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Contributions to chapter 

Peptide synthesis, protein expression, FP assays to determine Kd- and IC50-values, 
protease stability assay.  

 

Abstract 

Peptide-based ligands are often used as molecular tool compounds and are 
particularly promising to target challenging protein-protein interactions. However, the 
application of peptidic modulators requires affinity maturation and preferably the 
reduction of the molecular weight as this often limits their bioavailability and stability. 
Herein, a molecular docking method is described that developed an 11-mer peptide 
containing various non-natural modifications which stabilize the bioactive 
conformation and increase target interactions. In addition, these modifications appear 
to protect against peptide degradation by proteases. Eventually, the modified peptide 
22 was tested as an inhibitor of the extracellular protein-protein interaction between 
14-3-3 and aminopeptidase N revealing a good biological activity. 
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Introduction 

Protein-protein interactions (PPIs) play a crucial role in the regulation of cellular 
processes such as gene expression, post-translational modifications and protein 
degradation.1 14-3-3 proteins represent a class of eukaryotic adaptor proteins, which 
engage in a particularly high number of PPIs involving several hundred interacting 
proteins2,3 thereby rendering 14-3-3 family members outstanding interactome hubs.4 
14-3-3 was discovered from bovine brain tissue and named according to its 
characterization by DEAE-cellulose chromatography and starch–gel electrophoresis.5 
Generally, proteins of this class can be found both extra- and intracellular, being 
localized in the cytoplasm, in intracellular organelles and/or at the plasma 
membrane.6–8 In plants, up to 15 isoforms were identified and seven isoforms (α/β, γ, 
ε, η, σ, τ and δ/ζ) were found in mammals,9,10 each of them encoded by a different 
gene.11 All isoforms share the same cup-shaped tertiary structure comprising nine α-
helices (αA - αI) with a strong tendency to form dimers under physiological conditions 
(Figure 1A).12,13 This dimerization occurs through the N-terminal sequence which is 
highly related among all isoforms and thereby facilitates their self-assembly not only 
into homo- but also heterodimers with a C2 symmetry.14 Another strongly related 
sequence can be found in the binding groove of 14-3-3.15 The amphipathic nature of 
this binding cleft is defined on one hand by a basic patch and on the other hand by a 
hydrophobic surface area at the “roof” region. Most ligands bind 14-3-3 in a 
phosphorylation-dependent manner through electrostatic interactions with the basic 
cluster spanned by positively charged residues (K49, R56 and R12, Figure 1B).16 
Comparing 14-3-3 interaction partners, RSXpZXP and RXXXpZXP motifs have been 
identified as common recognition sequences accepted by each 14-3-3 isoform 
whereas X represents a proteinogenic amino acid and pZ codes for a phosphorylated 
serine or threonine, as can be found in Raf and Cdc25C.8,17 However, these recognition 
sequences are not required for high affinity interactions. Ligands have been discovered 
which lack phosphorylation but contain a corresponding mimic such as a glutamate 
residue, e.g. in Raf-1 and 5-phosphatase.8,18 Also binding partners predominantly 
engaging via hydrophobic interactions like in the 14-3-3/exoenzyme S (ExoS)-
interaction are known.16 Serving as an adaptor protein, 14-3-3 dimers are able to 
consolidate two ligands by simultaneous binding of one ligand at each monomeric 
subunit.19 Furthermore, ligands comprising two 14-3-3 binding motifs have been 
shown to reside in both clefts of the dimeric adaptor protein at once (e.g. BAD).20 
Interestingly, most 14-3-3 ligands adopt an extended conformation in their bound 
state.10 Since 14-3-3 proteins do not have any intrinsic enzymatic activity, they expose 
their function through PPIs and thereby modulate the activity, conformation or 
localization of their binding partners.14 These 14-3-3 interactions are often regulated 
either by phosphorylation of the binding partner or by post-translational modifications 
of 14-3-3 itself.12 Herein, we are particularly interested in 14-3-3-intercations with 
ExoS and aminopeptidase N (APN). 
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Figure 1: A) 14-3-3β-dimer with left monomer visualizes α-helices αA – αI (PDB ID 6gnj); B) ExoS 
(cartoon, black) bound to amphipathic groove of 14-3-3β (light grey) with hydrophobic 14-3-3 
residues (P165, I66, L172, L216, I217, and L220) highlighted in dark grey and basic residues involved in 
phosphorylation-dependent interactions (K49, R56 and R127) in blue (PDB ID 6gnj); C) Crystal 
structure of ESp (grey) including all side chains and labels for residues L422 and A425 in complex with 
14-3-3 (PDB ID 4n7g); D) Crystal structure of βRS8 (blue) including crosslinked residues XR422 and 
XS425 in complex with 14-3-3 (PDB ID 4n7y); E) Crystal structure of βSS12 (orange) including 
crosslinked residues XS422 and XS425 in complex with 14-3-3 (PDB ID 48n4). 

The 14-3-3/ExoS-interaction plays a crucial role in pathogenic Pseudomonas 
aeruginosa infections.21 This specific, gram-negative Pseudomonas strain is associated 
with hospital infections showing severe multidrug resistance (MDR) and mortality 
rates up to 61 % which is particularly predominant in immunocompromised 
patients.22,23 To reveal its pathogenicity, P. aeruginosa secrets cytotoxins such as ExoS 
into eukaryotic host cells using a type III secretion system.24 ExoS comprises two 
catalytic subunits, an N-terminal GTPase-activating protein (GAP) and a C-terminal 
ADP-ribosyl transferase (ADPRT) domain, which only become activated upon binding 
to eukaryotic 14-3-3 proteins.25,26 For elucidation of the molecular recognition 
between 14-3-3 and ExoS, variation studies on the 14-3-3 binding sequence of ExoS 
were performed.16,27,28 Mostly hydrophobic contacts were identified as driving force 
for the complex formation. Here, leucine residues of the 423LDALDL428-motif appear to 
be particularly vital for 14-3-3 engagement by interacting with the hydrophobic “roof” 
region of 14-3-3, which comprises protein residues P165, I66, L216, L172, I217, and 
L220 (Figure 1B).16 Furthermore, recent research by Karlberg et al. suggests that 14-3-3 
masks the hydrophobic surface of ExoS as protection against thermal aggregation and 
thereby leads to activation of both GAP- and ADPRT-function.29 The latter has been 
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proposed as the main initiator of P. aeruginosa apoptotic pathways.29 The ADPRT 
domain tolerates a wide range of substrates with a preference for Ras proteins and 
catalyzes the transfer of an ADP-ribosyl group onto its target.30 This modification is 
assumed to electrostatically and sterically hinder the engagement in further molecular 
interactions and therefore to interrupt various cellular pathways.31 The importance of 
the 14-3-3/ExoS interaction in P. aeruginosa infections becomes explicit as the 
activation of ExoS appears to be sufficient for causing cell death, thereby rendering 
this PPI an attractive drug target.32  

Thus, in our group the 11-mer peptide ESp (Exoenzyme S peptide, 
420QGLLDLALDLAS430, numbering based on the native exoenzyme S sequence) has been 
derived from the 14-3-3 binding epitope of ExoS. ESp reveals a moderate target affinity 
and adapts an irregular secondary structure upon binding (Figure 1C). Based on this 
native amino acid sequence, PPI inhibitors were developed by constraining the 
irregular conformation of ESp through macrocyclization. For this purpose, non-natural 
α-methyl, α-alkenyl amino acids have been introduced into the ESp sequence at 
positions i and i+3, which refer to positions 422 and 425 according to the ExoS 
nomenclature. The alkenyl-containing residues were crosslinked through ring-closing 
olefin metathesis and subsequently reduced to yield a fully saturated hydrocarbon 
linker. Optimization of crosslink length and configuration yielded βRS8, which harbors 
an eight-carbon crosslink between an R-and S-configured non-natural amino acid 
(XR422, XS425, Figure 1D) and βSS12 with two S-configured residues connected via a 12-
membered hydrocarbon tether (XS422, XS425, Figure 1E). Due to the conformational 
constraint and the hydrophobic contacts between the crosslink and the 14-3-3 
interface, βRS8 reveals a 4.6- and βSS12 a 28-fold higher binding affinity when 
compared to the unmodified parent peptide ESp.33 

Another highly interesting PPI occurs between 14-3-3 and aminopeptidase N as 
one of the rare known extracellular 14-3-3-interactions.34 APN is a zinc-binding, 
transmembrane metalloproteinase, with an N-terminal cytoplasmic domain, a 
transmembrane region and a C-terminal extracellular domain bearing the catalytic 
peptidase activity.35 Ghaffari et al. performed deletion studies on APN to investigate 
the molecular interaction with 14-3-3. Here, the C-terminal sequence of APN has been 
identified as the main interaction site by binding 14-3-3 in a phosphorylation 
dependent manner.36 Upon binding, the peptidase domain of APN activates MAPK-
dependent pathways, which eventually leads to an increased expression level of 
matrix metalloproteinases (MMPs).37 MMPs are known to be involved in cell growth 
and invasion but also degradation of the extracellular matrix.38,39 Therefore 14-3-3-
induced upregulation of MMP is associated with diseases such as rheumatoid arthritis 
(RA) and cancer metastasis.40 

 



Chapter 2 

28 
 

Results and discussion 

Due to the previously reported affinity data and structural insights,41 βSS12 represents 
a promising starting point for further development towards higher affinity, proteolytic 
stability and cellular activity. In earlier work, an alanine scan was performed on βSS12 
to identify amino acids that are crucial for binding 14-3-3. As a result, the LDL-
sequence (aa 426 – 428) appears to serve as a hotspot motif for target engagement 
and thus suggests the central βSS12 segment (aa 422 – 428) including the crosslinking 
residues XS422 and XS425 as minimal peptide sequence for target binding. Peptide-
based modulators generally comprise high molecular weights and flexibilities, which 
often limit their proteolytic stability and ability to pass cell membranes.42,43 Therefore 
we proposed to introduce both N- and C-terminal truncations into the βSS12 sequence 
to reduce the molecular size. Based on the alanine scan, we decided for a C-terminal 
truncated sequence (aa 420 – 428), lacking residues A429 and S430, as starting point 
for truncation studies on the N-terminus (Figure 2A). Corresponding peptides were 
synthesized manually applying Fmoc-based solid-phase peptide synthesis (SPPS). We 
introduced a fluorescence label (fluorescein isothiocyanate isomer I, FITC) at the N-
terminus and a spacer (polyethylene glycol, peg2) between the peptide sequence and 
the label to minimize its influence on binding affinities (Figure 2A). Dissociation 
constants (Kd) of truncated derivatives to 14-3-3 were determined by fluorescence 
polarization (FP) assays, whereas βSS12 and ESp have been included in these FP 
measurements as reference. According to earlier studies on 14-3-3/ExoS-interactions, 
isoform ζ was used for all following experiments.16,33  

Compared to the linear ESp (Kd = 1.26 ± 0.01 µM), a 1.9-fold lower Kd-value has 
been measured for peptide βSS12 (0.68 ± 0.01 µM, Figure 2B). However, in the initial 
studies a 28-fold difference in affinity was reported. This high deviation between the 
primary and current data corresponds to a 17-fold difference of Kd-values measured 
for βSS12 in these two studies, while both determined Kd-values for ESp are in the same 
range. For the truncated derivatives βSS12(ΔQ/AS) and βSS12(ΔQG/AS), a severe loss of 
binding affinity relative to their starting point βSS12 has been observed. Removing the 
N-terminal Q420 leads to a ten-fold increased Kd-value (6.7 ± 1.3 µM) for βSS12(ΔQ/AS) 
and elimination of both N-terminal amino acids Q420 and G421 in βSS12(ΔQG/AS) 
yields an even further reduced binding affinity (Kd ≈ 10 µM). These poor binding 
potencies can originate from two contributions, i) the loss of direct interactions and/or 
ii) changes of conformational preferences in solution. Although amino acids Q420, 
G421, A429 and S430 were not identified as crucial interacting residues in the alanine 
scan, they can potentially interact with 14-3-3 via their backbone atoms, which were 
not considered in variation studies, but are absent in the shortened derivatives. 
Alternatively, these residues might stabilize the bioactive conformation of βSS12 or 
even both effects might have an influence. Taken together, βSS12(ΔQ/AS) and 
βSS12(ΔQG/AS) show a considerable loss of binding affinity when compared to their 
starting point βSS12 with Kd-values in a micromolar range. This renders the truncated 
derivatives ineligible starting points for further modifications aiming to regain 
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nanomolar binding affinities. Therefore we did not further investigate the 
development of truncated βSS12 derivatives. 

 

 

Figure 2: A) Chemical structure of βSS12 including schematic representation of N-terminal spacer and 
fluorescence label as well as truncation positions; common C-terminal truncation is indicated by a 
continuous line (ΔAS), additional N-terminal truncations are indicated by dashed lines (ΔQ, ΔQG); 
B) Fluorescence polarization (FP) plot shows normalized binding curves for peptides ESp, βSS12, 
βSS12(ΔQ/AS) and βSS12(ΔQG/AS) including Kd-values (triplicates, error accounts for 1σ). 

Another strategy has been pursued to evolve βSS12 with focus on improving its 
affinity towards 14-3-3. Replacing single residues of the βSS12 sequence by both 
proteinogenic and non-proteinogenic amino acids was suggested. Considering the 
alanine scan, hotspot region LDL (aa 426 – 428) and crosslinking amino acids X422 and 
X425 were excluded from the following variation studies. For the residual six amino 
acid positions, substitutions by 18 proteinogenic (Gly and Pro not considered) and 223 
non-proteinogenic amino acids were proposed to yield a library with 1446 
corresponding βSS12 derivatives with single amino acid variations. The library design 
was performed by Adrian Glas aiming to cover a broad structural diversity. However, 
experimental testing of all 1446 peptidic macrocycles would have involved high 
synthetic efforts. A computational screening approach based on molecular docking 
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was proposed to limit resources and experimental work. Development and application 
of computational methods were conducted by Dennis M. Krüger. As a result, the 
docking studies suggested 12 peptidic macrocycles to be synthesized and tested for 
their target affinity.44 Synthesis of N-terminally fluorescent labeled peptides and FP 
assays for affinity measurements were partially undertaken by Adrian Glas. Among 
those 12 derivatives, two ligands showed an improved affinity compared to starting 
point βSS12. Varying L423 by an adamantylglycine (peptide 14) resulted in a 1.8-fold 
higher affinity (Kd = 59 ± 4 nM, Figure 3A). Whereas substitution of S430 to an L-γ-
carboxyglutamic acid (peptide 21) displays a Kd (99 ± 3 nM) in the same range as βSS12 
(Figure 3A). Interestingly, introducing both modifications simultaneously into one 
macrocycle shows a 2.7-fold increase in affinity (peptide 22, Kd = 38 ± 3 nM) compared 
to βSS12 indicating an additive effect.  

 

Figure 3: A) Left: Logarithmic plot of Kd-values for ESp, 14, 21 and 22 relative to βSS12 (rel. Kd = 
Kd(βSS12)/Kd(X)) including absolute Kd-values derived from FP assays (triplicates, error accounts for 
1σ); Middle: Chemical structure of adamantylglycine, which was introduced in position 423 in 
peptides 14 and 22; Right: Chemical structure of L-γ-carboxyglutamic acid, which was introduced in 
position 430 in peptides 21 and 22,  B) Overlay of crystal structures of βSS12 (dark grey, PDB ID 4n84) 
and peptide 22 (red, PDB ID 5jm4) in complex with 14-3-3ζ (light grey surface); hydrophobic patch 
(P165, I66, L172, L216, I217, and L220) on 14-3-3 surface highlighted in dark grey and basic patch 
(K49, R56 and R127) indicated in blue; C) Serum stability data for peptides ESp, βSS12, 22 and 22* 
showing the amount of remaining peptide after 0, 1, 4, 12 and 24 h incubation. 
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Next, co-crystallization was performed by David Bier to investigate the molecular 
recognition between the best binder 22 and 14-3-3. Superimposition of βSS12 crystal 
structure with 22 shows both peptides adopt the same binding mode (Figure 3B). The 
adamantyl moiety of 22 appears to increase the nonpolar interaction area through its 
extended hydrophobic structure compared to the leucine residue of the native 
sequence. Interestingly, the orientation of the L-γ-carboxyglutamic acid side chain in 
position 430 differs from the initial serine under formation of new electrostatic 
contacts with protein residues R56 and R127, which are known to be involved in 
phosphorylation-dependent 14-3-3-interactions.16 It can be assumed that the malonic 
acid side chain mimics the common phosphorylation-mediated interaction with 
14-3-3. 

Generally, peptide-based molecules are prone to proteolytic degradation when 
exposed to cellular systems.45 Therefore the influence of introduced chemical 
modifications on protease stability has been investigated by applying peptides ESp, 
βSS12, 22 and its corresponding non-crosslinked derivative 22* in a serum stability 
assay. Conform to conditions commonly used in in vitro assays, we performed 
incubations in DMEM (Dulbecco's Modified Eagle Medium) with 10 % FCS (Fetal Calf 
Serum) for 24 h at 37 °C.46,47 Samples were taken after t = 0, 1, 4, 12 and 24 h to 
determine the amount of intact peptide remaining under proteolytic conditions. 
Relative peptide quantities for each time point were calculated using a HPLC/UV-based 
readout, with peptide concentrations measured at time point t = 0 h correspond to 
100 % remaining peptide. Interestingly, a different behavior for crosslinked and non-
crosslinked peptides under the given proteolytic conditions has been observed. Non-
crosslinked peptides ESp and 22* appear to be more prone to degradation as a 
reduced content of ~60 % remaining peptide was detected for both derivatives after 
24 h incubation (Figure 3C). Molecular masses of N- and C-terminal truncated peptides 
were calculated and compared to the HPLC/MS analysis. Surprisingly, no 
corresponding degradation product was found. We assume that degraded derivatives 
were either eluted simultaneously with residual protein components originating from 
the assay medium or exhibit concentrations below the detection limit. However, ~90 % 
of crosslinked peptide βSS12 remained after 24 h and peptide 22 stayed stable 
throughout the entire incubation period revealing a level of > 99 % intact peptide at t = 
24 h. The improved proteolytic stability of macrocyclic peptides βSS12 and 22 can be 
driven by two contributions, i) stabilization of secondary structure through crosslinked 
side chains48 and/or ii) implementation of non-natural amino acids such as α-methyl-, 
α-alkenyl amino acids, adamantylglycine and L-γ-carboxyglutamic acid. Non-natural 
amino acids are generally less tolerated by the catalytic site of proteases and thereby 
limit the ability of corresponding peptides as suitable substrates. Peptide 22* contains 
the same non-natural amino acids as 22 but still shows detectable degradation over 
time. Consequently, the improved proteolytic stability of βSS12 and 22 appears to 
originate from the constrained secondary structure rather than from the influence of 
non-natural amino acids. This observation has already been reported for stapled 
peptides by Bird et al.49 Notably, this serum stability assay was performed as single 
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measurement and taking the considerable fluctuation of peptide contents over time 
into account (Table S2) allows to deduce only preliminary conclusion. Nevertheless, 
peptide 22 shows a promising proteolytic stability under the applied assay conditions 
and therefore appears to be suitable for further examination in cell-based assays.  

Since ExoS and APN bind to the same amphipathic groove of 14-3-3, we 
suggested the ExoS-derived peptide 22 to be tested in vitro as potential inhibitor for 
the extracellular, phosphorylation-dependent 14-3-3/APN-interaction. This PPI 
represents a potential therapeutic drug target as it is associated with diseases like RA 
and cancer metastasis. Therefore, MMP1-mRNA levels induced by 14-3-3/APN-
interactions were determined upon incubation with ESp, βSS12 and peptide 22. 
Incubations and analysis by quantitative real-time PCR were performed by Nicole 
Pospiech. In line with our expectations, peptide 22 shows the strongest 14-3-3/APN-
inhibition yielding an 8.7-fold reduced level of MMP1-mRNA. This effect is likely to 
result from both the low nanomolar affinity of 22 towards 14-3-3 but also from its high 
proteolytic stability. Due to the good stability, measured effects on mRNA-levels 
appear to be caused by specific interactions rather than by unspecific effects of 
degradation products. However, ESp and βSS12 show lower inhibitory activities (IC50-
vaues increased by a factor of 1.6 and 3, respectively). In turn, these results might 
originate from their lower affinities compared to 22. Particularly for ESp, also the 
limited proteolytic stability might hamper its potency as inhibitor. 

 

Conclusion and future perspectives 

In summary, truncation studies on βSS12 did not provide a potent binder for 14-3-3 
with reduced molecular weight. An alternative strategy was pursued to further 
develop βSS12. Molecular docking was successfully applied to yield peptide 22, which 
harbors two additional non-natural amino acids and shows a 2.7-fold increased target 
affinity compared to starting point βSS12. Due to its high stability under proteolytic 
conditions, peptide 22 appeared to be suitable for further cell-based experiments and 
has been tested regarding its potential to inhibit the extracellular 14-3-3/APN-
interaction, showing the expected reduction of MMP1-mRNA levels.   
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Methods 

Solid-phase peptide synthesis 

Peptides were synthesized manually on H-rink amide ChemMatrix® resin (Merck KGaA, 
loading 0.4 mmol/g) applying Fmoc-based solid-phase peptide synthesis (SPPS). For 
SPPS, Fmoc-protected standard amino acids were purchased from Iris Biotech, Fmoc-
protected non-proteinogenic amino acids from either Iris Biotech, Okeanos, 
Polypeptide Group or Sigma Aldrich and coupling reagents were purchased from Carl 
Roth. Unless further specified, all reactions were performed in syringe reactors at 
room temperature on an orbital shaker. Before synthesis, the resin was swollen in 
NMP (1 mL/50 mg resin) for 1 h. SPPS was carried out according to the following 
protocol.  

Fmoc removal 

N-terminal Fmoc protecting groups were removed by exposing the resin to a solution 
of 25 % piperidine in NMP for 5 min (2x).  

Amino acid coupling 

In all coupling steps a final concentration of 0.2 M relative to the initial resin loading 
was pursued. For standard Fmoc-protected amino acids, 4 eq of amino acid, 4 eq of 
each COMU ((1-Cyano-2-ethoxy-2-oxoethyliden-aminooxy)dimethylaminomorpho-
linocarbeniumhexafluorophosphate) and Oxyma Pure (Ethyl cyano (hydroxyimino) 
acetate) as well as 8 eq of DIPEA (N,N-Diisopropylethylamine) were dissolved in NMP 
(N-Methyl-2-pyrrolidone). The reaction was performed for 20 min, before the resin 
was washed (3x NMP, 3x DCM, 3x NMP). A second coupling step was performed 
applying 4 eq of amino acid, 4 eq of PyBOP (Benzotriazol-1-yloxy)tripyrrolidino-
phosphonium hexafluorophosphate) and 8 eq of NMM (N-Methylmorpholine) for 
45 min up to 16 h. For Fmoc-protected non-proteinogenic amino acids a single 
coupling was performed using 3 eq of amino acid, 3 eq of PyBOP and 6 eq DIPEA 
overnight in DMF (N,N-Dimethylformamide). Triple couplings were conducted for the 
coupling of standard Fmoc-protected amino acids onto non-proteinogenic amino acids 
comprising two coupling steps with each 6 eq amino acid, 6 eq. COMU, 6 eq Oxyma 
and 12 eq DIPEA for 20 min. For the third coupling, 6 eq of amino acid, 6 eq of PyBOP 
and 12 eq NMM were reacted for 45 min up to 16 h. 

Capping 

Capping of unreacted N-termini was performed applying a solution of NMP/Ac2O/ 
DIPEA (10/1/1, v/v/v, 1 mL per 50 mg resin) for 5 min. 
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Ring-closing metathesis (RCM) 

After synthesis of the complete peptide sequence, non-natural α-methyl, α-alkenyl 
amino acids were crosslinked on solid support in a ring-closing olefin metathesis (RCM) 
reaction using 4 mg/mL of Grubbs 1st generation catalyst in dry DCE (1 mL per 50 mg 
resin). The reaction was performed under nitrogen stream for 2 h. This procedure was 
repeated an additional three times, before the resin was washed with a DCM/DMSO-
solution (1/1, v/v) for 10 min and subsequently with DCM only (3x). 

Reduction of double bond 

The double bond formed during RCM was reduced using a 0.6 M TPSH and 1.2 M 
piperidine solution in NMP. The reaction was conducted at 55 °C and 1000 rpm orbital 
shaking for 1.5 h. This reaction step was repeated an additional three times, before 
the resin was washed.  

N-terminal modification 

For acetylation, N-terminal deprotected peptides were treated with a solution of 
NMP/Ac2O/DIPEA (10/1/1, v/v/v, 1 mL per 50 mg resin) for 15 min. 

For fluorescence labeling, the spacer peg2 (Fmoc-O2Oc-OH, 8-(9-Fluorenylmethyl-
oxycarbonyl-amino)-3,6-dioxaoctanoic acid) was coupled to N-terminal deprotected 
peptides following the procedure for coupling of standard amino acids. The 
fluorophore FITC (Fluorescein isothiocyanate isomer I) was attached to the peg2 spacer 
using 4 eq of fluorophore and 8 eq DIPEA in NMP for 1 h. Coupling of the fluorophore 
was repeated one more time. 

Washing step 

After each step and between each coupling reaction, the resin was washed using NMP 
(3x), DCM (3x) and NMP (3x). 

Cleavage, purification and characterization 

Resin/bound peptides were washed with DCM (3x) and dried under reduced pressure, 
before cleavage from the resin using a solution of TIPS/EDT/H2O/TFA (1/2.5/2.5/94, 
v/v/v/v) for 1 h. This procedure was performed twice in total. Cleavage solutions 
containing the desired peptide were collected after use and TFA was evaporated 
applying a nitrogen stream. Afterwards, peptides were precipitated by addition of ice-
cold ether and stored at -20 °C for 30 min, before centrifugation at 4 °C and 10000 rpm 
for 10 min. The supernatant was discarded and the remaining pellet dried by applying 
a nitrogen stream. The residual solid was dissolved in a H2O/ACN-mixture, before 
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) using solvent A (H2O + 
0.1 % TFA) and solvent B (ACN + 0.1 % TFA). Fractions containing the desired peptide 
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were freeze-dried overnight. Stock solutions were prepared in DMSO and 
concentrations were measured based on the FITC absorption at λ = 495 nm (ε = 
77000 M-1·cm-1) in 0.1 M Na3PO4 buffer (pH 8.5) for fluorophore-labeled peptides. 
Concentrations of acetylated peptides were calculated according to the UV absorption 
at 210 nm. 

 

Protein expression and purification 

For the expression of 14-3-3ζ ΔC (aa 1 – 230), a pre-culture of Escherichia coli Rosetta 
(DE3) cells, containing pPROex HTb vector, in LB medium with 100 μg·mL-1 ampicillin 
was prepared. After 17 h of shaking at 37 °C and 170 rpm, the pre-culture was used to 
inoculate 5 L TB medium containing 100 μg·mL-1 ampicillin. The cells were grown at 
37 °C for an additional 3.5 h. Once an OD600 of 0.8 was reached the protein expression 
was initiated through addition of 0.5 mM isopropyl-β-D-1-thiogalactopyranoside 
(IPTG). The culture was shaken at a reduced temperature of 25 °C and at 150 rpm 
overnight, before the cells were centrifuged at 4 °C and 4500 rpm for 20 min. The 
resulting pellet was suspended in 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 phenylmethylsulfonyl fluoride (PMSF)), 
before an appropriate amount of DNase I was added and the suspension was 
homogenized using ULTRA TURRAX. Then, the cells were lysed by a microfluidizer. The 
cell fragments were removed through centrifugation at 4 °C and 8000 rpm for 30 min, 
before His-tagged 14-3-3ζ ΔC was purified via affinity chromatography on nickel 
nitrilotriacetic acid (NTA) beads (GE Healthcare). Undesired proteins were removed by 
washing the beads with washing buffer (50 mM TRIS pH 8.0, 500 mM NaCl, 5 % 
glycerol, 25 mM imidazole, 0.5 mM TCEP), before 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) and concentrated to 
14 mg·mL-1. Subsequently the His-tag was cleaved by addition of Tobacco Etch Virus 
(TEV) protease (0.05 mg protease per 1 mg protein). 14-3-3ζ ΔC with the His-tag on 
was digested overnight at 4 °C. A size exclusion chromatography (SEC) was performed 
on an ÄKTA Pure system with a HiPrep 26/60 Sephacryl S-200 HR column (GE 
Healthcare) to remove the His-tag. The pure protein was concentrated by 
ultrafiltration to 64 mg·mL-1, flash-frozen and stored at -80 °C.  

 

Fluorescence polarization assay 

Fluorescence polarization (FP) assays were performed as single measurement or in 
triplicates to determine the dissociation constants Kd of N-terminally FITC-peg2 labeled 
peptides towards 14-3-3ζ (full-length His-tag). 100 µM stock solutions of peptides in 
DMSO were diluted to obtain a concentration of 40 nM in FP buffer (10 mM HEPES 
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pH 7.4, 150 mM NaCl, 0.1 % Tween-20). A dilution row for the protein solution was 
established, starting with a concentration of 200 µM and diluting by a factor of 2.5 per 
dilution step on a 384-multiwell plate (Corning, material no.: 4514) using FP buffer. 
Afterwards 5 µL of 40 nM peptide solution were added to each well with 15 µL protein 
solution, yielding a final peptide concentration of 10 nM and protein concentrations 
ranging from 150 µM to 26 pM. After 15 min incubation at room temperature, the 
fluorescence polarization signal was measured using a Spark 20M plate reader (Tecan) 
applying a wavelength of 485 nm for excitation, whereas the fluorescence emission 
was detected at 525 nm. Kd-values were calculated using a non-linear regression 
analysis of dose-response curves implemented in GraphPad Prism® software. 

 

Serum stability assay 

For peptide stability testing in serum, a 10 % solution of FCS (fetal calf serum) in 
DMEM (Dulbecco's Modified Eagle Medium) was prepared and incubated for 15 min at 
37 °C. A 10 mM DMSO stock solution of each N-terminally acetylated peptide was 
added to a separate serum containing medium yielding final peptide concentrations of 
200 µM with a final DMSO content of 2 %. Solutions were incubated at 37 °C and 
samples were taken at time points t = 0, 1, 4, 12 and 24 h. At each time point, 50 µL 
peptide containing medium were removed, cooled down to 0 °C and mixed with 
100 µL quenching solution (H2O/ACN + 3 % TFA, 1/1, v/v) to terminate degradations 
and to precipitate serum components. Samples were vortexed, before centrifuged for 
15 min at 13000 rpm and 4 °C. 90 µL were injected into an analytical HPLC/MS system 
with a Zorbax Eclipse XDB-C18 reverse-phase column (4.6 x 150 mm, particle size 
5 μm, Agilent) using solvent A (H2O + 0.1 % TFA) and solvent B (ACN + 0.1 % TFA) and 
analyzed by applying a gradient of 30 % B to 90 % B in 20 min. Integrals of 
corresponding peptides identified by retention time were quantified according to their 
absorbance at λ = 210 nm using Agilent OpenLab software.   
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Appendix 

Supporting tables 
Table S1: Detailed overview of all synthesized peptides. Retention times tR were measured by HPLC. 
The 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) 

ESp F QGLLDALDLAS 1 7.5 1648.7 1648.4 [M+H]+ 
 Ac QGLLDALDLAS 2 11.3 1157.60 1156.4 [M+H]+ 
βSS12 F QG-S7-LD-S7-LDLAS 3 12.2 1774.0 1773.7 [M+H]+ 
 Ac QG-S7-LD-S7-LDLAS 4 10.2 1281.73 1280.0 [M+H]+ 
βSS12 
(ΔQ/AS) 

F   G-S7-LD-S7-LDL 5 19.4 1486.72 1486.3 [M+H]+ 

βSS12 
(ΔQG/AS) 

F       S7-LD-S7-LDL 6 21.0 1429.7 1430.6 [M+H]+ 

14 
 

F QG-S7-(lada)D-S7-LDLAS 7 11.2 926.6 926.5 [M+2H]2+ 

21 
 

F QG-S7-LD-S7-LDLA(l2ce) 8 8.8 1858.9 1859.8 [M+H]+ 

22 F QG-S7-(lada)D-S7-
LDLA(l2ce) 

9 6.9 969.6 969.3 [M+2H]2+ 

 Ac QG-S7-(lada)D-S7-
LDLA(l2ce) 

3 14.3 1444.8 1444.8 [M+H]+ 

 [a]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, co-crystallization 
and/or cellular assays; [b]gradient 1: 10 % B to 90 % B in 10 min (3 min pre-run 10 % B); gradient 2: 
20 % B to 70 % B in 20 min; gradient 3: 50 % B to 70 % B in 20 min; gradient 4: 40 % B to 70 % B in 20 
min; gradient 5: 40 % B to 80 % B in 20 min (3 min pre-run 5% B); gradient 6: 30 % B to 80 % B in 
20 min (3 min pre-run 30 % B); gradient 7: 45 % B to 90 % B in 10 min (3 min pre-run 45 % B); gradient 
8: 50 % B to 95 % B in 10 min (3 min pre-run 50 % B); gradient 9: 60 % B to 80 % B in 20 min (3 min 
pre-run 60 % B); [c]calculated molecular mass to charge ratio (m/z) for charged ions [M+H]+ or 
[M+2H]2+; lada: adamantylglycine; l2ce: L-γ-carboxyglutamic acid.  

 

Table S2: Serum stability data for peptides ESp, βSS12, 22 and 22* after 0, 1, 4, 12 and 24 h incubation. 
Remaining peptide percentage was determined by HPLC/MS analysis via integration of the 
corresponding peptide signal at 210 nm. Integrals at time point t = 0 h were equated with 100 % and 
the following percentages were calculated relative to 100 % at t = 0 h.  

Peptide t = 0 h t = 1 h t = 4 h t = 12 h t = 24 h 
ESp 100 % 72 % 91 % 76 % 61 % 
βSS12 100 % 123 % 78 % 101 % 89 % 
22* 100 % 84 % 55 % 57 % 59 % 
22 100 % 103 % 110 % 107 % 111 % 
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Supporting figures 

 

 
Figure S1: HPLC/MS analysis of N-terminally acetylated peptide 22. A: HPLC chromatogram at λ= 210 
nm, peak retention time tR = 14.3 min, gradient: 50 – 70 % ACN with 0.1 % TFA in 20 min; B: MS 
spectrum, calc. m/z: 1444.8, found m/z: 1444.8.  
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