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The Multidrug Efflux Regulator AcrR of Escherichia coli Responds
to Exogenous and Endogenous Ligands To Regulate Efflux and
Detoxification
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ABSTRACT The transcriptional repressor AcrR is the main regulator of the multidrug
efflux pump AcrAB-TolC, which plays a major role in antibiotic resistance and cell physiology
in Escherichia coli and other Enterobacteriaceae. However, it remains unknown which ligands
control the function of AcrR. To address this gap in knowledge, this study tested whether
exogenous and/or endogenous molecules identified as potential AcrR ligands regulate the
activity of AcrR. Using electrophoretic mobility shift assays (EMSAs) with purified AcrR and
the acrAB promoter and in vivo gene expression experiments, we found that AcrR responds
to both exogenous molecules and cellular metabolites produced by E. coli. In total, we
identified four functional ligands of AcrR, ethidium bromide (EtBr), an exogenous antimicro-
bial known to be effluxed by the AcrAB-TolC pump and previously shown to bind to AcrR,
and three polyamines produced by E. coli, namely, putrescine, cadaverine, and spermidine.
We found that EtBr and polyamines bind to AcrR both in vitro and in vivo, which prevents
the binding of AcrR to the acrAB promoter and, ultimately, induces the expression of acrAB.
Finally, we also found that AcrR contributes to mitigating the toxicity produced by excess
polyamines by directly regulating the expression of AcrAB-TolC and two previously unknown
AcrR targets, the MdtJl spermidine efflux pump and the putrescine degradation enzyme
PuuA. Overall, these findings significantly expand our understanding of the function of
AcrR by revealing that this regulator responds to different exogenous and endogenous
ligands to regulate the expression of multiple genes involved in efflux and detoxification.

IMPORTANCE Multidrug efflux pumps can remove antibiotics and other toxic molecules
from cells and are major contributors to antibiotic resistance and bacterial physiology.
Therefore, it is essential to better understand their function and regulation. AcrAB-TolC is
the main multidrug efflux pump in the Enterobacteriaceae family, and AcrR is its major
transcriptional regulator. However, little is known about which ligands control the function
of AcrR or which other genes are controlled by this regulator. This study contributes to
addressing these gaps in knowledge by showing that (i) the activity of AcrR is controlled
by the antimicrobial ethidium bromide and by polyamines produced by E. coli, and (ii)
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Ligands of AcrR

to prevent the accumulation of antibiotics (3-5). Moreover, MDR pumps play an increasingly
recognized role in bacterial metabolism and physiology (3-5, 8-15). Under laboratory condi-
tions, AcrAB-TolC is the main MDR pump in Escherichia coli and other Enterobacteriaceae (3-5).
Its expression is directly controlled by several transcriptional regulators, including the activators
MarA, SoxS, and Rob, and the AcrR repressor (3-5, 11, 16-20). Of them, AcrR is the main regu-
lator of AcrAB-TolC expression by directly regulating acrAB (11, 16) and marRAB and SoxRS
(21), which encode the acrAB and tolC transcriptional regulators MarA and SoxS. AcrR also reg-
ulates its own expression (16).

The acrR gene is located 141 bp upstream of the acrAB operon and is divergently
transcribed (16). AcrR is a 24.8-kDa protein that belongs TetR family of transcriptional
regulators, which are characterized by a conserved three-helix N-terminal DNA-binding
domain and a diverse C-terminal ligand-binding domain (22-24). However, despite its central
role in regulating the expression of the AcrAB-TolC pump, there is little knowledge about
which ligands control the activity of AcrR.

To date, only two studies have investigated this question. First, Su et al. (25) used fluores-
cence polarization assays to determine that three antimicrobials known to be substrates of
the AcrAB-TolC pump, ethidium bromide, proflavine, and rhodamine 6G (3-5), bind to puri-
fied AcrR with a similar dissociation constant to that previously found for AcrB (26). Second,
Li et al. (23) determined the crystal structure of AcrR and predicted its large ligand-binding
pocket computationally. The authors then identified a key amino acid within the pocket,
E67, and demonstrated by fluorescence polarization that the E67A mutant was no longer
able to bind these three compounds with high affinity (23). However, when they used dock-
ing analysis to further study the binding of these compounds to AcrR, the authors found
that ethidium bromide and proflavine, but not rhodamine 6G, fit in the ligand-binding
pocket (23). Moreover, despite these findings, it remains unknown whether binding of any
of these exogenous antimicrobial ligands to AcrR translates into an altered binding of this
regulator to DNA and, thus, into changes in gene expression of AcrR-regulated genes.

A second major gap in knowledge is determining whether AcrR also responds to en-
dogenous ligands. Several studies support the hypothesis that endogenous ligands and,
in particular, endogenous AcrAB-TolC substrates, regulate the activity of AcrR. First, using
AacrA, AacrB, and AtolC knockout mutants or the efflux pump inhibitor phenylalanine-
arginine- B-naphthylamide, Ruiz and Levy (11) found that the AcrAB-TolC pump of E. coli
plays a major role in regulating its own expression. Moreover, this study revealed that
upregulation of the acrAB promoter in the AacrB mutant was mediated by the accumula-
tion of cellular metabolites that changed the activity of AcrR and, to a lesser degree, the
expression of MarA and SoxS (11). Ruiz and Levy also found that deletion of acrB altered
the expression of many metabolic genes, strongly upregulated the expression of motility
genes, and increased motility in this mutant (11).

Second, the connection between AcrAB-TolC function, metabolism, motility, and AcrR activ-
ity is further supported by a later study by Kim et al. (27). They showed that deletion of acrR in
E. coli altered the expression of many metabolic genes, upregulated the expression of motility
genes, and increased motility (27) in a similar manner as previously observed in the AacrB
mutant (11). Given that AcrR represses acrAB transcription, this finding might seem counterin-
tuitive. However, we hypothesize that the similar gene expression and motility changes found
in both mutants may occur because cellular metabolites that accumulate in the AacrB mutant
can bind to and inactivate AcrR. Such metabolite inactivation of AcrR would explain why the
AacrB mutant behaved as the AacrR mutant in these studies (11, 27).

Finally, this model is further supported by a study from our lab (12) in which we studied
AacrB, AtolC, and AacrR E. coli mutants using untargeted metabolomics and identified global
changes in the intracellular and extracellular metabolite profiles in all three mutants compared
to the parental strain. These findings and the studies discussed above suggest that the cellular
metabolites found to most significantly accumulate in the AacrB mutant (12), or their meta-
bolic precursors or derivatives, may actively be effluxed by the AcrAB-TolC pump. Moreover,
we also hypothesize that some of these cellular metabolites may regulate the activity of AcrR,
the main repressor of the acrAB operon.
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Here, we show that the antimicrobial ethidium bromide, as well as putrescine, cadav-
erine, and spermidine—three polyamines produced by E. coli—are functional ligands of
AcrR. We found that ethidium bromide and polyamines bind to AcrR both in vitro and in
vivo, which prevents the binding of AcrR to the acrAB promoter and induces the expression
of the AcrAB-TolC multidrug efflux pump. Moreover, this study also shows that, besides reg-
ulating acrAB, AcrR contributes to coping with excess polyamines by directly regulating the
expression of the MdtJl inner membrane spermidine efflux pump and the putrescine degra-
dation enzyme PuuA.

RESULTS

The AcrR repressor is regulated in vitro and in vivo by ethidium bromide. Based
on previous findings (11, 12, 23, 25, 27), we hypothesized that the transcriptional repressor
AcrR regulates the expression of the AcrAB-TolC multidrug efflux pump in response to both
exogenous toxic compounds and endogenous cellular metabolites. Of the three antimicro-
bials identified by Su et al. (25) to be capable of binding to AcrR in fluorescence polarization
studies, we chose ethidium bromide for further studies because it was the one with the
strongest binding affinity to AcrR (25) and has been predicted to fit in the AcrR ligand-
binding cavity (23). Using electrophoretic mobility shift assays (EMSAs), we were able to
confirm that EtBr binds to AcrR in vitro and demonstrate for the first time that such bind-
ing changes the activity of AcrR and prevents this regulator from binding to the acrAB
promoter (acrABp) (Fig. 1A).
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FIG 1 Ethidium bromide and the polyamines putrescine, cadaverine and spermidine prevent binding of AcrR
to the acrAB promoter. (A to C) EMSAs with biotin-labeled acrAB promoter (acrABp), purified AcrR, and candidate
ligands were performed to identify ligands capable of binding to AcrR and preventing its binding to acrABp in vitro.
The results shown are representative of at least three independent assays. From left to right, lane 1 shows acrABp
alone, the bottom band (indicated with an arrow) corresponds to the expected size of the acrABp (179 bp), and the
top band corresponds to an artifact DNA aggregate observed even when the 179-bp acrABp band was gel purified
prior to biotin labeling; lane 2 shows acrABp in the presence of AcrR; binding of AcrR caused a clear shift of the 179-
bp acrABp band as expected (indicated with an asterisk). (A) Lanes 3 to 7 show binding reactions with acrABp and
AcrR in the presence of 10 mM L-ornithine, 10 mM putrescine, 10 mM t-lysine, 10 mM cadaverine, and 1 mM
ethidium bromide (EtBr), respectively. The polyamines putrescine (partially) and cadaverine, and the antimicrobial EtBr,
but not the amino acids lysine or ornithine, prevented AcrR binding to acrABp as observed by a lack of shift. (B)
Lanes 3 to 4 show binding reactions with acrABp and AcrR in the presence of 5 mM spermidine or 1 mM EtBr,
respectively. Spermidine prevented AcrR binding to acrABp as observed by a lack of shift. (C) Lanes 3 to 4 show
binding reactions with acrABp and AcrR in the presence of 5 mM spermine or 1 mM EtBr, respectively. Spermine did
not prevent AcrR binding to acrABp as observed by the occurrence of a shift. (B and C) Gels split for labeling
purposes. We found 10 mM spermidine or spermine to interfere with the assay, thus, those lanes are not included.
(D) Chemical structures of ethidium bromide and the polyamines putrescine, cadaverine, spermidine, and spermine.
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FIG 2 Ethidium bromide, putrescine, and cadaverine activate the acrAB promoter (acrABp) in vivo in an acrR-dependent manner.
(A to Q) Cultures were grown to mid-exponential phase in LB prior to adding water (untreated), 5 mM polyamine, or 100 uM ethidium
bromide (EtBr). After a 1-h incubation, we measured the expression of acrAB using an acrABp-lacZ fusion. The white bars represent the
parental (acrR*) acrABp-lacZ strain. The light gray bars represent the acrR-deleted (AacrR) acrABp-lacZ strain. The dark gray bars represent
the promoterless (pless) lacZ parental strain. All experiments were performed using three to five biological replicates, each one with two
technical replicates. The data are presented as average = SEM (n = 3 to 5) and are shown as the n-fold change in acrABp-lacZ
expression versus the parental acrABp-lacZ strain (A, left scale) and as raw Miller units (A, right scale) or as the n-fold change in acrABp-
lacZ expression compared to the untreated for each strain (B and C). Statistically significant differences between strains (A) or between
the untreated and each treatment (B and C) are indicated by an asterisk (P < 0.05). (A) acrABp-lacZ expression was greatly increased in the
AacrR strain, as previously observed (11, 16). (B) EtBr, putrescine, and cadaverine induced the acrAB promoter in the parental but not the
AacrR strain, as would be expected for ligands that bind to and inactivate AcrR. (C) At the concentration tested, spermidine did not induce
the acrAB promoter. Such lack of induction may be related to the toxicity of this compound in E. coli as suggested by the significant
decrease in B-galactosidase expression/activity observed in all three strains studied.

We next studied the effect of EtBr on AcrR and acrAB expression in vivo using an acrABp-
lacZ reporter. In agreement with previous findings (11, 16), the acrAB promoter was greatly
induced in the strain deleted for the AcrR repressor gene (AacrR) compared to the parental
strain (Fig. 2A). Addition of EtBr to the growth medium induced the acrAB promoter in the
parental, but not the AacrR strain (Fig. 2B), in agreement with the binding of EtBr to AcrR
and subsequent prevention of AcrR binding to acrABp observed by EMSA (Fig. 1A). Of note,
lack of induction of acrABp by EtBr in the AacrR mutant indicates that EtBr regulates this
promoter via AcrR and was not the result of acrAB expression already being maximal in this
mutant because further activation of acrABp in this mutant by 4% ethanol or 0.5 M NaCl
stress, or in stationary phase, has been observed before (16).

This finding is also consistent with a previous report of EtBr increasing acrAB expression
in Edwardsiella tarda, which was hypothesized to occur via AcrR (28). An in vivo and AcrR-
dependent activation of acrAB expression in E. coli or other bacteria by EtBr has not been
reported before and confirms EtBr as a functional exogenous ligand of AcrR. Therefore, EtBr
was subsequently used as positive control in our search for cellular metabolites that could
act as endogenously produced ligands of AcrR, which was the main goal of this work.

The AcrR repressor is regulated in vitro and in vivo by polyamines. We next used
EMSA to identify cellular metabolites that bind to AcrR and prevent or reduce its binding to
the acrAB promoter (Fig. 1). The metabolites tested included the amino acids -lysine and L-or-
nithine, which were previously identified as potential AcrR ligands or AcrAB-TolC substrates
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using untargeted metabolomics (12), as well as their degradation products putrescine and
cadaverine. In the presence of molecules that do not bind to and inactivate AcrR, the mobility
of the acrAB promoter fragment was retarded due to the formation of the higher-molecular-
weight AcrR-acrABp complex, as was the case for L-ornithine and t-lysine (Fig. 1A). However,
in the presence of putrescine and cadaverine (the decarboxylation products of t-ornithine
and Llysine, respectively), we discovered that the interaction between AcrR and the acrAB
promoter was partially (putrescine) or completely (cadaverine) disrupted (Fig. 1A), as we had
previously observed for EtBr. Interestingly, all three molecules contain two amino groups at
opposite ends of the molecule (Fig. 1D). Overall, these finding suggests that both putrescine
and cadaverine are also AcrR ligands.

Given that putrescine and cadaverine are two members of a class of structurally related mol-
ecules called polyamines (Fig. 1D) produced by all living beings, we also tested by EMSA two
other polyamines, spermidine and spermine, for their ability to bind to and disrupt the binding
of AcrR to acrABp (Fig. 1B and C). These two polyamines were tested at a lower concentration
(5 mM instead of the 10 mM used for putrescine and cadaverine) because higher concentra-
tions of these compounds were found to interfere with the EMSA. Interestingly, we observed a
notable disruption of the interaction between AcrR and acrABp in the presence of spermidine
but not spermine, which is a larger molecule (Fig. 1B and C). These findings indicate, for the first
time, that cellular metabolites that are endogenously produced by E. coli, the polyamines pu-
trescine, cadaverine, and spermidine, can act as ligands that regulate AcrR function.

To further define the role of these three polyamines in regulating the activity of AcrR, we
measured the activity of the acrAB promoter in vivo when they were added to the growth me-
dium. Both putrescine and cadaverine significantly induced acrABp-lacZ expression in the pa-
rental, but not the AacrR strain, which was similar to the effect produced by EtBr (Fig. 2B). As
discussed above for EtBr, lack of acrABp induction by polyamines in the AacrR strain was not
the result of acrABp being already maximally activated in this strain but, instead, indicates that
polyamines regulate acrABp via AcrR. Moreover, this finding is in agreement with our observa-
tion that, like EtBr, these polyamines disrupt binding of AcrR to acrABp in the EMSA (Fig. 1A),
which further supports putrescine and cadaverine as newly discovered functional ligands of
AcrR. A similar effect was not observed for cells grown in the presence of spermidine (Fig. 2C).
In contrast, we observed a suppression of 3-galactosidase activity in the parental, AacrR, and
even the promoterless-lacZ strains (Fig. 2C), suggesting that spermidine added to the growth
medium at the concentration tested may have a suppressive effect on either transcription or
translation of the lacZ gene or the activity of B-galactosidase enzyme. Therefore, we were
unable to ascertain whether spermidine induces the acrAB promoter in vivo in an AcrR-
dependent manner, as we observed for putrescine and cadaverine.

High concentrations of putrescine, cadaverine, and spermidine are toxic to E.
coli. To further explore the physiological effects of the three polyamines identified as
AcrR ligands, we assessed the ability of the parental and AacrR strains to grow in their pres-
ence (Fig. 3A to Q). EtBr is a well-known AcrAB-TolC substrate (3-5) and was included as a con-
trol. Because the same concentrations of EtBr or polyamines tested by EMSA (Fig. 1) were too
toxic and significantly inhibited growth of both strains, lower (sub-MIC) concentrations were
used to measure the effect of these ligands on bacterial growth. At 5 mM, only spermidine
produced a small decrease in growth rate during the first 10 h of growth (Fig. 3A and B).
However, when we measured the effect of 5 mM polyamines on the final optical density at
600 nm (ODg) Yield after 18 h of growth, we found that all three polyamines significantly
decreased the growth yield compared to the untreated control cells in both strains, with sper-
midine causing a more substantial growth suppression effect than putrescine or cadaverine
(Fig. 3C). These findings suggest that, at 5 mM, exogenously added polyamines are slightly
toxic to E. coli. Of note, polyamines were found to be much more toxic in both strains when
they were tested at higher concentrations (6.25 to 12.5 mM and greater polyamine concen-
trations; Fig. 4).

AcrR and the AcrAB-TolC multidrug efflux pump are involved in mitigating the
toxicity of putrescine and spermidine, respectively. Given that we found that poly-
amines induced acrAB expression in an acrR-dependent manner and that they were toxic to
E. coli at high concentrations, we next investigated whether AcrR and/or the AcrAB-TolC
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FIG 3 Effect of AcrR ligands on growth of E. coli. Growth curves of the parental (A) and AacrR (B) strains
cultured in LB alone (untreated; dark gray diamond), 5 mM putrescine (light gray square), 5 mM cadaverine
(light gray triangle), 5 mM spermidine (black star), and 100 uM ethidium bromide (EtBr; black circle). Only
the first 10 h of growth are shown to better display the exponential growth part of the curves. Each growth
curve represents the average of three independent biological replicates, each including three technical replicates.
The average generation times (in minutes = the standard deviation; P values smaller than 0.1 are also provided)
for the parental strain (A) were 27.1 * 1.9 (untreated), 29.9 * 3.5 (putrescine), 29.5 = 3.4 (cadaverine), 31.2 =
1.5 (spermidine), and 28.7 = 3.5 (EtBr), and for the AacrR strain (B), they were 274 * 1.6 (untreated), 304 = 14
(putrescine), 32.6 * 1.8 (cadaverine; P = 0.015), 388 = 3.7 (spermidine; P = 0.065), and 29.0 = 1.9 (EtBr). (O) Final
ODy,, yields of the parental and AacrR strains after 18 h of growth are presented as the average = SEM (n = 3;
three biological replicates, each including 3 technical replicates) and statistically significant differences for each strain
between the untreated and treated cultures are indicated as an asterisk (P < 0.05). For both strains, spermidine
caused the most significant decrease in final growth yield (18 h) (C), whereas the other AcrR ligands tested had a
smaller but statistically significant decrease on final growth yield (C) at the concentrations tested.
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average = SEM (n = 3). Statistically significant differences between the OD,, of the parental and AacrR (A, C, and E) or the parental and AacrB (B, D, and F) strains

at each concentration of polyamine tested are indicated by an asterisk (P < 0.05).

multidrug efflux pump play a role in mitigating the toxicity caused by the addition of excess
polyamines. To address this question, we tested the parental, AacrR, and AacrB strains in a
broth dilution MIC assay, challenging the strains with putrescine, cadaverine, and spermidine
(Fig. 4A to F). We found that deletion of acrR did have significant effects on growth in the pres-
ence of putrescine (Fig. 4A and B), increasing the MIC of putrescine 2-fold from 12.5 mM to
25 mM. Additionally, deletion of acrR and acrB also significantly increased the overall ODgy,
yield of cells grown at sub-MICs of putrescine. A similar but more modest increase in overall
ODyy, Yield was also found for cadaverine, mainly in the AacrB mutant (Fig. 4C and D). These
findings indicate that the AcrAB-TolC pump plays a very limited or slightly detrimental role in
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mitigation of putrescine and cadaverine toxicity. Importantly, these findings also suggest that
AcrR may repress additional gene(s) involved in detoxification or efflux of putrescine inde-
pendently from the AcrAB-TolC pump.

Conversely, we found that the MIC of spermidine was affected in the acrB mutant but
not in the AacrR mutant, resulting in a small but statistically significant 2-fold decrease from
25 mM to 12.5 mM in AacrB compared to the parental strain (Fig. 4E and F). The observed
small increased sensitivity to spermidine in the acrB mutant suggests that efflux by the
AcrAB-TolC pump might have some contribution to the removal of excess spermidine.

AcrR directly regulates genes involved in putrescine detoxification and spermi-
dine efflux. We next studied the role that AcrR may play, independent from regulating
AcrAB-TolC expression, in regulating genes involved in polyamine detoxification or efflux.
We first analyzed a previously published microarray (27) and identified two polyamine-related
candidates that were upregulated 2- to 3-fold in the AacrR compared to the parental strain
(Fig. 5A), thus indicating that they are repressed by AcrR in vivo. These candidates were the
puuA gene, which encodes a glutamate-putrescine ligase enzyme that catalyzes the first step
in the primary putrescine degradation pathway of E. coli (29), and the mdtUJI operon, which
encodes the MdtJl inner membrane small multidrug resistance (SMR) family spermidine efflux
pump (30).

To determine whether regulation of puuA and mdtUJI by AcrR is direct, we first computa-
tionally examined their promoters using the known sequence of the AcrR-binding site in the
acrAB promoter (25). We found that both promoters contained one and two predicted AcrR-
binding sites, respectively (Fig. 5B). This finding suggests that the regulation of both candi-
dates by AcrR is direct. To test this hypothesis, we next used EMSA to determine whether
AcrR could directly bind to the puuA and mdtUJI promoters. For our positive control, we
used the acrAB promoter. As the negative control, we used a gapA promoter fragment
because the expression of gapA was found not to be altered in the AacrR mutant (27) and
because its promoter region contained no predicted AcrR-binding sites in our computa-
tional analysis (not shown). As expected, we found that AcrR directly bound to the acrAB
but not the gapA promoter (Fig. 5C). Interestingly, we also found that AcrR directly bound to
and shifted the puuA and mdtUJI promoter fragments (Fig. 5C). This finding indicates that
both puuA and mdtUJI are newly discovered direct targets of AcrR, and it provides a ration-
ale for the role of AcrR in detoxification and efflux of polyamines, independent from its role
in regulating the expression of the AcrAB-TolC pump.

DISCUSSION

Multidrug efflux pumps are major contributors to the problem of antibiotic resistance
and play a major role in bacterial physiological processes such as metabolism and motility
(3-5, 8-15). Therefore, it is essential to better understand their function and regulation. Here,
we studied the function of the multidrug efflux pump transcriptional repressor AcrR of E.
coli, the major regulator controlling the expression of the AcrAB-TolC pump (11, 16). Despite
its importance, the ligands that control the activity of AcrR remain unknown, which hinders
our understanding of the biological role of this regulator. The findings from the manuscript
contribute to addressing this question by showing that the activity of AcrR is controlled in
vitro and in vivo by both exogenous antimicrobial ligands (ethidium bromide) and endoge-
nous/exogenous ligands (polyamines). Moreover, this study reveals that AcrR contributes to
coping with toxicity caused by excess polyamines by regulating the expression of AcrAB-
TolC and two newly discovered target genes/operons involved in detoxification and efflux
of polyamines.

To identify ligands that control the activity of AcrR, we first studied the antimicrobial
ethidium bromide (EtBr), a well-known AcrAB-TolC substrate (3-5). We selected EtBr because
it showed the highest binding affinity for AcrR in prior fluorescence polarization assays (25)
and was later found to fit in the ligand cavity of AcrR by docking analysis (23). Using EMSA
and gene expression experiments, we found that binding of EtBr to AcrR indeed prevented
binding of this regulator to the acrAB promoter both in vitro and in vivo, which resulted in
an acrR-dependent induction of acrAB expression when EtBr was added to cultures (Fig. 1A
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relative expression
(AacrR vs parental)
gapA 1.02
puuA 2.12
mdtUJI 2.85
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ATATTTTTTCAATCTAGCAGTGGGTTTTCATTTTTGCAAACTCAATTTAACATTTGACA
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AACATTTAGTTTGCATACAGATTCGAATGGTGGTCATTATATTTTACGCTTTGATAACG

SD Start
AGCGGAAAACAAACCAAAGGCGAAGAATCATGGAAACCAATATCGTTGAAGTAGAGAAC

mdtUJIp
35 -10 +1 P

AAAATATTTTGAGTTAATTCTTAAGCTATGATACAAATCAGGCGTGTTCAACTACCGAG
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GACAATTATCATCCGCGATGACGAGAAGCAACACTGCGGATAATTGTAATATTATGGAL
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<« gapAp
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acrABp p>
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FIG 5 AcrR directly regulates genes involved in polyamine detoxification and efflux. (A) The expression of
the polyamine degradation and efflux genes/operons puuA and mdtUJI was found to be increased in vivo in
the AacrR compared to the parental strain in the microarray data from Kim et al. (27). (B) Sequence of the
promoter regions of the E. coli glutamate-putrescine ligase gene puuA and the spermidine efflux pump operon
mdtUJI. Predicted AcrR-binding sites are indicated with a box. The —10 and —35 regions, transcriptional start
site, Shine-Dalgarno sequence, and translational start site are highlighted in bold lettering. A predicted AcrR-
binding site with 9 mismatches and 2 sites with 10 mismatches compared to the AcrR-binding site in the acrAB
promoter (25) were computationally identified in the puuA and mdtiUJI promoters, respectively. This number of
mismatches compared to the AcrR-binding site in the acrAB promoter is similar to the number of mismatches
found for the AcrR-binding sites in the soxRS (10 mismatches) and marRAB (11 mismatches) promoter regions,
both found to be directly regulated by AcrR by Lee et al. (21). (C) EMSA showing in vitro binding of purified
AcrR to the acrAB (positive control), puuA, and mdtUJI promoters (acrABp, puuAp, and mdtUJIp, respectively),
but not to the gapA promoter (gapAp, negative control). Gels were split for labeling purposes: both 0.4 and
1 uM AcrR were tested; to save space, only results for 1 uM AcrR are shown, given that no shifts were
observed at 0.4 uM for promoters other than acrABp. The results shown are representative of at least three
independent assays. The bands corresponding to the expected size of the tested promoters are indicated with

(Continued on next page)
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and Fig. 2B). These findings show, for the first time, that EtBr is a functional ligand that controls
the activity of AcrR.

After finding that the activity of AcrR is regulated by the exogenous ligand EtBr, we
next studied whether this regulator also responds to endogenous ligands, which was the
main goal of this work. Based on prior studies described more in detail in the introduction (11,
12, 23, 25, 27), we hypothesized that AcrR acts as a sensor of endogenous cellular metabolites
that are either substrates of the AcrAB-TolC pump or their metabolic precursors or derivatives.
Notably, several of the cellular metabolites showing the most significantly altered levels in
efflux mutants in our prior metabolomics study were amino acids and their biosynthesis or
degradation intermediates (12). Of them, t-lysine was among the most significantly accumu-
lated metabolites in strains deleted for acrB or tolC (12). Thus, we next investigated whether
the amino acids L-lysine and L-ornithine (which is structurally related to L-lysine), or their poly-
amine derivatives putrescine, cadaverine, spermidine, and spermine, were involved in regulat-
ing the activity of AcrR.

Using EMSA, we found that while lysine and ornithine had no effect, the polyamines
putrescine, cadaverine, and spermidine (but not spermine) acted as endogenous ligands of
AcrR (Fig. TA and Q). As we had observed for EtBr, we found that cadaverine and putrescine
bind to and prevent AcrR binding to the acrAB promoter both in vitro and in vivo, which
resulted in an acrR-dependent induction of acrAB expression when they were added to E.
coli cultures (Fig. TA and Fig. 2B). Spermidine also regulated the activity of AcrR in vitro,
although its in vivo role could not be ascertained because of its overall suppressive effect in
our assay (Fig. 1C and Fig. 2C). These findings indicate that, besides the exogenous antimi-
crobial EtBr, AcrR also responds endogenous ligands, i.e,, polyamines, which has not been
reported before to the best our knowledge.

Interestingly, both EtBr and the three polyamines identified as functional AcrR ligands
share multiple functional, structural, and physical-chemical features, including their toxicity
at high concentrations, a 52- to-64 A topological polar surface area, a hydrogen bond donor
and acceptor count of 2 to 3, and, especially, the presence of two amino groups at opposite
ends of the molecule (Fig. 1D) (https://pubchem.ncbi.nlm.nih.gov, compounds 14710, 1045,
273, and 1102). These findings support a central role of AcrR in responding to both exogenous
and endogenous positively charged toxic molecules, which ultimately would trigger the up-
regulation of the AcrAB-TolC pump and, as discussed below, of polyamine efflux and detoxifi-
cation genes in order for cells to cope with these toxic molecules.

Polyamines are present at millimolar levels in cells, where they interact with a broad
range of macromolecules, including DNA, and have pleiotropic effects (31-35). It is important
noticing that, although polyamines are known to interact with DNA because of their polyca-
tionic nature, their role in preventing binding of AcrR to the acrAB promoter was found to be
specific and to occur at concentrations similar to those found in cells, as well as both in vitro
and in vivo. In particular, the finding that putrescine, cadaverine, and spermidine, but not
spermine (which is chemically and structurally similar but a longer molecule than spermi-
dine) or -lysine (which has two positive charged groups in its structure), prevented AcrR
binding to the acrAB promoter strongly supports that the effect observed for putrescine,
cadaverine, and spermidine was caused by their specific interaction with AcrR. Interestingly,

FIG 5 Legend (Continued)

arrows on the left (acrABp and puuAp) or right (mdtUJIp and gapAp) sides of the figure. The higher-molecular-
weight bands corresponding to the shifted AcrR-promoter complexes for acrABp, puuAp, and mdtUJIp are
indicated with an asterisk on the left side of the figure. Lane 1, acrABp DNA alone (the lower band corresponds
to the expected size of the DNA fragment tested); lane 2, acrABp plus AcrR, a clear shift of the lower band
observed in line 1 occurred, as expected for binding of AcrR; lane 3, puuAp DNA alone; lane 4, puuAp plus
AcrR, where a clear shift was observed as expected for binding of AcrR, in agreement with the presence of a
predicted AcrR-binding site in this promoter (B) and the increased expression of puuA previously found in the
AacrR strain (A) (27); lane 5, mdtUJIp DNA alone (the bottom band corresponds to the expected size of the
DNA fragment tested); lane 6, mdtUJIp plus AcrR, where a partial shift was observed as expected for binding of
AcrR, in agreement with the presence of a predicted AcrR-binding site in this promoter (B) and the increased
expression of mdtUJI previously found in the AacrR compared to the parental strain (A) (27); lane 7, gapAp DNA
alone; lane 8, gapAp plus AcrR, negative control where no shift was observed as expected for the absence of
AcrR-binding sites in gapAp (not shown) and unchanged gapA expression in the AacrR strain (A) (27).
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the three polyamines found here to be ligands of AcrR, putrescine, cadaverine, and spermi-
dine are synthesized by E. coli (32, 33), whereas spermine, which is produced by humans but
not E. coli, was the only polyamine that did not function as an AcrR ligand. Polyamines
increase survival in acid conditions because the amino acid decarboxylation reactions that
produce them consume protons, which, together with their ability to decrease outer mem-
brane permeability by blocking the OmpF and OmpC porins, protect cells from acid stress
(32, 33). However, excess polyamines can be toxic because they inhibit protein synthesis
and decrease cell growth at neutral and, especially, basic pH (32-34).

Given their role as AcrR ligands, we decided to study the role of AcrR and AcrAB-
TolC in coping with excess polyamines using growth and MIC assays (Fig. 3 and 4). Our
most significant findings were that deletion of acrR made cells 2-fold more resistant to
putrescine than the parental strain, whereas deletion of acrB made cells 2-fold more
sensitive to spermidine (Fig. 4). First, these findings indicate that AcrAB-TolC contrib-
utes to mitigating the toxicity of spermidine but not putrescine or cadaverine. Second,
these findings also suggest that AcrR plays a role in repressing genes important for re-
sistance to excess putrescine, which is independent from its role as a repressor of the
acrAB operon. Of note, it is possible that the role of AcrR and/or AcrAB-TolC in coping
with excess polyamines may have been larger when measured at basic pH, given the
greater toxicity of polyamines at high pH (34). Moreover, given the pleiotropic effects
of polyamines (31-35), it is also possible that polyamines may be effluxed for reasons
other than coping with their toxicity.

To further analyze the role of AcrR in coping with excess polyamines independent from its
role as an acrAB repressor, we searched for polyamine-related genes that may be regulated by
AcrR. We identified two candidates, the puuA gene, which encodes a glutamate-putrescine
ligase enzyme responsible for the first step in the main putrescine degradation pathway of
E. coli (pathway ) (29), and the mdtUJI operon, which encodes the MdtJl SMR family inner
membrane efflux pump involved in efflux of excess spermidine (30). Both puuA and mdtUJI
were significantly upregulated in vivo in the AacrR mutant compared to the parental strain
in a previously published microarray (27), which indicates that they are regulated by the
AcrR repressor. Thus, we next studied whether such regulation by AcrR is direct. Computational
analysis of both promoters revealed that they contain predicted AcrR-binding sites, and our
EMSAs revealed that AcrR specifically binds to both promoters (Fig. 5B and C). These find-
ings indicate that AcrR is indeed a direct regulator of both polyamine detoxification/efflux
promoters.

Overall, our findings for AcrAB-TolC and AcrR in relationship with polyamines are of signifi-
cance for several reasons. First, AcrR seems to control efflux of excess spermidine both across
the inner membrane via MdtJl and across the outer membrane via AcrAB-TolC, which sug-
gests that both transporters may act synergistically or in tandem. It is interesting that despite
these roles, the AacrR mutant did not show an increased MIC for spermidine compared to
the parental strain. Several reasons may explain this finding. It is possible that because of its
2-fold dilution nature, the MIC assay was not sensitive enough and that differences might
have been observed when testing spermidine concentrations between 12.5 and 25 mM. It is
also possible that the effect of inactivating acrR might have been observed in experiments
performed at basic pH, given the greater toxicity of polyamines at high pH discussed above.
Another possibility is that inactivation of acrR produces other regulatory changes in the cell
that counteract the protective effect of having increased acrAB and mdtUJI expression.

Second, to our knowledge, a role of AcrR in directly regulating a metabolic gene
such as puuA has not been reported before. This significant finding expands the role of
AcrR from being only an efflux-related regulator and raises the question of which other
detoxification or metabolic processes are also directly controlled by this regulator.

In conclusion, the manuscript reveals that both exogenous antimicrobials, such as ethidium
bromide, and endogenously produced cellular metabolites, such as polyamines, act as func-
tional ligands of AcrR both in vitro and in vivo. As a result, these ligands induce the expression
of the AcrAB-TolC multidrug efflux pump, which, in turn, contributes to the removal of toxic
molecules such as EtBr or excess spermidine. In addition, we report that AcrR also contributes
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference or source(s)
E. coli strains
BL21(DE3) F~ompT gal dem lon hsdS, (rs~ mg™) A(DE3 [lacl lacUV5-T7p07 ind1 sam7 nin51) [malB*]y_,,(A%) 40
BW25113 (Parental) F~ A~ A(araD-araB)567 AlacZ4787(::rrnB-3) rph-1 A(rhaD-rhaB)568 hsdR514 CGSC, Keio collection, 37
DH7311 BW25113 AacrR This study
CR6000 BW25113 + pNN608 1
CR7011 BW25113 AacrR + pNN608 11
DH7169 BW25113 + pNN387 This study
DH7293 BL21 + pET21(+)-acrR This study
Plasmids
pET21(+) AmpR, MCS, col E1 ori, f1 ori, T7-lac promoter Novagen, WI, USA
pET21(+)-acrR pET21(+) derivative, AmpR, IPTG-inducible vector to overexpress AcrR with a 6 xHis C-terminal tag This study
pCP20 Plasmid for excision of kan markers by FLP-mediated site recombination, AmpR, ChIR 36
pNN387 Single copy, promoterless lacZ, ChIR 16
pNN608 Single copy, acrABp-lacZ, ChIR 16

to coping with excess polyamines independently from AcrAB-TolC by directly regulating the
expression of the MdtJl inner membrane spermidine efflux pump and the puuA putrescine
degradation gene. Overall, these findings significantly advance our understanding of the bio-
logical role of AcrR by uncovering the ligands that control the function of AcrR and identifying
novel efflux and metabolic genes directly controlled by this regulator.

MATERIALS AND METHODS

Bacterial cultures. Cultures of Escherichia coli strains for growth curves, MIC, and gene expression
experiments were grown at 37°C with agitation (200 rpm) in lysogeny broth (LB; 5 g/L yeast extract, 10
g/L tryptone, and 10 g/L NaCl). E. coli strains that carry the pNN608 or pNN387 plasmids were cultured
in LB medium supplemented with 20 wg/mL of chloramphenicol. Strain DH7293, which contains the
PET21(+)-acrR plasmid, was cultured in LB supplemented with 100 ug/mL of ampicillin.

Strains, plasmids, and genetic procedures. The bacterial strains and plasmids used in this study
are listed in Table 1. Plasmid pET21(+)-acrR was constructed by PCR amplification of the acrR gene from the
parental E. coli BW25113 strain using the primers acrRF1-BamHI (5'-CCAGGATCCAATAATTTGTACTTAGAAGG
AGATATACCATGGCACGAAAAACCAAACAA-3') and acrRR1-Xhol (5'-GATCCTCGAGTTCGTTAGTGGCAGGATTAC
GAAG-3'). After amplification, the PCR product was gel purified, digested with BamHI and Xhol (NEB, Ipswich,
MA), and ligated into pET21(+) linearized with the same enzymes generating plasmid pET21(+)-acrR. This plas-
mid, which contains an IPTG (isopropyl-3-p-thiogalactopyranoside)-inducible promoter, a ribosome binding
site, and the acrR gene with a 6xHis C-terminal tag, was then electroporated into E. coli BL21(DE3) to generate
strain DH7293. Correct cloning of acrR into pET21(+)-acrR was confirmed by PCR followed by Sanger sequenc-
ing at Laragen Inc. (Culver City, CA). Overexpression of AcrR in strain DH7293 after addition of 100 uM IPTG
was confirmed by Coomassie staining.

E. coli DH7311 (BW25113 AacrR) was constructed by using the pCP20 plasmid as previously described (36)
to remove the kanR cassette from the Keio collection strain JW0453 (BW25113 acrR:kan [37]). Correct excision
of the kanR cassette was confirmed by PCR amplification and Sanger sequencing using primers flanking the
acrR gene, as previously described (11).

AcrR purification. To purify AcrR, an overnight culture of E. coli DH7293 was grown in LB medium
containing 100 xg/mL ampicillin (LB-amp). The overnight culture was diluted 1:50 into 500 mL of LB-amp, which
was incubated with shaking for 2.5 h before IPTG was added to a final concentration of 100 M to induce AcrR
expression. After the culture was incubated for another 3 h, cells were pelleted by centrifugation at 10,000 x g
for 10 min at 4°C, and the pellets were resuspended in NH buffer (200 mM NaCl, 20 mM HEPES, pH 7.2) supple-
mented with EDTA-free protease inhibitors (Pls) (Pierce, Waltham, MA). Cells were subjected to a freeze-thaw
cycle before being treated with DNase | (2 U/mL) and lysozyme (10 mg/mL in 50 mM Tris-HCl, pH 7.5) for 15 min
at room temperature. Next, cells were lysed using a French pressure cell press (SLM Instruments, Inc.) at 17,000
lb/in?. Lysates were centrifuged for 5 min at 15,000 x g at 4°C to remove unbroken cells and large aggregates.
The crude lysate was filtered through a 0.22-um filter before being applied to a nitriloacetic acid (NTA)-
Sepharose column equilibrated in NH buffer. The column was washed twice with 5 volumes of column wash
buffer (200 mM NaCl, 20 mM HEPES, pH 7.2, 50 mM imidazole, and Pls), and then the AcrR protein was eluted in
5 volumes of elution buffer (200 mM NaCl, 20 mM HEPES, pH 7.2, 5% glycerol, 400 mM imidazole, and Pls).
Eluted AcrR protein was stored at 4°C in elution buffer.

Electrophoretic mobility shift assays. For electrophoretic mobility shift assays (EMSAs), purified
AcrR was first exchanged four times into NHG buffer (200 mM NaCl, 20 mM HEPES, pH 7.2, 5% glycerol,
and PIs) by serial concentration and dilution (5:1 and 1:5, respectively), which diluted away imidazole to a final
concentration of 0.8 mM. Once exchanged, the protein concentration was quantified by Coomassie Bradford
assay (Thermo Fisher Scientific, Waltham, MA), and then AcrR was diluted to a final concentration of 4 M in
NHG buffer.
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All DNA-promoter fragments were generated by PCR using E. coli BW25113 as the source of template
DNA. The 179-bp acrAB promoter fragment was generated using the forward primer, pacrABup (5'-CTTG
CGCTTCTTGTTTGG), and the reverse primer, pacrABdn (5'-TGTTCATATGTAAACCTCGAG). The 226-bp puuA
promoter fragment was generated using the forward primer, puuApF2 (5'-GTGGACTAAATTATCGCC), and
the reverse primer, puuApR2 (5'-GTTCTCTACTTCAACGAT). The 286-bp mdtUJI promoter fragment was
generated using the forward primer, mdtUJIpF1 (5'-CGCTCAGGTAAAGAAGTG), and the reverse primer,
mdtUJIpR1 (5'-CAAAGTAAAGTGGTCAAGCQ). The 249-bp gapA promoter fragment was generated with the
forward primer, gapAF2 (5'GCTGCACCTAAATCGTGATGA), and the reverse primer, gapAR1 (5'-CTTTGATAGT
CATATATTCCACCAGCTA). The PCR-generated fragments were column purified or gel extracted (Zymo
Research, Irvine, CA) before adding a 3'-biotin label using the Pierce biotin 3’-end DNA labeling kit (Thermo
Fisher Scientific, Waltham, MA). The biotinylated DNA was diluted in water to a final concentration of 50 nM.

Ethidium bromide (EtBr) was prepared in sterile DNA-grade water (Fisher Scientific, Hampton, NH) as
a 10-mM stock solution. The amino acid and polyamine ligand stock solutions were all prepared in sterile
DNA-grade water at 100 mM.

EMSA was performed using the LightShift chemiluminescent EMSA kit from Thermo Fisher Scientific
(Waltham, MA). To study potential AcrR ligands, 20-uL EMSA reaction mixtures were set up as follows: 1x bind-
ing buffer (10 mM Tris-HCI, pH 7.5, 50 mM KCI, and 1 mM dithiothreitol [DTT]), 5 mM MgCL, 1 ug poly(dl-dC),
0.05% NP-40, 5% glycerol, 25 fmol biotin-acrABp DNA, 400 nM AcrR (except in the DNA-only control reaction),
and potential ligand (except for the DNA-only and DNA-plus-AcrR-only reactions) at a final concentration of
1 mM (EtBr), 10 mM (-ornithine, L-Lysine, putrescine, and cadaverine), or 5 mM (spermidine and spermine). The
potential ligands were first permitted to incubate in the reaction mixtures with purified AcrR for 5 min at room
temperature (RT) prior to the addition of biotin-acrABp DNA. The final reaction mixtures were allowed to incubate
at RT for 20 min before the addition of loading buffer and were then held on ice for 20 min before being loaded
into a 10% polyacrylamide DNA gel. After electrophoresis, the biotin-labeled DNA in the gel was transferred to a
Biodyne B nylon membrane and probed using the LightShift chemiluminescent EMSA kit streptavidin-horseradish
peroxidase (HRP) conjugate as recommended by the manufacturer.

To study binding of AcrR to the puuA, mdtUJI, and gapA promoter fragments, as well as the acrAB pro-
moter as positive control, all EMSAs were performed essentially as described above using, for each promoter,
DNA-only and DNA plus 04 and 1 uM AcrR-only reactions. In these assays, a higher concentration of AcrR
(1 wM) than that used in the acrABp-AcrR-ligand assays described above (0.4 uM) was used to increase the
sensitivity of the assay in detecting potential binding of AcrR to puuAp and mdtUJIp. Of note, gapAp was added
as a negative control to ensure that the assay remained specific, whereas acrABp was used as positive control
and for comparison with the shifts observed for 400 nM AcrR.

B-Galactosidase assays. The expression of the acrABp-lacZ transcriptional fusion found in the sin-
gle-copy plasmid pNN608 was measured by B-galactosidase assays performed essentially as previously
described (11, 38). Briefly, the E. coli strains CR6000 (parental acrABp-lacZ), CR7011(AacrR acrABp-lacZ),
and DH7169 (parental that contains the promoterless lacZ [pless-lacZ] control plasmid pNN387 and was
used as a B-galactosidase background control) were grown overnight in LB containing 20 wg/mL of
chloramphenicol (LB-chl). The following day, the cultures were subcultured 1:1,000 into LB-chl and
allowed to grow at 37°C with agitation for 3 h. EtBr or polyamines (prepared as described above) were
then added at a final concentration of 100 M or 5 mM, respectively, and cells were incubated for an
additional hour, concentrated 20x, and their B-galactosidase activity measured.

Growth curve experiments. To determine the effect of EtBr, putrescine, cadaverine, and spermidine
on E. coli growth in the presence and absence of acrR, we prepared overnight cultures in LB of strains BW25113
(parental) and DH7311 (AacrR). These cultures were then subcultured 1:1,000 into 96-well microplates containing
100 uL of LB (untreated) or LB supplemented with 100 wM EtBr or 5 mM polyamine. We then measured the
ODy,, of each well every 4 min for 18 h, with 15 s of agitation prior to each read, using a Victor Nivo S5 multi-
mode plate reader (PerkinElmer, Waltham, MA).

Determination of the MICs of polyamines. The MICs of putrescine, cadaverine, and spermidine for
the parental (BW25113), AacrR (DH7311), and AacrB (CR5000) E. coli strains were determined using the standard
broth microdilution method as previously described (39), with the following modifications. LB was chosen instead
of cation-adjusted Mueller-Hinton broth (MHB) because MHB is not usually recommended for testing polycationic
molecules (39) and to be able to directly relate our MIC findings to our gene expression and growth experiment
results, which were all performed using LB. Briefly, all MIC assays were conducted in 96-well microplates using 2-
fold serial dilutions of the tested compounds in 100 L LB. Wells were inoculated using cells that were first grown
overnight in LB and then washed in sterile 0.85% saline prior to standardizing their OD,,, to a 0.5 McFarland
standard. OD,,, measurements after 18 h of growth were made using a Victor Nivo S5 multimode plate reader,
and the MIC was determined as the compound concentration that produced a 95% reduction or greater in
growth compared to the untreated.

Identification of AcrR-regulated polyamine genes. Candidate polyamine metabolism or transport
genes regulated by the AcrR repressor were first selected by identifying those polyamine-related genes signifi-
cantly upregulated in the AacrR mutant compared to the parental strain in a previously published microarray
(27). In this search, the puuA putrescine metabolism gene and the mdtUJI spermidine export operon were
both found to be regulated by AcrR. To determine if such regulation may be direct, we searched for predicted
AcrR-binding sites within and in the 1,000-bp upstream promoter regions of puuA and mdtUJI using the 24-bp
AcrR-binding site in the acrAB promoter (5'-TACATACATTTGTGAATGTATGTA-3') (25) and the Colibri search
tool (http://genolist.pasteur.fr/Colibri/) set at a cutoff of 11 mismatches.

Statistical analysis. Statistically significant differences in B-galactosidase, growth curve, and MIC
experiments were determined using the t test (two independent samples with equal variance, two-tailed
distribution) using Microsoft Excel 2019 software.
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