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Evolution of Substrate Selectivity in ATP Binding Cassette Exporters

Abstract

ATP binding cassette proteins represent the largest super-family of primary transporters
with homologous sequences present in all extant organisms, coordinating the hydrolysis of ATP
in nucleotide binding domains (NBDs) with the transport of substrates across biological
membranes through transmembrane domains (TMDs). Type I ABC exporters are a large subfamily of ABC proteins that play a role in the unidirectional transport of substrates from the cytosol
to the extracellular space or organelle lumens. Paralogous exporters have evolved to transport a
wide variety of substrates across evolution like LPS in gram-negative bacteria, intermediates for
cytosolic Fe-S cluster synthesis in eukaryotes and antigenic peptides in adaptive immunity of
Vertebrates. The evolutionary flexibility of substrate selectivity in type I ABC exporters is
particularly interesting given the structural and mechanistic similarity across paralogs. My doctoral
work took advantage of a type I exporter that plays the role of a dedicated pheromone exporter in
fungal mating to address the open question of substrate selectivity in exporters. Fungal mating has
pairs of lipidated peptide pheromones and dedicated ABC exporters conserved across 500 million
years of evolution. The sequences of peptide pheromones change across the fungal lineage leading
to co-evolution of exporters with their cognate pheromone substrates.

iii

The ability to grow dense populations rapidly and powerful genetics make the baker’s
yeast, S. cerevisiae an ideal model organism to build experimental systems that test functional
variation in proteins. We built an experimental system that quantitatively couples the pheromone
export activity of an expressed ABC exporter to a fluorescent reporter in the same cell. Starting
from a mutated set of a non-functional orthologous exporter, we selected for increased pheromone
export based on fluorescence of the cells. Our work shows that there is a large target size for
mutations that affect substrate selectivity of ABC exporters. A large target size with additive
contributions of individual mutations might explain the evolutionary success of ABC exporters.
Specifically, a large target size would provide high probability trajectories for duplication and
divergence of a transporter to transport “novel” substrates.
Increasing availability of sequenced genomes of fungi also provides a library of substrates
(pheromones) and exporters to test the model for co-evolution. Orthologous pheromone exporters
can be identified by homology search, while pheromones candidates can be identified by an
algorithmic sieve that we have developed. Going forward, our experimental selection system can
enable comparisons of phylogenetic variation in pheromone exporters we observe by imposing
artificial selection.
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Abstract
Over the last 20 years, we have amassed much structural information on ABC transporters, with
hundreds of structures deposited in the Protein Data Bank starting with isolated domains, and now
continuing with an increasing array of full-length transporters. These structures captured different
steps in the transport cycle. They also served as a scaffold to design and interpret computational
simulations and biophysics experiments to elucidate the protein dynamics and mechanisms of
substrate selection and transit through the transporters. In this review, we present an updated view
of the classical alternating access mechanism as it applies to eukaryotic ABC transporters, with a
focus on type I exporters. We now have a clearer window into the energetics of these transporters,
how substrates are selected and how ATP is consumed to perform work at the molecular scale.
Many human ABC transporters are associated with disease, and we highlight recent progress in
understanding their pharmacology from the lens of structural biology.
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1.1 ABC proteins – a large and ancient superfamily of proteins
ATP-binding cassette (ABC) proteins are present in all sequenced genomes from the three major
branches of life and characterized by a nucleotide binding domain (NBD) with conserved motifs
to bind and hydrolyze ATP (Davidson et al., 2008; Hung et al., 1998). Most ABC proteins are
membrane transport proteins. Indeed, ABC transporters constitute one of the largest family of
primary transporters—proteins that hydrolyze ATP and transport substrates across biological
membranes. Members of this family are either importers (for high-affinity nutrient uptake) or
exporters (for extruding molecules from the cytosol to the extracellular space or an organelle’s
lumen). While prokaryotes contain both importers and exporters, the many eukaryotic ABC
transporter genes—23 in Saccharomyces cerevisiae (Decottignies and Goffeau, 1997), 48 in
human (Dean et al., 2001), and >100 in Arabidopsis thaliana (Garcia et al., 2004; SanchezFernandez et al., 2001), for example—are essentially all homologous to the prokaryotic exporters.
Eukaryotic ABC transporters are generally (pseudo) two-fold symmetric structures with two
intertwined transmembrane domains (TMDs) connected to two NBDs (Figure 1.1a). Each TMD
contacts both NBDs, and the two NBDs pair up, forming two ATP-binding sites at their interface.
Transient cavities in the TMDs along the axis of symmetry perpendicular to the membrane plane
participate directly in substrate translocation.
Some ABC transporters are encoded in a single polypeptide, although many occur as multi-subunit
complexes with single or pairs of domains encoded independently (Xiong et al., 2015). Eukaryotic
ABC genes are classified into eight subfamilies, ABCA through ABCH, based on sequence
homology and domain architecture (Dean et al., 2001; Theodoulou and Kerr, 2015; Xiong et al.,
2015). ABCE, ABCF and ABCH proteins have NBDs but no TMDs and participate in processes
like DNA repair and translation; we will not discuss them further here. The remaining subfamilies
3

form two groups by sequence homology of the TMDs: type I (ABCB, ABCC and ABCD) and type
II (ABCA and ABCG) (Xiong et al., 2015). This review focuses on the type I exporters, for which
most progress has been made toward understanding their substrate selection and transport
mechanisms. We also highlight recent structures of ABCA and ABCG family members that
provide interesting contrasting or common features between type I and type II exporters.
ABC transporters are important drug targets, motivating research on the mechanics of substrate
transport. For example, since the initial identification of P-glycoprotein (P-gp; ABCB1) as a
multidrug exporter (Riordan et al., 1985), several ABC transporters have been identified in human
cancers (Robey et al., 2018) and in pathogens (Jones and George, 2005; Kumar and Schweizer,
2005) for their function in multidrug resistance. Furthermore, mutations in many human ABC
transporters cause genetic disorders, e.g. X-linked adrenoleukodystrophy (ABCD1), cystic fibrosis
(CFTR / ABCC7), Tangier disease (ABCA1), sitosterolemia (ABCG5 / ABCG8) (Borst and
Elferink, 2002; Moitra and Dean, 2011; Theodoulou and Kerr, 2015). These connections to
diseases also highlight the diversity of physiological roles and substrates of these transporters
(Dean et al., 2001; Vasiliou et al., 2009).
Structural biology of ABC transporters started with studies of isolated NBDs (Gaudet and Wiley,
2001; Hung et al., 1998), highlighting similarities across multiple transporters. NBD structures
also provided insights into the ATP hydrolysis cycle that is essential for transport (Chen et al.,
2003). Structures of full-length transporters, now emerging at an accelerating pace with the recent
methodological advancements in electron cryomicroscopy (cryoEM) (Frank, 2017; Scapin et al.,
2018), are deepening our understanding of how the different structural domains collaborate to
effect substrate transport.
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Here we review our biochemical and structural knowledge of substrate selectivity in type I ABC
exporters and its role in the hydrolysis cycle of the ATPase. This naturally extends to the
pharmacological interest in these transporters, to highlight regulation by transport inhibitors and
clinically relevant drugs. We use the structures to propose a consensus model for the
conformational changes associated with the transport cycle. By incorporating complementary
biochemical data, we arrive at a mechanistic model for the thermodynamics of substrate selection
and transport, and the associated ATP hydrolysis. Finally, we briefly introduce the available
structures of “non-transporter” members of the type I proteins, and the type II transporters. These
serve to further highlight both the common features and broad diversity of ABC transporter family.

1.2 Consensus model for conformation cycling by type I ABC exporters
Structures of different full-length type I ABC exporters (orthologs and paralogs) have been
determined by both crystallography and cryoEM (Figure 1.1). Sequence homology suggests that
all family members follow the same flavor of alternating access (Jardetzky, 1966), with similar
conformational changes converting a transporter between an “inward-facing” state in which the
substrate-binding site in the TMDs is accessible from the cytosol, and an “outward-facing” state
in which the substrate can be released to the outside. The structures bear this out: they share similar
structural motifs and overall tertiary contacts, which allow us to make a consensus model for
conformational changes involved in the transport cycle for all type I exporters.
As diagrammed in Figure 1.1a, the core TMDs of type I exporters consist of two symmetric or
pseudosymmetric bundles of six long TM helices, 1-6 and 1’-6’, which extend significantly into
the cytosol. Domain-swapping of the 4th and 5th TM from each repeat generates bundles formed of
5

TMs 1, 2, 3, 4’, 5’, 6 and 1’, 2’, 3’, 4, 5, 6’, respectively. Each NBD interacts with two intracellular
loops of the TMDs (called coupling helices)—coupling helix 1 between TM2-TM3 and coupling
helix 2 between TM4’-TM5’ interact with the first NBD, and the corresponding loops in the second
TMD bundle interact with the second NBD—with conserved interactions essential for transport
function.

6

Figure 1.1. Structural similarities in ABCB, ABCC and ABCD exporters. (a) Schematic
structure of ABCB, ABCC and ABCD exporters with the core domain consisting of pseudosymmetric TMDs (dark and light grey) each coupled to an NBD (dark and light yellow) where
Mg2+-ATP (orange and black) bind. Some transporters contain an extra TMD0 (lilac) that can
modulate the transporter. (b) Representative type I ABC exporter structures loosely binned to
represent conformational states in the consensus transport cycle. Inward open: LTC4-bound
bovine MRP1 bound (PDB 5UJA); C. elegans P-gp (PDB 4F4C); mouse P-gp (PDB 3G5U); T.
thermophilus TmrAB (PDB 5MKK); C. jejuni PglK (PDB 5C76); AMPPNP-bound human
ABCB10 (PDB 4AYX). Outward occluded: Zosuquidar-bound human-mouse chimeric P-gp
(UIC2 Fab not shown) (PDB 6FN1); ATP-bound E. coli McjD (PDB 5OFR). Outward open: ATPbound hydrolysis-deficient bovine MRP1 (PDB 6BHU); AMPPNP-bound S. aureus Sav1866
(PDB 2ONJ); ATP-bound hydrolysis-deficient human P-gp (PDB 6C0V). Inward occluded: E.
coli McjD (PDB 5OFP). (c) Structures of NBDs during a transport and ATPase cycle viewed from
the cytosol looking at the membrane. Clockwise from top left: Separated apo-NBDs in inwardopen state (PDB 4F4C); Interacting Mg2+-ATP-bound NBDs in outward-occluded state (PDB
5OFR); ATPase-competent Mg2+-AMPPNP-bound NBD dimer in outward-open state (PDB
2ONJ); Interacting NBDs in inward-occluded state after ADP and phosphate release (PDB 5OFP).
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Figure 1.1 (Continued)

8

Figure 1.1b bins a sampling of the available structures mainly into inward- and outward-facing
conformations, highlighting the large movements of the TMDs between these two main states. The
ensemble of inward-facing structures, and investigation of the dynamics of several of these
structures by double electron-electron resonance spectroscopy (DEER) analyses and molecular
dynamics simulations, suggest that many transporters exhibit significant flexibility affecting the
NBD-NBD distance and the substrate-binding cavity size (Jin et al., 2012; Lee et al., 2014; Li et
al., 2014; Wen et al., 2013). Some dynamics result from flexing at helix-helix contacts and broken
TMD helices. As detailed below, this flexibility can allow binding of diverse substrates, and
changes in the TMD cavity upon substrate binding propagate to NBDs by the coupling helices
(Alam et al., 2018; Esser et al., 2017).
The outward-facing state is defined by opening of the substrate-binding cavity to the outside and
formation of an ATP-dependent NBD dimer (Figure 1.1c), with two ATP molecules bound at the
interface (Barth et al., 2018; Dawson and Locher, 2007; Johnson and Chen, 2018; Kim and Chen,
2018). The separation of helices in the apex of TMDs to open the extracellular gate requires the
release of contacts that stabilize the inward-facing state, which, as explained below, may be
relevant to substrate stimulation of the conformational cycle (Kodan et al., 2014).
Several structures represent an “occluded-state” conformation with both a closed extracellular gate
and an NBD dimer (Figure 1.1b) (Bountra et al., 2017; Choudhury et al., 2014). Namely, the
bacterial antibacterial peptide exporter McjD was crystallized in occluded states both with bound
nucleotide analogues (AMP-PNP and ATP-VO4) and in the absence of nucleotide, which may
represent distinct conformations in the transport cycle. Crosslinking and DEER confirmed that
these McjD occluded states were represented during the transport cycle, but it remains to be
verified whether occluded states are stable intermediates for other type I exporters. A recent P-gp
9

structure was trapped in an occluded state by introducing an artificial disulfide to form an NBD
dimer (Figure 1.1b) (Alam et al., 2018). The structure has a closed outer gate and bound
Zosuquidar in the enclosed TMD cavity, suggesting the presence of on-pathway occluded states
in type I exporters.
By combining the accumulated structural information from multiple transporters, we can now
describe a general conformational cycle (Figure 1.1b and 1.1c). Substrate binding to the inwardfacing state leads to contraction of the TMD cavity near the inner leaflet of the membrane,
orienting the NBDs in a pre-dimer configuration observed both by crosslinking experiments with
P-gp in solution (Loo et al., 2003a) and comparing apo- and substrate-bound structures of MRP1
(Johnson and Chen, 2017). ATP binding stimulates formation of an NBD dimer that is competent
for ATP hydrolysis, while the TMDs are in an outward-open state, observed by preventing ATP
hydrolysis using either the non-hydrolysable ATP analog AMP-PNP (Dawson and Locher, 2007)
or hydrolysis-deficient mutants (Johnson and Chen, 2018; Kim and Chen, 2018). The outwardopen state is concomitant with substrate release. Finally, ATP hydrolysis destabilizes the NBD
dimer, resetting the transporter to the inward-facing state, ready for another cycle.
The next steps in defining the conformational cycle of transport for type I exporters are to flesh
out the collection of conformational states with various combinations of nucleotide and/or
substrate for a given transporter, and to have those data for multiple homologous transporters.
CryoEM promises to accelerate the process: technical developments now provide increased signalto-noise, and better algorithms allow for reconstructions of multiple conformations present in
ensembles (Loveland and Korostelev, 2018; Penczek et al., 2011). These methods have already
identified large conformational changes associated with specific nucleotide states in a type I
exporter (P-gp) at low resolution (Frank et al., 2016). Alternatively, enhanced sampling techniques
10

of molecular dynamics (Harpole and Delemotte, 2018), when informed by experimental data such
as distance distributions from DEER (Marinelli and Faraldo-Gomez, 2015), can also provide
insights on transporter dynamics when high-resolution structures are available.
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Figure
1.2.
Experimentally
identified
substrate-interacting
residues suggest binding site
diversity among ABC exporters.
See Table 1 for residue lists and
references.
(a)
Biochemicallyidentified
substrate-interacting
residues in TAP and P-gp. Left:
Zosuquidar-bound P-gp (UIC2 Fab
not shown; PDB 6FN1). Purple
spheres
represent
substrateinteracting residues from structure
and crosslinking experiments. Right:
ICP47-bound TAP (PDB 5U1D).
Pink segments crosslinked to
substrate peptides. Purple spheres
represent
crosslinked
residues,
variants that affect substrate transport
and selectivity, and substratedocking studies. (b) Substrate-bound
structures highlight the chemical
diversity of interactions distributed
across the TMD cavity. Left: LPSbound E. coli MsbA (PDB 5TV4).
Right: LTC4-bound bovine MRP1
(PDB 5UJA). Pink and purple
spheres
represent
substrateinteracting
residues
forming
hydrophobic and polar contacts
respectively. (c) TAP and P-gp
substrate-interacting
residues
highlighted in (a) and (b) (purple)
mapped onto the TAP TMD cavity
viewed from the cytosol (PDB
5U1D). Cyan cloud highlights the
combined positions of substrates
LTC4 (PDB 5UJA) and Zosuquidar
(PDB 6FN1). (d) Substrate-induced
changes in TM4 and TM4’/10 with aligned structures of PBDE-100-bound P-gp (gray, PDB
4XWK), apo- P-gp (dark yellow, PDB 4F4C), Zosuquidar-bound P-gp (blue, PDB 6QEE), Taxolbound P-gp (green, PDB 6QEX), QZ-Ala-bound P-gp (magenta, PDB 4Q9I), with the
corresponding ligands as dotted surfaces.
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1.3 Binding site diversity mirrors substrate diversity
Type I exporters use a structurally similar scaffold to transport molecules with a broad range of
physicochemical properties (Dean et al., 2001; Lefevre and Boutry, 2018). Furthermore, many
individually polyspecific transporters can transport a diverse set of substrates. Structures with
bound substrates and inhibitors, and complementary biochemistry experiments, are beginning to
reveal how the evolutionary adaptability of type I exporters is encoded.
Substrate diversity is evident in the multidrug export by drug-resistant cancers which led to the
identification of P-gp (Riordan et al., 1985), Multidrug resistance-associated protein 1 (MRP1;
ABCC1) (Cole, 2014) and Breast Cancer Resistance Protein (BCRP; ABCG2) (Litman et al.,
2001) as polyspecific drug exporters. The substrate profiles of these proteins are therefore
important for drug resistance in cancers and pathogens (Pedersen et al., 2017). Crosslinking with
derivatized substrates showed that much of the P-gp TMD cavity can interact with substrates using
multiple TMs towards the apex of the inward-facing cavity (Loo et al., 2003b, 2006; Loo and
Clarke, 2000, 2017). Structures of mouse P-gp (Aller et al., 2009; Li et al., 2014; Nicklisch et al.,
2016) and human MRP1 (Johnson and Chen, 2017) with bound substrate (or inhibitors) reinforce
the variation in substrate interactions in the TMD cavity. Highlighting the interactions on an
inward-facing model in Figure 1.2a illustrates that substrates consistently bind close to the apex of
the inward-facing cavity in the TMD with extended contacts to multiple helices, suggesting that
interactions at the apex are critical for promoting progression through the transport conformational
cycle.
TAP (heterodimeric ABCB2/B3), the transporter associated with antigen processing, provides
another useful case study for substrate selection and binding. TAP exports antigenic peptides
which are then loaded on major histocompatibility (MHC) Class I for adaptive immunity.
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Evolution selects for a broad peptide sequence selectivity in TAP to maintain an effective immune
system. Figure 1.2a illustrates on the recent cryoEM structure of TAP (Oldham et al., 2016a) the
biochemical evidence about its substrate-binding site assembled from studies of allelic variants in
chicken and rat, and crosslinking (Armandola et al., 1996; Baldauf et al., 2010; Deverson et al.,
1998; Geng et al., 2015; Koopmann et al., 1996; Lehnert and Tampe, 2017; Ritz et al., 2003). One
take-home is that residues on all sides of the inward-facing substrate-binding cavity affect substrate
affinity and selectivity. Furthermore, NMR experiments identified not only specific interactions
but also the conformation and dynamics of a TAP-bound antigenic peptide(Lehnert et al., 2016).
The peptide is extended with its sidechains forming specific interactions along the TMD cavity.
Work on TAP and a homologous bacterial transporter, TmrAB, has led to the interesting idea that
TMD cavities of transporters with broad substrate selectivity have surfaces with heterogeneous
physicochemical properties which may enable distinct subsets of interactions for each
substrate(Noll et al., 2017). This is also borne out in structures of MsbA (Mi et al., 2017) and
MRP1 (Johnson and Chen, 2017) with substrates lipopolysaccharides (LPS) and leukotriene C4
(LTC4) respectively (Figure 1.2b). Mapping contacts identified in either TAP or the multidrug
transporters illustrates that nearly all TMs have been implicated in substrate interactions (Figure
1.2c).
Crosslinking and spectroscopic experiments also identified substrate-induced conformational
changes in TMs (Loo et al., 2003c; Spadaccini et al., 2018; Szewczyk et al., 2015). Specifically,
in P-gp structures with bound ligands or inhibitors, TM4 and TM10 show kinks and flexible nonhelical regions correlated with the presence or absence of ligand (Figure 1.2d). These helix breaks
pinch the TMD cavity by increasing substrate interactions, close the intracellular gate, and provide
allosteric communication with the NBDs through the coupling helices (Alam et al., 2019; Alam et
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al., 2018). . In P-gp, kinks introduced by a competitive inhibitor (Zosuquidar) lead to different
positions of the coupling helices compared to a substrate (Taxol), highlighting the importance of
this allosteric pathway in substrate recognition (Alam et al., 2019).
A unique example of substrate binding is PglK, the bacterial transporter that flips lipid-linked
oligosaccharides that serve as donors in N-linked protein glycosylation. Membrane-facing
structural elements were implicated in substrate transport, along with polar residues lining the
outward-facing TMD cavity (Perez et al., 2015). The authors proposed that the hydrophilic
headgroup of the substrate slides through the TMD cavity in the outward-facing state while the
hydrophobic moieties of the substrate slide on the greasy membrane-exposed surface of the TMD,
a model that does not require substrate binding to the inward-facing state (Perez et al., 2015).
MsbA flips a similarly large lipid-linked substrate, lipopolysaccharide (LPS), essential for
maintaining the outer membrane of Gram-negative bacteria. In contrast to the PglK transport
model, a structure of LPS-bound MsbA highlights a large inward-facing TMD cavity with pockets
of distinct chemical properties that form substrate contacts important for transport (Figure 1.2b;
see also Figure 1.4b below) (Mi et al., 2017).
In summary, the first glances at the interactions of type I exporters with their substrates highlight
binding interfaces mainly dispersed along the TMD cavity, with different substrates likely
engaging different residue groups. This large putative substrate-binding surface in the TMD poses
a significant challenge to identify or predict cognate substrates of ABC transporters (Lefevre and
Boutry, 2018) and to pharmacologically target polyspecific transporters (Pedersen et al., 2017;
Robey et al., 2018). These efforts will improve as we continue to develop our understanding of the
distribution of substrate interactions and the dynamics they induce in the transporters.
Furthermore, the PglK case suggests that substrate-binding sites may vary even more than
15

expected and a mechanistic model of the allosteric stimulation of ATPase activity and
conformational cycles must account for this. In the following section we propose a thermodynamic
model that helps account for the evolutionary flexibility of substrate-binding site variation.

1.4 Transport energetics: The power stroke is ATP-facilitated NBD closure
A central question is how the cycle of ATP binding and hydrolysis by the conserved NBDs couples
to the conformational state of TMDs, essential for transport function. The residues important in
ATP binding and hydrolysis are conserved in all type I exporters and were identified in isolated
NBDs (Gaudet and Wiley, 2001; Szollosi et al., 2018). These conserved structural features, and
the fact that across transporters the presence of substrate increases basal ATPase activity, support
a consensus NBD conformational cycle coupled to specific nucleotide states (apo, ATP, posthydrolysis ADP plus phosphate, ADP; Figure 1.1c). The accumulated functional and structural
data led to proposals of several mechanistic models that differ in the details of how they link
ATPase activity to conformational cycling(see (Szollosi et al., 2018) for a recent review). Here we
aim to provide a synthesized “consensus” mechanistic model that can be used as a general
thermodynamic framework for understanding the energetic landscape of transport cycle of type I
ABC transporters.
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Figure 1.3. Consensus thermodynamic model for transport by ABC exporters. Vertically
aligned (a) energy diagram and (b) conformational state schematics for transport cycle of type I
ABC exporters. The resting state (1) is inward open. Substrate and ATP binding promotes
transition through substrate-bound occluded states (2, 3), to a locally stable outward-open state
(4), with an ATP-dependent NBD dimer. Substrate-bound transporters have a lower transition
energy (red box), accounting for the observed substrate stimulation. After substrate release (5),
ATP hydrolysis destabilizes the NBD dimer and outward-open state, leading the transporter to the
inward-open state (6) and release nucleotide, resetting for another round of transport.

For exporters, because substrate and ATP are present in the cytosol, an ensemble of inward-facing
state(s) (Moeller et al., 2015) must be the resting state where substrate binding is (generally)
favored (Figure 1.3 step 1). As discussed in the previous section and further supported by substrate
docking studies into apo transporter structures (Lehnert et al., 2016), the substrate binds to the
TMD cavity, which leads to the question: how does substrate binding affect the conformational
equilibrium of the transporter? Comparative studies of ligands for the polyspecific P-gp identified
substrate-induced distortions in the TMs: ligands that enhance ATPase activity also caused a kink
in TM4, which is intriguing as TM4 connects to the NBD2-interacting coupling helix (Figure 2d)
(Jin et al., 2012; Szewczyk et al., 2015). Structures of P-gp with ligands (Taxol (Alam et al., 2019),
Zosuquidar (Alam et al., 2019; Alam et al., 2018) and QZ-Ala (Szewczyk et al., 2015)) suggest
that this kink allows for specific interactions important for substrate selectivity, and plays an
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allosteric role in NBD dimerization. Consistent with this idea, in an inward-facing structure of C.
merolae ABCB1 (Kodan et al., 2014) this same region of TM4, located within the inner leaflet, is
disordered, and mutations aimed at rigidifying this region reduced both transport and ATPase
activity. Thus, TM4 and its conformational flexibility are important in gating access to the
substrate-binding site and communicating to the NBDs.
In most if not all type I exporters, ATP binding facilitates NBD dimerization (Dawson and Locher,
2007), which is essential for transport activity. Residues at the TMD apex are important in
stabilizing the inward-facing state, and can be affected by substrate binding (Kodan et al., 2014).
Substrate interactions with residues across the TMD cavity stabilize the constriction of the TMD
cavity cytoplasmic gate. In other words, substrate binding reduces the transition energy to form
the ATP-dependent NBD dimer (Figure 1.3 step 2).
An alternating access model for transport assumes the existence of occluded states—with the TMD
cavity closed to both sides of the membrane—that represent the transitions between the inwardand outward-facing states in both arms of the transport cycle, although these occluded states may
be transient. Structures of McjD, along with DEER and molecular dynamics, suggest that occluded
states exist and represent meta-stable state(s) in the transport cycle (Bountra et al., 2017;
Choudhury et al., 2014; Gu et al., 2015). Overall, evidence from most transporters suggest that the
outward-facing state is the stable ATP-bound state, placing the occluded state at a higher energy
state in a consensus model (Figure 1.3 step 3), with the specific energy differences in a given
system dictating whether it represents more of a transition state or an intermediate.
NBD dimerization and the transition to the outward-facing state distorts the TMD cavity, affecting
the relative positions of substrate-interacting sidechains, which may decrease affinity of the
substrate for its binding site. Furthermore, outward opening allows for substrate to exist in
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equilibrium with the extracellular space. This effectively creates a Brownian ratchet: release of
substrate allows the TMD cavity to relax to its final outward-open conformation with a distorted
substrate-binding site. While substrate release is sometimes referred to as “peristalsis”, a Brownian
ratchet-like mechanism does not require a direct force applied to the substrate for its movement
across the membrane. In sum, the “power stroke” of substrate transport across membranes is ATP
binding and NBD closure (Figure 1.3 step 4).
Multiple structures and solution experiments show that when ATP hydrolysis is inhibited by
mutation or vanadate, the outward-facing state is stable, suggesting that ATP hydrolysis is essential
to reset the transporter to the inward-facing state. Hydrolysis and/or release of phosphate and ADP
lead to NBD dimer destabilization and separation, prompting a reset to the inward-facing state
(Figure 1.3 steps 5 and 6), with the conserved coupling helices coordinating the motions of the
TMDs and NBDs. One exception to this general rule is caused by a mutation to the aspartate in
the conserved D-loop of the TAP1 NBD, which allow transition to the inward-facing state without
ATP hydrolysis, turning TAP from a one-directional transporter to an exchanger or facilitator
(Grossmann et al., 2014). This exception serves to emphasize the role of ATP hydrolysis in
ensuring unidirectional transport. The multi-molecular nature of ATP synthesis (i.e. microscopic
reversibility of hydrolysis), requiring two substrates rather than one, may provide a kinetic barrier
ensuring unidirectional transport by this mechanism. Additionally, the high-energy transition state
involving charged inorganic phosphate (Pi) and ADP bound in proximity should increase the
kinetic barrier to ATP synthase activity from free ADP and Pi.
Combining the above information, we arrive at the consensus cycle illustrated in Figure 1.3. The
transporter rests in an ensemble of low-energy inward-facing state(s) and substrate binding
stimulates a change in the TMDs priming the system for NBD dimerization. NBD dimerization
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has a large activation energy and represents the rate-limiting step of the conformational cycle. This
may be the mechanistic basis for substrate stimulation of ATP hydrolysis because while the NBD
dimer can form in the absence of substrate, substrate binding increases the rate of NBD
dimerization, and therefore ATP hydrolysis. ATP is essential for stable NBD dimerization because
the two ATP molecules are central to the interface. Both an ATP-stabilized NBD dimer and the
presence of substrate in the TMD cavity are required to lower the activation energy to transition
to an outward-facing (or outward-occluded) state. The substrate is released due to a change in the
affinity of the TMD cavity for the substrate during the transition. ATP hydrolysis then disrupts the
NBD dimer, resetting the transporter to initiate the next cycle.
Different transporters likely vary in specific details of this model: the transition rates correspond
to the specific energy of the states, which depend on the protein’s identity and lipid environment
(Bountra et al., 2017; Moeller et al., 2015). An open question is whether hydrolysis of the two
ATP molecules play independent roles during the overall conformational cycle. Most studies
confirm that a single hydrolysis and phosphate release event destabilizes the NBD dimer and
promotes transition back to an inward-facing state. Indeed, in many heterodimeric or
pseudosymmetric transporters, the asymmetry of the ATPase sites is genetically encoded, with one
site containing all consensus ATP binding and hydrolysis motifs and the other site contains
degenerate motifs (Procko et al., 2006). While both sites can bind ATP, the degenerate site
hydrolyses ATP much less efficiently (Procko et al., 2006). Similarly, the asymmetric BmrCD
transporter hydrolyzes a single ATP per transport cycle, with the degenerate-site ATP remaining
bound through the cycle (Collauto et al., 2017; Mishra et al., 2014). In contrast, DEER experiments
with P-gp, which has two non-equivalent consensus ATPase sites, suggested that the inward-tooccluded transition is coupled to hydrolysis of one ATP molecule while the second hydrolysis
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event and phosphate release matches the requirement of our model and is essential to reset to the
inward-facing state (Verhalen et al., 2017). It is possible that the “extra” hydrolysis event evolves
coupled to variations of our consensus model (and is missing entirely in transporters with a single
competent ATPase site), but one hydrolysis event remains coupled to reset the transporter over
evolution.
Trans-inhibition represents another variation of our consensus model with a connection between
substrate release and ATP hydrolysis in the outward-facing state, best studied in TAP and its
homolog TmrAB (Barth et al., 2018; Grossmann et al., 2014). In trans-inhibition, accumulated
transported substrate interacts with the TMD’s outward face and inhibits further cycling of the
transporter. This could simply result from unfavorability of substrate release in equilibrium with
high concentration of free (transported) substrate, although in the case of TmrAB, spectroscopy
data suggest that the transporter accumulates in a substrate-bound occluded state (i.e. Figure 1.3
step 3) suggesting allosteric inhibition by accumulated transported substrate (Barth et al., 2018).
Overall, substrate translocation (Figure 1.3 steps 1 to 4) and ATP hydrolysis (Figure 1.3 steps 5
and 6) represent two arms of the conformational cycle. Substrate binding affects the energetics of
the system by lowering the activation energy to form the NBD dimer, which represents the ratelimiting step. ATP binding is sufficient to induce substrate translocation, accounting for the
“power-stroke” of the transport cycle. However, ATP hydrolysis is essential to reset the system
for another round of transport and may be essential for ensuring unidirectional transport. This
separation may allow for evolutionary divergence of ABC transporters while maintaining
standardized ATP hydrolysis sites.
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1.5 Pharmacology of ABC transporters
The human ABC transporters directly associated with genetic diseases (Borst and Elferink, 2002;
Moitra and Dean, 2011; Theodoulou and Kerr, 2015), and drug exporters like P-gp and BCRP
(ABCG2) expressed in drug-resistant cancers (Robey et al., 2018), provide useful lessons on how
to pharmacologically target ABC transporters. Furthermore, the TAP peptide transporter, which is
inhibited by several viral proteins (Eggensperger and Tampe, 2015; Procko and Gaudet, 2009), is
an interesting system of an evolving set of transport inhibitors. Here we highlight how the
structural basis of ABC transporter inhibition by competitive or allosteric inhibitors informs both
the conformational and thermodynamic descriptions of the type I exporter transport cycle.
As introduced above, the polyspecificity of P-gp arises from distinct binding modes for different
drug substrates (Figure 1.2) (Loo et al., 2003b, 2006). Yet all substrates, by definition, increase
the probability of transition to the outward-facing state leading to transport. In contrast,
competitive inhibitors would bind to the transporter without increasing the transition probability,
thus inhibiting transport. It is then useful to compare the binding sites of substrates and competitive
inhibitors, and their respective effects on conformational dynamics. A complication arises in the
multidrug resistance field: “inhibitors” are often defined functionally as molecules that reduce
export of drugs, and some of these “inhibitors” are in fact competing substrates of the multidrug
exporters(Palmeira et al., 2012).
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Figure 1.4. Structural insights into ABC transporter pharmacology. (a) Structures of type I
exporters bound to competitive inhibitors. From left: the core domains of human TAP bound to
ICP47 (PDB 5U1D) chimeric mouse-human P-gp bound to two Zosuquidar molecules, a smallmolecule inhibitor (PDB 6QEE); mouse P-gp bound to the marine pollutant PBDE-100 (PDB
4XWK); mouse P-gp bound to two QZ-Ala cyclopeptides (PDB 4Q9I), which may be a competing
substrate). (b) Structure of type I exporters bound to non-competitive inhibitors. From left: C.
merolae P-gp homodimer bound to two aCAP cyclopeptides (PDB 3WMG); C. jejuni PglK
homodimer bound to a single Nb87 nanobody (PDB 5NBD); E. coli MsbA homodimer bound to
LPS substrate (black) and two G907 small-molecule inhibitors (PDB 6BPL); chimeric mousehuman P-gp bound to the UIC2 antibody (only the Fv fragment is illustrated and the transporter is
rotated ~180° relative to other panels to better view the interface; PDB 6FN4). Color-coding as in
Figure 1.1, with the inhibitors illustrated as cyan dotted surfaces.

Structures of P-gp are available with competitive inhibitors and reveal interesting features about
inhibitor binding modes (Figure 1.4a): (i) mouse P-gp bound to a pollutant, polybrominated
diphenyl ether (PBDE)–100 (Nicklisch et al., 2016), (ii) mouse P-gp bound to a series of cyclic
peptides, some of which are likely substrates, some of which are inhibitors (Li et al., 2014;
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Szewczyk et al., 2015), and (iii) a mouse-human P-gp chimera bound to Zosuquidar, a likely
competitive inhibitor (Alam et al., 2019; Alam et al., 2018). These reveal interesting features about
inhibitor binding modes. PBDE-100 overlaps the substrate-binding site, but interacts deeper in the
transmembrane domain with additional aromatic residues, including some implicated in the
transition to outward-open (Kodan et al., 2014), possibly stabilizing the inward-open state.
Structures of P-gp with cyclic peptide modulators showed two substrate molecules bound in the
TMD cavity, to an upper and lower site, respectively (Figure 1.4a) (Szewczyk et al., 2015). In
contrast, the structure of P-gp with Zosuquidar (Alam et al., 2018), a competitive inhibitor, shows
two bound Zosuquidar molecules in an occluded cavity that would be expected to be occupied by
substrates, and affects the conformational cycle as evidenced by decreased ATPase activity. This
stable occluded state is reminiscent of the trans-inhibition mechanism proposed for TmrAB (Barth
et al., 2018).
MD simulations with compounds bound to either the upper or lower site reproducibly showed that
binding to the upper site promoted NBD-dimer closure, whereas binding to the lower site did not
(Ma and Biggin, 2013). This suggests that interactions of a potential substrate within the upper
part of the inward-facing cavity may be key to lowering the activation barrier for conformational
switch to the outward-facing state with NBD dimerization (Figure 1.3 step 2). Similarly in another
study, while the NBDs of both apo and substrate-bound mouse P-gp approached in simulations,
only the NBDs of the substrate-bound state aligned consistently with the closed NBD dimer (Pan
and Aller, 2018). Spectroscopy (NMR and EPR) studies show that transported substrates cause
distortions of TM4 or TM4’ to form the NBD dimer (Spadaccini et al., 2018). Structures of P-gp
with (some) competitive inhibitors show analogous TM4 or TM4’ kinks (Figure 1.2d), suggesting
these “competitive inhibitors” may be bona-fide substrates.
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The macrocyclic peptide aCAP, a non-competitive inhibitor, stabilized an inward-facing
CmABCB1 structure (Kodan et al., 2014) by binding to a site distinct from the competitive
inhibitor sites. aCAP binds to the TMD exterior near the outer leaflet surface, likely preventing
the transition to outward-facing (Figure 1.4b). Indeed, biochemical experiments and comparisons
with the outward-facing Sav1866 structure (Dawson and Locher, 2006) identified interactions at
the TMD apex forming an extracellular gate, which stabilize the inward-facing state and are
disrupted when the TMD transitions to the outward-facing state. aCAP thus allosterically inhibits
the transporter by stabilizing the closed extracellular gate. This is consistent with the idea that
substrate binding destabilizes the gate to increase the probability of switching from an inward- to
outward-facing state. Furthermore, conformation-specific antibodies or nanobodies have been
identified that behave as inhibitors in the same vein, by trapping the transporter in specific states
and affecting the cycle (Figure 1.4b) (Alam et al., 2018; Perez et al., 2017).
Structures of MsbA with its inhibitors G907 or G092 (Figure 1.4b) (Ho et al., 2018) reveal a similar
allosteric mechanism: binding of G907 to TMs 4-6 on the outside of the TMD from within the
middle of the membrane bilayer causes a straightening and rigidification of TM4, similar to what
is seen for the P-gp competitive inhibitor PBDE-100 (Figure 1.2d). Furthermore, the MsbA NBDs
become unlatched from the coupling helices, again reinforcing the idea that TM4 and its
conformation provides the allosteric communication route between the substrate-binding site and
the NBD.
A combination of the increasing repository of structures, molecular dynamics, and experiments
allow for drug design in the context of mechanistic models, to target specific modes-of-action. It
will be helpful to classify inhibitors of type I exporters based on their mode-of-action like the
cystic fibrosis drugs described below. Inspiration can also be drawn from viral proteins that have
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evolved to interfere with the antigen peptide transporter TAP(Praest et al., 2018). Recent structures
of TAP in complex with the inhibitory protein ICP47 highlight the stabilization of the inwardfacing state and occlusion of substrate binding (Figure 1.4a) (Herbring et al., 2016; Oldham et al.,
2016a; Oldham et al., 2016b). Finally, as native substrates of annotated multidrug exporters are
identified (Parreira et al., 2018) we may better understand the context of these transporters as
pharmacological targets.

1.6 “Transporters” that have evolved to perform alternate functions
Among the 49 human ABC genes, three ABCC subfamily members are not transporters but play
a physiological role as ion channels. CFTR (ABCC7) is an ATP-gated chloride channel expressed
in epithelia (Riordan et al., 1989; Vergani et al., 2005), and SUR1 and SUR2A/B (ABCC8 and
ABCC9) are regulatory subunits in the KATP channel complex, a nucleotide-gated potassium
channel(Cook and Hales, 1984). CFTR mutations cause cystic fibrosis, and drugs have been
developed to restore function (Molinski et al., 2018). SUR1 is also a pharmacological target for
diabetes type II treatment (de Wet and Proks, 2015). We highlight how lessons from the
pharmacology of these non-transporters can be reapplied to type I exporters.

1.6.1 SUR1, the modulator of Mg2+-ADP gated KATP channel
The KATP channel in pancreatic cells, an octameric complex of four Kir6.2 and four SUR1 subunits,
plays a critical role in insulin release (Clement et al., 1997). The SUR1 nucleotide-binding sites
function as Mg2+-ATP/ADP sensors by dimerization, unlike classical type I exporters that only
form stable NBD dimers with ATP or ATP analogues (Nichols, 2006; Vedovato et al., 2015).
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CryoEM structures of this KATP channel reveal a propeller shape, with SUR1 TMD0 domain
connecting the four SUR1 core-transporter blades to a central tetrameric Kir6.2 hub forming the
potassium channel pore (Figure 1.5a) (Lee et al., 2017; Li et al., 2017; Martin et al., 2017a; Martin
et al., 2017b). The linker connecting TMD0 to TMD1, called L0 or Lasso, also contacts Kir6.2.
The TMD0 and Lasso are homologous both in sequence and structure to that in MRP1 (TMD0 and
Lasso) and CFTR (Lasso only)(Martin et al., 2017a; Martin et al., 2017b). In all KATP structures,
ATP (not chelating Mg2+) is bound at the inhibitory site on the Kir6.2 cytoplasmic domains,
proximal to the SUR1 Lasso, suggesting that it mediates and modulates SUR1-Kir6.2 interactions.
The KATP channel, a sensor of cellular metabolism, is stimulated or inhibited by nucleotide binding
to different sites on the complex. ATP and PIP2 bind to Kir6.2 proximal to the TMD0 and Lasso
interface to inhibit and stimulate channel opening respectively, while Mg2+-nucleotide binding to
the SUR1 NBDs stimulates channel opening (Li et al., 2017; Martin et al., 2017b). In the first KATP
structure, the apo-NBDs are open and the TMD is inward-open (Martin et al., 2017b), suggesting
that Mg2+-ADP-based NBD dimerization causes a large conformational change in SUR1
propagated through the TMD0/Kir6.2 interface to increase channel open probability (Wu et al.,
2018). Indeed, human KATP incubated with Mg2+-ATP generated two structures: a propeller
structure and a new quatrefoil structure (Figure 1.5b) (Lee et al., 2017). SUR1 is in an occludedlike state with closed NBDs in both, with Mg2+-ADP at the consensus site, and Mg2+-ATP at the
degenerate site. In the propeller form, NBD closure creates a mismatch in the vertical alignment
of the SUR1 and Kir6.2 hydrophobic surfaces, which could be energetically disfavored in a native
membrane, and is relieved in the quatrefoil through a large rotation of the SUR1 core relative to
TMD0 (Lee et al., 2017). The quatrefoil may thus resemble the ADP-stabilized open state of the
channel.
27

Sulphonylurea drugs used to treat diabetes, such as glibenclamide and glyburide, inhibit KATP
channel activity, and thus stimulate insulin release. A structure of glibenclamide-bound KATP
showed that glibenclamide binds relatively low within the SUR1 inward-facing TMD cavity
(Figure 1.5a) (Martin et al., 2017a). This position, analogous to some type I exporter competitive
inhibitors (Figure 1.4), would not allow the TMD closure observed in the quatrefoil (Lee et al.,
2017).
Relating the structural insights on KATP and SUR1 back to type I exporters, three lessons emerge.
First, accessory domains like the TMD0 and Lasso can mediate not only physical connections, but
also allosteric coupling, between ABC proteins and other physiological assembly partners. Second,
the purpose of ATPase site degeneracy may go beyond reducing ATP hydrolysis, to include NBD
closure mediated by Mg2+-ADP. Third, glibenclamide provides another example of an inhibitor
binding within the lower part of inward-facing cavity to prevent nucleotide-mediated NBD closure,
in contrast to substrates that bind high within the cavity to stimulate NBD closure in true exporters.
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Figure 1.5. ABC “Transporters” that have non-transport functions. (a) R. norvegicus Kir6.2
(green) and C. cricetus SUR1 (colored as in Figure 1.1) (PDB 6BAA) form the KATP channel
important in pancreatic β-cells. The inhibitor glibenclamide (cyan) binds in the SUR1 TMD
cavities, while free ATP (black), another inhibitory modulator, binds the Kir6.2 cytoplasmic
region. Left: top view of KATP highlights its propeller shape. Right: Only one SUR1 subunit is
illustrated (rotated ~180° on its vertical axis compared to most figures in this review) to show how
it interacts with the Kir6.2 tetramer (green surface) via both its TMD0 and Lasso domains (lilac).
The bound glibenclamide extends below the membrane interface. (b) The nucleotide-induced NBD
dimers of the human quatrefoil structure (PDB 6C3O) viewed from the cytosol, superimposed the
propeller form (transparent surface; PDB 6BAA). The curved and double arrows indicate SUR1
core and NBD motions, respectively. (c) CFTR’s R-domain (green) is auto-inhibitory, keeping
NBDs separate (PDB 5UAK), and is released upon phosphorylation (PDB 5UAR), allowing for
ATP-dependent NBD dimerization and an open channel (PDB 6MSM). The N-terminal Lasso is
lilac. Red and blue spheres show positions of disease-causing mutations in the NBD-NBD
interface and NBD1-coupling helix clusters, respectively (Molinski et al., 2018), and the boxed
region corresponds to the putative corrector binding site.
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1.6.2 CFTR, the ATP-gated chloride channel
CFTR, an ATP-gated chloride channel in epithelial membranes, is so-named because a reduction
in its activity in the bronchial epithelium causes cystic fibrosis (Csanady et al., 2019; Riordan et
al., 1989). Consistent with its sequence homology to classical type I exporters, CFTR channel
opening probability correlates with ATP-dependent NBD dimerization (Vergani et al., 2005).
Accordingly, CFTR structures in nucleotide-free or ATP-bound states fit well into the standard
conformational states described for type I exporters (Figure 1.5c) (Liu et al., 2017; Zhang and
Chen, 2016; Zhang et al., 2017, 2018). The nucleotide-free inward-facing state corresponds to a
closed channel. The rate-limiting transition is ATP-mediated NBD dimerization, producing a
conformation of the TMDs resembling the classic outward-open state (Csanady et al., 2019). The
CFTR inner gate is “broken” thus the outward-facing state forms a channel rather than an outwardfacing cavity (Tordai et al., 2017; Zhang et al., 2017). As in type I exporters, ATP hydrolysis
destabilizes the NBD dimer, resetting to the inward-facing state and closing the channel.
The regulatory or R domain linker between the pseudosymmetric CFTR halves is inhibitory and
must be phosphorylated by protein kinase A for the channel to open (Csanady et al., 2019). In the
nucleotide-free state, the unphosphorylated R domain occupies the cytoplasmic end of the TMD
cavity (Figure 1.5b) (Liu et al., 2017), explaining how it inhibits NBD closure—in a manner
analogous to ICP47 inhibition of TAP. Phosphorylation releases the R domain from the TMD
cavity and thereby potentiates CFTR, and in the human CFTR structure was found to rest under
the Lasso and contact the NBD1 outer surface (Figure 1.5b) (Zhang et al., 2018).
Cystic fibrosis is the best-studied ABC protein-associated genetic disease, with >200 causative
mutations in CFTR classified based on their molecular phenotype (Csanady et al., 2019), although
all decrease CFTR activity in some way. Available drugs, which aim to increase activity, are also
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grouped based on their mode-of-action. Most common are correctors (Molinski et al., 2018) that
help fold and/or stabilize CFTR by mitigating the folding defects of specific variants, and
potentiators (Yeh et al., 2017) that increase open probability of available channels upon
phosphorylation but independent of ATP. Drug cocktails can therefore be generated, matching
drug mode-of-action to the CFTR variants’ classification(Veit et al., 2016). Mutations form two
high-frequency clusters on CFTR (Figure 1.5c) (Molinski et al., 2018). One cluster at the interface
between NBD1 and its corresponding coupling helix contains mutations, like ∆F508, that impair
folding and thus are targets of correctors. Docking of correctors in the CFTR structure suggest that
they bind to and thereby stabilize the nexus of the Lasso, coupling helices and NBD1 (Figure 1.5c)
(Molinski et al., 2018). Another cluster at the NBD-NBD interface between includes mutations
like G551D that decrease open probability, and are targets of potentiators like VX-770 (Jih and
Hwang, 2013; Yu et al., 2012) . Although its binding site is unknown, VX-770 is hydrophobic and
thus hypothesized to bind within the TMD (Yu et al., 2012). Identifying its binding site could
provide a generalizable strategy for developing potentiators of other ABC transporters.
In summary, the CFTR mechanism is very similar to that of type I exporters, and largely explained
by our consensus model. Allosteric compounds have been identified that improve CFTR folding
and stability or potentiate activity, and their biophysical properties can serve as design templates
for other ABC transporter targets, particularly when seeking to increase activity.

1.7 Type II ABC exporters
Although this review focuses on members of type I exporters, we briefly address advances in
understanding of substrate binding and conformational states for the type II exporters. The
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differences in sequence homology that distinguish type I and type II exporters (Xiong et al., 2015)
are reflected in structural differences in the TMDs (Figure 1.6). The TMs are much shorter in type
II exporters than in type I, bringing the NBDs closer to the membrane inner leaflet boundary, and
a segment between TM5 and TM6 forms a small extracellular domain (Lee et al., 2016; Taylor et
al., 2017). Unlike in type I, type II exporters do not have intertwined TMDs, i.e. crossover
interactions of a TMD coupling helix to the NBD of the opposing half-transporter. Instead, the
NBD interacts directly with the TMD of the same protomer via a membrane-proximal connecting
helix preceding TM1 and a coupling helix between TM2 and TM3 (Lee et al., 2016). type II
transporters form two subfamilies, ABCA and ABCG, which we will discuss separately.
ABCG transporters, homo- or heterodimers with an NBD-TMD subunit organization, transport
hydrophobic molecules in different contexts across eukaryotic phyla (Borghi et al., 2015; Luo et
al., 2018). The available structures of the ABCG5/G8 and ABCG2 transporters highlight the core
structure of type II exporters in the major inward-facing and outward-facing states (Figure 1.6a)
(Lee et al., 2016; Manolaridis et al., 2018; Taylor et al., 2017). In the inward-facing state, the TMD
flexes proximal to the unliganded NBDs—which stay connected near their C-terminus—to open
an inward-facing cavity for substrate binding, similar in the structures of ABCG5/ABCG8 (Lee et
al., 2016) and ABCG2 (Taylor et al., 2017). Mg2+-ATP-induced NBD dimerization closes the
TMD on the intracellular side (Manolaridis et al., 2018).
Structures of ABCG2 with a bound estrone-3-sulfate substrate molecule (Manolaridis et al., 2018)
or with competitive inhibitors MZ29 or MB136 (Jackson et al., 2018) show the protein in an
inward-facing conformation very similar to the apo structure (Figure 1.6b). Analogously to type I
exporters, the substrate is tucked high within the inward-facing cavity, whereas the inhibitors
extend much lower. In the case of MZ29, two inhibitor molecules are bound; in the case of the
32

larger MB136 inhibitor, a single molecule curves to occupy the same space as the two MZ29
molecules. The inhibitors likely act as wedges that preclude the conformational changes necessary
for the transport cycle to proceed, similar to type I exporter inhibitors like ICP47 and SUR1
inhibitor glibenclamide.
The only structure of a type II ABCA exporter is of ABCA1 (Qian et al., 2017), the
lipid/cholesterol exporter involved in HDL production (Lee and Parks, 2005). As expected of type
II exporters, the ABCA1 topology is similar to the ABCG structures (Figure 1.6c), with the
following distinctions: ABCA transporters are typically single polypeptides with a TMD-NBDTMD-NBD organization, and their extracellular domain is larger, formed by large insertions
between TM1 and TM2 (and TM7 and TM8), in addition to the TM5-TM6 (and TM11-TM12)
insertions. The large extracellular domain (lilac in Figure 1.6c) is expected to aid in forming the
nascent HDL.
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Figure 1.6. ABCA and ABCG
transporters are evolutionarily
and structurally distinct from type
I exporters. (a) Structures of
stereotypical type II exporters:
nucleotide-free
inward-open
ABCG5/G8 (left; PDB 5DO7) and
ATP-bound outward-open ABCG2
(right; PDB 6HBU). (b) Structures
of ABCG2 with substrate estrone-3sulfate (left, PDB 6HCO), or
inhibitor MB136 (right, PDB
6FEQ), bound in the TMD cavity.
(c) ABCA1 (PDB 5XJY), has a
small TMD dimer interface without
a clear substrate-binding cavity, and
a large ectodomain (lilac) likely
involved in producing HDL
particles.

34

A noteworthy feature of the ABCA1 TMDs is that the two bundles are mostly separate, with only
a narrow interface proximal to the membrane’s inner-leaflet boundary (Qian et al., 2017). The
shallow TMD cavity is positively charged, likely primed to bind lipid headgroups, and the large
TMD surfaces exposed to the lipid environment may provide lateral access to the lipid substrates
for floppase activity. This unusual mechanistic hypothesis (Qian et al., 2017) is only compatible
with the type II exporter TMD topology, which lacks the helix swapping arrangement of type I
exporters.
Although type I and type II transporters have dramatically different TMDs by sequence and
structure, the overall conformational cycle contains comparable conformations enabled by
analogous biochemistry of ATP binding and hydrolysis. Therefore, while the details of inhibitor
designs will necessarily differ, general principles—like creating large physical wedges that
compete with substrate—are transferable between the two types of eukaryotic ABC exporters.

1.8 Summary
We aimed to consolidate the structural insights on the eukaryotic ABC exporters in the last decade.
Structures of different type I exporters are readily binned into four primary conformations, yielding
a proposed consensus model of transport that is a variation of the classical alternating access
mechanism. The model is built on the idea that transport is powered by ATP binding to facilitate
the inward- to outward-facing transition, while substrate binding affects the rate-limiting step of
ATP-bound NBD dimerization. This leads to a higher ATPase rate when substrates are transported,
which has been characterized as substrate stimulation. Changes in the binding cavity facilitate

35

substrate release, and ATP hydrolysis destabilizes the NBD dimer and resets the system to an
inward-open state.
We still largely do not know exactly how the binding of ATP and substrate to the inward-facing
state are coordinated, likely via the coupling helices that connect the substrate-binding TMDs to
the NBDs through conserved tertiary contacts. While work on isolated NBDs indicates they readily
bind nucleotides (e.g. (Gaudet and Wiley, 2001; Procko et al., 2006; Smith et al., 2002)), it was
originally surprising that full-length structures of multiple type I exporters solved in the inwardfacing state were not resolved with bound nucleotide even when ATP was provided. It is possible
that substrate binding to the TMDs increase the affinity of NBDs for nucleotides, although direct
evidence for this is still largely lacking. Other nucleotide-related questions that will benefit from
the recent structural insights: are one or two ATP molecules hydrolyzed in a typical transport
cycle? How does the asymmetry in ATPase sites affect nucleotide binding and hydrolysis
properties within a typical transport cycle? How is the free energy of ATP hydrolysis incorporated
into the uphill transport of substrates? There are likely important variations on the consensus
transport cycle, some of which are becoming clearer based on work on non-transporter ABC
proteins like CFTR and SUR1.
In addition to spectroscopic methods and computational methods such as enhanced sampling in
molecular dynamics, the advancements in cryoEM and the ability to identify subpopulations of
conformations (Frank et al., 2016; Loveland and Korostelev, 2018; Penczek et al., 2011) promise
to add thermodynamic and mechanistic detail to models for specific transporters by measuring
occupancy of states in populations of molecules.
Mechanistic models as presented here (or others made in similar fashion) can be used for drug
design and classification by biophysical mode-of-action (Alam et al., 2018; Ho et al., 2018;
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Spadaccini et al., 2018). This refined design strategy can improve our success at addressing the
pressing needs for both inhibitors for multidrug resistance transporters and modulators to mitigate
the effects of mutations in transporters linked to genetic diseases (cystic fibrosis, X-linked
adrenoleukodystrophy, sitosterolemia, etc).
Finally, the homologous structures and consensus model also highlight the common evolutionary
history of this broad family of transporters. The separation of the substrate binding from the overall
transport cycle (as evidenced by the commonly observed basal ATPase activity) as featured in our
consensus model may represent a fruitful evolutionary strategy. This may be why the ABC
transporter superfamily has supported a wide evolutionary divergence and a broad repertoire of
substrates while maintaining a strong coupling of the ATP binding and hydrolysis cycle to
conformational changes.
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Table 1.1. Residues identified to affect substrate binding and/or selectivity in ABC type I exporters.
Protein
Residuea
Methodb
Reference
TAP
HsTAP2
C213
Mutagenesis
to
affect (Baldauf et al., 2010)
substrate transport
HsTAP2
A374D
Mutant
affects
substrate (Armandola et al., 1996;
specficity
Lehnert and Tampe,
2017)
RnTAP2[a/u]c A217, E218, Q262, S265, Chimeric
transporter (Deverson et al., 1998)
L266
experiments
c
RnTAP2[a/u] E218
Mutagenesis affects transport (Geng et al., 2015)
of
R-C-term
peptides,
validated
by
BMOE
crosslinking
RnTAP2[a/u]c Q262, S265, L266
Mutagenesis has small effect (Geng et al., 2015)
on transport by selectivity for
C-term of peptides
RnTAP1
C273
BMOE crosslinking of TC6R (Geng et al., 2015)
with TAP abrogated by
C273A
RnTAP1
Y385
Mutagenesis affects peptide (Geng et al., 2015)
interaction,
and
favors
interaction with hydrophobic
C-term
RnTAP1
E436
BMOE crosslinking of TC2R (Geng et al., 2015)
to E436C, polymorphism in
GgTAP1
RnTAP1
C273, Y385, E436, D278, 9-mer peptide docking by (Geng et al., 2015)
Y326
anchoring to experiments
RnTAP2
E218, Q262, S265, L266, 9-mer peptide docking by (Geng et al., 2015)
E418, Q424
anchoring to experiments
GgTAP1
R289[B4]ǂ,
K131[B4]ǂ, Docking of acidic/peptides to (Geng et al., 2015;
D234[B15]ǂ, E289[B15]ǂ
alleles B4/B15 interact with Walker et al., 2011)
polymorphisms
GgTAP2
R216[B4]ǂ, G216[B15]ǂ
Docking of acidic/peptides to (Geng et al., 2015;
alleles B4/B15 interact with Walker et al., 2011)
polymorphisms
HsTAP1
V348C, E350
BM[PEO]3 crosslinking of P6- (Geng et al., 2015;
peptide, protelysis with BABE Herget et al., 2007)
at P6
HsTAP1
A433 to M480, Q513 to Peptide substrate crosslinked (Nijenhuis
and
R547
segment
Hammerling,
1996;
Walker et al., 2011)
HsTAP2
P301 to M389, I414 to Peptide substrate crosslinked (Nijenhuis
and
M433
segment
Hammerling,
1996;
Walker et al., 2011)
MRP1
BtMRP1
K332, H335, L381, F385, P-pocket, polar and non-polar (Johnson and Chen,
Y440,
F594,
R1196, contacts
2017)
N1244, R1248
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Table 1.1 (Continued)
BtMRP1
W553, T550, M1092,
Y1242, W1245
BtMRP1
K332, H335, L381, F385,
F389, T439, Y440, T550,
W553,
F594,
M601,
M1092, S1096, R1196,
Y1242, N1244, W1245,
R1248
P-gp
HsP-gp
Y118, V125, S222, I306,
S766, I868, G872
HsP-gp
L339, A342, F942, T945,
L975, V982, A985
HsP-gp
F728
HsP-gp

HsP-gp

MsbA
EcMsbA

H-pocket, hydrophobic vander-waals contacts
Around 4Å substrate LTC4 in
PDB 5UJA

Crosslinking with inhibitor
affects drug binding
Crosslinking with inhibitor
affects drug binding
Cys
crosslinking
affects
ATPase stimulation with drug
I306, F343
Cys crosslinking with MTSverapamil
and
MTSrhodamine affects ATPase
activity
L65, M69, W232, A233, Within 4 Å of substrate
F303, I306 Y310, F336, Zosuquidar in PDB 6FN1
L339, I340, F343, Q347,
Q725, E875, M876, L879,
Q946, M949, Y950, Y953,
F983, M986, A987, Q990,
V991

(Johnson
2017)
(Johnson
2017)

and

Chen,

and

Chen,

(Loo and Clarke, 2000)
(Loo and Clarke, 1997;
Loo and Clarke, 1999)
(Loo et al., 2006)
(Loo and Clarke, 2017)

(Alam et al., 2018)

R78, R148, Q256, R296, Binding of head-group of LPS (Mi et al., 2017)
K299
EcMsbA
M75, L263, I292
Non-polar contacts to LPS tail (Mi et al., 2017)
EcMsbA
R78, R296, Q307, D41, Around 4 Å substrate LPS in (Mi et al., 2017)
L45, Q256, S260, L263, PDB 5TV4
F288, I293, A294
a
Amino acids and their positions in the respective genes.
b
Experiment that was performed to identify the residue as important.
c
[a/u] represent alleles that are present in strains of R. norvegicus, and [B4] and [B15] are alleles present
in different G. gallus subpopulations.
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Chapter 2
Substrate selectivity in type I ABC exporters: High-throughput screening with
the fungal mating system
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Abstract
ABC transporters are the largest family of primary transporters, with members in every sequenced
genome. One potential explanation for the abundance of ABC transporters is their capacity to
evolve to transport a diverse set of substrates. Indeed, structural studies and biochemistry highlight
the stark contrast between the global structural similarity of homologous transporters and the
variety in size and physicochemical properties of substrates. Why ABC transporters can evolve
such diverse transportation functions and what variation in the primary sequence of a transporter
leads to altering substrate selectivity? We took advantage of a conserved ABC transporter in fungal
mating pheromone export to build a flow cytometry-based selection system to alter substrate
selectivity. We used a mutant library of an orthologous transporter and selected for specific
transport of a non-cognate pheromone substrate. We found that mutations over a large region of
the mutated transmembrane domains, larger than expected for a localized substrate-binding site,
can alter substrate selectivity. Further, selected clones have multiple mutations which broadly
show synergistic effect contributing to specific transport activity. Our results suggest the presence
of multiple sets of synergistic mutations contributing to substrate selectivity, and thus multiple
potential evolutionary paths towards substrate selectivity, might explain the evolutionary success
of ABC transporters for diverse substrates.
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2.1 Background
During evolution many genes have duplicated and diverged to acquire new functions. ABC
transporters are the most extreme example of protein diversification since they represent the largest
family of primary transporters with homologous genes; every sequenced cellular genome contains
at least one member of this family. Genomes have different complements of paralogous ABC
transporters that use ATP hydrolysis to drive substrate import or export. Different family members
transport different substrates and play roles in distinct physiological contexts. These transporters
are characterized by cytoplasmic nucleotide binding domains (NBD) with conserved motifs for
binding and hydrolyzing ATP, connected to transmembrane domains (TMD) that are the path of
substrate translocation. A large sub-family of these transporters are the type I exporters, which
transport substrates from the cytosol to the extracellular or luminal compartment (see Chapter 1,
for a more exhaustive review of ABC transporters).
Members of this family contribute to crucial physiological processes like transporting
lipopolysaccharide (LPS) for bacterial outer membrane biogenesis (MsbA) (Mi et al., 2017; Tefsen
et al., 2005), cytosolic Fe-S cluster protein biogenesis in eukaryotic cells (ScAtm1/HsABCB7)
(Kispal et al., 1999; Srinivasan et al., 2014), and antigen loading in the adaptive immune system
of vertebrates (Transporter for Antigen Processing, TAP) (Abele and Tampe, 2018). The
diversification of the family is associated with substrates that have differences in physicochemical
properties: a large glycosylated lipid (LPS), an Fe-S cluster precursor and antigenic peptides
respectively. Substrate selectivity of ABC exporters determines the multi-drug resistance
phenotype of cancers (P-glycoprotein or P-gp), and parasitic pathogens (P. falciparum mdr1).
Sequence conservation in the TMDs of homologous exporters has not been helpful in identifying
a conserved binding site for cognate substrates in orthologous or paralogous exporters. Structures
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of inward-facing exporters with different substrates are remarkably similar, with substrate
expected to bind over a large, chemically heterogenous surface of the TMD cavity. Biochemical
crosslinking and mutagenesis experiments on P-gp and TAP have identified positions in the TMD
cavity involved in substrate-recognition, but there has not been a systematic attempt to understand
the sequence determinants of substrate-selectivity in type I ABC exporters.
To study the variation of substrate-selectivity in ABC exporters we took advantage of the mating
system of the baker’s yeast, S. cerevisiae. A conserved part of mating across the entire fungal
lineage (about a billion years of evolution) is communication by the exchange of diffusible peptide
pheromones between the two haploid mating partners (gametes). The first identified fungal
pheromone RhodotorucineA (Kamiya et al., 1978) is a farnesylated peptide; with Basidiomycota
only using (at least) two farnesylated pheromones while Ascomycota use one farnesylated and
second un-modified peptide pheromone. Genetics experiments in S. cerevisiae identified the
farnesylated pheromone, a-factor (Anderegg et al., 1988; Michaelis and Herskowitz, 1988)
expressed in the cytosol of MATa haploid cells (a-cells) and exported into the extracellular space
by a type I ABC exporter, Ste6 (Mackay and Manney, 1974). The restriction of Ste6’s function to
a-cells (Kuchler et al., 1989; Wilson and Herskowitz, 1986) and biochemical assays of a-factor
transport(Ketchum et al., 2001; Michaelis, 1993) strongly argue for Ste6 being a dedicated a-factor
(farnesylated pheromone) exporter. With the known variation in the peptide sequence of
farnesylated pheromones across fungal phylogeny(Caldwell et al., 1995), we expect co-evolution
of substrate selectivity in the homologous pheromone exporters. Since the physiologically relevant
substrates evolve across the Ascomycota, we hypothesized that the Ste6-family of pheromone
exporters would co-evolve providing an appropriate system to study the variation of substrate
selectivity.
55

We started by testing the ability of Ste6 homologs from Ascomycota to rescue S. cerevisiae afactor export by expression in ste6Δ MATa-cells, to find homologous Ste6 with functional (afactor export) differences. We took advantage of the well-studied mating system in S. cerevisiae
to build a high-throughput screen for mutations in Ste6 homologs that affected the specificity of
pheromone transport. We chose to start with a poor exporter of S. cerevisiae a-factor, Y. lipolytica
Ste6, and search for mutations that increase its ability to export a-factor from S. cerevisiae. Using
libraries of mutagenized transporters, we identified regions of the TMD that affect substrate
selectivity by allowing transport of this “novel” substrate. We hypothesize that the large target size
for mutations that improve a-factor export creates many alternative paths for the evolution of
paralogous exporters and might explain the success of the ABC transporter family in “solving”
different substrate transport problems in evolution.

2.2 Results
2.2.1 Pheromone and transporter system is a conserved module in the mating systems of
yeast-like fungi
Pheromones of many yeasts (unicellular fungi) have been identified (cite all the papers) with their
peptide sequences varying across phylogeny. As seen in Figure 2.1b, these pheromones are small
peptides that are C-terminally farnesylated and methyl-esterified, inferred to undergo maturation
through a conserved set of enzymes highlighting the ancestral role of farnesylated pheromones in
fungal mating. The discovery of orthologs of Ste6 in Schizosaccharomyces pombe (Christensen et
al., 1997) and Candida albicans (Raymond et al., 1998) validates homology search (BLAST or
HMMER) as a reliable method to identify orthologs of this protein in all sequence ascomycete
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genomes (see Figure 2.1). These transporters have their highest sequence homology to ABCB
exporters. They are most similar to each other in their cytoplasmic ATP-binding domains (NBDs)
and show significant variation in the transmembrane domains (TMDs), where substrates are
expected to bind. To test the function of homologous pheromone transporter pairs from fungi, we
started with a set of lab yeasts whose mating system has been studied.
In S cerevisiae, the ABC exporter Ste6 is expressed only in MATa cells and ste6Δ (and hydrolysisdeficient mutations) are mating deficient; identifying a biological assay for a-factor (aF) transport.
We expressed Ste6 orthologs from other species in ste6Δ S. cerevisiae MATa cells and used a
mating rescue experiment to show that orthologous transporters have functionally diverged (see
Figure 2.1c). The efficiency of mating roughly correlates with the phylogenetic distance between
S. cerevisiae and the yeast containing the supplied the Ste6 ortholog, which is consistent with coevolution of the transporter with the pheromone that diverges (Figure 1b). To confirm that the
efficiency of mating is a good measure of transporter function, we assayed pheromone export
directly by collecting exported aF from growing cultures and used a serial dilution bioassay to
measure cumulated substrate transport (see Figure 2.1c). This provides an ideal system to mutate
an orthologous transporter and select for increased export of a novel substrate (aF) to identify
regions that affect substrate selectivity in type I ABC exporters. Specifically, given the comparable
expression of Y. lipolytica Ste6 (YlSte6) and S. cerevisiae Ste6 (ScSte6) and a 100-fold difference
in transport of ScaF, we asked if we could find mutations in YlSte6 that increase the transport of
ScaF.
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Figure 2.1. Homologous pheromone transporters are capable of partial rescue of aFtransport phenotype in S. cerevisiae. (a) Mating in fungi is initiated by a two-way pheromone
communication between haploids of different mating types. In S. cerevisiae, α-cells secrete the 13mer peptide α-factor (αF) via the vesicular pathway, which is recognized by a GPCR (Ste2) on acells. Parallelly, the farnesylated 12-mer peptide a-factor (aF) is recognized by a GPCR (Ste3) on
α-cells but has a dedicated ABCB exporter (Ste6) in a-cells. (b) Cladogram of yeast-like fungi,
highlighting sequence of aF-like pheromones(underlined are mature peptides (Davey, 1992;
Dignard et al., 2007; Heistinger et al., 2018; Michaelis and Herskowitz, 1988)) and the %identity
of homologous pheromone transporters (Ste6 orthologs). (c) Bioassays to measure aF-export from
ste6Δ S. cerevisiae a-cells, that express orthologous pheromone transporters (from strains aligned
in (b)). aF-export measured indirectly via mating-rescue (relevant phenotype for selection in
evolution) and directly by purifying aF from culture (see Methods). Expression of Ste6 homologs
measured by cell-normalized fluorescent signal of cultures expressing GFP-tagged transporters.

2.2.2 Building a selection system for specific-transport activity of a-factor (aF)
We aimed to use a genetic selection to find mutations that increase transport function because it
allows us to start with a large, unbiased library of variants. However, pheromone substrate export
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is difficult to select for directly because “success” involves the translocation of pheromone from
the cytosol to the extracellular medium and a-factor (aF) is highly hydrophobic, adsorbing to glass
and plastic. We thus designed an indirect selection, which depends on two aspects of the
pheromone response. First, in S. cerevisiae the signaling cascade downstream of the pheromone
receptors — the αF receptor Ste2 in a-cells and the aF receptor Ste3 in α-cells, both GPCRs — is
the same in both mating types (Alvaro and Thorner, 2016), meaning that the aF receptor Ste3 can
be expressed and function in an a-cell, detecting the pheromone exported by the same cell. Second,
pheromone-induced promoters can drive the expression of fluorescent proteins as a reporter for
the pheromone-induced signaling cascade (Poritz et al., 2001). Figure 2.2a shows the design of our
selection strain: expressing the aF receptor, Ste3, in a-cells with a pheromone-stimulated reporter
(PFUS1-ymNeonGreen) creates a cell whose response to the pheromone it exports can be measured
via whole-cell fluorescence. By tagging the transporter with an orthogonal fluorescent protein
(ymKate2), we created a two-color autocrine system that simultaneously reports on the expression
of the transporter and the response to the exported a-factor, thus on the specific aF-transport
activity of the transporter. We tested this system by assaying cells expressing either ScSte6 or
YlSte6 with flow cytometry to measure the dynamic range of the autocrine reporter (Figure 2.2b).
By including bovine serum albumin (BSA), which binds tightly to hydrophobic substances (like
the farnesyl group in aF) in solution, we prevented aF exported by cells expressing functional
transporters from stimulating neighboring cells who were unable to export aF (methods, 2.4.5).
Briefly, cells expressing ScSte6 and YlSte6 were mixed at [1:1] or [1:10] respectively sorted
(FACS) by gating on autocrine signal for 1% of YlSte6 population. Sorted cells from the mixed
populations were identified by unique markers of ScSte6 and YlSte6 by plating. Our FACS
enrichment protocol leads to an enrichment of 50% to 2-3% or 20-fold of ScSte6 over YlSte6. The
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aF receptor is expressed conditionally, from the S. cerevisiae GAL1 promoter (PGAL1), allowing us
to turn the pheromone response off after each round of selection. Therefore, we can use this system
for batch selection of pooled libraries of mutant transporters (YlSte6), using cell sorting and gating
on the autocrine reporter to select for increased transport function.
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Figure 2.2. Two-color autocrine system allows for selection of cells expressing transporters
functional in the export of S. cerevisiae aF. (a) An autocrine system was designed in a-cells, by
expressing the aF-sensitive GPCR (Ste3) and a reporter for pheromone stimulation (Poritz et al.,
2001). (b) Histograms of Autocrine reporter and Transporter Expression signal as measured by
flow cytometry of Autocrine strains (from A) expressing ScSte6 (magenta), YlSte6 (green) and no
transporter (grey). Populations (n > 25,000 events) are plotted as density contours of autocrine
reporter signal and transporter expression signal. (c) Model of YlSte6 (inward-facing) highlighting
positions (Cα as spheres) proximal to substrate density (light blue) in structures of P-gp
(Zosuquidar in 6FN4 and QZ-Ala in 4Q9I), EcMsbA (LPS in 5TV4) and BtMRP1 (Leukotricine
C4 in 5UJA); and homologous to residues in TAP and P-gp shown to affect substrate recognition
by crosslinking, allele variants and mutation experiments (magenta) (from Table 1.1, also
highlighted is the proteolyzed region of TAP that is crosslinked to substrate (pink)). (d) Schematic
of YlSte6 to illustrate the contiguous TM4-6 (orange, left) and TM10-12 (brick red, right) regions
chosen for library construction. These TMs contain many positions highlighted in the models in c
and form the TMD cavity in the inward-facing state.

Mutational analysis and substrate crosslinking on homologous type I ABC exporters like P-gp and
TAP showed that positions binding substrate or altering substrate selectivity are present over a
large part of the TMD cavity. We also aligned structures of substrate-bound exporters, including
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LTC4-bound MRP1 (Johnson and Chen, 2017), QZ-Ala- or Zosuquidar-bound P-gp (Alam et al.,
2018; Szewczyk et al., 2015), LPS-bound MsbA (Mi et al., 2017)) to identify residues within 5Å
of substrate density that line the TMD cavity and thus could also affect substrate selectivity in
homologous transporters. The combination of structures and biochemistry highlights the relevance
of TMs 4-6 and 10-12, which line the TMD cavity, for substrate selectivity (Figure 2.2c). Given
the size of the pheromone substrates and interactions surfaces divided by physicochemical
properties to reflect substrates in transporters like TAP, P-gp, MRP1 and MsbA, we expected
multiple positions could alter the substrate selectivity of Ste6. Therefore, rather than systematically
exploring the effect of all single mutations in this region(Fowler and Fields, 2014; Fowler et al.,
2014), we used random mutagenesis to build libraries, with each clone containing multiple
mutations. We built two libraries using error-prone PCR to generate mutant libraries, each with
104-105 members on a yeast replicating plasmid. One library has mutated TMs 4-6 (483bp, 161aa)
and the other TMs 10-12 (486bp, 162aa), which constitute the pseudosymmetric sets of TMs that
form a large part of the TMD cavity surface (Figure 2.2d). Given that our libraries cover a small
fraction of the large combinatorial space of mutations in TM4-6 and TM10-12, we decided to build
multiple independent libraries for each region. We also changed the error-prone PCR to generate
libraries with different mutation rates to contain clones with variation in mutation number (see
methods 2.4.4).
We performed several rounds of selection using our autocrine system to enrich for mutants in
YlSte6 that improve aF export. In the first round, we ran the libraries through fluorescenceactivated cell sorting (FACS) and gated on autocrine signal such that only ~1% of the negative
control YlSte6 population of cells passes. Given the distribution of autocrine signal in the control
populations, we expect that a single round of selection is not sufficient to provide a meaningful
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enrichment for functional transporters. Our system’s construction allows for expansion of the
selected cells with the system OFF followed by rounds of FACS enrichment (Figure 2.3a). The
autocrine signal of mutant libraries is left shifted with respect to that of cells expressing WT YlSte6
(Figure 2.3b, lightest blue and dashed green lines respectively). We infer that most mutations are
deleterious to transport function, potentially by destabilizing tertiary structure. Rounds of
enrichment led to a right-shift in the distribution of autocrine reporter signal, corresponding to
selecting a subset of the transporter library with increased aF export. There was no meaningful
change in autocrine reporter signal between the fourth and fifth rounds of selection (Figure 2.3b).
We performed four-rounds of enrichment with mutant libraries of TM4-6 and TM10-12 and sorted
104 to 105 cells that pass our autocrine signal gate. We plated the resulting enriched populations to
yield single colonies and tested these isolated clones individually using the same flow cytometry
autocrine assay; most clones showed increased autocrine signaling indicating improved aF export
(Figure 2.3c). To confirm that the increased autocrine signal is due to selection of expressed
transporter clones, we isolated plasmids and ran flow cytometry on freshly transformed cells to
show that transporter expression is sufficient to drive signal for selection. The rank order of the
autocrine signal in the original clones correlates well with the signal produced by transforming the
isolated plasmids (see methods, 2.4.5, Figure 2.16) into fresh recipient cells. In summary, the
FACS-based selection allowed us to enrich a library of mutant transporters for increased activity,
isolate and confirm independent clones from the enriched population and therefore connect a
transport phenotype to specific clones.
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Figure
2.3.
FACS
enrichment selects for
clones with increased
autocrine signal. (a)
Schematic of enriching
selection with rounds of
replicative growth with
Autocrine OFF followed
by FACS with Autocrine
ON. Cells were gated on
both
transporter
expression and autocrine
signal (blue box) and
sorted into Autocrine
OFF media for expansion
before the next round of
selection.
The
2D
histogram shows the flow
cytometry signal for
populations
of
cells
expressing
ScSTE6
(magenta),
YlSTE6
(green), and Autocrine
OFF YlSTE6 (grey). (b)
Histograms of population
autocrine signal over
rounds of FACS for a
representative
library,
highlighting the selection
for cells with a right shift
in the distribution of
autocrine signal. The
dashed line represents a
population
of
cells
expressing WT YlSTE6,
while the progressively
darker
solid
lines
represent the library
through rounds of FACS enrichment. (c) Clones isolated from enriched populations were tested
independently by the flow cytometry autocrine assay to measure the clone’s autocrine signal (left)
and transporter expression (right). Each point in a swarm represents the median measurement for
a given clone.
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2.2.3 Sequencing identifies mutations across the transmembrane domain (TMD) in selected
clones
We analyzed the YlSte6 mutants that improved autocrine signal, and presumably have increased
ScaF specific transport activity. We isolated and sequenced “top” clones from enriched
populations of six libraries (two different mutation rates each for two regions, TM4-6 and TM1012, see methods 2.4.4). We used Sanger sequencing to identify the mutations present in each clone.
Additionally, sequencing roughly 100 clones that give high autocrine signal, from each mutated
region, identified some clones more than once, indicating the sequenced clones are a good
representation of all selected transporters. Rather than hot-spots of mutations that might represent
a specific substrate contact, we observe mutations distributed across the entire mutated region in
the enriched clones (see Figure 2.4a). Pooling sequenced clones from the replicate libraries (TM46 and TM10-12 separately) shows that multiple mutations are present in most clones with
increased autocrine signal. The cumulative mutation count per position from unique sequenced
clones highlights the lack of sole individual or regional hotspot(s) from any library (Figure 2.4b
and c). We compared the distributions of the number of mutations per position to the expectation
that the mutations were distributed randomly across the mutated regions in a Poisson process
(Figure 2.4b). We observe that there is both a higher frequency of positions with zero mutations
and positions, positions with mutations three times the average or more than expected from a
Poisson distribution. We suspect that some positions cannot be mutated without severely inhibiting
transporter activity, whereas other may be especially likely to affect substrate selectivity (Figure
2.5a). We also sequenced clones from a control population enriched by gating on transporter
expression and not the autocrine reporter (Figure 2.6). Importantly, this confirmed that not all
mutations increase autocrine signal, thus our selection enriches for mutations that increase the
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specific activity of the transporter. Plotting the mutations per position from the enriched clones of
TM4-6 and TM10-12 libraries on homology models highlights the fact that mutations in selected
clones are distributed throughout the TMD cavity surface potentially playing a direct role in
substrate recognition (Figure 2.4c). Comparing to positions in homologous type I exporters that
change substrate recognition (see Figure 2.4c), selecting from mutant libraries provides a larger
set of positions that are available for the evolution of transporters.
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Figure 2.4. Mutations across the entire mutagenized region were selected upon gating by
autocrine signal. (a) Enriched plasmids from the TM4-6 and TM10-12 libraries were sequenced,
and the translated regions-of-interest are aligned to WT YlSTE6 with positions of non-synonymous
mutations marked in black for each clone. On the left are the 62 unique clones (90 total sequenced)
selected from TM4-6 libraries and on the right are the 40 unique clones (155 total sequenced)
selected from TM10-12 libraries. The TM boundaries are schematized in orange (TMs 4, 5, 6 and
coupling helix CH1to2, 199-359) and red (TMs 10, 11, 12 and coupling helix CH2to1, 851-1012) at
the bottom of the alignment. (b) The number of mutations at each position summed over all unique
selected clones are plotted in black bar plots for TM4-6 (left) and TM10-12 (right). The fractional
sequence identity of residues across the mutagenized regions TM4-6 (left) and TM10-12 (right)
calculated from an alignment of 1127 fungal pheromone exporters are plotted in red bar plots.(c)
Histograms of number of mutations per unique clones from TM4-6 libraries (62 unique clones,
left) and TM10-12 libraries (40 unique clones, right). (c) Histogram of number of mutations per
position summed over all unique selected clones from TM4-6 (left) and TM10-12 (right) libraries.
The histogram of the mutations/positions (blue) has a longer tail than a Poisson probability mass
function (PMF) distribution of the same number of mutations (gold).
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Figure 2.5. Selected mutations are distributed across the length of transmembrane helices.
(a) The number of mutations per position are mapped on the inward-facing (left) and outwardfacing (right) homology models of YlSTE6 with the corresponding Cα spheres colored white to
blue proportional to the values plotted in Figure 2.4c normalized per library. The insets highlight
the symmetric regions TM4-6 and TM10-12 that are mutated in our libraries. (b) Figure 2.2c panel
reproduced here for comparison, with magenta spheres and light blue spheres highlighting
positions known to affect substrate selectivity in other type I transporters.
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Figure 2.6. Control selection for transporter expression selection yields clones with Poisson
distribution of neutral mutations. (a) The regions-of-interest from 40 unique sequenced clones
enriched from TM10-12 libraries for transporter expression are aligned to WT YlSTE6 with nonsynonymous mutations highlighted for each clone. The TM boundaries are highlighted in red (TMs
10,11,12 and coupling helix CH2to1, 851-1012) below the alignment. (b) Similar to Figure 2.4b,
the number of mutations at each position summed over all unique selected clones are plotted in
black bar plots. (c) Histogram of number of mutations summed over all unique selected clones
(data from bar plot). The histogram of the mutations/positions (blue) is comparable to a Poisson
distribution of the same number of mutations (gold).

2.2.4 Selected clones have increased pheromone export
We performed a more detailed analysis of the effect of mutations in selected clones. We selected
four clones with high autocrine signal (two each from TM4-6 and TM10-12 libraries; Figure 2.7a)
to better characterize the increased autocrine reporter signal. To confirm that selection for
increased autocrine signal corresponds to transporters with increased specific activity, we used
two additional assays, quantifying mating efficiency and the exported aF. Cells expressing each
of the four selected clones show a 10-fold increase in aF export relative the cells expressing YlSte6
(Figure 2.7b) and the expression of these mutants improves mating efficiency relative to cells
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expressing the WT YlSte6 (Figure 2.7c). Our results demonstrate that the selected clones confer
increased aF transport.
Mutants that increase the export of ScaF could act by at least three mechanisms: increase the
transport rate without altering substrate specificity, reduce transporter specificity to allow efficient
transport of both ScaF and YlaF, or alter specificity to transport ScaF strongly and YlaF weakly.
To distinguish these possibilities, we assayed the YlaF transport function of the mutant transporters
in Y. lipolytica. Like S. cerevisiae ste6∆ mutants, Y. lipolytica ste6Δ MATA strains mate very
poorly. We can restore the mating phenotype by expressing YlSte6 on a replicating plasmid, and
therefore test the pheromone export activity of an expressed transporter (Figure 2.8). Three of the
four selected clones expressed in Y. lipolytica ste6Δ strongly reduce mating efficiency compared
to expression of unmutated YlSte6, suggesting that these mutants have reversed the substrate
specificity of YlSte6 (see Figure 2.7d) rather than reducing substrate selectivity to allow efficient
export of both pheromones.
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Figure 2.7. Testing of few selected clones verifies that selection was for increased S. cerevisiae
aF transport. (a) Clones A and B (TM4-6 library) and C and D (TM10-12 library) were reintroduced into naïve autocrine strains (that have not experienced FACS) to verify that increased
autocrine signal is conferred by mutations in the clones. Each sample was measured by flow
cytometry in biological triplicate populations (n = 30,000), and the medians of the autocrine signal
(black dots) and transporter expression (grey dots) are plotted as swarm plots. (b) aF exported by
populations expressing the transporter samples was measured by an end-point dilution biological
assay in replicate (crosses, average denoted by bars). Selected clones A, B, C and D have increased
aF export relative to WT YlSte6. (c) Mating rescue of ste6Δ S. cerevisiae strains expressing
transporter samples in biological triplicate plated on diploid selective media. Clones also confer
increased rescue of S. cerevisiae mating compared to WT YlSTE6. (d) Clones A, B, C and D have
reduced mating efficiency in Y. lipolytica MATA-cells when substituting for YlSTE6, suggesting
a reduced ability to transport Y. lipolytica aF. The efficiency is the normalized number of diploids
for a sample relative to the mean number of diploids formed with WT YlSTE6. The box plots
contain data from four different experiments, each with two biological replicates.
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Figure 2.8. Transporters are expressed in Y. lipolytica MATA cells to test for mating
efficiency. YlSte6, ScSte6, Clones A and B (TM4-6 library) and C and D (TM10-12 library) were
expressed in MATA Ylste6Δ cells on a replicating plasmid (CEN/YlURA3) as used for Figure
2.7d. Populations were inoculated in selective media to maintain plasmids and harvested at
exponential growth for measurement of fluorescently tagged transport expression. Each sample
was measured by flow cytometry in biological duplicate populations (n > 50,000) with medians of
transporter expression (red crosses) plotted as swarm plots, and average plotted as a bar plot.

2.2.5 Individual mutations from selected clones increase pheromone export
We examined the effect of individual amino acid substitutions on YlSte6 activity and the
interaction of these mutations with each other. Because we used PCR mutagenesis to build our
libraries, clones are expected to contain multiple mutations (Results 2.2.3 and Figure 2.13). The
four clones tested above (clone A, B from TM4-6, and clone C, D from TM10-12) each contain
multiple mutations, and we next tested the effect of each mutation in isolation. We introduced the
individual mutations in YlSte6 using directed mutagenesis and measured the autocrine signal by
flow cytometry with the same conditions used for selection (see Figure 2.9a). We normalized the
autocrine signal conferred by YlSte6 transporters with single mutations by baseline subtracting the
WT YlSte6 signal and considered this normalized signal to be the contribution of each mutation to
aF export (see Table 2.1). Each clone has at least one mutation that increased autocrine signal
when present in isolation. No singly-mutated transporter is much worse than WT YlSte6, with half
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the mutations—C277, Y278 and I888, A986, F860, Y940, M1000—being near neutral or mildly
deleterious. None of the singly mutated transporters led to misfolded protein suggesting the lack
of suppressor mutations in the selected clones, despite clones containing multiple mutations.
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Figure 2.9. Selected clones have
multiple mutations which have
distinct effects in isolation. (a)
Mutations in clones A, B, C and D,
tested as singletons by the flow
cytometry autocrine assay, showed
that many single mutations increased
transport activity. Each dot is a
median of autocrine signal (black)
and transporter expression (grey) of
populations (n > 25000 cells)
expressing
specific
transporter
constructs. Every measurement is
made
in
biological
triplicate
populations by flow cytometry.
Clones A and B from TM4-6 libraries
(top) and clones C and D from TM1012 libraries (bottom) are plotted
alongside their corresponding single
mutations for ease of comparison. (b)
All mutations contained in clones A,
B, C and D are plotted as Cα spheres
on YlSTE6 homology models and
colored by normalized autocrine
signal from (a). Table 2.1 records the
raw and normalized values used for
the structural models.
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Plotting the normalized autocrine signal of single mutations on structural models, most
contributing mutations localize to the TMD cavity. This is true across both libraries, with positions
of the TMD cavity buried in the lipid bilayer enriched for contributing mutations, namely M322,
T339 and Q871, L972, M983, E991. However, two notable exceptions of strongly contributing
single mutations, G259 and Q263, are near the coupling helices that are the tertiary contacts
between the TMDs and NBDs. The coupling helices are important in the allosteric communication
of substrate binding to the NBDs that underlies the substrate-stimulated ATPase activity conserved
across ABC transporters (Alam et al., 2019; Herget et al., 2007; Lehnert and Tampe, 2017; Pan
and Aller, 2018).
In Figure 2.10, we compared the autocrine signal contribution of single mutations to the mutations
per positions of unique clones from enriched libraries calculated in the preceding section. The
mutations per position in enriched clones should be a good predictor of individual effect, assuming
strongly contributing mutations can be averaged across backgrounds and our libraries are
saturating to evaluate positions across backgrounds. To compare across the TM4-6 and TM10-12
libraries, we normalized the mutations/position values by the mean mutations per position for the
respective library’s clones. Consistent with expectations, mutations with low autocrine
contribution all have low mutations per position values. On the other hand, mutations that strongly
contribute to autocrine signal are represented across the spectrum of mutation per position values.
For example, clone A from TM4-6 contains mutations G259 and M322 with high mutations per
position that predict high autocrine signal, while clone C from TM10-12 has mutations L972 and
M983 with low mutations per positions values (see Figure 2.10). Mutation per position values of
strongly contributing mutations can be explained by two non-exclusive possibilities: the more
likely one is that our libraries do not contain mutations across all possible backgrounds, that is, our
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libraries are too small a fraction of combinatorial space to accurately predict effect size by
occurrence; and the less likely one is that some mutations’ contribution to autocrine signal needs
specific backgrounds for the resulting clones to have high autocrine signal.

Figure 2.10. Number of mutations per position across unique clones is a weak predictor of
autocrine signal of single mutations. The normalized (WT YlSte6 baseline subtracted) autocrine
signal from Figure 2.8b is plotted against the corresponding normalized (divided by mean mutation
per position calculated independently for positions from TM4-6 and TM10-12 clones) mutations
per position values for the corresponding positions from Figure 2.4b, as a scatter plot with each
point representing a specific position mutated in clones A, B, C and D. See Table 2.1 for values
used in the plot.
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Table 2.1. Autocrine signal of singly mutated transporters.
Autocrine
signal

Transporter Mutations
expression
per position

Norm.
Mutations
per position

Sample

Clone

TM4-6 / G259D

A

0.15

0.49

6

5.5

TM4-6 / C277R

A

0.08

0.6

4

3.6

TM4-6 / M322I

A

0.19

0.94

10

9.1

TM4-6 / T339A

A

0.08

0.86

4

3.6

TM4-6 / Q263R

B

0.24

1.15

8

7.3

TM4-6 / Y278H

B

0.03

0.69

2

1.8

TM4-6 / T339P

B

0.16

0.66

4

3.6

TM10-12 / I888V

C

0.04

0.85

1

1.4

TM10-12 / L972P

C

0.19

0.86

2

2.9

TM10-12 / M983L

C

0.18

0.89

3

4.3

TM10-12 / A986V

C

0.04

0.83

2

2.9

TM10-12 / F860Y

D

0.05

0.65

3

4.3

TM10-12 / Q871R

D

0.16

0.87

2

2.9

TM10-12 / Y940C

D

0.06

0.79

2

2.9

TM10-12 / E991G

D

0.13

0.65

7

10

TM10-12 / M1000L

D

0.04

0.67

1

1.4

2.2.6 Mutations have additive effects on transport activity
We analyzed the interaction between individual mutations in a given clone to understand whether
the autocrine signal of a clone depends on the specific combination of mutations. The effect of
individual mutations can be positive, neutral, or negative, with the last two classed carried along
as hitchhikers with beneficial mutations. Doubles or triples of mutations could produce larger or
smaller increases in the autocrine signal than the sum of their individual effects. In extreme cases,
adding individually neutral or deleterious mutations could enhance the signal produced by other
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mutations. None of the mutations in the four tested clones, A, B, C and D, are strongly deleterious
and therefore we are restricted to testing the effect of nearly neutral mutations in combination with
strongly contributing mutations.
To understand the differences among strongly beneficial mutations, we built all possible
combinations of mutations contained in clones A and C, from the TM4-6 and TM10-12 libraries,
respectively, which each contained four mutations, and a subset of the combinations in clones
Band D, which contained three and five mutations, respectively. We tested the combinations using
the autocrine signal detected by flow cytometry (Figure 2.11a). If mutations interact additively and
the autocrine signal is linearly proportional to Ste6’s transport activity, the signal of multiple
mutations should equal to the sum of signals of each of the mutations in isolation. Figure 2.11b
plots the signal from all combinations of mutations we tested with the observed value on the yaxis and the sum of single mutation contributions on the x-axis. The general observation is that all
combinations on average matched the expectation of additive interactions between individual
mutations. The mating efficiency of cells expressing YlSte6 containing combinations of selected
mutations are consistent with increasing aF transport activity as strongly beneficial mutations are
combined (see Figure 2.12). The distributed location of strongly contributing mutations and the
additive effect of mutations on the autocrine signal suggest that substrate recognition during
transport may have multiple microscopic steps that can be changed by mutation semiindependently. The additive nature of mutation effects highlights the fact that most single-step
evolutionary paths for clones A and C are either neutral or adaptive.
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Figure 2.11. Mutations in
selected clones have additive
effect in contributing to
increased autocrine signal.
(a) Autocrine signal (black
dots)
and
transporter
expression (grey dots) of all
possible
mutation
combinations in clones A and
C were measured using the
flow cytometry autocrine
assay with biological triplicate
populations (n=30,000) for
each sample. Combinations of
mutations from clone A (top)
and clone C (bottom) are
represented by a series of
boxes, with filled boxes
representing the presence of a
mutation. (b) Additive model
for autocrine signal, i.e. sum of
autocrine signal of all
containing single-mutations,
plotted on the x axis against
the observed autocrine signal
for combinations (from panel
a) on the y axis, shows the
additive effect of mutations
with points mostly on or above
the identity line (red).
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Figure 2.12. Mating efficiency and autocrine signal of combinations of mutations are
correlated. Autocrine signal (black dots) and transporter expression (grey dots) of all possible
mutation combinations in clones A (top) and C (bottom) replicated from Figure 2.11a. Mating
efficiency data for cells expressing YlSte6 containing each combination of mutations are displayed
below the autocrine data.
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To test whether the additive phenotype extends to combinations of clones that were not in our
selection, we measured the autocrine signal of the four possible cross-library chimeras of TM46+TM10-12 clones, A+C, A+D, B+C, and B+D. All the chimeras had lower autocrine signal than
the additive expectation (Figure 2.13). Thus, not all combinations of strongly contributing
mutations are additive and our selection plays a key role in isolating clones that are particular
combinations of mutations with high autocrine activity.

Figure 2.13. Chimeras of selected clones do not show additive increase of autocrine signal.
Autocrine signal (black dots) and transporter expression (grey dots) of chimeras of selected clones
from TM4-6 libraries (clone A, B) with clones from TM10-12 libraries (clone C, D) were measured
using the flow cytometry autocrine assay with biological triplicate populations (n=30,000) for each
sample. For example, “clone A + C”, is a chimera of the mutagenized regions of clones A (TM46) and C (TM10-12). The additive expected autocrine signal of the chimeric transporters are
plotted (red bars) as a reference.
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2.3 Discussion
ABC transporters are found in all extant organisms and transport a very wide range of substrates,
suggesting that their substrate specificity evolves readily. We investigated the substrate specificity
of a member of the ABC transporter family that exports mating pheromones from the cytoplasm
of fungal cells. Using an assay that enriches for cells with increased pheromone transport, we
selected mutants of the Y. lipolytica Ste6 protein that can efficiently transport the S. cerevisiae a
factor. These mutants contain multiple mutations that independently and approximately additively
contribute to increased pheromone transport. The multiple mutants that improve pheromone
transport in S. cerevisiae impair transport in Y. lipolytica implying that they are altering rather than
relaxing the transporter’s substrate specificity and are thus reversing a substrate specificity that
has evolved over approximately 300 million years (Shen et al., 2018).
To understand the evolution of protein function and specificity we must find the amino acid
substitutions that alter these properties and investigate the interactions between individual
mutations. But it is hard to distinguish the mutations that alter function from background variation
that occurs in the course of evolution, and this challenge grows larger as the evolutionary distance
between the proteins increases. Next generation sequencing allows high-throughput functional
screening of comprehensive, single-substitution libraries of mutant proteins elucidates the role of
amino acids at individual positions in a protein (Shah and Kuriyan, 2019) and this approach can
be extended to comprehensively analyze the role of combinatorial variation in a small number (≤5)
of interacting positions (Podgornaia and Laub, 2015). These exhaustive screens reveal the local
response of function to mutation whereas random, combinatorial mutagenesis selects for novel or
altered functions that may depend on multiple mutations over a wide range of positions and thus
occupy a small fraction of a high dimensional sequence space. We took advantage of the well82

studied molecular mechanisms of the yeast pheromone response to design a high-throughput, flow
cytometry-based selection for a protein’s function by coupling its activity to the expression of a
fluorescent reporter. Our approach could be easily modified to test the sequence-function
relationship of other proteins in the mating pathway, including the specificity of the pheromone
receptors (Di Roberto et al., 2017).
The fraction of our Y. liploytica Ste6 libraries that gives increased export of S. cerevisiae a-factor
allows us to make a rough estimate of how many positions in Ste6 can mutate to alter substrate
specificity. In our experiments, we mutagenized a stretch of about 160 amino acids and obtained
clones that contained between three and five mutations (Figure 2.4c) that contributed to improved
Sca-factor export by YlSte6. To perform a simple calculation, we assume that it takes mutations at
three positions to improve pheromone export, that each position requires a specific mutation to
improve export and all mutations at the third position of a codon are synonymous. In this model,
there are 669,920 combinations of three out of 160 positions where mutations can occur, and at
each triple mutant there are 63 = 216 different combinations of non-synonymous single-base
substitutions (two nucleotide substitutions per codon) for a total of 1.45 x 108 possible mutations.
In a library of 105 mutants we find on the order of 50 independent mutations with strongly
improved autocrine signaling. This implies that there are roughly 50/105 * 1.45 x 108 = 72,500
three-way mutations that would satisfy our selection. If there is only one mutation at each codon
that can lead to improved pheromone export, this value implies that 72 out of the 160 positions
can produce such mutations (72-choose-3 = 43,680). Even if there are two possible substitutions
at each position, the number of positions that must accept mutations is only reduced to 50. Even if
these calculations err by an order of magnitude, there must be an enormous number of mutational
trajectories that could alter the specificity of ABC transporters. The fraction of clones that show
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strong expression was lower in libraries produced by a higher level of mutagenesis suggesting a
balance between accumulating mutations whose effects are roughly additive in providing a
selective benefit without including a strongly deleterious mutation (including substitutions that
prevent protein folding or function and frameshift and nonsense mutations). The cost of
mutagenesis was verified by using flow cytometry to measure transporter expression in unselected
libraries mutagenized to varying extents (Figure 2.14b). As expected, median transporter
expression falls as the average mutation count of the library increases (Figure 2.14).
Type I ABC exporters are a large subfamily that share structural similarity while the specific
sequence features responsible for substrate selectivity remains elusive. Type 1 exporters are
involved in the drug resistance of pathogens (Fairlamb et al., 2016; Koenderink et al., 2010) and
cancers (Robey et al., 2018), and mutations in four human homologs cause inherited diseases
including cystic fibrosis (Borst and Elferink, 2002; Riordan et al., 1989; Schulz et al., 2017;
Theodoulou and Kerr, 2015). This diversity in physiological roles highlights the variation in the
substrates of paralogs and suggests that understanding substrate selectivity could lead to the
production of more potent and specific inhibitors of ABC transporters. Three previous types of
study have contributed information about the positions that contribute to substrate binding of Type
1 exporters: substrate-bound structures (Alam et al., 2019; Johnson and Chen, 2017; Mi et al.,
2017), cross-linking of modified substrates to the exporters (Lehnert and Tampe, 2017; Loo and
Clarke, 2000; Nijenhuis and Hammerling, 1996), and natural allelic variants that affect the
peptides transported by TAP (Deverson et al., 1998; Geng et al., 2015; Lehnert and Tampe, 2017).
Collectively, these studies identify residues located throughout the TMD cavity with a higher
density near the cavity’s apex. Although informative, none of this work takes a systematic
approach towards identifying residues whose mutation alters substrate specificity.
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To remedy this deficit, we developed a FACS-based selection on autocrine signaling that could
identify combinations of mutations that increased the transport of ScaF by YlSte6. Our selections
yielded a total of 100 unique clones, most of which contain multiple mutations, and in which some
positions were mutated multiple times independently. By testing individual mutations and
combinations of mutations contained within the same clone, we reached two conclusions:
individual mutations were either beneficial or nearly neutral and that most combinations of
mutations have an autocrine signal that is roughly the sum of the effect of the individual mutations.
Two forms of analysis identified positions where mutations contributed to increased transport. The
first was statistical and calculated the number of positions where we saw more mutations than we
would expect if the total number of mutations we observed had been randomly scattered across all
positions. The second was to experimentally measure the contribution of single mutations present
in selected clones, and we found that there are a number of single mutations that significantly
increase the specific transport of ScaF. Combining these two analyses suggests that we have
evidence for 17 positions where mutations can improve export of the heterologous pheromone and
8 of these were experimentally verified (Table 2.2).
Table 2.2. YlSte6 positions that affect Sca-factor transport.
Library

Significantly contributing positions

TM4-6

230b, 234b, 246b, 247b, 259a, b, 263a, b, 269b, 322a, b, 331b, 339a

TM10-12

871a, 882b, 917b, 972a, 983a, 991a, b, 995b

a

Flow cytometry measurement of autocrine signal of YlSte6 single mutations
Statistically enriched positions from sequencing of unique clones of TM4-6 (≥6)
and TM10-12 (≥5).

b

Among the tested mutations we loosely see two groups of strongly contributing mutations, at the
TMD cavity buried in the membrane and near the coupling helices that connect to the NBD (Figure
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2.9). Substrate-bound structures of homologous type I exporters with diverse substrates and
competitive inhibitors (Alam et al., 2019; Alam et al., 2018; Johnson and Chen, 2017; Mi et al.,
2017; Szewczyk et al., 2015) identify interacting residues that position substrate at the apex of the
inward-facing cavity (Figure 2.2c). Besides direct interactions that stabilize substrate binding,
TM4 and TM10 undergo conformational changes in response to cognate substrate binding (Alam
et al., 2019). We speculate that mutations (M322I, T339P, L972P, M983L, Q871R and E991G) in
the TMD cavity contribute to substrate binding, either by direct sidechain interactions or
contributing to the flexibility of TMs needed for conformational changes. We note that four of
these six mutations cause substantial changes in the sidechain. Substrate binding enhances ATPdependent NBD dimerization, observed as substrate stimulation of ATPase activity, and is
allosterically communicated by the coupling helices that form tertiary contacts between the TMD
and NBD (Alam et al., 2019; Pan and Aller, 2018). Our second group of mutations (G259D and
Q263R) near the coupling helix between TMD and NBD might affect the allosteric pathway
between the TMD and NBD to increase a-factor transport. ABC exporters contain two pairs of
coupling helices that connect the two TMDs to the two NBDs. Mutations identify the first coupling
helix of TAP1 (between TM 2 and TM3, Figure 2d) in sensing and transport of antigenic peptides
(Herget et al., 2007). Although the first coupling helix identified in TAP is not contained in the
mutagenized regions of our libraries, simulations of P-gp (Pan and Aller, 2018) suggest an
influence of the second coupling helix (located between TM4 and TM5), which was mutated in
our clones, on substrate binding and NBD dimerization. Our data suggest that mutations over a
large part of the TMDs affect the transport activity of transporter in two ways, by directly affecting
substrate binding and by affecting the coupling between substrate binding and ATP hydrolysis.
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More generally in ABC exporters, we speculate the target size for the evolution of substrate
selectivity covers a large part of the TMD and might involve both substrate binding and allostery.
We identified mutations distributed across the large surface of the TMD cavity that can potentially
accommodate substrates of diverse sizes and structures. Recent cryoEM studies of the ABC
(Hofmann et al., 2019; Johnson and Chen, 2017, 2018) have identified the major states the
conformational cycle of substrate export. The transition between inward-facing and outwardfacing states is expected to be via a series of microstates that lead from cognate substrate binding
to conformational changes in the transporter to dimerization of the NBD, leading to opening of the
substrate binding cavity to the external face of the plasma membrane. In studies on homologous
transporters, mutations in the TMD cavity can either directly contact the substrate (Lehnert and
Tampe, 2017), alter the flexibility of TM helices (Alam et al., 2019), affect the contacts between
TM helices (Kodan et al., 2014), or potentially contribute to substrate selectivity allosterically by
affecting the coupling helices and NBD interactions (Kodan et al., 2019; Pan and Aller, 2018).
We argue that the two features we have identified in our work combine to explain the evolutionary
plasticity of ABC-mediated transport: the combination of a large target size for mutations that
affect substrate selectivity and the additive effect of mutations means that there are a very large
number of trajectories by which mutants can accumulate to confer selective transport of a novel
substrate. In contrast, experimental evolution and analysis of possible trajectories for enzymes to
act on new substrates argue that strong epistasis prohibits most evolutionary trajectories. As an
example, analysis of β-lactamase’s ability to hydrolyze novel β-lactam antibiotics find that most
trajectories are prohibited because they pass through intermediates that don’t hydrolyze the βlactam (Weinreich et al., 2006). Contributions of protein sequence context and order of mutations
further highlight the importance of both positive and negative epistasis in restricting the available
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trajectories for novel functions to evolve in enzymes (Miton and Tokuriki, 2016; Salverda et al.,
2011). Studies of histidine kinase-response regulators and antigen-antibody protein interfaces also
observe strong epistatic contributions to mutations that maintain or evolve novel interfaces (Adams
et al., 2019; Podgornaia and Laub, 2015). We observe two features that may explain the success
of the ABC transporter family and its ability to evolve to transport an extraordinarily wide range
of substrates: many positions in the protein can mutate to increase the ability to transport a novel
substrate and it easy to find multiple mutations whose effects on transport are roughly additive.
This combination of large target size for mutations that affect substrate selectivity and the existence
of trajectories in which the effect of multiple mutations is approximately additive predict that ABC
exporters are particularly “evolvable” in their substrate specificity. We propose that the relaxed
molecular constraints of ABC exporter evolution underlie their expansion to become the largest
family of primary transporters and allow them to be maintained in every branch of life.

2.4 Methods
2.4.1 Strains and plasmids
All yeast strains were derived from either a MATa W303 haploid with the standard auxotrophies
(MATa; ade2-1; can1-100; leu2-3,112; his3-11,15; ura3-1; trp1-1) or a MATα W303 haploid cell
(MATα; BUD4+(S288C); can1-100; leu2-3,112; his3-11,15; ura3Δ). Strains were transformed
using the standard chemical transformation protocol (Amberg et al., 2006). Selective markers are
derived from WT versions of the S. cerevisiae genes, with 300-500 bp of homology flanking the
marker for targeting genomic integration by homologous recombination. Y. lipolytica pair of
mating strains (ML16507 and ML16510) were a gracious gift from Joshua Truehart (DSM ltd)
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and are derivatives of the sequenced CLIB122 strain (Dujon et al., 2004). Genomic transformation
was done using standard protocols (Burke et al., 2000; Verbeke et al., 2013). Media used in this
work are modified from Yeast extract, Peptone, Dextrose (YPD)(2017) or Complete Synthetic
Medium (CSM)(2016)
Table 2.3 S. cerevisiae and Y. lipolytica strains used in this study.
S. cerevisiae
Genotype
strain label
SLY412
MATa; ade2-1; can1-100; leu2-3,112; his3-11,15;
ura3-1; trp1-1
ySS213
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-ScerSTE6[T613A,
S623A]-EGFPTSTE6::KanMX
ySS215
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-VpolSTE6-EGFP-TSTE6::KanMX
ySS217
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-SpomSTE6-EGFP-TSTE6::KanMX
ySS221
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-CalbSTE6-EGFP-TSTE6::KanMX
ySS223
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-KlacSTE6-EGFP-TSTE6::KanMX
ySS225
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-KpasSTE6-EGFP-TSTE6::KanMX
ySS253
SLY412; BUD4+(S288C); bar1Δ:TRP1Sc; ste6Δ:
PGAL1-YlipSTE6-EGFP-TSTE6::KanMX
ySS405
SLY412; BUD4+(S288C); ste6Δ:URA3Sc
ySS491
SLY412;
BUD4+(S288C);
lys2Δ:PFUS1ymNeonGreen-TFUS1;
ste2Δ:PGAL1-STE3;
gal3:PACT1-GAL3-TGAL3;
ste6Δ;
gal1Δ;
gal10Δ:PACT1-reverse-tetR-cLambda-VP16-TGAL10
yJHK363
MATα; BUD4+(S288C); can1-100; leu2-3,112;
his3-11,15; ura3Δ
ySS209
yJHK363; sst2Δ:NatMX; lys2Δ:PFUS1-ymCherryTFUS1
ySS319
yJHK363; lys2Δ:PFUS1-ymNeonGreen-TFUS1
Y. lipolytica strain Genotype
label
ML16507
MATA; ura3-302; leu2-270; lys1-11; Ku70Δ
ML16510
MATB; ura2-6861; leu2-3; ade1; Ku70Δ
yaliSS005
ML16507; Ylste6Δ:LEU2Yl

Source
Murray Lab
This study
This study
This study
This study
This study
This study
This study
This study
This study

Gift from John Koschwanez (Murray
Lab)
This study
This study
Gift from Joshua Truehart (DSM ltd.)
Gift from Joshua Truehart (DSM ltd.)
This study

NOTE: Mutations [T613A, S623A] were made in ScSte6 to improve the lifetime of the protein, reported to
change the normal phosphorylation and ubiquitination recycling pathway (Kölling, 2002).
NOTE: In Y. lipolytica, MATA and MATB mating-types are equivalent to MATa and MATα of S.
cerevisiae respectively.
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Table 2.4. Homologous pheromone transporters from available species.
Species
NCBI ID
Saccharomyces cerevisiae
STE6 / NP_012713.1
Vanderwaltozyma polyspora
Kpol1018p185 / XP_001647503.1
Kluyveromyces lactis
KLLA0B14256 / XP_452165.1
Candida albicans
HST6 / KGR16750.1
Komagataella phaffii
PAS_chr3_0858 / XP_002493091.1
Yarrowia lipolytica
YALI0E05973 / XP_503609.1
Schizosaccharomyces pombe
MAM1 / NP_001018819.2

NOTE: Transporter Labels are as listed in Table 2.3 for genotype.

Label
ScerSTE6
VpolSTE6
KlacSTE6
CalbSTE6
KpasSTE6
YlipSTE6
SpomSTE6

The S. cerevisiae plasmid for the autocrine experiment (described below), pSS021, was derived
from pRS413 (HIS3, CEN6/ARSH4; ATCC 87518; (Sikorski and Hieter, 1989), with the
expression locus inserted between the XhoI and SacI restriction sites. The inserted cassette
includes S. cerevisiae GAL1 promoter (PGAL1), Nde1 and Not1 restriction sites for open-reading
frame (ORF) cloning, an in-frame thrombin cleavage site, a C-terminal in-frame ymKate2 tag
((Shcherbo et al., 2009); to quantify expression), and S. cerevisiae ADH1 terminator (TADH1). The
S. cerevisiae plasmid for transporter expression (pSS006, described in Figure 1.1) was constructed
by introducing the S. cerevisiae PGAL1, Nde1 and Not1 restriction sites for ORF cloning, in-frame
thrombin cleavage site, C-terminal in-frame EGFP tag (to quantify expression), S. cerevisiae STE6
terminator (TSTE6), PTEF1-KanMX-TTEF (providing resistance to G418 (Thermo Fisher, Ref
11811031)), downstream flanking regions of ScSTE6 locus (for homology), and CEN6/ARSH6
(from the pRS41x plasmid series (Chee and Haase, 2012)) into pUC19 (ATCC 37254) between
the BstB1 and AatII restriction sites. The STE6 homologous genes were PCR amplified from
genomic DNA prepared from species available in the Murray Lab and Sanger sequenced to
confirm no differences relative to the reference available at NCBI. Ste6 homologs were inserted
into pSS021 and pSS006 by Gibson assembly by digesting the backbone with Nde1 and Not1. Y.
lipolytica plasmid PMB8369 was a gracious gift from Joshua Truehart (DSM ltd.), and Cterminally ymKate2-tagged transporter ORFs (as made in pSS021 above) were introduced into
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PMB8369 at the NotI site by Gibson assembly. All plasmid ORFs were confirmed by Sanger
sequencing.

2.4.2 aF collection and bioassay
a-factor was isolated from cultures of S. cerevisiae by taking advantage of its hydrophobicity as
described earlier (Nijbroek and Michaelis, 1998). Media used in this work are modified from Yeast
extract, Peptone, Dextrose (YPD)(2017) or Complete Synthetic Medium (CSM)(2016). Briefly,
overnight (grown at 30°C) YP + 3% (v/v) glycerol or CSM-His + 3% (v/v) glycerol + 0.05% (w/v)
dextrose cultures of MATa cells (expressing different transporter homologs) were harvested and
cells inoculated at a density of 108 cells in 5 mL of collection medium (CSM + 2% (w/v) Dgalactose (D-Gal) + 1% (w/v) D-Raffinose (D-Raf) + 1 µM Scα-factor to induce transporter
expression, and pheromone stimulate expression of a-factor; the Scα-factor peptide
(WHWLQLKPGQPMY) was synthesized at 75% purity). The a-factor collection cultures were
incubated in a roller drum at 30°C in a 14 mL (17x100mm) polystyrene culture tube with
inclination to maximize surface area of the tube exposed to culture. The polystyrene surface acts
as an affinity resin for the hydrophobic a-factor that is secreted from cells. After 7 h, 100 µL of
the culture was aliquoted into clear-bottom 96-well plates to measure cell density using a Coulter
Counter for normalization of collected a-factor, and GFP fluorescence (Ex 470 nm, Em 510 nm;
normalized by optical density at 600nm, baseline subtracted with a no-transporter culture) on a
SpectraMax i3. The rest of the culture was discarded, and the culture tubes were washed twice by
adding 5 mL sterile water, vortexing and aspirating. The empty culture tubes were spun briefly in
a centrifuge (1000 g for 2 min) and remaining water is aspirated. The culture tubes (caps left ON
loosely) were left to dry at room temperature. One mL methanol was added to each tube and the
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caps were sealed tight. The tubes were briefly vortexed and left at 4°C overnight to elute the afactor extract from the walls of the tube. The extract was transferred to labelled eppendorfs and
vacuum evaporated to resuspend in 40 µL MeOH (proportional concentration of 125x from 5 mL
cultures). Two-fold serial dilutions were prepared of all samples from [20x to 2-15x] in methanol
and 5 µL of each dilution spotted on YPD plates (8 spots per plate, separated to avoid interference
by diffusion). An overnight culture of MATα-cells (ySS209) at 106-107 cells/mL was sprayed onto
the spotted plates using an atomizer to generate a uniform lawn. After the plates were dried, they
are left at 30°C for overnight growth. The plates are imaged and the end-point dilution of a-factor
in the extract is determined based on the lowest extract concentration that still prevents growth of
the MATα-cell lawn on the spot. The a-factor exported per cell is determined as the fold-dilution
of extract that no longer arrests cell growth divided by the number of cells in the collection culture
at the end point (7h). The data are reported in log10 units because the precision of measurements
is restricted by serial dilution.

2.4.3 S. cerevisiae 96-well plate mating assay
The S. cerevisiae mating assay was modified from a classic quantitative filter mating assay
(Sprague, 1991) into a high-throughput semi-quantitative test. MATa-cells (ySS405) containing
pSS006 (HIS3/CEN) or pSS021 (KanMX/CEN) derivatives containing the transporters to be
tested are pre-cultured overnight at 30 °C in selective medium (2% (v/v) glycerol + 0.05% (w/v)
dextrose) in a 96-deep-well block with biological triplicate colonies for each transporter to be
tested, while a single large culture of MATα cells (ySS319) is started in YPD to use as a mating
partner. The cells are pelleted, washed in water and 5 x 106 cells of each mating type are mixed in
a flat-bottom 96-well plate (with geometry matching the block of the MATa strains). The water is
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discarded after pelleting, the cells are resuspended in 200 µL CSM + 2% (w/v) D-galactose and
the plate is left standing at 30°C for 6h to allow for cells to settle and form zygotes. The D-galactose
is sufficient for saturating transporter induction of the GAL1 promoter (PGAL1). 15 µL of 20%
(w/v) dextrose stock is added to each well, the plate sealed with breathable film and agitated for
budding of zygotes. The samples are pelleted, medium is discarded and resuspended in 150µL
sterile water and then replica-printed on haploid selective (CSM-Lys and CSM-His for MATa, and
CSM-Ade for MATα) and diploid selective (CSM-His-Ade and CSM-Lys-Ade) agar plates, and
incubated at 30 °C overnight. The plates are imaged, and images processed in ImageJ (Abramoff
et al., 2004; Schindelin et al., 2012).

2.4.4 Error-prone PCR mutagenesis and library construction
The error-prone PCR mutagenesis protocol reported in (Cadwell and Joyce, 1992) was modified,
using varying concentrations of Mn2+ as the mutagenic agent. Briefly, the protocol provided with
Taq polymerase (NEB, Cat# M0273S) was followed while using 0.5 mM, 0.25 mM, 0.125 mM or
0.0625 mM MnCl2 to mutagenize TM4-6 (residues 199-359; primers oSS10_062 and oSS10_063)
or TM10-12 (residues 850-1011, primers oSS10_089 and oSS10_090) (Table 2.4). The reaction
was run over 30 cycles with 10-50 ng of template DNA (WT YlSte6) in BioRad thermocyclers.
The mutations per clone were estimated by Sanger sequencing ~10 clones from each Mn2+
concentration. The mutation rate increased monotonically with Mn2+ concentration (Figure 2.14).
About 90 clones from a TM4-6 library mutagenized with 0.5mM Mn2+ were sequenced to confirm
that our estimate of mutation rate is not inaccurate due to low sampling. This study uses six
libraries, three each for TM4-6 and TM10-12. The three enrichments for each region were from
independent PCR mutagenesis; two independent enrichments of libraries mutagenized with 0.5
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mM Mn2+, the third enrichment with libraries mutagenized with 0.25 mM and 0.125 mM Mn2+,
respectively.

Figure 2.14. Mn2+ concentration in error-prone PCR control the distribution of mutations
per clone. (a) Box-whisker plot of mutations per clone based on alignment of sequenced
unselected clones with the corresponding regions of WT YlSte6, with mutations counted as
nucleotide polymorphisms. The plot contains 83 clones for 0.5 mM TM4-6 library and 12, 11, 12,
11 clones for 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM TM10-12 libraries respectively. Means
are plotted as crosses (X) within each box with outliers plotted as open circles. Box corresponds
to middle quartiles and whiskers to outer quartiles. (b) Box-whisker plot of flow cytometry events
from unselected YlSTE6 mutant libraries mutagenized with 0.5, 0.25, and 0.125 mM Mn2+. YlSTE6
v3 and v4 correspond to replicate populations with WT transporter measured in independent trials
with mutagenic libraries. Box corresponds to middle quartiles and whiskers to outer quartiles.
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Our libraries were built in-situ by co-transforming the mutated region and backbone linear
fragments into S. cerevisiae and relying on homologous recombination. Primers used for errorprone PCR are homologous to the ends of SnaBI- and EcoRI-digested backbone of YlSte6[TM46]-pSS021 and YlSte6[TM10-12]-pSS021. The restriction sites were introduced by a modified sitedirected mutagenesis protocol (Zheng et al., 2004), where a primer pair is designed to introduce
specific mutations on a plasmid by PCR. We used electroporation to transform the linear fragments
into S. cerevisiae (Manivasakam and Schiestl, 1993), to build as large libraries as possible, with a
BioRad pulser set to 2.5 kV, 300 Ω, and 25 µF, which led to an effective 200 Ω sample pulsed for
~4.1 ms and gave 104-105 colonies per µg of transformed DNA. The cells were plated on selective
medium, washed off the plate and used as the starting population of our library.

2.4.5 Autocrine assay and FACS or flow cytometry
The autocrine strain (ySS491) was constructed to establish an autocrine loop to fluorescently label
yeast cells that have a functional pheromone exporter. In ySS491 MATa strain, the a-factor
receptor, Ste3, is expressed under the control of the inducible promoter PGAL1 replacing the STE2
locus (Alvaro and Thorner, 2016; Huberman and Murray, 2013), and ymNeonGreen is expressed
under the control of the inducible promoter PFUS1 replacing the LYS2 locus (Ingolia and Murray,
2007; Poritz et al., 2001). PGAL1 is converted to an inducible promoter by disabling the positive
feedback loop of STE3 as described in (Ingolia and Murray, 2007). ScSte6- or YlSte6-transformed
populations were used as positive or negative controls, respectively, to measure the transporter
expression (transporter-ymKate2) and the autocrine signal (ymNeonGreen) due to the expressed
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transporter with flow cytometry. Figure 2.2 highlights the separation of the population clouds in a
two-dimensional fluorescent color space, with the separation on the autocrine signal (x-axis) being
the relevant dynamic range needed for the selections performed. To reduce noise in batch selection
and avoid paracrine signaling (exported a-factor influencing neighboring cells), we added 0.1%
(w/v) bovine serum albumin (BSA) to the autocrine medium to effectively isolate cells from
diffusion of a-factor (confirmed in Figure 2.15). The selection efficiency was tested by mixing
cells expressing ScSte6 or YlSte6 and gating above population of YlSte6 cells (described in more
detail below). Due to the variance in autocrine signal distributions our sorting functions as an
enriching selection, and thus multiple rounds of sorting were advantageous.
Before enriching selection, the cultures were expanded in selective medium (CSM-His for
maintaining plasmid selection) with the smallest bottleneck being around 106 cells, which
maintains library complexity. The libraries were expanded in media with 2% (w/v) dextrose to
keep the autocrine system OFF, inoculated at 2 to 5 x 105 cells/mL in 2% (v/v) glycerol + 0.05%
(w/v) dextrose to relieve catabolite repression for ~12h, and then inoculated in CSM-His + 1%
(w/v) D-galactose + 1% (w/v) D-raffinose + 0.1% (w/v) BSA at 5 x 105 to 106 cells/mL and shaken
at 30 °C for 7 h. Cycloheximide (Millipore Sigma C7698) was added to 100µg/mL to the cultures
to “freeze” reporter expression of cells while sorting is performed on an Aria flow cytometer with
488nm and 561nm lasers. Control populations, ScSte6 and YlSte6, were included each time.
Sorting gate for transporter expression was such that ~5% Autocrine OFF population (YlSte6
population in D-raffinose medium; negative control for transporter expression) pass, followed by
a sorting gate for autocrine signal such that ~1% YlSte6 population pass (see Figure 2.2). Library
populations were sorted to collect enough events to corresponded to 1-5x of the estimated library
size (104 to 105). Collected cells were inoculated into 2% (w/v) dextrose to expand the population
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without selection. This enrichment was repeated over four rounds to enrich for transporters that
confer higher autocrine signal.

Figure 2.15. Addition of bovine serum albumin (BSA) minimizes paracrine signaling and
enables batch selection. (a) An autocrine system was designed in a-cells, by expressing the aFsensitive GPCR Ste3 and a reporter for pheromone stimulation, ymNeonGreen expressed from the
FUS1 promoter (Poritz et al., 2001). The genotype of the autocrine strain, ySS491, is designed to
induce the autocrine system with 1% (w/v) D-Gal. (b) Histograms of flow cytometry events in
isolated ScSte6 or YlSte6 populations set a sorting gate on autocrine signal (~1% YlSte6
population) such that we can effectively enrich a 1:1 mixed populations of ScSte6 and YlSte6 cells
for ScSte6 by 20-fold. Thus, the autocrine system can be used for enriching selection for
transporters with increased S. cerevisiae aF transport.

Clonal autocrine tests were performed in 96-well plates as a high-throughput approach to measure
autocrine signal by flow cytometry on an HTS-enabled Fortessa with 488nm and 561nm lasers.
Biological triplicates of ScSte6 and YlSte6 controls were present in all plates for normalization.
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2.4.6 Clone isolation and Sanger sequencing
After enrichment, populations were plated on selective plates to isolate clones as single colonies.
Clones were expanded in 400µL CSM-His + 2% (w/v) dextrose medium in 96-deep-well blocks.
The samples were pre-cultured at 1 x 105 to 5 x 105 cells/mL in 400µL 2% (v/v) glycerol + 0.05%
(w/v) dextrose for 12h and then inoculated into a 96-well plate with 150µL CSM-His + 1% (w/v)
D-Gal + 1% (w/v) D-Raf + 0.1% (w/v) BSA at 5 x 105 to 106 cells/mL and left shaking at 30°C
for 7h. Every plate had biological triplicates of ScSte6 and YlSte6 populations as controls to
normalize the autocrine signal medians for each clone. Plasmids were extracted from clones with
significant increase in autocrine signal (relative to YlSte6 expressing cells) from the initial clonal
screening (Figure 2.17). The samples were either transformed into chemically competent E. coli
(DH5α) to re-transform into fresh autocrine strains (ySS491), used as template for PCR
amplification of TM4-6 or TM10-12 regions for Sanger sequencing. From isolated plasmids, 49
clones were re-transformed, and biological triplicates of these selected clones were tested in the
autocrine assay. The autocrine signal of clones from the selection are a good indicator of the
transporter function, and variation or mutations in genomic background are not a source of error.
(Figure 2.16).
Since the autocrine signal of isolated clones are a good predictor of transporter function, we
changed our approach to PCR extract the transporter ORF (oSS04_206 / oSS04_188) from the
plasmid extracts instead of E. coli transformation. These samples were Sanger sequenced with a
primer for either TM4-6 (oSS10_080) or TM10-12 (oSS10_113), depending on the source library.
Sequencing chromatograms were segregated based on the source library and aligned to the WT
YlSte6 sequence. These alignments were processed using home-written code (Python 3.6 with
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BioPython package, provided at https://github.com/sriramsrikant/) to identify unique clones and
calculate the number of mutations per position across unique clones.

Figure 2.16. Expression of mutated transporters is sufficient to confer increased autocrine
signal observed in selected clones. Plasmids were isolated from selected clones (with high
autocrine signal), 44 clones from TM4-6 libraries and 5 clones from TM10-12 libraries and retransformed into the naïve autocrine strain (ySS491). The autocrine signal of biological triplicates
of re-transformed selected plasmids were measured by plate autocrine assay (described in 2.4.5).
Autocrine signal of selected clones is a good predictor of transport activity of mutated YlSte6 in
selected plasmids.
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Figure 2.17. Individual mutated transporter clones from enriched populations have
increased autocrine signal. (a) Autocrine signal and (b) transporter expression of isolated clones
post-enrichment pooled across replicate libraries of mutated TM4-6 (852 clones) and TM10-12
(762 clones) are consistently higher than autocrine signal of populations expressing WT YlSTE6
(98.0% for TM4-6 and 96.9% for TM10-12 clones are higher than WT YlSTE6). Clones isolated
from libraries mutagenized with 0.5, 0.25 and 0.125 mM Mn2+ (shades of grey, dark to light
respectively) are consistent with the fact that autocrine signal correlates with the number of
(beneficial) mutations post-enrichment. Transport expression confirms the expression of mutated
transporters in the isolated clones with color scheme consistent in (a) and (b).
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2.4.7 Y. lipolytica semi-quantitative mating assay
The Ylste6Δ MATA strain (yaliSS005) was constructed from our WT MATA strain (ML16507)
using a chemical transformation protocol like that used for S. cerevisiae (Verbeke et al., 2013).
We modified a quantitative mating protocol used in (Rosas-Quijano et al., 2008) to test the mating
efficiency of strains containing various transporters (in the CEN/URA3Yl plasmid) against our
MATB partner (ML16510). Briefly, exponential cultures in YPD of the plasmid-transformed strain
and mating partner were harvested and 2.5 x 106 cells of each partner were mixed in 150 µL sterile
water + 0.02% (w/v) BSA. Mating mixtures were transferred onto filters using a filter assembly
(with the cells spreading to about 5mm radius), and the filters (with cells) were moved onto YM
mating media plates (3 g/L yeast extract, 5 g/L Bacto-peptone, 5 g/L malt extract and 20 g/L Bactoagar) (Rosas-Quijano et al., 2008). These plates were incubated at 28°C in the dark for three days
(70-74 h). The density of the inoculum cell suspensions was measured using a Coulter counter for
normalization. After 3 days filters with the mating mixtures were moved into 3mL YP + 2% (v/v)
glycerol + 0.05% (w/v) dextrose and incubated on a roller drum at 30°C for 3h to recover cells
from filters. The cultures were transferred to microfuge tubes and sonicated to disrupt clumps,
before using a Coulter counter to check the cell density to normalize for plating. The pelleted cells
were resuspended in water + 0.02% (w/v) BSA and plated on diploid selective media (CSM-LysAde). The cell suspensions were counted using the Coulter counter to normalize the plating
density. The mating efficiency was calculated as the number of diploid cells for a sample
normalized to the number of diploid cells from the control mating (ML16507 + ML16510)
performed on the same day (code on Github at https://github.com/sriramsrikant/). The experiment
was repeated with biological replicates and plating replicates to account for intrinsic noise of
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mating mixtures. Expression of transporters was estimated by flow-cytometry analysis of the
ymKate2-tagged transporter, as base-line subtracted median of populations.

2.4.8 Sequence alignments and building homology models of YlSte6
HMMER algorithm was used to identify homologs of Ste6 from a database of fungal proteins
curated and maintained by Dr. Jim Thomas (U. of Washington). Roughly 24000 homologous
sequences were identified, down-sampled to sequences that are less than 90% identical, aligned
with “hmmalign” and a sequence similarity tree constructed with “FastTree” (Price et al., 2010).
The clade in the sequence tree that is monophyletic with the pheromone exporters (with known
paralogous sequences as an outgroup) and with the least gaps account for 1127 sequences. These
1127 transporters were considered orthologous pheromone exporters and aligned with
“hmmalign”. The alignment was run through the ConSurf server (Ashkenazy et al., 2016; Landau
et al., 2005) to identify conservation values for each position.
Homology models were built using the core transporter sequence of MRP1 (residue 314 - 1516)
from the LTC4-bound (substrate-bound) inward-facing (PDB 5UJA) and ATP-bound outwardfacing (PDB 6BHU) structures. The structures were submitted to SwissModel (Benkert et al.,
2011; Waterhouse et al., 2018) using the YlSte6 sequence as the query, the PyMol Molecular
Graphics System (version 2.2.3) (Schrodinger, 2015) was used to plot the electrostatic surface of
each model. These surfaces highlight the hydrophobic band of the structure that corresponds to the
transmembrane region, suggesting that the overall structure is correct, although there could be
errors in registry of helices.
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Table 2.5 Primers used in this study.
Primer
Sequence
Purpose
oSS10_062
ACTCACTATCGCCATCTCTATGGGAGTTGCTAT TM4-6 5’ primer for error-prone PCR
GTACCAT
oSS10_063
ATTGTCTAACATCTACCTTGCTGGGCTTGGCGC TM4-6 3’ primer for error-prone PCR
TGTTGAT
oSS10_089
CATATGCGTCGTTGGTTTCATCTGGTCGCTGGT TM10-12 5’ primer for error-prone PCR
TCAGGGC
oSS10_090
CGGTTCCTCCATCCTCAGAAGTCTCTGCACGAC TM10-12 3’ primer for error-prone PCR
CCTCGTC
oSS10_056
GGAGTTGCTATGtacgtaTCGTGGAGTTTGACATT TM4-6 5’ primer for quikchangePCR to
GG
insert SnaBI
oSS10_057
CTCCACGAtacgtaCATAGCAACTCCCATAGAGAT TM4-6 3’ primer for quikchangePCR to
GGCG
insert SnaBI
oSS10_060
CGTCAACCAGgaattcAACAGCGCCAAGCCCAGC
TM4-6 5’ primer for quikchangePCR to
AAGG
insert EcoRI
oSS10_061
GGCGCTGTTgaattcCTGGTTGACGAGTCCTGCAG TM4-6 3’ primer for quikchangePCR to
ATACC
insert EcoRI
oSS10_098
GTCGCTGGTTtacgtaTGGAAATTGACGCTTGTGT TM10-12 5’ primer for quikchangePCR
CCTTCTCCATCTTCCC
to insert SnaBI
oSS10_099
GTCAATTTCCAtacgtaAACCAGCGACCAGATGA
TM10-12 3’ primer for quikchangePCR
AACCAACGACGCATATGGTG
to insert SnaBI
oSS10_100
TTTGCTCTGATGgaattcGGTCGTGCAGAGACTTC TM10-12 5’ primer for quikchangePCR
TGAGGATGGAGGAACCGAATGT
to insert EcoRI
oSS10_101
CTCTGCACGACCgaattcCATCAGAGCAAACAGT
TM10-12 3’ primer for quikchangePCR
GTCTTGGTGACGTTCATGCC
to insert EcoRI
oSS10_080
TGGTACGACCACAACCAGGG
TM4-6 primer for sequencing
oSS10_113
GTCGGCTGTGACCACCTTCT
TM10-12 primer for sequencing
oSS04_206
TTTAACGTCAAGGAGAAAAAACTATACATATG 5’ Cloning primer for YlSte6
AAAAACGACTACAAAAACTCGATTG
oSS04_188
AGAGCCGCGCGGCACCAGTCCTGCGGCCGCAT 3’ Cloning primer for YlSte6
GACAAATACCACCATTCACCAGAGT
NOTE: Lower case regions in primer sequence represent codons that are changed by quikchangePCR in YlSte6
ORF.

103

References
(2016). Synthetic Complete (SC) Medium. Cold Spring Harbor Protocols 2016.
(2017). Yeast Extract–Peptone–Dextrose (YPD) Medium (Liquid or Solid). Cold Spring Harbor
Protocols 2017.
Abele, R., and Tampe, R. (2018). Moving the Cellular Peptidome by Transporters. Front Cell Dev
Biol 6, 43.
Abramoff, M.D., Magalhaes, P.J., and Ram, S.J. (2004). Image processing with ImageJ.
Biophotonics International 11, 36–42.
Adams, R.M., Kinney, J.B., Walczak, A.M., and Mora, T. (2019). Epistasis in a Fitness Landscape
Defined by Antibody-Antigen Binding Free Energy. Cell Syst 8, 86-93 e83.
Alam, A., Kowal, J., Broude, E., Roninson, I., and Locher, K.P. (2019). Structural insight into
substrate and inhibitor discrimination by human P-glycoprotein. Science (New York, NY) 363,
753-756.
Alam, A., Kung, R., Kowal, J., McLeod, R.A., Tremp, N., Broude, E.V., Roninson, I.B., Stahlberg,
H., and Locher, K.P. (2018). Structure of a zosuquidar and UIC2-bound human-mouse chimeric
ABCB1. Proceedings of the National Academy of Sciences of the United States of America 115,
E1973-E1982.
Alvaro, C.G., and Thorner, J. (2016). Heterotrimeric G Protein-coupled Receptor Signaling in
Yeast Mating Pheromone Response. The Journal of biological chemistry 291, 7788-7795.
Amberg, D.C., Burke, D.J., and Strathern, J.N. (2006). High-efficiency transformation of yeast.
CSH Protoc 2006.
Anderegg, R.J., Betz, R., Carr, S.A., Crabb, J.W., and Duntze, W. (1988). Structure of
Saccharomyces Cerevisiae Mating Hormone a-Factor - Identification of S-Farnesyl Cysteine as a
Structural Component. Journal of Biological Chemistry 263, 18236-18240.
Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., and Ben-Tal, N. (2016).
ConSurf 2016: an improved methodology to estimate and visualize evolutionary conservation in
macromolecules. Nucleic Acids Res 44, W344-350.
104

Benkert, P., Biasini, M., and Schwede, T. (2011). Toward the estimation of the absolute quality of
individual protein structure models. Bioinformatics 27, 343-350.
Borst, P., and Elferink, R.O. (2002). Mammalian ABC transporters in health and disease. Annu
Rev Biochem 71, 537-592.
Burke, D., Dawson, D., and Stearns, T. (2000). Methods in Yeast genetics: A Cold Spring Harbor
Laboratory course manual (Cold Spring Harbor Laboratory Press).
Cadwell, R.C., and Joyce, G.F. (1992). Randomization of genes by PCR mutagenesis. Genome
Research 2, 28-33.
Caldwell, G.A., Naider, F., and Becker, J.M. (1995). Fungal lipopeptide mating pheromones: a
model system for the study of protein prenylation. Microbiol Rev 59, 406-422.
Chee, M.K., and Haase, S.B. (2012). New and Redesigned pRS Plasmid Shuttle Vectors for
Genetic Manipulation of Saccharomycescerevisiae. G3 (Bethesda) 2, 515-526.
Christensen, P.U., Davey, J., and Nielsen, O. (1997). The Schizosaccharomyces pombe mam1
gene encodes an ABC transporter mediating secretion of M-factor. Mol Gen Genet 255, 226-236.
Davey, J. (1992). Mating pheromones of the fission yeast Schizosaccharomyces pombe:
purification and structural characterization of M-factor and isolation and analysis of two genes
encoding the pheromone. The EMBO journal 11, 951-960.
Deverson, E.V., Leong, L., Seelig, A., Coadwell, W.J., Tredgett, E.M., Butcher, G.W., and
Howard, J.C. (1998). Functional analysis by site-directed mutagenesis of the complex
polymorphism in rat transporter associated with antigen processing. J Immunol 160, 2767-2779.
Di Roberto, R.B., Chang, B., and Peisajovich, S.G. (2017). The directed evolution of ligand
specificity in a GPCR and the unequal contributions of efficacy and affinity. Scientific reports 7,
16012.
Dignard, D., El-Naggar, A.L., Logue, M.E., Butler, G., and Whiteway, M. (2007). Identification
and characterization of MFA1, the gene encoding Candida albicans a-factor pheromone. Eukaryot
Cell 6, 487-494.

105

Dujon, B., Sherman, D., Fischer, G., Durrens, P., Casaregola, S., Lafontaine, I., De Montigny, J.,
Marck, C., Neuveglise, C., Talla, E., et al. (2004). Genome evolution in yeasts. Nature 430, 3544.
Fairlamb, A.H., Gow, N.A., Matthews, K.R., and Waters, A.P. (2016). Drug resistance in
eukaryotic microorganisms. Nat Microbiol 1, 16092.
Fowler, D.M., and Fields, S. (2014). Deep mutational scanning: a new style of protein science. Nat
Methods 11, 801-807.
Fowler, D.M., Stephany, J.J., and Fields, S. (2014). Measuring the activity of protein variants on
a large scale using deep mutational scanning. Nat Protoc 9, 2267-2284.
Geng, J., Pogozheva, I.D., Mosberg, H.I., and Raghavan, M. (2015). Use of Functional
Polymorphisms To Elucidate the Peptide Binding Site of TAP Complexes. J Immunol 195, 34363448.
Heistinger, L., Moser, J., Tatto, N.E., Valli, M., Gasser, B., and Mattanovich, D. (2018).
Identification and characterization of the Komagataella phaffii mating pheromone genes. FEMS
Yeast Res 18.
Herget, M., Oancea, G., Schrodt, S., Karas, M., Tampe, R., and Abele, R. (2007). Mechanism of
substrate sensing and signal transmission within an ABC transporter: use of a Trojan horse
strategy. The Journal of biological chemistry 282, 3871-3880.
Hofmann, S., Januliene, D., Mehdipour, A.R., Thomas, C., Stefan, E., Bruchert, S., Kuhn, B.T.,
Geertsma, E.R., Hummer, G., Tampe, R., et al. (2019). Conformation space of a heterodimeric
ABC exporter under turnover conditions. Nature 571, 580-583.
Huberman, L.B., and Murray, A.W. (2013). Genetically engineered transvestites reveal novel
mating genes in budding yeast. Genetics 195, 1277-1290.
Ingolia, N.T., and Murray, A.W. (2007). Positive-feedback loops as a flexible biological module.
Curr Biol 17, 668-677.
Johnson, Z.L., and Chen, J. (2017). Structural Basis of Substrate Recognition by the Multidrug
Resistance Protein MRP1. Cell 168, 1075-1085 e1079.

106

Johnson, Z.L., and Chen, J. (2018). ATP Binding Enables Substrate Release from Multidrug
Resistance Protein 1. Cell 172, 81-89 e10.
Kamiya, Y., Sakurai, A., Tamura, S., Takahashi, N., Abe, K., Tsuchiya, E., Fukui, S., Kitada, C.,
and Fujino, M. (1978). Structure of rhodotorucine A, a novel lipopeptide, inducing mating tube
formation in Rhodosporidiumtoruloides. Biochemical and biophysical research communications
83, 1077-1083.
Ketchum, C.J., Schmidt, W.K., Rajendrakumar, G.V., Michaelis, S., and Maloney, P.C. (2001).
The yeast a-factor transporter Ste6p, a member of the ABC superfamily, couples ATP hydrolysis
to pheromone export. The Journal of biological chemistry 276, 29007-29011.
Kispal, G., Csere, P., Prohl, C., and Lill, R. (1999). The mitochondrial proteins Atm1p and Nfs1p
are essential for biogenesis of cytosolic Fe/S proteins. The EMBO journal 18, 3981-3989.
Kodan, A., Yamaguchi, T., Nakatsu, T., Matsuoka, K., Kimura, Y., Ueda, K., and Kato, H. (2019).
Inward- and outward-facing X-ray crystal structures of homodimeric P-glycoprotein CmABCB1.
Nature communications 10, 88.
Kodan, A., Yamaguchi, T., Nakatsu, T., Sakiyama, K., Hipolito, C.J., Fujioka, A., Hirokane, R.,
Ikeguchi, K., Watanabe, B., Hiratake, J., et al. (2014). Structural basis for gating mechanisms of a
eukaryotic P-glycoprotein homolog. Proceedings of the National Academy of Sciences of the
United States of America 111, 4049-4054.
Koenderink, J.B., Kavishe, R.A., Rijpma, S.R., and Russel, F.G. (2010). The ABCs of multidrug
resistance in malaria. Trends Parasitol 26, 440-446.
Kölling, R. (2002). Mutations affecting phosphorylation, ubiquitination and turnover of the ABCtransporter Ste6. FEBS Letters 531, 548-552.
Kuchler, K., Sterne, R.E., and Thorner, J. (1989). Saccharomyces cerevisiae STE6 gene product:
a novel pathway for protein export in eukaryotic cells. The EMBO journal 8, 3973-3984.
Landau, M., Mayrose, I., Rosenberg, Y., Glaser, F., Martz, E., Pupko, T., and Ben-Tal, N. (2005).
ConSurf 2005: the projection of evolutionary conservation scores of residues on protein structures.
Nucleic Acids Res 33, W299-302.
Lehnert, E., and Tampe, R. (2017). Structure and Dynamics of Antigenic Peptides in Complex
with TAP. Front Immunol 8, 10.
107

Loo, T.W., and Clarke, D.M. (2000). Identification of residues within the drug-binding domain of
the human multidrug resistance P-glycoprotein by cysteine-scanning mutagenesis and reaction
with dibromobimane. The Journal of biological chemistry 275, 39272-39278.
Mackay, V., and Manney, T.R. (1974). Mutations affecting sexual conjugation and related
processes in Saccharomyces cerevisiae. II. Genetic analysis of nonmating mutants. Genetics 76,
273-288.
Manivasakam, P., and Schiestl, R.H. (1993). High efficiency transformation of Saccharomyces
cerevisiae by electroporation. Nucleic Acids Res 21, 4414-4415.
Mi, W., Li, Y., Yoon, S.H., Ernst, R.K., Walz, T., and Liao, M. (2017). Structural basis of MsbAmediated lipopolysaccharide transport. Nature 549, 233-237.
Michaelis, S. (1993). STE6, the yeast a-factor transporter. Seminars in Cell Biology 4, 17-27.
Michaelis, S., and Herskowitz, I. (1988). The a-factor pheromone of Saccharomyces cerevisiae is
essential for mating. Molecular and Cellular Biology 8, 1309-1318.
Miton, C.M., and Tokuriki, N. (2016). How mutational epistasis impairs predictability in protein
evolution and design. Protein Sci 25, 1260-1272.
Nijbroek, G.L., and Michaelis, S. (1998). [14] Functional assays for analysis of yeast ste6 mutants.
In ABC Transporters: Biochemical, Cellular, and Molecular Aspects, pp. 193-212.
Nijenhuis, M., and Hammerling, G.J. (1996). Multiple regions of the transporter associated with
antigen processing (TAP) contribute to its peptide binding site. J Immunol 157, 5467-5477.
Pan, L., and Aller, S.G. (2018). Allosteric Role of Substrate Occupancy Toward the Alignment of
P-glycoprotein Nucleotide Binding Domains. Scientific reports 8, 14643.
Podgornaia, A.I., and Laub, M.T. (2015). Protein evolution. Pervasive degeneracy and epistasis in
a protein-protein interface. Science (New York, NY) 347, 673-677.
Poritz, M.A., Malmstrom, S., Kim, M.K., Rossmeissl, P.J., and Kamb, A. (2001). Graded mode of
transcriptional induction in yeast pheromone signalling revealed by single-cell analysis. Yeast 18,
1331-1338.

108

Price, M.N., Dehal, P.S., and Arkin, A.P. (2010). FastTree 2--approximately maximum-likelihood
trees for large alignments. PLoS One 5, e9490.
Raymond, M., Dignard, D., Alarco, A.-M., Mainville, N., Magee, B.B., and Thomas, D.Y. (1998).
A Ste6p/P-glycoprotein homologue from the asexual yeast Candida albicans transports the a-factor
mating pheromone in Saccharomyces cerevisiae. Molecular Microbiology 27, 587-598.
Riordan, J.R., Rommens, J.M., Kerem, B., Alon, N., Rozmahel, R., Grzelczak, Z., Zielenski, J.,
Lok, S., Plavsic, N., Chou, J.L., et al. (1989). Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA. Science (New York, NY) 245, 1066-1073.
Robey, R.W., Pluchino, K.M., Hall, M.D., Fojo, A.T., Bates, S.E., and Gottesman, M.M. (2018).
Revisiting the role of ABC transporters in multidrug-resistant cancer. Nature reviews Cancer 18,
452-464.
Rosas-Quijano, R., Gaillardin, C., and Ruiz-Herrera, J. (2008). Functional analysis of the MATB
mating-type idiomorph of the dimorphic fungus Yarrowia lipolytica. Curr Microbiol 57, 115-120.
Salverda, M.L., Dellus, E., Gorter, F.A., Debets, A.J., van der Oost, J., Hoekstra, R.F., Tawfik,
D.S., and de Visser, J.A. (2011). Initial mutations direct alternative pathways of protein evolution.
PLoS Genet 7, e1001321.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S.,
Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source platform for biologicalimage analysis. Nat Methods 9, 676-682.
Schrodinger, LLC (2015). The PyMOL Molecular Graphics System, Version 1.8.
Schulz, H.L., Grassmann, F., Kellner, U., Spital, G., Ruther, K., Jagle, H., Hufendiek, K., Rating,
P., Huchzermeyer, C., Baier, M.J., et al. (2017). Mutation Spectrum of the ABCA4 Gene in 335
Stargardt Disease Patients From a Multicenter German Cohort-Impact of Selected Deep Intronic
Variants and Common SNPs. Invest Ophthalmol Vis Sci 58, 394-403.
Shah, N.H., and Kuriyan, J. (2019). Understanding molecular mechanisms in cell signaling
through natural and artificial sequence variation. Nat Struct Mol Biol 26, 25-34.
Shcherbo, D., Murphy, C.S., Ermakova, G.V., Solovieva, E.A., Chepurnykh, T.V., Shcheglov,
A.S., Verkhusha, V.V., Pletnev, V.Z., Hazelwood, K.L., Roche, P.M., et al. (2009). Far-red
fluorescent tags for protein imaging in living tissues. Biochem J 418, 567-574.
109

Shen, X.X., Opulente, D.A., Kominek, J., Zhou, X., Steenwyk, J.L., Buh, K.V., Haase, M.A.B.,
Wisecaver, J.H., Wang, M., Doering, D.T., et al. (2018). Tempo and Mode of Genome Evolution
in the Budding Yeast Subphylum. Cell 175, 1533-1545 e1520.
Sikorski, R.S., and Hieter, P. (1989). A system of shuttle vectors and yeast host strains designed
for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 122, 19-27.
Sprague, G.F. (1991). [5] Assay of yeast mating reaction. In Guide to Yeast Genetics and
Molecular Biology, pp. 77-93.
Srinivasan, V., Pierik, A.J., and Lill, R. (2014). Crystal structures of nucleotide-free and
glutathione-bound mitochondrial ABC transporter Atm1. Science (New York, NY) 343, 11371140.
Szewczyk, P., Tao, H., McGrath, A.P., Villaluz, M., Rees, S.D., Lee, S.C., Doshi, R., Urbatsch,
I.L., Zhang, Q., and Chang, G. (2015). Snapshots of ligand entry, malleable binding and induced
helical movement in P-glycoprotein. Acta crystallographica Section D, Biological crystallography
71, 732-741.
Tefsen, B., Geurtsen, J., Beckers, F., Tommassen, J., and de Cock, H. (2005). Lipopolysaccharide
transport to the bacterial outer membrane in spheroplasts. The Journal of biological chemistry 280,
4504-4509.
Theodoulou, F.L., and Kerr, I.D. (2015). ABC transporter research: going strong 40 years on.
Biochem Soc Trans 43, 1033-1040.
Verbeke, J., Beopoulos, A., and Nicaud, J.M. (2013). Efficient homologous recombination with
short length flanking fragments in Ku70 deficient Yarrowia lipolytica strains. Biotechnol Lett 35,
571-576.
Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer, F.T., de
Beer, T.A.P., Rempfer, C., Bordoli, L., et al. (2018). SWISS-MODEL: homology modelling of
protein structures and complexes. Nucleic Acids Res 46, W296-W303.
Weinreich, D.M., Delaney, N.F., Depristo, M.A., and Hartl, D.L. (2006). Darwinian evolution can
follow only very few mutational paths to fitter proteins. Science (New York, NY) 312, 111-114.

110

Wilson, K.L., and Herskowitz, I. (1986). Sequences upstream of the STE6 gene required for its
expression and regulation by the mating type locus in Saccharomyces cerevisiae. Proceedings of
the National Academy of Sciences of the United States of America 83, 2536-2540.
Zheng, L., Baumann, U., and Reymond, J.L. (2004). An efficient one-step site-directed and sitesaturation mutagenesis protocol. Nucleic Acids Res 32, e115.

111

Chapter 3
Identifying farnesylated peptide pheromones from fungal genomes using an
algorithmic sieve
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Abstract
Fungi are an ancient lineage of eukaryotes with extant species that diverged more than a billion
years ago. Extant fungi generally have haploid spores of different mating types that mate following
the exchange of diffusible molecules called pheromones to form diploid organisms. Mating is an
important developmental transition in medically (e.g. C. albicans and C. neoformans) and
agriculturally (e.g. U. maydis and M. oryzae) relevant fungi, with evidence for pheromone
signaling involvement in virulence. Pheromones are also an essential tool to study laboratory
yeasts (e.g. S. cerevisiae and S. pombe), and to use industrial yeasts for metabolic and protein
engineering (e.g. K. pastoris and Y. lipolytica). The identification of the prenylated pheromones in
a given species has relied primarily on biochemical isolation and experimental validation. With
the increasing availability of fungal genomes, we designed an algorithm that identifies candidate
pheromone ORFs to focus experimental validation and enable pheromone identification across the
fungal lineage. Our algorithm searches for motifs of conserved post-translational modifications
and persistent features of pheromone loci to screen all possible open-reading frames for pheromone
candidates. We validate our protocol on species with known pheromones, and experimentally
confirm the best candidate for Y. lipolytica using a mating assay, thus demonstrating that our
algorithm can successfully identify yeast pheromone genes.

113

3.1 Pheromones are a conserved part of fungal mating
Fungi are an ancient lineage of eukaryotes with extant members sharing a common ancestor more
than one billion years ago (Lücking et al., 2017). Many yeast species play key roles as model
systems, in the food industry, and as crop and human pathogens. Over the course of evolutionary
divergence, members of the yeast lineage acquired dramatic differences in many of the conserved
eukaryotic traits like centromeres and introns (Dujon et al., 2004; Dujon and Louis, 2017;
Spatafora et al., 2017). One system conserved across the fungal lineage is the initiation of the
mating pathway involving the exchange of diffusible pheromones between haploid gametes (Jones
and Bennett, 2011). Additionally, the mating phenotype is linked to important lifestyle transitions
like virulence in C. albicans and nutrient starvation in S. pombe (Boral et al., 2018; Hickman et
al., 2013; Sugimoto et al., 1991).
Although the molecular details of mating change across the clade, there remain conserved features
like the use of pheromones to signal between haploids. In Dikarya, a clade of extant fungi including
yeasts, filamentous fungi, mushrooms and rusts, the mating pathway begins with the production
and secretion of modified peptide pheromones from each mating type, and these pheromones are
recognized by a mating-type specific GPCR on the surface of the mating partner (Bardwell, 2005;
Jones and Bennett, 2011). The first fungal pheromone was identified as a modified peptide
pheromone by biochemical isolation from the extracellular medium of R. toruloides (Kamiya et
al., 1978a; Kamiya et al., 1978b). Since then homologous pheromones have been identified in
laboratory yeasts, filamentous fungi and crop pathogens by isolation from extracellular medium
(Bennett and Turgeon, 2016; Coelho et al., 2017; Jones and Bennett, 2011). Pheromones of
laboratory yeasts are often used to control cell state (Rosebrock, 2017) and played a key role in
the development of fields like cell biology and signaling. Experimental identification of
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pheromones is still limited by knowledge of environmental conditions that stimulate mating,
purification from haploid spores and chemical identification by mass spectrometry.
Since the identification of the first fungal pheromone as a lipid modified small peptide, several
pheromones have been identified in other fungi that are also peptides. Given the phylogenetic
sampling available and that the known pheromones of the Basidiomycota are all farnesylated
(Coelho et al., 2017), it is believed that the ancestor of the Basidiomycota and Ascomycota, the
original Dikarya, had a modified peptide pheromone (Caldwell et al., 1995; Jones and Bennett,
2011). However, the sequence of the peptide region changes between different species; these
changes may be important in maintaining a reproductive barrier between species. The mating
system is best studied in the baker’s yeast S. cerevisiae, where genetic screens and quantitative
mating experiments have identified mating proteins. The two pheromones in S. cerevisiae are the
13-amino acid (aa) peptide α-factor produced by the MATα mating type (α-cells), and the 12-aa
farnesylated peptide a-factor produced by the MATa mating type (a-cells) (see Figure 3.1). Both
pheromone signals are encoded in the genome. The α-factor is encoded in multiple copies each in
two open reading frame (ORF) with a signal sequence for vesicular export (Kurjan and
Herskowitz, 1982; Singh et al., 1983). In contrast, a-factor is encoded in two loci as a single prepro-peptide that undergoes maturation in the cytosol to produce the bioactive pheromone (Chen et
al., 1997; Michaelis and Herskowitz, 1988). a-factor maturation involves C-terminal farnesylation
and carboxymethylation, followed by N-terminal proteolysis. In S. cerevisiae, maturation is
essential for bioactivity because unmodified pheromone is trapped in the cytosol and not
recognized by the exporter Ste6 for secretion (Chen et al., 1997; Michaelis, 1993).
Because pheromones control developmental transitions in fungi, it has been of interest to identify
pheromones for fungi as a tool for laboratory use. The variation of farnesylated pheromones across
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fungi also provides a system to study farnesylation, a protein modification conserved across
eukaryotes (Berger et al., 2018; Caldwell et al., 1995). Lastly, the identification of pheromones
will help in the domestication of yeasts like K. pastoris and Y. lipolytica for industrial purposes of
recombinant production of proteins and secondary metabolites. With the acceleration of genome
sequencing, it is now reasonable to ask if we can identify a pheromone or pheromone candidates
for a given fungus using an available genome. This approach has three main challenges making
homology search tools poor at pheromone detection: (1) Pheromones are small peptides, (2)
pheromones have little (if any) expected secondary or tertiary structure, and (3) pheromone gene
copy number varies in different species. Alternative methods of using chromosomal synteny have
helped identify pheromones in related species with similar pheromones (OhEigeartaigh et al.,
2011), but still relies on using a known pheromone from a sister species as a “query” to initiate the
pipeline.
We consolidated approaches to identify farnesylated fungal pheromones into a computational
pipeline that takes genome sequence as input. Our pipeline also incorporates knowledge of the
conserved nature of regulatory pathways in mating and pheromones in closely related species. We
identified the candidate farnesylated pheromone of Y. lipolytica (Yarrowia clade) as a test of our
pipeline and experimentally tested the candidate pheromone by genetic manipulation and semi
quantitative mating. Our method can be added to existing methods of genome annotation as more
fungal genomes become available.
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Figure 3.1. S. cerevisiae pheromones are peptides encoded by ribosomal pre-pro-peptides. S.
cerevisiae has two mating types MATa and MATα, each with a distinct pheromone named a-factor
and α-factor respectively. Pheromones are encoded as small pre-pro-peptides on the genome as
MFA1 and MFA2 (for a-factor) and MFα1 and MFα2 (for α-factor), requiring several maturation
steps before secretion for bioactivity in mating.

3.2 Results
3.2.1 Algorithmic sieve to find candidate pheromone open reading frames (ORFs)
Given the limitations of syntenic methods and the constraints on homology search for small
unstructured peptides, we designed a new approach to identify farnesylated peptide pheromones
from sequenced genomes. Our method places constraints on the pheromone sequence based on the
conserved features of previously identified pheromones across the fungal lineage. Biogenesis of
a-factor in S. cerevisiae involves a number of essential post-translation modifications with
dedicated enzymes (Chen et al., 1997) (see Figure 3.2). We assume that these conserved enzymes
play a role in all fungal pheromone maturation, and therefore the corresponding motifs must be
present in all pheromone genes. Our algorithm is simply a sieve a that identifies candidates based
on the occurrence of these conserved motifs.
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Figure 3.2. S. cerevisiae a-factor is a lipidated peptide that undergoes multistep maturation
in the cytosol. S. cerevisiae MATa cells express the gene products of MFA1 and MFA2, which
are post-translationally modified in the cytoplasm. There are broadly two stages of maturation, Cterminal S-thiol farnesylation, -AAX proteolysis (white bars), carboxymethylation (shown on left)
followed by two steps of N-terminal proteolysis (two grey bars). The mature pheromone (black
bar) is then exported from the cytosol through the dedicated ABC transporter, Ste6. Figure is
adapted from (Chen et al., 1997).

In eukaryotes, prenylation is a post-translational modification achieved by a conserved enzyme
complex recognizing a conserved sequence motif (Caldwell et al., 1995). This enzyme complex
prenylates by S-thiol addition of the corresponding isoprenoid tail to a cysteine (Cys) side chain,
and has two forms: farnesyl transferase (FTase; Ram1/Ram2) is responsible for farnesylation
(attaching a C15 isoprenoid) while GGTase I, geranylgeranyl transferase (GGTase; Cdc43/Ram2)
performs geranylgeranylation (attaching a C20 isoprenoid). The C-terminal prenylation motif is
CAAX, with C representing the modified Cys, A being small aliphatic residues and X a wild-card
residue that determines the specific modification (farnesylation or geranylgeranylation). The
CAAX motif must be immediately upstream of a stop codon to be recognized by the enzyme
complex for prenylation.
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In addition to the S-farnesyl modification, the pheromones need to be carboxymethylated for
bioactivity (Huyer et al., 2006; Marr et al., 1990). The C-terminal AAX residues of S. cerevisiae
a-factor are recognized by the enzymes that coordinate S-farnesylation (Ram1/Ram2), proteolysis
of -AAX residues (Ste24 and Rce1), and subsequent carboxymethylation of the (now) C-terminal
Cys (Ste14) (Chen et al., 1997). To begin, we consolidated the CAAX motifs of known
pheromones in the Ascomycota into a dictionary to identify putative pheromone candidate ORFs
assuming strong conservation of the motif as a very stringent cutoff (see Table 3.1). To avoid
biases based on the small sample size of known pheromones, we modified the CAAX detection
dictionary based on studies of the possible combinatorial signatures of farnesylation, proteolysis
and carboxymethylation in S. cerevisiae (Berger et al., 2018; Stein et al., 2015; Trueblood et al.,
2000) (see Table 3.1). We brute force identified all stop codons (TAA, TAG, TGA) in the six
frames of translation of a genome by distributing over CPU cores to speed up the calculation. We
used the chromosomes as a natural split given their length in fungi allows for reasonable singlecore performance of the sieve over a full chromosome.

Table 3.1. CAAX motifs for farnesylation and carboxymethylation.
CAAX motif source Position A1

Position A2

Position X

Known Ascomycota
AILMSTV
pheromones

AILMSTV

ACLMQSV

Mutational analysis
ADGILSTV
in S. cerevisiae

AGHILMNQSTV

ACGILMQSNV

We further sieved the list of CAAX-Stop to candidates that have an in-frame methionine within
100 residues upstream of the stop codon to find ORF candidates of 100 residues or less that match
the expected size range of pheromone genes. This was specifically based on known pheromones
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in Ascomycota that are short genes. To insure our pipeline is greedy in finding candidates we
excluded concerns of chromosomal position because some fungi have poorly assembled genomes
with the ends of contigs not representing specific gene-poor regions (telomeres). In short, our
pipeline considers genome assemblies contig-by-contig and assumes that the pheromones can be
positioned anywhere (except for the first and last 300 bp to account for minimum size constraints).
We ran this pipeline on a list of available genomes from the Joint Genome Institute’s Mycocosm
database (see Table 3.2) and found that candidates number in the thousands, which was still larger
than can be screed for experimental validation. We considered the biogenesis of a-factor to identify
another sieve that can be used to narrow down our candidates further. Subsequent to normal Cterminal farnesylation and carboxymethylation, a-factor precursors undergo N-terminal
processing in two steps (Chen et al., 1997; Huyer et al., 2006). The second proteolysis is the final
step in maturation and in S. cerevisiae is mediated by the Zn-dependent metalloendopeptidase
Axl1. Random mutagenesis in S. cerevisiae a-factor revealed that N-terminal residues proximal to
the cleavage site are important for Axl1 cleavage while the sequence of the mature pheromone, Cterminal of cleavage site, is not relevant (Huyer et al., 2006). Comparing known Ascomycota
pheromones, we noticed that the residue upstream of cleavage is conserved as asparagine (Asn/N).
Therefore, we required pheromone candidates to have an asparagine in frame of the conserved
cysteine such that the mature pheromone is between 5-20 residues. Another observation is that
there is often at least one positively charged lysine or arginine residue upstream of the conserved
asparagine. We do not consider the positively charged residue in the current version of our
algorithm since mutations to positively charged residues have mixed effect in S. cerevisiae (Huyer
et al., 2006). The sieve for an upstream in-frame (between 5-20 residues from CAAX) asparagine
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narrowed down the candidate list to 100-1000 (see Table 3.2) which is still too large for blind
experimental validation but is reasonable for manual curation and prioritization.
Table 3.2. Fungal genomes analyzed in this study.

Species
Saccharomyces
S288C

a

Strain Code [JGI]a
cerevisiae

Candida albicans SC5314
Candida glabrata CBS138
Candida dubliniensis CD36
Candida
parapsilosis
CDC317
Candida orthopsilosis Co
90-125
Candida tropicalis MYA3404
Lodderomyces elongisporus
NRLL YB-4239
Komagataella
(Pichia)
pastoris GS115
Yarrowia
lipolytica
CLIB122
Yarrowia_deformans_JCM_
1694_BCIW_NCBI
Yarrowia_divulgata_YADI
0_NCBI
Yarrowia_keelungensis_JC
M_14894_BCJD_NCBI
Yarrowia_sp._JCM_30695_
BCLX_NCBI
Yarrowia_bubula_YABU0_
NCBI
Nadsonia fulvescens var.
elongata DSM 6958
Schizosaccharomyces
pombe
Schizosaccharomyces
japonicus yFS275
Schizosaccharomyces
octosporus yFS286
Kluyveromyces
lactis
CLIB210

Genome
Size
(Mbp)

>2Kbp
Scaffolds

Gene
models

CAAX
candidates

Protease
candidates

Sacce S288C
Canal
SC5314
A22
Cangl CBS138
Candu CD36

12.07

16

6575

692

330

15.47
12.34
14.62

17
14
8

15188
5311
5935

1474
878
746

770
388
403

Canpa CDC317

13.03

9

5843

1020

503

Canor Co 90-125

12.66

8

5678

943

489

Cantr MYA-3404
Lodel NRLL YB4239

14.37

23

6258

900

511

15.46

27

5802

1117

508

Picpa1 GS115

9.22

4

5040

563

257

Yarli1 CLIB122

20.50

6

6447

1953

738

20.88

44

1819

627

21.24

19

1908

602

21.82

41

1605

528

21.90

41

1565

523

20.90

28

1686

589

13.75

16

5657

592

294

Schpo1

12.61

5

5134

732

372

Schja1 yFS275

11.73

32

4878

973

394

Schoc1 yFS286

11.68

5

4986

608

296

Klula1 CLIB210

10.69

6

5076

678

374

Nadfu1
6958

DSM

Strain database MycoCosm hosted by Joint Genome Institute.
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3.2.2 Additional filters can be used to prioritize candidates: Overlap with annotated genes,
mating transcription factor binding motif enrichment, pheromone copy number,
conservation in closely related species
Since the list of candidates was still too large to address experimentally, we sought to use other
methods to prioritize the list for experimental validation. To this end, we used loose constraints
that are “reasonable” but may not be essential.
1. The candidate pheromone ORFs should not overlap with annotated genes in the genome.
We did not introduce this as a strong constraint because newly sequenced and assembled
genomes can be misannotated. We built a database of the gene models for each tested
species and ran a nucleotide homology BLAST (BLASTN) of each pheromone candidate
against this database. We scored each candidate based on the best-BLAST hit to the
database with a score inversely proportional to the e-value of the hit. Our scoring system
penalized candidates that overlap with annotated gene models (identified by DNA
sequence homology). Implicitly, gene models identified by homology to well characterized
gene families are assigned more confidence than any pheromone identified by our sieve.
2. Mating in fungi is associated with specific developmental transitions, and a master
regulator transcription factor (TF) binds upstream of all mating genes to control
transcription. However, the specific transcription factor involved as the master regulator
for mating-type specific gene expression can change across groups of closely-related
species (Sorrells et al., 2015). Although conserved transcription factors may still be
involved in mating, the mating-type specific expression profiles may be controlled by
different TFs. Sorrells and colleagues identified the existence of Ste12 TF motifs upstream
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of mating genes across a large part of the budding yeasts (Saccharomycotina), however
these motifs only control MATa-specific gene expression in the Saccharomyces lineage.
We used a list of conserved MATa-specific genes and motif discovery (MEME (Bailey
and Elkan, 1994)) on their upstream regions (inferred promoter region) to identify
conserved TF binding sites. Motif discovery is not very reliable due to the small number
of mating genes included in our analysis given the small size of TF motifs, but we
specifically considered the best motifs and conserved Ste12 binding motifs (see Figure
3.3). This filter could be improved significantly by including a larger list of known mating
genes’ promoters for statistical power of motif discovery.
3. The genes that encode the a-factor-like (farnesylated) pheromones in different fungi
lineages are present in multiple copies in the genome. The copy number changes quite
dramatically in different species even with a fairly similar pheromone. This was best
demonstrated by looking for homologous loci in species close to S. cerevisiae, but also
expanding to those identified by conserved chromosomal positions (synteny)
(OhEigeartaigh et al., 2011). Simply, a pairwise distance matrix of all identified candidates
from a given genome to estimate copy number of a specific candidate. In some genomes
there are pseudogenes representing degrading pheromone ORFs, e.g. K. lactis contains a
pheromone pseudogene with frameshift, which will not be identified in our sieve as a
candidate, so it may be prudent to expand to a homology search of translated genome
fragments against pheromone protein sequence (tBLASTN) to identify true copy number
of pheromone candidate loci in a genome.
4. Finally, pheromones of related species are quite similar, therefore we could use
conservation to prioritize candidate pheromones within a group of closely related species
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once the pheromone of any contained species has been identified. Conservation has been
used to identify the farnesylated pheromone in the Candida clade by comparing candidates
in C. albicans and C. dubliensis (Dignard et al., 2007). However, this is constrained by the
availability of sequenced genomes for related species. Additionally, the phylogenetic
relationships of yeasts are constantly revised making it important to be careful dismissing
the lack of homologous pheromones.
Using the above additional “prioritization filters”, we can significantly improve the pheromone
identification in fungi of interest. Our algorithm generates a prioritized list of candidates that can
then be the focus of genetic and biochemical testing to identify the true pheromone.

Figure 3.3. Farnesylated peptide pheromones are regulated by related transcriptional
programs across the fungal lineage. (Left) The phylogenetic relationship of a collection of lab
yeasts (contained in the Ascomycota) is shown along with one farnesylated pheromone for each
species (Davey, 1992; Dignard et al., 2007; Heistinger et al., 2018; Michaelis and Herskowitz,
1988; OhEigeartaigh et al., 2011). The mature peptide sequences of pheromones are underlined
with the flanking N-terminal proteolysis and C-terminal CAAX farnesylation motifs also shown.
(Right) Transcription factor binding motifs involved in the regulation of mating identified using
the MEMEa algorithm (Bailey and Elkan, 1994) from promoters of homologs of mating genes
from S. cerevisiae. Motif identification was statistically poor because accounted promoters are
limited by knowledge of mating pathways in different yeasts.
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3.2.3 Algorithm identified known pheromones from three sub-clades of Ascomycota
We started by validating our algorithm by running it on yeast clades where the pheromone has
been identified and validated by experiments. Species with well characterized farnesylated
pheromones include the Saccharomyces (Michaelis and Herskowitz, 1988; OhEigeartaigh et al.,
2011), Candida (Dignard et al., 2007) and Schizosaccharomyces (Davey, 1992; Kjaerulff et al.,
1994) clades, which are described in Figure 3.3. Sieving for CAAX ORFs from the raw genome
assemblies of S. cerevisiae and C. albicans provides 100-1000 candidates (Table 3.2). The
presence of two copies of the candidate pheromone in S. cerevisiae (Michaelis and Herskowitz,
1988) and the conservation of the C. albicans candidate across the Candida clade (Dignard et al.,
2007) allow for the prioritization of the true pheromone among candidates as described above
(Results 3.2.2).
The S. pombe pheromones are not present in our candidates. This negative result is explained by
the fact that all three copies (Mfm1, Mfm2 and Mfm3) contain introns that change the frame of
translation relative to the stop codon. This breaks our initial sieve for candidates because we rely
on in-frame motifs upstream of stop codons to detect candidates. Analysis of intron evolution in
yeasts highlights the lower frequency of introns in a clade of yeast-like Ascomycota (not including
the Schizosaccharomyces), Hemiascomycota (2-14% of all genes), relative to other eukaryotes
(Neuveglise et al., 2011) suggesting that there is a high chance of identifying pheromone genes in
Hemiascomycota with the current algorithm. Because the introns in other Ascomycota have clearly
conserved 5’ splice site (5’ ss), branch point (BP) and 3’ splice site (3’ ss) motifs that could be
included in our sieve to account for intron containing candidate ORFs.
During the course of our work on this algorithm the farnesylated pheromone of another clade of
Ascomycota containing K. pastoris (and K. phaffii) was reported (see Figure 3.3) (Heistinger et
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al., 2018), which makes these pheromones a blind positive control (K. pastoris pheromone was
not considered in algorithm design). For Basidiomycota (contains mushroom-like fungi, parallel
clade to Ascomycota), known pheromones match the conserved features used in the sieve, and
given the minimal computational cost to run the algorithm on genomes, it is worthwhile to test our
algorithm in Basidiomycota in the future. The algorithm can be modified as more or better
constraints specific to Basidiomycota are identified.
Table 3.3 Yarrowia species expected to share pheromone sequence.
Y. lipolytica

Yarrowia lipolytica CLIB122

Y. deformans

Yarrowia_deformans_JCM_1694_BCIW_NCBI

Y. divulgata

Yarrowia_divulgata_YADI0_NCBI

Y. keelungensis

Yarrowia_keelungensis_JCM_14894_BCJD_NCBI

Y. sp. 30695

Yarrowia_sp._JCM_30695_BCLX_NCBI

Y. bubula

Yarrowia_bubula_YABU0_NCBI

3.2.4 Experiments in Y. lipolytica validate a candidate pheromone as the putative a-factor
involved in mating
The Yarrowia clade of budding yeasts is of great importance in industry for the heterologous
expression of proteins with the use of hydrocarbons as a metabolic carbon source (Liu et al., 2015;
Nicaud, 2012), and in the production of secondary metabolites (Markham and Alper, 2018). Also,
Y. lipolytica is a valuable model system to study fatty acid metabolism in peroxisomes (Dulermo
et al., 2015) and mitochondrial complex I in an obligate aerobe (Kerscher et al., 2002; Parey et al.,
2018). Additionally, recent genome sequencing and phylogenetics (Shen et al., 2018) identified
several closely related Yarrowia species that can be used to compare candidate pheromones (Table
3.3). As described in Results 3.2.2, the candidates from our algorithmic sieve for Y. lipolytica
(Dujon et al., 2004) (Table 3.4), can be prioritized based on copy number in the genome and
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conservation across species. The Y. lipolytica candidate discussed further is present in three loci
as identified by our algorithm. The candidate is also present in related Yarrowia with conservation
in the putative mature peptide region as expected for pheromones (see Figure 3.4). The sequence
identity of the proteolyzed N-terminal sequence doesn’t affect the production of mature S.
cerevisiae a-factor (Huyer et al., 2006), making it reasonable to assume the same for the Yarrowia
clade. Finally, though the Ste12-like transcription factor binding motif in promoters of Y.
lipolytica mating genes (identified by homology) is statistically not significant (Figure 3.3), this
motif is present upstream of the Y. lipolytica candidates.

Figure 3.4. “Best” candidate Y. lipolytica pheromone is conserved across related Yarrowia
species. Translation alignment of best candidate ORFs from Yarrowia species (listed in Table 3.3)
with multiple copies encoded within each species (raw data available in Table 3.6). Red shaded
region represents the candidate mature pheromone sequence, showing no non-synonymous
variation across Yarrowia, except for a conservative change of phenylalanine and tyrosine. Most
non-synonymous variations and insertions are in the N-terminal regions that are not expected to
have conserved sequence.
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We used a pair of mating Y. lipolytica strains derived from the CLIB122 strain and identified that
the MATA strain is functionally homologous to MATa cells of S. cerevisiae. This was validated
by showing that the YlSte2 (YALI0F03905g) and YlSte6 (YALI0E05973g) deletions are mating
deficient in MATA, while the YlSte3 (YALI0F11913g) deletion is mating deficient in MATB
(Figure 3.5) using a standard mating protocol (Rosas-Quijano et al., 2008). These deletion
phenotypes are entirely consistent with the corresponding effects observed in other species since
the identity of a-factor receptor Ste3 and α-factor receptor Ste2 can be resolved by homology from
the root of the fungi.

Figure 3.5. Y. lipolytica mating-type MATA is functionally homologous to S. cerevisiae MATa
and MATB is functionally homologous to MATα. Growth on diploid selective plates are
displayed from mating assays described in methods 3.4.2 adapted from (Rosas-Quijano et al.,
2008). The homologs of MATa specific mating genes (α-factor receptor, Ste2 / YALI0F03905g
and the a-factor exporter, Ste6 / YALI0E05973g) are deleterious to mating when present in the Y.
lipolytica MATA haploid. Consistently, homolog of MATα specific mating gene (a-factor
receptor, Ste3 / YALI0F11913g) shows a mating defect only when present in the Y. lipolytica
MATB haploid.
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Once we identified the mating-type identities of the strains, we deleted the best pheromone gene
candidates in our MATA strain as single-, double- and triple-deletions (see Figure 3.6). We saw a
decrease in the mating efficiency in all the deletion strains, suggesting that the deleted loci are
indeed important for mating. However, the triple mutant did not eliminate mating as expected if
we had identified and deleted all copies of the pheromone. Comparing the copy number of the
pheromone gene candidates in different Yarrowia species highlights the fact that Y. lipolytica is an
outlier with the fewest copies (3) compared to other Yarrowia species (7, 9, 9, 10 and 14) (Table
3.6). To confirm this was not due to poor assembly of genomes, we aligned 1-kb flanking regions
of the candidates’ coding regions from all Yarrowia and plotted a matrix of pair-wise identity (see
Figure 3.7). From the matrix, we can identify pairs of candidate loci across closely related species
(Y. divulgata and Y. deformans; Y. keelungensis and Y. sp. 30695) that are equivalent with high
pairwise identity of flanking regions, as seen by high heatmap value in near-diagonal cells.
However, these high similarity paired loci do not include any candidates from the same genome,
highlighting that candidates were not counted multiple times due to errors in assembly. This
encouraged us to look more carefully at the Y. lipolytica genome to find any copies of homologous
candidates (Figure 3.4 and Table 3.6) that have been missed by our algorithmic sieve.
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Figure 3.6. Best candidate Y. lipolytica pheromone shows partial mating defect when deleted
in MATA haploids. Mating efficiency of MATA haploid genotypes with combinations of the
three pheromone loci deleted was evaluated using the mating protocol described in the methods
(3.4.2). Each measurement is represented as a swarm of replicate measurements performed in two
distinct experiments (blue and orange). The observed mating defect is consistent with the candidate
being the true pheromone, but the triple-deletion suggests an unidentified copy in the genome.

Since the triple mutant strain still retained mating activity, we hypothesized that there is an extra
copy of the pheromone in the Y. lipolytica genome. We used protein homology search of translated
genome fragments (tBLASTN) to search for loci that might code for another copy of the best
candidate protein sequence and noticed a partial hit on Chromosome F. This locus encodes a copy
of the pheromone synonymous to another locus (YlMFA3) but with an intron that causes a
frameshift (Figure 3.8). The intron matches the precise expectations of a Y. lipolytica intron both
in length and 5’ splice site (5’ ss), branch point (BP) and 3’ splice site (3’ ss) making us fairly
confident in our expectation of an extra copy of the pheromone (Neuveglise et al., 2011). The
presence of single pheromone can still lead to significant mating efficiency in other yeasts that
mate under nutrient starvation at low efficiency like S. pombe (Kjaerulff et al., 1994).
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As discussed above, considering the experimental effects of single, double and triple mutants of
YlMFA1, YlMFA2 and YlMFA3 in Y. lipolytica (Figure 3.6) and the conservation of the mature
pheromone sequence (low non-synonymous mutation rate compared to synonymous mutation rate)
across the Yarrowia clade (red highlight in Figure 3.4), we are confident in our identification of
the farnesylated pheromone of the Yarrowia clade. To test our prediction most directly, we are
now constructing the quadruple candidate mutant (Table 3.5) in Y. lipolytica to confirm that the
loss of all identified farnesylated pheromone candidates in MATA mating-type eliminates fungal
mating.
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Figure 3.7. Pairwise distance of flanking regions of the best pheromone candidate loci across
Yarrowia species shows higher copy number in other Yarrowia relative to Y. lipolytica.
Pairwise % identity from the alignment of the flanking regions (1 kbp upstream and downstream)
of each locus displayed as a heat-map with the candidate IDs (genome and locus) displayed on
rows. The low off-diagonal values are consistent with no candidate within a species being doublecounted. The pairs of high off-diagonal values (in the upper half of the diagonal) all represent
syntenic candidates in most-closely related pairs of species (Y. divulgata and Y. deformans; Y.
keelungensis and Y. sp. 30695).
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Figure 3.8. Y. lipolytica genomic locus YlMFA4 encodes the candidate pheromone contains a
putative intron. (a) Genomic locus in Y. lipolytica that contains a putative intron identified by
motifs (5’ ss, BP, 3’ ss) conserved across Y. lipolytica introns (Neuveglise et al., 2011). The
corresponding cDNA is aligned to the locus with translation (single letter amino acid code) for
clarity. (b) Corresponding cDNA from (a) aligned to the three intron-less genomic loci identified
from the Y. lipolytica genome, showing a number of synonymous variants with only a single nonsynonymous variant in the N-terminal region (consistent with the pattern of variation across all
Yarrowia; Figure 3.4).

3.3 Discussion
We designed an algorithm that inputs raw genome sequence and outputs candidates of farnesylated
pheromones in fungi. This is of particular importance to fungi that are of medical (C. albicans and
C. neoformans) (Boral et al., 2018) and agricultural (U. maydis (corn smut)(Chacko and Gold,
2012), P. striiformis (wheat stripe rust) (Zhu et al., 2018) and M. oryzae (rice blast) (Li et al.,
2015)) relevance, since pheromone signaling and mating have been correlated to development of
alternate cell morphologies that plays a role in virulence. We experimentally validated the
candidate pheromone of the Yarrowia clade by genetic deletions and mating assays in Y. lipolytica.
Though there is broad conservation of the regulatory pathways of mating in fungi (Sorrells et al.,
2015), the conservation of pheromone sequence in closely related species was found to be a
stronger predictor of pheromones. Our method is currently limited by the inability to identify
candidates that contains introns, but can be expanded to include models of introns in fungi
(Neuveglise et al., 2011).
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In yeasts that have been used as laboratory models (S. cerevisiae and S. pombe) and for the
industrial production of proteins and secondary metabolites (K. pastoris and Y. lipolytica),
pheromones can be used as tools to control the cell biology and transcriptional program as needed.
In Ascomycota (specifically in yeast-like fungi), α-factor-like pheromones remain the more
frequently studied pheromone signaling cascade since its ORFs are easily identified by the
presence of multiple repeats encoded in a single pre-pro-peptide. However, it is important to
identify farnesylated pheromones since they represent the ancestral form of pheromones, with the
Basidiomycota, such as U. maydis and T. mesenterica, only possessing farnesylated pheromones
(Coelho et al., 2017; Jones and Bennett, 2011; Raudaskoski and Kothe, 2010). Our method relies
not on standard homology search, but rather is an algorithmic sieve that narrows down the list of
all possible ORFs to a smaller list of candidates that can be tested for experimental validation.
Specifically, our current version is reasonable in identifying a putative candidate but may not
identify all copies of the pheromone in the genome (due to the presence of unaccounted introns,
for example). This tool provides a platform to add other filters that might be relevant to specific
clades of fungi, based on known pheromones of closely related fungi.
Finally, our knowledge of secreted farnesylated peptide pheromones as signaling molecules is
currently restricted to the clade of fungi. However in D. melanogaster, mutations (constructed by
P-element excision) in a homolog of the pheromone exporter (Ste6), mdr49, produce a defect in
germ cell migration to the embryonic gonads (Ricardo and Lehmann, 2009). Additionally,
deletions of homologs of several genes involved in a-factor maturation were found to phenocopy
this germ-cell attractant defect. The authors highlight the possibility that the unidentified germcell attractant is in fact a prenylated peptide pheromone homologous to the fungal pheromones.
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This raises the possibility that there remains a class of signals in animals that remain to be
identified and our computational tool may provide in-roads in exploring this possibility.

3.4 Methods
3.4.1 Strains and plasmids
Y. lipolytica pair of mating strains (ML16507 and ML16510) were a gracious gift from Joshua
Truehart (DSM ltd) and are derivatives of the sequenced CLIB122 strain (Dujon et al., 2004).
Genomic transformation was done using standard protocols (Burke et al., 2000; Verbeke et al.,
2013). Geneious 11.1.5 was used to align and compare candidate sequences.
Table 3.4 Y. lipolytica strains used in this study.
Y. lipolytica Genotype
Source
strain label
ML16507
MATA; ura3-302; leu2-270; lys1-11; Ku70Δ
Gift from Joshua Truehart (DSM ltd.)
ML16510
MATB; ura2-6861; leu2-3; ade1; Ku70Δ
Gift from Joshua Truehart (DSM ltd.)
yaliSS001
ML16507; Ylste2Δ:LEU2Yl
yaliSS005
ML16507; Ylste6Δ:LEU2Yl
This study
yaliSS007
ML16507; Ylmfa2Δ:URA3Yl
This study
yaliSS009
ML16507; Ylmfa1Δ:URA3Yl
This study
yaliSS011
ML16507; Ylmfa3Δ:URA3Yl
This study
yaliSS017,
ML16507; Ylmfa1Δ:LEU2Yl, Ylmfa2Δ:URA3Yl
This study
yaliSS018
yaliSS019,
ML16507; Ylmfa2Δ:URA3Yl, Ylmfa3Δ:LEU2Yl
This study
yaliSS020
yaliSS021,
ML16507; Ylmfa1Δ:LEU2Yl, Ylmfa3Δ:URA3Yl
This study
yaliSS022
yaliSS023,
ML16507; Ylmfa2Δ:LEU2Yl, Ylmfa3Δ:URA3Yl
This study
yaliSS024
yaliSS027,
ML16507; Ylmfa1Δ
This study
yaliSS028
yaliSS029,
ML16507; Ylmfa1Δ, Ylmfa3Δ:LEU2Yl
This study
yaliSS030
yaliSS031,
ML16507; Ylmfa1Δ, Ylmfa2Δ:URA3Yl,
This study
yaliSS032
Ylmfa3Δ:LEU2Yl
NOTE: In Y. lipolytica, MATA and MATB mating-types are equivalent to MATa and MATα of S. cerevisiae
respectively.
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Table 3.5. “Best” candidate pheromones identified in Y. lipolytica for experimental validation.
Label
Expt. Label (for lab material)
Chromosomal position
YlMFA1
YlPher01
Yali0F_6||[forward][2134586-2134685-2134697]
YlMFA2
YlPher02
Yali0F_6||[forward][2139263-2139362-2139374]
YlMFA3
YlPher03
Yali0E_5||[reverse][1012402-1012303-1012291]
YlMFA4
YlPher05
Yali0F_5||[forward][1323342-1323493-1323505]
NOTE: Candidates located by [contigID][strand][serial# of candidate sharing Stop][“Start-Cys-Stop” position in
contig].

3.4.2 Y. lipolytica semi-quantitative mating assay
All strains listed in Table 3.4 were constructed from our WT MATA strain (ML16507) using a
chemical transformation protocol reported in the literature (Verbeke et al., 2013). We modified a
quantitative mating protocol used in (Rosas-Quijano et al., 2008) to test the mating efficiency of
strains with deletions of pheromone candidates against our MATB partner (ML16510). Briefly,
exponential cultures in YPD of the plasmid-transformed strain and mating partner were harvested
and 2.5 x 106 cells of each partner were mixed in 150 µL sterile water + 0.02% (w/v) BSA. Mating
mixtures were transferred onto filters using a filter assembly (with the cells spreading to about
5mm radius), and the filters (with cells) were moved onto YM mating media plates (3 g/L yeast
extract, 5 g/L Bacto-peptone, 5 g/L malt extract and 20 g/L Bacto-agar) (Rosas-Quijano et al.,
2008). These plates were incubated at 28°C in the dark for three days (70-74 h). The density of the
inoculum cell suspensions was measured using a Coulter counter for normalization. After 3 days
filters with the mating mixtures were moved into 3mL YP + 2% (v/v) glycerol + 0.05% (w/v)
dextrose and incubated on a roller drum at 30°C for 3h to recover cells from filters. The cultures
were transferred to microfuge tubes and sonicated to disrupt clumps, before using a Coulter counter
to check the cell density to normalize for plating. The pelleted cells were resuspended in water +
0.02% (w/v) BSA and plated on diploid selective media (CSM-Lys-Ade). The cell suspensions
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were counted using the Coulter counter to normalize the plating density. The mating efficiency
was calculated as the number of diploid cells for a sample normalized to the number of diploid
cells from the control mating (ML16507 + ML16510) performed on the same day (code on Github
at https://github.com/sriramsrikant/). The experiment was repeated with biological replicates and
plating replicates to account for intrinsic noise of mating mixtures.

137

Table 3.6. Conserved pheromone candidates in Yarrowia clade
Yarrowia
lipolytica yarlip|Yali0F_6||[forward][1][2139263-2139362CLIB122
2139374][Translate:MSKAIPRAYGTDSYRVNSNVTIVGGYRTFQPSSCVIA*]
yarlip|Yali0F_6||[forward][1][2134586-21346852134697][Translate:MSKAIPRAYGTDSYRVNSNVTIVGGYRTFQPSSCVIA*]
yarlip|Yali0E_5||[reverse][1][1012402-10123031012291][Translate:MSKAIPRDYGTDSYRVNSNVTIVGGYRTFQPSSCVIA*]
Yarrowia_deformans_J yardef|BCIW01000013.1||[reverse][1][569522-569426CM_1694_BCIW_NC
569414][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCIIA*]
yardef|BCIW01000004.1||[forward][1][360113-360209BI
360221][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardef|BCIW01000017.1||[forward][1][66539-6663566647][Translate:MSVVKREYGNDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardef|BCIW01000004.1||[reverse][1][144986-144890144878][Translate:MSVVKREYGNDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardef|BCIW01000004.1||[forward][1][511956-512052512064][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardef|BCIW01000010.1||[forward][1][912729-912825912837][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardef|BCIW01000008.1||[reverse][1][69294-6919869186][Translate:MSVVKREYGNDSYRVNSNVTIVGGYRTYQPSSCVIA*]
Yarrowia_divulgata_Y
yardivu|ULGQ01000003.1||[reverse][1][2817618-2817522ADI0_NCBI
2817510][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000002.1||[reverse][1][2044808-20447122044700][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000005.1||[reverse][1][775993-775897775885][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000001.1||[forward][1][4085126-40852224085234][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000002.1||[reverse][1][1417880-14177841417772][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000001.1||[reverse][1][631257-631161631149][Translate:MSVVKREYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000003.1||[reverse][1][2509046-25089502508938][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000007.1||[reverse][1][521057-520961520949][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yardivu|ULGQ01000002.1||[reverse][1][629057-628961628949][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIS*]
yardivu|ULGQ01000002.1||[forward][1][1639293-16393891639401][Translate:MSVVKREYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
Yarrowia_keelungensis yarkee|BCJD01000001.1||[reverse][1][540492-540393_JCM_14894_BCJD_N 540381][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000001.1||[reverse][1][242794-242695CBI
242683][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000006.1||[reverse][1][423585-423486423474][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000001.1||[reverse][1][402036-401937401925][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000001.1||[forward][1][264198-264297264309][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000003.1||[forward][1][907356-907455907467][Translate:MGEAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000004.1||[forward][1][1838215-18383141838326][Translate:MGEAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
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Table 3.6 (Continued)

yarkee|BCJD01000001.1||[reverse][1][1692828-16927291692717][Translate:MGSAIPRRYGTASYRVNSNVTIVGGYRTYQPSSCVIA*]
yarkee|BCJD01000002.1||[reverse][1][338601-338502338490][Translate:MGSAIPRRYGTASYRVNSNVTIVGGYRTYQPSSCVIS*]
Yarrowia_sp._JCM_30 yarsp2|BCLX01000001.1||[forward][1][2795617-2795716695_BCLX_NCBI
2795728][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000001.1||[forward][1][3085794-30858933085905][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000007.1||[forward][1][1018344-10184431018455][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000001.1||[forward][1][2934643-29347422934754][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000001.1||[reverse][1][3073012-30729133072901][Translate:MGSAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000005.1||[reverse][1][1822017-18219181821906][Translate:MGEAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000002.1||[forward][1][3456539-34566383456650][Translate:MGEAIPRAYGTDSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000001.1||[forward][1][1641875-16419741641986][Translate:MGSAIPRRYGTASYRVNSNVTIVGGYRTYQPSSCVIA*]
yarsp2|BCLX01000002.1||[reverse][1][771285-771186771174][Translate:MGSAIPRRYGTASYRVNSNVTIVGGYRTYQPSSCVIS*]
Yarrowia_bubula_YAB yarbubu|ULGX01000003.1||[reverse][1][433122-433017U0_NCBI
433005][Translate:MSGSKAIPRDYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000006.1||[reverse][1][481010-480905480893][Translate:MSGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000004.1||[reverse][1][1347531-13474261347414][Translate:MSGSKAIPRDYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000001.1||[reverse][1][574233-574128574116][Translate:MSGSKAIPRDYGNESYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000003.1||[forward][1][78413-7851878530][Translate:MSGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000002.1||[reverse][1][825298-825193825181][Translate:MSGSKAIPRNYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000010.1||[reverse][1][602485-602380602368][Translate:MSGSKAIPRNYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000003.1||[reverse][1][62137-6203262020][Translate:MSGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000001.1||[forward][1][2114991-21150962115108][Translate:MSGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000001.1||[forward][1][2938581-29386862938698][Translate:MSGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000005.1||[reverse][1][925795-925690925678][Translate:MSGSKAIPRNYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000001.1||[reverse][1][2532212-25321072532095][Translate:MSGSRAIPRNYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000012.1||[reverse][1][400626-400521400509][Translate:MSGSKAIPRNYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
yarbubu|ULGX01000009.1||[reverse][1][669774-669669669657][Translate:MAGSKAIPRDYGNQSYRVNSNVTIVGGYRTYQPSSCVIA*]
NOTE: Candidates are identified by [contigID][strand][serial# of candidate sharing Stop][“Start-Cys-Stop” position
in contig][Translation of locus]
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Over the course of my PhD, I worked toward understanding the variation of protein function over
evolutionary time. Evolutionary sequence variation that causes functional divergence is a noisy
signal buried in neutral variation. Experimental methods to test natural variation or artificial
variation and functional selection play a key role in dissecting protein family evolution (Shah and
Kuriyan, 2019). My work focused on members of the ABC transporter family; a homologous set
of proteins identified in every sequenced genome. The parsimonious argument is that these
transporters arose close to the last common ancestor and have since duplicated and diverged. The
ABC transporters are so named due to the most conserved domain of the transporter, the
cytoplasmic nucleotide binding domains (NBDs) that binds and hydrolyzes ATP (Gaudet and
Wiley, 2001; Procko et al., 2006). Functional transporters consist of two transmembrane domains
(TMDs) connected to two NBDs with significant tertiary contacts between domains to coordinate
the transport of diverse substrates across cellular membranes.
Transport of substrates via the TMDs is coupled to ATP hydrolysis in the NBDs. The large family
of primary transporters can be further sub-divided based on the sequence homology of TMDs.
Homology predicts that there were independent events of non-related TMDs coupled to the
conserved NBD leading to sub-families of ABC transporters in extant species (Davidson et al.,
2008; Xiong et al., 2015). In eukaryotes, most of the identified transporters are exporters that
shuttle substrates away from the cytosol to the extracellular space or organelle lumens. The Type
I exporters are a large sub-family with members identified by homology in all branches of life.
Members of this sub-family play crucial roles in physiological processes like transporting
lipopolysaccharide (LPS) for bacterial outer membrane biogenesis (MsbA) (Mi et al., 2017; Tefsen
et al., 2005), cytosolic Fe-S cluster protein biogenesis in eukaryotic cells (ScAtm1/HsABCB7)
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(Kispal et al., 1999; Srinivasan et al., 2014), and antigen loading in the adaptive immune system
of vertebrates (Transporter for Antigen Processing, TAP) (Abele and Tampe, 2018).
Since the TMD is involved in substrate binding and translocation across the membrane, specific
sequence variation in the TMDs is expected to give rise to paralogous transporters for different
substrates. Despite low sequence identity in the TMDs, structural work in the last two decades
have identified that Type I ABC exporters share a conserved core transporter fold. These structures
also confirmed the presence of a large surface for substrate recognition that was predicted by
substrate crosslinking and mutagenesis (Lehnert and Tampe, 2017; Loo and Clarke, 1997; Loo and
Clarke, 2000). Structural models of inward-facing and outward-facing states highlight a large
cavity covering the length of the bi-layer that alternates access. Substrate-bound structures of
paralogous exporters have identified residues lining this TMD cavity that play a role in recognition
for substrates with diverse physicochemical properties (Alam et al., 2019; Johnson and Chen,
2017; Mi et al., 2017). Sub-populations of chickens and rats with different immune profiles have
allele variants of TAP that transport non-overlapping sets of antigenic peptides. Functional variants
from these alleles provided insight into the presence of mutations across the TMD cavity that may
affect substrate recognition both directly (substrate binding) and indirectly (conformation stability
and allosteric pathways) (Lehnert and Tampe, 2017).
To study the evolution of substrate selectivity experimentally, I took advantage of a conserved
Type I ABC exporter in the mating pathway of fungi. The transporter, Ste6 was identified first in
S. cerevisiae (with identifiable orthologs in fungi) and has been shown to be a dedicated exporter
of the farnesylated mating pheromone a-factor (Ketchum et al., 2001; Michaelis, 1993; Michaelis
and Herskowitz, 1988). The pair of ABC exporter and farnesylated peptide pheromone is
conserved across the fungal lineage over 500 million years of evolution (Hsueh and Shen, 2005).
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The pattern of conservation provides a system where co-evolution of transporter with a diverging
substrate (mating pheromone) can be experimentally addressed. I used an orthologous exporter of
S. cerevisiae Ste6 (ScSte6), the Y. lipolytica Ste6 (YlSte6) that is functionally deficient in
transporting S. cerevisiae a-factor to identify mutations that affect substrate selectivity. We
designed a high-throughput selection and used libraries of mutant YlSte6 transporters to find
mutations that lead to increased specific transport of a-factor. Our method and experiments are
detailed in Chapter 2, but to summarize we find that there is a large target size for mutations that
affect substrate selectivity. These mutations cover the TMD cavity with some individual mutations
contributing strongly to specific activity. The combination of mutations is additive within selected
clones highlighting the availability of many evolutionary trajectories to transport “novel”
substrates.
Our results highlight the strength of mutagenesis and experimental selection in testing the
evolutionary divergence of ABC transporters. Given the difficulty in correlating sequence
conservation in extant homologous exporters to cognate substrates (Lefevre and Boutry, 2018),
experimental approaches will be more fruitful to study substrate selectivity. Based on the
inferences and speculations made in Chapter 2, our method can be immediately extended in two
directions. First, we can use larger libraries to cover a larger part of the combinatorial space starting
from independent random mutagenesis. Considering each of our regions has a true combinatorial
sequence space of 16120 compared to 105 libraries used here, our results strongly argue for
degeneracy of mutations that confer transport of novel substrate. Specifically, the physicochemical
difference of the “novel” substrate relative to the cognate substrate might directly affect the scope
of available mutational trajectories for selection. To test effect of cognate pheromone, it is possible
to start with paralogous fungal Type I ABC exporters or exporters with known substrates (for
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example, Transport for antigen processing (TAP) and antigenic peptides). In our experiment, none
of our clones achieved a-factor transport activity (autocrine signal) comparable to ScSte6. Given
the sequence divergence of pheromone exporters, it is reasonable that more mutations are needed
to improve a-factor transport. Unfortunately, upfront mutagenesis is inappropriate due to the
combination of poor sampling of sequence space in highly mutagenized clones and the increasing
occurrence of strongly deleterious mutations in clones with many mutations. We can address
upfront mutagenic load by setting up an experiment with multiple events of mutagenesis with
rounds of selection between mutagenic events. Rounds of mutation and selection mirrors the
duplication and divergence of ABC transporters over the course of evolution. Experiments to with
larger libraries and “continuous” mutagenesis are relevant to finding the limits of the target size of
substrate selectivity and the space of mutational trajectories available to alter specific transport
activity of “novel” substrates.
Second, we can test hypotheses with regard to the coupling of ATPase activity and the
conformation cycle of substrate transport. A major unresolved question for ABC exporters is the
molecular basis of substrate stimulation of ATPase activity, and the evolutionary conservation of
this allostery. Substrate-bound structures (Johnson and Chen, 2017; Kodan et al., 2019; Kodan et
al., 2014) and molecular dynamics simulations (Pan and Aller, 2018) highlight the flexibility in
the TM helices that signal substrate binding to NBDs via coupling helices. Homologous exporters
also variation in the two ATPase sites such that some transporters have a degenerate ATPase site
that can bind but not hydrolyse ATP. Importantly, the presence of the degenerate site is important
for activity of the transporters like TAP (Procko et al., 2006). Although the conserved motifs for
ATPase activity are consensus at both sites in ScSte6 and YlSte6, starting from a degenerate
transporter and selecting for restoring pheromone export activity is experimentally tractable.
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Mutations that restore pheromone transport of a degenerate transporter might indicate the
underlying mechanistic basis of allostery and the “power source” of transport.
A significant detail of our system is that the Ste6 family of exporters are physiologically and
evolutionarily dedicated to fungal pheromone export. Since the substrates are genetically encoded
peptides and are subject to evolutionary divergence our system can be useful to address coevolution of the pheromone-exporter pairs. From Chapter 2, homologous transporters having S.
cerevisiae a-factor transport activity inversely correlated with phylogenetic distance (and
pheromone similarity) is consistent with co-evolution. To broach questions of co-evolution, it is
important to identify pheromones (small unstructured modified peptides) from fungal genomes as
easily as homology search for Ste6 orthologs. We designed an algorithmic sieve (described in
Chapter 3) that can identify candidates in different genomes by motifs for conserved posttranslational modifications (Michaelis and Barrowman, 2012). Experimental validation of Y.
lipolytica pheromone candidates suggest that although we identified candidate loci of the mature
pheromone, our sieve cannot identify all possible loci encoding the pheromone. In Y. lipolytica,
our sieve doesn’t consider introns in identifying ORFs, therefore misses loci that could encode
candidate pheromones. Our algorithm design can be easily extended to include better models for
ORFs and other relevant filters to ensure that candidate identification is improved. Using
functionally isolated pheromone-exporter pairs (for example, S. cerevisiae and Y. lipolytica), we
can evolve a transporter to switch between pheromones. Specifically, by alternating transport
selection between pheromones in turn we can identify if the trajectory of selected clones through
sequence space. The plurality of selected sequences in Chapter 2 suggests that this strategy of
alternating selection should result in a “random walk” through sequence space rather than
oscillations between the extant ScSte6 and YlSte6 sequences.
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Although our results from Chapter 2 predict evolution of substrate selectivity has a large target
size it remains unclear how allosteric coupling of transport to a conserved ATPase cycle is
maintained. As described in the Chapter 1, biochemical and structural work suggests a model
where substrate binding and ATP-dependent NBD closure stimulate transition from an inwardfacing to an outward-facing state. The outward-facing state is the ATPase-competent state and is
stable if ATP hydrolysis is arrested either by mutation or non-hydrolysable analogs. In general,
substrate release is assumed to be concomitant with the transition to the outward facing state due
to changes in the substrate binding site in the ATP-bound outward-facing state (Johnson and Chen,
2018; Kodan et al., 2019). Subsequently, ATP hydrolysis leads to NBD disassociation and
transition back to the inward-facing state, resetting the transporter for a new round of export.
Experiments in transporters with one or two ATPase events suggest that at least one ATPase event
remains necessary for the transporter to reset, while the other can be potentially coupled to
substrate release (Mishra et al., 2014; Verhalen et al., 2017). Crucial to mechanistic hypotheses is
that in the absence of substrate transporters still hydrolyze ATP known as a basal ATPase. Since
only the outward-facing state is ATPase competent, it is assumed that the exporters can go through
their entire conformational cycle without substrate. However, in all these cases the presence of
substrates stimulates the rate of ATP hydrolysis and therefore the rate of the conformation cycle.
Key to the evolution of substrate selectivity in type I ABC exporters is the cognate substrates
providing stimulation to the ATPase and conformations cycle. Given the large target size for
substrate selectivity, I propose that substrate stimulation can have two microscopic causes that are
not mutually exclusive. First and most simply, substrate binding affects the transition state energy
of the inward-facing state to the ATP-bound NBD-dimerized outward-facing state. The most
extreme version of this hypothesis is that substrates play a catalytic role in kinetically stimulating
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the conformational cycle and ATPase rate. The transport of substrate across the membrane is an
outcome of the catalysis of the conformational transition to the ATPase competent outward-facing
state, with ATP dependent NBD dimerization “powering” transport. ATP hydrolysis destabilizes
the outward-facing state and rests the transporter preventing equilibrium and leading the
unidirectional transport. Thus, cognate substrates are defined purely by molecules that provide a
kinetic stimulation of the ATP dependent NBD-dimerization and transition to the outward-facing
state. This is consistent with data from the homologous chloride channel CFTR, where ATPdependent NBD-dimerization is the rate limiting step of channel opening (Csanady et al., 2019).
A phosphorylated R-domain CFTR is assumed to be mechanistically homologous to a substratebound transporter needing only NBD-dimerization to transition to an outward-facing (channel
open) state. A second possibility is that substrate binding occurs between residues across the TMD
cavity that stabilize a substrate bound occluded state. This would represent a meta-stable state that
increases the transition rate from the inward-facing state to the NBD dimerized outward-facing
state. The two proposals are not mutually exclusive since they depend on the microstates present
during the conformational transition. However, it is important to note that neither of these
mechanisms rely on a specific binding site (or subsequent allosteric triggering) for substrate, but
rather are based on changing the energetic landscape of the substrate-bound ATP-free inwardfacing state relative to the ATP-bound outward-facing state. It is reasonable to imagine that there
are many positions in the TMD cavity that affect the exporter’s energetic landscape leading to the
large target size for the evolution of substrate-selectivity.
In summary, the lab yeast S. cerevisiae, that can be grown rapidly to high density and has powerful
genetics is an ideal model to test ideas of protein evolution. The accumulated cell biology and
biochemistry knowledge in yeast enables the design of specialized selection for protein function.
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We connected the export function of an ABC exporter Ste6, to a transcriptional reporter that
allowed for rapid enriching selection. We found that a large target size for substrate selectivity
underlies the evolutionary success of ABC exporter paralogs with physicochemically diverse set
of substrates. Mutational variation and artificial selection can be expanded to address many
unanswered questions in ABC exporters using our system. I began my doctoral work trying to
understand the grammar of protein sequence that specifies function of the resulting molecular
machine. I finish my doctoral work having developed tools that take advantage of one of the oldest
model systems of biology, S. cerevisiae and new developments in high-throughput library
construction and sequencing that may represent a metaphorical Rosetta stone for the sequencefunction “language” of proteins.
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Appendix 1
Python 2.7 codebase for algorithmic sieve described in Chapter 3. Codebase hosted and maintained
on Github at https://github.com/sriramsrikant/pheromoneFinder

The code has 6 functions for non-interactive runs on a computing cluster:
Command-line option

Description

caax

Identifies all ORFs with CAAX-Stop motifs in the 6-frame
translations of the sequence in the FASTA file

AsnLocator

Identifies all putative ORFs with Asn/N between 7-20aa upstream
of CAAX-Stop in the FASTA file

genomeSplit

Splits a genome into individual FASTA files for each chromosome,
written into the Temp folder

conCat

Concatenates the individual FASTA files generated from the
pheromone search run for each chromosome/contig, written into
the Temp folder. Be sure to preserve the same output name to
prevent errors.
Uses the results of the CAAXLocator to score the putative
pheromones using BLASTXagainst the Scerevisiae proteome & also
a hydrophobicity scale for the 8 aminoacids upstream of Cys.

scorePheromone

promoterExtract

Uses the candidates from the CAAX-Asn-Locator output to extract
upstream 1kbp as a promoter of putative ORF.

NOTE: Primary dependencies are BioPython (Bio 1.73), Regular expression operations
(re), ElementTree XML Api (xml.etree.ElementTree), CSV file reading and writing (csv),
Mathematical functions (math), Data Pretty printer (pprint).
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