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ABSTRACT

The cellular membrane comprises the barrier between self and environment, the de-
velopment of which laid the foundation for the individual organism. The membranes of
organisms today are packed full of molecular machines which mediate communication,
metabolism, and interaction between the homeostatic internal environment and the un-
controlled environments they find themselves in. Understanding the molecular bases for
their function, as well as the evolutionary origins of their roles, is an important task for
understanding modern microbial biology.

This thesis examines two families of membrane proteins in their functional and evolu-
tionary context. The first, the Fluc family of fluoride channels, is an exquisitely selective
ion channel which confers resistance to environmental Fluoride via electrodiffusive trans-
port. The structure of this family has been shaped by gene duplication, as phylogenetic
analysis reveals. This reveals that duplication occurs often but that, once duplicated, re-
version is rare. Additionally, functional redundancy leads to one (of two) pores becoming
non-functional. Gene duplication has a key role in protein evolution, and in membrane
transporters in particular has been involved in most transporters that are known today.
The Flucs are an appealing model system for studying this, as they exist in several evo-
lutionary states, and their function depends on asymmetric interactions between dimers
which can be used to probe drift after duplication.

This interaction can be harnessed to develop an experimental system for studying the
fitness effects of gene duplication. Several models exist which propose mechanisms for
the retention of gene duplicates before adaptive or non-adaptive forces fix them, but any
experimental test has been difficult to obtain. The asymmetric interactions of a key mo-
tif in the Flucs allows constructs which differentiate between unduplicated, duplicated,
and heterodimeric (fixed duplicated) evolutionary states of the same protein to be created.
Deep mutational scanning of these constructs and comparison between the contexts then
allows insight into the natural trajectories duplicates took in the Flucs.

Small Multidrug Resistance family of prokaryotic proton-coupled transporters has long
been thought to be mainly involved in antibiotic resistance. A more careful analysis re-

veals that the major role of these is in fact guanidinium efflux. Using a combination of

xi



phylogenetics and in vitro assays, a variety of homologs are shown to be specific and well-
coupled electrogenic guanidinium/proton antiporters. To understand the relationship be-
tween subtypes, a novel electrophysiological technique, solid-supported membrane elec-
trophysiology, was used to study the comparative substrate capacities of the guanidinium-
exporting subtype (called Gdxs) and the multispecific drug-exporting subtype (called Qacs).
Surprisingly, a chemical region of shared recognition between the subtypes was discov-
ered: aromatic or hydrophobic singly-substituted guanidiniums are transported by both
subtypes. To understand the structural basis for this, the first high-resolution crystal struc-
ture of an SMR was solved. Both subtypes share aromatic binding pockets, but loss of
important H-bonds in the Qac subtype likely introduces polyspecificity.

These combined results reveal how structure, function, and topology interact to shape
the evolution of membrane proteins, and provide important insights and tools for under-

standing how extant membrane machinery arose.

xii



CHAPTER 1

Introduction

All forms of life, from the tiniest microbe to the tallest tree, rely on protein machin-
ery. Most cellular active processes are largely conducted by a series of complex protein
assemblies: metabolism, reproduction, communication and self-recognition are all exam-
ples. As products of evolution, their current variety must be understandable as spring-
ing from a long series of prior forms. The nature of this history shapes the nature of its
products, though, and we can learn a great deal about present-day protein biology and
biochemistry by examining evolutionary histories. Membrane proteins are products of
the same processes, but the addition of a specific membrane-relative orientation provides
additional constraints and opportunities for this process. In this thesis, two model fam-
ilies of bacterial membrane proteins are used to understand how structure and function

are linked via evolution in the membrane, and mechanisms for how complexity arises.

1.1 Membrane proteins

The membrane is a privileged environment in microbes: the thin lipid line separating
the homeostatic interior of the cell from the chaos of the environment beyond. It serves var-
iously to exclude noxious materials from entry, to contain nutrients and machinery, and
to preserve the identity of the organism. Controlled movement across its boundaries al-
lows communication, sensing, energy generation and more, and is accomplished through

a dizzying variety of complex protein machines.
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Figure 1.1: Inner membrane protein features. A) Cartoon depiction of an inner membrane
protein. Specific features including alpha-helical nature, trans-bilayer embedding, and
non-symmetric topology can be observed. B) Left, atomistic depiction of a lipid bilayer!.
Right, dielectric constant through the plane of the membrane.



Inner membrane proteins are deceptively simple: they consist essentially of alpha-
helices strung back and forth across the membrane and packed against each other in bun-
dles (figure 1.1 a). This simplicity is deceiving, as the nature of the membrane-embedding
process introduces several important new complexities. Membrane proteins are the prod-
ucts of a highly-regulated expression and insertion process, and are located in an anisotropic
heterogeneous environment?®. The solvent for membrane proteins, the lipids themselves,
comes in a variety of lengths, shapes, chemistries, each of which will vary the local environ-
ment of the membrane and potentially larger-scale membrane features, such as rafts and
domains®. Interaction with lipids both specifically or transiently can change enzymatic,
binding, and oligomeric properties, and is an important point of regulation.

In addition, being embedded in the membrane introduces an essential structural dif-
ference to soluble proteins: there is an asymmetry with respect to orientation across the
membrane. To some extent, a protein embedded in one direction is not the same as one
embedded in the other direction: functionally, they may have very different effects. A
receptor must be oriented properly to recognize its signal, and a pump should be oriented
so as to export toxins or import nutrients. The specific directions the protein chain adopts
with respect to the membrane is called its topology, and the process whereby it is adopted
during expression is called topogenesis.

Beyond this fundamental broken symmetry, the bilayer itself is heterogenous as one
moves across it. An atomistic view shows the shifting nature of the chemical environment
(figure 1.1 b): at the ends, the charged and polar portions of the lipids and the surround-
ing counterions maintain a bulk-like hydrophilicity and dielectric. As one moves further
into the bilayer, the aliphatic tails of the lipids produce an increasingly hydrophobic envi-
ronment, culminating in the very low dielectric environment at the middle of the bilayer.
This gives way in reverse to the aqueous environment again as passage is complete. This
heterogeneity introduces a new dimension to protein function, as they must adapt to the

multifarious environments they find themselves in to function: the stability of a mem-
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Figure 1.2: Gene duplication for generating protein novelty. After gene duplication, the
ancestral functions of a gene can be distributed in a number of ways. The specific dis-
tributions result in subfunctionalization, neofunctionalization, or other situations (taken
from?).

brane protein is differentially affected by different substitutions across the membrane, as

experiment has revealed”?®.

1.2 Biological complexity

Complexity is a slippery concept, covering both the simple idea of a biological com-
plex as well as broader senses of heterogeneity and even the (questionable) idea of a hier-
archy of development. Focusing on the molecular level thankfully avoids many of these
difficulties, as complexity here is simpler to define as the structural, functional, and reg-
ulatory variety adopted by single molecular machine in a cell. For example, hemoglobin
is more complex than myoglobin as a multimer rather than a monomer; as a heteromer, it
is more complex than its homomeric predecessors. An enzyme which acts on a number
of substrates is more complex than one with only a single target, as well. Importantly,

complexity here is not teleological: it may be lost or gained along a lineage.



1.3 Gene duplication

Gene duplication is sometimes overlooked as a key element in protein evolution, but it
is a central one!®3. Both entire genomes and small regions may be duplicated during repli-
cation through a variety of mechanisms. These duplicates have a number of fates. They
may simply be retained as a pair of duplicates, potentially increasing the dosage only. One
or the other may be lost through pseudogenization and deletion. More interestingly, they
may be retained with a new distribution of functions (figure 1.2)°. In subfunctionalization,
the ancestral function is partitioned between the two duplicates. Thus both are required
to fulfill the role of the ancestor. In neofunctionalization, one of the pair adopts a useful
new function that was not present in the ancestor, potentially expanding the repertoire of
the organism. One may imagine that the duplication relaxed purifying selection on the
pair through redundancy, allowing this novel function to be reached. Gene duplication
thus likely provides a key route to functional complexity in living systems.

In the case of an ancestral oligomer, duplication introduces an additional wrinkle. Im-
mediately after duplication, the paralogs are able to interact with themselves but also each
other!*. This introduces a functional dependency between the two, as the heterodimeric
state links the two genes. Any deleterious mutations in one copy then may reduce the
overall fitness via a dominant-negative phenotype. This paralog interference restricts the
possibilities for developing new functions and will control the dynamics after duplica-
tion. If heterodimerization is retained, the fates of the pair are strictly retaining the an-
cestral function, coevolving improved heterodimeric fitness, or potentially negative dom-
inance becoming a competitive inhibitor. Paralog interference can be avoided by prevent-
ing oligomerization. Regulatory evolution that separates their expression in time or space
can serve this purpose, or mutations in the interface that disrupt the heterodimeric state
but preserve homodimers. One paralog may also accumulate mutations that make it un-

able to oligomerize at all, thus serving a similar purpose.



All of these possibilities require that gene duplicates stay long enough for selection or
drift to produce novelty. Although several models exist for how duplicates are retained,

this question is difficult to study experimentally®!>

. A model system to investigate the
fitness landscapes in the immediately duplicated state would thus be useful to understand

this key period.

1.4 Complexity in the membrane: oligomerization and function

Membrane proteins are prone to forming complexes. The fundamental reasons for
this remain under investigation, but the ease of encounter formation due to dimensional
reduction, as well as the orientational constraints pre-arranging dimerization conforma-
tions, may play a role. Variations in complex stoichiometry and constituents can medi-
ate signalling, transport, and motility'8. Oligomerization introduces opportunities for
new ways of regulation, including cooperativity and allostery, and is one of the central
means for the creation of complexity in biochemistry. A mechanistic understanding of
how oligomerization is generated and preserved by evolution is key to understand the
expansion of life itself.

Many complexes appear to be formed from homologous partners. In membrane pro-
teins, this takes a particular form, the “inverted repeat”'*!. This is best understand as the
observation that many transporter structures appeared to be formed from two domains
which shared a similar fold but were oriented oppositely to each other across the mem-
brane. These domains often share little sequence similarity, with the relationship only
detectable via structure.

This suggests an intriguing evolutionary trajectory (figure 1.3 a): the formation of
multi-domain inverted repeats likely arose via the gene fusion of two independent pro-
teins, with a dimeric complex becoming a monomer in the process. The orientation of
the subunits are opposite, therefore. But where did these paired genes come from, then?

Compared to cytosolic proteins, a protein with a fixed topology in a membrane is not the
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Figure 1.3: Membrane protein evolution through gene duplication and fusion. A) Top:
a dual-topology protein, coded by a single gene, produces proteins that insert in both
directions in the membrane and assemble into an antiparallel dimer. Middle: A duplicated
gene where each copy produces a single protein that inserts with a fixed topology in the
membrane, which assemble together into a heterodimer. Bottom: A fused gene pair, with
the addition of a linker helix, produces a single protein with two homologous domains
that interact with each other while folding. B) Crystal structure of LeuT, a bacterial leucine
transporter, with a prototypical inverted repeat: symmetric domains colored in red and
blue (from?® ). C) Structural alignment of homologous domains in the LeuT fold.



same as one with another topology. This implies that any unduplicated precursor to such
a heterodimeric pair must itself have been able to adopt both orientations in the membrane:
a so-called “dual-topology” protein.

This was an understandably controversial proposition, as it could be understood to vi-
olate the sense that a proteins fold (extended here to include its topology in the membrane)
should be determined by its sequence. A wealth of evidence now has shown that such pro-

teins exists, but are exceedingly rare?*>*

. Only a handful of families are suspected to exist
where this dual-topology state is extant. Of these, fewer have any structural evidence or
biochemical characterization. The work in this thesis examines the sole two families where

this is the case: the Fluc family of fluoride channels and the Small Multidrug Resistance

(SMR) family of transporters.

1.5 Outline of thesis

This thesis covers a number of ways I have attempted to ask how protein complexity is
created in the membrane, and how the specific environment of the membrane constrains
those trajectories.

In chapter 2, we examine the first model family I used, the Flucs. Here we study their
evolution, with an eye to their oligomeric order and topology within the membrane, and
how these influence conservation of specific functional motifs.

In chapter 3, we shift to the Small Multidrug Resistance (SMR) family, the second
model family I use. Here the question becomes one of functional novelty and diversifi-
cation rather than structural complexity. In this chapter, we present the first biochemical
characterization of a previously unexplored major subfamily of the SMRs, and we show
they are specific guanidinium /proton antiporters which we call the Gdxs.

In chapter 4, we expand upon our previous characterization by the addition of an elec-
trophysiological technique, solid-supported membrane electrophysiology, to better un-

derstand the limits of substrate recognition in the Gdxs. In addition, we solve the first



high-resolution structure of an SMR, in this case a Gdx homolog.

In chapter 5, we shift to the E. coli Gdx homolog, and conduct a further biophysical
characterization to support work with this important model organism.

In chapter 6, we return to the Flucs. To understand how gene duplicates are retained
shortly after duplication, we use the specific architecture of the Flucs to develop an assay
that distinguishes between different genetic architectures, and combine this with a deep
mutational scanning methodology to work towards a high-resolution fitness landscape of
duplicate retention in the Flucs.

In chapter 7, we conclude with a summary of the findings and potential future direc-

tions.
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CHAPTER 2

A Topologically Diverse Family of Fluoride Channels

This chapter is adapted from the following published article:
Macdonald, C. B. & Stockbridge, R. B. A topologically diverse family of fluoride channels. Current
Opinion in Structural Biology 45, 142-149 (2017).
C.B.M. and R.B.S wrote the text and performed the analysis.

2.1 Introduction

The advent of the structural era in membrane protein biology revealed that many mem-
brane transport proteins, built on common folds in classes as diverse as LeuT, CLC, MFES,
aquaporin, NhaA, and GItPh, are comprised of two homologous domains, arranged an-
tiparallel with respect to each other, in an arrangement known as an inverted repeat (dis-
cussed extensively elsewhere, for example, see:' .) This architecture is the vestige of
a gene duplication and fusion so long ago that the structurally homologous domains no
longer bear any discernable sequence identity. In almost all cases, that ancestral single do-
main gene has been lost to time. But dual-topology membrane proteins are rare examples
in which that primitive architecture persists; they represent modern day, single-domain
building blocks that assemble in the membrane with inverted architecture (Figure 2.1, A).

The orientation of integral membrane proteins in bacteria can be predicted by the “pos-
itive inside rule,” originally articulated by von Heijne*, which describes a nearly universal
feature of membrane proteins — a large excess of arginines and lysines on the cytoplasmic

loops. In 2006, von Heijne described a rare exception to the rule: a class of small, unusually
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Figure 2.1: Schematic illustrating subunit topologies found in the Fluc family of fluoride
channels. (+) symbols indicate arginine and lysine residues of representative bacterial
Fluc homologues. A. Subunits of dual topology homodimers are inserted into the mem-
brane in both inward- and outward-facing orientations, and can be identified by balanced
(+) charge bias, as for this representative example from Bordetella pertussis. B. For Fluc
heterodimers, subunit pairs are inserted into the membrane with preferred, fixed orien-
tations that can be predicted by the “positive inside” rule?, as in this representative het-
erodimer from Lactobacillus acidophilus. The termini of one subunit are always inward-
facing (blue, positive charge bias on the termini and loop 2) and the termini of the other
are always outward-facing (red, with positive charge bias on loops 1 and 3). C. Cartoon
of a fused Fluc, with a transmembrane “inversion helix” (pink) enforcing the antiparallel
domain architecture. Inverted repeat Flucs are found exclusively in eukaryotes, and have
been experimentally determined to insert into the plasma membrane with the N-terminus
facing the cytoplasm in Saccharomyces cerevisiae®. The factors that determine topology
in eukaryotic membrane proteins are more complex than in bacteria®; thus, the charge dis-
tribution is not shown for this homologue.
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hydrophobic proteins that he called dual-topology proteins’. Monomers of dual-topology
proteins are inserted into cell membranes with no inward /outward-facing bias and can
dimerize in an antiparallel orientation in vivo®. As the original controversy regarding this
unusual pattern of membrane insertion has receded, dual-topology proteins have been

recognized as likely evolutionary antecedents to inverted repeat*®1°.

2.2 Topological diversity in Fluc family fluoride channels

Using sequence analysis, a number of putative dual-topology protein families have
been proposed” 12, but only two have been characterized in great biochemical depth:

the multidrug efflux pump EmrE!3

, and a class of fluoride channels called Flucs (also
known as crcB or FEX), which protect against toxic environmental fluoride ion (F-) in
weakly acidic conditions™ . Flucs are ubiquitous in bacteria, and also found in archaea
and free-living eukaryotes (where they are known as FEX proteins), including yeasts and
protozoa, plants, and even simple marine animals such as sponges, sea anemones, and

tunicates'®.

Fluoride export function has been established by genetic knockout strains
of Escherichia coli, Candida albicans, Saccharomyces cerevisiae, and Neurospora crassa, which
are all rendered hypersensitive to fluoride at environmental concentrations'®'®. With this
many biological test kitchens, the Flucs have evolved into a topologically diverse fam-
ily that it is not constrained only to dual-topology homodimers. Modern Flucs sample
each evolutionary way station: they are present in genomes as single genes that code for
antiparallel homodimers® (Figure 2.1, A), oppositely inserted pairs (~30% sequence iden-
tity) that transport fluoride as obligate heterodimers!” (Figure 2.1, B), and in eukaryotes,
tused two-Fluc proteins linked by a TM helix that forces the conjoined subunits into an

antiparallel orientation: an inverted repeat'®

(Figure 2.1, C). This full assortment of topo-
logical states is rare, and unique among proteins with known function.
A phylogenetic tree constructed with ~500 representative bacterial and archaeal Fluc

sequences shows that gene duplications leading to probable heterodimers have occurred
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at least four times in bacterial lineages: in Firmicutes, in Actinomycetes, in Cyanobacteria,
and in a handful of Alphaproteobacteria (Figure 2.2). A fifth possible duplication occurred
among a clade of archaea nestled among the Actinomycetes. Archaeal lineages spring
from bacterial clades here and elsewhere in the Fluc phylogeny, perhaps indicating that
these proteins were transmitted via lateral gene transfer.

All eukaryotic Flucs are two-domain inverted repeats, and the eukaryotic clade is the
sole example of a fusion event. Topological inspection reveals a simple explanation for the
paucity of fused two-domain Flucs: to retain antiparallel topology for a protein with an
even number of helices, the fusion event must also introduce a membrane spanning helix.
Fusion events are more common for antiparallel proteins with an odd number of helices,
as evidenced by the number of independent duplication/fusion events in the DUF606 (do-
main of unknown function) family**. Sequence analysis suggests that the DUF606 family
is topologically diverse, with dual topology, duplicated heterodimers, and fused represen-
tatives. The monomer possesses five transmembrane helices, and of the nine independent

duplication events observed in bacteria, four have yielded fused two-domain proteins.

2.3 Conservation of biological role and function

In the Fluc family, these diverse topologies all serve a common biological purpose. Flu-
oride ion interferes with some of the most fundamental metabolic activities, and its export
is therefore necessary for growth®. Isosteric with hydroxide, fluoride ion closely resem-
bles the activated water molecule transition state that occurs during reactions catalyzed
by essential metabolic enzymes, including enolase and pyrophosphatase??. Present at
basal levels of 20-100 pM in typical marine and terrestrial environments®, fluoride can
enter and become trapped within cells via a weak acid accumulation pathway'™. In the
absence of a fluoride export system, cytoplasmic fluoride increases to levels as high as
mM at a modestly acidic pH value of 5.5, a level well above the ~100 pM inhibition con-

stants for metabolic enzymes'>'®. The weak acid accumulation phenomenon accounts for
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Figure 2.2: Unrooted phylogenetic tree constructed from ~500 representative Fluc proteins
using maximum likelihood methods?*??, with proposed duplication events indicated in
color: Green: Firmicutes duplication; red: Actinomycetes duplication; blue: alphapro-
teobacteria duplication; violet: cyanobacteria duplication; yellow: archaeal duplication.
Gene pairs were identified as likely heterodimers based on two criteria: the start of the
second coding sequence falls within 100 nucleotides of the end of the first, and the two
proteins have opposite loop charge biases, in accordance with the positive inside rule for
membrane protein orientation, assessed by consensus prediction of membrane protein
topology®. 92% of the pairs that met the first criterion also met the second. The remain-
der of pairs showed little positive charge bias, and thus prediction of the direction of in-
sertion was uncertain. Amino acids likely to encode aqueous-exposed regions, inferred
by structural alignment to the homodimeric Fluc structure, were trimmed from the align-
ment. This maneuver was essential to determine a phylogeny unbiased by the convergent
evolution of positive charges on the inward-facing loops of heterodimers from divergent
lineages. Nodes with >90% clade confidence according to approximate likelihood ratio
test (aLRT?) are indicated by circles. Two structurally characterized homodimers, from
Bordetella pertussis and a virulence plasmid isolated from Escherichia coli, are indicated
by stars.

17



the counterintuitive notion of protection from an environmental toxin by an energetically
passive channel. In addition, metabolizing cells tend to maintain a negative electric poten-
tial across the membrane, which provides an additional driving force for anion expulsion.
(Though the most widespread, Fluc family channels are not the only fluoride export strat-
egy that has evolved; some bacteria instead use fluoride selective proteins from the CLC
family of anion channels and transporters, coupling fluoride export to proton import®).

Available evidence implies that the electrodiffusive (i.e. passive flow of fluoride down
its electrochemical gradient) mechanism of Fluc channels is conserved across topologies.
Single channel recordings of purified bacterial homodimers in planar lipid bilayers show
5-10 pS currents for the constitutively open single channels, equivalent to a throughput
of ~106 ions/s!'”. Estimates of single molecule turnovers for fused S. cerevisiae proteins,
inferred from patch clamp measurements of many-protein currents, yield a similar value
of ~106 ions/s. This high turnover is consistent with a channel rather than a transporter
mechanism®. Heterodimeric representatives have not been as well characterized, but bulk
liposome flux assays imply a high rate of transport of >105 ions/sec for the Lactobacillus
acidophilus heterodimer!”.

The bacterial homodimers are ideally selective for fluoride over cations, and enor-
mously (>104-fold) selective for fluoride over other abundant cytoplasmic ions like chlo-
ride, a closely related halide that only differs in dehydrated radius by about half an Angstrom
(1.33 A for fluoride versus 1.81 A for chloride)'. This selectivity is both biologically nec-
essary to avoid catastrophic membrane depolarization and unparalleled among ion chan-
nels for close ionic analogs. Such discrimination could probably not be achieved without
dehydration of the fluoride ions in the pore®. Given the unusually high enthalpy of des-
olvation for fluoride ion (AH ~ 125 kcal/mol, versus ~90 kcal/mol for chloride), selective
recognition of fluoride ions is a chemically interesting puzzle in its own right, and the
selectivity achieved by these proteins surpasses human attempts to develop host-guest

compounds that selectively recognize fluoride over chloride®. The two-domain S. cere-
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visiae proteins also demonstrate fluoride/chloride selectivity at the limit of resolution of
the patch-clamp assay (greater than 10-fold), although further measurements will be re-

quired to determine whether their selectivity matches their bacterial counterparts®.

2.4 Symmetrical, antiparalle]l homodimer structure

Recent2.1 Aand 2.6 A crystal structures of homodimers from Bordetella pertussis (PDB:5FXB)
and an E. coli virulence plasmid (PDB:5A43) revealed an elegant and unlikely architecture®
(Figure 2.3). The previously unseen fold is striking for its perfect (non-crystallographic)
two-fold symmetry about an axis parallel to the plane of the membrane, so that the chan-
nel presents identical faces to both the cytoplasmic and periplasmic sides of the membrane.
The hourglass shaped dimer possesses two deep aqueous vestibules lined with conserved
polar side chains (Figure 2.3, A). Within each vestibule, a conserved arginine (Arg23) from
the first transmembrane helix contributes to the overall electropositive environment. TM3
has a mid-membrane break of 5 residues, and the crossover of these breaks contributed
by the two subunits defines the deepest reaches of the vestibules. The vestibules do not
form a continuous aqueous pathway through the protein; instead a plug of protein ~10
A thick separates the aqueous chambers (Figure 2.3, B). At the center of this plug, at the
heart of the protein, resides a deeply buried sodium ion (Na+) located precisely on the two-
fold symmetry axis (Figure 2.3, A, 2.3, C). Fulfilling the symmetry of the overall structure,
the central sodium ion is present in an unusual tetrahedrally-coordinated conformation,
where it is liganded by two symmetry-related backbone carbonyl oxygens from each sub-
unit (Gly77 and Thr80), contributed by the mid-membrane breaks of TM3 (Figure 2.3, D).
Although sodium ions are typically coordinated by 5-6 ligands, coordination by four is
not unprecedented®~*. The role of this central sodium ion has not been elucidated, but it
certainly contributes to the general electropositivity of the protein core, and its location at

the dimer interface suggests a possible role in homodimer affinity or specificity.
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Figure 2.3: Structure of dual-topology Fluc homodimer (PDB: 5FXB). A. Through mem-
brane view of the channel. Volume of the aqueous vestibules are colored in cyan, fluoride
ions in pink and violet, central Na+ in blue, and conserved vestibule Arg23 and Phe box
residues shown as sticks. Helices are labeled with arrows indicating polarity. The mem-
brane boundaries are indicated by a dashed line. The non-crystallographic 2-fold symme-
try axis is indicated by an arrow. Note that because of the channel’s perfect 2-fold symme-
try, the cytoplasmic and periplasmic sides of the channel are identical. B. View of channel
in A rotated 90°. This view emphasizes the double-barrelled architecture; putative pores
are highlighted by yellow lines. This view also shows that the aqueous vestibules do not
connect; the span of protein separating the vestibules is referred to as the plug, and is in-
dicated by dashed lines. C. Channel viewed perpendicular to the plane of the membrane.
The two-fold symmetry axis is indicated by an arrow. Residues from the transmembrane
helix 3 (TM3) break are shown as sticks. D. Detail from panel C showing coordination of
the central Na+ at the dimer interface.
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2.5 Two pore construction of homodimers

The two-fold structural symmetry of the channel begets functional redundancy: the
cytoplasmic and periplasmic sides of the channel are identical, and it harbors two pores®
extending antiparallel with respect to each other across the membrane (Figure 2.3, B). The
double-barreled structure is a surprise given the protein’s unusually small size, just 128
residues (15 kDa) per subunit in the dimer. (Note that although the pores are related by
2-fold symmetry, and thus have opposite polarity, fluoride uses both conduits to diffuse
passively down its gradient.) The pores are defined by four bound fluoride ions, arranged
two-by-two, parallel to each other and perpendicular to the membrane plane (Figure 2.3,
B). The side chains that coordinate these ions include an absolutely conserved asparagine
in TM2 (Asn 43) and a sequence of polar residues lining one face of TM4, spaced every
fourth residue, called the TM4 polar track (Figure 2.4, A). Although the absolute identity
of the residues lining the TM4 polar track is not conserved among even close Fluc family
members, the polar character is. Perhaps the most prominent feature of the fluoride ion
coordination sphere is the “phenylalanine box,” a symmetrical motif whose corners de-
tine the two pores of this double-barreled channel, with the electropositive edges of each
phenylalanine coordinating a fluoride ion (Figure 2.4, B). Such “anion-quadrupole” in-
teractions have been observed in proteins before®~®, notably predicted in the bestrophin
family of anion channels®. Each pore is not confined entirely to an individual monomer,
but is lined by side chains contributed from both. Mutation of these pore-lining residues
decreases fluoride throughput, although a mutation has not yet been identified that re-
laxes discrimination against chloride®.

Outside of these deeply buried crystallographic fluoride sites, the details of the per-
meation pathway are unclear. Although the observed fluoride binding sites are occluded

from the vestibules (Figure 2.3, A), it is tempting to imagine the vestibules’ electroposi-

tive character drawing in and preliminarily desolvating fluoride ions. Mutation of the
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Figure 2.4: Pore construction in Fluc proteins. A. Fluoride coordination sphere in Borde-
tella pertussis Fluc homodimer (PDB: 5FXB). Two subunits are shown in green and gray,
with the “central Na+” shown in blue. Fluoride ions are shown as pink and violet spheres,
and coordinating residues Asn43, Phe box residues Phe82 and Phe85, and TM4 polar track
residues Tyr104, Ser108, Ser112, and Thr116 shown as sticks. For clarity, only one of the
two pores rendered as a cartoon with fluoride ions shown. B. Fluoride coordination by
the phenylalanine box demarcates the two pores. Note that each subunit contributes a
phenylalanine to the pore. Symmetry-related fluoride ions are colored identically. C.
Alignments of Phe box region of Fluc homodimers, heterodimers, and fused 2-domain
constructs. Conserved residues are bolded, and Phe residues contributing to the expected
functional pore are highlighted red. For heterodimers, the inward-and outward facing
subunits are indicated, predicted based on positive charge bias. For fused two-domain
proteins, the N-terminal (inward-facing) and C- terminal (outward-facing) domains are
indicated.
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arginines and a conserved vestibule serine have deleterious effects on function in yeast
proteins, supporting the notion that the vestibules are involved in ion transport®. Addi-
tional evidence that the vestibules provide part of the ion pathway comes from recent
electrophysiological assays exploiting small, engineered proteins called “monobodies.”
These experiments showed that the soluble, toxin-like monobodies inhibit Fluc channels
by physically blocking the pores, and that a negatively charged glutamate that acts as an
electrostatic surrogate for fluoride is responsible for the pore occlusion®#°. Structures of
Fluc monobody-complexes show that the loop on which this glutamate resides extends
~9 A into the aqueous vestibules®?, providing compelling evidence that the vestibules con-

tribute part of the permeation pathway:.

2.6 Drift of two-pore construction after duplication

The double-barreled architecture raises the question: does Fluc need both pores? Flu-
oride flows through both pores in the homodimer, and mutagenic ablation of one cuts
the channel’s conductance neatly in half*. Analysis of sequences of fused eukaryotic FEX
proteins and Fluc heterodimers suggests that both pores are not required: the residues
that define one pore are well-conserved, whereas those that define the second have drifted
substantially®?. This pore degradation is particularly evident in the phenylalanine box mo-
tif, for which each subunit contributes one phenylalanine per pore (Figure 2.4, B, 2.4, C).
The fused eukaryotic proteins always retain the first Phe in the N-terminal domain, and
the second Phe in the C-terminal domain, which combine to form one complete pore. The
heterodimers also tend to conserve opposite phenylalanines in the two domains, although
which pair is conserved differs among heterodimeric lineages (Figure 2.4, C). Among pore-
lining residues that are conserved in both domains of the S. cerevisiae FEX protein, includ-
ing the TM2 asparagine, mutation of the one located in the degraded pore is less detrimen-
tal for fluoride resistance, confirming experimentally that the two homologous domains

in FEX proteins have evolved substantial functional asymmetry®. It is not known whether
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the degraded pore retains the ability to bind anions, or still plays any functional role.

2.7 Future Directions

As a model of a dual-topology to inverted repeat evolutionary trajectory, key ques-
tions for the Fluc family include: Is the functioning homodimer truly symmetrical, as in
the crystal structure, or does it adopt an asymmetric functional form, like fellow dual-
topology homodimer EmrE'#? How much of a constraint on function and folding is dual
topology, and how are functions elaborated and improved upon once that limitation is
lifted?

One could imagine obvious advantages of duplication. The homodimeric constraint
enforces 2-fold symmetry and disallows much structurally extraneous evolutionary drift,
even among functionally redundant features —exemplified in Flucs by the double-barreled
construction. After duplication, some of the structural constraints relax, allowing more
sampling in sequence space, a process that is archived in the degradation of the second
pore in duplicated Flucs. Furthermore, the two subunits can adopt more specialized roles
after duplication, once insertion bias develops and the subunits are fixed in their orienta-
tions, as in Figure 2.1, B. This allows asymmetrical presentation to the periplasm and cy-
toplasm, and the development of side-specific features. There is clear value in developing
asymmetry: perhaps the asymmetric protein displays a broader, electropositive vestibule
to the inside only, funneling the dilute anionic toxin in the direction of export. Whether
such imagined embellishments actually occur remains to be seen, and will require further
structural and functional characterization of heterodimeric and inverted-repeat Flucs.

Further analysis of the central Na+ is also likely to be revealing. In some respects,
the binding site, located at breaks in TM helices, is reminiscent of Na+ binding sites in
Na+-coupled transporters. In other respects, such as the tetrahedral coordination sphere
comprised by backbone carbonyls alone, the Na+ binding site in the Flucs is singular.

Understanding whether this binding site has broader implications requires determining
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a structural or functional rationale for the central Na+ in the homodimers, determining
whether the ion is conserved in heterodimers and inverted repeat proteins, and if so,
whether asymmetric relaxation has provided additional ligands to an energetically favor-
able 5- or 6-coordinated form.

Other goals for the dual-topology protein field include identifying molecular functions
for, and structurally characterizing other single domain building blocks, like the dual-
topology DUF606 family, which, like the Flucs, is particularly rich in topologies including
inverted repeats®, or the Ded A family, which has a hydropathy profile intriguingly simi-
lar to LeuT proteins''. An analogous evolutionary case study with parallel single-domain
and fused multi-domain counterparts is underway, with a number of recent crystal struc-
tures of two-domain SWEET and single-domain “semi-SWEET” sugar transporters, and
the Pnu vitamin transporter, which is unrelated in sequence but similar in fold'""*~*. Like
the Flucs, the fused SWEETS and single-domain semi-SWEETS are segregated in eukary-
otic and prokaryotic genomes, respectively, suggesting some selective advantage for fu-
sion in eukaryotes that is not as strong in prokaryotic membranes.

Via dual-topology Flucs and other modern day “building block” membrane proteins,
we can glimpse folds that, for whatever reason, remained in evolutionary infancy. As
the number of newly discovered membrane protein folds dwindles, and interest increases
in engineering new functions onto existing folds, dual-topology proteins and their kin
provide a unique opportunity to understand how nature’s fold prototypes changed in

time.
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CHAPTER 3

Guanidinium Export Is the Primal Function of SMR Family

Transporters

This chapter is adapted from the following published article:

Kermani, A. A., Macdonald, C. B., Gundepudi, R. & Stockbridge, R. B. Guanidinium export is
the primal function of SMR family transporters. Proc Natl Acad Sci USA 115, 3060-3065 (2018).

Author contributions: A.A.K., C.B.M., and R.B.S. designed research; A.A.K., C.B.M., R.G,,
and R.B.S. performed research; A.A.K., C.B.M., and R.B.S. analyzed data; and A.A.K., C.B.M.,

and R.B.S. wrote the paper.

3.1 Introduction

The small multidrug resistance (SMR) family comprises small four-transmembrane
(TM) helical proteins that first became prominent because of their role in antibiotic and
antiseptic resistance and their rare “dual topology” architecture'™. At ~100 residues, they
are among the smallest known membrane transport proteins, and their small size makes
them amenable to many biophysical analyses. The best studied member of the SMR family
is the multidrug efflux pump EmrE, which protects bacteria from an array of hydrophobic,
cationic antimicrobials including ethidium and methyl viologen'. SMRs that are pheno-
typically similar to EmrE have been disseminated widely among bacteria through horizon-
tal gene transfer®. But many bacterial genomes harbor SMR proteins that are highly similar

to the multidrug pumps but that do not transport drugs (variously annotated qacE, sugE,
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ebrA, ebrB, or emrE). For example, in Escherichia coli, EmrE and its non—-drug-exporting
SMR homolog share 33% sequence identity and 61% similarity, including a conspicuous
midmembrane glutamate that is essential for function in EmrE®.

The function of these “other” SMRs has remained enigmatic, from their initial erro-
neous assignment as chaperone-like molecules’, stemming from a PCR error that inter-
fered with an adjacent chaperone®® (to this day the genes are often annotated “sugE,” a
misnomer that stands for “Suppresor of GroEL”), to the unsuccessful attempts to mea-
sure transport or conformational change in the presence of drugs®*!. Moreover, no clear
sequence-based criteria have been identified to distinguish SMR proteins that export drugs
and those that do not. The determination of whether an SMR contributes to a pathogen’s
drug resistance is typically determined using case-by-case bacterial fitness assays’. And
without understanding the native role of SMR proteins, the evolutionary history that
spawned this particular variety of multidrug resistance in bacteria is indecipherable.

A solid lead on the native role of the SMRs was provided by the recent discovery of

bacterial operons dedicated to guanidinium (Gdm+) metabolism'*1°

. These operons are
controlled by Gdm+-binding riboswitches, which frequently up-regulate either enzymes
that chemically modify Gdm+ or membrane proteins from the SMR family'. These ri-
boswitches are widespread in both Gram-negative and Gram-positive bacteria, includ-
ing firmicutes, cyanobacteria, actinobacteria, proteobacteria, and others. There exist three
structurally distinct Gdm+-responsive riboswitches, termed guanidine-I (or ykkC)!>1617,
guanidine-II (or mini-ykkC)!*'¥1? and guanidine-III (or ykkC-III)"*. These riboswitches
are mechanistically variable as well, with guanidine-I exerting transcriptional control'?,

1314 " Their common feature is

whereas guanidine-II and -III are translational regulators
the genes whose expression they control, including, for all three riboswitch classes, genes
that are annotated as SMRs". That the nondrug transporting SMRs might instead trans-

port Gdm+ is an appealing hypothesis. Despite the obvious difference in size between

Gdm+ and the bulky substrates transported by EmrE, the substrates share a chemical
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Figure 3.1: Scheme 1. Structural comparison of Gdm+ and some canonical EmrE sub-
strates.

essence that alludes to the familial relationship: cationic aromaticity. Gdm+ is a chem-
ically unusual “Y-aromatic”—a planar molecule with electrons delocalized in pi orbitals
over both faces??!. It is easy to imagine how a Gdm+ exporter might share common traits
with a promiscuous exporter of larger substrates with shared chemical attributes (Scheme
13.1). Indeed, experiments have shown that a representative riboswitch-controlled SMR
binds Gdm+'?, but there is no indication of whether Gdm+ is the transported substrate or
merely an effector, whether drug- and Gdm+-related functions overlap, and how broadly
Gdm+ exporters are distributed in the SMR family. Here we demonstrate that Gdm+ ex-
port is the main functional role of the SMR family, whereas the experimentally validated
multidrug exporters® are all confined to a single clade of the phylogenetic tree. We char-
acterize several proteins dispersed throughout the phylogeny, showing that they couple
Gdm+ export to the proton motive force, exchanging one Gdm+ for two protons. These
Gdm+-exporting SMRs, which we call Gdx (guanidinium exporter), are mechanistically
distinct from the multidrug exporters in two important ways: They are highly selective

for their substrate, and they couple its export tightly with the import of two protons.
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3.2 Results

3.2.1 Most SMR Proteins Are Associated with Guanidine Riboswitches

Over half of guanidine-riboswitch controlled genes are annotated as members of the
SMR family, but of the SMRs with validated drug-export functions, none are associated
with a riboswitch. [The E. coli riboswitch-controlled SMR, also called SugE, has been
shown not to transport drugs!?.] To examine the evolutionary relationships between the
riboswitch-controlled proteins and multidrug exporters from the SMR family, we con-
structed sequence alignments and a phylogeny from a representative sample of all known
SMRs. The SMR family comprises predicted homo-oligomers, encoded by a single gene,
and predicted heterodimers, encoded by adjacent genes in the genome that arose from a
gene duplication event. Analysis of the sequences shows that, in the single gene versions,
the solvent-accessible loops possess few charged residues, suggesting dual topology, the
propensity for subunits to insert into the membrane in both inward- and outward-facing
orientations, setting up the possibility for antiparallel homodimers to occur®??. In contrast,
the subunits of putative heterodimers possess oppositely directed charge biases (figure 3.2
A), circumstantial evidence that the subunits oligomerize with anti-parallel orientation. In
dual topology proteins, duplication events are typically followed by the relatively rapid
evolution of positive charge bias (lysines and arginines) on the cytoplasmic loops, fixing
the topology of the heterodimer subunits>*?4. Our preliminary analyses suggested that
several different duplication events have occurred in different SMR lineages, each yielding
pairs with oppositely biased charge distributions. This example of convergent evolution,
the evolution of similarly biased loops among several independent duplication events, is
in conflict with the assumption of divergent evolution necessary for phylogenetic recon-
struction. Therefore, we estimated solvent-exposed sequences based on structural homol-
ogy to EmrE and trimmed these sequences from the alignment, a necessary maneuver to

avoid bias by convergent evolution.
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Figure 3.2: Phylogeny and sequence alignment of the SMR family. (A) Sequence align-
ment of representa- tive Gdx proteins in this study (Table 1) and multi- drug exporter
EmrE. (B) Phylogeny of representative SMR proteins constructed using maximum likeli-
hood methods. Major nodes were statistically significant (support > 0.9), indicated with
a black circle. Tree is annotated by colored branches: red, experimentally implicated in
multidrug resistance; yellow, associated with guanidine-I riboswitch (12); green, associ-
ated with guanidine-II riboswitch (14); blue, associated with guanidine-III riboswitch (13).
Duplication events leading to probable heterodimers are indicated by gray shading. Func-
tionally validated proteins are labeled with the protein name. EbrA/EbrB is a Bacillus
subtilis drug exporter that functions as an obligate heterodimer (45).

Our maximum likelihood phylogeny (figure 3.2 B) provides strong support for five
major distinct protein clades: one each comprised of proteins controlled by the guanidine-
IT and guanidine-III riboswitches, two clades of proteins associated with the guanidine-I
riboswitches, and a fifth branch in which experimentally validated multidrug exporters
(reviewed in°) cluster. Notably, most of the proteins from Gdx branches are associated
with riboswitches, whereas many of the proteins from the multidrug resistance branch
are associated with transposons or plasmids®. The SMRs controlled by guanidine-I ri-
boswitches are distributed across two deeply diverged clades. Closer inspection of these
SMRs reveals that most of them likely form heterodimeric pairs, with one partner from
each clade. The genes encoding these pairs are almost always located adjacent to each
other in genomes, and the paired proteins themselves possess opposite charge biases, im-
plying that their topologies became fixed after an ancient gene duplication event. Other

more recent duplication events yielding probable heterodimers, notably in the guandine-
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III clade, are also evident.

3.2.2 Riboswitch-Controlled SMRs Are Proton-Coupled Gdm+ Transporters

To identify the molecular function of riboswitch-controlled SMRs, we identified, het-
erologously expressed, and purified representatives controlled by each riboswitch sub-
type, including both a homodimer and a heterodimer from the guanidine-I family (Table
3.1 and supplementary figure A.1). Proteins were reconstituted into liposomes to assess
Gdm+ transport. Proteoliposomes were initially loaded with 10 mM unlabeled Gdm+ and
then diluted into an external solution containing 20 pM 14C-labeled Gdm+. In the pres-
ence of a Gdm+ transport pathway, the outward-directed Gdm+ gradient drives uptake
of radiolabeled Gdm+ into the liposomes. All four proteins catalyzed robust uptake of
14C-Gdm+. Gdm+ exchange was abolished by mutation of a midmembrane glutamate,
E13 (figure 3.3 A), which is completely conserved among SMRs and known to be essential
for substrate binding and transport in EmrE®. Gdm+ exchange is limited to riboswitch-
controlled SMRs; despite its promiscuity among drugs, EmrE fails to bind or transport

Gdm+ (figure 3.3 A and supplementary figure A.2).

Table 3.1: Gdx proteins examined in this study

Protein name Source Sequence ID, NCBI Riboswitch
Gdx-Eco E. coli WP_032226439.1 Guanidine-II
Gdx-Clo Clostridiales bacterium oral taxon 876 'WP_021653285.1 Guanidine-I
Gdx-Mic Micromonospora WP_013284696.1 Guanidine-III
Gdx-Sle 1 Staphylococcus lentus (subunit 1) WP_016999238.1 Guanidine-I
Gdx-Sle 2 S. lentus (subunit 2) WP_016999239.1 Guanidine-I

Based on the conservation of the TM1 glutamate, we speculated that Gdx, like EmrE,

might couple substrate exchange to a proton gradient. To test this, we examined whether
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Figure 3.3: Gdx-mediated Gdm+ transport. For A-C, liposome cartoons illustrate exper-
imental conditions. (A) Time course of 14C-Gdm+ uptake into liposomes reconstituted
with different SMR proteins. Uptake is reported as a fraction of total 14C counts added at
the outset of the experiment. Individual data points are the mean and SEM of at least three
independent experiments from at least two independent protein preps. Where not visible,
error bars are smaller than the diameter of the point. (B) Time course of 14C-Gdm+ up-
take into Gdx-containing liposomes holding the indicated internal/external pH gradients.
Values are the mean and SEM of at least three independent experiments. (C) Fluorescence
of pyranine trapped inside liposomes. Addition of guanidinium to the ex- ternal buffer is
indicated by solid triangle. After reaction reached steady state, FCCP was added to col-
lapse the pH gradient (open triangle).
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an H+ gradient could drive 14C-Gdm+ accumulation in liposomes reconstituted with each
of the three Gdx homodimers. Proteoliposomes were prepared with an internal pH of 6.5
and diluted into an otherwise identical buffer with a pH of 8.5. This outward-directed H+
gradient induced 14C-Gdm+ uptake into the proteoliposomes (figure 3.3 B). Radioactive
uptake was not observed in the absence of a pH gradient, at either pH value. We also mon-
itored the ability of Gdm+ to drive H+ translocation. Using a pH-sensitive fluorophore,
pyranine, we monitored pH changes in the liposome interior upon addition of external
Gdm+. The fluorescence intensity increased when Gdm+ was added to the external solu-
tion, indicating H+ efflux from the liposomes (figure 3.3 C). The steady-state magnitude of
H+ efflux increased in tandem with added Gdm+. H+ transport was not observed in lipo-
somes without protein, and addition of urea (an uncharged structural analog of Gdm+) or
arginine to Gdx-Clo proteoliposomes also failed to reproduce transport (supplementary

tigure A.3).

3.2.3 Gdx Proteins Are Selective for Gdm+.

A hallmark of multidrug exporting SMRs, like EmrE, is their ability to export diverse

2526 To determine whether Gdx is

cationic substrates that range in size and in valence
similarly nonselective, we monitored 14C-Gdm+ uptake in the presence of a number of
different substrates, including urea, which is a neutral, isosteric analog of Gdm+; common
biological compounds with guanidinyl or quaternary amine moieties (arginine, agmatine,
creatine, betaine, choline, and spermidine); EmrE substrates (ethidium and TPP+); and N-
substituted guanidinyl analogs (methyl- and aminoguanidinium) (Fig. 3). Among these,
only aminoguanidinium and methylguanidinium were comparable to cold Gdm+ in com-
petition with 14C-Gdm+ accumulation for all three homologs (figure 3.4 A). To distinguish
between block and permeation, counterflow assays, in which liposomes were preloaded

with amino- or methyl-Gdm+, rather than Gdm+, were performed (figure 3.4 B). Both N-

substituted analogs were exchanged for radiolabeled Gdm+, albeit more slowly. Gdm+
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Figure 3.4: Substrate selectivity of Gdx proteins. (A) Effect of external test sub- strates
on 14C-Gdm+ uptake. 14C-Gdm+ uptake was measured after 3 min, in the presence of
1 mM (or 10 mM, where indicated) test substrate. Counts were normalized with respect
to 14C uptake in the absence of an external test substrate (control bar). (B) Time course of
14C-Gdm+ exchange with competi- tive substrates for Gdx-Clo, Gdx-Eco, and Gdx-Mic.
Liposomes were loaded with 10 mM test substrate to monitor exchange with external 14C-
Gdm+. Data points represent the mean and SEM of three independent measurements.
Where not visible, error bars are smaller than the diameter of the point.

uptake in Gdx-Eco was also competitively inhibited by TPP+, in accord with previous
reports that it binds this substrate'’, but TPP+ was not transported in our experiments

(figure 3.4 B).

3.24 H+/Gdm+ Antiport Occurs with 2:1 Stoichiometry

Recent experiments with EmrE have fashioned a model of a transporter in which sub-
strate promiscuity and transport stoichiometry are intimately linked. Depending on the

substrate, EmrE undergoes some combination of 2:1 and 1:1 proton:drug exchange®%.

41



Given the selective nature of the Gdxs, we sought to determine whether they behave
more like classical transporters, with tightly coupled exchange, or whether they share
flexible stoichiometry with their multidrug-transporting family members. To this end,
we loaded Gdx-Eco proteoliposomes with pyranine and diluted these into an otherwise
identical buffer. A membrane potential was set using the potassium ionophore valino-
mycin in the presence of a K+ gradient, which effectively “clamps” the voltage across the
membrane at the Nernst potential for K+. When the K+ concentration is equal on both
sides of the membrane, no substrate movement occurs because all ions in the system are
at chemical and electrical equilibrium (figure 3.5 A, middle trace). When we apply an in-
wardly directed potassium gradient (positive inside voltage), we observe an increase in
fluorescence, indicating basification of the liposome interior and net proton export (figure
3.5 A, top trace). When the K+ gradient is reversed, so that the liposomes are negative
inside, we observe net proton import (figure 3.5 A, bottom trace). These experi- ments
show that membrane potential alone can drive substrate translocation, indicating an elec-
trogenic transport cycle with >1 H+ per Gdm+. Electrogenic transport was also tested
and observed for a second homolog, Gdx-Clo (supplementary figure A.4). To quantify
the stoichiometry with greater precision for Gdx-Eco, we introduced a 10-fold Gdm+ gra-
dient across the membrane and then interrogated H+ movement in the presence of several
different K gradients to determine the point at which substrate translocation achieved elec-
trochemical equilibrium (Erev), with no net H+ movement® (Fig. 4 B and C). Under the
conditions of this experiment, the observed Erev value of -60 mV corresponds to a 2 H+:1
Gdm+ stoichiometry.

If present, simultaneous 1:1 transport cycles would contribute to H+ efflux (net in-
crease in fluorescence) at all voltages due to the 10-fold Gdm+ gradient applied in these
experiments, and net proton movement would reflect the sum of 2:1 and 1:1 transport
cycles. Since we do not see evidence of proton uptake at —-60 mV (where proton move-

ment by 2:1 transport cycles is null), the most straightforward interpretation of our data
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Figure 3.5: Stoichiometry of Gdm+/H+ exchange. (A) Proton movement across Eco-Gdx
proteoliposomes monitored using pyranine fluorescence. Proteoli- posomes were recon-
stituted with equal internal and external pH and Gdm+ concentration. Membrane poten-
tials (approximately +90, 0, and —90 mV from top to bottom) were imposed by addition
of valinomycin to liposomes reconstituted with different K+ gradients, indicated by the li-
posome cartoon immediately to the right of each trace. (B) Proteoliposomes reconstituted
with equal pH and a 10-fold outward-directed Gdm+ gradient. Proton move- ment was
monitored with pyranine fluorescence in response to different membrane potentials im-
posed using a potassium gradient and valinomycin. Valinomycin addition is indicated by
the triangle. Data were normalized by dividing by the baseline measurement (20 s run-
ning average before vali- nomycin addition). (C) Change in fluorescence as a function of
membrane potential, measured as in B at 3 min. Error bars represent the mean and SEM
of three independent measurements.
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Figure 3.6: Architecture of Gdx proteins. (A) Glutaraldehyde cross-linking of Gdx-Mic.
Cartoon indicates the distribution of primary amines in Gdx-Mic and Gdx-Mic mutants,
with blue stars indicating native primary amines and red stars representing introduced
lysine residues. (B) 14C-Gdm+ uptake into liposomes by antiparallel Gdx-Eco concatamer.

is that Gdx-Eco described by Schuldiner and coworkers® and later used to correctly pre-
dict the topology of Fluc family fluoride channels®. We constructed a fused homodimeric
construct linked by a nondimerizeable glycophorin A TM helix to allow the subunits to
adopt an antiparallel topology?!. This construct expressed robustly in E. coli (supplemen-
tary figure A.5 B), and activity assays showed that the antiparallel concatamer transports
Gdm+ at low protein:lipid ratios (figure 3.6 B). We also attempted to design a concatamer
with short, charged linker to force a parallel construction. However, we were unable to

express and purify this protein.

3.3 Discussion

These experiments establish that diverse SMR proteins are Gdm+/H+ antiporters, ex-
porting Gdm+ from the cytoplasm by coupling its translocation to the proton motive
force. These results resolve a decades-long mystery about the function of the non—-drug-
exporting SMRs. The diverse homologs selected here are all notable for their selectivity
for Gdm+ over other common biological molecules with guanidinyl or primary amine
moieties, and we expect that these traits are general among SMR proteins in riboswitch-

associated clades. This draws a sharp contrast with the promiscuous multidrug exporters
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within the SMR family, including EmrE.

Several factors point to Gdm+ export as the primal role of the SMR family. In both
number and diversity, SMRs associated with guanidine riboswitches exceed those that
are highly similar to multidrug exporters. Put another way, multidrug exporters are a mi-
nority clade in a family of Gdm+ exporters. Gdx proteins are in well-structured sequences
within the genomic DNA of both Gram-negative and Gram-positive bacteria, typically as-
sociated with regulatory RNA elements and often adjacent to additional genes involved
in Gdm+ remediation, suggesting that Gdm+ export function has been useful to microbes
over evolutionary time. In contrast, SMR proteins associated with multidrug resistance
are typically found on plasmids or associated with horizontal gene transfer elements, sug-
gesting that these genes have spread among microbes in response to relatively more recent
stressors™'2. Our phylogeny shows that proteins in Gdx clades are genetically diverse,
despite performing highly similar functions, and that there are examples of gene dupli-
cations that lead to deeply diverged heterodimer subunits that nonetheless assemble to
perform Gdm+ export function. The multidrug resistance clade, in contrast, is less deeply
diverged, even though its functions are more variable?®?. The most parsimonious inter-
pretation of our data is that multidrug export evolved from an ancestral Gdm+ exporter,
which is also the forebear of homodimeric and heterodimeric Gdx proteins.

The evolutionary relationships among SMR family members are especially noteworthy
in light of the structural similarities and mechanistic differences between EmrE and the
Gdx proteins. In terms of architecture, Gdx and EmrE are overwhelmingly similar. They
possess ~60% sequence similarity; antiparallel, four-TM helical construction; similarities
in hydropathy; and a mechanistically essential glutamate residue in TM1. What, then, is
the origin of the differences in both substrate specificity and mechanism? EmrE is mech-
anistically sloppy, exchanging substrates with different stoichiometries and undergoing

27,28

uncoupled transport and substrate-free conformational exchange™~°. This mechanism

has been proposed to facilitate its handling of a broad array of substrates”. In contrast,
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the Gdx proteins hew closely to 2:1 coupled stoichiometry, and we do not observe 1:1
transport cycles or uncoupled H+ movement by Gdx proteins in our experiments. These
two SMR subtypes provide an excellent platform to probe the structural factors that con-
tribute to promiscuity versus specificity and coupling efficiency. Gdx might even realize
the original hope for EmrE: serving as a stripped-down model system to understand na-
ture’s minimalist solution to coupled, alternating access transport.

A final mystery of these proteins, and the other recently established components of
Gdm+-responsive operons, is what role Gdm+ plays in bacteria. These proteins are widespread,
conserved, and evidently fulfilling an ancient function. Gdm+ has been recognized as a
byproduct of bacterial creatine metabolism since the late 1800s, when high concentrations
of Gdm+ were found in spoiled meats®?, but there is scant reference to Gdm+ in the mi-
crobial literature before the discovery of the guanidine riboswitches. Recent results show
that Gdm+ is produced by bacteria when nutrients are scarce'?, but neither the metabolic
pathway that leads to accumulation nor the motivation for export is known. It is certainly
possible that Gdm+ is simply a broad-spectrum toxin, to be recognized and removed, like
fluoride ion®'?3. Since a number of metabolites, including arginine, agmatine, and crea-
tine, possess guanidinyl groups, it seems likely that Gdm+ has interfered with chemical
biology since early evolution. While biological levels of Gdm+ are probably much less
than the ~molar concentrations required to unfold proteins, Gdm+ has been shown to
inhibit a number of cellular processes at low-millimeter concentrations. Gdm+ compet-
itively inhibits arginine-binding metabolic enzymes like arginase®, is a pore blocker of
potassium channels®, and electrostatically inhibits an ATPase involved in prion formation

in yeast®®?”. Further research will be required to determine whether Gdm+ is a general

toxin or whether it has some heretofore unknown dedicated role in bacterial life.
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3.4 Materials and Methods

3.4.1 Phylogenetic Tree

A representative set of ~400 genes from the Multi_Drug_Res PFAM family (PF00893)
were aligned together with a set of genes associated with multidrug resistance in the lit-
erature using MAFFT®. Based on a structural alignment to EmrE, loop regions were re-
moved from the alighment. A maximum-likelihood phylogenetic tree was constructed
using IQ-TREE with evolutionary model JTT+G4, selected by ModelFinder on the basis
of the Bayesian information criterion®*". Branch support was calculated using UFBoot to

provide rapid bootstrap approximation®*!.

3.4.2 Protein Purification and Liposome Reconstitution

Protein was expressed in E. coli C41 (DE3) cells from pET21c plasmids with synthetic
Gdx genes (Genscript) with a C-terminal protease recognition site and hexahistidine tag.
Expression was induced with 0.2 mM IPTG at an OD600 of 1.0, for 3 h at 37 °C. Cell
membranes were extracted with 2% (wt/vol) decyl-B-D-maltoside (DM; Anatrace), and
the detergent-solubilized fraction was purified with cobalt affinity beads, washed with
100 mM NaCl and 20 mM imidazole, and eluted with 400 mM imidazole. After histi-
dine tag removal, protein was further purified on a Superdex200 gel-filtration column in
10 mM Hepes, pH 8.1, 200 mM NaCl, and 5 mM DM. Proteoliposomes were prepared
from a 3:1 mixture of POPE (1-palmitoyl, 2-oleoylphosphatidylethanolamine) and POPG
(1-palmitoyl, 2-oleoylphosphatidylglycerol), with 0.2 ng protein per milligram of lipid (0-
1 Gdx dimers per liposome) by dialysis against the desired intraliposomal solution, typi-
cally 200 mM NaCl and 20 mM Hepes, pH 7.5. Proteoliposomes were stored in aliquots
at —80 °C until use and extruded 21 times through a 400-nm membrane filter before func-
tional assays. Heterodimeric and concatameric Gdx proteins were prepared with slight

alterations to this protocol. EmrE was expressed and purified as described previously*.
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3.4.3 Radiolabeled Guanidinium Transport Assays

Liposomes preloaded with 1- 10 mM test ion (typically Gdm+) were passed over a
Sephadex G-50 column pre-equilibrated with reaction buffer. Proteoliposomes were di-
luted two-fold into transport buffer (25 mM Hepes, pH 7.5, and 400 mM sorbitol). Trans-
port was initiated by addition of 20 pM 14C radiolabeled Gdm+ (American Radiolabeled
Chemicals, Inc.). At time intervals, 100 pL of reaction mix was passed over a 1.6-mL
Dowex ion exchange resin column (N-methyl D-glucamine form) to remove external 14C-
Gdm+ and resuspended in liquid scintillation mixture (Ultima Gold; Perkin-Elmer) for
scintillation counting. For competition assays, 1-10-mM test substrate was added imme-

diately before initiation with 14C-Gdm+.

3.4.4 H+ Transport and Stoichiometry Assay

Liposomes were preloaded with 1 mM pyranine (trisodium 8-hydroxypyrene-1, 3, 6-
trisulfonate; Sigma-Aldrich) and external buffer exchanged using Sephadex G-50, as de-
scribed above. Proteoliposomes were diluted 200-fold into buffer (25 mM Hepes, pH
7.4, and 400 mM sorbitol). Transport was initiated by addition of 10 mM Gdm+, and
fluorescence was monitored (excitation, 460 nm; emission, 510 nm). At the end of the
assay, the proton gradient was collapsed by addition of 1 pM FCCP (carbonyl cyanide
p-trifluoromethoxyphenyl hydrazone). For assays monitoring the effect of membrane po-
tential, liposomes were prepared with 3-100 mM KCI, Gdm-C1 (10 mM for electrogenicity
experiments and 0.4 mM for stoichiometry experiments), 25 mM Hepes 7.5, and 1 mM
pyranine. NaCl was added to maintain ionic strength at 200 mM. External buffer con-
tained 25 mM Hepes, pH 7.5, and 3-100 mM KCl to establish a potassium gradient (as
indicated in the text/figures), NaCl to maintain 200 mM ionic strength, 10 mM Gdm+ (for
experiments to determine the electrogenicity) or 4 mM Gdm+ (for experiments to deter-
mine stoichiometry), and valinomycin (20 pg/mL) to set the membrane potential. Mem-

brane potential was calculated from the K+ gradient according to the Nernst potential. The

48



stoichiometry was determined using the method described by Mindell and coworkers?*

7

from the experimentally determined reversal potential, Erev. Pyranine fluorescence was

monitored as a proxy for proton transport as before.
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CHAPTER 4

The Structural Basis of Promiscuity in Small Multidrug Resistance

Transporters

This chapter is adapted from the following published article:

Kermani, A. A.t, Macdonald, C. B.t, Burata, O. E., Koff, B. B., Koide, A., Denbaum, E.,
Koide, S. & Stockbridge, R. B. The structural basis of promiscuity in small multidrug resistance
transporters. Nat Commun 11, 6064 (2020).
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4.1 Abstract

By providing broad resistance to environmental biocides, transporters from the small
multidrug resistance (SMR) family drive the spread of multidrug resistance cassettes among
bacterial populations. A fundamental understanding of substrate selectivity by SMR trans-
porters is needed to identify the types of selective pressures that contribute to this process.

Using solid-supported membrane electrophysiology, we find that promiscuous transport
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of hydrophobic substituted cations is a general feature of SMR transporters. To under-
stand the molecular basis for promiscuity, we solved X-ray crystal structures of a SMR
transporter Gdx-Clo in complex with substrates to a maximum resolution of 2.3 A. These
structures confirm the family’s extremely rare dual topology architecture and reveal a cleft
between two helices that provides accommodation in the membrane for the hydrophobic

substituents of transported drug-like cations.

4.2 Introduction

Membrane proteins from the small multidrug resistance (SMR) family are a major
driver of the spread of drug resistance genes among bacteria. Genes encoding SMR pro-
teins (variously annotated emrE, sugE, smr, qac, ebr) are frequently found in mobile drug
resistance gene arrays, and provide a broad selective advantage by conferring resistance
to ubiquitous environmental pollutants with low-grade toxicity to microbes'?. The adap-
tive effects of the SMR proteins lead to co-selection of other genes in the arrays that confer
resistance to the more potent drugs in the antimicrobial arsenal, including sulfonamides,
B-lactams, and aminoglycosides, increasing the frequency of these genes in environmental
reservoirs®®. Thus, the dispersal of drug resistance genes among bacteria, the transport
capabilities of SMR proteins, and the distribution of SMR substrates in the biosphere are
intimately linked. Despite their importance, functional experiments to test the chemical
scope of transported compounds have been limited to a narrow range of SMR homologs
and drugs, and although the overall fold has been determined?®, sidechain-resolution struc-
tural data have not been reported for any family member. In this study, we have two
objectives: (1) determine the chemical characteristics of substrates transported by repre-
sentative SMR family proteins; and (2) establish the structural basis of substrate binding
and transport by SMR transporters.

The sequence diversity of bacterial SMR exporters can be visualized using a sequence-

similarity network (figure 4.1 a and supplementary figure B.1). The SMR family has two
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major subtypes that share high sequence identity (~40%) and similarity (supplementary
tigure B.2). Both are broadly distributed across bacterial taxa, and many bacteria possess
both subtypes. One group contains proteins that provide resistance against quaternary
ammonium cations, including structurally diverse polyaromatic cations such as ethidium
and methyl viologen. This group, the Qac cluster, includes EmrE, an Escherichia coli ho-
molog and the best-studied member of the SMR family. The other group was character-
ized more recently, and encompasses guandinium (Gdm ) /H antiporters (Gdx proteins; E.
coli gene name sugE)°. Gdm+ is an endogenously produced, nitrogen-rich metabolite that
is transformed or exported by genes organized in Gdm+-related operons. These operons
are often controlled by riboswitches that are selectively responsive to Gdm+ binding”?
(4.1 a).

Initial experiments suggested that the Qac and Gdx subtypes fulfill discrete functional
roles, since EmrE does not transport Gdm+, and the Gdx proteins do not transport canon-
ical EmrE drugs®. Of the two roles, export of quaternary ammonium ions is most readily
associated with multidrug resistance, since these compounds have been used as antisep-
tics for almost a century®. But genes from the Gdx cluster also commonly colocalize with
horizontal gene transfer elements (4.1 a)'%!!, and have been explicitly identified in mobile
multidrug resistance gene arrays'>!® (4.1). Is the functional dichotomy between the Qac
and Gdx subtypes as strict as early experiments suggested? Or do proteins in the SMR
family share transport capabilities that make them broadly adaptive in human-impacted
environments?

Here we show that SMR proteins from both the Qac and Gdx subtypes engage in
promiscuous transport of hydrophobic substituted cations. Both subtypes transport a va-
riety of hydrophobic guanidinyl compounds, and proteins belonging to the Qac subtype
additionally transport substituted ammonium compounds and polyaromatic cations. X-
ray crystal structures of Gdx-Clo in complex with substituted guanidinyl substrates re-

veal a cleft between two helices that provides accommodation in the membrane for the
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Figure 4.1: Colocalization of SMR genes with guanidine riboswitches and horizontal gene
transfer elements. a Major clusters (>10% of total set) from the sequence-similarity net-
work of the SMR family. Each point corresponds to a cluster of sequences with >50% se-
quence identity. Edges between points correspond to a pairwise E value of at least 10-20.
Biochemically characterized proteins are shown as enlarged red (Gdx) or blue (Qac) points.
SMR sequences associated with a guanidine riboswitch are colored in yellow. SMR se-
quences found on plasmids or genetically colocalized with integron/integrase sequences
are colored cyan. Full sequence-similarity network shown in B.1 b. Sequence alignment
of EmrE and Gdx-Clo with positions of a-helices indicated.
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hydrophobic substituents of transported drug-like cations.

4.3 Results

4.3.1 Overlapping, promiscuous substrate transport by Qac and Gdx subtypes

In order to probe the chemical characteristics of transported substrates, we performed
transport experiments using exemplars of both the Qac and Gdx subtypes (4.1 b): the pol-
yaromatic cation exporter EmrE, and Gdx-Clo, a functionally characterized Gdm+ trans-
porter from Clostridales oral taxon 876%!*. Radioactive uptake assays confirm that EmrE
transports methyl viologen, but not Gdm+; that Gdx-Clo transports Gdm+, but not methyl
viologen; and that both proteins discriminate against a substituted guanidinyl metabolite,
agmatine (figure 4.2 a).

To expand the repertoire of substrates tested, we used solid-supported membrane
(SSM) electrophysiology. These experiments are feasible because the transport cycle of
SMR proteins is electrogenic: the Gdx proteins couple import of two H+ with export of one
Gdm+ion6, and EmrE, though it has been shown to stray slightly from strict 2:1 stoichiom-
etry, transports monovalent substrates in an electrogenic manner as well'>1¢. In SSM elec-
trophysiology, proteoliposomes are capacitively coupled to a gold electrode by adsorp-
tion to a lipid monolayer. When the liposomes containing SMR proteins are perfused
with substrate, initiating electrogenic transport, transient capacitive currents are evoked
(figure 4.2 b). The peak currents are negative, consistent with a net-negative transport
cycle expected for 2 H+:1 substrate+ exchange. (In contrast, translocation of a positively
charged substrate, without concomitant proton antiport, would be expected to evoke a
positive current.) The amplitudes of the currents are proportional to the initial rate of
transport, but decay rapidly to baseline as a membrane potential builds up in the lipo-
somes and the system achieves electrochemical equilibrium. Subsequent replacement of
the substrate-containing solution with a substrate-free solution yields a transient current

of the opposite polarity, reflecting efflux of the accumulated substrate from the liposomes,
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Figure 4.2: Substrate transport by Gdx-Clo and EmrE. a Radioactive exchange assays. For
Gdx-Clo and EmrE, uptake of 14C-Gdm+ or 14C-methyl viologen, respectively, moni-
tored in exchange for the indicated substrate. Points represent individual replicates; er-
ror bars represent the mean + SEM from three independent experiments. b Typical SSM
electrical recording of Gdx-Clo proteoliposomes perfused with indicated solutions. The
area in the dashed box is used to determine initial rate kinetics. c Initial rate of substrate
transport (peak currents) by Gdx-Clo (normalized to Gdm+ currents, left panel) and EmrE
(normalized to phenylGdm+ currents, right panel). Singly substituted guanidinyl com-
pounds are shown as maroon bars, doubly substituted guanidinyl compounds are shown
as blue bars, with all other compounds shown as green bars. Data were collected from 3
to 4 independent sensor preparations, which were in turn prepared from 2 to 4 indepen-
dent protein preparations. Individual measurements are shown as points, and error bars
represent xSEM. 61



and a return to the starting condition (figure 4.2 b).

We tested substrates in the following categories: Gdm+, guanidinylated metabolites,
hydrophobic substituted guanidinium ions, and hydrophobic substituted amines. For all
of these, analogous experiments with protein-free liposomes exhibit no currents (supple-
mentary figure B.3). (In contrast, polyaromatic molecules like ethidium and tetraphenylphos-
phonium produced currents due to nonspecific partition into the membrane, and were
therefore not analyzed here; supplementary figure B.4.) Because an unexpected shift in
stoichiometry to 1 H+:1 substrate antiport would be electrically silent, all negative results
were validated using a second method, exchange with radiolabeled substrate (supplemen-
tary figure B.5 or ref. 6). We observed no discrepancies between the electrophysiological
results and the radioactive uptake experiments.

Our electrophysiology experiments (figure 4.2 c) recapitulate prior observations for
metabolites: EmrE does not transport Gdm+, and both proteins are strongly selective
against substituted guanidinium metabolites like arginine, agmatine, and creatine®. How-
ever, many of the non-natural compounds we tested were readily transported by both
subtypes. Gdx-Clo transported guanidinyl compounds with hydrophobic single substi-
tutions, including the bulky phenylGdm+. Currents decreased for doubly substituted
guanidinyl compounds, and were absent for tetramethylGdm+. Compared with Gdx-Clo,
EmrE required additional hydrophobicity and bulk in its substrates. In agreement with
the radiolabeled Gdm+ uptake experiments, Gdm+ was not transported by EmrE. How-
ever, methyl-, ethyl-, and phenylGdm+ evoked increasingly larger currents. In contrast
to Gdx-Clo, EmrE also accommodated substrates with reduced or no H-bonding capac-
ity, tetramethylGdm+ and tetramethylammonium, respectively. These experiments show
that polyaromaticity is not a requirement for transport by EmrE. Moreover, these exper-
iments make clear that functional promiscuity is a general trait of the SMR family. The

relative transport specificities are summarized in supplementary figure B.6.
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4.3.2 Crystal structure of Gdx-Clo

What molecular features of SMR proteins enable these promiscuous transport func-
tions, while simultaneously prohibiting export of endogenous substituted guanidinium
metabolites? Even though this family has proved endlessly intriguing to biochemists, as
one of just a few idiosyncratic examples of primitive dual topology antiparallel dimers,
the only structural models available include a 7 A electron microscopy structure of EmrE5,
and an X-ray crystal structure of EmrE'” that has notable deficiencies: it is presented as
a Ca model without sidechains, and helices that are not long enough to span the mem-
brane and have flawed helical geometry. Computational models of EmrE that build on
the low-resolution structural data have also been put forth®.

In order to rectify the gap in structural information for the SMR family, we focused
our crystallography efforts on Gdx-Clo. Though this protein crystallized readily, the crys-
tals diffracted poorly. To improve diffraction, we generated monobodies, synthetic bind-
ing proteins based on the human fibronectin type III domain, to use as crystallization
chaperones®. Upon optimization, we obtained crystals of Gdx-Clo in complex with one
of the monobodies, termed Clo-L10, that diffracted to 3.5 A Bragg spacing, and we solved
the structure with phases determined by single-wavelength anomalous diffraction (SAD)
of selenomethionine-substituted samples (supplementary figure B.13 and supplementary
tigure B.7). Ellipsoidal truncation of the anisotropic datasets and addition of substituted
Gdm+ substrates further improved resolution, ultimately to 2.3 A. The asymmetric unit
contains one Gdx-Clo dimer and two Clo-L10 monobodies, one bound to each subunit.
The monobodies primarily use residues diversified in the library to bind to residues 24-32
from loop 1 of each Gdx-Clo subunit in slightly different orientations, each forming a
~400 A2 interface (figure 4.3 a and supplementary figure B.8). In electrophysiology exper-
iments, Gdm+ currents mediated by Gdx-Clo decreased upon addition of Clo-L10, but
fractional inhibition saturated at ~40%, suggesting that monobody complexation is not

incompatible with the transport cycle (supplementary figure B.9).
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Figure 4.3: Gdx-Clo structure and conformational exchange. (a) Structure of Gdx-
Clo/monobody complex. Clo-L10 monobodies are shown in green. Transporter shown
with subunit A in light blue and subunit B in tan. The N- and C-termini for each subunit
are shown as blue and red spheres, respectively. Transporter residues that comprise the
monobody binding interface are shown in magenta. (b) Cartoon schematic showing trans-
port cycle for an antiparallel homodimer. The dashed box indicates the conformational
exchange step highlighted in panel (c). (c) Changes in accessibility during conformational
exchange. For both the upper diagram, and the lower three-dimensional structure, regions
that alternate in solvent accessibility are shown in magenta (TM2, loop 2, and the first
GxxxAxxxG motif of TM3) and dark blue (TM1, loop 1, and second GxxxAxxxG motif of
TM3). The N- and C-termini are shown as blue and red spheres. In the three-dimensional
structure, E13 sidechains shown as sticks and solvent-accessible vestibule indicated with
dots. (d) Overlay of Gdx-Clo A and B subunits aligned over Ca 1-61. The sequence
of TM3 is shown with GxxxAxxxG packing motifs colored in magenta and dark blue in
structures and sequence. An arrow indicates 165.Three views are shown (counterclock-
wise from top): top-down view, view through the plane of the membrane (with GI65G
indicated with an arrow), and rotated 90°. (e) Conformational exchange viewed from top
down. E13 sidechains shown in red as surface representation and indicated with arrows.
Sidechains that make polar contacts on the closed side of the transporter are shown as
sticks.
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4.3.3 The structural basis for conformational exchange

The two 4-TM helix subunits of Gdx-Clo are arranged antiparallel with respect to each
other in non-equivalent “A” and “B” conformations. The overall fold agrees with previ-
ous low-resolution structural models of EmrE5, and our designation of A and B subunits
matches that used for EmrE. A large aqueous chamber is open to one side of the mem-
brane, with the strictly conserved substrate- and proton-binding glutamates, E13A and
E13B, accessible at the bottom. Positive density is visible between the E13 sidechains,
but cannot be definitively assigned as Gdm+ at this resolution (B.10 ). Transport by the
anti-parallel SMR proteins involves a conformational swap between the two structurally
distinct monomers, which seals the substrate binding site on one side of the membrane
while opening an identical site on the opposite side (figure 4.3 b, c¢). As a consequence
of the antiparallel homodimeric architecture, there is no structural difference between
the inward-open and outward-open conformations: they are structurally identical and
related by twofold symmetry about an axis parallel to the plane of the membrane. To vi-
sualize conformational exchange, we have rendered this structure in both the inward- and
outward-facing directions (figure 4.3 c).

The crux of the conformational exchange is helix 3 (G56xxxAXXxTG64IGxxxAxxxG),
which possesses two GxxxAxxxG helical packing motifs offset from each other by two
amino acids, or just over 180°. The G64IG sequence at the helical midpoint is the fulcrum
between an N-terminal domain (TM1, TM2, and the first half of TM3) and a C-terminal
domain (the second half of TM3 and TM4). Comparing subunit A and subunit B, the do-
mains possess near structural identity (RMSD 0.5 A for Ca 1 -62), but are offset by a rigid
body rotation of about 30° (figure 4.3 d). In agreement with our observations, the analo-
gous G64VG sequence in EmrE has been identified in EPR studies as a “kink” about which
the conformational change occurs?. Inspection of the regions that change in accessibility
during the transport cycle shows that, for each TM3, only one of the two GxxxAxxxG

packing motifs is buried at one time, and that burial alternates with conformational ex-
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change (figure 4.3 c and B.11 ). We posit that competition between the two halves of TM3
to pack against structurally complementary regions of the protein contributes to the struc-
tural frustration and conformational exchange in the Gdx transporters. In addition, T63,
which immediately precedes the GIG sequence, is in a position to backbond to the main-
chain and further perturb the helical geometry. Mutation of the analogous serine at this
position in EmrE interferes with the dynamics of the conformational exchange?®.

The well-ordered extramembrane loops also exhibit major differences in packing on
the open and closed sides of the transporter (figure 4.3 e). On the open side of the trans-
porter, several charged amino acids, K21A from loop 1A and E80A and R86A from loop
3A, are solvent-exposed in the aqueous chamber. Upon conformational exchange, K21A,
E80A, and R86A, converge on loop 2B and the N-terminal end of helix 3B, forming cross-
subunit H-bond interactions with the backbone and sidechain atoms of L53B-T57B. The
hydrophobic loop 1A also contributes to sealing the binding pocket on the closed side of
the transporter, where it is wedged between the antiparallel helices 2B and 2A. Thus, the
extramembrane loops, which are the least well-resolved features of previous structural
models of SMR proteins, likely play an important role in the energetics of subunit pack-
ing. The involvement of loop 3 in conformational exchange has also been proposed for

EmrE based on spectroscopic studies??*.

4.3.4 The substrate binding site

In order to visualize substrate coordination, we solved a structure of the Gdx-Clo/L10
monobody complex together with a non-natural transported substrate, phenylGdm+, since
this compound’s bulky phenyl group would aid modeling of the substrate. Fortuitously,
this also improved the resolution to 2.5 A. We observed conspicuous density near the glu-
tamates, to which we fit one phenylGdm+ molecule (figure 4.4 a). Neutralization of these
glutamates has previously been shown to abolish substrate transport in Gdx-Clo®. The

substrate’s guanidinyl group is coordinated by E13B, whose position is in turn stabilized
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by a stack of conserved H-bond donors and acceptors, including W62B, S42B, and W16B.
W62 and 542 are highly conserved among SMRs, and have been previously implicated
in substrate specificity and transport®?®. In Gdx-Clo, mutations that remove H-bond po-
tential, S42A and W62F, reduced or eliminated Gdm+ exchange, respectively (figure 4.4
b). Conspicuously, W16 is conserved among Gdx proteins, but conserved as a glycine
or alanine among the Qac subtype. In Gdx-Clo, the W16G mutant reduces, but does not
eliminate Gdm+ exchange (figure 4.4 b).

The guanidinyl group of phenylGdm+ is also in close proximity to the opposite E13A
sidechain. However, E13A is deflected downward by a cross-subunit interaction with
Y59B, so that the angle between the nitrogen, hydrogen (coplanar with the guanidinyl
group), and oxygen atoms is not optimal for H-bond formation. Y59 is absolutely con-
served among SMR proteins and the capacity to hydrogen bond has been identified as

mechanistically essential at this position'®?

. Based on our Gdx-Clo structure, we pro-
pose that Y59B and the guanidinium group compete for E13A, and that displacement
of Y59B by the guanidinyl group initiates the transport motion (figure 4.4 c). Of all the
amino acids, Y59 undergoes one of the largest changes in conformation, swinging out
away from the binding site and into the aqueous pocket when the subunits swap con-
formations. Y59F, which cannot form a hydrogen bond with the E13 carboxylate, is not
competent for substrate exchange (figure 4.4 b), in accord with the requirement for an H-
bond at this position. It is also notable that E13 only forms a single hydrogen bond with
the Gdm+ ion. This contrasts with the lowest energy coplanar, bidentate coordination
of the guanidinium/glutamate complex in solution?®, and also draws a contrast to Gdm+
coordination by the guanidine riboswitches, which provide hydrogen bond partners for
most or all of the substrate’s five hydrogen bond donors?®=?. The more minimal coordina-

tion by the transporter explains its permissiveness towards guanidinium ions with methyl

substitutions in one or two positions.
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Figure 4.4: Substrate binding by Gdx-Clo. a PhenylGdm+ binding site. Subunits colored
in light blue and tan as in figure 4.3. The aqueous accessible vestibule is shown as a gray
surface rendering. Sidechains that coordinate substrate or E13 shown as sticks, and inter-
actions with appropriate distance and geometry for hydrogen bonds are shown as dashed
lines. The electron density assigned to phenylGdm+ (2Fo-Fc map contoured at 1.30) is
shown as blue mesh. b Uptake of 14C-Gdm+ into proteoliposomes mediated by the in-
dicated mutant. Total uptake is normalized relative to uptake by WT at 10 min. Error
bars represent the SEM for three independent replicates. c Illustration of the proposed
conformational transition around the transported Gdm+. Colored sidechain sticks are in
the positions observed in the structure; white sidechain sticks and arrows show proposed
conformational change. d Membrane portal. The structure from figure 4.3 is shown at
left, and the octylGdm+ bound structure is shown at right. Cartoon is shown with helices
3 and 4 removed for clarity. Sidechains lining the portal, and E13 sidechains, are shown
as sticks. OctylGdm+ is shown as stick representation, with octyl tail extending toward
the viewer. Dashed line indicates the level at which the protein is sliced in panel (e). e
Top-down view of Gdx-Clo surface and helices with octylGdm+, sliced at approximately
the midpoint of the membrane. E13 sidechains are shown as sticks. Experimental 2Fo-Fc
density for the ligand, contoured at 1.80, is shown as gray mesh. The arrow indicates C5
of the octyl substituent. Agmatine and arginine bear amino groups at this position.
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4.3.5 A membrane portal accommodates hydrophobic substrate substituents

In the case of phenylGdm+, the substituent is packed between TM2A and TM2B. At
this point, the antiparallel TM2 helices splay apart, delimiting a portal from the membrane
to the substrate binding site (figure 4.4 d). In order to interrogate this feature, we solved a
structure of Gdx-Clo in complex with octylGdm+, a cationic detergent with a Gdm+ head
group and an eight-carbon tail. The guanidinyl group sits in the same binding pocket
as phenylGdm+, near E13B, and the aliphatic tail protrudes from the protein and into
the detergent micelle (figure 4.4 d, e). The tail is accommodated by rotameric rearrange-
ments of the hydrophobic amino acids lining TM2 including M39 and F43 (figure 4.4 e).
Similar portals have been observed in other drug-binding membrane proteins, and are
thought to provide binding site access for hydrophobic substrates that partition into the

membrane®-3°

. Spectroscopic studies and molecular modeling have provided evidence
for a similar portal between the TM2 helices of EmrE!823,

It is clear that this membrane portal could be exploited by hydrophobic compounds
to gain access to the binding site. We propose that this portal is also advantageous in the
transporter’s physiological context. Although this portal allows hydrophobic substituents
accommodation by the membrane, metabolites like arginine, creatine, and agmatine all
have polar groups on the tails for which insertion into the hydrophobic membrane envi-
ronment would introduce a high energetic penalty, making the portal a convenient means
for selecting against major guanidinylated metabolites, and rationalizing the conserva-
tion of this feature. The SLC35 solute transporters®*=® provide a notable point of contrast.
SLC35 proteins are assembled as two-domain inverted repeat transporters in which each
domain is homologous to the SMR fold, but have an additional two-helix insertion that
seals off the portal so that the binding site is only accessible from aqueous solution (sup-

plementary figure B.12 ).
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4.4 Discussion

In summary, our transport experiments show that a representative of the SMR family’s
Gdx subtype, like the better characterized Qac SMRs, promiscuously transports a series
of hydrophobic non-natural compounds, and that functional promiscuity is thus a gen-
eral feature of the SMR family. Although Gdx-Clo’s physiological role is transport of the
metabolite Gdm+, it is not exquisitely selective for Gdm+, and whereas there is a biolog-
ical imperative to prevent export of valuable guanidinylated metabolites like arginine or
agmatine, there is no selective pressure to be discerning towards non-native compounds.
Promiscuous functions, those that are not under direct selection, provide a rich source
of cryptic variation that can be harnessed to provide evolutionary novelty*—perhaps
rationalizing the broad distribution of both the Qac and Gdx subtypes with horizontal
gene transfer elements. Changing environmental pressures, which could include vari-
ous human-introduced biocides, may have made these latent functions adaptive. Indeed,
environmental contamination by hydrophobic quaternary amines is associated with anti-
septic use9, and substituted guanidinium ions and biguanides have also been identified
as widespread, long-lived, environmentally disruptive contaminants that enter the bio-

4042

sphere as agricultural or industrial chemicals or pharmaceuticals that impact the hu-

man microbiome and that are excreted in waste water*°.

Structural analysis of Gdx-Clo reveals numerous features that correspond to biochem-
ical or spectroscopic observations made for EmrE, indicating a high degree of mechanistic
conservation between the Qac and Gdx subtypes. The Qac and Gdx subtypes also share
multiaromatic binding pockets, which have also been implicated in polyspecificity in sev-
eral other systems, including QacR transcriptional regulators and P-glycoprotein®#:45,
The structure also identifies other features that contribute to promiscuous substrate trans-

port in the SMR family, including minimal coordination of the substrate and direct access

from the membrane to the binding site. We conjecture that SMR proteins have enjoyed
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such evolutionary success in the modern world because this portal, a conserved selectiv-
ity mechanism against major physiological metabolites, proved to be extremely adaptive

for the binding and export of hydrophobic, human-introduced chemicals.

4.5 Methods

4.5.1 Sequence-similarity network

A sequence-similarity network was generated using the EFI-EST webserver® start-
ing from PFAM family PFO0893 (Multi_Drug_Res), with an alignment score of 20, and
visualized with 50% similarity in Cytoscape using the prefuse force-directed layout™. A
genome neighborhood network was then generated with the EFI-GNT tool, using a neigh-
borhood size of 10. The coordinates of the Guanidine-I, Guanidine-II, and Guanidine-III
riboswitches were retrieved from RFAM and used to annotate the SMR PFAM members
if they occurred within 100 bp of an RFAM member. A set of plasmid-encoded SMRs
was generated from Uniprot using the keyword plasmid. The GNN was used to annotate
integron-integrase neighbors using the PFAM domains Phage_int_ SAM_4 (PF13495) and
Phage_integrase (PF00589).

4.5.2 Transporter expression, purification, and proteoliposome reconstitution

Lipids were from Avanti, detergents from Anatrace. Proteins were expressed and pu-
rified as previously described®. Briefly, Gdx-Clo bore a C-terminal hexahistidine affinity
tag and a LysC recognition site, and were cloned into a pET-21c expression vector, and
transformed into C41 (DE3) E. coli. When cultures reached an OD600 of 1.0, protein ex-
pression was induced with 0.2 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) for 3
h at 37 °C. Cell lysate was extracted with 2% (w/v) decyl-f-D-maltoside (DM), and the
soluble fraction was purified over cobalt affinity column, washed with 100 mM NaCl, 20
mM imidazole, and then eluted with 400 mM imidazole. The affinity tag was cleaved by

incubation with LysC (200 ng per mg protein, 2 h at room temperature), before a final
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size exclusion purification step using a Superdex 200 gel-filtration column equilibrated in
100 mM NaCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES)-NaOH, 5
mM DM, pH 8.1. EmrE was expressed and purified similarly, but the construct bore an
N-terminal hexahistidine sequence with a thrombin recognition site. After induction with
IPTG, protein was expressed overnight at 16 °C.

E. coli polar lipids dissolved in chloroform were dried under a nitrogen stream and
residual chloroform was removed by washing and drying three times with pentane. Lipids
were solubilized with reconstitution buffer (100 mM KCl, 100 mM KPO4, pH 7.5) contain-
ing 35 mM 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS). For
SSM electrophysiology experiments, proteoliposomes were prepared with 20 mg E. coli
polar lipid per ml, and a 1:25 protein:lipid mass ratio. For radioactive flux assays and H+
transport assays, proteoliposomes were prepared with 10 mg E. coli polar lipid per ml,
and a 1:5000 protein:lipid mass ratio. The protein/detergent/lipid solution was dialyzed
against a 1000-fold excess of reconstitution buffer, with three buffer changes over 2 days.

After the final round of dialysis, proteoliposomes were aliquoted and stored at —80
°C until use. Radioactive flux assays. After reconstitution, proteoliposomes were loaded
with test substrate and subjected to three freeze/thaw cycles before extrusion 21 times
through a 400 nm membrane. To remove unencapsulated substrate, external solution was
exchanged by passing liposomes over a Sephadex G-50 column pre-equilibrated with re-
action buffer (25 mM HEPES, 400 mM sorbitol, pH 7.5). Recovered proteoliposomes were
diluted twofold into reaction buffer, and the substrate transport reaction was initiated by
addition of 14C-labeled compound (20 pM 14C-Gdm+ for Gdx or 7 ptM 14C-methyl vio-
logen for EmrE; American Radiolabelled Chemicals, Inc., St. Louis, MO). At time points,
100 pl of reaction mixture was passed over a 1.6 ml Dowex ion exchange resin column
(N-methyl-D-glucamine form), then suspended in scintillation fluid (Ultima Gold; Perkin-

Elmer) for liquid scintillation counting.
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4.5.3 SSM electrophysiology

SSM electrophysiology was conducted using a SURFE2R N1 instrument (Nanion Tech-
nologies, Munich, Germany) according to published protocols®. SSM sensors were first
alkylated by adding 50 pl thiol solution (0.5 mM 1-octadecanethiol in isopropanol) to a
clean sensor’s well, then incubating for 1 h at room temperature in a closed dish. After-
wards, the sensor was rinsed three times with ethanol and three times with water and
dried by tapping on a paper towel. 1.5 ul of lipid solution (7.5 pg/pl 1,2-diphytanoyl-sn-
glycero-3-phosphocholine in n-decane) was painted on the gold electrode surface using
a pipette tip, followed immediately by addition of 50 nul of nonactivating buffer (100 mM
KCl, 100 mM KPO4, pH 7.5). Proteoliposomes were diluted 25-fold in buffer and soni-
cated 30-60 s before addition to the sensor surface and centrifugation at 2500 x g for 30
min.

Before experiments, sensors were checked for conductance and capacitance using SURFE2R
software protocols. Sensors for which capacitance and conductance measurements were
outside an acceptable range (1040 nF capacitance, 1-5 nS conductance) were not used
for experiments. Sensors were periodically rechecked for quality during the course of an
experiment. Each substrate was tested for transport at a concentration of 1 mM in buffer
containing 100 mM KCl, 100 mM KPO4, pH 7.5. For measurements in the presence of
monobody, recording buffers contained 50 png bovine serum albumin/ml. To compare
measurements recorded on different sensors, currents were normalized relative to a ref-
erence compound, as described in the text. Currents elicited by the reference compound
were measured both at the outset of the experiment and after collecting data on test com-
pounds. If currents for the first and last perfusions of reference compound differed by
more than 10%, this indicated that the amount of reconstituted protein had not remained
stable over the course of the experiment, and data collected in this series were not used for
further analysis. Data were collected from 3 to 4 independent sensor preparations, which

were in turn prepared from 2 to 4 independent protein preparations. Reported data are for

73



peak currents, which represent the initial rate of substrate transport before a membrane

potential builds up and inhibits further electrogenic transport>.

4.5.4 Monobody development

Monobody selection was performed following previously published methods?**>>.

Four rounds of phage selection with target concentrations of 100, 100, 50 and 20 nM was
performed in 10 mM Hepes pH 7.5, 200 mM NaCl, 20 mM GdmCl, 4 mM DM, then sorted
pools were subcloned into a yeast-display library following recombination of 5’ and 3’ frag-
ments to increase library diversity?’. Three rounds of yeast library sorting were performed:
the first round for clones binding to 50 nM target, second round for clones exhibiting no
binding to 10 pM streptavidin (negative sorting), and the third round for binding with 5
nM target. Isolated clones were validated for target binding using a yeast-display binding

assay, as described in detail®>*.

4.5.5 Monobody expression and purification

Monobody proteins were expressed in E. coli (BL21-DE3) grown in Studier’s autoin-
duction media® 15-18 h at 37 °C. After harvesting by centrifugation, cell pellets were
frozen at —80 °C for 30—45 min prior to being resuspended in breaking buffer (20 mM Tris-
Cl pH 8.0, 500 mM NaCl) supplemented with 400 pg DNase, 2 mM MgCl2, 1 mM PMSE,
1 mg/ml lysozyme, 25 pg pepstatin, and 500 pg leupeptin and lysed by sonication prior
to centrifugation (27,000 x g for 15 min). Inclusion bodies were isolated by addition of
Triton X-100 to a final concentration of 1% w/v?, incubation of the lysate on ice, and cen-
trifugation (27,000 x g for 15 min). The pellet containing the L10 inclusion bodies was
resuspended in denaturing buffer (20 mM Tris-Cl pH 8.0, 6 M GdmClI) and incubated at
room temperature with rotation for 1 h. Debris were removed by centrifugation (17,500
x g/45 min), and the supernatant was loaded onto a cobalt affinity column (Takara; 3

ml resin/I culture) for on-column refolding57. The column with bound monobody was
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washed with 10 CV of denaturing buffer, 10 CV of denaturing buffer supplemented with
10 mM imidazole, 10 CV of wash buffer (0.1% (w/v) Triton X-100, 20 mM Tris-Cl pH 8.0,
500 mM NaCl), 10 CV of refolding buffer (5 mM B-cyclodextrin, 20 mM tris-Cl pH 8.0,
500 mM NaCl), and finally, 10 CV of breaking buffer. The resin, with bound, refolded
monobody, was incubated with TEV protease (0.03 mg/ml cobalt affinity resin) overnight
to cleave the His6 tag, and digested monobody was eluted with breaking buffer. A final
size exclusion purification step was performed using a Superdex 75 gel-filtration column

equilibrated in 10 mM HEPES pH 7.5, 10 mM NaCl.

4.5.6 Crystal preparation

For X-ray crystallography, Gdx-Clo and monobody Clo-L10 were purified as described
above. For the Clo purification, the size exclusion buffer contained 200 mM Na(l, 10 mM
HEPES pH 8.1, and 10 mM Gdm+ or 20 mM phenylGdm+. Proteins were concentrated
to 10 mg/ml, Clo-L10 was supplemented with 4 mM DM, and monobody and Gdx-Clo
dimer were mixed in a 2.1:1 ratio. The protein solution was then mixed with an equal
volume of crystallization solution (0.3 pl in 96-well plates). Initial hits grew in 200 mM
CaCl2,0.1 M Tris/ HCI pH 8.0 and 32.5% PEG 600. Crystals were subsequently improved
by addition of charged detergents lauryldimethylamine-N-Oxide (LDAO; final concen-
tration 6.6 mM), dimethyldodecylphosphine oxide (Apo12; final concentration 2 mM), or
octylGdm+ (final concentration 3.3 mM) to the protein solution prior to admixture with
the crystallization solution (0.45 pl protein/detergent mixture together with 0.3 pul crys-
tallization solution). Optimized crystals typically grew to their maximum size in 14 days
in a wide range of salt and pH conditions with 32-36% PEG 600. For selenomethionine-
incorporated protein, the best diffracting crystals were obtained with Apol2 supplementa-
tion, and crystallization solution 0.1 M LiNO3, 0.1 M N-(2-Acetamido)iminodiacetic acid
(ADA) pH 6.8, and 35% PEG 600. For phenylGdm+ bound protein, the best diffracting

crystals were obtained with Apol2 supplementation, and crystallization solution 0.1 M
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LiNaSO4, 100 mM Tris pH 8.8 and 34% PEG 600. For the octylGdm+ bound structure,
octylGdm+ was used as the detergent additive, and crystallization solution contained 0.1
M calcium acetate, 0.1 M HEPES pH 7.5 and 33% PEG 600. Crystals were frozen in liquid
nitrogen before data collection at the Life Sciences Collaborative Access Team beamline

21-ID-D at the Advanced Photon Source, Argonne National Laboratory.

4.5.7 Structure determination

Diffraction data were collected at an X-ray wavelength of 0.978 A for selenomethionine-
labeled crystals. Diffraction data were processed and scaled using DIALS®. The space
group for the initial crystals was determined to be C121 with one Clo dimer and two
monobodies per asymmetric unit. Eight selenium sites were located using SAD imple-
mented in SHELX>. The positions were refined and initial phases were calculated using
SHARP® with solvent flattening with SOLOMON?®'. A model for the transporter was built
into experimental electron density maps using Coot®?. The L10 monobodies were mod-
eled based on a previously determined structure of a loop-library monobody (PDB code:
5NKQ [https:/ /www.rcsb.org/structure /5NKQ])%. Variable loops were not included in
the monobody model. These models were placed into the experimental electron density
maps using Phaser-MR®. Partial models were cycled back into SHARP for phase calcu-
lation to improve the initial solvent envelope. Density from both the sidechains and the
monobody loops was clearly visible in the electron density maps, and loops and the trans-
porter’s amino acid sidechains were built using the Se sites to ensure the correct register,
with iterative rounds of refinement in Refmac® with prior phase information incorpo-
rated as Hendrickson-Lattman coefficients. Model validation was carried out using the
Molprobity server®.

Diffraction resolution was improved in subsequent datasets upon the addition of phenyl-
or octylGdm+. With phenylguanidinium as the substrate, proteins crystallized in C121 as

before, and with octylGdm+ as the substrate, proteins crystallized in P1. The arrange-
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ment of proteins in the crystal lattice was highly similar to the C121 crystal form, but
with two transporters and four monobodies per asymmetric unit. Crystals diffracted
anisotropically, and electron density maps were improved by anisotropic truncation of
the unmerged data using the Staraniso webserver®” with a cutoff level of 1.8 for the local
I/o(I). Models were built into experimental density maps calculated from Phaser, with
the initial models of Gdx-Clo and L10 monobody determined previously, with iterative
rounds of refinement in Phenix and Refmac. The structural model was revised in real

space in Coot. Solvent-accessible vestibules were visualized with CAVER®.
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CHAPTER 5

Biochemical Characterization of a Guanidinium Exporter from the

Small Multidrug Resistance Family

Portions of this work were performed by Olive Burata (alternative substrate K, measure-

ments).

5.1 Introduction

The Small Multidrug Resistance (SMR) family of transporters has been a source of in-
terest to the membrane transport, folding, function, and evolution fields alike, due to its
biochemical tractability, facile expression, and intriguing “dual-topology” nature, where
the amino acid sequence does not determine the orientation of the protein in the mem-
brane. This feature allows for the assembly of antiparallel dimeric transporters, with each
monomer oriented in the opposite direction.

The first characterized homolog, EmrE from Escherichia coli, has served variously as
a model for proton-coupled antiport'?, multi-specific drug export>*, membrane protein

>6, evolutionary diversification, and transporter structure’®. In

folding and topogenesis
each area, however, it has tended to thwart simplicity: rather than fulfilling the promise
of a simple model, experiments have revealed a wealth of subtle and confounding details
that militate against “simple” biochemistry: from folding’ to stoichiometry' to coupling,

EmrE seems more of a special case than a standard example. While this has created produc-

tive research programs exploring this novel biochemistry, the original hope for a simple
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model system is apparently unfulfilled.

Recently, representative homologs from the other major subtype of SMRs, called the
Gdxs, were characterized functionally and structurally’®. This led to the unexpected dis-
covery that the majority of the SMRs are likely specific guanidinium/proton antiporters,
rather than multidrug exporters. Happily, the functional properties appear much simpler
than with EmrE: the coupling stoichiometry is tight'?, and substrate recognition is sim-
pler to rationalize structurally. The presence of guanidinium riboswitches also provides
an additional method for inferring function (and the stability thereof).

Previous work, based in analogy to EmrE, was not able to clearly define a function for
Gdx-Eco (previously called SugE)!#-'¢. To clarify this gap in our understanding of this key
model organism, and driven by the observations above, we sought to characterize the E.

coli Gdx homolog using electrophysiology.

5.2 Results

5.2.1 Gdx-Eco is a good model for the Gdxs

To understand Gdx-Eco’s place within the Gdx subtype, and ensure that it is a reason-
able candidate for generalization, we conducted a sequence analysis. Evolutionary con-
servation of residues is a good guide to functional conservation, and so we mapped the
conserved residues of the Gdx subtype onto the membrane-embedded topology of Gdx-
Eco (Figure 5.1, a). Although the helices vary in their degree of conservation, all of them
have at least one highly-conserved helical face evident from the plot. We suspected this
represents the substrate-binding residues, with the lipid-facing residues having a lower
degree of functional constraint.

To examine this hypothesis, we harnessed the recent high-resolution structure of a
Gdx homolog from Clostridia, Gdx-Clo. Despite their phylogenetic distance, Gdx-Eco and
Gdx-Clo share significant sequence similarity, with 53% identity and 78% similarity, which

provides further evidence of broadly conserved function across the subfamily. This degree
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Figure 5.1: Sequence and structural comparison of Gdx-Eco and Gdx-Clo. a) Gdx-Eco
topology and domain arrangement, with Gdx subtype conservation coloring. b) Gdx-
Clo crystal structure (PDB:6WK5) and Gdx-Eco homology model comparison. Conserved
binding-pocket residue sidechains explicitly shown. c) Sequence alignment of Gdx-Eco,
Gdx-Clo, Gdx subtype consensus sequence, and EmrE, with sequence logo of Gdx types.
Coloring for conserved residues: green, hydrophobic; red, acidic; blue, basic; yellow, po-
lar.

of similarity should support accurate homology modelling, as well. A homology model
based on the apo Gdx-Clo structure shows an essentially identical fold, with the conserved
positions indeed being oriented towards the interior (Figure 5.1, b). Despite some minor
sidechain differences in the model, the binding pocket is much the same.

Finally, the dual-topology generation of EmrE likely proceeds through a transiently
misfolded intermediate, driven by marginally hydrophobic helices, which “kinetically an-
neals” to form stable dimers’. In contrast, Gdx helices are more hydrophobic, likely sup-
ported simpler folding and topogenesis (SI Figure C.1). In our hands, Gdx subtypes are

stabler and more tractable than Qacs, simplifying biochemical analysis.

5.2.2 SSM electrophysiology of Gdx-Eco

We used solid-supported membrane (SSM) electrophysiology to probe Gdx-Eco func-
tion. SSM electrophysiology measures capacitively-coupled currents generated from move-

ment across liposomal membranes adsorbed to a sensor chip during a rapid substrate
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Figure 5.2: Solid-supported membrane electrophysiology of Gdx-Eco. a) Example cur-
rents evoked with 1 mM guanidinium titration using protein-free liposomes (red trace)
and with Gdx-Eco proteoliposomes (blue trace). b) Guanidinium titration series: substrate

perfusion from 10 mM (black) to 100 pM (light grey) guandinium with Gdx-Eco at pH 7.
¢) Fit of currents to Michaelis-Menten kinetics.

perfusion. It is a sensitive and convenient method for observing electrogenic transport,
and it particularly suited for transporters, which are typically intractable via traditional
bilayer electrophysiology. The maximum value of the transport-generated current (e.g.,
5.2 a, blue trace) is related to turnover kinetics, with the sign indicating the net charge
movement for the completely coupled process.

Titration of a single sensor with decreasing levels of guanidinium results in decreasing
currents (5.2 b), which can be fit to Michaelis-Menten kinetics to obtain an apparent K,

value (5.2 ¢). At neutral pH, the K,; of 660 uM is similar to other E. coli proton-coupled

transporters.
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Figure 5.3: pH dependence of Gdx-Eco currents. K,; values obtained from 3 titration
series at indicated pH: at pH 6 and below, no titrations were observed and data could not
be fit (star).

5.2.3 pH dependence of Gdx-Eco transport

Given the importance of the glutamates for coupling the export of guanidinium to the
import of protons, we wanted to examine the sensitivity of apparent K, to the ambient pH
during transport. The pK, of EmrE has been a subject of debate, but it is clearly elevated
several units with respect to free glutamate. We generated a series of K,;s at different pHs
(5.3), which revealed a weak dependence above pH 7.0, but a precipitous dropoff below
that. Indeed, at 6.0 or below, we struggled to observe any currents at all, let alone fit them
to a titration. This is consistent with the expected physiology, where a lower substrate
affinity the lower pH of the periplasm would support directional export. The possibility of
an altered non-electrogenic stoichiometry (i.e., one proton and one guanidinium imported

for two protons exported) cannot be ruled out with these observations, however.

5.2.4 Transport of substituted guanidinium compounds

The substrate specificity of Gdx-Eco was also probed with SSM, by comparing the cur-
rents evoked from individual sensors from different compounds and normalizing them
to guanidinium at 1 mM for each compound. This resulted in an affinity series where
singly-substituted guanidiniums are transported identically to guanidinium (figure 5.4 a,

red bars). Neither arginine nor agmatine, both singly-substituted guanidiniums, are trans-
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Figure 5.4: Substrate selectivity of Gdx-Eco. a) Normalized relative transports from a
series of substituted guanidinium compounds or other analogs at 1 mM. Currents were
normalized to the 1 mM currents from 1 mM guanidinium on the same sensor. Red bars,
monosubstituted guanidiniums; blue bars, disubstituted guanidiniums; green bars, other.
b) Example traces at 1 mM substrate concentration.

ported, which was also observed with Gdx-Clo. Substitutions at two different nitrogens,
or twice on the same nitrogen, largely abolish transport (figure 5.4 a, blue bars). Asin Gdx-
Clo, recognition is likely mediated by bidentate H-bonding to the glutamates, which can-
not support double-substituted guanidiniums. One compound, 1,3-diaminoguanidinium,
reintroduces a substituent capable of H-bonding on its own, and is observed to support
some transport.

The lineshapes of guanidinium and phenylguanidinium transport are similar, reflect-
ing similar transport kinetics (figure 5.4 b); 1,1-dimethylguanidinium displays essentially
no transport at 1 mM.

We were curious about this singular distinction with Gdx-Clo, and so we conducted
a titration with increasing 1,1-dimethylguanidinium (figure 5.5 a). We observed binding
kinetics with a K, of 3.8 mM, almost an order of magnitude higher than guanidinium. We
also conducted a titration series with phenylguanidinium, and found, on the other hand,
a much lower K,; of 190 pM (figure 5.5 b). This may represent the favorable interaction

of the aromatic phenyl ring with the multi-aromatic binding pocket of Gdx-Eco.
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Figure 5.5: Transport kinetics of alternative substrates with Gdx-Eco. Currents evoked
by titration with a) 1,1-dimethylguanidinium and b) phenylguanidinium, and Michaelis-
Menten fits to titrations.

5.3 Materials and Methods
5.3.1 Bioinformatics

Briefly, a representative set of Gdx sequence was generated by clustering the large
subcomponent of Gdx-containing sequences from a sequence-similarity network that was
generated previously'*!®. The sequences in this subcomponent were clustered using CD-
HIT with a cutoff of 50% identity'?, then aligned with MAFFT in L-INS-i mode®. These
sequences were used in the ConSurf webserver, with the Gdx-Clo apo structure?, with
a maximume-likelihood tree generated using the JTT model. The resulting conservation
scores were mapped onto the Gdx-Eco residues and displayed with the Protter webserver®.
The alignment and sequence logo were visualized using TeXshade®.

The homology model was generated using the Robetta webserver in comparative mod-
eling (CM) mode, with two copies of the monomeric sequence as template®*. The first
model (of 5) was used for analysis, as it had the highest confidence as well as the lowest

RMSD to Gdx-Clo.

Insertion AG,,, were predicted using the AG prediction server v1.0%.

5.3.2 Protein expression and reconstitution

Lipids were from Avanti, detergents from Anatrace. Gdx-Eco was expressed with a

C-terminal hexahistidine affinity tag and a LysC recognition site, and was cloned into a
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pET-21c expression vector. This was transformed into C41 (DE3) E. coli cells for expres-
sion. When cultures reached an OD600 of 1.0, expression was induced with 0.2 mM Iso-
propyl B-D-1-thiogalactopyranoside (IPTG) for 3 h at 37 °C. Cell lysate was extracted with
2% (w/v) decyl-B-D-maltoside (DM), and the soluble fraction was purified over a cobalt
affinity column, washed with 100 mM NaCl, 20 mM imidazole, and then eluted with 400
mM imidazole while monitoring UV absorbance at 280 nm. The affinity tag was cleaved
by incubation with LysC (200 ng per mg protein, 2 h at room temperature), before a final
size exclusion purification step using a Superdex 200 gel-filtration column equilibrated in
100 mM NaCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES)-NaOH, 5
mM DM, pH 8.1.

For reconstitution, E. coli polar lipids dissolved in chloroform were dried under a nitro-
gen stream and residual chloroform was removed by washing and drying three times with
pentane. Lipids were solubilized with reconstitution buffer (100 mM KCl, 100 mM KPO4,
pH 7.5) containing 35 mM 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
(CHAPS). Proteoliposomes were prepared with 20 mg E. coli polar lipid per ml, and a
1:25 protein:lipid mass ratio. The protein/detergent/lipid solution was dialyzed against
a 1000-fold excess of reconstitution buffer, with three buffer changes over 2 days. Protein-
free liposomes were created by following the same procedure with no protein present.
After the final round of dialysis, proteoliposomes were aliquoted and stored at —80 °C

until use.

5.3.3 SSM electrophysiology

SSM electrophysiology was conducted using a SURFE2R N1 instrument (Nanion Tech-
nologies, Munich, Germany) according to published protocols and our previous work!.
SSM sensors were first alkylated by adding 50 pl thiol solution (0.5 mM 1-octadecanethiol
in isopropanol) to a clean sensor’s well, then incubating for 1 h at room temperature in a

closed dish. Afterwards, the sensor was rinsed three times with ethanol and three times
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with water and dried by tapping on a paper towel. 1.5 pl of lipid solution (7.5 pg/pl 1,2-
diphytanoyl-sn-glycero-3-phosphocholine in n-decane) was painted on the gold electrode
surface using a pipette tip, followed immediately by addition of 50 pul of nonactivating
buffer (100 mM KCl, 100 mM KPO4, pH 7.5). Proteoliposomes were diluted 25-fold in
buffer and sonicated 30-60 s before addition to the sensor surface and centrifugation at
2500 x g for 30 min.

Before experiments, sensors were checked for conductance and capacitance using SURFE2R
software protocols. Sensors for which capacitance and conductance measurements were
outside an acceptable range (10-40 nF capacitance, 1-5 nS conductance) were not used
for experiments. Sensors were periodically rechecked for quality during the course of an
experiment. Each substrate was tested for transport at a concentration of 1 mM in buffer
containing 100 mM KCl, 100 mM KPO4, pH 7.5. For measurements in the presence of
monobody, recording buffers contained 50 pg bovine serum albumin/ml. To compare
measurements recorded on different sensors, currents were normalized relative to a ref-
erence compound, as described in the text. Currents elicited by the reference compound
were measured both at the outset of the experiment and after collecting data on test com-
pounds. If currents for the first and last perfusions of reference compound differed by
more than 10%, this indicated that the amount of reconstituted protein had not remained
stable over the course of the experiment, and data collected in this series were not used for
further analysis. Data were collected from 3 to 4 independent sensor preparations, which
were in turn prepared from 2 to 4 independent protein preparations. Reported data are for
peak currents, which represent the initial rate of substrate transport before a membrane
potential builds up and inhibits further electrogenic transport?.

For pH dependence measurements, the liposomes were reconstituted in a mixed buffer,

with 33 mM MES, 34 mM HEPES, and 33 mM bicine, and 100 mM KCI.
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5.4 Discussion

Our results support the notion that Gdx-Eco is an appropriate model system for cou-
pled transport, with well-behaved and well-coupled transport amenable to electrophysiol-
ogy and other functional measurements. The small set of transported substrates with clear
chemical distinctions also provides an amenable system for understanding the structural
basis of substrate recognition, as was accomplished with Gdx-Clo. Further investigation
into additional non-natural compounds may clarify the bounds of the binding pocket, as
well as the nature of the conserved arginine /agmatine exclusion.

As a central model organism, E. coli has a large set of annotated metabolic pathways
and transporters. With the precise physiological role of guanidinium export in bacteria
unclear, a precise understanding of the function of this transporter is essential to utilizing
this large amount of underlying data. Additionally, the specific organism hosting Gdx-
Clo is not known, so a holistic understanding of it in its native physiology is difficult to
obtain.

Finally, we have found SSM to be a useful tool for further characterization of secondary-
coupled transporters, with an expanded set of assays compared to our previous work.
The ability to readily measure apparent substrate affinities in different pH environments
is a boon to understanding the nature of coupling in these small machines. We hope to
continue this further with the addition of mutagenesis to uncover sequence-specific deter-

minants of coupling in the SMRs.
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CHAPTER 6

A Multi-Context Deep Mutational Scan to Uncover the Evolutionary

Forces behind Gene Duplicate Retention in the Flucs

The work in this chapter was performed with the help of Troy Cao.

Portions of this work also appeared in Troy Cao’s senior honors thesis.

6.1 Introduction

Gene duplication is the primary source of novel genetic material in living systems'?.
It plays roles in processes as varied as speciation, xenobiotic tolerance, and antibiotic
resistance®. Despite its core role in evolution, the key question of how duplicates are re-
tained prior to developing new functions has received little experimental investigation,
and what does exist is confined to soluble proteins®.

Many gene products form complexes with other proteins. In the case of an initially
homodimeric unduplicated gene, the creation of a duplicate potentially introduces a new
structural complexity. These may suffer a variety of fates after duplication (figure 6.1 a).
They may quickly lose function in one or the other, creating a pseudogene which can be
lost. They may simply retain their function, effectively altering the gene dosage. Some
outcomes might lead to changes in complex assembly, however: changes to the dimeriza-
tion interface which either necessitate or preclude paralog dimerization will create com-
plexes which are not equivalent to the unduplicated state, and which may introduce new

functional and structural complexity. Each case requires the duplicates to remain long
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enough to accumulate these beneficial mutations®”. The evolutionary forces which do so
are unclear.

One possible mechanism supporting duplicate retention is selective redundancy: that
is, two genetic copies of a gene allowing mutational buffering. Other models propose
that duplication relaxes functional constraints on multi-functional proteins, allowing du-
plicates to specialize; still others suppose that a degradation in the function of one paralog
that requires complementation by the other may be responsible for duplicate retention®.
Genomic data clearly reveals the importance of this, with in many species the majority
of the genes existing as duplicates®. The rate of adaptive mutations is much lower than
the duplication rate, however, which raises the question of exactly how duplicates are
retained until they strike on a beneficial change.

Duplication in membrane proteins has a specific character as well, where duplicated
domains that have fused with opposite orientations with respect to the membrane, or “in-
verted repeats”, being commonly observed in transporter structures (figure 6.1 b). Indeed,
the majority of alpha-helical membrane transporters with solved structures have symmet-

ric domains that arose through gene duplication and fusion®

, implying a pervasive and
essential role for duplication. Intriguingly, these domains are mostly oriented antiparal-
lel with respect to the membrane: this inverted-repeat architecture would require that the
unduplicated precursors be able to insert in both orientations in the membrane, or form
dual-topology dimers (figure 6.1 b).

This hypothesis has been confirmed by the recent discovery and structure determina-
tion of a family of dual-topology fluoride channels, known as the Flucs. Fluoride, an envi-
ronmental toxin, can accumulate intracellularly under certain conditions. These channels
alleviate this stress by allowing fluoride to flow out of the cell. This broadly-distributed
family exists across eukaryotes, archaeans, and bacteria, and also has the unique distinc-

tion of existing in all states of the evolutionary trajectory: as dual-topology homodimers,

tixed-topology heterodimers, and fused inverted-repeat monomers. This makes them an
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obvious candidate to study gene duplication, as phylogenetic evidence suggests has hap-
pened independently multiple times across this family”.
In this work, we present a novel phenotypic screen that we combine with a multi-

context deep mutational scan to uncover the logic of duplicate retention in the Flucs.

6.2 Results

6.2.1 Gene duplication has shaped Fluc evolution

The Flucs are a widespread family of electrodiffusive fluoride channels which protect
organisms against and fluoride stress, which accumulates intracellularly under acidic con-
ditions. Structural and electrophysiological investigation of them has revealed an intrigu-
ing two-pore character, where each functional dimeric unit contains two distinct pores,
oriented oppositely to each other, each capable of supporting fluoride export by itself (fig-
ure 6.1 ¢). Mutagenesis has revealed several essential residues involved in fluoride trans-
port, including a central aromatic structure called the “phenylalanine box,” composed of
two phenylalanines from each monomer. These fall within a conserved helix break in the
center of TM 3 (figure 6.1 d). Mutagenesis has demonstrated that single point mutations
here (F80I, F83I) are sufficient to abolish function.

In homodimeric Flucs, both phenylalanines are conserved (figure 6.1 d). Heterodimeric
Flucs have a tendency for mutations in one or the other position, potentially ablating one
pore: this is also seen in the fused multi-domain Flucs’. This finding suggests that only
one pore is necessary for function, whereas the symmetry of the homodimeric structure

requires that both pores always be functional.

6.2.2 Construction of an assay linking gene context and phenotype

The challenge for experiment here is constructing an assay that specifically reveals
the effects of duplication qua duplication, vs gene dosage effects. Based on the above

observations, we reasoned that we could differentiate different gene product assemblies
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Figure 6.1: Gene duplication plays an important role in membrane protein evolution. A)
Fates of duplicated genes which form homodimeric complex. If binding is preserved, the
result is maintenance of function with changes in gene dosage. If binding is impaired in
one duplicate, the other may accumulate compensatory mutations to achieve a purely het-
eromeric interaction. Changes in the interface may alternatively partition the two gene
products and remove paralog interference. B) Membrane protein trajectories with in-
verted repeats. Aninitially unduplicated gene which forms a homodimeric product where
each subunit is oriented oppositely in a dual-topology state may, via duplication, lead to
an obligate dimeric state composed of two subunits with fixed topologies. A fusion event,
with attendant gain of a linker domain, results in a single gene with an internal homol-
ogy. The Flucs (gene name crcB) contain members in all three states. C) Crystal structure
of E. coli dual-topology Fluc channel (PDB: 6BX5). Central sodium in purple, and crys-
tallographic fluoride ions in teal. D) Sequence alignment of representative Fluc channels
focused on central “phenylalanine box” motif. In duplicated and fused homologs, there
is a tendency for a single pore to be retained.
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Figure 6.2: Details of heteromeric construct. A) Closeup of the “phenylalanine box” motif
which regulates two-pore fluoride traffic. Wild-type homodimers retain both pores, while
homodimeric mutants (F80I or F83I) ablate both pores due to the complex’s symmetry. A
heterodimer, however, retains a single pore. B) Sensitivity of E. coli cells to 10 mM NaF
in rich media. A wild-type strain shows no growth defect, but a knockout (AcrcB) strain
is unable to grow. Transformation with plasmid-encoded mutant Fluc protein is unable
to rescue growth. C) Details of the heterodimeric expression construct. The two mutants
were cloned into a single operon with a variable length between the two. D) Transforma-
tion of the sensitive knockout strain with the heterodimeric construct can rescue growth,
but shows some sensitivity to the distance between the two genes.

using the Phe-box: while homodimeric wildtype dimers have two functional pores, and
both forms of mutant homodimers have no pores, a mixed mutant heterodimer actually
recovers a single functional pore (figure 6.2 a, b)!

We created a construct with two copies of E. coli Fluc in a single operon, each with a
distinct mutation but otherwise identical sequences, and cloned it into a pBAD18 vector
(figure 6.2 ¢). Transforming this into E. coli robustly rescues growth, demonstrating that
heteromeric assemblies are being made in vivo (figure 6.2 d). Intriguingly, there was some
slight sensitivity to the distance between the two genes in the operon: in most cases, there

was little differences between constructs, but an overlapping pair was unable to rescue
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growth.

6.2.3 Construction of a mutational library for a multi-context deep mutational scan

Using this construct, we planned to create a mutational library in three different ge-
netic constructs to investigate the evolutionary forces specific to duplication that are at
work immediately after duplication. Deep mutational scanning, coupled to selection with
NaF, will allow us to characterize different apparent fitness effects of mutations in differ-
ent genetic constructs, and answer how the presence of a duplicate changes the overall
fitness landscape of a single gene. Beyond being a novel experimental intervention in the
field, the application of saturation mutagenesis to a membrane protein itself represents an
important theoretical development as well'!.

Following a nicking mutagenesis strategy, we used an oligo pool containing every
amino acid substitution at every site in our gene (figure 6.3)'>'3. We then subclone these
into three different selection vectors: by itself, in an operon with WT Fluc, or with an ob-
ligate heterodimeric (F80I) Fluc. During subcloning, unique molecular identifiers were
added, so that all variants in all subcloned libraries share the same identifiers. These iden-
tifiers will be mapped to variants using long-read sequencing.

Armed with an experimental system which provides specific selective conditions, as
fluoride stress does for fluoride channels, we can utilize saturation mutagenesis to both
quantitatively determine the residue-level determinants of function in our WT protein
and also broadly determine the spectra of allowed, forbidden, and neutral mutations in
different genetic contexts.

To investigate the hypothesis that duplication provides an adaptive robustness by of-
fering a mutational buffer, we will conduct parallel saturation mutagenesis of singleton
wildtype, duplicated wildtype, and heterodimeric (mixed F80I/F83I) constructs. The rel-
ative enrichment of mutations between the singleton and duplicated cases will report on

mutational buffering and dominant negative properties of the system. The comparison
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Figure 6.3: Construction of mutational library and DMS overview. Nicking mutagenesis
using an oligo pool produces a library of sequence variants. Unique barcodes are intro-
duced during subcloning into three different genetic contexts. Each library is then passed
through NaF selection in parallel. After mapping of unique barcodes to genotypes, the
abundances of pre- and post-selection libraries are calculated using amplicon sequencing
of the barcodes.

109



between the wildtype duplicates and the mixed heterodimers will indicate whether the
introduction of specifically heterodimeric complexes, rather than simply gene dosage, has

an adaptive role, as we expect should be the case for this membrane complex.

6.3 Methods

Saturation mutagenesis is a relatively new technique that takes advantage of the rapid
developments in next-generation sequencing to comprehensively investigate genotype /phenotype
relationships in an unbiased way. In a system with a well-defined map between protein
function and overall organismal fitness, population expansion under selective conditions
should be proportional to overall protein function. Deep sequencing of the starting and
post-selection populations can be used to determine enrichment of strains bearing differ-
ent mutant proteins, which can be used to calculate the overall energetic impact of a given
mutation. Assembly of a mutagenic library: To construct a mutational library, we will use
a technique known as nicking mutagenesis'>*®. This first creates a pool of single-stranded
WT plasmid DNA through the combined action of a nicking endonuclease that acts on
only one strand and an exonuclease that degrades the nicked strand. A pool of muta-
genic oligos is then used to synthesize the complementary strand. The process is repeated
with the opposite nicking endonuclease, except a universal primer is used to synthesize
the complementary strand. The final library is purified and transformed into E. coli for
selection. This process will be conducted with a starting singleton WT construct, a bi-
cistronic WT/WT construct, and a heterodimeric F831/F80I construct as above. Selection
and sequencing: The E. coli populations containing the libraries will be subject to growth
on NaF, which provides a clear selective pressure on growth (Figure 2). Samples before
and after selection will be taken and subject to deep sequencing in collaboration with the
Advanced Genomics Core. To overcome read-length and fidelity limitations, sequencing
primers will incorporate unique barcodes'. The relative enrichments of mutants will be

determined by amounts of reads.
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6.4 Methods

6.4.1 Bacterial strains

Cloning and plasmid preparation were performed in E. coli DH5a (NEB). For protein
expression and western blotting, E. coli BL21 (DE3) was used. Resistance and growth
assays were conducted using Keio collection strains: obtained from Coli Genetic Stock
Center: E. coli BW25113 served as WT background, and AcrcB::kanR sensitive mutants®.
In AcrcB::kanR cells, the genomic Fluc gene (crcB) is replaced with a gene coding for

kanamycin resistance.

6.4.2 Plasmids and cloning.

Fluc Ec2 gene was cloned into a pBAD18 vector in front of an arabinose operon pro-
moter at Xbal and HindIII sites using overlap-extension PCR'®. The primers were specific
for the coding sequence, and removed the affinity purification sequence from the orig-
inal expression vector. The vector contains the bla gene coding for a B-lactamase which
provides resistance to carbenicillin, allowing for transformant selection. F80I and F83I mu-
tants were generated using Q5 site-directed mutagenesis kit (NEB) The coding sequence
of the F83I gene was amplified using primers containing overhanging Nhel and KpnlI sites,
then cloned into the F80I plasmid construct by digestion and ligation with T4 ligase. The
correct assembly was verified by Sanger sequencing. The resulting bicistronic construct
(two-gene system) contained 36 base pairs from the multiple cloning site between the two
genes, and is referred to as thus in the main text. Additional two-gene constructs were
generated using mutagenesis with the bicistronic construct (deletions and additions of
randomly assembled DNA using DNA randomizer programs).

For western blotting, the Fluc Ec2 gene was cloned into a vector incorporating a C-
terminal 1D4 tag. An anti-1D4 antibody was used. F80I and F83I Fluc mutants were

generated from this 1D4-tagged Fluc Ec2 gene by site-directed mutagenesis as described
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above.

6.4.3 Library generation

Starting with the Fluc Ec2 gene above, a mutagenic library was constructed using the

method of Medina-Cucurella'®'?

. Briefly, a BbvClI site was added after the Ec2 sequence
with site-directed mutagenesis. This starting template was digested with Nt.BbvCI, Ex-
olll, and Exol to generate a single-stranded template. The pooled and phosphorylated
mutagenic oligos were then added (in a 1:200 dilution), and a mutagenic strand was syn-
thesized using Phusion HF polymerase with Taq ligase. After column purification, the
bottom strand was then digested using Nb.BbvCl, Exolll, and Exol. The second strand
was synthesized using a previously phosphorylated secondary primer that was not spe-
cific for the gene using Phusion HF polymerase and Taq ligase. After a final column purifi-
cation, the library was electroporated into NEB 5-alpha electrocompetent cells and plated
on large BioAssay plates with carbenicillin. The next day, the entire growth was scraped

using LB and miniprepped. This library was transformed into electrocompetent AcrcB

cells for selection.

6.4.4 Growth assays.

For growth assays, different linker-length constructs were transformed into chemically-
competent AcrcB::kanR E. coli cells and plated on lysogeny broth (LB) agar plates contain-
ing carbenicillin (100 pg/ml) and kanamycin (50 pg/ml) overnight. Single colonies were
then picked and used to grow overnight cultures in 5 ml LB media supplemented with 10
pl of carbenicillin (100 pg/ml) and 5 pl of kanamycin (50 pg/ml). Saturated overnight cul-
tures were diluted 1:100 into LB media supplemented with 50 mM sodium phosphate at
pH 7.4 (to buffer pH) to start new growth assays. After 30 minutes, 0.2% sterile arabinose
was added to culture. After an additional 30 minutes to allow induction, sterile sodium

fluoride (NaF) was added at various concentrations. OD was monitored after addition of
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arabinose and NaF and then at one hour intervals throughout growth.

For the competition assay, an overnight culture of each construct was prepared inde-
pendently with appropriate antibiotics. The next morning, new cultures were created by
diluting the overnight culture 1:100 in fresh media. After the cultures had reached expo-
nential phase (by OD), the competition growths were prepared by diluting each culture
into a shared tube to a final OD of 0.1 each (0.4 total), with appropriate antibiotics and
supplements (arabinose and/or NaF). The next day, 1 mL of cells was pelleted by bench-
top centrifuge (13,000 g), then resuspended in 200 uL lysis buffer. PCR was performed
with 1 uL of resuspended cells using pBAD primers, then PCR products were run on 1.5%
agarose gel. The gel was stained with ethidium bromide and visualized using UV transil-

luminator.

6.4.5 Western blotting.

To verify expression of Fluc protein and membrane localization, western blots of whole
cells and the membrane fraction were performed. For whole-cell blots, cells were trans-
formed with 1D4-tagged constructs and grown to an OD of 1.0, then induced with IPTG.
After three hours, 1 mL of culture was harvested by centrifugation at 13,000 G. The pellet
was solubilized in lysis buffer, then 10 pL of extract was run on SDS-PAGE gel. The gel
was transferred to a nitrocellulose membrane, then washed and stained with mouse anti-
1D4 and AP goat anti-mouse secondary antibodies. The membrane was developed using
BCIP and NBT staining and then imaged.

For Western blot of the membrane fraction, the cells were first pelleted as above, then
resuspended in lysis buffer before the membrane fraction was isolated using high-speed
centrifugation (30,000G for an hour). The pellet was then resuspended again and blotted

similar to the whole-cell western blot.
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6.4.6 Bioinformatics.

Bacterial and archaean protein sequences belonging to crcB family (PFAM PF02537)
were retrieved from Uniprot!”. Three rounds of iterative clustering using CD-HIT was
used to reduce sequence redundancy, which resulted in ~500 unique clusters'®. One rep-
resentative sequence was taken from each cluster. A multiple sequence alignment was
generated using MAFFTY. Residues in aqueous-exposed regions, based on structural
alignment to solved Fluc structures, were removed the alignment, in order to remove
bias caused by convergent evolution based on topological control via the positive-inside
rule®. A maximum-likelihood tree was then generated using PhyML?!. Annotation was

performed as in’.

6.5 Future directions.

With the completion of this preliminary work, the selection and analysis of the alter-
native genetic contexts can proceed. Reconstruction of the fitness landscapes, and obser-
vation of how genetic contexts change them, will provide empirical information that may
be used to distinguish between duplicate retention models. Additionally, with the recent
creation of a pair of oriented mutants that, in combination, form functional dimers, an ad-
ditional comparison may be made. This would shed light on the relative roles of topology
and functional interactions for shaping the dynamics of paralogs after duplication. This
may also provide useful information for understanding the observed patterns of duplica-

tion, topological fixation and functional drift that are observed in the Fluc phylogeny.
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CHAPTER 7

Conclusions and Future Directions

7.1 Conclusions

Through these studies of the Fluc and SMR families of membrane proteins, some of
the unique features of membrane protein evolution have been elaborated. While the
Flucs have conserved a function while varying their structural complexity, the SMRs have
adopted new functions while largely maintaining their assembly. In each case, the combi-
nation of structural and functional constraints has shaped the nature of the current family.
The goal of this thesis has been to understand the mechanisms through which these con-
straints are effected, and how inferences can be generalized to membrane proteins more
broadly.

In chapter 2, the evolution of bacterial Fluc oligomeric state and function was exam-
ined to understand how gene duplication operated in this family. The phylogenetic tree
suggested that gene duplications took place multiple times independently across the tree,
and that reversions to a homodimeric state from a heterodimeric state are exceedingly rare.
Linked to this structural change is a functional one, where one of the two redundant pores
become degraded. Importantly, the tree cannot tell which process came first: whether,
post-duplication, drift degraded one pore before the orientations became established, or
whether orientation preceded functional drift.

After this initial study of the Flucs, a second family of dual-topology proteins, the

SMRs, were studied in chapter 3. Here, the focus was on functional differentiation rather
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than structural. Spurred on by bioinformatic and preliminary biochemical evidence, a
detailed characterization of a previously unstudied subgroup of the SMRs was pursued.
This revealed that this subgroup, called the Gdxs after, is at least as numerous as the
multidrug-exporting subtype, called the Qacs. Further, in vitro reconstituted assays re-
vealed that these are very specific guanidinium/proton antiporters, with an electrogenic
1 guanidinium to 2 proton stoichiometry.

In chapter 4, additional investigation using more flexible assays was undertaken to un-
derstand the nature of the functional split between subtypes. Bioinformatic and sequence
analysis firmed the understanding of the subfamily architecture and distribution. Solid-
supported membrane electrophysiology of Gdx and Qac subtypes surprisingly revealed
that, while “canonical” substrate specificity was strictly split between the two, a spectrum
of singly- and multiply-substituted guanidinium compounds were transported by both
subtypes. Intriguingly, both subtypes failed to transport arginine or agmatine, important
cellular metabolites with guanidinyl moities. These results suggested that guanidinium
specificity in the Gdx subtype is driven by H-bonding recognition, whereas Qac subtypes
recognize simpler physicochemical properties. The structure determination of a Gdx ho-
molog rationalized our findings by revealing the structural determinants of binding and
recognition in the Gdx subtype. The aromatic binding pocket is structured by a num-
ber of essential conserved H-bonds, which orient the glutamates for proper recognition.
Ablation of these diminished or removed function in Gdx. A “portal” open to the lipid
interior is speculated to play a role in exclusion of arginine and agmatine transport via
the energetic cost of partitioning their polar ends into the membrane. This may have also
provided a ready mechanism for the development of drug resistance, with hydrophobic
compounds potentially being able to partition into the binding pocket directly from the
lipid bilayer. The combined structural and functional investigations emphasize the im-
portance of promiscuous functions for evolving new functions in changed environments.

In chapter 5, this analysis was extended to the E. coli Gdx homolog, and comparison
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with a homology model was made. This suggested that the important residues for func-
tion are likely conserved broadly across the family, and our inferences in chapter 4 are
broadly applicable. The functional characterization also demonstrated that the E. coli ho-
molog is similar in substrate specificity, lending further credence to the importance of our
substrate screen in chapter 4.

In chapter 6, the Flucs were used as a model system now to understand how gene
duplication reshapes fitness landscapes with an eye towards understanding how dupli-
cates are retained. A system was developed that can specifically differentiate between
homodimeric and heterodimeric functionality, and a mutagenic library of single-site mu-
tants was created using nicking mutagenesis. This will be subject to selection in multiple
genetic contexts, and then deep sequencing will provide fitness effects of mutations. This
DMS approach will provide the first experimental evidence of the fitness effects of gene

duplication.

7.2 Future directions and outlooks

7.2.1 The SMRs

The SMRs are a natural model system for understanding functional evolution, and
the present work leads naturally to asking what the sequence-level distinctions between
the Qac and Gdx subtypes are. Understanding this, in combination with a resolved phy-
logeny, may allow the reconstruction of the evolutionary pathway that produced the two
subtypes. This may also allow one to engineer alternative specificities between subtypes
and combinatorially measure their phenotypes. In short, given the wealth of sequence
and structural evidence present, a concrete definition of subfamily differentiation may be
possible.

The SMRs are also an interesting potential system for understanding how paralog in-
terference may be escaped in the membrane. Despite having 6 SMR homologs, E. coli cells

do not appear to accumulate Qac/Gdx heterodimers. While sterics may appear to explain
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this somewhat, a fundamental understanding of helix-helix interactions in membrane that
could firmly explain this is lacking'. Ancestral reconstruction or experimental evolution
may be useful methods to examine how helix-helix interaction specificity changed over

time and was used to escape paralog interferences in the SMRs.

7.2.2 The Flucs

The present work focuses on the transition from homodimeric dual-topology proteins
to heterodimeric oriented ones. The fusion process, where inverted-repeats are generated,
is equally important for shaping extant transporter diversity, but is similarly unknown.
The Flucs again are an excellent model system to understand this process, as they also exist
in fused states with a conserved function. Phylogenetics presents new challenges here, but
analysis of the linker helices and functional drift in the pores may provide novel insights.
Focused DMS approaches in a linked construct could provide analogous information into
how the fitness landscape changes when fusion occurs, and structure determination could
suggest how the broken symmetry allows for more flexibly helix-helix interactions.

The Flucs are also a useful system to understand paralog interference and its escape.
Based on their phylogeny, structural and functional drift occur together, but it is unclear
which comes first. Each allows heteromers to escape paralog interactions, but via differ-
ent means. A more detailed phylogenetic reconstruction may provide hints of what ac-
tually came first; alternatively, experimental evolution or DMS may provide insight into

sequence-specific trajectories to alter oligomerization.
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Figure A.1: SDS/PAGE gel of purified Gdx homologs. (A) Size exclusion chromatogra-
phy elution profiles of Gdx proteins. Dashed line indicates the elution volume of a 30
kDa membrane protein standard, Fluc-Bpe. (B) Coomassie-stained SDS/PAGE of Gdx ho-
mologs used in this study. (C) Coomassie-stained SDS/PAGE of Sle-het. With affinity
tags, the subunits run at the same molecular mass on the gel. Complete cleavage of tags
individually or together reveals two bands in purified Sle-het protein.
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Figure A.2: Purification and substrate binding assays for EmrE. (A) Superdex 200 elution
profile of EmrE. (B) Ethidium fluorescence anisotropy binding assay in the presence and
absence of guanidinium ion. These results demonstrate that high amounts of Gdm+ do
not compete with ethidium binding in EmrE.
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Figure A.3: Proton uptake into liposomes monitored by pyranine fluorescence. As in fig-
ure 3.3, test substrates were added to Gdx-Clo proteoliposomes containing pyranine at
the closed triangle. Gdm+ addition is shown in red; test substrates arginine (A) and urea
(B) are shown in black. After 3 min, FCCP was added to collapse the pH gradient (open
arrow).
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Figure A.4: Electrogenic proton transport by Gdx-Clo. Experiments were performed as in
figure 3.5 A.
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Figure A.5: Oligomerization assays. (A) Glutaraldehyde cross-linking of homodimeric
Gdx proteins. All samples are treated with 0.125% glutaraldehyde for 1 h but do not form
higher order oligomers and run at the same molecular mass as shown in figure A.1. (B)
Superdex 200 elution profile of Eco concatamer, linked by glycophorin A TM helix.
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Figure B.1: SMR sequence similarity networks with additional annotation. A. Full se-
quence similarity network with gene annotation of each cluster, where known. B. Distri-
bution of SMR proteins in archaea and different bacterial taxa. Sequence similarity net-
work as in figure 4.1 A with coloring according to taxa as indicated.
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Figure B.3: Representative SSM electrophysiology recordings. Currents elicited after per-
fusion with substrate are shown for empty liposomes (left; black), Gdx-Clo proteolipo-
somes (middle; blue) and EmrE proteoliposomes (right; red).
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fusion of liposomes that do not contain protein
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Figure B.5: Uptake of 14C Gdm+ into Gdx-Clo proteoliposomes in exchange for the indi-
cated substrate. Experiment performed as in main text Figure 2, with fractional uptake
measured relative to total radioactive counts in reaction mixture. Error bars represent the
mean and SEM of three technical replicates
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Figure B.7: Experimental electron density maps for Gdx-Clo. A. Cartoon view of
one subunit from Gdx-Clo, with the solvent-flattened electron density map calculated
from SHARP contoured at 1.30 (teal), and anomalous difference density from seleno-
methionine contoured at 50 (magenta). B. Electron density map for one subunit of Gdx-
Clo (octylGdm+-bound structure) contoured at 1.80.
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Figure B.8: Binding interface between monobody Clo-L10 and Gdx-Clo. Gdx-Clo shown
in tan and cyan; monobody in green. Residues within H-bonding distance are shown as
sticks, with H-bond interactions shown as dashed lines.
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Figure B.9: Currents mediated by Gdx-Clo in the presence and absence of monobody L10.
A. Currents elicited by perfusion with 1 mM Gdm+. For these experiments, benchmark
current values for Gdx-Clo proteoliposomes were measured first (dark blue trace). Second,
Gdm+ was removed by perfusion and L10 monobody was added and incubated with
proteoliposomes for three minutes. Third, proteoliposomes were perfused with 1 mM
Gdm+ containing L10 monobody (red trace). Fourth, both Gdm+ and L10 monobody were
perfused away and proteoliposomes were incubated in buffer without L10 monobody for
three minutes. Finally, a third recording was collected upon perfusion with 1 mM Gdm+
(light blue trace) to ensure that currents returned to the benchmark value. B. Fractional
inhibition of Gdm+ currents by L10 monobody, added to the indicated concentrations.
Error bars represent the mean and SEM. Data collected from at least three independent
sensor preparations derived from two independent protein preparations.
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Figure B.10: Electron density between E13 and E13’ in 3.2 A structure solved with 10 mM
Gdm+. Top-down view of Clo-Gdx with subunits colored tan and light blue and E13

sidechains shown as sticks. Fo-Fc map in the region of the E13 sidechains is contoured at
3.20.
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Figure B.11: Surface rendering of exposed TM3 GxxxG motifs. Left, surface view of Gdx-
Clo viewed through the plane of the membrane. Right, view is rotated 90° and tilted to
view the interior of the aqueous-exposed vestibule. Coloring of surface rendering corre-
sponds to TM3 sequence shown below. The first (magenta) GxxxG motif is exposed to
the membrane in subunit A, and packed in the protein interior in subunit B. The second
(dark blue) GxxxG motif is exposed to the aqueous vestibule in subunit B, but packed in
the protein interior in subunit A. Conformational exchange swaps the accessibility of each
GxxxG motif.
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Figure B.12: Structural alignment of Gdx-Clo (subunits in tan and light blue as in main
text) and CMP-sialic acid transporter from the SLC35 family (PDB: 6I1R; shown in dark
gray with helix insertions in green). SLC35 proteins that share this fold have been struc-
turally characterized, including 15-17. Left panel: top-down view of structural align-
ment. The helices are numbered for Gdx-Clo. Right panels: surface representation viewed
through plane of membrane, with approximate membrane boundaries shown.
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Clo-L10-Se

Clo-L10-PheGdm* Clo-L10-OctylGdm"*

Data collection

Space group C121 Ci21 P1
Cell dimensions

a,b,c(A) 141.8, 51.09, 108.43 141.82,50.51, 108.58  51.04, 75.83, 109.12

o, B,y (°) 90, 93.08, 90 90, 92.18, 90 92.54,90.04, 109.63
Resolution (A) 54.14-3.2(3.43-3.2) 58.32-2.53 (2.98-2.53) 109.0-2.32 (2.72-2.32)
Ellipsoidal Resolution Limit (best/worst)* N/A 2.53/4.52 2.32/3.89
% Spherical Data Completeness® 99.9 (100) 36.5(4.7) 37.8(5.0)
% Ellipsoidal Data Completeness* N/A 85.5 (66.2) 85.3(54.2)
Rinerge® 0.06 (0.15) 0.132 (0.65) 0.074 (0.38)
Rneas” - 0.145 (0.72) 0.086 (0.44)
MnI/cP 17.3 (8.6) 6.4(2.8) 9.2(3.0)
Multiplicity* 7.5(7.6) 7.1(4.9) 3.8(3.8)
Reutis 91.2% N/A N/A
Phasing Power” 592 N/A N/A
Refinement
Resolution (A) 44335 58.3-2.5 33.0-2.3
No. reflections 10,076 9,018 24,995
Rwork / Rree 252/27.8 25.7/30.9 24.6/28.6
Ramachandran Favored 93.6 83.6 94.1
Ramachandran Outliers 1.6 2.7 1.7
Clashscore 7.0 13.2 6.9
R.m.s. deviations

Bond lengths (A) 0.003 .007 .002

Bond angles (°) 707 1.53 585
Coordinates in Protein Databank 6WKS 6WK8 6WK9

* Where applicable, values reported are for anisotropically truncated data performed using the Staraniso webserver

(Global Phasing). See Methods for details.
® Phasing Power = rms (|Fu| / ((Fu + Fr)-(Frn)))

Figure B.13: Data collection, phasing and refinement statistics for Gdx-Clo complexes
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APPENDIX C

Supporting Information for Chapter 5
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Figure C.1: Predicted AG,,, of insertion for SMR homologs from AG predictor webserver.
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