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Chapter 5 

Binding Affinity and Lipophilicity of 
Macrocyclic Peptides Depend on 
the Double Bond Conformation 

and Position within a Hydrocarbon 
Crosslink 
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Wallraven, K.; Pelay-Gimeno, M.; Saya, J. M.; Grossmann, T. N. Binding Affinity and 
Lipophilicity of Macrocyclic Peptides Depend on the Double Bond Conformation and 
Position within a Hydrocarbon Crosslink, manuscript in preparation  
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Contributions to chapter 

Synthesis of building blocks and peptides, direct FP assays, FP competition 
measurements and determination of LogD-values.  

 

Abstract 

Peptide-based macrocycles have gained increasing interest in chemical biology and 
medicinal chemistry. Their structural diversity renders them promising to address 
challenging biomolecular targets. Macrocyclization of linear peptides is often applied 
to constrain a certain bioactive conformation and can be established by crosslinking 
two alkenyl-containing amino acid side chains via ring-closing olefin metathesis. In this 
study, we focus on macrocyclized peptides derived from the 14-3-3 binding epitope of 
exoenzyme S. As the hydrocarbon crosslink of these peptides is known to play a crucial 
role in target engagement, we introduced several structural modifications at the 
macrocycle core structure to investigate their influence on physico-chemical 
properties. A clear trend in target affinity and lipophilicity has been observed 
depending on the position and configuration of the inserted double bond within the 
hydrocarbon tether. 1H NMR measurements were key to assign double bond 
configurations for selected peptidic ligands with high target affinities. Taken together, 
this study revealed that small chemical modifications can have a major impact on 
macrocyclic peptide ligands rendering such alteration an attractive strategy to fine-
tune target affinity and ligand bioavailability.  
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Introduction 

Compared to their linear counterparts, macrocyclic ligands often provide beneficial 
binding properties particularly for targeting proteins that lack defined binding 
pockets.1,2 Two important factors governing target binding are i) direct interactions 
that are established upon complex formation and ii) changes in the flexibility of ligand 
and receptor.3 Peptides represent a versatile platform providing straight-forward 
access to macrocyclic derivatives with altered conformational properties and side-
chain composition.4 E.g. the substitution of amino acid residues can result in ligands 
with improved target recognition,5–9 whereas variations in the macrocycle backbone 
can modulate the overall conformation and flexibility.10–12 The implementation of non-
natural modifications additionally increases the structural diversity of peptide-derived 
ligands.13,14 Such peptidomimetics are often designed to adopt a certain bioactive 
conformation which reduces the entropic penalty upon binding thereby increasing the 
target affinity. As constraining element, head-to-tail or side chain-to-side chain 
macrocyclization is often applied.15 In particular, hydrocarbon peptide stapling is 
widely used to stabilize α-helical peptides. This method involves the incorporation of 
two α-methyl, α-alkenyl amino acids, which can be crosslinked through ring-closing 
olefin metathesis (RCM) under formation of a hydrocarbon tether.16,17 Notably, some 
examples of such macrocyclized peptides have shown that variations of the Cα alkyl 
substituent can influence the ligand conformation and binding properties.18–20 

In this regard, we recently reported a minimal peptide sequence targeting 14-3-3 
which is derived from the irregular 14-3-3 binding epitope of ExoS and consists of eight 
amino acids (aa 1 – 8, GXLDXLDL with X = non-natural amino acid).21,22 In analogy to 
classic hydrocarbon stapling of α-helical peptides, two α-alkyl, α-alkenyl amino acids 
were introduced to the peptide sequence in positions 2 and 5 with R- and S-
configuration, respectively, and have been crosslinked via RCM using Grubbs 1st 
catalyst (Figure 1A). Varying the α-alkyl substituent (R1/R2) of the crosslinking amino 
acids showed considerable impact resulting in moderate up to good binding affinities 
for the corresponding peptides 1 (Me/Et), 2 (Et/Me) and 3 (Et/Et).20 In addition to the 
implementation of a conformational constraint, these fully saturated, eight-carbon 
crosslinks formed direct contacts with the protein target.22 A crystal structure of the 
high affinity peptide 2 (Et/Me) in complex with 14-3-3 confirmed productive contacts 
between the crosslink and the hydrophobic protein surface (Figure 1B). Taken 
together, these results confirm a crucial contribution of the crosslink in binding 14-3-3 
through both direct interaction and conformational control, thereby rendering the 
crosslink an interesting moiety for modifications. However, it is not clear how a 
variation of the fully flexible hydrocarbon crosslink would affect peptide properties.  

Herein, we investigate the influence of altered crosslink flexibilities on binding 
properties and lipophilicity. Based on the previously reported 14-3-3–binding peptides 
with varying Cα-modifications, a small macrocycle library has been generated 
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containing derivatives with a double bond modification in both configurations (E and 
Z) and in different positions of the crosslink. Performing fluorescence polarization 
assays, clear trends for affinities were observed depending on the alkene group 
position, whereas further differences in binding properties were detected between the 
two double bond configurations. In addition, N-terminally acetylated, high affinity 
peptides were applied in 1H NMR and LogD measurements to elucidate the double 
bond configuration and ligand lipophilicity thereby allowing better compound 
characterizations. 

Results and discussion 

The earlier reported macrocyclic eight-mer peptides 1 – 3 with different substitution 
pattern (R1/R2: 1, Me/Et; 2, Et/Me; 3, Et/Et) served as starting points for additional 
structural variations of their hydrocarbon tethers (Figure 1C). Notably, the 
macrocyclization reaction involves the initial formation of a double bond which has 
been reduced for 1 – 3 so far. Consequently, we considered the introduction of a 
double bond at different positions of the previously fully saturated crosslink thereby 
reducing the number of rotatable bonds.23,24 Using non-natural amino acids with 
varying alkenyl side chain lengths (four to six carbon atoms) allows placement of the 
double bond in the crosslink center (β-position) and both adjacent positions (α- and γ-
position, respectively, Figure 1C). Corresponding α-methyl, α-alkenyl amino acids in 
both configurations, R and S, are commercially available, whereas the α-ethyl modified 
analogs were synthesized using a protocol established by Bird et al. (Figure S1).25  

In agreement with previous reports,22,26 herein applied reaction conditions for 
RCM provide mixtures of E- and Z-configured double bonds. Separation of the 
corresponding diastereomers was achieved using a semi-preparative and/or analytical 
HPLC, with the isomer showing a lower HPLC retention time tR being labeled with the 
roman numeral I, and the one eluting at higher tR indicated by the suffix II (Figure 1D). 
In all cases, HPLC gradients were identified that allowed separation of both isomers 
(Table S1), whereas the conformation of the double bond was not assigned at this 
point. All 18 alkene-containing peptides were modified with an N-terminal FITC-peg2 

label to determine their affinities towards 14-3-3ζ (hereafter referred to as 14-3-3) in 
direct fluorescence polarization (FP) assays (Figure 1D). Peptides 1, 2 and 3 with a fully 
saturated crosslink were included in FP measurements as references. For reference 
peptides, measured affinities are consistent with previously published data (Chapter 4) 
revealing moderate affinity for 1 (sat., Me/Et, Kd = 1.52 µM) and good, sub-micromolar 
affinities for 2 (sat., Et/Me, Kd = 0.56 µM) and 3 (sat., Et/Et, Kd = 0.55 µM). 
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Figure 1: A) General scheme for ring-closing olefin metathesis (RCM) on peptides yielding macrocycles 
with both Z- and E-configured double bonds, which can be reduced to a fully saturated crosslink using 
2,4,6-triisopropylbenzenesulfonyl hydrazide (TPSH). Specification of non-natural alkenyl-containing 
amino acids regarding alkyl-substituents (R1, R2), alkenyl side chain length (m, n) and Cα configuration 
(*,**)  used to introduce a double bond in different positions of the crosslink and chemical structures 
of Grubbs 1st catalyst and TPSH are shown; B) Crystal structure of peptide 2 (Et/Me, purple) in 
complex with 14-3-3 including amino acid labels and indication for possible double bond positions α, β 
and γ; C) General chemical structure of N-terminally acetylated macrocyclic peptides 1 (Me/Et), 2 
(Et/Me) and 3 (Et/Et) with amino acid labels and indication for double bond positions; D) Kd-values of 
peptides 1, 2 and 3 with fully saturated crosslink (sat.) and derivatives with a double bond in position 
α, β or γ, obtained as diastereomer I and II. Kd-values are given in µM and were obtained from direct 
FP assays (triplicates, errors are listed in Tables S5-S7 and account for 1 σ). 

For double bond-containing peptides, we observed clear affinity trends 
depending on the Cα-alkyl substitution pattern and the double bond position. Peptides 
based on 1 (sat., Me/Et) generally show higher Kd-values than peptides derived from 2 
and 3 with R1 = Et. This observation is in line with previous results for the saturated 
analogs. In all cases, the introduction of a double bond in α-position clearly decreases 
target affinity of macrocycles compared to their saturated equivalents. Interestingly, 
shifting the double towards position β and γ provides mainly peptides with sub-
micromolar affinities. Olefin derivatives with γ-double bond generally show the highest 
affinities. Taken together, peptides 2γ-I (Kd = 0.54 µM), 2γ-II (Kd = 0.40 µM) and 3γ-I 
(Kd = 0.64 µM) have the highest affinity for 14-3-3 with Kd-values in the range of the 
saturated peptides 2 and 3. In addition, we noticed that peptide isomers I usually 
exhibits higher affinities for 14-3-3 than the other isomers. For a more detailed 
characterization, high affinity derivatives 2β-I, 2β-II, 2γ-I, 2γ-II, 3γ-I and 3γ-II were re-
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synthesized with an N-terminal acetyl group to be applied in further experiments. 
First, the binding properties of corresponding peptides were investigated using FP 
competition assays, employing the 14-3-3 binding sequence of ExoS as fluorescent 
tracer (ESp, Figure S3). As expected, all peptides showed efficient replacement of the 
ExoS-derived ligand from the 14-3-3 binding groove. For peptides 2β and 2γ, the 
trends observed for their FITC-labeled counterparts were confirmed, thus rendering 
2β-I and 2γ-II as the highest affinity derivatives. Binding curves of 3γ-macrocycles 
showed slightly different trends resulting in a higher target affinity for the acetylated 
3γ-II compared to 3γ-I (Tables S4-S6). Both direct FP and FP competition assays 
identified 2γ-II as the most affine peptide within the synthesized library (Kd = 0.40 µM, 
IC50 = 3.6 µM).  

In addition, we aimed to determine the olefin configuration (Z or E) of 
diastereomeric peptides performing 1H NMR measurements. Therefore acetylated, 
high affinity derivatives were dissolved in deuterated solvent (either ACN-d3, MeOH-d3 
or MeOD-d4) choosing the one that yields best resolved signals for the olefinic 
hydrogens H1 and H2 (Figure S9-S11). For all peptides, signals with a chemical shift δ in 
the range of 5.0 – 5.5 ppm were detected, which is characteristic of alkene 
hydrogens.27 These peaks appear isolated from the residual peptide signals, which 
arise from aliphatic (δ < 4 ppm), Cα (δ ≈ 4.0 – 4.7 ppm) and amide hydrogens (δ > 6 
ppm) (Figure S9-S11).27,28 Due to the adjacent diastereotopic methylene hydrogens, 
each olefin resonance was expected to appear as a doublet of doublets of doublets 
(ddd) with at least two distinct coupling constants J. Noteworthy, despite their 
diastereotopic character the two neighboring methylene hydrogens can appear 
chemically equivalent and thereby generate a doublet of triplets (dt) instead. In both 
cases, the value of the coupling constant between alkene and methylene hydrogens is 
expected to be in the range of 6 Hz, whereupon the vicinal coupling constant 
Ja(H

1,H2) varies depending on the dihedral angle θ between the two neighboring C–H-
bonds (Karplus relationship) with higher J-values for increasing angles θ.29 Thus, 
olefinic hydrogens typically display coupling constants of Ja(H

1,H2) ≈ 10 Hz30 (ranging 
from 6 to 15 Hz) for Z-configured double bonds (θ = 0°) and Ja(H

1,H2) ≈ 17 Hz (ranging 
from 11 to 18 Hz) for E-isomers (θ = 180°, Figure 2A).31,32 Owing to the highly related 
chemical environment of H1 and H2, we observed overlapping signals for both olefinic 
hydrogens, thus rendering the determination of olefin coupling constants challenging. 
Additionally, the detected signals do not show the expected intensity ratio according 
to the Pascal’s triangle.33 This appearance originates from a “roof effect”, which occurs 
for nuclei with chemically similar environment and describes the intensity increase of 
lines close to a neighboring multiplet, whereas the intensity of more distant lines is 
reduced.34  

A detailed analysis of the 1H NMR spectrum for peptide 3γ-I has been carried 
out first, as it reveals well-resolved signals. Herein, the resonance for the two olefinic 
hydrogens was detected at δ = 5.20 – 5.40 ppm, which appear as two baseline 
separated quartets with a slight roof effect.  
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Figure 2: A) Schematic representation of the macrocyclic core structure for ExoS-derived peptides as 
chemical structure and as Newman projection with a double bond in Z-(left) and E-configuration 
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(right) including typical dihedral angles θ  between H1 and H2 and indication of coupling constants Ja, Jb 
and Jc; B-D) Close-up range of 1H NMR spectra of peptides 3γ-I (B, left), 3γ-II (B, right), 2γ-I (C, left), 2γ-
II (C, right), 2β-I (D, left) and 2β-II (D, right) showing signals for olefinic hydrogens H1 and H2 including 
olefinic coupling constants Ja and grey and white boxes, respectively, indicating the integration for 
one hydrogen each. Schematic NMR representations (black, red, orange, yellow, green and blue lines) 
suggest splitting patterns, which explain the observed peak shapes. 

We assume that the quartet-like peak shape arises from similar J-values for 
the coupling of each alkene hydrogen with their corresponding adjacent methylene 
hydrogens (Jb ≈ Jc ≈ 7 Hz) and from an additional overlap of signals as indicated by the 
schematic NMR representation shown for one olefinic hydrogen (Figure 2B, black, red, 
orange and yellow lines). According to this hypothesized splitting pattern, an olefinic 
coupling constant of Ja ≈ 10 Hz (Figure 2B, left) has been determined, which is a 
typically observed J-value for Z-configured alkenes. Despite being plausible, this 
analysis alone does not allow for an explicit assignment of the double bond 
configuration. The peak shape of isomer 3γ-II can be explained by two overlapping dd, 
one for each hydrogen. This multiplicity occurs when the angle between the olefinic 
and a neighboring methylene hydrogen is equal to 90 °, which generates a particularly 
low J-value of approximately 0 Hz. Taking the according splitting pattern into account, 
an olefinic coupling constant of Ja ≈ 16 Hz was measured. This observation highly 
suggests 3γ-II as E-isomer, thereby supporting the hypothesis for 3γ-I to contain 
indeed a Z-configured double bond. For the olefinic hydrogens of peptides 2γ-I and 2γ-
II, the interpretation of the signal multiplicity was additionally complicated by 
underlying impurities (Figure 2C). 2γ-I shows a two multiplets at δ = 5.24 – 5.42 with a 
shape comparable to 3γ-II for the downfield-shifted signal and a splitting pattern 
analog to 3γ-I in case of the upfield-shifted peak (Figure 2C, left). For both multiplets, 
an olefinic coupling constant of Ja(H

1,H2) ≈ 11 Hz was determined, which indicates an Z-
configured double bond. Also for 2γ-II, a theoretical splitting pattern can be derived 
from the previous NMR evaluation of the structurally related 3γ-II (Figure 2C, right) 
revealing a J-value of roughly 16 Hz for the olefinic coupling, characteristic of an E-
configuration. Noteworthy, due to the low spectra quality a clear E/Z-classification has 
been impeded for 2γ-peptides. For peptides based on 2 (Et/Me) with a double bond in 
β-position, clear olefin signals with more detailed multiplicities were detected (Figure 
2D). The spectrum of 2β-I reveals an almost full ddd-multiplicity with an overlay of 
only the most centered lines allowing the assignment of an E-configured double bond 
(Ja(H

1,H2) ≈ 14 Hz), whereas the Z-configuration of the alkene moiety in isomer 2β-II 
has been verified by a coupling constant of Ja(H1,H2) ≈ 10 Hz. The olefinic J-value of the 
downfield-shifted peak has been determined in analogy to 3γ-I, whereupon the 
upfield-shifted signals presumably originates from an overlapping dt. Interestingly, for 
peptides with a double bond in γ-position, both isomers I comprise a Z-configured 
double bond. When shifting the alkene moiety to the central β-position, the Z-
configuration has been assigned to the diastereomer II. This difference could be 
explained if the E- and Z-configured double bonds induce different conformations 
depending on the double bond position within the crosslink, which then affects the 
relative tR-values during HPLC analysis. As these results are based on a limited number 
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of peptides analyzed by NMR, they do not allow the extrapolation of general 
conclusions regarding the assignment of E/Z-configurations based on tR. Taken 
together with the affinity data, these results indicate a considerable impact of the 
crosslink conformation on the binding affinity, rendering the α-alkyl substitution, the 
position and configuration of the introduced double bond as crucial factors influencing 
the peptide conformation. Such a fine-tuning of the three-dimensional crosslink 
structure may allow a better fit to the protein surface thereby increasing direct 
interactions and/or a better pre-organized bioactive conformation, which reduces the 
entropic penalty upon target engagement.  

We further characterized acetylated peptides 2β-I, 2β-II, 2γ-I, 2γ-II, 3γ-I and 3γ-II 
regarding their lipophilicities. For this purpose, compounds with reported LogD-values 
were analyzed using an HPLC-based readout35 and a calibration curve was obtained by 
plotting the known LogD-values against the detected retention times tR (Figure 4A). 
The resulting linear equation (LogD = 0.5943·tR-6.3225, Pearson correlation r = 0.9972) 
allowed to determine the LogD-values of acetylated peptides based on their tR. 
Peptides 2 (Et/Me) and 3 (Et/Et) were included into the LogD-measurements as 
references. LogD-values in the range of 0.99 – 1.36 were determined, whereas 
peptides 2 (LogD = 1.33) and 3 (LogD = 1.36) containing a fully saturated crosslink 
exhibited the highest lipophilicities, as expected. Introducing a double bond in the 
hydrocarbon crosslink resulted in an increased hydrophilic character, most likely due 
to the disruption of the chemically homogenous nature of a fully saturated crosslink. 
Interestingly, we observe only a small deviation (ΔLogD = 0.04) between 
diastereomers 2β-I (LogD = 1.22) and 2β-II (LogD = 1.26) comprising a double bond in 
the center of the linker, whereas diastereomeric pairs 2γ-I/2γ-II and 3γ-I/3γ-II reveal 
higher margins of ΔLogD(2γ-I/2γ-II) = 0.27 and ΔLogD(3γ-I/3γ-II) = 0.16. These results 
suggest that the configuration of the central double bond (β-position) has only a minor 
effect. On the contrary, γ-alkenes appear to increasingly affect the ligand 
conformation and hydrophobicity indicating that the lipophilicity of hydrocarbon 
crosslinked peptides can be fine-tuned depending on the position within the crosslink 
and configuration of a double bond.  
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Figure 4: A) Reported LogD-values of reference compounds plotted against measured retention times 
tR to establish a calibration curve providing the linear equation LogD = 0.5943· tR-6.3225 (Pearson 
correlation r = 0.9972) for LogD determination. tR-values were measured using a linear gradient (0 min 
/ 0 % B, 20 min / 95 % B, 30 min / 95 % B, 30.1 min / 0 % B, 34.1 min / 0 % B) on an HPLC system with 
a C18 reverse-phase column and an aqueous 50 mM ammonium acetate solution (pH 7.4) as solvent A 
and acetonitrile as solvent B; B) Bar plot of LogD-values for peptides 2, 2β-I, 2β-II, 2γ-I, 2γ-II, 3, 3γ-I 
and 3γ-II based on their tR-values (grey: peptides with fully saturated hydrocarbon crosslink, green: 
peptides with E-configured double bond, orange: peptides with Z-configured double bond). 

Conclusions and future perspectives 

In this study, we generated a small compound library based on short macrocyclic 
peptides binding to 14-3-3. All library members contain a double bond modified 
hydrocarbon crosslink, which was implemented to cyclize the linear peptide sequence 
and is expected to be highly involved in target engagement. Synthesized derivatives 
showed three different types of structural variations including α-alkyl substitution, 
position and configuration of the double bond within the crosslink moiety. Binding 
data obtained from direct FP assays show clear trends in affinity for each type of 
modification. Additionally, FP competitions assays revealed minor differences in 
binding affinities compared to the label-dependent measurements. We further aimed 
for a structural elucidation of olefin moieties performing 1H NMR measurements of 
selected, N-terminally acetylated peptides. These experiments allowed to identify the 
double bond configuration based on the vicinal coupling constants 3J(H1,H2), when 
both diastereomers were analyzed. As additional characterization, we performed 
LogD-measurements for acetylated peptide macrocycles. The double bond position 
and configuration appeared to affect the hydrophobicity of tested ligands resulting in 
varying LogD-values. Concluding, the affinity and lipophilicity of macrocyclic peptides 
can be fine-tuned by varying the position and configuration of the double bond as well 
as the crosslink substitution pattern. We believe that these results can be used in 
future research to tailor physico-chemical properties of peptide-based macrocycles.  
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Methods 

Building block synthesis and characterization 
Synthesis of α-ethyl, α-alkenyl amino acids was performed according to previously 
established protocols (Figure S1).25  

Benzylprolinbenzophenon-NiII-homoalanine  

To a solution of (S)/(R)-benzylprolinbenzophenone (1 eq) and NiIInitrate hexahydrate 
(2 eq), rac-homoalanine (2 eq) in MeOH (5 mL/mmol), KOH (8 eq) dissolved in MeOH 
(0.1 mL MeOH per 1 mmol KOH) was added, before stirring at 80 °C. After 2 h the 
reaction mixture was quenched with acetic acid (8 eq), diluted with demineralized 
water (25 mL/mmol) and rested overnight. The obtained precipitate was isolated 
through filtration, washed with water and dried by applying reduced pressure. 
Purification was performed through column chromatography on silica (5 % MeOH in 
DCM). The pure product was obtained as red solid. Yields: (S): 61 %; (R): 84 %. 

 (S)  
1H NMR (500 MHz, DMSO-d6): δ = 8.37 (d, J = 7.1 Hz, 2H), 8.02 (dd, J 
= 8.7, 0.8 Hz, 1H), 7.55 (m, 4H), 7.37 (m, 2H), 7.15 (d, J = 7.4 Hz, 2H), 
7.09 (m, 1H), 6.67 (d, J = 1.1 Hz, 1H), 6.54 (dd, J = 8.2, 1.5 Hz, 1H), 
4.07 (d, J = 12.3 Hz, 1H), 3.63 – 3.53 (m, 3H), 3.35 (s, 2H), 2.48 (m, 
2H), 2.19 (m, 2H), 1.87 – 1.76 (m, 1H), 1.60 – 1.48 (m, 1H), 1.25 (t, J 
= 7.4 Hz, 3H). 
13C-NMR (126 MHz, DMSO): δ = 180.11 (1C), 177.14 (1C), 169.69 
(1C), 142.30 (1C), 134.63 (1C), 132.50 (2C), 131.32 (2C), 131.09 (2C), 

129.41 (2C), 128.75 (1C), 128.62 (1C), 128.36 (1C), 128.17 (1C), 127.50 (1C), 127.08 
(1C), 123.06 (1C), 119.88 (1C), 70.57 (1C),  69.55 (1C), 57.19 (1C), 30.28 (2C), 27.44 
(1C), 23.15 (1C), 9.57 (1C).  

 (R) 

1H NMR (500 MHz, DMSO-d6): δ = 8.35 (d, J = 7.2 Hz, 2H), 8.02 (dd, J 
= 8.7, 0.7 Hz, 1H), 7.57 (d, J = 22.4 Hz, 2H), 7.49 (d, J = 1.5 Hz, 2H), 
7.36 (t, J = 7.7 Hz, 2H), 7.13 (d, J = 7.4 Hz, 2H), 7.08 (d, J = 1.6 Hz, 
1H), 6.65 (m, 1H), 6.53 (dd, J = 8.2, 1.5 Hz, 1H), 4.06 (d, J = 12.3 Hz, 
1H), 3.65 – 3.46 (m, 3H), 3.33 (d, J = 7.8 Hz, 2H), 2.46 (m, 2H), 2.17 
(d, J = 9.7 Hz, 2H), 1.86 – 1.73 (m, 1H), 1.54 (m, 1H), 1.24 (t, J = 7.4 
Hz, 3H).  
13C NMR (126 MHz, DMSO-d6): δ = 180.36 (1C), 177.39 (1C), 169.94 

(1C), 142.55 (1C), 134.88 (1C), 134.03 (1C), 132.75 (2C), 131.57 (1C), 131.34 (2C), 
129.65 (1C), 129.00 (1C), 128.86 (1C), 128.61 (1C), 128.42 (1C), 127.75 (1C), 127.32 

N

N ON

O O
Ni

(1)
(2)

(1): S
(2): rac

Ph

N

N ON

O O
Ni

(1)
(2)

(1): R
(2): rac

Ph
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(1C), 125.88 (1C), 123.31 (1C), 120.12 (1C), 70.83 (1C), 69.80 (1C), 62.80 (1C), 57.44 
(1C), 30.53 (1C), 27.70 (1C), 23.40 (1C), 9.83 (1C). 

Benzylprolinbenzophenon-NiII-2-ethyl-enoic acids 

A solution of benzylprolinbenzophenon-NiII-homoalanine (1 eq) in DMF (5 mL/mmol) 
with freshly grounded KOH (10 eq) was prepared under argon atmosphere and cooled 
down to 0 °C. After 20 min at 0 °C, the reactions mixture was warmed up to room 
temperature and diiodobutane, iodopentene and iodohexene (1.5 eq), respectively, 
were added dropwise. The reaction was quenched after 7 h by transferring it onto an 
ice-cold acetic acid solution (10 eq, 5 % in water). Subsequently, the aqueous phase 
was extracted with DCM (3x). The obtained organic phases were dried over MgSO4 and 
the solvent was removed under reduced pressure. The remaining crudes contain a 
diastereomeric mixture, whereas (2) can be (R)- or (S)-configured. Separation of 
diastereomers was achieved via column chromatography on silica (EtOAc/PE, 4/1, v/v), 
providing the desired products as red solids. Yields: n = 4, (S): 45 %; n = 4, (R): 35 %, 
when diiodobutane was used for Cα alkylation; n = 5, (S): 13 %; n = 5, (R): 13 %, when 
iodopentene was used for Cα alkylation; n = 6, (S): 35 %; n = 6, (R): 37 %, when 
iodohexene was used for Cα alkylation.  

n = 4; (1), (2) = S 
1H-NMR (500 MHz, DMSO-d6): δ = 8.41 (d, J = 7.1 Hz, 2H), 7.93 – 
7.84 (m, 1H), 7.60 – 7.55 (m, 3H), 7.45 (m, 5H), 7.28 (t, J = 7.5 Hz, 
1H), 7.17 (m, 1H), 7.14 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 6.73 – 6.63 
(m, 1H), 6.60 (dd, J = 8.4, 1.4 Hz, 1H), 5.93 – 5.80 (m, 1H), 5.17 
(m, 1H), 5.02 (d, J = 10.2 Hz, 1H), 3.65 (m, 1H), 3.14 – 3.00 (m, 
2H), 2.60 - 2.46 (m, 3H), 2.20 – 2.11 (m, 2H), 1.60 – 1.51 (m, 1H), 
1.51 – 1.42 (m, 2H), 1.33 – 1.23 (m, 2H), 0.86 (t, J = 7.2 Hz, 3H). 

13C-NMR (126 MHz, DMSO-d6): δ = 180.52 (1C), 177.47 (1C), 172.25 (1C), 137.61 (1C), 
137.56 (2C), 136.47 (2C), 136.44 (1C), 135.65 (2C), 132.86 (1C), 131.52 (2C), 130.93 
(1C), 129.75 (1C), 128.75 (1C), 128.21 (1C), 127.45 (2C), 124.09 (1C), 120.31 (1C), 
115.76 (1C), 81.26 (1C), 70.34 (1C), 57.46 (1C), 49.43 (1C), 47.15 (1C), 33.79 (1C), 30.52 
(1C), 29.02 (1C), 23.11 (1C), 8.77 (1C). 

n = 4; (1), (2) = R 
1H NMR (500 MHz, DMSO): δ = 8.43 (m, 1H), 7.87 (m, 1H),7.55 (dd, J = 6.4, 4.0 Hz, 1H), 

7.43 (m, 6H), 7.25 (d, J = 7.5 Hz, 1H), 7.21 – 7.13 (m, 2H), 7.11 (td, 
J = 6.9, 3.5 Hz, 1H), 6.66 (s, 1H), 6.59 (m, 1H), 5.83 (s, 1H), 5.15 
(dd, J = 17.2, 1.6 Hz, 1H), 5.00 (d, J = 9.4 Hz, 1H), 3.14 – 2.99 (m, 
3H), 2.56 (m, 1H), 2.47 (m, 2H), 2.15 (m, 3H), 1.52 (dd, J = 24.0, 
16.8 Hz, 2H), 1.50 – 1.39 (m, 3H), 1.25 (m, 2H), 0.86 (t, J = 7.3 Hz, 
3H). 
13C NMR (126 MHz, DMSO): δ = 182.3 (1C), 181.09 (1C), 161.20 

(1C), 138.21 (2C), 136.30 (1C), 133.49 (2C), 132.16 (3C), 131.45 – 131.04 (3C), 130.45 
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(1C), 129.39 (1C), 128.97 (3C), 128.11 (1C), 120.94 (2C), 116.32 (1C), 81.89 (1C), 70.97 
(1C), 64.17 (1C), 55.77 (1C), 51.13 (2C), 23.75 (2C), 9.41 (1C), 5.67 (1C). 

n = 5; (1), (2) = S 
1H NMR (600 MHz, DMSO-d6): δ = 8.37 (d, J = 7.3 Hz, 2H), 7.85 
(dd, J = 8.6, 1.2 Hz, 1H), 7.56 – 7.49 (m, 2H), 7.48 – 7.38 (m, 
4H), 7.23 (t, J = 7.3 Hz, 1H), 7.09 (m, 2H), 6.63 (ddd, J = 8.3, 6.8, 
1.3 Hz, 1H), 6.56 (dd, J = 8.4, 1.6 Hz, 1H), 5.90 (m, 1H), 5.06 (dd, 
J = 17.1, 1.9 Hz, 1H), 5.00 (d, J = 9.8 Hz, 1H), 3.95 (d, J = 12.3 Hz, 
1H), 3.68 (d, J = 12.3 Hz, 1H), 3.54 (dd, J = 10.6, 6.1 Hz, 1H), 
3.11 – 2.99 (m, 1H), 2.53 – 2.37 (m, 4H), 2.10 (q, J = 6.35 Hz, 

2H), 2.06 – 1.93 (m, 3H), 1.53 – 1.32 (m, 3H), 1.22 (td, J = 13.3, 12.9, 4.0 Hz, 1H), 0.81 
(t, J = 7.3 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6): δ = 180.35 (1C), 180.00 (1C), 171.72 (1C), 141.73 (1C), 
138.26 (1C), 136.22 (1C), 135.41 (1C), 132.64 (1C), 131.28 (1C), 130.69 (1C), 129.57 
(2C), 128.51 (2C), 128.74 (2C), 128.06 (2C), 127.93 (1C), 127.22 (1C), 123.80 (1C), 
120.08 (1C), 115.10 (1C), 81.45 (1C), 70.16 (1C), 63.31 (1C), 57.03 (1C), 37.58 (1C), 
33.29 (1C), 33.22 (1C), 30.25 (1C), 24.18 (1C), 22.80 (1C), 8.55 (1C). 

n = 5; (1), (2) = R 
1H NMR (600 MHz, DMSO-d6): δ = 8.37 (d, J = 7.5 Hz, 2H), 7.84 
(d, J = 8.5 Hz, 1H), 7.56 – 7.49 (m, 2H), 7.47 – 7.34 (m, 5H), 7.23 
(t, J = 7.4 Hz, 1H), 7.09 (m, 2H), 6.63 (t, J = 7.7 Hz, 1H), 6.56 (d, J 
= 8.2 Hz, 1H), 5.90 (m, 1H), 5.06 (d, J = 17.0 Hz, 1H), 5.00 (d, J = 
10.1 Hz, 1H), 3.95 (d, J = 12.3 Hz, 1H), 3.69 (d, J = 12.3 Hz, 1H), 
3.54 (dd, J = 10.6, 6.0 Hz, 1H), 2.50 (dt, J = 13.0, 8.9 Hz, 2H), 
2.46 – 2.36 (m, 2H), 2.15 – 2.06 (m, 3H), 2.00 (m, 3H), 1.51 – 

1.32 (m, 3H), 1.22 (td, J = 13.1, 3.9 Hz, 1H), 0.81 (t, J = 7.3 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6): δ = 180.30 (1C), 179.93 (1C), 171.65 (1C), 141.64 (1C), 
138.18 (1C), 136.14 (1C), 135.34 (1C), 132.56 (1C), 131.20 (2C), 130.62 (1C), 129.50 
(1C), 128.44 (1C), 128.40 (2C), 127.99 (1C), 127.86 (1C), 127.84 (1C), 127.16 (1C), 
127.14 (1C), 123.72 (1C), 120.02 (1C), 115.03 (1C), 70.09 (1C), 63.24 (1C), 56.95 (1C), 
37.50 (1C), 34.74 (1C), 33.14 (1C), 32.75 (1C), 30.17 (1C), 24.11 (1C), 22.72 (1C), 8.46 
(1C). 

n = 6; (1), (2) = S 
1H-NMR (500 MHz, DMSO-d6): δ 8.37 = (d, J = 7.2 Hz, 2H), 
7.84 (dd, J = 8.6, 0.9 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.47 – 7.37 
(m, 4H), 7.23 (t, J = 7.4 Hz, 1H), 7.12 – 7.04 (m, 2H), 6.66 – 
6.60 (m, 1H), 6.57 (dd, J = 8.4, 1.4 Hz, 1H), 5.85 (m, 1H), 5.08 
(m, 1H), 5.02 – 4.95 (m, 1H), 3.96 (d, J = 12.3 Hz, 1H), 3.68 (d, 
J = 12.3 Hz, 1H), 3.53 (dd, J = 10.5, 6.2 Hz, 1H), 3.08 (dd, J = 
14.8, 7.9 Hz, 1H), 2.47 – 2.40 (m, 1H), 2.34 – 2.25 (m, 1H), 
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2.21 – 2.05 (m, 4H), 1.94 – 1.83 (m, 1H), 1.38 (m, 4H), 1.17 (t, J = 7.1 Hz, 2H), 0.81 (t, J = 
7.3 Hz, 3H). 
13C-NMR (126 MHz, DMSO-d6): δ = 180.33 (1C), 179.94 (1C), 171.64 (1C), 141.70 (1C), 
138.57 (2C), 135.37 (1C), 132.53 (1C), 131.24 (1C), 130.60 (2C), 129.53 (1C), 128.46 
(1C), 128.43 (2C), 128.07 (1C), 127.98 (1C), 127.84 (1C), 127.20 (1C), 127.04 (1C), 
123.80 (1C), 120.03 (1C), 115.01 (1C), 81.47 (1C), 70.17 (1C), 63.26 (1C), 57.02 (1C), 
37.90 (1C), 33.32 (1C), 30.27 (1C), 28.28 (1C), 24.38 (1C), 22.79 (1C), 8.48 (1C). 

n = 6; (1), (2) = R 
1H-NMR (500 MHz, DMSO-d6): δ = 8.36 (d, J = 7.2 Hz, 2H), 
7.87 – 7.80 (m, 1H), 7.61 – 7.47 (m, 2H), 7.47 – 7.32 (m, 4H), 
7.22 (t, J = 7.4 Hz, 1H), 7.11 – 6.96 (m, 2H), 6.63 – 6.57 (m, 
1H), 6.56 (dd, J = 8.4, 1.4 Hz, 1H), 5.84 (m, 1H), 5.12 – 5.04 
(m, 1H), 5.01 – 4.92 (m, 1H), 3.95 (d, J = 12.3 Hz, 1H), 3.67 (d, 
J = 12.3 Hz, 1H), 3.52 (dd, J = 10.4, 6.3 Hz, 1H), 3.07 (m, 1H), 
2.44 (m, 1H), 2.33 – 2.25 (m, 1H), 2.14 (d, J = 6.9 Hz, 3H), 2.08 

(t, J = 8.4 Hz, 2H), 1.93 – 1.78 (m, 1H), 1.58 – 1.22 (m, 2H), 1.16 (m, 2H), 0.80 (t, J = 7.3 
Hz, 3H). 
13C-NMR (126 MHz, DMSO-d6): δ = 180.32 (1C), 171.63 (1C), 170.22 (1C), 141.72 (1C), 
138.55 (2C), 136.42 (1C), 135.35 (1C), 132.52 (1C), 131.24 (2C), 130.59 (1C), 129.51 
(1C), 128.44 (2C), 128.05 (1C), 127.99 (1C), 127.81 (1C), 127.17 (1C), 127.03 (1C), 
123.80 (1C), 120.01 (1C), 114.97 (1C), 80.48 (1C), 70.17 (1C), 63.25 (1C), 57.00 (1C), 
33.39 (1C), 33.25 (1C), 30.27 (1C), 28.29 (1C), 24.38 (1C), 14.03 (1C), 8.64 (1C).  

2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-ethyl-enoic acid 

A solution of benzylprolinbenzophenon-NiII-2-ethyl-eonic acid (1 eq) and conc. HCl 
(1 mL/mmol) in MeOH (8 mL/mmol) was heated up to 80 °C. After 1 h, the reaction 
mixture was cooled down to room temperature. The solvent was evaporated applying 
reduced pressure, before the residue was suspended in water and evaporated again. 
The remaining solid was supplemented with water and the resulting aqueous phase 
was extracted with DCM (3x). The organic phases were discarded, whereas a saturated 
aqueous NaHCO3-solution was added to the aqueous phase until a pH of 10 was 
achieved. The aqueous solution containing the free amino acid was supplemented 
with a sufficient amount dioxane and Fmoc-OSu (1.5 eq). The reaction proceeded for 
7 d at room temperature, whereas Fmoc-OSu (0.5 eq) was added each 24 h. After 
dilution with demineralized water, a pH of 2 – 3 was achieved by adding a conc. HCl 
solution and the aqueous phase was extracted with EtOAc (3x). Organic phases were 
combined and dried over MgSO4. Purification of the crude product was performed 
through column chromatography on silica (EtOAc/PE, 1/1, v/v + 0.1 % AcOH) and a 
subsequent PoraPak column (Waters®, 65 % ACN in water) providing the desired 
product as white solid, at which the integrity of the configuration at (2) is 
expected to be assured by the asymmetric synthesis route using a benzyl-
prolinbenzophenon-based auxiliary and the prior separation of diastereomers 
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via column chromatography on silica. Thus, no further analysis of the 
stereochemistry of (2) has been conducted. Yields: Fmoc-S4

Et-OH: 12 %; Fmoc-R4
Et-

OH: 10 %. Fmoc-S5
Et-OH: 9 %; Fmoc-R5

Et-OH: 8 %. Fmoc-S6
Et-OH: 17 %; Fmoc-R6

Et-OH: 
16 %. 
 
n = 4, (2) = S 

1H NMR (500 MHz, CDCl3): δ = 7.77 (d, J = 7.5 Hz, 2H), 7.61 (d, J = 6.9 
Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2H), 5.71 (m, 1H), 
5.00 (m, 1H), 4.93 (d, J = 9.7 Hz, 1H), 4.42 (d, J = 6.1 Hz, 2H), 4.22 (t, J = 
6.4 Hz, 1H), 2.39 (m 2H), 2.06 (m, 1H), 1.90 (m, 3H), 0.81 (m, 3H). 

13C NMR (126 MHz, CDCl3): δ = 178.24 (1C), 154.18 (1C), 144.02 (2C), 
141.52 (1C), 137.38 (2C), 127.85 (2C), 127.22 (2C), 125.14 (2C), 120.15 

(2C), 115.43 (1C), 64.34 (2C), 47.47 (1C), 34.42 (1C), 28.75 (2C), 8.35 (1C). 
n = 4, (2) = R 

1H NMR (500 MHz, CDCl3): δ = 7.79 (d, J = 7.5 Hz, 2H), 7.63 (d, J = 7.0 
Hz, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.34 (m, 2H), 5.75 (m, 1H), 5.03 (m, 
1H), 4.96 (d, J = 9.8 Hz, 1H), 4.44 (m, 2H), 4.25 (t, J = 5.6 Hz, 1H), 2.55 – 
2.28 (m, 2H), 2.09 (m, 1H), 2.02 – 1.80 (m, 3H), 0.85 (m, 3H). 
13C NMR (126 MHz, CDCl3): δ = 181.39 (2C), 149.30 (1C), 144.00 (2C), 
141.52 (1C), 137.40 (2C), 127.85 (2C), 127.21 (2C), 125.15 (2C), 120.15 
(1C), 115.41 (1C), 94.98 (1C), 66.41 (1C), 47.48 (1C), 34.43 (1C), 28.70 

(1C), 21.30 (1C), 8.30 (1C). 

n = 5, (2) = S 
1H NMR (600 MHz, DMSO-d6): δ = 12.69 (s, 1H), 7.89 (d, J = 7.5 Hz, 
2H), 7.70 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.32 (td, J = 7.4, 1.1 
Hz, 2H), 6.99 (m, 1H), 5.75 (m, 1H), 4.99 (m, 1H), 4.94 (m, 1H), 4.28 (d, 
J = 7.9 Hz, 2H), 4.21 (t, J = 6.8 Hz, 1H), 1.97 (q, J = 7.2 Hz, 2H), 1.78 (m, 
3H), 1.30 – 1.10 (m, 2H), 0.70 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6): δ = 174.64 (1C), 154.04 (1C), 143.83 
(2C), 140.72 (2C), 138.42 (1C), 127.60 (2C), 127.02 (2C), 125.19 (2C), 
120.08 (2C), 114.90 (1C), 65.06 (1C), 62.14 (1C), 46.77 (1C), 33.20 (1C), 

32.67 (1C), 26.50 (1C), 22.49 (1C), 7.85 (1C). 

n = 5, (2) = R 
1H NMR (600 MHz, DMSO-d6): δ = 12.67 (s, 1H), 7.89 (d, J = 7.5 Hz, 
2H), 7.70 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.32 (td, J = 7.5, 1.1 
Hz, 2H), 6.99 (m, 1H), 5.74 (m, 1H), 4.99 (d, J = 17.2 Hz, 1H), 4.94 = (d, 
J = 9.8 Hz, 1H), 4.28 (d, J = 6.2 Hz, 2H), 4.21 (t, J = 6.8 Hz, 1H), 1.97 (q, J 
= 7.2 Hz, 2H), 1.78 (m, 3H), 1.29 – 1.11 (m, 2H), 0.70 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6): δ = 174.62 (1C), 154.04 (1C), 143.82 
(2C), 140.71 (2C), 138.43 (1C), 127.60 (2C), 127.02 (2C), 125.19 (2C), 
120.08 (2C), 114.90 (1C), 65.05 (1C), 62.12 (1C), 46.76 (1C), 33.19 (1C), 
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32.66 (1C), 26.49 (1C), 22.48 (1C), 7.85 (1C). 

n = 6, (2) = S 
1H NMR (500 MHz, CDCl3): δ = 7.77 (d, J = 7.4 Hz, 2H), 7.60 (d, J = 6.3 
Hz, 2H), 7.40 (t, J = 7.2 Hz, 2H), 7.32 (t, J = 7.1 Hz, 2H), 5.75 (d, J = 6.7 
Hz, 1H), 4.94 (m, 2H), 4.40 (m, 2H), 2.36 (m, 2H), 2.01 (d, J = 7.0 Hz, 
2H), 1.84 (m, 3H), 1.38 (m, 4H), 0.81 (m, 3H). 
13C NMR (126 MHz, CDCl3): δ = 174.21 (1C), 159.23 (1C), 143.58 – 
142.80 (2C), 138.70 (3C), 128.14 – 127.19 (3C), 127.19 – 126.17 (3C), 
120.18 – 118.92 (2C), 117.83 (1C), 65.83 (1C), 63.54 (1C), 47.49 (1C), 
33.59 (3C), 29.25 (2C), 23.13 (1C), 5.85 (1C). 

n = 6, (2) = R 
1H NMR (500 MHz, CDCl3): δ = 7.77 (d, J = 7.5 Hz, 2H), 7.56 (m, 2H), 
7.40 (t, J = 7.4 Hz, 2H), 7.31 (m, 2H), 5.74 (dd, J = 15.7, 5.3 Hz, 1H), 
5.05 – 4.83 (m, 2H), 4.40 (d, J = 6.1 Hz, 2H), 4.22 (t, J = 6.4 Hz, 1H), 
2.34 (d, J = 13.0 Hz, 2H), 2.09 – 1.92 (m, 2H), 1.83 (d, J = 12.4 Hz, 2H), 
1.48 – 1.22 (m, 4H), 0.92 – 0.71 (m, 3H). 
13C NMR (126 MHz, CDCl3): δ = 178.81 (1C), 154.44 (1C), 144.28 (2C), 
141.76 (1C), 138.94 (2C), 128.09 (2C), 127.45 (2C), 125.41 (2C), 120.40 
(2C), 114.81 (1C), 66.69 (1C), 64.90 (1C), 47.73 (2C), 33.83 (2C), 28.96 
(2C), 8.64 (1C). 

 

Solid-phase peptide synthesis 

Fmoc-based solid-phase peptide synthesis (SPPS) was applied for manual peptide 
synthesis on Fmoc-rink amide MBHA resin (Merck KGaA, loading 0.4 mmol/g). Fmoc-
protected standard amino acids were purchased from Iris Biotech. Fmoc-protected, α-
methylated amino acids were obtained from Okeanos, whereas Fmoc-protected, α-
ethylated amino acids were synthesized. Coupling reagents were purchased from Carl 
Roth. Unless specifically mentioned, all reactions were performed in syringe reactors 
on an orbital shaker at room temperature. Previous to the synthesis, the resin was 
exposed to NMP (N-Methyl-2-pyrrolidone, 1 mL per 50 mg resin, 1 h) for swelling. 
Peptides were synthesized according to the following procedure:  

Fmoc removal 

Removal of N-terminal Fmoc protecting group was carried out applying a solution of 
25 % piperidine in NMP to the resin for 5 min (2x).  

Amino acid coupling 

All coupling steps are performed with a final concentration of 0.2 M relative to the 
initial resin loading. 4 eq of Fmoc-protected standard amino acid are combined with 
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4 eq COMU ((1-cyano-2-ethoxy-2-oxoethyliden-aminooxy)dimethylamino-morpholino-
carbeniumhexafluorophosphate), 4 eq OxymaPure (Ethyl cyano (hydroxyimino) 
acetate) and 8 eq DIPEA (N,N-diisopropylethylamine) and were dissolved in NMP for a 
first coupling step over a duration of 20 min. Afterwards the resin was washed (3x 
NMP, 3x DCM, 3x NMP). A second coupling step was performed applying 4 eq of the 
same amino acid, 4 eq PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium 
hexafluorophosphate) and 8 eq NMM (N-Methylmorpholine) for 45 min up to 16 h. 
Coupling of Fmoc-protected non-proteinogenic amino acids was performed overnight 
with 3 eq of amino acid, 3 eq PyBOP and 6 eq DIPEA dissolved in DMF (N,N-
dimethylformamide). For Fmoc-protected amino acids following onto a bisalkylated 
amino acid, three coupling steps were carried out. 6 eq amino acid, 6 eq. COMU, 6 eq 
Oxyma and 12 eq DIPEA were applied for two coupling reactions over a period of 
20 min each, whereas for the third coupling 6 eq of amino acid, 6 eq of PyBOP and 
12 eq NMM were used for 45 min - 16 h. 

Capping 

To capture free N-termini, a capping solution consisting of NMP/Ac2O/DIPEA (10/1/1, 
v/v/v, 1 mL per 50 mg resin) was applied once for 5 min. 

Ring-closing olefin metathesis (RCM) 

Ring-closing olefin metathesis (RCM) reactions are performed after completion of the 
peptide sequence to crosslink α-alkyl, α-alkenyl amino acids. This reaction was carried 
out for 2 h under nitrogen stream using a concentration of 4 mg/mL Grubbs 1st 
generation catalyst in dry DCE (1 mL per 50 mg resin). This step was repeated four 
times in total. After RCM, the resin was treated with a DCM/DMSO solution (1/1, v/v) 
for 10 min, before it was washed with DCM only (3x). 

Reduction of double bond 

To yield peptides with a fully saturated crosslink, the double bond obtained in the RCM 
was reduced applying a solution of 0.6 M TPSH and 1.2 M piperidine in NMP at 55 °C 
and 1000 rpm orbital shaking for 1.5 h. To increase the conversion, this step was 
performed four times in total. Afterwards a washing step has been performed.  

N-terminal modification 

Acetylation of peptides with free N-terminus was performed using a solution of 
NMP/Ac2O/DIPEA (10/1/1, v/v/v, 1 mL per 50 mg resin) for a period of 15 min. 

For fluorescence-labeling of peptides with free N-terminus, firstly a Fmoc-
protected peg2 spacer (Fmoc-O2Oc-OH, 8-(9-Fluorenylmethyloxycarbonyl-amino)-3,6-
dioxaoctanoic acid) was introduced according to the protocol for couplings of standard 
amino acids with subsequent Fmoc-removal. Afterwards, the fluorophore FITC 
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(Fluorescein isothiocyanate isomer I) was added applying 4 eq FITC and 8 eq DIPEA in 
NMP for a period of 1 h. The fluorophore coupling was performed twice in total. 

Washing step 

A washing step was performed after each step and between coupling reactions by 
treating the resin with NMP (3x), DCM (3x) and NMP (3x). 

Cleavage, purification and characterization 

Before cleavage, the resin was washed with DCM (3x) and dried under reduced 
pressure. A solution of TIPS/EDT/H2O/TFA (1/2.5/2.5/94, v/v/v/v) was prepared and 
loaded onto the resin. After shaking for 1 h at room temperature, the cleavage 
solutions containing the desired peptide were collected. This step was repeated twice 
in total. The volume of collected cleavage solutions was reduced using a nitrogen 
stream, before ice-cold ether has been added for precipitation. Solutions were stored 
at -20 °C for 30 min and then centrifuged with 10000 rpm at 4 °C for 10 min. The 
supernatant was decanted and the residual pellet has been dried applying a nitrogen 
stream, before dissolving in an appropriate H2O/ACN-mixture. Crude peptide solutions 
were injected into a semi-preparative HPLC system with a Nucleodur C18 Gravity 
reverse-phase column (10 x 125 mm, 110 Å pore size, 5 µm particle size, Macherey-
Nagel) using solvent A (H2O + 0.1 % TFA) and solvent B (ACN + 0.1 % TFA) for 
purification. For peptides bearing a double bond within the crosslink, an additional 
purification was implemented to separate the corresponding E/Z-diastereomers using 
an analytical HPLC system with a C8 reverse-phase column (5 µm particle size, Merck) 
with H2O + 0.1 % TFA as solvent A and ACN + 0.1 % TFA as solvent B. Fractions with 
pure peptide were combined, freeze-dried and dissolved in DMSO. Concentrations of 
FITC-labeled peptides were determined according to their absorption at λ = 495 nm (ε 
= 77000 M-1·cm-1) using Na3PO4 buffer (0.1 M, pH 8.5), whereas concentrations of N-
terminally acetylated peptides were determined through a HPLC/UV-readout by 
integration of the corresponding signal at 210 nm. 

 

Protein expression and purification 

Escherichia coli Rosetta (DE3) cells were transformed with a pPROex HTb vector 
bearing the genetic information for 14-3-3ζ ΔC His-tag (aa 1 – 230). For the 
heterologous expression, corresponding cells were used to prepare a pre-culture in 
200 mL LB medium containing 100 μg·mL-1 ampicillin. Cells were grown overnight at 
37 °C and 170 rpm orbital shaking, before 5 L TB medium with 100 μg·mL-1 ampicillin 
were inoculated using the pre-culture. Incubation at 37 °C and 170 rpm orbital shaking 
was continued until the OD600 arrived to a value of 0.8. Then protein expression was 
induced by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) reaching a final 
concentration of 0.5 mM. Afterwards the temperature was reduced to 25 °C. The cell 
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culture was incubated with 150 rpm orbital shaking overnight. Thereafter, cells were 
harvested by centrifugation for 20 min at 4 °C and 4500 rpm. 30 mL lysis buffer 
(50 mM tris(hydroxymethyl)aminomethane (TRIS) pH 8.0, 300 mM NaCl, 5 % glycerol, 
10 mM imidazole, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP), 1 mM phenyl-
methylsulfonyl fluoride (PMSF)) were used to suspend the obtained pellet, which was 
mixed with a sufficient amount of DNase I. Homogenization of the suspension was 
achieved using an ULTRA TURRAX, before cells were lysed through a microfluidizer. To 
remove cell debris, the suspension was centrifuged for 30 min at 4 °C and 8000 rpm. 
His-tagged 14-3-3ζ ΔC was purified from the obtained supernatant using nickel 
nitrilotriacetic acid (NTA) beads (GE Healthcare) for affinity chromatography. A 
washing buffer (50 mM TRIS pH 8.0, 500 mM NaCl, 5 % glycerol, 25 mM imidazole, 
0.5 mM TCEP) was applied to remove undesired proteins, whereas 14-3-3ζ ΔC was 
eluted with elution buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) pH 8.0, 200 mM NaCl, 5 % glycerol, 250 mM imidazole, 0.5 mM TCEP). 
Subsequently the His-tagged protein was treated with Tobacco Etch Virus (TEV) 
protease (0.05 mg protease per 1 mg protein) and incubated overnight at 4 °C to 
cleave off the His-tag. Subsequent purification by size exclusion chromatography (SEC) 
on an ÄKTA Pure system with a HiPrep 26/60 Sephacryl S-200 HR column (GE 
Healthcare) using 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 
pH 7.4), 100 mM NaCl, 2 mM MgCl2 and 1 mM 2-mercaptoethanol as buffer provided 
pure 14-3-3ζ ΔC. Ultracentrifugation was performed to yield a protein concentration of 
64 mg·mL-1. Protein solutions were flash-frozen and stored at -80 °C.  

14-3-3ζ full-length His-tag was obtained following the previously described 
protocol without protease digestion. Accordingly, E. coli BL21 gold (DE3) cells were 
transformed with a pPROex HTb vector encoding the corresponding genetic 
information.  

 

Fluorescence polarization assay 

For the determination of dissociation constants Kd, fluorescence polarization (FP) 
assays were performed as triplicates using N-terminally FITC-peg2 labeled peptides and 
14-3-3ζ (full-length His-tag). Peptides were dissolved in DMSO with a concentration of 
0.1 mM and further diluted with FP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.1 % 
Tween-20) to a concentration of 40 nM. A 200 µM protein solution was diluted 
stepwise by a factor of 2.5 using FP buffer on a 384-multiwell plate (Corning, material 
no.: 4514). Each well contained 15 µL protein solution and was supplemented with 
5 µL of a 40 nM peptide solution resulting in a final protein concentration ranging from 
150 µM to 26 pM and a peptide concentration of 10 nM. Incubations were performed 
at room temperature for 15 min to reach equilibrium, before the fluorescence 
polarization signal was detected by a Spark 20M plate reader (Tecan) with λ(ex) = 
485 nm and λ(em) = 525 nm. To calculate Kd-values, GraphPad Prism® software was 
employed for non-linear regression analysis of the acquired dose-response curves.  
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Competition fluorescence polarization assay  

FP-based competition assays were performed to determine the half maximal inhibitory 
concentration IC50 of N-terminally acetylated peptides competing with fluorescence-
labeled ESp (Figure S3) for binding of 14-3-3ζ full-length His-tag. Measurements were 
carried out in triplicates. A 2.67 µM 14-3-3 and 66 nM FITC-peg2 labeled ESp solution in 
FP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.1 % Tween-20) was incubated for 
30 min at 4 °C. N-terminally acetylated peptides were dissolved in DMSO to obtain 
10 mM DMSO stocks solutions, which were further diluted using FP buffer to yield a 
peptide concentration of 600 µM. A dilution row for unlabeled peptide was prepared 
on a 384-multiwell plate (Corning, material no.: 4514) with a dilution factor of 1.5. To 
each well containing 5 µL peptide solution, 15 µL of the pre-incubated 14-3-3/FITC-
peg2-ESp-complex were added. Final concentrations of 2 µM 14-3-3, 50 nM FITC-peg2-
ESp and a concentration range of 150 µM to 101 nM N-terminally acetylated peptides 
were obtained. After incubation for 15 min at room temperature, the fluorescence 
polarization was measured with λ(ex) = 485 nm and λ(em) = 525 nm using a Spark 20M 
plate reader (Tecan). IC50-values were calculated with GraphPad Prism® software 
applying a non-linear regression analysis of dose-response curves. 

 

Determination of LogD-values 

To determine the lipophilicity of N-terminally acetylated peptides, we applied a 
previously reported HPLC-based readout whereas the peptide retention time tR 
correlates to LogD. Reference compounds with reported LogD-values were used to 
establish a calibration curve (Table S8,S9).35–37 For both reference compounds and 
peptides, retention times tR were measured applying a linear gradient (0 min / 0 % B, 
20 min / 95 % B, 30 min / 95 % B, 30.1 min / 0% B, 34.1 min / 0 % B) with solvent A 
(aqueous 50 mM ammonium acetate solution, pH 7.4) and solvent B (acetonitrile). For 
measurements, reference compounds and peptides were dissolved in DMSO obtaining 
a concentration of 10 mM and further diluted with solvent A (1/5, v/v). Between 2 and 
50 µL of reference compound solutions and 5 µL of peptide solutions were injected to 
a HPLC system with a Nucleodur C18 Gravity reverse-phase column (10 x 125 mm, 
110 Å pore size, 5 µm particle size) applying a flow rate of 1 mL/min.  Retention times 
tR of all compounds and peptides were detected at λ = 254 nm. Measurements were 
performed in triplicates and tR-values were determined using the linear equation (1): 

LogD = 0.5934·tR- 6.3225                                                               (1). 
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Nuclear magnetic resonance (NMR) analysis of peptides 

For 1H NMR analysis, 0.5 – 3 mg N-terminally acetylated peptide was dissolved in 
600 µL deuterated solvent (either ACN-d3, MeOH-d3 or MeOD-d4). Measurements 
were performed using a Bruker Avance III HD 600 NMR spectrometer comprising a 
Cryo Cooling Unit 3m. After acquisition, 1H NMR spectra were analyzed with 
MestReNova software. Chemical shifts δ are given in parts per million (ppm), whereas 
coupling constants are stated in Hertz (Hz).  



Chapter 5 

 

126 
 

Appendix 

Supporting tables 
Table S1: Overview of gradients used to separate diastereomeric peptides from the crude reaction 
mixtures containing both peptide species with E- and Z-configured double bond after cleavage from 
resin. 

Peptide Gradient[a] Peptide Gradient[a]  Peptide Gradient[a]  
1α-I A 2α-I A 3α-I A 
1α-II A 2α-II A 3α-II A 
1β-I B 2β-I B 3β-I B 
1β-II B 2β-II B 3β-II B 
1γ-I A 2γ-I A 3γ-I A 
1γ-II A 2γ-II A 3γ-II A 

[a] Gradient A: 40 % B to 65 % B in 40 min using a preparative C18 column; Gradient B: 40 % B to 41 % 
B in 50 min; using an analytical C8 column; with solvent A (0.1 % TFA in H2O) and solvent B (0.1 % TFA 
in ACN). 

 

 

Table S2: Detailed overview of all synthesized derivatives based on peptide 1 (Me/Et). Retention 
times tR were measured by HPLC. The m/z ratios were obtained from mass spectrometric analysis by a 
HPLC-coupled mass spectrometer.   

Peptide[a] N-term. 
mod.[b] 

Sequence HPLC 
Grad[c] 

HPLC 
tR / min 

m/z 
(calc.)[d] 

m/z 
(found) 

1 F G-S5
Me-LD-S5

Et-LDL 1 13.4 1444.7 1444.6 [M+H]+ 
1α-I F G-S4

Me-LD-S6
Et-LDL 2 15.5 722.1 722.0 [M+2H]2+ 

1α-II F G-S4
Me-LD-S6

Et-LDL 2 15.5 722.1 722.0 [M+2H]2+ 
1β-I F G-S5

Me-LD-S5
Et-LDL 3 12.6 722.1 722.0 [M+2H]2+ 

1β-II F G-S5
Me-LD-S5

Et-LDL 3 14.1 722.1 722.0 [M+2H]2+ 
1γ-I F G-S6

Me-LD-S4
Et-LDL 4 11.6 722.1 722.0 [M+2H]2+ 

1γ-II F G-S6
Me-LD-S4

Et-LDL 2 14.3 722.1 722.0 [M+2H]2+ 
[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b]F: N-terminal 
FITC-peg2 modification for the determination of Kd-values by direct FP; [c]gradient 1: 30 % B to 95 % B 
in 20 min (3 min pre-run 30 % B); gradient 2: 40 % B to 60 % B in 20 min (3 min pre-run 5 % B); 
gradient 3: 60 % B to 95 % B in 20 min (3 min pre-run  40 % B to 60 % B); gradient 4: 5 % B to 95 % B in 
10 min (3 min pre-run 5 %) [d]calculated molecular mass to charge ratio (m/z) for charged ions [M+H]+ 

or [M+2H]2+. 
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Table S3: Detailed overview of all synthesized derivatives based on peptide 2 (Et/Me). Retention 
times tR were measured by HPLC. The m/z ratios were obtained from mass spectrometric analysis by 
HPLC-coupled mass spectrometer.   

Peptide[a] N-term. 
mod.[b] 

Sequence HPLC 
Grad[c] 

HPLC 
tR / min 

m/z 
(calc.)[d] 

m/z 
(found) 

2 F G-S5
Et-LD-S5

Me-LDL 1 13.4 1444.7 723.0 [M+2H]2+ 
 Ac G-S5

Et-LD-S5
Me-LDL 5 11.9 952.6 952.6 [M+H]+ 

2α-I F G-S4
Et-LD-S6

Me-LDL 6 16.0 722.1 721.9 [M+2H]2+ 
2α-II F G-S4

Et-LD-S6
Me-LDL 6 16.0 722.1 722.0 [M+2H]2+ 

2β-I F G-S5
Et-LD-S5

Me-LDL 6 14.1 722.1 722.0 [M+2H]2+ 
2β-I Ac G-S5

Et-LD-S5
Me-LDL 7 10.8 950.6 950.5 [M+H]+ 

2β-II F G-S5
Et-LD-S5

Me-LDL 2 14.5 722.1 722.0 [M+2H]2+ 
2β-II Ac G-S5

Et-LD-S5
Me-LDL 7 11.1 950.6 950.5 [M+H]+ 

2γ-I F G-S6
Et-LD-S4

Me-LDL 2 14.7 722.1 722.0 [M+2H]2+ 
2γ-I Ac G-S6

Et-LD-S4
Me-LDL 7 10.9 950.6 950.5 [M+H]+ 

2γ-II F G-S6
Et-LD-S4

Me-LDL 2 14.7 722.1 722.0 [M+2H]2+ 
2γ-II Ac G-S6

Et-LD-S4
Me-LDL 7 11.3 950.6 950.5 [M+H]+ 

[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b]F: N-terminal 
FITC-peg2 modification for the determination of Kd-values by direct FP; Ac: N-terminal acetyl 
modification for the determination of IC50-values by FP competition assays, NMR- and LogD-
measurements; [c]gradient 1: 30 % B to 95 % B in 20 min (3 min pre-run 30 % B); gradient 2: 40 % B to 
60 % B in 20 min (3 min pre-run 5 % B); gradient 5: 30 % B to 70 % B in 20 min (3 min pre-run 30 % B); 
gradient 6: 30 % B to 70 % B in 20 min (3 min pre-run 30 % B); gradient 7: 30 % B to 70 % B in 20 min; 

[d]calculated molecular mass to charge ratio (m/z) for charged ions [M+H]+ or [M+2H]2+. 
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Table S4: Detailed overview of all synthesized derivatives based on peptide 3 (Et/Et). Retention times 
tR were measured by HPLC. The m/z ratios were obtained from mass spectrometric analysis by HPLC-
coupled mass spectrometer.   

Peptide[a] N-term. 
mod.[b] 

Sequence HPLC 
Grad[c] 

HPLC 
tR / min 

m / z 
(calc.)[d] 

m / z 
(found) 

3 F G-S5
Et-LD-S5

Et-LDL 1 13.3 1458.7 1458.6 [M+H]+ 
3 Ac G-S5

Et-LD-S5
Et-LDL 5 12.2 966.6 966.6 [M+H]+ 

3α-I F G-S4
Et-LD-S6

Et-LDL 2 16.4 729.2 729.0 [M+2H]2+ 
3α-II F G-S4

Et-LD-S6
Et-LDL 2 16.4 729.2 729.0 [M+2H]2+ 

3β-I F G-S5
Et-LD-S5

Et-LDL 2 14.7 729.2 729.0 [M+2H]2+ 
3β-II F G-S5

Et-LD-S5
Et-LDL 2 15.1 729.2 728.9 [M+2H]2+ 

3γ-I F G-S6
Et-LD-S4

Et-LDL 2 15.0 729.2 729.0 [M+2H]2+ 
3γ-I Ac G-S6

Et-LD-S4
Et-LDL 7 10.5 964.6 964.6 [M+H]+ 

3γ-II F G-S6
Et-LD-S4

Et-LDL 2 15.0 729.2 729.0 [M+2H]2+ 
3γ-II Ac G-S6

Et-LD-S4
Et-LDL 7 11.4 964.6 964.5 [M+H]+ 

[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b]F: N-terminal 
FITC-peg2 modification for the determination of Kd-values by direct FP; Ac: N-terminal acetyl 
modification for the determination of IC50-values by FP competition assays, NMR- and LogD-
measurements; [c]gradient 1: 30 % B to 95 % B in 20 min (3 min pre-run 30 % B); gradient 2: 40 % B to 
60 % B in 20 min (3 min pre-run 5 % B); gradient 5: 30 % B to 70 % B in 20 min (3 min pre-run 30 % B); 
gradient 7: 30 % B to 70 % B in 20 min; [d]calculated molecular mass to charge ratio (m/z) for charged 
ions [M+H]+ or [M+2H]2+.  
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Table S5: Dissociation constants (Kd) and half maximal inhibitory concentrations (IC50) of 1 (Me/Et) 
and derivatives with double bond in varying position (α, β, γ) and configuration (I, II). Kd- and IC50-
values were determined by direct FP and FP competition assays, respectively. 

Peptide[a] Sequence Kd / µM[b] IC50 / µM[c] 

1 G-S5
Me-LD-S5

Et-LDL 
1.52±0.17 n.d. 

1α-I G-S4
Me-LD-S6

Et-LDL 
6.58±0.57 n.d. 

1α-II G-S4
Me-LD-S6

Et-LDL 
6.65±0.64 n.d. 

1β-I G-S5
Me-LD-S5

Et-LDL 
0.87±0.05 n.d. 

1β-II G-S5
Me-LD-S5

Et-LDL 
1.28±0.05 n.d. 

1γ-I G-S6
Me-LD-S4

Et-LDL 
1.68±0.21 n.d. 

1γ-II G-S6
Me-LD-S4

Et-LDL 
>10 n.d. 

[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b]Kd-values were 
measured using N-terminally FITC-peg2 labeled peptides; [c]IC50-values were measured using N-
terminally acetylated peptides; n.d. = not determined. 
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Table S6: Dissociation constants (Kd) and half maximal inhibitory concentrations (IC50) of 2 (Et/Me) 
and derivatives with double bond in varying position (α, β, γ) and configuration (I, II). Kd- and IC50-
values were determined by direct FP and FP competition assays, respectively. 

Peptide[a] Sequence Kd / µM[b] IC50 / µM[c] 

2 G-S5
Et-LD-S5

Me-LDL 
0.56±0.05 3.0±0.1 

2α-I G-S4
Et-LD-S6

Me-LDL 
2.64±0.28 n.d. 

2α-II G-S4
Et-LD-S6

Me-LDL 
3.09±0.30 n.d. 

2β-I G-S5
Et-LD-S5

Me-LDL 
0.61±0.06 4.5±0.2 

2β-II G-S5
Et-LD-S5

Me-LDL 
1.18±0.11 7.2±0.3 

2γ-I G-S6
Et-LD-S4

Me-LDL 
0.54±0.04 13±1.1 

2γ-II G-S6
Et-LD-S4

Me-LDL 
0.40±0.04 3.6±0.2 

[a] Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b] Kd-values were 
measured using N-terminally FITC-peg2 labeled peptides; [c] IC50-values were measured using N-
terminally acetylated peptides; n.d. = not determined. 
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Table S7: Dissociation constants (Kd) and half maximal inhibitory concentrations (IC50) of 3 (Et/Et) and 
derivatives with double bond in varying position (α, β, γ) and configuration (I, II). Kd- and IC50-values 
were determined by direct FP and FP competition assays, respectively. 

Peptide[a] Sequence Kd / µM[b] IC50 / µM[c] 

3 G-S5
Et-LD-S5

Et-LDL 
0.55±0.05 8.9±0.5 

3α-I G-S4
Et-LD-S6

Et-LDL 
2.77±0.33 n.d. 

3α-II G-S4
Et-LD-S6

Et-LDL 
2.91±0.53 n.d. 

3β-I G-S5
Et-LD-S5

Et-LDL 
0.74±0.09 n.d. 

3β-II G-S5
Et-LD-S5

Et-LDL 
0.87±0.09 n.d. 

3γ-I G-S6
Et-LD-S4

Et-LDL 
0.64±0.03 10±0.5 

3γ-II G-S6
Et-LD-S4

Et-LDL 
0.83±0.37 5.6±0.2 

[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis; [b]Kd-values were 
measured using N-terminally FITC-peg2 labeled peptides; [c]IC50-values were measured using N-
terminally acetylated peptides; n.d. = not determined. 
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Table S8: Reference compounds used to establish a calibration curve for LogD determination. 
Retention times tR were obtained applying the linear gradient 0 min / 0 % B, 20 min / 95 % B, 30 min / 
95 % B, 30.1 min / 0 % B, 34.1 min / 0 % B with an aqueous 50 mM ammonium acetate solution 
(pH 7.4) as solvent A and acetonitrile as solvent B, corresponding LogD-values are received from 
literature. 

Reference compound tR / min LogD 

Sulpiride 9.17±0.021 -1.15 

Metoprolol 10.21±0.024 -0.06 

Labetolol 12.14±0.010 1.07 

Diltiazem 15.31±0.002 2.70 

Triphenylene 19.92±0.001 5.49 

 

 

 

Table S9: LogD-values of N-terminally acetylated peptides based on retention times tR obtained from 
HPLC analysis using the linear gradient 0 min / 0 % B, 20 min / 95 % B, 30 min / 95 % B, 30.1 min / 0 % 
B, 34.1 min / 0 % B with an aqueous 50 mM ammonium acetate solution (pH 7.4) as solvent A and 
acetonitrile as solvent B. LogD-values were calculated based on the linear equation (1). 

Peptide[a] tR / min LogD 

2 12.88±0.003 1.33±0.04 

2β-I 12.69±0.025 1.22±0.04 

2β-II 12.76±0.026 1.26±0.04 

2γ-I 12.35±0.003 0.99±0.03 

2γ-II 12.31±0.003 1.26±0.04 

3 12.92±0.009 1.35±0.04 

3γ-I 12.51±0.008 1.11±0.04 

3γ-II 12.76±0.006 1.27±0.04 
[a]Peptides solely indicated by an Arabic numeral harbor a fully saturated hydrocarbon crosslink, 
peptides indicated by a Greek letter contain a double bond within the hydrocarbon crosslink, roman 
numerals I and II indicate the relative retention times tR detected by HPLC analysis.  
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Supporting figures 
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Figure S1: Synthesis of α-ethyl, α-alkenyl amino acids Fmoc-S4
Et-OH, Fmoc-R4

Et-OH, Fmoc-S5
Et-OH 

Fmoc-R5
Et-OH, Fmoc-S6

Et-OH and Fmoc-R6
Et-OH. (a) 3.8 eq KOH, 2.5 eq BnBr, iPrOH, 40 °C, 6 h; (b) 

2.2 eq 1-methylimidazole, 1 eq methanesulfonyl chloride, 0.9 eq o-aminobenzophenone, DCM, 50 °C, 
overnight; (c) 2 eq nickel(II) nitrate hexahydrate, 2 eq rac-homoalanine, 8 eq KOH, MeOH, 80 °C, 2 h; 
(d) 2 eq/4 eq NaI, acetone, 60 °C, 2 h; (e) 1.5 eq alkenyl iodide, 10 eq KOH, DMF, room temperature, 
6 h; (f) conc. HCl, MeOH, 80 °C, 1 h; (g) Na2CO3, 1.5 eq Fmoc-OSu, H2O/dioxane, room temperature, 
7 d. 
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Figure S2: FP binding curves of 1 (Me/Et, A), 2 (Et/Me, B) and 3 (Et/Et, C) and derivatives with double 
bond in varying position (α, β, γ) and configuration (I, II) including Kd-values. FP assays were measured 
in triplicates (errors account for 1 σ). 
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Figure S3: FP binding curve of 14-3-3 binding sequence of exoenzyme S (H2N-QGLLDLALDLAS-CONH2, 
ESp) with R = FITC-peg2 including the corresponding Kd-value measured in FP assays (triplicates, errors 
account for 1 σ). 

 

 

 

Figure S4: FP-based displacement assay of N-terminally acetylated peptides 2 (Et/Me, A and B), 3 
(Et/Et, C) and double bond-containing derivatives 2β-I, 2β-II (A), 2γ-I, 2γ-II (B) 3γ-I and 3γ-II (C) 
replacing N-terminally FITC-peg2 labeled ESp from the 14-3-3 binding groove with corresponding IC50-
values measured in triplicates (errors account for 1 σ). 
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Figure S5: HPLC chromatogram detected at λ = 210 nm for peptides 1 (Me/Et, top), 2 (Et/Me, middle) 
and 3 (Et/Et, bottom) with fully saturated hydrocarbon crosslink and an N-terminal FITC-peg2-label 
(left) or acetyl-group (right), including peak retention time tR and the corresponding found and 
calculated  [M+H]+- or [M+2H]2+-values. 
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Figure S6: HPLC chromatogram of peptides 2β-I and 2β-II (Et/Me, β-double bond position) with N-
terminal FITC-peg2-label (left) or acetyl group (right) detected at λ = 260 or 210 nm, including peak 
retention time tR and the corresponding found and calculated [M+H]+- or[M+2H]2+-values. 
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Figure S7: HPLC chromatogram of peptides 2γ-I and 2γ-II (Et/Me, γ-double bond position) with N-
terminal FITC-peg2-label (left) or acetyl group (right) detected at λ = 260 or 210 nm, including peak 
retention time tR and the corresponding found and calculated [M+H]+- or[M+2H]2+-values. 
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Figure S8: HPLC chromatogram of peptides 3γ-I and 3γ-II (Et/Et, γ-double bond position) with N-
terminal FITC-peg2-label (left) or acetyl group (right) detected at λ = 260 or 210 nm, including peak 
retention time tR and the corresponding found and calculated [M+H]+- or[M+2H]2+-values. Purification 
methods performed herein were not able to separate the impurity detected in the chromatogram of 
3γ-I (Ac) at tR = 11.4 min, which corresponds to diastereomer 3γ-II (Ac). 
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Figure S9: Full 1H NMR spectrum of N-terminally acetylated peptides 2β-I in ACN-d3 (top) and 2β-II in 
MeOD-d4 (bottom). 
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Figure S10: Full 1H NMR spectrum of N-terminally acetylated peptides 2γ-I in MeOD-d4 (top) and 2γ-II 
in ACN-d3 (bottom). 
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Figure S11: Full 1H NMR spectrum of N-terminally acetylated peptides 3γ-I in MeOH-d3 (top) and 3γ-II 
in ACN-d3 (bottom). 
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