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Chapter 2 – Peptidomimetics as synthetic ligands of the protein FtsQ

Introduction
Bacterial cell division is dependent on the coordinated action of a set of proteins, named
Fts. These proteins arrange themselves into a macromolecular protein complex referred to
as the divisome. The divisome is responsible for bacterial cell division via a variety of
processes, such as cell constriction, synthesis of the septal peptidoglycan wall and the actual
cell separation itself.1–5 Formation of the bacterial divisome in Escherichia coli (E. coli) starts
with self-assembly of the bacterial tubulin-homologue FtsZ into a ring-like structure in the
midcell at the future division site.6,7 After anchorage and stabilization of the ring by FtsA,
ZapA and ZipA in the inner membrane, the additional cell division proteins FtsEX, FtsK, FtsW,
FtsI, FtsQ, FtsL, FtsB, and FtsN are recruited to the midcell.8–10 Some of these divisome
proteins’ functions have been presupposed, since FtsEX is involved in the transmembrane
regulation of septal peptidoglycan hydrolytic enzymes11 and FtsK in the XerCD-mediated
chromosome decatenation.12 FtsW and FtsI(PBP3) presumably function as a hybrid septal
peptidoglycan synthase with transglycosylase and transpeptidase activities, respectively.13
FtsN has a particularly interesting role as trigger for the synthesis of septal peptidoglycan,
depending on the assembly of the entire complex, by affecting FtsA on the cytoplasmic side
of the cell membrane directly as a feedback or even checkpoint mechanism.14 Although
there is no known enzymatic function so far, FtsQ is considered to play a central role in the
assembly of the divisome through a multitude of interactions with around 10 cell division
proteins.15 It is a highly conserved component since it is involved in the assembly of early
and late cell division proteins.10 Biochemical assays have confirmed the key player FtsQ to
interact with FtsB and FtsL.16 It has been proposed that the resulting complex FtsQBL is
formed via FtsK, independently beforehand its recruitment to midcell, where it interacts
with other divisome proteins needed for the cell division.17
FtsQ is a bitopic membrane protein. It consists of a single transmembrane domain (TMD)
formed by a helix, which connects two extra-membranous domains. The structure of its
globular periplasmic domain in E. coli was solved by X-ray crystallography and reveals its
composition out of two subdomains, named α and ß (figure 1).10 The TMD has not been
resolved in the crystal structure so far. Aside from other interactions, the TMD and the
periplasmic α-domain are believed to be required for FtsK recruitment.10,18 The ß-domain
interacts with various proteins, including FtsB and FtsL.10
FtsB and FtsL are also bitopic inner membrane proteins with 103 and 121 residues in E. coli,
respectively and have a similar topology to FtsQ. They are supposed to form a distinct subcomplex prior to their translocation towards the septum. These suggestions make a strictly
sequential recruitment less likely. Both proteins are considered to form a heterodimeric
or -tetrameric complex via their periplasmic leucine zipper motif.19,20
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Figure 1. Crystal structure of the FtsQ periplasmic domain (58 - 260) of E. coli; the periplasmic domain consists of
two subdomains: the α-domain in dark grey and the β-domain in light grey (PDB ID: 2vh1); the unresolved
transmembrane domain is sequentially following the α-domain.

In vivo scanning photo-crosslinking experiments were performed to map interactions
between FtsB, FtsL and FtsQ on amino acid level, considering 20 % of all surface-exposed
residues of FtsQ.21 This experiment led to identification of two hot spot regions on FtsQ,
interacting with both FtsB and FtsL. The interaction with FtsB is mainly affected by the
conserved membrane-distal part of the β-domain around Y248 and the interaction with FtsL
around R75 in the α-domain of FtsQ.21 In addition to cell-based studies, in vitro assays with
isolated proteins suggest binding of dimerized FtsB and FtsL onto the periplasmic domain
of FtsQ. For conducting these assays, the TMDs were replaced by heterodimeric coiled-coil
fragments.22
For further elucidation of the interactions between in E. coli heterologous expressed and
purified periplasmic parts of FtsB, FtsL and FtsQ were used in surface plasmon resonance
(SPR) experiments (if not stated otherwise protein domains consisted of FtsB: aa 22-103,
FtsL: aa 58 - 121, FtsQ: aa 58 - 276). A first SPR experiment revealed a strong interaction
between immobilized FtsQ and FtsB with a dissociation constant (Kd) of Kd = 0.8 µM.
Experiments with immobilized FtsL did neither show the known binding to FtsQ16 reliably,
as binding and release happened in a highly transient manner, nor binding to FtsB. The latter
result was unexpected, as FtsL and FtsB are assumed to interact through the formation of a
coiled-coil/leucine zipper complex.19,20 Here, it must be pointed out that these SPR
experiments were performed with the periplasmic parts of the proteins only, what might
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lead to contradicting results.19,20 However, when FtsB and FtsQ were added simultaneously
an affinity of Kd = 11 µM was detected. In summary, this proposes that FtsB and FtsL do
interact with FtsQ and that if all three proteins are together FtsB and FtsL bind to a new,
cooperative binding site and not to their independent binding sites, resulting in a
heterotrimeric complex.22
Subsequently, crystallization studies of the purified 1:1 complex consisting of the
periplasmic domains of FtsQ 58-276 and FtsB 22-103 from E. coli were performed (figure 2).
The crystal structure shows the previously reported two domains of FtsQ,
α and β.10 FtsB, only partially resolved (residues 64 - 87), is bound to the C-terminal part of
the β-domain of FtsQ and thereby seems to be the most distal from the membrane. The
amino acids 22 - 63 and 88 - 103 of FtsB are most likely disordered, as SDS Page did not
show any degradation. The resolved part of FtsB shows an α-helix connected to a β-strand
by a turn. The FtsB β-strand extends the central β-sheet of the β-domain in FtsQ via the
interaction with its last β-strand (figure 2b, wheat color). The binding mode was analyzed
and a number of key interactions could be identified. The α-helix in FtsB, consisting of the
amino acids 65 to 75, interacts with the rest of FtsB and FtsQ. Amino acids E68 and R72 of
the α-helix are responsible for the stabilization of FtsB, as they form salt bridges with the
residues R79 and E82 in the turn (figure 2b, blue color). Next to other salt bridges that are
involved in the binding of FtsB to FtsQ via D245 and R247, there are charged and polar
interactions with FtsQ mediated via amino acids E65, E69 and N73 of FtsB (figure 2b, brown
and green color, respectively).
For further verification of some of these key interactions, mutation studies were performed.
Therefore residue FtsB R72, which is involved in the intramolecular stabilization of FtsB by
forming an ionic bridge with E82, was mutated to alanine. SPR data revealed a 10-fold
reduced affinity. The variation of FtsB F84 to alanine, which is interacting with Y248 in FtsQ,
also resulted in a 10-fold affinity loss due to lack of hydrophobicity or aromaticity. These
SPR results indicate that both residues (E82 and F84) seem to be crucial hot spots for the
interaction between FtsB and FtsQ. The variation of Y248 to tryptophan in FtsQ resulted in
a complete loss of binding, supporting the postulated hot spot (figure 2c). Y248 and A253
form a central hydrophobic patch on the FtsQ surface where FtsB latches onto (figure 2d).
These mutation studies verify the binding mode revealed via crystal structure and are in line
with earlier data identifying this interaction site via in vivo site-specific photo crosslinking.21
These findings suggest that the amino acids 64 to 87 are sufficient for protein-protein
interaction between FtsB and FtsQ.
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Figure 2. Crystal structure of periplasmic domains of FtsQ 58-260 (shades of grey) and FtsB 22-103 (orange) from
E. coli presented in cartoon style (PDB ID: 6h9n); a) Periplasmic subdomains of FtsQ (shades of grey) and
periplasmic domain FtsB (resolved aa 64 - 87, orange), b) Detailed colored interactions between FtsQ (grey) and
FtsB (orange) color code: β-sheets of FtsQ and FtsB in wheat, salt bridges between FtsB-E68/R79 and FtsB-R72/E82
in blue, salt bridges contributing amino acids FtsQ D245 and R247 in brown, charged and polar interactions
FtsB E65, E69 and N73 in green, c) Hot spots for interaction/mutated residues (red), d) Highlighted hydrophobic
patch on FtsQ surface and FtsB F84 (hot spot) interacting with this area in blue.
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To investigate this hypothesis, SPR experiments with truncated FtsB versions were
performed and results of FtsB22-64, FtsB64-87 and FtsB22-103 were compared. The
N-terminal part of the periplasmic domain of FtsB, consisting of the amino acids 22 to 64,
does not show any binding, whereas the structured part of FtsB, consisting of the amino
acids 64 to 87, binds with similar binding affinities as the original FtsB22-103 construct
(Kd = 0.8 µM and Kd = 1.8 µM, respectively).
Being consistent with previous results regarding FtsB and FtsQ, the crystal structure of the
complex of both proteins is concluded to be a valid representation of the complex formed
during cell division. This complex is an interesting target for a structure-based design of a
peptide-derived protein-protein interaction inhibitor preventing cell division.21 FtsQ is an
essential protein with a low abundance of 50 to 250 copies per cell,25 has multiple
interactions in the easily accessible periplasm as shown in different studies15,17 and does not
have any obvious eukaryotic homologues.26 The FtsB-FtsQ interaction surface is small and
the interaction is easily interrupted by single variations, delivering a particularly attractive
starting point for the development of a peptidomimetic.
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Results and discussion
To verify the importance of the short FtsB sequence Q64 - L87 resolved in the crystal
structure of the complex between the periplasmic domains FtsB 22-103 and FtsQ 58-260,
this peptidic 24-mer was synthesized and its binding properties towards FtsQ were
investigated. Fmoc-based solid-phase peptide synthesis was performed, providing the
water-soluble FtsB-derived peptide. First, the affinity for in E. coli expressed FtsQ 50-276
with an N-terminal His6-Tag for purification purposes (expression and purification
performed by Felix Paulussen; His6-FtsQ 50-276) was investigated using a fluorescence
polarization (FP) assay. For affinity determination via FP, the peptide was N-terminally
equipped with a fluorescein (FITC) label attached via a flexible polyethylenglycol spacer
(Peg2), resulting in the fluorophore-labelled FtsB peptide (amino acids 64 - 87, FtsB-p,
figure 3a). Fluorescence polarization of FtsB-p was observed in dependence of the
concentration of the binding partner His6-FtsQ 50-276. For all experiments in this chapter
only this E. coli His6-tagged, periplasmic part of FtsQ 50-276 was used
(His6-FtsQ 50-276 = ppFstQ). The FP assay provides an affinity of Kd = 9.0 µM for
FtsB-p/ppFstQ (figure 3b), which is 5-fold lower than SPR-based affinity of the FtsB 64-87
protein to immobilized FtsQ 58-276 (Kd = 1.8 µM).27 This deviation most probably is caused
by the difference of the used methods. While SPR is a heterogenic method with one
component being immobilized, the homogenous FP assay is only solution-based.
Next, acetylated and label-free FtsB peptide (aa 64 - 87; ac-FtsB-p) was used to pursue Xray crystallography of the ac-FtsB-p/FtsQ 58-260 complex (experiments performed by the
group “The bacterial Cytoskeleton” of Prof. Dr. Löwe in Cambridge, UK). Superimposed
crystal structures of FtsB 22-103/FtsQ 58-260 and ac-FtsB-p/FtsQ 58-260 are shown in
figure 3c and 3d (PDB ID 6h9n and 6h9o, respectively).27 The cartoon representation of
E. coli FtsB 22-103 (orange) and synthetic ac-FtsB-p (grey) show a very similar binding mode,
as the wire presentation in the close-up only shows minor shifts in the overall structure.
Successful binding mode characterization of the synthetic ac-FtsB-p and the corresponding
FP-based affinity of Kd = 9.0 µM represent an excellent starting point for the development
of potentially antibiotic peptidomimetics aiming for disruption of the FtsB-FtsQ interaction
and thereby the cell division process. As introduced in (CHAPTER INTRODUCTION), there are
several strategies to stabilize peptides in their bioactive conformation to increase target
affinity. One approach of stabilizing the bioactive conformation is pursued in the following
experiments, aiming for a peptide-derived antibiotic. The project aims at the stabilization
of the bioactive conformation of FtsB-p through macrocyclization. Such modified peptides
tend to show higher affinity, protease stability and also in some cases, improved
bioavailability.28
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Figure 3. a) Sequence of FtsB-p: peptide is N-terminally Peg2-FITC-labelled for FP measurements, b) Results of
affinity measurement of FtsB-p to ppFtsQ revealing an affinity of Kd = 9.0 ±0.8 µM (triplicates, errors account for
1σ); c) Superimposed crystal structures of FtsB 22-103/FtsQ 58-260 (protein/protein, PDB ID: 6h9n, orange) and
ac-FtsB-p/FtsQ 58-260 (peptide/protein, PDB ID: 6h9o, shades of grey) aligned to FtsQ 58-260 (PDB ID: 6h9o);
d) Close-up of resolved part of FtsB 22-103 in orange (PDB ID: 6h9n) and ac-FtsB-p in dark grey (PDB ID: 6h9o)
aligned to FtsQ 58-260 (light grey); e) Close-up of interaction interface between ac-FtsB-p (dark grey, cartoon, side
chain as sticks (oxygen and nitrogen in red and blue, respectively) and FtsQ 58-260 (light grey, surface) PDB ID:
6h9o).

One approach of macrocyclization is the classical hydrophobic stapling via ring closing
metathesis of olefinic amino acids (figure 4a). This method was first described to stabilize
α-helices within a peptide using α-methylated olefinic amino acid building blocks.29 Later
this method was refined to stabilize irregular peptide structures and it was shown that this
peptide could be used to interrupt a pathogenic protein-protein interaction.30 Further
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development of this approach to stabilize an α-helix-turn and a β-sheet-turn structure was
aimed in the following studies. For the chosen stabilization method, commercially available,
artificial non-α-methylated olefinic amino acid building blocks were incorporated during
solid-phase peptide synthesis. Three different crosslinking positions in FtsB-p were chosen,
two of these for stabilization of the α-helix-turn structure in the predominantly N-terminal
part and one to stabilize the C-terminal β-sheet-turn structure. For the α-helix-turn
stabilization, an i, i + 11 and an i, i + 10 crosslink in α- and β-position, respectively, were
planned. These crosslinking positions are defined by the amino acids E68 and R79 (i, i + 11)
in α-position and R72 and E82 (i, i + 10) in β-position (figure 4b, c). For β-position, it has
been suggested that the corresponding amino acids are forming an intramolecular salt
bridge (figure 2b). Since the amino acids in α-position (E68 and R79) are pointing at each
other in the same way, it is reasonable to suggest formation of another salt bridge in the
bound state. The γ-position is defined by the amino acids S76 and F84 forming an i, i + 8
crosslink. This linkage is supposed to stabilize the C-terminal β-sheet-turn structure. A
crosslink length of n = 12 carbon atoms was chosen to ensure that the alkene groups of the
amino acids reach each other to form the bridge without changing structural properties of
the peptide.
The peptides were synthesized on solid support by incorporating Fmoc-S7-OH at positions
E68 and R79 for FtsB-p-α (n = 12), at R72 and E82 for FtsB-p-β (n = 12) and at S76 and F84
for FtsB-p-γ (n = 12). Metathesis was performed on solid support with aid of the 1st
generation Grubbs Catalyst. Afterwards, the peptides were Peg2- and FITC-labelled, cleaved
from resin and purified via preparative high performance liquid chromatography (HPLC),
resulting in peptides α12, β12 and γ12. For affinity determination, FtsB-p and the
crosslinked peptides were used in a FP assay. The resulting titration curves show an
increased affinity for the α-helix-turn stabilized peptides α12 and β12 in comparison to
FtsB-p (Kd = 9 µM, figure 4d). The alkene crosslink leads to a 2.5-fold higher affinity in αposition and an 25-fold increased affinity in β-position with dissociation constants of
Kd(α12) = 4 µM and Kd(β12) = 0.4 µM, respectively. However, the modification of the
C-terminal β-sheet-turn structure leads to an decreased affinity compared to the noncrosslinked peptide (Kd(γ12) > 60 µM). This might be caused by the variation of F84 which
is a known hot spot of the interaction between FtsB and FtsQ.21,27 Another option to stabilize
the C-terminal part would be an i, i + 10 alkene crosslink, involving the amino acids S76 and
R86 instead. These experiments showed that the amino acids in γ-position are very sensitive
to alterations. In contrast, α- and ß-position tolerate variations. The affinity increase upon
on crosslinking in α-position, range here from 2.5 to 25-fold supporting, that E68 and R79
indeed form a salt bridge in the bioactive bound state.
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Figure 4. a) Schematic depiction of peptide synthesis route with olefinic building block (here Sn=7) and ruthenium
catalyzed olefin metathesis, b) One-letter code of peptide sequences of FtsB-p and modified sequences for alkene
crosslink, giving the peptides α12, β12 and γ12 (B = norleucine), c) Crystal structure of ac-FtsB-p/FtsQ 58-260
complex, different colored amino acids show different crosslink positions α, β and γ in red, green and yellow,
respectively, (PDB ID: 6h9o), d) Results of FP assay of FITC-labelled FtsB derived peptides and ppFtsQ.

All crosslinks were initially tested with a linker length of n = 12 carbon atoms. Since the
linker length defines the rigidity of the peptides, it is crucial to find the balance between
sufficient length and preorganization to constrain the bioactive conformation and improve
binding affinity. Therefore different linker lengths of α- and β-crosslinks were screened.
Peptides with varying linker lengths n were synthesized using combinations of different
olefinic amino acid building blocks (Fmoc-Sx-OH, x = 4 - 8, n = (2x) - 2). Affinities of
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FtsB-p-derived αn and βn peptides to ppFtsQ were obtained via FP. For better comparison,
the resulted Kd-values are shown in relation to the affinity of FtsB-p (Kd = 9.0 µM) (figure 5).
Crosslinking the peptide either in α- or β-position leads to increased affinity, once the
crosslink is at least n = 9 carbon atoms long. Affinity measurements of peptides with
different linker lengths in α-position (E68 – R79) show that very short linkers have a negative
influence on the affinity (n < 9). Peptide α12 with n = 12 shows higher affinity than FtsB-p
but lower affinity than α9 and α10, suggesting an optimum for the length of a crosslink
(9 < n < 12). Peptide α10 showed a 5-fold higher affinity compared with FtsB-p (Kd = 2.2 µM
vs. Kd = 9.0 µM, figure 5a). Macrocyclization via an alkene crosslink in β-position (R72 – E82)
is more effective than in α-position in terms of affinity gain. α and β crosslinks ranging from
n = 9 - 12 carbon atoms showed increased affinity, ranging from 10 to 25-fold (figure 5b).
The highest affinity candidate is β12 (Kd = 0.45 µM), having already been measured within
the initial crosslink set searching for suitable crosslinking positions (figure 4b - d). The
covalent hydrophobic bridge in β-position enables intramolecular stabilization and highly
improves affinity. This strongly suggests that a salt bridge interaction in the native protein
stabilizes the bioactive conformation. As FtsQ D245 and R247 are proposed to interact with
these salt bridges,27 we next sought to insert crosslinks mimicking the polarity of the salt
bridge to enhance affinity further. Therefore, a guanidine-functionalized crosslink in α- and
β-position was aimed.31–33 Since the βn-crosslinks showed higher affinities than αn, the βnseries was chosen to be functionalized.

Figure 5. Relative Kd values of a) αn peptides (Kd(FtsB-p) / Kd(αn)) and b) ßn peptides (Kd(FtsB-p) / Kd(ßn)), obtained
by FP measurements of FITC-labelled alkene crosslinked peptides to ppFtsQ with n = 6 - 12 carbon atoms
(triplicates, errors account for 1σ), crystal structures of ac-FtsB-p with colored α- (red) and β- (green) positions,
PDB ID: 6h9o.
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FtsB-p peptides with variations at R72 and E82 (β-position) were synthesized. The synthesis
of a guanidine-functionalized crosslink requires two amino-functionalized amino acids.31–33
One of these amino groups is protected with the highly acid-sensitive protecting group
monomethoxytrityl (mmt) and the other one with an orthogonal protecting group as alloc,
allowing orthogonal deprotection of both protecting groups as well as deprotection of all
other amino acids and total cleavage, as this requires high percentages of acid. 31–33
Different lengths of the guanidine bridge were screened by using distinct combinations of
the amino-functionalized amino acids Fmoc-Orn(mmt/alloc)-OH and Fmoc-Lys(mmt/alloc)OH, providing linker lengths of n = 9 - 11 atoms. The formation of a guanidine bridge follows
the order: i) removal of alloc protecting group with palladium triphenylphosphine, ii)
conversion of the free amino group into isothiocyanate, iii) mild deprotection of mmt
protected amino-functionality, iv) formation of the macrocycle via thiourea bridge and v)
conversion of thiourea crosslink into guanidine bridge (scheme 1).

Scheme 1. Synthesis route towards a guanidine bridge with a linker length of n = 11 utilizing Lys(mmt) and
Lys(alloc), i) alloc deprotection, ii) isothiocyanate formation, iii) mmt deprotection, iv) thiourea bridge formation
and v) guanidine bridge formation.

30

Chapter 2 – Peptidomimetics as synthetic ligands of the protein FtsQ
Four different peptides have been synthesized (scheme 1) with varying combinations of
Fmoc-Lys(mmt/alloc)-OH and Fmoc-Orn(mmt/alloc)-OH to obtain FtsB-p-derived peptides
baring guanidine-functionalized β-crosslinks with different linker lengths (βn = 9 - 11gua).Of
these, only the peptide with the longest functionalized crosslink could be isolated. Affinity
of β11gua was determined via FP, resulting in an affinity comparable to non-crosslinked
FtsB-p (Kd = 17 µM vs. Kd = 9.0 µM; figure 6). The peptide β11gua shows an affinity 38-fold
less compared to β12. This is surprising, since the length-dependence of the β-crosslink
indicated that 11 linker atoms are within the optimal range. One reason for the low affinity
might be the increased rigidity associated with the guanidine functionality. In addition, the
introduction of a guanidine into the α-crosslink was pursued. However, during synthesis the
intermediate thiourea-containing macrocycle could not be obtained, as the side chains are
possibly too remote from reach each other. To overcome this problem, a combination of
the hydrophobic β-crosslink and a guanidine bridge in α-position was planned. The synthesis
route of this double crosslinked peptide is challenging, as the alloc protecting group is labile
under metathesis conditions. Thus, it was planned to synthesize the peptide stepwise. First
the hydrophobic crosslink in β-position was aspired, followed by the guanidine crosslink in
α-position. Different conditions were screened (Grubbs catalyst 1st and 2nd generation,
temperature and microwave) to yield in macrocycle closure but none of these attempts
were successful. Unfortunately, it was neither possible to incorporate a guanidine crosslink
in α- or in β-position, nor to combine a guanidine bridge and the alkene crosslink.

Figure 6. a) One-letter code of peptide sequences of FtsB-p and β11gua with B = norleucine, b) Crystal structure of
ac-FtsB-p/FtsQ 58-260, β-position colored in green (PDB ID: 6h9o), c) Results of FP assay of FITC-labelled FtsB-pderived peptides and ppFtsQ.
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As the functionalization of the α- and β-crosslink was not feasible, alternative
macrocyclization approaches were considered. Next to monocycles, bicyclic approaches
have been successfully carried out to pre-organize peptides in the past.34 One of these
approaches is known as the CLIPS-technology (Chemical LInkage of Peptides onto Scaffolds)
and shows the possibility to conjugate and thereby stabilize larger structures.35 The method
is based on the reaction of cysteines in a peptide with an electrophilic crosslinking ligand
(figure 7a). Therefore two different positions in FtsB-p for placing a tris-electrophilic
aromatic ligand were chosen: δ and ε (figure 7b).
Position δ comprises amino acids A71, L75 and B77, position ε consists of S76, F84 and R86
(colored blue and violet, respectively). Both peptides harboring 3 cysteines in these
positions were synthesized. After synthesis, the cysteine-harboring peptides were Peg2- and
FITC-labelled, cleaved and purified. The crosslinking reaction was performed with purified
peptides in aqueous solution. For yielding high amounts of bicyclic peptides, different
temperatures (0 °C - 30 °C) and different reaction times (15 min - 3h) have been screened,
exhibiting distinct conditions for both peptide-ligand combinations. After obtaining the
crosslinked peptides, affinities were determined via FP. Only the δ-crosslinked peptide
showed a 2-fold affinity increase in comparison with FtsB-p, revealing an affinity of
Kd(δ) = 4.9 µM (figure 8c). The peptide containing an ε-crosslink showed even lower affinity
than FtsB-p what renders ε-position unsuitable for further investigations. These results are
in line with earlier experiments, showing that F84 is a

Figure 7. a) Schematic depiction of cysteine based conjugation reaction with tris-electrophilic TBMB = 1,3,5-Tris(bromomethyl)benzene, b) One-letter code of peptide sequences of FtsB-p-δ and -ε with B = norleucine, crystal
structure of ac-FtsB-p with δ- (blue) and ε- (violet) positions, PDB ID: 6h9o.
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hotspot for the interaction between FtsB 22-103 and FtsQ 58-276.27 The idea was to mimic
the aromatic functionality of F84 with the benzene moiety, as the interaction between
FtsB 22-103 and FtsQ 58-276 in that region presumably relies on hydrophobic interactions
(figure 2d). This attempt was not suitable, as the orientation of the aromatic ring might be
too different for attractive interaction between both binding partners and led more likely
to repulsive forces.
Subsequently, the two beneficial crosslinking architectures (β12 and δ) were combined
resulting in the bicyclic peptide βδ12 (figure 8). An FP assay of βδ12 with ppFtsQ revealed
an affinity of Kd = 0.71 µM, which is comparable to the affinity of β12 (Kd = 0.45 µM). Due to
a possibly increased constrain of the bicycle in the turn region, it is reasonable that a shorter
crosslink in β-position is favored. Therefore, βδ10 with n = 10 carbon atoms was
synthesized. Affinity measurement via FP resulted in an affinity of Kd = 1.1 µM, being about
2-fold lower than the affinity of the longer β-crosslinked βδ12 (data not shown). The tricyclic
βδ-peptides revealed the same trends as the cyclized β-peptides and thus strengthened
these earlier findings that a longer and more flexible linker, up to a certain optimum, leads
to higher affinity.

Figure 8. a) One-letter code of peptide sequences of FtsB-p and modified peptides β12, δ and βδ12 with
B = norleucine, b) Crystal structure of ac-FtsB-p/FtsQ 58-260 complex with different colored β- and δ-positions
(green and blue, respectively, PDB ID: 6h9o), c) Results of FP assay of FtsB-p-derived peptides to ppFtsQ (triplicates,
errors account for 1σ).
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For in vivo applications, not only the affinity, but also other parameters like bio-applicability
are important. Next to a sufficient affinity to compete with the actual protein-protein
interaction and thus interrupting it, the peptidomimetic needs to be able to enter the cell
to reach the target in case of intracellular PPIs. Therefore, the next step in developing a
suitable peptide-derived inhibitor is reduction of molecular size. Having a favorite candidate
with a 20-fold affinity increase compared to FtsB-p in hand, all following experiments were
based on the β-alkene crosslinked peptide β12 (Kd = 0.45). Subsequently, β12 was truncated
on both termini gradually. After successful synthesis, Peg2- and FITC-labelling, cleavage and
purification, affinity was measured via FP. The results of all β12-truncated peptides (aa 6x8x) are presented relative to their parent peptide β12 (comprising aa 64 - 87; figure 9).
N-terminal truncation of up to 4 amino acids did not have a large influence on the affinity
to ppFtsQ (Kd(β12 64-87) ≈ Kd(β12 68-87)). Removing more than 4 N-terminal amino acids
was not possible, as the macrocyclization of the β-crosslink did not proceed for the
corresponding peptides. This observation is in line with the previously observed difficulties
during macrocyclization of the peptides containing the β-alkene crosslink together with a
guanidine-functionalized crosslink in α-position. Remarkably, any C-terminal truncation
leads to a severe loss of affinity.

Figure 9. FP assay-derived relative Kd values of truncated ß12 peptides (Kd(ß12) / Kd(ß12(6x-8x)) to ppFtsQ
(triplicates, errors account for 1σ), crystal structure of ac-FtsB-p 64-87 with green β position (PDB ID: 6h9o).
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Summary and future perspectives
Within this study, a peptidomimetic with a complex structure and a 20-fold higher affinity
in comparison to the 24-mer of the FtsB 22-103 protein was developed, serving as a
precursor for subsequent research towards a potent inhibitor of bacterial cell division.
Different positions for crosslinking were screened. Here, a known salt bridge for
intramolecular stabilization was substituted with a covalent crosslink between two olefinic
amino acids (figure 4). This alkene crosslink was formed via ring closing metathesis,
connecting two alkene groups of the introduced, non-natural amino acids. A second
macrocyclization approach to incorporate bicycles has been applied and different
architectures have been screened. The most potent derivative in this series contains a
bicycle in δ-position and was combined with the alkene crosslink mentioned above. This
combination of two different crosslinking approaches stabilized the secondary structure of
the peptide leading to an affinity of Kd = 0.7 µM (figure 8).
In subsequent studies, the truncation studies for β12 (figure 9) need to be repeated for the
tricyclic peptide βδ12. Thereafter, a deeper biophysical evaluation of the binding event
between the peptidomimetic and the target protein ppFtsQ would be of interest. SPR and
isothermal titration calorimetry would be suitable to evaluate the thermodynamics and
verify the FP based affinity measurements. To clarify whether the crosslinks have an
influence on the binding mode of the new peptide βδ12 68-87 and to determine how the
crosslinks themselves are interacting with ppFtsQ, crystallization studies should be
performed. For a successfully developed peptide-derived antibiotic for the FtsB-FtsQ
interaction it is necessary to be able to compete with the native protein complex. Therefore,
in vitro competition assays should be performed. These assays can be based on fluorescence
polarization, but also on pull down experiments. The main goal is to treat cells with a cellpermeable ac-FtsB-p-derived peptide and thus inhibiting cell division.
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Methods
Peptide synthesis and purification
General
Peptides were synthesized using Fmoc-based solid-phase peptide synthesis on H rink amide
ChemMatrix resin (Merck KGaA). Peptide sequences were assembled using the automated
peptide synthesizer (Syro II, MultiSynTech GmbH). Between all steps, 6 washing cycles were
performed.
Fmoc deprotection
For Fmoc deprotection, the resin was treated with 20 % piperidine in dimethylformamide
(DMF) for 5 min, twice.
Amino acid coupling
Amino acids and the N-terminal flexible spacer 8-(9-Fluorenylmethyloxycarbonyl-amino)3,6-dioxaoctanoic acid (Peg2), were coupled using 4 equivalents (eq) of the Fmoc protected
amino acids (Iris Biotech GmbH) according to the initial loading of the resin, 4 eq of 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid
hexafluorophosphate (HATU) and 8 eq N,N-diisopropylethylamine (DIPEA) in
N,N-dimethylformamide (DMF) for 30 min. In addition to the first coupling, a second
coupling using 4 eq benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), 8 eq 4-methylmorpholine (NMM) and 4 eq of the Fmoc-protected
amino acid for 40 min was performed.
Capping
After every double coupling, a capping step was performed using acetic anhydride (Ac2O)
and DIPEA in DMF (1:1:10) for 10 min.
Olefin crosslink
For macrocyclization of olefinic non-natural amino acids, ring closing metathesis was
performed. Fmoc-protected non-natural olefinic amino acids (Okeanos Tech) were
incorporated in peptide synthesis and treated as natural amino acids. After synthesis, the
resin with immobilized peptide was washed and swollen in dichloroethane (DCE) for 15 min.
A solution of 4 mg·mL-1 enzylidene-bis(tricyclohexylphosphine)dichlororuthenium (Grubbs
CatalystTM 1st generation) in DCE was added to the resin and reacted at 20 - 35 °C for 1 - 2 h.
This procedure was repeated until high amount of crosslinked peptide was observed
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(analytical LC-MS analysis), with a maximum of three repetitions. After metathesis, the resin
was washed with DCE, dichloromethane (DCM) and DMF three times, respectively. Next,
the peptide was Fmoc deprotected and Peg2-FITC labelled for affinity measurements or
acetylated for crystallization experiments.
Guanidinium-functionalized crosslink
For macrocyclization of peptides harboring a guanidinium-functionalized crosslink, one
methoxytrityl (mmt) and one alloc protected amino-functionalized amino acid was
incorporated at the corresponding crosslink positions during automated peptide synthesis.
First, the alloc protection group was removed. Therefore the peptide was treated under dry
conditions with 20 mol% palladium-tetrakis(triphenylphosphine) and 24 eq phenylsilane in
DMF for 30 min. Secondly the free amine was converted into an isothiocyanate with 0.3 eq
DMF, 0.76 eq carbon disulfide, 4 eq PyBOP and 12 eq DIPEA for 30 min. To enable formation
of the thiourea bridge, the mmt protection group was removed under very mild acidic
conditions with 2,2,2-trifluoroethanol and acetic acid in dichloromethane (DCM) (2:1:7) for
20 min to ensure orthogonality to the other acid-labile protection groups. This procedure
was repeated six times. To form the thiourea bridge the peptide was shaken in 4 eq
triethylamine in dry tetrahydrofuran overnight. Finally the guanidine bridge was formed by
treating the peptide with 0.2 M methyl iodide in DMF for 1 h, three times.
Fluorescein labelling
For affinity measurements, peptides were N-terminally equipped with a fluoresceinisothiocyanate (FITC). Prior to FITC labelling, the flexible spacer 8-(9Fluorenylmethyloxycarbonyl-amino)-3,6-dioxaoctanoic acid (Peg2) was coupled like an
Fmoc-protected amino acid as stated above. Afterwards, 4 eq of FITC were coupled using
8 eq DIPEA for 1.5 h, twice.
N-Acetylation
For crystallization experiments, peptides were acetylated with Ac2O and DIPEA in DMF
(1:1:10) for 15 min, twice.
Peptide cleavage
Cleavage of peptides was performed with 94 % trifluoroacetic acid (TFA), 2.5 % 1,8octanedithiole (ODT), 2.5 % H2O and 1 % triisopropylsilane (TIPS) for 2 h, twice. The
cleavage solutions were combined and peptides were precipitated with diethyl ether (Et2O)
at -20 °C for 15 min and lyophilized.
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Peptide purification
Cleaved and lyophilized peptides were resolved in 20 % acetonitrile in water and purified
by reversed-phase HPLC (Macherey-Nagel Nucleodur C18 culumn; 10×125 mm, 110 Å, 5 µm
particle size) using a flow rate of 6 mL·min-1 (A: water with 0.1 % TFA, B: ACN with 0.1 %
TFA). Obtained pure fractions were pooled and lyophilized. Characterization of peptides
was performed by analytical HPLC (1260 Infinity, Agilent Technology; flow rate of 1 mL·min1
, A: water with 0.1 % TFA, B: ACN with 0.1 % TFA; Agilent Eclipse XDB-C18 culumn,
4.6×150 mm, 5 µm particle size) coupled with a mass spectrometer (6120 Quadrupole
LC/MS, Agilent Technology) using electrospray ionization. Analytical HPLC chromatograms
were recorded at 210 nm and MS spectra, masses and m/z ratios are shown in the appendix
– analytics part. Quantification of fluorescein-labelled peptides was performed using the
extinction coefficient ε = 77.000 M-1·cm-1 of fluorescein isothiocyanate (FITC) in 100 mM
sodium dihydrogen phosphate, pH 8.5, quantification of acetylated peptides were
performed by HPLC-based comparison (chromatogram at 210 nm) with a reference peptide.
Cysteine-based cyclization
For macrocyclization through electrophilic crosslinking groups, cysteines were incorporated
during peptide synthesis. After peptide synthesis and Peg2-FITC labelling, the peptide was
purified, lyophilized and dissolved in DMSO at a concentration of c = 10 mM. For
macrocyclization reaction the peptide DMSO-stock was dissolved in ammonium hydrogen
carbonate buffer, pH 7.8, at a concentration of c = 1 mM. 1.1 eq bis- or tris- electrophilic
compound (Dibromo-o/m/p-xylene or 1,3,5-tris(bromomethyl)benzene, respectively) was
dissolved in 25 % ACN in ammonium hydrogen carbonate buffer, pH 7.8, at a concentration
of c = 1 mM. For the cyclization reaction, both compound solutions were mixed in a 1:1 ratio
to obtain a final compound concentration of c = 0.5 mM and a final ACN concentration of
12.5 % in ammonium hydrogen carbonate buffer, pH 7.8, and incubated at room
temperature, 0 °C or 30 °C for 15 min, 1 h or 3 h. The reaction was quenched using 2 % TFA
and conversion was monitored via LC-MS analysis. After optimization of reaction for each
individual peptide a reaction in larger scale was conducted and the product was purified.
Combination of ring closing metathesis and cysteine-based cyclization
The implementation of olefinic crosslink and the cysteine-based crosslink was performed
successively. The ring closing metathesis was performed on solid support as stated above.
After Peg2-FITC labelling and peptide purification the cysteine-based reaction was
performed on the purified, crosslinked peptide.
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Protein expression and purification
Escherichia coli BL21 DE3 were transformed with a His6 fusion construct of the periplasmatic
domain of FtsQ (aa 50 - 276) on a modified pET16b vector. After heat shock transformation,
bacteria were grown on an agar plate with 100 μg·mL-1 ampicillin as selection marker at
37 °C overnight. A single colony was used to inoculate 100 mL lysogeny broth (LB) -medium
with 100 µg·mL-1 ampicillin. Cells were grown at 37 °C and 200 rpm overnight. 50 mL of this
overnight pre-culture were used to inoculate 1 L LB medium (100 μg·mL-1 ampicillin) and
incubated at 37 °C and 200 rpm. After culture reached an optical density (OD) of 0.8
(λ = 600 nm), expression was induced with 1 mM isopropyl ß-D-1-thiogalactopyranoside
and performed at 37 °C and 200 rpm until an OD of 1.5 was reached. After harvesting the
cells by centrifugation at 4000 rcf and 4 °C for 15 min, the cell pellet was washed in 6 mL
phosphate-buffered saline solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4). The suspension was centrifuged, the supernatant was discarded and the washed
pellet was shock frozen in liquid N2 and stored at -80 °C until protein purification.
For protein purification, the pellet was resuspended 50 mM sodium phosphate pH 7.5,
500 mM NaCl, 10 % glycerol and 10 mM imidazole to a total volume of 100 mL, before
DNase, lysozyme and 100 µM PMSF were added. The cells were disrupted using the
Microfluidizer 1109. After four cycles of homogenization, the cell debris was removed by
centrifugation at 70.000 rcf at 10 °C for 45 min.
To isolate His6-FtsQ 50-276, the soluble fraction was applied to a 5 mL HiTrap TALON crude
prepacked column (GE Healthcare). The His6 fusion protein was eluted with a linear gradient
of 25 column volumes (CV) ranging from 5 - 100 % buffer I and II (buffer I: 50 mM sodium
phosphate pH 7.5, 500 mM NaCl, 4 % glycerol and 10 mM imidazole and buffer II: 50 mM
sodium phosphate pH 7.5, 500 mM NaCl, 4 % glycerol and 400 mM imidazole). To increase
purity a second affinity purification was performed, after changing the buffer to buffer I
using amicon ultra centrifugal filters (10 kDa cut off). This time a stepwise purification
protocol was used: 0 % / 4 CV, 0 - 20 % / 15 CV and 20 - 100 % / 15 mL buffer II in buffer I.
In a final step, the buffer was exchanged to buffer III (10 mM HEPES, pH 7.4, 150 mM NaCl
and 4 % glycerol) using amicon ultra centrifugal filters (10 kDa cut off). The purified protein
solution was concentrated by ultrafiltration and stored at -80 °C in 10 mM HEPES, pH 7.4,
100 mM NaCl, 4 % glycerol. The pure protein was used fresh in every experiment.

39

Chapter 2 – Peptidomimetics as synthetic ligands of the protein FtsQ
Fluorescence polarization Assay for affinity measurements
To determine the affinity of the peptides, all FITC-labelled peptides (c = 0.1 mM in DMSO)
were dissolved in assay buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM TCEP, 0.01 %
Tween-20) to provide a 40 nM peptide solution. A 3-fold dilution of His6-FtsQ 50-276 Protein
(15 μL per well) was presented in a 384-well plate (Corning, black, flat bottom) and
incubated with the peptide solution (5 μL, final peptide concentration c = 10 nM), starting
with highest protein concentrations ranging from 0.1 to 1.0 mM. After incubation for 1 h at
room temperature, fluorescence polarization was measured using a Tecan Spark 20M plate
reader with λex = 485 nm and λem = 525 nm. Kd-values were determined by nonlinear
regression analysis of dose-response curves using GraphPad Prism software.
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Appendix
Peptide table
Table S1. List of all peptides; peptide names and sequences (Ac = Acetyl, FITC = fluorescein isothiocyanate,
Peg2 = 8-amino-3,6-dioxaoctanoyl, B = norleucine, Sx = Fmoc protected aliphatic amino acid building block with x
carbon atoms, all peptides bear a C-terminal amide), molecular weight (MW).

Peptide

Sequence

MW /
g·mol-1

FtsB-p

FITC-Peg2-QEALEERARNELSBTRPGETFYRL-NH2

3412,74

ac-FtsB-p

Ac-QEALEERARNELSBTRPGETFYRL-NH2

2920,24

α12

FITC-Peg2-QEALS7ERARNELSBTS7PGETFYRL-NH2

3405,84

β12

FITC-Peg2-QEALEERAS7NELSBTRPGS7TFYRL-NH2

3405,84

γ12

FITC-Peg2-QEALEERARNELS7BTRPGETS7YRL-NH2

3456,89

α6

FITC-Peg2-QEALS3ERARNELSBTS3PGETFYRL-NH2

3321,67

α7

FITC-Peg2-QEALS4ERARNELSBTS3PGETFYRL-NH2

3335,70

α9

FITC-Peg2-QEALS3ERARNELSBTS6PGETFYRL-NH2

3363,76

α10

FITC-Peg2-QEALS4ERARNELSBTS6PGETFYRL-NH2

3377,78

β6

FITC-Peg2-QEALEERAS3NELSBTRPGS3TFYRL-NH2

3321,67

β7

FITC-Peg2-QEALEERAS4NELSBTRPGS3TFYRL-NH2

3335,7

β9

FITC-Peg2-QEALEERAS4NELSBTRPGS5TFYRL-NH2

3363,76

β10

FITC-Peg2-QEALEERAS4NELSBTRPGS6TFYRL-NH2

3377,78

β11

FITC-Peg2-QEALEERAS4NELSBTRPGS7TFYRL-NH2

3391,81

ß11gua

FITC-Peg2-QEALEERAKNELSBTRPGKTFYRL-NH2

3408,80

δ

FITC-Peg2-QEALEERCRNECSCTRPGETFYRL-NH2

3538,91

βδ12

FITC-Peg2-QEALEERCS7NECSCTRPGS7TFYRL-NH2

3532,00

β12(65-87)

FITC-Peg2-EALEERARNELSBTRPGETFYRL-NH2

3277,71

β12(66-87)

FITC-Peg2-ALEERARNELSBTRPGETFYRL-NH2

3148,59

β12(67-87)

FITC-Peg2-LEERARNELSBTRPGETFYRL-NH2

3077,51

β12(68-87)

FITC-Peg2-EERARNELSBTRPGETFYRL-NH2

2964,36

β12(65-86)

FITC-Peg2-QEALEERARNELSBTRPGETFYR-NH2

3292,68
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Analytics

FtsB-p

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.3 min, gradient: 30 % ACN for
3 min, 30–60 % ACN in 10 min; B: MS spectrum, MW: 3412.74 g·mol-1, calc. m/z: 1706.8 /
1138.2 / 853.9 / 683.3.

ac-FtsB-p

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.3 min, gradient: 20–50 % ACN
in 10 min; B: MS spectrum, MW: 2920.24 g·mol-1, calc. m/z: 1460.8 / 974.2 / 730.9.
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α12

A: HPLC chromatogram at λ = 440 nm, peak retention time: 7.0 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3405.84 g·mol-1, calc. m/z: 1703.3 / 1135.9.

β12

A: HPLC chromatogram at λ = 210 nm, peak retention time: 13.9 min, gradient: 25–55 %
ACN in 20 min; B: MS spectrum, MW: 3405.84 g·mol-1, calc. m/z: 1703.3 / 1135.9 / 852.2.
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γ12

A: HPLC chromatogram at λ = 440 nm, peak retention time: 6.3 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3456.89 g·mol-1, calc. m/z: 1728.9 / 1152.9 / 864.9.

α6

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.6 min, gradient: 30 % ACN for
3 min, 30–60 % ACN in 20 min; B: MS spectrum, MW: 3321.67 g·mol-1, calc. m/z: 1661.3 /
1107.9 / 831.1.
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α7

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.3 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3335.70 g·mol-1, calc. m/z: 1668.3 / 1112.5.

α9

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.3 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3363.763 g·mol-1, calc. m/z: 1682.3 / 1121.9.
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α10

A: HPLC chromatogram at λ = 210 nm, peak retention time: 6.9 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3377.786 g·mol-1, calc. m/z: 1689.3 / 1126.5 / 845.2.

β6

A: HPLC chromatogram at λ = 210 nm, peak retention time: 9.0 min, gradient: 30–60 % ACN
in 10 min; B: MS spectrum, MW: 3321.67 g·mol-1, calc. m/z: 1661.3 / 1107.9 / 831.1.
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β7

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.9 min, gradient: 30–60 % ACN
in 20 min; B: MS spectrum, MW: 3335.70 g·mol-1, calc. m/z: 1668.3 / 1112.5.

β9

A: HPLC chromatogram at λ = 210 nm, peak retention time: 10.7 min, gradient: 20–70 %
ACN in 20 min; B: MS spectrum, MW: 3363.76 g·mol-1, calc. m/z: 1682.3 / 1121.9.
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β10

A: HPLC chromatogram at λ = 210 nm, peak retention time: 13.2 min, gradient: 25–55 %
ACN in 20 min; B: MS spectrum, MW: 3377.78 g·mol-1, calc. m/z: 1689.3 / 1126.5.

β11

A: HPLC chromatogram at λ = 210 nm, peak retention time: 11.0 min, gradient: 20–70 %
ACN in 20 min; B: MS spectrum, MW: 3391.81 g·mol-1, calc. m/z: 1696.3 / 1131.2 / 848.7.
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β11gua

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.3 min, gradient: 30-70 % ACN
in 10 min; B: MS spectrum, MW: 3408.80 g·mol-1, calc. m/z: 1704.8 / 1136.9 / 852.9.

δ

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.8 min, gradient: 20–70 % ACN
in 20 min; B: MS spectrum, MW: 3538.91 g·mol-1, calc. m/z: 1769.2 / 1179.8 / 885.1.
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βδ12

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.1 min, gradient: 30-60 % ACN
in 20 min; B: MS spectrum, MW: 3532.00 g·mol-1, calc. m/z: 1766.3 / 1177.8.

β12(65-87)

A: HPLC chromatogram at λ = 210 nm, peak retention time: 9.9 min, gradient: 30–60 % ACN
in 20 min; B: MS spectrum, MW: 3277.71 g·mol-1, calc. m/z: 1639.3 / 1093.2 / 820.2.
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β12(66-87)

A: HPLC chromatogram at λ = 210 nm, peak retention time: 10.0 min, gradient: 30–60 %
ACN in 20 min; B: MS spectrum, MW: 3148.59 g·mol-1, calc. m/z: 1574.8 / 1050.2.

β12(67-87)

A: HPLC chromatogram at λ = 210 nm, peak retention time: 8.3 min, gradient: 30-60 % ACN
in 20 min; B: MS spectrum, MW: 3077.51 g·mol-1, calc. m/z: 1539.3 / 1026.5.
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β12(68-87)

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.9 min, gradient: 30–60 % ACN
in 20 min; B: MS spectrum, MW: 2964.36 g·mol-1, calc. m/z: 1482.2 / 988.5.

β12(65-86)

A: HPLC chromatogram at λ = 210 nm, peak retention time: 7.9 min, gradient: 30-60 % ACN
in 20 min; B: MS spectrum, MW: 3292.68 g·mol-1, calc. m/z: 1646.3 / 1097.9 / 823.7.
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