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CHAPTERI

Structure and function of MATE transporters

Active transport across membranesis essential for life (1). Numerous transporter families
have evolved as a result to handle a variety of processes that includes the import of essential
nutrients, reuptake of signaling molecules, and the export of metabolic waste. Multidrug (MDR)
transporters function in the removal of structurally and chemically diverse molecules, including
antibiotics and antiseptics, and serve to circumvent drug toxicity (2-5). Despite a high energetic
cost, export of the drug from inside the cell by MDR transporters is the primary defense
mechanism (2, 6, 7). This mechanism allows the cell sufficient time to adapt other resistance
mechanisms to modify or degrade the drug or to modify the target of the drug (8). In prokaryotes
and eukaryotes, these mechanisms have facilitated resistance to commonly used antibiotics and
anticancer agents (6, 9, 10). With a dearth of new treatments, the widespread distribution of these
transporters presents a serious clinical challenge for successful pharmacological treatment of
bacterial infections and cancers (3, 11-15). In cancer cells, drug efflux allows for adaptive
mechanisms that result in cell plasticity and phenotype switching, which contributes to resistance
to chemotherapy drugs (16, 17). Drug tolerant cells can subsequently drive cancer relapse if
treatment is discontinued.

MDR transporters are grouped into two main categories: primary active transporters and
secondary active transporters. Primary active transporters or ATP binding cassette (ABC)
transporters are defined by their direct utilization of chemical energy through ATP hydrolysis to
power conformational changes for substrate transport (18, 19). Secondary active transporters, on
the other hand, employ electrochemical gradients, maintained by primary active processes, to
promote transport (19, 20). While specific ion and substrate dependence varies among secondary

active transporters, the mechanism of transport can be classified into three general categories:
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uniport, symport, and antiport (20). Uniporters allow diffusion of specific chemical substrates
through the membrane, relying on the chemical gradient of substrate to impose directionality. In
contrast, symporters and antiporters couple the energetically favorable translocation of ions to
energetically uphill transport of substrates against their concentration gradients (19, 21).
Symporters and antiporters are defined by the directionality of ion and substrate transfer with
antiport comprising opposite directionality (22, 23) and symport encompassing unidirectional
mechanisms (24).

There are currently six secondary active membrane transporter families identified,
classified according to sequence homology and topology (25). The major facilitator superfamily
(MFS), small multidrug resistance (SMR) family, the resistance, nodulation and division (RND)
family, the multidrug and toxic compound extrusion (MATE) family, and more recently described,
the proteobacterial antimicrobial compound efflux (PACE) and the AbgT family utilize
electrochemical gradients to drive transport of substrates against their concentration gradients
out of the cell. MATE transporters were first identified in 1998 and since then much has been

described regarding structure and function (23, 25).

Phylogeny of MATE transporters

MATE transporters were originally classified as MFS transporters (26). However, their
topology was revealed to be distinct from members of the MFS and so were classified as a new
transporter family (26, 27). MATE transporters are classified into the multidrug/oligosaccharidyl-
lipid/polysaccharide (MOP) flippase superfamily (28). Besides the MATE transporters, this
superfamily also includes the prokaryotic polysaccharide transporter (PST) family, the
oligosaccharidyl-lipid flippase (OLF) family, and the mouse virulence factor family (MVF). Of the
members of this superfamily, the MATE transporters are most numerous and are found across all
kingdoms of life (28). Multiple orthologues of the PST transporters are found in archaea and
bacteria, while the MVF proteins are found only in bacteria. In contrast the OLF proteins are found
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only in eukaryotes, specifically in the endoplasmic reticulum. Phylogenetic analyses suggest a
relative degree of relatedness of the four families and demonstrates that the MATE, MVF, and
PST families are more interrelated than to the OLF family (Fig. 1.1) (28). This suggests that
primordial proteins related to the PST family might be the common ancestor from which the other

families diverged.

MATE
MVF

PST

OLF

Figure 1.1: Schematic depiction of the relative relatedness of members of the MOP superfamily.
Phylogenetic analyses suggest that primordial proteins related to the PST family are the common ancestor

of members of this superfamily (28).

The MATE transporters are further categorized into three phylogenetic branches based
on amino acid sequence similarity (26): the NorM and DNA damage-inducible protein F (DinF)
subfamilies (typically found in archaea and bacteria) that are Na* and/or H*-coupled, and the
Eukaryotic subfamily that is putatively H*-coupled. The first MATE transporter that was
characterized was NorM from the bacterium Vibrio parahaemolyticus, a Na*/drug antiporter that
confers resistance to toxic dyes, fluoroquinolones, and aminoglycosides (29, 30). Since then
many other MATE efflux pumps have been identified in many pathogenic bacteria including
Acinetobacter baumannii (31), Brucella melitensis (32), Clostridium difficile (33), Haemophilus

influenza (34), Neisseria gonorrhoeae (35, 36), Neisseria meningitides (35), Pseudomonas
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aeruginosa (37), Staphylococcus aureus (38, 39), and Vibrio cholerae (40-42) with multiple
paralogues of the MATE transporters found within a single organism.

While endogenous substrates generally have not been identified for bacterial MATE
transporters, except for Escherichia coli CIbM which has been implicated in precolibactin toxin
transport (43), the known substrates of these transporters are a wide range of cationic and
aromatic compounds whose efflux is coupled to a Na* and/or H* gradient (25). These compounds
include dyes such as ethidium bromide (Et) and doxorubicin (DXR), and antibiotic
fluoroquinolones such as ciprofloxacin (CFX) and norfloxacin (NFX), B-lactam antibiotics such as
penicillin, and aminoglycoside antibiotics such as kanamycin and erythromycin. As substrates of
the MATEs, these antibiotics are exported from the cell thus lowering the concentration of the
drug to where it is below the minimum inhibitory concentration (MIC) toward the bacterium and
rendering the antibiotic ineffective. As previously mentioned, this has allowed bacteria to evolve
additional mechanisms to degrade or modify the drug, thus contributing to the phenomenon of
multi drug resistance, a serious and rapidly growing public health crisis. Of greater concern is that
the MATE transporter MepA from S. aureus has already been shown to confer resistance against
a new generation of glycylcycline antibiotics that have shown promising activity against methicillin

and vancomycin resistant strains (39).

Eukaryotic MATE transporters in plants

In plants, the MATE family constitutes one of the largest transporter families with 67
identified paralogues in Solanum lycopersicum (tomato), 58 in Arabidopsis thaliana, 49 in Zea
mays (maize), and 48 in Solanum tuberosum (potato) (44, 45). Genetic studies have suggested
that tandem and segmental duplications have contributed to the expansion and evolution of this
family of transporters (44). MATE transporters in plants have been implicated in myriad processes
including aluminum tolerance in acidic soils and protection of roots from inhibitory compounds
(46-48), iron homeostasis (49, 50), alkanoid and flavonoid transport including anthocyanin
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accumulation (51-55), siacylic acid-dependent disease resistance signaling (56), hormone
signaling (57, 58), and detoxification of lipophilic compounds (59). Moreover, MATE expression
is tissue specific, carrying out specific but overlapping functions in the leaves, flowers, fruits,
seeds, stems and shoots, and roots. Accumulation of endogenous alkaloids such as nicotine in
the leaves of the tobacco plant Nicotiana tabacum is associated with the expression of NtMATEL,
NtMATEZ2, and Nt-JAT1 genes (60, 61). Aluminum tolerance in Sorghum bicolor is associated
with the efflux of citrate from the roots by SbMATE into the rhizosphere, which results in the
formation of non-toxic complexes with aluminum (62). Similar MATE genes are found to be
upregulated in Arabidopsis thaliana (46), Triticum (wheat) (63), Hordeum vulgare (barley) (64),

and Zea mays (maize) (47), to name a few, in response to aluminum stress.

MATE transporters in humans and animals

In humans, MATE transporter orthologues (hMATES) are differentially expressed in the
luminal surface of renal tubular cells of the kidney and the bile canaliculi of the liver (65). mRNA
analysis has shown that hMATEL1 is expressed in the kidney and the liver and to a lesser extent
in the adrenal glands, testis, and skeletal muscle. In contrast, hNMATEZ2 and its splicing variant
hMATE2-K are expressed solely in the kidney (66, 67). In the kidney, the h(MATE1 and hMATE2-
K transporters are localized on the brush border membrane of proximal epithelial cells and
colocalize with the organic cation transporter OCT2 and the organic anion transporters OAT1 and
OAT3, which are found on the basolateral membrane (66). The expression levels of these
transporters are higher than that of any other renal drug transporters in the cortex of the kidney
and are responsible for the terminal step of organic cation/anion excretion from the kidney (66—
68).

hMATE1, hMATE2 and hMATE2-K efflux structurally diverse, low molecular weight
organic cations coupled to an inwardly-directed proton gradient that is sustained by the membrane
Na*/H* exchanger and the V-type proton ATP-ase. (69-73). While the co-localization and
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overlapping specificities of h(MATES in the kidneys suggest a redundant system, their substrate
specificities are not identical. Human MATEs in the kidney have been reported to transport drugs
such as metformin (a widely prescribed anti-diabetic medication) (74, 75), atenolol (a B-blocker
used to treat hypertension) (76), acyclovir (antiviral agent), and chloroquine (antiprotozoal agent)
(77). These proteins also transport antibiotics and chemotherapeutics such as cisplatin and
oxaliplatin (70, 78). However, potent inhibitory effects are observed by cimetidine, levofloxacin,
and pyrimethamine, to name a few (79, 80).

Pyrimethamine, an anti-parasitic treatment sold under the trade name Daraprim, has been
shown to be a potent and specific inhibitor of the MATE transporter (81). Experiments with wild-
type (WT) male mice found that 80 min after pyrimethamine administration the total concentration
in the kidney and plasma was 51.1 uM and 5.5 puM, respectively. The unbound pyrimethamine in
the kidney and the plasma was determined to be 1.3 uM and 0.45 uM, respectively (81). This
demonstrated that the concentration of unbound pyrimethamine in the kidney was much higher
than the Ki for mouse MATE1 (MMATEL1) (0.14 pM), while the unbound pyrimethamine in the
plasma was much lower than the Kifor mouse OCT1 and OCT2 (3.6 and 6.0 uM) (82). This
suggested that pyrimethamine inhibited mMMATEL but not OCT1 or OCT2 with which mMATE1 is
co-localized in the kidney. For hMATE1 and hMATE2-K pyrimethamine is far more potent an
inhibitor, with reported Kivalues of 93 nM and 59 nM, respectively (83).

As the last site of organic cation secretion, the MATE transporters in the kidney represent
a site of drug-drug interactions and mediate drug toxicity. For example, h(MATE1 but not hNMATE2-
K transports cisplatin from epithelial cells and therefore, cisplatin will accumulate and induce
tubular toxicity to a greater extent than oxaliplatin, which is a substrate for both transporters and
thus can be more easily exported from the cells (84). Mutation of hMATEL or inhibition by the
antiemetic ondansetron can greatly potentiate cisplatin nephrotoxicity. Indeed mMATEL -/- mice
were more prone to cisplatin induced nephrotoxicity and had increased cisplatin plasma and renal
concentrations compared to WT mice (85). Similarly, coadministration of cimetidine significantly
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increases exposure to dofetilide, metformin, procainamide or levofloxacin (78, 86-89).
Fluoroquinolones such as levofloxacin and ciprofloxacin in turn have inhibitory effects on the
clearance of drugs such as procainamide, which is used to treat cardiac arrythmia (90).

Functional single nucleotide polymorphisms (SNPs) of hMATE1 and hMATE2-K are
associated with the enhanced activity of metformin. Studies in mMMATE1 -/- mice had a 2-fold
increase in the systemic exposure to metformincomparedto WT mice as a result of reduced renal
clearance (91). Concomitantly, the null mice also had increased liver concentration of metformin
compared to the WT mice and displayed symptoms consistent with lactic acidosis, a rare side
effect of metformin (92). Type 2 diabetes patients with a SNP within the IDE/HHEX gene region
(HHEX_23-AA, i.e. adenine at that position in both HHEX_23 copies) (93-95) proved to be slow
eliminators of metformin and responded better to the drug (96, 97). However, while inhibition of
MATES by pyrimethamine increased the blood concentration of metformin, it did not enhance its
hypoglycemic effect (98).

Other transport processes involving endogenous substrates have been investigated for
the MATE transporters. Export of testosterone, thought to occur by passive diffusion owing to its
hydrophobicity, was shown to be facilitated by MATEZ2 in pig Leydig cells. Testosterone produced
by human chorionic gonadotropin (hCG) treatment in pig Leydig cells accumulated in the
presence of the MATE inhibitors cimetidine or pyrimethamine in a concentration-dependent
manner compared to control cells (99). This implicated MATEZ2 in steroidogenesis in the pig
Leydig cells. Pyrimethamine has been shown to increase serum creatinine levels, suggesting a
role for MATE transporters in creatinine transport (100, 101). Support for this hypothesis came
from studies of MMATE -/- mice in which serum creatinine levels were increased compared to WT
mice (91), thus implicating the rodent MATE transporter in apical efflux of creatinine into the urine.
Similar experiments have also implicated MATES in the transport of thiamine (vitamin B) (81),
where inhibiton of mMMATEL1 in mice by pyrimethamine significantly increased plasma

concentration of thiamine.



Though knockout animal strains have been established to determine the physiological
importance of MATE transporters and other renal tubular transporters, there is still considerable
interspecies differences in transporter biochemistry, expression, and localization making
extrapolation to humans difficult. While the characteristics of h(MATE1 and rodent MATEL are
similar, hMATE2-K and rodent MATEZ2 exhibit low sequence identity (38%) and different
expression patterns (70). Additionally, while both hMATE1 and rodent MATE1 are localized in the
kidney and liver, rodent MATEL is also localized in brain glia-like cells and capillaries, pancreatic
duct cells, urinary bladder epithelium, alpha cells of the islets of Langerhans, Leydig cells, and Ito
cells storing vitamin A (70, 102). In vitro assays to determine the effect of acompound on transport
by tubular transporters such as the MATEs are universally accepted as routine procedures.
Though pharmacological and biochemical analyses of hMATEs have been conducted to
determine basic transport properties, potential ligands, and pharmacokinetics (72, 90, 103-105),
the molecular mechanisms underlying organic cation recognition and transport by hMATEs are
not well understood.

The U.S Food and Drug Administration in its 2017 draft guidance on drug-drug interaction
concluded that inhibition of h(MATE1 and hMATE2-K should be studied for all new investigational
drugs and substrate studies are required if 25% of total drug clearance is due to renal secretion
(65). Since a structural biology approach has long been employed to understand protein function,
extensive efforts have been made to determine the structures of MATE transporters to illuminate
the mechanisms of ligand recognition and binding and subsequent transport. Several MATE
transporter structures have been reported in the literature with archaeal, eubacterial, and

eukaryotic origins.



Resolution

Protein Subfamily Organism PDB ID A) Ligand
NorM-VC NorM Vibrio cholerae 3MKT 3.65
3MKU 4.20 Rb+
NorM-NG NorM Neisseria gonorrhoeae 4HUK 3.60 TPP, monobody
4HUL 3.80 Cs+, monobody
4HUM 3.50 ethidium, monobody
4HUN 3.60 R6G, monobody
5C6P 3.00 verapamil, monobody
PfTMATE DinF Pyrococcus furiosus 3VVN 2.40
3vVvOo 2.50
3VVP 2.90 Br-norfloxacin
3WBN 2.45 Cyclic peptide MaL6
3VVR 3.00 Cyclic peptide MaD5
3VVS 2.60 Cyclic peptide MaD3S
3wAT 2.10
6FHZ 2.80
6GWH 2.80
6HFB 3.50 Cs+
4MLB 2.35
DinF-BH DinF Bacillus halodurans 4176 3.20
4179 3.70 R6G
5C6N 3.00
5C60 3.00 verapamil
VcmN DinF Vibrio cholerae 6IDP 2.20
6IDR 2.50
6IDS 2.80
ClbM DinF Escherichia coli 473N 2.70
473P 3.30 Rb+
AtDTX14 eMATE Arabidopsis thaliana 5Y50 2.60
CasMATE eMATE Camelina sativa 5XJJ 2.90

Table 1.1: Reported structures of the MATE transporters.




Structures of MATE transporters

A variety of crystallization methods and strategies have been employed to obtain crystals
of MATE transporters. These involve using detergents and lipids as membrane mimetics,
monobodies engineered against the protein molecule, and a range of buffer conditions to facilitate
crystallization. Thus far, 29 crystal structures of 8 MATE transporters have been published from
7 organisms across the NorM, DinF, and eukaryotic subfamilies (Table 1.1). A sequence
alignment of these 8 transporters reveals conserved elements that have been implicated in ion
and substrate binding and conformational change (Fig. 1.2).

MATE transporters typically consist of ~400-500 amino acids and are composed of 12
transmembrane helices (TM). TMs 1-6 and TMs 7-12 constitute the N-terminal and C-terminal
domains, respectively, hereafter referred to as the N- and C-lobes. The N-terminal segment of
TM1 and the C-terminal segment of TM12 are oriented to the intracellular side of the lipid bilayer.
The N-and C-lobes are related by an intramolecular two-fold pseudosymmetry and are connected
by an intracellular loop of ~15 amino acid residues.

While a structure of a mammalian MATE transporter has yet to be reported, hydropathy
analyses have suggested that human, rat, and rabbit MATE1 (roMATEL), which are 570, 566,
and 568 amino acid residues, respectively, are composed of 13 TMs, thus orienting the C-terminal
segment of the transporter to the extracellular side of the bilayer (70). This structure and
orientation was confirmed by immunocytochemistry experiments in which the accessibility of the
C-terminus of roMATE1 was tested in permeabilized and non-permeabilized cells (106). The
results showed that the C-terminus was accessible in both permeable and non-permeable cells,
while mMMATELZ, which is predicted to have 12 TMs and thus the C-terminus is oriented to the
intracellular side of the membrane, was only accessible in permeabilized cells (106). Given that
structures currently available demonstrate that 12 TMs constitute the core of the functional

transporter, the importance of TM 13 to transport is unclear.
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Figure 1.2: Sequence alignment of MATE homologs from the NorM, DinF and eukaryotic
subfamilies
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Alternating access

The prevalent framework to define conformational cycling in transporters reflects
alternating access of an ion/substrate binding site or sites that is exposed to opposite sides of the
membrane by conformational changes. Mitchell postulated that membrane transport should be
defined in terms of a moving barrier (107) wherein the substrate binding site is at a fixed point
within the transporter, but a barrier between that site and the aqueous phases on either side of
the transporter can undergo conformational changes so that the binding site is accessible only
from one side of the membrane at a time (Fig. 1.3). In the case of the MATE transporters, an
antiport model would involve cation binding to the transporter when it is open to the extracellular
side of the membrane, or in an outward facing (OF) state. lon is then transported across the
membrane in an energetically downhill process determined by an electrochemical gradient (Fig.
1.3-1). The transporter orients so that it opens to the intracellular side of the membrane in an
inward facing conformation (IF) (Fig 1.3-2). Before reorientation of the transporter, substrate binds
and subsequently is transported in the opposite direction (Fig. 1.3-3), even against a

concentration gradient provided the electrochemical gradient is not dissipated (108).

Extracellular
® ®

[ ]
.Ion °

L
1 \v 2 3
— | o —
Intracellular [ Drug

Figure 1.3: Schematic of alternating access in antiport. lon binding (1) upon exposure of the binding
site to the periplasm or extracellular environment (OF) reorients the transporter so that the binding site
is exposed to the intracellular environment (IF). lon release (2) is coupled to substrate capture from the
cytoplasm (3), upon which the transporter reorients to the OF conformation where ion binding/substrate

release could occur (4).
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The OF to IF conformational change is likely to transition through intermediate states.
States in which the binding site is accessible from both sides of the membrane would violate
fundamental tenets of alternating access. In such a conformation, the transporter would allow
uncoupled flux of substrates and would be equivalent to a channel through the membrane that is
selective for the substrate. This would also result in dissipation of the cation gradient. Therefore,
transport by alternating access must include an occluded intermediate in which the substrate and
cation binding sites are not accessible from either side of the membrane.

Below is a comprehensive review of the reported crystal structures of the MATE
transporters and the major findings from the respective articles. The reported structures (Table
1.1) are framed in the context of an alternating access model to establish mechanistic relevance

to ion and substrate coupled antiport.

The NorM subfamily of MATE transporters

The NorM subfamily of MATE transporters was the first MATE transporter subfamily that
was functionally and structurally characterized. The first functional data was reported for NorM
from Vibrio parahaemolyticus (NorM-Vp) and its homolog from E. coli YdhE (29). It was
established via transport assays that NorM-Vp transported ethidium in a sodium-dependent
manner (30), and mutation of conserved residues Asp 32 in the N-lobe, and Glu 251 and Asp 367
in the C-lobe abrogated transport (109). Structures of transporters from the NorM subfamily were
later reported from Vibrio cholerae and Neisseria gonorrhea (110, 111) and provided structural

information regarding conformational states and ligand binding sites.

NorM-Vc

The first structures reported of the MATE transporters were of NorM from Vibrio cholerae
(NorM-Vc), a sodium coupled MATE transporter from the NorM subfamily. Structures were
determined via X-ray diffraction of protein crystals obtained in n-nonyl-B-glucopyranoside (B-NG)
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and 3a-hydroxy-7a, 12a-bis[(B-D-maltopyranosyl)ethoxyl)] cholane (FA-231), with and without
rubidium (Rb*). The structures with and without rubidium were solved to 3.65 A and 4.2 A,

respectively (Fig. 1.4A, B).
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Figure 1.4: NorM-Vc crystal structures reveal OF conformation. Apo (A) [PDB ID: 3MKT] and cation
bound (B) [PDB ID: 3MKU] structures adoptthe same conformations. The N-lobe and C-lobes are colored
blue and green respectively. Rb* is bound to the C-lobe (C) and is coordinated by residues on TMs 7, 8
and 10 (inset) in a cation-1T interaction. Side chains of residues are depicted as sticks and are colored in

cyan.

The structures adopt an outward facing (OF) conformation regardless of the presence
cation (Figs. 1.4A, B). Cation, in this case Rb* (or Cs*), electron dense Na* congeners more easily
visualized by X-ray diffraction, were found bound to the C-lobe (Fig. 1.4C, not shown,
respectively) and coordinated by a number of residues across the C-terminal TMs (Fig. 1.4C,
inset), most notably Glu 255 on TM7 and Asp 371 on TM9. These residues are conserved among
the NorM transporters (Fig. 1.2) and were found to abrogate transport when mutated in NorM-Vp
(109). Indeed, X-ray diffraction of crystals of NorM-Vc D371A and NorM-Vc D371N soaked in

RbCl or CsCl did not contain residual densities corresponding to Rb* or Cs*, suggesting that these
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mutations abolish cation binding (110). The effect of D371A and D371N mutations on substrate
binding of DXR or R6G measured by fluorescence polarization (1.00 + 0.08 uM and 2.09 + 0.01
UM, respectively, in wild type), was not reported (110).

No density corresponding to cation was observed in the region of Asp 36 (Asp 32 in NorM-
Vp) and it was unclear whether substitution mutations of Asp 36 were made and tested in binding
experiments and/or with the Et efflux assay. Thus, the role of Asp 36 in the transport mechanism

remained undetermined.

NorM-Ng

Following the NorM-Vc structures, structures of a NorM subfamily transporter from
Neisseria gonorrhea (NorM-Ng) were reported (111). The structures were determined from
crystals of NorM-Ng bound to a monobody that was previously identified from a phage display
library. This monobody was reported to facilitate crystallization using the hanging drop vapor
diffusion method. Notably, all crystallization conditions lacked sodium. Crystals of NorM-Ng with
Cs* and with tetraphenyl phosphonium (TPP), ethidium (Et), and R6G were obtained and the
structures were determined by molecular replacement using NorM-Vc (PDB ID: 3MKT) as a
search model and multiple wavelength isomorphous replacement with anomalous scattering
(MIRAS) phasing and solved to 3.81 A, 3.59 A, 3.49 A, and 3.59 A, respectively (Figs. 1.5A-D).
Another structure of NorM-Ng was later reported with verapamil, an inhibitor of MATE
transporters, bound to the molecule of NorM-Ng (Fig. 1.5E). This structure was obtained by
molecular replacement and MIRAS phasing as before, but to a resolution of 3.0 A.

The structures, much like those of NorM-Vc, adopt an OF conformation regardless of the
ligand bound. This conformation was also adopted by the transporter in the presence of
verapamil. Cation was found bound to the C-lobe as in NorM-Vc and was coordinated by the
conserved Glu 261 on TM7 and a cation-1T interaction involving the side chain of Tyr294 (Fig. 5A,
inset). Indeed, substitution mutations of these residues attenuated NorM-Ng mediated R6G efflux
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and resistance to TPP, R6G, and Et in drug resistance assays compared to NorM-Ng WT. Drug
substrates on the other hand are coordinated by charge-dipole interactions with Ser 61, Gln 284,
Ser 288, and electrostatic interactions with the conserved Asp 41 (Fig. 1.2) on TM1, and Asp 355
and Asp 356 (Figs. 1.5B-D, insets). Alanine mutations of Asp 41, Gln 284, Asp 355, and Asp 356
compromised resistance to TPP, R6G, and Et and attenuated NorM-Ng mediated R6G efflux,

underscoring the importance of these residues for transport.
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Figure 1.5: NorM-Ng crystal structures. Structures reveal cation bound (A) [PDB ID: 4HUL], TPP
bound (B) [PDB ID: 4HUK], R6G bound (C) [PDBID: 4HUN], Et bound (D) [PDB ID: 4HUM], and inhibitor
bound (E) [PDB ID: 5C6P] structures adopt the same conformations, regardless of the presence of
ligand. Residues hypothesized to coordinate ligand binding are highlighted in the insets and are depicted

as sticks.

While the binding site of verapamil overlaps with that of the other substrates, it interacts
via H-bonds with Ser 61 and GIn 284 (Fig. 1.5E, inset). Though verapamil is only mildly toxic
under the experimental conditions used for the resistance assay, resistance to verapamil by S61A
and Q284A mutants (in addition to D41A, D355A, D356A mutants) was attenuated compared to
WT (112). Giventhat S61A did not compromise resistance to TPP, R6G, or Et, these data imply
that verapamiland TPP, R6G, and Et have distinct but over lapping binding sites that may underlie

the poly-specificity of multi-drug transporters.
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Alignment of the reported structures of NorM-Ng (not shown) reveals no significant
structural deviations of TMs, regardless of whether the transporter is bound to cation or drug. In
the verapamil bound structure, the EL3-4 and EL9-10 loops do demonstrate rearrangement
compared to the cation bound structure, however, any mechanistic relevance remains to be

determined.

DinF subfamily of MATE transporters

The DNA damage inducible protein F (DinF) MATE subfamily are conserved across
archaea and eubacteria. The first DinF MATE structure reported was from the hyperthermophile
Pyrococcus furiosus, followed by DinF-Bh from Bacillus halodurans, ClbM from E. coli, and VcmN
from V. cholerae. This subfamily includes members that are Na*- and/or H*-coupled. The
structures reported from this subfamily are structurally diverse and have served to further our

understanding of antiport by the MATE transporters within the framework of alternating access.

DinF-Bh

DinF-Bh is a H*-coupled MATE antiporter from B. halodurans. Several structures of the
transporter were reported with and without ligands, including verapamil, as well as a protonation
mimic (D40N) (113). Crystallization experiments were performed using the hanging drop vapor
diffusion method and crystals were obtained in solutions containing NaCl and 3-dodecyl| maltoside
(B-DDM). The structures were determined by molecular replacement and MIRAS and solved to a
resolution of 3.20 A for the Apo structure (PDB ID: 4LZ6), 3.70 A for the R6G bound structure
(PDB ID: 4L79) and 3.0 A for the verapamil bound structure (PDB ID: 5C60) and the protonation
mimetic DinF-Bh D40N (PDB ID: 5C6N).

Interestingly, the transporter adopts a different conformation than what was previously
reported for NorM-Ng and NorM-Vc. Unlike NorM-Ng and NorM-Vc where the central cavity is
open to the extracellular side between TM1 and TM2 in the N-lobe and TM7 and TM8 in the C-
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lobe, in the DinF-Bh apo- and R6G bound structures TM7 and TM8 are shifted towards TM1 and

TM2 in the N-lobe, away from TMs 9-12 (Fig. 1.6A). The intracellular side of the transporter, like

in the NorM-Ng and NorM-Vc structures, remains highly ordered, obstructing accessto the central

cavity. Interestingly, all the structures of DinF-Bh that have been reported have adopted this

conformation. A substitution mutation of Asp 40, a highly conserved residue in the NorM and DinF

subfamilies (Fig. 1.2), to generate a protonation mimic DinF-Bh D40N, adopted the same

conformation as the Apo and substrate bound structures (Fig. 1.6B). While this has been

postulated to be an OF conformation, it may represent a structural intermediate in the transport

cycle, possibly an occluded state.
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Figure 1.6: Structures of Din-Bh adopt a
different conformation than that seen
for other MATE transporters. TMs 7 and
8 are closer to the N-lobe and are
highlighted on the Apo structure (PDB ID:
41L.26) (A). No structural changes are
observed in a D40N mutant of DinF-Bh
(PDB ID: 5C6N) (B). Binding of R6G (PDB
ID: 4LZ9) (C) and verapamil, an inhibitor
(PDB ID: 5C60) (D), is coordinated by
residues on TMs 1 and 2 in the N-lobe and
TMs 7 and 8 in the C-lobe (insets).



The N-lobe and TMs 7 and 8 of the C-lobe constitute a cavity to which R6G and verapamil
bind (Fig. 1.6C, D). R6G binding is coordinated via hydrophobic interactions with the side chains
of Met 33, lle 44, Val 56, Met 67, and Met 173, and charge-dipole and charge-charge interactions
with the side chains of Asp 40, Tyr 139, GIn 206, and Met286 (Fig. 1.6C, inset). Alanine mutations
of these residues attenuate the ability of the transporter to confer resistance to toxic
concentrations of R6G in drug resistance assays. Verapamil binding is coordinated by Met 33,
Tyr 36, Met 67, and Met 286 via Van der Waals interactions, and Asn 37 and GIn 252 via H-bonds
(Fig. 1.6D, inset). Alanine mutations of these residues, except for M67A, attenuate the ability of
DinF to enhance cell survival in drug resistance assays with verapamil.

Similar to NorM-Ng, the binding sites of R6G and verapamil overlap, which underlies the
reduced affinity for R6G with increasing concentrations of verapamil. However, the verapamil
molecule is far removed from the conserved Asp 40 that is involved in R6G binding. This is
significant as it was shown that at pH 4.0, binding of R6G is reduced, indicating that R6G release
is proton dependent. Additionally, R6G binding to the D40ON protonation mimetic mirrored the
binding at pH 4.0, defining a specific role for Asp 40 in the efflux mechanism. It was therefore
postulated that H* release substrate by breaking the charge-charge interaction between substrate
and Asp 40. Asp 40 then H-bonds to Asp 184, a conserved residue in the DinF MATE transporters
(Fig. 1.2). Thus, a different coupling mechanism must be involved to release verapamil from

DinF-Bh in the transport cycle.

PIMATE

PfMATE is a H*-coupled MATE transporter from the hyperthermophile P. furiosus. Unlike
the crystal structures of other MATE transporters, this transporter has been crystallized in different
conformations with different ligands, providing insight into the structural rearrangements that may
occurfortransport. The first set of structures captured the transporter in two conformations. These
structures were determined by single-wavelength anomalous dispersion (SAD) phasing and
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molecular replacement from crystals obtained via lipidic cubic phase (LCP) with liquefied
monoolein at high and low pH conditions, with the MATE substrate NFX, and with inhibitors (114,
115). The high and low pH crystals were obtained in reservoir solutions containing 28-30%
PEG400, 50 mM MES/NaOH, 20 mM CaClz, 100 mM NaSCN; pH 6.0-8.0. The structures at high
and low pH were solved to 2.4 A (PDB ID: 3VVN) and 2.5 A (PDB ID: 3VVO), respectively. The
structures with ligands were obtained from crystals in reservoir solutions containing 26—28%
PEG550MME, 100 mM Tris-HCI, 100 mM Li2SOs; pH 8.0 These structures were also solved to

high resolution, in the range of 2.4 - 3.0 A (114).

A :: B - ) y ; D ;v
el > Y4 ‘ O ¢ (“Extracellular, N 8 AN 220N SN
r e (_: ¥ " : i !' > f?" < ,:«7' & '1‘ ] e P 3 ?(;‘ v
s 6§ P 209 ¢ ’: . « :‘ﬁ & ‘ e €,
S '*,“, r<a/ | v? %“) v R S ‘.\(ﬁ;‘ k;‘ 4 ¥ & “‘;
7 ¥ viead 55,6 Y ¥ RN & Y (. )
¥ “ " A "’ LS ) \4 e ‘ 3 L £ ‘\v o f‘ P . AN A fv' l
&4 - \ ' N © ';‘ \7\ P- y 2 & ol & p > <. ‘ . % =) o
- A 3 7 ) | : [ [ —~ -
¥ ;r; p Ao '_; .,V Intracellular "“ ) ‘vr“}"‘ "\ 4 ».‘.J

Figure 1.7: PfMATE crystal structures with and without substrate adopt the same structural
conformation. As a putative H*-coupled antiporter, PFMATE structures were determined at pH 8.0 (A)
[PDB ID: 3VVN]; with NFX bound (B) [PDB ID: 3VVP]; and bound to peptide inhibitors MaD5 (C) [PDB
ID: 3VVR] and MaD3S (D) [PDB ID: 3VVS]. The N- and C-lobes are depicted in blue and green,
respectively. The binding sites of MaD5 and MaD3S partially overlap with that of NFX, illustrating the
mechanism of inhibition. A third inhibitor of PfMATE, MaL6, was not as potent an inhibitor and is not

depicted.

The structures obtained at high pH and with NFX and inhibitors adopt the same
conformation (Figs. 1.7A — D). This conformation is inconsistent with that of DinF-Bh, where TM7
and TM8 are proximal to TM1 and TM2 in the N-lobe. Rather, the structures of PIMATE with
ligands (Fig. 1.7B — D) and without ligands (Fig. 1.7A) are consistent with the helical orientations
of NorM-Vc and NorM-Ng (Figs. 1.4 and 1.5). However, the structure obtained at low pH (Fig.
1.8A) adopts a unique conformation not seen in the NorM transporters (Figs. 1.4 and 1.5) nor in

DinF-Bh (Fig. 1.6). At low pH, TM1 is bent at Gly 30 which is thought to be facilitated by the
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Figure 1.8: The N-lobe of PFIMATE undergoes conformational change at low pH that is mediated
by Pro 26. PFMATE WT structure at low pH (PDB 1D: 3VVO) demonstrates that TMs1, 5, and 6 (in
cyan) are bent (A). RMSD derived from the alignment of the high pH (PDB ID: 3VVN) and low pH (PDB
ID: 3VVO) structures is depicted on a ribbon representation of the high pH structure (B). Structural
alignment of the high and low pH structures reveals that TMs 1, 5, and 6 bending is the only significant
structural change (B, inset). For clarity, TMs 2, 3, and 4 are not depicted. A P26A mutant of PFMATE
crystallized at low pH (PDB ID: 3W4T) does not demonstrate TMs 1, 5, and 6 bending (in yellow) (C) A
comparison of TM1 conformations across the structures (D) demonstrates that TM1 of P26A
approximates the conformation of TM1 of PfTMATE WT at high pH. For clarity, TMs of the C-lobe are not
depicted in (D).

conserved Pro 26 (Fig. 1.2). Indeed, a structure of PFIMATE P26A from crystals obtained at low
pH does not demonstrate TM1 bending (Fig. 1.8C, D). In addition to TM1 bending, structural
alignment of the high and low pH structures reveals that TMs 5 and 6 are bent away from the
membrane normal (Fig. 1.8B, inset). A comparison of the side chains of the N-lobes from the high
and low pH structures (Figs. 1.9A and 1.9B, respectively) reveals that at low pH the conserved
Asp 41 side chain changes conformation in association with TM1 bending and results in
rearrangement of an H-bond network that involves, among others, the conserved residues Asp

184 and Thr 202 in TM5 and TM6, respectively. Drug resistance assays with norfloxacin and
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transport assays with Et revealed that D41A and D184A mutants abolish resistance and efflux

activities of PIMATE.
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Figure 1.9: H-bond network in the N-lobe of PIMATE. Side chains of residues in the N-lobe of PfMATE
that constitute an H-bond network are depicted as sticks in the high pH (A) and low pH (B) structures.
In the straight conformation of TM1, Asp 41 interacts via H-bonds with Asp 184 (A). However, upon
protonation, Asp 41 changes orientation and forms H-bonds with Tyr 139 and Thr 202 (B). The resulting
conformation change is associated with TM1 bending and TM5 and TM6 movement away from the
membrane normal. This collapses the drug binding cavity in the N-lobe and is thoughtto lead to substrate

extrusion.

NFX is found deep within the N-lobe (Fig. 1.7B) and binding is mediated by residues GlIn
34, Tyr 37, Asn 153, Met 173, Ser 177, Thr 202, Ser 205, Met 206, Thr 209 and lle 21. Notably
some of these residues are involved in the H-bond network in the N-lobe (Fig. 1.9). Alanine
substitution mutations of Met 173, Asn 180, and Met 206 were shown to attenuate PfMATE

mediated resistance to NFX and abolished Et and H* transport (114).
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The structures of PFMATE in complex with cyclic peptide inhibitors, MaD3S, MaD5 (Fig.
1.7C and 1.7 D, respectively), and MaL6 (not shown), were also determined (114). Structural
analysis suggests that Mad3S and MaD5, the more potent inhibitors of drug efflux in transport
and resistance assays, bind to the central cleft and substrate binding site of PFIMATE in the OF
conformation (Fig. 1.7C, D). Binding is mediated by GIn 34, Asn 38, Asn 154, Met 206, and GlIn
253. The reported biochemical studies of substitution mutants with these inhibitors are limited but
do indicate that a M206W mutant of PFTMATE recovers H* transport but not Et transport in the
presence of these inhibitors (114, 116).

Notably absent among the crystal structures of the MATEs was an inward facing (IF)
structure. The current dogma of membrane transport proposes alternating access of the substrate
binding site to the extracellular and intracellular sides of the membrane (108). While many
laboratories studying MATE transporters have postulated such a conformation must exist in the
transport cycle, such a conformation had proven elusive. However, an IF structure of PIMATE
was recently reported together with OF structures. The IF structure (PDB ID: 6FHZ) was
determined from crystals obtained via LCP in a 0.1 M citrate buffer at pH 5.0 with 0.1 M NaCl.
Notably, affinity chromatography purified PfMATE was incubated with P. furiosus lipids before
additional purification and preparation for crystallization trials that yielded crystals of IF PTMATE.
The OF structures were determined from crystals obtained via LCP (PDB ID: 6GWH) in a 0.1M
citrate buffer at pH 5.0 with 0.1M NaCl and the sitting drop vapor diffusion method (PDB ID: 4MLB,
6FHB) with reservoir solutions containing PEG2000 monomethyl ether in ADA-HCI buffer at pH
6.5.

Compared to the previously published OF structures of PFIMATE, the IF structure reveals
extensive structural repacking of TMs. On the extracellular side the N-lobe and C-lobe TMs
converge, while on the intracellular side, TMs 2 and 3 in the N-lobe and TMs 8 and 9 in the C-
lobe diverge and open the intracellular gate (Fig. 1.10B). TM7 in the C-lobe bends slightly toward
the N-lobe (Fig. 1.10A, right panel) while TM1 undergoes partial unwinding and pivots about Gly
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Extracellular

Figure 10: Crystal structure of PfMATE in an IF conformation (PDB ID: 6FHZ) (A). N- and C-lobes
are colored blue and green, respectively. TM1 (highlighted) is associated with the C-lobe at low pH and
is only partly helical, suggesting a great degree of flexibility (A, left panel). TM7 is associated with the
N-lobe and is bent toward the N-lobe (A, right panel). (B) Comparison of OF and IF crystal structures of
PfMATE. The RMSD was derived from the alignment of the OF (PDB ID: 3VVN) and IF (PDB ID: 6FHZ)
structures and depicted on a ribbon representation of the OF structure. Viewed from the extracellular
and intracellular sides of the transporter, arrows indicate the direction of predicted movement of TMs in

the OF to IF transition. The dashed arrow in the intracellular view points to TM1 unwinding.
30 27° in the Y/Z plane and 42° in the X/Z plane (Fig. 1.10A, left panel). As noted, the IF structure
was determined from protein incubated with native P. furiosus lipids while crystals obtained in the

absence of P. furiosus lipids adopted the OF conformation (Fig. 1.11A, left panel). Furthermore,

as the crystals corresponding to both structures were obtained at low pH this implies that the IF
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structure is associated with native lipids. Indeed, Zakrzewska et al. also assert that lipids may be
a substrate for PIMATE, further evidenced by the observation of densities corresponding to

monoolein in the previous crystal structures reported by Tanaka et al., albeit at high pH.

A Extracellular

Figure 1.11: OF structures
determined by Zakrzewska et al. at
low pH depict TM1 in a straight
conformation. Structures determined
from crystals obtained by LCP (PDB
ID: 6GWH) (A) or sitting drop vapor

. diffusion (PDB ID: 6FHB) (B) with
LU =y

Intracellular ” precipitant solutions at low pH adopt
HE3VVN pH 7.5 .

B Ext(?cellular ES13VVO pH 6.0 the same conformation. 6GWH was

d~ ) N [16GWH pH 5.0 aligned to 3VVN (neutral pH) and

3VVO (pH 6.0). The N-lobe is shown
in A (right panel) with TM1 highlighted.
For clarity, TMs of the C-lobe are not
depicted. Residual density
corresponding to Cs* isdepicted in the
N-lobe (blue) of PFMATE (B). The Cs*

ion is coordinated by conserved

Intracellular.

residues in the N-lobe (B, inset).

Interestingly, the OF conformations obtained at low pH diverged with the previous OF
structures. Notably, TM1 is not bent in the OF structures reported by Zakrzewska et al.
irrespective of the crystallization media (Fig. 1.11A, right panel). Collectively, these findings would
imply that formation of the IF state is independent of protonation. The authors also reported a
previously unobserved anomalous difference electron density assigned to Cs*, a sodium
congener, adjacent to Asp 41 in one of the OF structures (Fig. 1.11B, inset). Therefore, while the
IF structure of PIMATE has provided much insight, it has inspired questions regarding the identity

of the coupling ion. Though Tanaka and colleagues demonstrated H*-dependent transport (114),
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MD simulations reported here and elsewhere support the role of Na* as the coupling ion for
PfMATE (117, 118). Therefore, further investigation must be conducted to elucidate the role of H*
and Na* and substrates in the OF to IF structural changes and their relevance to multidrug

transport.

ClbM

One of the more significant contributions to the investigation of the MATE transporters
was a report on the structures of the CIbM MATE transporter from E. coli. The clbM gene which
encodes the CIbM transporter is located on the pks gene island, which is implicated in colibactin
biosynthesis. Colibactin is a genotoxin that has been implicated in double stranded-DNA breaks
and neoplastic changes (119-121) and has been shown to promote the development of colorectal
cancer (CRC) in azoxymethane-treated 11107~ mice (122). ClbM facilitates the export of the
prodrug scaffold of precolibactin to the periplasmic space of E. coli, thus mediating colibactin
toxicity. The CIbM transporter was therefore the first bacterial MATE transporter with a defined
biological function that was structurally characterized.

Two structures of ClbM were reported, with and without cation (PDB ID: 4Z3P and 4Z3N,
respectively). These structures were reported as part of a larger study that established that ClbM
is essential in mediating the genotoxic effects of colibactin in mice and zebrafish (123).
Crystallization experiments were performed using LCP with monoolein and 30% PEG 500 DME,
100 mM Li2S0O4, 400 mM NaCl and 100 mM sodium cacodylate, pH 6.8 precipitant solution (123).
The structures were determined by molecular replacement using PIMATE (3VVN) as a search
model and solved to a resolution of 2.7 A for the apo structure and 3.3 A for the cation-bound

structure (Fig. 1.12A, B).
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Figure 1.12: Crystal structures of CIbM reveal Apo (A) [PDB ID: 4Z3N] and cation bound (B) [PDB
ID: 4Z3P] structures adopt the same conformations. The N-lobe and C-lobes are colored blue and
green respectively. Rb* isbound to the C-lobe (C) and is coordinated by residues on TMs 7 and 8 (inset)
in a cation-1r interaction. Side chains of residues are depicted as sticks and are colored in cyan.

The structures of CIbM adopt an OF conformation with similar topology to other MATE
transporters (Fig. 1.12A, B), however, IL6-7 is not resolved in these structures unlike the
structures for all other reported MATE transporters. Notably, the bent conformation of TM1 in
PfMATE is not observed in the structures of ClbM, however, the pH at which the CIbM crystals
were obtained is higher than the pH at which the bent form of PIMATE was obtained. The volume
of the internal cavity of ClbM is much larger than reported for other MATE structures, ostensibly
to accommodate the precolibactin molecule.

CIbM is reportedly a member of the DinF subfamily based on sequence similarity to
PfMATE. Indeed, the N-lobe of CIbM contains conserved residues such as Asp 53, Asn 194, Asp

199 which are homologous to Asp 41, Asn 180, Asp 184 in PIMATE (Fig. 1.9). These residues

participate in an H-bond network that is a determinant of PFMATE function (114). However, in
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ClbM, Rb*, a sodium analog, is found bound in the C-lobe suggesting that ClbM may be Na*-
coupled (Fig. 1.12B). Mousa et al. also demonstrate in a later study that CIbM is able to efflux Et
and R6G with a Na*, K*, or Rb* gradient (43). Interestingly, R6G efflux, but not Et efflux, was
induced at low pH and was attenuated at higher pH (43). This result suggests that CIbM is cation
promiscuous.

The Rb* atom in the cation-bound structure of CIbM is found bound in the C-lobe, which
is inconsistent with previous reports of PFIMATE and DinF, where coupling ion is thought to be
coordinated by conserved residues in the N-lobe (112, 113, 117, 118). Rather, Rb* binding in the
C-lobe of CIbM is reminiscent of NorM-Ng and NorM-Vc. However, the Rb* atom is coordinated
solely by cation-Tr interactions involving the side chains of Y277 and F292 on TMs 7 and 8,
respectively (Fig. 1.12C, inset). Alanine mutations of these residues, as well as of the N-lobe
residues involved in the H-bond network, failed to substantially attenuate the efflux activity of
CIbM. These data led Mousa et al. to conclude that CIbM can couple to both Na*and H* gradients

to achieve substrate efflux.

vemN

The structure of TM1 reported for PIMATE by Tanaka et al. (114) at low pH inspired much
debate as such a conformation was not observed in prior or subsequent studies of other MATE
transporters. Furthermore, TM1 of PFIMATE was observed in the same conformation regardless
of the crystallization conditions employed by Zakzrewska et al. (117). However, three structures
of the DinF MATE transporter VcmN from V. cholerae were reported under different pH conditions
in two conformations mirroring the structures reported by Tanaka et al. (114). Crystallization
experiments were performed using LCP with monoolein and precipitant solutions at pH 7.5 — 8.0
and pH 5.0 (124, 125). The structures were determined by molecular replacement using PIMATE
(3VVN) as a search model and solved to a resolution of 2.2 A for the pH 7.5 structure, 2.5 A for
the pH 5.0 structure and 2.8 A for the VcmN D35N structure (Fig. 1.13).
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Figure 1.13: Structures of VcmN reveal that the transporter undergoes TM1 bending at low pH.
TM1 is highlighted in structures at neutral pH (PDB ID: 6IDP) (A), at low pH (PDB ID: 6IDR) (B), and in
VemN D35N at low pH (PDB ID: 6IDS) (C) in blue N- and C-lobes are colored blue and green
respectively. The insets depict the side chains that participate in an H-bond network in the N-lobe that
is mediated by water (shown as a blue sphere). An alignment of the three crystal structures reveals that
at low pH, TM1 is bent (D) similar to PFMATE.
All the structures of VemN reported by Kusakizako et al. (125) adopt an OF conformation
(Fig. 1.13). However, an alignment of these crystal structures reveals structural differencesin the
N-lobe in TM1 and TMs 5 and 6, reminiscent of PIMATE. TM1 of VemN was bent at the conserved
Pro 20 and Gly 24 in the structure determined from crystals obtained at low pH. A putative water
mediated H-bond network in the N-lobe (Fig. 1.13A, inset), similar to that shown for PTMATE,
involving Asp 35 on TM1, Asp 178 on TM5, and Thr 196 on TM6 is substantially rearranged with
TM1 bending. In the bent conformation of TM1 the side chain of Asp 35 points into the N-lobe
cavity where it recruits Asn 174, Asp 178, and Thr 196 in a new H-bond network (Fig. 1.13B,
inset). That this bending occurs at low pH suggests a mechanism similar to PFMATE wherein
protonation of the conserved aspartate on TM1 results in TM1 bending, rearrangement of the H-

bond network, and movement of TMs 5 and 6 away from the membrane normal. This would
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collapse the N-lobe cavity and result in release of substrate. However, the structure of TM1 in the
VcemN D35N mutant, a protonation mimic, adopts a conformation more closely resembling the pH
7.5 structure in which TM1 is straight. A closer inspection reveals that this mutant forms an H-
bond network that is distinct from the low pH structure whereby Asn 35 engages Tyr 133 in a
water mediated H-bond network but not Thr 196 (Fig. 1.13C, inset). However, the authors reason
that VecmN D35N could represent a protonation intermediate that occurs before TM1 bending and
the rearrangement of the H-bond network in Fig. 1.13B.

Kusakizako et al. also demonstrated in Et efflux assays that the transport activity of the
VemN D35N mutant is attenuated. This is consistent with previous reports of PFIMATE and DinF-
Bh, underscoring the importance of this conserved Asp and the H-bond network in the N-lobe to
transport activity. While Et efflux assays here using spheroblasts demonstrate that transport is
H*-dependent, it is not indicated whether a sodium dependence was investigated. As the
structural and biochemical evidence for H*- and/or Na*-dependent transport mounts, it would
behoove researchers to investigate the structural and biochemical consequences of coupling
multiple cations to substrate binding and transport by the archaeal and bacterial MATE

transporters of the NorM and DinF subfamilies.

Eukaryotic subfamily of MATE transporters

Structural investigation of MATE transporters has been dominated by members of the
NorM and DinF subfamilies. While extremely significant given the role of the bacterial MATE
transporters in multidrug transport and resistance, the study of eukaryotic MATE transporters,
especially of plants and animals, have shown that they are key determinants in regulating
homeostasis and toxicity in the tissues in which they are expressed and their activity can affect
the overall health and survival of an organism. As discussed previously, multiple paralogues of
MATE transporters are found in plants where they are localized in different tissues fulfiling a
variety of roles, from attenuating heavy metal toxicity in soil to hormone signaling in leaves and

30



shoots. In humans, many investigations have demonstrated the importance of MATES in
mediating the pharmacokinetics of drugs and toxicity in the kidney and liver where the MATEs are
predominantly expressed.

Given the amino acid sequence analysis and available biochemical data, it is thought that
the mechanism and structures of eukaryotic MATE transporters differ from those of NorM and
DinF transporters (70, 106). Conserved residues in the N-lobe that constitute the H-bond network
and are critical for function in the NorM and DinF MATE transporters are conspicuously absent in
eukaryotic MATEs (Fig. 1.2). The conserved aspartate on TM1 has repeatedly been
demonstrated to be critical for transport in NorM and DinF subfamily members, however, in the
eukaryotic MATEs this residue is replaced with a serine. However, the proline residue that is
thought to facilitate TM bending upon cation binding in the N-lobe in the DinF MATEs is conserved
across all the MATE subfamilies; therefore, other mechanisms must exist to effectconformational
change in the N-lobe, if indeed TM1 bending is relevant to ion-coupled substrate transport.

Recently, the structures of MATEs from Camelina sativa (CasMATE) and Arabidopsis
thaliana (AtDTX14) were reported, as the first eukaryotic MATE structures. The implications of

the structural features of these transporters and their relevance are discussed below.

CasMATE

C. sativa is a member of the Brassicaceae family and has emerged as a viable industrial
oil seed crop (126). It is adaptable to different environmental conditions and has low requirement
for water and nutrients, early maturity, and resistance to common cruciferous pests and
pathogens (127, 128). In plants, MATE transporters have been associated with several of these
advantageous traits (46-48, 56-58, 129). Amino acid sequence analysis of the CasMATE
transporter from C. sativa reveals that it is more closely related to the NorM subfamily than the
DinF subfamily. Conserved aspartate residues on TM1 and TM5 in the N-lobe of the NorM and
DinF transporters are conspicuously absent in CasMATE and other eukaryotic MATE transporters
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(Fig. 1.2). However, residues Glu 255 and Asp 371 in the C-lobe of NorM that are implicated in
cation binding are conserved among the NorM and Eukaryotic MATE subfamilies and are
homologous to Glu 265 and Asp 383 in CasMATE (Fig. 1.2). This may imply a mechanism of

cation binding in the plant MATE transporters similar to that of NorM transporters.

[
E296 . F269
D383 3.

Y300 %, N E265

I 6IDR pH 5.0 ¢
[ 3VVO pH 6.0
I 5XJJ pH 6.5-8.0

Figure 1.14: CasMATE structure reflects elements of NorM and DinF MATE subfamilies.
CasMATE adopts an OF conformation (PDB ID: 5XJJ) (A). A structural alignment with PfMATE (cyan)
and VcmN (magenta) structures determined at low pH reveals TM1 of the N-lobe of CasMATE adopts
a bent conformation at low pH (B). A view of the C-lobe cavity also reveals that CasMATE contains
residues that are conserved among the NorM subfamily thoughtto be involved in ion/substrate transport
©.
A structure of CasMATE was the first reported from the eukaryotic MATE subfamily (Fig.
1.14). A truncated construct of CasMATE was expressed and purified and used in crystallization
trials. Crystals were obtained via LCP with monoolein in precipitant solutions at pH 8.0, pH 7.5,
and 6.5. The structure was determined via X-ray diffraction and molecular replacement using
PfMATE (3VVN) as a search model and solved to a resolution of 2.9 A (PDB ID: 5XJJ).
CasMATE has similar topology to other MATE transporters with 12 TMs arranged into two

6 TM bundles that constitute the N-lobe and the C-lobe connected by a 12 amino acid intracellular

loop (Fig. 1.14A). The transporter adopts an OF conformation like that seen for the majority of the
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structures reported thus far. The TMs of the N-lobe and the C-lobe each constitute binding cavities
for ligand binding; however, the N-lobe cavity is narrower than the C-lobe cavity by virtue of bulky
amino acid side chains on TMs 2 and 6 oriented into the cavity (130). Interestingly, TM1 of
CasMATE is bent in a similar manner as VcmN and PfMATE at low pH, which was shown to
reduce the volume of the N-lobe cavity to effect substrate extrusion (Fig. 1.14B) (114).
Additionally, in the C-lobe, TM12 contains an extended length of residues at the C-terminus that
adopts a helical structure and runs parallel to the lipid bilayer at the interface of the membrane
and the cytoplasm. In the C-lobe, conserved residues Glu 265 and Asp 383 along with Tyr 300,
are clustered in a similar manner to NorM transporters, implying a similar mechanism of cation
coordination. However, no cation is observed in the structure and it is unclear whether the authors
attempted to soak crystals in CsCl or RbCI for further crystallographic analysis. Additionally, no
functional assays to establish proton/cation dependence or substrate transport are reported.
Therefore, while the structure is informative to establish a structural model for the eukaryotic
MATE subfamily, further investigation is required to address fundamental questions regarding

substrate/ion dependent transport.

AtDTX14

AtDTX14 MATE transporter is one of 58 MATE paralogues expressed in A. thaliana. The
remarkably large number of MATE transporters encoded in the genome of A. thaliana
underscores their physiological importance in plants. AtDTX14 shares ~32% sequence similarity
to hMATEL. A P36A mutant of AtDTX14 was expressed and purified and was crystallized by LCP
with monoolein in 100 mM Na-citrate, pH 5.0-5.3, 100 mM MgSOs4, 50-100 mM NaK-tartrate-
tetrahydrate and 20-24% PEG550MME precipitant solution. The X-ray diffraction data was
phased by molecular replacement using the NorM-Vc structure (3MKT) as the search model and

the structure was subsequently solved to 2.6 A (PDB ID: 5Y50).
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Figure 1.15: Structure of AtDTX14 MATE adopts an OF conformation. AtDTX14 N- and C-lobes
depicted in blue and green, respectively, are closer to each other than in other MATE transporters (PDB
ID: 5Y50) (A). The C-lobe of the transporter (inset) is composed of residues, depicted as sticks, that
constitute an H-bond network. These residues are homologous to C-lobe residues in the NorM
subfamily. Protonation of this network may facilitate the N- and C-lobe orientation by bending the N-
terminus of TM7 50° towards the membrane normal (B) with concomitant straightening of the C-

terminus end of TM7.

As with CasMATE, the structure of AtDTX14 is in an OF conformation, however, the TMs
on the extracellular side of AtDTX14 are more closely packed and results in a narrower
extracellular cleft (Fig. 1.15A). TM12 also adopts a similar conformation with an additional helical
region at the C-terminus. Unlike CasMATE, TM1 of AtDTX14 is straight, however, no inferences
can be made regarding the conformational differences of TM1 given that Pro 36 is mutated and
such a mutation was shown to abolish TM1 bending in PIMATE (Fig. 1.8D). However, unlike
PfMATE wherethe P26A mutation also renders the transporter inactive in drug resistance assays,
AtDTX14 P36A is able to convey resistance to NFX in its host E. coli strain, though resistance is
attenuated compared to WT. As the residues that constitute the H-bond network in the N-lobe of
NorM and DinF transporters are not conserved in the eukaryotic MATES, the authors suggest that
the AtDTX14 P36A resistance data implies that the transport mechanism is independent of TM1
conformational change. However, the attenuated resistance suggests compromised activity and

would implicate TM1 in the transport mechanism.

34



Notably, in the structure of AtDTX14, TM7 is bent approximately 50° about Cys 263 (Fig.
1.15A, inset; 15B). In this hinge region are conserved residues Glu 265 on TM7 and Asp 383 on
TM10, reminiscent of CasMATE and the NorM transporters. Additional residues Gln 296 on TM8,
Asn 406 and Tyr 410 on TM11, and GIn 443 on TM12 participate in an H-bond network in the C-
lobe with Glu 265 and Asp 383 (Fig. 1.15B). Therefore, given that this structure was determined
from a crystal obtained at low pH it is possible that this structure may represent a protonated
transport intermediate. Indeed, NFX resistance of E. coli expressing Q296A, D383A, or Q443A
mutants of AtDTX14 is compromised. It is unclear, however, whether mutants of Glu 265 or GIn
296 were also tested. Without such functional studies, further experimentation must be done in

order to delineate the mechanism of ion/substrate dependent transport.

Implications of structural studies of MATE transporters

Crystallography has proven indispensable for determining the three-dimensional structure
of transporters and has allowed us to reconcile previous biochemical studies and pursue further
investigations into functional details regarding substrate/ion transport and the concomitant
conformational changes. However, transporters are dynamic assemblies that constantly sample
multiple conformations and favor different conformational equilibria during the transport cycle.
Given that most MATE transporters crystallized thus far reflect structures occupying an OF
conformation, defining the mechanistic details of ion coupled antiport are difficult. Many of the
proposed transport models do hypothesize transition states where ion and substrate are
preferentially bound to an occluded or IF conformation. A recent structure of PFIMATE in an IF
conformation described above, helped to define the structural elements involved in the OF to IF
conformation change. However, the conditions under which the IF structure was obtained in
addition to the other reported OF structures by Zakrzewska et al. (117) confounds the previous
findings of Tanaka et al. (114) concerning ion-dependence and casts doubt on the functional
consequence of TM1 bending in the conformational cycle..
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Crystallization of membrane proteins within the confines of the crystal lattice obscures
dynamic modes essential for the OF to IF conformation by stabilizing energetically favorable
conformers in the ensemble. Confounding the mechanistic interpretation of the data are
inconsistencies concerning structural elements such as TM1 bending and the effect of the
coupling ion and substrate on conformational change. Additionally, amino acid sequence
analyses have identified several conserved residues that have been shown to be critical for drug
resistance and ion flux (Fig. 1.2). However, how these residues are involved in ion-coupled

conformational dynamics of the MATE transporters have only recently been illuminated.

Investigating conformational dynamics of MATE transporters

The native environment of multidrug transporters such as the MATEs is the lipid bilayer
which differs in its physicochemical properties from detergent micelles. The use of monoolein in
LCP has proven more amenable for MATE protein crystallography (114, 117, 123, 124, 130, 131)
and other high impact target proteins such as G-protein coupled receptors (GPCRs) (132, 133).
However, the addition of precipitant solutions to monoolein for LCP results in a bicontinuous cubic
phase which consists of interpenetrating but non-contacting water channels separated by a highly
curved lipid bilayer that can alter protein dynamics and conformational sampling (134-136).
Recent studies have shown that the biophysical properties of the membrane and lipid-protein
interactions play an integral role in modulating the structure (137), stability (138), function (139),
oligomeric state (140), and conformational dynamics (141) of transporters.

Unrestrained by the confines of the crystal lattice, proteins can sample multiple
conformations that can be probed in a time dependent manner to determine their extent and
amplitude in a native-like environment. Investigation of the conformational dynamics of MATE
transporters has been limited with only a few studies reported to date. Investigations have been

carried out using hydrogen-deuterium exchange mass spectrometry (HDX-MS) and double
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electron-electron resonance (DEER) spectroscopy of NorM from Pseudomonas stutzeri (NorM-

Ps) and NorM-Vc, respectively.

HDX-MS of NorM-Ps

HDX-MS monitors the exchange rates of the backbone amide hydrogens with surrounding
heavy water molecules. Differencesin deuterium incorporation at specific segments of the protein
under different biochemical conditions can be used to map structural changes and detect ligand
binding sites (142, 143). HDX-MS studies of NorM-Ps, a proton coupled MATE transporter, sought
to define the conformation of the transporter in -DDM detergent micelles and identify structural
changes that occur in the presence of the substrate DAPI. As no structure of NorM-Ps has been
reported, the authors generated a homology model based on NorM-Vc (PDB ID: 3MKU). Eisinger
et al. (144) report that at neutral pH (pH 7.5) NorM-Ps has higher incorporation of deuterium at its
intracellular side versus its extracellular side. This would imply that NorM-Ps adopts an IF
conformationin detergent at neutral pH. This result is in stark contrast to the crystallographic data
for other MATE transporters where the majority of the structures occupy an OF conformation,
irrespective of the biochemical conditions. In the presence of DAPI, NorM-Ps displays a decrease
in deuterium incorporation in segments of TM7 and TM10 where the conserved residues Glu 257
and Asp 373, respectfully, are located. Consistent with antiport models which posit that substrate
stabilizes an OF structure (19, 145), in the presence of DAPI there was a concomitant increase
in deuterium incorporation in the extracellular halves of TM1, TM2, and TM8.

Mutants D38N and D373N of NorM-Ps were previously shown to abrogate DAPI efflux
from everted vesicles (146). The latter mutant also demonstrated reduced binding affinity for
DAPI. Therefore, these mutants were used in HDX-MS experiments to further delineate the
transport mechanism. For NorM-Ps D38N, DAPI binding occluded the previously defined DAPI
binding site resulting in decreased deuterium uptake similar to WT. However, the uptake of
deuterium at the periplasmic side of the transporter was reduced with deuterium incorporation
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occurring only on the extracellular half of TM1. This implicates Asp 38 in the IF to OF
conformational change of NorM-Ps. Consistent with its compromised binding of DAPI, deuterium
incorporation was not affected in the NorM-Ps D373N mutant with DAPI present.

The study reported by Eisinger et al. (144) established the effect of substrate on driving
conformational change of the transporter. While the results of HDX cannot be used to draw
conclusions regarding the structure of the transporter when substrate is bound, the study

represents a significant advancement from static structures to dynamics.

DEER of NorM-Vc

DEER, or pulsed electron paramagnetic resonance (EPR), was applied in two studies of
NorM-Vc. DEER instrumentation and analysis have been reviewed extensively and will not be
discussed in great depth here. Briefly, a paramagnetic nitroxide spin label is introduced at a
cysteine residue engineered into the primary sequence of a protein in which native cysteines have
been removed. The dynamics of the spin label report mobility and solvent accessibility to
membrane and water-soluble reagents. The introduction of two spin labels into the protein
complements accessibility and mobility with the ability to measure distances between spin label
pairs, up to 80 A (147). The spin echo decay of one label is modulated by the intramolecular
dipolar interaction with the other label on the same protein molecule. This results in an oscillating
echo decay, the periodicity of which reflects the average distance between the spins in the
conformational ensemble of the protein (148).

Steed et al. (149) applied DEER to the study of NorM-Vc using ruboxyl, a spin-labeled
derivative of daunorubicin, a substrate of NorM transporters. Norm-Vc bound ruboxyl with the
same affinity as daunorubicin and demonstrated concentration dependent spin mobility changes
indicating binding. Sodium failed to displace or inhibit ruboxyl binding, however, doxorubicin,

another known substrate of NorM-Vc¢ was shown to compete with ruboxyl binding, as indicated
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Figure 1.16: Conformational dynamics of N-lobe and C-lobe background mutants of NorM-Vc.
Polar residues lining a cavity within the N-lobe of NorM-Vc targeted formutagenesis are shown as sticks
outlined by a space-filling representation. The location of conserved E255 and D371 within the C-lobe
is shown highlighting interactions with a bound Rb*. The location of spin labels for the A45C/L269C pair

is shown as black spheres connected by a dashed line. (A—G) P(r) of each mutant (solid line) is

compared with the P(r) of the parent construct (P, dashed line) for each biochemical condition.
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by increased spin mobility originating from the ruboxyl molecules. To determine the site of high
affinity ruboxyl binding, single spin labels were introduced into NorM-Vc and DEER experiments
were carried out with ruboxyl. Distance distributions from the DEER experiments placed the
position of the nitroxide moiety of the bound ruboxyl in the periplasmic cleft near TM7 of the
transporter, although, given the flexibility of the linkage between the drug and the nitroxide, the
orientation of the ruboxyl molecule could not be established. However, this is consistent with the
location occupied by substrates in the crystal structures of NorM-Ng.

The effect of sodium was unsurprising, given later investigations that further illuminated
the principles of ion/substrate interaction in NorM-Vc (150, 151). Claxton et al. used spin label
pairs in NorM-Vc to define the conformational changes that occur with sodium and the drug
doxorubicin and, significantly, at low pH to mimic protonation (151). Multicomponent distance
distributions determined from DEER measurements of the Apo state of NorM-Vc¢ were modulated
in a Na*- or DXR-dependent manner. These effects were greater for spin label pairs sampling
distances across the periplasmic cleft between the N- and C-lobes. Sodium was shown to
increase the longer distance populations of these pairs suggesting stabilization of an OF state.
Interestingly, low pH induced a decrease in distance, contrary to the effect of Na*. The pattern of
mobility changes for single spin labels on TM1 in response to Na* or H* suggest rotation or more
intriguingly, TM1 bending, which could reflect the structural changes reported for TM1 in PIMATE
at low pH. Conversely, DXR stabilized the population of shorter distances, most profoundly
between TM1and TM7.

This TM1/TM7 pair was used as a reporter to determine the role of conserved residues in
the N-lobe and the C-lobe as arbiters of conformational changes that underlie transport (Fig. 1.16)
(151). A NorM D36N mutant enhanced population of the short distance component of the
TM1/TM7 pair but failed to elicit conformational changes in response to Na* or H* to longer
distances (Fig. 1.16A). A similar result was demonstrated for NorM-Vc T200N (Fig. 1.16D).
Interestingly, a T200K mutant to mimic an ion bound state by introducing a permanent positive
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charge induced a shift to a longer distance in the Apo state, which overlaps with the H*-bound
state (Fig. 1.16E, black traces). Indeed, this mutant did not demonstrate H*-induced
conformational change (Fig. 1.16E, red traces). This effectwas also observed for N178D (Fig.
1.16C), which is semi conserved in the NorM and DinF subfamilies. In the latter, this residue is
an aspartate. In the C-lobe, mutations of conserved residues Glu 255 and Asp 371 (E255Q and
D371N, respectively) did not preclude Na*- and H*-driven conformational change. However, DXR-
induced conformational changes were attenuated, consistent with a reduction in DXR binding
affinity for these mutants. The authors concluded that the results implicated
protonation/deprotonation of E255 and D371 in mediating DXR binding and its conformational
intermediate. Moreover, the study conclusively demonstrates the Na‘/H* dependence of NorM-

Vc for drug transport.

Significance of further investigations of MATE transporters

As the first H*-coupled DinF MATE transporter crystallized, not only with multiple ligands
but in an OF and an IF conformation, many structural elements of a transport mechanism have
been reported for PIMATE. However, the bent TM1 structure reported by Tanaka et al. (114) has
been roundly criticized as being irreproducible thus challenging the role of this conformation in
the transport cycle (113, 117, 118). Though NFX was reported to be bound to the N-lobe of the
transporter, residual densities corresponding to monoolein, thought to be mimicking substrate,
were observed in the central cleftbetween the N- and C-lobes and within the cavities of each lobe
in the Apo pH 8.0 structure (114). In the C-lobe, the monoolein molecule is close to GIn 253 on
TM7, which is homologous to the conserved Glu residue on TM7 seen in the NorM and Eukaryotic
MATE subfamilies. In the low pH structure reported by Tanaka and colleagues, the monoolein
molecule is displaced from within the N- and C- lobe cavities and is positioned in the central cleft,
albeit still in close proximity to GIn 253 on TM7. These results are intriguing since Zakrzewska et
al. (117) reported structures of PFMATE in an IF conformation determined from crystals of purified
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protein incubated in native P. furiosus lipids. Moreover, the identity of the coupling ion of PTMATE
has also been questioned. Ficiciet al. (118) demonstrated that the atomic B-factor of an electron
density signal in the N-lobe of PTMATE at Asp 41, previously identified by Tanaka et al. as a water
molecule that is a component of the H-bond network (Fig. 1.9), may actually correspond to Na*.
Furthermore, the IF and OF structures reported by Zakrzewska and colleagues were both
determined from crystals obtained at pH 5.0, suggesting that the reported structures are
independent of proton.

These observations demand further examination of the PfMATE structures and their
context within the transport cycle. Additionally, how intermediate states are connected through
dynamic fluctuations in structure is an important consideration of ion-coupled transport. Claxton
et al. used DEER spectroscopy to identify the consequences of ligand binding on the structural
characteristics of NorM-Vc, demonstrating the feasibility of this approach to study the
conformational dynamicsof the MATE transporters. Such spectroscopic approaches can be used
to identify the structural characteristics of intermediate states of PFIMATE as well as capture the
dynamics associated with specific transporter conformations.

The body of work presented here describes the investigation of the conformational cycle
of PFIMATE in the transport of substrate using EPR spectroscopy, a technique sensitive to both
local and global conformational changes in protein structure. We first seek to define the ion
dependence of PIMATE drug transport using a combination of molecular biology and biochemical
approaches. Subsequently, we report the conformational changes associated with ions and
substrates using DEER and the sequence determinants of these conformational changes. The
results correlate conformational changes with transport activity and offer a novel perspective of

the mechanistic details of coupled transport in PFIMATE.
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CHAPTERII

The N-lobe of PIMATE mediates proton coupling required for drug resistance

Crystal structures of the MATE transporters with various bound substrates have identified
unigue interaction motifs implying divergent transport mechanisms between MATE subfamilies
(111-114, 152). TPP, Et, and R6G were found to bind a negatively charged central cavity formed
by acidic and polar residues from the N-lobe and C-lobe near the membrane-water interface in
the Na*-coupled transporter NorM from N. gonorrhea (NorM-Ng) (111). Ligand-dependent
conformational changes were predicted to facilitate an allosteric coupling transport mechanism
(111, 153). In contrast, R6G was found buried within the hydrophobic TM core of H*-coupled DinF
from B. halodurans (DinF-Bh) in which the majority of contacts are made with N-lobe residues,
including a conserved Asp in TM1 that mediates the only charge-charge interaction with the
substrate (113). Disruption of this interaction by substitution (D40N) or protonation of the Asp
impaired R6G binding, suggesting an overlapping H*/R6G binding site. Consequently, H* binding
was implicated in drug release by directly competing with the substrate binding site (113).

Despite these fundamental differences between MATE subfamilies, mechanistic diversity
within the DinF subfamily has been the subject of controversy. Crystallographic analyses of the
archaeon P. furiosus (PfMATE) not only identified a distinct drug NFX binding site deep within the
N-lobe, but also a bent conformation of TM1 associated with rearrangement of a hydrogen-bond
network putatively induced by protonation of the conserved Asp 41 (114). A similar conformation

of TM1 has yet to be reported for DinF-Bh. Thus, in combination with complementary functional

This chapter is adapted from the article “The N-lobe of the archaeal MATE transporter PFMATE mediates
proton coupling required for drug resistance.”
Kevin L. Jagessar contributed to methodology development and was responsible for investigation, data

collection and curation, formal analysis, and writing and editing of the article.
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analysis, the structures of PFIMATE supported a transport model distinct from DinF-Bh, invoking a
critical role of the N-lobe in facilitating H*-dependent conformational changes in TM1 that collapse
the norfloxacin binding cavity. Similar structural changes have been described recently for another
bacterial MATE of the DinF subfamily, arguing that the bent conformation of TM1is a conserved
obligatory intermediate in the transport cycle (125).

Here, we explore the function of conserved residues previously implicated in H* and drug
binding within the DinF subfamily to define mechanistic features of the N-lobe that support drug
resistance in PFIMATE. Our multi-faceted approach incorporates a cell growth assay tailored to
uncover PIMATE-mediated resistance to toxic concentrations of R6G in combination with steady-
state drug binding and structural analysis. We show that, unlike DinF-Bh, high affinity binding of
R6G to PIMATE does not require the charged sidechain contributed by a strictly conserved TM1
Asp. However, R6G resistance is compromised by substitution of N-lobe residues that disrupt
formation of a H*-stabilized structural intermediate. The results highlight a role of the N-lobe in
mediating ion coupling to transport through allostery yet support the notion of unique drug binding

sites and divergent transport mechanisms within the same subfamily of MATE transporters.

Results
R6G resistance assay: approach and design

Expression of PfMATE promotes cell growth in the presence of the fluoroquinolone
antibiotic norfloxacin (114), but resistance to R6G toxicity has not been demonstrated previously.
To characterize PFIMATE-mediated R6G resistance in vivo, we adapted a cell growth assay
previously used to probe the survival of E. coli expressing the Na*/H*-dependent homolog NorM
from V. cholerae (NorM-Vc)when subjected to toxic concentrations of DXR (149, 151). This assay
was shown to discriminate between variants of NorM-Vc that support or compromise cell growth,

facilitating the correlation of apparent drug resistance to ion/drug-dependent conformational
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dynamics associated with the transport mechanism (151). Similarly, expression of functional

PfMATE is expected to increase cell survival in the presence of toxic substrates.
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Figure 2.1: Flow diagram of the R6G resistance assay. (A) Comparison of growth for cells harboring
vector (gray line) and WT PfMATE (black line) after 2 hrs induction with different IPTG concentrations.
(B) Expression of WT PfMATE increases cell survival at elevated R6G concentrations relative to the
vector control. Each data point represents the average of two independent experiments. For each
experiment, the data was measured in triplicate from separate wells onthe plate after 10 hrs at 37 °C.
The Absesonm in the presence of R6G was normalized to the 0 ug/mL R6G well. The standard deviation
(SD) is shown for each data point. P-values were determined by an unpaired t- test. For (**), P-values
range from 0.004-0.009; for (***), P-values are < 0.0001. (C) Cells expressing WT PfMATE demonstrate
better growth than the vector control at all time points. The Absesonm in the presence of R6G was
normalized to the O ug/mL R6G well. The R6G concentration was 75 ug/mL. The data points are shown
with the standard deviation, and each data pointwas generated froman n=3-6 independent experiments
as described for (B). (D) The relative expression of WT PfMATE as a function of IPTG concentration
was visualized by SDS-PAGE and staining with InVision His tag stain. Purified PFMATE WT used as a

standard is shown for comparison.
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The experimental paradigm is illustrated as a flow diagram in Fig. 2.1 and additional details
are provided in the Experimental Procedures. Briefly, a small seed culture grown overnight from
freshly transformed BL21 (DE3) cells was used to inoculate a larger volume of growth medium
with a target absorbance at 600 nm (Abssoonm) of 0.0375. The cells were allowed to grow for up to
two hours at 37 °C, then diluted to Abssoonm ~0.25 and induced with IPTG. Following a two-hour
incubation period for protein production, the cells were seeded into a 96-well plate containing
growth medium and the substrate R6G. Cell growth was monitored by the Absesorm, which was
measured by a plate reader over a defined period of time. This wavelength (650 nm) was chosen
to minimize the contribution of R6G to the overall absorbance at high (>30 pg/mL) R6G
concentrations (Fig. S1). The plate formatallowed screening of numerous conditions as a function
of time, such as IPTG and drug concentrations. Importantly, cell growth in the absence of drug
was incorporated as a control for cell health and viability over the course of the assay, as
described below. Therefore, the Absesonm in the absence of drug was used as a normalization

factor to obtain a relative AbsSssonm.

R6G resistance assay: identification of PIMATE expression parameters

Standardization of this assay for screening activity of PfMATE required careful
consideration of key protein expression parameters. Cell growth post induction is strongly
dependent on the IPTG concentration. In general, cells expressing PIMATE WT grew less than
cells harboring vector alone (pET-19b) at all IPTG concentrations tested (Fig. 2.1A). This pattern
of cell growth was inversely correlated with WT expression levels as visualized by SDS-PAGE
analysis, especially in the range of 10-50 uM IPTG which induced robust expression (Fig. 2.1D).
Furthermore, cells expressing WT displayed reduced growth relative to the vector in the absence
of drug over the course of the assay (Fig. S2A). These observations suggested that WT
expression is metabolically challenging and/or toxic to the cell. We thus reasoned that high-level
WT expression may reduce cell capacity to proliferate under additional toxic stress and obfuscate
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PfMATE-mediated drug resistance. In support of this conclusion, we observed an increase in the
growth of cells expressing WT at elevated R6G concentrations (> 60 pug/mL) relative to vector
alone upon induction with 1 uM IPTG (Fig. 2.1B and Fig. S2B). Enhanced cell survival was seen
over the entire time course of the assay at 75 pg/mL R6G after normalizing to growth in the
absence of drug (Fig. 2.1C). The ratio of Absssonm indicated that expression of WT increased cell
growth by 53 + 9% on average (n = 6) relative to vector at the 10 hr time point where the
normalized growth curve began to plateau. In contrast, cell growth was greatly impaired at the
identical R6G concentration following induction with 10 uM IPTG (Fig. S3).

In addition to the IPTG concentration, potentiation of cell survival was contingent on a full
complement of multidrug transporters. Previous applications of this assay with NorM-Vc utilized
an E. coli strain devoid of seven endogenous multidrug transporters (BL21 (DE3)-A7: macAB,
yojHI, acrAB, acrEF, emrAB, emrKY and mdtEF) (151, 154). However, PIMATE-mediated
resistance to R6G toxicity was neither observed in this background, nor in the BL21 (DE3)-A3
strain (deletion of macAB, yojHI and acrAB) relative to vector alone under similar expression
conditions (Fig. S4). This result suggested that the elevated R6G resistance conferred by

expression of WT PIMATE involved concerted activity of intrinsic transporters.

Amino acid substitutions in the N-lobe of PIMATE compromise resistance to R6G

Previous crystallographic, computational, and functional studies of PFIMATE suggested a
critical role of the N-lobe in binding of target substrates and coupling to the H* gradient to drive
transport (114, 155). In conjunction with a highly conserved Pro (Pro 26 in PITMATE) in TM1, a
hydrogen bond network composed of residues that line a cavity in the N-lobe was proposed to
mediate a H*-dependent conformational change in TM1 that facilitates substrate extrusion.
Sequence alignment and phylogenetic analysis indicated that these residues are highly

conserved (156, 157) (Fig. S5). Consistent with this result, substitution of these residues impaired
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resistance to norfloxacin and transport of ethidium (114). We tested a subset of these variants to

ascertain the contribution of these residues to R6G resistance (Fig. 2.2A).
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Figure 2.2: R6G resistance profiles for NTD residue substitutions. (A) Structure of PFMATE (PDB
3VVN) highlighting the location of residues chosen for site directed mutagenesis in the N-lobe (gray).
The C-lobe is shown in cyan. (B) Time course of cell growth for the variants relative to both the vector
and WT at 37 °C in the presence of 75 ug/mL R6G. The curves were generated from at least three
independent experiments as described in the methods and the Fig. 1 legend. The Absesonm in the
presence of R6G was normalized to the 0 ug/mL R6G well. The standard deviation is shown for each
data point. (C) The data in panel (B) at the 10 hr time point was transformed into a cell growth profile
relative to WT PfMATE after subtracting the contribution of the vector control. The bar plot highlights the
average and standard deviation for the indicated number of measurements. One-way ANOVA indicated
that the population means are significantly different at the 0.05 level, F (6, 27) = 28.82, p = 1.57 x 1010,
(D) SDS-PAGE followed by InVision His tag staining confirmed similar levels of expression foreach

construct. The last three lanes on each gelimage is purified PFMATE WT used as a standard.
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Site directed mutagenesis of N-lobe residues (P26A, Y37A, D41A/N and D184A)
significantly impaired cell growth relative to WT in the presence of 75 pyg/mL R6G, and instead
clustered with the vector control (Fig. 2.2B and Fig. S2C-D). In contrast, substitution of a nearby
non-conserved surface Glu in TM2 (E51A), designed as a control, demonstrated a similar pattern
of growth as the WT. Capturing the pattern of PFIMATE-mediated R6G resistance, a growth profile
of the variants relative to WT (Fig. 2.2C) indicated that substitution of functionally-required
residues reduced cell growth by ~80% or more. Importantly, the apparent loss of functional activity
could not be attributed to reduced expression levels of the variants (Fig. 2.2D and Fig. S6), and
size exclusion chromatography analysis of the purified variants were consistent with folded

transporter (Fig. S7).
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represent the average and standard PfMATE mutants

deviation of three binding experiments, and

the solid and dashed lines are nonlinear least

squares fits of the curves to obtain the Ko

(Table 2.1).

49



N-lobe variants retain high affinity R6G binding

We explored the mechanistic basis of compromised R6G resistance by two approaches.
First, we investigated the role of targeted residues in R6G binding. Formation of a complex
between R6G and PfMATE purified in B-dodecyl maltoside (3-DDM) micelles was monitored by
R6G fluorescence anisotropy. Binding of drug to PFIMATE was associated with an increase in
anisotropy, similar to the change in fluorescence polarization that was observed upon binding to
DinF-Bh (113). Titration of R6G with increasing concentrations of PFIMATE generated a binding
isotherm that was fit with a single site binding model to determine the Ko (Fig. 2.3). The binding
curvecollected at pH 7.5 indicated that R6G was bound to WT PfMATE with high affinity. A subtle
right shift in the curve was observed at pH 4.0, corresponding to a less than two-fold increase in
Ko (Table 1). Notably, introduction of the N-lobe variants, including D41A/N, only marginally
perturbed R6G affinity at pH 7.5 relative to the WT. Binding analysis of the E51A variant reported
the largest deviation from WT, yet it retained WT-like resistance activity (Fig. 2.2C). These results
therefore suggested that compromised resistance is unlikely to be the consequence of impaired

substrate binding.

N-lobe variants disrupt H*-driven conformational changes

Employed as an environmentally sensitive probe, the pattern of Trp fluorescence in
transporters has been shown previously to be an effective spectroscopic tool to monitor
conformational changes (158-160). PfMATE contains five endogenous Trp residues, two of which
are found in the N-lobe. One of these, Trp 216, is located > 20 A away from the N-lobe cavity and
near the intracellular side of TM6. The other Trp residue, Trp 44, is located near the C-terminus
of TM1 in close proximity to the network of hydrogen-bonded sidechains that has been proposed
to facilitate TM1 bending (Fig. 2.4A). Thus, we exploited intrinsic Trp fluorescence as a surrogate

reporter of conformational changes induced by H*.
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Figure 2.4: NTD amino acid substitutions disrupt the pattern of H*-dependent Trp quenching. (A)
Structure of PfMATE (PDB 3VVN) illustrating the location of Trp 44 (shown in space filling
representation) relative to the NTD variants. (B) Trp fluorescence is quenched for WT PfMATE at pH
4.0 (black dashed trace), which is reduced by introduction of P26A (red dashed trace). The P26A
spectra are shown as a representative dataset. Spectra were acquired at 23 °C in 3-DDM buffer. (C)
Profile of Trp quenching for the NTD variants. The bar plothighlights the average and standard deviation
forthe indicated number of measurements. One-way ANOVA indicated that the population means are
significantly different at the 0.05 level, F (6, 35) = 20.29, p = 4.53 x 10-1°. The horizontal dashed line

indicates the quenching observed for the W44C variant. The color code is the same as in Fig. 2.2.
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Fluorescence spectra of WT PFMATE in 3-DDM micelles reported a ~20% reduction in Trp
emission intensity at pH 4.0 relative to pH 7.5 (Fig. 2.4B), whichwe attributed to increased solvent
exposure of buried Trp sidechain(s) at low pH. Mutation of Trp 44 reduced the fluorescence
qguenching to ~6% although R6G binding and resistance activity remained relatively unaffected
(data not shown), suggesting that Trp 44 contributed to the majority of the signal change in WT
PfMATE.

With the exception of E51A, pH-dependent Trp quenching was attenuated substantially in
the N-lobe variants (Fig. 2.4B, C). The quenching observed for D41A, D41N, and D184A was
reduced to similar levels as the W44C variant. Although quenching was less attenuated for P26A
and mostly limited for Y37A, the observed reduction in Trp quenching was consistent with
impaired formation of a distinct conformation. Remarkably, the overall quenching profile shown in
Fig. 2.4C echoed the R6G resistance profile shown in Fig. 2.2C. Thus, the pattern of quenching
strongly implied that substitution of relevant residues in the N-lobe disrupted H*-dependent

structural transitions likely associated with the transport cycle.

Discussion

A fundamental property of MATE transporters is the ability to bind and export a broad
range of chemically diverse substrates. In addition to H*-dependent ethidium efflux, PfTMATE has
been described previously to promote bacterial growth in the presence of the fluoroquinolone
antibiotic NFX (114). In support of a role in multidrug transport, the results presented here
establish that PFTMATE also confers enhanced resistance against toxic concentrations of the
antimicrobial R6G. Furthermore, R6G resistance is compromised by mutation of residues
predicted to be required for transport.

Importantly, PFMATE-mediated resistance to R6G toxicity was observed in E. coli under
specific expression conditions. Manipulation of the IPTG concentration used for induction was
required to balance the metabolic challenge of transporter expression in the host with the
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conferred advantage of exporting a toxic substrate present at high concentrations in the growth
medium. Moreover, the lack of R6G resistance in hypersensitive E. coli strains supports the notion
of coordinated drug efflux mediated by multiple transporters sharing overlapping substrate
specificities (161). In this context, PIMATE likely bolsters R6G resistance by integrating with other
R6G transport systems, such as the tripartite AcrAB-TolC assembly (162, 163), which was deleted
in the BL21 (DE3)-A3 and -A7 strains (154). According to this model, complete removal of the
hydrophobic substrate engenders PfMATE-mediated extrusion into the periplasm followed by
export across the outer membrane by the AcrAB-TolC complex. Thus, the data suggests that
heterologous expression of PFIMATE in E. coli cannot fully compensate for the loss of major
multidrug transporters under the conditions described here.

Combining the cell growth assay with site directed mutagenesis indicated that R6G
resistance is dependent on the integrity of a conserved network of polar sidechains lining a cavity
in the N-lobe. Among these residues, a strictly conserved TM1 Asp has been proposed to form
part of the R6G binding site in the homolog DinF-Bh (113). Accordingly, R6G binding affinity was
reduced by more than 30-fold in a DinF-Bh variant predicted to mimic protonation of the
carboxylate moiety (D40N). This result was interpreted as evidence for a mutually exclusive
H+/drug binding site, the hallmark of a direct competition mechanism. However, substantial
perturbation of R6G binding affinity was not observed with homologous variants in PfMATE
(D41A/N). Furthermore, the marginal reduction in binding affinity at low pH implies that PIMATE-
R6G interactions are not mediated directly by charged sidechains that undergo
protonation/deprotonation events. These results strongly suggest that R6G is stabilized by distinct
binding motifs in PIMATE and DinF-Bh. That is, the H* and R6G binding sites appear to be
nonoverlapping in PIMATE.

In contrast to the binding analysis, substitution of functionally required N-lobe residues
altered the pattern of H*-dependent Trp quenching relative to the WT, which we interpret as
impaired formation of a unique structural intermediate. Previous crystallographic and
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computational studies have demonstrated that the conserved residues of the N-lobe caviy
investigated here contribute to an ion binding site (114, 118, 155). As a reflection of the predicted
involvement of these residues in the structural dynamics of TM1, the observed pattern of Trp
guenching in the N-lobe variants highlights the role of conserved sidechains in shaping H*-driven
conformational changes in PfMATE. Y37A, D41A, D41N and D184A likely disrupt rearrangement
of the hydrogen bond network induced by H* binding, effectively inhibiting conformational
changes. Although not directly involved in H* binding, Pro 26 in conjunction with Gly 30 was
hypothesized to form a hinge in TM1 (114). By extension, P26A may impair TM1 bending in
response to H* binding within the N-lobe cavity.

Based on the apparent correlation between Trp quenching of N-lobe variants (Fig. 2.4C)
and the cell growth profile (Fig. 2.2C), we propose that this residue network is critical to mediate
coupling of ion gradients through conformational changes that allosterically modulate substrate
binding affinity to trigger substrate release. This conclusion is supported by spectroscopic analysis
of NorM-Vc that revealed the significance of a similar network of residues within the N-lobe cavity
in determining ion-driven conformational dynamics central to drug resistance (Fig. 1.16) (151).
Experiments that further define the nature and magnitude of ligand-dependent conformational
changes and the relationship to R6G binding and resistance in PFMATE are ongoing.

Together, the functional and biochemical analysis of PFIMATE emphasizes both common
and diverging mechanistic principles of ion-coupled substrate transport in the MATE family. The
evidence presented here supports an emerging transport model that envisions ion coupling
mediated by specific residues in the N-lobe to induce conformational changes that culminate in
substrate extrusion. However, differences in binding sites for shared substrates of MATE
homologs may reflect evolution of transport mechanisms. Subsequent studies with other
substrates and transporters are warranted to further uncover shared and unique determinants of

MATE transport mechanisms.
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Experimental Procedures

Site-Directed Mutagenesis

Wild-type PIMATE was cloned into the pET-19b vector encoding an N-terminal 10-His tag under
control of an inducible T7 promoter. Mutations were generated using a single-step PCR in which
the entire plasmid was replicated from a single mutagenic primer. The template plasmid was
subsequently digested by Dpnl. Plasmids were propagated using XL-1 Blue or DH5a cells and
were sequenced using both T7 forward and reverse primers to confirm mutagenesis and the

absence of aberrant changes in the protein coding region.

Expression and Purification of PIMATE

C43 (DE3) cells were freshly transformed with pET-19b encoding WT or mutant PfMATE.
A single colony was used to inoculate a 40 mL LB medium which was grown overnight (~15 h) at
34 °C and was subsequently used to inoculate 2 L of minimal medium A. Cultures were incubated
at 37 °C with shaking until reaching an Abssoonm 0Of ~0.8, at which time the expression of PTMATE
was induced by the addition of 1 mM IPTG. The cultures were incubated overnight (~15 h) at 20
°C and then harvested. Cell pellets were resuspended in 20 mL of lysis buffer (20 mM Tris-HCI
pH 8.0, 20 mM NacCl, 30 mM imidazole, and 10% (v/v) glycerol), including 10 mM DTT, and lysed
by five passes through an Avestin C3 homogenizer. Cell debris was removed by centrifugation at
9,000 x g for 10 min. Membranes were isolated from the supernatant by centrifugation at 200,000
x g for 1.5 h. Membrane pellets were resuspended in lysis buffer containing 1.5 % (w/v) 3-dodecyl
maltoside (3-DDM)and 0.5 mM DTT and incubated on ice while being stirred for 1 hour. Insoluble
material was cleared by centrifugation at 200,000 x g for 30 min. The cleared extract was bound
to 1.0 mL (bed volume) Ni-NTA Superflow resin (Qiagen) at 4 °C for 2 h. After washing with 10
bed volumes of buffer containing 30 mM imidazole, PIMATE was eluted with buffer containing
300 mM imidazole. Elution fractions (4 mL total) were combined and then concentrated to 2.0 mL
in a 100,000 MWCO filter concentrator (Millipore) and injected in 1 mL samples onto a Superdex
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200 Increase 10/300 GL column (GE Healthcare) equilibrated with 50 mM Tris/MES pH 7.5, 0.05
% B-DDM. Peak fractions of purified PFMATE were combined and concentrated using a 100,000
MWCO filter concentrator and the final concentration was determined by A280 measurement (g

= 46870 M-1-cm-1).

R6G binding assay

Stock solutions of rhodamine 6G (Acros) were made in ultrapure water. Drug
concentrations for assays were determined by spectrophotometer measurement at 524 nm (€ =
116,000 M-1-cm-1) of samples diluted in ethanol. R6G (2.1 uM) was mixed with increasing
concentrations of PFIMATE WT or variants in 50 mM Tris/MES pH 7.5, 0.05 % 3-DDM bufferin a
total volume of 25 L in a 384-well black fluorescence microplate (Greiner Bio-One) and incubated
at room temperature for >5 min. R6G fluorescence anisotropy was measured using a BioTek
Synergy H4 microplate reader with a 480 nm excitation filter (20 nm band pass) and a 570 nm
emission filter (10 nm band pass). Binding isotherms were measured in triplicate and R6G binding
affinity was determined by non-linear least squares analysis in the program Origin (OriginLab).

The average Ko and standard deviation for each mutant are reported in Table 2.1.

Tryptophan Fluorescence

Purified PFIMATE in 50 mM Tris/MES pH 7.5, 0.05 % B-DDM buffer was adjusted to pH 4.0
using an empirically determined volume of 1 M citric acid. Samples at pH 7.5 were adjusted with
an equivalent volume of buffer to maintain an equal concentration of protein between pH
conditions. Samples were placed in a 1 cm quartz fluorometer cell (Starna Cells, Inc) and
tryptophan fluorescence was measured using a T-format fluorometer (Photon Technology
International) with excitation and emission slit widths of 4 nm and 1 nm, respectively. The
fluorescence spectrum was acquired from 310 to 370 nm following excitation at 295 nm. Spectra
were normalized to the peak intensity (329 nm) of the pH 7.5 sample to determine the extent of
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H+-dependent quenching. Experiments were repeated at least in triplicate and the mean and
standard deviation of fluorescence quenching was determined. To assess statistically the impact
of substitutions on Trp quenching, a one-way ANOVA conducted in Origin determined that the

population means are significantly different at the 0.05 level.

R6G Resistance Assay

Resistance to R6G toxicity was carried out as previously described with several
modifications. Escherichia coli BL21 (DES3) cells were transformed with empty pET-19b vector,
pPET19b encoding PIMATE WT, or variants. A dense overnight culture from a single colony was
used to inoculate 12 mL of LB broth (Fisher Scientific) containing 0.1 mg/mL ampicillin (Gold
Biotechnology) to a starting Abssoonm 0f 0.0375. Cultures were grown for an additional 1.5 - 2 h at
37 °C, and then diluted to Abssoonm 0f 0.25. Expression of the encoded construct was induced with
1-50 uM IPTG (Gold Biotechnology). Expression was allowed to continue at 37 °C for 2 h, after
which the Abssoonm Of the cultures was adjusted to 0.5. The cells were then used to inoculate (1:20
dilution, starting Abs 600 nm = 0.025) a sterile 96-well microplate (Greiner Bio-one) containing
50% LB broth, 0.1 mg/mL ampicillin, and R6G. IPTG was not included on the microplates.
Microplates were incubated at 37 °C with shaking at ~250 rpm for at least 10 h, and cell growth
was monitored by Absssonm on a BioTek Synergy H4 microplate reader. Data points were collected
every 2 h. The Absssonm in the presence of R6G was normalized to the 0 pg/mL R6G well to obtain
a relative Absssonm, Which accounts for growth behavior of the vector, WT and variants in the
absence of drug (Fig. S2). Screening of [IPTG] indicated that 1 uM IPTG resulted in optimal
resistance, which was used for all subsequent experiments. Due to the narrow dynamic range to
observe enhanced R6G resistance (Fig. 2.1B), each experiment included a vector and WT
control. P-values in Fig. 2.1B were determined by an unpaired t-test (GraphPad), indicating that
the population means of cell growth for WT and vector are significantly different at the indicated
R6G concentrations. The time course of cell growth for WT and variants relative to vector was
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determined at 75 pg/mL R6G. The relative activity of each variant was determined by subtracting
the Absssonm Of the vector followed by normalization to the corrected Absessonm Of the WT at the 10
h time point. Each data point was acquired from triplicate measurements in three distinct wells on
the plate, and the experiment was repeated at least three times to obtain the mean and standard
deviation. To assess statistically the impact of the substitutions on relative cell growth, a one-way
ANOVA conducted in Origin determined that the population means are significantly different at
the 0.05 level.

To confirm PIMATE expression, 50mL of cells harboring vector, WT and PIMATE variants
were induced with 1 uyM IPTG for 2 h at 37 °C and harvested by centrifugation. Cells were
resuspended in 1 mL of lysis buffer 20 mM Tris-HCI, 20 mM NacCl, and 10% (v/v) glycerol (pH
8.0)] with 2.0 mM PMSF and lysed by sonication (60 - 1 sec pulses with 10 sec resting intervals).
Cell lysates were centrifuged at 3,400 x g for 8 min to remove cell debris. The supernatant was
subsequently ultracentrifuged for 30 min at 70,000 x g to obtain the membrane fraction. PTIMATE
was extracted from a normalized amount of membrane mass in 200 L lysis buffer supplemented
with 2% (w/v) B-DDM for 1 h at 4 °C, after which the samples were ultracentrifuged at 90,000 x g
to clear insoluble material. The supernatant was then mixed with 40 uL (bed volume) of Ni-NTA
Superflow resin (Qiagen) for 1 h at 4 °C in the presence of 20 mM imidazole. The resin was then
applied to a micro spin column (BioRad Bio-spin) and the resin was washed with eight bed
volumes of buffer containing 30 mM imidazole. The protein was eluted with 50 uL of buffer
containing 300 mM imidazole and equal-volume samples for SDS-PAGE were prepared from the
eluates. Following electrophoresis on a 12.5% acrylamide gel, the protein was visualized by

InVision His-tag gel stain (Novex).
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CHAPTERIII

Sequence and structural determinants of alternating access in PfMATE

Until very recently, the canon of MATE structures has been limited to outward-facing (OF)
conformations, regardless of bound ligand, obfuscating any mechanistic interpretation. In the
contextof antiport, alternating access models postulate the isomerization of a transporter between
an OF state, to which ions bind, and an inward-facing (IF) state, to which substrate binds and/or
ions are released to the intracellular side (21). In the OF MATE structures, the putative central
substrate binding cavities are shielded from the cytoplasm by highly ordered and packed protein
regions, suggesting that transition to an IF conformation requires extensive structural
rearrangements. A view of these rearrangements was recently captured from an IF crystal
structure of PFMATE (117). This structure, determined in the presence of native P. furiosus lipids,
showed a change in the orientation of the central cavity that exposes its lumen to the intracellular
side. Compared to the OF structure, TMs (2-6) and (8-12) in the two lobes undergo relative rigid
body movement that disrupts helical packing and leads to the formation of new contacts. As
highlighted in Fig. 3.1, a rupture of the interface between the two lobes repacks the intracellular
side of the transporter resulting in a cavity open to the cytoplasm.

Although the OF and IF structures of PFIMATE suggest a blueprint of alternating access
(Fig. 3.1), critical elements of the transport mechanism remain unresolved. Substrate/ion antiport
entails differential stability of the OF and IF conformations when either ligand is bound, yet

Zakrzewska et al. (117) found that the OF state also crystallizes at low pH (pH 5.0 - 6.5), albeit in

This chapter is adapted from the article “Sequence and structural determinants of ligand-dependent
alternating access of a MATE transporter”.
Kevin L. Jagessar was responsible for investigation, data collection and curation, formal analysis, and

writing and editing of the article.
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the absence of native lipids. This observation led the authors to question the role of protons in
driving isomerization between OF and IF conformations. Further confounding the mechanistic
interpretation of the IF and OF structures in the context of the transport cycle is the observation
that structures of substrate- and ion-bound NorM-Ng as well as PFIMATE at pH 8.0 and 6.0 were
outward-facing, with bending of TM1in the latter at lower pH proposed to mediate proton coupling
(113, 114, 118). Finally, the residues and structural elements that couple ion gradients to
conformational changes are not defined, although a network of conserved charged residues in

the N-lobe of PFMATE was indirectly implicated (164).

A B

Extracellular

OF to IF
—_—

- g———
IF to OF

Intracellular

rm.s.d (A) Ar(A)
92223 » =
2.07 8.08 -5.0 0 +50

Figure. 3.1: Model of PfMATE alternating access inferred from the crystal structures. The Ca
r.m.s. deviations (r.m.s.d.) were derived from the alignment of the OF (PDB ID: 3VVN) and IF (PDB ID:
6FHZ) structures and mapped onto ribbon representations of the OF (A) and IF (B) structures. Ribbon
thickness is proportional to increasing r.m.s.d. Viewed from the side of the transporter, arrows show the
direction of inferred movement from comparison of the OF and IF structures. Lateral movement (Ar),
toward (red) oraway from (blue) the center of mass of the protein, which is aligned with the membrane

normal, is overlaid onthe OF and IF r.m.s.d. depictions.
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Prior to publication of the IF structure, we initiated a systematic Double Electron-Electron
Resonance (DEER) (147, 148, 165-167) investigation of PFIMATE to map proton- and substrate-
dependent conformational changes in a lipid bilayer-like environment and to identify sequence
motifs of ion and substrate coupling. For this purpose, an extensive network of spin label pairs
was introduced at the extracellular and intracellular sides to interrogate ligand-dependent
movements of TM helices. Here, we report that patterns of experimental distance distributions
from DEER analysis reveal that an IF conformation is populated at pH 4.0 whereas pH 7.5 and
substrate binding favor an OF conformation, demonstrating that protonation drives alternating
access. Although these conformational changes were exclusively observed in lipid bilayers, native
P. furiosus lipids were not required. Systematic mutagenesis of conserved residues uncovered
an essential role for residue Glu 163 in driving the pH-dependent isomerization of PfMATE.
Together these findings can be integrated into a model of ligand-dependent alternating access

that provide a mechanistic context for the IF and OF crystal structures.

Results

Coupled ion/substrate antiport entails the population of at least two conformational states,
OF and IF, that are differentially stabilized by ligands (19, 145). To avoid shorting the ion gradient,
isomerization between the two states only occurs if one of the ligands is bound to the transporter.
Therefore, to uncover the ligand dependence of PfMATE, which putatively couples proton
translocation to the cytoplasm to substrate extrusion to the periplasm, DEER distances
distributions were determined at pH 4.0 to mimic a protonated state, at pH 7.5 to favor

deprotonation, and in the presence of R6G at pH 7.5 to populate a substrate-bound state.

Structural and functional integrity of PIMATE mutants
The functional profiles of the PIMATE mutants were analyzed by a recently described

three-assay protocol (164). First, we tested if the expression of the unlabeled double cysteine
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mutants in E. coli conferred resistance to toxic concentrations of the antimicrobial R6G. This
assay is a surrogate reporter of drug efflux by PIMATE. Similar to the WT, cells harboring the
double cysteine mutants of PFMATE survived exposure to R6G concentrations that are lethal to
cells transformed with empty vector (Fig. S8). Two pairs (W44C/D120C and W44C/E134C)
displayed resistance that was 20% of WT suggesting compromised activity as a consequence of
the mutations. However, these mutants were not critical for our spectroscopic interpretation.

Second, we used fluorescence anisotropy to quantitatively measure the affinity of PFIMATE
spin-labeled mutants to R6G in vitro. The apparent Ko indicated that spin-labeled mutants in
detergent micelles bind the substrate with similar affinity as the WT (Table S1).

Finally, the integrity of the proton conformational “switch” was assessed by monitoring pH-
dependent Trp quenching. We have shown previously that protonation of WT-PfMATE leadsto a
reduction in Trp fluorescence, arising primarily from changes in the environment of Trp 44. The
structural basis of this quenching was attributed to localized structural rearrangements of TM1
(164). Robust Trp quenching for the spin-labeled mutants at pH 4.0 (Fig. S9) suggest that the
underlying conformational change is similar to WT. As expected, mutants involving Trp 44
displayed attenuated quenching in response to low pH. Taken together, these data indicated that
the cysteine mutations and subsequent spin labeling did not result in detectable structural or
functional perturbations, although the effects of spin labeling on the transport function cannot be

determined from these assays.

Lipids are required for PfIMATE conformational changes

Previous DEER investigations of the MATE homolog NorM-Vc showed Na* and H*-
dependent conformational changes in 3-dodecyl maltoside (DDM) micelles (151). However,
lowering the pH or addition of Na* failed to induce substantial distance changes in DDM-
solubilized PfMATE. Spin label pairs monitoring the intracellular and extracellular sides had
similar distributions at pH 4.0 and 7.5 (Fig. 3.2, left panels), indicating the absence of large-scale
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conformational changes. In contrast, PIMATE reconstituted into nanodiscs composed of E. coli
polar lipids and egg phosphotidylcholine (see Methods) displayed evidence of large-scale
distance changes upon protonation (Fig. 3.2, right panels). The strict lipid dependence of the pH-
induced conformational changes is in agreement with the reported requirement of P. furiosus
lipids for crystallization of the IF conformation (117). However, the DEER distance changes were
observed with non-native lipid components. Neither R6G binding at pH 7.5 nor addition of 50 mM
Na* at pH 7.5 elicited distance changes (Fig. S10), pointing to protonation as the primary trigger

of PIMATE isomerization in lipid bilayers.

Detergent Nanodisc
TM5/TM7

1186R1/T269R1

20 30 40 50 60 70 80 20 30 40 50 60 70 80
TM3/TM9

N95R1/T318R1

H4.0
H7.5

—n
—p

20 30 40 50 60 70 80 20 30 40 50 60 70 80
r(A) r(A)

Figure 3.2: Ligand-dependent conformational dynamics of PfTMATE requires a lipid environment.
(A) Representative spin label pairs sampling distances between TM5 and TM7 on the extracellular side
and (B) TM3 and TM9 on the intracellular side of PFMATE. R1 refers to the spin label side chain (see
Methods). The spinlabel locations are highlighted on the OF structure by purple spheres connected by
a line. The helices targeted in the N-lobe and C-lobe are highlighted in blue and green, respectively.
Distance distributions, representing the probability of a distance P(r) versus the distance (r) between
spin labels, are shown in black traces at pH 7.5 and red traces at pH 4.0 in DDM micelles (left panel)

and lipid nanodiscs (right panel).

63



TMS/TM7 TM5/TM8 TM5/TM9
1186R1/T269R1 1186R1/N274R1 [186R1/L348R1

P

r(A) r(A) r(A)
TM6/TM7 TM6/TM8 TM6/TM9
V196R1/T269R1 V196R1/N274R1 V196C/L348R1

20304050607080 20304050607080 20 304050607080

r(A) r(A) r(A)
TM3/TM7 TM3/TM9 TM3/TM11
D120R1/L348R1 D120R1/1413R1

S—

20304050607080 20 0 4050607080 2030405060 7080

r(A) r(A)
, TM4/TM7 TM4/TM8
)\, E134R1/T269R!1 E134R1/N274R1
- —pH 4.0
—PH75
—-OF
—-IF

20304050 60 70 80 20 30 40 50 60 70 80
r(A) r(A)

Figure 3.3: Protonation closes the extracellular side of PfIMATE. Spin label pairs across the N- and

C-lobes for DEER distance measurements are depicted on the extracellular side of the OF structure (A

— D). Experimentally determined distributions (solid lines) are plotted with the predicted distance

distributions derived from the OF (black, dashed traces) and the IF (red, dashed traces) crystal

structures. Measurements from TMs 7, 8, and 9 in the C-lobe to TMs 5 and 6 (A and B) in the N-lobe

report decreased distances at pH 4.0 consistent with movement of these helices toward each other.

Commensurate distance changes at pH 4.0 measured from TMs 3 and 4 in the N-lobe to the C-lobe (C

and D) indicate closure of the extracellular side. Experimentally determined distance changes are

summarized onthe OF structure depiction. Increases or decreases in distance are denoted with ¢--—---»

or =% <= respectively.
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Protonation induces closing of the extracellular side

To determine the extent and amplitude of the pH-dependent conformational changes, two
sets of spin-labeled pairs were designed to survey the extracellular side of PFTMATE. One set of
pairs monitored distances between helices from the N-lobe to helices in the C-lobe (Figs. 3.3-
3.4). The other set consisted of labels monitoring distances between helices within each lobe (Fig.
S11).

In contrast to limited intradomain distance changes (Fig. S11), a strikingly simple overall
pattern emerged from the shifts in the distributions between the N- and C-lobe to shorter distances
upon lowering the pH from 7.5 to 4.0 (Fig. 3.3, solid black and red traces, respectively). This
pattern is highlighted by the relative movements that close the central cavity between TMs 7, 8
and 9 in the C-lobe and TMs 3, 4, 5 and 6 in the N-lobe (arrows in Figure 3.3). These observed
distance changes are congruent with a relative movement between the N- and C-lobes toward
each other. Unlike most TMs in the N-lobe, distance changes between TM1 and TMs 7 or 8 were
more limited, suggesting movement of TM1 that is coupled to rearrangements of these helices in
the C-lobe (Fig. 3.4).

To determine if these distance changes are consistent in magnitude and direction with
those expected based on the OF and IF structures, distance distributions predicted from these
structures (see Methods, dashed distributions in Figures 3.3 and 3.4) were compared with the
experimental distributions. Except for TM1, we found that distributions calculated from the IF
structure (6FHZ) generally overlapped with the pH 4.0 distributions whereas those calculated from
the OF structure (3VVN) corresponded to the pH 7.5 distributions. This remarkable agreement
between predictions and experiments linked the structural rearrangements observed in the IF
structure to protonation. This result is also consistent with the expectation of antiport models that

the driving ions stabilize the IF conformation (107, 108).
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Figure 3.4: Relative movement of TM1 on the extracellular side of PfTMATE is limited. The labeled
positions on TM1 (purple spheres) to positions in the C-lobe for DEER measurements at pH 7.5 and pH
4.0 are depicted on the extracellular side of the OF structure. Distance distributions at pH 4.0 for TM1
are incongruent with predicted distributions based on the IF structure. Experimentally determined
distance changes are denoted on the OF structure by €-—--% (increase) or ---» €= (decrease).

Notably, TM1 distance distributions to TMs 7 and 8 showed disagreements with the
predicted distributions in both magnitude and direction (Fig. 3.4). A complex pattern of H*-
dependent distance changes is reported by two spin label pairs (T35R1/T269R1 and
W44R1/T269R1) monitoring relative movements between different points on TM1 and TM7 (Fig.
3.4, upper panels). This pattern may reflect twisting of TM1, which may underpin the pH-
dependent Trp quenching (Fig. S9) (164). Moreover, distance changes for TM1 were opposite to
those predicted by the pH 6.0 OF crystal structure depicting a bent conformation of TM1 (114)
(Fig. S12). Although its mechanistic role is controversial (113, 117), this conformation of TM1
was also captured in a crystal structure of a H*-coupled MATE from V. cholerae (168). These
observations,

in conjunction with the DEER data and Trp quenching, suggest that

twisting/bending of TM1 may be required for the population of the IF state.
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Protonation induces opening of the intracellular side

Coupled to the closing of the large central cavity on the extracellular side, protonation
induced large amplitude movement of TM helices on the intracellular side (Fig. 3.5). Distributions
between the N- and C- lobes shift to larger average distances at pH 4.0 relative to pH 7.5, in stark
contrast to the extracellular side where distances predominantly decrease. The pattern of distance
changes identified TMs 3 and 9 as focal points of conformational changes with an increase in
distance between these two helices on the order of 17 A (Fig. 3.5A). TM3 moves away from TMs
1, 9 and 11 while TM9 moves away from TMs 6, 7 and 11 (Fig. 3.5A, B, respectively).
Consequently, these movementsfacilitate the rupture of the tightly packed N-and C-lobe interface

and the formation of an opening to the cytoplasm.
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Figure 3.5: Relative movement of TM3 and TM9 on the intracellular side induced by protonation.
Labeled positions for DEER measurements at pH 7.5 and pH 4.0 on TM3 and TM9 (A and B, respectively)
to other TMs in the N- and C-lobes are depicted on the intracellular side of the OF structure.
Experimentally determined distance changes are denoted on the OF structure by €-=-=% (increase),
-—-» 4= (decrease), or =1+ (no change). Protonation favors an increase in distance between the N-
and C-lobes as predicted by the IF structure. The data identify TM3 and TM9 as foci of conformational

changes, with an ~ 15 A increase in distance between these two helices at pH 4.0.
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Except for TM1, we found a remarkable correspondence between the helices identified
from pH-induced distance changes and those implicated in the opening of the intracellular side
from comparison of the crystal structures (Figs. 3.5, 3.6B; dashed lines). Moreover, predicted and
experimental distance distributions partially overlap and the directions of the distance changes

are identical, demonstrating that the intracellular side of the low pH conformation observed by

DEER has similar features to the IF crystal structure.
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Figure 3.6: H*-dependent conformational changes of TM1 and TM7 are limited on the intracellular
side. Positions for DEER measurements from TM1 and TM7 to helices in the N- and C-lobes are
indicated on the OF structure. Experimentally determined distance changes are denoted on the OF
structure by €= -» (increase), —» €= (decrease), or ——tt==—- (no change). Relative distance changes
involving TM1 are incongruent with the distances predicted from the IF structure (A). Measurement of
TM7 labeled pairs (B) report changes in distance at pH 4.0 that suggest movement away from the C-

lobe (TM7-TM12) and toward the N-lobe (TM7-TM5).

However, prominent discrepancies between predicted and experimental distributions are
noted for the intracellular side of TM1, which in the IF structure unwinds leading to distance
changes relative to TMs 3, 6, 11 and 12 (Figs. 3.5A, 3.6A). In contrast, the experimental distance
change between TM1 and TM3 was smaller than predicted (Fig. 3.5A), and distance distributions

were almost superimposable at low and high pH between TM1 and TMs 6, 11 and 12 (Fig. 3.6A,
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red and black lines, respectively). Together, these observations suggest that the intracellular side
of TM1 remained intact under our conditions and does not recapitulate the conformational

changes predicted by the IF crystal structure.

Identification of residues involved in the protonation switch

An antiport mechanism requires the energetically downhill translocation of either Na* or
H* to drive the uphill transport of the substrate or drug. Whereas the NorM and DinF subfamily
putatively couple to different ions, there has been evidence supporting a critical role for a
conserved acidic residue on the extracellular side of TM1, Asp 41 in PIMATE, that engages a
number of amino acids in a network of H-bonds in the N-lobe (164) (Fig. 3.7A). Protonation of
Asp 41 was predicted to induce rearrangement of this network (114).

To investigate if protonation of acidic residue(s) underpins the pH-dependence of PTMATE
alternating access, we determined the pK of the OF to IF transition. For this purpose, we
measured the pH dependence of the distance change for the N95R1/T318R1 intracellular pair,
which monitors relative movement of TM3 and TM9 (Fig. 3.7B). Global analysis of the
distributions (see Methods) yielded a titration curve depicting the populations of IF and OF (Fig.
3.7B) as a functionof pH. A pK of approximately 5.1 was obtained from a non-linear least squares
fit, consistent with the protonation/deprotonation of acidic residue(s) as the driver of PfMATE
isomerization.

To pinpoint this residue or cluster of residues, we carried out mutagenesis of amino acids,
including Asp 41, that have been identified by previous studies as functionally critical and/or are
highly conserved in MATE subfamilies (114, 118, 164) (Fig. 3.7A, Fig. S13A). OF/IF isomerization
in these backgrounds was monitored by the TM1/TM10 extracellular pair W44R1/S364R1 (Fig.
3.7C) and the TM3/TM9 intracellular pair N95R1/T318R1 (Fig. 3.7D). We found that substitutions
of conserved residues D41A and D184A in the N-lobe cluster did not abrogate structural changes
reported by the two pairs (Fig. 3.7C, D; Fig. S13B, C) although these substitutions compromised
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drug resistance and impaired pH-induced Trp quenching (164) (Figs. S8, S9; Figs. 2.2, 2.4).

Remarkably, Y37A was the only substitution in the N-lobe cluster that strongly disrupted coupled

conformational changes (Fig. 3.7C, D). In the OF crystal structure, this residue interacts with Asp

41 and Asp 184 in an H-bond network (Fig. 3.7A) yetis unlikely to undergo protonation in the pH

range identified above.
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Figure 3.7: E163 is critical for the relative stability of the OF and IF conformations. Conserved

residues previously identified in the N-lobe as crucial for PFMATE function are shown as sticks in the
OF structure in the top inset (A). Glu 163 on IL4-5 and Tyr 224 on IL6-7 are depicted in the lower inset.

Distance distributions acquired from titration of the intracellular reporter pair N95R1/T318R1 from pH

4.0 to 8.5 were fit assuming a two-component Gaussian distance distribution (B, left panel) to quantify

the variation in population as a function of pH (B, right panel). A pK of 5.1 was obtained from a non-

linear least squares fit of the populations forthe OF and IF peaks (B, black and red curves, respectively).
Distance distributions of extracellular (\W44R1/S364R1) and intracellular (N95R1/T318R1) reporter pairs
(C and D, respectively, Fig. S13) in acidic residue mutant backgrounds at pH 4.0, pH 7.5, and with R6G
at pH 7.5 (blue traces). While D41A does not inhibit isomerization, Y37A, E163A, and Y224A abrogates

the H*-dependent alternating access and destabilizes the OF conformation at pH 7.5.
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However, none of the mutations of residues in the N-lobe cluster fully mimickedthe effects
of alanine substitution of E163, located on an intracellular loop between TM4 and 5 (IL4-5) (Fig.
3.7A). This substitution concomitantly inactivated PfTMATE in R6G resistance (Fig. S8) and
abrogated conformational changes on both sides of the transporter (Fig. 3.7C, D). Moreover,
distance distributions for this mutant shifted towards the protonated form at pH 7.5, suggesting
that this glutamate is critical for the relative stability of the IF and OF conformations. To reinforce
the importance of the negatively-charged sidechain, we mutated Tyr 224, which is found on the
cytoplasmic loop between TM6 and 7 (IL6-7) and is in close proximity in the OF structure to Glu
163 and potentially engages it in an H-bond or pi-charge interaction (Fig. 3.7A). Distance
distributions for Y224A were shifted to favor the IF conformation at pH 7.5 on both sides of the
transporter (Fig. 3.7C, D), supporting the notion that interactions of Tyr 224 with Glu 163
modulates the relative stability of the IF and OF conformations. Thus, while a conserved network
of polar and charged residues in the N-lobe is implicated in proton translocation, our data suggest
that Glu 163 is the protonation master switch that regulates the H*-dependent transition between

IF and OF conformations.

Substrate binding stabilizes the OF conformation

As noted above, distance distributions of spin label pairs in the WT background in the
presence and absence of R6G were superimposable at pH 7.5, suggesting that R6G binds to the
OF conformation. To assess the energetic consequences of substrate binding, we took advantage
of the Y37A, E163A, and Y224A mutations which reduce the relative stability of the OF
intermediate. We found that in the Y37A background, binding of R6G shifted the populations of
the W44R1/S364R1 and N95R1/T318R1 reporter pairs toward the OF conformation at pH 7.5
(Fig. 3.7C, D), indicating that substrate binding stabilizes the OF conformation as would be
expected for an antiporter. However, in the Glu 163A and Tyr 224A backgrounds, we found that
binding of R6G shifted the populations of the intracellular N95R1/T318R1 reporter pair but not of
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the extracellular W44R1/S364R1 pair (Fig. 3.7D, C), possibly resulting in an occluded

conformation and further underscoring the importance of Glu 163 in OF/IF switching.

Discussion

The extensive DEER analysis reported above illuminates principles of PFMATE alternating
access, fills in critical gaps in the mechanism of substrate- and ion-coupling and sets the stage
for understanding how lipids modulate the conformational cycle of the transporter. In general, the
remarkable agreement between experimental and predicted distance distributions, the latter
calculated with modeling simplified spin labels (169), establishes that the DEER-detected,
protonation-driven conformational changes in lipid nanodiscs describe, in outline, the OF to IF
alternating access deduced from the crystal structures. Large amplitude distance changes,
detected on both sides of PFMATE, reflectthe pH-induced closing and opening of the extracellular
and intracellular sides respectively. Although our results are consonant with a strict lipid
dependence of PfMATE isomerization, the DEER analysis indicates that native lipids are not
absolutely required to achieve an IF conformation. However, it is conceivable that endogenous
lipids, predominantly consisting of diphytanyl acylchains, may shape the energetics of alternating
access in a native cellular environment.

Notable deviations between predicted and experimental distributions were observed for
TM1. Inter- and intra-lobe distance changes involving TM1 were mostly limited and of lesser
magnitude than expected. Furthermore, we find no evidence for the loss of a-helical structure
seen in the IF model. This discrepancy may be rationalized through inspection of packing
interactions imposed by crystal contacts between protomers where the N-terminus of one
PfMATE appears to mediate interactions with a neighboring PfMATE molecule. We speculate that

these constraints drive a non-native conformation of TM1 in the structure.
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PfMATE isomerization is driven by protonation

Protonation, experimentally achieved by lowering the pH, is sufficient to support transition
from OF to IF states in the presence of non-native lipids. Binding of R6G did not engender large
conformational changes in a WT background. That the substrate stabilizes the OF conformation
was deduced from distance measurements in mutant backgrounds that shift the equilibrium
towards the IF conformation.

The original structures by Tanaka et al. (114) purportedly identified a proton binding site
in a cluster of conserved residues in the N-lobe. However, subsequent molecular dynamics
simulations, in conjunction with reexamination of the crystallographic data, suggested that Na* is
bound at this site (118). Although our findings do not weigh in specifically on this question, they
conclusively demonstrate that Na* binding does not drive the transition from OF to IF (Fig. S10).
Thus, the ligand dependence captured by the DEER analysis establishes that alternating access

of PfMATE is proton-coupled.

E163 is the master protonation switch

Reinforcing this conclusion is the finding that alanine substitution of a single acidic residue,
Glu 163, found on an intracellular loop between TM4 and 5 abrogates the proton-dependence of
alternating access and destabilizes the OF conformation resulting in an IF conformation at pH
7.5. Specifically, disruption of the interaction between Glu 163 and Tyr 224 leads to a shift in
distance populations indicating that the stability of the OF intermediate is reduced (Fig. 3.7C, D).
Although Tyr 224 is not widely conserved, analysis of 500 homologs of PIMATE indicates that
Glu is present at position 163 in 45% of the sequences (156, 170). Collectively, these results
suggest that specific interactions between IL4-5 and IL6-7 underpin the stability of the OF
conformation, which may have implications across the MATE family. We propose that the large
IL6-7 loop may function as a “belt” that regulates the conformational landscape. Upon disruption
of the IL4-5/IL6-7 interaction via Glu 163 protonation, IL6-7 could move away from the N-lobe,
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allowing TM3 to tilt relative to the membrane normal on the intracellular side thus promoting
isomerization to the IF state. This is reminiscent of the mechanism proposed for the MOP
transporter MurJ (171) wherein bending of the intracellular portion of TM7 by 90° is associated
with movement of IL6-7, which is hypothesized to release the tension in the loop and allow
opening of the intracellular gate.

Previous investigations into residues involved in ion-coupling focused on the N-lobe
cluster, such as D41, and to a lesser extent on residues in the C-lobe implicated in binding of Na*
congeners in the crystal structures of NorM transporters (36, 109, 144, 146, 149-151, 172, 173).
Our previously published work and the data reported here support the involvement of the N-lobe
residues in PfMATE function as reflected in compromised drug resistance and reduced Trp
guenching, which has been interpreted as impairing the formation of a structural intermediate
required for the transport cycle (164). However, our data here indicate that alanine substitutions
of these residues do not completely abrogate the H*-dependent OF/IF isomerization (Fig. S13).

To resolve the apparent discrepancy, it is instructive to contrast the direct detection of
conformational changes with resistance assays which do not report exclusively on transporter
isomerization. Combined with the blunt nature of mutagenesis, the reduced resistance of the
mutants could result from convoluted effects of local structural distortion, interference with ligand
binding, and/or changes in transport kinetics. The latter is particularly confounding because the
ability of a transporter to confer resistance depends on a delicate balance between the passive
diffusion rate of hydrophobic/amphipathic drugs through the membrane bilayer and the rate of
extrusion by the transporter. Thus, increasing the dimensionality of the analysis by combining
direct detection of conformational dynamics with functional assays provides unique insight into

the role of sequence and structural motifs in the transport mechanism.
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Figure 3.8: Proposed model of antiport for PFIMATE. N- and C-lobe helices are depicted as cylinders
and are colored blue and green, respectively. For clarity not all helices are shown. Side chains of Y37,
D41 and D184 on the extracellular side, and E163 and Y224 on the intracellular side are represented
as sticks. In the resting state, substrate is bound to the transporter and stabilizes the OF conformation
(A), (Fig. S10, black, blue traces; appendices). Upon protonation of residues in the N-lobe cluster,
substrate is released and the transporter could isomerize to an occluded conformation (B). Proton
translocates from the extracellular side to the intracellular side, where E163 undergoes protonation
thereby disrupting the IL4-5/IL6-7 interaction and opening the intracellular side through movements of
TM3 and TM9 (orange cylinders, C), (Figs. 3.5, 3.6 red traces). The IF conformation binds drug, either
from the cytoplasm or from the inner leaflet of the membrane bilayer (C), upon which the transporter
isomerizes to a drug bound occluded conformation (D), (Fig. 3.7C, D) which in turn isomerizes

spontaneously to the OF resting state (A).
Model of PfMATE ligand dependent alternating access
Framed in the context of the available structures, our results lead to an antiport model of
PfMATE that reveals how protons and substrate differentially modulate the stability of the IF and

OF conformations, identifies residues critical for protonation, and suggests a putative path for
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proton translocation (Fig. 3.8). In this model, the stable resting state is OF (Fig. 3.8A) whereas
the IF (Fig. 3.8C) is of relatively high energy. Binding of R6G stabilizes the OF whereas
protonation drives the isomerization to the IF state (Fig. 3.8, B to C), as would be expected if the
proton motive force powers alternating access.

We propose that the high energy IF state is destabilized by the terminal step of proton
dissociation from E163. To ensure coupled antiport, proton dissociation must occur
simultaneously with binding of substrate (Fig. 3.8C). The data presented here does not weigh in
on whether the proton/substrate competition is direct or indirect. However, we have previously
suggested that H* and substrate occupy distinct binding sites (164). Following proton release to
the intracellular side, the transporter, bound to substrate, spontaneously isomerizes to the OF
conformation (Fig. 3.8, D to A).

Although primarily cast in terms of explicit OF/IF conformations, the model does not
exclude the possibility of the population of membrane accessible but solution-occluded
conformations (Fig. 3.8B, D) as we have proposed for the major facilitator superfamily transporter
LmrP and has been presumed for MurJ (171, 174). Such a conformation may serve to enable
substrate binding from the inner leaflet of the bilayer while excluding protons. This conformation
should be of similar energy to the OF state in light of the marginal stabilization of the OF by the
substrate R6G. The occupation of a substrate-bound doubly occluded state (Fig. 3.8C) may be
inferred from the analysis of W44C/S364R1 and N95C/T318R1 where alanine substitution of
critical residues (Glu 163 and Tyr 224) supported closing of the intracellular side but not
concomitant opening of the extracellular side (Fig. 3.7C, D).

A combination of approaches, including sequence analysis, spectroscopic studies, and
molecular dynamics simulations, have underscored the significance of a conserved residue
network in the N-lobe cavity to the transport mechanism (114, 118, 151, 164). This cavity likely
serves as the ion entry point (175), but the ion translocation pathway to the intracellular side has
not been defined experimentally. Further examination of the PfMATE sequence through
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alignments and conservation analysis (ConSurf server (170, 176) outlines a putative pathway
from the N-lobe cavity to the master switch, E163. This pathway is lined by a cascade of polar
and charged sidechains, which may be capable of water-mediated proton transfer. The integrated
approach described here will enable testing the roles of these residues in the alternating access

mechanism of PFIMATE.

Experimental Procedures
Site-Directed Mutagenesis

Wild-type PfMATE was cloned into pET19b vector encoding an N-terminal 10-His tag
under control of an inducible T7 promoter and was used as the template to introduce double
cysteine pairs and background mutations via site-directed mutagenesis with complementary
oligonucleotide primers. Substitution mutations were generated using a single-step PCR in which
the entire template plasmid was replicated from a single mutagenic primer. PFIMATE mutantswere
sequenced using both T7 forward and reverse primers to confirm mutagenesis and the absence
of aberrant changes. Mutants are identified by the native residue and primary sequence position

followed by the mutant residue.

Expression, Purification, and Labeling of PIMATE

Escherichia coli C43 (DE3) cells were freshly transformed with pET19b vector encoding
wild-type or mutant PFIMATE. A transformant colony was used to inoculate Luria-Bertani (LB)
media (LabExpress, Ann Arbor, MI) containing 0.1 mg/mL ampicillin (Gold Biotechnology, St.
Louis, MI) which was grown overnight (~15 h) at 34 °C and was subsequently used to inoculate
3 L of minimal medium A at a 1:50 dilution. Cultures were incubated while being shaken at 37 °C
until they reached an absorbance at 600 nm (Abssoonm) of ~0.8, at which time the expression of
PfMATE was induced by the addition of 1mM IPTG (Gold Biotechnology, St. Louis, MI). The
cultures were incubated overnight (~15 h) at 20 °C and then harvested by centrifugation. Cell

77



pellets were resuspended in 20 mL of resuspension buffer[20 mM Tris-HCI, pH 7.5, 20 mM NaCl,
30 mM imidazole, and 10% (v/v) glycerol], including 10 mM DTT, and lysed by five passes through
an Avestin C3 homogenizer. Cell debris was removed by centrifugation at 9,000 x g for 10 min.
Membranes were isolated from the supernatant by centrifugation at 200,000 x g for 1.5 h.

Membrane pellets were solubilized in resuspension buffer containing 20 mM (3-DDM
(Anatrace, Maumee, OH) and 0.5 mM DTT and incubated on ice with stirring for 1 hour. Insoluble
material was cleared by centrifugation at 200,000 x g for 30 min. The cleared extract was bound
to 1.0 mL (bed volume) Ni-NTA Superflow resin (Qiagen, Germantown, MD) at4 °C for 2 h. After
washing with 10 bed volumes of buffer containing 30 mM imidazole, PfMATE was eluted with
buffer containing 300 mM imidazole.

Double cysteine mutants were labeled with two rounds of 20-fold molar excess 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl methanethiosulfonate (Enzo Life Sciences, Farmingdale,
NY) per cysteine at room temperature in the dark over a 4-hour period, after which the sample
was placed onice at 4 °C overnight (~15 h) to yield the spin label side chain R1. Unreacted spin
label was removed by size exclusion chromatography over a Superdex200 Increase 10/300 GL
column (GE Healthcare, Pittsburg, PA) into 50 mM Tris/MES, pH 7.5, 1 mM 3-DDM, and 10%
(v/v) glycerol buffer. Peak fractions of purified PFMATE were combined and concentrated using
an Amicon Ultra 100,000 MWCO filter concentrator (Millipore, Burlington, MA) and the final

concentration was determined by Azs0c measurement (€ = 46870 M~*-cm™) for use in subsequent

studies.

Reconstitution of PIMATE into Nanodiscs

E. coli polar lipids and PC (L-a phosphatidylcholine) (Avanti Polar Lipids, Alabaster, USA)
were combined in a 3:2 w/w ratio, dissolved in chloroform, evaporated to dryness on a rotary
evaporator and desiccated overnight under vacuum in the dark. The lipids were hydrated in 50
mM TrissMES pH 7.5 buffer to a final concentration of 20 mM, homogenized by freezing and
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thawing for 10 cycles, and stored in small aliquots at —-80 °C. MSP1D1E3 was expressed and
purified as previously described and dialyzed into 50mM TrissMES pH 7.5 buffer (177).
MSP1D1E3 was concentrated using a 10,000 MWCO filter concentrator and the final protein
concentration was determined by Azs0 measurement (¢ = 29,910 M*.cm™).

For reconstitution into nanodiscs, spin-labeled double cysteine mutants in 3-DDM micelles
were mixed with E. coli polar lipids/PC lipid mixture, MSP1D1E3 and sodium cholate in the
following molar ratios: lipid:MSP1D1E3, 50:1; MSP1D1E3:PfMATE, 10:1; cholate:lipid, 3:1.
Reconstitution reactions were mixed at 4 °C for 1 hour. The detergent was removed from the
reaction by addition of 0.1 g/ml Biobeads (Bio-Rad, Hercules, CA) and incubation at 4 °C for 1
hour. This was followed by another addition of 0.1 g/ml Biobeads with 1-hour incubation, after
which 0.2 mg/ml Biobeads were added and mixed overnight. The next day, 0.2 mg/ml Biobeads
were added and mixed for one hour (165). The reaction was filtered using a 0.45 um filter to
remove Biobeads. Full nanodiscs were separated from empty nanodiscs by size exclusion
chromatography into 50 mM Tris/MES, pH 7.5 and 10% (v/v) glycerol buffer. The PfMATE-
containing nanodiscs were concentrated using Amicon ultra 100,000 MWCO filter concentrator,
then characterized using SDS-PAGE to verify reconstitution and estimate reconstitution
efficiency. The concentration of spin-labeled mutants in nanodiscs was determined as described
previously by comparing the intensity of the integrated CW-EPR spectrum to that of the same

mutant in detergent micelles (178).

CW-EPR and DEER Spectroscopy

CW-EPR spectra of spin-labeled PTMATE samples were collected at room temperature
on a Bruker EMX spectrometer operating at X-band frequency (9.5 GHz) using 10 mW incident
power and a modulation amplitude of 1.6 G. DEER spectroscopy was performed on an Elexsys
E580 EPR spectrometer operating at Q-band frequency (33.9 GHz) with the dead-time free four-
pulse sequence at 83 K (147). The pulse lengths were 10-14 ns (11/2) and 20 ns (1) for the probe
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pulses and 40 ns for the pump pulse. The frequency separation was 63 MHz. To ascertain the
role of H*, samples were titrated to pH 4.0 with an empirically determined amount of 1 M citric
acid and confirmed by pH microelectrode measurement. The substrate-bound state was
generated by addition of 1 mM R6G at high and low pH. Samples for DEER analysis were
cryoprotected with 24% (v/v) glycerol and flash-frozen in liquid nitrogen.

Primary DEER decayswere analyzed using home-written software operating in the Matlab
(MathWorks, Natick, MA) environment as previously described (177, 179). Briefly, the software
carries out global analysis of the DEER decays obtained under different conditions for the same
spin-labeled pair. The distance distribution is assumed to consist of a sum of Gaussians, the
number and population of which are determined based on a statistical criterion. A noticeable
change in the intermolecular background was observed in nanodiscs at pH 4.0 giving rise to a
steep decay relative to pH 7.5. This change in background was reversible by returning to pH 7.5.
Negative stain electron microscopy analysis of a related MATE transporter suggests that this pH-
dependent change in background is associated with reversible clustering of individual nanodisc
particles. We also analyzed DEER decays individually and found that the resulting distributions
are in agreement with those obtained from global analysis. The differences were primarily in the
number of Gaussian components required for the fit. Because our analysis assumes two
conformations, IF and OF, the differencesin the shape of the distance components is not material
to our conclusion.

Distance distributions on the PFMATE crystal structures [Protein Data Bank (PDB) ID code
3VVN, 6FHZ] were predicted in silico using 1 ns molecular-dynamics simulations with dummy
spin labels (MDDS) with default parameters using the DEER Spin-Pair Distributor at the

CHARMM-GUI website (169, 180).
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R6G Resistance Assay

Resistance to R6G toxicity conferred by unlabeled double cysteine mutants was carried
out as previously described (164). Escherichia coli BL21 (DE3) were transformed with empty
pPET19b vector, pET19b encoding PTMATE wild-type, or mutant PFIMATE. A dense overnight
culture from a single transformant was used to inoculate 10 mL of LB broth containing 0.1 mg/mL
ampicillin to a starting Abssoonm 0f 0.0375. Cultures were grown to Absesconm of 0.3 at 37 °C and
expression of the encoded construct was induced with 1.0 yM IPTG (Gold Biotechnology).
Expression was allowed to continue at 37 °C for 2 h, after which the Abseoonm Of the cultures was
adjusted to 0.5. The cells were then used to inoculate (1:20 dilution, starting Absesconm = 0.025) a
sterile 96-well microplate (Greiner Bio-one, Monroe, NC) containing 50% LB broth, 0.1 mg/mL
ampicillin, and 60-72 ug/mL R6G. Microplates were incubated at 37 °C with shaking at 200 rpm
for 6-10 h, after which the cell density (Absesonm) was measured on a BioTek Synergy H4
microplate reader and normalized to the wild-type construct. Each data point was performed in
triplicate, and the experiment was repeated to obtain the mean and standard error of the mean
(S.E.M). To statistically determine the impact of substitutions on R6G resistance, a one-way
ANOVA in the program Origin (OriginLab, Northampton, MA) determined that the difference

between population means was statistically significant at the 0.05 level.

Fluorescence Anisotropy

R6G was solubilized in water and dilutions in ethanol were prepared and measured
spectrophotometrically at 524 nm (¢ = 116,000 Mt.cm™)to determine the concentration. Dilutions
of purified PIMATE in 50 mM Tris/MES pH 7.5, 10% glycerol (v/v),1mM 3-DDM buffer were mixed
with a constant concentration of R6G (2.0 uM) in a total volume of 25 L in a 384-well black
fluorescence microplate (Greiner Bio-One, Monroe, NC) and incubated at room temperature for
>5 min. R6G fluorescence anisotropy was measured using a BioTek Synergy H4 microplate
reader with a 480 nm excitation filter (20 nm band pass) and a 570 nm emission filter (10 nm band
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pass) (181). Each point was measured in triplicate and R6G binding affinity was determined by a
non-linear least squares analysis of each individual curve in Origin. The average Ko and standard

deviation (S.D.) for each mutant are reported.

Tryptophan Fluorescence Quenching

Purified PFMATE in 50 mM Tris/MES pH 7.5, 10% glycerol (v/v), 1mM 3-DDM buffer was
adjusted to pH 4.0 using an empirically determined volume of 1 M citric acid. Samples at pH 7.5
were adjusted with an equivalent volume of buffer to maintain an equal concentration of protein
between pH conditions. Samples were placed in a quartz fluorometer cell (Starna Cells Inc,
Atascadero, CA; cat#: 16.40F-Q-10/Z15) and tryptophan fluorescence quenching was monitored
using a T-format fluorometer from Photon Technology International at 23 °C. The excitation
wavelength was (Aex) 295 nm and tryptophan fluorescence was monitored between (Aem) 310 nm
and 370 nm. The fluorescence intensity at 329 nm was recorded from the spectra to determine
the difference in fluorescence intensity between pH 7.5 and pH 4.0 samples (164). Experiments
were repeated in triplicate and the mean and S.E.M of fluorescence quenching was determined.
A one-way ANOVA in Origin to assess the impact of substitutions on Trp quenching revealed that

there was a statistically significant difference between population means at the 0.05 level.
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CHAPTER IV

Sodium drives the population of a unique intermediate in PIMATE

Promiscuity for the ionic species coupled to MATE-mediated substrate transport is an
emerging theme from a number of studies illustrating that the MATE transport cycle may be
dependent on more than one ion (43, 150, 151). As aresult, defining the molecular basis of cation
selectivity in MATE transporters has proven challenging. Though many structures of MATE
transporters have been reported, they give little insight into the structural and chemical basis for
ion selectivity since crystal structures are too low resolution to explicitly identify ions. Given that
the number of electrons in Na* and water are the same they are virtually indistinguishable in X-
ray diffraction data. Thus, ion binding sites have been informed by using heavy atom congeners
that likely do not capture endogenous sites for Na*. Compounding this challenge is that ion
specificity of the MATEs (and other multidrug transporters) has typically been analyzed by cell-
based resistance experiments which are difficult to control for ions and may not reflect effects
exclusively due to MATE activity.

Interestingly the E. coli CIbM transporter from the DinF subfamily, which is most
homologous to PIMATE, was shown in biochemical experiments to couple to protons as well as
to several other ions to achieve transport, including Na*, Cs*, and Rb* (43). The structure of ClbM
reported residual densities modeled as ions in the C-lobe occupying a previously unobserved
binding site. It was postulated that a break in TM11 could facilitate the accommodation of the
larger diameter atomic orbitals of Cs*, and Rb*. However, this structural feature is not conserved
in the MATE family. MD simulations reveal that the conserved Asp 299 at the middle of the
transmembrane region of TM7 in the C-lobe of CIbM is more likely to be protonated rather than
bound to a Na* (182). In contrast, Na* was stably bound in simulations to semi-conserved residues
Asp 53 and Asn 195 on TMs 1 and 5 in the N-lobe of CIbM.
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The initial structures of PFIMATE were determined from crystals obtained at neutral and
low pH in precipitant solutions containing Na* (114). The low pH protonated structure reported a
structural change in TM1, which was bent around Gly 30, and in TMs 5 and 6, which were tilted
10° away from the membrane normal compared to the neutral pH Apo structure. These structural
changes were interpreted as a rearrangement of a water-mediated H-bond network in the N-lobe
involving the side chains of Asp 41, Asn 180, corresponding to Asp 53 and Asn 195 in CIbM, as
well as Asp 184, and Thr 202 (Fig. 1.9). Quantum mechanical and molecular mechanical
(QM/MM) MD simulations suggested that in the Apo structure only Asp 41 is protonated, however,
in the low pH structure both Asp 41 and Asp 184 are predicted to be protonated (155), thus
forming the basis for the proposed structural changes. However, a later MD study suggested that
the residual electron density in the N-lobe in proximity to Asp 41, Asn 180, Asp 184, and Thr 202
was more consistent with a Na* ion rather than a water molecule based on the corresponding
atomic B-factors, coordination number and geometry of this site (118). The simulations allowed
Ficici et al. to conclude that the OF structure of PIMATE is indeed Na* bound, however, with a
proton shared between Asp 41 and Asp 184 to form a carboxyl-carboxylate pair (118).
Furthermore, their data implied selectivity for Na* over H+ in the N-lobe of PIMATE.

Fueling the debate about the identity of the coupling ion in PFMATE was the reported IF
structure by Zakrzewska et al. which contained residual density identified as Na* in the N-lobe of
the transporter in close proximity to Asp 41 (117). This observation was interpreted as evidence
for Na* involvementin driving conformational change. In contrast, we have shown that protonation
of residues in the N-lobe of PfMATE likely leads to localized structural rearrangement of TM1
detectable by a reduction in Trp fluorescence (164). Furthermore, we have attributed the IF state
of PfMATE exclusively to H*-dependent conformational changes and identified key sidechains
that mediate this conformational change. Nevertheless, the in silico and crystallographic evidence

implicates a role for Na* in the transport mechanism of PIMATE.
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Prior to publication of the MD investigations and the IF structure, we sought to delineate
this aspect of ion coupling in PFIMATE and determine a role for Na* in the conformational cycle.
For this purpose, we leveraged an extensive network of spin label pairs described previously to
interrogate Na*-dependent movement of TMsin PfMATE. While we reiterate the H*-dependence
of the IF conformation, we also report a unique Na*-dependent intermediate that involves the
conserved residues in the N-lobe, thus providing additional evidence for dual-ion specificity in

PfMATE.

Results

Substrate/ion antiport requires the population of at least two conformational states in which
the substrate binding site is alternately exposed to the intracellular (IF) or the extracellular
environments (OF) (21). Previous investigation of the proton driven conformational change in
PfMATE using DEER spectroscopy identified distance changes on the extracellular and
intracellular sides of the transporter in the transition to the IF state (164). Specifically, we observed
decreases in distances on the extracellular side of the transporter across the central cleftbetween
the N- and C-lobes. Concomitantly, there were increases in distance on the intracellular side of
the transporter that identified TM3 and TM9 movements as structural determinants of the IF
conformation. We previously reported also that Na* appeared to have little or no effect on
PfMATE structure at pH 7.5 (Fig. S10). Ficici et al. determined that Na* occupation of its binding
site in the N-lobe was predicated on an H-bond between Asp 41 and Asp 184 (118). Therefore,
we investigated if Na* driven conformational changes in PfMATE displays pH dependence using
the established library of spin label pairs probing distances on the extracellular and intracellular

sides of the transporter.
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Ligand dependence of PfMATE is unaltered by sodium

The structural and functional profiles of PFIMATE in the presence of Na* were analyzed by
several approaches that have been previously described (164). We quantified R6G binding affinity
to PFIMATE by monitoring R6G fluorescence anisotropy in detergent buffer supplemented with
50mM NaCl. The apparent Ko indicated that sodium did not significantly affect binding to R6G at
either pH 7.5 or pH 4.0 (Fig. S14A).

PfMATE demonstrates pH-dependent Trp quenching, a consequence of local structural
arrangements in the environment of Trp 44 on TM1 (164). This has been used as a surrogate
reporter of the functional integrity of the transporter. However, Trp fluorescence was not quenched
at pH 7.5 upon the addition of sodium (Fig. S14B). Furthermore, the addition of 50mM NacCl did
not affect pH dependent Trp quenching, indicating that quenching is determined by protonation.

The structural and functional integrity of PIMATE mutants were also assayed in this
manner. Spin-labeled double cysteine mutants of PIMATE for DEER analysis bind substrate with
similar affinity as WT and demonstrate robust Trp quenching at pH 4.0 similar to WT (Fig. S9,
Table S1). Additionally, PfIMATE mutants were tested to determine their ability to confer
resistance to toxic concentrations of R6G. This assay is a surrogate reporter of PFIMATE transport.
Expression of unlabeled PfMATE mutants conferred resistance to concentrations of R6G that are
toxic to cells transformed with empty vector. These results suggest that the cysteine mutations
and subsequent labeling did not result in any significant functional or structural perturbations
(183). However, the ion specificity of PFMATE transport function cannot be deduced from these

assays, particularly with regard to the R6G resistance assay.

Na*" mediated conformational changes are pH-dependent

DEER investigation of PfMATE previously demonstrated that formation of an IF
conformationat low pH was only observed upon PIMATE reconstitution into nanodiscs composed
of E. coli polar lipids and egg phosphatidylcholine (PC). Therefore, to investigate the role of
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sodium in PIMATE conformational cycle, we carried out DEER experiments with and without
sodium at high and low pH in nanodiscs. Spin label pairs monitoring the intracellular and
extracellular sides of the transporter demonstrate that 50mM Na* failed to elicit distance changes
at pH 7.5 (Figs. 4.1-4.3). Distance distributions with Na* at pH 7.5 overlap with distance
distributions without Na* under Apo conditions (purple and black traces, respectively). In contrast,
at low pH, Na*(cyantraces) elicits a shift in distinct distance components of select spin label pairs
(N274R1/E134R1, N274R1/I1186R1 and N274R1/413R1). As a consequence, the distance
distributions of these pairs at pH 4.0 in the presence of Na+ bear unique features from the
distributions observed in the absence of Na* or at low pH (Apo pH 7.5, black trace; Apo pH 4.0,
red trace). The pH dependence of Na* conformational change is in keeping with MD simulations
which determined that the sodium ion is stably bound when the side chains of Asp 41 and Asp

184 are engaged in an H-bond.

Extracellular conformational change with Na* at low pH is limited

The pH dependent conformation changes reported for PFMATE identified large scale
distance changes between the N- and C-lobes of the transporter. The pattern of distance changes
was highlighted by decreases in distance between TMs 7 and 8 in the C-lobe to TMs 4, 5, and 6
in the N-lobe that were consistent with movement of the lobes towards each other to close the
central cavity from the extracellular milieu (Fig. 4.1A, B; red traces). At low pH Na* elicited few
conformational changes on the extracellular side of the transporter (Fig. 4.1, cyan traces).
However, the pattern of distance changes emerging from DEER measurements identified TM8
as the focal point of Na+-dependent rearrangements (Fig. 4.1B, C). The distance distributions are
characterized by a shift in equilibrium between populations that define the IF conformation. The
conformational state of PFMATE with Na* at pH4 is congruent with TM8 movement away from

TMs 4 and 5 in the N-lobe (Fig. 4.1B) and towards TM11 in the C-lobe (Fig. 4.1C).
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Figure 4.1. Relative movement of TM7 and TM8 on the extracellular side of PfMATE in response
to Na*. Spinlabeled positions on TMs in the N-lobe (blue TMs) and C-lobe (green TMs) are highlighted
on the OF structure by purple spheres. Experimentally determined distributions are plotted. TM7
movement at pH4 with 50 mM NacCl is limited (A). TM8 is a focal point for conformational change on the

extracellular side as it moves away from TMs 4 and 5 in N-lobe (B) and towards TM11 in the C-lobe (C).

Importantly, these distance distributions with Na* at pH 4.0 are in disagreement with the
predicted distributions from the OF pH 6.0 and pH 5.0 structures and the IF structure at pH 5.0
(114, 117). Additionally, there are no significant distance changes with Na* at low pH observed
for TM1. The pattern of pH-dependent distance changes in TM1 was associated with possible
twisting of TM1 that may underpin Trp quenching at low pH. That Na* does not elicit Trp quenching

at low pH is consistent with the Na* pH 4.0 DEER data for TM1.

88



Intracellular conformational change with Na* at low pH reveals a unique structural intermediate
In contrast to the extracellular side of the transporter, Na*-induced distance changes
between TM helices on the intracellular side were more extensive. DEER measurements at low
pH identified TMs 3 and 9 as the focal points of conformational changes with an increase in
distance of 17 A between these two TMs (Fig. 4.2A; red trace). However, the addition of 50 mM
NaCl at pH 4.0 resulted in a shift in the distribution that resulted in a decrease in the average
distance between probes on TM3 and TM9 (Fig. 4.2A; cyan trace). This stabilized a unique
structural intermediate that is distinct from the pH 7.5 state but is sampled in the pH 4.0 state.
Though rotation of TMs 3 and 9 cannot be ruled out as determinants of these changes in P (r), no
changes in spin label mobility are reported by continuous wave EPR spectra (Appendix I1), which

report variations in the local environment of the spin label (184).
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Figure 4.2: Relative movement of TM3 and TM9 on the intracellular side induced by Na*. Labeled
positions for DEER measurements on TM3 and TM9 (A and B, respectively) to other TMs in the N- and
C-lobes are depicted onthe intracellular side of the OF structure. While protonation favors an increase
in distance between the N- and C-lobes, Na* pH 4.0 induces a unique conformational intermediate with
average distances between spin labels that are greater than distances at pH 7.5 but shorter than

distances measured at pH 4.0 by DEER.
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Na* dependent distance changes are also reported for TM3 and TM9 when measured to
other TMs at pH 4.0 (Fig. 4.2A, B), consistent with the purported role of TM3 and TM9 in
intracellular gating (183). Shifts in distance populations between TM3 and TM1 (Fig. 4.2A),
between TM9 and TM6, and TM9 and TM7 (Fig. 4.2B) are observed as a consequence of Na*
addition at pH 4.0 (Fig. 4.2A, B; cyan traces). These shifts resulted in a unique structural
intermediate with average distances between spin labels that are greater than the average
distance at pH 7.5 but shorter than the average distance measured at pH 4.0 by DEER.
Consequently, these movements would seem to enhance a particular component of the IF state

that may facilitate a partial closing of the intracellular gate of the transporter.
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Figure 4.3: Na* binding at low pH stabilizes a conformational intermediate overlapping with the
OF conformation of TM1 and TM7. Positions for DEER measurements from TM1 and TM7 to helices
in the N- and C-lobes are indicated on the OF structure. Relative distance changes involving TM1 (A)

and TM7 (B) with Na* at low pH are congruent with the OF conformation.

Supporting this interpretation, DEER measurements from TM1 to TM6 (Fig. 4.3A) and
from TM1 to TM7 (Fig. 4.3B) with Na* at pH 4.0 reveal stabilization of a conformational

intermediate overlapping with the pH 7.5 conformation (Fig. 4.3A, B; black and cyan traces).
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Furthermore, CW EPR analysis reveals no spectral changes that would indicate spin mobility
changes that could be correlated with global structural rearrangements (Appendix II). Importantly,
the conformational changes observed from TM1to TMs 6, 11, and 12 suggest that TM1 remains
intact under these experimental conditions and is incongruent with the conformational changes

implied by the IF crystal structure in which TM1 is unwound.

Identification of residues mediating Na*-dependent conformational changes

Structures of NorM-Vc and CIbM have implied the binding sites for Na* are located in the
N-lobe and the C-lobe of the MATE transporters. Mutagenesis of conserved residues in
conjunction with functional assays has also supported these findings, identifying key residues that
may be involved in ligand binding and transport. Recent in silico approaches with molecular
dynamics simulations also support the involvement of conserved residues in the N- and C-lobes
forion and substrate binding and transport. Our previous study using DEER to investigate the H*-
dependent conformational changes in PfMATE exploited the sensitivity of the N95R1/T318R1
intracellular pair as a reporter of the OF/IF isomerization to identify residues involved in
stabilization of intermediates. Therefore, we introduced substitution mutations of conserved N-
lobe residues (Fig. 4.4A, top inset) into N95R1/T318R1 to monitor changes in the Na*/H*-
dependent conformational equilibrium. These residues included Pro 26, Asp 41, and Thr 202 (Fig.
4.4A, top inset) as well as Glu 163 and Tyr 224 (Fig. 4.4A, lower inset) which were uncovered as
determinants of IF/OF conformational switching.

The IF population characteristic of the N95R1/T318R1 reporter consists of two
components with centers at ~45 A and 52 A that are at equilibrium at pH 4.0. (Fig. 4.4B, red trace).
Na* induces a leftward shiftin the distance distribution at pH 4.0 that enhances the 45 A distance
component of the IF intermediate and reduces the population of the longest distance component

at 52 A. This change in population was attenuated by P26A, D41A, and T202N mutations.
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Figure 4.4. N-lobe residues mediate the Na* low pH conformation. Conserved residues previously
identified in the N-lobe as crucial for PFMATE function are shown as sticks in the OF structure in the top
inset (A). E163 on IL4-5 and Y224 on IL6-7 are depicted in the lower inset. Distance distributions of
the intracellular reporter pair N95R1/T318R1 (B and C, Fig. S3) in acidic residue mutant backgrounds
at pH 4.0 and pH 7.5 with and without 50mM Na*. While P26A, D41A, and T202N inhibit the Na* pH
4.0 structural intermediate, Y37A stabilizes this conformation. E163A and Y224A, previously shown to

destabilize the OF conformation at pH 7.5, do not inhibit the Na* pH 4.0 structural intermediate.

Notably, these mutations attenuated PfMATE-mediated resistance to toxic concentrations of R6G

(Fig. S8) (164) but do not abrogate the pH-dependent conformational change (Fig. 4.4B, cyan
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and red traces). Interestingly, the D41N mutation retains sensitivity to Na* at low pH (Fig. 4.4B),
though is also impaired in resistance assays with R6G. Notably, the Y37A mutation, which was
shown to partially stabilize the IF conformation (Fig. 4.4B, black trace) (183), stabilized the Na*
dependent intermediate as well at pH 4.0 (Fig. 4.4B, red trace). Indeed, the P (r) for Y37A in the
presence of Na* at low pH was superimposable with respect to the low pH condition (Fig 4.4B,
cyan and red traces).

Ligand dependence captured by DEER measurements has established that alternating
access of PFIMATE is H*-coupled. This conclusion was reinforced by shifts in distance populations
to a protonated state at pH 7.5 upon disruption of the interaction between Glu 163 on 1L4-5 and
Tyr 224 on IL6-7 due to alanine substitution mutations (183). However, E163A, E163Q, or Y224A
mutants failed to abrogate the Na*-dependent conformational shift at low pH (Fig. 4.4C).
Consonant with the notion that E163A, E163Q, and Y224A mutations effect a conformational
change at pH 7.5 that mimics a protonated state, Na* addition at pH 7.5 was observed to elicit a
leftward shift in the distance distribution that overlaps with the Na* low pH population (Fig. 4.4B,
C; purple traces). Mutations of GIn 253 and Glu 331 on TM7 and TM9 (Fig. S16A), which were
identified as binding sites for Cl-and H* (117, 118), respectively, did not affect H*-dependent nor
Na*-dependent conformational change (Fig. S16B). Collectively, the dependence of ion-driven
distance changes on conserved residues in the N-lobe suggests that Na* and H* form specific
interactions with the side chains of these residues that determine the conformation of the Na*

driven intermediate.

Discussion

The DEER analysis reported here illuminates important aspects of ion coupling in the
conformational landscape of the transport cycle of PFMATE and establishes that Na* binding
drives formation of a unique structural intermediate. This intermediate is defined in part by a
distinct conformation of TM8 on the extracellular side, and of TMs 1, 3, and 9 on the intracellular
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side. The formation of this intermediate is dependent on protonation which stabilizes the IF
conformation. That mutagenesis of conserved N-lobe residues impairs Na*-driven structural
rearrangements implies that Na* can bind to the IF structure, coordinated by residues in the N-
lobe (Fig. 4.4B). This is inconsistent with a previous in silico approach which postulated that the
OF substrate free PFMATE structure (PDB ID: 3VVN) represents a Na*-bound state where Asp
41 and Asp 184 form a carboxyl-carboxylate interaction with a shared proton (118).

Sidechains of Asp 41 or Asp 184 are not essential for H*-dependent stabilization of the IF
state (183). In the absence of the Asp 41 sidechain, transition to the Na*-driven intermediate is
attenuated (Fig. 4.4B), suggesting that Asp 41 (and perhaps Asp 184) is involved in coordinating
Na*.

We have previously shown that the DEER data obtained at low pH is in good agreement
with the predicted distance distributions from the IF crystal structure (180, 183). However, the IF
structure was determined from crystals obtained in precipitant solutions at low pH containing NaCl
and residual density in the N-lobe was putatively identified as Na* in the IF structure. This is
incongruous with the DEER measurements reported here in which Na* addition to the IF structure
at low pH induces a unigue conformational intermediate that is distinct from the OF and IF
conformations at pH 7.5 and pH 4.0, respectively. Collectively, the DEER analysis rules out the
possibility that Na* could be permanently bound to the structure. MD simulations demonstrate that
protonation of Asp 41 and Asp 184, leads to the dissociation of Na* (118). Consistent with the
DEER data, the protonated transporter could transition to an IF conformation where Na* could
bind (Fig. 4.1, 4.2; red traces). Indeed, we demonstrate that this is the case, however, Na* would
be assumed to drive the transporter back to an OF conformation, which is inconsistent with the
structural intermediate described herein (Fig. 4.1, 4.2; cyantraces). Nevertheless, the DEER data
presented here convincingly show a Na*-dependent conformational change in the IF low pH state.

Mutation of conserved N-lobe residues attenuates PfMATE-mediated R6G resistance
(164), but these mutants are still able to achieve H*-dependent OF/IF conformational switching.
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Correlating the R6G resistance data for the N-lobe residues (Fig. S8) (183) which mediate the
Na*-bound low pH intermediate measured by DEER (Fig. 4.4A, B), it is possible to hypothesize
the relevance of this intermediate to a functional transport cycle. The Na* low pH state of the
transporter may represent an IF occluded structure with a thin intracellular gate due to the
conformational shift between TM3 and TM9 (Fig. 4.2A) which results in a partial closing of the
intracellular side. While such a conformation has not been captured by crystallography or other
means among MATE transporters, an IF occluded structure was reported for the lipid flippase
MurJ of the MOP superfamily (171). Population of this intermediate may represent a component
in the transport cycle as the transporter transitions from the IF to OF conformation. Mutation of
conserved N-lobe residues, while permitting OF to IF switching, may be unable to populate this
IF occluded structure, thus trapping the transporter in the IF conformation in a H*-dependent
manner.

However, this interpretation does not rationalize the negligible effectof Na* on substrate
binding. To firmly establish the role of Na* in the functional transport cycle will require in vitro
transport assays. Additional experiments with R6G and Na* utilizing the N95R1/T318R1 reporter
pair with Y37A, E163A, and Y224A mutations can also be carried out using DEER to exploit the
sensitivity of these mutants to R6G binding. Together with the Na* low pH intermediate defined
here, these approaches could prove crucial to uncovering the role of Na* in substrate recognition

and extrusion in the transport cycle.

Experimental Procedures
Site-Directed Mutagenesis

Wild-type PfMATE was cloned into pET19b vector encoding an N-terminal 10-His tag
under control of an inducible T7 promoter and was used as the template to introduce double
cysteine pairs and background mutations via site-directed mutagenesis with complementary

oligonucleotide primers. Substitution mutations were generated using a single-step PCR in which
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the entire template plasmid was replicated from a single mutagenic primer. PIMATE mutantswere
sequenced using both T7 forward and reverse primers to confirm mutagenesis and the absence
of aberrant changes. Mutants are identified by the native residue and primary sequence position

followed by the mutant residue.

Expression, Purification, and Labeling of PIMATE

Escherichia coli C43 (DE3) cells were freshly transformed with pET19b vector encoding
wild-type or mutant PFMATE. A transformant colony was used to inoculate Luria-Bertani (LB)
media (LabExpress, Ann Arbor, MI) containing 0.1 mg/mL ampicillin (Gold Biotechnology, St.
Louis, MI)which was grown overnight (~15 h) at 34 °C and was subsequently used to inoculate
3 L of minimal medium A at a 1:50 dilution. Cultures were incubated while being shaken at 37 °C
until they reached an absorbance at 600 nm (Abseconm) of ~0.8, at which time the expression of
PfMATE was induced by the addition of 1mM IPTG (Gold Biotechnology, St. Louis, MI). The
cultures were incubated overnight (~15 h) at 20 °C and then harvested by centrifugation. Cell
pellets were resuspended in 20 mL of resuspension buffer[20 mM Tris-HCI, pH 7.5, 20 mM NaCl,
30 mM imidazole, and 10% (v/v) glycerol], including 20 mM DTT, and lysed by five passes through
an Avestin C3 homogenizer. Cell debris was removed by centrifugation at 9,000 x g for 10 min.
Membranes were isolated from the supernatant by centrifugation at 200,000 x g for 1.5 h.

Membrane pellets were solubilized in resuspension buffer containing 20 mM (3-DDM
(Anatrace, Maumee, OH) and 0.5 mM DTT and incubated on ice with stirring for 1 hour. Insoluble
material was cleared by centrifugation at 200,000 x g for 30 min. The cleared extract was bound
to 1.0 mL (bed volume) Ni-NTA Superflow resin (Qiagen, Germantown, MD) at4 °C for 2 h. After
washing with 10 bed volumes of buffer containing 30 mM imidazole, PIMATE was eluted with
buffer containing 300 mM imidazole.

Double cysteine mutants were labeled with two rounds of 20-fold molar excess 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl methanethiosulfonate (Enzo Life Sciences, Farmingdale,
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NY) per cysteine at room temperature in the dark over a 4 hour period, after which the sample
was placed on ice at 4 °C overnight (~15 h) to yield the spin label side chain R1. Unreacted spin
label was removed by size exclusion chromatography over a Superdex200 Increase 10/300 GL
column (GE Healthcare, Pittsburg, PA) into 50 mM Tris/MES, pH 7.5, 1 mM 3-DDM, and 10%
(v/v) glycerol buffer. Peak fractions of purified PFMATE were combined and concentrated using
an Amicon Ultra 100,000 MWCO filter concentrator (Millipore, Burlington, MA) and the final
concentration was determined by Az2s0 measurement (¢ = 46870 M~.cm™™) for use in subsequent

studies.

Reconstitution of PIMATE into Nanodiscs

E. coli polar lipids and PC (L-a phosphatidylcholine) (Avanti Polar Lipids, Alabaster, USA)
were combined in a 3:2 w/w ratio, dissolved in chloroform, evaporated to dryness on a rotary
evaporator and desiccated overnight under vacuum in the dark. The lipids were hydrated in 50
mM TrissMES pH 7.5 buffer to a final concentration of 20 mM, homogenized by freezing and
thawing for 10 cycles, and stored in small aliquots at —80 °C. MSP1D1E3 was expressed and
purified as previously described and dialyzed into 50mM TrissMES pH 7.5 buffer (177).
MSP1D1E3 was concentrated using a 10,000 MWCO filter concentrator and the final protein
concentration was determined by Azs measurement (€ = 29,910 M~t.cm™).

For reconstitution into nanodiscs, spin-labeled double cysteine mutants in 3-DDM micelles
were mixed with E. coli polar lipids/PC lipid mixture, MSP1D1E3 and sodium cholate in the
following molar ratios: lipid:MSP1D1E3, 50:1; MSP1D1E3:PfMATE, 10:1; cholate:lipid, 3:1.
Reconstitution reactions were mixed at 4 °C for 1 hour. The detergent was removed from the
reaction by addition of 0.1 g/ml Biobeads (Bio-Rad, Hercules, CA) and incubation at 4 °C for 1
hour. This was followed by another addition of 0.1 g/ml Biobeads with 1-hour incubation, after
which 0.2 mg/ml Biobeads were added and mixed overnight. The next day, 0.2 mg/ml Biobeads
were added and mixed for one hour (165). The reaction was filtered using a 0.45 um filter to
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remove Biobeads. Full nanodiscs were separated from empty nanodiscs by size exclusion
chromatography into 50 mM Tris/MES, pH 7.5 and 10% (v/v) glycerol buffer. The PfMATE-
containing nanodiscs were concentrated using Amicon ultra 100,000 MWCO filter concentrator,
then characterized using SDS-PAGE to verify reconstitution and estimate reconstitution
efficiency. The concentration of spin-labeled mutants in nanodiscs was determined as described
previously by comparing the intensity of the integrated CW-EPR spectrum to that of the same

mutant in detergent micelles (178).

CW-EPR and DEER Spectroscopy

CW-EPR spectra of spin-labeled PfMATE samples were collected at room temperature
on a Bruker EMX spectrometer operating at X-band frequency (9.5 GHz) using 10 mW incident
power and a modulation amplitude of 1.6 G. DEER spectroscopy was performed on an Elexsys
E580 EPR spectrometer operating at Q-band frequency (33.9 GHz) with the dead-time free four-
pulse sequence at 83 K (147). The pulse lengths were 10-14 ns (11/2) and 20 ns (1) for the probe
pulses and 40 ns for the pump pulse. The frequency separation was 63 MHz. To ascertain the
role of H*, samples were titrated to pH 4.0 with an empirically determined amount of 1 M citric
acid and confirmed by pH microelectrode measurement. The substrate-bound state was
generated by addition of 1 mM R6G at high and low pH. Samples for DEER analysis were
cryoprotected with 24% (v/v) glycerol and flash-frozen in liquid nitrogen.

Primary DEER decayswere analyzed using home-written software operating in the Matlab
(MathWorks, Natick, MA) environment as previously described (177, 179). Briefly, the software
carries out global analysis of the DEER decays obtained under different conditions for the same
spin-labeled pair. The distance distribution is assumed to consist of a sum of Gaussians, the

number and population of which are determined based on a statistical criterion.
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Fluorescence Anisotropy

R6G was solubilized in water and dilutions in ethanol were prepared and measured
spectrophotometrically at 524 nm (¢ = 116,000 Mt.cm™)to determine the concentration. Dilutions
of purified PfMATE in 50 mM Tris/MES pH 7.5, 10% glycerol (v/v), 1 mM 3-DDM buffer were
mixed with a constant concentration of R6G (2.0 uM) in a total volume of 25 L in a 384-well black
fluorescence microplate (Greiner Bio-One, Monroe, NC) and incubated at room temperature for
>5 min. R6G fluorescence anisotropy was measured using a BioTek Synergy H4 microplate
reader with a 480 nm excitation filter (20 nm band pass) and a 570 nm emission filter (10 nm band
pass) (181). Each point was measured in triplicate and R6G binding affinity was determined by a
non-linear least squares analysis of each individual curve in Origin. The average Ko and standard

deviation (S.D.) for each mutant are reported.

Tryptophan Fluorescence Quenching

Purified PFMATE in 50 mM Tris/MES pH 7.5, 10% glycerol (v/v), 1 mM 3-DDM buffer was
adjusted to pH 4.0 using an empirically determined volume of citric acid. Samples at pH 7.5 were
adjusted with an equivalent volume of buffer to maintain an equal concentration of protein
between pH conditions. Samples were placed in a quartz fluorometer cell (Starna Cells Inc,
Atascadero, CA; cat#: 16.40F-Q-10/Z15) and tryptophan fluorescence quenching was monitored
using a T-format fluorometer from Photon Technology International at 23 °C. The excitation
wavelength was (Aex) 295 nm and tryptophan fluorescence was monitored between (Aem) 310 nm
and 370 nm. The fluorescence intensity at 329 nm was recorded from the spectra to determine

the difference in fluorescence intensity between pH 7.5 and pH 4.0 samples (164).
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CHAPTERV

Perspectives on future Investigations

Synopsis

Despite the physiological significance of MATE transporters in multidrug resistance, a
dearth of mechanistic knowledge relating efflux activity to a conformational cycle has precluded
a rigorous understanding of substrate transport. At the outset of this investigative work, OF
structures of NorM from V. cholerae and N. gonorrhoeae, DinF-Bh from B. halodurans, and
PfMATE from P. furiosus had been reported. These structures adopted the same conformation
regardless of bound ligand, except for PFIMATE, which at low pH demonstrated TM1 bending in
the N-lobe of the transporter. Since then, structures of the colibactin transporter ClbM from E. coli,
VcemN from V. cholerae, and the eukaryotic MATE transporters AtDTX14 from A. thaliana and
CasMATE from C. sativa have been reported, capturing similar OF conformations. In the context
of a putative alternating access transport cycle, the mechanism by which these structures adopt
other obligatory intermediate states remained unclear. The functional and spectroscopic analysis
of PIMATE presented herein represents a significant advancement in our knowledge of proton-
coupled MATE transporters, establishing PIMATE as the most characterized MATE transporter
to date.

Initial DEER analysis of spin-labeled PIMATE in detergent micelles revealed no significant
conformational changes under low pH conditions. Given that PfMATE was crystallized via LCP
and densities corresponding to monoolein were identified in the N- and C-lobe cavities, we
speculated that DEER experiments in a lipid environment might engender the conformational
changes expected based on the low pH crystal structure. Therefore, we determined optimal
conditions for PIMATE reconstitution into nanodiscs consisting of E. coli polar lipids and egg PC.
Nanodisc-reconstituted spin-labeled PIMATE demonstrated extensive structural rearrangements
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at low pH that were incongruent with the low pH structure by Tanaka et al. Instead, the large-
scale distance changes between spin labels suggested stabilization of an IF conformation.

Concurrent with our investigation, a structure of PfMATE in an IF conformation was
determined, ostensibly facilitated by native P. furiosus lipids. While our exhaustive DEER data set
is mostly consistent with this structure, our work is distinguished by resolving confounding aspects
of ligand dependent alternating access, specifically the role of protons, and identification of a
protonation switch involved in the mechanism of OF/IF conformational change. Although
endogenous P. furiosus lipids were proposed to be required for transition to the IF state, the DEER
analysis indicates that non-native lipids will also stabilize this conformation. Furthermore,
investigation of ion promiscuity suggests the presence of a unique Na*/H*-dependent
intermediate that may be involved in the transport cycle.

PfMATE was previously demonstrated to efflux ethidium from spheroblasts and mediate
resistance to NFX. However, we were unable to reproduce either result in our investigations. A
substantial effort went toward adapting and benchmarking assays for defining PIMATE function
and ion and substrate interactions. These assays established the conserved residues in the N-
lobe as determinants for H*-dependent conformational changes via Trp fluorescence quenching,
which was correlated to R6G efflux in a cell-based resistance assay. These assays also allowed
us to identify other residues involved in PfFMATE function, including Glu 163. Incorporating
substitution mutations of Glu 163 into DEER experiments we have established this residue as the
protonation switch in PFMATE for mediating OF/IF transitioning.

The outcome of this investigation highlights the contribution of combining systematic
DEER analysis with mutagenic and functional analysis of conserved residues. By uncovering the
interplay between substrate and ion in the energetics of ligand-dependent transitions between
conformational states, these data fill in critical gaps that the crystal structures leave unaddressed

and set the stage to ascertain further details of alternating access in PTMATE.
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Lipid dependence of PfMATE alternating access

There is an overwhelming body of evidence that suggests that the properties of biological
membranes, such as dielectric constant, lateral pressure and curvature, and membrane
thickness, can affect folding (140, 185), impart stability (138, 186, 187) and modulate the function
and physiological roles (139, 188) of membrane proteins. Earlier work on rhodopsin suggested
that the bilayer may modulate GPCR function (189, 190) and structural studies suggested specific
interactions with phosphatidylethanolamine (PE) (191). More recently, it was shown that lipids,
specifically phosphatidylglycerol (PG), act as allosteric modulators of B2-adrenergic receptor
function and the lipid phosphatidylinositol 4,5-bisphosphate (PIP2) controls signaling events in
dopamine mediated neurotransmission associated with physiological and behavioral
consequences (192).

Previously, an investigation was undertaken to determine the nature of lipid dependence
for the H*-coupled multidrug transporter LmrP from Lactococcus lactis using DEER spectroscopy
(141). By measuring changes in equilibrium in nanodisc reconstituted LmrP between the OF and
IF conformations of spin-labeled pairs with different lipid compositions, Martens et al.
demonstrated a correlation between the degree of methylation of the ethanolamine headgroup
and the population of the OF conformation (141). Specifically, methylation of the PE headgroup
led to stabilization of the OF conformation, suggesting that direct H-bonds between the headgroup
and the transporter play a role in OF/IF conformational change.

The role of lipids in PFIMATE alternating access has come to the forefront due to the strict
requirement of lipids on transition to the H*-stabilized IF conformation. As noted, the IF structure
of PIMATE was determined from crystals of purified protein incubated with native P. furiosus lipids
(117) and monoolein densities were defined in the N- and C- lobe cavities of the OF pH 7.5
structure but were absent in the OF low pH structure (114). Consequently, lipids appear to be
potent modulators of the transport mechanism. Computational studies of PFIMATE in the OF low
pH conformation have suggested that lipid headgroups play an important role in protonation of
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the conserved Asp 184 in the N-lobe, which is predicted to support conformational changes of
TM1 (155). It is possible that lipid headgroups interact with the conserved cluster of residues in

the N-lobe to potentiate conformational changes and stabilize distinct structural intermediates.
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Fig 5.1: PE shifts the conformational equilibrium of PFIMATE. Nanodiscs with synthetic lipids (40%
PE, 40% PC, 14% PG, 6% cardiolipin) yielded a conformational equilibrium that strongly favored
formation of the IF at low pH (~90% occupation) (A). These distributions recapitulated the data obtained
in nanodiscs consisting of E. coli polar lipids and egg PC (3:2). Removal of PE (i.e., 80% PC, 14% PG,

6% cardiolipin composition) reduced occupation of the IF conformation to ~60% (B).

We have demonstrated PfMATE H*-dependent conformational change in nanodiscs
consisting of E. coli polar lipids and PC, disputing the requirement for native lipids posited by
Zakrzewska et al. (117). The lipid mixture used for nanodisc reconstitution contains E. coli polar
lipids, which consists of 67% PE, 23% phosphatidylglycerol (PG), and 10% cardiolipin (CL), and
PC in a 3:2 ratio. Therefore, we can utilize the strategy employed for LmrP to investigate the
dependence on the lipid headgroups in PFIMATE. Specifically, the effect of lipid composition on
conformational change can be determined by DEER using the reporter pairs N95R1/318R1 and
W44C/S364R1 to measure the changes in the population of the OF and IF conformational states.
Indeed, preliminary data with the N95R1/318R1 reconstituted into nanodisc in which PE was
replaced with PC (80% PC, 14% PG, 6% CL) indicated that the H*-dependent conformational

change was attenuated (Fig. 5.1). Like LmrP, this result would seem to suggest that the interaction
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of the lipid head group with the transporter stabilizes the OF conformation, thus attenuating the
rightward shift in the distance distribution to the IF conformation (Fig. 5.1B).

To determine the lipid interaction with the transporter, substitution mutations of conserved
N-lobe residues such as Pro 26, Asp 41, and Asp 184 in the reporter pairs may be used in DEER
experiments with the PE-deficient nanodiscs. Substitution mutations of additional residues shown
to be involved in OF/IF switching such as Tyr 37, Glu 163, and Tyr 224 should also be analyzed
in this manner. A pH titration experiment (refer to Fig. 3.7B) could also be done to define shifts
in the pK of the OF/IF transition. Importantly, the effect of native lipids should also be investigated
with these mutants of PFMATE. These experiments could identify critical sequence and structural

determinants that support the conformational cycle and shape the energy landscapes of PIMATE.

Sequence and structural determinants of Na*- and H*-dependent conformational
transitions

The work presented in previous chapters outlines a transport cycle in which protonation
of Glu 163 on IL 4-5 of PfMATE disrupts an interaction of Tyr 224 on IL 6-7, which results in the
IF transition. However, Trp fluorescence assays have demonstrated that the N-lobe residues are
required for H* mediated conformational change. Therefore, proton binding on the extracellular
side of the transporter, presumably in the N-lobe cluster, must translocate to the intracellular side
to Glu 163 to effect the IF transition. The transduction of signals and energy via protons may be
achieved by proton transport through both protonatable residues and buried water molecules due
to Grotthuss shuttling (193). The Grotthuss mechanism is a process crucial to a number of
fundamental processes in chemistry, physics, and biology. Hydrated excess proton creates a net
positive charge defect that is strongly delocalized by altering the covalent bonds and H-bonds of
surrounding water molecules. This mechanism facilitates proton translocation between
neighboring water molecules via successive hopping events involving the rearrangement of local
bonding topologies (194).
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While the N-lobe cavity of PIMATE is the likely entry point for protons, a proton
translocation pathway to the intracellular side has not been experimentally defined. Examination
of the sequence of PFMATE through alignments and sequence analysis (Consurf (156)) identify a
putative proton translocation pathway lined by polar and charged sidechains (Fig. 5.2A). The
residues that line this pathway are either highly conserved or homologous to residues in NorM-

V¢, including Arg 161, whichis capable of water mediated proton transfer (195, 196).
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Figure 5.2: Substitution of conserved residues in a putative proton translocation pathway in
PfMATE. The relative sequence conservation scores were calculated using a Bayesian algorithm and
mapped onto the PFMATE crystal structure (PDB 3VVN) using the Consurf server. The conservation
scores for each amino acid in the N-lobe of PFMATE (PDB ID: 3VVN) correspond to the discrete color
scale (A). Consurf analysis reveals conservation of charged side chains capable of coordinating water
molecules (A), which in turn can mediate proton hopping. Mutation of the labeled residues in (A)
attenuates pH dependent Trp quenching in PFMATE (B).

The residues of this putative pathway, Gln 34, Asn 38, Asp 41 (TM1), Tyr 139, Asn 154,
Asn 157, and Arg 161 (TM4), Glu 163 (IL4-5), and Thr 202 (TM6) could be individually targeted

for mutagenesis to disrupt proton translocation. The consequences of these mutations may be
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determined by the approach described in Chapter Il by size exclusion chromatography to ensure
expression of properly folded proteins, binding and cell resistance assays with R6G, and Trp
fluorescence measurements to assess the integrity of the proton switch. Preliminary data indicate
that alanine substitution mutations of GIn 34 disrupt H+-dependent conformational changes as
reported by reduced Trp quenching, in addition to Asp 41, Asn 154, and Glu 163 already reported
herein (Fig. 5.2B).

To determine if these residues support H+-dependent isomerization from the OF to IF
conformation, the mutations may be incorporated into the background of spin label pairs shown
to monitor structural rearrangements by DEER on the intracellular and extracellular sides of
PfMATE. The DEER measurements may also be complemented with site-specific NIEDDA, which
reports solvent accessibility of single spin labels. Spin labels can be introduced at sites along the
translocation pathway in PFIMATE to correlate global structural rearrangements with localized
changes in hydration of the central cavity. These experiments could reveal how disruption of the
translocation pathway affects the H+-dependent conformational equilibrium between OF and IF

states.

Substrate binding sites of PIMATE

A structure of PFMATE was determined bound to a molecule of NFX, the density of which
was observed deep in the N-lobe cavity. Binding of this molecule was thought to be mediated by
side chains of GIn 34, Tyr37 (TM1), Asn 153 (TM4), Met 173, Ser 177 (TM5), Thr 202, Ser 205,
Met 206, Thr 209 and lle 213 (TM®6) (114) (Fig. 5.3A, inset). The binding site identified for PFIMATE
was incongruous with the crystallographic data from NorM-Ng and DinF-Bh, which were
determined bound to R6G, among other substrates (111, 113). The R6G molecule was found in
NorM-Ng and DinF-Bh to be coordinated by residues on TMs 1, 2, 7, and 8. However, a structural

alignment of these transporters reveal that the corresponding binding sites are nonoverlapping
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(Fig. 5.3B), thus complicating the mutagenic approach to determine substrate binding and
coupling.

In this work, R6G was shown to bind PIMATE with high affinity. Whereas H* modestly
reduced R6G affinity the presence of Na* or mutation of conserved residues, including residues
implicated in NFX binding by crystallographic data, did not significantly attenuate binding.
Therefore, the location of the R6G binding site appears to be non-overlapping with the proposed

NFX binding site.
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Figure 5.3: Binding site of NFX in PIMATE does not overlap with R6G binding sites in DinF-Bh
and NorM-Vc. Sideview of NFX bound PfMATE structure (PDB ID: 3VVP) (A). NFX model is depicted
in blue. Residues coordinating NFX binding are highlighted (inset). For clarity TM2 is not shown. A
structural alignment of NFX bound PFMATE with R6G bound NorM-Ng (PDB ID: 4HUN) and DinF-Bh
(PDB ID: 4LZ9) shows that the binding sites of the molecules are nonoverlapping (B).

Using a spin-labeled substrate, binding can be determined using EPR, which can reveal
the environment of the label by virtue of its accessibility to solvent, its mobility, and its distance
from other spin labels. In a previous study, the binding of spin-labeled verapamil to human P-
glycoprotein was determined and active uptake of the substrate into liposome was measured.
More recently, the binding of a spin-labeled derivative of daunorubicin, ruboxyl, was determined

for NorM-Vc. The location of the ruboxyl binding site in NorM-Vc was triangulated by distance
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measurements from singly labeled sites on the transporter to the spin-labeled substrate molecule
by DEER. The DEER measurements placed the position of the nitroxide moiety of the bound
ruboxyl in the periplasmic cleft near TM7 of the transporter. This was consistent with the location
occupied by substrates in the crystal structures of NorM-Ng,

A similar approach can be undertaken with PfMATE using a spin-labeled derivative of
R6G. Binding of spin-labeled R6G to PFMATE and PfMATE-mediated resistance to the spin-
labeled substrate must be established. Changes in the EPR spectrum will also establish binding,
since the mobility of the spin label is expected to decrease upon binding. The solvent accessibility
of the spin-labeled substrate could also be measured to determine if the binding site is accessible
to the buffered milieu. Finally, the distance between single spin label probes on the extracellular
and intracellular sides of the transporter and the spin-labeled R6G can be measured by DEER.
These experiments should also be done with substitution mutants of residues putatively involved
in substrate binding and the translocation pathway. The combined approach would enable the
triangulation of the binding site of spin-labeled R6G and may also illuminate the nature of ion and

substrate coupling.

PfMATE alternating access and implications for the MATE family of transporters

The DEER analysis of PfMATE presented here provides a molecular blueprint for
alternating access of other MATE transporters. Whether the H*-dependent IF conformation
captures a conserved obligatory intermediate in the MATE transport cycle is an outstanding
guestion to be addressed. Indeed, the extent to which MATE transporters from distinct subfamilies
share common mechanistic determinants is unclear. Our finding that similar networks of residues
within the N-lobe of both PIMATE and NorM-Vc constitute an ion binding site and facilitate
conformational changes required for drug resistance indicates that conserved mechanistic
features could exist between subfamilies. However, we have also shown that buried carboxylates
in the C-lobe of NorM-Vc form part of a mutually exclusive H*/substrate binding site. These
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carboxylates are not conserved in PFMATE and therefore indicate that H*/drug binding sites do

not overlap.
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Figure 5.4: IL4-5 may be implicated in conformational switching across the MATE family of
transporters. Structural alignments of PFMATE with representative MATEs from each subfamily reveal
residues on the IL4-5 loop that may have H-bond or electrostatic interactions with residues on the IL6-
7 loop of the transporters.

In order to identify common sequence and structural determinants of alternating accessin
other MATE transporters, structurally equivalent sites can be targeted for site-directed spin
labeling guided by the exhaustive dataset of DEER distance distributions of PFMATE presented
in Chapter Ill. We have demonstrated also a model of proton coupling that centers around Glu
163, found on IL4-5, and invokes disruption of interactions with IL6-7, mediated in part by Tyr 224,
that destabilizes the OF state resulting in an IF conformation. While these residues are not strictly
conserved, a structural alignment shows that charged residues in other MATE transporters are
found in these structural elements and may imply mechanistic conservation (Fig. 5.4). Introducing
mutations of these residues into reporter pairs in other MATE transporters for DEER experiments
would further our understanding of the underlying mechanism of the conformational cycle.

Beyond the current work presented in previous chapters and the future work envisioned
here, the results provide a rationale for investigation of the hMATE transporters. As detailed in

Chapter I, hMATE paralogues in the kidney represent the site of terminal efflux for drugs and
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other compounds and is a determinant of drug-drug interactions in the kidney. A 2017 US FDA
draft on drug-drug interactions concluded that inhibition of hMATE1 and hMATEZ2K should be
studied for all new investigational drugs. Furthermore, substrate studies are required if 25% of
total drug clearance is due to renal secretion (65). Determining the conformational effects of
substrates and known inhibitors such as pyrimethamine could allow drug screening using DEER
spectroscopy based on the patterns of distance distributions emerging from a reporter pair. The
application of DEER to the elucidation of h(MATE transport mechanisms would be an exciting next
step in the study of MATE transporters. Such studies could delineate the interplay between
coupling ions, conserved sidechains and lipid interactions that define differential effects of ligands
on the human paralogues. The integration of such results with binding and transport data will lead
to a comprehensive model of transport for hNMATE and further refine our knowledge of the MATE

transporters.
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APPENDIX I

SUPPLEMENTAL FIGURES

0.3517
0.30 -

0.25 1
0.20 A

Absorbance

0.15 1
0.10 1
0.05 +

—=— 600 nm
== 650 nm

10 100
[R6G] pg/mL

Figure S1: Absolute absorbance of R6G at the given wavelengths as a function of R6G concentration on

a 96-well plate. Due to relatively high absorbance of R6G at 600 nm, cell growth on the 96-well plate was

monitored at 650 nm. Data are shown as the average and standard deviation of triplicate measurements at

each drug concentration.
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Figure S2: Cell growth curves monitored by absorbance at 650 nm of vector and PTMATE variants in the
absence and presence of 75 pg/mL R6G. The growth profiles of cells harboring vector alone and WT
PfMATE (panels A and B) are shown separately from the growth profiles of the variants (panels C and D)
for clarity. The curves were obtained at 37 °C using the 96-well plate format, and the data shown as the
average and standard deviation from n=3-6 experiments. The x-axis indicates the time of growth following
a two hr induction period with 1 uM IPTG and dilution of the cells to identical starting Abssoonm (0.025)
according to the Experimental Procedures. (A) Cells expressing WT PfMATE demonstrated reduced
growth relative to the vectorcontrolin the absence of drug, consistent with the intrinsic challenge of PFMATE
expression to cell growth as shown in Fig. 2.1A. (B) However, cells that expressed WT PfMATE showed
enhanced growth relative to the vectorin the presence of drug. (C and D) Cell growth curves for PFMATE
variants in the absence and presence of drug, respectively. The data indicates that functionally -impaired
variants (P26A, Y37A, D41A, D41IN and D184A) demonstrate similar growth patterns as the vector,
whereas E51A is similar to WT. The relative Absesonm reported in Fig. 2.1C and Fig. 2.2B was generated
by normalizing the growth in panels (B) and (D) to cell growth in the absence of drug shown in panels (A)
and (C).
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Figure S3: Time course of cell growth following induction with 10 uM IPTG in medium containing 75 ug/mL
R6G. Under these conditions, PFMATE-mediated cell survival was not observed relative to the vector
control. The y-axis scale is the same as Fig. 2.1C. Data are shown as the average and standard deviation

from five experiments and each data point measured in triplicate.
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Figure S4: Cell growth curves in hypersensitive E. coli strains as a function of R6G concentration. (A)
These strains are devoid of three (A3) and seven (A7) endogenous multidrug transporters, as described in
the main text. Each data point represents the average of two independent experiments. For each
experiment, the data was measured in triplicate from separate wells on the plate after 10 hrs at 37 °C. The
standard deviation is shown for each data point. Protein expression was confirmed by SDS-PAGE and
staining with either InVision His tag stain (B) or Coomassie (C). The last four lanes of each gel image is

purified PFMATE WT used as a standard.
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variable average conserved

Figure S5: Estimation of PFMATE sequence conservation using the ConSurf server. A phylogenetic tree
was built from a CLUSTALW multiple sequence alignment of 500 homologous sequences collected from a
filtered UNIPROT database (CLEAN-UNIPROT). The homologs were identified by a hidden Markov model
(HMMER) search algorithm with a 0.0001 E-value. The relative amino acid conservation scores were
calculated using a Bayesian algorithm and mapped onto the PfMATE crystal structure (PDB 3VVN). The
conservation scores for each amino acid correspond to the discrete color scale. This analysis shows that
the evolutionary rate of P26, Y37, D41 and D184 is slow, and therefore defined as “conserved”. In contrast,

E51 is non-conserved.
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Figure S6: PfMATE expression profile for select variants. The presence of WT and variant PFMATE was
visualized via SDS-PAGE followed by staining with InVision His tag stain as described in the Experimental
Procedures. The amount of purified sample loaded into each well was normalized to the membrane mass
acquired during processing of culture. For each construct, the first lane shows the amount of PTMATE
isolated from culture following induction with 1 uM IPTG. The second lane (*) shows the amount of PTMATE
isolated from culture after diluting a fraction of IPTG-induced cells (~50-60 fold)into a similar volume of
medium (50% LB broth, 0.1 mg/mL ampicillin), growing the cells at 37 °C in the absence of R6G and
harvesting at Abseoonm = 1.0-1.2.
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Figure S7: Size exclusion chromatography of purified PFMATE variants in 3-DDM buffer. Normalized

absorbance at 280 nm is shown as a function of elution volume. The chromatograms were acquired at 23

°C ona Superdex200 Increase 10/300 GL column as described inthe Experimental Procedures.
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Figure S8: R6G resistance profiles of PFMATE mutants used for DEER spectroscopy. Growth profiles of
mutants are relative to WT PfMATE after subtracting the contribution of the vector control. The bar plot
highlights the average and S.E.M. for at least n = 3 replicates. The number of replicates is listed in brackets
alongside each construct. A one-way ANOVA indicated that the population means of PFMATE mutants were
significantly different at the 0.05 level: F (48, 170) = 19.73., p < 0.00001. A Tukey multiple comparison test
showed that growth of double cysteine mutants, except 44/120 and 44/134, was not significantly different
from WT, indicating that introduction of cysteines into the primary sequence of PFMATE generally has little
effect on its ability to confer resistance to R6G. Conversely, growth of background mutants, except
E331A/Q, was significantly different from WT, but not significantly different to the impaired mutant, D41A,

indicating that these mutants are also functionally impaired.
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Figure S9: Fractional fluorescence quenching of PFMATE mutants. Fluorescence quenching at low pH due
to W44 was used as a surrogate reporter of conformational changes in spin-labeled PfMATE and
background mutants, as detailed in Methods. The number of replicates is listed in brackets alongside each
construct. The bar plot highlights the average and S.E.M. forat least n = 3 replicates. Where n = 2, the
average of 2 replicates are presented. For n > 3, data are collected from multiple protein preparations. A
one-way ANOVA indicated that the population means of PfMATE mutants were significantly different at the
0.05 level: F (50, 161) = 18.80, p < 0.00001. A Tukey multiple comparison test showed, as expected, that
double cysteine constructs containing W44C were significantly different from WT and do not demonstrate
significant fluorescence quenching at low pH. Double cysteine constructs were significantly different from
W44C, indicating that introduction of cysteines into the primary sequence has minimal effects onthe pH
sensor of PFMATE. For the background mutants (except E331A/Q) Trp quenching was not significantly
different from W44cC.
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Table S1

A. Extracellular cysteine pairs B. Intracellular cysteine pairs
Mutant Ko = S.D. nt Mutant Kb *+ S.D. nt
PIMATEWt | 1.62 * 0.17 24 18/95t 298 = 024 3
35/269t | 2.03 * 0.06 3 18/215¢+ | 1.95 * 0.40 4
44/120+ | 1.87 = 0.23 3 18/240f | 220 * 0.24 3
44/134% | 2.35 = 0.27 3 18/394f | 2.79 * 0.08 3
44/269% | 1.71 * 0.26 3 18/442% | 1.69 * 0.03 3
44274 | 259 = 0.16 3 95/215¢ | 2.80 * 0.21 3
44/364% | 1.43 = 0.12 3 95/318% | 1.72 * 0.18 6
44/413t | 1.82 = 0.24 3 95/394% | 2.33 = 0.18 3
120/186t | 2.39 * 0.16 3 167/240t | 1.87 * 0.21 6
120/269* | 2.70 * 0.36 3 167/318t | 3.45 * 0.07 3
120/348t | 2.00 * 0.37 3 215/318t | 2.00 * 0.28 3
120/413* | 1.07 * 0.13 3 240/318* | 293 * 0.25 3
134/186t | 2.64 * 0.38 3 240/442% | 2.08 * 0.45 3
134/269f | 2.39 * 0.20 3 318/394% | 4.08 * 0.18 3
134/274% | 2.72 £ 0.42 3
186/269t | 3.33 * 0.26 3 _
186/274t | 265 * 0.62 6 C. Background mutations
186/348t | 2.16 * 0.42 3
Mutant Ko + S.D. nt
196/269t | 2.15 * 0.22 3
196/274f | 172 * 0.28 3 P26A | 174 * 007 6
196/348¢ | 1.58 * 0.21 3 Y37A 1129 = 0.26 3
260/348t | 254 * 0.15 3 D41A 1206 * 0.22 3
260/364F | 2.84 * 057 3 *E163A% | 1.25 + 0.18 3
074413t | 265 * 0.26 3 D184A 1.98 * 0.06 3
348/413t | 252 + 0.24 3 * T202N* | 2.18 + 0.10 3
*Y224A% | 1.87 + 0.03 3
Q253A 298 * 023 3
E331A 227 + 042 3
E331Q 3.09 + 031 3

Forn = 3, average + S.D.

T Total number of experiments; where n > 3,

. . ) . : * Background mutation in 95/318 construct
replicates include multiple protein preparations.

I Experiments performed with spin-labeled
protein.
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Figure S10: Conformational change is driven by H*. Sodium (dashed purple traces) and R6G (dashed blue
traces) were added to a final concentration of 50 mM and 1 mM, respectively, at pH 7.5. Both ligands
demonstrate limited effects on conformational change. The locations of representative spin label pairs on
the extracellular (top) and intracellular sides (bottom) are highlighted on the OF structure by purple spheres

connected by a line.
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Figure S11: PfMATE intradomain DEER measurements on the extracellular side demonstrate limited
conformational changes. Spin-labeled positions on TMs in the N-lobe (top) and C-lobe (bottom) are
highlighted on the OF structure by purple spheres. Experimentally -determined distributions (solid lines) are
plotted with the predicted distance distributions derived from the OF (black, dashed traces) and the IF (red,

dashed traces) crystal structures. Distance changes are denoted on the OF structure by €-=----%» (increase)

or =% 4=~ (decrease).
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Figure S12: TM1 conformational changes diverge from structural models. Extracellular (top panels) and
intracellular (bottom panels) measurements from TM1 are highlighted on the OF structure of PfMATE.
Experimentally determined distance changes are denoted on the OF structure by <-—----» (increase),
-=-» €= (decrease), or =i+ (no change). Distance distributions from TM1 are plotted with the predicted
distributions derived from the OF crystal structures obtained at pH 8.0 and 6.0 (black and blue dashed
traces, respectively) and the IF (red, dashed traces) crystal structure. Conformational changes are
observed mainly as population shifts to shorter distances on the extracellular side, which is inconsistent
with the longer predicted distances from the OF pH 6.0 structure. On the intracellular side, limited
conformational change is observed except between TM1 and TM3, consistent with the conformational

changes described in the latter.
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Figure S13: Conformational dynamics of PFIMATE N-lobe mutants. (A): Sidechains of functionally essential
residues in the N-lobe, as well as Q253 and E331, thought to be involved in lipid and proton binding,
respectively, are depicted as sticks on the OF PfMATE structure. Mutations of these residues in reporter

pairs on the extracellular (B) and intracellular (C) sides reveal that these residues do not affect the distance
changes at low pH.
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Figure S14: Na* does notsignificantly affectR6G binding affinity to PFMATE or Trp fluorescence quenching.
Binding curves of R6G to WT PfMATE (A) were plotted as a function of protein concentration in B-DDM
buffer at the indicated pH, with and without 50 mM NaCl. The data points represent the average + S.D. of
three binding experiments. Average Ko foreach conditionis indicated in the table. Spectra of Trp quenching
for PFMATE WT under different conditions (B). Significant quenching (~18%) is observed under low pH

conditions. The bar plot highlights the mean + S.D. for the indicated nhumber of measurements.
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Figure. S15: PfMATE DEER measurements on the extracellular side of the N-lobe demonstrate limited
conformational changes. Spin-labeled positions on TMs in the N-lobe (top) and C-lobe (bottom) are

highlighted on the OF structure by purple spheres.
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Figure. S16: Conformational dynamics of PFMATE C-lobe mutants. (A): Sidechains of C-lobe residues
Q253 and E331, thought to be involved in lipid and proton binding, respectively, are depicted as sticks on
the OF PfMATE structure. For reference, the side chains of functionally essential residues in the N-lobe are
also depicted. Mutations of these residues in the N95R1/T318R1 reporter pair on the intracellular (B) side

reveal that these residues do not affect the Na*-dependent conformational change (cyan traces) at low pH.
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APPENDIX I

Dataset S1 — PFIMATE extracellular H*/substrate DEER analysis
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Dataset S1 — PIMATE extracellular H*/substrate DEER analysis
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Dataset S1 PIMATE extracellular H*/substrate DEER analysis
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Dataset S1 PIMATE extracellular H*/substrate DEER analysis
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Dataset S1 — PIMATE extracellular H*/substrate DEER analysis
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Dataset S2 — PIMATE intracellular H*/substrate DEER analysis
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Dataset S2 — PIMATE intracellular H*/substrate DEER analysis
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Dataset S2 — PIMATE intracellular H*/substrate DEER analysis
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Dataset S3 — PFIMATE backgound mutants extracellular H*/substrate DEER analysis
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Dataset S3 — PFIMATE backgound mutants extracellular H*/substrate DEER analysis
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Dataset S4 — PFIMATE backgound mutants intracellular H*/substrate DEER analysis
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Dataset S4 — PFIMATE backgound mutants intracellular H*/substrate DEER analysis
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Dataset S4 — PFIMATE backgound mutants intracellular H*/substrate DEER analysis
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Dataset S5 PIMATE extracellular H*/Na* DEER analysis
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Dataset S5 PIMATE extracellular H*/Na* DEER analysis
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Dataset S5 PIMATE extracellular H*/Na* DEER analysis
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Dataset S6 PfMATE intracellular H*/Na* DEER analysis

Echo

Echo

Echo

Echo

Echo

K18R1/N95R1 °
£ 12
(]
1.00 3 g g
0.90 Y 06 = Z
(1] B -~
0.80 E 04 2
2 02
0.70 0.0
| o))
00 1.0 20 30 00 10 20 30
t(ps) t(ps)
K18R1/Y215R1 o
£ 12
0.90 8 o038 _ :
0.80 5 06 < .
E 04 Q
0.70 5 0.2
pd "
0.60 0.0
0.504 -0.24
0.0 051.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 2.5 20 30 40 50 60 70 80
t (us) t(ps) rd)
K18R1/K240R1 o
1.00 § 12
. 1.0
©
0.90 g 08 .
= 06 .
0.80 E 04
0.70 2 02
0.0
o0l "= = 1
000510152025 < 000510152025 20 30 40 50 60 70 80
t(ps) t(ps) r{A)
K18R1/K394R1 o
1.00 fé 12 —pH4.0
‘ - 1.0 —pH75
0.90 8 08 —NapH4.0
0.80 ‘s 0.6 < —NapH7.5
0.70 £ 04 o
: S 02
0.60 0.0
0.504 02*
00 05 10 15 20 0.0 051015 2.0 20 30 40 50 60 70 80
t(us) t(ps) r(A)
K18R1/L442R1 o
1.00 g 12 —_pH 40
: - 1.0 —PpH75
0.90 g o8 —NapH 4.0
® 08 = —NapH7.5
0.80 E 04 [}
0.70 2 02
0.0
0.60]

0.005 10152025
t(ps)

-0.27

000510 1.5 2.0 25
t(ps)

20 30 40 50 60 70 80
r(A)

144



Dataset S6 PfMATE intracellular H*/Na* DEER analysis

Echo

Echo

Echo

Echo

Echo

N95R1/Y215R1
o
5 12 —pH 4.0
1.00 g 1.0 —pH7.5
o 0.8 —Na pH 4.0
0.90 % 0.6 = —NapH7.5
E 04 a
0.80 o 0.2
Z 0.0
0.701 -0.21 .
000510152025 0.005 10152025 20 30 40 50 60 70 80
t(ps) t(ps) r(A)
N95R1/T318R1 o
oy
1.00 g 10
g o
0.90 T 04
0.85 s 02
Z 00
0.80 0. 2
00 10 20 30 0 3.0 20 30 40 50 60 70 80
t(us) HS) rA)
N95R1/K394R1 o
< —pH 4.0
1.00 g 1.0 —PH75
0.90 g 08 ——NapH4.0
0.80 2 06 = —NapH75
0.70 E 04 %
0.60 S 02
0.50 0.0
| 02!
00051015 20 25 000510152025 20 30 40 50 60 70 80
t(ps) t(ps) r(A)
N167R1/K240R1 °
L
1.00 8 12
< 1.0
N 08 =
T 06 >
0.90 5 08 5
S 02
< 00
-0.21
0005101520 0005101520 20 30 40 50 60 70 80
f(ps) t(us) r(A)
N167R1/K318R1 o
=
1.00 g 1.0 —PH73
B 08 —Na pH 4.0
0.90 Z 08 < —NapH7.5
£ 0.4 Q
0.80 S 02

0-707 000510152025

t(us)

-0.21
000510152025

145

'20 30 40 50 60 70 80

r(A)



Dataset S6 PfMATE intracellular H*/Na* DEER analysis
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Dataset S7 — PIMATE backgound mutants intracellular H*/Na* DEER analysis
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Dataset S7 — PIMATE backgound mutants intracellular H*/Na* DEER analysis
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Dataset S7 — PIMATE backgound mutants intracellular H*/Na* DEER analysis
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