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ABSTRACT: Multivalency is a common principle in the
recognition of cellular receptors, and multivalent agonists
and antagonists have played a major role in understanding
mammalian cell receptor biology. The study of bacterial cell
receptors using similar approaches, however, has lagged
behind. Herein we describe our efforts toward the develop-
ment of a dendrimer-based multivalent probe for studying
Al-2 quorum-sensing receptors. From these studies, we
have discovered a chemical probe specific for Lsr-type Al-2
quorum-sensing receptors with the potential for enabling the
identification of new bacterial species that utilize AI-2 as a
quorum-sensing signaling molecule.

Multivalency is a powerful underlying logic in biological
recognition}*3 In chemical biology, multivalent ligands
have been widely used to antagonize cellular receptors. > To
employ such techniques, researchers often rely on polymeric
scaffolds that are able to display multiple copies of a ligand or
even multiple ligands."~* In particular, the use of dendrimers, a
class of monodisperse polymers, in drug-, antibody- and peptide-
delivery systems has rapidly expanded within recent years due to
the favorable properties that dendrimers possess (biocompatible,
nonimmunogenic, nonmutagenic, nontoxic, water-soluble).”
Additionally, decoration of the termini of dendrimers with
targeting, solubilizing, and imaging groups has been reported.” "
With respect to imaging, while many dendritic probes have been
used to study mammalian receptor biology using fluorescence
microscopy,” '* no analogous experiments have been reported
for bacteria.'®

In bacterial quorum sensing, only one quorum-sensing signal-
ing molecule has been discovered that facilitates both Gram-
negative and Gram-positive bacterial communication, Al-2, a
class of furanone-based quorum-sensing signaling molecules
derived from 4,5-dihydroxy-2,3-pentanedione (DPD, 1,
Figure 1).'”'® Although the DPD synthase, luxS, has been
identified in over 55 bacterial species, the exact chemical
structure of the AI-2 signaling molecule(s) along with their
respective receptor(s) have been confirmed in only two species,
Vibrio harveyi and Salmonella typhimurium.'® Interestingly, the
chemical form of this autoinducer is dependent on species: V. harveyi
utilizes a boron-containing AI-2 molecule, (254S5)-2-methyl-2,3,34-
tetrahydroxytetrahydrofuran borate ((S)-THMF-borate, 2, Figure 1),"
while S. typhimurium uses (R)-THMF (3, Figure 1).2° Moreover, these
Gram-negative bacterial species also use functionally different AI-2
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Figure 1. Structures of DPD, AI-2 quorum-sensing signaling molecules,
and an azido-DPD analogue.

receptors, which have low sequence homology (11%) and electro-
statically and sterically diverse binding sites.”"** LuxP is a
periplasmic binding protein that, together with LuxQ, a mem-
brane sensor histidine kinase, controls quorum sensing in
V. harvezyi upon the binding of 2 in its positively charged binding
pocket.”! LstB, on the other hand, is part of an adenosine
triphosphate binding cassette (ABC) transporter and binds 3
in its net negatively charged binding pocket to faciltate AI-2
internalization and quorum sensing in S. typhimurium.”* Intrigu-
ingly, LuxPQ_receptor systems have only been identified in
Vibrionales, while the Lsr receptor complex has been identified
in many pathogenic bacterial species.”” >> However, these
studies relied solely on genetic and structural predictions,” >°
and no probe has been reported to rapidly analyze bacteria for Al-
2 binding receptors. Herein, we report the design and synthesis
of a multivalent chemical probe that is capable of specifically
recognizing Lsr-type Al-2 receptors.

Our group has reported the synthesis of a series of alkyl-DPD
analogues that demonstrated a molecular basis for highly dis-
criminatory recognition in Al-2 quorum sensing.*® Additionally,
from these studies, an azidobutyl-containing DPD analogue
(4, Figure 1) was found to be a uorum-sensing antagonist in
both V. harveyi and S. typhimurium.*® As this analogue is amenable
to modification using “click chemistry”, we were interested in
exploiting the azido motif of 4 for the synthesis of DPD-based
dendritic probes using Cu'-catalyzed azide—alkyne cycloaddition
chemistry.”” > It is important to note here that while reports
of the use of functionalized dendrimers in cancer therapeutics
are numerous,” ' only limited studies exploring their use as
antibacterials have been reported,”**** none of which target
quorum sensing specifically.**

The synthesis of our DPD-based dendritic probe is shown in
Scheme 1, and began with commercially available PAMAM
dendrimer § (generation 0.0). The N-terminal amines of 5 were
first converted to alkynyl-amides 7 by coupling with S-hexynoic
acid (6) using standard coupling conditions. The alkynyl moieties
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Scheme 1. Synthesis of DPD Dendrimer 9
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wele then utilized to install protected azido-DPD analogues 8 using
Cu'-catalyzed azide—alkyne cycloaddition chemistry. Click chem-
istry has been widely used both for dendrimer assembly using azide-
or alkyne-modified dendrons and for terminal conjugation of various
small molecules.”> >’ Following azide—alkyne cycloaddition, the
purified dendrimers were dissolved in pH 1.5 buffer to afford
deprotected alkyl-DPD-functionalized dendrimer 9.%°

To determine the effect of conjugating azidobutyl-DPD to the
dendrimer, we first tested 9 for its activity as a quorum-sensing
antagonist in S. typhimurium. Assays were conducted using
S. typhimurium strain Met844 a AluxS strain with a lacZ-Isr fusion,
as previously reported.”® The lacZ fusion, which encodes for the
biosynthesis of [-galactosidase under Isr promoter control
allows for the monitoring of Al-2-dependent Isr activation.>® As
Figure 2a shows, DPD dendrimer 9 exhibited dose-dependent
inhibition of quorum sensing in S. typhimurium with an ICs
value of 29.5 uM, similar to that of 4 (20.3 uM).*® Importantly,
no effect on growth was observed at any of the concentrations
examined (Figure 2b). We note that, although the inhibitory
activity of DPD dendrimer 9 was not enhanced, as has previously
been reported for other multivalent probes," ~ this may be readily
interpreted in that 9 must be internalized to bind the periplasmic
LsrB receptor and antagonize quorum sensing. Thus, only one
DPD molecule may be required for binding LsrB; however,
multiple ligand display was sought for probe versatility and future
de novo receptor discovery (vide infra).

To examine the feasibility of larger dendrimers, generations
1.0 and 2.0, with 8 and 16 DPD molecules, respectively, were also
examined. However, both carried a serious liability: they were
toxic to the bacteria, with a likely basis being outer membrane
disruption. Of additional note, a DPD dimer was also examined;
however, no quorum-sensing antagonism was observed. To
confirm our inhibition data, we also examined the down-regula-
tion of quorum-sensing-relevant genes using RT-PCR, and a
noted decrease in LsrB, LsrF, and LsrK expression was observed
(see Supporting Information). Thus, DPD dendrimer 9 selectively
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Figure 2. Quorum-sensing modulation (a) and growth impact (b) by
DPD dendrimer 9. The antagonist assay was performed in the presence
of SO uM 1.

Figure 3. Structure of rhodamine-containing DPD and control ligand
dendrimers.

inhibits quorum sensing in S. typhimurium. Based on these suc-
cessful results in S. typhimurium, we were also interested in
examining quorum-sensing antagonist activity of 9 in V. harveyi;
however, no activity was noted in this species.

Based on our activity data and the fact that S. typhimurium and
V. harveyi use functionally different quorum-sensing receptors,
LstB, part of an ABC transporter,”” and LuxP, a periplasmic
binding protein,”' respectively, we decided to establish whether
DPD dendrimer 9-based constructs may be useful as specific
probes for Lsr-type Al-2 quorum-sensing receptors. This hypoth-
esis was also driven by the seminal studies of Chmielewski, who
demonstrated the capacity of multivalent ligands to act as potent
inhibitors of ABC transporter drug efflux systems.”” *' To
engage this logic, we synthesized DPD-rhodamine dendrimer
10a and control dendrimer 10b (Figure 3; see Supporting
Information for synthetic details) for fluorescence imaging
studies. Importantly, dendrimer 10a retained antagonistic activity
in S. typhimurium, supporting its use as a probe (see Supporting
Information). Bacteria were stained with either dendrimer 10a or
10b (50 uM each), and the cells were analyzed using confocal
microscopy for rhodamine fluorescence. As Figure 4ab shows,
dendrimer 10a successfully stained S. typhimurium. Moreover, no
fluorescence was observed after staining with dendrimer 10b,
indicating that the interaction between DPD-rhodamine dendrimer
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Figure 4. Fluorescence imagingin (a,b) S. typhimurium, (c,d) V. harveyi,
and (e,f) B. cereus with dendrimers 10a (a,c,e) and 10b (b,d,f) (50 uM
each). Images were obtained using a Zeiss LSM 710 laser scanning
confocal microscope. Rhodamine fluorescence is shown in pink.
Hoescht 33342 (blue), a DNA stain, was used as a control.

10a and LsrB is specific. As an additional control for Lsr specificity,
we also performed imaging experiments in V. harveyi. As Figure 4c,d
shows, no fluorescence was observed with either dendrimer 10a or
10b, providing additional evidence that dendrimer 10a is specific for
Lsr-type quorum-sensing receptors.

Finally, we sought to examine the versatility of our probe in
another bacterial species known to contain an Lsr-type AI-2
receptor. Recent biochemical evidence has shown that Bacillus
cereus, a Gram-positive bacterial species, possesses functional Al-
2 receptors with 63% homology to LsrB.>* B. cereus was stained
with either dendrimer 10a or 10b as described above. As
Figure 4e,f shows, DPD dendrimer probe 10a was also capable
of recognizing the B. cereus AI-2 receptor. Thus, dendrimer probe
10a is able to specifically bind Lsr-type AI-2 receptors in both
Gram-negative and Gram-positive bacterial species. This finding
could be broadly useful, as Lsr system orthologues have been
genetically identified in bacterial species belonging to the En-
terobacteriaceae, Rhizobiaceae, Bacillaceae, Pasteurellaceae, and
Rhodobacteriaceae families, while LuxPQ systems have only been

identified in Vibrionales, indicating the ;)otential importance of Lsr
systems for Al-2 quorum sensing.2372

In conclusion, we have developed a multivalent chemical
probe for Lsr-type Al-2 receptors. More specifically, using this
multivalent scaffold approach, an AI-2 quorum-sensing antago-
nist in S. typhimurium and an imaging agent for bacterial species
utilizing Lsr-type AI-2 receptors have been identified. Although
only modest antagonism was achieved with probe 9, eflicacy
could be readily improved upon, possibly by examining other
dendrimer scaffolds or altering the linker length. These con-
siderations notwithstanding, this multivalent scaffold was key in
obtaining an effective imaging agent, as similar imaging experi-
ments failed with a rhodamine-conjugated DPD molecule. Thus,
an understanding of these multivalent receptor—ligand interac-
tions should be valuable for designing new tools for discovering
additional bacterial species that utilize Lsr-type AI-2 receptor.
Furthermore, since the dendrimer ligands are modular, both
fluorescence and affinity tags can be employed to facilitate such
studies. Most importantly, however, since our probe is capable of
binding Lsr-type receptors in both Gram-negative and Gram-
positive bacteria, it may facilitate our understanding of inter-
species bacterial communication.
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