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Contributions to chapter 

Synthesis of building blocks and peptides, FP and ITC assays to determine Kd-, IC50- and 
Ki-values, determination of LogD-values, crystallization studies including structure 
elucidation, preparation and analysis of PAMPA and Caco-2 assays. 

 

Abstract 

Large and flexible ligands gain increasing interest in the development of bioactive 
agents. They challenge the applicability of computational strategies for ligand 
optimization, which were originally developed for small molecules. Free energy 
perturbation (FEP) is often used to estimate binding affinities of small molecule 
ligands, however, its use and validation for more complex ligands remains limited. 
Herein, the structure-based design of peptide macrocycles targeting the protein 
binding site of human adaptor protein 14-3-3 is reported. We observe a surprisingly 
strong dependency of binding affinities on relatively small variations in substituent 
size. FEP was performed to rationalize observed trends. To account for insufficient 
convergence of FEP, restrained calculations were performed and complemented with 
extensive MD simulations of free ligands. These calculations revealed that changes in 
affinity originate both from altered direct interactions and conformational changes of 
the free ligand. In addition, REST MD simulations provided the basis to rationalize 
ligand lipophilicity. We also verified the anticipated interaction site and binding mode 
for one of the high affinity ligands by X-ray crystallography. The introduced fully-
atomistic simulation protocol can be used to rationalize the development of 
structurally complex ligands which will support future ligand maturation efforts.  
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Introduction 

Selective ligands are the basis for most strategies aiming at the elucidation or 
modulation of biological processes.1 For protein targets with relatively flat surfaces, it 
still remains a major challenge to develop selective, high affinity ligands as traditional 
small molecular scaffolds usually require well-defined binding pockets.2 For such 
targets, more complex structures with large surface areas and more diverse 
conformational states represent a valuable source for bioactive ligands.3 In this 
respect, peptide-based scaffolds have proven useful,4 in particular when containing 
macrocyclic structures. Macrocyclization can reduce ligand flexibility thereby 
increasing target affinity and bioavailability.5 Such macrocycles still explore a large 
conformational space and a modulation of conformational constraints heavily impacts 
binding and physio-chemical properties such as lipophilicity.6,7 In addition to their 
overall high flexibility, the large number of individual interactions that contribute to 
binding complicate any affinity maturation process.8  

In principle, computational approaches allow estimation of relative binding 
affinities.9–11 In particular, the free energy perturbation (FEP) methodology based on 
molecular dynamics (MD) simulations proved useful for the quantification of relative 
binding free energies and also provides mechanistic insights.12–16 Since FEP explicitly 
considers ligand and target flexibility,17 it tends to be more reliable than docking or 
molecular mechanics/Poisson–Boltzmann approaches. The FEP methodology is mainly 
applied for the characterization of small-molecule/protein-complexes.9,18 The 
consideration of flexible and large ligands on the other hand remains rather rare,9,19–21 
since dynamic simulations of such systems often face convergence problems.14,22,23 For 
small molecules, restraining techniques have been applied to improve convergence of 
absolute binding free energy calculations12,24,25 also allowing the estimation of 
different contributions to the binding free energy, that are not readily accessible in 
experiments: e.g. conformational strain, contribution from electrostatic and van-der-
Waals interactions.12 Yet, there is the need to establish and validate protocols of MD 
simulation-based methods for the rational design of compounds beyond small-
molecular space.3 

Here, we present the structure-based design of peptide macrocycles targeting 
the protein interaction site of human adaptor protein 14-3-3. Using a previously 
reported macrocyclic ligand as starting point,26 a small library of truncated derivatives 
with altered substitution pattern was generated. FEP was performed and 
complemented with extensive MD simulations to rationalize the observed affinity 
trends. These calculations revealed that changes in affinity originate both from altered 
direct interactions and conformational changes of the free ligand. For one novel high 
affinity derivative a crystal structure in complex with 14-3-3 was obtained verifying the 
anticipated binding mode. 
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Results and discussion 

Truncation and derivatization of a macrocyclic peptide 

Macrocyclic peptide 1 (Figure 1A)26 binds to a class of highly related eukaryotic 
adaptor proteins called 14-3-3. It was originally derived from the pathogenic protein 
ExoS and provides efficient inhibition of the interaction between ExoS and 14-3-3 
proteins. The ExoS/14-3-3–interaction plays a crucial role in the pathogenicity of 
Pseudomonas aeruginosa bacteria which are involved in hospital-acquired infections.27 
Macrocyclic peptide 1 comprises 11 amino acids and harbors an R- and an S-configured 
α-methyl, α alkyl amino acid at position 3 and 6, respectively (X(Me)R3 and X(Me)S6, 
Figure 1B). Both amino acids are connected via their alkyl side chains forming an eight 
membered hydrocarbon crosslink. Notably, this hydrophobic crosslink contributes to 
binding by engaging in direct interactions with the target protein 14-3-3 and by 
stabilizing the bioactive conformation of the free ligand. Given the importance of the 
central macrocycle, we consider peptide 1 a good starting point for the structure-
based design of smaller peptide ligands with high binding affinity. Initially, we were 
interested to identify amino acid side chains in 1 that are crucial for 14-3-3 binding. 
These so-called hotspots, are defined as amino acid positions where variation to 
alanine results in considerably increased binding free energy (ΔG ≥ 2.0 kcal·mol─1).28,29 
Therefore, an alanine scan was performed by replacing each natural amino acid of 1, 
except for glycine, sequentially to alanine. The resulting seven peptides were 
synthesized and N-terminally labeled with fluorescein isothiocyanate (FITC) for affinity 
testing in a direct fluorescence polarization (FP) assay. In analogy to previous studies, 
we used 14-3-3 isoform ζ (in the following, referred to as 14-3-3) for affinity 
measurments.26,30 In the FP assay, 1 served as the reference providing a dissociation 
constant (Kd = 0.46 µM, pKd = 6.43) in the reported range.26 Alanine-variation of N-
terminal amino acid Q1 and C-terminal S11 did not interfere with binding to 14-3-3 
(Figure 1A, Table S2). This also holds true for central amino acids L4 and D5. We 
observed a severe loss of binding affinity when varying any of the three amino acids 
within the LDL motif (aa 7 – 9, dark, Figure 1A) thereby identifying these residues as 
hotspots. Encouraged by these findings, various N- and C-terminal truncations were 
tested to identify the minimal binding sequence of 1. Truncation of the two C-terminal 
amino acids (A10 and S11) had only minor effects on binding affinity (pKd(3) = 5.54, 
Figure 1A, Table S3) while an additional deletion of L9 resulted in tremendously 
reduced affinity (pKd(4) < 4) which is in line with its hotspot character. Using peptide 3 
as starting point, we tested N-terminal truncations indicating that removal of Q1 
slightly improves binding (pKd(5) = 5.57) while the additional deletion of G2 
considerably reduces affinity (pKd(6) = 4.91).  
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Figure 1: A) Amino acid sequence of peptide 1 with dark cycles highlighting the LDL hotspot motif 
identified from alanine scan and truncation studies on 1 leading to peptides 2 – 6 with corresponding 
pKd-values derived from direct FP assays (triplicates, errors account for 1 σ) and BEI-values; B) Crystal 
structure of 1 (light red in complex with 14-3-3 (white) and computational analysis of 14-3-3 surface 
indicating suitable hydrophobic cavities as potential interaction sites of 14-3-3 (yellow, PDB ID 4n7y): 
cavity 1 and 2 in proximity to amino acids X(Me)R3 and X(Me)S6, respectively; C) Top: Chemical 
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structure of truncated peptide with variable substituents (R1, R2) and variable N-terminal 
modification; Bottom: peptides with varying substitution pattern and corresponding pKd-, pKi- and 
BEI-values. pKd- and pKi-values are derived from direct FP and FP competition assays, respectively 
(triplicates, errors account for 1 σ).  

The binding efficiency index (BEI) is a useful measure when comparing a series of 
structurally related compounds to judge the importance of various groups.31 The BEI 
considers the dissociation constant (Kd) of the target/ligand-complex in relation to the 
ligand’s molecular weight (MW) (BEI = pKd/(MW·10-3).32 Among our truncation series, 
peptide 5 exhibits the highest binding efficiency (BEI = 4.2) thereby surpassing the 11-
mer starting peptide 1 (BEI = 3.8). This renders 5 a good starting point for subsequent 
optimization aiming at increased binding affinity and efficiency. Due to the previously 
shown tolerance towards structural modifications,26 we pursued derivatization of the 
central macrocycle. Using the crystal structure of 1 in complex with 14-3-3 as 
structural basis, we searched for cavities in close proximity to the macrocycle (l ≥ 2 Å). 
The analysis of the 14-3-3 surface in this area, using an atomic probe placing 
approach,33 reveals two hydrophobic cavities (cavity 1 and 2, yellow, Figure 1B). Cavity 
1 and 2 are located in proximity to the two methyl groups of X(Me)R3 and X(Me)S6, 
respectively, and appear to be at least partially unpopulated. Encouraged by this 
observation, we decided to test the effect of an ethyl group at the Cα of X(R1)R3 and 
X(R2)S6 (Figure 1C). To probe the general influence of substitutions at those positions, 
we also included hydrogen bearing derivatives and assembled a panel of six 
macrocyclic peptides (7 – 12) with varying substitution patterns. Initially, these 
peptides were synthesized with an N-terminal FITC-label to determine their affinity for 
14-3-3 using direct FP (pKd, Figure 1C). Within this panel, only 7 (H/H) does not show 
detectable binding to 14-3-3 (pKd < 3.5), while the two mono-methylated derivatives (8 
and 9) exhibit low affinities (pKd ~ 4.3). Compared to 5 (Me/Me), all peptide 
derivatives with at least one H-substituent (7 – 9) experience a loss in binding affinity. 
Notably, peptides with ethyl substituents (10 – 12) show higher affinities than peptide 
5 (Figure 1C). Interestingly, ethyl modification at amino acid position 3 (X(Et)R3) results 
in a more pronounced affinity increase (ΔpKd(10/5) = 0.06 vs. ΔpKd(11/5) = 0.49). In 
addition, we do not observe an additive effect when introducing both ethyl groups 
(peptide 12). Due to their very similar molecular weight (MW = 1358 – 1412 g·mol-1), 
differences in binding efficiency are mainly determined by the pKd-values rendering 
peptide 11 and 12 the most efficient binders (BEI = 4.46 and 4.43, respectively). To 
investigate potential effects of the fluorescent label on binding, we also performed FP 
competition experiments using N-terminally acetylated peptides. In these 
measurements, the 14-3-3 binding sequence of ExoS served as fluorescent tracer. 
Obtained IC50-values were used to calculate the corresponding pKi (Figure 1C, Table 
S4),34 which are generally in line with affinities derived from direct FP (pKd). As 
orthogonal method to label-free FP-based measurements, we aimed for isothermal 
titration calorimetry (ITC) assays. ITC experiments provide details about the 
thermodynamics of a binding process. Both the enthalpic difference (ΔH) upon binding 
and the Kd-value of a given receptor/ligand-complex are determined, which allows 
calculation of the entropic contribution (ΔS) and changes in Gibbs free energy (ΔG, 
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ΔG = ΔH - TΔS) during a binding process. For initial ITC measurements, 14-3-3 was 
titrated with peptide 12 (Et/Et) and the unmodified 14-3-3 binding sequence of 
exoenzyme S as a control. The latter revealed a Kd-value in the expected range, 
whereas no considerable enthalpy change was measured for the system titrated with 
12, thus no Kd-value has been derived (Figure S1). This observation possibly indicates a 
predominant entropic contribution in binding, which is not captured by ITC 
measurements. Therefore, ITC appears to be an unsuitable method to evaluate Kd-
values for the given set of ligands. Taken together, we observe a strong dependency of 
binding affinities on the substitution pattern, in particular when considering the small 
variations of substituent size relative to the macrocyclic ligand. 

Free energy perturbation calculations 

To rationalize observed trends in binding affinities, FEP calculations were performed 
using the crystal structure of 1 in complex with 14-3-3 (PDB ID 4n7y) as starting model. 
For our analysis, we decided to consider five different ligands: 7 (H/H), 9 (Me/H), 5 
(Me/Me), 11 (Et/Me), 12 (Et/Et), covering the full diversity of our experimentally 
tested panel. The use of multiple ligands also allows to evaluate the convergence of 
FEP calculations by monitoring the hysteresis in thermodynamic cycles. While running 
conventional FEP simulations, we recognized insufficient convergence in particular for 
all edges with 7 (H/H), both in complex and in solvent (unbound) simulation legs. 
Unbound 7 (H/H) explores a broad conformational space as can be seen by time 
evolution of ligand RMSD. In addition, the conformation of bound 7 (H/H) drastically 
deviates from the X-ray-derived reference structure over time, such that the 
hydrophobic crosslink leaves the binding site. The latter, we interpret as initiation of 
an unbinding event, which is in line with the low measured binding affinity (pKd < 3.5). 
Also, free energy estimates show significant drift over the entire simulation time, 
particularly for the edges with 7 (H/H) in solvent leg. These observations indicate 
insufficient sampling for the given simulation time (t = 20 ns per FEP leg), which is 
presumably inherent to the high flexibility and wide conformational space of the 
peptidic ligands. To minimize convergence problems and to estimate the contributions 
of direct interactions to binding free energies, FEP calculations with varying level of 
conformational restraint were performed applying three different restraining force 
constants (soft: 0.1, medium: 1, hard: 10 kcal·mol-1·Å-2) to the ligand and to the protein 
backbone (Figure 2A). With hard restraints, we achieved good convergence as ligands 
explore the same RMSD span over the simulation and running free energy estimates 
reaches the plateau quickly. As expected, representative simulation conformers reveal 
a progressively reduced conformational diversity upon increasing the force constant 
both in the free and the bound state. This is also reflected by decreasing average 
RMSD-values (free: from 0.93 to 0.39 Å, bound: from 0.76 to 0.35 Å, Table S5). FEP 
calculations provide ΔpKd-values (relative to 5, grey, Figure 2B) which broadly 
recapitulate the experimental trends (light red). 
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Figure 2: A) Representative structures of FEP calculations for 5 (Me/Me) with none, soft, medium and 
hard position restraints (grey) applying force constants of 0.1, 1, 10 kcal·mol-1·Å-2, respectively. 
Simulations are superimposed with 5 (Me/Me, light red) derived from crystal structure of 1 (aa 2 – 9) 
in complex with 14-3-3 (white surface, PDB ID 4n7y). Backbones of ligand and protein are restrained 
to reference crystal structure of 14-3-3/1-complex; B) ΔpKd values (ΔpKd = pKd(derivative) - pKd(5)) 
were experimentally determined by direct FP assays (light red) and calculated by FEP without and 
with applying force constants of 0.1, 1 and 10 kcal·mol-1·Å-2 (shades of grey, Table S6). 
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Interestingly, although convergence improves at higher force constants, the 
different restraints provide similar ΔpKd-values for a given peptide (Figure 2B). 
Considering their varying degree of convergence, this indicates that both restrained 
and unrestrained FEP calculations mostly reflect contribution from direct protein-
ligand interactions and solvation terms, and do not capture conformational aspects. 
Given the inherent accuracy limitations associated with FEP calculations,9 peptide 7 
(H/H) and 9 (Me/H), as well as 5 (Me/Me), 11 (Et/Me) and 12 (Et/Et) can be considered 
to show a similar predicted affinity (Figure 2B) which is not fully in line with the 
experimental data. This and the fact that conformational aspects are presumably 
neglected in these FEP calculations encouraged further investigations regarding 
potential differences in the conformational aspects of the different ligands. 

Molecular dynamics simulations of free ligands and their physico-chemical 
properties 

To assess the full conformational space of free ligands in solution, we performed 
extensive replica exchange with solute tempering (REST) simulations.35 The full 
simulation time (t = 2.5 µs) was split into five blocks of 0.5 µs each to estimate 
statistical uncertainties. For each peptide, all five blocks show similar distributions of 
RMSD-values with respect to the crystal structure of 1 indicating a consistent sampling 
of conformational space. When plotting the frequency of RMSD-values, we observe a 
bimodal distribution of conformations for all peptides with a minimum around 2.6 Å 
(dashed line, Figure 3A). Conformations with an RMSD ≤ 2.6 Å show good overlay with 
the reference structure (population 1, Figure 3B top) while structures with an RMSD 
> 2.6 Å (population 2, Figure 3B bottom) exhibit a diverse conformation pattern that 
differs substantially from the reference. We reasoned that population 1 conformations 
provide an overall shape complementary to the binding site of 14-3-3 and are 
therefore more susceptible for binding than conformations from population 2. An 
increasing occupancy of population 1 can be recognized with enlarging substituents 
(Figure 3C): 7 (H/H, 6 ± 2 %), 9 (Me/H, 16 ± 3 %), 5 (Me/Me, 30 ± 4 %) to 11 (Et/Me, 40 
± 4 %) whereas for peptide 12 (Et/Et, 30 ± 7 %) no further increase of population 1 has 
been observed. Overall, alkylation of position XR3 and XS6 appears to promote 
population 1 presumably by restricting conformational freedom. This is in line with α 
bisalkylated amino acids exhibiting a reduced range of accessible ψ and φ dihedral 
angles when compared to their mono-substituted analogs.36 Most notably, the 
occupancy of population 1 and experimental pKd-values show a similar trend. 
Considering the appearance of population 1 for 7 (H/H) and 11 (Et/Me), one can 
estimate 7 (H/H) to be considerably less potent than 11 (Et/Me, ΔpKd ≈ 0.8). 
Comparison of RMSD distribution from the 2.5 μs REST MD with the solvent legs of 
above presented 20 ns FEP simulations highlight the insufficient sampling of peptide 
conformation in FEP calculations. In FEP, ligands predominantly adopt population 1 
conformations and barely access population 2. In the case of studied, highly flexible 
peptides, short unbiased FEP simulations are clearly not capable to sample accurately 
the ligand conformation space in bulk solvent. 
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Figure 3: A) Relative frequencies of ligand RMSD distribution derived from REST MD simulations (0.1 Å 
bin width) for selected peptides with varying substitution pattern (7, H/H; 9, Me/H; 5, Me/Me; 11, 
Et/Me; 12, Et/Et) shown as average over 5 blocks of 0.5 µs each (errors account for 1 σ); 
B) Representative, simulated structures of 5 (Me/Me, grey) showing RMSD distributions for both 
population 1 (≤  2.6  Å) and 2 (> 2.6 Å) superimposed with reference structure derived from peptide 1 
(aa 2 – 9, light red, PDB ID 4n7y); C) Relative distributions of population 1 and 2 based on REST 
calculations for selected peptides with varying substitution pattern; D) Correlation between polar 
surface area (PSA) and experimentally determined LogD-values for peptides with varying substitution 
pattern including Pearson correlation coefficient (r = -0.988). 
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The lipophilicity of compounds is an important parameter determining their 
solubility and bioavailability.37 For this reason, we experimentally determined ligand 
LogD-values reflecting the distribution of a compound between a hydrophobic and a 
hydrophilic phase. Here, we used a previously reported HPLC-based readout for the 
LogD determination (Figure S2).38 As expected, increased substituent size (H < Me < Et) 
is associated with higher LogD-values (Table S8): E.g. 0.63 (7, H/H) < 1.26 (5, Me/Me) < 
1.35 (12, Et/Et). Surprisingly, LogD-values nonlinearly increase with substituent size: 
E.g. the LogD difference between 5 (Me/Me) and unsubstituted peptide 7 (H/H) 
(ΔLogD = 0.63) is considerably larger than between ligands 12 (Et/Et) and 5 (Me/Me) 
(ΔLogD = 0.09). To assess this behavior in more detail, LogP-values were calculated 
based on 2D structures using a group contribution approach (XlogP), which shows an 
almost linear increase with about 0.4 units per addition of a sp3-hybridized carbon.39 
Consequently, only a moderate correlation of calculated XlogP-values with our 
experimental LogD-values is observed (r = 0.893). We hypothesized that this 
discrepancy originates from differences in populations and/or surface properties of 3D 
conformation states between the ligands. To account for the 3D conformation effects 
on lipophilicity, we decided to compute the ensemble-averaged (dynamic) nonpolar 
and polar surface areas (NPSA and PSA, respectively) from above described REST MD 
simulations as those can be expected to determine affinity for the hydrophobic and 
aqueous phase, respectively. While calculated NPSA shows low correlation with 
experimental LogD-values, we observe an excellent correlation of the calculated PSA 
with LogD (Figure 3D, r = 0.988) suggesting the PSA having a dominating effect in our 
ligand panel. Analogous observations were reported for the correlation between cell 
permeability and linear combination of PSA and NPSA for a set of closely related 
peptides.40 Calculated surface area terms are widely used in regression models for 
predicting ligand excess chemical potentials and partitioning properties.41–43 Thus, we 
performed a multi-linear regression of measured LogD versus PSA and NPSA 
descriptors providing calculated LogD-values (LogD = [0.27 · NPSA] – [0.82 · PSA] + 
2.22). For these REST MD-derived parameters, calculated and experimental LogD-
values show an excellent correlation (r = 0.991). These observations highlight the 
importance of taking 3D conformational aspects of flexible macrocyclic molecules into 
consideration for computational calculations and rationalization of physico-chemical 
properties. 

To investigate the previously stated correlation between ligand lipophilicity 
(LogD) and bioavailability, we aimed for a parallel artificial membrane permeability 
assay (PAMPA) of N-terminally acetylated peptides 1, 5 and 7 – 12. This method allows 
to determine the ability of a compound to cross an artificial membrane between a 
donor- and acceptor compartment by passive diffusion.44 As reference, experiments 
were performed without membrane between these two subdivisions. These diffusion 
assays were conducted by the Lead Discovery Center (LDC, Dortmund, Germany) 
under supervision of Matthias Baumann, whereas the sample preparation and analysis 
of the assay outcome were carried out in our laboratory. After reaching equilibrium, 
compound concentrations in the acceptor compartment were quantified by an 
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HPLC/MS-based readout. Ligand concentrations detected in reference experiments 
correspond to 100 % flux. For all tested peptides, no permeation across the membrane 
has been detected (Figure S3). Generally, compounds with LogD-values of 1 – 3 are 
likely to show good pharmacokinetic parameters including passive membrane 
diffusion.45 However, for ligands with increasing molecular weight higher LogD-values 
have proven to be more beneficial.46 Peptides tested herein exhibit a LogD-range of 
0.63 – 1.35, which appears to be at the lower boundary for cell permeability and 
therefore indicates an insufficient hydrophobicity of these macromolecular structures.  

Furthermore, initial Caco-2 assays have been conducted by the LDC for a selected 
subgroup of peptides comprising 1, 5 (Me/Me) and 7 (H/H), which show a structural 
diversity and notable differences in LogD-values. Caco-2 cells are commonly used as 
model system to assess the absorption of a potential drug by the human intestine. In 
contrast to PAMPA, Caco-2 assays additionally consider active transport and efflux 
mechanisms.47 Herein, compound permeation can occur from one apical to basolateral 
compartment, and vice versa. We used an HPLC-based read-out to analyze the 
compound distribution after assay execution. No crossing was detected for both 
directions (Figure S4). This observation might originate from one of the following, 
potential explanations: i) tested ligands are not involved in active uptake and efflux 
mechanisms, or ii) compounds are adsorbed by cellular structures and/or assay 
devices (e.g. multiwell plate). Thus, the calculated compound recovery was provided 
by the LDC and describes the discrepancy between the ligand concentration initially 
applied in an assay and the residual concentration measured after equilibration. For 
the hydrophilic peptide 7 (H/H, LogD = 0.63) a full recovery was determined (> 99 %), 
whereas both more lipophilic ligands 1 (LogD = 1.15) and 5 (Me/Me, LogD = 1.26) 
reveal recoveries of ~ 85 % in the apical and ~ 60 % in the basolateral donor 
compartment, respectively (Table S8,S10). These values are within the expected range 
of compound loss through adsorption. Consequently, measured low permeabilities 
appear to arise from insufficient passage mechanisms rather than from adsorption 
effects. 

Co-crystallization of 14-3-3 with peptide 11 (Et/Me) 

The starting point for our simulations was the core 11-mer peptide 1. To investigate 
the binding mode of a truncated peptide in more detail, we aimed for a crystal 
structure of high affinity binder 11 (Et/Me) in complex with its target protein 14-3-3. 
Eventually, we were able to obtain crystals diffracting up to 3.7 Å (space group P6(4), 
PDB ID 6rlz, Table S10). The crystal structure harbors one 14-3-3 dimer in the 
asymmetric unit with each of the binding grooves occupied by 11 (Et/Me, Figure 4A). 
For one peptide (chain C), the entire backbone and side chains are resolved. The 
electron density for peptide 11 (chain C) clearly shows the backbone as well as the 
location of side chains and crosslink (Figure 4B). Superimposition of 11 (Et/Me) with 
starting peptide 1 reveals both ligands bind to the same hydrophobic groove of 14-3-3 
showing a very close overlay (RMSD = 1.1 Å, Figure 4C) in particular for the backbone 
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and LDL-side chains (aa 7 – 9). The additional ethyl group at amino acid X3 in 11 
(Et/Me) points towards cavity 1 (Figure 1B) thereby filling some of the partially 
unoccupied space observed for peptide 1. Overall, the crystal structure verifies the 
anticipated binding mode of 11 and the initial motivation to vary the size of the α-
methyl group. 

 
Figure 4: A) Top view on crystal structure of 14-3-3 dimer (white surface) with both monomers 
occupied by one peptide 11 (Et/Me) (spheres, red, PDB ID 6rlz); B) Peptide 11 (red) enclosed by 2Fo-Fc 
electron density map (black, contoured at σ = 1); C) Superimposed structures of peptide 11 (red) and 
1 (light red) in complex with 14-3-3 with side chain residues for hotspot sequence (aa 7 – 9, LDL). 
Right top: Close-up on cavity 1 occupied by the ethyl group of X(Et)R3 (peptide 11, red) and the methyl 
group of X(Me)R3 (1, light red). 
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Alternative design strategy 

In an alternative modification approach, visual investigation of the initial starting point 
1 co-crystallized with 14-3-3 reveals the Cα-hydrogen of the peptide residue L4 points 
towards the 14-3-3 interface occupied by the side chain of amino acid L9 (Figure 5A). 
We hypothesized that the replacement of the Cα-hydrogen at L4 by an alkyl 
substituent would recover the hydrophobic contacts mediated by L9 so far. An 
alkylation at L4 resembling the conformational contribution of the native leucine side 
chain was expected to retain the three-dimensional structure observed for peptide 1. 
Based on these hypotheses and previously identified truncations of peptide 1 (removal 
of amino acids Q1, A10 and S11), an additional elimination of the C-terminal residue L9 
was suggested, while replacing residue L4 by a bisalkylated, hydrophobic amino acid 
X4 aiming at both replacing hydrophobic contacts of L9 and retaining the peptide 
conformation required for target binding (Figure 5B). Various bisalkylated, 
hydrophobic amino acids X4 (with R-configuration in cases of asymmetric variants) 
were incorporated into the shortened peptide sequence 13 (aa 2 – 8) yielding 
derivatives 13a – 13g (Figure 5C). Corresponding peptides were synthesized with FITC-
label and tested in an FP assay to determine their affinity towards 14-3-3, whereas all 
of them showed only very weak target interactions (pKd < 4, Figure S5), thereby 
verifying the importance of hotspot residue L9 for target engagement. 
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Figure 5: A) Side view on crystal structure of peptide 1 in complex with 14-3-3 highlighting residue L4 
with Cα-hydrogen (white) pointing towards the protein interface occupied by residue L9; B) General 
chemical structure of truncated peptides 13a – 13g with variable substituent R3 at residue X4 and N-
terminal FITC-peg2 modification; C) Bisalkylated amino acids X4 introduced into the peptide sequence 
13 (aa 2 – 8) yielding peptides 13a – 13g including corresponding pKd- and BEI-values. pKd-values are 
derived from an FP assay performed as single measurement. 

 



Chapter 4 

 

78 
 

Conclusions 

We report the structure-guided optimization of a macrocyclic peptide ligand targeting 
the protein binding groove of human adaptor protein 14-3-3. Our efforts resulted in a 
small ligand library containing peptide 11 with 23 % reduced molecular weight and 
considerably increased binding efficiency compared to starting peptide 1. Within our 
macrocycle library, we observed a surprisingly strong dependency of binding affinities 
on relatively small variations in substituent size (H, Me, Et) at the Cα atoms of the 
crosslinking amino acids. 

To rationalize observed trends, we applied fully-atomistic FEP calculations which 
however showed a lack of convergence for both structural and energetic parameters. 
To improve convergence, position restraints were implemented which allowed 
calculating the statistically converged contribution of direct interaction and solvation 
effects to binding. These calculations indicate that the observed affinity difference 
(ΔpKd ≈ 3) between high affinity binder 11 (Et/Me) and low affinity ligand 7 (H/H) 
appear to originate at least in part from differences in the direct interaction/solvation 
term (estimated ΔpKd ≈ 2). To evaluate conformational aspects excluded by the 
implementation of restrains in FEP, we performed extensive REST MD simulations of 
the free ligands in water. These simulations reveal the existence of a conformational 
population similar to the bound state, whose occupation depends on the size of 
introduced substituents: Larger substituents favor the bioactive conformation. E.g. the 
preference of peptide 11 (Et/Me) for the bioactive conformation, results in an 
additional gain in affinity (ΔpKd ≈ 0.8) when compared to ligand 7 (H/H). Considering 
the contribution of direct interactions (ΔpKd ≈ 2, based on FEP), our MD simulations 
suggest that conformational aspects account for roughly one third of the gain in 
binding affinity from 7 (H/H) to 11 (Et/Me). REST MD simulations of the free ligands 
also allowed calculation of lipophilicities which show an excellent correlation with 
experimental LogD-values. The comparison with calculated XlogP-values based on 2D 
structures, highlights the importance of considering 3D conformations. We expected 
the trends observed for ligand lipophilicity to be reflected in membrane and cell 
permeabilities. However, when performing PAMPA and Caco-2 assays no membrane 
passage of tested ligands was detected.  

Eventually, we were able to obtain a crystal structure of high affinity ligand 11 
(Et/Me) in complex with 14-3-3 verifying the anticipated interaction site and binding 
mode. Taken together, this is the first report of a fully-atomistic characterization of a 
complex between a macrocyclic peptide and its protein binding partner. The 
combination of FEP and REST MD allows to quantify separately direct binding and 
conformational contributions to the binding free energy. We believe this simulation 
protocol can be used to rationalize the development of structurally complex ligands, 
which increasingly gain attention as bioactive agents.  
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Methods 

Building block synthesis and characterization 

α-Ethyl containing amino acids were synthesized according to previously described 
protocols.48 
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Scheme 1: Synthesis of α-ethyl, α-alkenyl amino acids. (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. 

Benzylprolinbenzophenon-NiII-homoalanine  

To a solution of (S)/(R)-benzylprolinbenzophenone (1 eq) in MeOH (5 mL/mmol), 
Ni(II)nitrate hexahydrate (2 eq), rac-homoalanine (2 eq) and a solution of KOH in 
MeOH (8 eq, 0.1 mL MeOH per 1 mmol KOH) were added. The solution was heated up 
to 80 °C for 2 h, before quenching with acetic acid (8 eq). The reaction mixture was 
diluted with demineralized water (25 mL/mmol) and rested overnight, before the 
precipitate was isolated by filtration and washed with water. The remaining solid was 
dried under reduced pressure and purified via column chromatography on silica (5 % 
MeOH in DCM). The product was obtained as a red solid. Yields: (S): 61 %; (R): 84 %. 
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(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 (s, 2H), 7.15 (d, J = 7.4 Hz, 2H), 
7.09 (s, 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 (s, 
2H), 2.19 (s, 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 (s, 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 (s, 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 (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). 

 

(S)-Benzylprolinbenzophenon-NiII-2-ethyl-enoic acid 

 To a solution of (S)-benzylprolinbenzophenon-NiII-homo-
alanine (1 eq) in DMF (5 mL/mmol), freshly ground KOH 
(10 eq) was added under argon atmosphere at 0 °C. The 
reaction mixture was stirred for 20 min at 0 °C before 
warming up to room temperature and slowly adding 5-iodo-
1-pentene (1.5 eq). After 7 h, the reaction was quenched by 
pouring it onto a cooled acetic acid solution (10 eq, 5 % in 
water). The resulting aqueous phase was extracted with 

DCM (3x). The organic phases were combined and dried over MgSO4, before the 
solvent was removed under reduced pressure. The remaining crude contains a 
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diastereomeric mixture, whereas (2) can be (S)- or (R)-configured. Separation of 
diastereomers was achieved via column chromatography on silica (EtOAc/PE, 4/1, 
v/v)). The (S)-configured main product was obtained as a red solid. Yield: 45 %. 

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). 

 

(R)-Benzylprolinbenzophenon-NiII-2-ethyl-enoic acid 

To a solution of (R)-benzylprolinbenzophenon-NiII-homo-
alanine (1 eq) in DMF (5 mL/mmol), freshly ground KOH 
(10 eq) was added under argon atmosphere at 0 °C. The 
reaction mixture was stirred for 20 min at 0 °C before 
warming up to room temperature and slowly adding 5-iodo-
1-pentene (1.5 eq). After 7 h, the reaction was quenched by 
pouring it onto a cooled acetic acid solution (10 eq, 5 % in 
water).  The resulting aqueous phase was extracted with 

DCM (3x). The organic phases were combined and dried over MgSO4, before the 
solvent was removed under reduced pressure. The remaining crude contains 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)). The (R)-configured main product was obtained as a red solid. Yield: 35 %. 

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 
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(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). 

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

To a solution of benzylprolinbenzophenon-
NiII-2-ethyl-eonic acid (1 eq) in MeOH (8 
mL/mmol), conc. HCl (1 mL/mmol) was 
added, before heating up to 80 °C for 1 h. 
After cooling down to room temperature the 
solvent was removed under reduced 
pressure and the remaining solid was 
suspended in water before the solvent was 
removed again. The solid was suspended 

once more in water and extracted with DCM (3x), before the aqueous phase was 
adjusted to pH 10 with a saturated aqueous NaHCO3 solution. An appropriate amount 
of dioxane and Fmoc-OSu (1.5 eq) were added to the solution. The reaction mixture 
was stirred at room temperature for 7 d under adding Fmoc-OSu (0.5 eq) every 24 h. 
Afterwards the reaction was diluted with demineralized water and acidified with a 
conc. HCl solution to pH 2 – 3. The aqueous phase has been extracted with EtOAc (3x), 
before combining and drying the organic phases over MgSO4. The crude product was 
purified via column chromatography on silica (EtOAc/PE, 1/1, v/v + 0.1 % AcOH) and a 
subsequent PoraPak column (Waters®, 65 % ACN in water). The product was obtained 
as a white solid, at which the integrity of the configuration at (2) and (2'), 
respectively, is expected to be assured by the asymmetric synthesis route 
using a benzylprolinbenzophenon-based auxiliary and the prior separation of 
diastereomers via column chromatography on silica. Thus, no further analysis 
of the stereochemistry of (2) and (2'), respectively, has been conducted. Yields: 
Fmoc-S5

Et-OH: 9 %; Fmoc-R5
Et-OH: 8 %. 

(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 (s, 1H), 5.75 (ddt, J = 
16.9, 10.0, 6.5 Hz, 1H), 4.99 (d, J = 17.2 Hz, 1H), 4.94 (d, J = 10.2 Hz, 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, 4H), 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). 
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(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 (s, 1H), 5.74 (ddd, J = 
17.0, 11.7, 6.1 Hz, 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, 4H), 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), 32.66 (1C), 26.49 (1C), 22.48 (1C), 7.85 (1C). 

 

Peptide synthesis and characterization 

Peptides were synthesized manually on rink amide MBHA resin applying Fmoc-based 
solid-phase peptide synthesis. Chemicals were purchased from Iris Biotech, Merck, 
Okeanos, or Carl Roth and were used without further purification. Unless otherwise 
stated, reaction steps were carried out in syringe reactors at room temperature on an 
orbital shaker. Before synthesis, the resin was swollen in NMP for 2 h.  

Fmoc removal 

N-terminal Fmoc was removed using a solution of 25 % piperidine in NMP for 5 min 
(2x).  

Amino acid coupling 

For the coupling of standard amino acids 4 eq were used with 4 eq of COMU ((1-
Cyano-2-ethoxy-2-oxoethyliden-aminooxy)dimethylamino-morpholino-carbenium 
hexafluorophosphate), 4 eq of Oxyma Pure (Ethyl cyano (hydroxyimino) acetate) and 
8 eq of DIPEA (N,N-Diisopropylethylamine) in NMP (N-Methyl-2-pyrrolidone) for 
20 min. A second coupling was carried out using 4 eq of amino acid, 4 eq of PyBOP 
(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate) and 8 eq of 
NMM (N-Methylmorpholine) in NMP (N-Methyl-2-pyrrolidone) for 45 min. In case of 
non-natural amino acids 3 eq were used with 3 eq of PyBOP and 6 eq of DIPEA in DMF 
(N,N-Dimethylformamide) overnight. For amino acids coupled onto non-natural amino 
acids, triple couplings were performed with 6 eq amino acid, 6 eq COMU, 6 eq Oxyma 
and 12 eq DIPEA twice and with 6 eq amino acid, 6 eq PyBOP and 12 eq NMM once. All 
coupling solutions were prepared to yield a final concentration of 0.2 M regarding the 
resin loading and were discarded after reaction. 
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Capping 

A capping step was applied using a solution of NMP/Ac2O/DIPEA (10/1/1, v/v/v, 1 mL 
per 50 mg resin) for 5 min. 

Ring-closing olefin metathesis (RCM) 

After completion of the peptide sequence, non-natural α-alkenyl amino acids were 
crosslinked through ring-closing olefin metathesis. A solution of Grubbs 1st generation 
catalyst (4 mg·mL-1, 1 mL per 50 mg resin) in dry DCE was added to the resin under 
nitrogen stream for 2 h. This procedure was repeated four times in total, before the 
resin has been washed for 10 min with a DCM/DMSO-solution (1/1, v/v) and 
subsequently with DCM only (3x). 

Reduction of double bond 

Reduction of the resulting double bond was performed at 55 °C for 1.5 h and 1000 rpm 
orbital shaking using a solution of 0.6 M 2,4,6-Triisopropylbenzenesulfonyl hydrazide 
(TPSH) and 1.2 M piperidine in NMP. After repeating this step four times in total, the 
resin was washed with NMP (3x), DCM (3x) and NMP (3x).  

N-terminal modification 

Acetylation of peptides was performed according to the capping protocol. 

For fluorescence polarization binding assays, FITC (Fluorescein isothiocyanate 
isomer I) was attached as a fluorescence label via a peg2 (Fmoc-O2Oc-OH, 8-(9-
Fluorenylmethyloxycarbonylamino)-3,6-dioxaoctanoic acid) linker. Peg2 coupling 
follows the procedure for standard amino acids, while FITC was attached using 4 eq of 
fluorophore and 8 eq of DIPEA in NMP. The reaction proceeds for 1 h and was 
performed twice in total. 

Washing step 

After each step, the resin was washed with NMP (3x), DCM (3x) and NMP (3x). 

Cleavage, purification and characterization 

Before final cleavage, peptides were washed with DCM (3x) and dried under reduced 
pressure. Afterwards, the resin was treated with a solution of TIPS/EDT/H2O/TFA 
(1/2.5/2.5/94, v/v/v/v) for 1 h, twice. The solutions containing cleaved peptide were 
collected and TFA was evaporated under nitrogen stream. Ice-cold diethyl ether was 
added to the remaining solution, stored at –20 °C for 30 min and centrifuged 
(10000 rpm, 4 °C, 10 min). The supernatant was removed and the remaining pellet 
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dissolved in 30 % ACN (acetonitrile). Afterwards the peptides were purified using 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) using solvent A (H2O + 0.1 % TFA) and 
solvent B (ACN + 0.1 % TFA). The concentration of FITC-labeled peptides was 
determined via FITC absorption at λ = 495 nm (ε = 77000 M-1·cm-1) in 0.1 M Na3PO4 
buffer (pH 8.5). For N-terminally acetylated peptides, concentrations were determined 
based on UV absorption at 210 nm. 

 

Protein expression and purification  

Heterologous protein expression of 14-3-3ζ ∆C (aa 1 – 230) was carried out in 
Escherichia coli Rosetta (DE3) cells by transformation with pPROex HTb vector 
containing the corresponding gene. 200 mL LB medium were treated with 100 µg·mL-1 
ampicillin before inoculation with transformed E. coli cells. The pre-culture was 
incubated at 37 °C and 170 rpm orbital shaking overnight. An appropriate volume pre-
culture was used to inoculate 8 L of TB medium (100 µg·mL-1 ampicillin) to yield an 
OD600 of 0.1. After growing the cell culture at 37 °C and 170 rpm orbital shaking to an 
OD600 of 0.6 – 0.8, protein expression was initiated by adding 0.5 mM IPTG. Incubation 
continued overnight at 25 °C and 150 rpm orbital shaking. Afterwards the cells were 
harvested by centrifugation at 4 °C and 4500 rpm for 20 min. The supernatant was 
discarded and DNase I and lysis buffer (50 mM tris(hydroxymethyl)aminomethane 
(TRIS) pH 8.0, 500 mM NaCl, 2 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM, 2-
mercaptoethanol) have been added to the remaining pellet before homogenizing by 
use of an ULTRA TURRAX dispenser. Afterwards the cells were lysed through a 
microfluidizer and the suspension was centrifuged at 4 °C and 8000 rpm for 30 min. 
His-tagged protein was purified from the supernatant by affinity chromatography on 
nickel nitrilotriacetic acid (Ni-NTA) beads. Impurities were removed with washing 
buffer (50 mM TRIS pH 8.0, 500 mM NaCl, 5 % glycerol, 25 mM imidazole, 0.5 mM 
TCEP) and eventually His-tagged 14-3-3 has been eluted by an elution buffer (50 mM 
TRIS pH 8.0, 500 mM NaCl, 5 % glycerol, 25 mM imidazole, 0.5 mM tris(2-
carboxyethyl)phosphine (TCEP)). The His-tag was removed by Tobacco Etch Virus (TEV) 
protease (0.05 mg protease per 1 mg protein) overnight at 4 °C. Afterwards 14-3-3ζ ∆C 
was concentrated and further purified by size exclusion chromatography (SEC) on an 
ÄKTA Pure system with a HiPrep 26/60 Sephacryl S-200 HR column 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. The pure protein was concentrated by 
ultracentrifugation to 64 mg·mL-1 before flash frozen with liquid nitrogen for storage at 
-80 °C. 

14-3-3ζ full-length His-tag was expressed according to the protocol described 
before. Here, E. coli BL21 gold (DE3) competent cells have been transformed with a 
pPROex HTb vector containing the corresponding gene. The protein was purified via 
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affinity chromatography and subsequent size exclusion chromatography and has been 
used for further experiments with the His-tag remaining on the N-terminus.  

 

Fluorescence polarization (FP) assays 

Fluorescence polarization assay for determination of dissociation constants Kd  

To determine the dissociation constants Kd of peptides towards 14-3-3ζ full length His-
tag, FP (fluorescence polarization) assays were performed in triplicates. 100 µM DMSO 
stock solutions of N-terminally FITC-peg2 labeled peptides were diluted with FP buffer 
(10 mM HEPES pH 7.4, 150 mM NaCl, 0.1 % Tween-20) to obtain a concentration of 
40 nM. A 200 µM protein solution was diluted stepwise with FP buffer by a factor of 
2.5 on a 384-multiwell plate (Corning, material no.: 4514). To each well containing 
15 µL protein solution, 5 µL of 40 nM peptide solution was added to yield a final 
peptide concentration of 10 nM and protein concentrations ranging from 150 µM to 
26 pM. The solutions were incubated for 15 min at room temperature, before the 
fluorescence polarization was measured using a Spark 20M plate reader (Tecan) with 
λ(ex)=485 nm and λ(em)=525 nm. To calculate Kd-values, GraphPad Prism® software 
was used applying a non-linear regression analysis of dose-response curves. 

Competition fluorescence polarization assay for determination of half maximal 
inhibitory concentrations IC50  

To determine the half maximal inhibitory concentrations IC50 of peptides competing 
with ESp for binding of 14-3-3ζ full-length His-tag, FP-based competition assays were 
performed in triplicates. A 2.67 µM solution of protein in FP buffer (10 mM HEPES pH 
7.4, 150 mM NaCl, 0.1 % Tween-20) was incubated with 66 nM FITC-peg2 labeled ESp 
for 30 min. 10 mM DMSO stocks of N-terminally acetylated peptides were diluted with 
FP buffer to a concentration of 600 µM to be further diluted on a 384-multiwell plate 
(Corning, material no.: 4514) with a dilution factor of 1.5. 15 µL of pre-incubated 
protein/FITC-peg2-ESp-complex were added to each well with 5 µL of acetylated 
peptide to obtain final Ac-peptide concentrations ranging from 150 µM to 101 nM and 
a 2 µM protein solution with 50 nM FITC-peg2-ESp. The solutions were incubated for 
1 h at room temperature, before the fluorescence polarization was measured using a 
Spark 20M plate reader (Tecan) with λ(ex) = 485 nm and λ(em) = 525 nm. To calculate 
IC50-values, GraphPad Prism® software was used applying a non-linear regression 
analysis of dose-response curves. 
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Calculation of inhibitory constant Ki  

The inhibitory constant Ki was calculated based on Kd- and IC50-values measured in 
direct FP and FP competition assays, respectively. Initially, Ki originates from inhibitory 
enzyme kinetics. Herein, determination of Ki-values were performed according to a 
calculation strategy previously reported by Nikolovska-Coleska et al. allowing to 
describe inhibition of a protein without consideration of enzymatic activities.34 
Following equations (1) – (6) were used: 

[𝑃]02 + (Kd + [L]t – [P]t) · [P]0 – [P]t Kd                                                           (1) 
 

[𝑃]0 = − �𝐾𝑑+ [𝐿]𝑡− [𝑃]𝑡
2

� �1 + �1 + 4[𝑃]𝑡𝐾𝑑

𝐾𝑑+ [𝐿]𝑡− [𝑃]𝑡
2�                                          (2) 

 
[𝑃𝑃]50 = [𝑃𝐿]0

2
                                                                              (3) 

 
[𝑃]50 = [𝑃]50 + [𝑃𝑃]50                                                                   (4) 

 
[𝐼]50 = IC50 − [𝑃]𝑡 �+ 𝐾𝑑

[𝑃𝐿]50
[𝐿]50

� = [𝑃𝑃]50                                              (5) 

 
Ki = [𝐼]50

[𝐿]50
𝐾𝑑

  +  [𝑃]0
𝐾𝑑

 + 1 
                                                                      (6) 

with [P]0 = free protein concentration at 0 % inhibition in nM, Kd = dissociation 
constant of labeled tracer in direct FP assay in nM, [L]t = total concentration of labeled 
ligand in IC50 measurement, IC50 = half maximal inhibitory concentration of (unlabeled) 
inhibitor, [P]t = total protein concentration in direct FP in nM, [PL]50 = concentration of 
protein/(labeled) ligand-complex at 50 % inhibition in nM, [L]50 = concentration of the 
free labeled ligand at 50 % inhibition, [I]50 = concentration of the free (unlabeled) 
inhibitor at 50 % inhibition. Experimental errors of the input values Kd and IC50 were 
propagated to yield corresponding errors for the calculated Ki-values.  

 

Isothermal titration calorimetry (ITC) 

For ITC measurements, deionized water and ITC buffer (10 mM HEPES pH 7.4, 150 mM 
NaCl and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)) were degassed. Both peptide 
12 (Et/Et) and ESp were dissolved in ITC buffer to a final concentration of 220 µM, 
whereas 14-3-3ζ full-length His-tag was transferred to ITC buffer by dialysis and 
adjusted to a final protein concentration of 15 µM. Experiments were performed 
employing a VPITC system (MicroCal LCC) at 30 °C with ITC buffer and deionized water 
in the sample and reference cell, respectively. 8 µL water or sample solutions were 
injected to the sample cell each 180 s over a duration of 105 min, resulting in 35 
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injections per measurement. Water injections served as background signals, which 
were subtracted from the measurements of peptide solutions. For each injection, the 
temperature difference between the sample and reference cell was detected, which 
allows direct calculation of Kd and ΔH using Origin 7 (OriginLab Corporation) (Figure 
S1).  

 

Determination of LogD-values 

LogD-values of N-terminally acetylated peptides were determined at pH 7.4 based on 
their retention time tR applying an HPLC/UV-based method. Therefore, a calibration 
curve was established using reference compounds with previously measured LogD-
values by octanol-water partitioning (Table S7, Figure S2).38,49,50 Retention times tR for 
both reference compounds and peptides were obtained applying a gradient with a 
varying mixture of A (aqueous 50 mM ammonium acetate solution pH 7.4) and B 
(acetonitrile) as the mobile phase and a Nucleodur C18 Gravity reverse-phase column 
(10 x 125 mm, 110 Å pore size, 5 µm particle size) as the stationary phase with 
1 mL·min-1 flow rate. 0 min / 0 % B, 20 min / 95 % B, 30 min / 95 % B, 30.1 min / 0% B, 
34.1 min / 0 % B was used as linear gradient. 10 mM DMSO stocks of reference 
compounds and peptides were prepared and diluted 1:5 with A. 5 µL of peptide 
solutions and between 2 and 50 µL of reference compound solutions were injected to 
the HPLC. UV-detection was performed at λ = 254 nm. All retention times tR were 
measured in triplicates and LogD-values for peptides were determined using equation 
(7) (Table S7,S8, Figure S2): 

LogD = 0.5934·tR- 6.3225                                                               (7). 

 

Parallel artificial membrane permeability assay (PAMPA) 

For PAMPA, N-terminally acetylated peptides were dissolved in DMSO to obtain 2 mM 
stock solutions, which were further diluted to a final concentration of 100 µM using 
PAMPA buffer. Assays were conducted by the Lead Discovery Center (LDC, Dortmund, 
Germany) as triplicate measurements. Reference experiments were performed 
without artificial membrane between donor- and acceptor-compartment. After 
equilibration, 100 µL of the acceptor solution were injected into an HPLC system 
(Nucleodur C18 Gravity reverse-phase column, 10 x 125 mm, 110 Å pore size, 5 µm 
particle size, using gradient: 5 % B to 95 % B in 10 min with solvent A: H2O + 0.1 % TFA; 
and solvent B: ACN + 0.1 % TFA) coupled with a mass spectrometer (6120 Quadrupole 
LC/MS, Agilent Technology). When comparing molecules with highly related 
structures, mass spectra can be used for quantification. In this study, narrowed mass 
spectra were measured to increase the intensity for signals in a specific m/z-range. For 
each calculated peptide mass, a spectrum was acquired with a width of 220 m/z-units 
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flanking the expected mass. Signals detected in reference experiments were 
integrated using OpenLab software (Agilent) and correspond to 100 % flux (Figure S3). 
The total flux (%) in experiments conducted with artificial membrane was calculated 
by flux (%) = (mass-integralsample*100)/(mass-integralreference). 

 

Caco-2 permeability assay 

For Caco-2 assays, N-terminally acetylated peptides were dissolved in DMSO to yield 
10 mM stock solutions, which were further diluted using assay buffer. Measurements 
were performed by the Lead Discovery Center (LDC, Dortmund, Germany) as triplicate 
measurements. Both directions to cross the cellular barrier were considered. 
Consequently, each compound was added to an apical compartment, to monitor the 
permeation from apical (donor) to basolateral (acceptor), and vice versa by 
supplementing a basolateral compartment with each compound. Quantification of 
peptide concentrations in all apical and basolateral solutions was performed using an 
HPLC/MS-based readout, as described for PAMPA previously. Data analysis to evaluate 
compound flux across Caco-2 cells and calculations of compound recovery were 
accomplished by the LDC. The compound recovery serves as a measure for the 
difference between the compound concentrations initially applied in an assay and the 
remaining concentrations measured after conduction (Figure S4, Table S10).  

 

X-Ray crystallography and structure determination 

For co-crystallization, purified 14-3-3ζ ΔC (aa 1 – 230) was diluted to a final 
concentration of 22 mg·mL-1 using complexation buffer (20 mM HEPES pH 7.5, 100 mM 
NaCl, 2 mM MgCl2, 1 mM 2-mercapoethanol). A DMSO stock solution of peptide 11 
(Et/Me) was added to yield a molecular ration of 1:2 with a final DMSO concentration 
of 1 %. The protein/peptide-solution was incubated on ice for 3 h to reach equilibrium. 
Initial screens were performed in 96 well plates (TTP Labtech) applying the sitting-drop 
method at 4 °C with 70 µL reservoir buffer and by mixing 0.1 µL complex solution with 
0.1 µL reservoir solution. JCSG Core I and JCSG Core IV (Qiagen) were used in the 
screening for suitable crystallization conditions. Crystal growth was observed after 7 d 
at 0.2 M Mg formate with 20 % PEG 3350. This condition was further optimized in a 24 
well plate (0.2 M Mg formate pH 7-8.5, 16-26 % PEG 3350) employing the hanging-
drop vapor diffusion method. Obtained crystals were fished and transferred to 
cryogenic condition (10 % glycerol) before snap frozen in liquid nitrogen. Diffraction 
data up to a resolution of 3.7 Å was collected at I24 beamline at the DLS (Diamond 
Light Source) in Oxfordshire, UK. XDS software package was applied for 
crystallographic analysis of data, whereas PHASER was used for molecular replacement 
and REFMAC5 (CCP4i software) for refinements. Model building has been carried out 
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with COOT. Detailed statistics of data collection and refinements are shown in Table 
S11.  
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Appendix 

Supporting tables 
Table S1: Detailed overview of all synthesized peptides. Retention times tR were measured by HPLC 
and m/z ratios were obtained from mass spectrometric analysis by a HPLC-coupled mass 
spectrometer.  

Peptide N-
term. 
mod.[

a] 

Sequence HPLC 
Grad[b] 

HPLC 
tR / min 

m/z 
(calc.)[c] 

m/z 
(found) 

1  Ac QG-R5
Me-LD-S5

Me-LDLAS 1 12.68 1224.7 1224.6 [M+H]+ 
 F QG-R5

Me-LD-S5
Me-LDLAS 2 12.15 1716.8 1716.8 [M+H]+ 

Q420A F AG-R5
Me-LD-S5

Me-LDLAS 3 11.1 1660.8 1660.4 [M+H]+ 
L423A F QG-R5

Me-AD-S5
Me-LDLAS 3 10.0 1675.8 1675.3 [M+H]+ 

D424A F QG-R5
Me-LA-S5

Me-LDLAS 3 10.9 1673.8 1673.4 [M+H]+ 
L426A F QG-R5

Me-LD-S5
Me-ADLAS 3 9.8 1675.8 1675.3 [M+H]+ 

D427A F QG-R5
Me-LD-S5

Me-LALAS 3 11.0 1673.8 1673.4 [M+H]+ 
L428A F QG-R5

Me-LD-S5
Me-LDAAS 3 10.1 1675.8 1675.3 [M+H]+ 

S430A F QG-R5
Me-LD-S5

Me-LDLAA 3 11.0 1700.8 1701.4 [M+H]+ 
2 F QG-R5

Me-LD-S5
Me-LDLA 2 12.6 1629.8 1629.7 [M+H]+ 

3 F QG-R5
Me-LD-S5

Me-LDL 2 12.2 1558.7 1558.6 [M+H]+ 
4 F QG-R5

Me-LD-S5
Me-LD 2 112 1445.6 1445.5 [M+H]+ 

5  Ac    G-R5
Me-LD-S5

Me-LDL 1 11.4 938.6 938.5 [M+H]+ 
(Me/Me)  F   G-R5

Me-LD-S5
Me-LDL 2 13.2 1430.7 1431.6 [M+H]+ 

6 F       R5
Me-LD-S5

Me-LDL 4 17.7 1373.6 1373.5 [M+H]+ 
7  Ac   G-R5

H-LD-S5
H-LDL  1 9.6 910.5 910.5 [M+H]+ 

(H/H) F   G-R5
H-LD-S5

H-LDL 2 11.2 1402.6 1402.5 [M+H]+ 
8 (H/Me) Ac   G-R5

H-LD-S5
Me-LDL 1 10.1 924.5 924.5 [M+H]+ 

 F   G-R5
H-LD-S5

Me-LDL 2 12.7 1416.6 1416.6 [M+H]+ 
9  Ac   G-R5

Me-LDS-S5
H-LDL 1 10.2 924.5 924.5 [M+H]+ 

(Me/H) F   G-R5
Me-LD-S5

H-LDL 2 12.6 1416.6 1416.6 [M+H]+ 
10  Ac   G-R5

Me-LD-S5
Et-LDL 1 11.7 952.6 952.6 [M+H]+ 

(Me/Et) F   G-R5
Me-LD-S5

Et-LDL 2 13.4 1444.7 1444.6 [M+H]+ 
11  Ac   G-R5

Et-LD-S5
Me-LDL 1 11.9 952.6 952.6 [M+H]+ 

(Et/Me) F G-R5
Et-LD-S5

Me-LDL 2 13.4 1444.7 723.0 [M+2H]2+ 
12  Ac G-R5

Et-LD-S5
Et-LDL 1 12.2 966.6 966.6 [M+H]+ 

(Et/Et) F G-R5
Et-LD-S5

Et-LDL 2 13.3 1458.7 1458.6 [M+H]+ 
13a F G-R5

Me-[D-(αMe)L]D-S5
Me-

LDL 
2 12.5 1330.6 1331.5[M+H]+ 

13b F G-R5
Me-[D-(αMe) F] D-S5

Me-
LDL 

2 12.9 1364.6 1365.5 [M+H]+ 

13c F   G-R5
Me-[cHex]D-S5

Me-LDL 2 12.4 1328.6 1329.5 [M+H]+ 
13d F   G-R5

Me-[cHep]D-S5
Me-LDL 2 12.8 1342.6 1343.5 [M+H]+ 

13e F   G-R5
Me-[cOct]D-S5

Me-LDL 2 13.0 1356.6 1357.6 [M+H]+ 
13f F   G-R5

Me-[B5]D-S5
Me-LDL 2 13.6 1372.6 1374.5 [M+H]+ 

13g F   G-R5
Me-[B6]D-S5

Me-LDL 2 15.0 1400.7 1401.6 [M+H]+ 
[a] F: FITC-peg2, Ac: acetyl; [b] gradient 1: 30 % B to 70 % B in 20 min (3 min pre-run 30 % B); gradient 2: 
30 % B to 95 % B in 20 min (3 min pre-run 30 % B); gradient 3: 0 % B to 70 % B in 10 min; gradient 4: 
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30 % B to 60 % B in 20 min [c] calculated molecular mass to charge ratio (m/z) for charged ions [M+H]+ 

or [M+2H]2+. 

 

 

Table S2: Dissociation constants Kd of peptides considered in alanine scan of peptide 1 were 
determined by direct FP assay (triplicates, errors account for 1 σ). 

Peptide Sequence Kd / µM 

Q420A FITC-peg2-AG-R5
Me-LD-S5

Me-LDLAS 0.046±0.001 

L423A FITC-peg2-QG-R5
Me-AD-S5

Me-LDLAS 0.140±0.001 

D424A FITC-peg2-QG-R5
Me-LA-S5

Me-LDLAS 0.154±0.001 

L426A FITC-peg2-QG-R5
Me-LD-S5

Me-ADLAS 7.200±0.040 

D427A FITC-peg2-QG-R5
Me-LD-S5

Me-LALAS 5.26±0.070 

L428A FITC-peg2-QG-R5
Me-LD-S5

Me-LDAAS 3.690±0.020 

S430A FITC-peg2-QG-R5
Me-LD-S5

Me-LDLAA 0.072±0.005 

 

 

 

Table S3: Dissociation constants Kd of peptide 1 as well as N- and C-terminal truncated derivatives 2 – 
6 of 1 were determined by direct FP assay (triplicates, errors account for 1 σ). 

Peptide Sequence Kd / µM 

1  FITC-peg2-QG-R5
Me-LD-S5

Me-LDLAS 0.46±0.020 

2 FITC-peg2-QG-R5
Me-LD-S5

Me-LDLA      0.35±0.002 

3 FITC-peg2-QG-R5
Me-LD-S5

Me-LDL      2.90±0.020 

4 FITC-peg2-QG-R5
Me-LD-S5

Me-LD    > 100 

5 (Me/Me) FITC-peg2-G-R5
Me-LD-S5

Me-LDL    1.75±0.086 

6 FITC-peg2-R5
Me-LD-S5

Me-LDL    12.26±1.650 
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Table S4: Dissociation constants Kd, half maximal inhibitory concentrations IC50 and inhibitory 
constants Ki of 1, 5 (Me/Me) and derivatives 7 – 12 with varying substitution pattern at XR3 and XS6 
were determined by direct FP and FP competition assay, respectively. Errors of Kd- and IC50-values 
were experimentally determined and account for 1 σ, whereas errors of Ki-values were propagated 
from errors of Kd- and IC50-values. 

Peptide Sequence[a] Kd / µM IC50 / µM Ki / µM 

1  QG-R5
Me-LD-S5

Me-LDLAS 0.460±0.020 6.335±0. 625 1.893±1.965 

7 (H/H) G-R5
H-LD-S5

H-LDL >200 >100 >10 

8 (H/Me) G-R5
H-LD-S5

Me-LDL ~50 >100 >10 

9 (Me/H) G-R5
Me-LD-S5

H-LDL ~50 >100 >10 

5 (Me/Me) G-R5
Me-LD-S5

Me-LDL 1.750±0.086 9.689±1.298 3.187±2.029 

10 (Me/Et) G-R5
Me-LD-S5

Et-LDL 1.520±0.169 9.872±2.156 3.258±2.136 

11 (Et/Me) G-R5
Et-LD-S5

Me-LDL 0.560±0.047 3.032±0.159 0.614±1.944 

12 (Et/Et) G-R5
Et-LD-S5

Et-LDL 0.550±0.046 8.622±0.505 2.775±1.970 

[a]with N-terminal FITC-peg2 modification for the determination of Kd-values by direct FP assays, N-
terminal acetyl modification for the determination of IC50-values by FP competition assays. 

 

 

Table S5: Effect of restraints on the ligand flexibility in complex and solvent legs of FEP simulations. 
Average RMSD-values of ligands in relation to the corresponding trajectory centroid structure. 
Trajectories were overlaid by ligand backbone and the crosslink heavy atoms.  

 None 

 

Soft 

(0.1 kcal·mol–1·Å-2) 

Medium 

(1 kcal·mol–1·Å-2) 

Hard 

(10 kcal·mol–1·Å-2) 

free 0.933 Å 0.718 Å 0.554 Å 0.389 Å 

complex 0.758 Å 0.666 Å 0.503 Å 0.345 Å 
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Table S6: ΔpKd-values for 5 (Me/Me) derivatives relative to 5 calculated by FEP applying various 
restraining force constants (none: 0; soft: 0.1, middle: 1, hard: 10 kcal·mol–1·Å-2) and experimentally 
determined ΔpKd-values for 5 (Me/Me) derivatives relative to 5 by FP assays. 

peptide none soft middle hard experimentally 

determined 

7 (H/H) -1.75±0.37 -2.31±0.38 -2.15±0.38 -2.15±0.30 < <-2.5 

9 (Me/H) -1.19±0.38 -2.11±0.45 -1.87±0.46 -1.91±0.32 -1.46±0.02 

5 (Me/Me) 0±0.29 0±0.29 0±0.29 0±0.29 0±0.03 

11 (Et/Me) -0.05±0.35 0.04±0.33 0.28±0.46 0.29±0.30 0.49±0.05 

12 (Et/Et) 0.57±0.32 0.41±0.34 0.63±0.34 0.13±0.32 0.50±0.05 

 

 

 

Table S7: 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 A and acetonitrile as 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 
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Table S8: Peptides used in LogD determinations. 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 A and acetonitrile as B, corresponding LogD-
values were calculated based on equation (7). 

Peptide tR / min LogD 

1  12.58±0.197 1.15±0.068 

7 (H/H) 11.70±0.007 0.63±0.019 

8 (H/Me) 12.37±0.003 1.03±0.031 

9 (Me/H) 12.35±0.003 1.01±0.031 

5 (Me/Me) 12.75±0.003 1.26±0.038 

10 (Me/Et) 12.78±0.009 1.28±0.040 

11 (Et/Me) 12.88±0.003 1.33±0.041 

12 (Et/Et) 12.92±0.001 1.35±0.041 

 

 

Table S9: Calculated dynamic non-polar and polar surface area (NPSA and PSA, respectively) of 
peptide 7 (H/H), 9 (H/Me), 5 (Me/Me), 11 (Et/Me) and 12 (Et/Et). 

Peptide NPSA / nm2 PSA / nm2 

7 (H/H) 7.630±0.027 4.333±0.017 

 9 (Me/H) 7.837±0.034 4.043±0.033 

5 (Me/Me) 7.678±0.025 3.663±0.038 

11 (Et/Me) 7.836±0.048 3.575±0.034 

12 (Et/Et) 7.952±0.056 3.560±0.021 

 

 

Table S10: Compound recovery measured in Caco-2 assays for peptides 1 (βRS8), 5 (Me/Me) and 7 
(H/H).  

Peptide Recovery from 

 apical donor / % 

Recovery from 

basolateral donor / % 

1 (βRS8) 84 61 

5 (Me/Me) 85 63 

7 (H/H) > 99 > 99 
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able S11: Data collection and refinement statistics for 14-3-3ζΔC/11 (Et/Me)-complex (3.7 Å 
resolution, PDB ID 6rlz). 

 14-3-3ζΔC/11(Et/Me) 

Data collection  

Space group P6(4) 

Cell dimensions  

                    a, b, c (Å) 

                   α, β, γ (°) 

94.8, 98.8, 98.8  

90, 90, 120 

Resolution (Å) 50.0-3.7 (3.80-3.70) 

Rsym or Rmeas (%) 17.7 (100) 

I / σ 16.02 (4.91) 

Completeness (%) 99.1 (97.5) 

Redundancy 33.0 (32.5) 

Refinement  

Resolution (Å) 43.81-3.7 

No. reflections 186022 from Xscale.lp(5069 from PDB) 

Rwork / Rfree 0.216/0.292 

No atoms 3503 

                   Protein 

                   Ligand/ion 

                   Water 

A: 1740, B: 1615 

C: 63, D: 57 

28 

B-factors 120.23 

R.m.s.deviations  

                   Bond lengths (Å) 

                   Bond angles (°) 

0.002 from PDB 

0.841 from PDB 
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Supporting figures 

 
Figure S1: ITC binding curves of the 14-3-3 binding sequence of exoenzyme S (H2N-QGLLDLALDLAS-
CONH2, ESp, left) and derivative 12 (Et/Et, acetylated, right). ITC experiments were performed as 
single measurements. 

 

 

Figure S2: A) Calibration curve for LogD determination based on reference compounds with known 
LogD-values (Pearson correlation coefficient r = 0.997). Measured retention times tR (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 A and acetonitrile as B are plotted against the corresponding 
LogD-value; B) Retention times tR of peptides obtained by 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 A and acetonitrile as B. 
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Figure S3: Mass trace detected in the HPLC/MS-based analysis of the acceptor compartment obtained 
in PAMPA, exemplified for peptide 5 (Me/Me) (gradient: 5 % B to 95 % B in 10 min). Left: reference 
measurement without membrane between donor- and acceptor-compartment corresponds to 100 % 
flux; right: measurement with membrane between donor- and acceptor-compartment.  

 

 

 

Figure S4: Mass trace detected in the HPLC/MS-based analysis of the apical and basolateral 
compartment obtained in a Caco-2 assay, exemplified for peptide 5 (Me/Me), which was initially 
applied to the apical compartment (gradient: 5 to 95 % B in 10 min). Left: apical compartment; right: 
basolateral compartment.  
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Figure S5: FP binding curves of truncated (aa 2 – 8) and bisalkylated peptides 13a – 13g including 
peptide 1 with corresponding pKd-values measured in FP assays (single measurements).  
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