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ABSTRACT

Multidrug resistance poses grand challenges to the effective treatment of infectious diseases and
cancers. Integral membrane proteins from the multidrug and toxic compound extrusion (MATE)
family contribute to multidrug resistance by exporting a wide variety of therapeutic drugs across
cell membranes. MATE proteins are conserved from bacteria to humans and can be categorized into
the NorM, DinF and eukaryotic subfamilies. MATE transporters hold great appeal as potential
therapeutic targets for curbing multidrug resistance, yet their transport mechanism remains elusive.
During the past 5 years, X-ray structures of 4 NorM and DinF transporters have been reported and
guided biochemical studies to reveal how MATE transporters extrude different drugs. Such
advances, although substantial, have yet to be discussed collectively. Herein | review these
structures and the unprecedented mechanistic insights that have been garnered from those
structure-inspired studies, as well as lay out the outstanding questions that present exciting
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opportunities for future work.

Multidrug resistance has emerged as a major obsta-
cle to the effective treatment of infectious diseases
and cancers, and exerts devastating human and
economic tolls."> As the current pace of drug dis-
covery is woefully inadequate to address the relent-
less rise in multidrug resistance, we will remain on
the losing side of the war unless we fully under-
stand the molecular mechanisms underlying multi-
drug resistance and how they can be tackled. A
major mechanism underlying multidrug resistance
is mediated by multidrug transporters, which are
integral membrane proteins that can remove cyto-
toxic chemicals from cells.'! Among the known
multidrug transporters are the multidrug and toxin
extrusion (MATE) proteins, which can function as
molecular pumps to flush various drugs out of cells
and confer multidrug resistance.”> Over the past
5 years, major progress has been made toward illu-
minating how MATE transporters function and
how they can be inhibited, but such progress has

yet to be discussed in one setting. Here I present
such research advances and focus on what we have
learned about how MATE transporters extrude
structurally and chemically distinct drugs, as well
as the ramifications of these new discoveries in bat-
tling multidrug resistance.

MATE transporters

To date, at least 5 families of multidrug transporters
have been identified: the ABC (ATP-binding cassette)
family, the MATE family, the MFS (major facilitator
superfamily), the RND (resistance-nodulation-divi-
sion) family and the SMR (small multidrug resistance)
family." Among them, the ABC multidrug transport-
ers are primary membrane transport proteins which
are powered by ATP hydrolysis. The remaining 4 fam-
ilies of multidrug transporters are all secondary trans-
porters that utilize either the transmembrane H* or
Na™ electrochemical gradient to export drugs. In
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particular, the MFS, RND and SMR multidrug trans-
porters typically employ the preexisting H" gradient
to extrude drugs across cell membrane, whereas the
MATE transporters seem to be more functionally ver-
satile and can use either the H* or Na* electrochemi-
cal gradient to export drugs.*

Based on their amino-acid sequence similarity, the
900 MATE transporters identified thus far can be sepa-
rated into the NorM, DinF (DNA damage-inducible
protein F) and eukaryotic subfamilies.” Members of the
NorM and DinF subfamilies can utilize either the H*
or Na* electrochemical gradient, while the eukaryotic
MATE proteins appear to be H*-dependent.®" Fur-
thermore, both the NorM and DinF subfamilies con-
tain eubacterial and archaeal members, although they
typically share rather low amino-acid sequence similar-
ity. Like the multidrug transporters from the other 4
families, MATE transporters can extrude polyaromatic
drugs that carry positive charges at physiological pH,
although the exported drugs often exhibit rather diverse
chemical structures and properties.*”

Notably, many characterized MATE transporters
seem incapable of exporting compounds that carry
negative charges. As such, MATE transporters are
“poly-specific,” rather than non-specific. Significantly,
since bacterial and human MATE transporters can
export various antibiotics, anti-cancer and anti-dia-
betic drugs, they are promising therapeutic targets for
tackling multidrug resistance in pathogens as well as
managing drug-drug interactions in humans.*> Fur-
thermore, elucidating how MATE transporters can
recognize and extrude chemically and structurally dis-
similar drugs will substantially advance our under-
standing of the molecular mechanisms underlying
multidrug resistance in general.'

Cation-bound NorM-VC structure

To understand how MATE transporters work, their
molecular structures are essential. The first MATE
transporter structure, that of a NorM transporter
from Vibrio cholera (NorM-VC), was reported in
2010.'"* The 3.65-A resolution X-ray structure of
NorM-VC captures the transporter in an extracellu-
lar-facing, substrate-free state, and reveals the arrange-
ment of 12 transmembrane helices (TM1-TM12)
(Fig. 1). As viewed from the membrane, the NorM-
VC structure displays a “V” shape, with each arm of
the “V” being composed of 6 TMs, separating the
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transporter into 2 similarly-folded domains: the N
(TM1-TM6) and C domain (TM7-TM12).

The N and C domains in NorM-VC exhibit a
pseudo-twofold symmetry along an axis that is perpen-
dicular to the membrane bilayer, and the structures of
the 2 domains can be overlaid onto each other to yield
a root mean squared deviation of <3 A. Furthermore,
the N and C domains have the same membrane topol-
ogy, with both of their amino and carboxyl termini
projecting into the cytoplasm. This type of “parallel”
arrangement of 2 symmetry-related domains can also
be found in membrane transporters belonging to the
MSF family.">'® Similar to the MATE transporters,
MSEFE proteins typically consist of 12 TMs as well.
However, this similarity is the point at which the
architectural resemblance between the 2 transporter
families ends, as the structural fold of NorM-VC is dif-
ferent from that of a MSF transporter.'*

NorM-VC couples the efflux of various cytotoxic
compounds to the influx of cation (i.e., Na¥), and the
cation-binding site was located within the C domain
of the transporter, as revealed by the 4.2-A resolution
structure of NorM-VC bound to Rb™, a Na™* analog.14
Based on the Rb™-bound NorM-VC structure, a num-
ber of amino acids were suggested to coordinate Na™.
Furthermore, the alanine or asparagine substitution of
NorM-VC"?”!, abolished the binding of NorM-VC to
Rb* or Cs*, yet another Na™ analog.

However, likely owing to the low resolution limits of
the Rb™-bound structure, the cation-coordination
arrangement in NorM-VC 1is poorly established.
Among all the amino acids that were implicated in cat-
ion binding, only NorM-VCY**”, which is semi-con-
served in the NorM subfamily, is positioned close
enough to make plausible coordination to Rb™. As
such, the NorM-VC structure yields little insight into
how a MATE transporter binds Na™, or more impor-
tantly, how it catalyzes drug-Na* exchange. It should
also be noted that, although Rb* and Cs* are similar
to Na™, they cannot support the drug efflux mediated
by characterized MATE transporters. Nevertheless, Rb™
or Cs™ has often been used to localize the Na*-binding
sites in membrane transporters since Na* ions are not
visible at moderate resolutions (3.5 A or worse).

Substrate-bound NorM-NG structure

Mechanistic insights into MATE-mediated multidrug
transport can only come from the structure of a MATE
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Figure 1. Structure of cation-bound NorM-VC. (A) NorM-VC structure as viewed from the membrane plane. (B) The periplasmic view of
the NorM-VC structure. The N and C domains of NorM-VC are colored cyan and yellow, respectively. Rb™ is drawn as a green sphere. Rel-

evant transmembrane helices are numbered.

transporter captured in its substrate-bound state. In
2013, the structures of a substrate-bound NorM
transporter, that from Neisseria gonorrhea (NorM-
NG), were published.17 The NorM-NG structures,
determined up to 3.5 A resolutions, all portray the
transporter in its extracellular-facing, substrate-
bound state and reveal, for the first time, how a
MATE transporter interacts with its polyaromatic
and cationic substrates.

The overall structure of NorM-NG, which is com-
posed of 12 TMs, bears remarkable resemblance to
that of NorM-VC.!” Near the center of the membrane
bilayer, the N and C domains of NorM-NG diverge
and point away from one another toward the extracel-
lular space, giving rise to an overall “V”-shaped struc-
ture as viewed from the membrane (Fig. 2). Similar to
their counterparts in NorM-VC, the N and C domains
in NorM-NG are related by a pseudo-twofold

B

Periplasm

NorM-NG
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C N
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Cytoplasm

Figure 2. Structure of substrate-bound NorM-NG. The structure is viewed from the membrane plane, and the views in (A) and (B) are
related by 180° rotation around the membrane normal. The N and C domains of NorM-NG are colored cyan and yellow respectively.
Monobody, a crystallization chaperone, is drawn as a magenta ribbon. Bound substrate is shown as magenta sticks.



symmetry around the membrane normal. Further-
more, a central cavity is found at the interface between
the symmetry-related N and C domains.'”” In the
extracellular-facing NorM-NG structure, the bottom
of the central cavity is well-sealed and shielded from
the cytoplasmic side of the membrane by highly
ordered protein structure, 20 A thick. By contrast, the
cavity is only partly closed toward the extracellular
space by 2 flexible, extracellular loops, which may
enable ions and/or solvent molecules to diffuse freely
into the central cavity."”

The substrate-binding site of NorM-NG was
established based on the Na™-free structures of the
transporter in complexes with 3 different sub-
strates.'” These structures suggest that the central
cavity between the N and C domains constitutes the
multidrug- or substrate-binding site in NorM-NG
and shed light on how a MATE transporter binds
and recognizes chemically and structurally dissimilar
substrates (Fig. 3). In the structures of NorM-NG,
30% surface area of the bound substrates remains

CHANNELS 91

accessible to the solvent from the extracellular side
of the membrane.'” Therefore, these structures cap-
ture the transporter in an outward-open, substrate-
bound state, likely portraying a state in which
NorM-NG is poised to release the drug into the
periplasm.

In the NorM-NG structures, the 3 different sub-
strates occupy similar locations in the central cavity
and make numerous close-range interactions with the
amino acids from both the N and C domains (Fig. 3).
The functional importance of these drug-binding
amino acids is further supported by site-directed
mutagenesis and biochemical studies.'” Strikingly,
NorM-NG makes substantially more ionic and H-
bonding contacts than van der Waals interactions
with the cationic and lipophilic substrates. This obser-
vation is unexpected since it has been generally
accepted that hydrophobic interactions, mediated by
aromatic amino acids, dominate the contacts between
multidrug transporters and their drug substrates.'®"
The unusual multidrug-binding site thus implies that

Figure 3. Structure of the multidrug-binding site in NorM-NG. (A), Structure of NorM-NG (in ribbon rendition) as viewed from the mem-
brane plane and colored as in Figure 2. (B, C and D) Close-up views of the binding site for TPP, ethidium and R6G, respectively. Relevant

amino acids are drawn as stick models and labeled.
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NorM-NG has evolved a different transport mecha-
nism from other known multidrug transporters.

Cation-bound NorM-NG structure

Besides the Na*-free, substrate-bound structures of
NorM-NG, the structure of a Cs™-bound NorM-NG
was also determined to 3.7 A resolutions.'” The struc-
ture of Cs*-bound NorM-NG is very similar to that of
substrate-bound NorM-NG, apparently because a yet-
unidentified ligand served as a surrogate substrate to

stabilize the protein in its substrate-bound form, and/
or the crystallization packing interactions favored the
substrate-bound conformation.'” Furthermore, the
cation-bound NorM-NG structure provides new
insights into the Na'-coordination arrangement in
this Na*-coupled MATE transporter and suggests a
molecular mechanism that explains how Na™ triggers
the release of drugs into the periplasm.'”

Specifically, the cation-bound NorM-NG structure
implicates one aromatic (NorM-NG"**) and 2 carbox-
ylate amino acids (NorM-NG®%! and NorM-NGP*”?)

Figure 4. Cation-induced conformational changes in NorM-NG. (A) Structural overlay of substrate-bound NorM-NG (cyan and yellow)
and substrate-free NorM-VC (gray). Bound substrate in NorM-NG is drawn as magenta sticks, relevant transmembrane helices are num-
bered. Red arrows high light the movement of TM7 and TM8 relative to TM10. (B) Close-up view of the cation-binding site in NorM-NG.
Cs™ is drawn as a green sphere and overlaid with a difference Fourier map (magenta mesh). A substrate taken from the drug-bound
structure of NorM-NG is shown in magenta sticks to indicate the location of the multidrug-binding site. Relevant amino acids are drawn
as stick models and labeled. (C) The suggested rearrangement of Na™-coordination in NorM-NG during transport. Na* is shown as a
gray sphere and relevant amino acids are drawn as stick models and labeled.
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_ 1 TM1 — ™ 2
| 1 1 1 | 1 1
DinF-BH MEQKQQSERLGTEAIPKLLRSLSIPAMIGMFVMALYNVVDTIFISYAVGIEGVAGVTIAFPIMMIMMSMAGALGICGASY 80
PEMATE SEKTTKGVQLLRGDPKKAIVRLSIPMMIGMSVQTLYNLADGIWVSGLGP-ESLAAVGLFFPVFMGIIALAAGLGVGTSSA 81
NorM-NG LLDLDRFSFSVFLKEIRLLTALALPMLLAQVAQVGIGFVDTVMAGGAGK-EDLAAVALGSSAFATVYITFMGIMAALNEM 80
NorM-vC MENSVHRYKKEASNLIKLATPVLIASVAQTGMGFVDT TMAGGVSATIDMAAVSTAASTIWLPSIL-FGVGLLMALVPV 75
hMATE1 VRGSRCLRLSAFREELRALLVLAGPAFLVQLMVFLISFISSVFCGHLGKLELDAVTLAIAVINVIGVSVGFGLSSACDTL 99
[ ]
A M3 — T™M4
| 1 ! 1 | I | I
DinF-BH ISRRLGERRGEEANQVFGNILTVILVLSVIGFISAFTLLGPALQLFGATSVTQGYATDYLFPILLGSIFFFFAFAANNII 160
PEMATE IARRIGARDKEGADNVAVHSLILSLILGVTITITMLPAIDSLFRSMGAKGEAVELAIEYARVLLAGAFIIVFNNVGNGIL 161
NorM-NG IAQLYGAGKTGEAGETGRQGIWFGLILGIFGMILMWAAITPFRNWLTLSDYVEGTMAQYMLFTSLAMPAAMVHRALHAYA 160
NorM-VC  VAQLNGAGRQHKIPFEVHQGLILALLVSVPIIAVLFQTQFIIR-FMDVEEAMATKTVGYMHAVIFAVPAYLLFQALRSFT 154
hMATEL ISQTYGSQNLKHVGVILQRSALVLLLCCFPCWALFLNTQHILL-LFRQDPDVSRLTQTYVTIFIPALPATFLYMLQVKYL 178
| T™M5 F———— ™6 ]
] } 1 1 1 1 ]
DinF-BH RSEGNATFAMVTMIVPAVLNILLDVLFIFG-LNM---GVLGASIATVIAQASVTGLVLRYFLTGKSTLS--LHWSDLRMK 234
PEMATE RGEGDANRAMLAMVLGSGLNIVLDPIFIYT-LGF---GVVGAAYATLLSMVVTSLFI-AYWLFVKRDTYVDITLRDFSPS 235
NorM-NG SSLNRPRLIMLVSFAAFVLNVPLNYIFVYGKFGMPALGGAGCGVATMAVFWFSALALWIYIAKEKFFRPFGLTAKFGKPD 240
NorM-VC  DGMSLTKPAMVIGFIGLLLNIPLNWIFVYGKFGAPELGGVGCGVATAIVYWIMLLLLLFYIVTSKRLAHVKVFETFHKPQ 234
hMATE1 LNQGIVLPQIVTGVAANLVNALANYLFLH-~---QLHLGVIGSALANLISQYTLALLLFLYIL-GKKLHQAT-WGGWSLEC 252
[ ]
— T™M7 — ™8 —
1 | | 1 1 1 1 1
DinF-BH GSVIKEVCLVGLPAFVQQSSASLMMIAINSMLLRFGSDFYVGVFGLVQRIMMFVMMPMMGIMQAMQPIVGYNYGAKQYSR 314
PEMATE REILKDILRVGLPSSLSQLSMSIAMFFLNSVAITAGGENGVAVFTSAWRITMLGIVPILGMAAATTSVIGAAYGERNVEK 315
NorM-NG WAVFKQIWKIGAPIGLSYFLEASAFSFIVFLIAPFGEDYVAAQQVGISLSGILYMIP-QSVGSAGTVRIGFSLGRREFSR 319
NorM-VC PKELIRLFRLGFPVAAALFFEVTLFAVVALLVAPLGSTVVAAHQVALNFSSLVFMFP-MSIGAAVSIRVGHKLGEQDTKG 313
hMATE1 LQDWASFLRLAIPSMLMLCMEWWAYEVGSFLSGILGMVELGAQSIVYELAT IVYMVP-AGFSVAASVRVGNALGAGDMEQ 331
[ ] ®
4 ™ 9 — T™M 10 —
| 1 1 | | 1 | 1
DinF-BH LRETVMLGFKVATIFSIGIFALLMLFPEALLRVFTADREVIQAGVSAMHILFCVTFLIGAQIVAGGLYQSLGKPKQALIL 394
PEMATE LETAYLYAIKIAFMIELAVVAFIMLFAPQVAYLFTYSESAQVIKGDLISALRTLPVFLVLTPFGMMTSAMFQGIGEGEKS 395
NorM-NG ARYISGVSLVSGWVLAVITVLSLVLFRSPLASMYNDDPAVLSIASTVLLFAGLFQPADFTQCIASYALRGYKVTKVPMFI 399
NorM-VC  AATAANVGLMTGLATACITALLTVLFREQTALLYTENQVVVALAMQLLLFAAIYQCMDAVQVVAAGSLRGYKDMTAIFHR 393
hMATE1 ARKSSTVSLLITVLFAVAFSVLLLSCKDHVGYIFTTDRDIINLVAQVVPIYAVSHLFEALACTSGGVLRGSGNQKVGAIV 411
[ ]
™ 11 —- TM 12
1 1 1 | | 1 |
DinF-BH SLSRQIIFLIPLVLILP--HIFGLSGVWWAFPIADVLSFILTVVLLYRDRNVFFLKTKEERELDLVKTASST 464
PEfMATE LILTIFRTLVMQVGF-A--YIFVHYTTLGLRGVWIGIVIGNMVAAIVGFLWGRMRISALKKTSATGGKR 461
NorM-NG HAAAFWGCGLLPGYLLAYRFDMGIYGFWTALIASLTIAAVALVWCLEKYSMELVKSHKAV 459
NorM-VvC TFISYWVLGLPTGYILGMTNWLTEQPLGAKGFWLGFIIGLSAAALMLGQRLYWLQKQSDDVQLHLAAK 461
hMATE1 NTIGYYVVGLPIGIALMFATTLGVMGLWSGIIIC-TVFQAVCFLGFIIQLNWKKACQQAQVHANLKVNNVPRSGNSALPQDP 492

Figure 5. Sequence alignment of representative MATE transporters. Residues that are conserved among the 5 MATE proteins are col-
ored magenta. Regions of secondary structural elements are outlined, with every 10th residue marked. Red and blue dots highlight
amino acids that likely bind cations in DinF and NorM transporters, respectively. Residues 1 in PfMATE and NorM-NG, residues 1-20 in
eukaryotic hMATE1 are omitted for clarity. Notably, the H"-coupled hMATE1 bears the cation-binding amino acids as found in NorM-NG
and NorM-VC (blue dots), while lacking the 2 aspartates (red dots) as seen in DinF-BH and PfMATE.

in Na™-coordination (Fig. 4)."” These 3 amino acids are
highly conserved in the NorM and eukaryotic subfami-
lies (Fig. 5), implying that the transport mechanism
may be somewhat conserved between these 2 subfami-
lies of MATE transporters. Furthermore, those 3 amino
acids and their counterparts in another bacterial NorM
transporter were found to be functionally indispensable
for multidrug efflux, further attesting to the biological
relevance of the cation-bound structure of NorM-
NG.17,20

Notably, NorM-NG"*** seems to coordinate Na™
through a cation-r interaction, offering the first piece
of structural evidence that a membrane protein can
make a Na™*-7 interaction. It also seems likely that the

Na™-7 interaction enables NorM-NG to selectively as
well as dynamically bind Na® during transport."”
Moreover, Na*-7 interaction has also been suggested
for yet another secondary transporter, BetP, a Na*-
coupled symporter.”’ As such, Na*-7 interaction may
prove to be an important element in Na™-binding by
membrane transporters, including both antiporters
(NorM-NG) and symporters.

Perhaps surprisingly, the cation-bound NorM-
NG structure strongly suggests that the transporter
utilizes distinct subsets of amino acids to interact
with cation and drugs, and that it can bind them
simultaneously.'” Therefore, the coupling between
Na' and drug is likely indirect and mediated by
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protein conformational changes in NorM-NG,
likely involving the rearrangement of cation-bound
transmembrane helices (Fig. 4). As such, the cation-
bound NorM-NG structure corresponds to a fully-
loaded state of the MATE transporter and supports
an unconventional allosteric coupling mechanism
(Fig. 6). Under this scenario, Na™ elicits the release
of drugs from NorM-NG by shifting 2 Na*-binding
transmembrane helices (TM7 and TM8), which also
form part of the multidrug-binding site (Fig. 3).
This finding sets a new conceptual framework in the
transporter field, as it starkly contrasts the mecha-
nism proposed for other antiporters including EmrE
and NhaA, which states that an antiporter can bind
either the counter-transported cation or substrate,
but not to both at the same time.***’

PfMATE structures

After the NorM-NG structures were reported, several
crystal structures of the H-coupled PIMATE were

\V/aN5

——
Cytoplasm
PDB: 4HUK, 4HUM, 4HUN

PDB: 3MKU, 3MKT

Figure 6. Proposed antiport mechanism for NorM-NG. Briefly,
Na* (green circle) binds to a cation-free, drug-bound, extracellu-
lar-facing NorM-NG (pink) and triggers the movement of TM7
and TM8 (red arrow) in the cation-bound, drug-bound state,
causing the drug (red) to be dissociated from NorM-NG. The cat-
ion-bound, drug-free NorM-NG then switches to an intracellular-
facing conformation (gray) to intercept another drug from the
cytoplasm. Drug binding subsequently induces the release of
Na* into the cytoplasm, and the protein returns to the drug-
bound, extracellular-facing state. The known structures (specified
by their PDB codes) correspond to the 3 extracellular-facing
states. TM1 and TM2 are simplified as a thick cyan stick, TM7 and
TM8 as a thick yellow stick, and TM10 as a thin yellow stick,
respectively.

determined at 2.4 to 3.0 A resolutions and published.**
PfMATE belongs to the DinF subfamily of MATE
transporters and lacks the amino acids that constitute
the cation-binding site in NorM-NG (Fig. 5). Despite
this difference, the overall structure of PIMATE is
similar to that of NorM-NG or NorM-VC. Among the
published PEIMATE structures are those determined at
low (6.0-6.5) and high (7.0-8.0) pH, with the most sig-
nificant difference between the 2 residing in TM1
(Fig. 7).

Specifically, in the low pH structure, the TM1 in
PfMATE is bent near the center of the helix, whereas
TM1 remains unbent, or straight, in the high pH
structure (Fig. 7). Since the TM1 is also unbent in the
structure of PEMATE in complex with a substrate ana-
log, a mechanism was put forward to suggest that the
protonation of an aspartate in TM1 (PfMATEP*!)
triggers the bending of TM1 and gives rise to the
release of substrate from the transporter.”* Appar-
ently, this mechanism is based on the untested
assumption that PAIMATEP*! is protonated in the low
pH structure but deprotonated in the high pH form.

However, in both the low and high pH structures,
the calculated pKa of PIMATEP* is lower than 4, sug-
gesting that in these 2 structures, PAMATE™*' is
always deprotonated.”® Furthermore, the TM1-bend-
ing-based mechanism is unlikely applicable to H-
dependent eukaryotic MATE transporters, since their
TM1 generally lacks a protonatable amino acid
(Fig. 5). Furthermore, the TM1 is unbent in the cat-
ion-bound structure of NorM-VC or NorM-NG, argu-
ing that the TM1-bending is unlikely a shared feature
for cation-bound NorM transporters either.'*!”

More recently, the structure of a protonated trans-
porter from the DinF subfamily was reported, in
which the TMI is also unbent (see below).?® In light of
the accumulated experimental data, it seems that the
TMI1-bending-based transport mechanism needs to be
critically re-evaluated. Indeed, it is likely that the con-
formation of TM1 in PfMATE, bent vs. straight, is
affected by the pH-dependent interactions between
the transporter and exogenous lipids, which were used
to aid crystallization, rather than by the protonation
or deprotonation of PAIMATEP*' 2

Substrate-bound DinF-BH structure

Shortly after the PEIMATE structures were published,
the crystal structures of yet another H" -coupled DinF
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High pH

Low pH

Figure 7. Structures of PfMATE obtained at high and low pH. The high (A) and low (B) pH structures are viewed from the periplasm,
respectively. N and C domains of PfMATE are colored cyan and yellow, respectively, except in the low pH structure, in which the extra-

cellular half of TM1 is colored red to highlight the kinked helix (B).

transporter, that from Bacillus halodurans (DinF-BH),
were reported.”® Perhaps unexpectedly, the 3.7-A res-
olution substrate-bound and 3.2-A resolution sub-
strate-free DinF-BH structures both reveal an
asymmetric arrangement of the 12 transmembrane
helices (Fig. 8). The pseudo-twofold symmetry is bro-
ken in DinF-BH by the kinking of 2 helices (TM7 and
TMS) and is likely induced by proline residues.”® By
contrast, the structure of NorM-VC, NorM-NG and
PfMATE all preserve a pseudo-2-fold symmetry
between their N and C domains.'”**

The structural asymmetry in DinF-BH creates a
substrate-binding chamber as well as shields TM1
from the solvent, the latter of which may explain the
upward shift in pKa for DinF-BH”*® (equivalent of
PfMATEP*).>> Within the substrate-binding cham-
ber, DinF-BHP** makes a single charge-charge inter-
action with a cationic substrate (Fig. 9). Furthermore,
in the 3.0-A resolution structure of a protonation-
mimetic mutant of DinF-BH, DinF-BH”**™ forms an
H-bond with DinF-BH"'®* (Fig. 10).*° Both DinF-
BH"*® and DinF-BH"'®* are essential for the transport

< N Cytoplasm Periplasmic View

B

DinF-BH

Figure 8. Structure of DinF-BH. The structure as viewed from the membrane (A) and from the periplasm (B). The N and C domains of
DinF-BH are colored cyan and yellow, respectively, except for the extracellular halves of TM7 and TM8, which are colored red to high-
light the asymmetric arrangement of the transmembrane helices. Relevant helices are numbered.
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Figure 9. Structure of the substrate-binding site in DinF-BH. (A) The structure of drug-bound DinF-BH as viewed from the membrane
plane, with the N and C domains colored cyan and yellow, respectively. The bound substrate is drawn as magenta sticks and overlaid
with experimental electron density map (cyan wire). (B) Close-up view of the substrate-binding site. Relevant amino acids are drawn as
stick models and labeled. Bound substrate is shown as magenta sticks.

function, and neutralization of DinF-BHP*° substan-

tially reduced the substrate binding to DinF-BH.*>*°
Taken together, these data support a direct-competi-
tion-based mechanism in which the protonation of
DinF-BH™*® breaks the charge-charge interaction
between DinF-BH™**N and substrate, thereby trigger-
ing drug release from the transporter (Fig. 11).>2°
This antiport mechanism markedly differs from
that of NorM-NG and implies striking mechanistic
divergence between the NorM and DinF transport-
ers.”> Notably, DinF-BH lacks the cation-binding
amino acids seen in NorM-NG and interacts with
substrate differently from NorM-NG, which makes

numerous charge-charge interactions with cationic
drugs (Fig. 3). Furthermore, although -eukaryotic
MATE transporters are typically H -dependent, they
appear to be more similar to Na*-coupled NorM-NG
than H"-dependent DinF-BH.>>*° Firstly, eukaryotic
MATE transporters bear the cation-binding motif
seen in NorM-NG, and hence may form a similar
cation-binding site to that of NorM-NG (Fig. 5). Sec-
ondly, the counterparts for DinF-BH”'®** in NorM-
NG, NorM-VC and eukaryotic MATE transporters
such as hMATE] are asparagine residues, even
although a DinF-BH”'®*N mutation abolished the
transport activity of DinF-BH.*® As such, it is likely

A

T202

B

Figure 10. Structural basis for the direct competition in DinF-BH. (A and B) Close-up views of the H-bonding networks in DinF-BH>* (A)
and deprotonated DinF-BH (B), respectively. Relevant amino acids are drawn as stick models and H-bonding interactions are indicated
by dotted-lines. Red arrow highlights the interaction between DinF-BH**™ and DinF-BHP'8 (A).
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Figure 11. Proposed antiport mechanism for DinF-BH. In brief,
protonation of DinF-BHP* in the drug-bound, extracellular-facing
transporter triggers the release of drug into the periplasm. The
protonated, extracellular-facing DinF-BH then changes to the pro-
tonated intracellular-facing state. Drug binding to the transporter
from the cytoplasm subsequently elicits the deprotonation of
DinF-BHP* and yields a drug-bound, intracellular-facing DinF-BH,
which returns to the drug-bound, extracellular-facing state to
complete the transport cycle. The N and C domains of the extra-
cellular-facing DinF-BH are simplified as cyan and yellow rectan-
gles, whereas those of the intracellular-facing transporter are
colored gray, except for the extracellular portions of TM7 and
TM8, which are in red. Drug and proton are drawn as a magenta
oval and a green circle, respectively. DinF-BHP* is colored in
black and labeled. The known structures of DinF-BH (as specified
by their PDB codes) portray the extracellular-facing states of the
transporter.

that NorM and eukaryotic MATE transporters have
evolved transport mechanisms that are different from
that of DinF proteins.*®

Structures of verapamil-bound DinF-BH and NorM-
NG

Most recently, the 3.0-A resolution X-ray structures of
DinF-BH and NorM-NG in complexes with verapamil
were published.’® Verapamil is a currently marketed
pharmaceutical, an ion-channel blocker as well as a
broad-spectrum inhibitor of multidrug transport-
ers.”’ % Verapamil can inhibit multidrug transporters
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from the ABC, MATE and MFS families, and given
the structural differences among those multidrug
transporters, it seems remarkable that verapamil can
exert inhibitory effects on so many structurally and
mechanistically different membrane transporters. The
published structures of verapamil-bound MATE
transporters thus provide the first glimpses into how
this remarkable functional versatility can be accom-
plished by verapamil.

In the verapamil-bound DinF-BH and NorM-NG
structures, verapamil occupies a location that is over-
lapping with the multidrug-binding sites.*® In vitro,
verapamil can also inhibit the binding of radio-labeled
substrate to either DinF-BH or NorM-NG.*® There-
fore, verapamil appears to inhibit MATE-mediated
multidrug efflux simply by preoccupying the multi-
drug-binding site, despite the structural and mecha-
nistic differences between DinF-BH and NorM-NG.*
This inhibitory mechanism is reminiscent of that for
the inhibitors of RND multidrug transporters.”’ How-
ever, those RND inhibitors cannot be extruded by
their cognate RND transporters, whereas both DinF-
BH and NorM-NG can export verapamil >’

Despite a similar inhibitory mechanism, DinF-BH
and NorM-NG make rather different molecular inter-
actions with verapamil. Firstly, verapamil adopts dif-
ferent conformations within DinF-BH and NorM-
NG. Specifically, verapamil displays an almost linear
conformation in DinF-BH (Fig. 12), but assumes a
rather folded, horse-shoe-shaped conformation in
NorM-NG (Fig. 13), which may be important for
maximizing the favorable interactions between the
MATE transporter and verapamil. Secondly, the struc-
ture of DinF-BH remains largely unaltered upon bind-
ing verapamil, whereas the conformations of 2
extracellular loops in NorM-NG change significantly
upon association with verapamil*® These differences
may reflect the mechanistic and structural difference
between DinF-BH and NorM-NG, as well as the struc-
tural flexibility and functional versatility of verapamil.
It is thus conceivable that verapamil also adopts differ-
ent conformations upon binding other structurally
and mechanistically distinct multidrug transporters.

Outlook

All the published structures depict the MATE trans-
porters in their extracellular-facing states, in which
the substrate- or multidrug-binding sites always open
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Figure 12. Structure of verapamil-bound DinF-BH. (A) Structure of verapamil-bound DinF-BH (ribbon) as viewed from the membrane
plane. The N and C domains are colored cyan and yellow, respectively. Verapamil is drawn as magenta spheres. (B) Close-up view of the
verapamil-binding site. Verapamil (magenta) and relevant amino acids are drawn as stick models and labeled.

toward the periplasm. It is therefore unclear as to how
the MATE transporters switch to their intracellular-
facing conformations in order to acquire substrates
from the cytoplasm. Although the intracellular-facing
models of DinF-BH and NorM-NG have been sug-
gested and are also consistent with available biochemi-
cal data, they both lack direct structural proof and are
unlikely to be accurate in all the details.”® As such, the
structure elucidation of an intracellular-facing MATE
transporter would substantially advance our under-
standing of MATE-mediated multidrug extrusion.
Aside from the transport mechanism, little is
known about the molecular basis for cation

selectivity in a MATE transporter. Although the
structures of cation-bound NorM-NG and DinF-BH
are known, they give little insight into how a
MATE transporter selects between Na™ and H™, as
the cation-binding sites are located in entirely dif-
ferent domains within the NorM and DinF trans-
porters.'”*> Therefore, to reveal the chemical basis
of cation selectivity, it is essential to obtain the
structures of an H*-coupled NorM and a Na*-cou-
pled DinF, both trapped in their cation-bound
states, in order to uncover the similarity and differ-
ence between the Na*- and H*-binding sites and to
shed new light on cation selectivity.

Cytoplasm

Figure 13. Structure of verapamil-bound NorM-NG. (A) Structure of NorM-NG in complex with verapamil as viewed from the membrane
plane. NorM-NG is shown in ribbon rendition and its N and C domains are colored cyan and yellow, respectively. Verapamil is shown as
magenta spheres. (B) Close-up view of the verapamil-binding site. Verapamil (magenta) and relevant amino acids are displayed as stick

models and labeled.



Last but not least, based on amino-acid sequence
analysis and available biochemical data, it is likely that
the mechanism as well as structure of eukaryotic
MATE transporters differ from those of DinF and
NorM transporters.”>*® In order to understand how
the structural similarity and divergence between
eukaryotic and prokaryotic MATE transporters
account for their unique functionalities, future efforts
must also be made at investigating the structure and
mechanism of eukaryotic MATE transporters.

In closing, although the past 5 years have wit-
nessed tremendous progress made toward under-
standing how MATE transporters bind and extrude
drugs, it remains largely unknown how a MATE
transporter selects cations or captures drugs from the
cytoplasm. These major gaps in our knowledge pose
great challenges for unraveling the molecular under-
pinnings of multidrug transport, as well as spawn
new and exciting opportunities for overcoming mul-
tidrug resistance.
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