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ABSTRACT: Staphylococcus aureus transcription factor QacR regulates expression of the gac4 multidrug efflux
determinant. In response to binding cationic lipophilic compounds, including ethidium and rhodamine 6G,
QacR dissociates from the gacA operator alleviating repression. Such ligand binding uniformly induces a
coil-to-helix transition of residues Thr®—Tyr"* revealing an asymmetric binding pocket in QacR containing
two distinct subpockets. Here, the functional significance of hydrophobic, aromatic, and polar residues
characteristic of the rhodamine 6G pocket and the proximal Tyr’?, proposed to facilitate the transcriptionally
active conformation, was examined. Notably, the presence of Tyr’> was not essential for QacR structural
changes between DNA-bound and induced conformations. Furthermore, although mutation of the majority
of residues contacting rhodamine 6G exerted moderate effects on QacR —rhodamine 6G binding, mutation of
Leu and GIn®®, and cumulative mutations involving these with Tyr*® and Tyr'?, imparted a dramatic
decrease in QacR—rhodamine 6G binding affinity. This equated with impaired dissociation of QacR from its
operator DNA in the presence of this ligand in S. aureus, delineating the important role of these residues in the
QacR—rhodamine 6G interaction. Additionally, despite maintaining a high affinity for ethidium, QacR
mutants involving Leu™, Tyr93 ,GIn’®, and Tyr' 3 which denote the interface between the rhodamine 6G and
ethidium subpockets, were unable to be induced from operator DNA in the presence of ethidium in S. aureus.
This highlights the significant contribution of these residues to QacR-mediated derepression of gacA
transcription following ligand binding in the distal subpocket and may be important for the general

mechanism irrespective of the ligand bound.

Multidrug resistant bacteria represent a serious threat to
human and animal health that is largely facilitated by multidrug
efflux transporters (/, 2). These transport proteins are capable of
conferring resistance to a range of structurally and chemically
dissimilar compounds, and the acquisition or upregulation of
a single gene can simultaneously render the cell or organism
resistant to a multitude of compounds. Only a handful of high-
resolution structures of these integral membrane proteins bound
to ligands are available (3—5). Subsequently, current detailed
knowledge regarding the multiligand binding mechanism is
predominantly based on the crystallographic analyses of soluble
transcription factors QacR (6—9), BmrR (10—12), and TtgR (13)
and more recently that of LmrR (/4), which display substrate
recognition profiles similar to those of the transporters that they
regulate and have been resolved in complex with multiple drugs.
However, the coinciding biochemical analysis of these proteins
has been limited.

A member of the TetR family of transcriptional regulators,
QacR has a unique C-terminal multidrug binding and dimeriza-
tion domain and a conserved N-terminal helix—turn—helix DNA
binding domain. In the absence of ligand, QacR binds as a dimer
to IR1 operator DNA to repress transcription of the downstream
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multidrug efflux determinant, gacA (15—19). The remarkable
ability of QacR to recognize a structural diversity of monovalent
and bivalent cationic, lipophilic compounds is enabled by a
voluminous multisite ligand binding pocket. Comprised of dis-
tinct and overlapping subpockets, termed the rhodamine 6G
(R6G)" and ethidium (Et) pockets after the respective monova-
lent ligands first identified to be bound within these regions, the
surface is lined with myriad glutamate, aromatic and nonpolar
residues, and several polar residues (Figure 1) (6—9). Binding of
ligand to QacR is restricted to one monomer and uniformly elicits
a coil—helix transition of residues Thr®—Tyr"*, which form the
induction switch region (6—9). This transition appears to be
facilitated by the expulsion of Tyr’%, the only Ramachandran
outlier in the ligand-free conformation, to a more favorable
conformation outside the hydrophobic core of the protein (6).
Residue Tyr”® is similarly dislodged, and together this expands
the ligand binding pocket with concomitant changes reorienting
the DNA binding domains and inducing QacR from the IR1
operator site (/9). Subsequently, this conformational coil—helix
trigger appears to be pivotal for the alternation between a
conformation that is conducive to binding operator DNA and
repressing transcription from the gacA promoter sequence
(Pgac4) and, conversely, that which is favorable to the expansion
of the ligand binding pocket and substrate binding with release of
QacR from the operator.

! Abbreviations: Et, ethidium; PDB, Protein Data Bank: R6G, rho-
damine 6G; wt, wild type.
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FiGure 1: QacR ligand binding pocket bound to (A) rhodamine 6G (R6G) and (B) ethidium (Et). In addition, the tyrosine at position 92 (Y92) in
the induction switch region is shown. Ligands are shown as sticks, and nitrogen and oxygen atoms are colored dark blue and red, respectively.
Helices containing ligand interacting residues are labeled in black. This figure was generated using Chimera version 1.24 (47) and PDB entries

1JUS and 1JTY (6).

Specifically, ligand R6G binds further from the proposed
ligand entrance of QacR than ligand Et and closer to the
induction switch region (6). Here, the positively charged ethyl
ammonium group of R6G is neutralized by Glu®, with the
compound stacking with Trp®' and Tyr’®, making hydrophobic
contacts with Leu®* and Tyr'*, with further contacts mediated
by Thr® and GIn?® (6). In the Et subpocket, with the exception of
contacts made with GIn’® and Tyr'*, Et makes unique contacts,
interacting with key aromatic residues Tyr'®> and Phe'®? (where
the prime indicates the second monomer in the dimer), in
addition to making contacts with Ile’ and Ile'™, and is charge
complemented by Glu'*’ (6). Our investigations of the functional
contribution of Glu® and Glu'® (unpublished data), and also of
Glu’” and Glu®® which contact alternate QacR ligands (20),
suggest that although the formal electrostatic contribution of
these glutamate residues cannot be overlooked in conferring
specificity to QacR—multidrug interactions, they alone do not
appear to impart significant energy to ligand binding affinity.
Thus, this responsibility has been duly attributed to aromatic,
polar, and nonpolar residues that preside over the majority of
QacR—ligand contacts. Indeed, these amino acids may be able to
functionally compensate for glutamate residues in affording
electrostatic complementation of cationic ligands. For example,
in the complex of QacR with the bivalent ligand pentamidine, one
of the two benzamidine moieties of pentamidine was comple-
mented by Glu®, whereas the other was complemented by 7—x
and dipole charge interactions contributed from residues Ser®,
Tyr'?, Ala'*, and Ala'®" (8). Similarly, following a substitution
of Gln for Glu at position 58 in QacR, the ligand berberine was
reoriented in the binding pocket such that the formal positive
charge centered on the N1 atom was neutralized, not by Glu®’
and Glu™® as observed in the wild-type (wt) protein, but by 7—x
and dipole charge interactions contributed by residues Trp®!,
Thr®, and Tyr* (20).

An abundance of aromatic and hydrophobic residues also
appears to be characteristic of ligand binding pockets of many
multidrug binding proteins, functionally proffered for the
ligand binding capabilities of the transporters P-glycoprotein
(5, 21-23), EmrE (24—27), and QacA (28—30). Structural
analyses of the multidrug binding transcriptional regulators
BmrR (12), EthR (31, 32), TtgR (13), and LmrR (/4) have also
identified a large number of hydrophobic and aromatic residues

that contribute to protein—ligand contacts. In fact, as reviewed
by Neyfakh (33) and Langton et al. (34), the involvement of such
residues and their inability to form hydrogen bonds with what are
generally hydrophobic cations are believed to be crucial to
providing flexibility and, thus, broad specificity to intermolecular
multidrug contacts mediated by a single protein. Polar residues
have also been proposed to confer flexibility to ligand binding,
permitting multisite binding of the ligand SR12813 to the human
nuclear receptor PXR (35) and conceivably enabling the multi-
drug binding used by Sav1866, with the structure of this
Staphylococcus aureus transport protein revealing a large cavity
lined with a plethora of polar residues (36).

To comprehensively assess the functional significance of such
residues in the QacR ligand binding pocket, this study involved
the systematic targeting of key residues Tyr®> and Tyr*® in the
induction switch and residues Leu®, Trp®!, GIn®, Thr®, GIn™®,
and Tyr'* in the QacR R6G subpocket by site-directed muta-
genesis. The binding affinity of these QacR mutants for R6G and
Et was assessed in vitro, and their repression and induction
capabilities in the presence of these ligands were also examined in
S. aureus.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. All cloning and
overexpression procedures performed in Escherichia coli utilized
strain DH5a (37) and strain RN4220 norA..erm (SAK1759) (38)
when in S. aureus. All strains were cultured at 37 °C in Luria-
Bertani broth or agar (37) containing, where appropriate, 100 ug/
mL ampicillin for E. coli or 20 ug/mL erythromycin and 10 ug/
mL chloramphenicol for S. aureus. E. coli was transformed by
standard procedures (37) and S. aureus by electroporation as
described previously (39), employing a pulse of 1.3 kV.

DNA Isolation and Manipulations. The Quantum Prep
plasmid miniprep kit (Bio-Rad) and small-scale alkaline lysis
procedure (40) were employed in isolating plasmid DNA from
E. coliand S. aureus, respectively. Restriction enzymes, T4 DNA
ligase, calf intestinal alkaline phosphatase, and Taqg DNA
polymerase (all from New England Biolabs) were each used
according to the manufacturer’s instructions. Oligonucleotides
were purchased from GeneWorks. PCR products were purified
with the Wizard PCR Prep kit (Promega), and DNA fragments
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were isolated from agarose gels using the GFX PCR and gel band
purification kit (Amersham Biosciences).

Construction of QacR Mutants. QacR mutants were
obtained by generating PCR-derived fragments encompassing
the residue(s) to be mutated and replacing the wt sequence. This
was achieved by subcloning into the blaZ reporter gene vector
pSK5645 (41) and the pTTQ18-based gacR clone pSK5676 (42),
which has a six-histidine tag incorporated at the QacR
C-terminus. Automated DNA sequencing, performed at the
Australian Genome Research Facility (Brisbane, Australia),
was employed to verify the presence of the desired mutations
and the absence of spurious mutations that may have been
introduced during PCR.

Protein Purification. Mutant and wt QacR proteins
were overexpressed from cells carrying plasmid derivatives of
pSK 5676, purified by Ni**-NTA metal chelate affinity chroma-
tography (Invitrogen ProBond resin), and dialyzed against
buffer A [I M NaCl, 20 mM Tris-HCI, and 5% (v/v) glycerol
(pH 7.5)] as previously described (42). The purified proteins
were more than 99% pure as estimated from Coomassie-
stained SDS—PAGE gels, and their concentrations were
determined using the Coomassie plus protein assay reagent
(Pierce).

Tryptophan Fluorescence Measurements. Fluorescence
intensity measurements of QacR proteins were performed and
K4 values calculated as described previously (20).

Western Analysis. Whole cell lysates of S. aureus strain
SAK 1759 (38) containing the desired plasmid were separated by
SDS—12.5% PAGE and transferred to PVDF membrane. QacR
was detected immunologically using a 1:1500 dilution of a rabbit
polyclonal QacR antibody (/8), and the secondary antibody was
detected using the Immobilon Western chemiluminescent HRP
substrate (Millipore) as described by the manufacturer. Blots
were scanned with a ChemiDoc (Bio-Rad), and images were
visualized and analyzed using Quantity One (Bio-Rad).
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B-Lactamase Reporter Gene Assays. A stationary-
phase culture of S. aureus strain SAK1759 (38) containing
pSK5645 (41), or plasmids encoding wt or mutant QacR
derivatives, was subcultured and grown to an ODggyy of 0.6.
Aliquots were then grown for a further 1.5 h in the presence or
absence of inducing compounds, after which ODg,, was measured
and cells were collected by centrifugation. R6G and Et were
employed at concentrations of 0.19 and 0.95 uM, and 7.71 and
17.09 uM, respectively. Cells were washed with cold 50 mM
NaH,PO,, before being resuspended in an appropriate volume of
the same buffer so that all treatments had a final ODg of 13.5.
p-Lactamase activities of washed whole cells were determined
using the chromogenic substrate nitrocefin (Oxoid) as described
previously (43) and are presented such that 1 unit corresponds to
1 uM nitrocefin hydrolyzed min~" (ug of total cellular protein) "
at 37 °C. Results represent the average of at least two experiments.

RESULTS

Impact of Qac R Mutations on Ligand Binding Affinity in
Vitro. The ligand binding affinities of the wt and mutant QacR
proteins for R6G and Et were determined by fluorescence
quenching of intrinsic tryptophan residues. Of the three trypto-
phan residues that are present in QacR, only Trp®' resides in the
ligand binding pocket (6). Therefore, ligand binding affinities of
the QacR mutant Trp®'Ala, where tryptophan at position 61 has
been replaced with alanine, and also of the double QacR mutant
Trp® Ala/Tyr”*Phe could not be assessed by this method. The
binding affinity of QacR wt protein with Et and R6G was
determined to be 0.5 £ 0.09 and 0.1 £+ 0.01 uM, respectively.
Binding affinities of the remaining mutants are shown in Figure 2
relative to wt QacR according to the term Ky™'/K,"" (44),
such that values below 1 represent a decrease in binding affinity
and those above 1 an increase in binding affinity.

Substitution of aromatic, polar, and nonpolar QacR residues
that interact with R6G and the proximally located Tyr’* (6)

10.00
x

(=]

=
o
2

o 1.00 1
=
"

=]
=

-
£
£
< 010
=14]
£
=
g
==}

0.01

N & s S L & & S & b N & b
S AT TS T T T T T
N R R R I P PR <
q-b\f Q‘Q";\
F &
QacR mutation N Y

FiGure 2: Effect of single and multiple substitutions of residues in the rhodamine 6G subpocket on the affinity of QacR for rhodamine 6G (red
columns) and ethidium (orange columns). Each K4 value represents an average of three separate experiments with obtained values differing by no
more than 7%. Binding affinities of mutants are shown relative to wt QacR according to the term Kg™""!/Ky"""! (44), such that values below 1
represent a decrease in binding affinity and those above 1 an increase in binding affinity.
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Table 1: Effect of Substituting Key Aromatic, Polar, and Nonpolar Residues on QacR-Mediated Repression and Substrate-Induced Derepression in S. aureus

R6G Et
basal intermediate maximum x-fold intermediate maximum x-fold
QacR mutation induction induction? induction? increase” induction? induction? increase”
wt 0.07£0.01 0.22+0.02 0.25+0.01 3.6 0.12+0.01 0.1440.00 2.0
Leu**Val 0.10 £0.01 0.18 £0.02 0.24+ 0.01 2.4 0.07 £0.00 0.09 +0.02 0.9
Leu™*Tyr 0.17 £0.01 0.13 +£0.01 0.16 £0.03 0.9 0.20+0.01 0.1940.01 1.1
Trp®'Ala 0.14£0.00 0.23£0.01 0.21£0.01 1.5 0.19£0.03 0.1840.01 13
GIn®*Ala 0.11 £0.00 0.18 +£0.00 0.32+ 0.00 29 0.18+£0.01 0.2240.00 2.0
Thr*’Ala 0.18 £0.00 0.22 £0.02 0.20 £0.01 1.1 0.25+£0.01 0.2240.03 1.4
Tyr”?Ala 0.03+0.01 0.15+0.01 0.20+0.01 6.7 0.06 +0.01 0.08 40.02 2.7
Tyr*Phe 0.09 £0.02 0.26 £0.03 0.27+0.03 3.0 0.30£0.01 0.324£0.03 3.6
Tyr”’Pro 0.26 +0.00 0.25 +0.00 0.30 £0.03 12 0.26+0.01 0.2040.02 1.0
Tyr”*Ala 0.21£0.00 0.24+0.02 0.27+£0.01 1.3 0.23 +£0.04 0.2240.04 1.1
Tyr”>Phe 0.07 £0.02 0.11+0.01 0.18 £ 0.01 26 0.05+0.01 0.08 4 0.00 1.1
GIn*®Ala 0.12 £0.03 0.17 £0.00 0.22 £0.01 1.8 0.14£0.01 0.16+0.01 13
Tyr'ZAla 0.04+0.01 0.08 +£0.01 0.19+0.02 4.8 0.05+0.01 0.0440.01 1.0
Tyr'**Phe 0.07 £0.00 0.26 +0.01 0.25+ 0.04 3.6 0.0940.02 0.08 +0.00 1.1
Trp®' Ala/Tyr**Phe 0.10£0.00 0.15+0.02 0.21+0.02 2.1 0.11£0.01 0.1540.01 2.1
Leu®*Val/Tyr'?Ala 0.0340.00 0.06 4 0.00 0.1240.01 4.0 0.03 4 0.02 0.05 +0.00 1.7
Tyr”*Phe/GIn**Ala 0.12 £0.00 0.13+£0.01 0.20+ 0.03 1.7 0.13£0.01 0.09+0.03 0.8

“The concentrations of the QacR ligands required for intermediate and maximal induction of wt QacR were 0.19 and 0.95 uM, respectively, for rhodamine
6G (R6G) and 7.71 and 17.09 uM, respectively, for ethidium (Et). These concentrations were employed for induction with all QacR mutants. bThe x-fold
increase was calculated from the value for maximum induction relative to the basal induction value, the latter determined in the absence of inducing compound.

elicited a decrease, albeit generally moderate, in the binding
affinity of QacR for this ligand (Figure 2). Specifically, the QacR
mutant proteins Leu**Val, GIn*Ala, Thr*Ala, Tyr”Phe,
Tyr?’Pro, Tyr”?Ala, Tyr”*Phe, Tyr'*Ala, and Tyr'**Phe exhib-
ited R6G binding affinity within 4-fold of that of wt QacR
(Figure 2). Notably, despite the lack of a direct ligand interaction
in the wt QacR—R6G complex (6), the alanine substitution of
induction switch residue Tyr’ had a greater impact than that of
the phenylalanine substitution [4.7-fold vs a 1.2-fold decrease,
respectively (Figure 2)]. Marked decreases in binding affinity
were observed for the QacR mutants Leu™*Tyr and Gln**Ala
which displayed 10.1- and 5.3-fold decreases in R6G affinity,
respectively, with the double substitutions Leu**Val/Tyr'*Ala
and Tyr”’Phe/GIn**Ala also displaying dramatic decreases of
7.8- and 10.6-fold, respectively (Figure 2).

Consistent with the absence of a direct interaction with Et, the
replacements of Leu**, GIn®, and Thr¥, and also of Tyr92 and
Tyr”®, did not dramatically alter the affinity of QacR for this
ligand, with the most significant change observed for QacR
TyrgzPhe showing a 4.6-fold increase in Et affinity (Figure 2).
However, this was also true of the single and multiple substitu-
tions involving GIn’® and Tyr'?, which are shared between the
Et and R6G subpockets (6), with the maximum decrease in
binding affinity following the mutation of these residues being in
the order of 2.2-fold (Figure 2).

Repression and Induction Capabilities of the QacR
Mutants in S. aureus. The ability of the wt and mutant QacR
proteins to bind to IRI operator DNA and subsequently
dissociate in the presence of the inducing compounds Et and
R6G, thereby leading to derepression of the divergently tran-
scribed gacA determinant, was analyzed using gene reporter
assays. These assays utilized pSK5645 (41), a plasmid in which
P4 directs transcription of blaZ, the enzyme activity of which is
monitored colorimetrically; studies were conducted in S. aureus
strain RN4220 norA.::erm (SAK1759) (38). This strain was
employed to prevent the masking of inducers by the chromoso-
mally encoded multidrug exporter NorA that shares substrates in

common with the QacA/QacR system (42). The blaZ reporter
gene vector pSK5645 (41), and derivatives encoding wt and
mutant QacR proteins, were electroporated into this strain, and
expression levels of mutant proteins relative to wt QacR were
assessed by immunological detection. With the exception of
the four QacR derivatives Leu*Tyr, Trp®'Ala, Tyr**Pro, and
Trp® Ala/Tyr’*Phe, the expression levels of the mutant proteins
were no less than 40% and were typically at, or above, 80% of wt
QacR levels (data not shown).

p-Lactamase activity detected from SAKI1759 harboring
pSK 5645 was minimal and was used to normalize the data.
In the absence of inducing compounds, the basal levels of
p-lactamase activity observed in strains expressing QacR mutants
Tyr”*Phe, Tyr’*Phe, Tyr'*Phe, and Trp®'Ala/Tyr”*Phe were
comparable to that of wt QacR. However, indicative of impaired
repression capabilities, the basal level of f-lactamase activity was
increased between 1.7- and 3.7-fold in the presence of QacR
mutants Tyr”*Phe/GIn’°Ala, Trp®' Ala, Leu**Tyr, Tyr’*Ala, and
Tyr’*Pro (Table 1). Conversely, QacR mutants Tyr’*Ala, Tyr'**
Ala, and Leu**Val/Tyr'>Ala exhibited improved repression
capabilities, displaying ~2-fold decreases in the basal level of
p-lactamase activity relative to that observed in the presence of wt
QacR (Table 1). Thus, although the numerical fold induction of
these mutants was significantly elevated, the maximal induction
values were significantly lower than that of wt QacR (Table 1).

The inducing compounds R6G and Et were employed at
concentrations that afforded intermediate and maximum induc-
tion from P, +-blaZ in the presence of wt QacR. The majority of
the QacR mutants examined displayed induction in the presence
of R6G, and indeed, QacR mutants Leu**Val, TrpélAla,
Tyr”?Phe, GIn*®Ala, and Tyr'**Phe collectively exhibited induc-
tion profiles and maximal induction values comparable to those
of wt QacR in the presence of R6G (Table 1). Notably, however,
little to no induction was observed in the presence of R6G or Et
for QacR mutants Leu>*Tyr, Thr*Ala, Tyr’*Pro, and Tyr**Ala,
all of which exhibited high basal levels of f-lactamase activity
that, for the most part, were comparable to the maximal level of
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activity observed for wt QacR in the presence of R6G (Table 1).
Similarly, the QacR mutants Tyr’’Ala, Tyr”*Phe, Tyr'*Ala,
Leu*Val/Tyr'*Ala, Trp® Ala/Tyr**Phe, and Tyr”*Phe/GIn”Ala
also exhibited impaired induction with submaximal induction
levels 1.5—3.75-fold lower than that of wt QacR at the inter-
mediate R6G concentration (Table 1).

p-Lactamase activity was increased by 2.7- or 3.6-fold by Et in
the presence of QacR Tyr’?Ala or Tyr’*Phe, respectively, an
increase that was significantly higher than the 2.0-fold increase
observed in the presence of wt QacR (Table 1). Intriguingly,
although QacR Trp®'Ala and QacR double mutant Trp®'Ala/
Tyr**Phe displayed an induction profile comparable to that of wt
QacR in the presence of Et, QacR mutants Leu**Val, Tyr'**Ala,
Tyr'*Phe, Leu *Val/Tyr'?Ala, Tyr’*Phe, and Tyr’*Phe/
Gln"®Ala were not induced by this ligand in vivo, and induction
of the QacR GIn’°Ala variant was impaired (Table 1).

DISCUSSION

Comparison of the previously determined affinity of wt QacR
for IR1 operator DNA (5.7 nM) (7) and for a diverse range of
ligands (K4 ~ 10° M) (42) suggests that as opposed to affinity,
the conformational changes associated with ligand binding are
crucial to the induction process. However, the binding affinity
and induction capabilities of QacR in the presence of Et and
R6G, two ligands chosen as representatives as they bind to the
two extreme regions of the ligand binding pocket, were found in
this study to be neither abolished nor dramatically altered by the
phenylalanine or alanine substitutions of Tyr®* (Figure 2). This
residue represents the only Ramachandran outlier in the ligand-
free dimer and reportedly facilitates the key coil—helix transition
required for the induction mechanism and expansion of the drug
binding pocket (6). Indeed, the induction capabilities of these
mutants in vivo using S. aureus corresponded well with the
moderate changes in ligand binding affinities in vitro (Figure 2
and Table 1), suggesting that they were governed by affinity as
opposed to having a general impact on the coil—helix mechanism
and the transition of QacR to the ligand-bound conformation.
Nevertheless, commensurate with a role in expanding the ligand
binding pocket upon induction (6), Tyr’* does exert long-range
effects on the specificity of ligand binding sites. Notably, the
flexibility of the distally located Et subpocket was augmented by
the Tyr”’Phe substitution, increasing Et affinity and induction
capacity in S. aureus by presumably expanding the binding site
preferences available for this ligand (Figure 2 and Table 1).

In a further attempt to hinder the QacR coil—helix transition
and the subsequent creation of the multidrug binding pocket,
Tyr”* was substituted with proline, a residue that is known to
disrupt the formation of a-helices (45). However, this had an only
moderate impact on the ability of QacR to bind to the repre-
sentative ligands (Figure 2). One possible explanation for this
unexpected result was conveyed by the protein stability and
repression capabilities of this mutant which were significantly
impaired in S. aureus relative to wt QacR (Table 1), with the
misfolding of the QacR Tyr**Pro protein perhaps permanently
assigning QacR to the ligand-bound conformation rather than
the uninduced conformation intended.

The structure of QacR in complex with multiple ligands also
suggests a subsidiary role for Tyr”* in the induction mechanism,
proposed to act in conjunction with Tyr’* to stabilize the
hydrophobic core of the protein in the absence of ligand and
similarly expelled in the coil—helix transition (6). In contrast to
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QacR mutants Tyr’?Ala, Tyr”*Phe, and Tyr’*Phe, the protein
stability and repression capabilities of QacR Tyr’*Ala in
S. aureus were significantly impaired (Table 1), suggesting that
a nonaromatic residue at position 93 does significantly disrupt
the formation of the tertiary QacR structure. Thus, as opposed
to both Tyr’? and Tyr’® acting as ligand surrogates, this study
suggests that an aromatic residue at position 93 is sufficient and,
indeed, dominates this role. In fact, QacR Tyrngla exhibited
increased protein stability relative to wt QacR, which corre-
sponded with improved repression capabilities in S. aureus
(Table 1). Although it appeared that this substitution benefited
QacR, these so-called repressive deficiencies in the wt protein
may be imperative to the success of the gacA—qacR multidrug
resistance locus, permitting a basal level of gacA transcription
that, as suggested by Grkovic et al. (/6), affords protection of
S. aureus against substrates of the QacA pump that are not
efficient inducers of QacR.

Unexpectedly, the substitution of residues that line the R6G
subpocket identified amino acids that are key to the induction
mechanism preceding the coil—helix transition. QacR mutants
Leu**Val, TyrmAla, Tyr93Phe, and to a lesser extent GIn”°Ala
and those QacR mutants containing combinations of multi-
ple substitutions of these residues, Leu*Val/Tyr'*Ala and
Tyr”*Phe/GIn’®Ala, although capable of induction in the pre-
sence of R6G, were unable to be induced by Et in S. aureus
(Table 1) despite retaining high affinity for this ligand in vitro
(Figure 2). This may be attributable to the fact that although
R6G binding directly involves and, thus, directly communicates
with amino acids in the induction switch region, these substitu-
tions may hinder the signal conferred to trigger the induction
switch from the distally located Et subpocket. Consistent with
this notion, Leu*, GIn®’, and Tyr'* denote the boundary
between the Et and R6G subpockets (Figure 3), with Et directly
contacting GIn?® and Tyr'* when in complex with wt QacR (see
Figure 1B) (6).

The ability of QacR to bind to R6G and also to Et was largely
unaffected by individual substitutions of Thr® or Tyr'* which
from structural analyses are directly involved in R6G binding
(Figure 1) (6) and were typically associated with moderate
changes in both affinity in vitro and induction capabilities in
S. aureus (Figure 2 and Table 1). This correlates with the fact that
each of these residues affords only one of many QacR—R6G
contacts that may individually and predominantly contribute
low-energy van der Waals and stacking interactions. This premise
was similarly asserted for the multidrug binding repressor BmrR,
where alanine substitutions of aromatic and hydrophobic resi-
dues that, as evidenced by structural analyses, interact with the
ligand TPP conferred only moderate effects on ligand affi-
nities (44). Furthermore, intrinsic to the voluminous and highly
flexible nature of the QacR multidrug binding pocket, the
reorientation of ligands may be permitted, and subsequently,
residue substitution may be tolerated by an abundance of
functionally equivalent residues either within the immediate
vicinity of a given ligand binding site or in distinct binding sites
that employ an alternative complement of like residues (20). The
multiple binding sites of PXR for a single ligand, SR12813, which
are governed by aromatic and polar residues, provide quintes-
sential testament to this premise (35). Moreover, the recent
determination of the structure of the mouse multidrug transpor-
ter P-glycoprotein in combination with two inhibitory molecules
revealed the importance of having a multitude of hydrophobic
and aromatic residues forming the drug binding pocket. Like the



Article

FIGURE 3: Superimposition of QacR rhodamine 6G (R6G) and
ethidium (Et) binding sites and the predicted impact of the L54V
and L54Y substitutions. R6G and Et are shown as red and orange
sticks, respectively. Helices containing ligand interacting residues
are labeled in black, and the predicted positions of the side chains
of L54V and L54Y are colored green and yellow, respectively. The
distances between R6G and L54 and Y54 are labeled and shown
as dashed lines. This figure was generated using Chimera version
1.24 (47) and PDB entries 1JUS, 1JTY (6), and 1JUS containing
the L54V and L54Y substitutions, which were generated using
PyMOL (46).

drug binding mechanism of QacR, the two peptide ligands of
P-glycoprotein bind within a large binding pocket, interacting
with distinct subsets of residues, some of which are specific for
each molecule and some in common (5).

Nevertheless, the presence of a small hydrophobic side chain at
Leu™ and the integrity of Trp®' and Thr* were crucial for the
stability of QacR in S. aureus (Table 1). This may reflect the
position of Leu™ and Trp®' in a-helix 4, which is involved in
the repositioning of the DNA binding domain and Thr® in the
induction switch (6) with residues within these o-helices optimally
enlisted for their ability to stabilize the tertiary protein structure
while conferring the flexibility necessary for the regulatory
function of QacR. In addition, the single Leu**Tyr and GIn’®Ala
substitutions and the substitutions that simultancously targeted
multiple R6G contacts, viz., Leu**Val/Tyr'*Ala and Tyr’*Phe/
GIn’°Ala, maintained Et affinity yet significantly diminished
R6G binding affinity (Figure 2), indicating that there are
structural and/or energetic limits to the versatility of QacR—R6G
binding. These changes in affinity were reflected in impaired
induction capabilities in the presence of R6G in S. aureus
(Table 1).

High-resolution structures of these functionally altered QacR
mutants in complex with R6G have yet to be resolved. Never-
theless, it is likely that these substitutions have successfully
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identified residues that collectively contribute important contacts
with this ligand, either abolishing energetically important con-
tacts or precluding the preferential access of R6G to this high-
affinity site. Indeed, one backbone-dependent orientation of the
QacR Leu™Tyr side chain afforded by protein modeling using
PyMOL (46) would conceivably permit access of Et to its
subpocket, which lies adjacent to the entrance of the QacR
ligand binding pocket, yet constrain access and clash with R6G in
the wt QacR—R6G complex (Figure 3).

The impacts of the single substitutions Leu®*Val and Tyr'**
Ala, and Tyr?*Phe and GIn*®Ala, were additive in the Leu>*Val/
Tyr'?Ala and Tyr”*Phe/GIn’®Ala mutants with regard to the
binding affinity of QacR for R6G (Figure 2). The combined
impact of the Leu>*Val/Tyr'**Ala substitution, collectively tar-
geting residues located on the same side of this binding pocket,
may effectively destabilize the QacR—R6G interaction. With
regard to the Tyr”*Phe/GIn"®Ala double substitution, rather than
obstructing the binding site which was proposed for Leu™*Tyr,
GIn’*Ala may not only eliminate the polarity of the side chain at
this position but also completely abolish the interaction of residue
96 with R6G. In addition, since the alanine substitution of Tyr®*
did not affect R6G binding affinity (Figure 2), it would appear
that although an aromatic residue is not required at this position
for R6G binding, the removal of the hydroxyl group, which
otherwise forms a salt bridge with Glu®’, may free this side chain
to rotate to a position such that it hinders R6G binding or
mediates a less favorable stacking interaction.

In conclusion, this study demonstrates that despite the func-
tional plasticity afforded by a plethora of relatively weak
QacR—ligand contacts there are structural limitations to the
ligand binding capabilities of QacR, not the least of which are
residues that delineate the R6G—Et subpocket interface and
communicate distal ligand binding to confer QacR induction.
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