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Chloramphenicol (Cam) is a broad-spectrum antibiotic used
to combat bacterial infections in humans and animals. Cam
export from bacterial cells is one of the mechanisms by which
pathogens resist Cam’s antibacterial effects, and several differ-
ent proteins are known to facilitate this process. However, to
date no report exists on any specific transport protein that facil-
itates Cam uptake. The proton-coupled oligopeptide trans-
porter (POT) YdgR from Escherichia coli is a prototypical mem-
ber of the POT family, functioning in proton-coupled uptake of
di- and tripeptides. By following bacterial growth and conduct-
ing LC-MS– based assays we show here that YdgR facilitates
Cam uptake. Some YdgR variants displaying reduced peptide
uptake also exhibited reduced Cam uptake, indicating that pep-
tides and Cam bind YdgR at similar regions. Homology model-
ing of YdgR, Cam docking, and mutational studies suggested a
binding mode that resembles that of Cam binding to the multi-
drug resistance transporter MdfA. To our knowledge, this is the
first report of Cam uptake into bacterial cells mediated by a
specific transporter protein. Our findings suggest a specific bac-
terial transporter for drug uptake that might be targeted to pro-
mote greater antibiotic influx to increase cytoplasmic antibiotic
concentration for enhanced cytotoxicity.

Amphenicols are phenolpropanoid-based antibiotics that
interact with the P-site of bacterial ribosomes to prevent pro-
tein synthesis, thereby leading to bacteriostasis (1). The
amphenicols include chloramphenicol (Cam),2 thiamphenicol,
florfenicol, and azidamfenicol. Amphenicols are broad-spec-
trum antibiotics, which can kill a number of Gram-positive and
Gram-negative bacteria (2). Cam was the first amphenicol to be
identified during studies of the bacterium Streptomyces venezu-
elae (3), and is still being used for treatment of infections in both

humans and animals, albeit as a last resort due to possible seri-
ous side effects, such as aplastic anemia and genotoxicity (4).

Protein-mediated cross-membrane transport of Cam in bac-
teria has been described upon two instances: first, when Cam
enters Gram-negative bacteria through the outer membrane
channels; for example, by OmpC and OmpF from Escherichia
coli (5), Omp P1 and P2 from Haemophilus influenza (6, 7), and
OmpC, OmpF, and OmpD from Salmonella typhi (8) and then
upon efflux from the cytoplasm through multidrug resistance
transporters, such as MdfA from E. coli (9), CmlA from Psue-
domonas aeruginosa (10) both from the major facilitator super-
family (11), and MexEF and OprN (P. aeruginosa) (12) and
AcrB (E. coli) from the resistance nodulation division (RND)
family (13). Entry of Cam into the cytoplasm is believed to occur
not only through passive diffusion due to its relatively lipophilic
character but also through secondary active transporters (14,
15), and to our knowledge, no specific transporters of the cyto-
solic membrane have been shown to transport Cam into the
cells.

During over-expression studies of the proton-coupled oligo-
peptide transporter (POT) YdgR from E. coli in BL21(DE3)pLysS
(pLysS carries a gene encoding T7 lysozyme and Cam acetyltrans-
ferase (CAT), respectively) cells in the presence of Cam, we
noticed bacteriostasis upon addition of isopropyl �-D-thiogalacto-
side (IPTG) to YdgR expression cultures, despite the presence of
CAT in the host cells. Similar observations were also reported pre-
viously by others (16). This led us to hypothesize that the YdgR
transporter is facilitating the entry of Cam the cells. Here we follow
up on our hypothesis and show directly and indirectly that YdgR is
able to facilitate uptake of Cam. To our knowledge, this is one of
the first reports of Cam uptake, mediated by a specific transporter.

Results

During over-expression of YdgR with Cam in the growth
medium using Cam-resistant BL21(DE3)pLysS cells, we
observed a tendency of bacteriostasis upon induction with
IPTG. As this could suggest high levels of intracellular Cam, we
next tested whether Cam would inhibit YdgR-mediated uptake
of a peptide substrate. For this we utilized the well known YdgR
substrate �-Ala-Lys(AMCA) (17) and YdgR expressed in
BL21(DE3)pLysS cells. In the presence of Cam (0.5 mM) we did
not observe any inhibition of �-Ala-Lys(AMCA) uptake (Fig.
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1B), which indicates that Cam is a poor competitor of peptide
uptake. This prompted us to perform a series of investigations
based on growth curves, minimum inhibitory concentration
(MIC), and LC-MS– based assays to determine whether Cam is
a substrate of YdgR.

Bacterial growth in the presence and absence of Cam

Growth curves of BL21(DE3)pLysS cells transformed with
pTTQ18 –ydgR, pTTQ18 plasmid, and the pTTQ18 —ydgR–
E33Q plasmid, respectively, were followed in the presence of
Cam (34 �g/ml) and ampicillin (100 �g/ml). YdgR–E33Q is a
variant that has a very low transport activity even when being

over-expressed to WT–YdgR levels in BL21(DE3)pLysS cells
(18). In YdgR-expressing cells, the growth became stagnant
after addition of IPTG (Fig. 2A). Cells transformed with the
pTTQ18 plasmid grew continuously irrespective of induction
(Fig. 2B) and a similar trend was observed for YdgR–E33Q (Fig.
2C). These results suggest that growth inhibition is related to
YdgR being expressed and active. Next, we tested whether a halt
in growth would also be observed in BL21(DE3) cells harboring
the pTTQ18 –ydgR plasmid, i.e. the active transporter, grown in
media containing 100 �g/ml of ampicillin only for selection and
induced at the appropriate time; these cells grew uninhibited
(Fig. 2D). Expression of WT–YdgR in BL21(DE3)pLysS cells
has been established previously (18) and Western blot analysis
confirmed that WT–YdgR was also expressed in BL21(DE3)
cells (Fig. 2D).

Taken together these results suggest that in the absence of
Cam neither YdgR over-expression, nor activity have any effect
on growth. Both the presence of Cam in the medium and the
expression of functional YdgR are needed for growth inhibition
of these cells.

To investigate the effect of the extracellular Cam concentra-
tion on the growth of YdgR expressing Bl21(DE3)pLysS cells,
we followed their growth on agar plates in the presence or
absence of IPTG. The Cam concentrations were 32, 48, 64, 96,
and 128 �g/ml (Fig. 3). In the absence of IPTG no growth inhi-
bition was observed at any of the given Cam concentrations,
however, in the presence of IPTG, growth was apparently
reduced already at a Cam concentration of 48 �g/ml (Fig. 3A)
and completely inhibited at 64 �g/ml (Fig. 3B) for cells harbor-
ing pTTQ18 –ydgR but not for pTTQ18 cells. These results
support that over-expression of ydgR in combination with rela-
tively high extracellular levels of Cam results in the BL21
(DE3)pLysS growth inhibition. Experiments using Bl21(DE3) cells,
i.e. absence of pLysS, were also performed, however, we failed to
reach reproducibility in mic values. We believe that this is due
to a very narrow Cam concentration difference between colony
growth and inhibition of cells harboring pTTQ18.

Effects of YdgR expression on intracellular Cam levels

To investigate Cam concentrations in YdgR over-expressing
cells we used a previously established LC-MS– based transport
assay (19). For these assays, we used Bl21(DE3) cells to avoid
enzymatic conversion of Cam by CAT. The Cam product ion of
m/z 194 (Fig. 1A) was found to be the major Cam product ion in
lysates and this ion was used to detect Cam in cell lysates of cells
carrying pTTQ18 –ydgR, YdgR variants, and pTTQ18 plasmid.
Cells harboring the pTTQ18 –ydgR plasmid showed a 5-fold
higher peak height for the product ion m/z 194 compared with
cells harboring the pTTQ18 vector (Fig. 4A). The peak for the
pTTQ18 —ydgR-transformed cells was quenched 5-fold upon
co-incubation with the dipeptide Ala–Ala in 10-fold excess of
the Cam concentration (Fig. 4A). So there clearly are increased
Cam levels in cells over-expressing YdgR, and this effect is
quenchable by Ala–Ala supporting that Cam is likely trans-
ported by YdgR. Cam is also very weakly detectable in cells
harboring the pTTQ18 vector. This could be due to the trans-
port by endogenous YdgR or by other endogenous E. coli pep-
tide transporters (17, 20, 22, 23).

Figure 1. A, LC-MS electrospray ion-trap spectrum of chloramphenicol stan-
dard (15 �g/ml) dissolved in cell lysates. The parent ion at m/z 321 is observed
but of low intensity. The most prominent product ion at m/z 194 was moni-
tored in the uptake assays. B, �-Ala-Lys(AMCA) (0.5 mM) uptake and inhibition
in the presence of Cam (0.5 mM) as a competitor (p value � 0.05, n � 3).
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Figure 3. MIC determination of YdgR and pTTQ18 (pTTQ18 vector) expressing BL21(DE3)pLysS cells and BL21DE3. A, plates supplemented with 0.1 mM

IPTG. B, plates without IPTG induction. n � 3.

Figure 2. Growth curves of YdgR, pTTQ18 vector, and YdgR–E33Q mutant in BL21(DE3)pLysS cells (in the presence of 100 �g/ml of ampicillin and 34
�g/ml of chloramphenicol). Arrow marks indicates time of induction with IPTG. Closed symbols for the cells induced with IPTG and open symbols for cells
without IPTG. A, YdgR; B, pTTQ18 vector; and C, YdgR–E33Q (the insert of Western blot bands are spliced from the same gel). Open squares indicate the growth
of BL21(DE3) cells in the presence of 100 �g/ml of ampicillin and absence of 34 �g/ml of chloramphenicol. D, YdgR; n � 3.
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To characterize whether the proton ionophore CCCP (carbonyl
cyanide m-chlorophenylhydrazone), a compound that dissipates
the proton electrochemical gradient, had any effects on the intra-
cellular Cam levels, we performed the assays in the presence of
CCCP (20) and observed that Cam levels were similar to those
harboring pTTQ18-transfected cells alone (Fig. 4A).

To investigate whether the increased levels of Cam are due to
YdgR-mediated uptake or due to a more indirect effect on the cells’
Cam efflux mechanisms, we performed an ethidium bromide
efflux assay in the presence and absence of over-expressed YdgR.
Transporters that export ethidium bromide are known to also

export Cam (14). The efflux assay showed that there was a 10%
increase in the efflux of ethidium bromide in cells over-expressing
YdgR (Fig. 4F). Thus, Cam efflux has not been compromised by
YdgR over-expression, if anything, it appears to be slightly higher.

Taken together, these findings suggest that Cam is an YdgR
substrate. The led us to characterize the substrate’s properties.
We tested the uptake of Cam as a function of time and observed
fast kinetics (Fig. 4B). Based on the cell volume (24) and Cam
uptake, the internal concentration in cells bearing the pTTQ18
vector was calculated to be 800 �g/ml. Uptake of Cam was also
found to be dependent upon external pH (Fig. 4, C–E); appar-

Figure 4. A, mass chromatograms of chloramphenicol detected in the BL21(DE3) cell lysates of YdgR (thin line), pTTQ18 vector (small dots), YdgR in competition
with Ala–Ala (broken lines). B, time-dependent uptake of chloramphenicol. The optimal uptake of YdgR is at pH 6.5 (100%) and C and E are shown relative to D.
C, uptake of chloramphenicol at pH 5.5. D, uptake of chloramphenicol at pH 6.5. E, uptake of chloramphenicol at pH 7.5, n � 3. F, ethidium bromide efflux in the
presence (closed circles) and absence (pTTQ18, circles) of YdgR. G, mass chromatogram of chloramphenicol in an E. coli parent strain (thin line) and YdgR deletion
strain (broken lines). n � 3.
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ently pH optimum was found to be at 6.5 (Fig. 4D) and at a
minimum at a pH of 5.5 (Fig. 4C). To further validate our
hypothesis that Cam uptake is facilitated by YdgR, we per-
formed uptake assays on E. coli K12 cells and its derivative ydgR
deletion strain (Keio collection, GE Life Sciences). The uptake
of Cam in YdgR deletion cells was reduced by 40% compared
with the parent strain (Fig. 4G). This strengthens our hypothe-
sis that YdgR facilitates Cam uptake.

Cam uptake in YdgR variants compromised in peptide uptake

Having established that YdgR facilitates Cam transport, we
next investigated whether transport of Cam would be effected
in YdgR variants with altered the ability to transport �-Ala-
Lys(AMCA). It is known that E33Q and K130Q are unable to
transport �-Ala-Lys(AMCA), Y38F and Y71F show an interme-
diate level of transport, and Y292F is hyperactive compared
with WT–YdgR (18). All of these residues are either in close
proximity or directly interacting with the peptide as observed
from a POT:peptide crystal structure (25). Using Western blots,
we verified that all variants were expressed and their uptake was
subsequently normalized compared with WT–YdgR (Fig. 5A).
As observed for �-Ala-Lys(AMCA), -E33Q was unable to trans-
port Cam (Fig. 5B), whereas Y292F did not show any hyperac-
tivity as it transported to 60% activity (Fig. 5C). Y38F and Y71F
exhibited transport activity that was �35% (Fig. 5, D and E) thus
comparable with �-Ala-Lys(AMCA) uptake. Uptake by K130Q
was 22% (Fig. 5F) in contrary with the transport �-Ala-
Lys(AMCA) (18). Overall, these results indicate that the YdgR
Cam-binding site is similar to that of �-Ala-Lys(AMCA) but
not strictly identical.

Investigating the YdgR Cam-binding site

To rationalize our functional results and gain more insight
on the YdgR Cam-binding site, we turned to structural analyses
using computational approaches. Docking of Cam into a homo-
logy model of YdgR came up with various conformations (Fig.
6A) of which a single, the highest scoring conformation, was
selected and used for further analyses. Interestingly, in this con-
formation (Fig. 6B) Cam is bound such that a hydrophobic
region consisting of in particular Phe-288 but also Phe-289,
interacts with the nitro-benzyl moiety, and a polar region con-
sisting primarily of Asn-325 and Glu-396; the latter in particu-
lar is in proximity of the Cam hydroxyl groups. Furthermore, a
hydrogen bond between Tyr-38 and the Cam peptide backbone
is observed. Based on these predicted interactions we prepared
alanine variants of residues Tyr-38, Phe-288, Phe-289, and Glu-
396 and, additionally, Glu-396 was mutated to glutamine. First,
expression of all variants was verified by Western blotting (Fig.
7A) and characterized for their activity by measuring the uptake
of �-Ala-Lys(AMCA) in BL21(DE3)pLysS cells. F288A was
found to be hyperactive with an uptake of about 300% relative to
YdgR. All other mutants had an uptake between 5 and 10% (Fig.
7B). The pronounced effects observed suggest that the pre-
dicted Cam-binding site is at least overlapping with the YdgR
peptide-binding site. Second, we tested Cam uptake by
BL21(DE3) cells expressing all Phe-288, Phe-289, and Glu-396
variants (Fig. 7, C–E). Although F289A and E396Q showed
reduced uptake, most interestingly, F288A (Fig. 7E), which was

hyperactive with regards to peptide uptake, was also reduced to
approximately 10% activity. Thus, the effects of these mutations
are in support of the calculated Cam-binding site.

Discussion

Substrate promiscuity has been observed for a number of
transporters and in a number of different transporter families.
P-glycoprotein is known to transport colchicine, quinine, vin-
blastine, and digoxin (26). MdfA is an efflux transporter and is
capable of transporting chloramphenicol, ciprofloxacin, kanamy-
cin, and tetracycline (27). Likewise, the human POT, hPepT1, is a
highly promiscuous transporter, as it is able to transport virtually
all di- and tripeptide and a number of drugs such as �-lactams,
ACE inhibitors, sulpiride, and valacyclovir (28). YdgR is a well
characterized prototypical POT from E. coli with several simi-
larities compared with hPepT1.

Our growth experiments strongly support that YdgR facili-
tates the uptake of Cam into E. coli cells. Ethidium bromide
efflux assay shows that there is minimal effect (10% increase in
efflux) of YdgR over-expression on the efflux systems of cells
and the LC-MS/MS results on YdgR together with YdgR vari-
ants show elevated levels of Cam inside the cells upon over-
expression of YdgR. Finally, a YdgR deletion strain accumulates
significantly less than its parents strain, further substantiating
YdgR-mediated Cam transport. YdgR variants based on dock-
ing also exhibited compromised uptake of Cam and thereby
validate and support our proposed Cam-binding site. Further-
more, Cam uptake has similarities to peptide uptake by YdgR as
it is found to be dependent on extracellular pH and on the
proton electrochemical gradient. Also Cam being a poor com-
petitor of �-Ala-Lys(AMCA) was still translocated by YdgR,
and a similar observation was also reported earlier where ampi-
cillin was reported to be a poor competitor of �-Ala-Lys
(AMCA) although it was a substrate of YdgR in the absence of
�-Ala-Lys(AMCA) (19). Previous studies on uptake of Cam in
E. coli reported an inside Cam concentration of 690 �g/ml,
which was almost a 136-fold accumulation compared with the
outside concentration (15), and the author suggested energized
uptake of Cam. The intracellular concentration attained in our
studies was 800 �g/ml in the cells carrying pTTQ18 vector, and
thus similar to the previously reported value; in the presence of
over-expressed YdgR, however, uptake was increased by 5
times. It is also intriguing that apparently Cam uptake facili-
tated by YdgR over-expressed in BL21(DE3)pLysS leads to bac-
teriostatis despite a functional CAT harbored by the pLysS
plasmid. We speculate that this may be due to saturation of
CAT by the YdgR activity.

Recently, structural information on a transporter–Cam com-
plex has become available; the crystal structure of MdfA in
complex with Cam (29) shows that Cam is bound in a region
between two 6-helix domains of MdfA, a common binding site
of major facilitator superfamily transporters including the
POTs (Fig. 8A) (29). In this structure only three polar interac-
tions are observed between Cam and MdfA (Fig. 8A), whereas a
number of non-polar interactions are observed. As such, the
MdfA Cam-binding site may be divided into a hydrophilic part
and a hydrophobic part (Fig. 8A). Accumulated structural and
functional analyses on POTs (30) have established the impor-
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tance of both peptide termini and a peptide bond for binding to
the POT active site through highly conserved residues (Fig. 8B).
The N terminus of peptide binds to a glutamate residue (Glu-
396 in YdgR), whereas the C terminus interacts with a lysine
(Lys-130 in YdgR); the peptide bond hydrogen bonds with a
tyrosine side chain (Tyr-38 in YdgR) (18, 31). The side chains
are accommodated in the rather large cavity of the POTs. Cam
has neither of the peptide termini, however, it does have a pep-
tide bond, and overall it resembles a dipeptide in size and shape.

According to our docking and mutational studies Cam is able to
utilize the YdgR-binding site in a similar manner as observed
for MdfA, and is able to do so by interacting with residues that
are highly conserved residues Tyr-38, and Glu-396 and lesser
conserved phenylalanine residues 288 and 289 (Fig. 6B). Fur-
thermore, an obvious exception is that no apparent interac-
tions are observed with Lys-130. Interestingly, previously the
K130Q–YdgR variant showed no measurable peptide uptake
(18), however, here we observe a significant Cam uptake. This

Figure 5. A, Western blots showing expression of YdgR–mutants in BL21(DE3) cells. B, mass chromatograms showing expression normalized uptake of
chloramphenicol in the BL21(DE3) cell in expressing YdgR (thin line), pTTQ18 vector (small dots), YdgR–E33Q (broken lines). C, YdgR (thin line), pTTQ18 vector
(small dots), YdgR–Y292F (broken lines). D, YdgR (thin line), pTTQ18 vector (small dots), YdgR–Y38F (broken lines). E, YdgR (thin line), pTTQ18 vector (small dots),
YdgR–Y71F (broken lines). F, YdgR (thin line), pTTQ18 vector (small dots), YdgR–K130Q (broken lines). n � 3.
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indicates a less important role in Cam uptake, which could be
explained by the lack of C terminus in Cam. Lys-130 is part of an
additional hydrophilic cluster in YdgR, which also included the
so-called EXXER motif that along with Lys-130 has been sug-
gested to couple proton and peptide translocation (32) (Fig. 6B).

In summary, we have shown that the POT YdgR facilitates
Cam uptake in E. coli cells. An interesting additional observa-
tion in the BL12(DE3)pLysS cell experiments was that the Cam
transport activity of YdgR could be related to the growth of
these cells, i.e. the inactive YdgR variant E33Q grew uninhibited
after addition of IPTG compared with WT–YdgR. It can be
assumed that the basis of growth inhibition is due to saturation
of the inherent resistance mechanism Cam-acetyl transferase,
encoded by the pLysS plasmid. A number of studies have
described the inverse of what we observe, i.e. a transporter facil-
itating drug resistance by drug export. Furthermore, the inhi-
bition of such efflux transporters has been suggested as an
approach to counteract pathogenic resistant bacteria (33–37).
Our study suggests that perhaps uptake transporters present in
bacteria could be targeted with new derivatives of already
known antibiotics, designed to have optimal influx. This could
increase the cytoplasmic concentration of the antibiotic and
hereby enhance cytotoxicity.

Materials and methods

The expression construct for WT–ydgR used in this study
have been described previously (18, 23). YdgR mutants
E396Q, E396A, F289A, and F288A were generated using the

QuikChange Lightning Multi Site-directed Mutagenesis Kit
(Agilent Technologies). Primers were designed using the web-
based QuikChange Primer Design Program (Agilent Technol-
ogies) and the following primers were used: 5�-gaccagagatcat-
cagctgcccgatgctctgcagg-3� (E396Q), 5�-ccagagatcatcagtgccccg
atgctctgca-3� (E396A), 5�-gctcgaagccattatcttcgccgtgctgtacag
ccagatg-3� (F289A) and 5�-gatgctcgaagccattatcgccttcgtgctgta
cagcc-3� (F288A).

Expression

Over-expression of YdgR was performed as described previ-
ously (38). Briefly, a single colony of E. coli BL21(DE3)pLysS cells
containing the plasmids pTTQ18–ydgR/ydgR–mutant or
pTTQ18 (pTTQ18 vector) were inoculated in 3 ml of LB media
containing 100 �g/ml of ampicillin and 34 �g/ml of chloramphen-
icol and allowed to grow overnight. Overnight cultures were trans-
ferred to 10 ml of LB media with the same amount of antibiotics
using a dilution of 1:50. The cells were allowed to grow until A600 of
0.6–0.8 before induction with 1 mM IPTG. The cells were har-
vested 3 h after induction with IPTG. Over-expression of ydgR/
ydgR–mutants in BL21(DE3) cells was performed in a media con-
taining 100 �g/ml of ampicillin and without any chloramphenicol.
The rest of the procedures for this cell line were the same as for the
BL21(DE3)pLysS cells (38).

Western blot

Western blots were performed in the same way as reported
earlier (22, 23). Briefly, 500 �l of cells at A600 � 10 were

Figure 6. A, various conformations of Cam (gray color; one in yellow is the most preferred confirmation) out by docking it into the binding pocket YdgR. B, green,
blue, and magenta colors indicate protonation, hydrophilic, and hydrophobic regions in the active site. Interactions between Cam (yellow color) and YdgR
(white color) from the docking pose.
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resuspended in lysis buffer and one protease inhibitor tablet
(Roche) was added (22). Samples were incubated on ice for
30 min, sonicated for 30 s, and finally centrifuged at 13,000 �
g for 30 min at 4 °C. The solubilized membranes were sepa-
rated using SDS-PAGE and immediately blotted on to PVDF
membrane using X cell module (Invitrogen). Immunodetec-
tion was performed using mouse anti-His6 and HRP-conju-
gated rabbit anti-mouse antibodies (IBA, 1:1000 dilutions)
using the Supersignal West Pico chemiluminescent sub-
strate (Pierce). Signals were detected with a MicroChemi
imaging system. We have prepared blots by normalizing all
the blots with Coomassie-stained membranes.

Uptake assays and efflux assays

The uptake assays were performed on E. coli cells trans-
formed with the pTTQ18 –ydgR plasmid and on cells trans-
formed with plasmid only to assess background transport.
Harvested cells were resuspended in modified Kreb’s buffer
(18). An amount of 50 �l of cells (A600 � 10) was added to
Eppendorf tubes with 100 �g/ml of chloramphenicol yield-
ing a total assay volume of 100 �l. After 10 min of incubation
the assay was terminated by addition of 500 �l of ice-cold
modified Kreb’s buffer. The cells were then centrifuged at
16,000 � g for 1 min and the pellet was washed three times
with 500 �l of ice-cold modified Kreb’s buffer. The pellet was

Figure 7. Expression and functional characterization of mutants prepared based on predicted docking of Cam at the active site. A, Western blots
of mutants expressed in BL21(DE3) and BL21(DE3)pLysS cells. B, �-Ala-Lys(AMCA) (0.5 mM) uptake profiles of ydgR/ydgR–mutants. Mass chromatograms
showing expression normalized uptake of chloramphenicol in the BL21(DE3) cell lysates. Broken lines represent mutants and thin solid line represent wild
type YdgR. C, YdgR (thin line), YdgR–E396Q (broken lines). D, YdgR (thin line), YdgR–F288A (broken lines). E, YdgR (thin line), YdgR–F289A (broken lines).
n � 3.
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resuspended in 100 �l of ice-cold MQ water and vortexed for
30 s (22, 32). The cell suspension was mixed with �22 °C
methanol and stored in a freezer overnight. The cells were
centrifuged at 14,000 rpm for 15 min and the supernatant
was used for further analysis. The method to calculate accu-
mulation has been described previously (32). Efflux assays
were done essentially as done previously (42). Briefly, the
cells were incubated with ethidium bromide at 37 °C for 10
min and the cells were then centrifuged at 16,000 � g for 1
min and the pellet was washed three times with 500 �l of
ice-cold modified Kreb’s buffer. The cell suspension was mea-
sured for fluorescence by Safire2 (Tecan) at 526 and 605 nm
as excitation and emission wavelengths.

Determination of MICs

Cam transport capability of the YdgR transporter in a whole
cell-based assay was determined by a MIC assay as described by
Wiegand and co-workers (43) with slight modification.

In this assay, E. coli BL21(DE3)pLysS cells were trans-
formed with pTTQ18 and pTTQ18/YdgR plasmids. Cam
susceptibility was determined on LB agar containing Cam at
concentrations of 32, 48, 64, 96, and 128 �g/ml as well as
ampicillin at 50 �g/ml to sustain pTTQ18 and pTTQ18/
YdgR plasmids inside the E. coli BL21(DE3)pLysS cells. The
protein expression was induced by adding 0.1 mM IPTG to
the agar plate. A cell inoculum of 104 cfu/ml was used in the
assay and each spot was placed in triplicate. The plates were
incubated at 37 °C for 20 –24 h, and then growth was evalu-
ated by visual inspection (33, 43).

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis

BL21(DE3) cells harboring the pTTQ18 –ydgr plasmid or
the pTTQ18 vector were cultured in parallel, induced with
IPTG, incubated with Cam for 10 min, followed by wash and
lysis. The cleared cell lysates were then subjected to LC-
MS/MS analysis, whereas monitoring the peak with m/z 194
originating from Cam. Here an amount of 100 �l of the lysed
cell supernatant was transferred to Chromacol LC-MS glass
vials. 5 �l of sample was injected into the LC Agilent 1100
series connected to a Esquire 3000 plus mass spectrometer
(Bruker Daltonics). The analyte was separated on a Agilent
poroshell C-18 column (5 �m, 2.1 � 75 mm, temperature
40 °C). The temperature in the autosampler was maintained
at 10 °C. A linear gradient of 0 –90% acetonitrile in water was
used at a flow rate of 0.2 ml/min. The total run time was 10
min. The injected analyte was sprayed into Bruker Daltonics
Esquire 3000 after passing through the column. ESI with a
capillary voltage of 2750 V under negative ionization was
used, a maximum of 50,000 ions filling the trap at a speed of
13,000 m/z per s was used. The gas temperature was set at
240 °C at a flow rate of 10 liters/min, and nebulizer gas pres-
sure at 50 p.s.i. Single ion monitoring was used for chloram-
phenicol (m/z 321) utilizing the prominent product ion with
m/z 194 see (Fig. 1A) (41). The data analysis was done using
Bruker Daltonics 5.3 software. All the mass spectra were
exported into .cdf files, which were processed in MATLAB
and imported to GraphPad Prism 6.0.

Figure 8. The red, blue, and green color patches represent the hydrophobic, hydrophilic, and protonation sites, respectively. A, interactions between
Cam (yellow color) and MdfA (wheat color) in a crystal structure (PDB code 4ZOW). B, interactions between the Ala–Phe peptide (yellow color) and PepTSt (gray
color) in the crystal structure (PDB code 5D59).

YdgR facilitates chloramphenicol uptake

J. Biol. Chem. (2018) 293(3) 1007–1017 1015



Homology modeling and docking

All available bacterial POT sequences (EBI; https://www.ebi.
ac.uk)3 were aligned using MAFFT (39) Online version 7
(https://mafft.cbrc.jp/alignment/software/)3 to determine the
sequence similarities. A suitable template for YdgR was PeptSo2;
with a highest sequence similarity of 36%. One hundred YdgR
models were generated using Modeler (40) as implemented in
Chimera 1.10.1 (21). The models were validated using Ram-
achandran plot.

The Schrödinger Software Release 2014-1 was used to pre-
pare the ligand and protein; and to perform docking. The Lig-
Prep procedure was used to generate the 3D molecular model
of chloramphenicol in the lowest energy conformation. The
homology model of YdgR with the highest Z-score was chosen
for the docking preparation using the Protein Preparation Wiz-
ard. The assignment of hydrogen bonds (donors and acceptors)
was done using default settings. Restrained minimization was
performed until the average root mean square deviation of
heavy atoms reached a value of 0.3 Å. A Docking grid of about
20 Å was generated using the receptor grid generation panel.
This grid included all the residues of the YdgR-binding pocket;
as judged by the aligned dipeptide co-crystallized PeptSo2 struc-
ture (PDB code 4TPH). Chloramphenicol was docked into the
binding pocket of YdgR using the Glide module in standard
precision mode (SP). Following this, 5 conformational poses
were generated where the optimal conformation was selected
based on the docking score, glide energy, and glide emodel
values.

Author contributions—P. B. K. and O. M. conceived, designed, and
the wrote paper. P. B. K., A. N. G., M. I. G., A. S., P. R. H., N. S., M. I.,
M. R., A. S., and C. B. performed experiments.
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