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Bacteria secrete and respond to small chemical signals, or autoin-
ducers, in a cell density-dependent process known as quorum sensing
(QS).1 As the number of cells, and consequently autoinducer concen-
tration, increases, bacterial populations coordinate their gene expression
to behave as a unified group. This coordinated effort of bacteria might
result in deleterious effects for humans, as certain bacteria use QS to
regulate the formation of biofilms and the secretion of virulence factors.
As a result, the modulation of QS has emerged as a therapeutic target
of considerable interest.2,3

One class of autoinducers is AI-2, derived from the precursor (S)-
4,5-dihydroxy-2,3-pentanedione (DPD), and the gene encoding the
DPD synthase, LuxS, has been identified in over 55 bacterial species.4

QS systems based on this autoinducer have been shown to regulate
bioluminescence in Vibrio harVeyi, virulence and biofilm formation
in Vibrio cholera, AI-2 transport and virulence expression in Salmo-
nella typhimurium, and mixed-species biofilm development in oral
pathogens.5,6 Illustrated in this final example is the fact that AI-2 QS,
in contrast to other QS systems that are used for communication
between members of the same species, serves as a mechanism of
interspecies communication.4 Thus, the development of agonists or
antagonists for this system would have implications for broad range
QS modulation.

Despite the wide distribution of the AI-2 synthase LuxS, the discrete
structures of DPD-based autoinducers and their respective receptor
proteins have only been identified in two species: V. harVeyi and S.
typhimurium. These two signals are distinct despite the fact that both
are derived from DPD and rapidly interconvert in solution: S.
typhimurium responds to the R-tetrahydroxytetrahydrofuran (R-THMF)
form of DPD, whereas V. harVeyi responds to the S-THMF borate
diester form of DPD (Supporting Information, Figure S1).4 This lack
of structural information has been detrimental to the development of
agonists and antagonists of AI-2-based QS, and reports of modulators
of this system remain limited. Several reports have identified weak
and partial agonists,7–9 while reports of antagonists remain largely
limited to one class of natural products.10,11 Because of this dearth of
information regarding the modulation of AI-2 QS, there is no solid
rationale for the design of new ligands. Herein, we report the discovery
of a class of synergistic compounds toward the QS of V. harVeyi, as
well as a remarkable switch in the biological transmission of AI-2-
based QS in S. typhimurium stemming from the addition of methylene
groups to the C1 position of DPD.

As a first step toward the discovery of new modulators of AI-2-
based QS, we created a panel of C1-substituted DPD analogues
according to Scheme 1. The synthesis is founded upon previously
reported routes for the construction of DPD but modified for the
introduction of alkyl groups at the C1 position.12,13 Synthesis began
from known aldehyde 1,13 which was converted in one step to the
terminal alkyne 2.14 Alkyne 2 served as the branch point for
construction of the various alkylated DPD analogues. Toward this end,
alkyne 2 was treated with butyl lithium and various alkyl iodides, the

products of which were then oxidized to compounds of type 4. To
obtain the final compounds, the protected diketones were incubated
in aqueous acid to reveal 5a-g (Table 1).

The series of C1-substituted compounds (Scheme 1) was evaluated
for modulation of QS in two established biological assays: induction

Scheme 1. Synthesis of C1-Substituted DPD Analoguesa

a Conditions: (a) LDA, TMSCHN2, -78 °C, 6 h, 71%; (b) n-BuLi, R-I,
-78 °C to room temp, 12 h, 40-75%; (c) RuO2, NaIO4, MeCN, CCl4,
H2O, 15 min. (see Table 1 for yields); (d) pH 1.5, 99%.

Table 1. C1-Substituted Analogues Synthesized via Scheme 1

compound R name yield [%]

5a CH3 DPD 70
5b CH2CH3 ethyl-DPD 53
5c CH2CH2CH3 propyl-DPD 64
5d CH2(CH2)2CH3 butyl-DPD 58
5e CH2(CH2)4CH3 hexyl-DPD 61
5f CH2CH2(C6H5) phenyl-DPD 44
5g CH2(CH2)3N3 azidobutyl-DPD 36

Figure 1. IC50 curves of propyl-DPD (closed symbols) and butyl-DPD
(open symbols) for the inhibition of �-galactosidase activity in S. typhimu-
rium.
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of �-galactosidase activity in S. typhimurium and bioluminescence
production in V. harVeyi. These two assays were selected for biological
evaluation because our analogues were designed from the AI-2 signals
employed by both species as well as because of the rapid readout
provided by each assay.

The screens performed for (ant)agonistic activity in S. typhimurium
were measured via a �-galactosidase activity assay.15 Assays were
conducted using S. typhimurium strain Met844, a ∆luxS strain with a
lacZ-lsr fusion, and assays were performed in the absence of DPD
(agonist assay) or in the presence of 50 µM DPD (antagonist assay).
The lacZ fusion, which encodes for the biosynthesis of �-galactosidase
under lsr promoter control allows for the monitoring of AI-2-dependent
lsr activation.16 No agonists were uncovered from the screening, but
in the presence of 50 µM DPD, all compounds were found to act as
antagonists of AI-2-based QS (Table 2). Notably, the propyl-substituted
(5c) and butyl-substituted (5d) analogues were potent inhibitors with
IC50 values 10-fold below the concentration of the natural DPD signal,
placing these two analogues among the most potent inhibitors of QS
relative to the concentration of natural autoinducer.3,17,18 Importantly,
none of these compounds affected the growth of S. typhimurium,
implicating their role in the specific antagonism of AI-2 QS. Also
notable is the activity of the azidobutyl-DPD, which may be used in
the identification of unknown AI-2 receptor proteins using the recently
developed tag-free approach, utilizing click chemistry, to protein
identification.19 Intriguingly, addition or deletion of a single methyl
group between DPD (5a), ethyl-DPD (5b), and propyl-DPD (5c),
completely alters the biological actiVity of these substances ranging
from the natural substrate to no actiVity to a potent antagonist.

To explore an expanded role of these compounds as modulators of
QS, we evaluated their effects on the QS of V. harVeyi in a
bioluminescence assay.20 Modulation of bioluminescence was exam-
ined using V. harVeyi MM32 cells (ATCC BAA-1121, ∆luxS, ∆luxN),
a cell line incapable of producing luminescence either through the acyl-
homoserine lactone pathway or AI-2 pathways in the absence of
exogenous DPD. Although V. harVeyi responds to a borate diester form
of DPD, boric acid was not added during these assays, as the presence
of boric acid itself induces QS activity, rendering V. harVeyi less
sensitive to different concentrations of DPD. Additionally, V. harVeyi
does respond to DPD without the addition of boric acid.12,13,20 Thus,
the test compounds were evaluated for agonist activity, but only the
ethyl-DPD exhibited weak agonistic activity (50-fold less active than
natural DPD, data not shown). However, when the test compounds
were incubated with V. harVeyi and 1 µM DPD to monitor antagonism,
a synergistic effect was observed (Table 2). This synergistic activity
was observed across the entire series of analogues, with ethyl-DPD
(5b) and butyl-DPD (5d) exhibiting greater than 6-fold activation, and
propyl-DPD (5c) and azidobutyl-DPD (5g) exhibiting at least 7-fold
activation over 1 µM DPD. Interestingly, these compounds were
inactive in the absence of DPD, leading to the hypothesis that these
analogues are interacting with the AI-2 receptor protein LuxP in a
manner productive only in the presence of natural DPD.

To lend credence to the use of these compounds in in vivo settings,
we have examined the effects of DPD and the corresponding
C1-substituted DPD analogues against a mouse leukemic monocyte
macrophage cell line (RAW 264.7) using an XTT based in vitro
toxicology assay kit (Sigma). The panel of compounds, including DPD
itself, were found to be nontoxic toward mammalian cells as cells
retained at least 90% viability in the presence of 50 µM compound
(Supporting Information, Table S1). These results, coupled with the
differential activity of these compounds in the two reporter assays,
make these analogues candidates for the study and inhibition of AI-
2-based QS in vivo.

In conclusion, we have shown how a panel of alkyl-substituted
DPD analogues can elicit strikingly different biological effects in
two different species with known AI-2 QS systems: V. harVeyi and
S. typhimurium. This difference in activity could not be predicted
solely on the basis of the crystal structures of the AI-2 signals nor
the receptor proteins but rather was revealed through chemical
synthesis and the exploration of bacterial phenotypes with the use
of a series of structurally related compounds. In sum, these findings
validate, in principle, our approach to the design of DPD-based
analogues for the modulation of AI-2-based QS. Although it remains
to be seen if these compounds will affect other species that respond
to AI-2, this class of compounds nevertheless represents a logical
starting point for the development of broad range modulators of
QS and identification of unknown AI-2 receptor proteins.
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Table 2. Summary of QS Modulation by C1-Alkylated DPD
Analogues

compound
IC50 in

S. typhimurium assay (µM)a
fold-activation in

V. harveyi assayb

ethyl-DPD (5b) >50 6.30 ( 0.72
propyl-DPD (5c) 5.30 ( 0.43 7.69 ( 0.30
butyl-DPD (5d) 5.04 ( 0.61 6.05 ( 0.93
hexyl-DPD (5e) 24.9 ( 5.4 2.74 ( 0.24
phenyl-DPD (5f) >50 1.81 ( 0.12
azidobutyl-DPD (5g) 20.3 ( 1.3 7.44 ( 0.77

a Assay performed in the presence of 50 µM DPD and varying
concentrations of test compound. b Assay performed in the presence of 1
µM DPD and 25 µM compound. Luminescence was measured after 8 h.
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