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Abstract

The AcrAB multidrug efflux pump, which belongs to the resistance-nodulation-division (RND)
family, recognizes and extrudes a wide range of antibiotics and chemotherapeutic agents, and causes
the intrinsic antibiotic resistance in Escherichia coli. The expression of AcrAB is controlled by the
transcriptional regulator AcrR, whose open reading frame is located 141-base-pair upstream of the
acrAB operon. To understand the structural basis of AcrR regulation, we have determined the crystal
structure of AcrR, to 2.55 A resolution, revealing a dimeric two-domain molecule with an entirely
helical architecture similar to members of the TetR family of transcriptional regulators. Each
monomer of AcrR forms a multi-entrance pocket of 350 cubic angstroms in the ligand-binding
domain. The ligand-binding pocket is surrounded with mostly hydrophobic residues. In addition, a
completely buried negatively charged glutamate, expected to be critical for drug binding, is located
at the center of the binding pocket. The crystal structure provides novel insight into the mechanisms
of ligand binding and AcrR regulation.

Introduction

The increase in multidrug-resistant pathogenic bacteria has emerged as a major problem in
human and animal health. In bacteria, one important mechanism that gives rise to multidrug
resistance is the over-expression of multidrug transporters, which actively engage to extrude
clinically relevant antimicrobials from these organisms and thereby prevent the accumulation
of antimicrobials to toxic levels.1~4 These bacterial multidrug transporters can be divided into
five different classes: i) the ATP-binding cassette (ABC) family;5 ii) the major facilitator
superfamily (MFS);B_ iii) the resistance-nodulation-division (RND) family; 10 iv) the small
multidrug resistance (SMR) family;11 and v) the multidrug and toxic compound extrusion
(MATE) family.lz_14 Transporters belonging to the RND superfamily recognize and export
the widest range of toxic chemicals, and usually contribute significantly to the intrinsic
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antibiotic resistance in Gram-negative bacteria and the increased resistant levels of multidrug
resistant strains. 1>

The Escherichia coli AcrB is one of the prototypical members of the RND family of
tramsporters.lf’!17 It recognizes many structurally unrelated compounds, including most of the
currently available antibiotics and chemotherapeutic agents, detergents and dyes, and expels
them from cells.18 This inner membrane efflux pump interacts with a periplasmic membrane
fusion protein, AcrA,19 and an outer membrane channel, TolC,20 to mediate the extrusion of
toxic compounds directly into the external medium, across both membranes of E. coli.

The transcription of the acrB gene is regulated by a global transcriptional activator MarA and
a local transcriptional repressor AcrR.2L The acrR gene is located 141 bp upstream of the
acrAB operon and transcribed divergently.21 Itencodes a 215-aminoacid protein, which shares
N-terminal sequence and structural similarities to members of the TetR family of
transcriptional repressors.22 The signatures of the TetR family of regulators include a
homologous three helix DNA-binding domain, and a diverse C-terminal domain that gossesses
unique sequences, forming a specific ligand-binding site for inducing compounds.2

Many TetR family members bind as dimers to their ~15-bp palindrome (IR) operator sites.
However, the crystal structure of the QacR-DNA complex reveals that QacR binds its 28-bp
IR1 operator as a dimer of dimers.23 In the case of AcrR, there is strong evidence that the IR
of AcrR consists of a 24-bp inverting sequence, 5’
TACATACATTTGTGAATGTATGTASZ".21.24.25 This nucleotide sequence is located
upstream of the acrAB operon and overlaps with the promoter. Fluorescence polarization
assays suggested that AcrR binds this inverting IR in a manner of 2:1 dimeric AcrR-to-IR molar
ratio, with the dissociation constant of 20 nM.24 Thus, there is a good chance that the binding
of AcrR to IR resembles the QacR-IR1 complex.

AcrR is induced by a variety of structurally dissimilar agents, which also served as substrates
of the AcrB multidrug efflux pump. The binding of AcrR with several ligands, including
rhodamine 6G (R6G), ethidium (Et) and proflavin (Pf), have been studied and their dissociation
constants have been measured, ranging from 4.2 to 10.7 pM.24 How inducing ligands bind to
AcrR and modulate the expression of AcrB is not known. It is expected that binding of drugs
to the C-terminal ligand-binding domain of AcrR triggers conformational change in the N-
terminal DNA-binding region. This change in conformation results in the release of AcrR from
its operator DNA, and thus allows transcription from cognate promoter.

As an initial step to examine the mechanism that AcrR uses to regulate gene expression, we
here report the crystal structure of AcrR at a resolution of 2.55 A. The structure reveals that
AcrR is an all-alpha helical protein. It is folded into nine a-helices and is composed of two
domains, a DNA-binding domain and a ligand-binding domain. The N-terminal domain is a
three-helix domain, which forms a typical helix-turn-helix (HTH) motif. The C-terminal
domain, however, covers a large internal cavity that seems to form a ligand-binding pocket.
This pocket can accommodate a variety of ligands, which suggests that AcrR is a multidrug
binding protein.

Overall structure of AcrR

The structure of the apo form of selenomethioninyl-substituted (SeMet) AcrR was determined
by multi-wavelength anomalous dispersion (MAD) (Table 1 and Fig. 1a). The final model,
containing 207 amino acids (residues 6 to 212), was refined to 2.55 A. All residues in the
refined model fall within the favored and allowed regions of the Ramachandran plot (Table 1).
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The asymmetric unit contains a single monomer of AcrR (Fig. 1b). By applying the
crystallographic symmetry operators, a dimeric arrangement of the protein was found. The
dimer is an all-helical proteln and its overall architecture is in agreement with the structures
of the homologues TetR,2 6,27 QacR, 23,28 CprB, 29 Ethr30:31 and cmeR.32

Each subunit of AcrR in the dimer is composed of nine helices (a1-09 and a1’-a9’, respectively)
and can be divided into two domains. The smaller N-terminal domain comprises helices ol to
a3. Like other known protein structures of the TetR family members, helices 02 and a3 form
the HTH DNA- bmdmg motlf The lar er C-terminal domain consists of helices 04 to a9. In
TetR,2 QacR 28 EthR3L and CmeR, 32 their C-terminal domains are known to make the
ligand-binding domains. Thus, its function in AcrR is expected to recognize and bind multiple
AcrR drugs. The helices of AcrR are designated as: al (7-27), a2 (34-41), a3 (45-51), 04 (a
(55-65) and b (69-80)), a5 (85-102), 06 (104-115), a7 (122-151), a8 (160-180), and 0.9 (190-
204).

N-terminal DNA-binding domain

The DNA-binding domain is composed of three helices, al to a3, in which helices 02 and a3
form a typical helix-turn-helix (HTH) motif. Residues of the N-terminal domain are conserved
amon%the TetR family of regulators. Sequence alignment of this region, residues 12—-62, with
QacR obtains 43% amino acid identity and 71% S|m|Iar|ty This sequence alignment also
gives 43% identity and 57% homology to that of CmeR, 32 although the crystal structure of
CmeR reveals the lack of the recognition helix a3 in the regulator. Residues 55-62 belong to
the N-terminal half of helix a4. Thus this portion of a4 could be considered as part of the DNA-
binding domain because of its high sequence similarity, especially for its first residue, K55,
which is well conserved among members of the TetR family.

The distances and relative orientations of two DNA-binding domains within homodimers of
the TetR family of regulators are expected to be different between the DNA and ligand bound
forms. The center-to-center distance between the DNA recognition hellces a3 and a3’ of the
AcrR dimer is 42 A. Such distance in the apo form of QacR is 39 A.28 This center-to-center
distance in QacR increases upon drug binding. The induced conformational change triggered
by the bound drug is accompanied with an increase in center-to-center distance between the
DNA recognltlon helices a3 and a3’ from 37 A in the DNA-bound form to 48 A in the ligand-
bound form.23 Thus, similar conformational change within two HTH motifs of the AcrR dimer
is expected upon DNA and ligand bindings.

The overall structure of the N-terminal domain of AcrR is very similar to those of TetR family
members. A superposition of this domain, residues 12 through 62, with that of QacR gives an
overall rms deviation of 1.2 A calculated over the Ca.atoms. As CmeR is lacking the recognition
helix a3, we superimposed the Co atoms of helices al and a2, between residues 8 and 42, of
AcrR with their corresponding residues in CmeR. These residues can also be superimposed
and give an overall rms deviation of 1.0 A. Fig. 2aillustrates the superposition of the N-terminal
domains of AcrR, QacR and CmeR.

C-terminal regulatory domain

The C-terminal domain of AcrR consists of six a helices, with helices 4, 5, 7, 8 and 9 forming
an antiparallel five-helix bundle. Like QacR, the dimerization surface mainly comprises helices
a8 and a9, although helices a6 and a7 are also involved in the formation of the dimer. These
helices make contact with their counterparts. A surface area of 2,002 A2 per monomer (probe
radius of 1.4 A) is buried in the contact region of the dimer. The interaction surface is mostly
hydrophobic in character. Within 3.5 A, the close contact pairs in the helices involve F114 and
E176', R162 and Q190’, 1165 and L174', 1166 and Y170’, 1166 and Y194', R168 and N177’,
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G169 and G173’, M201 and M201', and L204 and L204'. Additional contact interfaces are
provided by the loop regions connecting helices a6 and a7, helices a8 and a9, and the loop
right after helix a9. At the flexible loop between helices a6 and a7, F119 makes contact with
K116'. In helix a8, residue 1165 interacts with F185’ from the flexible region between helices
a8 and a9, while residue 1197 from helix a9 forms hydrophobic contacts with T207’ and L208’
closed to the end of the C-terminus. Similar interaction is found in residue Q200, which makes
hydrophobic contacts with C205" and P206'. The interactions between two AcrR subunits are
extensive, and this dimer interface is further strengthened by two cross-interface hydrogen
bonds between R131 and F180’; and R162 and Q190"

Although the C-terminal region displays no primary sequence conservation among members
of the TetR family, the overall structure of the C-terminal domain of AcrR displays topological
similarity to those of QacR28 and CmeR.32 A pair-wise alignment of the C-terminal domains
is difficult as the six C-terminal helices (seven in CmeR) differ both in length and orientation.
Superposition of the secondary structures, as shown in Fig. 2b, indeed highlights the topological
similarity of these three TetR family regulators.

Ligand binding pocket

In view of the AcrR crystal structure, the C-terminal a-helical bundle forms a large internal
cavity. Superimposition of the C-terminal domain of AcrR with that of QacR28 indicates that
this large internal cavity overlaps with the multidrug binding pocket of QacR. Thus, this cavity
is most likely to serve as the ligand-binding pocket in AcrR. Helices 4-8 in each monomer of
AcrR form this large pocket that occupies a volume of 350 A3. Helix a6 is located at the bottom
of the pocket and is almost orthogonal to the twofold axis of the dimer. Thus, helix a6 seems
to form the bottom of the pocket. We used the program “putative active sites with

spheres” (PASS)33 to search for potential ligand-binding sites in the AcrR structure. Like
QacR28 and CmeR,32 the top two predicted binding sites fell inside this large pocket. The
ligand-binding pocket of AcrR is unique in that it possesses three openings (Fig. 3a). One of
these openings is located at the dimer interface, and is nearly blocked by the loop between
helices a8’ and a9’ from the second subunit. Residues 1113 and F114 of u6; Q130, C134 and
S137 of a7; and R168 and S172 make this opening. The other two openings are located at the
front and side surfaces of the monomer, and they are more or less orthogonal to each other.
The loop region between o4a and a4b contributes to form part of these two openings.
Surrounding the front surface of the opening are residues S68, 170, G71, and E74 of a4; and
L133, R140 and T144 of o7. Residues L65, S66, N69, and L73 of a4; H95 of u5; and E103,
R105 and R106 of a6, however, are involved in the formation of the opening at the side surface.
The inner wall of the ligand-binding pocket is lined by 14 residues (W63 and E67 of a4; V88,
L89, 192, L93, V96 and S99 of a5; L109 and M110 of a6; 1141 of a7; and M167, 1171 and
M175 of a8), in which most of these residues are hydrophobic in nature. Similar multidrug
binding pocket has been found in the QacR repressor.28 The volume of the multidrug binding
pocket in AcrR seems larger than that of the apo-QacR, but smaller than the drug-bound form
of the QacR repressor.

Although the ligand-binding pocket of AcrR is predominantly hydrophobic, the inner surface
of the pocket displays a patch of negative potential, created by the completely buried acidic
residue E67, in the electrostatic surface diagram (Fig. 3b). This negative potential suggests that
AcrR may be more favorable to bind neutral and positively charged ligands. In fact, many of
the AcrR ligands, including R6G and Et, are positive in charge.

Discussion

The large cavity located in the C-terminal regulatory domain is most likely to form a multidrug-
binding pocket. This cavity is surrounded by hydrophobic residues of helices 4-8, and occupies
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a volume of 350 A3, Since the cavity is formed independently by helices of one subunit, the
dimeric form of AcrR consists of two identical multidrug binding pockets as indicated by the
strict twofold symmetry for the homodimer. Based on the crystal structure, it is expected that
the AcrR dimer binds two ligand molecules, and each subunit of which contribute to bind one
ligand. Recently, fluorescence polarization experiments have suggested that AcrR binds R6G,
Et and Pf in a manner of 1:1 monomer-to-drug molar ratio.24 Thus, the crystal structure,
demonstrating two independent ligand-binding pockets in the homodimer, is in good agreement
with the fluorescence polarization study. This ligand-binding mode is similar to those of TetR,
26 Ethr31 and CmeR,?’2 but is different from the case of QacR28 in which it binds one drug
per dimer. Although AcrR and QacR recognize a similar range of cationic lipophilic drugs,
their C-terminal sequences, which form the multidrug binding pockets, are quite diverse. The
difference in the C-terminal sequence may be attributed to a unique manner of drug binding.

The docking study using the program MEDock34 shows that the large cavity can accommodate
different drugs, including Et, Pf and ciprofloxacin (Cip) (Fig. 4). In each case, the bound drug
was completely buried in the AcrR molecule, and strong interaction between the bound drug
and the regulator was observed. MEDock suggested that Et, Pf and Cip are bound in distinct
sites in the cavity. However, their binding sites are partially overlapped with each other, similar
to those of the QacR bindings.28 When PASS was used to search for potential drug-binding
sites in the AcrR structure, the top two predicted sites are found inside the large pocket. One
of these PASS sites corresponds to the Et binding site predicted by MEDock. The second PASS
site, however, overlaps with the predicted Cip binding site. The binding pocket created by
helices 4-8 is extensive. There are more than 10 residues, which line the inner wall of the
cavity, involved in the binding of drugs. The docking study suggests that W63, 170 and F114
are likely to make hydrophobic contacts with the bound drugs. Additional electrostatic
interactions may come from residues E67, E74, Q130, R168 and S172 to secure the binding.
A distinguishing feature of multidrug binding proteins that bind positively charged drugs is
the presence of buried acidic glutamates or aspartates in the binding site. This was clearly
demonstrated in the cases of BmrR32:36 and QacR.28 For AcrR, the crystal structure illustrates
that there is a completely buried acidic residue, E67, located at the center of the drug-binding
binding pocket (Fig. 4). Thus, this negatively charged residue is expected to be critical for
recognizing positively charged drugs, and possibly important for neutralizing the formal
positive charges of these drugs. In the crystal structure, within the vicinity of E67, R106 is
found to make hydrogen bond with this acidic residue.

To demonstrate that the buried acidic glutamate, E67, in AcrR is critical for drug binding, we
mutated this residue to an alanine. We then determined the binding affinity of this alanine
mutant, E67A, with three different AcrR ligands, Pf, R6G and Et, using fluorescence
polarization assays.37’38 Fig. 5 illustrates the binding isotherm of E67A in the presence of 1
M Pf. The titration experiment indicated that the E67A mutant binds Pf with dissociation
constant, Kp, of 96.2 + 4.6 uM. This value is about nine times greater than that of the wild-
type AcrR (Table 2), suggesting that the E67A substitution abolished the binding of Pf. Similar
results were also found with the binding of R6G and Et (Table 2), thus confirming the critical
role of the buried E67 residue at the ligand binding site.

Surprisingly, when MEDock was used to search for a potential R6G binding site, we have not
found any solution inside the binding pocket. We also used AutoDock3? to search for the R6G
binding site, and neither did the program give us any conclusive solution. The fact that R6G
cannot be docked into the ligand-binding pocket suggests that the cavity may not be large
enough to accommodate the entire R6G molecule, which is considerably bigger than Et, Cip
and Pf. We reasoned that when AcrR binds its inducing ligand, the volume of the ligand-binding
pocket might need to expand to accommodate the large size of the drug molecule. This plasticity
of amultidrug-binding pocket has been observed in the case of QacR 8,40 jn which the volume
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of the entire multidrug-binding pocket has increased at least by a few hundred cubic angstroms
after drug binding.28

The crystal structures of the TetR-IR?7 and QacR—IRl23 complexes have been determined,
and the interactions between these regulators and their target DNAs have been revealed. These
crystal structures suggested that the recognition helix a3 is responsible for interacting with the
major groove of target DNA. The strong structural and sequence similarities in the DNA-
binding domains of the TetR members suggest a similar mode of interaction with target DNAs.
Sequence alignment of the HTH motif among members of the TetR family indicates that
residues L34, R45, G46, A47, Y49, W50, H51 and K55 in AcrR are important for repressor-
operator interaction.22 Three of these residues, Y49, H51 and K55, are highly conserved,
suggesting that these residues may play a major role in the recognition of target DNA. In fact,
K46 of QacR and K47 of TetR (correspond to the first residue, K55, in helix a4 of AcrR) have
been seen in contact with the phosphate backbones in QaLcR—IRl23 and TetR-tet02/
respectively. Presumably, AcrR represses the transcription of acrAB by directly binding to the
inverting 24-bp IR sequence in the promoter region of the efflux operon. This IR sequence is
different in length to that of the 15-bp tetO bound by TetR, but is similar to the long 28-bp IR1
recognized by QacR. TetR binds as a single dimer to the tetO operator,27 however, two dimers
of QacR interact with one IR1.23 Based on the IR sequence, we reasoned that AcrR might bind
its operator as a dimer of dimers in a way that is similar to the QacR-DNA binding.23 Indeed,
recent study using fluorescence polarization assays indicated that two dimers of AcrR bind to
one double-stranded IR.24

To confirm that two AcrR dimers bind one IR operator site, we performed gel filtration
experiments using the purified AcrR protein pre-incubated with the purified, complementary,
annealed 28-mer IR oligonucleotides. The experiments were repeated for three times. Gel
filtration suggested an average molecular weight of 124.1 + 4.0 kDa for the AcrR-IR complex
(Fig. 6). This value is in good agreement with the theoretical value of 120.7 kDa for four AcrR
molecules bound to the 28-bp IR. Thus, the stoichiometry of the AcrR-IR complex is 2:1
dimeric AcrR-to-DNA molar ratio.

We generated a speculative model of DNA-bound AcrR by aligning its individual domains
with those of the DNA-bound QacR (Fig. 7). The model of this DNA-bound AcrR suggests
that Y49, H51 and K55 make phosphate contacts with the IR. R45, however, interacts directly
with four different bases of the DNA. According to our speculative model, a mutation on
residue R45 should affect the function of the AcrR regulator. Additional direct contacts of the
regulator and IR come from G46, which contacts one base, and W50, which makes n-n
interactions with three different bases. A recent study of 36 fluoroquinolone-resistant E. coli
strains indicated that 11 of the isolates consistently produced more acrB mRNA. Among these
11 isolates, six of them had a mutation at codon 45 (Arg — Cys) in acrR, and all these six
R45C mutants showed elevated (64 to 128-fold) resistance to several antibiotics, including
ciprofloxacin, tetracycline and chloramphenicol,41 Thus, these results are consistent with our
speculative model of the AcrR-IR complex. The crystal structure of the DNA-bound AcrR
would be necessary to confirm our model.

Based on our DNA-bound model, it is speculated that during DNA binding, the loop region
connecting helices al and a2 shifts upward by 3 A. This conformational change causes helix
a6, which forms the bottom of the ligand-binding pocket, moves toward the cavity. The
movement of helix a6 induces the relocation of helix o4, in turn decreasing the volume of the
ligand-binding pocket. This change in conformation may not be favorable for the drug
molecule, as it needs to overcome the steric hindrance to enter the ligand-binding site. Thus,
itis likely that AcrR induction may be governed by steric repulsion that takes place during
drug binding.
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Materials and Methods

Purification, crystallization and data collection

Recombinant AcrR, containing a 6xHis tag at the C-terminus, was produced in E. coli using
the pET15b vector. The cloning, expression and purification procedures have been described
previously.42 For crystallization, a 4 pl drop consisting of 2 ul protein solution (20 mg/ml
SeMet-AcrR in 20 mM Tris, pH 7.5, 60 mM imidazole, and 200 mM NaCl) and 2 pl well
solution (35% PEG 4000, 0.2 M MgCl, and 0.1 M Tris buffer pH 8.5) was equilibrated against
500 pl well solution. The crystallization conditions provided sufficient cryoprotection and
crystals were frozen directly in liquid nitrogen at 100K. Diffraction data sets were taken at the
Advanced Light Source (beamlines 8.2.1 and 8.2.2) at cryogenic temperature (100 K) using
an ADSC Quantum 315 CCD-based detector.

Structural determination and refinement

Diffraction data sets were processed with DENZO and scaled with SCALEPACK.43 The
SeMet crystal took the space group group of P2224, with unit cell parameters summarized in
Table 1. Initial phase calculation was carried out at the 2.8 A resolution using the program
BnP*4 after finding and refinement of all seven selenium sites. The electron density map
obtained was applied to density modification (DM) using the program RESOLVE.#® The auto-
interpretation routine program in RESOLVE led to an initial model containing 60% amino acid
residues, 32% of which contained side-chains. The remaining part of the model was manually
constructed using the program 0.46 The model, comprising residues 6-212, was then refined
against the peak data at 2.55 A using the programs CNS#7 and REFMACS5.48:49 solvent atoms
were initially built using the program ARP/warp48'50 and later added or removed by manual
inspection. The final Ryork and Ryree (calculated with 5% of the reflections omitted from the
refinement) were 22.8% and 27.3%, respectively.

Fluorescence polarization assay for AcrR ligand binding affinities

Fluorescence polarization assays37’38 were used to determine the ligand binding affinities of
the mutant AcrR regulator. The experiments were done using a ligand binding solution
containing 10 mM Na-phosphate (pH 7.2), 100 mM NacCl, and 1 uM ligand (R6G, Et, or Pf).
The E67A protein solution in 10 mM Na-phosphate (pH 7.2), 100 mM NacCl, and 1 uM ligand
was titrated into the ligand binding solution until the polarization (P) become unchanged. The
excitation wavelengths were 527, 483, and 447 nm, respectively, for R6G, Et, and Pf.
Fluorescence polarization signals (in AP) were measured at emission wavelengths of 550, 620,
and 508 nm, respectively, for these ligands. Each titration point recorded was an average of 15
measurements. Data were analyzed using the equation,

P={(Pyouna — Pfree)[ protein]/(K,, +[ protein])} +Pgeee, where P is the polarization measured at a
given total protein concentration, P iS the initial polarization of free ligand, Pyoyng is the
maximum polarization of specifically bound ligand, and [protein] is the protein concentration.
The titration experiments were repeated for three times to obtain the average Kp values. Curve
fitting was accomplished using the program ORIGIN.?!

Gel filtration

A protein liquid chromatography Superdex 200 16/60 column (Amersham Pharmacia Biotech)
with a mobile phase containing 40 mM Tris-HCI (pH 7.2), 100 mM imidazole-HCI (pH 7.2)
and 250 mM NaCl was used in the gel filtration experiments. Blue dextran (Sigma) was used
to determine the column void volume, and proteins for use as gel filtration molecular weight
standards were cytochrome C (M, 12,400), carbonic anhydrase (M, 29,000), albumin bovine
serum (M, 66,000), alcohol dehydrogenase (M, 150,000), and 3-Amylase (M, 200,000). All
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these standards were purchased from Sigma. The molecular weights of the experimental
samples were determined following the protocols supplied by the manufacturers.

Modeling of DNA-bound form of AcrR

The model of the DNA-bound form of AcrR was generated using 0.46n brief, the N- and C-
terminal domains of AcrR were separately aligned with the corresponding domains of the
DNA-bound QacR (1JT023). The resulting model was then idealized using REFMAC5.48,
49 The AcrR dimer was generated by applying symmetry operators obtained from the apo

AcrR crystal structure. The final center-to-center distance of the DNA-bound form of AcrR is
36 A

Prediction of ligand-binding sites

The MEDock web server34 was used for prediction of the ethidium (PDB: et), proflavin (PDB:
pf), ciprofloxacin (PDB: cpf) and rhodamine 6G (PDB: rhq) bindings in AcrR. A global search
strategy that exploits the maximum entropy property of the Gaussian distribution was
employed. For the docking protocol, the maximum generation in each run was set to 1,000. A
grid of 0.375 A spacing was used for the calculation. For each ligand, five separate docking
calculations were performed. Each calculation was performed with a population size of 50,
and a probability of 0.05 to invoke local search.
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gC A

Figure 1.
Stereo view of the experimental density map and ribbon diagram of AcrR. (a) Representative
section of electron density surrounding three of the seven experimentally determined Se sites
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(M159, M167 and M175). The solvent-flattened electron density (50-2.8 A) is contoured at
1o and superimposed with the final refined model (yellow, carbon; red, oxygen; blue nitrogen;
green, sulfur). (b) Ribbon diagram of the AcrR homodimer generated by crystallographic
symmetry. The Figure was prepared using PyMOL.52
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Figure 2.

Structural comparison of the TetR family regulators. (a) Superimposition of DNA-binding
domains (green, AcrR; red, QacR; deep blue, CmeR). (b) Superimposition of regulatory
domains (green, AcrR; red, QacR; deep blue, CmeR). Helices a4b-08 are labeled.

J Mol Biol. Author manuscript; available in PMC 2008 November 30.



Lietal. Page 15

Front surface
opening

Subunit interface i /. o N,
Opmg B 1113 ‘ , R105

J Mol Biol. Author manuscript; available in PMC 2008 November 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Lietal.

Page 16

Figure 3.

Views of the cavity formed in the ligand-binding domain of AcrR. (a) View of the hydrophobic
cavity with residues forming the cavity. The locations of three openings of the cavity are
indicated with arrows. (b) Electrostatic surface potential of one subunit of AcrR. This view
shows the large cavity spanning from the side surface (front) to subunit interface (back) of the
C-terminal domain of one subunit of AcrR. Blue (+15 kgT) and red (—15 kgT) indicate the
positively and negatively charged areas, respectively, of the protein.
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Figure 4.

Binding site prediction for AcrR. This is a composite figure showing the locations of the
predicted bound ligands in the ligand-binding pocket. The ligands shown in stick models are
Et (orange), Cip (pink) and Pf (red). Residue E67 buried in the ligand-binding pocket (see the
text for details) is shown in yellow sticks.
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Figure 5.
Representative fluorescence polarization of mutant E67A with Pf. The binding isotherm of
E67A with Pf, showing a Kp of 96.2 + 4.6 pM.
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Figure 6.

Representative gel filtration experiment. The experiment demonstrated that four AcrR
molecules are bound to one IR operator. The y axis values were defined as: Ky = (Ve — Vg)/
(V1— Vo), where V1, Vg, and Vg are the total column volume, elution volume, and void volume
of the column, respectively. Standards used were: A, cytochrome C (M, 12,400); B, carbonic
anhydrase (M, 29,000); C, albumin bovine serum (M, 66,000); D, alcohol dehydrogenase
(M, 150,000); and E, B-Amylase (M, 200,000). The void volume was measured using blue
dextran (M, 2,000,000).
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Figure 7.

Speculative model of AcrR in its DNA-bound form. The N- and C-terminal domains of the
ligand-bound dimeric AcrR were individually aligned with those of the DNA-bound QacR
(1JTO0) to generate the DNA-bound form of AcrR. The model of the 24 bp IR model is shown
in stick model. It is expected that two dimers of AcrR (in orange and deepolive ribbons) bind
one double-stranded IR.
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Table 1
Data collection, phasing and structural refinement statistics

A. Data collection

SeMet Inflect. point SeMet Peak SeMet Remote

Wavelength (A) 0.9801 0.9799 0.9606
Space group P222, P222, P222,
Cell constants (A) a=48.2b=54.6c=73.7 a=482b=546c=737 a=482 b=546¢c=737
fr i —10.2.2.8 —8.75.2 —3.538
Resolution (A) 2.68(2.78-2.68) 2.55(2.64-2.55) 2.75(2.85-2.75)
Completeness (%) 98.6(87.5) 98.2(85.2) 98.3(84.9)
Total no. of reflections 492,377 483,800 499,993
No. of Unigue reflections 5.892 6.766 5,545
Ry (%) 8.1(35.6) 7.6(30.6) 7.6(39.7)
Average I/s 20.5(3.1) 20.9(3.3) 21.1(2.3)
B. Phasing
Selenium atom sites 7
Resolution range of data used (A) 50-2.80
Overall figure of merit 0.51
C. Refinement
Rwork (%) 22.8
Rfrge (%) 27.3
rms deviations

Bond angles (deg.) 0.8

Bond length (A) 0.006
Ramachandran analysis

Most favored (%) 88.9

Allowed (%) 9.5

Generously allowed (%) 1.1

Disallowed (%) 0.0
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Table 2
Dissociation constants of the wild-type AcrR and E67A mutant with different ligands.
Kp (uM)
Ligand E67A Wild-type
Proflavin 96.2 + 4.6 10.1 + 0.89
Rhodamine 6G 106.2 + 6.7 10.7 + 1.49
Ethidium 138.3 + 6.3 4.2 +0.32

aData were obtained from ref. (24).
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