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EmrE, a multidrug antiporter from Escherichia coli, has presented
biochemists with unusual surprises. Here we describe the trans-
formation of EmrE, a drug/H* antiporter to a polyamine importer
by a single mutation. Antibiotic resistance in microorganisms may
arise by mutations at certain chromosomal loci. To investigate this
phenomenon, we used directed evolution of EmrE to assess the
rate of development of novel specificities in existing multidrug
transporters. Strikingly, when a library of random mutants of
EmrE was screened for resistance to two major antibacterial
drugs—norfloxacin, a fluoroquinolone, and erythromycin, a macro-
lide— proteins with single mutations were found capable of con-
ferring resistance. The mutation conferring erythromycin
resistance resulted from substitution of a fully conserved and
essential tryptophan residue to glycine, and, as expected, this pro-
tein lost its ability to recognize and transport the classical EmrE
substrates. However, this protein functions now as an electro-
chemical potential driven importer of a new set of substrates:
aliphatic polyamines. This mutant provides a unique paradigm
to understand the function and evolution of distinct modes of
transport.
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he emergence of multiple antibiotic resistance poses a serious
threat to the treatment of infectious diseases (1). Active re-
moval of antibiotics, both drug-specific and multidrug, are im-
portant determinants of resistance (2, 3). Transporters and
multidrug transporters (MDTs) are capable of removing noxious
compounds away from their target to the medium in the case of
microorganisms or to subcellular organelles in fungi and plants.
In Escherichia coli, the MDTs are specialized and well organized
so that, for example, the AcrAB-TolC complex, considered the
major MDT in this organism, removes drugs only from the peri-
plasm, whereas other MDTs such as EmrE and MdfA remove
them from the cytoplasm to the periplasm (4). In addition, the
multitude of MDTs display overlapping specificities, which intro-
duces a degree of redundancy that can act as a compensatory
backup mechanism, should one protein become nonfunctional
due to a mutation in a critical residue. Overall, the MDT system
provides a very robust survival mechanism. This very survival
strategy is what poses a serious threat in the treatment of in-
fectious diseases because it severely limits the use of antibiotics
that are also substrates of many of these multidrug transporters.
Therefore, we embarked on a study of the flexibility, promiscuity,
and evolvability of these transporters to provide tools to un-
derstand the mechanisms of emergence of antibiotic resistance.
The Small Multidrug Resistance (SMR) proteins provide an
experimental paradigm to study the evolution of the large modern
transporters (5). SMRs display a remarkable plasticity regarding
topology in the membrane, interaction between subunits, and in-
teraction with substrates (6). The SMR family consists of proton-
coupled transporters. The best-studied protein of this family is the
E. coli EmrE, which recognizes a wide range of aromatic cations
and removes them from the cell in exchange for two protons (5).
We used directed evolution to assess the evolvability of EmrE
and to understand the emergence of new specificities in MDTs.
A library of EmrE random mutants was screened for resistance
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to two antibiotics—norfloxacin, a fluoroquinolone, and erythro-
mycin, a macrolide. Macrolides and fluoroquinolones are among
the major antibacterial drugs in current clinical use in humans
(2). Erythromycin is a large molecule, composed of a 14-mem-
bered lactone ring with two sugars, much larger than the com-
mon substrates of SMR proteins (2). Strikingly, single mutations
confer new specificities to EmrE (Fig. S1). The mutation con-
ferring a robust resistance to norfloxacin resulted from re-
placement of Leu by Phe in TM2. The new mutant gained a new
specificity but also conserved its ability to transport most of the
original substrates. On the other hand, the mutation conferring
resistance to erythromycin was a replacement of Trp63, a fully
conserved and essential amino acid (7). Interestingly, this mutant
completely lost the capacity to recognize and remove the clas-
sical substrates of EmrE but gained, in addition to its ability to
confer resistance to erythromycin, a completely new function—
the ability to import polyamines into the cell. Thus, a single mu-
tation in an essential residue transforms a drug/H+ antiporter
into a polyamine importer and provides a unique paradigm to
understand the coupling mechanism and evolution of distinct
modes of transport.

Results

Isolation of Mutants That Confer Resistance to Macrolides and
Fluoroquinolones. To select for mutants that confer novel resis-
tances, a library containing random mutants of EmrE was generated
and transformed into E. coli BW25113 AemrE AmdfA, a strain used
in our laboratory to test activity of EmrE mutants (4, 8). About 4 x
10° transformants were inoculated to 10-20 LB-agar plates con-
taining the antibiotic at concentrations not permissive for growth
of cells expressing wild-type EmrE. Plasmids were prepared from
colonies isolated from such plates in the first screen and used to
retransform E. coli BW25113 AemrEAmdfA for phenotype verifi-
cation. Plasmids from independent colonies were sequenced.

In the norfloxacin screen, an isolate bearing two mutations,
L47F and D84G, was found to confer resistance to this antibiotic
(Fig. 14). In this experiment, decimal dilutions of logarithmic
cultures were plated and growth was assessed after 24-36 h.
To identify which mutation is responsible for the phenotype,
mutations were separated, and the growth phenotype of cells
bearing plasmids with single mutations revealed that the LA7F
mutation is sufficient to confer full resistance whereas the EmrE
D84G mutant is unable to grow on norfloxacin, similar to what is
observed for EmrE or the empty vector (Fig. 14). The EmrE
LA7F mutant was also found to confer resistance to another
fluoroquinolone, ofloxacin (Fig. S24). The resistance that the
EmrE L47F mutant confers to these antibiotics is very robust and
even greater than that conferred by SsmE from Serratia mar-
cescens, the only SMR homolog reported to confer resistance to
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Fig. 1. EmrE mutants that confer resistance to norfloxacin and to erythro-
mycin. (A) The L47F mutation is responsible for the resistance to norfloxacin.
E. coli BW25113 AemrEAmdfA cells transformed with pSN1 (vector), pSN1-
EmrE, or pSN1 with each of the mutants were grown overnight at 37 °Ciin LB
medium containing chloramphenicol. Five microliters of serial dilutions
of the culture were spotted onto LB plates containing 30 mM BTP (pH 7.0),
200 uM IPTG, with or without the addition of 0.1 ug/mL or 0.2 ug/mL nor-
floxacin. Growth was analyzed after an overnight incubation at 37 °C. (B)
Replacement of the essential amino acid Trp63 by Gly (W63G) confers re-
sistance to erythromycin. Growth was assayed and analyzed as above except
that the plates contained 150 uM erythromycin instead of norfloxacin.

fluoroquinolones (9). The amino acid at the equivalent position
in SsmE is leucine as in wild-type EmrE. This suggests that other
determinants in the norfloxacin resistance are likely to exist.
Furthermore, it was observed that the specificities of EmrE L47F
toward the common substrates of the wild-type protein are al-
tered. The ability of this mutant to confer resistance to acriflavine
is moderately reduced, whereas its ability to confer resistance to
ethidium is not affected (Fig. S2B). The EmrE LA7F mutant,
however, loses its ability to confer resistance to methyl viologen
(MYV). The finding that this position affects the ability of EmrE
to confer resistance to MV complements previous studies that
located residues in TM2 that influence MV resistance (10).

In the erythromycin screen, the mutant isolated carried muta-
tions in three codons that generated the triple mutant W63G, 168N,
and Q81L. To identify the residue responsible for the phenotype,
genes with the single mutations or combinations were generated,
and cells bearing each of them were assayed for erythromycin
resistance. The results of such an experiment are shown in Fig.
1B. As can be seen, the originally isolated triple mutant displays
weak but distinct growth at all of the dilutions tested. Of all of
the three mutants derived from it, only W63G conferred a simi-
lar resistance. We conclude that replacement of the bulky Trp
residue at position 63 with the smallest amino acid Gly is necessary
and sufficient to confer resistance to erythromycin. When the Trp
residue was replaced with Ala rather than Gly, an amino acid with
only an additional methyl group, the mutant protein did not confer
detectable resistance (Fig. S3). The result suggests that the volume
of the side chain is critical and that only Gly can support eryth-
romicin resistance. To support the conclusion that the resistance
is due to the activity of EmrE, we generated a double mutant
that, in addition to the Gly replacement at position 63, carried
a mutation in the catalytic Glul4 that was replaced with Cys.
Indeed, this double mutant (W63G E14C) does not confer re-
sistance to erythromycin, and the finding shows that Glul4 is
essential also for erythromycin resistance. We conclude that
functional EmrE is essential for the resistance that is most likely
achieved by active removal of the antibiotic from the cytoplasm.
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Mutation at Position 63 Inactivates the Previously Known Functions of
EmrE. Trp63 is completely conserved in the SMR family, and we
previously showed that it is essential for EmrE function (7).
However, because we did not previously use a Gly replacement,
we investigated the W63G mutant. A quick estimate of the
protein function is based on its ability to allow growth under
otherwise nonpermissive conditions. Thus, E. coli cells express-
ing wild-type EmrE or any of the other mutations obtained in the
original mutant (I68N or Q81L) grow in the presence of acri-
flavine or ethidium (Fig. S44). However, and as expected from
a replacement of an essential residue, cells expressing W63G are
unable to grow under these conditions (Fig. S44). Furthermore,
binding of the high-affinity substrate tetraphenyl phosphonium
(TPP™) to the purified W63G protein (Fig. S4B) and transport
of MV (Fig. S4C) in reconstituted proteoliposomes were com-
pletely abolished as well.

We conclude that replacement of the essential bulky Trp with
the smallest amino acid completely abolishes the well-charac-
terized function of EmrE and generates a protein with novel
specificities.

Deleterious Effect of the W63G Mutation on Growth. The resistance
to erythromycin conferred by the W63G mutant is distinct but
weak (Fig. 1B). To provide a more quantitative estimate of the
resistance, we determined the ICsy for inhibition of growth in
liquid. The ICsgs significantly increased from 41 + 3.5 and 49 +
2.5 pM for strains bearing EmrE or just the pSN1 plasmid, re-
spectively, to 63 + 2.5 and 76 + 2.8 uM for W63G and the triple
mutant, respectively. We also screened for function in strains
devoid of AcrB, the major multidrug transporter in E. coli that
should have lower basal resistance to erythromycin as predicted
by previous work (11, 12). Previously, while testing the pheno-
type of EmrE W63G in BW25113 AemrEAmdfA cells, we ob-
served that these cells grew quite poorly even on the control
LB-agar plates (Fig. 1B and Fig. S3, Left). When we tested the
resistance to erythromycin in two other BW25113 knockout
strains, AacrB and AacrB AemrE, we found that cells bearing the
W63G mutation were unable to grow even on the control plates
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Fig. 2. Growth of E. coli BW25113 AacrB cells expressing the mutant W63G
is inhibited by BTP and putrescine. (A) Different strains of E. coli BW25113
cells were transformed with pSN1 (vector), pSN1-EmrE, or pSN1-W63G, and
growth was assayed and analyzed as in Fig. 1A. (B) E. coli BW25113 AacrB
cells transformed with the plasmid pSN1-EmrE (circle), pSN1 (square), or
pSN1 with the EmrE W63G mutant (triangle) were grown overnight at 37 °C
in LB medium containing chloramphenicol. Cultures were then diluted into
LB medium containing 200 xM IPTG and increasing concentrations of BTP
(pH 7.0). Growth was analyzed after 6 h incubation at 37 °C. (C) The same
experiment conducted for B was repeated, using putrescine instead of BTP.
The molecular structure of both BTP and putrescine are shown inside each of
their respective graphs. The pK, values of BTP are 6.8 and 9.0 and of pu-
trescine are 9.2 and 10.65.
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containing no toxins, compared with EmrE and the empty vector
(Fig. 24, Right and Center). These results raised the question of
what could cause this growth inhibition of cells expressing the
EmrE W63G mutant.

An early assumption was that this phenomenon could be
a result of the overexpression through the induction by isopropyl
p-D-1-thiogalactopyranoside (IPTG). This was ruled out because
BW25113 AacrB cells transformed with the different mutants
showed the same growth pattern with and without IPTG (Fig.
S5). Interestingly, under all conditions, cells transformed with
constructs containing the W63G mutation with different com-
binations of the other two mutations present in the original
screen mutant (I68N and Q81L) show no growth impairment
(Fig. S5). This finding suggests that the I68N and Q81L muta-
tions suppress the weak growth of mutants bearing solely the
W63G mutation and are, most likely, the reason why the two
additional I68N and Q81L mutations were present in the mutant
found in the screen: although not involved in the erythromycin
resistance, they allowed for a more robust growth than would be
achieved with the single W63G mutation.

Because the phenotype of EmrE is sensitive to pH, the solid
media used to test growth is buffered with Bis-Tris-Propane
(BTP), a buffer that can be used over a broad range of pH val-
ues. We previously showed that this buffer is innocuous to many
E. coli strains bearing a large variety of plasmids and mutants
tested in our laboratory (13). However, because growth was
normal in plates with no BTP, we tested growth of BW25113
AacrB cells transformed with a plasmid bearing the W63G mu-
tation. Strikingly, growth was practically fully inhibited when
tested in liquid media already at 5 mM BTP (Fig. 2B). BTP had
no effect even at 50 mM when growth was monitored in cells
carrying vector or wild-type EmrE (Fig. 2B). The inhibition is not
due to a general effect of buffers because neither the closely
related Tris buffer nor 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes), another “good buffer,” had a significant effect on
growth even at concentrations of up to 50 mM.

In the BTP molecule, a short aliphatic chain connects two
tertiary amines (Fig. 2B). Because the growth inhibition does
not occur in the presence of Tris, the building block of BTP with
a single amine, we looked into similar molecules with two sec-
ondary or tertiary amines held together by a short aliphatic chain.
Our attention focused on the polyamine putrescine. Concentrations
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as low as 6 mM putrescine reduced growth to about 40%, and
growth was practically fully inhibited at 25 mM (Fig. 2C). Pu-
trescine had no effect on growth of cells expressing EmrE or
mock-transformed with the vector (Fig. 2C). This suggests that it is
the polyamine chain in the BTP molecule that results in the growth
inhibition observed in cells expressing the EmrE W63G mutant.

EmrE W63G Is a Putrescine Transporter. In an attempt to understand
how putrescine can cause such an effect on the growth of bac-
teria expressing EmrE W63G, uptake of radiolabeled putrescine
by whole cells was measured. For these experiments, BW25113
ApuuP cells were used. In these cells, the chromosomal puuP
gene, coding for a putrescine transporter, was inactivated. The
cells were grown in minimal medium, and expression was in-
duced before the transport assay by the addition of IPTG. A
time-dependent increase in putrescine uptake was observed in
cells expressing the EmrE W63G mutant but not wild-type EmrE
(Fig. 34). Uptake was inhibited by preincubation with the un-
coupler CCCP. No significant uptake was observed when cells
transformed with either wild-type EmrE or with the vector alone
were similarly assayed. These findings indicate that the EmrE
W63G mutant facilitates energy-dependent accumulation of pu-
trescine in cells, and this accumulation is, most likely, the cause of
the observed growth inhibition.

On the other hand and as expected from the finding that it does
not confer sensitivity to BTP (Fig. 1B, Left, and Fig. S5), the original
triple mutant (W63G I68N QS81L) does not catalyze putrescine
accumulation (Fig. 3B). When analyzed separately, we found that
the mutation QS8I1L by itself has only a weak suppressor effect on
the putrescine transport activity of the W63G mutant. However,
168N practically completely abolishes transport (Fig. 3B).

A replacement with Ala at position 63 did not confer sensi-
tivity to BTP (Fig. S3), and indeed the W63A mutant does not
mediate uptake of putrescine (Fig. 3C). This result suggests that
the complete removal of Trp at this position is essential for
acquiring the new transport mode.

The W63G E14C mutant is also unable to catalyze putrescine
accumulation (Fig. 3C), as expected from its failure to convey
sensitivity to BTP (Fig. S3). This result supports the contention
that the negative charge at position 14 is critical not only for
the exchange activity of EmrE but also for the uptake of the
polyamine molecules.

Fig. 3. ["C]Putrescine is accumulated in cells ex-
pressing EmrE W63G. (A-C) E. coli BW25113 ApuuP
cells transformed with the plasmid pSN1 and the in-
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To learn about the specificity of the putrescine transport
activity, we tested inhibition by other polyamines. BTP, sper-
mine, and spermidine inhibit putrescine accumulation with rel-
atively similar potency with 50% inhibition in the low millimolar
range (Fig. 3D).

To characterize the kinetic properties of this newly evolved
transport activity, the apparent K;;, was determined by measuring
initial transport rates at various concentrations of putrescine and
found to be 790 + 46 uM. The V;,.x was 940 + 270 pmoles/min/
3 x 10° cells.

EmrE W63G Supports Growth on Putrescine. We assume that the
inhibition of growth is due to the fact that, in rich medium, the
putrescine utilization pathway is repressed (14) and the putres-
cine transported by the W63G mutant accumulates to high
concentrations. However, putrescine can also be used as a car-
bon and nitrogen source by E. coli under conditions at which the
putrescine utilization system is derepressed (such as minimal
medium) (15). In addition to the intracellular enzymes required,
the metabolism of putrescine needs the product of the PuuP
gene, a putative putrescine transporter (15). ApuuP cells trans-
formed with either EmrE, W63G, the triple mutant, or with the
pSN1 plasmid with no insert were capable of growing in a me-
dium supplied with glucose as carbon and energy source and
ammonium as a nitrogen source (Fig. 44, Left). In contrast, only
cells transformed with W63G were able to grow with putrescine
as the sole nitrogen source (Fig. 4 A, Right, and B). Transport of
putrescine mediated by W63G supports growth under conditions
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Fig. 4. EmrE-W63G is capable of supporting growth of BW25113 ApuuP
when putrescine is the sole nitrogen source. (A) BW25113 ApuuP E. coli cells
transformed with pSN1, pSN1-EmrE, pSN1-EmrE W63G, or pSN1-EmrE W63G
168N Q81L (triple) were streaked onto minimal medium plates containing
W-salts, glucose (as the carbon source), and (NH;),SO4 (W + Glu + AS) or
putrescine (W + Glu + Put) as the sole nitrogen source. Growth was analyzed
after a 48-h incubation at 37 °C. (B) Growth was conducted in minimal media
with putrescine as the sole nitrogen source, and ODggo readings were taken
every hour for 30 h. Triangles: EmrE W63G; circles: EmrE; squares: pSN1 (vector).
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where the putrescine utilization pathway is induced. The same
transporter inhibits growth when the metabolism is repressed.

Transport Activity of Purified EmrE W63G Reconstituted in Proteoli-
posomes. The experiments described above strongly support the
notion that the uptake into the cell is energy-dependent and
mediated by the W63G mutant. To directly support this con-
tention, the W63G mutant was purified and reconstituted into
proteoliposomes. To provide a driving force, we generated a
membrane potential by dilution of K*-loaded proteoliposomes
into a medium with no potassium in the presence of valinomycin,
a K*-specific ionophore. Upon imposition of the potential, W63G
proteoliposomes, but not EmrE ones, accumulated putrescine in
a time-dependent manner (Fig. 54). Accumulation was inhibited
by agmatine, BTP, and erythromycin (Fig. 5B). In the absence of
valinomycin, no significant uptake was observed.

Discussion

The original aim of our work was to explore the evolvability of
transporters to acquire novel resistances. We used EmrE as an
experimental paradigm and subjected it to directed evolution
and selection in clinically relevant antibiotics. To our surprise,
a single mutation, L47F, was sufficient to confer a very robust
resistance to at least two fluoroquinolones, and another single
mutation, W63G, conferred a weak but distinct resistance to
erythromycin and other macrolides. This high evolvability pro-
vides a distinct advantage to the organism but poses a serious
challenge to the treatment of infectious diseases by the resistant
organism. Drug resistance provided by a transporter is energet-
ically expensive because it requires continuous energy input to
remove a drug that will eventually leak back into the cell.
However, it provides the first barrier and provides the organism
an essential time window needed to accumulate additional less
energetically “expensive” mutations.

The norfloxacin resistance conferred by the L47F mutation
was even stronger than that reported for SsmE, an SMR protein
from S. marcensces that was reported to confer resistance (9). To
our knowledge, norfloxacin is the first zwitterionic substrate
described for the SMRs. All of the classical well-characterized
substrates are cationic, and most of them are aromatic. The
ability of this mutant to confer resistance to acriflavine is mod-
erately reduced, whereas its ability to confer resistance to ethi-
dium is not affected. The EmrE L47F mutant, however, loses its
ability to confer resistance to MV. The finding that this position,
located in TM2, affects the protein’s ability to confer resistance
to MV complements previous studies that located residues in
TM2 that influence MV resistance (10). The leucine at position
47 is highly conserved in the family, and, when the substitution
to phenylalanine was introduced to the homolog BPsmr from
Bordetella pertussis, the resulting mutant conferred resistance to
norfloxacin, and the ability to recognize the “classical” substrates
was not affected by the mutation (Fig. S6). On the other hand,
the corresponding mutation in TBsmr, from Mycobacterium tu-
berculosis, did not confer resistance to norfloxacin and lost its
ability to confer resistance to all three other substrates (Fig. S6).
These results show that the same mutation in different homologs
can result in resistance to a new, chemically different substrate,
with varied effects on the resistance to common substrates of the
wild-type proteins. In a bioinformatic analysis, several homologs
with phenylalanine at this position, for example, a homolog from
Bacillus anthracis, were found and further study of these homo-
logs may be valuable.

In the erythromycin screen, a very interesting mutant—EmrE
W63G—was found to confer resistance to this antibiotic. This
was a very surprising result because tryptophan at position 63 is
fully conserved in the family and is essential for the protein’s ac-
tivity (7). Indeed, it was observed that the EmrE W63G mutant
loses its ability to confer resistance to acriflavine and ethidium;
it does not bind the high-affinity substrate TPP" and does not
transport MV?*. We speculate that the erythromycin resistance
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Fig. 5. EmrE-W63G but not EmrE is capable of mem-
brane potential driven [*H]putrescine uptake when
reconstituted into proteoliposomes. Proteoliposomes
reconstituted with purified EmrE or EmrE-W63G
loaded with 150 mM KCl and 20 mM K-Hepes (pH 7.5)
were diluted into a medium containing 150 mM Nadl,
20 mM Na-Hepes (pH 7.5), 100 xM [*H]putrescine, and
10 uM of the potassium ionophore valinomycin (to
generate the membrane potential). Transport was
then measured over time as described in Materials and
Methods. (A) Squares: EmrE-W63G; circles: EmrE B. The
same transport reaction was carried out with EmrE-
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is possible as a result of the large aromatic tryptophan being
substituted by the small glycine, thus allowing the movement of
the bulky erythromycin molecule, which is much larger than the
common EmrE substrates. Moreover, this gain-of-new-function
mutation appears to be specific to glycine in this position because
alanine with only an additional single methyl in the EmrE W63A
mutant eliminates the erythromycin resistance.

An exciting and unexpected feature of the EmrE W63G mu-
tant was revealed by complete serendipity. The original mutant
had three mutations, and it grew very well in the host cell. When
we separated the mutations, it became evident that E. coli
BW25113 AemrEAmdfA cells expressing the single W63G mu-
tant grew quite poorly. This phenomenon is accentuated in
BW25113 knockout strains lacking the acrB gene, where EmrE
W63G-expressing cells are completely unable to grow on the
control plates. This finding suggests that the W63G mutation was
found in the screen due to the presence of these two other
suppressor mutations. It is not uncommon that overexpression of
membrane proteins impairs growth, but in this case we showed,
as described in Results, that the presence of the BTP buffer
prevents the cells from growing. Because an aliphatic chain in
the BTP molecule connects two amines, we tested the effect of
similar molecules. We found that putrescine results in a similar
dramatic growth inhibition of cells expressing EmrE W63G and
showed that this inhibition is due to accumulation of putrescine
inside the cells, observed in an assay of putrescine uptake by
whole cells and in proteoliposomes reconstituted with purified
protein. We also confirmed the transporter function as it com-
plements growth when putrescine is the sole nitrogen source in
a strain where a chromosomal putrescine transporter was inac-
tivated and under conditions where the putrescine utilization
pathway is derepressed.

The significance of this finding is that a single mutation con-
verts a well-behaved drug-H* antiporter into a protein that can
catalyze a different function: putrescine import. Is this a “bro-
ken” transporter that allows movement of some substrates driven
by a membrane potential? The W63G mutant is not a nonspecific
channel because it is not toxic to the cell unless polyamines are
present in the growth medium. Transport of putrescine is satu-
rable and can be competed with by other substrates such as BTP
and other polyamines. The specificity is dramatically changed
because the W63G mutant cannot perform any of the previously
known functions: it cannot confer resistance to ethidium or ac-
riflavine, it does not bind the high-affinity ligand TPP*, and it
does not transport MV** in proteoliposomes. We speculate that
Trp63 serves a dual role as a hydrophobic gate: it provides
a binding determinant for aromatic cations by n-cation or stacking
interactions (16) and, when a substrate binds, it induces the
change in conformation needed for translocating the substrate to
the other side of the membrane. When Trp63 is completely re-
moved (replaced with Gly), the gate is removed together with
a major binding determinant. We cannot at the moment conclude
whether putrescine uptake is coupled to proton movement or
simply a uniport mechanism. This is due to the fact that putrescine
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10 W63G proteoliposomes for 2 min as mentioned above
but also including increasing concentrations of agma-
tine (circles), BTP (squares), or erythromycin (triangles).

is a weak base and the protonated form can permeate the mem-
brane passively. Determination of the coupling mode and the
stoichiometry requires further investigation, but the finding that
the essential Glu14 is neccesary for transport suggests that it may
also supply the protons for a symport process.

A mutation phenomenologically similar was previously ob-
served in Bacteriorhodopsin where replacement of a highly con-
served and essential aspartate (Asp85) with threonine completely
abolished the proton extrusion activity but generated a protein
capable of pumping CI™ ions in the opposite direction (17). In
other cases, the ability of the CI7/H" antiporter was modified so
that the coupling to proton movement is abolished but the mutant
generated can still translocate Cl™ ions; i.e., the specificity was
retained (18). The W63G mutation is unique because the trans-
porter can function as an antiporter with erythromycin (as judged
from its ability to confer resistance) and as a uniporter/symporter
when putrescine or BTP are the substrates. Further study of this
phenomenon should provide important clues for understanding
the basis of the coupling mechanism and to further document
a unique case where the mode of coupling is dictated by the
substrate—protein interaction and not only by the native mecha-
nism of the protein.

Materials and Methods

Bacterial Strains and Plasmids. E. coli BW25113 strain was used throughout
this work (Table S1). BW25113 AemrEAmdfA, AacrB, and ApuuP individual
knockouts and combinations were prepared according to Datsenko and
Wanner (19) and described by Tal and Schuldiner (4).

The plasmid used for gene expression is pSN1, a derivative of pACYC184
(20). Tagged EmrE is fused at the C terminus to a Myc epitope followed by
Hisg residues (21). For simplicity, this construct is named EmrE throughout
the article.

Growth Conditions. Cells were grown at 37 °C with shaking in LB or minimal
medium A supplemented with 0.5% (wt/vol) glucose (22). The solid medium
LB-agar has the same composition but with additional 1.5% (wt/vol) agar.
When needed, chloramphenicol (34 ug/mL) was added to the medium.

Resistance to Toxic Compounds on Solid Medium. For testing resistance on
solid medium, E. coli cells were transformed with the indicated plasmid and
were grown overnight at 37 °C in LB medium with the corresponding anti-
biotic. The cultures were diluted to Agoo = 0.5, and 5 uL of serial dilutions of
the culture was spotted onto LB plates containing 30 mM BTP, pH 7.0, with
or without the addition of the indicated concentrations of the antibiotics or
toxic compounds. IPTG (200 M) was added for induction of expression.
Growth was visualized after overnight incubation at 37 °C. Ethidium bro-
mide, acriflavine, MV, and erythromycin were obtained from commercial
sources. All of the experiments were repeated at least twice.

Resistance to Toxic Compounds in Liquid Medium. For resistance in liquid
medium, overnight cultures were diluted 100-fold into LB medium, grown to
early logarithmic phase, and diluted to Aggo = 0.01 in LB medium containing
30 mM BTP, pH 7.0 (or another mentioned buffer) and the indicated con-
centrations of toxic compounds in a 96-well plate (Nunc) at 37 °C with
constant shaking. ODggo readings were taken every hour for 48 h using
a Synergy 2 Microplate Reader (BioTek). The experiment was carried out in
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triplicate and repeated twice. For growth in minimal medium, overnight LB
cultures were washed with 1x W-salts (23) and resuspended in minimal
medium [which contained 1x W-salts, 2% (wt/vol) glucose, 2.5 pg/mL thia-
mine, 34 ug/mL chloramphenicol, 200 xM IPTG, and 0.5% putrescine] to
a final OD of 0.01, and growth was followed as described above.

Expression and Membrane Preparation. E. coli BW25113 cells carrying the
plasmid pSN1 containing the constructs of interest were grown at 37 °C in
minimal medium A supplemented with 0.5% (wt/vol) glucose and 34 ug/mL
chloramphenicol. When the culture reached an Agyo of 1.0, IPTG was added
to a final concentration of 2 mM to induce protein production. The cultures
were incubated at 37 °C with continuous shaking for 2 h. The cells were then
harvested by centrifugation and washed with buffer containing 150 mM
Nacl, 15 mM Tris-HCl, pH 7.5 (Na buffer), and 250 mM sucrose (Na—sucrose
buffer). Cells were then resuspended in Na-sucrose buffer containing 14.7
mM B-mercaptoethanol, 2.5 mM MgSO,, 15 ug/L culture DNase, and 1 mM
phenylmethanesulfonyl fluoride and broken using a French press or a LV1
microfluidizer (Microfluidics) at 16,000 psi. Unbroken cells were sedimented by
centrifugation, and the membrane fraction was collected by ultracentrifuga-
tion at 244,717 x g for 1.5 h at 4 °C and resuspended in Na-sucrose buffer. The
membranes were rapidly frozen in liquid nitrogen and stored at —70 °C.

Reconstitution into Proteoliposomes. Reconstitution was performed by solu-
bilizing 1,200 xL of membranes (containing ~4.5 ug His-tagged protein) in 2
mL of Na buffer containing 1.5% n-dodecyl g-maltoside (Glycon GmbH), 0.5
mM PMSF, and 15 mM p-mercaptoethanol. After removal of unsolubilized
material by centrifugation (208,000 x g for 30 min), imidazole was added to
20 mM, and the His-tagged protein was incubated with Ni**-nitrilotriacetic
acid beads (Qiagen) for 1 h at 4 °C. The beads were washed with at least
2 mL of Na buffer containing 1% n-octyl -p-glucopyranoside (OG) (Glycon
GmbH), 30 mM imidazole, and 15 mM p-mercaptoethanol. The protein was
eluted with 500 uL of the same buffer containing 200 mM imidazole and
mixed with 375 uL of 10 mg E. coli polar lipid extract (Avanti) in Na buffer
and 1.2% OG. Eluted protein and phospholipids were sonicated together in
a bath-type sonicator to clarity and diluted in buffer containing 1 mM DTT
and either 0.19 M NH,Cl, 15 mM Tris-HCl, pH 7.5 (for the generation of a pH
gradient in the assay), or 150 mM KCl with 20 mM K-Hepes, pH 7.5 (for the
generation of a membrane diffusion potential). After 20 min at room
temperature, samples were centrifuged at 208,100 x g for 70 min, and the
pellet was resuspended in 100 uL of the corresponding buffer, frozen in
liquid air, and stored at —70 °C. Before the transport assay, the proteolipo-
somes were thawed at room temperature and sonicated lightly to clarity.

Generation of Random Mutagenesis Libraries and Screening. The GeneMorph II
Random Mutagenesis Kit (Stratagene) was used to create a library of mutants.
A solution containing Mutazyme ll—a blend of two error-prone DNA poly-
merases—and its appropriate buffer and 200 M dNTPs was prepared. To
obtain mutations in the entire gene, external primers at 20 uM each were
used. The product of the PCR was then used as a “megaprimer” to insert the
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library of mutants into an expression vector. This was carried out as de-
scribed for the Quick Change mutagenesis protocol (Stratagene).

This library was then transformed into competent DH5a cells and plated,
and the transformants were collected and used to prepare plasmid DNA. E.
coli BW25113 AemrEAmdfA cells were transformed with the above library,
and about 4 x 10° cells were plated on LB plates containing either nor-
floxacin (0.2 pg/mL) or erythromycin (300 xM), concentrations that are not
permissive for cells bearing empty plasmid or wild-type EmrE. A total of 10—
20 transformations were carried out in parallel to obtain a sufficient number
of mutants, but we usually were able to isolate at least one from each
individual plate.

Uptake of ["*C]Putrescine in Whole Cells. E. coli BW25113 ApuuP cells were
grown overnight at 37 °C in minimal medium A, pH 7.0, supplemented with
0.1% glucose and 34 ug/mL chloramphenicol. Cultures were then diluted to
Agoo = 0.1 in fresh minimal medium A with the aforementioned supplements
and grown at 37 °C until they reached Agpo = 0.4. IPTG (2 mM) was then
added for induction, and the cultures continued to grow for additional 1.5 h.
The cells were then harvested at 3,220 x g for 10 min and resuspended in
wash buffer [100 mM potassium phosphate (pH 7.5), 10 mM MgSO,, and
0.5% glucose]. After thorough washing, the cells were resuspended to a fi-
nal OD of 12 in the wash buffer, and 25 pL resuspended cells were put into
a glass reaction tube and kept at 37 °C. The transport reaction was initiated
by the addition of 25 L 206 pM [*Clputrescine (specific activity 4 Ci/mole).
This reaction was terminated at the indicated time intervals by the addition
of 2 mL of wash buffer followed by immediately passing the cells through
a Whatman GF/C filter. The air in the reaction tubes was supplemented with
extra oxygen throughout the experiment. Radioactivity in the samples was
measured by liquid scintillation counting. Experiments were carried out in
duplicates and repeated at least twice.

Uptake of [*H]Putrescine in Proteoliposomes. Uptake of [*H]putrescine into
proteoliposomes was assayed at 25 °C by dilution of 2 uL of potassium
chloride-containing proteoliposomes into 198 L of a potassium-free solu-
tion containing 100 yM [*H]putrescine (16.25 Ci/mol; Perkin-Elmer), 150 mM
NaCl, and 20 mM Na-Hepes, pH 7.5. A membrane potential was generated
by the addition of 10 xM valinomycin, a potassium ionophore. The reaction
was stopped at the indicated time intervals by dilution with 2 mL of the
aforementioned ice-cold solution and by passing the sample through
a GSWP filter (0.22 um; Millipore). The reaction tubes were then washed
with an additional 2 mL of solution. The radioactivity on the filters was es-
timated by liquid scintillation counting. Experiments were carried out in
duplicates and repeated at least twice.
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