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Q uorum sensing (QS) has emerged as a preva-
lent cell–cell signaling pathway in chemical
ecology. This population density sensing
mechanism is used broadly by bacteria and is

governed by a chemical “language” of small, diffusible
signal molecules (or autoinducers) and their associated
protein receptors (1–3). QS in Gram-negative bacteria
is under the control of diffusible N-acylated L-homo-
serine lactone signals (AHLs) and the LuxR-type family
of cytoplasmic receptors, and was first characterized in
the luminescent marine symbiont Vibrio fischeri (3–6).
The AHL ligands are most frequently generated by LuxI-
type synthases, and their local concentration correlates
with cell density (along with other environmental factors
(7)). Above a threshold concentration, the AHLs bind to
their cognate LuxR-type receptors, and these complexes
most frequently activate the transcription of target genes
required for bacterial group behavior. As many of these
processes play crucial roles in both pathogenesis and
symbiosis, there is significant interest in the develop-
ment of non-native ligands that can block or mimic na-
tive autoinducer signals and attenuate QS (8, 9). Such
molecules would represent new tools to study the mo-
lecular mechanisms of QS and their roles in host–
bacteria interactions (10, 11).

The structures of native AHLs from selected Gram-
negative species are shown in Figure 1, panel a: N-
(3-oxo-hexanoyl)-L-homoserine lactone (OHHL, 1) that
binds LuxR in V. fischeri and represents the canonical
quorum sensing circuit, N-(3-oxo-octanoyl)-L-homo-
serine lactone (OOHL, 2) that binds TraR in the plant
pathogen Agrobacterium tumefaciens, and N-(3-oxo-
dodecanoyl)-L-homoserine lactone (OdDHL, 3) that
binds both LasR and QscR in the opportunistic patho-
gen Pseudomonas aeruginosa. Interception of AHL:
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ABSTRACT Quorum sensing (QS) is under the control of N-acylated L-homo-
serine lactones (AHLs) and their cognate receptors (LuxR-type proteins) in Gram-
negative bacteria and plays a major role in mediating host–bacteria interactions
by these species. Certain cyclic dipeptides (2,5-diketopiperazines, DKPs) have
been isolated from bacteria and reported to activate or inhibit LuxR-type proteins
in AHL biosensor strains, albeit at significantly higher concentrations than native
lactones. These reports have prompted the proposal that DKPs represent a new
class of QS signals and potentially even interspecies or interkingdom signals; their
mechanisms of action and physiological relevance, however, remain unknown.
Here, we describe a library of synthetic DKPs that was designed to (1) determine
the structural features necessary for LuxR-type protein activation and inhibition
and (2) probe their mechanisms of action. These DKPs, along with several previ-
ously reported natural DKPs, were screened in bacterial reporter gene assays. In
contrast to previous reports, the native DKPs failed to exhibit either antagonistic
or agonistic activities in these assays. However, non-natural halogenated cyclo(L-
Pro-L-Phe) derivatives were capable of inhibiting luminescence in Vibrio fischeri. In-
terestingly, additional experiments revealed that these DKPs do not compete with
the natural lactone signal, OHHL, to inhibit luminescence. Together, these data
suggest that DKPs are not QS signals in the bacteria examined in this study. Al-
though these compounds can influence QS-regulated outcomes, we contend that
they do not do so through direct interaction with LuxR-type proteins. This work
serves to refine the lexicon of naturally occurring QS signals used by Gram-
negative bacteria.
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LuxR-type protein binding by synthetic ligands repre-
sents one strategy to control QS in Gram-negative
bacteria, and considerable research efforts over the
past 20 years have been directed in this area (12). The
majority of this past work has focused on the design and
synthesis of non-native AHL derivatives (5, 13, 14), and
our laboratory has recently made contributions to this
area for LuxR-, TraR-, LasR-, and QscR-based QS (e.g.,
the LuxR-type protein inhibitor 4-iodo phenylacetyl HL
(4-I-PHL, 4); Figure 1, panel a) (15–20).

Looking beyond the AHL scaffold would certainly ex-
pand the range of possible ligands for use as LuxR-type
protein modulators, and several research groups have
reported strategies toward this end, including the
screening of commercial small molecules libraries (21)
and natural product isolates (22, 23), and computa-
tional pharmacophore modeling (24, 25). Recently, a
set of cyclic dipeptides (2,5-diketopiperazines, or DKPs)
were isolated from a range of Gram-negative bacteria
and reported to modulate LuxR, TraR, or LasR activity in
sensitive AHL “biosensor” strains previously considered
specific for AHLs (DKPs 5–12; Figure 1, panel b) (26–

28). These DKPs have been isolated either indi-
vidually or as mixtures from culture supernatants
of P. aeruginosa, P. fluorescens, P. putida, P. al-
caligenes, Proteus mirabilis, Enterrobacter agglo-
merans, Vibrio vulnificus, and Citrobacter freundii.
As these compounds appear to be common to a
broad number of bacteria, they have been sug-
gested to represent both a new class of naturally
occurring QS signals, and potential interspecies
signals (4, 6, 8, 10, 29–31). Further, as DKPs are
common in fungi and elicit a range of effects in
higher animals and plants (32), these compounds
have also been proposed to play roles in interking-
dom signaling. Questions remain with regards to
their actual physiological function in bacteria,
however, as DKPs elicit their activities against
LuxR-proteins at significantly higher concentra-
tions than AHLs (up to 106 times higher). To date,
a critical examination of the DKP structure class as
QS modulators is yet to be reported, and would
provide insights into their role as putative cell–
cell and cell–host signals (33).

Here, we report the design and synthesis of a li-
brary of non-native DKPs, an evaluation of these
compounds as antagonists and agonists of LuxR,
TraR, and LasR, and a comparison of their activities

to the naturally occurring DKPs 5–10. Surprisingly, the
previously reported DKPs failed to exhibit either antago-
nistic or agonistic activities in the reporter strains exam-
ined in this study. However, several non-native DKPs
were identified that are capable of inhibiting (but not ac-
tivating) luminescence in V. fischeri. Interestingly, these
compounds exhibited structural features reminiscent of
both the naturally occurring DKPs 8 and 9 and several of
our recently reported, non-native AHL antagonists of
LuxR, TraR, and LasR (15–18). Additional experiments
indicated that luminescence inhibition by these non-
native DKPs does not occur through LuxR in V. fischeri.
Collectively, these data suggest that DKPs can influence
QS regulated outcomes, yet may not do so through di-
rect interactions with LuxR-type proteins. These findings
have important implications for the alleged role of DKPs
in bacterial QS (34).

RESULTS AND DISCUSSION
DKP Library Design. We designed a focused library

of 23 DKPs around the structures of native DKPs 5–10
(Figure 1, panel b), as these six DKPs had the most

Figure 1. QS modulators and natural products. a) Selected naturally occurring AHLs 1–3
and LuxR inhibitor 4-I-PHL (4). b) DKPs 5�12 reported to modulate LuxR-type protein
activity.
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closely related structures of the eight (i.e., each
contained L-Pro). We maintained the Pro unit in
each library member, and then systematically al-
tered the other amino acid side chain and stereo-
chemistry at each chiral center to generate subli-
braries of cyclo(Pro-Xxx) 13–16 (shown in Figure 2).
Sublibrary 13 represented the simplest analogs,
containing only one chiral center (L-Pro). DKPs 14
were derived from L-amino acids and designed to
display various aliphatic and aromatic functional-
ity (both natural and unnatural) on their non-Pro
side chains. We included halogenated- and nitro-
Phe derivatives because we have found that AHLs
containing halogenated- and nitro-phenylacetyl
groups (PHLs) exhibited both strong antagonistic
and agonistic activity against TraR, LasR, and LuxR
(e.g., 4-I-PHL 4) (15–18, 20). Structures 15 were
stereoisomers of control DKPs 6–10, containing
L-Pro and D-amino acids. Lastly, DKPs 16 were enanti-
omers of sublibrary 15, containing D-Pro and L-amino
acids.

DKP Synthesis and Purification. We developed an ef-
ficient solution-phase synthetic route to DKPs 5–10 and
sublibraries 13–16 (Scheme 1). In brief, L- or D-Pro-OMe
was coupled to N-Boc-protected amino acids using stan-
dard carbodiimide-mediated conditions. After cleavage
of the N-Boc group under acidic conditions, intramolecu-
lar cyclization proceeded smoothly at RT upon treat-
ment with piperidine to generate DKPs in sufficient
yields for biological evaluation (38% average overall
yield; 60–750 mg scale). All of the DKPs were purified
to homogeneity by silica gel column chromatography
(�97% purity, 95:5 dr; Supplementary Table 1).

Note, we did not utilize routine reverse-phase HPLC
methods for DKP purification, as our HPLC instruments
are utilized for the analysis of AHLs in related research
(15–20), and we sought to minimize the risk of contami-
nation by these highly active compounds. Such con-
tamination, in part due to the similar physicochemical
properties of DKPs and AHLs, has impacted research in
this area previously. For example, Degrassi et al. frac-
tionated P. putida WCS358 supernatant extracts using
HPLC, tested each fraction against a number of AHL bio-
sensor strains, and isolated DKPs 6, 8, 9, and 12 as
the major products in each active fraction (Figure 1,
panel b) (27). However, upon resynthesis of these four
DKPs, they found that the synthetic DKPs failed to acti-
vate the biosensor strain used for their initial detection,

although they did activate other reporter strains. The re-
searchers attributed the initial activities to AHLs that co-
purified with their DKPs. For these reasons, we took pre-
cautions throughout this study to ensure the purity of
our synthetic DKPs.

Primary Screening Methods. We examined the abili-
ties of DKP controls 5–10 and sublibraries 13–16 to
modulate TraR, LasR, and LuxR activity in the same bio-
sensor strains used in previous DKP reports (26–28) to
allow for direct comparisons. We note that these biosen-
sor strains can produce varying levels of LuxR-type pro-
tein (most frequently, substantially higher than native
levels), and this can directly affect their sensitivity for ex-
ogenous ligands (i.e., higher protein levels correlate

Figure 2. Structures of the four focused DKP sublibraries (13�16) synthesized and evalu-
ated in this study. Aib � aminoisobutyric acid.

SCHEME 1. General synthetic route for the generation of
DKP libraries 13�16 and controls 5–10a

aReagents and conditions: (a) EDC·HCl, Et3N, CH2Cl2, 4 °C, 16 h; (b) AcCl,
MeOH, 0 °C, 180 min; (c) piperidine, DMF, 25 °C 60 min. EDC � 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide; DMF � dimethylformamide.
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with higher sensitivity (35)). We sought to obtain data
using biosensor strains with both high and native pro-
tein levels for each protein in this study to increase the
stringency of the assays. Therefore, we also investigated
DKPs 5–10 and 13–16 in bacterial reporter strains con-
taining native LuxR-type protein levels (34). All of these
strains lack AHL synthases but contain LuxR-type pro-
teins and cognate promoter sequences that control re-
porter gene expression. As a result, LuxR-type protein ac-
tivity and consequently exogenous ligand activity can
be measured using standard reporter gene read-outs.
These assays can be performed in solution in multititer
plates where activity is assessed using a plate reader, or
the compounds can be overlaid with bacteria in warm
agar and, following incubation, colorimetric reagents al-
low for visualization of activity.

All of the primary antagonism and agonism assays
performed in liquid culture were tested at 500 �M DKP
concentrations. Competitive antagonism assays were
performed with DKP in the presence of native AHL ligand
at its EC50, while agonism assays were performed with
DKP alone. Negative controls reported the activity of me-
dia and DMSO only.

Screening of DKP Libraries against TraR. We began
our investigation of DKPs 5�10 and 13–16 by overlay-
ing them with a TraR overproducing strain (A. tumefa-
ciens NTL4 (pZLR4), a second-generation strain of
NT1(pDCI41E33) (36)) analogous to that described by
Holden et al. and Degrassi et al. (26, 27, 37). Although
we did not observe activation from cyclo(L-Leu-L-Pro) (6)
as previously reported by both groups, its isomer cyclo(L-
Ile-L-Pro) (14a) was active in this overlay assay, along
with DKPs 13a and 15b (see Supplementary Figure 2).
In contrast to both previous reports, DKP 9 did not acti-
vate TraR in our hands. We next sought to test the activ-
ity of the DKPs in a �-galactosidase reporter strain that
produces TraR at native levels (A. tumefaciens WCF47
(pCF372) (38)). In this liquid culture assay, �-galacto-
sidase and therefore TraR activity was measured using
routine Miller absorbance assays (15, 17, 18). Neither
the control DKPs 5–10 nor the DKP sublibraries 13–16
were observed to activate TraR in this strain beyond the
level of the negative control (Supplementary Figure 3). In
turn, we did not observe inhibitory activity for any of
the DKPs (5–10 and 13–16) against OOHL (2, at 100
nM) in competitive antagonism assays in this A. tumefa-
ciens strain.

Screening of DKP Libraries against LasR. We next
screened our DKP controls 5–10 and libraries 13–16
for agonistic activity against LasR in the heterologous
E. coli biosensor strain previously used to examine DKP
activity (pSB1075) (39). Controls 5–10 were inactive in
this LasR overproducing strain. This result for control
cyclo(L-Met-L-Pro) (7) contrasted with that of Holden
et al., who reported that 7 could activate LasR (albeit at
concentrations above 1 mM (26)). We did, however, ob-
serve partial activation (20%) of this strain with DKPs
14a, 14c, and 14h at 500 �M (Supplementary Figure 4).
We sought to compare these data with reporter strain
E. coli (NH5� (pJN105L pSC11)) (40). This strain con-
tains LasR under the control of an inducible promoter
and reports LasR activity via �-galactosidase produc-
tion; LasR protein levels were induced to approximately
native levels for P. aeruginosa with arabinose (17). Simi-
lar to the TraR assay data above, neither the control
DKPs 5�10 nor the DKP sublibraries 13–16 were ca-
pable of activating or inhibiting LasR (vs 7.5 nM OdDHL,
3) in this native protein level reporter strain (see Supple-
mentary Figure 5).

Screening of DKP Libraries against LuxR. We evalu-
ated the activities of the DKPs against LuxR using the
E. coli JM109 (pSB401) biosensor (34, 39). This heter-
ologous strain contains luxR and the luxI promoter from
V. fischeri MJ-1, and the lux operon (luxCDABE) from
Photorhabdus luminescens; LuxR is overproduced and
protein activity is reported as luminescence (16). Control
DKPs 5–10 failed to activate this strain, but 5 and 9
were able to inhibit luminescence by 20% (vs 20 nM
OHHL, Supplementary Figure 6). These data conflict with
previous reports of controls 7–9 activating LuxR and all
six controls 5–10 inhibiting LuxR in this same strain
(26–28). However, several non-native DKPs from subli-
braries 13�16 were able to weakly inhibit (but not sig-
nificantly activate) luminescence in this strain, most
notably 14e, 14f, and 15f (�25% inhibition, Supple-
mentary Figure 6).

We next examined control DKPs 5–10 and sublibrar-
ies 13–16 for LuxR agonistic and antagonistic activities
(vs 3 �M OHHL, 1) in a �-luxI derivative of V. fischeri
ES114 (41, 42). In this strain, LuxR is produced at na-
tive levels, and the native V. fischeri lux operon behaves
as the luminescent reporter (43). Although we identi-
fied no LuxR agonists in these screens (Supplementary
Figure 7), several non-native DKPs were antagonists at a
100:1 ratio relative to OHHL (1). Compounds 14a, 14e,
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14i, and 16c gave moderate inhibitory activities (33–
40%, Figures 2 and 3). More notably, cyclo(L-Pro-L-4-Cl-
Phe) 14b (the “natural” diastereomer of 16c) and
cyclo(L-Pro-L-4-I-Phe) 14c were capable of inhibiting lu-
minescence by 76% and 95% at 500 �M, respectively.
These active DKPs (14b and 14c) exhibit (L, L) stereo-
chemistry and structural features reminiscent of the
naturally occurring control DKPs 8 and 9 yet contain non-
native side chains. Interestingly, DKP 14c shares the
4-iodo phenyl motif with our previously reported AHL-
derived LuxR inhibitor, 4-I-PHL (4; Figure 1, panel a).

Dose–Response Analyses of Active DKPs. We per-
formed dose–response analyses on DKPs 14b and 14c
against 5 �M OHHL (1) in V. fischeri ES114 (�-luxI) and
obtained IC50 values of 208 and 116 �M for lumines-
cence inhibition, respectively (Figure 4, panels a and b).
These IC50 values are 2–3 orders of magnitude higher
than those previously reported for AHL-derived LuxR in-
hibitors (such as 4) (16, 17).

To obtain further insight into the mechanism of lumi-
nescence inhibition by non-native DKPs, we performed
competitive dose–response analyses of the native li-
gand OHHL (1) in the presence of increasing amounts

of the most active DKP, 14c, in V. fischeri ES114 (�-
luxI). Such Schild analyses can reveal whether a com-
pound behaves via a competitive or noncompetitive an-
tagonism mechanism, either directly interfering with
the binding of an agonist or not, respectively (44). In ear-
lier work, Holden et al. had presumed that DKPs bind
at, or near, the OHHL (1) binding site on LuxR because
their activators displayed weak competitive inhibition
against OHHL (26). However, competitive dose–

Figure 3. Primary LuxR antagonism data for controls 5–10
and DKPs libraries 13�16 tested at 500 �M against 5 �M
OHHL (1) in V. fischeri ES114 (�-luxI); positive control
(pos) contains 5 �M OHHL (1).

Figure 4. Dose-dependent inhibition of luminescence by
DKPs. a) Dose–response curve for DKP 14b against 5 �M
OHHL in V. fischeri ES114 (�-luxI). b) Dose–response curve
for DKP 14c against 5 �M OHHL in V. fischeri ES114
(�-luxI). c) Dose–response curves of OHHL (1) in the
presence of increasing concentrations of DKP 14c in
V. fischeri ES114 (�-luxI). Relative light units report
luminescence.

ARTICLE

www.acschemicalbiology.org VOL.4 NO.12 • 1051–1059 • 2009 1055



response experiments with 14c showed that this com-
pound reduces the maximal luminescence induction
level of OHHL (1) without affecting the EC50 value of
OHHL (1) (Figure 4, panel c), suggesting that 14c does
not directly compete with OHHL (1) for LuxR binding. In
addition, this experiment indicates that DKP 14c does
not affect production of LuxR in V. fischeri, as this out-
come would also alter the EC50 for OHHL (1) at different
concentrations of 14c. Later experiments revealed that
the luminescence inhibitory activity of DKP 14c is also
reversible in V. fischeri ES114 (�-luxI), as luminescence
could be induced by adding fresh OHHL (1) after wash-
ing cells that had been treated with DKP 14c (data not
shown).

To further probe the mechanism of action of DKP
14c, we performed dose–response analyses in several
additional mutant strains of V. fischeri. These strains
lacked either proteins that have been implicated in DKP

activity in other Vibrio spp. (OmpU and ToxR) (28, 31,
45, 46) or proteins that have been recently reported to
regulate luminescence in V. fischeri (CheV, FlrC, and
YehT) (47, 48). We found, however, that the lumines-
cence inhibitory activity of 14c was not affected by the
loss of these proteins, indicating that this DKP does not
directly interact with them (see refs 45 and 48 for addi-
tional details).

Modulation of Luciferase Activity by DKPs. We next
turned our focus toward the luciferase enzyme itself. If
DKP 14c interfered with luciferase production in V. fisch-
eri, or if it directly inhibited the enzyme, we would ex-
pect to observe a reduction in luminescence. To test
these possibilities, we measured the levels of active lu-
ciferase in cells cultured with and without 14c. We used
our previously reported synthetic LuxR inhibitor 4-I-PHL
(4) as a control in these experiments (16). We precul-
tured V. fischeri ES114 (�-luxI) in the presence of 3 �M
OHHL, DMSO alone, 3 �M OHHL (1) with 1 mM 14c, or
3 �M OHHL (1) with 10 �M 4-I-PHL (4) to the same opti-
cal density to normalize the number of cells in the cul-
ture (�0.4; 14c and 4-I-PHL were added to the precul-
ture at 10	 their IC50 values). We then pelleted the cells
and tested luminescence levels according to the proce-
dure described by Lei and Becvar (49). Briefly, this pro-
cedure utilizes an excess of the reactants (decanal and
flavin mononucleotide (FMNH2)) to ensure that lucif-
erase is the rate-limiting component in the reaction, and
the initial maximum intensity of light emission is propor-
tional to luciferase activity (see Supporting Information
for details). The results from this assay are shown in
Figure 5. As expected, we observed that OHHL (1) is re-
quired for luciferase production during the preculture
(luciferase output (LO) � 72.4 
 7.6). Addition of 4-I-
PHL (4) fully inhibited the luminescence of the precul-
tured cells and also decreased the amount of active lu-
ciferase produced during the preculture (LO � 11.0 


1.0). When added directly to the enzymatic assay reac-
tion, 4-I-PHL (4) had no effect on the levels of luciferase
activity (LO � 73.0 
 7.0). Similarly, the amount of ac-
tive luciferase was reduced by �80% when the cells
were precultured with DKP 14c (LO � 13.2 
 4.4). How-
ever, in contrast to 4-I-PHL (4), 14c affected the activity
of luciferase in the enzymatic assay when added directly
to the enzymatic assay buffer (LO � 24.4 
 1.4), al-
though not to the same degree as in precultured cells.
We were unable to test DKP 14c at higher concentrations
in this assay, as the compound is not soluble in the ab-

Figure 5. Luciferase output of V. fischeri ES114 (�-luxI) cell pellets pre-
cultured with or without 4-I-PHL (4) or DKP 14c in the presence of OHHL
(1). Luciferase output was measured as the initial light intensity of the
reaction as described by Lei and Becvar (49). The concentration of
OHHL (1) in the preculture was equal to its EC50 (3 �M), and the lumi-
nescence of the cells before pelleting was �19,000 RLU. The lumines-
cence of the DMSO preculture before pelleting was �6,000 RLU. The
OHHL (1) � 4-I-PHL (4) culture was grown in the presence of 3 �M
OHHL (1) and 10� the IC50 of 4-I-PHL (10 �M); the luminescence of the
cells before pelleting was �6,000 RLU. The OHHL (1) � 14c culture was
grown in the presence of 3 �M OHHL (1) and 10� the IC50 of 14c
(1 mM); the luminescence of the cells before pelleting was �6,000
RLU. Compounds that were added during the luciferase assay were
added as DMSO stocks (10 �L) to the assay buffer (5 �M 4-I-PHL (4) or
500 �M 14c; 5� IC50). The volumes of DMSO used in these assays did
not affect the luciferase output of the positive control.
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sence of DMSO and �1% DMSO in the assay buffer
(v/v) greatly affected luciferase activity (LO � 49 
 6).
Investigations are ongoing to further characterize the ef-
fects of 14c on luciferase in V. fischeri. Nevertheless,
these data suggest that DKP 14c affects the levels of ac-
tive luciferase in V. fischeri, potentially by inhibiting the
enzymatic activity of luciferase itself.

Conclusions and Outlook. Few molecules other than
AHLs are known to modulate QS in Gram-negative bac-
teria, and DKPs have attracted considerable interest as a
potential new class of QS signals and even interspe-
cies or interkingdom signals (50). There have been no
reports investigating either their mechanism or the
structural features of these molecules that are required
for activity. We designed and synthesized focused librar-
ies of non-native DKPs (13–16) based on the structures
of naturally occurring DKPs 5–10 and examined their
abilities to agonize and antagonize well-characterized
LuxR-type proteins using both sensitive biosensor
strains and reporter strains with native protein levels.
The results of these assays suggest, in contrast to previ-
ous reports, that DKPs do not interact with LuxR-type
proteins to affect QS. DKPs 5–10 and all of the DKPs in li-
braries 13�16 derived from natural �-amino acids
failed to activate or inhibit the native protein level QS re-
porter strains based on TraR, LasR, and LuxR utilized in
this study. The only DKPs capable of significantly modu-

lating LuxR QS outputs (i.e., luminescence) were de-
rived from non-natural amino acids, DKPs 14b and 14c.
Further experiments showed that these DKPs do not
compete with the natural ligand OHHL (1) for LuxR. How-
ever, DKP 14c is able to reduce the level of active lucif-
erase in V. fischeri when precultured in the presence of
OHHL (1). As natural DKPs 5–12 were discovered largely
using AHL biosensors in which the LuxR-type proteins
are overproduced, our results also highlight the need to
use caution when interpreting such biosensor data for
the identification of small molecule LuxR-type protein
modulators.

Therefore, the question remains: Do DKPs function
in nature as true QS signal molecules? Considerable fur-
ther experimentation is required to provide a conclu-
sive answer to this question, but the data outlined
herein challenge the hypothesis that they do so through
interaction with LuxR-type proteins in Gram-negative
bacteria. It is important to note that the DKPs in this
study were only active in V. fischeri and that naturally oc-
curring DKPs, while present in other Vibrio species,
have yet to be reported in isolates from this bacterium.
Nonetheless, the present work has provided evidence
that DKPs do not act as LuxR-mediated QS signals and
further underscores the value of synthetic chemistry to
probe the language of bacterial QS.

METHODS
Small Molecule Synthesis. All chemical reagents were pur-

chased from commercial sources (Sigma Aldrich, EMD Bio-
sciences, Advanced ChemTech) and used without further purifi-
cation. Solvents were purchased from commercial sources
(Fisher Scientific, Mallinckrodt Baker) and used as obtained,
with the exception of dichloromethane (CH2Cl2), which was dis-
tilled over calcium hydride prior to use. AHL controls 1–3 and
4-I-PHL (4) were synthesized according to our previously re-
ported procedure (15–18).

DKP controls 5–10 and sublibraries 13–16 were synthe-
sized as follows: N-Boc-�-amino acids were coupled to H-Pro-
OMe with 1 equiv of EDC and 1 equiv of Et3N in CH2Cl2 at 4 °C
overnight (51). The resulting dipeptides were dissolved in a
minimal amount of CH2Cl2 and cooled to 0 °C. A solution of
AcCl (�5 equiv) in MeOH (1:2.4 v/v) was added dropwise to af-
fect amine deprotection, and the reaction was stirred for 3 h.
The solvent was removed in vacuo, and the deprotected dipep-
tides were dissolved in a minimal amount of DMF. Approxi-
mately 2 equiv of piperidine were added to these solutions to fa-
cilitate cyclization, and the reactions were stirred at RT for 1 h.
The solvent was removed, and the resulting solids were purified
by flash silica gel chromatography (1–4% (v/v) gradient of
MeOH in CH2Cl2) to give DKPs in 15–86% yields and �97% pu-
rities with 95:5 dr.

Bacterial Strains. References to the strains can be found
throughout the text. Additional information about these strains
and culture conditions is given in Supplementary Table 2.

Reporter Gene Assay Formats. Stock solutions of synthetic
compounds were prepared in DMSO and stored in sealed vials.
For agonism assays, an appropriate amount of DKP stock solu-
tion was added into wells of a 96-well multititer plate to give a
500 �M final concentration. For competitive antagonism assays,
an appropriate amount of AHL stock solution was also added
to each well to give a final AHL concentration equal to the EC50

value in that strain. The concentration of DMSO was normalized
in all wells (�2% (v/v)). Absorbance assays for A. tumefaciens
WCF47 (pCF372) and E. coli DH5� (pJN105L pSC11) and lumi-
nescence assays for E. coli JM109 (pSB401) and V. fischeri
strains were performed according to our previously reported
methods (15–18, 20). All assays were performed in triplicate.
GraphPad Prism software (version 4.0c) was used to calculate
IC50 and EC50 values.

Supporting Information Available: This material is available
free of charge via the Internet at http://pubs.acs.org.

Acknowledgment: We thank the National Institutes of Health
(AI063326-01), Research Corporation, Burroughs Wellcome
Foundation, Greater Milwaukee Foundation Shaw Scientist Pro-
gram, Johnson & Johnson, and DuPont for financial support of
this work. H.E.B. is an Alfred P. Sloan Foundation Fellow. J.C. was

ARTICLE

www.acschemicalbiology.org VOL.4 NO.12 • 1051–1059 • 2009 1057



supported by a Novartis Graduate Fellowship in Organic Chem-
istry. G.D.G was supported by an ACS Division of Medicinal
Chemistry graduate fellowship. We thank Professors J. Handels-
man, E. Ruby, S. Winans, and K. Visick for generous donations of
bacterial strains, technical assistance, and contributive discus-
sions. B. Carlson is acknowledged for assistance in the synthe-
sis and characterization of several DKPs.

REFERENCES
1. Bassler, B. L., and Losick, R. (2006) Bacterially speaking, Cell 125,

237–246.
2. Waters, C. M., and Bassler, B. L. (2005) Quorum sensing: Cell-to-

cell communication in bacteria, Annu. Rev. Cell Dev. Biol. 21, 319–
346.

3. Fuqua, C., and Greenberg, E. P. (2002) Listening in on bacteria: acyl-
homoserine lactone signalling, Nat. Rev. Mol. Cell Biol. 3, 685–
695.

4. Whitehead, N. A., Barnard, A. M., Slater, H., Simpson, N. J., and Sal-
mond, G. P. (2001) Quorum-sensing in Gram-negative bacteria,
FEMS Microbiol. Rev. 25, 365–404.

5. Welch, M., Mikkelsen, H., Swatton, J. E., Smith, D., Thomas, G. L.,
Glansdorp, F. G., and Spring, D. R. (2005) Cell-cell communication
in Gram-negative bacteria, Mol. Biosyst. 1, 196–202.

6. Fuqua, C., Parsek, M. R., and Greenberg, E. P. (2001) Regulation of
gene expression by cell-to-cell communication: acyl-homoserine
lactone quorum sensing, Annu. Rev. Genet. 35, 439–468.

7. Boedicker, J. Q., Vincent, M. E., and Ismagilov, R. F. (2009) Microflu-
idic confinement of single cells of bacteria in small volumes ini-
tiates high-density behavior of quorum sensing and growth and re-
veals its variability, Angew. Chem., Int. Ed. Engl. 48, 5908–5911.

8. Lyon, G. J., and Muir, T. W. (2003) Chemical signaling among bacte-
ria and its inhibition, Chem. Biol. 10, 1007–1021.

9. Gonzalez, J. E., and Keshavan, N. D. (2006) Messing with bacterial
quorum sensing, Microbiol. Mol. Biol. Rev. 70, 859–875.

10. de Kievit, T. R., and Iglewski, B. H. (2000) Bacterial quorum sensing
in pathogenic relationships, Infect. Immun. 68, 4839–4849.

11. Hall-Stoodley, L., Costerton, J. W., and Stoodley, P. (2004) Bacterial
biofilms: from the natural environment to infectious diseases, Nat.
Rev. Microbiol. 2, 95–108.

12. Geske, G. D., O’Neill, J. C., and Blackwell, H. E. (2008) Expanding di-
alogues: from natural autoinducers to non-natural analogues that
modulate quorum sensing in Gram-negative bacteria, Chem. Soc.
Rev. 37, 1432–1447.

13. Rasmussen, T. B., and Givskov, M. (2006) Quorum sensing inhibi-
tors: a bargain of effects, Microbiology 152, 895–904.

14. Chhabra, S. R., Philipp, B., Eberl, L., Givskov, M., Williams, P., and
Camara, M. (2005) Extracellular communication in bacteria, Top.
Curr. Chem. 240, 279–315.

15. Geske, G. D., Wezeman, R. J., Siegel, A. P., and Blackwell, H. E.
(2005) Small molecule inhibitors of bacterial quorum sensing and
biofilm formation, J. Am. Chem. Soc. 127, 12762–12763.

16. Geske, G. D., O’Neill, J. C., and Blackwell, H. E. (2007)
N-Phenylacetanoyl-L-homoserine lactones can strongly antagonize
or superagonize quorum sensing in Vibrio fischeri, ACS Chem. Biol.
2, 315–320.

17. Geske, G. D., O’Neill, J. C., Miller, D. M., Mattmann, M. E., and Black-
well, H. E. (2007) Modulation of bacterial quorum sensing with syn-
thetic ligands: systematic evaluation of N-acylated homoserine lac-
tones in multiple species and new insights into their mechanisms of
action, J. Am. Chem. Soc. 129, 13613–13625.

18. Geske, G. D., O’Neill, J. C., Miller, D. M., Wezeman, R. J., Mattmann,
M. E., Lin, Q., and Blackwell, H. E. (2008) Comparative analysis of
N-acylated homoserine lactones reveals unique structural features
that dictate their ability to activate or inhibit quorum sensing,
ChemBioChem 9, 389–400.

19. Mattmann, M. E., Geske, G. D., Worzalla, G. A., Chandler, J. R., Sap-
pington, K. J., Greenberg, E. P., and Blackwell, H. E. (2008) Syn-
thetic ligands that activate and inhibit a quorum-sensing regulator
in Pseudomonas aeruginosa, Bioorg. Med. Chem. Lett. 18,
3072–3075.

20. Geske, G. D., Mattmann, M. E., and Blackwell, H. E. (2008) Evalua-
tion of a focused library of N-acyl L-homoserine lactones reveals a
new set of potent quorum sensing modulators, Bioorg. Med. Chem.
Lett. 18, 5978–5981.

21. Muh, U., Schuster, M., Heim, R., Singh, A., Olson, E. R., and Green-
berg, E. P. (2006) Novel Pseudomonas aeruginosa quorum-sensing
inhibitors identified in an ultra-high-throughput screen, Antimi-
crob. Agents Chemother. 50, 3674–3679.

22. Manefield, M., de Nys, R., Kumar, N., Read, R., Givskov, M., Stein-
berg, P., and Kjelleberg, S. (1999) Evidence that halogenated fura-
nones from Delisea pulchra inhibit acylated homoserine lactone
(AHL)-mediated gene expression by displacing the AHL signal from
its receptor protein, Microbiology 145, 283–291.

23. Bjarnsholt, T., Jensen, P. O., Rasmussen, T. B., Christophersen, L.,
Calum, H., Hentzer, M., Hougen, H. P., Rygaard, J., Moser, C., Eberl,
L., Hoiby, N., and Givskov, K. (2005) Garlic blocks quorum sens-
ing and promotes rapid clearing of pulmonary Pseudomonas aerugi-
nosa infections, Microbiology 151, 3873–3880.

24. Riedel, K., Kothe, M., Kramer, B., Saeb, W., Gotschlich, A., Ammen-
dola, A., and Eberl, L. (2006) Computer-aided design of agents that
inhibit the cep quorum-sensing system of Burkholderia cenocepa-
cia, Antimicrob. Agents Chemother. 50, 318–323.

25. Taha, M. O., Al-Bakri, A. G., and Zalloum, W. A. (2006) Discovery of
potent inhibitors of pseudomonal quorum sensing via pharmacoph-
ore modeling and in silico screening, Bioorg. Med. Chem. Lett. 16,
5902–5906.

26. Holden, M. T. G., Chhabra, S. R., de Nys, R., Stead, P., Bainton, N. J.,
Hill, P. J., Manefield, M., Kumar, N., Labatte, M., England, D., Rice,
S., Givskov, M., Salmond, G. P. C., Stewart, G., Bycroft, B. W., Kjelle-
berg, S. A., and Williams, P. (1999) Quorum-sensing cross talk: iso-
lation and chemical characterization of cyclic dipeptides from
Pseudomonas aeruginosa and other Gram-negative bacteria, Mol.
Microbiol. 33, 1254–1266.

27. Degrassi, G., Aguilar, C., Bosco, M., Zahariev, S., Pongor, S., and
Venturi, V. (2002) Plant growth-promoting Pseudomonas putida
WCS358 produces and secretes four cyclic dipeptides: cross-talk
with quorum sensing bacterial sensors, Curr. Microbiol. 45,
250–254.

28. Park, D. K., Lee, K. E., Baek, C. H., Kim, I. H., Kwon, J. H., Lee, W. K.,
Lee, K. H., Kim, B. S., Choi, S. H., and Kim, K. S. (2006) Cyclo(Phe-
Pro) modulates the expression of ompU in Vibrio spp, J. Bacteriol.
188, 2214–2221.

29. Shiner, E. K., Rumbaugh, K. P., and Williams, S. C. (2005) Interking-
dom signaling: Deciphering the language of acyl homoserine lac-
tones, FEMS Microbiol. Rev. 29, 935–947.

30. Holden, M., Swift, S., and Williams, P. (2000) New signal molecules
on the quorum-sensing block, Trends Microbiol. 8, 101–103.

31. Klose, K. E. (2006) Increased chatter: Cyclic dipeptides as mole-
cules of chemical communication in Vibrio spp, J. Bacteriol. 188,
2025–2026.

32. Prasad, C. (1995) Bioactive cyclic dipeptides, Peptides 16, 151–
164.

33. Lin, Q., and Blackwell, H. E. (2006) Rapid synthesis of diketopipera-
zine macroarrays via Ugi four-component reactions on planar solid
supports, Chem. Commun. 2884–2886.

34. Steindler, L., and Venturi, V. (2007) Detection of quorum-sensing
N-acyl homoserine lactone signal molecules by bacterial biosen-
sors, FEMS Microbiol. Lett. 266, 1–9.

35. Zhu, J., Beaber, J. W., More, M. I., Fuqua, C., Eberhard, A., and
Winans, S. C. (1998) Analogs of the autoinducer 3-oxooctanoyl-
homoserine lactone strongly inhibit activity of the TraR protein of
Agrobacterium tumefaciens, J. Bacteriol. 180, 5398–5405.

1058 VOL.4 NO.12 • 1051–1059 • 2009 www.acschemicalbiology.orgCAMPBELL ET AL.



36. Farrand, S. K., Qin, Y., Oger, P. (2002) Quorum-sensing system of
Agrobacterium plasmids: analysis and utility, Method. Enzymol.
358, 452–484.

37. We likewise overlayed DKPs 5–10 and 13–16 with C. violaceum
CV026 but saw neither activation nor inhibition of this strain at the
concentrations tested (see Supplementary Figure 14).

38. Fuqua, C., and Winans, S. C. (1996) Conserved cis-acting promoter
elements are required for density-dependent transcription of
Agrobacterium tumefaciens conjugal transfer genes, J. Bacteriol.
178, 435–440.

39. Winson, M. K., Swift, S., Fish, L., Throup, J. P., Jorgensen, F., Chhabra,
S. R., Bycroft, B. W., Williams, P., and Stewart, G. (1998) Construc-
tion and analysis of luxCDABE-based plasmid sensors for investigat-
ing N-acyl homoserine lactone-mediated quorum sensing, FEMS
Microbiol. Lett. 163, 185–192.

40. Lee, J. H., Lequette, Y., and Greenberg, E. P. (2006) Activity of puri-
fied QscR, a Pseudomonas aeruginosa orphan quorum-sensing
transcription factor, Mol. Microbiol. 59, 602–609.

41. Lupp, C., Urbanowski, M., Greenberg, E. P., and Ruby, E. G. (2003)
The Vibrio fischeri quorum-sensing systems ain and lux sequen-
tially induce luminescence gene expression and are important for
persistence in the squid host, Mol. Microbiol. 50, 319–331.

42. Boettcher, K. J., and Ruby, E. G. (1990) Depressed light emission by
symbiotic Vibrio fischeri of the sepiolid squid Euprymna scolopes,
J. Bacteriol. 172, 3701–3706.

43. Visick, K. L., Foster, J., Doino, J., McFall-Ngai, M., and Ruby, E. G.
(2000) Vibrio fischeri lux genes play an important role in coloniza-
tion and development of the host light organ, J. Bacteriol. 182,
4578–4586.

44. Silverman, R. B. (1992) The Organic Chemistry of Drug Design and
Drug Action, Academic Press, Inc., San Diego.

45. Park et al. recently reported that DKP 8 increases the expression of
the major outer membrane protein (or porin), OmpU, and this ex-
pression was dependent on the transmembrane transcriptional ac-
tivator, ToxR, in several Vibrio spp (28, 31). OmpU has recently
been shown to play a role in cell membrane integrity and symbiotic
colonization pathways in V. fischeri but is not directly regulated by
ToxR (46). We screened DKPs 5–10 and 13–16 at 500�M in �ompU
and �toxR derivatives of V. fischeri (ESR1 OM3 and ESR1 KR-tox1
(46)) for luminescence inhibition against OHHL (1) at 0.35 and 5 �M
(EC50 in these strains), respectively. However, the inhibitory activi-
ties of these compounds were not significantly affected by the ab-
sence of either OmpU or ToxR in V. fischeri, with the most active
DKPs (14b and 14c) exhibiting IC50 values in these two mutant
strains analogous to those in the �luxI strain (see Supplementary
Figures 8–11). These data indicated that neither OmpU nor ToxR is
required for DKPs to inhibit luminescence in V. fischeri.

46. Aeckersberg, F., Lupp, C., Feliciano, B., and Ruby, E. G. (2001) Vibrio
fischeri outer membrane protein OmpU plays a role in normal sym-
biotic colonization, J. Bacteriol. 183, 6590–6597.

47. Hussa, E. A., O’Shea, T. M., Darnell, C. L., Ruby, E. G., and Visick, K. L.
(2007) Two-component response regulators of Vibrio fischeri: iden-
tification, mutagenesis, and characterization, J. Bacteriol. 189,
5825–5838.

48. Visick and co-workers have recently uncovered three new lumines-
cence regulators in V. fischeri: CheV, FlrC, and YehT (47). To deter-
mine if DKPs affected these regulators, we tested our DKPs in cheV,
flrC, and yehT mutant strains of V. fischeri. All knock-outs were
tested as previously outlined for other V. fischeri strains. DKP 14c
fully inhibited each of these mutant strains with varying, but simi-
lar, IC50 values (Supplementary Figures 12–13). These results sug-
gest that 14c is not causing luminescence inhibition in V. fischeri
through interaction with these luminescence regulators.

49. Lei, B.-F., and Becvar, J. E. (1991) A new reducing agent of flavins
and its application to the assay of bacterial luciferase, Photochem.
Photobiol. 54, 473–476.

50. Winzer, K., Hardie, K. R., and Williams, P. (2002) Bacterial cell-to-
cell communication: Sorry, can’t talk now - gone to lunch, Curr.
Opin. Microbiol. 5, 216–222.

51. Nitecki, D. E., Halpern, B., and Westley, J. W. (1968) A simple route
to sterically pure diketopiperazines, J. Org. Chem. 33, 864–866.

ARTICLE

www.acschemicalbiology.org VOL.4 NO.12 • 1051–1059 • 2009 1059


