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Small macrocyclic peptides are promising candidates for new anti-infective drugs. To date, such peptides
have been poorly studied in the context of anti-virulence targets. Using phage display and a self-designed
peptide library, we identified a cyclic heptapeptide that can bind the carbon storage regulator A (CsrA)
from Yersinia pseudotuberculosis and displace bound RNA. This disulfide-bridged peptide, showed an
IC50 value in the low micromolar range. Upon further characterization, cyclisation was found to be
essential for its activity. To increase metabolic stability, a series of disulfide mimetics were designed and
a redox-stable 1,4-disubstituted 1,2,3-triazole analogue displayed activity in the double-digit micromolar
range. Further experiments revealed that this triazole peptidomimetic is also active against CsrA from
Escherichia coli and RsmA from Pseudomonas aeruginosa. This study provides an ideal starting point for
medicinal chemistry optimization of this macrocyclic peptide and might pave the way towards broad-
acting virulence modulators.

© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

Triazole bridge

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

For many years, researchers have warned about the antimicro-
bial resistance (AMR) crisis [1—3]. The rampant spread of multi-
drug resistant bacterial pathogens combined with the lack of
novel treatment options, especially against Gram-negative species,
poses a great threat for our modern healthcare systems [4]. For this
reason, the discovery of new anti-infective candidates with novel
and innovative mechanisms-of-action are needed. We consider the
carbon storage regulator A (CsrA; in some species also called the
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regulator of secondary metabolites, RsmA) [5] as an attractive, yet
underexplored, virulence-modulating target [6,7]. It is widespread
in Gram-negative pathogens [8] where its sequence and function is
highly conserved [9]. Knock-out studies in Pseudomonas aeruginosa,
Yersinia pseudotuberculosis and Helicobacter pylori [10] have
demonstrated its critical role in bacterial virulence and highlighted
its potential as a therapeutic target [ 11]. The CsrA/RsmA protein is a
post-transcriptional regulator [12], that binds and regulates trans-
lation of mRNA and, thus exerts pleiotropic effects on the bacterial
transcriptome (Fig. 1) [13,14].

Through its mRNA binding activity it is involved in the regula-
tion of quorum sensing [15], motility [16], carbon metabolism [17],
peptide uptake via cstA [18—20] and biofilm development [21]. To
disrupt the function of CsrA/RsmA at the molecular level, protein-
RNA interaction inhibitors need to be devised. CsrA usually occurs
as a homodimer, with two identical RNA-binding sites [22].

0223-5234/© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:martin.empting@helmholtz-hzi.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2022.114148&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2022.114148
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejmech.2022.114148

V. Jakob, B.G.E. Zoller, ]. Rinkes et al.

Gram-negative bacteria
e.g. Y. pseudotuberculosis,
E. coli, P. aeruginosa

) w
/ S,
/ \
4 = A
P

mRNA binder, global =™
2\ regulatory system 7
2 4

European Journal of Medicinal Chemistry 231 (2022) 114148

multi-facetted
functions
carbon metabolism,
epithelial cell invasion,
production of flagella,
motility

protein-RNA-interaction inhibitors

Fig. 1. CsrA/RsmA as a promising drug target for multi-pathogen virulence modulation by disruption of an essential protein-RNA interaction.

In a previous study using Yersinia CsrA and a short piece of RNA
that contained the important core binding motif GGA, it was shown
that this RNA can be displaced by small molecules [10,23]. In the
present work, we sought to find novel lead molecules within the
extended Lipinski space (MW between 500 and 1000 Da) [24—26].
These molecules should provide a suitable basis for disrupting
macromolecule-macromolecule interactions while still retaining
the potential for membrane permeability and oral bioavailability
[26,27].

2. Materials and methods
2.1. Phage display

A detailed description of the experimental procedures used for
oligomer design, cloning, library packaging and phage display was
previously published as a protocol [28].

In brief, an oligomer was designed, which encodes for a very
small peptide library, which has the structure XCXXXCX. There are
two fixed cysteine positions in it and X encodes for any amino acid
except cysteine. The oligomer was synthesized by Ella Biotech
GmbH. This library was cloned into the phagemid pHAL30 [29]
where it displays 2.48 - 10° different peptides. The library was
packed into M13K07 phages, which are able to present the peptides
on their surface to a protein target.

Under oxidative conditions, the cysteines are forming a mac-
rocycle over the disulfide bond. For selection of potential CsrA
binders, phage display was established. For this process, CsrA_-
biot_Hisg was bound to a streptavidin-coated ELISA plate well. After
blocking with BSA/milk powder, the pre-selected library, where
BSA and streptavidin binders were excluded, was added. Unspecific
binders were eliminated with a plate washer (Tecan Hydroflex),
where PBS pH 7.4 containing Tween-20 was used. After the third
panning round the clones were separated on agar plates. 32 clones
were sequenced and checked for plausibility. Criteria for selection
were an intact sequence with low tryptophane content and one
glutamic acid, while carboxyl groups are beneficial for binding to
positively charged surfaces on CsrA. We identified two interesting
sequences containing a glutamate residue within the macrocycle.
Peptide 1 (Ac-V-[CSELC]eycic-W-NH>) could be successfully syn-
thesized. Synthesis and macrocyclization of the alternative
sequence Ac-H-[CQEVC]cyic-P-NH> yielded only dimerized product
(data not shown). Nevertheless, this finding underscores the po-
tential ionic interaction between the glutamate side chain and basic
residues on the protein surface.

CsrA coating amount of the wells, detergent amount in PBS
buffer as well as washing stringency with the plate washer were
optimized. Before each panning round, the wells were coated with

either 4 pg or 40 nug CsrA_biot_Hise. The better results were ob-
tained with 4 pug 0 pg CsrA was used as negative control. Before
phage elution with trypsin, PBS containing different amounts of
Tween-20 (0.05%, 0.1% or 0.2%) was tried to rinse the wells with the
plate washer. Since the variation effect was not significant, 0.1%
Tween-20 was chosen as the detergent amount. The number of
washing cycles, however, had a significant impact on the results.
Tested were 2/4/6, 4/8/10 and 10/10/10 washing cycles. The first
number corresponds to the number of washing cycles after the first
panning round, the second after the second and the third after the
third round. The more washing rounds were used, the more se-
quences containing frame shifts or predominantly hydrophobic
amino acids (i.e., more than one tryptophan residues) were found.
This was the case for the 4/8/10 and 10/10/10 variant. If, on the
other hand, fewer washing cycles were used (2/4/6), a large pro-
portion of pHAL30 origin empty vector containing no peptide
encoding sequence was found, but also a few desired peptide se-
quences as potential binders. Peptide 1 was one of those useful
sequences.

2.2. Fluorescence polarization assay

The fluorescence polarization assay has been established by
Maurer et al. [10] Fluorescence polarization was recorded using a
CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Ger-
many) with an extinction filter at 485 nm and emission filter at
520 nm. Gain adjustment was performed before starting each
measurement to achieve maximum sensitivity. The FP values were
measured in millipolarization units (mP). The assay was performed
two times in duplicates and the ICsg value was calculated using
sigmoidal logistic fit in Origin. Fluorescein-labeled RNA (for Yersinia
CsrA: 5-UUCACGGAGAA|fIc]; for E. coli CsrA: 5’-AGACAAGGAUGU
[flc]) was obtained from Sigma Aldrich in HPLC purity. The results of
the dose-dependent measurement are shown in Figure S3 and S4.

A 20 mM peptide in DMSO stock solution was diluted with assay
buffer (10 mM HEPES, 150 mM NadCl, 0.005% (v/v) Tween-20, ad
DEPC-treated H,O (RNase free water), pH 7.4) in a way that 3 mM
peptide in 15% DMSO was achieved (21 puL 20 mM peptide in
DMSO + 119 pL assay buffer). Afterwards, a 1:2 dilution series
containing 12 steps was utilized by diluting 70 pL of assay buffer
containing 15% DMSO with 70 uL of the peptide in assay buffer with
15% DMSO from this solution (figure S2), starting from 3 mM ended
in 1,46 pM. Using a 12-channel pipette, 10 pL of each concentration
were transferred to a 384 well microtiter plate (black, flat bottom,
Greiner Bio-One) in two replicates and another 10 pL of 1.2 uM
(2.4 uM for E. coli CsrA) of the corresponding CsrA-biot-Hisg protein
(in assay buffer) were added to each well and quickly centrifuged to
be preincubated for 1 h on a Duomax 1030 shaker under light
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exclusion. 10 uM fluorescein-labeled RNA (RNAflc) was diluted with
assay buffer to a concentration of 45 nM obtaining an end con-
centration of 15 nM in the assay. After short centrifugation the plate
was incubated for 1.5 h on the shaker under light exclusion. The
final concentrations in the assay were 400 nM (800 nM for E. coli
CsrA) CsrA-biot-Hisg (monomer concentration), 5% DMSO, 15 nM
RNAflc and 1000 pM—0.49 uM peptide.

Furthermore, a high control was prepared to check for the ho-
mogeneity of fluorescence for the complex between protein and
RNAflc, a low control to verify the homogeneity of fluorescence for
the free RNAflc as well as a blank to exclude any deviation due to
the matrix of the assay. For the high control components were 10 uL
of 15% DMSO in assay buffer, 10 pL of protein and 10 uL of RNAflc, for
the low control corresponding 10 pL of 15% DMSO in assay buffer,
10 pL of assay buffer and 10 pL of RNAflc and the blank consisted of
10 pL of 15% DMSO in assay buffer and two times 10 pL of assay
buffer. These three controls were measured in 24-lets.

Moreover, a fluorescence control was performed for the pep-
tides measured to check for the possibility of fluorescence
quenching. Therefore, the first component was 10 uL of the dilution
series of the corresponding peptide, second component was 10 uL
of assay buffer and third component was 10 pL of RNAflc.

Thereby, fluorescence intensity was calculated by determination
of the sum of blank corrected based on raw data parallel and
perpendicular for the highest concentration on the one hand and
for the lowest concentration on the other hand. Afterwards, the
average of these two values was determined and the deviation from
fluorescence intensity to the average value should be under 20% for
no fluorescence quenching. This was the reason why the 1000 pM
and 500 uM value was not included in the assay for 3d and 5a.

2.3. Microscale thermophoresis assay (MST)

The MST assay was performed according to the protocol of the
Monolith NT™ His-Tag labelling Kit RED-tris-NTA and was used for
Peptide 1 only. The Yersinia CsrA-biot-Hisg monomer concentration
was adjusted with assay buffer (10 mM HEPES, 150 mM Nadcl,
0.005% (v/v) Tween-20, ad DEPC-treated H,O (RNase free water),
pH 7.4) to 200 nM in a volume of 100 pL, mixed with 100 pL 100 nM
dye (Nano RED) and incubated for 30 min in the dark at room
temperature. The sample was centrifuged for 10 min at 4 °C and
15000 g. This was the ready-labeled protein. A 20 mM peptide
DMSO stock solution was diluted with assay buffer to 2 mM, that
the highest end concentration in the assay was 1000 pM with 5%
DMSO. 20 uL of the 2 mM peptide was transferred into a first PCR
tube and 10 pL of assay buffer containing 10% DMSO was trans-
ferred into each next PCR tube 2—16. For the serial dilution series of
the peptide, 10 pL of the ligand from tube 1 were transferred to tube
2 with a pipette and mixed by pipetting up-and-down several
times. The procedure was repeated for tube 3—16 and 10 pL from
tube 16 were discarded. Finally, 10 pL of the labeled protein were
added to each PCR tube, mixed with a pipette and incubated in the
dark for 45 min. All 16 dilutions were loaded into Monolith NT™
Standard Capillaries and measured in the Monolith NT.115™ device
with 60% excitation power and 40% MST power. The protein con-
centration in the assay was 50 nM. The assay was performed three
times in duplicates and the Kq value of 10.5 + 1.4 uM was calculated
using sigmoidal logistic fit in Origin. The results from the MST assay
for peptide 1 can found in figure S5.

2.4. Peptide synthesis and macrocyclization
2.4.1. General information

All resins were purchased from Rapp Polymere. The azide/
alkyne building blocks Fmoc-L-azidoalanine (Fmoc-Aza-OH), Fmoc-
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L-propargylglycine (Fmoc-Pra-OH) and Fmoc-i-homoazidoalanine
(Fmoc-Aha-OH) were purchased from Carl Roth VG. Fmoc-Val-OH,
Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Leu-OH and Fmoc-
Cys(Trt)-OH were purchased from Novabiochem. Fmoc-Ser(tBu)-
OH was purchased from TCL

2.4.2. General Fmoc-SPPS procedure

Most peptides were synthesized manually via solid phase pep-
tide synthesis (SPPS) using Fmoc chemistry. The resin was swollen
for 30 min in DMF. For Fmoc deprotection piperidine/DMF (1:4, v:v)
was added and shaken for 5 min, twice. It was then washed five
times with DMF followed by the second round of adding piperi-
dine/DMF (1:4) with incubating 5 min on a shaker. It was washed
five times with DMF, five times with DCM and again one time with
DMEF. We used double coupling for each amino acid. The amino acid
(4.0 eq.) was solved in DMF together with 3.9 eq 3-[Bis(dimethy-
lamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluoro-
phosphate (HBTU) followed by adding 8.0 eq. N-Ethyl-N-(propan-
2-yl)propan-2-amine (DIPEA). This solution was pre-activated for
5 min on a shaker. The activated solution was added to the resin and
incubated for 1 h on a shaker. After washing five times with DMF, it
was added an activated amino acid/HBTU/DIPEA/DMF solution
again and incubated 1 h on a shaker. The resin was washed five
times with DMF and five times with DCM. This was followed by two
deprotection cycles and two coupling cycles of the next amino acid.

2.4.3. General acetylation procedure

For Acetylation, DMF/DIPEA/Ac20 (12:8:5, v:v:v) was added to
the resin and shaken for 0.5 h. Then it was washed five times with
DMF, five times with DCM and again one time with DMF.

2.4.4. General cleavage procedure

For protein cleavage from the solid support and removal of the
side chain protecting groups a cleavage cocktail containing tri-
fluoroacetic acid (TFA)/triisopropylsilane (TIS)/H,O/anisole (95:2:2:1,
v:v:v) with a spatula tip of dithiothreitol (DTT) was added to the
resin and incubated 2.5—3.0 h on a shaker. The liquid was collected
and TFA was removed under reduced pressure, followed by precip-
itation with cold (—20 °C) methyl tert-butyl ether (MTBE). The crude
peptide was gained by centrifugation (4600 rpm, 4 °C, 10 min) fol-
lowed by MTBE washing (3x) and repeated centrifugation.

2.4.5. General cyclisation procedure

For disulfide cyclisation the crude lyophilized peptide was dis-
solved in H,O/ACN (1:1, v:v) with a concentration of 1 mg peptide
per 1 mL solvent and 1—3% DMSO was added. The pH was adjusted
to 7.7 using 1 M aq. ammonium carbonate solution. The solution
was stirred for 1—4 days. The reaction was monitored by LC-MS.

2.4.6. General preparative HPLC procedure

The purification was done with a DIONEX UltiMate 3000
UHPLC" focused (Thermo Scientific), containing pump, diode array
detector, and automated fraction collector. We used a VP 250/10
NUCLEODUR (18 Gravity, 5 pm (Macherey-Nagel) column with a
gradient from 10 to 50% solvent B over 25 min (solvent A: H,0O
(0.05% formic acid), solvent B: ACN (0.05% formic acid)) and a 5 mL/
min flowrate. Pure fractions were checked by LC-MS, combined and
lyophilized.

3. Results and discussion
3.1. Phage display

We devised a strategy to screen a library of disulfide-
constrained heptapeptides covering a mass range between 548
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and 1193 Da via phage display (Scheme 1) [28]. The use of phage-
encoded libraries displaying millions of compound variants [30]
has proven to be an excellent method for finding novel binders for
several targets [31]. An important example is the search for small
antibody fragments, so called single-chain variable fragments
(scFvs) for any desired target [32,33]. Phage display can also be
transferred to libraries encoding for short peptides [31,34]. This
method allows screening of whole peptide libraries to find poten-
tial binders for a given target [35].

Our self-designed phage library encodes for a peptide library
with the general structure XCXXXCX (2.48 - 10° variants) [28]. It
contains two cysteine residues at fixed positions, which form a
disulfide bond under oxidative conditions; X encodes for any amino
acid except cysteine. This design provides the means to identify
very small peptides with a mass range of around 550—1200 Da that
are rigidified by a well-defined macrocyclization motif. We
screened this library against immobilized Yersinia CsrA (bio-
tinylated and His-tagged CsrA construct CsrA_biot_Hisg; more de-
tails on phage display and CsrA expression can be seen in
Supporting Information and a published protocol) bound to a
streptavidin-coated ELISA well. After three rounds of panning,
phage binding with high affinity were separated on agar plates.
After sequencing of 32 clones, we identified one sequence as a
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potential CsrA binder. The criteria for selection were intact se-
quences and avoidance of a high tryptophan content (more than
two Trp), which usually leads to unspecific binding [36]. Notably,
the selected sequence contained a glutamic acid residue - a feature
we deemed plausible as anionic carboxyl groups should be of
benefit for binding the positively charged surface of CsrA possess-
ing a high content of basic amino acids.

3.2. First evaluation of peptidic hit

This peptidic hit (1) was synthesized by solid phase peptide
synthesis (SPPS) in disulfide-cyclized, N-terminally acetylated and
C-terminally amidated form. These modifications were chosen
because the sequence is presented within a peptide backbone
extending beyond its N- and C-termini on the phage during the
panning experiment. The peptide was characterized by LC-MS,
HRMS and NMR (Supporting Information). Using an established
fluorescence polarization assay [10] (2.4), peptide 1 was tested for
its ability to displace mRNA from CsrA. In this assay a fluorescein
(flc)-labeled RNA (5‘-UUCACGGAGAA[flc]) and CsrA_biot_Hisg were
used to probe the protein-RNA interaction. The labeled RNA was
successfully displaced by peptide 1 with an ICs¢ value in the
micromolar range (6.9 + 1.3 uM, Fig. 2). This peptide amongst the
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Phage display: The peptide phage library was used in the panning process, in which the enrichment of potential CsrA binders is achieved. Sequences of the bound peptides were
identified by sequencing the coding phage gene. Design of synthetic peptides: Representation of a phage from panning to which a general library peptide including peptide
backbone is linked, compared to the synthesized peptides. Here, N-terminal acetylation and C-terminal amidation simulate the peptide backbone. Furthermore: A representation of
the selected peptide 1 is given, which was characterized in more detail as a “hit” in the context of this paper.
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most potent compounds discovered against CsrA to date and is
readily synthetically accessible. Previously identified natural
products such as MM14 and tubulysin Ar-672, have shown similar
potency (4 + 1 uM and 11 + 1 uM, respectively) [10], but are much
more challenging to synthesize.

When the assay was conducted in the presence of 5 mM DTT,
peptide 1 lost its activity almost completely. Under these conditions
the disulfide bond is reduced and the macrocycle linearized. Thus,
we concluded that the conformational constraint induced by the
disulfide bond is essential for activity. This observation also sup-
ports a conformation-specific (structure-dependent) interaction
between the peptide and CsrA. Additionally, a microscale thermo-
phoresis (MST) assay was performed with peptide 1 and CsrA_-
biot_Hisg yielding a Kq of 10.5 + 1.4 puM (2.5). This assay further
supports a direct specific interaction between the peptide and CsrA.

3.3. Alanine scan and truncation

To gain further insights into the underlying structure-activity
relationship (SAR) of peptide 1 we synthesized an array of de-
rivatives by Fmoc-SPPS, oxidized them with DMSO and tested for
inhibitory activity in the fluorescence polarization assay. The
resulting ICsq values are listed in Table 1.

To investigate the importance of the N-terminal acetylation as
well as the C-terminal amide, peptides 2a and 2b were synthesized,
respectively. We observed slightly increased ICs9 values
(27.6 + 4.0 uM and 17.4 + 2.0 pM, respectively) indicating that both
modifications contribute to the overall affinity of peptide 1. To
identify possible interaction hotspots, an alanine scan of peptide 1
was performed.

As expected, activity was abolished when both cysteine residues
were replaced by alanine (3a) corroborating our earlier findings
when using DTT to linearize peptide 1 (Fig. 1). Similarly, when Ser3
(3c) or Trp7 (3f) were changed to alanine, dramatic losses of activity
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>‘—V—N S—E-L-N"W-NH, }v—” S—E-L-N W-NH;,
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Fig. 2. Displacement of RNAflc from CsrA_biot_Hiss with peptide 1 and its reduced
derivative measured via fluorescence polarization. Data shown are from two inde-
pendent experiments measured in duplicate and were fitted to a sigmoidal logistic,
Levenberg Marquardt inhibition model (solid line). The results of peptide 1 (filled
circles) as well as peptide 1 in the presence of 5 mM DTT in the assay are shown (open
circles).
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Table 1
Peptides 1—4b with corresponding ICsg values obtained from the fluorescence po-
larization assay and their activity relative to peptide 1.

ICs0/uM”
Y. pseudotuberculosis

Entry  Sequence® Relative activity®

1 Ac-V-[CSELC]ycic-W-NHz 69 + 1.3 1
2a H-V-[CSELClyyic-W-NH, ~ 27.6 + 4.0 025
2b Ac-V-[CSELC)oyciic-W-OH 174 + 2.0 04
3a Ac-VASELAW-NH, 1000 -
3b Ac-A-[CSELClycic-W-NH, 114 + 8 0.06
3c Ac-V-[CAELC]ycic-W-NH; ~ >1000 -
3d Ac-V-[CSALC]yic-W-NH; ~ 22.8 + 0.7 03
3e Ac-V-[CSEAC]qycii-W-NH;  57.9 + 2.1 0.12

3f Ac-V-[CSELClycic-A-NH; 500 -
4a Ac- — -[CSELCleycic-W-NH, 128 = 4 0.05
ab AC-V-[CSELClyciic- — -NHz 1000 -

2 Differences relative to peptide 1 are shown in bold or as “—” for deletions. Each
peptide is disulfide-cyclized (except 3a) over the cysteines.

b Standard error of the sigmoidal curve fit is given (two independent experiments,
measured in duplicates).

¢ Relative activity for a peptide x is given as the ratio ICso(peptide 1)/ICsqo(peptide
X).

were observed. Therefore, the interactions mediated by the serine
and tryptophan sidechains are essential hotspots for high affinity.
Furthermore, the Ala-scan allowed us to conclude that substitution
of residues Val1 (3b), Glu4 (3d) or Leu5 (3e) has a less pronounced
effect on activity, showing ICsg values of 114 + 8 uM, 22.8 + 0.7 uM,
and 57.9 + 2.1 uM, respectively. In the case of the Glu4Ala mutation,
this result was surprising. CsrA is an RNA-binding protein pos-
sessing a positively charged surface area due to an abundance of
lysine and arginine residues. Hence, the presence of the carboxylic
acid function in peptide 1 hinted at a potential salt bridge as an
important contribution to affinity. If the proposed ionic interaction
between Glu4 and the basic amino acid sidechains of CsrA was
optimally positioned, a dramatic loss of affinity would have been
expected for compound 3d. As this was not the case, this position
should be investigated in more detail in future optimization efforts.

Two truncated versions were tested for inhibitory activity to
check whether further reduction in size is possible. A version
without Val1 (4a) had an ICsq of 128 + 4 pM, which is comparable to
the value obtained for the VallAla mutant, 3b (114 + 8 uM). If
tryptophan is omitted (4b), the activity in the measured concen-
tration range is completely lost and in line with our findings with
the Trp7Ala mutant (3f). Hence, we conclude that the complete
seven amino acid sequence is required for high activity.

3.4. Disulfide replacement by triazole bridge

In a final step, we sought to protect peptide 1 from reductive
linearization, which we consider essential for achieving intracel-
lular activity. To this end, we made use of the “triazole bridge”
approach [37] and replaced the cysteine residues with non-natural
amino acids bearing alkyne and azide functions in their sidechain
for facile click chemistry-based macrocyclization [38—40]. Notably,
this strategy provides selective access to either a 1,4-disubstituted
or 1,5-disubstituted bridging motif depending on whether cop-
per(I)- or ruthenium(Il)-catalyzed azide-alkyne cycloaddition is
applied (abbreviated CuAAC or RuAAC, respectively). This method
had recently been used, with great success, by the groups of
Tomassi et al. [41], Tala et al. [42] and Pacifico et al. [43] to generate
redox stable derivates of disulfide bridge containing peptides. By
this means, several different triazole-bridged peptides were
generated (Table 2). The linear precursor peptides were synthe-
sized using commercially available building blocks Fmoc-protected
propargylglycine (Fmoc-Pra-OH) and Fmoc-protected azidoalanine
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(Fmoc-Aza-OH) or Fmoc-protected azidohomoalanine (Fmoc-Aha-
OH). In-solution CuAAC macrocyclization of the unprotected pep-
tides in separate reactions delivered three 1,4-disubstituted 1,2,3-
triazole variants (5a-5c¢), which were characterized by LC-MS,
HRMS and NMR (Supporting Information) and tested in the fluo-
rescence polarization assay (Table 2). 5a, originating from an
azidoalanine-bearing precursor, showed an ICsg of 35.3 + 0.6 uM,
which correlates to a moderate 5-fold reduction in potency
compared to the disulfide counterpart 1. Installing an elongated
macrocyclization motif by using azidohomoalanine instead (5c)
leads to a further reduction of activity (76.0 + 3.3 uM). Changing the
orientation of the triazole ring by switching positions of the
propargylglycine and azidoalanine residues (5b) resulted in an ICsq
0f 92.8 + 4.0 uM.

Previous work on a 14-amino acid, backbone cyclic protease
inhibitor peptide SFTI-1, demonstrated the utility of 1,5-
disubstituted bridging motifs, which are installed via RuAAC in
solution or on resin [37,44]. In the case of our current CsrA-RNA-
interaction inhibitor 1, this strategy was surprisingly not benefi-
cial. Macrocyclic peptide 6a achieved only an IC5g of 178 + 12 uM. If
the azidoalanine in position 2 was replaced by azidohomoalanine
(6b), the IC5q value increased even further to 337 + 34 puM. Finally,
exchanging the positions of Aha and Pra (6¢) did not show any
significant difference in comparison to 6b (ICsgp = 309 + 15 pM).

To demonstrate the potential for a broader anti-Gram-negative
activity we tested peptide 1 and our triazole-stabilized derivatives
against the E. coli and the Pseudomonas. aeruginosa homologs of CsrA
(RsmA, Table 2). Surprisingly, disulfide-cyclized inhibitor 1 showed a
reduced activity (ICso (E. coli) = 182 + 67 uM, ICsg
(P. aeruginosa) = 272 + 68 uM), while the 1,4-disubstituted triazoles
5a, 5b and 5c¢ now outperformed the parent peptide (ICsq
(E. coli) = 49 + 09 uM, 6.8 + 1.5 uM, and 34 + 0.6 pM, ICso
(P. aeruginosa) = 20 + 5.4 uM, 22.8 + 5.0 uM, and 30.2 + 3.2 uM). The
1,5-disubstituted congeners again showed reduced activity
compared to their 1,4-counterparts, albeit still being more active
than the disulfide compound 1. Considering the high sequence
identity between CsrA from Yersinia and E.coli (95%) [45], it is fair to
assume that this finding provides evidence for the potential site of
interaction of the macrocyclization motif for our inhibitor scaffold.
The only differences in amino acid sequence between the
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Y. pseudotuberculosis and E. coli proteins are at distinct residues of the
C-terminus, including Pro58GIn, Thr59Ser, and Thr60Ser, respec-
tively (see sections regarding protein expression in the Supporting
Information). This region is also close to the protein-RNA-interaction
interface (Fig. 3). Hence, we hypothesize that the inhibitor scaffold
covers an area encompassing interactions to both sites (C-terminus
and RNA-binding site). Unfortunately, attempts to co-crystallize the
peptide with CsrA have not been successful to date. To gain access to
structural information, we solved the structure of peptide 1 by NMR
(PDB ID 7M7X, BMRB ID 30895, Fig. 3a and Supporting Information).
With this ligand structure ensemble in hand we performed a docking
experiment based on a Y. pseudotuberculosis CstA homology model
derived from a protein-RNA complex determined by NMR [46]. The
result of the docking experiment is shown in Fig. 3b (see also Sup-
porting Information). The binding pose of peptide 1 is in line with the
SAR derived via the Ala-scan and truncation experiments. For
example, the side chains of “hot spot” residues Ser3 and Trp7 form
key contacts with Lys38 and Val40, while the other residues are
primarily involved in backbone-based interactions (Fig. 3c).
Although this pose will need further validation in future studies, it
provides a basis for explaining the observed differences between
Y. pseudotuberculosis and E. coli CstA. We hypothesize that the dif-
ferences in activities seen for compounds in Table 2 are potentially
resulting from the Pro58GIn mutation changing the C-terminal
interaction site from a rather hydrophobic environment to a more
polar one, which might favor the hydrogen acceptor functions of the
triazole. Implementation of a 1,5-motif (6a — 6¢), however, could
result in steric clashes between the ligand and the protein target
rendering them less effective in this scenario.

Along similar lines, the decreased sequence identity between
CsrA (Y. pseudotuberculosis, E. coli) and RsmA (P. aeruginosa) of 85%
(E. coli — P. aeruginosa) or 86% (Y. pseudotuberculosis — P. aeruginosa)
arising again mainly at the C-terminal end might explain the
different SAR observation made (Table 2, Supporting Information).

4. Conclusion

In summary, we have shown that the 1,4-disubstituted triazole
bridging motif established in 5a is a suitable disulfide replacement
that is active against Y. pseudotuberculosis, E. coli and P. aeruginosa

Table 2
Peptide 1 and triazole-bridged variants 5a-6¢ with corresponding ICsg values obtained for Yersinia and E. coli CsrA and RsmA from P. aeruginosa from a fluorescence polarization
assay.
Entry Sequence ICs50/uM? IC50/uM? 1Cs0/uM®P. aeruginosa
Yersinia E. Coli
1 Ac-V-[CSELC]¢yciic-W-NH> 69+13 182 + 67 272 + 68
5a 4, 353 +06 49 +0.9 20+ 54
5b 92.8 +4.0 68 +15 228 +£5.0
H § H &
5c 76.0 £33 34 +0.6 302 +3.2
Ac—V-N‘q?i’m—W—NHE
H o H o
6a o 178 + 12 48.1 + 16 50 + 15
Ac—v—wame
H o H o
6b Y 337 + 34 51.6 + 27.1 444 + 9.7
H o H o
6¢ WY 309 + 15 834 +47.1 37 +17
Ac—v-uﬂ:%’—rw—wz

o o

¢ Standard error of the sigmoidal curve fit is given (two independent experiments, measured in duplicate).
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© polar * sidechain acceptor arene-arene
Q acidic  + sidechain donor ©H arene-H
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()] greasy - backbone donor
... proximity contour

Fig. 3. In silico analysis of the peptide-CsrA interaction. a) Overlay of 20 NMR-derived solution structures of peptide 1 (PDB ID 7M7X, BMRB ID 30895) showing the peptide
backbone as a tube and highlighting conformer 1 (entry 1 in pdb) for clarity. b) Depiction of docking-derived interaction hypothesis highlighting key interaction sites. Carbons of
peptide 1 are shown in white and RNA carbons in black. Surface of the two CsrA chains shown in light cyan and dark cyan. c) 2D interaction profile of binding hypothesis for peptide

1. “Hot spot” residues identified via Ala-scan (Ser3 and Trp7) are indicated.

CsrA. In combination with our phage display-based screening
methodology, we have provided a generic approach towards the
identification, initial qualification, and subsequent redox-protection
of short macrocyclic peptides as protein-RNA-interaction inhibitors.
The phage display methodology proved to be a rapid approach to-
wards identification of the first macrocyclic peptide able to disrupt
the CsrA-RNA interaction. The starting scaffold peptide 1 was thor-
oughly characterized by fluorescence polarization-based functional
activity tests as well as MST-based protein binding assay. Exchanging
the disulfide bond with a redox stable 1,2,3-triazole bridge gave us
active non-natural derivatives suitable for future cell-based assays.
Contrary to previous studies, we have observed that in the current
system the synthetically easier accessible 1,4-disubstituted 1,2,3-
triazole was the superior disulfide mimic showing an ICsg value in
the 2-digit micromolar range. Based on NMR-based solution struc-
ture determination of the native peptide sequence and docking ex-
periments structure-guided optimization can now be attempted.
This novel scaffold serves as a suitable starting point for the gener-
ation of high potency CsrA inhibitors, also because it is applicable
against CsrA from further bacterial species with high medical need
(P. aeruginosa).
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