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Abstract—A series of 11 new analogues of N-acylhomoserine lactones in which the carboxamide bond was replaced by a sulfona-
mide one, has been synthesised. These compounds were evaluated for their ability to competitively inhibit the action of 3-oxohexa-
noyl-L-homoserine lactone, the natural ligand of the quorum sensing transcriptional regulator LuxR, which in turn activates
expression of bioluminescence in the model bacterium Vibrio fischeri. Several compounds were found to display antagonist activity.
Molecular modeling suggests that the latter prevent a cascade of structural rearrangements necessary for the formation of the active

LuxR dimer.
© 2004 Elsevier Ltd. All rights reserved.

Diverse bacteria regulate the expression of specific gene
systems through the exchange of diffusible extracellular
signaling molecules called autoinducers.! A link between
this process, termed quorum sensing (QS), and viru-
lence? or the formation of biofilms® has been established
for a number of pathogenic bacteria suggesting that
interference with these signaling circuits might be thera-
peutically useful. For many Gram-negative bacteria the
autoinducers are members of a family of compounds
known as N-acyl-L-homoserine lactones (AHSLs) which
differ in the length and substitutions of their acyl chain.
For instance, the marine luminescent bacterium Vibrio
fischeri produces AHSLs I and II (Scheme 1) as main
autoinducers.*> These autoinducers bind to their cog-
nate transcriptional regulatory proteins (LuxR in the
case of V. fischeri) and induce their dimerisation. The
QS regulators are composed of a ligand receiver domain,
which binds AHSL and of a regulator domain, which
interacts with DNA. The active dimer complex interacts
with specific DNA sequence and promote transcription
of genes containing this target motif in their promoter
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Scheme 1. Structures of autoinducers I, II and antagonists III, IV.

region (the luxCDABEG operon for V. fischeri). Recent
crystal structure of a QS transcriptional regulator, TraR
from Agrobacterium tumefaciens, bound to its autoin-
ducer, showed that the particular aminoacids residues
with which AHSLs establish specific contacts are highly
conserved among all the QS regulators.®”’

Considering the therapeutic possible applications, an
important effort has been devoted to the design of
potential antagonists of QS, particularly AHSLs ana-
logues.® The described AHSLs analogues mainly belong
to two families: compounds modified by replacement of
the y-butyrolactone ring by other heterocycles or carbo-
cycles and compounds differing from the natural induc-
ers by the nature of the acyl chain. Most members of the
first class proved to be inactive excepted analogues bear-
ing either a cyclopentanol® or a phenol!® in place of the
lactone. Compounds belonging to the second class were
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found to be either agonists or antagonists depending on
their structural features.! We recently reported!' that
analogues bearing an aromatic ring at the extremity of
the alkyl side chain displayed antagonist activity, the
most active of them being the compounds III and IV
(Scheme 1). In our pursuit of identifying new inhibitors
of quorum sensing, we have now prepared and tested in
the V. fischeri model, a series of new AHSLs analogues
in which the carboxamide function has been replaced by
a sulfonamide one. Although sulfonamides show wide-
spread biological activity, only recently'? has the activity
of these types of compounds on quorum sensing been
examined.

Racemic mixtures of n-alkylsulfonyl-HSLs 1-6, phenyl-
alkylsulfonyl-HSLs 7-9 and 2-oxoalkylsulfonyl-HSLs
10-11 were prepared according to the synthetic se-
quences depicted in Schemes 2 and 3.13

Compounds 1-11 were evaluated for their ability to
interfere with the induction of luminescence by N-3-oxo-
hexanoyl-L-homoserine lactone (3-oxo-C6-HSL, II) in
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Scheme 2. Synthesis of sulfonyl-HSL 1-9. Reagents and conditions:
(a) sodium sulfite, water, 24 h reflux; (b) thionyl chloride, benzene, 4h
reflux; (c) o-amino-y-butyrolactone hydrobromide, 1,8-diazabicy-
clo[5.4.0]-undec-7-ene, 4-dimethyl amino-pyridine, dichloromethane,
24h at rt. Yields for step (c) 70-80% for 1-6, 9 and 50% for 7, 8.
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the V. fischeri QS system. We used the recombinant Esc-
herichia coli strain NM522 containing the plasmid
pSB401 to measure the induction of luminescence by
various AHSLs analogues. In pSB401, the /uxR and
the luxI promoter from V. fischeri have been coupled
to the entire /ux structural operon (luxCDABE) from
Photorhabdus luminescens.'* The influence of AHSLs
analogues on the induction of bioluminescence by 3-
0x0-C6-HSL was determined as described previously,!!
except that this inducer was used at a final concentration
of 50nM. This concentration was required for 1/2 max-
imal induction of luminescence under our conditions.
The experiments were done in triplicate and the stand-
ard deviation (data not shown) did not exceed 10% of
the mean value.

We first tested the N-alkylsulfonamides 1 and 10 and the
N-alkylsulfonamides 9 and 11 structurally related,
respectively, to the autoinducers I and II and to the
inhibitors III and IV. As shown in Figure 1, the replace-
ment of the carboxamide function in autoinducer I by
the sulfonamide one in compound 1 resulted in a good
antagonist activity. By contrast the analogue 10 of auto-
inducer II proved to be inactive. Similarly, the analogue
9 displayed a significant inhibitory activity while the
analogue 11 was inactive. Thus, the presence of a sulfon-
amide function in alkyl substituted derivatives resulted
in a pronounced antagonist activity while the combina-
tion of 3-oxo and sulfonamide functionalities gave no
inhibitory effect.

To evaluate the influence of the alkyl chain length on the
activity we next tested the alkylsulfonyl-HSLs 1-6. As
shown in Figure 2, the antagonist activity is clearly af-
fected by the number of carbon atoms in the alkyl chain.
The shortest analogue 2 with a butyl chain was poorly
active. The maximum activity was found for compound
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Scheme 3. Synthesis of sulfonyl-HSL 10, 11. Reagents and conditions: LiCH,SO3C,Hs, tetrahydrofuran, 1.5h at —60°C, then 2h at rt [yield ~85%);
(b) ethylene glycol, p-toluenesulfonic acid, benzene, 24 h reflux, [yield ~90%]; (c) sodium iodide, acetone, 24 h rt [yield ~85%]; (d) triphenylphosphine,
sulfuryl chloride, dichloromethane, 16h at rt [yield ~35%]; (e) a-amino-y-butyrolactone hydrobromide, 1,8-diazabicyclo[5.4.0]-undec-7-ene, 4-
dimethyl aminopyridine, dichloromethane, 24h rt [yield ~55%)]; (f) aqueous 95% trifluroacetic acid, 2h at rt [yield ~95%.
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Figure 1. Antagonist effects of N-sulfonyl-HSLs 1, 9, 10 and 11 compared to III and IV. The concentrations (uM) required for 50% inhibition are

given in parentheses.

(0]
i _NH

/ﬁn\;;/ o
(0]

2
S g0 ©
§ 70 J —e—6 (n=8)
£ 60 - —o—2 (n=3) (12uM)
g 28 1 —&—5 (n=7)(10uM)
E 30 A —%—4 (n=6) (9uM)
‘® 20 A —%—3 (n=5) (6,5uM)
= 18 1 —m—1 (n=4) (2uM)

0 5 10 15 20 25 30 35 40 45

Inhibitor [uM]

Figure 2. Effect of the alkyl chain length on antagonist activity of N-sulfonyl-HSLs 1-6. The concentrations (tM) required for 50% inhibition are

given in parentheses.

1 with a pentyl chain. Increasing the chain length from
five to nine carbon atoms (compounds 1, 3, 4, 5 and
6) resulted in a correlated decrease of antagonist
activity.

Since compound 9 proved to be partially inhibitor we
further examined the influence of the distance between
the sulfonamide and the phenyl groups on activity. As
shown in Figure 3, when the two groups are spaced by
one carbon atom (compound 7), no significant inhibi-
tory activity could be detected. By contrast, compound

8 in which these two groups are spaced by two carbons
is more active than 9 and almost as active as 1. Thus, de-
spite no synergy was observed between the sulfonamide
function and the phenyl group, the position of the phe-
nyl group appeared important for activity.

In order to get a qualitative understanding of the pro-
tein-analogue molecular recognition we first attempted
to build a 3D model for LuxR using as template the
crystallographic structure of TraR, the only known rep-
resentative of the LuxR family at present (PDB entries
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Figure 3. Effect of the phenyl group position on antagonist activity. The concentrations (uM) required for 50% inhibition are given in parentheses.
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Figure 4. Sequence alignment produced by T-COFFEE'” and drawn with ESPript.ZO Identities are boxed in red. Similarities are boxed in yellow
according to physico-chemical properties. Secondary structure elements have been calculated from the 3D structure of TraR (pdb code 1L3L) using
the program DSSP.?' They are displayed on the top of sequence blocks. Alpha and 3;, helices are represented by squiggles labelled o and m,
respectively. Strands are represented by arrows. Secondary structure elements are coloured in blue for the receiver domain and in red for the
regulator domain. Residues interacting with the bound AHSL in TraR are marked with blue solid circles, residues interacting with the DNA
fragment are marked with red stars, residues in contact at the dimer interface are marked with green squares. Maximum interaction distance is 4A.

1HOM and 1L3L determined to 3 A and to 1.7 A resolu-
tion, respectively).®” Sequences of LuxR and TraR were
aligned using various programs: MULTALIN, CLU-
STAL and T-COFFEE.'>"!7 Scores of identity are low,
about 20%, and positions of insertions and deletions
vary between programs. Consequently, a complete
model for LuxR could not be generated using dedicated
servers such as GENO3D or SWISS-Model.'®!” How-
ever, gaps between the two sequences are few in number
and short in length (Fig. 4). The three computed align-
ments are identical for residues located between: (i) the
start of strand B2 and the end of strand B3, (ii) the start
of helix a6 and the end of strand B5 and (iii) the start of
helix 8 and the end of the sequence. Most residues
interacting with the AHSL molecule and the DNA frag-
ment in TraR are conserved in LuxR. Thus, the overall
fold of TraR must be preserved in LuxR.

We then built a simple model of LuxR from the high res-
olution structure 1L3L of TraR by using the alignment
shown Figure 4 and the program CALPHA?%: the side
chains of the 16 residues of the AHSL binding site were
replaced and resting non-glycine residues were substi-
tuted by alanines. The resulting model, shown in Figure
5, was analysed on a Silicon Graphics workstation using
the SYBYL 6.7 software package.”® Preferential confor-
mations of synthetic ligands 1, 8-10 were generated by
molecular modeling using the Tripos force-field imple-
mented in the SsYBYL program. They were superimposed
in turn to the bound AHSL molecule (N-3-oxooctanoyl-
L-homoserine lactone) contained in 1L3L. Then, every
ligand in the closest conformation was manually docked
into the active site of LuxR to analyse intermolecular
interactions.

This molecular modeling shows that the strongest anta-
gonists 1 and 8 best fit the active site: extremity of their
alkyl chain is firmly packed at the entrance of the pocket
while their lactone group is tightly bound in the core of
the receiver domain. By contrast, sulfonamides 9 and 10
are not well adapted to the protein cavity: in these cases,

regulator domain
| monomerA

regulator domain|
__monomerB

‘receiver domain |
__monomerA

Figure 5. Ribbon representation of the dimeric model of LuxR in
complex with a homoserine lactone molecule (N-3-oxooctanoyl-L-
homoserine lactone) as observed in TraR. Alpha helices are drawn as
rods and beta strands are drawn as arrows. The bound HSL is
represented as ball-and-sticks and coloured by atom type. Modeled
residues of the active site are in grey. Secondary structure elements
involved in the interface between regulator domains are pointed out.
Figure was created with BOBSCRIPT.*

modification in the spatial orientation of the alkyl chain
due to the change of geometry from trigonal in carbox-
amide to tetragonal in sulfonamide, no longer permits
either the phenyl group in 9 or the keto function in 10
to be correctly positioned in the pocket.

Molecular modeling suggests that the two families of
synthetic AHSLs analogues displaying antagonist activ-
ity, the carboxamides such as III and IV!! and the sul-
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pocket entrance Ser137

Figure 6. Interaction of N-pentansulfonyl-L-homoserine lactone
(green) with the active site model of LuxR. The figure was drawn
with YASARA.*’

fonamides such as 1 and 8, may induce two distinct
paths of structural rearrangements, which are likely to
affect the dimerisation process. On the one hand, the
alkyl chain of the autoinducers I and II is fixed near
the interface separating the regulator and receiver
domains in a monomer (10A) and it can be supposed
that analogues III and IV bearing a phenyl group at
the extremity of their alkyl chain are antagonists by per-
turbing this interface and the dimerisation process. On
the other hand, the carbonyl of the carboxamide moiety
of autoinducers I and II points toward the interface sep-
arating the receiver domains in the dimer and could be
involved in its formation. Distance to this interface,
composed of helices al, a7 and n2 (Figs. 4 and 95), is
long (20A) but a cascade of structural rearrangements
can be proposed. Such long distance mechanism is ob-
served in the dimerisation process of the receiver domain
of FixJ, a transcriptional activator protein of a related
family.?> Of particular interest, as shown in Figure 6,
a carboxamide to sulfonamide substitution involves
new intermolecular contacts with Tyr62 and Ser137 in
the core of the receiver domain (Fig. 6) and it has been
reported that mutations on the residue equivalent to this
serine in TraR, a threonine, alter protein activation.?®

To conclude, a nonactive protein would be obtained in
the two cases, phenyl group at the end of the alkyl chain
in carboxamide analogues or sulfonamide moiety in sul-
fonamides analogues, explaining the observed absence
of synergic effect in compounds bearing the two struc-
tural modifications.
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