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Abstract Amino acid sequence alignments of the tran-
scriptional regulator AfeR, which is involved in type 1
quorum sensing (QS) in Acidithiobacillus ferrooxidans
bacteria, with other acyl homoserine lactone (AHL)-
dependent QS regulators, revealed the presence of strictly
or highly conserved residues located in the active site of
these proteins. As a consequence, a model of AfeR was
constructed to study the binding mode of long-chain AHLs
using molecular dynamics and subsequent rigid ligand
docking. This study, performed on the tetradecanoyl
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homoserine lactone C14-AHL, showed that the binding
mode involved a curved conformation. Based on these
results, the binding mode of tetradec-7-Z enoyl homoserine
lactone, an AHL that is conformationally constrained due to
the presence of the cis double bond, was investigated. This
mono-unsaturated AHL with its preferential curved shape
conformation was found to be particularly well adapted to
the active site of AfeR. These results should be helpful in
the rational design of QS modulators with potential
biotechnological applications and especially in the im-
provement of industrial bioleaching from ores.

Keywords Quorum sensing - Long-chain acyl homoserine
lactones - AfeR - Modulators - Conformational analysis -
Docking

Introduction

Quorum sensing (QS) is a communication system that
allows bacteria to adapt their behaviour to their cell density
[1-5]. This system regulates the expression of genes
encoding important phenotypes such as biofilm formation,
virulence and bioluminescence. QS is based on signalling
molecules called auto-inducers, including cyclic peptides in
Gram-positive bacteria [6], acyl homoserine lactone
(AHLs) in Gram-negative bacteria, and 4,5-dihydroxy-2,3-
pentanedione (DPD)-derived compounds in both Gram-
positive and -negative bacteria [7]. QS has recently aroused
great interest as a novel target for interference with
biological functions of bacteria, with potential medical or
biotechnological applications [8—12]. The design and
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synthesis of QS modulators has been demonstrated to be an
effective target to interact with the development of bacteria
[13-15].

Acidithiobacillus ferrooxidans is an acidophilic Gram-
negative bacterium able to oxidise ferrous ion as an
energy source. This biological characteristic is used
directly in biomining operations for the extraction of
copper and other metals from ores (bioleaching) [16, 17].
Since the first observation of QS in Vibrio fischeri, a
bioluminiscent bacterium [18], a QS system type Al-1
complex involving an AHL synthase (LuxI protein family)
and an AHL-dependent transcriptional regulator (LuxR
proteins family) has been characterised in several Gram-
negative bacteria. With the discovery of a functional QS
type Al-1 system in A. ferrooxidans [19, 20], QS has
become a potential target to improve bioleaching [21].
This functional QS type Al-1 system is based on AfeR, a
transcriptional regulator protein that binds the
corresponding AHLs, and on Afel, which synthesises
long-chain AHLs that act as auto-inducers. These include
3-hydroxy-octanoyl homoserine lactone (3-hydroxy-C8-
AHL), 3-hydroxy-decanoyl homoserine lactone (3-
hydroxy-C10-AHL), dodecanoyl homoserine lactone
(C12-AHL), 3-oxo-dodecanoyl homoserine lactone (3-
0x0-C12-AHL), 3-hydroxy- dodecanoyl homoserine lactone
(3-hydroxy-C12-AHL), tetradecanoyl homoserine lactone
(C14-AHL), 3-oxo- tetradecanoyl homoserine lactone (3-
0x0-C14-AHL), 3-hydroxy- tetradecanoyl homoserine lac-
tone (3-hydroxy-C14-AHL), and 3-hydroxy-hexadecanoyl
(3-hydroxy-C16-AHL) (Fig. 1) [19].

We recently reported a molecular modelling study of four
proteins belonging to the LuxR protein family (TraR, SdiA,
LuxR and LasR), and the binding mode of QS modulators
[22, 23]. Here, in order to define new methods for
bioleaching improvement, we extended this work to include
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Fig. 1 Structures of some long-chain homoserine lactones (AHLs)
known as auto-inducers in the bacterium Acidithiobacillus ferrooxidans
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a 3D-structural study of the AfeR protein from A. ferroox-
idans. A study of the binding mode of long-chain AHLs via
conformational analysis using molecular dynamics (MD) and
subsequent rigid ligand docking (RLD) is presented.

Materials and methods

All calculations were performed on a Dell OPTIPLEX GW
620 PC equipped with a double processor, and using Sybyl
7.2 package for Linux [24], ArgusLab [25] and YASARA
[26] software. Multiple amino acid sequence alignments
were generated with T-COFFEE [27] with the protein
sequences of AfeR (NCBI protein code AAV53702), TraR
Agrobacterium tumefaciens (NCBI protein code 1L3LA),
SdiA from Escherichia coli (NCBI protein code 2AVXA),
LuxR from Vibrio fischeri (NCBI protein code CAA68561)
and LasR from Pseudomonas aeruginosa (NCBI protein
code AAA25874). The protein model of AfeR was created
using SWISS-MODEL [28] with Clustal W [29]. The
natural ligand of TraR, 3-oxo-octanoyl homoserine lactone,
was manually docked in the active site of AfeR (see Fig. 4)
and residues within a distance of 5 A from the ligand were
selected to generate the docking box. Conformation
analyses were carried out using MD at 400 K and 600 K
with the TRIPOS force field and the following parameters:
step: 1 fs, length 10,000 steps. AHLs were drawn with
Sybyl and minimised with the TRIPOS force field. The
resulting conformers were used as initial conformers for
MD simulations. Preferential conformers of AHLs, gener-
ated as a result of MD, were minimised, classified and
selected according to their relative conformation-shape to
obtain the representative preferential conformers shown in
Fig. 5. These conformers were then docked as rigid ligands in
the docking box. Docking results evaluated with the empirical
binding free energy function [30] were analysed for the
conformers in which the ligand was best positioned to
describe the interactions between the ligand and the active
site of AfeR; hydrogen bonds were assigned within a distance
of 3 A. Docking experiments were performed with the
docking module of ArgusLab with the following parameters:
Docking box: X=Y=Z=15 A, ligand option: rigid; calcula-
tion type: Dock; Docking engine: GADock (Lamarckian
Genetic Algorithm) [30]; default advanced parameters.

Results and discussion
Molecular insights into AfeR
Multiple amino acid sequence alignment of the transcrip-

tional regulator AfeR with sequences of the other AHL-
dependent transcriptional regulators TraR, SdiA, LasR and
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AfeR ——~MDF--WHEDLLQTFQSIECERQVLAMASEMARKLEFDY-CAYGLRMPLPLVRFETVL
TraR XOHEWLDKLTDLAAIEGDECI LRTGLADIADHFGFTG-YAYLHIQ- -~ HRHITA
SdiA MSDKDFFSWRRTMLLRFQRMETAEEVYHEIELQAQQLEYDY-YSLCVRHPVPFTRPEVAF
LasR M--ALVDG----- FLELERSSGELEWSAILOKMASDLGFSK-ILFGLLPKDSQDYENAFI
LuxR M--KNINADDTYRIINKIKACRAYDINQCLSDMTEMVHCEYYLTLAIIYPHSMVESDISI

AfeR FSNTPAVWMOARTQAQET IE‘WQWRSPSPV\{HS——DD———LFA——PARELwErﬁns
TraR VTNEHROWOS TYFDKRFERLDEVVERARSRKHIF TS - - GEHERPTLSKDERAF YDHASD
SdiA YTNYPERWIVS YYQAKNE LT VLNPE‘NFSQGHL}E'{——DD ————— LFSERQP LWERAARA
LasR LDNYPEKWRQYFDDANLIKEDPINDTSNSNHSPINWNIFEN---NAVNKESPNVIKERKT
LuxR VTNEHROWOS THF DKKFERLDEVYKRARS RKEIFTHE - - GEHERPTLSKDERAF YDHASD
il i *

o

AfeR F
TraR FG
SdiA HG
LasR AG
LuxR sG

AGLAHTCRDAGGMGGM
RYGITIPIKTANGFXSX
RRGVTQY LMLPERRLGF
GLTMPLHGARGELGA
GF SFEFIHTANNGFGM

RAGETVTTAEWQAKACH- ILWLVQAVHLSMIRVIAP
ASDEFV-IDLD--REIDAVARARTIGQIHARISFLRT
SRCSAREIPIL--S5SDELQLFMQLLVRES LMALMRL-~
SVERENRAEANRFMESVLPTLWMLEDYALOSGAGLAF
AHSEKDNYIDSLFLHACM-NIPLIVPSLVDNYREINI

AfeR KLQPEIAVQLSCREVEVLRWTGEGKTSGEIANILNITERTVNFHISKAMAKLNAVNETAR
TraR TETAEDAAWLDPKEATYLRWIAVGKTXEEIADVEGVEYNSVRVELREAXKRFDVRSKAHL

SAiA --ND--E----—-
LasR EHPVSKPVVLTSREKEVLOWCAIGKTSWEISVICNCSEANVNFHMGNIRRKFGVTSRRVA
LuxR ANNKSN-NDLTKREKECLAWACEGKSSWDISKILGCSERTVTFHLTNAQMELNTTNRCOS

AfeR VLQAAMLGLLS----—-
TraR TALAIRRKLI--=-=~=
SdiA ---mmmmeee -
LasR AIMAVNLGLITL-----
LuxR ISKAILTGAIDCPYFEN

Fig. 2 Multiple amino acid sequence alignment of AfeR homologues
(TraR from Agrobacterium tumefaciens, SdiA from Escherichia coli,
LasR from Pseudomonas aeruginosa and LuxR from Vibrio fischeri).
Strictly conserved residues located in the active site are boxed in red
and conserved residues are boxed in blue. The multiple sequence
alignment was generated using T-COFFEE [27]

LuxR showed that strictly conserved residues located in the
active sites of the proteins TraR, LuxR and LasR are also
conserved in AfeR (TyrS8, Trp63, Asp75, Trp90, Alal05,
Gly113). This observation strongly suggests that the shape
of the active site of AfeR should be similar to that of TraR
[31] (Fig. 2). Indeed, models of LuxR and LasR proteins
based on TraR have already been reported for the docking
of QS AHL-derived compounds [32, 33] and unrelated-
AHL QS modulators [34]. In these cases, a LuxR or a LasR
model derived from the TraR structure was used based on

Fig. 3 Left Overall folding of
the AfeR model with secondary
structure; right CPK representa-
tion of the AHL active site

amino acid sequence alignment of the LuxR-protein family.
Such molecular modelling studies have been subsequently
corroborated by the NMR-resolved structure of SdiA [35]
and the X-ray structure of LasR [36], both of which show a
similar folding to TraR and SdiA.

Based on the amino acid sequence alignment, we then
constructed a model of AfeR with Clustal W, using SWISS-
MODEL (Fig. 3). The monomer model embodies a receiver
domain with the active site (upper part) and a regulatory
domain (lower part) that interacts with DNA to regulate
gene transcription. By analogy with TraR, the active site
with the entrance pocket for natural ligands is located
between three «-helices and several [3-sheets, as illustrated
in Fig. 3. The active site is located on the opposite side of
this region, and an «-helix is involved in the dimerisation
process. In the LuxR protein family, this process is due to
binding of the auto-inducer and leads to the formation of an
AHL-transcriptional regulator-DNA complex.

In order to validate the AfeR model derived from TraR,
the natural ligand of TraR, 3-oxo-octanoyl homoserine
lactone (3-oxo0-C8-AHL), was docked within the putative
active site of AfeR deduced from the entire protein with
strictly conserved residues located in the active site of other
proteins in the LuxR family (Fig. 2). As expected, the
docking result showed a very similar binding mode of 3-
0x0-C8-AHL within the active site of AfeR compared with
that in the active site of TraR [31] (Fig. 4b). Following
docking of 3-0x0-C8-AHL, amino acids in the active site of
AfeR were determined by selecting amino acids within a
distance of 5 A from the ligand (Fig. 4). The active site of
the AfeR model comprises two hydrophobic pockets, one
interacting with the alkyl chain of Al-1, and a smaller one
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Fig. 4 a Representation of the active site of AfeR with the 3-oxo-octanoyl homoserine lactone (strictly conserved residues are indicated in red
and conserved residues in blue). b Schematic overview of the active site displaying the hydrogen bond network

interacting with the lactone ring. As with other proteins in
the LuxR family, two conserved tyrosine residues (Tyr58
and Tyr66 represented in red in Fig. 4) are located at the
entrance of the large hydrophobic pocket constituted by
hydrophobic residues such as Leu54, Prol70, Ala38.
Residue Asp75, located at the junction between the two
pockets, is equivalent to the aspartic acid residues in the
LuxR family that play an important role by forming a
hydrogen bond with the NH group of the natural ligand.
Tryptophan residues Trp90 and Trp62 are also important
conserved residues in the LuxR family, the first being
involved in a bond with the carbonyl group of the amide
function, and the second being located in the hydrophobic
pocket interacting with the lactone ring.

Fig. 5 a,b Representative stable
conformers of C,4-AHL

(ball and cylinder representa-
tion). Conformers leading to
docking experiments

with a AGping < — 9 keal mol !
(a) and > — 9 kcal mol ' (b)

C14-AHL 2 ~
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Binding mode of long-chain AHLs

To examine the binding mode of a long-chain AHL, C4-
AHL, one of the more abundant AHLs produced by A.
ferrooxidans [19] and one of the most structurally simple
long-chain AHLs, i.e. without 3-oxo or 3-hydroxy func-
tions, was chosen to perform a sequential MD / RLD
analysis. This will allow us first to describe the conforma-
tion analysis of Cj4-AHL leading to stable preferential
conformers and second, to study the fitting of these
conformers into the active site of AfeR. This method was
expected to yield information on the structure/conformation-
activity relationship of this molecule, and should help in the
design of new modulators to interfere with the biological

©

C14-AHL 3

C14-AHL 11 CI14-AHL15



J Mol Model (2008) 14:599-606

603

activities of A. ferrooxidans that will eventually lead to
enhanced bioleaching.

Molecular dynamics gave access to stable conformers of
Ci4s-AHL. All conformers obtained as a result of the
calculation could be classified according to the shape
adopted by the alkyl chain into representative conformer
groups. One group, represented by conformers Ci4-AHL 2-
4 and 6 (Fig. 5a) increasing from conformers C4-AHL 2 to
4, were characterised by alkyl chain withdrawal; a second
group, e.g. Cy4-AHL 8, 16 (Fig. 5b), had either a more
linear alkyl chain. A third type, e.g. the conformer Ci4-
AHL 11, had several alkyl chain withdrawals. The
conformer C;4-AHL 15 was found to be intermediate
between the linear and the withdrawal shape.

Rigid ligand docking

The ensemble of representative conformers of Ci4-AHL
was then submitted to RLD experiments within the active
site of AfeR. Conformers from group A with an alkyl chain
withdrawal were found to fit particularly well into the
active site, giving a AGpjng < — 9 kcal mol ' whereas other
representative conformers from group B (not shown) led to
AGping > — 9 kcal mol™'. This was especially the case for
the linear conformer C14-AHL 16 and the conformer C14-
AHL 11, which gave no results. On the other hand, C14-
AHL 8 showed a moderate fit (Fig. 6). For C14-AHL 15, a
conformer between the linear and the withdrawal or curved
shape conformation, the docking experiment led to a
AGy;ng of about —8 kcal mol .

This docking study revealed that preferential conformers
of C14-AHL with alkyl chain withdrawal, which induces a
curved shape conformation, are particularly adapted to the
active site of AfeR with a AGy;,g of about — 10 kcal mol !
in the best case (Fig. 6a). These results are in good
agreement with the conformation of 3-oxo-C12-AHL co-
crystallised in the active site of the receiver domain of the
protein LasR [36]. The superimposition of the docked
conformers with the conformation adopted by the 3-oxo-
C12-AHL indeed shows a similar orientation of the alkyl
chains (Fig. 6b). Strictly conserved residues in the LuxR
protein family are involved in the hydrogen network
(Fig. 6¢).

Implications for the rational design of potential QS
modulators for AfeR

According to the conformational analysis of C14-AHL
performed using MD and the subsequent docking experi-
ments, conformers with an alkyl chain withdrawal, i.e. with
a curved shape conformation are particularly adapted to the
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Fig. 6 a Best docking results obtained for C14-AHL. b Superimpo-
sition of the docked conformers with the conformation adopted by 3-
0x0-C12-AHL (represented in blue) co-crystallised in the active site of
LasR [36]. ¢ Schematic overview of the hydrogen bond network
between C14-AHL and residues of the active site

Leull0

@ Springer



604

J Mol Model (2008) 14:599-606

Tetradec-7-Z-enoyl homoserine lactone
(7-Z-C14 AHL)

3-Oxo-dodec-5-Z-enoyl homoserine lactone

(5-Z-3-0x0-C12 AHL)

r

C

Fig. 7 a Structure of mono-unsaturated AHLs (7-Z-C14-AHL and 5-
Z-C12-AHL). b Docking results obtained for 7-Z-C14-AHL (residues
at the active site of AfeR are represented with Van der Waals surface).

active site of the AfeR model. Based on these results, the
rational design of QS modulators aimed at enhancing QS
activities should be focussed on conformationally restrained
AHL analogues with a curved shape-type conformation. 4.
ferrooxidans is not the only bacterium able to produce long-
chain AHLs. In the literature, long-chain AHLs are indeed
used as Als by other bacteria such as Yersinia enterocolitica
[37], Staphylococcus aureus [6], Sinorhizobium meliloti
[38], and P. aeruginosa [36].

Recently, novel long-chain AHLs have been identified,
or have been found to be efficient, in marine alphaproteo-
bacteria [39]. Interestingly, the structure of some AHLs
contains one double bond with a (Z) geometry, as in the
case of the 3-oxo-dodec-5-Z-enoyl homoserine lactone (5Z-

@ Springer
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3-0x0-C12-AHL) and dodec-5-Z-enoyl homoserine lactone
(5-Z-C12-AHL) in Mesorhizobium sp. [40] and tetradec-7-
Z-enoyl homoserine lactone (7-Z-C14-AHL) in Rhodo-
bacter sphaeroides [39] (Fig. 7a).

Because long-chain AHLs with double bonds have been
identified in the literature as Als, and since double bonds
are indeed known to induce a curved shape conformation of
alkyl chains [41, 42], we investigated the conformation of
7-Z-C14-AHL in order to subsequently perform docking
experiments. As expected, the conformation analysis
showed that the presence of the double bond induced a
curved shape conformation. Three of the conformers
generated led to ligand positions with the best AGyq
values of less than —12 kcal mol™' (Fig. 7b). Figure 7c
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shows the best ligand pose for 7-Z-C14-AHL, which fits
particularly well into the active site of the AfeR model. The
curved shape conformation is adapted to the shape of the
active site, as was demonstrated for the natural ligand C14-
AHL (see above). Moreover, analysis of the best ligand pose
for 7-Z-C14-AHL shows that, as for C14-AHL, the hydrogen
bond network involved strictly conserved residues and is
equivalent to that obtained in X-ray structure analysis of
AHL-LuxR protein family complexes (Figs. 4b, 7d) [31].

Conformational analysis of 7-Z-C14-AHL showed that the
Z double-bond-induced curved shape conformation improved
the fitting of this compound in the active site. Thus, the Z
geometry of the double bond seems to induce a conforma-
tional constraint that optimizes binding of the ligand.

Conclusions

The transcriptional regulator AfeR, which is involved in the
type Al-I QS system in the bacterium 4. ferrooxidans,
presents strictly or highly conserved residues corresponding
to residues located in the active site of other AHL-
dependent QS regulators. Based on this observation, a
model of AfeR was constructed to study its interaction with
long-chain AHLs. This work, performed on C14-AHL,
revealed that the binding mode involved a curved shape
conformation. The study of the binding mode of a long-chain
AHL with a conformation constraint due to the presence of a
cis double bond strongly suggests improved fitting of this
compound into the active site of AfeR. These results might
explain the existence of such mono-unsaturated AHLs acting
as Als. In order to evaluate the potential of AHL analogues to
modulate QS in the bacterium A. ferrooxidans, in particular
for 7-Z-C14-AHL and for other compounds with preferential
curved shape conformations, the construction of a reporter
strain as a specific biosensor for the QS system of this
bacterium with the AfeR gene associated with the reporter
gene Lux [22] is currently under investigation.

The present study should be helpful in the rational
design of QS modulators for AfeR or in general for long-
chain AHL-dependent transcriptional regulators involved in
biotechnological applications such as the bioleaching of
minerals. Moreover, the method presented here for the
study of the binding mode using conformation analysis and
subsequent RLD should be useful in the rational design of
conformationally constrained bioactive compounds.
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