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ABSTRACT The Staphylococcus aureus Tet38 membrane protein has distinct func-
tions, including drug efflux and host cell attachment and internalization mediated
by interaction with host cell CD36. Using structural modeling and site-directed muta-
genesis, we identified key amino acids involved in different functions. Tet38, a mem-
ber of the major facilitator superfamily, is predicted to have 14 transmembrane seg-
ments (TMS), 6 cytoplasmic loops, and 7 external loops. Cysteine substitutions of
arginine 106 situated at the junction of TMS 4 and external loop L2, and glycine 151 of
motif C on TMS 5, resulted in complete or near-complete (8- to 16-fold) reductions in
Tet38-mediated resistance to tetracycline, with minimal to no effect on A549 host cell
internalization. In contrast, a three-amino-acid deletion, F,;,P,,,G,4;5, in external loop
L7 situated between TMS 13 and 14 led to a decrease of 4-fold in S. aureus inter-
nalization by A549 cells and a partial effect on tetracycline resistance (4-fold reduc-
tion). A three-amino-acid deletion, D3gD;4l,,, in external loop L1 situated between
TMS-1 and TMS-2, had a similar partial effect on tetracycline resistance but did not
affect cell internalization. Using an Ni column retention assay, we showed further
that the L7, but not the L1, deletion impaired binding to CD36. Thus, the L7 do-
main of Tet38 is key for interaction with CD36 and host cell internalization, and
amino acids R;qs and G;s; (TMSs 4 and 5) are particularly important for tetracycline
resistance without affecting internalization.

KEYWORDS CD36, resistance to tetracycline, Staphylococcus aureus, Tet38, efflux
pumps, internalization

taphylococcus aureus Tet38 is a major facilitator superfamily (MFS) efflux mem-

brane protein that has at least two important functions, extrusion of organic com-
pounds and antibiotics (1-5), and invasion of epithelial cells via binding to the host re-
ceptor CD36 (2, 6). The structural determinants of these two functions have not been
previously studied.

MFS transporters comprise six well-characterized families of proteins which include the
families of multidrug efflux pumps with 12 or 14 transmembrane segments (TMS). The 12-
TMS proteins include TetA/B of Escherichia coli and NorA of S. aureus, and the 14-TMS pro-
teins include TetK of S. aureus and TetL of Bacillus subtilis efflux pumps. Multiple-sequence
alignment and analysis among these efflux pumps reveal several conserved motifs that
play essential roles in the structure and function of the MFS transporters (7). Motif
A, which is located in the cytoplasmic loop between TMS-2 and TMS-3 and is essen-
tial in controlling the passage of substrates across the cytoplasm, is present in all
six families of MFS transporters. Motif B, located in TMS-4 and predicted to play a
role in energy coupling, is present in the 12- and 14-TMS and family 3 of MFS trans-
porters. Motif C, located in TMS-5, is only carried by the 12-TMS and the 14-TMS
efflux pumps. It plays an essential role in the direction of the transport of
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substrates. Other motifs with unknown function are also found in 12-TMS proteins
(motif G) and 14-TMS proteins (motifs E and F) (7).

Two 14-TMS tetracycline resistance proteins, TetK of S. aureus and TetL of B. subtilis,
showed the highest similarity in amino acid sequences to that of Tet38. TetL and TetK
encode two antiporters of 50.4 kDa and 50.7 kDa, respectively, that extrude metal-tet-
racycline complexes coupled to proton exchange (8-10). TetL and TetK function in
alkaline pH homeostasis and sodium Na™ resistance by serving as antiporters for the
transport of sodium/potassium/hydrogen protons (Na*/K*/H*) (11). Tet38 also showed
limited homology to the MFS 12-TMS tetracycline resistance proteins TetA and TetB of E.
coli (12, 13).

TetL and TetK shared a series of conserved and family-specific motifs located in dif-
ferent transmembrane segments such as motifs D1 (TMS-1), H (TMS-6), E (TMS-7), and
F (TMS-13). They also carried family-specific motifs of 14-TMS and 12-TMS members,
such as motif C, located within the transmembrane segment TMS-5 of TetL and TetK.
Motif C harbors a consensus sequence with a conserved glycine-proline (G;ssP;se)
dipeptide situated at the permeability barrier on TMS-5, a region undergoing confor-
mational switching during transport of substrates. These tetracycline resistance pro-
teins also carried other MFS common motifs such as motif A (between TMS-2 and TMS-
3) and motif B (TMS-4). The conserved residues E;s,G,ssP;s¢ Of the motif C (TMS-5) and
the residue R;,, of motif B (TMS-4) were important for efflux of tetracycline by TetL and
TetK. The 12-TMS tetracycline resistance protein TetA/B of E. coli also carries motif B
with the conserved residue R,,; (arginine) and motif C with the conserved residue G,,,
(glycine) (11, 13). Mutations at these four amino acids led to reduction or loss of tetra-
cycline efflux and reduced resistance to tetracycline (7, 11). Early studies on MFS trans-
porters suggested that their N-terminal regions played a role in the energization of the
transport event, the C-terminal regions are involved in substrate specificity, and the con-
served motifs participated in the structural and functional roles of the efflux pumps (7).

Tet38 is a 14-TMS MFS transporter based on homology with TetK/L (1) and topology
modeling. It was first identified to confer resistance to tetracycline similar to TetK/L but
was unexpectedly found also to confer resistance to other compounds, including fosfo-
mycin, palmitoleic acid, tunicamycin, and Congo red (3-5), and to play a role in S. aur-
eus invasion and survival in epithelial cells mediated in part by binding to host cell
CD36 (2, 5, 6). In this study, we investigated the structural determinants of resistance
to tetracycline and other substrates of this efflux pump at the protein level, as well as
structural components important for the role of Tet38 in host cell internalization and
binding to CD36. We have focused this work on the roles of motif B, motif C, and exter-
nal loops L1 and L7 in Tet38 functions, finding that there are differential roles for these
domains.

RESULTS

Putative membrane topology of S. aureus Tet38. The amino acid sequence of
Tet38 (GenPept accession no. BAB41352.1) with the predicted location of each residue
based on analysis using the ConSurf server (https://consurf.tau.ac.il/) (14) was eval-
uated with Protter interactive feature visualization (https://wlab.ethz.ch/protter/start/)
(15) to generate a putative membrane topology. Tet38 belongs to the MFS family of
transporters with predicted 14 transmembrane segments (TMS), 6 internal loops, and 7
external loops, L1 through L7. Among the external loops, loop L4 is the shortest loop
with 5 amino acids (216 to 221), and the longest loop, L7, has 21 amino acids (400 to
421) (Fig. 1).

Amino acid sequence alignment using the Clustal Omega web server program from
EMBL-EBI (www.ebi.ac.uk/Tools/msa/clustalo/) and the published amino acid sequen-
ces of Tet38 (GenPept accession no. BAB41352.1), TetK of S. aureus (GenPept accession
no. KIl19949.1), TetL of B. subtilis (GenPept accession no. ADN51953.1), TetA of E. coli
(GenPept accession no. QBQ69130.1), and TetB of E. coli (GenPept accession no. WP
_001089068.1), taken from the protein database of NCBI (www.ncbi.nlm.nih.gov),
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FIG 1 Topological model of Tet38 was generated with the Protter interactive feature visualization (https://wlab.ethz.ch/protter/start/). The 14 transmembrane
segments (T-1 to T-14) are indicated with their respective residues and positions. The 7 external loops are indicated with their respective positions (L1 to L7). The
motifs B and C and the conserved residues R,,, and G,s, (shaded gray) are indicated based on the alignment of Tet38, TetK/L, and TetA/B using the ClustalL
Omega and ConSurf servers. The motifs are as reported in Paulsen et al. (7).

showed that S. aureus Tet38 shared 29% identity and 50% similarity with TetK of S. aur-
eus, and it shared 28% identity and 51% similarity with the TetL of B. subtilis. The ho-
mologous region of Tet38 in the alignment with TetK and TetL covered 415 residues
out of a 450-amino-acid sequence in length. Tet38 showed 23% identity and 45% simi-
larity within a short region spanning residues A;, (Ala) to Y. (Tyr) with plasmid-
encoded E. coli TetA, a 23% identity and 42% similarity in the region covering residues
Ags (Ala) to D,q; (Asp), and a 23% identity and 58% similarity in the region that includes
L,g, (Leu) to V,3, (Val) with the TetB of E. coli.

Compared with the amino acid sequences of TetK of S. aureus, TetL of B. subtilis,
TetA of E. coli, and TetB of E. coli, Tet38 displayed the identical residues R,qs (Arg) and
G5, (Gly) that were essential to the tetracycline efflux function of the Tet transporters
(10, 13, 16, 17) (Tables 1 and 2). The consensus sequence GXyGX;GPX,GG of the motif
C of TetK and TetL shows 5 matching residues compared with the putative motif C of
Tet38 (Gy3g, S142, Gis1, Giss, and G, s6). Among these amino acids, the residue Gly at posi-
tion 151 (G,s;, equivalent with G,s5 of TetK/L and G,,, of TetA/B) was essential in the
extrusion of the metal-tetracycline complex by tetracycline resistance proteins TetL/
TetK (11).

Similarly, the conserved residue Arg at position 106 (R;q, equivalent with R,;, of
TetK/L and R,,; of TetA/B), located on motif B of Tet38, was also an essential amino
acid in tetracycline efflux (11). Previous studies showed that replacement of residues
R;10 and G55 of TetK/L by cysteine (R to C; G to C) leads to a loss of bacterial resistance
to tetracycline (11, 16, 18) (Tables 1 and 2). We modified Tet38 cloned on plasmid
pLI50 with R,,cC and G;5,C mutations by site-directed mutagenesis.

In the absence of information on TetK or TetlL interaction with external proteins, we

TABLE 1 Homology in amino acid sequence between Tet38, TetL, TetK, TetA, and TetB

Sequence ID
Protein (GenPept accession no.) Length (aa)® Covered region Identity/similarity (%) Function
Tet38 BAB41352.1 450 100 Tetracycline pump
TetK Kl119949.1 460 1-415 29/50 (Tet38/TetK) Tetracycline exporter
TetL ADN51953.1 460 1-415 28/51 (Tet38/Tetl) Tetracycline exporter
TetA QBQ69130.1 399 62-161 23/42 (Tet38/TetA) Tetracycline exporter
TetB WP_001089068.1 401 66-197;387-434 23/58 (Tet38/TetB) Tetracycline exporter

9aa, amino acids.
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TABLE 2 Essential amino acids for the tetracycline efflux function of the exporter

Protein Residues Locations Identity (%) Function

Tet38 Arg, Gly Ri0er Gis1 100 Tetracycline efflux
TetK/L Arg, Gly Ri100 Giss 100 Tetracycline efflux
TetA/B Arg, Gly Rig3 Giay 100 Tetracycline efflux

tested two external loops for their role in interaction with CD36 and epithelial cell inva-
sion, creating 3-amino-acid deletions on external loops L1 and L7 [pLI50-tet38-AL1
(3sDDL,,) and pLI50-tet38-AL7(,,,FPG,,;), respectively] for further investigation (Fig. 1).

Effects of mutations on Tet38 conferring resistance to tetracycline and other
substrates. We used S. aureus RN6390, QT7, and QT7 transformed with plasmids carry-
ing the wild-type or mutated tet38 gene to determine the MICs of tetracycline, minocy-
cline, fosfomycin, tunicamycin, and palmitoleic acid, agents to which Tet38 confers re-
sistance. The effect of the efflux inhibitor reserpine on resistance was also tested using
the same S. aureus strains.

The mutant QT7, which contains tet38 disrupted by a cat gene insertion, was cre-
ated from the wild-type reference strain RN6390 (6). We used QT7 as a background S.
aureus recipient strain lacking a functional Tet38 to study the effect of various mutated
and plasmid-expressed Tet38 on the susceptibility of S. aureus to antibiotics and pal-
mitoleic acid.

QT7 showed a 2-fold decrease in the MICs to tetracycline and fosfomycin compared
to that of RN6390 (Table 3). These data were similar to those in our previous study (3,
6) and suggest low levels of expression of tet38 in RN6390 under these conditions. QT7
was similarly 2-fold more susceptible to tunicamycin and palmitoleic acid than
RN6390, but no difference was seen with minocycline susceptibilities. The addition of
reserpine reduced MICs of all drugs 2-fold in RN6390 but had no effect in QT7.

QT7 was transformed with plasmid constructs carrying the tet38 gene with or with-
out mutations R;C and G5, C. Introduction of pLI50 alone had no effect on drug sus-
ceptibilities. Introduction of pLI50-tet38 produced 4- to 16-fold increases in MICs across
the five drugs. These increases were reduced by reserpine either completely or 4-fold
(tetracycline) or 2-fold (palmitoleic acid) higher than that of QT7 pLI50.

Mutants of Tet38 were similarly cloned into and expressed from pLI50. In contrast
to pLI50-tet38, pLI50-tet38-R,,C conferred no increase in MICs of tetracycline, minocy-
cline, or fosfomycin in QT7 but conferred increases in MICs of tunicamycin (4-fold) and
palmitoleic acid (8-fold). These increases were eliminated by reserpine with the excep-
tion of an incomplete reduction of the MIC of palmitoleic acid.

pLI50-tet38-G,5,C produced only a partial increase in MICs of palmitoleic acid (4-
fold) and tetracycline (2-fold) in QT7, without increases for minocycline, fosfomycin,
and tunicamycin. These remaining resistance phenotypes were reduced by the addi-
tion of reserpine. Thus, arginine 106 and glycine 151 are both important for the ability
of Tet38 to confer resistance to some but not all compounds, suggesting different
structural determinants of efflux for different substrates of Tet38.

In comparison with the increases in the MICs of QT7 complemented with the pLI50-
tet38 plasmid (16-fold for tetracycline; 4-fold for minocycline, fosfomycin, and tunica-
mycin; and 8-fold for palmitoleic acid) (Table 3), small deletions Asp-Asp-Leu (DDL) of
predicted external loop L1 and Phe-Pro-Gly (FPG) of predicted external loop L7 (Fig. 1)
also retained the ability to confer residual resistance phenotypes to the tested anti-
biotics and palmitoleic acid with a small difference in the MICs of fosfomycin. QT7
(pLI50-tet38-AL1) conferred an increase of 2-fold in the MICs of tetracycline, mino-
cycline, and tunicamycin; an increase of 4-fold in the MIC of palmitoleic acid; and
no change in the MIC of fosfomycin. QT7(pLI50-tet38-AL7) conferred an increase of
4-fold in the MICs of tetracycline and tunicamycin, a 2-fold increase in the MICs of
minocycline and fosfomycin, and an increase of 8-fold in the MIC of palmitoleic
acid. The loop L7 mutant retained the ability to confer resistance to tunicamycin
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TABLE 3 Susceptibility of S. aureus to antibiotics and palmitoleic acid in the presence or absence of reserpine at 50 ug/ml

Infection and Immunity

MIC (ug/ml) of:*

TET MINO FOS TUNI PAL TET MINO FOS TUNI PAL
S. aureus strain or mutant®< Without reserpine With reserpine at 50 ug/ml
RN6390 0.5 0.5 8 8 125 0.25 0.25 4 4 62.5
QT7 (tet38:cat) 0.25 0.5 4 4 62.5 0.25 0.5 4 4 62.5
QT7 (pLI50) 0.25 0.5 4 4 62.5 0.25 0.5 4 4 62.5
QT7 (pLI50-tet38) 4 2 16 16 500 1 0.5 4 4 125
QT7 (pLI50-tet38-R,0sC) 0.25 0.5 4 16 500 0.25 0.5 4 4 250
QT7 (pLI50-tet38-G,5,C) 0.5 0.5 4 4 250 0.25 0.5 4 4 125
QT7 (pLI50-tet38-AL1) 0.5 1 4 8 250 0.25 0.5 4 4 125
QT7 (pLI50-tet38-AL7) 1 1 8 16 500 0.5 0.5 4 8 250

AaTET, tetracycline; MINO, minocycline; FOS, fosfomycin; TUNI, tunicamycin; PAL, palmitoleic acid.
bAll strains harboring plasmid pLI50 were grown in the presence of 20 n.g/ml chloramphenicol at 37°C.
€QT7, tet38 mutant.

and palmitoleic acid equivalent to that of wild-type Tet38 and the mutant QT7
(pLI50-tet38-R,0C) (Table 3). Thus, these external loops appear to have less impor-
tant roles in the resistance properties of Tet38 than do arginine 106 and glycine
151 in motifs B and C (Table 3).

Effects of Tet38 mutations on S. aureus internalization by A549 host cells. In
prior work (2, 5, 6), we showed that Tet38, in addition to its resistance properties, con-
tributed to the ability of S. aureus to internalize in host epithelial cells by its direct inter-
action with host cell CD36. To evaluate the structural determinants of these properties
of Tet38, we tested the four tet38 mutants for their effects on S. aureus internalization
in A549 cells. Consistent with our previous findings, QT7 had a 6-fold reduction in
internalization relative to RN6390 (Table 4). QT7(pLI50) also had a similar reduced inter-
nalization as QT7, and pLI50-tet38 in QT7 restored internalization to wild-type levels.
pLI50-tet38-R,,cC, pLI50-tet38-G,5,C, and pLI50-tet38-AL1 each also restored internaliza-
tion of QT7 to near-wild-type levels. In contrast, pLI50-tet38-AL7 produced a minimal
increase in internalization in QT7. Thus, loop L7 is a domain important for Tet38's abil-
ity to invade epithelial cells (Table 4).

Effects of Tet38 loop deletions on binding to CD36. To further assess the role of
Tet38 external loops L1 and L7 in its binding to host cell CD36, we performed column
retention assays previously developed in our study of the Tet38-CD36 binding complex
(5). In this assay, histidine-tagged purified Tet38 protein (Tet38-His) is loaded on an Ni
affinity column followed by CD36 protein from which the histidine tag has been
removed with enterokinase. CD36 is also loaded on a separate control Ni affinity col-
umn without Tet38. CD36 was not bound to the control column and could be found in
the flowthrough initial wash. In contrast, CD36 was retained on the Tet38-anchored
column and eluted together with Tet38 in the imidazole elution buffer (Fig. 2), as previ-
ously reported.

We purified histidine-tagged Tet38-AL1 and histidine-tagged Tet38-AL7 proteins and
loaded them on separate Ni columns followed by CD36. Flowthrough, wash, and imidazole
elution fractions were evaluated by SDS-PAGE. For Tet38-AL1, CD36 was identified in the
initial flowthrough, was absent in the first wash, and was identified again in the imidazole
elution fraction together with Tet38, indicating column retention and physical binding of
CD36 to Tet38-AL1 (Fig. 2). In contrast, for Tet38-AL7, CD36 was only identified in the flow-
through fraction, and Tet38 alone was identified in the elution fraction, indicating that
Tet38-AL7 did not retain CD36 on the column, a finding consistent with its loss of the abil-
ity to facilitate S. aureus internalization into epithelial cells.

DISCUSSION

Chromosomally encoded Tet38 is an important membrane protein in S. aureus that
contributes to S. aureus’s resistance to antibacterial drugs and natural compounds
such as antibacterial fatty acids. Tet38 also contributes to S. aureus’s ability to survive
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TABLE 4 Internalization of S. aureus by A549 cells®

S. aureus strain or mutant®<

CFU/monolayer

CFU/monolayer

(S. aureus plus Res)?

RN6390

QT7 (tet38:cat)
QT7 (pLI50)

QT7 (pLI50-tet38)

2.4 +0.005) x 10°
0.4 £0.001) x 10°
0.3 +0.015) x 10°
2.5+0.001) x 10°

2.2 +0.008) x 108
0.3 +£0.015) x 10°
0.3+0.010) x 10°
1.2 £0.015) x 10°

Infection and Immunity

QT7 (pLI50-tet38-R, ,C)
QT7 (pLI50-tet38-G,5,C)
QT7 (pLI50-tet38-AL1) 2.1+£0.001) x 10° 2.0+0.011) x 10°
QT7 (pLI50-tet38-AL7) 0.5 +0.002) x 10° 0.4 +0.020) x 10°

aExperiments were done in triplicate and with three separate biological samples. The differences between the
tet38 overexpressor and tet38-AL7 overexpressor in QT7 were statistically significant as determined by a
Student's t test (P < 0.05). The differences between the tet38 overexpressor in QT7 in the absence or presence of
reserpine were statistically significant as determined by a Student's t test (P < 0.05).

bAll strains harboring plasmid pLI50 were grown in the presence of chloramphenicol 20 ug/ml at 37°C.

€QT7, tet38 mutant. QT7 transformed with plasmids carrying the wild-type or mutated tet38 gene are given in
parentheses.

9Res, reserpine at 50 ug/ml final concentration.

2.0 £0.002) x 10°

2.3 £0.008) x 10°

(
(
(
(
(
( 1.3£0.012) x 10°
(

(

(
( )
( )
( )
(1.5 £ 0.020) x 10°
( )
( )
( )

in skin abscesses, and to invade epithelial cells by interaction with host cell CD36 (3-5).
We thus sought to evaluate some of the structural determinants of Tet38's diverse
functions, with a focus on efflux-mediated resistance, invasion of epithelial cells, and
interaction with CD36.

S. aureus Tet38 is related to the tetracycline proteins TetL of B. subtilis and plasmid-
encoded TetK of S. aureus. It shares with these proteins motif C, which plays an impor-
tant role in substrate efflux of the TetL/TetK antiporters due to its location near the
permeability barrier on TMS-5. The consensus sequence GXgGX;GPX,GG of motif C
contains highly conserved residues, including E; 5, (glutamate), G;55 (glycine), P,s¢ (pro-
line), and A,5, (alanine) (TetL) or S5, (serine) (TetK), that are crucial for the efflux func-
tion and tetracycline resistance phenotype of TetL and TetK (11, 16).

Alignment between Tet38, TetL, TetK, TetA, and TetB showed that glycine residue
at position 151 in Tet38 is equivalent to the residue G55 (glycine) of TetL and TetK and
residue G,,, of TetA and TetB. G,55; of TetL/K has been hypothesized to influence the
conformation of TMS-5 and, in conjunction with other glycine residues in its vicinity,
forms a pocket on one face of TMS-5 that influences the transport of TetlL/TetK

Tet38-His + CD36 Tet38-L1-His + CD36 Tet38-L7-His + CD36

CD36 Tet38 FT W E1 E2 FT W E1 E2 FT. W E1 B2 p,

W  8S
CD36 e \ | .

Tet38 “— — — ‘ o 9

| — | 30

FIG 2 SDS-PAGE of the binding assays between Tet38-His, Tet38-AL1(;;DDL,,)-His, Tet38-AL7(,,,FPG,,;)-His, and CD36. Enterokinase-treated CD36 was
applied to an Ni column that had been previously loaded with Tet38-His, Tet38-AL1(;,DDL,,)-His, or Tet38-AL7(,,,FPG,,;)-His. Flowthrough (FT), wash (W),
and elution fractions (E1 and E2) were collected and submitted to SDS-PAGE. Reference proteins included Tet38 and CD36. Tet38-L1-His is equal to Tet38-
AL1(;4DDL,,)-His, and Tet38-L7-His is equal to Tet38-AL7(,,,FPG,,,)-His. Molecular weights of proteins in the assays are ~45kDa for Tet38 and ~66 kDa for
CD36.
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substrates. A G,55sC mutant exhibits significant alteration in the transport of metal-tetra-
cycline by the TetL/TetK proteins (9, 11, 18).

Arginine R,;, of TetL and TetK, located at TMS-4 (motif B) and interacting with motif
C, also played an important role in influencing the extrusion of metal-tetracycline by
the antiporters. Substitution of arginine by a cysteine (R;,,C) resulted in a complete
loss of efflux function of the protein and a loss of tetracycline resistance phenotype in
bacteria (11). In Tet38, R,y is equivalent to R,;, of TetL and TetK and R,y; of TetA and
TetB.

We found that the tetracycline and, to a lesser extent, minocycline resistance phe-
notypes of Tet38 were similarly affected by the R,,C and G,s,C mutations, homolo-
gous to those in TetL/K. Notably, the fosfomycin resistance phenotype was also elimi-
nated in both mutants, but the tunicamycin resistance phenotype was only eliminated
in the G,5,C mutant, and there was little or no effect of either mutant on palmitoleic
acid resistance. Thus, the R,,C and G,s,C mutations have selective effects on different
Tet38 substrates, suggesting that tunicamycin and palmitoleic acid may have different
points of critical interaction for their efflux to occur. Although it is possible that resist-
ance to these compounds could be due to mechanisms other than efflux, it is notable
that reserpine, a competitive efflux inhibitor, does reduce Tet38-mediated resistance
to these compounds, thereby supporting a probable role for efflux as the mechanism
of resistance, as it is for the tetracyclines.

We had previously demonstrated that Tet38 bound directly to the host scavenger
receptor CD36 using a column retention assay (5). The mechanism behind this binding
event is still not fully understood. Other S. aureus proteins that mediate binding to
host cells include adhesins SraP and Eap (19, 20). SraP promotes S. aureus adhesion
and invasion to A549 cells via its conserved residue, Y,4,, (tyrosine), that bound to sia-
lylated receptors (19). Eap is a secreted extracellular adhesin that remains attached to
the bacterial cell wall via a repeat region. Domain EapH1 has three conserved amino
acids, Rg, Eos and Kgs, that play crucial roles in human neutrophil adhesion (20). Eap
and SraP have not been shown to bind directly to CD36 of A549 cells, but their essen-
tial amino acids displayed external positions similar to the amino acids ,,;FPG,,; of the
external loop L7 of Tet38 (data not shown) (19, 20).

We selected two external loops, L1 and L7, of Tet38 to investigate further. The
external loop L1 of Tet38 spans from residues 29 to 48 and is located between TMS-1
and TMS-2. Tet38 external loop L7 spans from residues 400 to 421 and is located
between TMS-13 and TMS-14. Based on a putative membrane topology of Tet38 (Fig.
1), the three central amino acids, D3gD;4L,, Of loop L1 and F,,,P,,,G,,5 Of loop L7, that
we deleted were positioned at an angle comparable with that of the three residues,
Rsos Egs, @and Kys of EapH1, based on the crystal structure of the binding domain EapH1
and its conserved amino acids (20).

To delineate the contribution of Tet38 and its mutants to internalization in A549
cells, we focused on the effects of plasmid expression of tet38 seen in QT7, which lacks
a functional chromosomally encoded Tet38. In QT7, Tet38 with a deletion in loop L7
(F411P412G413) expressed from pLI50 produced only a slight increase in S. aureus internal-
ization above that of pLI50 alone. In contrast, pLI50-tet38-AL1(;,DDL,,) produced an
increase which was similar to that of pLI50-tet38. In keeping with the role of Tet38
interaction with CD36 in S. aureus internalization (5), purified Tet38-AL1 bound to
CD36 in the column retention assay, whereas Tet38-AL7 did not. Thus, loop L7 is both
important for internalization and binding to CD36. Notably the R,,C and G;s,C
mutants enabled internalization with a similar magnitude to that of wild-type Tet38.

The plasmid-expressed L1 and L7 deletion mutants in QT7, however, conferred less
resistance to tetracyclines and fosfomycin than wild-type Tet38, with a somewhat
greater reduction in the L1 mutant than the L7 mutant. These data suggest that these
deletions may generate changes in the conformation of Tet38, which, in turn, affected
the transport efficiency of these substrates without affecting transport efficiency for
tunicamycin and palmitoleic acid. The specific mechanism of these differential effects
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TABLE 5 Bacterial strains, plasmids, cell line, and plasmids used in this study

Strain, plasmid, cell line, or primer Genotype, relevant characteristic(s), or sequence Reference no. or source
S. aureus and E. coli strains, plasmids, and cell line
S. aureus RN6390 Wild type 6
S. aureus QT7 RN6390 (tet38::cat) mutant 6
S. aureus RN6390 or QT7 (pLI50-tet38) tet38 overexpressor; Cm' 6
S. aureus RN6390 or QT7 (pLI50-tet38-AL1) tet38(L1-ADDL) overexpressor; Cm* This study
S. aureus RN6390 or QT7 (pLI50-tet38-AL7) tet38(L7-AFPG) overexpressor; Cm’ This study
S. aureus RN6390 or QT7 (pLI50-tet38-R,C) tet38(R,0,C) overexpressor; Cm" This study
S. aureus RN6390 or QT7 (pLI50-tet38-G,5,C) tet38(G,s,C) overexpressor; Cm" This study
E. coli BL21 F~ ompT gal dem lon hsdSg(ry~mg™) [malB*1,.,,(A%) Novagen
pLI50 Shuttle plasmid E. coli-S. aureus; Cm’ 6
pTrcHisA Cloning plasmid for protein expression Invitrogen
pTrcHisA-tet38 Tet38 protein expression 4
pTrcHisA-tet38-AL1 Tet38-AL1 protein expression This study
pTrcHisA-tet38-AL7 Tet38-AL7 protein expression This study
A549 Human lung adenocarcinoma cells ATCC

Primers for site-directed mutagenesis

Tet38-1F Loop L1; 5'-AACATATCTGTAACGACAGTAAGT-3'
Tet38-1R Loop L1; 3'-AAATTGATTTCTGTAGCCATTGCT-5'
Tet38-7F Loop L7; 5'-AATGATGCATTAAGTTCACATTTC-3'
Tet38-7R Loop L7; 3'-CTAATCGATTTTAAAGCATTAAAT-5'
Tet38-R,,,CF RyoeC; 5'-CTTTTAGTTGGACGTATTATTCAAACT-3/
Tet38-R,4,CR Ry0sC; 3'-ATTTTCCAACATCAATTCCCATTA-5'
Tet38-R,,,CF G,5,C; 5'-TCATTAGTTATCGGTACATTATCAGGT-3'
Tet38-R,,,CR G,5,C; 3'-TTAAGTACGAGCAGTTATTCCTTG-5'

on substrate efficiency, however, will require additional structural studies of Tet38 with
and without drug substrates. Notably, as was seen for the R,;,,C mutant, the L7 deletion
(FPG) had little effect on the ability of Tet38 to confer resistance to tunicamycin and
palmitoleic acid. Mutants thus exhibited specific functional defects, distinguishing the
importance of different domains in Tet38 for resistance, epithelial cell internalization,
and binding to CD36. Our findings thus provide initial insight into how Tet38 effects its
several functions and highlight the importance of its ability to link resistance and
reduced response to antibiotics (21), with the ability of S. aureus to survive within epi-
thelial cells, colonize skin (4), and survive within abscesses (2, 6, 22, 23).

MATERIALS AND METHODS

Cell lines, bacterial strains, and culture media. The bacterial strains, plasmids, and cell lines used
in this study are listed in Table 5. The human lung adenocarcinoma cell line, A549, was purchased from
ATCC (CCL-185) and cultivated in assay medium which contained modified Eagle’s medium (DMEM,; Life
Technologies, Grand Island, NY), supplemented with 10% fetal bovine serum (FBS) and 4 mM L-gluta-
mine (Fisher Scientific, Waltham, MA) at 37°C in 5% CO,, as previously reported (6).

Gentamicin, ampicillin, chloramphenicol, Triton X-100, and lysostaphin were purchased from Sigma-
Aldrich (St. Louis, MO).

S. aureus containing plasmid pLI50 and its various constructs were grown at 37°C in Luria-Bertani
media (LB) supplemented with chloramphenicol at 20 ug/ml. Expression plasmids pTrcHisA-tet38 and
the loop deletion variants pTrcHisA-tet38-AL1 and pTrcHisA-tet38-AL7 were introduced into E. coli BL21
for protein expression.

E. coli transformants were grown at 37°C in the presence of ampicillin at 100 wg/ml.

Drug susceptibility determinations. Tetracycline, minocycline, fosfomycin, tunicamycin, palmito-
leic acid, and reserpine were purchased from Sigma Chemical Co. (St. Louis, MO). The MICs were deter-
mined by broth microdilution at 37°C for 24 h as previously described (1, 6). A log-phase culture of S.
aureus (optical density at 600 nm [OD,,,], 0.5) grown in LB media was diluted 100-fold and inoculated
into microtiter plates (Fisher Scientific, Pittsburgh, PA) containing serial 2-fold dilutions of drugs.

Reserpine was added when specified at a concentration of 50 ug/ml, which was chosen after prelimi-
nary testing at a range of concentrations of 10 to 100 wg/ml.

Putative membrane topology of Tet38 TMSs and external loops. We used the web server
ConSurf to analyze and predict the Tet38 TMS regions and their external loops (https://consurf.tau.ac.il/)
(14). The server generated an alignment between the Tet38 amino acid sequence and the sequences of
homologous proteins of the same MFS family. Based on the evolution rate and the conservation score of
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each amino acid, the generated ConSurf sequence data indicated the position and the degree of conser-
vation of each amino acid of the Tet38 protein.

We then created a putative membrane topology of Tet38 using the ConSurf data and the web server
Protter interactive feature visualization (https://wlab.ethz.ch/protter/start/) (15).

The putative Tet38 membrane structure showed 14 TMS, 6 internal loops, and 7 external loops, with
loop L4 as the shortest with 5 amino acids and L7 as the longest with 21 amino acids. The first external
loop, L1, and the last external loop, L7, were chosen for further analyses.

Construction of tet38 mutants. We designed specific forward and reverse primers for the external
loops L1 and L7 following the recommendation of the Phusion site-directed mutagenesis kit (Thermo
Scientific, Waltham, MA). Primers used in this study to generate mutants with deletion in the external
loops L1 and L7 are listed in Table 5. All primers were 5’ phosphorylated and synthesized by Eton
Bioscience Inc. (Boston, MA).

The template for site-directed mutagenesis was the plasmid-borne tet38 gene that was previously
created by cloning the chromosomal tet38 gene of S. aureus RN6390 into the shuttle E. coli-S. aureus
plasmid pLI50 to generate the construct pLI50-tet38. This construct was first introduced into E. coli
Top10 by electroporation, then subsequently introduced into S. aureus RN4220, and finally introduced
into S. aureus RN6390 for our tet38 overexpression studies (5).

PCR amplification of the tet38 gene using site-directed mutagenesis primers (Tables 1 and 2) and the
plasmid template pLI50-tet38 was based on the protocol provided with the Phusion site-directed muta-
genesis kit. The PCR products were ligated following the manufacturer’s instructions and were intro-
duced into E. coli Top10 by electroporation. E. coli transformants were selected on ampicillin at 100 wg/
ml, and DNA sequencing was performed to verify the correct deletion constructs.

The new constructs pLI50-tet38-AL1 and pLI50-tet38-AL7 were extracted from E. coli and introduced
into S. aureus RN4220 and then reintroduced into RN6390 and QT7 by electroporation for further evalua-
tions and assays. Reference strains included RN6390 and QT7 carrying plasmids pLI50 and pLI50-tet38.
The construction of Tet38 with mutations R,,,C and G, ;,C followed the same protocol as above with pri-
mers listed in Table 5.

Internalization of S. aureus in A549 epithelial cells. The internalization assays were performed as
previously described (6). A549 lung epithelial cells were cultured in 5ml of assay medium until 85% conflu-
ence in a 25-ml tissue culture flask and then seeded into 24-well plates (Costar) in assay medium and grown
again to 85% confluence. The A549 cell concentration was adjusted to 10%cells/ml. S. aureus RN6390 and
QT7 with appropriate plasmid constructs were prepared from overnight cultures and grown to an OD,, of
0.5. The bacteria were washed twice with 1x PBS, and the bacterial pellet was resuspended in 10 ml of fresh
assay medium to a concentration of 10° CFU/ml. A549 cells were infected with S. aureus at a multiplicity of
infection (MOI) of 100 bacteria per epithelial cell (MOI, 100:1 or 10° washed bacteria/10* cells). The 24-well
plates were centrifuged quickly for 30's at 500 x g to allow bacterial adhesion to the cell monolayer. The bac-
terium-cell mixtures were incubated at 37°C in 5% CO, for 120 min, and then the infected monolayers were
washed three times with 1x PBS to remove residual nonadherent bacteria. The washed monolayers were
incubated for 120 min at 37°C in 5% CO, in assay medium with 200 x.g/ml gentamicin and 20 wg/ml lysosta-
phin. Monolayers were again washed three times with 1x PBS, and the A549 epithelial cells were lysed with
200 ! of Triton X-100 (0.1%). The bacteria were diluted in PBS and plated on LB agar plates, and colony
counts were performed to determine the number of viable intracellular bacteria.

Protein purification of Tet38, Tet38-AL1(;,DDL,,), and Tet38-AL7(,,,FGP,,,). Histidine-tagged
Tet38 and its variants, Tet38-AL1(;,DDL,,) and Tet38-AL7(,,,FGP,,;), were expressed from E. coli BL21
and purified by Ni affinity chromatography, as previously described (5). tet38 of S. aureus RN6390 with
and without modifications were cloned into the expression vector pTrcHis2A and introduced into E. coli
BL21 by electroporation. The transformants were cultured in 500 ml of LB medium supplemented with
ampicillin (100 wg/ml) under shaking at 37°C until an ODy,, of 0.6 was reached. Isopropyl-3-D-thiogalac-
topyranoside (IPTG) at 1 mM was then added, and the incubation was continued at 30°C for 20 h under
shaking. The bacteria were harvested by centrifugation at 6,000 x g for 20 min at 4°C, then the pellet
was resuspended in 10 ml of lysis buffer and processed as previously reported (5). Protein concentration
was measured in a NanoDrop spectrophotometer (ND-1000 336 spectrophotometer V3.6.0) by direct ab-
sorbance at 280 nm, and the homogeneity of the protein was assessed by SDS-PAGE.

SDS-PAGE electrophoresis was carried out using NUPAGE 12% Bis-Tris precast SDS-PAGE protein gels
and morpholinepropanesulfonic acid (MOPS) SDS running buffer (1x) as suggested by the manufacturer
(Thermo Scientific, Waltham, MA). Running conditions were 150V for 60 min following by staining in
Coomassie blue G250 and destaining in water.

Affinity column retention assay. The histidine tag was cleaved from commercial His-CD36 (Sino
Biological, Inc., Wayne, PA) using 1U of enterokinase in a reaction mixture of 10 ug of CD36 protein in
25 ul incubated at 25°C for 16 h. Enterokinase was purchased from New England BioLabs (Beverly, MA).

We used 5 g each of CD36 and Tet38 proteins wild type and mutants Tet38-AL1(;;DDL,,) or Tet38-AL7
(411FGP,,5) for the column retention assay, as described previously (5). Tet38-His was first applied to an Ni col-
umn, and then enterokinase-treated CD36 was loaded onto the same column. The column was washed with
5 column volumes of buffer A (10 mM Tris-HCl [pH 7.6], 500 mM NaCl, and 10 mM imidazole); then the pro-
teins were eluted with 100 mM imidazole in buffer A. In parallel, the enterokinase-treated CD36 protein was
loaded onto a separate Ni column, washed with buffer A, and then eluted with 100 mM imidazole to verify
the absence of nonspecific binding of CD36 to the column. This step was used as as control for the specificity
of CD36 binding to the affinity column-anchored histidine-tagged protein Tet38.
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