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Synergy between the clavanins as a weapon
against multidrug-resistant Enterobacter cloacaet
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Finding new antibiotics that can act synergistically with each other offers many benefits such as lower

dosages used for each drug, improved pathogen clearance, and ability to act against multi-drug resistant

strains. In this study, six peptides isolated from the tunicate Styela clava were evaluated for their synergistic
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interaction using the checkerboard assay and the time kill kinetics assay. Using two different tests, we
report synergy between clavanin D and clavaspirin in both tests and synergy between clavanin A and B only
in the checkerboard test when used against the multidrug resistant E. cloacae 0136. This work

demonstrates the possible cooperativity between homologous AMPs from a single organism and the

rsc.li/medchem

As predicted by Alexander Fleming, we have misused
antibiotics and we now find ourselves facing an increasing
prevalence of antibiotic-resistant bacteria. This social
dilemma, known as antibiotic resistance, is a global threat."?
To overcome this problem, we and many other groups are
developing new antimicrobials and therapies that will
eventually replace our current arsenal to better fight off
superbugs in the future.*™®

The recent emergence of Enterobacter cloacae strains
resistant to broad-spectrum antibiotics, including the last-
resort carbapenems, has caused increased interest in finding
therapies against this group of microorganisms. The E.
cloacae complex contains common human pathogens that
cause a wide variety of infections. Further, being a Gram-
negative pathogen, the double membrane structure with the
outer membrane containing lipopolysaccharide and lipid A
makes it harder for many antimicrobial agents to penetrate.’”

Antimicrobial peptides (AMPs) continue to be a promising
avenue for antimicrobial drug discovery and development
because of their broad-spectrum activity encompassing
bacteria, fungi, viruses, and unicellular protozoa.*° Various
organisms produce multiple AMPs with high homology as
part of their innate immune defense; however, the benefits of
just a few mutations in their sequence are unknown. The
clavanin family of AMPs, found in the hemocytes of the
tunicate Styela clava,'® consists of six peptides (Table 1). Five
of them have ca. 80% sequence similarity whereas the sixth
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advantage of using two susceptibility tests instead of one when testing synergistic combinations.

member only possess ~30% sequence similarity to ClavA, the
archetypical member of this family."" Since their discovery,
the clavanins, particularly ClavA, have been shown to possess
potent antimicrobial activity against several Gram-positive
and Gram-negative bacteria as well as some fungi.'>"*™ It is
generally assumed that the other clavanins would follow the
same mechanism of action (MoA) as ClavA but this doesn't
rationalize why the tunicate would spend resources to
produce multiple similar peptides with the same MoA. We
hypothesize that one of the reasons for the production of
these multiple homologues is a synergistic activity among the
peptides produced. More importantly, we could take
advantage of this synergistic behavior to develop therapies to
combat nosocomial pathogens.

In this study, we identify synergistic pairs among the
clavanins that are active against the Gram-negative ESKAPE
pathogen, E. cloacae (CDC AR isolate bank #0136).>" We
employed the checkerboard assay to spot the synergistic pairs
that can combat E. cloacae under acidic conditions. The time-
kill kinetics assay is then used to further confirm the synergy
among the pairs. Having both tests agree with each other
means that there is undeniable synergy among the pair.>?

All members of the clavanin family were synthesized using
solid-phase peptide synthesis, purified and characterized
according to published protocols (Fig. S1-S6t1). The
sequences of the peptides are shown in Table 1. These
peptides are cationic, a-helical (Fig. 1), amphipathic, and are
rich in histidine and phenylalanine residues. Clavanin A and
B are the most similar pair, with only a K to R mutation at
position 7. Clavanin C and D are the only ones that contain a
1-DOPA residue in place of Y15." Using a standard broth
microdilution assay in MHB media, the minimum inhibitory
concentration (MIC) of the clavanins against E. cloacae 0136,

This journal is © The Royal Society of Chemistry 2024
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Table 1 MIC data for the clavanins obtained using the broth microdilution assay against E. cloacae AR# 0136 and their percent helicity calculated from

CD spectroscopy data

MIC, uM (ug mL ") %

Peptide Abbr. Sequence pH 5.5 pH 7.4 helicity®
Clavanin A ClavA VFQFL GKIIH HVGNF VHGFS HVF-NH, >128 (341) >128 (341) 50.1
Clavanin B ClavB VFQFL GRIIH HVGNF VHGFS HVF-NH, 128 (344) >128 (344) 45.1
Clavanin C ClavC VFHLL GKIIH HVGNF VY'GFS HVF-NH, 16 (46) >128 (372) 36.3
Clavanin D ClavD AFKLL GRIIH HVGNF VY'GFS HVF-NH, 8 (23) >128 (371) 21.6
Clavanin E ClavE LFKLL GKIIH HVGNF VHGFS HVF-NH, 8 (23) >128 (368) 49.0
Clavaspirin Clavs FLRFI GSVIH GIGHL VHHIG VAL-NH, 4(11) 128 (348) 39.8
Magainin 2 Mag2 GIGKF LHSAK KFGKA FVGEI MNS-NH, 4 (4.9) 4 (4.9) —

Y' = DOPA residue.*

were determined at two different pH values: 5.5 and 7.4. This
bacterial strain is resistant to a number of antibiotic classes
such as aminoglycosides, p-lactams, sulfonamides, and
trimethoprim.>® Table 1 summarizes the results with
Magainin2, a pore-forming cationic AMP, used as a control."?
We tested all the peptides at a maximum concentration of
128 uM because higher concentrations lead to precipitation
of the peptides when mixed in MHB media. To our
knowledge, this is the first report on the activity of the
clavanins against E. cloacae.

From the above data, the clavanins have higher activity at
pH 5.5 than at pH 7.4, confirming previous reports on ClavA
and Clavs."™"* This is attributed to the multiple histidine
residues in their sequence that get protonated at lower pH,
making it more cationic and thus increasing the affinity
towards the negatively charged microbial membrane. In S.
clava, the vacuoles of phagocytic hemocytes, where the
clavanins are found, undergo acidification as part of the
process to eliminate the phagocytosed organisms.'> Recent
reports suggest that E. cloacae can survive inside the acidic
lysosomal environment of macrophages after disrupting
normal phagocytic trafficking.*® Succeeding experiments were
performed at pH 5.5 based on these results.

We used two methodologies to determine synergy among
clavanins. The first method is the checkerboard assay which
involves the calculation of the fractional inhibitory
concentration (FIC, ESIT eqn (S2)) from the observed MICs

— ClavaninA
400004 —— ClavaninB
—— ClavaninC
—— ClavaninD
=200 — ClavaninE

Clavaspirin

Molar Ellipticity (deg"cmZ/dmol)
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Fig. 1 CD spectroscopy data for all the clavanins taken at 50 uM
concentration in 50% TFE solution showing the typical a-helix signals.
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alone and in combination.** One downside of this method is
that it is not capable of testing more than two drugs at one
time and it only measures one endpoint with either a growth
or no growth reading within the experimental time frame.*®
The way the FIC is calculated is similar to the Loewe
additivity model (ESIt eqn (S3)) of synergy and the
isobologram analysis, both of which operate under the
assumption that a compound cannot interact with itself and
two different compounds that have the same effect are
equivalent or additive.***” The second method is the time-
kill kinetics assay which measures changes in bacterial titer
over time.”> Both methods are based on the Clinical and
Laboratory Standards Institute (CLSI) guidelines.”>*® To offer
a more pragmatic way of testing, the concentrations that had
the lowest FIC from the checkerboard assay was the one used
in the time-kill assay. This assay also has a different criterion
for pronouncing synergy. A deviation of >2 log decrease in
CFU mL™" is considered synergistic.>* This is similar to what
the Bliss independence model implies (ESIT eqn (S5)). There
is strong synergy if the combination is synergistic in both
tests and a weak synergy if only synergistic in one test.
Having two methodologies that operate under two different
synergy models would allow us to gauge the strength of the
synergy observed between the clavanins as well as attain a
more consistent synergy result.

Despite the similarities in the amino acid sequence and
activity of the clavanins, there is marked difference in terms
of their pair-wise activity (Fig. 2, ESIt Table S1). The results
from the checkerboard assay and the isobologram analysis
show that only two pairs are synergistic against E. cloacae
0136, namely, ClavA + ClavB and ClavD + ClavS. One pair,
ClavE + ClavS, has an additive interaction. The rest of the
combinations have no effect or are indifferent from each
other. No pair resulted in an antagonistic interaction.

We then performed the time-kill kinetics assay on the two
synergistic pairs reported above. The combination of ClavD
and ClavS is synergistic (Fig. 3) based on the criteria
mentioned above. The ClavA and B pair, which shows a
bacteriostatic response, is not deemed synergistic using this
assay since the difference between the response of the most
active component and the actual response of the
combination is only about 1.5log decrease in CFU.
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Isobolograms for all possible pairs of the clavanins. The dashed line illustrates the model additive interaction expected for Loewe additivity.

The lowest FIC is listed at the top of each isobologram. Synergy is defined as having an FIC of <0.5 which is only seen in the combination of Clav

A + Band Clav D and S.

Nonetheless, the deviation implies that the two peptides are
interacting albeit a weaker response. The high sequence
similarity for ClavA and B, which differ in only one amino
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Fig. 3 Time-kill kinetics curve of synergistic clavanin pairs against E.
cloacae 0136. Each peptide was tested at the concentration that gave
the lowest FIC in the checkerboard assay. ClavA and B were tested at
16 puM each, while ClavD and ClavS were tested at 2 and 1 uM,
respectively.
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acid, could be the reason for this weak synergy. Both amino
acids, K and R, are basic and would carry a positive charge
under these conditions. This may be the reason why they
behave similarly at the concentration tested, both
individually and in combination. The difference between
ClavA and ClavB could lie in their ability to penetrate the
membrane because Arg residues are known to insert
themselves in lipid membranes better than Lys residues
resulting to an increased cellular penetration.>

The results of the checkerboard assay and the time-kill
assay confirmed synergy between ClavD and ClavS warranting
further mechanistic investigation. We performed confocal
microscopy studies on ClavD and ClavS to get insight on
their behavior and interaction in the presence of cells. Both
ClavD and ClavS were tagged with either 5(6)-
carboxytetramethylrhodamine (TAMRA) or 5(6)-
carboxyfluorescein (FAM) by substituting a phenylalanine
residue (F2 and F4 in ClavD and ClavS, respectively) with a
lysine protected by a 4-methyltrityl (Mtt) group as shown in
Scheme S1.f The replacement of a hydrophobic residue with
a hydrophobic dye would have the least impact on the activity
of the peptides, an approach we have followed in the
past.>**" After tagging the peptides, their MICs were assessed
to make sure that the dye did not affect their antimicrobial
activity. The susceptibility assay showed that the MICs of the
tagged peptides were the same as those of the untagged
peptides. A checkerboard assay confirmed that the ClavD-
FAM and ClavS-TAMRA are synergistic and this verifies a
previous report stating that common fluorescent probes have
minimal to no effect on the antimicrobial activity of AMPs.**
When E. cloacae cells were incubated for 30 min with either

This journal is © The Royal Society of Chemistry 2024
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(A) Merged

(B) Merged ClavS-TAMRA

5pm

(C) Merged ClavD-FAM ClavS-TAMRA

Fig. 4 Confocal microscopy images of E. cloacae treated with (A)
ClavD-FAM, (B) ClavS-TAMRA, and (C) combined treatment of ClavD-
FAM and ClavS-TAMRA. Bacteria were incubated with the peptides for
30 min before mounting on glass slides. Images were taken using
Nikon A1R confocal microscope with 60x oil immersion objective
(scale bars = 5 um).

ClavD-FAM and ClavS-TAMRA, we observed full translocation
of the peptides, suggesting that there is an internal target for
the peptides (Fig. 4A and B). In the combined treatment
(Fig. 4C), the majority of the bacterial cells have both
peptides inside the cells whereas only a small number have
ClavS-TAMRA localized on the cell membrane. This is in
contrast to the cells treated with ClavS-TAMRA only (vide

Untreated Cells

Fig. 5 TEM images of E. cloacae. Top images represent untreated
cells (OM = outer membrane, PS = periplasmic space, IM = internal
membrane, N = nucleoid). Bottom images represent cells treated with
1 uM ClavD and 0.5 pM ClavS showing electron-lucent region (red
circle) and electron-dense regions (red arrows). Scale bars = 200 nm.

This journal is © The Royal Society of Chemistry 2024
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supra). In all cases, there was no evidence of membrane
damage.

Lack of membrane damage was also observed in
transmission electron microscopy (TEM) experiments done
on E. cloacae 0136 treated with ClavD + ClavS (Fig. 5).
Cells treated with the ClavD + ClavS combination show
internal damage while keeping the membrane intact (no
blisters or protruding bubbles/blebs). Regions of low
electron density on some of the cells can be observed
which accounts for intracellular damage similar to what
was reported for rhizobium strains treated with polymyxin
B.** Some cells contained black spots (very electron-dense
areas) which can be evidence for aggregated intracellular
components as a result of the exposure to both peptides.
This is also similar to what was observed with colistin-
treated E. coli*

Our evidence indicates that the synergistic pair does not
act primarily on membrane disruption but on an
intracellular target. To our knowledge, this is the first
reported synergistic interaction between two AMPs of this
type. There are several examples in the literature on synergy
between AMPs but there is no universal agreement on the
molecular characteristics of peptides that lead to synergy.>
For example, abaecin, an AMP that is suspected of targeting
the  molecular chaperone DnaK, synergizes with
hymenoptaecin, a pore-forming AMP.° In this case,
hymenoptaecin opens up pores in the bacterial membrane
which facilitate easier entry for abaecin and provide easy
access to internal targets. Similarly, the less active AMPs
from the winter flounder, such as WF3, are able to control
the membrane interactions of the more active winter
flounder AMPs, such as pleurocidin, resulting to a
potentiated activity at much lower concentrations.*
Combinations that don't have this type of cooperativity are
also possible. For example, magainin and PGLa
demonstrated synergy by forming defined supramolecular
structures along the membrane surface that leads to
increased permeabilization and eventually, cell death.>”*®

In summary, the criteria used in this study utilizing
both checkerboard and time-kill kinetics assays for two
different synergy models, identified two new synergistic
AMP pairs that are active against the MDR strain E.
cloacae 0136. This indicates cooperativity between AMPs
produced by a single organism. ClavA and ClavB, together,
are bacteriostatic against E. cloacae. Against this
problematic pathogen, the combination of ClavD and
ClavsS is bactericidal and provides a promising avenue for
the development of novel therapies, although we still need
to identify the specific target(s) of such a synergistic pair.
Confocal microscopy and TEM results suggest that both
ClavD and ClavS can translocate inside the cells without
damaging the membrane (ESI} video). This suggests that
the MOA is intracellular and that these peptides can
interfere with processes inside the bacterial cell. Future
studies will focus on establishing the targets of this
synergistic pair.
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