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MATE (multidrug and toxic compound extrusion) family transporters are
conserved in the three primary kingdoms, and export xenobiotics using an
electrochemical gradient of H" or Na" across the membrane'?. MATE transporters
confer multidrug resistance (MDR) to bacterial pathogensz"6 and cancer cells’, thus
causing critical reductions in the therapeutic efficacies of antibiotics and
anti-cancer drugs, respectively. Therefore, the development of MATE inhibitors
has long been awaited in the field of clinical medicine®’. Here we present the
crystal structures of the H'-driven MATE transporter from Pyrococcus furiosus in
two distinct apo-form conformations, and in complexes with a derivative of the
antibacterial drug norfloxacin and three in vitro selected thioether-macrocyclic
peptides, at 2.1-3.0 A resolutions. The structures, combined with functional
analyses, revealed that the protonation of Asp41 on the N-terminal lobe induces the
bending of TM1, which in turn collapses the N-lobe cavity, thereby extruding the
substrate drug to the extracellular space. Moreover, the macrocyclic peptides bind
the central cleft in distinct manners, which correlate with their inhibitory activities.
The strongest inhibitory peptide that occupies the N-lobe cavity may pave the way

toward the development of efficient inhibitors against MATE transporters.



Cellular export of toxic compounds is an essential process to maintain life'*'%.

MATE transporters function in the efflux of endogenous cationic, lipophilic substances
and xenobiotics, and are ubiquitously distributed in archaea, bacteria, and eukarya.
Bacterial MATE transporters confer multidrug resistance (MDR) to pathogens, such as
multi-antibiotic resistant Staphylococcus aureus, which has attracted broad attention as
a nosocomial infection. In cancer cells, MATE transporters export structurally diverse
anti-cancer drugs, causing fatal reductions in the therapeutic efficacies of anti-cancer
drugs. Thus, the demand for the discovery of molecules capable of antagonizing the
functions of MATE transporters is quite high because of their clinical importance, but
the screening campaigns for such drug leads have achieved very little success.

The MATE transporter, NorM, was identified from Vibrio parahaemolyticus as a

Na'/drug antiporter'>"”.

The crystal structures of NorM from Vibrio cholerae
(NorM-VC) in the outward-open conformation was reported at 3.65 A resolution'®. This
structure consists of 12 transmembrane-helices (TMs) forming two pseudo-symmetrical
lobes, presenting a monovalent cation-binding site within the cavity in the C-terminal
lobe, and a rocker-switch mechanism similar to that employed by the major facilitator

superfamily (MFS) transporters'’ was proposed. However, due to the limited resolution,

the structural mechanism of the cation influx and the drug efflux coupling, as well as



that allowing the recognition of a broad range of substrates, remained elusive.

A fluorescence-based analysis revealed that the MATE from Pyrococcus furiosus
(PfIMATE) is driven by a H' gradient, unlike NorM (Supplementary Discussion).
PfMATE was crystallized using the lipidic cubic phase (LCP) method'®. The crystals
grown in LCP diffracted X-rays to 2.1 A resolution at maximum. The co-crystallization

with the cyclic peptide MaL.6 (generated by the RaPID sys‘temw'22

, see below) improved
the quality of the SeMet-derivatized crystals, which facilitated the phase determination
by the single anomalous dispersion method. Finally, we determined the outward-open
apo structures in two different conformations (“straight” and “bent” conformations at
2.4 and 2.5 A resolutions, respectively) (Fig. 1a).

The structure of PfMATE consists of an N-lobe (TM1-TM6) and a C-lobe
(TM7-TM12), which are related by a pseudo two-fold symmetry axis. The PfTMATE
structure adopts a V-shaped conformation, with the central cleft open toward the
extracellular side, representing an outward-open state. Thus, the overall conformation of
H'-driven PIMATE is similar to that of Na'-driven NorM-VC?, which shares ~22%
sequence identity with PfMATE (Supplementary Figs. 1 and 2, Supplementary

Discussion). A large, hydrophobic central cleft, formed between the N- and C-lobes, can

be divided into two cavities, the N- and C-lobe cavities. The N-lobe cavity is larger than



the C-lobe cavity (Fig. 1a). In NorM-VC, Glu255, Phe259, Tyr367, Asp371 and Phe429
recognize Rb" or Cs” in the C-lobe cavity (Supplementary Fig. 2b)'®. These residues are
not conserved in PfMATE, in which Met260, Phe279 and Trp283 occupy the
cation-binding space (Supplementary Fig. 2¢). Therefore, different cation-conducting
pathways are likely utilized by the H'-driven and Na'-driven MATE transporters.
Although the present structures of PIMATE are essentially in the outward-open
state, we found that it adopts two distinct conformations, the “bent” and “straight”
conformations, in terms of the structure of the TM1 helix in the N-lobe (Fig. 1b, ¢ and
Supplementary Fig. 3a). The bent form crystals appeared around pH 6.0, while those of
the straight form were obtained at pH 7.0-8.0. In the straight conformation, TM1 forms
a single, straight helix, whereas in the bent conformation, it is kinked at Pro26 and
Gly30, and bent toward the TM2 side (Fig. 1b and Supplementary Fig. 3b, c).
Furthermore, in the bent conformation, the extracellular halves of the TM5 and TM6
helices and their connecting loop are slightly shifted outward by 9.9°, and thus adopt a
more outward-open conformation (Fig. 1a, Supplementary Movies). As a consequence,
the N-lobe cavity, which is mainly formed between TM1 and TM2, is collapsed in the
bent conformation (Fig. 1c, Supplementary Movies). To investigate the importance of

Pro26, we mutated Pro26 to Ala and Ile, which remarkably reduced the EtBr and H



transport activities in the fluorescence-based analysis (Fig. 2a). On the other hand, the
P26G and G30A mutants exhibited normal antiport activities (Fig. 2a). The results of
the complementation assay also revealed that the P26 A mutant could not complement
the norfloxacin efflux activity (Fig. 2b). The membrane expression of all of the mutants
was confirmed (Supplementary Fig. 4a). We also determined the crystal structure of
P26A mutant at pH 6.5. The structure adopts the straight conformation even under the
low-pH conditions, supporting the importance of Pro26 for the bending of TMI1
(Supplementary Fig. 5). Thus, TM1 is kinked at Pro26 in the bent conformation, which
is crucial for the drug export activity.

A drastic rearrangement of the side chain interactions was also observed
between the straight and bent conformations, near the N-lobe cavity. Hydrophilic and
acidic residues are clustered at the apex of the N-lobe cavity (Fig. 1b). In the straight
conformation, the side chain of Asp184 (TM5) forms water-mediated hydrogen bonds
with Tyr37, Asn180, and Thr202 (Fig. 1b and Supplementary Fig. 3c). Moreover, the O
atom of Asp184 is within hydrogen bonding distance (2.8 A) with the O atom of Asp41
(TM1), suggesting that the carboxylate group of either Asp41 or Aspl84 is protonated.
Given that Asp184 protrudes into the protein core, while Asp41 is exposed to the bulk

solvent, it is likely that Asp184 is protonated and Asp41 is deprotonated. In contrast, in



the bent conformation, Asp41 (TM1) is closer to TM2, and its carboxylate group forms
direct hydrogen bonds with Tyr139 (TM4) and Thr202 (TM6) (Fig. 1b and
Supplementary Fig. 3c). Asp184 (TM5) again forms a direct hydrogen bond with Asp41.
Thus, a tight water-mediated hydrogen-bond network between the side chains of Asp41,
Asnl180, Asp184, and Thr202 and the main-chain carbonyl of Ala198 (TM6) is formed
(Fig. 1b and Supplementary Fig. 3c). This interaction network is further surrounded by
the hydrophobic environment, and sequestered from the solvent region of the
extracellular half channel (Supplementary Fig. 3d). Therefore, in the bent conformation,
the Asp41 and Asp184 side chains are probably both protonated, since a charged group
in such a low-dielectric environment inside the protein is energetically unfavorable.
This is consistent with the fact that the bent form crystals appeared under acidic
conditions. Moreover, a new hydrogen bond is formed between the side chains of GIn34
(TM1) and Asnl54 (TM4) (Supplementary Fig. 3c). To investigate the importance of
these acidic and hydrophilic residues in the N-lobe cavity, we performed
fluorescence-based and complementation assays of the Asp41 and Aspl84 mutants.
These mutations abolished both the drug and H' transport activities (Fig. 2 and
Supplementary Figs. 4c, d), indicating the importance of these acidic residues for the

antiport mechanism. Furthermore, the Ala mutations of Tyr139 and Asnl80 also



significantly reduced the transport activity (Fig. 2 and Supplementary Figs. 4c, d).
Taken together, the present structures suggested that only the Aspl84 side chain is
protonated in the straight conformation, whereas Asp41 and Asp184 are both protonated
in the bent conformation. The change in the protonation state of the Asp41 side chain
may trigger the reorganization of the interaction network, thereby inducing the
structural conversion between the straight and bent conformations (Supplementary
Movies).

In the straight conformation, the lipid or monoolein molecules used in the
crystallization bind to the N- and C-lobe cavities, and may mimic hydrophobic drug
substrates, while the N-lobe cavity is collapsed in the bent conformation, and no density
peaks were observed (Fig. 3a and Supplementary Fig. 6). To further investigate the drug
recognition mechanism, we determined the 2.9 A resolution crystal structure of
PfMATE in the presence of a norfloxacin derivative compound (Br—NRF)24, in which
the 6-fluoro group of norfloxacin is replaced by bromine. The efflux of this compound
by PEIMATE was confirmed by the fluorescence-based assay (Supplementary Fig. 4¢). In
this structure, no lipid-like density was observed in the N-lobe cavity. Instead, an
electron density that resembled the shape of the Br-NRF molecule was observed (Fig.

3b, ¢). The Br-NRF molecule is mainly recognized by shape complementarity, involving



the side chains of GIn34, Tyr37 (TM1), Asnl153 (TM4), Met173, Ser177 (TMS5), Thr202,
Ser205, Met206, Thr209 and Ile213 (TM6). The 4-oxo group, the amine group of the
7-piperazine moiety and the 3-carboxylate group of Br-NRF are further recognized by
hydrogen bond interactions with the side chains of GIn34 (TM1), Asnl57 (TM4) and
Asnl80 (TMS), respectively (Fig. 3c). It should be noted that Tyr37, Asnl80, and
Thr202 are also involved in the hydrogen-bond network at the apex of the N-lobe cavity,
as described above. To further explore the roles of these residues in the substrate
recognition, we performed fluorescence-based and complementation assays of their
mutants. The Ala mutants of Metl173, Asnl180 and Met206 abolished both the EtBr and
H' transport activities (Fig. 2 and Supplementary Figs. 4c, d), indicating the importance
of these residues for the recognition of the drug substrate. Intriguingly, the S177L and
M206W mutants retained considerable H' transport activities, but showed significantly
reduced EtBr transport activities (Fig. 2), thus exhibiting the decoupling of H" and EtBr
transport.

To further investigate the drug efflux mechanism of PfMATE and to identify
chemicals that antagonize the PIMATE activity, we performed an in vitro selection of
thioether-macrocyclic peptides (MaL6, MaD5 and MaD3S; Fig. 4a and Supplementary

Fig. 7a—c; Supplementary Discussion) that specifically interact with PIMATE, using the



RaPID (Random non-standard Peptide Integrated Discovery) system'>*. We analyzed
the inhibitory activities of these cyclic peptides by fluorescence-based analyses using F.
coli cells and outer membrane-stripped spheroplasts (Fig. 4b and Supplementary Fig.
8d). The PfMATE structures in complex with these cyclic peptides were also
determined at 2.5, 3.0 and 2.6 A resolutions, respectively (Fig. 4c and Supplementary
Fig. 7d—f). The MaDS5 peptide, which exhibited the highest inhibitory activity observed
in the ethidium bromide-extrusion fluorescence-monitoring assay (Fig. 4b and
Supplementary Fig. 8a), has a lariat-like structure consisting of a 7-aa minicycle head
with a 13-aa linear tail (Fig. 4a and Supplementary Fig. 7a, d). In the complex crystal
structure, PIMATE adopts the straight conformation, and the MaD5 peptide is deeply
bound within the central cleft (Supplementary Fig. 7d). The peptide residues in the
minicycle head fill the N-lobe cavity, which is involved in the recognition of the drug
substrate. The C-terminal 8 residues of the 13-aa long tail were disordered and not
visible in the crystal structure. On the other hand, the MaD3S peptide, which has the
same small cyclic head structure but possesses a 9-aa tail with a different sequence
composition from the MaD5 tail sequence (Fig. 4a and Supplementary Fig. 7b),
exhibited lower inhibitory activity than that of the MaD5 peptide in the

fluorescence-based assay (Fig. 4b and Supplementary Fig. 8b). Therefore, given that the



sequences and structures of the minicycle heads of MaD5 and MaD3S are the same, the
13-aa long tail of MaD5 has a significant impact on the inhibitory activity. The long
MaDS5 tail may restrict the rocker-switch motion of the N- and C-lobes, thereby
contributing to the strong inhibitory activity of the MaD5 peptide. Then, to confirm the
outer-membrane permeability of the MaD5 peptide, we stained MATE-positive E. coli
cells using the fluorescent-labeled MaD5 peptide (Supplementary Fig. 9). The result
suggested that these anti-MATE inhibitory peptides are able to penetrate the bacterial
outer-membrane possibly via porin channels or other passive mechanisms, and reach the
MATE protein embedded in the inner-membrane, thereby inhibiting the extrusion
function (Fig. 4b and Supplementary Fig. 8). Thus, these peptides may provide new
scaffolds for the development of potent inhibitors against MATE transporter families
from bacteria and eukaryotes, thus impacting the treatments of MDR pathogens and
MDR cancer cells.

The present analyses allowed us to propose the last step of the H'-driven drug
extrusion mechanism by MATE (Supplementary Fig. 10 and Supplementary Movies).
Immediately after the structural conversion from the inward-open to outward-open state,
the transporter is deprotonated, and only the drug substrate is bound to the transporter

(state 1 in Supplementary Fig. 10, corresponding to the present Br-NRF complex



structure). After the protonation of Asp4l, its side chain becomes sequestered within the
hydrophobic environment, thereby inducing the bending of TM1 at Pro26, which
collapses the N-lobe cavity and extrudes the bound drug substrate into the extracellular
space (state 2 in Supplementary Fig. 10, corresponding to the present bent form
structure). Finally, the protonated and substrate-unloaded transporter undergoes further
structural conversion to the inward-open state (states 3-5 in Supplementary Fig. 10).
During the review process, the crystal structures of Na'- and substrate-bound NorM
from Neisseria gonorrheae were reported at 3.5-3.6 A resolutions®, which may
represent the intermediate state during the extrusion of the substrate based on our above
mechanism. The complete understanding of the H'/drug antiport cycle of MATE awaits

the elucidation of the structures capturing the occluded and inward-open states.



Methods Summary

PfMATE was expressed in E. coli C41 cells. The cells were disrupted, and the
membrane fraction was collected by ultracentrifugation. The protein was solubilized
with DDM and purified by Ni*"-affinity chromatography, followed by gel-filtration
chromatography in the presence of Cymal-6. PfIMATE was mixed with liquefied
monoolein and crystallized in reservoir solutions (28-32% PEG400, 50 mM
MES-NaOH, 20 mM CaCl,, 100 mM NaSCN; pH 6.5). SeMet derivatives were
prepared in E. coli C41 Met= cells. The SeMet protein was mixed with the
cyclic-peptide MalL6 and crystallized. X-ray diffraction datasets were collected by the
helical data collection method*® on beamline BL32XU at SPring-8. The crystal structure
of PIMATE was determined by the single anomalous diffraction (SAD) method.

For the fluorescent analysis, spheroplasts of E. coli AacrB expressing PIMATE
were incubated with 5 uM BCECF-AM (the acetoxymethyl ester permeates cells, while
the hydrolyzed BCECF cannot permeate the cell membrane and accumulates within the
cell)”” and 100 uM norfoxacin for 30 min at room temperature. The spheroplasts were
centrifuged briefly, and placed on glass coverslips under a confocal microscope
(FV1000, Olympus, Japan). BCECF fluorescence was measured with excitation at 490

nm and emission at 530 nm. To reduce the external pH to 5.5, 10 mM MES was added.



The protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) was then added
at 50 uM, to equilibrate the intracellular and extracellular pH.

The selection of PIMATE-binding cyclic peptides and the chemical synthesis of
the peptides were performed according to the RaPID system protocols'” 2. The
inhibitory activities of the macrocyclic peptides were investigated by EtBr accumulation,
according to the literature”™. EtBr (50 uM final concentration) was added to E. coli
AacrB cells expressing PfMATE, in the presence of peptide, and the fluorescence
emissions of the controls and the peptide-PfIMATE mixtures were immediately

measured by a Flexstation 3 (Molecular Devices).
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Figure Legends

Fig. 1. Overall structures of PFMATE

a. Cartoon representations of the two conformations of PfMATE, viewed from the
membrane and extracellular sides, with helices TM1-TM12 marked. The molecules are
shown as ribbons with each helix colored as a rainbow, from the N terminus (blue) to
the C terminus (purple). b. Close-up views of the interaction networks in the two forms
at the apex of the N-lobe cavity. Hydrogen bonds are indicated by black dashed lines. e.
Surface models viewed from the central cleft, highlighting the N-lobe cavity. All

molecular graphics were created with the program CueMol (http://www.cuemol.org/).

Fig. 2. Mutational analyses of PFMATE

a. The proton influx and substrate efflux activities of the PfMATE mutants. The
percentages of the fluorescent intensity decrease of BCECF (black) and ethidium
bromide (gray) were calculated, as described in the Supplementary Information. The bar
graph represents the % fluorescence per a period of time, i.e. 5 min after the addition of
MES. Error bars indicate the standard deviations from experiments repeated five times.

b. Growth complementation tests of AacrB strains harboring PfIMATE mutant vectors,

17—



in the presence and absence of quinolone antibacterial agents.

Fig. 3. Complex structure of PFMATE and drug substrate

a. Surface model representations of the central clefts in the straight and bent
conformations, colored by the electrostatic potential ranging from blue (+20 k77e) to red
(=20 kT/e). Lipids are shown by green stick models. b. The PfIMATE structure in the
complex with Br-NRF. The bound Br-NRF molecule is shown by a space-filling model.
¢, Drug recognition site, with a 2F,—F, map contoured at 1.0 ¢ as a mesh within 2.5 A.
Br-NRF and the surrounding residues are shown by stick models. Hydrogen bonds are

indicated by black dashed lines.

Fig. 4. Complex structures with the macrocyclic peptides

a. Schematic representations of the thioether-macrocyclic peptides generated by the
RaPID system'’>*. °F denotes D-oi-phenylalanine. b. Inhibition of the PEMATE activity
by the macrocyclic peptides. E. coli C41(DE3)AacrB cells expressing PIMATE were

treated with different concentrations of peptides as indicated in the x-axis of graphs.

Error bars indicate the standard deviations from triplicate experiments. Control is



DMSO without peptide. ¢. Surface models of PIMATE complexes with the macrocyclic

peptides, viewed from the membrane (upper panels) and extracellular side (lower

panels). The bound peptides are depicted by space-filling models.
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Full Methods

Cloning, Expression and Purification

The PfMATE gene was cloned from Pyrococcus furiosus (strain ATCC 43587)

and spliced into the expression vector pET11a (Novagen), between the Ndel and X#hol

restriction sites of the multiple cloning site. The hexa-histidine tag (His¢-tag) was

introduced at the C-terminus of the PfMATE construct. The pET11a-PfMATE

plasmid was transformed into the E. coli C41(DE3)AacrB strain, constructed in-house.

The cells were grown in a 5-liter culture at 37 °C to an absorbance at 600 nm (ODggo)

of 0.5, and the gene expression was induced with 0.5 mM isopropyl

B-D-thiogalactopyranoside (IPTG) at 20 °C for 12 h. The cells were pelleted by

centrifugation at 4,000 g, and were disrupted by a Microfluidizer (Microfluidics).

After centrifugation (25,000 g), the supernatant was ultra-centrifuged (200,000 g),

and the membrane fraction was collected. The PIMATE was solubilized from the

membrane fraction with n-dodecyl-B-D-maltopyranoside (DDM), and was purified by

the following chromatography steps. The insoluble material was removed by



ultracentrifugation (Beckman Type 70 Ti rotor, 150,000 g, 30 min), and the
supernatant was mixed with Ni-NTA resin (QIAGEN). The Hise-tag of the PIMATE
was cleaved by 1 pg ml™! trypsin (Invitrogen) at 4 °C overnight, and the protein was
re-chromatographed on a Ni-NTA column. The His¢-tag-cleaved PIMATE was further
purified by gel filtration (Superdex 200 10/300 GL, GE Healthcare) in 20 mM

HEPES-NaOH, pH 7.0, containing 20 mM NaCl and 0.06% Cymal-6.

Crystallization

The purified protein was concentrated to about 8§ mg ml™ with a centrifugal
filter device (Millipore 50 kDa MW cutoff), for crystallization. PIMATE was mixed
with liquefied monoolein (Sigma) in a 2:3 protein to lipid ratio (w/w), using the
twin-syringe mixing method. Aliquots (100 nl) of the protein-LCP mixture were spotted
on a 96-well sandwich plate and overlaid with 1 pl of precipitant solution by the
crystallization robot, mosquito LCP (TTP LabTech). Native crystals for data collection
were grown at 20 °C in reservoir solutions (28-30% PEG400, 50 mM MES-NaOH, 20

mM CaCl,, 100 mM NaSCN; pH 6.0-8.0). The crystals grew to full size within 5 to 7



days. The crystals were flash-cooled, using reservoir solution containing 32% PEG400

as a cryoprotectant, and were stored in liquid nitrogen. The substrate complex of

Br-NRF was dissolved to a 100 mM concentration in 10 mM sodium acetate, pH 4.5,

and was mixed with the protein solution at a 20:1 protein to drug ratio (v/v). For the

thioether-macrocyclic peptide complexes, the macrocyclic peptides were dissolved in

DMSO to a 20 mM concentration, and were mixed with the protein solution in a 20:1

protein to peptide ratio (w/w). Crystallization was performed as described above in

reservoir solutions (26-28% PEGS550MME, 100 mM Tris-HCI, 100 mM Li,SO4; pH

8.0). The P26A mutant was purified by gel filtration in 20 mM MES-NaOH, pH 6.0,

containing 20 mM NaCl and 0.06% Cymal-6, and crystallization was performed as

described above in reservoir solutions (30% PEG400, 50 mM MES, 100 mM NaSCN,

20 mM CaCl,; pH 6.5).

Selenomethionine-derivatized PIMATE (SeMet PfIMATE) was overexpressed in

E. coli C41(DE3)Met ", and was purified in the same manner as the native protein. The

SeMet protein was mixed with the macrocyclic peptide MaL6, and incubated for 1 h at

4 °C. Crystals for data collection were grown at 20 °C by the LCP glass sandwich batch



method, using 1.0 pl reservoir solution (30-32% PEG400, 100 mM MES, 100 mM
magnesium acetate; pH 6.5). The co-crystallization with MaL6 improved the quality
and reproducibility of the crystals, especially in the crystallization of SeMet PfMATE,

and thus facilitated the phase determination by the SAD method.

Data collection and structure determination

The crystal structure of PfMATE was determined by single anomalous
dispersion (SAD) phasing, using the SeMet-derivatized PfMATE-Mal6 complex
crystal. X-ray diffraction data sets were collected by the helical data collection method*®
on beamline BL32XU at SPring-8, using a micro beam with a 1-um width and a 5-um
height”. The diffraction data were processed using the HKL2000 program suite (HKL
Research). The heavy atom sites were identified with the program SnB*’. The
experimental phases were calculated using the program AutoSHARP?'. The homology
model, generated from NorM-VC (PDB accession code: 3MKU) with the program
MODELLER™, was fit to the initial experimental electron density map, and manually

33,34

modified using the program Coot™”". The model was refined with the programs



Phenix*® and autoBUSTER™. The final models were examined by Ramachandran plots,
using the program MolProbity37. The crystal structures of the native MATE and the
complexes with the Br-NRF, MalL.6, MaD5 and MaD3S peptides were determined by

3839 The best data set of the native

molecular replacement, using the program PHASER
MATE was refined with Ryor/Riree = 21.7%/24.4% at 2.4 A resolution (Supplementary
Tables 1 and 2). The asymmetric units of the crystals of the native MATE and the
peptide complex contain a single MATE molecule. The asymmetric unit of the drug

complex contains two molecules. Molecular graphics were created with the program

CueMol (http://www.cuemol.org/).

In vivo complementation assays

The drug-sensitive strain (BW25113) AacrB was transformed with each pSUIQ
plasmid*, and the transformants were obtained primarily on LB (7 pg ml™”
chloramphenicol) plates. Each colony was streaked on 0.02 pg ml ™' norfloxacin plates,

and colony growth was monitored.



Generation of spheroplasts

Giant spheroplasts, which were large enough for fluorescence measurement by
confocal microscopy, were generated by genetic and pharmacological procedures***,
To generate the giant spheroplasts, cells were inoculated in 5 ml of LB medium (50 ug
ml ™" ampicillin) in a 14 ml test tube, and were incubated at 37 °C acrobically by rotation
at 200 r.p.m., until the ODgg reached 0.3—0.5. At the desired ODggo, a 5 ml portion of
the exponentially growing culture was diluted 10-fold into 5 ml of pre-warmed LB
medium, supplemented with 60 pg ml™" cephalexin (SIGMA) to block cell division.
After 3 h of incubation at 37 °C with rotation at 200 r.p.m., the un-septated filaments
were harvested by centrifuging the entire culture at 3,000 g for 3 min. The filament
pellet was then resuspended in 500 pl of 0.8 M sucrose, by pipetting. A 30 ul aliquot of
1 M Tris—HCI (pH 8.0), 24 ul of 0.25 mg mI™" lysozyme (300 units, SIGMA #L6876), 6
ul of 5 mg ml™" DNase I (SIGMA #D5025), and 6 pl 125 mM EDTA-NaOH (pH 8.0)
were sequentially added and mixed immediately in between additions, by inverting the

tube a few times. After an 8 min incubation at room temperature, a 100 ml aliquot of

stop solution (10 mM Tris-HCI, pH 8.0, 0.7 M sucrose, 20 mM MgCl,) was added to



terminate the cell wall digestion. The spheroplasts were frozen at —20 °C.

BCECF Fluorescence analysis

The changes in pH were monitored in spheroplasts, using the pH probe BCECF
(2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein, Molecular Probes, Invitrogen, US).
In summary, the spheroplasts were incubated with 5 uM BCECF-AM?’ and 100 um
norfoxacin for 30 min at room temperature. The spheroplasts were then centrifuged
briefly (4,000 rpm, 5 min), and were placed on glass coverslips under a confocal
microscope (FV1000, Olympus, Japan). The spheroplast medium was composed of 150
mM KCIl, 20 mM CacCl,, 5 mM HEPES and 300 mM sucrose (pH 7.5, KOH). BCECF
fluorescence was observed with excitation at 488 nm and emission at 530 nm. The
fluorescence intensity at time 0 was set as the maximum (100%), to avoid the
spheroplast-to-spheroplast variability in fluorescent intensity. Spheroplasts on glass
coverslips were randomly selected for fluorescence measurement. To reduce the
external pH to 5.5, 10 mM MES was added. After the addition of MES, 50 uM of the

protonophore CCCP (carbonyl cyanide-m-chlorophenylhydrazone) was added, to
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equilibrate the intracellular and extracellular pH. Each graph has the mean and sem of

n=8-15 spheroplasts (measured in 3-6 experiments with 1-5 spheroplasts measured for

each experiment).

Ethidium bromide fluorescence analysis

To monitor drug export by MATE, spheroplasts were loaded with ethidium

bromide (20 uM) for 40 min, and then washed by brief centrifugation (4,000 rpm for 5

min). The spheroplasts were suspended in 150 mM KCI, 20 mM CaCl,, 5 mM HEPES

and 300 mM sucrose (pH 7.5, KOH). Ethidium bromide fluorescence was observed

with excitation at 490 nm and emission at 600 nm, using a confocal microscope

(FV1000, Olympus, Japan). To generate a proton gradient, 10 mM MES was added,

thus reducing the pH to 5.5. Each graph has the mean and sem of n=9-19 spheroplasts

(measured in 3-6 experiments with 1-8 spheroplasts measured during each

experiments).



Selection for binding cyclic peptides and chemical synthesis

The selection of PEIMATE-binding cyclic peptides and the chemical synthesis of
the selected peptides were performed according to the RaPID system protocols.
Libraries were constructed using a random region consisting of 7-15 NNK codons.
Translation initiation of the “L” library utilized
chloroacetyl-L-phenylalanine-tRNA™'coy. Translation initiation of the “D” library
utilized chloroacetyl-D-phenylalanine-tRNA™'cAu. The selections performed at 4 °C
and 37 °C were halted at the seventh and sixth rounds, respectively. The details of the
construction and characterization of the PfMATE-binding cyclic peptides will be

published in a separate report.

Inhibition Assay

The inhibitory activities of the MaL6, MaD5 and MaD3S peptides were tested
by an ethidium bioaccumulation assay, according to the literature with modifications™.

E. coli AacrB was used to express PEIMATE. Cells containing the PEIMATE expression



vector were grown in LB medium, containing 100 pg ml™ ampicillin, overnight at
37 °C, with shaking at 200 rpm. A stationary phase E. coli culture was diluted 100-fold
in fresh LB medium containing 100 pug ml™" ampicillin. Cells were grown at 37 °C to an
ODggo of 0.5, and expression was induced by the addition of IPTG (final concentration
of 0.5 mM). The induced cells were incubated for 3 hours at 37 °C, with shaking at 200
rpm. The cells collected from 500 pl of induced culture were washed once with 50 mM
Tris buffer (500 pl, pH 7.0), and resuspended in 50 mM Tris buffer (pH 7.0) to a final
ODggo of 0.5. To the wells of a 96-well black plate (1/2 area, Perkin Elmer), a 44.5 ul
portion of the above cell suspension was added to 0.5 pl of peptide, ranging in
concentration from 0-2.5 mM in DMSO. For a positive control, 0.5 ul of a 10 mM
solution of CCCP dissolved in DMSO was used, instead of the peptide dissolved in
DMSO. EtBr (0.5 mM, 5 ul) was added to the E. coli cells mixed with the peptide, a
blank negative control, or a CCCP positive control, and the plate containing the
mixtures was immediately placed within the plate reader (Flexstation 3, Molecular
Devices). Note that there was about a 15 second delay between the addition of EtBr and

the first reading (t = O seconds). Fluorescence readings were taken at 30-second

34—



intervals, from 0 to 900 seconds. Each trial contained 2.2 x 10°® E. coli cells in a 50 pL

final volume.
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