily
lead to the formation of an α-helical turn, while other turn types
may be formed or still high flexibility may be maintained, and (ii)
interestingly, TFE, which is known to favor the formation and
stabilization of secondary structures, in particular the α-helix, has
almost no effect on the cyclopeptides. This would suggest that they
would lack the ability to build a canonical helical conformation.

Effect of the (i + 1,2,3) core residues

Based on the conformational properties of cyclopeptides 1, 3–5,
and 7–9 and on the observations previously reported by Fairlie
and coworkers [35], we attributed a role of the tripeptide motif
included in the macrocycle (referred herein to as core triad) in
determining the conformational properties of the macrolactam.
Thus, we synthesized two series of cyclopeptides based on
junction-2 and with (2,6)-side chain cyclization (analogous to

Figure 2. CD spectra of cyclopeptides 1, 3–5, and 7–9 in water and water/TFE (70:30, v/v). (A) Junction-1-derived cyclopeptides 1 (KRLKDLVP) and 3
(SRKKELDP). (B,C) Effect of Pro/Ala at the (i + 5) position. Comparison of 3 (SRKKELDP) with 7 (SRKKELDA) (B) and of 8 (SRKKLEDP) with 9 (SRKKLEDA) (C).
(D) Junction-2-derived cyclopeptides 4 (VKKVEDLQ) and 5 (VSKVEIDQ).

Figure 3. CD spectra of the junction-2-derived cyclopeptides 10–14 and 15–17 in water and water/TFE (70:30, v/v). (A) 10–14 (VKRXQDLQ: X = Aib (10), Leu
(11), Nle (12), Trp (13), Val (14)). (B) 15–17 (VKQXQDLQ: X = Leu (15), Nle (16), Trp (17)).
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cyclopeptide 4), but differing in their core triad, which was RXQ for
peptides 10–14 andQXQ for peptides 15–17 (X = Aib, Leu, Nle, Trp,
Val).

With the exception of 17, all cyclopeptides are characterized by
helix-like CD spectra (Figure 3). Moreover, in contrast to the
cyclopeptides with no helix-like CD signature described earlier
(Figure 2), their conformation is positively affected by the presence
of TFE, suggesting the stabilization of an α-helical motif. The CD
intensity decreases in the order of10 (X = Aib)>> 11 (X = Leu) ~ 12
(X = Nle)> 13 (X = Trp) ~ 14 (X = Val), which reflects the decreasing
intrinsic helix propensity of the residue at position X. Indeed, Aib is a
well-known α-helix and 310-helix stabilizer [39], and Leu is reported
to be more helix-prone than Trp and Val of about 0.3–0.4 kcal/mol
[73]. Based on our CD data, Nle seems to have helical propensity
comparable with Leu (11 versus 12 or 15 versus 16).

The CD spectra of the cyclopeptides containing the core
triad RXQ are more intense than those of the cyclopeptides
containing the core triad QXQ. This would be in accordance
with the superior helix propensity of Arg over Gln of about
0.2 kcal/mol [73]. In addition, the loss of the positive charge
of Arg was found to negatively affect the solubility of the
cyclopeptides, likely because of peptide aggregation, particularly
in the case of the Trp-containing cyclopeptide 17. The latter
displays a CD curve in water, which clearly differs from those of
the other cyclopeptides shown in Figure 3. Moreover, the effect
of TFE on the CD intensity is not as strong as in the case of the other
cyclopeptides, suggesting that the formation of an α-helical motif is
less favored.
In summary, the intrinsic secondary structure propensity of the

residues in themacrolactam seems to influence the conformational
preferences of the (2,6)-cyclized peptides, in agreement with the
results by Fairlie and coworkers [35]: Indeed, the α-helical
propensity of the cyclopeptides increased with the increasing
intrinsic helix propensity of the core triad.

Effect of the outer residues other than proline

The different conformational properties between cyclopeptide 4
(non-helix-like and TFE-insensitive CD signature) and cyclopeptides
10–16 (helix-like and TFE-sensitive CD signature), which share the
same outer residues (N-terminal Val and C-terminal Leu-Gln) but
have a different core triad, would suggest a major structural role of
the core triad rather than of the outer residues. However, we
showed that the presence of Pro rather than Ala at position (i + 5)
significantly affects the structure of the (3,7)-lactam-bridged
peptides. This suggests that also the outer residues may contribute
to the conformation adopted by the macrocycle. In order to
compare the different impacts of the core and outer residues on
the cyclopeptide conformation, we prepared cyclopeptide 18,
which results from the combination of the core triad (KEL) of

Figure 4. CD spectra of cyclopeptides 18 (VKKELDLQ) and 19 (VKKEVDLQ)
in water and water/TFE (70:30, v/v).

Figure 5. NMR-derived structure of the Aib-containing cyclopeptide 10 in water. (A) Superposition of ten lowest-energy structures from the molecular
dynamics simulation. (B) View of one of the ten lowest-energy structures shown in (A). (C) NOE summary diagram (the NOE cross peaks were classified as
very strong/medium strong/medium weak/weak corresponding to the upper distance restraints 2.5/3.5/4.5/5.5 Å, which are indicated by the thickness of
the bars. Black asterisks indicate NOE signals with overlap; red asterisks indicate NOE signals that would lie on the diagonal).
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cyclopeptide 7, which is characterized by a helix-like but TFE-
unaffected CD signature, and the outer residues (N-terminal Val
and C-terminal Leu-Gln) of cyclopeptides 4 (non-helix-like and TFE-
insensitive CD signature) and 10–16 (helix-like and TFE-sensitive
CD signature). The CD signature of 18 remains helix like; however,
contrarily to that of cyclopeptide 7, it is affected by TFE (Figure 4),
similar to the cyclopeptides 10–16 (Figure 3). This confirms that also
the outer residues contribute to the overall conformation of the
lactam-bridged peptide. Nevertheless, the most important
conformational contribution seems to come from the residues
forming the skeleton of the macrolactam: Indeed, an analog of 18,
in which the core triad KEL was replaced with KEV (19), does not

show an α-helix-like CD signature (Figure 4), but rather a CD curve
similar to that found for cyclopeptides 4 and 5 (Figure 2(D)).

Computed structures of the cyclopeptides

We used computational methods to assess the intrinsic ability of
the cyclopeptides to adopt a helical conformation, starting from
the NMR-derived helical structure of the Aib-containing
cyclopeptide (10), which is shown in Figure 5. This helical structure
is stabilized by two (i–i + 3/4) H-bonds (Lys-2-CO-Gln-5/Asp-6-NH
and Arg-3-CO-Asp-6/Leu-7-NH).

Figure 6. Computed structures of the cyclopeptides based on the NMR-derived helical structure of cyclopeptide 10.
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In general, the computed structures are in agreement with the
CD spectra. Indeed, cyclopeptides 1, 3, 8, and 17, for which not
well-defined conformations were obtained by the computational
approach (Figure 6), all show a similar but non-helix-like CD
signature (group A), with the exception of 1 and 17, which are
reminiscent of the 310-helix CD signature, albeit with low intensity.
In contrast, in the case of cyclopeptides 4, 5, and 19, which are all
characterized by a non-helix-like CD signature with a negative band
below 200 nm (group B), secondary structure elements are formed
during the molecular dynamics simulation. Cyclopeptide 4 seems
even to be able to build a helical conformation, but its CD curve
rather suggests the absence of a canonical α-helix motif.

The helix-like but TFE-insensitive CD signature of the two cyclic
peptides 7 and 9 (group C) may reflect their computed structures
that show a partially ordered backbone conformation. Finally,
cyclopeptides 11–16 and 18, which all show helix-like and TFE-
sensitive CD curves (group D), also display computed structures
with a well-defined helical backbone conformation.

Conclusions

By preparing and characterizing a series of octapeptides containing
a Lys-Asp-(i,i + 4)-lactam bridge, we observed a strong impact of the
primary structure on the conformational properties of the peptide-
based macrolactams. For the Lys-Asp-(2,6)-cyclopeptide scaffold
containing no proline, we found that the CD signature was
dependent on the core triad. However, also the role of the flanking
residues cannot be neglected: For example, the combination of the
core triad KEL with different outer residues like in 3, 7, and 18 led to
three different CD signatures, with only 18 displaying a helix-like
and TFE-sensitive CD curve. The results of the computational
studies on the cyclopeptides were generally in agreement with
the corresponding CD signatures. Moreover, with the exception of
the cyclopeptide series containing the core triads RXQ or QXQ
(10–17), no clear correlation between primary structure and helix
structure propensity could be identified. Probably, the overall
dynamics of the cyclic structure (at both the backbone and side
chain level) determines the formation and stabilization of a well-
defined conformation.

Intermolecular interactions require specific spatial arrangements
of the amino acid side chains, which are either presented by well-
defined structures or may be built by an induced fit mechanism,
as in the case of intrinsically disordered proteins involving helical
secondary structures [74–77]. Obviously, increasing the
conformational rigidity of a peptide may favor molecular
recognition events, provided that the spatial arrangement of the
groups involved in the recognition is suitable. We will investigate
in the near future whether the introduction of a constraint in the
form of a lactam bridge in a peptide ligand candidate may be of
benefit for themolecular recognition of the Id proteins and for their
inhibition in cells. A preliminary screening has been carried out to
evaluate the ability of cyclopeptides 5 (group B), 10–16 and 18
(group D), and 17 (group A) to decrease the viability of a breast
adenocarcinoma cell line (T47D) that displays dysregulated Id
protein activity in the presence of serum or growth factors [78];
indeed, the Id proteins are known to promote cell proliferation
[79–81]. At the concentration of 500 μM, all peptides decreased cell
viability to about 50%, with the exception of the Aib-4-containing
peptide 10 and the Trp-4-containing peptides 13 and 17 (Figure
S7). Interestingly, 5, 12, and 18 induced the same cell response
already at a concentration of 50 μM. It should be noted that 5,

unlike 12 and 18, was characterized by a non-helix-like CD
signature. These data would suggest that the helical content of
the ligand is not sufficient to induce a cellular response: Indeed,
10 and 13 possess higher helical content than 5, but contrarily to
the latter, they had no effect on the cells. This might be due to an
unfavorable interaction pattern displayed by the cyclopeptide
(Figure S7) or to a loss of conformational dynamics: In this regard,
it has been recently reported that the highly rigid three-disulfide-
bonded scyllatoxin was not suitable for protein grafting and Bcl-2
protein targeting; however, its reduced form was, suggesting the
importance of induced fit mechanisms in binding to the Bcl-2
protein [82].
Besides (and as a result of) structural rigidity, peptide constraints

may affect other properties of the peptide itself like solubility and
self-assembly propensity. Very recently, the impact of Aib on the
aggregation behavior of peptides has been discussed [83]: in
particular, it has been pointed out that Aib may stabilize the helical
conformation of a peptide and, in turn, trigger the formation of
highly ordered self-assembled structures. This suggests that,
besides biological, structural, and pharmacokinetic/dynamic
properties, also biophysical properties (particularly aggregation)
should be taken into account to fully characterize constrained
peptides.
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