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Structural and functional features of the SLC10 membrane protein transporters

Abstract

The solute carrier transporter family 10 (SLC10), comprising more than 50 mem-

bers across plants, animals and bacteria, encodes for a multitude of fascinating

influx transporters, playing distinct roles in the transport of bile acids, steroidal

hormones, drugs, and many other unknown solutes.

SLC10A7, classified as an ”orphan transporter”, is a unique and significantly

abnormal member of this family, exclusively seen to play a distinct role in the

negative regulation of intracellular calcium homeostasis, among humans, mice,

zebrafish and yeast. This PhD study attempted to primarily characterise the

structural features of bacterial homologues of this unique ten transmembrane

transporter, whilst functional traits were also investigated. Membrane protein

overexpression, detergent solubilisation, thermostability investigations as well as

optimised protein purifications, from a multitude of bacterial SLC10A7 homo-

logues, have all provided significant novel findings, whilst protein crystallisation

and 3D structure determination remain challenging.

The apical sodium dependent bile acid transporter (ASBT) is involved in the

uptake and transport of bile acids in the enterohepatic circulation of the intestines.

Novel structural studies of a nine transmembrane Leptospira biflexa ASBT bac-

terial homologue were characterised, with successful crystallisation optimisations

yielding a 2.2 Å crystal dataset. Along with functional thermostability and opti-

mised purification studies, this novel transporter exhibits both structural and func-

tional di↵erences to previously crystallised bacterial ASBT homologues (ASBTNM

and ASBTY f ).

Together, both these projects further the knowledge of the functional and

structural classifications of the SLC10 protein family.
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taken from Hu et al., 2011. . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.18 The proposed mechanism of ASBTNM bile acid transport. Illustration depict-

ing alterations to the panel domain with respect to the core domain, upon

binding and translocation of two sodium ions and one bile acid molecule from

the extracellular to intracellular regions. This image was taken from Hu et al.,

2011. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1.19 The ASBTY f ten TMD topology. Illustrative diagram depicting the two-fold

pseudosymmetry representation of TM1-TM10, with the panel and core do-

mains highlighted in red and blue respectively. First and second inverted re-

peats are denoted by blue and yellow trapezoids, respectively. This image was

taken from Zhou et al., 2014. . . . . . . . . . . . . . . . . . . . . . . . . 50

1.20 Structural comparisons of the ASBTY f wild-type inward-open and E254A

outward-open facing conformations. (A) Cartoon representations of the wild-

type (left) and E254A mutant (right) 3D structures. Black lines roughly display

the extracellular and intracellular regions of the lipid bilayer. The core domain

is contoured in blue and regions acting as hinges in the E254A structure are

marked in green arrows. (B) Surface cutaway representations for the wild-type

(left) and E254A mutant (right) 3D structures, outlining the intracellular and

extracellular solvent-accessible cavities. Cartoon representation of the TM4-

TM9 discontinuous helices are displayed to highlight the interface between the

core and panel domains. Their respective location in each structure is denoted

by blue rectangular boxes. This image was taken from Zhou et al., 2014. . . . 52
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1.21 Novel engineered disulfide bridges ”trap” the ASBTY f transporter in an outward-

facing conformation. (A) Surface representation of the wild-type ASBTY f

inward-facing structure (PDB entry 4n7w; Zhou et al., 2014) and (B) the

ASBTY f E254A mutant outward-facing structure (PDB entry 4n7x; Zhou et

al., 2014). Both core and panel domains are highlighted in blue and green, re-

spectively. Cartoon representations of TM4 and TM7 are shown, with the engi-

neered Cys pairs displayed as sticks. The Y113C/P190C (Pair1) and V110C/I197C

(Pair2) disulfide bridges are displayed in orange and blue, respectively. The

grey dashed lines indicate relative positioning of the transporter structures in

the lipid bilayer. This image was taken from Wang et al., 2021a . . . . . . . 53

1.22 The substrate binding central cavity of the ASBTY f transporter. (A) Cartoon

depiction of the outward-facing ASBTY f E254A mutant structure (PDB en-

try 4n7x), with panel and core domains coloured green and blue, respectively.

The numbers represent corresponding helical TMs, with the central substrate

binding cavity highlighted in a red dashed oval. (B) The substrate head and

tail binding sites are displayed in the cavity and coloured by red and blue

spheres respectively. Associating amino acid residues are shown in stick form

and also coloured in red and blue, to depict corresponding head/tail interac-

tions. Asn259 is coloured purple, as it interacts with both the head and tail

regions of bound substrates. (C) Cartoon representation displaying the bind-

ing location of the ligand-like acids near the discontinuous TM4/TM9 crossover

helices. Superposition of all four outward-facing ASBTY f cysteine engineered

structures (Apo, Glycine, Citrate and Sulfate), with bound ligands displayed

as sticks present in the blue coloured core domain. All images were taken from

Wang et al., 2021b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

1.23 The proposed elevator-style ASBTY f/ASBTNM alternating access mechanism.

(I) The outward-facing state of the transporter exposes the TM4/TM9 crossover

region, allowing for the (II) binding of Na+ to Na1 and Na2 binding sites. (III)

Bile acid substrates subsequently bind to the central cavity between panel and

core domains. (IV) Structural conformation alterations of the TM4/TM9 dis-

continuous helices result in the generation of an inward-open facing conforma-

tion, allowing for the (V) migration of the bile acid into an exit position (seen

in ASBTNM ), and (VI) subsequent expulsion of both sodium ions and bile acid

substrate into the cytoplasm, due to the low intracellular Na+ concentrations.

the grey dashed line depicts hypothetical structural states of the alternating

access mechanism. This image was taken from Zhou et al., 2014 . . . . . . . 56
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1.24 Mutations in human SLC10A7 result in severe phenotypes, including the devel-

opment of skeletal dysplasias (SD) and amelogenesis imperfecta (AI). (A and

B) Intra-oral photography highlighta detrimental disruptions in enamel for-

mation (hypomineralised AI) and reduced tooth development, leading to the

appearance of rough surfaced yellow-brown teeth in two separate 9 year old

patients. (C) Spinal X-ray of a 1 month old patient presenting a curved spine

with coronal clefts (arrow). (D and E) Radiographs of 9 (D) and 31 (E) year old

individuals, displaying progressive scoliosis and severe right convexity thoraco-

lumbar scoliosis, respectively (arrows). (F-H) Hand x-rays of 3 (F) and 4 (G)

year old patients, and feet of a 9 year old patient (H), all displaying evolved

and progressed carpal and tarsal ossification (arrows) This figure was generated

from images included in Dubail et al., 2018 (A, C and F), Ashikov et al., 2018

(E), and Laugel-Haushalter et al., 2019 (B, D, G and H). . . . . . . . . . . . 62

1.25 Slc10A7-/- double homozygous mice mutations result in skeletal dysplasias with

skull aberrations. A) Naso-occipital lengths and body weight measurements of

Slc10a7+/+, Slc10a7+/- and Slc10a7-/- mice at 8 weeks, illustrating a much

smaller body and more rounded skull of the Slc10a7-/- phenotype. B) Skull

width and length of 8 week old mice expressing Slc10a7+/+, and Slc10a7-/-

phenotypes. Slc10a7-/- mice skulls and bodies are considerably smaller and

present with reduced elongation compared to the Slc10a7+/+ phenotype. This

figure was generated from images displayed in Dubail et al., 2018. . . . . . . . 65

1.26 Mice with disrupted SLC10A7 genes portray long-bone micro- and macrostruc-

ture degenerations. A) A 3D reconstruction of femurs from 8-week old mice.

Slc10a7-/- mice femurs strongly exhibit thicker and shortened lengths in com-

parison to their wild-type counterparts. B) A 3D section of distal femur meta-

physes from 8-week old mice exhibiting both Slc10a7+/+ and Slc10a7-/- gene

phenotypes. Again, significant di↵erences in the width of the femurs are ob-

served. This figure was generated from images displayed in Dubail et al., 2018. 66

1.27 6dpf embryo zebrafish, deficient in slc10a7, present with severe skeletal phe-

notypes. slc10a7-sp morpholino morphants and a control morpholino were in-

jected with Alcian blue stain at 8 and 12 ng/nl. (A-C) Lateral view of complete

embryo. (A’-C’) Lateral view close-up of head. (A”-C”) Anterior view close-up

of head. (A”’-C”’) Dorsal view close-up of head. This figure was taken from

Ashikov et al., 2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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1.28 RCH1 C. albicans and S. cerevisiae bacterial homologues; human NTCP, ASBT

and SLC10A7; and ASBTNM and ASBTY f bacterial homologues multiple se-

quence alignment. Respective amino acid sequences were analysed in Jalview

(Waterhouse et al., 2009), and specifically aligned with Clustalx (Larkin et al.,

2007) and MuscleWS (Edgar, 2004). The established ASBTNM transmem-

brane (TM) domains (as previously reported by Hu et al., 2011) are presented

above the sequences in cylinders, depicting the structural TM1-TM10 domains

from the N-terminal (blue) to C-terminal (red). Na+ binding site amino acid

residues, implicated for Na1 and Na2, are depicted in red and black boxes,

respectively. Clustalx (Larkin et al., 2007) notation of residues: Blue: Hy-

drophobic, Red: Positive charge, Magenta: Negative charge, Green: Polar,

Pink: Cysteines, Orange: Glycines, Yellow: Prolines, Cyan: Aromatic, and

White: Unconserved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

1.29 The proposed role of Rch1p in maintaining Ca2+ homeostasis in C. albicans.

1) Negative regulation of Ca2+ influx through the LACS system. 2) Deletion of

Rch1p leads to greater uptake of Ca2+. 3) The Ca2+/calcineurin process is ini-

tiated upon cytosolic accumulation of Ca2+. 4) Extracellular Mg2+ inhibits the

influx of Ca2+ and can reverse the hypersensitivity to Ca2+ following deletion of

the RCH1 gene. 5) rch1/rch1 homozygous double mutation leads to increased

cytosolic Ca2+ influx, but also increases tolerance to well established antifun-

gals and azoles. Ca2+ extrusion is vital to cell survival in an over-abundnace

of intercellular Ca2+ levels. Low Ca2+ concentrations are maintained via the

Vcx1p Ca2+/H+ exchanger and vacuolar Pmc1p Ca2+ pump in C. albicans

cells; and the Spf1p and Pmr1p P-type Ca2+ ATPases in the ER and Golgi.

This figure was taken from Alber et al., 2013. . . . . . . . . . . . . . . . . 73

1.30 The proposed molecular mechanism of calcium signalling in non-excitable eu-

karyotic cells. The stimulation and activation of IP3 and G protein-coupled

receptors (GPCR), initiates the IP3 receptor (IP3R), resulting in the deple-

tion of ER Ca2+ stores. Depletion is also achieved via ionomycin and TG,

albeit by separate mechanisms entirely. STIM1 senses the sudden decline in

ER calcium levels and oligomerises to form a complex association with Orai1,

initiating store-operated calcium entry (SOCE) channel opening. SERCA AT-

Pase transporters pump Ca2+ back in the ER, thereby refilling the calcium

stores. It is proposed SLC10A7 negatively regulates Orai1, SERCA2 and/or

STIM1 through a direct protein-protein interaction, though this has not been

experimentally observed. TG: SERCA inactivator; BTP-2: SOCE inhibitor.

This figure was taken from Karakus et al., 2020. . . . . . . . . . . . . . . . 75

2.1 The PhD experimental strategy. . . . . . . . . . . . . . . . . . . . . . . 81
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3.1 The Human NTCP, ASBT; and bacterial ASBTY f , ASBTNM and ASBTLb

homologues multiple sequence alignment. Respective amino acid sequences

were analysed in Jalview (Waterhouse et al., 2009), and specifically aligned with

Clustalx (Larkin et al., 2007) and MuscleWS (Edgar, 2004). The established

ASBTNM transmembrane (TM) domains (as reported by Hu et al.,2011) are

presented above the sequences in cylinders, depicting the structural TM1-TM10

domains from the N-terminal (blue) to C-terminal (red). Na+ binding site

amino acid residues implicated for Na1 and Na2, are depicted in red and black

boxes, respectively. Although the alignment shows apparent helical association

to the first residues of human NTCP and ASBT transporters, this is predicted

not to be the case in reality. Clustalx (Larkin et al., 2007) notation of residues:

Blue: Hydrophobic, Red: Positive charge, Magenta: Negative charge, Green:

Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines, Cyan: Aromatic,

and White: Unconserved. . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.2 The SLC10A7 human and bacterial homologues; and ASBTNM and ASBTY fbacterial

homologues multiple sequence alignment. Respective amino acid sequences

were analysed in Jalview (Waterhouse et al., 2009), and specifically aligned

with Clustalx (Larkin et al., 2007) and MuscleWS (Edgar, 2004). The estab-

lished ASBTNM transmembrane (TM) domains (as reported by Hu et al.,2011)

are presented above the sequences in cylinders, depicting the structural TM1-

TM10 domains from the N-terminal (blue) to C-terminal (red). Na+ binding

site amino acid residues implicated for Na1 and Na2, are depicted in red and

black boxes, respectively. Boxed yellow residues depict the reported SLC10A7

mutations in humans (from table 1.3. Clustalx (Larkin et al., 2007) notation of

residues: Blue: Hydrophobic, Red: Positive charge, Magenta: Negative charge,

Green: Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines, Cyan:

Aromatic, and White: Unconserved. . . . . . . . . . . . . . . . . . . . . . 103
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3.3 The Lemo21(DE3) optimised protein overexpression system. Under sub-optimal

expression conditions, the majority of the culture will consist of aggregated ex-

pression states of the target membrane protein, due to saturation of the Sec

translocon and production of adverse side e↵ects. However, via fine optimisa-

tion of L-rhamnose, toxic bacterial side e↵ects are depleted, resulting in almost

homogeneous cultures of properly folded and localised membrane proteins. T7

RNAP is mediated by the non-titratable, IPTG-inducible lacUV5 promoter.

T7 lysozyme (the T7 RNAP natural inhibitor) is monitored by the very well-

titratable L-rhamnose inducible promoter rhaBAD, in the pLemo plasmid. The

target membrane protein gene resides in a pET vector, and its expression is

initiated at the T7 promoter. Addition of increasing amounts of L-rhamnose,

delays the activity of T7 RNAP, due to inhibition by T7 lysozyme, which ulti-

mately optimises the amounts of membrane protein generated, preventing the

overexpression of unfolded and nonstable protein. This figure was taken from

Schlegel et al., 2012. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.4 The optimal ASBT Neisseria meningitidis small-scale overexpression positive

control. Maximal overexpression yields were attained with the addition of

0.25mM L-rhamnose and 0.4mM IPTG. The addition of L-rhamnose at OD600nm

0 (black bar) and at OD600nm 0.5 (grey bar) was also investigated. Error bars

are shown as black ”T” lines above the histograms and were calculated as the

standard deviations from the mean of all expression trials (a minimum of three

independent repeats). Data were analysed using GraphPad Prism. . . . . . . 109

3.5 The optimal SLC10A7 A. taihuensis, C. necator, E. coli full-length and R316 C-

terminal truncated, K. pneumoniae, P. aeruginosa R318 C-terminal truncated,

P. putida, and Vibrio breoganii small-scale overexpression trials. Increasing

concentrations of L-Rhamnose (0-1mM) was added at OD600nm 0 (A, C, E,

G, I, K, M, and O) and OD600nm 0.5 (B, D, F, H, J, L, N, and P) of the

overexpression culture. Negative and positive inductions of 0.4mM IPTG are

also reported in black and grey bars, respectively. Error bars are shown as black

”T” lines above the histograms and were calculated as the standard deviations

from the mean of all expression trials (a minimum of three independent repeats).

Data were analysed in GraphPad Prism. . . . . . . . . . . . . . . . . . . . 112

3.6 ASBTLb protein overexpression and membrane extraction. In-gel fluorescence

(A) and SDS-PAGE (B) gel images. FMw: Fluorescent Molecular Weight

ladder, Mw: Molecular Weight ladder, CP: Cell Pellet, RCP: Resuspended

Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US: Ultracentrifuge

Supernatant, CM: Cell Membrane. Gel fluorescence imaged at 1 s intensity. . . 115
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3.7 SLC10A7 E. coli protein overexpression and membrane extraction. (A) In-

gel fluorescence and (B) SDS-PAGE gel images. FMw: Fluorescent Molecular

Weight ladder, Mw: Molecular Weight ladder, CP: Cell Pellet, RCP: Resus-

pended Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US: Ultra-

centrifuge Supernatant, CM: Cell Membrane. Gel fluorescence imaged at 1 s

intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

3.8 SLC10A7 E. coli Q320 truncated protein overexpression and membrane extrac-

tion. In-gel fluorescence (A) and SDS-PAGE (B) gel images. FMw: Fluorescent

Molecular Weight ladder, Mw: Molecular Weight ladder, CP: Cell Pellet, RCP:

Resuspended Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US:

Ultracentrifuge Supernatant, CM: Cell Membrane. Gel fluorescence imaged at

1 s intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

3.9 SLC10A7 A. taihuensis (A), C. necator (B), E. coli full-length (C) and R316

C-terminal truncated (D), K. pneumoniae (E), P. aeruginosa R318 C-terminal

truncated (F), and P. putida (G) FSEC detergent solubilisation trials. DDM:

n-dodecyl-�-D-maltopyranoside; UDM: n-undecyl-�-D-maltopyranoside; DM:

n-decyl-�-D-maltopyranoside; NM: n-nonyl-�-D-maltopyranoside; OG: n-octyl-

�-D-glucopyranoside; LDAO: lauryldimethylamine N-oxide; LMNG: lauryl Mal-

tose neopentyl glycol. Samples were run on a Superose 6 Increase 10/300 GL

column and data analysed and processed in GraphPad Prism. . . . . . . . . 120

4.1 ASBTLb CPM thermostability concentration series investigation. (A) Ther-

mostability traces in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM and 0-

20 µg purified ASBTLb protein, were investigated. (B) Calculated Tm values

for these CPM investigations are displayed in a table. Data was analysed and

processed in GraphPad Prism. . . . . . . . . . . . . . . . . . . . . . . . 124

4.2 ASBTLb CPM thermostability glycerol investigation. (A) Thermostability traces

in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM, 0-10% glycerol, and 2.5 µg

ASBTLb, were investigated. (B) Calculated Tm values for these CPM investi-

gations are displayed in a table. Data was analysed and processed in GraphPad

Prism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.3 ASBTLb CPM thermostability detergent investigation. (A) Thermostability

traces in 20mM Tris pH 7.5, 150mM NaCl, 2.5 µg ASBTLb, and a range of

detergents (0.03% DDM, 0.09% UDM, 0.26% DM, 0.84% NM, 2.67% �-OG,

0.07% LDAO, and 0.003% LMNG), were investigated. (B) Calculated Tm

values for these CPM investigations are displayed in a table. Data was analysed

and successfully processed in GraphPad Prism. . . . . . . . . . . . . . . . 126
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4.4 ASBTLb CPM thermostability bile acids investigation. (A) Thermostability

traces in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM, 2.5 µg ASBTLb, and

a range of bile acids (1mM Sodium cholate, 1mM Sodium taurocholate, 1mM

Sodium chenodeoxycholate, 1mM Sodium deoxycholate, and 1mM Lithocholic

acid), were investigated. (B) Calculated Tm values for these CPM investiga-

tions are displayed in a table. Data was analysed and successfully processed in

GraphPad Prism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.5 SLC10A7 C. necator bu↵ering ion stability GFP-TS optimisation studies. (A)

Thermostability traces in Tris, 1x PBS, Hepes, Bicine and Bis-tris propane, at

20mM concentrations and pH 7.5, in the presence of 150mM NaCl, and 1%

DDM, were investigated. Calculated Tm values (B) are also displayed in a

table. Data were analysed and processed in GraphPad Prism. . . . . . . . . 134

4.6 SLC10A7 C. necator glycerol stability GFP-TS optimisation studies. (A) Ther-

mostability traces in 20mM Tris pH 7.5, 150mM NaCl, 1% DDM, and 0-10%

glycerol were investigated. Calculated Tm values (B) are also displayed in a

table. Data were analysed and processed in GraphPad Prism. . . . . . . . . 135

4.7 SLC10A7 C. necator pH stability GFP-TS optimisation studies. (A) Ther-

mostability traces in citrate pH 5.0, MES pH 6.0, Hepes pH 7.0, Tris pH 7.5,

Tris pH 8.0, Bicine pH 9.0 and CHES pH 10.0, at 20mM concentrations, with

150mM NaCl, and 1% DDM, were investigated. Calculated Tm values (B) are

also analysed in a table. Data were analysed and processed in GraphPad Prism. 136

4.8 Pure GFP pH stability GFP-TS optimisation studies. (A) Thermostability

traces in citrate pH 5.0, MES pH 6.0, Hepes pH 7.0, Tris pH 7.5, Tris pH 8.0,

Bicine pH 9.0 and CHES pH 10.0, at 20mM concentrations, with 150mM NaCl,

and 1% DDM, were investigated. Calculated Tm values (B) are also analysed

in a table. Data were analysed and processed in GraphPad Prism. . . . . . . 137

4.9 SLC10A7 C. necator salt stability GFP-TS optimisation studies. Thermostabil-

ity in sodium chloride (NaCl, (A-D)), calcium chloride (CaCl2, (A)), magnesium

chloride (MgCl2, (B)), sodium carbonate (Na2CO3, (C)) and sodium bicarbon-

ate (NaHCO3, (D)) at 150mM and 300mM concentrations were investigated.

Bar chart (E) represents the Tm values obtained from these investigations.

Data were analysed and processed in GraphPad Prism. . . . . . . . . . . . . 139

4.10 Pure GFP salt stability GFP-TS optimisation studies. (A) Thermostability

traces in sodium chloride (NaCl), calcium chloride (CaCl2), magnesium chloride

(MgCl2), sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3), at

150mM and 300mM concentrations, with 20mM Tris pH 7.5 and 1% DDM,

were investigated. Calculated Tm values (B) are also analysed in a table. Data

was analysed and successfully processed in GraphPad Prism. . . . . . . . . . 140
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4.11 SLC10A7 C. necator salt stability FSEC-TS optimisation studies. Thermosta-

bility in sodium chloride(NaCl, (A-B)), calcium chloride (CaCl2, (C-D)), mag-

nesium chloride (MgCl2, (E-F)), sodium carbonate (Na2CO3, (G-H)) and sodium

bicarbonate (NaHCO3, (I-J)) at 150mM and 300mM concentrations were in-

vestigated. Data was analysed and successfully processed in GraphPad Prism. . 142

5.1 ASBTLb protein Ni-NTA, and reverse IMAC (rIMAC) purification. In-gel flu-

orescence (A) and SDS-PAGE (B) gel images. FMw: Fluorescent Molecular

Weight ladder, Mw: Molecular Weight ladder, CM: Cell Membrane, SCM:

Solubilised Cell Membrane, UP: Ultracentrifuge Pellet, US: Ultracentrifuge Su-

pernatant, NB: Nickel Binding Flowthrough, W1: Wash1 (250ml), W2: Wash2

(500ml), W3: Wash3 (350ml), 3CP: 3C Protease, BP: Pre-3C Cleaved Bound

Protein, GFP: Post 3C Cleaved GFP Elution (50ml), PreHis: Pooled Pre-His

trap protein, PHis: Post His-trap protein. Gel fluorescence imaged at 1 s intensity.149

5.2 ASBTLb protein size-exclusion chromatography (SEC) and purity display on

SDS-PAGE. (A) SEC UV traces (detected at absorbance 280 nm) were analysed

in di↵erent conditions including 0.03% DDM, 0.03% DDM + 1mM DCA, and

0.84% NM, with (B) their respective levels of purity assessed in SDS-PAGE.

Samples were run on a Superdex 200 Increase 10/300 GL column. . . . . . . . 150

5.3 SLC10A7 E. coli protein Ni-NTA, reverse IMAC (rIMAC) and MBP-binding

purification. In-gel fluorescence (A) and SDS-PAGE (B) gel images. FMw:

Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CM: Cell

Membrane, SCM: Solubilised Cell Membrane, UP: Ultracentrifuge Pellet, US:

Ultracentrifuge Supernatant, NB: Nickel Binding Flowthrough, W1: Wash1

(250ml), W2: Wash2 (250ml), W3: Wash3 (250ml), BP: Pre-3C Cleaved

Bound Protein, GFP: Post 3C Cleaved GFP Elution (50ml), PreHis: Pooled

Pre-His trap protein, PHis: Post His-trap protein, PMBP: Post MBP-trap

protein. Gel fluorescence imaged at 1 s intensity. . . . . . . . . . . . . . . . 151

5.4 SLC10A7 E. coli protein size-exclusion chromatography (SEC) and purity dis-

play on SDS-PAGE. (A) SEC UV traces were analysed in DDM, NM and LDAO

detergents, and (B) their respective levels of purity assessed in SDS-PAGE.

Samples were run on a Superdex 200 Increase 10/300 GL column. . . . . . . . 152
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5.5 SLC10A7 E. coli Q320 truncated protein Ni-NTA, reverse IMAC (rIMAC)

and MBP-binding purification. In-gel fluorescence (A) and SDS-PAGE (B)

gel images. FMw: Fluorescent Molecular Weight ladder, Mw: Molecular

Weight ladder, CM: Cell Membrane, SCM: Solubilised Cell Membrane, UP:

Ultracentrifuge Pellet, US: Ultracentrifuge Supernatant, NB: Nickel Binding

Flowthrough, W1: Wash1 (250ml), W2: Wash2 (250ml), W3: Wash3 (250ml),

BP: Pre-3C Cleaved Bound Protein, GFP: Post 3C Cleaved GFP Elution

(50ml), PreHis: Pooled Pre-His trap protein, PHis: Post His-trap protein,

PMBP: Post MBP-trap protein. Gel fluorescence imaged at 1 s intensity. . . . 153

5.6 SLC10A7 E. coli Q320 truncated protein size-exclusion chromatography (SEC)

and purity display on SDS-PAGE. (A) SEC UV traces were analysed in di↵erent

salts including NaCl, MgCl2, and NaHCO3 at 150mM concentrations, and (B)

their respective levels of purity assessed in SDS-PAGE. Samples were run on a

Superdex 200 Increase 10/300 GL column. . . . . . . . . . . . . . . . . . . 154

5.7 ASBTLb post-SEC DDM sitting drop vapour di↵usion crystallisation studies. A

multitude of broad crystallisation screens were investigated with (A) MemMeso

A8, (B) MemGold2 E6 and (C) MemTrans F5 conditions yielding crystals. All

crystal images were taken and processed using a Samsung Galaxy S8 mobile

phone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.8 ASBTLb post-SEC LCP crystallisation studies. The MemGold2 A8 and Mem-

Trans A5 conditions yielded initial crystallisation hits, which were then further

optimised in fine screens and displayed above. * This condition yielded a crys-

tal di↵raction dataset at 3.3 Å resolution. ** This condition yielded a crystal
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Chapter 1

Introduction

1.1 Biological Cell Membranes

Every living cell is enclosed by a biological membrane, critical for the compart-

mentalisation of the inside and outside of the cell/organelle. These mobile and

dynamic enclosures allow for the free movement of molecules across the mem-

brane plane, but are specialised to prevent the leakage of molecules generated

from within and the unwanted di↵usion from outside. This leads to the funda-

mental functions of transport systems, in order to exchange molecules across the

membrane successfully. Indispensable for life, these biological barriers establish

cell boundaries and serve to organise and regulate enzyme activity, maintain elec-

trical potential, and store energy in order to inform signal transduction, thereby

monitoring crucial di↵erences within the cytosol and extracellular space of living

cells (Alberts et al., 2008; Berg et al., 2012).

The plasma membrane is an intricately formed biological barrier, comprising a

specialised arrangement of two very thin continuous fatty lipid and protein encom-

passed sheets. Assembled on an active plane of non-covalent attractive forces, the

biological nature of the lipid molecules create a highly impermeable hydrophobic

interior core of the cell membrane, prohibiting the passage of almost all water-

soluble molecules. Specialised membrane embedded proteins are therefore utilised

for the transmission of such molecules which are vital to all living cellular pro-

cesses, and indeed life itself (Korn, 1968; Berg et al., 2012; Goñi, 2014).

These membrane proteins vary widely in structure and function, ranging from

channels, pumps (energy transducers) and solute transporters, to receptors and

enzymes. It has been estimated that almost 30% of all proteins encoded within an-

imal cell genomes are membrane proteins, highlighting their fundamental roles in

biological systems and abundance in regulating cell molecular homeostasis across

all di↵erent cell types (Wallin and von Heijne, 1998).
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This introductory chapter will explore in greater detail the biological, func-

tional and structural aspects of cell membranes and their individual counterparts,

including membrane lipids and proteins. Membrane protein passive and active

transport is also explored, shedding necessary light on their vast, but fascinating

abilities within the lipid bilayer, both structurally, and functionally. Finally, in-

depth analysis of the SLC10 membrane protein family, with specific focus on the

human SLC10A2 and SLC10A7 membrane proteins, is also explored.

1.1.1 Membrane Lipids

Lipids are defined as water-insoluble biomolecules, that are exclusively soluble in

organic solvents. Largely, lipid molecules consist of long fatty acid hydrocarbon

chains, which vary in both length and degree of unsaturation. They contain be-

tween 14 and 24 carbon atoms, 16 to 18 being the most common (Alberts et al.,

2008).

There are three major types of membrane lipids: phospholipids, glycolipids

(sphingolipids) and cholesterol (sterols); although hundreds of minor classes also

exist. These lipid molecules individually vary in levels of abundance in the cell

membrane, but together form 50% of the total mass of most animal cell mem-

branes. The remaining mass is occupied by a multitude of varying types of mem-

brane proteins (Berg et al., 2012).

Phospholipids are the most abundant form of lipid found in the cell mem-

brane and consist of one or more fatty acids, a platform for adhesion of fatty

acids (either glycerol, a three carbon alcohol or sphingosine), a phosphate and an

alcohol. These lipid molecules are amphipathic/amphiphilic, consisting of both

hydrophilic (”water-loving”, polar) and hydrophobic (”water-fearing”, non-polar)

moieties. The fatty acid ”tails” are the culprits for the highly hydrophobic inte-

rior environment of the lipid bilayer, whereas the remaining components (”head”

group) constitute the hydrophilic nature of lipids, which interact with the aque-

ous surroundings. The charged hydrophilic domains tend to orientate themselves

to favour contact with water, forming favourable and stable electrostatic inter-

actions and hydrogen bonds, whereas the hydrophobic hydrocarbon tails of lipid

molecules, prefer instead to aggregate and clump together, forming non-polar hy-

drophobic interactions among themselves. Typically, of the two fatty acid chains,

one will contain one or more cis-double bonds (i.e. be unsaturated), whilst the

other will be saturated, significantly a↵ecting the fluidity of the cell membrane.

Phosphoglycerides are the most common form of phospholipids within animal cells,

consisting of a three-carboned glycerol backbone. The two long-chained fatty acids

are attached to two glycerol carbon atoms via ester bonds and the third carbon
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is linked to a phosphate group, which is further attached to a specialised head

group, typically consisting of either ethanolamine, serine, or choline. An explicit

illustration of phosphatidylcholine is demonstrated in figure 1.1 below (Harayama

and Riezman, 2018).

Figure 1.1: Schematic representation of a phosphatidylcholine molecule. Depiction explicitly
highlights both the hydrophobic and hydrophilic moieties of the lipid molecule, with a ”kink” in
one of the fatty acid tails, caused by the inclusion of one or more cis-double bonds.
This figure was generated in Powerpoint

Glycolipids possess the same backbone as phospholipids, but contain an added

sugar component derived from sphingosine (in animal cells). Accounting for

roughly 5% of all lipid molecules in the membrane, and found in all animal plasma

membranes, glycolipids are typically located on the non-cytosolic monolayer (i.e.

extracellular side) of the cell membrane, exhibiting the greatest asymmetry of

all cell membrane lipid types. Having the tendency to self-associate via hydro-

gen bonds and van der Waals forces between their sugar and hydrocarbon chain

components, glycolipids instead sometimes prefer to partition into lipid rafts (van

Meer et al., 2008).

Cholesterol is the third and final major type of membrane lipid, found in exten-

sive amounts in eukaryotic cell membranes (typically 1:1, cholesterol:phospholipid

molecule ratio respectively). Cholesterol is classified as a sterol molecule, contain-

ing a rigid ring structure of four linked hydrocarbon rings. A non-polar hydro-

carbon chain is attached to a steroid from one side, and a polar hydroxl group is

added to the hydrocarbon ring on the other. The hydroxyl end of cholesterol inter-

acts and orientates itself with neighbouring phospholipid head groups in the lipid

bilayer. Interestingly, cholesterol molecules are entirely exempt in prokaryotic cell

membranes, but found in varying degrees in almost all animal biological cell mem-

branes, highlighting significant di↵erences in the composition of cell membranes

across all biological species (Yeagle, 2016).
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1.1.2 The Plasma Membrane

Biological membranes are sheet-like structures ranging from 60-100 Å in thick-

ness. They are composed primarily of lipids and proteins, stabilised in a fluid-

like environment, to form non-covalent attractive interactions between lipid-lipid,

lipid-protein and lipid-water assemblies. Hydrophobic interactions are the major

driving forces in the creation of bimolecular sheets. Upon formation, the hydro-

carbon tails release water molecules due to the sequestered environment of the

non-polar interior of the lipid bilayer. Close packing of the membrane lipid tails

are established via van der Waals forces, whereas electrostatic and hydrogen bond-

ing forces allow for the attraction of lipid polar head groups and water molecules in

the surrounding aqueous environments. As previously mentioned, the amphipathic

nature of lipids creates a highly selective permeability barrier within the plasma

membrane, forming a highly hydrophobic interior core. Due to this phenomenon,

the transport of water-soluble molecules across the membrane is scarcely possible

without the aid of membrane embedded proteins. As such, these lipids are directly

responsible to monitor the stability, oligomerisation and functional activation of

embedded membrane proteins, as will be discussed in greater detail below (Korn,

1968; Goñi, 2014; Bernardino de la Serna et al., 2016; Nji et al., 2018).

In aqueous solutions, phospholipids prefer to arrange themselves in a double

layered bimolecular sheet rather than a spherical lipid micelle. This is due to both

the amphiphilic nature and overall shape of the fatty acid chain of phospholipids.

Comprising of two fatty acid chains, these are too bulky to arrange into a micelle

and instead favour the formation of a lipid bilayer. In contrast, many detergent

molecules as well as salts of fatty acids readily form micelles due to their single fatty

acid chain. A micelle has a limited structure of usually less than 20 nm diameter,

whereas a lipid bilayer can extend to macroscopic dimensions of up to a millimetre.

Spherical micelles are formed with the hydrophobic compartments of lipids facing

inwards, whereas lipid bilayers prefer hydrophobic tails to be sandwiched between

hydrophilic head groups (Alberts et al., 2008; Goñi, 2014). A very basic illustrative

comparison between a micellar and lipid bilayer arrangement is displayed in figure

1.2 below.
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Figure 1.2: Comparison of a micellar (left) and lipid bilayer (right) arrangement of phospholipid
molecules. Single fatty acid chains prefer to be arranged into micelles, whereas double fatty acid
chains are strictly confined to a lipid bilayer conformation.
This figure was generated in Powerpoint.

Membranes and their constituents (comprising of a myriad of di↵erent lipids

and proteins), are dynamic and fluid structures. This suggests that individual lipid

and protein molecules possess the ability to constantly di↵use freely within the

membrane, rotating rapidly in a perpendicular (rotational di↵usion), and lateral

manners to the planar axis of the membrane. This movement, coupled with the

natural disordered environment of the cell membrane, presents an irregular surface

for hydrophilic interactions and increases the overall cellular membrane fluidity

(Los and Murata, 2004; Nji et al., 2018).

Fatty acid and cholesterol molecules specifically conduct the fluidity of the cell

membrane. As mentioned above, fatty acid chains di↵er widely in both length

and degrees of saturation, influencing their ability to pack together successfully.

They can be arranged in either an ordered and rigid state; or a disordered and

fluid state. Presence of a cis double bond in the fatty acid, bends the hydrocar-

bon chains, thus favouring a disordered assembly, and rendering a more fluid-like

environment. Cholesterol also modulates cell membrane fluidity, by encompass-

ing a bulky steroid nucleus with a flexible hydrocarbon tail and hydroxyl group.

The hydroxyl group associates with the carbonyl oxygen atom of the phospholipid

head group to form a hydrogen bond, and the hydrocarbon tail embeds itself in the

non-polar core of the lipid bilayer. Cholesterol’s insertion amongst phospholipids

enhances the permeability-barrier characteristics of the cell membrane. Due to

its bulky, irregular structure (compared with phospholipids), its insertion in the

cell membrane perturbs the regular interactions of the fatty acid chains. Choles-

terol therefore tightens the unordered packing of lipid molecules in the plasma

membrane and renders the membranes more fluid, allowing for greatly enhanced

transduction rates across the membrane bilayer. Since the cell membranes of bac-

teria cells contain no cholesterol molecules, these are instead stabilised by their

overlying cell walls. In animal cells however, membrane fluidity is predominantly

modulated by cholesterol (Los and Murata, 2004; Berg et al., 2012; Goñi, 2014;

Yeagle, 2016; Bernardino de la Serna et al., 2016).
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Every biological membrane is structurally and functionally asymmetric. This

means that both the inner and outer lipid compartments of the membrane are

strikingly di↵erent, resulting in a plethora of crucially di↵erent functional char-

acteristics of both sides of the membrane, which is essential for the transfer of

information from the extracellular space, to the cytosol of the cell. Membrane

proteins also exhibit asymmetry, as they are orientated into the membrane in a

unique manner upon synthesis. This enhances specific structural and functional

characteristics that are fundamentally di↵erent on either side of the membrane,

and due to the inability to rotate from side to side, this asymmetry is conserved

in the cell membrane (Rothman and Lenard, 1977; van Meer et al., 2008; Lorent

et al., 2020).

Finally, membranes typically form compartments of entire cells, but also of

specialised organelles, such as the nucleus or the mitochondria of eukaryotes.

The membrane proteins in such compartments are crucially involved in mediating

molecular and ionic concentrations. In both the cell nucleus and the mitochondria,

for instance, they are surrounded and enclosed by a double membrane, highlight-

ing the functional importance of the gatekeeper of genetic material and the site of

ATP production respectively (Alberts et al., 2008; Berg et al., 2012; Krapf, 2018).

Figure 1.3 below, presents a basic overview of the biological layout of the

eukaryotic cell membrane, including its many membrane lipid and protein compo-

nents.

Figure 1.3: The fluid mosaic model of the cell membrane, entailing a multitude of macromolec-
ular molecules, including phospholipids, glycolipids, cholesterol and many specific membrane
proteins. This figure was adapted from OpenStax College, 2013, and generated in Powerpoint.
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1.2 Membrane Proteins

In general, the lipid bilayer of all living cells provides the overall biological cell

structure and barrier to the external environment, where the fundamentally func-

tional characteristics are performed by the membrane proteins embedded within.

There are a variety of classes of membrane proteins, each responsible for a plethora

of biological functions. Roughly, the ratio of lipid to membrane protein molecules is

50:1 respectively, in a typical cell comprising of 50% total protein mass (Laganowsky

et al., 2014; Yeagle, 2016).

Membrane proteins, much like membrane lipids, are also amphipathic molecules,

comprising of both hydrophobic and hydrophilic moieties. Their hydrophobic re-

gions transition through the membrane, associating within the hydrophobic core

of the cell membrane, sequestered from water molecules. The hydrophilic regions,

in turn, prefer to interact with the water molecules on both extracellular and cy-

tosolic sides of the biological membrane (van Meer et al., 2008; Sadaf et al., 2015;

Harayama and Riezman, 2018).

As mentioned previously, membrane proteins are embedded in the bimolecular

sheet in an asymmetric fashion, undertaking a unique structural orientation. This

in turn means di↵erent protein functions are executed on either side of the cell

membrane, maintaining substrate homeostasis of the cell (Lorent et al., 2020).

1.2.1 The Di↵erent Types of Membrane Associate Pro-

teins

There are several ways in which a protein can interact with the plasma membrane.

These are outlined in more detail in figure 1.4 below, but largely comprise of

(Heijne, 2007):

1. Single-pass integral membrane proteins. A single-pass alpha helix passing

the bilayer just once (such as ↵ helix recognition receptors).

2. Multi-pass integral membrane proteins. A multi-pass alpha helical arrange-

ment spanning the plane of the cell membrane several times (such as ↵

helical bundle enzymes, transporters and receptors). This is typically the

most common type of membrane protein involved predominantly in trans-

port systems.

3. �-barrelled integral membrane proteins. Multiple beta sheets spanning the

hydrophobic core of the bimolecular sheet, rolled to form an overall �-

barrelled assembly (such as � barrelled transporters (most typically chan-

nels)).
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4. Monotopic peripheral membrane proteins. A single alpha helix protein an-

chored to just the cytosolic compartment of the membrane, by weak hy-

drophobic attractive forces (such as enzymes and anchorage proteins).

5. Extrinsic peripheral membrane proteins. A special scenario where only the

N- or C-terminal non-helical (loop) domain of the protein embeds itself into

the extracellular side of the plasma membrane (such as enzymes and anchor-

age proteins).

Figure 1.4: The 5 types of membrane proteins.
1. Single-pass ↵ helix, 2. Multi-pass ↵ helix, 3. �-barrelled, 4. Monotopic, 5. Extrinsic.
This figure was adapted from Alberts et al., 2008, and generated in Powerpoint.

1.2.2 Peripheral and Integral Membrane Proteins

Membrane proteins can be typically categorised into two main classes: peripheral

and integral membrane proteins, based primarily by their dissociability properties

(Alberts et al., 2008; Berg et al., 2012).

Peripheral membrane proteins are typically bound by electrostatic and hydro-

gen forces to the polar head groups of membrane lipids. These proteins can also

additionally be attached via specific interactions to the surface of integral mem-

brane proteins on either side of the cytoplasmic and extracellular environments.

These interactions can be easily perturbed by the addition of high or low ionic

salts, or extreme changes of pH, allowing for easy extraction from the cell mem-

brane. This therefore illustrates the overall weak bindings of the protein-protein

and protein-lipid interactions of this subclass (Whited and Johs, 2015; Boes et al.,

2021).

Integral membrane proteins, in comparison, are transmembrane proteins which

span the entirety of the lipid bilayer and whose segments associate with both the

highly hydrophobic interior core, and intra- and extracellular hydrophilic com-

partments of the lipid bilayer. These membrane proteins produce multiple strong,

Chapter 1 Aurélien Anthony Grob 8



Structural and functional features of the SLC10 membrane protein transporters

attractive, non-covalent forces, rendering protein extraction much harder. Compe-

tition and disruption of same non-polar interactions holding these bonds together

must occur, which is usually possible with specialised biological detergents (as is

explored later) (Odahara, 2004; Whitelegge, 2013; Cymer et al., 2015).

These outlined di↵erences in membrane protein subclasses, can be seen visually

in greater detail in figures 1.4 and 1.3, presented above.

Within the class of integral membrane proteins, exist a further 2 structural

motif categories: ↵-helical and �-stranded assemblies, which are discussed further

below.

1.2.3 Alpha Helical Integral Membrane Proteins

Membrane proteins which span the entire thickness of the cell membrane tend to be

arranged by ↵-helices. This is typically the most common structural motif, due to

the increased e�ciency in forming hydrogen bonds between hydrogen and oxygen

atoms in amino and carboxyl groups, of amino acids spaced four residues apart.

As such, all internal backbone hydrogen bonds become fulfilled, guaranteeing a

lack of exposed amino acid polar groups in the hydrophobic core of the cell mem-

brane. In fact, almost all multi-pass transmembrane proteins found in animal cells

are predominantly formed of ↵-helical assemblies.These membrane proteins entail

domains located within both the cytosolic and extracellular membrane compart-

ments, and are separated by long hydrophobic, largely non-polar and non-charged

polypeptide chains, located within the highly hydrophobic interior core domain of

the lipid bilayer (Alberts et al., 2008; Berg et al., 2012).

Within this helical motif, amino acid residues are connected in series by polar

peptide bonds, which in the absence of water, form hydrogen bonds with other

neighbouring peptide bonds. This repeated hydrogen bonding, as well as estab-

lished hydrophobic interactions with lipid molecules, leads to the formation of

↵-helical domains, which span both lipid layers of the membrane. Typically, the

hydrocarbon core of a membrane lipid bilayer is 30 Å wide, suggesting it only

takes ↵-helices approximately 18-25 amino acid residues to reach either side of the

membrane (i.e. the extracellular or cytosolic compartments). These helices are

mobile in nature and slide along each other in specialised and regulated manners,

allowing for conformational changes to take place, where substrate and/or ion

binding pockets are either exposed or hidden, resulting in the successful transfer

across the cell membrane (Doig et al., 2001; Eisenberg, 2003).

Only multi-pass ↵-helical transmembrane proteins undergo substrate/ion translo-

cation across the cell membrane, since these form specific non-covalent interactions

with neighbouring helices, allowing for specific structural conformations to occur.
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Changes in these conformations typically occur upon binding of substrates and/or

ions to exposed binding sites, resulting in the transport across the cell (as is ex-

plored in greater detail below). Without these exquisitely specific and crucial

non-covalent interactions, the structural and functional integrity of transmem-

brane proteins would be severally impacted, often resulting in denatured, aggre-

gated and highly deactivated protein assemblies (Doig et al., 2001; Eisenberg,

2003; Alberts et al., 2008; Berg et al., 2012).

An example of the structural moeity of an ↵-helix integral membrane protein

is seen below in figure 1.5.

Figure 1.5: The ↵-helix structural protein motif, as seen in the integral membrane protein
Bacteriorhodopsin, from Halobacterium salinarum (PDB (Berman et al., 2000): 2BRD).
This figure was taken from (Yeagle, 2016)

1.2.4 Beta Barrelled Integral Membrane Proteins

Certain membrane proteins, such as pores and channels, are typically formed from

the specialised assembly of �-stranded sheets. In comparison to ↵-helices, these

structures are usually very rigid, and can be formed by as few as 8 to as many as

22 �-sheets. �-strands are formed when the protein polypeptide chain is passed

through the cell membrane multiple times and is folded back on itself in an an-

tiparallel manner. This creates multiple transmembrane hydrogen bonds between

neighbouring strands, via certain polar peptides but also polar amino acid side

chain residues, within the highly hydrophobic interior core of the membrane. This

in turn produces multiple �-sheets, which are repositioned and rolled together,

via an energetically favourable manner, to create a closed and hollow cylindrical

assembly known as a �-barrelled membrane protein pore or channel (Eisenberg,

2003; Fairman et al., 2011; Chaturvedi and Mahalakshmi, 2017).

Interestingly, �-barrelled integral membrane proteins are predominantly found

in the outer cell membranes of chloroplasts, mitochondria and almost all bacteria.
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Some can form water-filled channels (i.e. pores), which allow for the passage of

small hydrophilic molecules across the lipid bilayer. The interior aqueous lining of

these channels are exclusively made of polar amino acid side chains, whereas the

outer lining of the channel is comprised mostly of non-polar side chains, interacting

with the hydrophobic core of the membrane. Due to the rigidly bound hydrogen

bonds formed between neighbouring �-sheets, it is typically unlikely for �-barrels

to undergo conformational changes. In light of this, it is common for �-barrelled

integral membrane proteins to behave as solute and ion transporters operating in

a passive manner, as is explored in further detail below (Eisenberg, 2003; Fairman

et al., 2011; Alberts et al., 2008; Berg et al., 2012; Chaturvedi and Mahalakshmi,

2017).

Some �-barrelled membrane proteins also serve other functions such as recep-

tors or enzymes. These types are preferentially held within the membrane by

the rigidly anchored �-barrel shape, and allow for specialised intra- and extra-

cellular molecular binding via the cytosolic loop segments (Fairman et al., 2011;

Chaturvedi and Mahalakshmi, 2017).

An example of the structural assembly of an integral �-barrelled membrane

protein is seen below in figure 1.6.

Figure 1.6: The �-barrelled structural protein motif as seen in the integral membrane protein
ScrY porin, from Salmonella typhimurium (PDB (Berman et al., 2000): 1A0S).
This figure was taken from (Yeagle, 2016).

In both ↵-helical and �-barrelled membrane protein arrangements, the protein

structures are positioned within the cell membrane in a highly regular arrange-

ment. This suggests that all backbone hydrogen bond donors and acceptors must

participate in the formation of hydrogen bonds, and since there is no water present

in the hydrophobic core to compete for polar groups, their breakage is highly un-

favourable (Alberts et al., 2008; Berg et al., 2012).
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1.3 Membrane Transport

Membrane protein transporters serve as the gatekeepers of living cells, allowing

for the exchange (i.e. uptake and e✏ux) of vital components, including amino

acids, drugs, vitamins, various cationic and anionic ions, hormones, dyes, inor-

ganic molecules, nucleotides, lipids, sterols, sugars, signalling molecules, bile acids,

neurotransmitters, carbon compounds and metabolic end products. Functionally,

they are responsible for a plethora of crucial biochemical regulations including the

maintenance of ion homeostasis (both intra- and extracellularly), the acquisition

of organic nutrients, the environmental sensing and cell communication, as well

as the excretion of toxic metabolic waste products in eukaryotes, bacteria and

archaea (Hediger et al., 2004; Balakrishnan and Polli, 2006; Hassan et al., 2014).

As previously mentioned, only multi-pass transmembrane proteins, which are

fully embedded across the whole lipid bilayer, are able to transport small hy-

drophilic molecules, from one side of the membrane to the other. Certain non-

polar, non-charged lipophilic (and sometimes water molecules) can pass through

membranes by dissolving within the lipid bilayer (via simple di↵usion). However,

almost all small hydrophilic, polar and charged molecules (such as ions and po-

lar substrates) require the aid of specialised transport proteins to be successfully

transferred (via either passive or active di↵usion), across the cell membrane. This

is in large part due to the highly impermeable intrinsic selective barrier, originat-

ing from the hydrophobic characteristics of lipid molecules. These macromolecular

transport assemblies must therefore provide a specialised mechanical transmission

pathway, for molecular transfer to be initiated (Bassham and Raikhel, 1996; Quick

and Javitch, 2007; Alberts et al., 2008; Berg et al., 2012).

Membrane transport is crucial for all living organisms, highlighted by the fact

that 30% of their genomes encode for membrane proteins in all cells. Furthermore,

certain specific mammalian cells often use up to two thirds of their metabolic

energy consumption to initiate membrane transport of crucial substrates (Wallin

and von Heijne, 1998).

The metabolic activities of a certain cell type is largely determined by the ex-

pression of its transporters in the lipid bilayer. These transporters typically define

the working ins and outs of the cell, specifically regulating its ionic and molec-

ular substrate compositions, by executing the relevant downstream biochemical

reactions for cell survival (Hassan et al., 2014).

Finally, the transmission of molecules across a cell membrane would not be

possible without the production of its ion gradients. These gradients allow for the

flow of essential molecules across the membrane, leading to fascinating downstream

biochemical processes, such as the creation of electrical signals in nerve cells, or
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the synthesis of adenosine triphosphate (ATP) to drive substrate transport in

primary active transporters (see below for more detail) (Paterson, 1968; Stillwell,

2016; Alberts et al., 2008; Berg et al., 2012).

1.3.1 The Di↵erent Classes of Membrane Transport Pro-

teins

Transport systems vary considerably, due to their specific substrate binding selec-

tivity, their putative membrane topology, as well as their mechanism for energy

coupling. Largely, transporters are classed into one of four categories, based on

the latter criteria (Hassan et al., 2014):

1. Membrane channel proteins. These are pore-forming membrane proteins,

which allow for the rapid transmission of ions (ion channels), water (aqua-

porins), and other small non-polar, non-charged lipophilic solutes, across

a cell membrane, via a thermodynamically downhill action. These act as

facilitated/passive di↵usion systems.

2. Membrane pump proteins. These typically use a free energy storage source

(such as the absorption of light or the hydrolysis of ATP), in order to ini-

tiate the thermodynamic uphill transport of ions or solutes across the cell

membrane. Pumps are prime examples of primary active transporters.

3. Membrane solute carriers. These modulate the transfer of small hydrophilic

molecules across a lipid bilayer, via a thermodynamically uphill manner, and

are initiated by the favourable thermodynamic downhill transfer of specific

ions across the membrane. Solute carriers behave exclusively as secondary

active transporters.

4. Membrane group translocators. These are unique macromolecules, which

specifically modify the molecular structure of transported substrates upon

transmission across the cell membrane.

An illustrative view of all 4 classes is presented in figure 1.7 below
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Figure 1.7: The 4 distinguished classes of membrane transport proteins: Primary active trans-
porters (such as pumps), Secondary active transporters (such as carriers), Passive transporters
(such as channels) and Group translocaters.
This figure was adapted from Hassan et al., 2014, and generated in Powerpoint.

These four classes of macromolecules, transfer small hydrophilic substrates

and/or ions across the plasma membrane, in either a passive or active fashion,

typically determined by the permeability features of the substrate within the mem-

brane, as well as the abundance of an available energy source (Alberts et al., 2008;

Berg et al., 2012; Hassan et al., 2014).

1.3.2 Passive/Facilitated Transport

The transfer of certain ions (such as sodium (Na+), calcium (Ca2+), chloride (Cl�)

and potassium (K+) ions) across a cell membrane, usually occurs in a passive man-

ner. This is achieved through membrane channels which form highly specialised

pores across the lipid bilayer, allowing for the facilitated, rapid transfer of small

hydrophilic molecules, ions or water, acting down their concentration and electrical

gradients (Feher, 2012; Zhernenkov et al., 2016).

Ions, for example, are facilitated to di↵use through specific channel proteins,

from a high to low concentration, regulating the cell’s ionic homeostasis on both

sides of the biological cell membrane. These channel proteins consist of highly

selective, narrow, hydrophilic interior pores, which are typically gated (i.e. not

permanently open), allowing for rapid changes to the biochemistry of the cell

via changes in cell electrical potentials (voltage-gated channels), or changes in

response to specific stimuli (ligand-gated channels). Since transport is modulated

by the substrates’ own energy gradient, and the flow is successfully conducted

without the use of any other metabolic energy source, the transport is termed
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facilitated/passive di↵usion (Zeuthen, 1995; Feher, 2012; Zhernenkov et al., 2016).

Ion flow through channels is very rapid, and can reach rates of more than 1000

times faster than active transporters (see below for pumps and carriers). This

means that up to 100 million ions can be transported across the lipid bilayer every

second, via an opened channel. These rates closely resemble rates of freely di↵us-

ing ions in aqueous solution, emphasising the rapid transmission characteristics of

channels. These channels though are not simple ”tubes” spanning the membrane,

allowing for rapid ion flow, but rather highly intricate molecular assemblies, re-

sponding to both chemical and physical changes, which undergo specifically timed

structural modifications to establish flow across the lipid bilayer. The narrow

hydrophilic pores of the channel restrict the entry of specific substrates, based

on their size and charge. In contrast to active transporters however, the interac-

tion between the interior channel pore and its specific substrate is much weaker

(Zeuthen, 1995; Alberts et al., 2008; Berg et al., 2012; Feher, 2012; Zhernenkov

et al., 2016).

1.3.3 Active Transport

Active transport allows for the transfer of ions and small hydrophilic molecules,

across a cell membrane, via the use of energy from a specific source. Typically,

these molecules are transferred against their electrochemical gradients (i.e. from

a low to high concentration), resulting in a decrease in entropy. Because of this,

a free energy source is required, usually actively generated by the transporter in

a variety of ways (Alberts et al., 2008; Berg et al., 2012).

Typically, active transporters (such as pumps and carriers), are able to transfer

ions across the cell membrane at rates of several thousand ions every second.

Compared to passive di↵usion (i.e. channels), this is more than 1000 times slower

and largely due to the abundance of ions, as well as energy sources available for

aided molecular transmission. Furthermore, many structural moving parts are

involved to transfer molecules from one side to the other of a cell membrane,

limiting the available binding sites available to both ions and molecules. Active

transporters however, exhibit a higher substrate stereospecificity in comparison to

passive transporters (such as channels) (Ghosh, 1963; Pardee, 1968).

Almost every lipid bilayer, in all species, possess an electrical potential di↵er-

ence (voltage gradient), whereby the interior of the cell exhibits a net negative

charge with respect to the extracellular environment. This voltage di↵erence usu-

ally favours the influx of cations (i.e. sodium, calcium or potassium ions), and

opposes anions (i.e. chloride ions) (Skou, 1965; Berg et al., 2012).

When a substrate carries a net charge, both its concentration di↵erences across
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the cell membrane, as well as its electrical potential gradient, govern its transport.

Assembled together, these gradients establish the net driving force of substrate

transmission, known as the electrochemical gradient. These substrate electro-

chemical gradients are crucial for the initiation of various transport systems, as is

explored in greater detail below (Ghosh, 1963; Skou, 1965; Alberts et al., 2008).

Active transport proteins can be classified further as primary or secondary,

both undergoing specific structural conformational changes, in order to allow for

the transport of small hydrophilic molecules across the cell membrane. As such,

active transport is driven either by a primary chemical energy source (primary ac-

tive transporters) or by a pre-existing ionic/solute source (secondary active trans-

porters) (Ghosh, 1963; Skou, 1965; Pardee, 1968; Alberts et al., 2008; Berg et al.,

2012).

Primary Active Transport

Primary active transporters are typically represented by specific membrane pumps.

These can either be by light activated (found primarily in bacteria and archaea,

initiated from an input of light energy), or by ATP driven pumps. The latter

couples the ”uphill” transport of specific molecules, via the energy generated by

the hydrolysis of ATP. As part of the process, ATP is broken down to ADP and a

phosphate molecule, generating free energy to drive the transport of ions or sub-

strates against their electrochemical gradients (i.e. ”uphill”), across the biological

cell membrane. Often termed energy transducers, primary active transporters

convert one form of free energy into another, in order to drive solute transport

(Berg et al., 2012; Stein and Litman, 2015).

There are three major types of primary active pumps that utilise an ATP

energy source for assisted transport of molecules: P-type pumps, F-type pumps

and ATP-binding cassette (ABC) transporters. These exhibit specific structural

conformational changes upon the binding and hydrolysis of ATP, resulting in the

transport of a bound ions or molecules across the plasma membrane (Stein and

Litman, 2015; Chen and Lui, 2021).

P-type ATPases pump ions against their electrochemical gradient, via the hy-

drolysis of ATP molecules, resulting in the transient phosphorylation at specific

aspartic residues. This category of ion pumps is largely responsible for the main-

tenance of K+, H+, Ca2+ and Na+ gradients, across all biological cell membranes.

Regulating the voltage gradient of all cells is crucial, and is primarily mediated

by this subclass of primary active transporters. The Na+-K+ ATPase ionic pump,

for example, is an exchanger, actively extruding three Na+ to the exterior cell

environment, against its electrochemical gradient, for every two K+ imported into
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the cell cytosol. This leads to the cell becoming electrogenic, where a net current

across the cell membrane is enforced, causing the cell’s interior to be negatively

charged with regards to the cell exterior. Transfer of these ions is only achieved via

the use of ATP as an energy source, and this also provides a conserved mechanism

of transport for other cationic molecules including Ca2+ (Ghosh, 1963; Alberts

et al., 2008; Stein and Litman, 2015; Chen and Lui, 2021).

F-type pumps consist of turbine-like proteins, entailing several di↵erent sub-

units. They are structurally very di↵erent from both P-type pumps and ABC

transporters, and are predominantly found in the cell membranes of mitochondria,

chloroplast thylakoids, and bacteria. In comparison to P-type ATPases, F-type

pumps instead function in reverse, as ATP synthases, using the H+ gradient to

drive the production of ATP molecules, from both ADP and phosphate. This H+

gradient is exhibited typically during photosynthesis (in chloroplasts), by light (in

Halobacterium), or by the electron-transport steps of the oxidative phosphoryla-

tion mechanism (in mitochondria or aerobic bacteria). In light of this, F-type

pumps can be seen as key regulators of the cell’s pH levels (Alberts et al., 2008;

Berg et al., 2012; Stein and Litman, 2015; Chen and Lui, 2021).

ATP-binding cassettes (ABC transporters) are by far the largest membrane

transport protein family (in both pro- and eukaryotes), consisting of four major

structural domains: two membrane-spanning hydrophobic domains (each entailing

six segments, providing substrate specificity) and two conserved hydrophilic AT-

Pase domains (protruding into the cytosol and responsible for ATP binding and

hydrolysis). Compared to both P-type and F-type ATPases, ABC transporters

preferentially transfer small polar molecules across the lipid bilayer, instead of

inorganic ions. Furthermore, these pumps themselves do not become phosphory-

lated, but rather utilise the energy generated from the hydrolysis of ATP to drive

structural conformational changes, resulting in the transfer of specific substrates

across the cell membrane. ABC transporters can either perform as export systems

(found in all domains of life), or import systems (specific to just prokaryotes). In

eukaryotes and prokaryotes, substrates exported out of the cell typically include

toxins, signal molecules, various drugs, metabolites, and lipids. In eukaryotes, the

ABC e✏ux transport mechanism occurs as follows: the substrate-binding site is

exposed to the cytosol, when no ATP molecule is bound (inward-facing confor-

mation). Upon ATP binding, dimerisation of the ATP-binding domains occur,

exposing the substrate-binding pocket to the extracellular side of the membrane

(outward-facing conformation). Following ATP hydrolysis, the ATP-binding do-

mains dissociate, resulting in the formation of the original (inward-facing) trans-

porter conformation. A large majority of multi-drug and antimicrobial resistant

proteins operate as ABC membrane proteins, highlighting their fundamental im-
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portance in biological processes and specific use as drug targets (Ghosh, 1963;

Alberts et al., 2008; Berg et al., 2012; Stein and Litman, 2015; Chen and Lui,

2021).

The di↵erences and similarities among these transporters as explored above,

are illustrated below in figure 1.8.

Figure 1.8: The three types of ATP-driven primary active transporters. P-type pumps (left)
use the hydrolysis of ATP (itself becoming phosphorylated in the process), to export ions across
the cell membrane. F-type pumps (middle) work in reverse, synthesising ATP via the favourable
influx of H+ ions. ABC transporters (right) specifically target small hydrophilic molecules
instead of ions, using the hydrolysis of ATP to generate energy, to export the molecules across
the plasma membrane.
This figure was adapted from Alberts et a.,2008, and generated in Powerpoint.

Secondary Active Transport

In comparison to primary active transporters, secondary active transporters translo-

cate ions and molecules across the lipid bilayer, without the requirement of ATP

hydrolysis/synthesis. Instead, carriers specifically couple the thermodynamically

favourable transmission of one molecular species (usually ions) down its electro-

chemical gradient, to generate an energetic ”boost” required for the thermody-

namically unfavourable ”uphill” transport of molecular substrates against their

electrochemical gradients (Tanford, 1983; Krishnamurthy et al., 2009). This form

of molecular transport is very common among most species, functioning in either

direction across the biological cell membrane. This has extreme beneficial implica-

tions for the cell, since the combined workings of an ionic and solute translocation

results in an increased concentrated transfer of solute across a membrane by 106
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fold and occurring 105 times faster, than translocation by simple di↵usion (i.e.

di↵usion across the cell membrane unassisted by integral or peripheral membrane

proteins) (Krishnamurthy et al., 2009).

There are typically three types of classifications of secondary active trans-

porters: antiporters, symporters and uniporters; categorised by their vectorial

mechanism of transport (i.e. the directional mode of translocation of solutes and

ions). Antiporters (also known as exchangers) couple the ”uphill” transfer of one

species in one direction, to the downhill flow of another, in the opposite direc-

tion, across the plasma membrane. Symporters (also known as co-transporters)

work in the same way, but transfer both sets of species across the lipid bilayer in

the same direction. Uniporters are specific molecular transporters, able to trans-

fer specialised species in either direction, across the plasma membrane, executed

solely by di↵erences in its own substrate concentrations, determined by Vmax

and Km rates (Forrest et al., 2011; Perland and Fredriksson, 2017; Beckstein and

Naughton, 2021). Figure 1.9 below illustrates these 3 classes in further detail.

Figure 1.9: The three types of secondary active transport. Uniporters (left) transport sub-
strates in both directions, across the cell membrane, in an active manner executed solely by the
substrates own electrochemical gradient. Both symporters (middle) and antiporters (right) re-
quire the energy generated by the favourable coupled transport of ions, to translocate substrates
across membranes in the same or opposite directions, respectively.
This figure was adapted from Alberts et al., 2008, and generated in Powerpoint.

This mechanism of transport utilises many large structural conformational

changes, which limits the maximal rate of transmission to just a few molecules

per transport cycle. Interestingly, in animal cells, Na+ is usually the preferred

co-transported ion, its electrochemical gradient serving as the major net driving

force for the active transfer of coupled substrates. Furthermore, the Na+ which

subsequently enters the cell, via secondary active transport, is rapidly pumped
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back out again via a P-type ATPase Na+ pump, in order to regulate the voltage

gradient across the plasma membrane. Indirectly, by maintaining the Na+ gradi-

ent across the cell membrane, this further drives the secondary active transport

and the cycle repeats itself. Unsurprisingly, the greater the Na+ electrochemi-

cal gradient, the greater the rate of substrate transfer across the cell membrane

(Boudker and Verdon, 2010; Shi, 2013; Bosshart and Fotiadis, 2019).

A summary of the di↵erent passive and active solute translocation processes

observed above, can be summarised again below in figure 1.10.

Figure 1.10: A basic illustration highlighting the di↵erences in solute and ion translocation
across the cell membrane, in both passive and active transport systems.
This figure was generated in Powerpoint.
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1.4 The Alternating Access Mechanism

Since almost 30 % of all genome sequences encode membrane proteins, and with

an ever increasing number of diseases associated, investigation of the protein struc-

tures, and better understanding of specific translocation mechanisms, via the al-

ternating access mechanism, are of the utmost importance (Wallin and von Heijne,

1998).

Generally, the transport of solutes across a biological membrane, can be ex-

plained and the conditions satisfied, by the alternating access mechanism, first

proposed by Oleg Jardetzky in 1966. In this model, four conditions must be met

for a protein to be termed a “transporter”, as outlined below by (Jardetzky, 1966;

Tanford, 1983):

1. The transporter protein must have at least two di↵erent conformational ar-

rangements, such that one side is open (to allow for solute binding) and the

opposite side closed, to ensure that no two sites are accessible from both

sides of the membrane simultaneously.

2. The transporter protein must contain a binding site for the solute to bind

and be transported across the biological plasma membrane. The thermody-

namic binding a�nity of this solute-bound site at the uptake location of the

membrane must be greater than that of the discharge site.

3. In order for transport of the solute to occur, a conformational change in the

transporter structure must follow, allowing for the movement of the binding

site itself (with the substrate still bound).

4. A mechanism must be available for the transporter to return to its original

native state, with no substrate bound. Therefore, for one successful cycle of

this mechanism to occur, a conformation transition of the transporter must

occur twice: once with the substrate bound, and once without.

Comprehending how specialised ligands bind to intricately formed membrane

transporters, and thereby assessing in detail how this can lead to membrane pro-

tein structural conformational changes, allowing for the discharge of the trans-

ported ligand to the opposite side of the membrane, is pivotal in order to un-

derstand the alternating access mechanism of membrane transporters and their

contribution to devastating diseases (Jardetzky, 1966; Tanford, 1983).
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1.5 The Solute Carrier Superfamily

Within humans, the solute carrier (SLC) superfamily entails membrane transport

proteins from over 450 members, categorised and allocated into 65 families (SLC1

- SLC65). This is a rapidly expanding superfamily, comprising of members with

fascinating diversity, responsible for the transport of a multitude of substrates,

both charged and uncharged as well as organic and inorganic. Organisation of

these members is achieved via amino acid sequence identity, whereby only mem-

bers sharing 20-25% are grouped together within the same family. Although this

grouping relies on low percentage sequence identity between members, typically

these will express similar biological functions, with conserved amino acid residues,

suggesting this grouping to provide significant accuracy (Hediger et al., 2004).

The entire SLC superfamily consists of membrane transporters which undergo

either passive/facilitative or secondary active transport, via ion-coupled symport

and antiport processes. Primary active transporters as well as ion or aquaporin

channels are not associated with any grouping of this SLC superfamily (Geyer

et al., 2006). An up-to-date list of all 65 SLC families (as of September 2021) is

detailed in table 1.1 below.

Table 1.1: The 65 human SLC families. Adapted from http://slc.bioparadigms.org/

Family Family Name Total Members

SLC1 High-a�nity glutamate and neutral amino acid transporter family 7

SLC2 Facilitative GLUT transporter family 18

SLC3 Heavy subunits of the heteromeric amino acid transporters 2

SLC4 Bicarbonate transporter family 10

SLC5 Sodium glucose cotransporter family 12

SLC6 Sodium-and-chloride-dependent neurotransmitter transporter

family

22

SLC7 Cationic amino acid transporter/glycoprotein-associated family 15

SLC8 Na+/Ca2+ exchanger family 4

SLC9 Na+/H+ exchanger family 18

SLC10 Sodium bile salt cotransport family 7

SLC11 Proton-coupled metal ion transporter family 2

SLC12 Electroneutral cation-coupled Cl� cotransporter family 9

SLC13 Human Na+-sulfate/carboxylate cotransporter family 5

SLC14 Urea transporter family 8

SLC15 Proton oligopeptide cotransporter family 4

SLC16 Monocarboxylate transporter family 14

SLC17 Vesicular glutamate transporter family 9

SLC18 Vesicular amine transporter family 4

SLC19 Folate/thiamine transporter family 3

SLC20 Type III Na+-phosphate cotransporter family 2

SLC21 Organic anion transporter family 11
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SLC22 Organic cation/anion/zwitterion transporter family 29

SLC23 Na+-dependent ascorbic acid transporter family 4

SLC24 Na+/(Ca2+-K+) exchanger family 5

SLC25 Mitochondrial carrier family 60

SLC26 Multifunctional anion exchanger family 11

SLC27 Fatty acid transporter family 6

SLC28 Na+-coupled nucleoside transport family 3

SLC29 Facilitative nucleoside transporter family 4

SLC30 Zinc e✏ux family 10

SLC31 Copper transporter family 3

SLC32 Vesicular inhibitory amino acid transporter family 1

SLC33 Acetyl-CoA transporter family 2

SLC34 Type II Na+-phosphate cotransporter family 3

SLC35 Nucleoside-sugar transporter family 31

SLC36 Proton-coupled amino acid transporter family 4

SLC37 Sugar-phosphate/phosphate exchanger family 4

SLC38 System A and System N sodium-coupled neutral amino acid trans-

porter family

11

SLC39 Metal ion transporter family 14

SLC40 Basolateral iron transporter family 1

SLC41 MgtE-like magnesium transporter family 3

SLC42 Rh ammonium transporter family 3

SLC43 Na+-independent, system-L-like amino acid transporter family 3

SLC44 Choline-like transporter family 5

SLC45 H+/sugar cotransporter family 4

SLC46 Folate transporter family 3

SLC47 Multidrug and Toxin Extrusion (MATE) family 2

SLC48 Heme transporter family 1

SLC49 FLVCR-related transporter family 4

SLC50 Sugar e✏ux transporters 1

SLC51 Transporters of steroid-derived molecules 2

SLC52 Riboflavin transporter family 3

SLC53 Phosphate carriers 1

SLC54 Mitochondrial pyruvate carriers 3

SLC55 Mitochondrial cation/proton exchangers 3

SLC56 Sideroflexins 5

SLC57 NiPA-like magnesium transporter family 6

SLC58 MagT-like magnesium transporter family 2

SLC59 Sodium-dependent lysophosphatidylcholine symporter family 2

SLC60 Glucose transporters 2

SLC61 Molybdate transporter family 1

SLC62 Pyrophosphate transporters 1

SLC63 Sphingosine-phosphate transporters 3

SLC64 Golgi Ca2+/H+ exchangers 1

SLC65 NPC-type cholesterol transporters 2

Total 458
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1.5.1 The SLC10 Protein Family

A large sub-family of the SLC superfamily, is the sodium bile acid cotransport

family, SLC10. This family name is misleading, as certain members translocate

solutes other than bile acids, including the transport of steroidal hormones, drugs,

and several unknown solutes (Claro da Silva et al., 2013; Geyer et al., 2006).

Exclusively operating as influx transporters, more than 50 members have been

discovered, among multiple organisms, including animals, plants and bacterial

species (Hagenbuch and Dawson, 2004). In humans, seven members have been

identified (SLC10A1 - SLC10A7), which di↵er substantially from one another, in

both functional and structural features (Hagenbuch and Dawson, 2004). Their

individual substrate specificities, cellular expressions and gene loci are highlighted

below in table 1.2 below.

Table 1.2: The seven human members of the SLC10 protein family.
N/A: Not Available, C: Cotransporter, O: Orphan Transporter
Table adapted from (Hagenbuch and Dawson, 2004; Geyer et al., 2006; Döring et al., 2012;
Claro da Silva et al., 2013)

Family
Member

Protein Substrates Transport
and Cou-
pling
Ions

Tissue
Expres-
sion

Gene
Locus

References

SLC10A1 NTCP Bile acids C/Na+ Liver 14q24.1 Hagenbuch and
LBAT Steroids Pancreas Meier, 1994

Xenobiotics
HMG-CoA inhibitors

SLC10A2 ASBT Bile acids C/Na+ Ileum 13q33 Craddock et al.,
IBAT Kidney 1998
ISBT Biliary
NTCP2 tract

SLC10A3 P3 N/A O Ubiquitous Xq28 Geyer et al.,
2006

SLC10A4 P4 N/A O Brain 4p12 Geyer et al.,
Placenta 2008
Liver Schmidt et al.,

2015

SLC10A5 P5 N/A O Liver 8q21.13 Fernandes et al.,
Kidney 2007

SLC10A6 SOAT Estrone-3-sulfate C/Na+ Testis 4q21.3 Geyer et al.,
Pregnenolone-sulfate Placenta 2007
Dehydroepiandrosterone-
sulfate

Pancreas

SLC10A7 C4orf13 N/A O Liver 4q31.22 Zou et al., 2005
P7 Testis Godoy et al.,

2007
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Functional roles of certain SLC10 members have been extensively and conclu-

sively investigated (including NTCP, ASBT, and SOAT), whilst other members

(including SLC10A3, SLC10A4, SLC10A5 and SLC10A7) have merely had their

functional roles hypothesised and suggested, with no additional evidence provided

to support identification of novel substrates involved in translocation. The human

biological functional attributes for all members of the SLC10 family are outlined

in greater detail below:

SLC10A1 / NTCP

Exclusively expressed at the basolateral sinusoidal lipid bilayer of hepatocytes, the

Na+/taurocholate cotransporting polypeptide (NTCP) serves a pivotal role in the

regulation of the enterohepatic circulation (EHC) of bile acids (BAs) in the liver

(Kullak-Ublick et al., 2000). BAs are extracted from the portal blood, via NTCP,

and re-secreted into the canalicular membrane for the cycle to recommence. Up-

take is sodium activated with a stoichiometry of 2 Na+ ions for every BA molecule

(Weinman, 1997). Evidence has shown that NTCP provides most, if not all, trans-

port of BAs across the hepatocyte, highlighting its essential participation in BA

homeostasis (Hagenbuch and Meier, 1994; Kullak-Ublick et al., 2004). NTCP also

exhibits transport of other substrates, including steroid sulfates, such as oestrone-

3-sulfate, but also provides a mechanism of entry for hepatitis B and D viruses

(Yan et al., 2012).

SLC10A2 / ASBT

The apical sodium-dependent bile acid transporter (ASBT), expressed at the api-

cal membranes of ileal enterocytes, serves to recycle BAs from the intestinal lumen,

allowing for their transport to the liver via the portal circulation. In similar fash-

ion to NTCP, ASBT translocates BA molecules in a sodium-dependent manner

(Craddock et al., 1998), in a 2:1 Na+/BA stoichiometry (Weinman et al., 1998).

Functioning as a BA salvation mechanism, ASBT plays a central role in the EHC

in the intestine, as has been outlined by the consequences of primary bile acid

malabsorption, interruption of the enterohepatic BA circulation, and lowered low

density lipoprotein (LDL) cholesterol levels, upon loss-of-function mutations of

the membrane protein (Wong et al., 1995; Oelkers et al., 1997).
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SLC10A3 / P3

The function of SLC10A3 is currently unknown, even though it is expressed ubiq-

uitously in humans and shares high conservation across many animal species (Ha-

genbuch and Dawson, 2004). It is believed however, to be involved in housekeeping

functions, due to the presence of an unmethylated CpG island (Geyer et al., 2006).

Even though SLC10A3 shares at least 25% sequence identity with both ASBT and

NTCP, no transport of bile acids is identified.

SLC10A4 / P4

A study in 2013 (Abe et al., 2013) showed SLC10A4 to be able to transport bile

acids, but only upon cleavage of part of its N-terminal, thereby acting as a protease

activated bile acid transporter. However, the majority of SLC10A4 associated

research suggests its participation in the storage of vesicles and/or the exocytosis

of neurotransmitters, highlighting its dominance in the nervous tissue (Geyer et al.,

2008; Schmidt et al., 2015). In mice, SLC10A4 co-localises with synaptic vesicle

transporters involved with dopamine and acetylcholine, highlighting SLC10A4 as

a potential role in cholinergic systems (Zelano et al., 2013; Melief et al., 2016). In

light of this, SLC10A4 could provide a crucial target for the interventions of both

Alzheimer’s and Parkinson’s disease (Popova and Alafuzo↵, 2013).

SLC10A5 / P5

SLC10A5 is an orphan transporter, with no known substrate. Although sharing

similar tissue expression sites to ASBT and NTCP (in both the liver and kidneys),

SLC10A5 fails to transport any of the known substrates associated to the SLC10

family, including bile acids and steroidal hormones (Fernandes et al., 2007).

SLC10A6 / SOAT

The sodium-dependent organic anion transporter (SOAT) is strictly not a bile acid

transporter, but instead translocates specialised steroidsulfates including oestrone-

3-sulfate and dehydroepiandrosterone sulfate (Geyer et al., 2004, 2007). Like both

NTCP and ASBT, this transporter also operates via the coupled transport of

Na+ ions. Involved in the production of androgens (such as oestrogen) as well as

the synthesis of progesterone, SOAT has been shown to play critical physiological

functions in the cellular delivery of the above mentioned pro-hormonesd to the

testis, adrenal gland, placenta and probably peripheral tissues (Geyer et al., 2006;

Claro da Silva et al., 2013).
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SLC10A7 / P7

SLC10A7, much like SLC10A3, SLC10A4 and SLC10A5, is also an orphan solute

carrier transporter. There have been no substrates associated as of yet (Septem-

ber 2021), but recent research suggests an involvement in the negative regulation

of intracellular calcium signalling amongst humans and yeast (Jiang et al., 2012;

Alber et al., 2013; Zhao et al., 2016; Karakus et al., 2020). This also correlates

with other research, where an SLC10A7 knockout mutant among humans, results

in a drastic disturbance in calcium homeostasis, leading to skeletal dysplasias,

amelogenesis imperfecta and a disruption in the mediation of GAG biosynthesis

(Dubail et al., 2018; Ashikov et al., 2018; Laugel-Haushalter et al., 2019).

As has been explored above, substantial functional and physiological di↵erences

are present among the seven human SLC10 members (Claro da Silva et al., 2013).

To examine these further, an amino acid sequence alignment plot, depicted in

figure 1.11 below, displays detailed comparisons of these members, as well as the

previously crystallised bacterial ASBTNM (Hu et al., 2011) and ASBTY f (Zhou

et al., 2014) homologues.
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Figure 1.11: The seven SLC10 human members and ASBTNM and ASBTY f bacterial homo-
logue multiple sequence alignment. Respective amino acid sequences were analysed in Jalview
(Waterhouse et al., 2009), and specifically aligned with Clustalx (Larkin et al., 2007) and Mus-
cleWS (Edgar, 2004). The established ASBTNM transmembrane (TM) domains (as previously
reported by Hu et al., 2011) are presented above the sequences in cylinders, depicting the struc-
tural TM1-TM10 domains from the N-terminal (blue) to C-terminal (red). Na+ binding site
amino acid residues, implicated for Na1 and Na2, are depicted in red and black boxes, respec-
tively.
Clustalx (Larkin et al., 2007) notation of residues: Blue: Hydrophobic, Red: Positive charge,
Magenta: Negative charge, Green: Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines,
Cyan: Aromatic, and White: Unconserved.
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As can be seen in figure 1.11 above, overall, the analysed human and bacterial

homologue SLC10 members share good amino acid residue conservation, although

key important di↵erences arise within the human SLC10A7 member which will be

discussed in greater detail below.

This PhD study specifically focusses on the bacterial homologues of two mem-

bers of the SLC10 family: ASBT (SLC10A2) and SLC10A7. A greater analysis

of their physiological and functional roles in humans are explored below.
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1.6 The Human Apical Sodium Dependent Bile

Acid Transporter (ASBT) - SLC10A2

As described above, the sodium taurocholate co-transporting polypeptide (NTCP

- SLC10A1 gene) and apical sodium dependent bile acid transporter (ASBT -

SLC10A2 gene) are well-established members of the SLC10 protein family in hu-

mans. Together they transport and regulate bile acids (BAs) in the enterohepatic

circulation (EHC) pathway, and are primarily involved in their translocation across

the liver and small intestine tissues. In-depth analysis of this mechanistic pathway

and intricate role in maintaining BA homeostasis is portrayed below.

1.6.1 Bile Acids

BAs are classified as negatively charged, stable, rigid and planar amphipathic

(consisting of both hydrophilic and hydrophobic features) signalling molecules,

which carry out essential regulatory roles in energy expenditure, inflammation,

glucose and cholesterol/lipid homeostasis (Hofmann and Hagey, 2008; Dawson,

2012).

At low concentrations, these BAs exist in monomeric states, but form sim-

ple micelles when high intra-luminal concentrations exceed the critical micellar

concentration (CMC) threshold (2-20mM, depending on the BA species). These

micelles undergo solubilisation of large cholesterol molecules (via the incorporation

into their hydrophobic core), resulting in a total diameter of 5 Å (Hofmann, 2009;

Slijepcevic and van de Graaf, 2017). When excreted into bile, BAs can further as-

sociate with lipid bilayers to form mixed micelles, containing phosphatidylcholine,

partially ionised fatty acids and monoglycerides; resulting in an increase in their

total micellar diameter to 30 Å (Slijepcevic and van de Graaf, 2017). In comparison

to simple BA micelles, these significantly larger mixed micelles provide a three-

fold greater solubilisation, digestion and transportation ability of dietary lipid

molecules (including fatty acids, cholesterol, fat-soluble vitamins and monoglyc-

erides), in the enterocytes of the small intestine, for their subsequent degradation

and excretion in faeces (Hofmann, 2009; Dawson, 2012; Slijepcevic and van de

Graaf, 2017; Baiocchi et al., 2019).

Once synthesised, BAs are secreted into bile fluid in order to circulate the

body and solubilise fatty dietary molecules. In addition to conjugated and un-

conjugated BAs, bile fluid also consists of a multitude of compounds, including

organic substrates, cholesterol, plasma electrolytes, glucose, water, phospholipids,

calcium, bicarbonate, xenobiotics, conjugated bilirubin, amino acids, conjugates of

metabolites, glutathione and other low molecular weight substrates. Its primary
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role is to excrete and eliminate heavy metals, toxic/exogenous and endogenous

compounds (e.g. bilirubin), and drug metabolites (Dawson, 2012; Slijepcevic and

van de Graaf, 2017).

In total, BAs have shown to be involved in six fundamental biological functional

processes, as outlined below (Hofmann, 2009; Dawson, 2012; Baiocchi et al., 2019):

1. BAs stimulate the release of biliary lipids (such as cholesterol and phospho-

lipids) and maintain the canalicular bile flow;

2. BAs aid in the metabolisation, absorption and digestion of dietary fats,

including fatty vitamins (such as vitamin A, D, E and K) and cholesterol,

which result in the production of mixed micelles, to facilitate the aqueous

solubility in the lumen of the gut and increase di↵usion and absorption across

the intestinal epithelium;

3. BAs regulate cholesterol homeostasis, whereby cholesterol from the diet is

metabolised, and its products solubilised and absorbed through BAs in the

intestines. Cholesterol molecules are then expelled through the faecal route

of the body. Since BAs are the amphipathic by-products of the catabolism of

cholesterol, increasing its elimination in the faeces, increases the biosynthesis

process to replenish lost BAs, which thereby raises the rate of conversion and

elimination of cholesterol;

4. BAs promote direct and indirect antimicrobial protection of the gut, via

the bacteriostatic features of the BA fatty acid mixed micelles, as well as

the stimulation of antimicrobial genes and transcription factors in the small

intestine;

5. BAs inhibit the production of calcium gall- and kidney-stone enucleating

precipitates;

6. BAs feature as hormonal signalling molecules, to maintain the functional-

ity of hepatocytes; regulating energy, fat and glucose homeostasis; modu-

lating the EHC; and sustaining gut motility, via the specific interactions

with G-protein-coupled receptors (such as the formyl-peptide receptors, Gp-

bar1/TGR5, G↵i-coupled receptors, and muscarinic receptors), nuclear re-

ceptors (such as the pregane X receptor (PXR); vitamin D receptor (VDR);

and farnesoid receptor X (FXR), and cell-signalling pathways (such as the

serine/threonine protein kinase (AKT/PKB), protein kinase C (PKC), p38

mitogen-activated protein kinase (p38 MAPK), c-jun N-terminal kinase 1/2

(JNK 1/2), epidermal growth factor receptor (EGFR), and extracellular

signal-regulated kinase (ERK)).
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In addition to the above mentioned functional attributes of BAs, in the biliary

epithelium, key roles of bile acids in di↵erentiation, apoptosis, proliferation and

secretion have also been previously reported (Baiocchi et al., 2019).

1.6.2 Bile Acid Biosynthesis and the Catabolism of Choles-

terol

In the human liver pericentral hepatocytes, the catabolism of highly hydrophobic

cholesterol molecules, via a multitude of 17 complex enzymatic reactions (con-

sisting of multiple oxidation and conjugation reactions, including the oxidation of

side chains and hydroxylation of the sterol ring), result in the production of am-

phipathic, water-soluble BAs. Specifically, this biosynthesis is established via two

separate complex pathways, including (1) the classical/neutral (cholesterol 7↵-

hydroxylase) and (2) the alternative/acidic (oxysterol 7↵-hydroxylase) pathways.

Key di↵erences arise in the initial cholesterol transformation reactions, whereby

the classical pathway targets the transformation of the cholesterol sterol ring to

7↵-hydroxycholesterol, via the rate-limiting hepatic cholesterol 7↵-hydroxylase

(CYP7A1) enzyme; whereas the alternative pathway targets the transformation

of cholesterol side chains via the C-24, C-25 and C-27 sterol hydroxylase enzymes,

and oxysterol 7↵-hydroxylation in the liver. After complex biochemical trans-

formations, the classical pathway, accounting for >90% of total BA production,

predominantly produces cholic acid (CA); whilst the alternative pathway favours

the production of chenodeoxycholic acid (CDCA) (Dawson, 2012; Slijepcevic and

van de Graaf, 2017; Xiao and Pan, 2017).

Once produced in the liver, these BAs become immediately conjugated to

either glycine or taurine, via N-acyl amidation. This conjugation significantly

increases the acidic strength of BAs, as well as their hydrophilic polar attributes,

rendering them highly impermeable to the epithelium, and hence less passive.

Furthermore, complete ionisation occurs in both the small intestine and biliary

tracts, ultimately leading to increased resistance and tolerance to calcium induced

aggregation and precipitation in the gall bladder, preventing the formation of

gallstones. Finally, this conjugation also allows for the regulation of high intra-

luminal BA concentrations, thereby facilitating the solubilisation of cholesterol

molecules and digestion of fatty lipids in the small intestine (Balakrishnan and

Polli, 2006; Dawson, 2012; Slijepcevic and van de Graaf, 2017).

Since the CA and CDCA BA products were directly formed as a result of the

catabolism of cholesterol, they are classified as primary BAs. Chemical struc-

tures of these primary BAs, including their conjugated glycine/taurine forms, are

depicted below in figure 1.12.
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Cholic Acid (CA) Glycocholic Acid (GCA) Taurocholic Acid (TCA)

Chenodeoxycholic Acid
(CDCA)

Glycochenodeoxycholic Acid
(GCDCA)

Taurochenodeoxycholic Acid
(TCDCA)

Figure 1.12: Chemical structures of the cholic acid (CA) and chenodeoxycholic acid (CDCA)
primary bile acids, in their unconjugated (A and D) and conjugated glycine (B and E) and
taurine (C and F) states.

Interestingly, primary BA species residing in the gut can subsequently become

de-conjugated, as a result of specific interactions from endogenous bacteria. In

light of these structural alterations, BA hydrophobicity levels are increased, sig-

nificantly reducing their aqueous solubility and a↵ecting their uptake and flux

across the intestinal epithelium. As a result, increases in the excretion rate of

BAs in faecal waste are observed. Furthermore, these de-conjugated BAs, from

the colon and ileum, heavily impact on the composition of the total circulating

BA pool, having considerable e↵ects on cellular toxicity, detergent features and

hormonal signalling abilities. In order to prevent such drastic alterations to the

human physiological conditions, these newly modified un-conjugated BA members

are actively re-absorbed in the small intestine and transferred to the liver for re-

conjugation, before being expelled to the bile flow once again for circulation and

solubilisation of fatty molecules (Dawson, 2012).

The products formed from these BA bacterial modifications are termed sec-

ondary BAs, and consist of the drastic structural modifications (including epimer-

ization (↵-hydroxyl group becomes a �-hydroxyl group or vice versa); dehydrox-

ylation; and dehydrogenation (formation of an oxo group via the oxidation of a

hydroxy group)) of circulating primary BAs. In humans, CA is transformed to

deoxycholic acid (DCA), and CDCA is transformed to lithocholic acid (LCA), via

7↵-dehydroxylation mechanisms (Balakrishnan and Polli, 2006; Dawson, 2012).

Both the chemical structures of these secondary bile acids are portrayed in figure

1.13 below.
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Deoxycholic Acid (DCA) Lithocholic Acid (LCA)

Figure 1.13: Chemical structures of the deoxycholic acid (DCA) and lithocholic acid (CDA)
secondary bile acids.

1.6.3 The Enterohepatic Circulation of Bile Acids in Hu-

mans

BAs produced as a result of the catabolism of cholesterol, undergo an e�ciently

regulated recycling process know as the enterohepatic circulation (EHC). BAs are

first secreted across the hepatic canalicular membrane into bile, via the bile salt

export pump (BSEP - ABCB11 gene), before being transported to the terminal

ileum of the small intestine. Here they are re-absorbed by the apical sodium-

dependent bile acid transporter (ASBT - SLC10A2 gene), and bound to the ileal

lipid binding protein (ILBP - FABP6 gene), for their transcellular transport across

the ileal enterocyte. These BAs are shuttled and excreted to the portal cir-

culation at the ileal basolateral membrane via the heterodimeric organic solute

transporter ↵/� (OST↵/� - SLC51A/SLC51B genes). Travelling through the

portal circulation, BAs are then reabsorbed at the hepatic basolateral/sinusoidal

membrane, via the sodium-dependent taurocholate co-transporting polypeptide

(NTCP - SLC10A1 gene) and the sodium-independent organic anion transporting

polypeptides (OATP-A - SLC21A3 gene, OATP-C - SLC21A6 gene; and OATP8 -

SLC21A8 gene) transporters, where the cycle then recommences (Lin et al., 1990;

Kramer et al., 1993; Oelkers and Dawson, 1995; Kramer et al., 1997; Ballatori,

2005; Ballatori et al., 2005; Dawson et al., 2005; Balakrishnan and Polli, 2006;

Dawson et al., 2009; Dawson, 2012; Slijepcevic and van de Graaf, 2017; Baiocchi

et al., 2019).

When fasting, circulating BAs in the portal vein, small intestine, liver and

serum are all significantly reduced, due to the seclusion of roughly half the to-

tal pool of BAs to the gallbladder, for storage. Upon digestion of a meal, these

stored BAs are released into the blood circulation, thereby initiation the BA EHC

mechanism, in order to solubilise and digest fat-soluble dietary molecules (includ-

ing vitamins, cholesterol and lipids) in the small intestine (Hofmann and Hagey,
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2008; Dawson, 2011).

Fascinatingly, >95% of the total pool of BAs are rescued and recycled, via

the ASBT transporter, from the intestine to the liver, through the venous portal

circulatory system. This highly e�cient EHC system, ensures the conservation

of the BA pool to reside between 3-5 g in humans. Undergoing several rounds

of cycling every day, it is estimated that in the intestines of humans alone, up

to 30 g of bile acids are reabsorbed, with each BA molecule being estimated to

be salvaged by ASBT 20⇥, before its expulsion in faeces (Hofmann et al., 1983;

Hulzebos et al., 2001; Balakrishnan and Polli, 2006; Dawson, 2011; Chothe et al.,

2018; Xiao and Pan, 2017).

Amazingly, through this tightly regulated and e�cient BA recycling system,

only 3-5% (accounting for <0.5 g per day) fail to be reabsorbed by the ASBT

transporter of the terminal ileum and are instead excreted in faeces. Furthermore,

in hepatocytes, due to some leakiness of the system, 10-50% of BAs (dependent on

species) can evade extraction, and escape into the systemic circulation. However,

the glomerular filtration system of kidneys are tasked to rescue these aberrant

molecules, and are reabsorbed by the Na+-dependent coupled transport of ASBT,

expressed in renal tubules. As a result, only 1-2 µmol is eliminated in urine.

Finally, any BA loss in either urine or faeces is e�ciently accounted for, by the

neo-synthetic conversion and elimination mechanisms of cholesterol in the liver,

presenting the primary path of cholesterol extrusion from the body (Wilson et al.,

1981; Dietschy et al., 1993; Dietschy and Turley, 2002; Balakrishnan and Polli,

2006; Dawson, 2011; Slijepcevic and van de Graaf, 2017; Baiocchi et al., 2019).

To summarise, this highly regulated BA recycling process, whilst minimising

loss through both urinary and faecal routes, also restricts the cytotoxic accumula-

tion of BAs in both hepatocytes and intestine enterocytes. An illustrative overview

of this impressive recycling mechanism of BAs in humans is presented in figure

1.14 below.
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Figure 1.14: The enterohepatic circulation of bile acids in the hepatocytes, ileocytes and renal
proximal tubule cells in humans. Synthesised glycine/taurine conjugated BAs are secreted to
the bile fluid via BSEP at the canalicular membrane. Minor sulfate/glucuronide modified BAs
and additionally hydroxylated BAs are secreted by the multidrug resistance-associated protein-2
(MRP2) and multidrug resistance protein 1 (MDR1), respectively. The bile flows to the small
intestine, where BAs are then re-absorbed by ABST and bind to cytosolic ILBP. The BAs are
then shuttled to the basolateral membrane and exported into the portal circulation via OST↵-
OST�. The mutidrug resistance-associated protein 3 (MRP3) exports glucuronidated or sulfated
BAs, as does MRP2. Transported BAs then travel back to the liver tissue, and are re-absorbed
by NTCP. OATP1B1 and OATP1B3 facilitate the uptake of unconjugated BAs.
Under cholestatic conditions, all forms of BAs can be additionally exported via OST↵-OST�,
MRP3 and MRP4, to the systemic circulation, reaching the renal tubular cells. These BAs
are filtered in the renal glomerulus and salvaged by ASBT, to be reintroduced to the systemic
circulation. Failure to reabsorb BAs in ileal and renal cells, results in their expulsion from the
body in faeces and urine.
This image was taken from Dawson, 2011.
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1.6.4 The Negative Feedback Regulation of the Biosynthe-

sis of Bile Acids

In order to maintain normal BA homeostasis levels, regulation of the biosynthesis

of BAs, and their circulation from the liver to small intestines and back again,

must be accounted for. In the instances when excessive BAs are in circulation

and/or production, an essential regulatory feedback system must be available, for

its successful biosynthesis depletion and removal from the body (Xiao and Pan,

2017).

Fascinatingly, BAs possess the ability to regulate their own biosynthesis, via an

e�cient negative feedback signalling mechanism. Both unconjugated/conjugated

BAs stimulate the intrahepatic bile sensing farnesoid receptor X (FXR) on ileal en-

terocytes, thereby activating the production of fibroblast growth factor 19 (FGF19).

The latter is extruded from the enterocyte and transported to the hepatocyte, ini-

tiating a cascade of signalling events via the stimulation of the fibroblast growth

factor receptor-4/�-Klotho (FGFR4/�-Klotho) complex. The outcome of multiple

signalling events leads to the inhibition of the expression of CYP7A1, known to

be a rate limiting enzyme in the biosynthesis of BAs. In addition, other negative

feedback targets include the BA induced modulation of the CYP8B1 enzyme ex-

pression, resulting in significantly reduced production levels of the primary bile

acid, CA (Dawson, 2012; Slijepcevic and van de Graaf, 2017; Baiocchi et al., 2019).

Elsewhere, expression levels of the human ASBT transporter in intestines, can

also be targeted and downregulated, via a separate negative feedback mechanism,

induced by specific transcription factors. The FXR receptor again activates the

FGF19 (FGF15 in mice) signalling molecule to bind and activate the FGFR4/�-

Klotho complex, resulting in the stabilisation and upregulation of the short het-

erodimer partner (SHP). This SHP stimulation results in the repression of both

the retinoic acid receptor ↵ (RAR↵) and liver receptor homolog-1 (LRH-1) genes,

ultimately leading to de-activation of ASBT expression levels (Dawson, 2012; Sli-

jepcevic and van de Graaf, 2017).

An illustrative overview of this negative feedback mechanism in humans is

represented below in figure 1.15.
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Figure 1.15: The negative feedback signalling pathway of bile acid biosynthesis. In hep-
atocytes, increased influx rates of bile acids from the portal circulation stimulates the FXR
receptor which activates expression of SHP. The latter prevents the expression of both CYP8B1
and CYP7A1 rate limiting bile acid biosynthesis enzymes, via the inhibition of both HNF4↵ and
LRH-1 transcription factors.
In the ileal enterocytes (small intestine), BAs are re-absorbed by ASBT and stimulate FXR,
resulting in increased expression of FGF19. The latter migrates to the liver and initiates a
signalling cascade at the FGFR4/�Klotho complex receptor. This leads to the initiation of the
MAPK/ERK1/2 signalling pathway, resulting in complete inhibition of CYP7A1 transcription.
This image was taken from Dawson, 2012
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1.6.5 The Human Apical Sodium-dependent Bile Acid Trans-

porter (ASBT/SLC10A2)

As seen in the EHC of BAs, the ASBT transporter (also known as ISBT, IBAT,

ABAT and SLC10A2), primarily located at the distal ileum enterocyte brush

border membrane (and accounting for 6% of all expressed transporters at the

small intestine), is essentially required to actively salvage circulating BAs, that

are otherwise destined for excretion from the body in faeces. All major conju-

gated/unconjugated BA species are substrates for this transporter, although pref-

erential transport of trihydroxy over dihydroxy, and conjugated over unconjugated

BAs have been previously reported (Lack, 1979; Craddock et al., 1998; Kramer

et al., 1999; Ho et al., 2004). In stark contrast to the NTCP transporter, which is

known to additionally transport rosuvastatin (an HMG CoA reductase inhibitor)

and the estrone-3-sulfate steroidal hormone, no non-bile acid solute has yet been

identified for the translocation across biological membranes, for the ASBT trans-

porter (Kramer et al., 2001; Ho et al., 2006; Dawson et al., 2009; Dawson, 2012;

Slijepcevic and van de Graaf, 2017; Xiao and Pan, 2017; Baiocchi et al., 2019).

The human SLC10A2 gene, entailing 6 exons and localised to chromosome

13q33, translates a 348 amino acid ASBT transporter, with a predicted nine

TMD assembly, consisting of an extracellular amino and cytosolic carboxyl ter-

mini. With a proposed molecular weight of 93kDa, and the requirement of mul-

timeric complexes for functional BA transport, human ASBT has been strongly

associated to function as a dimer, although monomeric states of the transporter

are possible. It is hypothesised these monomers can self-associate to form homo-

multimers or can form heteromultimers with the ILBP protein (Dawson, 2011;

Xiao and Pan, 2017).

Interestingly, in 2018, Chothe and colleagues generated a cysteine depleted

(cysless) human ASBT variant, in order to assess its ability to form oligomeric

states in the absence of structurally essential disulfide bonds. All 13 endogenous

cysteine residues were mutated, which ultimately led to significantly reduced levels

of protein expression with decreased transport functionality (significantly reduced

dose-dependent uptake of [3H]-TCA ). In addition, increase in protein instability

was observed, resulting in the cysless variant’s quick degradation by cellular pro-

teasomes. However, the authors concluded the human ASBT transporter was still

able to form active higher ordered oligomeric states, in the presence and absence

of cysteine residues (i.e. cysteine-independent homodimerisation) (Chothe et al.,

2018).

As is the case with many transporters associated to the EHC, ASBT is a

secondary active transporter. This transporter requires an electrogenic sodium-
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coupled co-transportation of two Na+ ions to generate su�cient energy to transfer

an unfavourable single BA molecule. The driving force for the supply of avail-

able Na+ relies on the internal flow of the Na+ gradient, which is governed by

the negative intracellular potential and basolaterally expressed Na+/K+ATPase

transporter (Dietschy, 1968; Aldini et al., 1996; Hu et al., 2011; Xiao and Pan,

2017). Due to the restrictions of sodium electrical gradients, the ASBT trans-

porter is only seen to operate for the internal intestinal translocation of substrates

(i.e. BAs can only be absorbed and not released from the ileum) (Lewis and Root,

1990; Marcus et al., 1991; Weinman et al., 1998; Dawson, 2012).

Other than its localisation to the ileal enterocyte, the ASBT transporter has

also been shown to be moderately expressed in a multitude of other human tissues,

including large cholangiocytes, biliary epithelium, the apical membrane of the

renal proximal convoluted tubule cells, and gallbladder epithelial cells; all of which

play fundamentally conserved roles in transporting and absorbing circulating bile

acids, in order to maintain the EHC, and prevent loss of BAs to faecal and urinal

waste (Wong et al., 1994; Christie et al., 1996; Alpini et al., 1997; Lazaridis et al.,

1997; Craddock et al., 1998; Chignard et al., 2001; Hagenbuch and Dawson, 2004;

Dawson, 2012).

Fascinatingly, upregulated and downregulated expression of the ASBT gene is

seen to be under strong controlled regulation of a multitude of molecular members,

including transcription factors (such as the hepatocyte nuclear factor-1 ↵ (HNF-

1↵); peroxisome proliferator-activated receptor-↵ (PPAR-↵); vitamin D receptor

(VDR); glucocorticoid receptor (GR); GATA binding protein 4 (GATA4); sterol

response element binding protein-2 (SREBP2); and retinoicacid receptor (RAR)),

hormones, substrates, sterols, BAs and cytokines (Bosse et al., 2006; Battle et al.,

2008; Dawson, 2012; Xiao and Pan, 2017).
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1.6.6 Targeted Pharmaceutical Interventions of the ASBT

Transporter - Novel Treatments of Severe Diseases

Significant disruptions and alterations to the homeostatic regulation of the EHC of

BAs in humans, can lead to severe physiological disorders, including primary BA

malabsorption, formation of calcium and cholesterol induced gallstones, irritable

bowel syndrome, hypercholesterolaemia, chronic ileitis, cholestatic liver damage,

Crohn’s disease and hypertriglyceridemia, to name but a few (Dawson, 2012).

The aberrant expression and mutational inhibition of the human ASBT trans-

porter has been seen to detrimentally a↵ect its functional attributes resulting in

severe disruptions of cholesterol homeostasis and BA EHC, causing a multitude

of lipid metabolism and gastrointestinal diseases (Xiao and Pan, 2017). Primary

BA malabsorption, classified as a rare idiopathic gene alteration, presenting with

chronic diarrhea, fat-soluble vitamin malabsorption, black pigment (bilirubin) gall-

stones, intracranial hemorrhage, steatorrhea, and reduced plasma levels of choles-

terol; was seen to be cause by disruptive L243P and T262M ASBT mutations

(Heubi et al., 1982; Brink et al., 1996; Oelkers et al., 1997; Brink et al., 1999;

Vı́tek and Carey, 2003). Additional intestinal disorders, which may also be asso-

ciated to ASBT mutations and disruptions, include Idiopathic Chronic Diarrhea

(Schiller et al., 1987), Cholesterol and Black Pigment Gallstone disease (Vı́tek and

Carey, 2003; Holzer et al., 2008), Crohn’s disease (Krag and Krag, 1976; Tougaard

et al., 1986; Nyhlin et al., 1994), Colon Cancer (Wang et al., 2001), Familial Hy-

pertriglyceridemia (Angelin et al., 1987; Duane et al., 2000), Postcholecystectomy

Diarrhea, Chronic Ileitis (Meiho↵ and Kern, 1968), and Irritable Bowel Syndrome

(Camilleri et al., 2009).

Due to the cytolytic detergent toxicity traits of BAs, their accumulation beyond

acceptable levels must be strongly regulated and maintained, in order to prevent

serious cellular damage. This can be achieved typically via the inhibition of ileal

and hepatic transport and/or the administration of a sequestrant (Hofmann, 2009;

Baiocchi et al., 2019).

Specific tailored inhibition of the ASBT transporter, has resulted in novel ben-

eficial treatment options for cholestasis, hypercholesterolaemia and diabetes, due

to the inflicted reduction in levels of both circulation BAs and plasma cholesterol

(Xiao and Pan, 2017).

In light of this, the ASBT transporter can be targeted for a multitude of

pharmaceutic benefits, including prodrug design (to raise oral bioavailability), in-

hibition (to provide novel therapeutic strategies for hepatocyte protection and hy-

percholesterolaemia); drug-drug interactions and drug absorption (Dawson, 2011;

Hu et al., 2011).
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Targeting the ASBT Transporter to design prodrugs for increased Oral

Bioavailability

Pharmaceutical interest has been shown for the targeting of the ASBT transporter,

to enhance the oral bioavailability of di�cult to solubilise drugs, thereby enhancing

a drug’s intestinal permeability. The a�nity (e�ciency in substrate absorbance),

specificity (broad availability of transportable substrates) and capacity (levels of

expression and turnover rate of transport), are all key features governing the

successful design of prodrugs. Concerning ASBT, its distinct specificity for BAs

and unique localisation to the intestinal brush border membrane provides a unique

situation, whereby BA substrates and derivatives can be presented as ”Trojan

Horses”, allowing for the design and attachment of pro-drugs (Balakrishnan and

Polli, 2006; Kramer and Glombik, 2006; Dawson, 2011).

Prodrug design can involve one of two strategies:

1. Modification of a transporter’s naturally occurring solute to be strongly

bound with an additional drug candidate of interest. Since the transporter’s

endogenous substrate is used, this method o↵ers low levels of cytotoxicity.

2. Known as ”substrate mimicry”, applies the known three-dimensional struc-

ture of a natural substrate, to generate a novel drug of greatest resemblance

by serendipity or design.

Specific drugs of interest can be manufactured to bind to BAs (at the steroid

ring/nucleus C-3, C-7, or C-12 regions, as well as C-24 carboxylate and C-17

region), due to their unique chemical structure and sustained stability (Balakr-

ishnan and Polli, 2006; Kuhajda et al., 2006; Davis, 2007). Chlorambucil (an

anti-neoplastic alkylating nitrogen mustard), oligonucleotides, oxaprolylpeptide

(inhibiting synthesis of hepatic collagen), and inhibitors of the HMG CoA reduc-

tase, are all but a few examples of drugs which have been successfully coupled to

BAs, and imported into hepatic/ileal cells (Dawson, 2011). However, valacyclovir

bound to CDCA, via a valine linker in the side chain, presented with the most

successful pro-drug report to date. Being administered in rats led to a 2-3 -fold

increase in the oral bioavailability of the drug (Tolle-Sander et al., 2004).

Although seeming to be the perfect candidate for the generation of novel pro-

drugs, the human ASBT transporter has been insu�ciently targeted to generate

better oral bioavailability of drugs, resulting in the generation of only a very lim-

ited set of FDA-approved ASBT inhibitors, including the HMG CoA reductase

inhibitors and dihydropyridine calcium channel blockers (Balakrishnan and Polli,

2006; Dawson, 2011).
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Inhibition of the ASBT transporter can lead to beneficial interventions

for Hypercholesterolaemia

Hypercholesterolaemia, presenting with raised plasma cholesterol levels, is believed

to result from imbalanced degrees of cholesterol uptake and secretion. This disor-

der can influence atherosclerotic deposits in arteries, thereby restricting the flow

of blood, which can result in serious heart attacks and other severe cardiovascular

diseases (Xiao and Pan, 2017).

It has previously been reported in mice that inhibition of the ASBT trans-

porter leads to reductions in low-density lipoprotein (LDL) cholesterol and hepatic

triglyceride levels, as a result of increased rates of the catabolism of cholesterol

(and BA biosynthesis), to replenish bile acids lost by faecal expulsion. Elsewhere,

ASBT inhibition resulted in elevated 3-hydroxy-3-methylglutaryl coenzyme A re-

ductase (HMGR) levels of stimulation, which produced greater expression of LDL

receptors (Xiao and Pan, 2017). Together, these interesting outcomes suggest a

potential targeting and inhibition of the ASBT transporter, for the treatment of

hypercholesteroleamia (Slijepcevic and van de Graaf, 2017; Xiao and Pan, 2017).

Specific targeting of the ASBT transporter with potent, non-absorbable non-

bile acid and bile-acid derivative inhibitors, were trialled in animal models, for

the potential discovery of novel treatments of hypercholesterolaemia (Kramer and

Glombik, 2006). In rats, TA-7552 ([1-(3,4-dimethoxyphenyl)-2,3-bis(methoxycarbonyl)-

4-hydroxy-6,7,8-trimethoxynaphthalene]), inhibited the ASBT intestinal absorp-

tion of BAs, which resulted in increased BA faecal elimination, and the stimulation

of hepatocytes to biosynthesise BAs from the catabolism of cholesterol, thereby sig-

nificantly reducing the latter’s plasma concentration (Kramer and Glombik, 2006).

Elsewhere, in monkeys and hamsters, R-146224 ([1-7-[(1-(3,5-Diethoxyphenyl)-3-

[(3,5-difluorophenyl)(ethyl) amino]carbonyl-4-oxo-1,4-dihydroquinolin-7-yl)oxy]heptyl-

1-methylpiperidinium bromide]) was also seen to inhibit ASBT, resulting in dras-

ticly decreased levels of non-HDL cholesterol members (Kitayama et al., 2006).

In rabbits, the ASBT inhibitor S-8921 ([methyl 1-(3,4-dimethoxyphenyl)-3-(3-

ethylvaleryl)-4-hydroxy-6,7,8-trimethoxy-2-naphthoate]) displayed significantly de-

creased cholesterol serum levels, with a preventative e↵ect on the prognosis of

atherosclerosis (Hara et al., 1997; Higaki et al., 1998). Finally, the benzothiazepine

derived ABST competitive inhibitors 2164U90 ([(-)-(3R,5R)-trans-3-butyl-3-ethyl-

2,3,4,5-tetra-hydro-5-phenyl-1,4-benzothiazepine1,1-dioxide]) and 264W94 ([(-)-(3R,5R)-

trans-3-butyl-3-ethyl-2,3,4,5-tetrahydro-7,8-dimethoxy-5-phenyl-1,4-benzothiazepine1,1-

dioxide]), blocked intestinal BA re-absorption, stimulated hepatic biosynthesis of

BAs, and reduced LDL and VLDL plasma cholesterol levels, in both mice and rats

(Lewis et al., 1995; Root et al., 2002). Additionally, the LUM002 and Resveratrol
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ASBT inhibitors, also explicitly depicted cholesterol-lowering abilities (Xiao and

Pan, 2017).

Although moderate success in reducing cholesterol levels in animal models were

well-established, the large majority of novel ASBT inhibitors entered in human

clinical trials failed to progress past the clinical trial 1 phase, due to e�cacy

and drug dose-related side e↵ect constraints, including gallstone disease, increased

susceptibility to colon cancer, diarrhea, and hypertriglyceridemia (Zheng et al.,

2009; Dawson, 2011).

Inhibition of the ASBT transporter can lead to beneficial interventions

for Cholestasis

When the flow of bile is impeded, cytotoxic BAs are recalled and accumulated

in hepatocytes, resulting in cholestatic liver damage, fibrosis and inflammation.

Current treatments with administrations of ursodeoxycholic acid (UDCA) and/or

CA, have shown to yield limited improvements and e�cacy. Therefore, a potential

gain of hepatoprotection, via the inhibition and downregulation of both intesti-

nal and hepatic BA transporters, is of clinically pharmacological importance and

interest. Indeed, inhibition of the ASBT transporter has been investigated by

pharmaceutical companies as a novel treatment for cholestasis. The LUM001

ASBT inhibitor, directly prevents the reabsorption of BAs in the intestine, result-

ing in increased levels of their elimination in faeces. As a result, up to 80% of the

total bile acid pool was seen to be depleted, freeing up the accumulated bile acids

localised to the hepatocytes, and improving intrahepatic cholestasis. In addition,

extra-hepatic cholestasis was also seen to be improved by the inhibition of ASBT

via the S0960 inhibitor (Xiao and Pan, 2017; Slijepcevic and van de Graaf, 2017).

Inhibition of the ASBT transporter can lead to beneficial interventions

for Type II Diabetes

Diabetes mellitus (also known as type II diabetes) is categorised by an imbalance

in the production of insulin, resulting from raised levels of BA reabsorption in the

intestine (due to increased ASBT expression levels), leading to an increased pool of

circulating bile acids and raised plasma cholesterol levels. Hypercholesterolaemia

and dyslipidaemia can be regarded as downstream knock-on disorders originating

from the onset of diabetes mellitus, highlighting the seriousness of this disorder.

Inhibiting the transport function of ASBT in the ileum, prevents the reabsorption

of circulating BAs, thus stimulating the export of the enterohepatic glucagon-like

peptide-1 (GLP-1) hormone from L-enteroendocrine cells. This release promotes

increased cellular sensitivity to insulin and raised secretion levels of insulin from
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pancreatic � cells, subsequently regulating the glucose concentration levels of the

bloodstream. The GSK2330672 ASBT inhibitor is a non-absorbable and highly

potent molecule, which provides a clinically interesting therapeutic treatment for

human individuals presenting with type II diabetes (Hofmann, 2009; Xiao and

Pan, 2017; Slijepcevic and van de Graaf, 2017).

Stimulation of the ASBT transporter can lead to beneficial interventions

for Crohn’s Disease

Crohn’s disease (also known as inflammatory bowel disease), is a chronic inflam-

matory disorder of the intestines, presenting with weight loss, malnutrition and

diarrhoea. Specific inhibition of the ASBT transporter, via inflammatory cy-

tokines, has shown to be the cause for BA malabsorption and watery diarrhoea

(due to raised colonic BA levels inducing chloride channels), in patients a↵ected

by IBD. Therefore, the stimulation and increased expression of ASBT (via the

administration of glucocorticoids, for example) could help with the treatment and

maintenance of individuals su↵ering with Crohn’s disease (Xiao and Pan, 2017).
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1.6.7 Crystal Structures of the Bacterial Homologues of

the Human ASBT Transporter

The Neisseria meningitidis ASBT Crystal Structure (ASBTNM)

In 2011, Hu and colleagues successfully solved the crystal structure of the Neis-

seria meningitidis bacterial homologue of the human ASBT bile acid transporter.

Solving the structure to 2.2 Å resolution, the transporter presented with an inward-

open facing topology of ten transmembrane domains (TMDs), orientated in two

inverted structural assemblies of five TMDs respectively, with cytoplasmic amino

and carboxy termini. The two repeating units formed a flat N-terminal V-shaped

”panel” domain consisting of TM1-TM2, and TM6-TM7; and a core domain com-

prising of two essential Na+ binding sites, formed by TM3-TM5 and TM8-TM10.

In addition, a taurocholate molecule was also seen bound in an intracellular cavity.

Figure 1.16 below depicts this ten TMD topology, highlighting both the core and

panel domains, sodium binding sites and bound taurocholate.

Figure 1.16: The ASBTNM ten TMD topology. (A) Illustrated representation of TM1-TM10
of ASBTNM , coloured from red at the N-terminus to blue at the C-terminus, with Na1 and Na2
depicted as pink circles and bound taurocholate represented as a wine-red pentagon. (B) Ribbon
depiction of the ASBTNM seen in the grey plane of the membrane. Transmembrane domains
1-10 have been coloured from red at the N-terminus to blue at the C-terminus, with sodium ions
presented as pink spheres and taurocholate bound shown as a stick model. (C) Surface depiction
outlining the intracellular taurocholate binding cavity of the ASBTNM transporter.
All images were taken from Hu et al., 2011.
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Interestingly, both TM4 and TM9 domains form broken/discontinuous helices

(TM4a, TM4b, TM9a, and TM9b), which cross over each other, to form kinked

helical hairpins with TM5 and TM10, respectively. These discontinuous motifs

seem to be a common occurrence of secondary active transporters, with their

crossover also seen elsewhere in structurally unrelated transporters, including uraA

(Lu et al., 2011), NapA (Lee et al., 2013), NhaA (Lee et al., 2014b), AE1 (Arakawa

et al., 2015), UapA (Alguel et al., 2016), and SbtA (Fang et al., 2021).

As previously mentioned, both NTCP and ASBT transporters require two

Na+ ions for the successful translocation of one bile acid substrate. Within the

ASBTNM core domain, both sodium-binding sites were successfully identified,

with Na1 located between TM4b and TM5 and Na2 located at the point of the

discontinuous helices crossover of TM4a-TM4b and TM9a-TM9b. Being separated

by just 8 Å and occluded from the bulk solvent, both Na1 and Na2 associate with

the carboxylate region of Glu 260 from TM9a. Na2 additionally coordinates with

the carbonyl oxygen side chain groups of Gln 264 of TM9a and Gln 77 of TM3. The

Glu 260 residue, seen to be interacting with both sodium ions, has been shown to

be vital for transport and activity of the ASBT transporter, whilst all remaining

interacting residues are also seen to be crucially conserved among both NTCP

and ASBT transporters. Finally, the presence of Na2 seems to be essential for the

mechanic drive of the transporter, as it stabilises the association with TM4a, by

neutralising the negative dipole of TM9a (Hu et al., 2011).

The authors additionally reported on the successful uptake of taurocholate

via the ASBTNM transporter, by radioactive uptake studies, and as such were

able to model a taurocholate (TCA) molecule into the electron density of the

inward-facing hydrophobic cavity of the protein structure, formed between both

core and panel domains. The modelled TCA was orientated perpendicular to the

cell membrane, with its cholesterol ring interacting with the crossover region of the

discontinuous helices and taurine tail extending towards the intracellular opening

of the cavity. Most interestingly, amino acid residues located near this bound

bile acid have also previously been implicated in the specific binding of human

ASBT inhibitors. However, the presence of this taurocholate molecule in the

structure is only weakly bound, forming just one hydrogen bond with the ASBTNM

transporter between TM10 Asn 295 residue and 7↵-hydroxyl group taurocholate

molecule. Mutation of this amino acid residue however, significantly impacted the

translocation of taurocholate, highlighting its vital association in transport. The

taurine moiety of the bile acid is seen to be located between TM1 and TM10, with

the latter being categorically implicated in the translocation of BA substrates. In

addition, the Asn 265 residue, located between TM4b and TM9b is also suspected

to be involved in the translocation mechanism, whereby its mutation to alanine
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in ASBTNM resulted in a decreased transport activity of 80% (Hu et al., 2011).

Figure 1.17 below, highlights the crucial binding pockets explored by Hu and

colleagues for both sodium ions and taurocholate molecule.

Figure 1.17: The ASBTNM sodium and taurocholate binding sites. (A) The Na1 and Na2
binding sites and their interactions transporters residues. Na1 is octahedrally positioned with
Ser 114 and Asn 115 from TM4b; Thr 132 and Ser 128 from TM5; and Glu 260 from TM9a.
Na2 forms a square pyramidal interaction with Glu 260, Val 261, Met 263 and Gln 264 from
TM9; and Gln 77 from TM3. Both Na1 and Na2 ions have been displayed as pink spheres. (B)
The inward-facing hydrophobic intracellular cavity of the taurocholate binding site. Amino acid
residues near the BA molecule, lining the cavity are shown, representing weak interactions of
the substrate to the ASBTNM structure. The taurocholate substrate has been represented as a
stick model in the cavity.
All images were taken from Hu et al., 2011.

In order to transport bile acids and other substrates, conformational transfor-

mations from outward to inward-facing orientations must occur. The authors pro-

posed a rearrangement of the sodium binding sites, specifically at the crossover re-

gions of the discontinuous helices (TM4a-TM4b and TM9a-TM9b), to be the origin

of conformational changes driving the mechanistic alterations from outward-facing

to inward-facing assemblies. This hypothesis was founded on similar helical ar-

rangements being the driving factor for solute translocation in the sodium/proton

NhaA transporter (Lee et al., 2014b). However, as ASBTNM transports bulky

bile acid solutes, additional conformational changes are certainly likely (Hu et al.,

2011).

The generation of a predicted outward-facing model for the ASBTNM structure

was able to distinctly highlight possible alterations in the location of the panel

domain with regards to the core domain, presenting with the greatest noticeable

conformational shifts. Figure 1.18 below, outlines this putative mechanism for BA

transport.
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Figure 1.18: The proposed mechanism of ASBTNM bile acid transport. Illustration depicting
alterations to the panel domain with respect to the core domain, upon binding and translocation
of two sodium ions and one bile acid molecule from the extracellular to intracellular regions.
This image was taken from Hu et al., 2011.

Fascinatingly, although no conserved sequence identity or homology has previ-

ously been reported, the overall conformation of the ASBTNM symporter similarly

reiterated the structural architecture exhibited by the sodium/proton antiporter

NhaA (Lee et al., 2014b), thereby acknowledging en extraordinary plasticity of

transporters to exhibit common sca↵olds, whilst transporting distinctly separate

substrates (Hu et al., 2011).

To conclude, the authors proposed the architecture of the ASBTNM core do-

main to be strongly dictated by the sodium binding sites. This strongly influenced

the activity of the panel domain, which alterd its conformation, with regards to

the core domain, in order to drive the accessibility of substrate binding to the in-

ternal cavity. With the generation of this novel inward-open ASBTNM structure,

significant advances can be made to generate potent human ASBT inhibitors for

potential treatments for hypercholesterolaemia (Hu et al., 2011).
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The Yersinia frederiksenii ASBT Crystal Structure (ASBTY f)

In 2014, Zhou and colleagues successfully solved two crystal structures of the

Yersinia freriksenii bacterial homologue of the human ASBT bile acid transporter.

Sharing 40% sequence identity with the ASBTNM transporter, Zhou et al., (2014)

elucidated further the possible mechanism of transport of bile acids and Na1/Na2

molecules across the cell membrane, with specific focus on structural alterations.

These novel ASBTY f structures uncovered significant rigid-body rotations of the

substrate-binding domain, significantly a↵ecting the conserved crossover region

of the TM4a-TM4b and TM9a-TM9b discontinuous helices, thereby resulting in

altered accessibility of the transporter from both extracellular and intracellular

sides of the lipid bilayer. These altered structural conformations fundamentally

targeted the orientation and localisation of bound bile acids and sodium ions,

playing major roles in their translocation into the cytosol (Zhou et al., 2014).

Similarly to the ASBTNM structure, the 1.95 Å ASBTY f crystal structure ex-

hibited a ten transmembrane domained transporter, with a two-fold pseudosym-

metry axis, generating the conserved panel (TM1-2, and TM6-7) and core (TM3-5

and TM8-10) domains, and intracellular N- and C-terminii. As had originally been

reported in ASBTNM , the ASBTY f TM4 and TM9 domains, crucially located in

the core domain, also formed discontinuous helices and unwound at their point

of crossover. In addition, the authors also reported on four amphipathic helices

(AH1-4) localised to the interface of the bulk solution and the cell membrane

(Zhou et al., 2014). Figure 1.19 below depicts an illustration of this ASBTY f ten

transmembrane domain topology, highlighting similar architecture to ASBTNM .

Figure 1.19: The ASBTY f ten TMD topology. Illustrative diagram depicting the two-fold
pseudosymmetry representation of TM1-TM10, with the panel and core domains highlighted in
red and blue respectively. First and second inverted repeats are denoted by blue and yellow
trapezoids, respectively.
This image was taken from Zhou et al., 2014.
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The panel and core domains of the structure were seen to be orientated in

an inward-open facing, un-liganded, conformation, resulting in a large solvent-

accessible cavity from the cytosol. Indeed, access from the extracellular side was

not possible, due to strong interactions of TM2, TM7 and TM9b, sealing the

outward-facing solvent-cavity. Interestingly, although strong amino acid sequence

conservation is seen between both ASBTNM and ASBTY f structures for the Na1

(located at TM4b, TM5 and TM9a) and Na2 (located at TM4a and TM9a) binding

sites, only very weak electron density for Na2 of the ASBTY f was reported. The

authors proposed a tilt of the TM4b by 11° from the crossover region to be the

culprit for the lack of Na1 in the model, resulting in unwinding of TM1. In light of

this, both Asn109 and Ser108 residues were moved out of range to form bonding

with Na1, thereby also a↵ecting the orientation and localisation of neighbouring

amino acid residues involved in Na2 binding (Zhou et al., 2014).

In order to generate alternative structural conformations of the ASBTY f trans-

porter, Zhou and colleagues mutated the highly conserved Glu254Ala residue in-

volved in Na1 binding. A 2.5 Å E254A ASBTY f crystal structure resulted in an

outward-open facing, un-liganded, conformation of the transporter, with signifi-

cant alterations to both core and panel domains, indicating relative motion. The

authors concluded the core domain of this mutant to exhibit rigid-body rotations

of the TM4b and TM9b domains, resulting in their interface with the panel domain

to translate by 6 9Å towards the periplasm. In addition, AH2, AH4 and the TM5-6

loop were all seen to behave as hinges to enhance this rigid motion. Fascinatingly,

the TM2, TM7 and TM4b domains of this E254A mutant structure all produced

novel contacts at the intracellular side, resulting in a large solvent-accessible cavity

to form on the extracellular side, at the crossover region. However, similar to the

wild-type ASBTY f structure, this mutant structure failed to show any binding of

Na1 and/or bile acid substrates (Zhou et al., 2014).

Comparing both solvent-accessible cavities of the wild-type inward-open and

E254A outward-open facing conformations, revealed a narrow region of the core

and panel domains accessible to solvent in both structures. Specifically, this region

concerned the crossover region of the discontinuous helices as well as additional

residues strongly conserved across many ASBT homologues. Figure 1.20 below,

represents the structural di↵erences between both these inward and outward 3D

conformations for the ASBTY f transporter.

Chapter 1 Aurélien Anthony Grob 51



Structural and functional features of the SLC10 membrane protein transporters

Figure 1.20: Structural comparisons of the ASBTY f wild-type inward-open and E254A
outward-open facing conformations. (A) Cartoon representations of the wild-type (left) and
E254A mutant (right) 3D structures. Black lines roughly display the extracellular and intracel-
lular regions of the lipid bilayer. The core domain is contoured in blue and regions acting as
hinges in the E254A structure are marked in green arrows. (B) Surface cutaway representations
for the wild-type (left) and E254A mutant (right) 3D structures, outlining the intracellular and
extracellular solvent-accessible cavities. Cartoon representation of the TM4-TM9 discontinuous
helices are displayed to highlight the interface between the core and panel domains. Their re-
spective location in each structure is denoted by blue rectangular boxes.
This image was taken from Zhou et al., 2014.

The physiological relevance of this ASBTY f E254A mutant outward-facing

structure was strongly questioned and criticised, due to its elimination of Na1 and

severe crippling of the transporters functional ability. In addition, no substrate

was co-crystallised with the transporter, which is surprising considering a higher

a�nity for substrate binding is expected in outward-open conformations, although

this could be explained by the abolishment of Na1 (Zhou et al., 2014). In order to

investigate this further, Wang and colleagues introduced novel disulfide bridges to

”trap” the ASBTY f transporter in an outward-facing conformation (Wang et al.,

2021a). Neither Na+ or solute binding sites were a↵ected in the process, thereby

generating both functional and structural transporter integrity, with binding and

transmission rates of bile acids yielding similar a�nities to the wild-type protein.

These novel cysteine mutations a↵ected the panel-core domain interfaces of TM4

and TM7, respectively, but allowed for natively folded core and panel domains
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to perform natural physiological motion, until restricted by inter-domain disul-

fide cross-linking. Fascinatingly, this novel cysteine-induced outward-open crystal

structure strongly supported the E254A mutant structure obtained previously,

concluding the latter to be an accurate outward functional representation of the

ASBTY f transport cycle (Wang et al., 2021a). Figure 1.21 below, displays the

”trapped” outward-facing crystal structure as a result of disulfide cross-linking.

Figure 1.21: Novel engineered disulfide bridges ”trap” the ASBTY f transporter in an outward-
facing conformation. (A) Surface representation of the wild-type ASBTY f inward-facing struc-
ture (PDB entry 4n7w; Zhou et al., 2014) and (B) the ASBTY f E254A mutant outward-facing
structure (PDB entry 4n7x; Zhou et al., 2014). Both core and panel domains are highlighted
in blue and green, respectively. Cartoon representations of TM4 and TM7 are shown, with the
engineered Cys pairs displayed as sticks. The Y113C/P190C (Pair1) and V110C/I197C (Pair2)
disulfide bridges are displayed in orange and blue, respectively. The grey dashed lines indicate
relative positioning of the transporter structures in the lipid bilayer.
This image was taken from Wang et al., 2021a

The proposed taurocholate (TCA) binding site of the ASBTNM transporter

was seen to be accessible only from the inward-open conformation (Hu et al.,

2011). However, upon modelling to the outward-open state of the ASBTY f E254A

mutant structure, Zhou and colleagues noticed a clash of the TCA molecule in

the protein matrix, resulting in a lack of access to the periplasm (Zhou et al.,

2014). Due to distinct disagreement with the alternating-access mechanism, in

which solute translocation across a cell membrane occurs at ligand-binding sites

accessible from both intracellular and extracellular sites, via distinct structural

conformational changes, the authors suggested an alternative TCA binding site

in a lateral orientation (with the hydrophobic cholesterol ring orientated to the

hydrophobic panel domain, and hydrophilic taurine orientated to the polar core

domain), in oder to satisfy alternating access to both sides of the membrane.

In this novel configuration, the translocation of bile acids could su�ciently be

accounted for by the rigid body motion explained by the two ASBTY f crystal

structures. This TCA molecule, seen to be bound vertically in the ASBTNM
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structure, therefore likely presents an exit position rather than the substrate-

binding site (Zhou et al., 2014).

Via molecular docking, structural and functional studies, Wang and colleagues

investigated this substrate binding site in further detail (Wang et al., 2021b). Upon

solute translocation, the core domain moves relative to the panel domain, in an

elevator-like alternating access fashion. ASBT substrates are thought to bind to a

horizontal central cavity, localised between both the core (a↵ecting helices TM4,

TM5, TM9, and TM10) and panel (a↵ecting helices TM2 and TM7) domains, ac-

cessible to both sides of the cell membrane. APBS electrostatic analysis elucidated

a negatively charged region in the proximity of TM5, and a positively charged

pocket near TM10. With TCA molecules seen to interact near the TM4/TM9

crossover, the authors concluded the steroid head to interact with TM5, and the

taurine tail to associate with TM10. Fascinatingly, amino acid residues within

3.5 Å of the bound TCA molecule were localised to the core domain, associating

with the TM4, TM5, TM9, and TM10 helices, highlighting the significance of

this domain in solute translocation. More specifically, Ser104, Thr106 from TM4,

Thr130 from TM5 and Asn259 from TM9 formed strong hydrogen bonds with the

three hydroxyl regions of the steroid head, whilst Asn259, Ser260, and Gly261

from TM9, and His286 from TM10 produced hydrogen bonds with the sulfonic

region of the TCA tail (Wang et al., 2021b).

Furthermore, co-crystallisation of ligand-like acid molecules, including glycine,

citrate and sulfate, were all seen to bind in the same substrate acid tail region of

the central cavity, forming strong interactions near the TM4/TM9 discontinuous

crossover of the transporter, as well as TM10. This highlights the conservation of

this substrate binding site to both positive/negative and hydrophilic/hydrophobic

orientations, which is strongly compatible and representative in the alternating

access mechanism (Wang et al., 2021b).

The TM4/TM9 crossover region is suspected to perform conformational alter-

ations in order to accommodate di↵erently sized substrates with varying prop-

erties, and ensure their translocation across the cell membrane. Therefore, this

feature is highly important in substrate binding and translocation (Wang et al.,

2021b). Figure 1.22 below summarises this conserved ASBTY f substrate binding

site, emphasising the locations and orientations of both the head and tail bile acid

moieties.
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Figure 1.22: The substrate binding central cavity of the ASBTY f transporter. (A) Cartoon
depiction of the outward-facing ASBTY f E254A mutant structure (PDB entry 4n7x), with panel
and core domains coloured green and blue, respectively. The numbers represent corresponding
helical TMs, with the central substrate binding cavity highlighted in a red dashed oval. (B) The
substrate head and tail binding sites are displayed in the cavity and coloured by red and blue
spheres respectively. Associating amino acid residues are shown in stick form and also coloured
in red and blue, to depict corresponding head/tail interactions. Asn259 is coloured purple, as
it interacts with both the head and tail regions of bound substrates. (C) Cartoon representa-
tion displaying the binding location of the ligand-like acids near the discontinuous TM4/TM9
crossover helices. Superposition of all four outward-facing ASBTY f cysteine engineered struc-
tures (Apo, Glycine, Citrate and Sulfate), with bound ligands displayed as sticks present in the
blue coloured core domain.
All images were taken from Wang et al., 2021b.

To summarise the structural findings obtained from both ASBTNM and ASBTY f ,

from both outward (PDB entry 4n7x) and inward-facing (PDB entries 4n7w and

3zuy) conformations, figure 1.23 below, depicts the proposed elevator-style alter-

nating access mechanism for ASBT mediated bile acid translocation across the

cell membrane (Hu et al., 2011; Zhou et al., 2014; Wang et al., 2021a,b).
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Figure 1.23: The proposed elevator-style ASBTY f/ASBTNM alternating access mechanism.
(I) The outward-facing state of the transporter exposes the TM4/TM9 crossover region, allowing
for the (II) binding of Na+ to Na1 and Na2 binding sites. (III) Bile acid substrates subsequently
bind to the central cavity between panel and core domains. (IV) Structural conformation al-
terations of the TM4/TM9 discontinuous helices result in the generation of an inward-open
facing conformation, allowing for the (V) migration of the bile acid into an exit position (seen
in ASBTNM ), and (VI) subsequent expulsion of both sodium ions and bile acid substrate into
the cytoplasm, due to the low intracellular Na+ concentrations. the grey dashed line depicts
hypothetical structural states of the alternating access mechanism.
This image was taken from Zhou et al., 2014

Finally, like ASBTNM , ASBTY f also shares similar structural folds with struc-

turally unrelated transporters, including GltPh (Crisman et al., 2009), LeuT (Kr-

ishnamurthy and Gouaux, 2012), XyIE (Sun et al., 2012), NapA (Lee et al., 2013)

and NhaA (Lee et al., 2014b). The two latter Na1/H1 antiporters similarly present

with inverted pseudosymmetry repeats, forming panel and core domains with a

substrate-binding site. With the solved crystal structures of the NhaA (inward-

open state) and NapA (outward-open state) antiporters, a remarkably similar rigid

body movement of the crossover region of the core domain is required to translo-

cate protons across the cell membrane NapA (Lee et al., 2013, 2014b). Although

significant di↵erences in the size of the substrate transported are observed, the

suggested translocation mechanism for the ASBTY f structures, closely resemble

those for the NhaA/NapA antiporters (Zhou et al., 2014; Wang et al., 2021a,b).
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1.7 The SLC10A7 Orphan Transporter in Hu-

mans, Mice, Zebrafish and Yeast

1.7.1 Molecular and Phylogenetic Characterisation

SLC10A7 is characterised as an orphan transporter, meaning its translocated so-

lute to this day remains unknown. Over the past 15 years, however, exciting

research has been conducted, yielding very interesting, novel outcomes. These

reported findings are examined in greater detail below:

SLC10A7 was first classified as a membrane protein and part of the SLC10

family by Zou and colleagues in 2005 (Zou et al., 2005). A large-scale sequencing

analysis of human fetal brain cDNA yielded a novel 2706bp long sequence, termed

C4orf13. This sequence translated to a 340 amino acid polypeptide chain, entailing

a sodium bile acid co-transporter family (SBF) domain (residues 44-225), with a

topology of ten TMDs with intracellular cis orientating N- and C-terminal ends

(Zou et al., 2005). Subsequently attributed as the seventh member of the SLC10

family, it is the only member in humans to present with a ten TMDs topology

and has been localised to chromosome 4q31.2, containing 12 exons and expected

to yield a predicted molecular mass of 37.4kDa with an isoelectric point of 9.67

(Zou et al., 2005; Godoy et al., 2007).

Reverse transcription polymerase chain reaction (RT-PCR) analysis revealed

C4orf13 to be widely expressed in human tissues: with high expression observed

in the liver and lung; moderate expression seen in the spleen, kidney, thymus

and placenta; and low expression detected in the testis, heart and prostate. The

highest expression of C4orf13 was found to be in the liver, suggesting a potential

role in liver function, which would correspond well with the classification of this

protein as a member of the sodium bile acid co-transporter family (Zou et al.,

2005).

In 2007, Godoy and colleagues were able to examine further the molecular and

phylogenetic properties of the SLC10A7 membrane protein (Godoy et al., 2007).

Among mice and rats, SLC10A7 was also found to be expressed broadly across

several tissues including the small intestine, liver, lung, brain, colon, adrenal gland

and heart, but a lack of expression in skeletal muscle was also witnessed. In adult

humans, the highest mRNA expression was identified in the liver and testis; and

in frogs, expression of SLC10A7 was solely localised to the spleen, small intestine

and skeletal muscle (Godoy et al., 2007).

To investigate potential substrates involved in transport, SLC10A7 membrane

protein transport studies were conducted in both Xenopus laevis oocytes and
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HEK293 cells. Using NTCP (SLC10A1) as a positive control, a lack of transport

activity of multiple bile acids and steroid sulfates (including cholate/cholic acid

(CA), taurocholate/taurocholic acid (TCA), glycocholate/glycocholic acid (GCA),

chenodeoxycholate/chenodeoxycholic acid (CDCA), dehydroepiandrosterone (DHEAS),

estrone-3-sulfate (E3S) and pregnenolone sulfate (PS)) were reported in SLC10A7

expressing cells; further highlighting the classification of this SLC10A7 member

as an orphan transporter (Godoy et al., 2007).

Human and rat SLC10A7 proteins yielded a strong SDS-PAGE separation of

molecular weight bands at 27kDa, and a further fainter band at 54kDa. This lat-

ter band most likely depicts a dimeric complex rather than a glycosylated state,

since a lack of N-linked or O-linked glycosylation sites were identified. However,

in comparison to amino acid sequence prediction programmes reported by Zou et

al., 2005, this monomeric 27kDa molecular mass band was significantly smaller

than the reported 37.4kDa. This change can be accounted for as a result of the

hydrophobic features of membrane proteins, whereby >60% amino acid residues

are localised to the ten transmembrane ↵ helical domains, causing a 60-75% mi-

gration of the protein’s predicted molecular weight on SDS-PAGE (Zou et al.,

2005; Godoy et al., 2007).

Being expressed among humans, rats, mice and frogs, an overall SLC10A7

amino acid sequence identity of >85% was identified. Typically, SLC10 members

are seen to be taxonomically restricted to vertebrate species, however, it was

identified that SLC10A7 also existed in vertebrates, bacteria, yeast and plant

species, making this member the most widespread taxonomical membrane protein

transporter of the SLC10 family. In addition, sequence identity of >20% was

exhibited between vertebrate and bacterial SLC10A7 proteins, which increased to

60% when filtering for highly conserved residues and sequence domains in TMDs

5, 7, 9, and 10. This was significantly greater than any other sequence identity

observed between SLC10A7 and any other SLC10 member (SLC10A1-SLC10A6)

(Godoy et al., 2007).

Finally, a phylogenetic tree revealed SLC10A7 to cluster independently of the

remaining SLC10 members (SLC10A1-SLC10A6), showing sequence identities of

>20% within each branch and <15% between each branch. This further ac-

knowledges the atypical attributes of this newly identified SLC10 family member,

highlighting fundamental di↵erences in tissue expression, transporter function,

membrane topology and genomic organisation (Godoy et al., 2007).
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1.7.2 SLC10A7 in Humans

From the years 2018-2020, further research into the possible functional roles of

SLC10A7 have been suggested and successfully investigated among several re-

search groups:

In 2018, Dubail and colleagues identified five unique novel homozygous muta-

tions in the SLC10A7 gene, consequently leading to the phenotypic presentation

of skeletal dysplasias (SD) with multiple dislocations, as well as amelogenesis im-

perfecta (AI). These deficiencies resulted in disruptions in intracellular calcium

homeostasis and defective biosynthesis of the glycosaminoglycan (GAG) mecha-

nism (Dubail et al., 2018).

Also in 2018, Ashikov and colleagues further classified this novel SLC10A7

protein, highlighting its unique involvement in the tra�cking and sorting of gly-

coproteins and proteoglycans from the Golgi to the extracellular matrix, outlining

fundamental roles in both bone mineralization and Golgi homeostasis. After the

profiling of unique genomic and glycomic signatures of plasma glycoproteins in

human individuals with hybrid variant N-glycans, two additional novel heterozy-

gous mutations in SLC10A7 were uncovered, which resulted again in the severe

phenotypes of AI and SD (Ashikov et al., 2018).

Later, in 2019, Laugel-Haushalter and colleagues, additionally analysed a novel

SLC10A7 mutation which led to a milder and less grievous display of SD with AI

(Laugel-Haushalter et al., 2019).

Most recently, in 2020, Karakus and colleagues outlined a possible novel mech-

anistic molecular role of SLC10A7 on the calcium homeostatic pathway in humans

(Karakus et al., 2020).

The Reported Human SLC10A7 Mutations

The five newly identified homozygous SLC10A7 mutations uncovered by Dubail

and colleagues, included two splice site deficiencies (at exon 9 (donor site) and

10 (acceptor site)); two missense substitution mutations in exon 3 (Leu74Pro)

and 4 (Gly130Arg); and a premature stop codon in exon 7 (Gln172*). Three

of the five gene disruptions led to null alleles, including both splice sites and

premature stop codons. Both missense mutations led to severe SLC10A7 encoding

disruptions including TM3 from a highly conserved amino acid missense mutation

at Leu74Pro; and a non-specific protein domain from a highly conserved amino

acid residue at Gly130Arg (Dubail et al., 2018).

Ashikov and colleagues additionally reported on two novel heterozygous SLC10A7

mutations, including a paternal genetic variant of a splice accepter site, resulting

in the skipping of SLC10A7 exon 9, leading to a frameshift mutation of 29 amino
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acid residues forming a premature stop codon (Ile241Arg*). A maternal missense

mutation (Gly112Asp), causing a disruption in the hydrophobicity of TM4, and

its deletion entirely (as predicted by TMHMM (Krogh et al., 2001)), was also

discovered (Ashikov et al., 2018).

Moreover, Laugel-Haushalter and colleagues located a homozygous missense

mutation (Pro303Leu) a↵ecting exon 11, corresponding to TM10 of the SLC10A7

membrane transporter. This mutated proline residue was highly conserved among

both vertebrate and non-vertebrate species, and its mutation to leucine was pre-

dicted to be both deleterious and disease causing by PPH2 (Adzhubei et al., 2010)

and SIFT (Vaser et al., 2016) prediction programmes respectively. This was the

first variant to be identified residing towards the end of the protein amino acid

sequence, providing a possible explanation for a milder display of AI with SD in

the a↵ected individual (Laugel-Haushalter et al., 2019).

Finally, certain individuals presented with a complete lack of SLC10A7 cDNA

expression, resulting in the complete loss of function of the SLC10A7 transporter

(Ashikov et al., 2018).

A summary of these hSLC10A7 mutations are depicted in table 1.3 below.

Table 1.3: The eight reported novel human SLC10A7 mutations/variants.
N/A: Not Available, *: Premature Stop Codon
Table summarised and created from findings reported in Dubail et al., 2018; Ashikov et al., 2018;
Laugel-Haushalter et al., 2019.

Nucleotide
Mutation

Status Protein
Mutation

Location Reference

1 c.773+1G>A
(Exon 9 skipping)

Homozygous N/A Intron 9 Dubail et al., 2018

2 c.774-1G>A
(Exon 9+10 or 10
skipping)

Homozygous N/A Intron 9 Dubail et al., 2018

3 c.221T>C Homozygous Leu74Pro
(L74P)

Exon 3 Dubail et al., 2018

4 c.335G>A Heterozygous Gly112Asp
(G112D)

Exon 4 Ashikov et al., 2018

5 c.388G>A Homozygous Gly130Arg
(G130R)

Exon 4 Dubail et al., 2018

6 c.514C>T Homozygous Gln172*
(Q172*)

Exon 7 Dubail et al., 2018

7 c.722-16A>G
(Exon 9 skipping)

Heterozygous Ile241Arg*
(I241R*)

Intron 8 Ashikov et al., 2018

8 c.908C>T Homozygous Pro303Leu
(P303L)

Exon 11 Laugel-Haushalter
et al., 2019
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The Phenotypic Presentations of SLC10A7 Mutations in Humans

As a result of the specific SLC10A7 gene aberrations mentioned above, all a↵ected

patients developed severe phenotypes, including but not limited to: evolved carpal

and tarsal bone ossification; altered vertebrae; pre- and postnatal short stature;

spinal hyperlordosis; dislocated large joints; shortened long bones; facial dysmor-

phisms; below average intellectual retardation; abnormal head, spine and skele-

ton shape and sizes; luxation of knees; microretrognathia; SDs; monkey wrench

display; moderate hearing disabilities (bilateral hypacusis); joint laxity; small epi-

physes; altered cartilage and bone formation (reduced bone mineralisation (os-

teoporosis)) in the femoral neck and proximal femur; and severe disruptions in

cardiac, respiratory and neurological systems. Furthermore, all patients su↵ered

from a conserved hypomineralized/hypoplastic AI disorder, which presented with

rough surfaced yellow-brown teeth and brittle/soft enamel (due to a disruption

in enamel formation), with shortened and widely-spaced tooth crowns, exhibiting

microdontia. Protruded incisors, a narrowed pharygeal tract and a lingual dys-

function were additional traits observed (Dubail et al., 2018; Ashikov et al., 2018;

Laugel-Haushalter et al., 2019).

Additional debilitating disorders, specific to only certain individuals, included

myopia gravis; chronic malabsorption; genua valga; long philtrum; submucous

cleft palate; phimosis; mandibular hypoplasia; bilateral coxa valga; webbed neck;

progressive scoliosis and kyphoscoliosis; round face; microetrognathia; dolicho-

cephaly; brittle hair; short neck, nose and limbs; horizontal acetabulum; intra-

uterine and postnatal growth retardation; hypermetropia; strabismus convergens;

brachymetacarpia; clubfeet; short tubular bones; macrocephaly; ptosis; sepsis;

small thorax; inguinal hernia; flat face; large lilac wings; micrognathia; brachy-

dactyly and rhizomelia hands and feet; cervical stenosis; hypoplastic ribs; femoral

necks and clavicles; hypertelorism; joint hypermobility; prognathism; astigmatism;

ballooned vertebral bodies; blue sclerae; short neck; pedes planovalgi; prominent

eyes; pectus excavatum; and glaucoma (Ashikov et al., 2018; Laugel-Haushalter

et al., 2019).

Figure 1.24 below outlines some of the above mentioned disastrous SLC10A7

deficient human phenotypic attributes.
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Figure 1.24: Mutations in human SLC10A7 result in severe phenotypes, including the de-
velopment of skeletal dysplasias (SD) and amelogenesis imperfecta (AI). (A and B) Intra-oral
photography highlighta detrimental disruptions in enamel formation (hypomineralised AI) and
reduced tooth development, leading to the appearance of rough surfaced yellow-brown teeth
in two separate 9 year old patients. (C) Spinal X-ray of a 1 month old patient presenting a
curved spine with coronal clefts (arrow). (D and E) Radiographs of 9 (D) and 31 (E) year old
individuals, displaying progressive scoliosis and severe right convexity thoraco-lumbar scoliosis,
respectively (arrows). (F-H) Hand x-rays of 3 (F) and 4 (G) year old patients, and feet of a 9
year old patient (H), all displaying evolved and progressed carpal and tarsal ossification (arrows)
This figure was generated from images included in Dubail et al., 2018 (A, C and F), Ashikov et
al., 2018 (E), and Laugel-Haushalter et al., 2019 (B, D, G and H).

Disruptions in Protein Glycosylation and Glycosaminoglycan (GAG)

Biosynthesis

In human cells, SLC10A7 has been observed to be localised to the cell membrane

and Golgi secretory pathway, housing delicate molecular machinery for protein

glycosylation processes. Specifically, SLC10A7 co-localised with cis-, medial- and

trans Golgi markers, expanding on a fundamental association on post-Golgi vesic-

ular transport of proteins involved in the evolution of bone and skeletal tissues, as

well as a vital role in the mineralisation and regulation of the extracellular matrix

(Ashikov et al., 2018).

Whereas perinuclear Golgi fluorescence was almost entirely localised to the

biological cell membrane in control fibroblasts; fibroblasts exhibiting disturbed

SLC10A7 expression barely flagged any fluorescence in the plasma membrane and

instead were more prominently expressed in the intracellular membranes of the

Golgi and vesicles. In SLC10A7 dysfunctional fibroblast cells, these findings sug-

gest an aberration in the post-Golgi transport of glycoproteins in the secretory

pathway (Ashikov et al., 2018).
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In SLC10A7 mutated patient fibroblasts, a cytosolic mislocalisation of specific

glycoproteins was identified, as well as an altered post-Golgi tra�c of glycopro-

teins to the plasma membrane. These mutations were discovered to disrupt var-

ious stages of the N-glycosylation process of proteins, including a remodelling of

glycans, leading to truncated, aberrant, N-glycoprotein structures. As a result

this, there was an increase of truncated glycan levels lacking GlcNAc, as well as

high-mannose glycans. Sialylation levels however, were decreased, even though no

obvious deficiency in e�cacy was discovered (Ashikov et al., 2018; Dubail et al.,

2018).

Dubail and colleagues also identified novel disruptions to the SLC10A7 gene

which led to alterations in the biosynthesis of GAGs. Although there were no real

di↵erences in the complete GAG levels observed in both control and SLC10A7

disrupted fibroblast samples, mutated SLC10A7 patients reported 2-fold lower

heparan sulfate (HS) levels, which were also similarly reported in Slc10a7 -/- mice,

presenting with 2.5-fold lower levels in the cartilage. The patterns of sulfation,

as well as chain length, of these HS proteins, were seen to be una↵ected in both

Slc10a7 -/- and Slc10a7 +/+ mice, indicating that Slc10a7 -/- mice fundamentally

result in alterations only to the production of HS proteins. Finally, chondroitin

sulfate (CS) intensity in growth plates of Slc10a7 -/- and wild type controls, showed

no di↵erences. However, reduced homogenous levels in chondrocytes were noted

in Slc10a7 -/- mice (Dubail et al., 2018).
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1.7.3 SLC10A7 in Mice

The Phenotypic Presentations of SLC10A7 Deficient Mice

In mice, SLC10A7 mRNA was identified in all evolving stages of skeletal tissues,

including the cartilage and growth plates in long bones. From early embryonic

(E12.5) to postnatal (P0) stages, SLC10A7 was expressed in a multitude of lo-

cations including the heart trabeculae; cartilage; mandible; digits; spine; lung;

epithelium of vertebrae; growth plate; incisors and molars; humerus and femur;

chondrocytes; ossifying bones and teeth; oral mucous membrane; inner and outer

dental epithelium cells; and ameloblasts and odontoblasts of developing teeth.

Fascinatingly, analogous expression patterns were also observed in humans with

specific SLC10A7 mRNA expression located in the heart, vertebrae, and cartilage

of long bones; representing conserved localisation of SLC10A7 expression between

vertebrate species (Dubail et al., 2018; Laugel-Haushalter et al., 2019).

Comparing mice born with an Slc10a7-/- double homozygous mutation to wild-

type littermates highlighted the former to express considerably smaller morpholo-

gies, with lowered overall body mass and dysmorphic faces, including rounded

heads and reduced naso-occipital attributes. Hindfeet were also smaller and pre-

sented with increased levels of evolved ossification. Although there were no pres-

ence of large joint dislocations, the lengths of frontal, nasal and occipital bones

of the skull were significantly reduced, leading to detrimental reductions in the

volume of all dental anatomical structures, including the incisors, mandible and

molars, all seen to be missing the aprismatic external enamel layer. Furthermore,

hypoplastic areas were also reported in the external prismatic enamel layer. How-

ever, although serious deficiencies have been reported, interestingly, no decrease

in the thickness of enamel was observed, when again compared to wild-type lit-

termates (Brommage et al., 2014; Dubail et al., 2018).

Figure 1.25 below highlights some of the above mentioned SLC10A7 deficient

mouse phenotypic attributes.
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Figure 1.25: Slc10A7-/- double homozygous mice mutations result in skeletal dysplasias with
skull aberrations. A) Naso-occipital lengths and body weight measurements of Slc10a7+/+,
Slc10a7+/- and Slc10a7-/- mice at 8 weeks, illustrating a much smaller body and more rounded
skull of the Slc10a7-/- phenotype. B) Skull width and length of 8 week old mice expressing
Slc10a7+/+, and Slc10a7-/- phenotypes. Slc10a7-/- mice skulls and bodies are considerably
smaller and present with reduced elongation compared to the Slc10a7+/+ phenotype.
This figure was generated from images displayed in Dubail et al., 2018.

Moderate SDs, ligamentous laxity, and reduced bone mass with shortened

limbs were also noted. Long-bone microarchitechture was also deformed in mice

lacking the SLC10A7 gene. These mice developed shorter and thicker long bones

when compared to wild-type littermates. Enlarged distal condyles, shorter necks

and prominent proximal trochanters were also exhibited by Slc10a7-/- femurs,

as well as thinner growth plates. Since both the bone growth and growth plate

of Slc10a7-/- mice were disrupted, the authors suggested distinct aberrations of

the compositions of the extracellular matrix to be possible culprits; most probably

resulting from reduced collagen and/or proteoglycan levels (Brommage et al., 2014;

Dubail et al., 2018).

Figure 1.26 below displays some of the above mentioned SLC10A7 deficient

mouse phenotypic attributes.
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Figure 1.26: Mice with disrupted SLC10A7 genes portray long-bone micro- and macrostructure
degenerations. A) A 3D reconstruction of femurs from 8-week old mice. Slc10a7-/- mice femurs
strongly exhibit thicker and shortened lengths in comparison to their wild-type counterparts.
B) A 3D section of distal femur metaphyses from 8-week old mice exhibiting both Slc10a7+/+
and Slc10a7-/- gene phenotypes. Again, significant di↵erences in the width of the femurs are
observed.
This figure was generated from images displayed in Dubail et al., 2018.
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1.7.4 SLC10A7 in Zebrafish

The Phenotypic Presentations of SLC10A7 Deficient Zebrafish

Investigating SLC10A7 disruptions in zebrafish, reiterated the same phenotypes

seen in human individuals, especially SDs. Here, Ashikov and colleagues identified

a key association of SLC10A7 in developing bone mineralisation and cartilage, as

well as the regulation of glycosylation, by motivating the transport of glycoproteins

and proteoglycans to the extracellular matrix (Ashikov et al., 2018).

Zebrafish slc10a7 gene morpholino morphants, a↵ecting the donor site of exon

2 of the solute carrier transporter, were created. Compared to control wild-typed

zebrafish, morphant zebrafish injected with 8 and 12 ng/nl slc10a7-sp, exhibited a

downwards bend of the teeth cartilage. In 12 ng/nl injected slc10a7-sp morphant

zebrafish, a detrimental display of whole-bodied edema, curved eyes and tail, and

a decreased head size were reported (Ashikov et al., 2018).

The subsequent addition of Alcian blue stain, highlighting GAG expression,

depicted a complete loss of cerathobranchial four and decreased levels of Meckel’s

cartilage in morphant slc10a7-sp injected zebrafish. Alizarin red stain was also

added, outlining tissue calcium deposits, and presented a loss of operculum and

palate cartilage, decreased cerathobranchial 5, cleithrum, entopterygoid and no-

tochord levels; and widened palatal skeleton, in 8 ng/nl injected morphants. In

higher dosed 12 ng/nl slc10a7-sp injected zebrafish morphants, no noticeable bone

mineralisation was identified (Ashikov et al., 2018).

Figure 1.27 below displays some of the above mentioned SLC10A7 deficient

zebrafish phenotypic attributes.
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Figure 1.27: 6dpf embryo zebrafish, deficient in slc10a7, present with severe skeletal pheno-
types. slc10a7-sp morpholino morphants and a control morpholino were injected with Alcian
blue stain at 8 and 12 ng/nl. (A-C) Lateral view of complete embryo. (A’-C’) Lateral view
close-up of head. (A”-C”) Anterior view close-up of head. (A”’-C”’) Dorsal view close-up of
head.
This figure was taken from Ashikov et al., 2018.
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1.7.5 SLC10A7 in Yeast

A primary physiological and functional role of the SLC10A7 transporter in the

regulation of intracellular calcium homeostasis was first proposed by Jiang and

colleagues in 2012 (Jiang et al., 2012) regarding a Candida albicans SLC10A7

transporter homologue: Rch1p. In 2016, Zhao and colleagues reiterated the same

physiological presentation in Saccharomyces cerevisiae (Zhao et al., 2016).

The RCH1 (regulator of Ca2+ homeostasis 1) gene, contains a 411/434 amino

acid protein with 33.7% sequence identity to human SLC10A7 and is charac-

terised by ten TMDs with a cis-facing intracellular localisation of both N- and

C-termini. This protein is homologous to SLC10A7 and similarly localised to the

cell membrane (Jiang et al., 2012; Zhao et al., 2016).

An amino acid sequence alignment plot depicted below in figure 1.28 analyses in

greater detail the significant similarities and di↵erences of these novel C. albicans

and S. cerevisiae SLC10A7 yeast homologues. Here, detailed comparisons to the

human NTCP, ASBT and SLC10A7 members, as well as the crystallised bacterial

ASBTNM and ASBTY f homologues, show an overall strong conservation of amino

acid residues, albeit significant di↵erences in residues involved in the binding of

sodium ions to the crystallised bacterial ASBT members are also present.
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Figure 1.28: RCH1 C. albicans and S. cerevisiae bacterial homologues; human NTCP, ASBT
and SLC10A7; and ASBTNM and ASBTY f bacterial homologues multiple sequence alignment.
Respective amino acid sequences were analysed in Jalview (Waterhouse et al., 2009), and specif-
ically aligned with Clustalx (Larkin et al., 2007) and MuscleWS (Edgar, 2004). The established
ASBTNM transmembrane (TM) domains (as previously reported by Hu et al., 2011) are pre-
sented above the sequences in cylinders, depicting the structural TM1-TM10 domains from the
N-terminal (blue) to C-terminal (red). Na+ binding site amino acid residues, implicated for Na1
and Na2, are depicted in red and black boxes, respectively.
Clustalx (Larkin et al., 2007) notation of residues: Blue: Hydrophobic, Red: Positive charge,
Magenta: Negative charge, Green: Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines,
Cyan: Aromatic, and White: Unconserved.
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Typically, in yeast cells, low Ca2+ cytosolic concentrations are regulated via

Ca2+ sequestrators and transporters (such as the Vcx1p Ca2+/H+ exchanger and

Pmc1p pump), located in the cell and organelle membranes. However, when in-

tracellular concentrations of Ca2+ are too elevated, cells respond to this stress by

activating the Ca2+/calcineurin signalling pathway. This regulation of internal

Ca2+ concentration is imperative to a multitude of cellular systems (including cell

survival, morphogenesis, cell growth, antifungal drug tolerance, and virulence),

whereby highly unregulated levels are extremely toxic and detrimental to cell sur-

vival. Therefore, an e↵ective and crucial auto-regulatory system is necessary to

e�ciently coordinate and maintain calcium homeostasis (Jiang et al., 2012).

Through mutational gene knockout studies, it was seen that a complete ho-

mozygous mutation in RCH1 resulted in increased hypersensitivity of C. albicans

cells to high extracellular concentrations of Ca2+, as well as an increased tolerance

to Li+ and azoles/antifungals (including econazole, fluconazole, terbinafine, keto-

conazole, clotrimazole and voriconazole). However, these cells became susceptible

to nystatin, amphotericin B and the cell wall perturbing SDS. This gene deletion

disturbs the complex calcium homeostasis mechanism, by which cells become in-

creasingly prone to Ca2+ influx, leading to increased levels of uptake and thereby

greater accumulation of cytosolic Ca2+ levels. Further investigations deduced no

alterations to the rate of elimination of intracellular Ca2+ levels, and could be

explained by significant increases in Ca2+ influx across the plasma membrane of

Rch1p homozygous mutants (Jiang et al., 2012).

Furthermore, these increasing levels of intracellular Ca2+ resulted in the acti-

vation of the Ca2+/calcineurin mechanism. This phenomenon was observed when

a lack of RCH1 resulted in an increased expression of CaUTR2 (a downstream

member of the signalling pathway), as a consequence of a greater accumulation

of extracellular Ca2+. However, upon addition of cyclosporin A (a specific in-

hibitor of calcineurin), Ca2+ hypersensitivity, caused by the deletion of the RCH1

gene, was entirely abolished. Similarly, addition of magnesium ions (Mg2+) also

reiterated this same response (Jiang et al., 2012).

Interestingly, Jiang and colleagues also showed both TM9 and TM10 do-

mains of the Rch1p protein not to be essential to the subcellular localisation

and salt/drug sensitivity of the transporter. TM8, however, was shown to be cru-

cial in the stabilisation, cellular function and subcellular localisation of Rch1p,

but required the support of other TMDs to achieve this successfully (Jiang et al.,

2012).

It is very unlikely for Rch1p to be involved in Ca2+ e✏ux and instead has been

suggested by Jiang and colleagues to play a critical role as a negative regulator

of the Ca2+ influx mechanism, in which an e�cient feedback inhibition of Ca2+
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influx is initiated upon increasing extracellular Ca2+ levels. This is the very first

evidence for such a role from a homologous SLC10A7 protein, thereby expanding

the functional attributes of the SLC10 carrier family (Jiang et al., 2012).

In C. albicans, there are a minimum of two Ca2+ influx systems: the low-

a�nity Ca2+ uptake system (LACS); and the high-a�nity Ca2+ uptake system

(HACS - involving the Mid1p and Cch1p Ca2+ channels). Alber and colleagues

in 2013 (Alber et al., 2013) investigated in greater detail the possible functional

associations of Rch1p with both these Ca2+ influx processes.

CaCch1p is a major member of the HACS process and therefore of interest to

assess if any association with Rch1p is present/possible. Upon further research, it

was identified that CaRch1p failed to associate with CaCch1p in a functional man-

ner. Therefore, Alber and colleagues stated the CaRch1p to maintain Ca2+ home-

ostasis via an independent fashion to CaCch1p and hence, suggested CaRch1p to

be a novel negative regulator of Ca2+ homeostasis, playing a key role in the LACS,

rather than the HACS system (Alber et al., 2013).

Furthermore, in the LACS system of S. cerevisiae, Ca2+ influx was demon-

strated to be abolished by the addition of low extracellular Mg2+ concentrations

(Muller et al., 2001; Cui and Kaandorp, 2006). Since the Ca2+ hypersensitivity

of Candida albicans cells lacking the RCH1 gene is also entirely reversed and re-

vitalised when Mg2+ is introduced (Jiang et al., 2012), this outlined additional

evidence supporting a significant correlation of Rch1p associating with the LACS

system (Alber et al., 2013; Zhao et al., 2016).

An overview of both these systems in C. albicans and possible functional as-

sociations of Rch1p in maintaining Ca2+ homeostasis is illustrated in figure 1.29

below.
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Figure 1.29: The proposed role of Rch1p in maintaining Ca2+ homeostasis in C. albicans.
1) Negative regulation of Ca2+ influx through the LACS system.
2) Deletion of Rch1p leads to greater uptake of Ca2+.
3) The Ca2+/calcineurin process is initiated upon cytosolic accumulation of Ca2+.
4) Extracellular Mg2+ inhibits the influx of Ca2+ and can reverse the hypersensitivity to Ca2+

following deletion of the RCH1 gene.
5) rch1/rch1 homozygous double mutation leads to increased cytosolic Ca2+ influx, but also
increases tolerance to well established antifungals and azoles.
Ca2+ extrusion is vital to cell survival in an over-abundnace of intercellular Ca2+ levels. Low
Ca2+ concentrations are maintained via the Vcx1p Ca2+/H+ exchanger and vacuolar Pmc1p
Ca2+ pump in C. albicans cells; and the Spf1p and Pmr1p P-type Ca2+ ATPases in the ER and
Golgi.
This figure was taken from Alber et al., 2013.

Evidence for a direct/indirect involvement of Rch1p on the regulation of cal-

cium homeostasis and interaction with specific targets are unfortunately not yet

identified, and as of present speculative. As such, an in-depth understanding of

the molecular mechanism of action for this SLC10A7 homologue in yeast is not

currently provided.

Chapter 1 Aurélien Anthony Grob 73



Structural and functional features of the SLC10 membrane protein transporters

1.7.6 SLC10A7 is a Negative Regulator of Intracellular

Calcium Signalling in Non-excitable Eukaryotic Cells

In eukaryotic cells, Ca2+ is regarded as being one of the most adaptable secondary

messengers involved in a multitude of cellular systems, including vesicle exocytosis,

gene expression, muscle contraction and cell growth/proliferation. Compared to

excitable cells (where Ca2+ influx is exhibited by voltage-gated calcium channels),

non-excitable cell Ca2+ intake is operated through a store-operated calcium entry

(SOCE) mechanism, mediated by calcium release-activated channels of the cell

membrane (Karakus et al., 2020).

Two well established SOCE members exist, including the canonical transient

receptor potential (TRPC) and Orai1 channel proteins. The latter is involved

in the activation and transport of stromal interaction molecules (STIM1), and

shares a similar function to TRPC behaving in both a STIM1-independent and/or

-dependent fashion. In reaction to a depletion of Ca2+ levels in the endoplasmic

reticulum (ER), SOCE calcium channels are stimulated to open. This initiates

the intracellular release of Ca2+ stores and activates STIM1 (the ER Ca2+ sensor),

which forms a complex association with Orai1 to form a strong and stable selectiv-

ity for Ca2+ binding. This STIM-Orai complex is stabilised by the CRAC regulator

2A channel (CRACR2A); and inactivated by the SOCE-associated regulator fac-

tor (SARAF), inhibiting the intracellular intoxication of the cell as a result of too

great an increase in Ca2+. Finally, refilling of Ca2+ stores and a return to normal

calcium homeostasis levels, results in a negative feedback regulation mechanism,

which deactivates SOCE channel proteins (Karakus et al., 2020).

In order to regulate low resting cytosolic calcium levels, the sarcoplasmic/endoplasmic

reticulum (SR/ER) ATPase (SERCA) is equipped in translocating Ca2+ from the

cytosol to SR/ER lumen. The regulation of this transporter is exhibited by the

extracellular signals and cellular needs of sarcolipin and phospholamban proteins,

which when activated, lower the calcium a�nity of SERCA (Karakus et al., 2020).

Through the generation of SLC10A7 overexpressing (HEKP7+tet), knockout

(HAP1-KOP7) and wild-type control (HAP1) cell lines, Karakus and colleagues

successfully discovered a negative correlation and suppression of this SOCE path-

way with positive SLC10A7 expression. Cytosolic calcium signals, as well as intra-

cellular calcium influx and uptake, were significantly decreased in the presence of

an overexpression of SLC10A7, compared to control and SLC10A7 knockout cell

lines. In contrast, deletion of this SLC10A7 gene, led to a greater total amount of

intracellular calcium ions, when compared to control cells (Karakus et al., 2020).

Fascinatingly, the authors also uncovered strong individual colocalisation as-

sociations between SLC10A7 and SERCA2, STIM1 and Orai1, of which STIM1-
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SLC10A7 showed the greatest intensity. In light of this, the consensus was that the

overexpression of SLC10A7 hindered the SOCE mechanism, leading to disrupted

uptake and removal of Ca2+, via a possible deactivation and inhibition of Orai1,

SERCA2 and/or STIM1. However, evidence for a direct/indirect association of

SLC10A7 (and specific molecular mechanism of action) with the previously men-

tioned SOCE members remains unclear, and requires further experimental testing

(Karakus et al., 2020).

Previously identified SLC10A7 mutations (from Dubail et al., 2018, Ashikov

et al., 2018, and Laugel-Hauschalter et al., 2019), including the point mutations

L74P, G112D, and G130; and the exon skipping variants 9, 9+10 and 10, expressed

in HEK293 cells, failed to show any inhibitory action on the influx and uptake of

calcium ions, compared to SLC10A7 overexpression, outlining a loss of function

in the transporter as a result of severe genomic and protein disruptions.

Figure 1.30 below displays a possible molecular association of SLC10A7 on the

SOCE mechanism, as described above.

Figure 1.30: The proposed molecular mechanism of calcium signalling in non-excitable eu-
karyotic cells. The stimulation and activation of IP3 and G protein-coupled receptors (GPCR),
initiates the IP3 receptor (IP3R), resulting in the depletion of ER Ca2+ stores. Depletion is
also achieved via ionomycin and TG, albeit by separate mechanisms entirely. STIM1 senses the
sudden decline in ER calcium levels and oligomerises to form a complex association with Orai1,
initiating store-operated calcium entry (SOCE) channel opening. SERCA ATPase transporters
pump Ca2+ back in the ER, thereby refilling the calcium stores. It is proposed SLC10A7 neg-
atively regulates Orai1, SERCA2 and/or STIM1 through a direct protein-protein interaction,
though this has not been experimentally observed.
TG: SERCA inactivator; BTP-2: SOCE inhibitor.
This figure was taken from Karakus et al., 2020.
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1.7.7 Other Possible Functional Roles of the SLC10A7 Trans-

porte in Humans

Inverted Insertional Translocation of Chromosomes in Hypergonadotropic

Hypogonadism

Tzschach and colleagues reported on a chromosomal aberration in a 30 year old

male patient, presenting with azoospermia (impaired spermatogenesis) and pri-

mary hypergonadotropic hypogonadism. This patient su↵ered from primary tes-

ticular dysfunction; elevated luteinizing (LH) and follicle-stimulating hormones

(FSH), and low serum testosterone levels. Further investigation revealed a non-

reciprocal inverted insertional (inv ins) translocation of chromosome 4q28.3q31.22

into chromosome 2p24. A breakpoint-spanning clone was additionally identified

in chromosome 4q31.22 coding for the genes LSM6 and SLC10A7 (Tzschach et al.,

2009).

Chromosome breakpoints can a↵ect genes in one of two ways: they can either

interfere with associated genes directly, or initiate the expression of neighbouring

genes. This chromosome aberration therefore highlights a new gene locus respon-

sible for primary hypogonadism in either 2p24 or 4q28-31, a↵ecting three specific

genes (PCDH10, LSM6 and SLC10A7), all of which still remain elusive in their

functional roles and involvement in associated diseases (Tzschach et al., 2009).

Alternative Splicing Events in Colorectal Cancer

Recent research has established a strong link in aberrant alternative splicing (AS)

events leading to the formation, pervasion and advancement of cancers. However,

regarding colorectal carcinogenesis, these events remain evasive. In 2018, Liu

and colleagues uncovered specific genes (SLC10A7, NOL8, PPAT, ALDH4A1 and

PSMD2) associated in AS events, playing critical roles in the carcinogenesis and

evolution of colorectal cancer (Liu et al., 2018).

Typically, AS genes lead to multiple transcripts, frequently entailing specific

proteins with aberrant and sometimes opposite functional abilities. Under normal

conditions, these AS events result in specific protein isoforms to be involved in

complex biological mechanisms. However, if disturbed, specific tumour cells can

produce disordered proteins with distinctly di↵erent functional abilities, resulting

in tumourgenesis (Liu et al., 2018).

Regarding SLC10A7, Liu and colleagues identified an alternate terminator AS

event, resulting in a di↵erent terminating exon to be encoded. It is unclear how

this is involved in the development to colorectal cancer, but is assumed to lead to

a disruption in the formation of the cytoskeleton and/or adhesion of cells. Most
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commonly, AS events leading to these disruptions have previously been regarded

to be essential hallmarks of cancers. Therefore, these novel aberrant AS events

and their associations in colorectal cancer will provide critical insights into their

complex initiation and development, as well as provide specialised therapeutic

targets (Liu et al., 2018).
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1.8 Aims and Objectives

The major aims and objectives of this PhD study are outlined in greater detail

below:

• Primary aim: To solve the 3D X-ray crystal structures of the ASBT

and SLC10A7 bacterial orphan transporter homologues, in order

to enhance our understanding of the human variants and help in

the design of novel pharmaceutic drugs.

– ASBT: Previously crystallised bacterial homologues (ASBTNM (Hu

et al., 2011) and ASBTY f (Zhou et al., 2014)) have yielded monomeric

ten TMD transporters, which di↵er significantly to both the amino acid

sequence and alpha helical topology of the human ASBT membrane

protein. A novel investigation of the ASBT Leptospira biflexa bacte-

rial homologue however, has predicted a nine TMD topology (lacking

TM1 helix and expected to orientate in an extracellular N-terminal and

intracellular C-terminal fashion), which is in strong agreement to the

human ASBT transporter, both of which are expected to form higher

functional oligomeric assemblies (typically forming a dimer) to drive

solute translocation (Noppes et al., 2019). As such, we aimed to crys-

tallise this novel transporter to amplify or knowledge of the human

homologue.

– SLC10A7: As was previously seen in figure 1.11 above, the human

SLC10A7 solute transporter depicts significant alterations to the con-

servation of amino acids categorically involved in the binding of Na+

ions in the ASBTNM structure (Hu et al., 2011), which are essential to

drive the translocation of substrates across the plasma membrane. We

hypothesise the human and bacterial homologues of this transporter to

alter their access mechanisms in a manner separate to the use of Na+

ions, and with the presence of a positively charged Lysine residue at

ASBTNM Q264, we suspect a possible transport operation to occur via

the use of H+ ions (protons). We therefore aimed to solve the crys-

tal structures of the bacterial homologues of this fascinating membrane

protein, in order to shed some much needed light on the conformational

changes and workings on this unique SLC10 member.
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• Secondary aim: To characterise the functional roles of the ASBT

and SLC10A7 bacterial orphan transporter homologues, to greatly

enhance our knowledge of substrates/solutes involved in the alter-

nating access mechanism of translocation and physiological func-

tions they associate with.

– ASBT: The human ASBT transporter is fundamentally associated in

the transport and re-uptake of bile acids from the intestines. Bacterial

homologue transporters however, will certainly not share this physio-

logical role. We therefore aimed to investigate alternative (potentially

native) solutes which are transported across the cell membrane via the

ASBTLb membrane protein.

– SLC10A7: It is proposed the human SLC10A7 member to be function-

ally involved in the negative regulation of calcium influx homeostasis.

We believe this to also be reiterated in bacterial homologues. We there-

fore wished to investigate the binding/transport of potentially native

substrates involved in the homeostasis of calcium as well as test the

hypothesis of a hydrogen (proton) mediated secondary active transport

mechanism.
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Chapter 2

Biochemical and Biophysical

Materials and Methods

Structural and functional characterisations of a membrane protein o↵er challeng-

ing prospectives, especially within the fields of molecular and structural biology,

and specifically regarding in-vitro membrane protein over-expression, cell extrac-

tion, purification and crystallisation (Engel and Gaub, 2008; Cournia et al., 2015).

However, these are fields that can generate substantially crucial information on

the molecular assemblies and mechanisms of the function of membrane proteins,

which can significantly help drive the design of vital drugs to target often dev-

astating human physiological disorders (Balakrishnan and Polli, 2006; Claro da

Silva et al., 2013).

As can be seen in figure 2.1 below, we designed an experimental strategy with

the fundamental aim of characterising the bacterial homologues of the ASBT and

SLC10A7 members, both structurally and functionally. Bacterial homologues were

selected due to their tendency to present with far better overexpression levels when

compared to eukaryotic membrane proteins. However, we acknowledge that key

structural di↵erences will arise, namely the loss of glycosylation sites and altered

protein-lipid associations present in eukaryotic species, which can play significantly

di↵erent alterations to the functionality of the membrane protein.
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Figure 2.1: The PhD experimental strategy.
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2.1 Expression and purification

2.1.1 The NEB5↵ and Lemo21(DE3) bacterial strains

NEB5↵

Bacterial membrane protein DNA construct plasmids were cloned, replicated and

extracted successfully with NEB5↵ chemically competent cells (New England Bi-

oLabs Inc.). This DH5↵ derived Escherichia coli cell line allowed for a high

e�ciency rate of DNA transformation (>1-3⇥ 109 cfu/µg pUC19 DNA) and was

both T1 phage (fhuA2) resistant and endA1 deficient. This cell line was therefore

used to produce high-quality DNA plasmid replication.

Lemo21(DE3)

Bacterial membrane protein overexpression was successfully achieved in Lemo21(DE3)

chemically competent cells (New England BioLabs Inc.). This BL21(DE3) derived

Escherichia coli strain was suited for tunable T7 expression of challenging mem-

brane, toxic and insoluble proteins. Resistant to T1 phage(fhuA2), and proteases

Lon and OmpT, e�cient DNA transformation rates occured at >1-3⇥ 107 cfu/µg
pUC19 DNA. In addition, the cell line had a p15A origin of replication, exhibiting

resistance to chloramphenicol. This cell line was therefore used to yield optimum

expression levels of membrane proteins.

2.1.2 Preparation of chemical competent bacterial cells

100ml Luria Broth/Lysogeny Bertani (LB) (with appropriate antibiotics for se-

lectivity (NEB5↵: None; Lemo21 (DE3): 30 µg/ml Chloramphenicol)) was inoc-

ulated with a single colony of bacterial strain and incubated at 37 °C and shaken

at 180-200 rpm, until an OD600 nm 0.5 was reached. The bacterial growth culture

was split into two 50ml aliquots and incubated on ice for 10min. Both aliquots

were centrifuged at 2600 rcf at 4 °C for 10min and pellets gently resuspended in

10ml ice cold 0.1M CaCl2. Resuspended pellets were further incubated on ice

for 10min, before centrifuged and pelleted again at 2600 rcf at 4 °C for 10min.

Bacterial cell pellets were resuspended in 2ml ice cold 0.1M CaCl2 with 20%

glycerol, and again further incubated on ice for 10min. 50 µl aliquots of resus-

pended cells were evenly distributed into microtubes, immediately snap frozen in

liquid nitrogen, before being stored at �80 °C.
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2.1.3 Bacterial transformations and overnights

Bacterial transformations

50 µl chemically competent bacterial cell aliquots were thawed on ice for 10min, be-

fore 0.5 µl of >100 ng/µl template DNA was added and mixed 5-10 times. Aliquots

were incubated on ice for 30min and heat shocked at 42 °C for 10 s (Lemo21(DE3))

or 30 s (NEB5↵). After heat shock, cells were incubated on ice for a further

5min before 950 µl Super Optimal broth (SOC media) with Catabolite repression,

was added. The mixture was then incubated at 37 °C and 900 rpm, on an ep-

pendorf Thermomixer comfort machine, for 1 h. 75-100µl transformation culture

was plated and streaked onto appropriate LB agar antibiotic selection plates (for

NEB5↵: 50 µg/ml Kanamycin; Lemo21(DE3): 50µg/ml Kanamycin and 30µg/ml

Chloramphenicol) and incubated overnight at 37 °C.

Bacterial overnights

For bacterial overnight growths, a 5ml aliquot of LB media, with appropriate

antibiotic selections (50 µg/ml Kanamycin and/or 30µg/ml Chloramphenicol) was

inoculated with a single bacterial colony and incubated overnight for (15-20 h) at

37 °C and 180-200 rpm.

2.1.4 DNA cloning

Many of the analysed SLC10A7 constructs (including Escherichia coli full-length

and R316 C-terminal truncated, Klebsiella pneumoniae, Pseudomonas aeruginosa,

and Pseudomonas putida) had already previously been cloned in a pWaldo-GFPe

vector, entailing a green fluorescent protein (GFP) fusion tag, 8x Histidine tag

and TEV cleavable site. All these constructs were successfully re-cloned into a

3C cleavable tag entailing pWaldo-GFPe vector, yielding improved downstream

purification procedures. Additional SLC10A7 constructs (including Asticcacualis

taihuensis, Cupriavidus necator, and Vibrio breoganii), as well as the ASBT Lep-

tospira biflexa construct (cloned by Oliver Huxley - MBio student 2019) had their

g-Block Gene Fragments subsequently PCRed and also successfully cloned into a

pWaldo-GFPe 3C cleavable vector. This vector is derived from the pET28(+) vec-

tor, with protein overexpression regulated by the transcriptional control of the T7

promoter, with kanamycin selectivity. The 3C protease cleavable recognition site

is located at the interface of the membrane protein and GFP-His8 tag, allowing for

its successful excision from the expressed protein. A much more detailed protocol

for the cloning in the pWaldo 3C-GFP-His8 vector, and subsequent overexpression

and purification procedures can be found in (Drew et al., 2006).
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2.1.5 DNA agarose gel electrophoresis

DNA samples were separated into di↵erent molecular weight fragments on a 0.8%

(w/v) agarose gel. 0.8 g agarose powder was dissolved in 100ml 1⇥ TAE bu↵er

(40mM Tris acetate, 1mM EDTA), and microwaved until all agarose was fully

dissolved. Upon cooling to 40-50 °C, 10 µl GelRed stain was added, mixed and

poured into a gel setting kit with a comb in place. Once fully set, the gel was

placed in a Geneflow gel tank and filled with 1⇥ TAE bu↵er. Quick-Load Purple

1 kb DNA Ladder and prepared DNA samples were loaded into the wells and run

at 100V for 45min. Visualisation and imaging of the gel was performed with a

Syngene G:Box gel illuminator analysis system, using ethidium bromide as the

fluorescent illumination.

2.1.6 DNA extraction minipreps

DNA plasmids were successfully cloned and extracted from bacterial overnights via

the Thermo Scientific GeneJET plasmid miniprep kit, following the manufacturer’s

manual instructions and guidelines.

2.1.7 DNA sequencing and plasmid construct validation

DNA plasmids, extracted via miniprep kits, were sent to eurofins genomics (previ-

ously known as GATC Biotech) for sequencing. 5 µl of (80-100 ng/µl) DNA tem-

plate was mixed with 5 µl of 5 µM forward/reverse primers. Sequencing results

were uploaded on a Warwick University database a few days later. The analy-

sis and interpretation of results was conducted via SnapGene Viewer, whereby

linear DNA sequence was extracted and converted to a protein sequence via the

Expasy Translate portal. A BlastP search was finally conducted, comparing both

the results from protein sequencing and known associated protein sequences. An

overview of the DNA primers used in the sequencing of constructs is depicted

below in table 2.1, and refer to the T7 forward primer, and GFP reverse primer.

Table 2.1: DNA sequencing primers used to quality check cloned constructs.

Primer Name Sequence
T7 Promoter TAATACGACTCACTATAGGG

pWaldo GFP end terminator GAAAAGTTCTCCTCCTTTGCT

Chapter 2 Aurélien Anthony Grob 84



Structural and functional features of the SLC10 membrane protein transporters

2.1.8 Bacterial expression media: PASM-5052 autoinduc-

tive media

Bacterial membrane protein overexpression was conducted in the PASM-5052 au-

toinductive media. All growth components of this media followed in detail the pro-

tocol from Lee et al., 2014, which is an updated and modified version of (Studier,

2005). The components briefly consist of the following:

20⇥ NPS (NPS = 100mM PO4, 25mM SO4, 50mM NH4, 100mM Na,

50mM K

Table 2.2: 20⇥ NPS solution recipe.

Reagent Volume for 1 l Concentration
Water 900ml /

Anhydrous (NH4)2SO4 66 g 0.5M
Anhydrous KH2PO4 136 g 1M
Anhydrous Na2HPO4 142 g 1M

Compounds were added in order, and stirred until fully dissolved. The 20⇥
NPS solution in sterile water gave a pH of roughly 6.2. The solution was autoclaved

for 15min at 121 °C and 15 psi.

50⇥ 5052 (5052 = 0.5% glycerol, 0.05% glucose, 0.2% ↵-lactose)

Table 2.3: 50⇥ 5052 solution recipe.

Reagent Volume for 1 l
Glycerol 250 g
Water 730ml
Glucose 25 g
↵-lactose 100 g

Compounds were added in sequence, with the glycerol weighed first due to its

highly viscose nature. The solution was stirred until all compounds were fully

dissolved. The ↵-lactose took >2 h at room temperature to dissolve, but was

quickened upon heating in a microwave. The solution was filter sterilised.

1M MgSO4

24.65 g MgSO4.7H2O was dissolved in 100ml sterile water and autoclaved for

15min at 121 °C and 15 psi.
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1000⇥ Trace metals

To 36ml sterile water, the following reagents were added:

Table 2.4: 1000⇥ trace metals recipe.

Volume Compound Anhydrous molecular
weight (MWt)

1⇥ concentration for
trace element

50ml 0.1M FeCl3.6H2O (Dis-
solved in 0.1M HCl)

270.3 50mM

2ml 1M CaCl2 110.99 20mM
1ml 1M MnCl2.4H2O 197.91 10mM
1ml 1M ZnSO4.7H2O 287.56 10mM
1ml 0.2M CoCl2.6H2O 237.95 2mM
2ml 0.1M CuCl2.2H2O 170.49 2mM
1ml 0.2M NiCl2.6H2O 237.72 2mM
2ml 0.1M Na2MoO4.5H2O 241.98 2mM
2ml 0.1M Na2SeO3.5H2O 263.03 2mM
2ml 0.1M H3BO3 61.83 2mM

Each metal solution was prepared individually and autoclaved for 15min at 121 °C
and 15 psi. Upon mixing, a precipitate forms on addition of Na2SeO3.5H2O, but

this clears with time and subsequent addition of remaining reagents. The solution

was filter sterilised and stored at 4 °C.

25mg/ml methionine

25mg/ml Methionine was prepared in sterile water, and autoclaved for 15min at

121 °C and 15 psi.
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17aa solution (10mg/ml each, minus (CYM))

To 90ml of stirring sterile water, 1 g of the following aa were added in this specific

order:

Table 2.5: 17aa solution recipe.
* Floats on surface. Increase stirring rate to dissolve fully.
** Stir until all has dissolved.
*** Turns solution brown, and some will remain undissolved

Amino Acid (aa)
1. Sodium Glutamate

2. Aspartate (Slow to dissolve, continue to next aa)
3. Lysine-HCl
4. Arginine-HCl
5. Histidine-HCl

6. Alanine
7. Proline
8. Glycine

9. Threonine
10. Serine

11. Glutamine
12. Asparagine
13. Valine *
14. Leucine *
15. Isoleucine *

16. Phenylalanine **
17. Tryptophan ***

All amino acids were L-amino acids. The solution was left to dissolve fully

overnight. Filter sterilise the solution, and the brown colour almost disappears.

17aa solution was stored at 4 °C.

PASM-5052 1 l growth media preparation summary

Table 2.6: 1 l growth PASM-5052 AI media recipe.

Component Volume for 1 l PASM-
5052 media

Final Compound Con-
centration

Water 887ml /
1M MgSO4 2ml 2mM MgSO4

1000⇥ Trace metals 200 µl 0.2⇥ Trace metals
50⇥5052 20ml 0.5% Glycerol

0.05% Glucose
0.2% ↵-Lactose

20⇥NPS 50ml 50mM Na2HPO4

50mM KH2PO4

25mM (NH4)2SO4

100 µM Vitamin B12 1ml 100 µM Vitamin B12
17aa (-CYM) 20ml 200 µg/ml each aa
25mg/ml methionine 20ml 500 µg/ml methionine
Antibiotics 1ml 50 µg/ml Kanamycin

30 µg/ml Chloramphenicol
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2.1.9 Sodium dodecyl sulphate - polyacrylamide gel elec-

trophoresis (SDS-PAGE) and Laemmli sample bu↵er

SDS-PAGE gels

Based on the molecular weights for all SLC10A7 and ASBT constructs, protein

gel analysis was possible on 14% SDS-PAGE gels, yielding good molecular weight

separation, forming distinct bands. The recipe to produce these gels is shown

below:

Table 2.7: 14% SDS-PAGE gel recipe.

Resolving Gel
Reagent Volume for 2 gels Final Concentration
1.5M Tris pH 8.8 2.82ml 0.37M
Water 3.02ml /
30% acrylamide (29:1) 5.32ml 14%
10% SDS 120 µl 0.1%
10% AMPS 120 µl 0.1%
100% N,N,N’,N’-tetramethylethane-
1,2-diamine (TEMED)

10 µl 0.1%

Stacking Gel
Reagent Volume for 2 gels Final Concentration
0.5M Tris pH 6.8 1.26ml 0.13M
Water 2.77ml /
30% acrylamide (29:1) 670 µl 4.2%
10% SDS 50 µl 0.1%
10% AMPS 50 µl 0.1%
100% N,N,N’,N’-tetramethylethane-
1,2-diamine (TEMED)

5 µl 0.1%

2⇥ Laemmli sample bu↵er

All gel samples were prepared in 2⇥ Laemmli sample bu↵er before loading on a

14% SDS-PAGE gel. The recipe for this 2⇥ sample bu↵er is shown below:

Table 2.8: 2⇥ Laemmli sample bu↵er recipe.

Reagent Volume for 10ml Final Concentration (2⇥)
10% SDS 4ml 4%

100% Glycerol 2ml 20%
0.5M Tris pH 6.8 2.4ml 120mM

Water 1.6ml /
Bromophenol blue Small spatula amount roughly 0.02%

1M Dithiothreitol (DTT) 0.1ml 10mM
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2.1.10 Small-scale membrane protein overexpression trials

Bacterial membrane protein overnight growths were setup as previously outlined.

A 1:50 dilution (100µl) was added to 5ml PASM-5052 media containing a serial

L-rhamnose concentration range: 0mM, 0.1mM, 0.25mM, 0.5mM, 0.75mM, and

1mM. The varying L-rhamnose cell growth conditions were grown at 37 °C and

200 rpm until an OD600 nm 0.5 was reached. Trials with and without the addition

of 0.4mM IPTG induction were investigated and incubated overnight for 15-20 h)

at 25 °C. 1ml cell growth aliquots were centrifuged at 16 000 rcf for 10min and

the pellet resuspended in 100 µl 1⇥ PBS bu↵er. The resuspension was transferred

to a 96-well black Nunc plate and relative fluorescence GFP units (RFU) were

measured on a CLARIOstar (BMG LABTECH) fluorescent plate reader. The

emitted GFP was measured at 512 nm, using an excitation wavelength of 488 nm.

With pure GFP standard, the plate reader was calibrated in order to accurately

convert membrane protein fluorescence measurements to mg/ml quantities.

This small scale overexpression analysis was repeated for overexpression trials

with the addition of L-rhamnose concentrations at OD600 nm 0.5.

2.1.11 Large scale membrane protein overexpression

Large-scale membrane protein overexpression followed, in large part, the same ex-

perimental setup as small-scale overexpression, but was scaled up to 1 l ba✏ed

shaker flasks. Based on the outcomes from small-scale investigations, the opti-

mal L-rhamnose/IPTG concentrations were added and grown in the exact same

manner. After overnight induction at 25 °C, the cell cultures were harvested in

centrifugation pots, spun at 5000 rcf for 15min, and the pellets collected, flash

frozen in liquid nitrogen and stored at �80 °C.

2.1.12 Cell membrane extraction and isolation

Harvested bacterial cell pellets were thawed and resuspended in 50ml/l pellet,

resuspension bu↵er (1⇥ PBS, 1mM MgCl2, small spatula of AEBSF (protease

inhibitor) and DNase I) at 4 °C, stirring at 200 rpm for 1 h. Fully resuspended cell

solution was filtered and lysed 3⇥ in a cell disruptor (Constant Systems) at 25 kpsi

and 4 °C. Cell debris was removed by centrifugation at 24 000 rcf for 12min in a

JA 25.50 rotor at 4 °C. The supernatant was collected and centrifuged further at

41 000 rpm for 45min in a 45Ti rotor using an ultracentrifuge, at 4 °C. The super-
natant was discarded and the membrane pellets homogenized with resuspension

bu↵er to a final volume of 100ml. Homogenised cell membranes were then flash

frozen in liquid nitrogen and stored at �80 °C.
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2.1.13 Fluorescence size exclusion chromatography (FSEC)

In 1.5ml Beckman Coulter Benchtop ultracentrifuge tubes, 100 µl crude bacterial

cell membrane was mixed with 100 µl 10% detergent (n-Dodecyl-�-D-Maltopyranoside

(DDM), n-Undecyl-�-D-Maltopyranoside (UDM), n-Decyl-�-D-Maltopyranoside

(DM), n-Nonyl-�-D-Maltopyranoside (NM), n-Octyl-�-D-Glucopyranoside (�-OG),

Lauryldimethylamine N-oxide (LDAO), and Lauryl Maltose Neopentyl Glycol

(LMNG)) and 800 µl solubilisation bu↵er (1⇥ PBS and 150mM NaCl), and sol-

ubilised on a rotating platform for 2 h at 4 °C. After solubilisation, samples were

centrifuged at 43 000 rpm in a benchtop ultracentrifuge for 1 h using the TLA 100.3

rotor at 4 °C. 500 µl of the supernatant was subsequently loaded onto a Superose

6 Increase 10/300 GL (GE-healthcare) gel filtration column pre-equilibrated with

20mM Tris pH 7.5, 150mM NaCl and 0.03% DDM, running at a flow rate of

0.4ml/min. The eluted GFP-fused protein fluorescence was measured in a 96-well

NUNC black fluorescent plate using the CLARIOStar (BMG LABTECH) fluores-

cent reader (emission wavelength of 512 nm and excitation wavelength of 488 nm)

and the subsequent GFP fluorescent readings and corresponding retention/elution

volumes were plotted and analysed in GraphPad Prism (San Diego, CA).

2.1.14 ASBTLb membrane solubilisation and purification

Solubilisation bu↵er: 1⇥ PBS pH 7.4, 150mM NaCl, 10mM Imidazole pH 7.4,

1% DDM

Wash bu↵er 1: 1⇥ PBS pH 7.4, 150mM NaCl, 10mM Imidazole pH 7.4, 0.03%

DDM

Wash bu↵er 2: 1⇥ PBS pH 7.4, 150mM NaCl, 20mM Imidazole pH 7.4, 0.03%

DDM

Wash bu↵er 3: 20mM Tris pH 7.5, 150mM NaCl, 30mM Imidazole pH 7.5,

0.03% DDM

Elution bu↵er: 20mM Tris pH 7.5, 150mM NaCl, 250mM Imidazole pH 7.5,

0.03% DDM

SEC bu↵er: 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM

6L (100ml) ASBT Leptospira biflexa cell membranes were thawed and solubilised

in 300ml solubilisation bu↵er, stirring at 200 rpm at 4 °C for 3 h. Once fully solu-
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bilised, the solution was ultracentrifuged at 41 000 rpm for 45min in the 45Ti rotor

at 4 °C. The ultracentrifuge supernatant was collected and bound to Ni-NTA resin

pre-equilibrated in wash bu↵er 1, to form a slurry, constant stirring at 150 rpm at

4 °C, for roughly 4 h. 1ml of resin typically binds to 1mg of membrane protein.

When <30% unbound membrane protein remained or full binding saturation had

occurred, the slurry was transferred to a glass Econo-column (BioRad), allowing

for the elution of the flow-through (FT). Subsequent washing of the resin with

10 column volumes (CV) of wash bu↵er 1, 20CV wash bu↵er 2 and 15CV wash

bu↵er 3, was performed. The 3C-GFP-His8 tag was then cleaved overnight by

addition of equimolar amounts of 3C protease directly to the protein-bound resin.

The following day, the cleaved protein FT was collected and chased through with

5CV wash bu↵er 3, collecting elutions in 5ml fractions. Elution bu↵er was used

to elute the bound GFP-His8 tag, for future gel analysis and purity check. Eluted

membrane protein concentrations were measured with a nanodrop (see below) and

relevant fractions pooled together. The pooled protein was then run on a 5ml His-

Trap column (GE Healthcare) (reverse immobilised metal a�nity chromatography

(rIMAC)), allowing for the removal of additional 3C contaminants. The post His-

trap FT was then concentrated up to 8-10mg/ml in a Vivaspin 100,000MW cut

o↵ concentrator and centrifuged at 3500 rpm in a benchtop centrifuge. Once con-

centrated, the protein was centrifuged further at 13 200 rpm in a microcentrifuge

for 1 h prior to loading 500 µl onto a Superdex 200 Increase 10/300 GL gel fil-

tration column pre-equilibrated in SEC bu↵er, for SEC analysis. SEC runs were

typically used to bu↵er exchange into smaller micelled ”harsher” detergents (such

as NM), as well as removing imidazole and increasing membrane protein purity.

Size exclusion fractions were pooled together based on their UV chromatogram

trace profile, and concentrated further to desired protein concentrations (usually

10-15mg/ml for vapour di↵usion (sitting drops) and 25-30mg/ml for lipidic cubic

phase (LCP)) and crystallisation attempts were conducted.
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2.1.15 SLC10A7 membrane solubilisation and purification

Solubilisation bu↵er: 20mM Tris pH 7.5, 300mM NaHCO3 pH 7.5, 1% DDM

Wash bu↵er 1: 20mM Tris pH 7.5, 300mM NaHCO3 pH 7.5, 10mM Imida-

zole pH 7.4, 0.03% DDM

Wash bu↵er 2: 20mM Tris pH 7.5, 300mM NaHCO3 pH 7.5, 20mM Imida-

zole pH 7.4, 0.03% DDM

Wash bu↵er 3: 20mM Tris pH 7.5, 300mM NaHCO3 pH 7.5, 30mM Imida-

zole pH 7.4, 0.03% DDM

Elution bu↵er: 20mM Tris pH 7.5, 300mM NaHCO3 pH 7.5, 250mM Imidazole

pH 7.4, 0.03% DDM

SEC bu↵er: 20mM Tris pH 7.5, 150mM NaHCO3 pH 7.5, 0.03% DDM

6L (100ml) SLC10A7 cell membranes were thawed and solubilised in 300ml sol-

ubilisation bu↵er, stirring at 200 rpm at 4 °C for 3 h. Once fully solubilised, the

solution was ultracentrifuged at 41 000 rpm for 45min in the 45Ti rotor at 4 °C.
The ultracentrifuge supernatant was collected and bound to Ni-NTA resin pre-

equilibrated in wash bu↵er 1, to form a slurry, constant stirring at 150 rpm at

4 °C, for roughly 4 h. 1ml of resin typically binds to 1mg of membrane protein.

When <30% unbound membrane protein remained or full binding saturation had

occurred, the slurry was transferred to a glass Econo-column (BioRad), allowing

for the elution of the flow-through (FT). Subsequent washing of the resin with 10

column volumes (CV) of wash bu↵er 1, wash bu↵er 2 and wash bu↵er 3 was per-

formed. The 3C-GFP-His8 tag was then cleaved overnight by addition of equimo-

lar amounts of 3C protease directly to the protein-bound resin. The following day,

the cleaved protein FT was collected and chased through with 5CV wash bu↵er

3, collecting elutions in 5ml fractions. Elution bu↵er was used to elute the bound

GFP-His8 tag, for future gel analysis and purity check. Eluted membrane protein

concentrations were measured with a nanodrop (see below) and relevant fractions

pooled together. The pooled protein was then run on a 5ml His-Trap column (GE

Healthcare) (reverse immobilised metal a�nity chromatography (rIMAC)), allow-

ing for the removal of additional 3C contaminants. In addition, a second run on

a 5ml MBP-trap column (GE Healthcare) was required for the purification of the

SLC10A7 constructs in order to remove bound MBP, originating from the 3C pro-
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tease. The post His-trap/MBP-trap FT was then concentrated up to 8-10mg/ml

in a Vivaspin 100,000MW cut o↵ concentrator and centrifuged at 3500 rpm in a

benchtop centrifuge. Once concentrated, the protein was centrifuged further at

13 200 rpm in a microcentrifuge for 1 h prior to loading 500 µl onto a Superdex 200

Increase 10/300 GL gel filtration column pre-equilibrated in SEC bu↵er, for SEC

analysis. SEC runs were typically used to bu↵er exchange into smaller micelled

”harsher” detergents (such as NM or LDAO), as well as removing imidazole and

increasing membrane protein purity. Size exclusion fractions were pooled together

based on their UV chromatogram trace profile, and concentrated further to desired

protein concentrations (usually 10-15mg/ml for vapour di↵usion (sitting drops)

and 25-30mg/ml for lipidic cubic phase (LCP)) and crystallisation attempts were

conducted. Across the 4 years of this PhD, many alterations to the SLC10A7

purification procedure were trialled concerning changes to the components of the

solubilisation, wash 1, wash 2, wash 3 and sec bu↵ers, as well as trials with a

multitude of bacterial constructs. In particular, purification attempts in bu↵ers

with NaCl as well as no salt bu↵ers were trialled, originating from thermostable

outcomes from both GFP-TS and FSEC-TS assays. However, the best results

in terms of purity and success at crystallisation arose from the above outlined

purification strategy in NaHCO3.

2.1.16 DNA/Protein nanodrop concentration measurements

All purified DNA and protein concentrations were quantified via a NanoDrop NS-

1000 spectrophotometer, following manufacturer’s guidelines. For both ASBT and

SLC10A7protein constructs, the molecular extinction coe�cients were required for

reliable and accurate concentration measurements.
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2.2 Functional studies: thermostability assays

2.2.1 GFP-TS assay

In 2ml Eppendorf microtubes, 150 µl cell membranes were mixed with 150 µl 10%
DDM detergent and 1200 µl bu↵er containing (20mM bu↵ering ion (typically Tris

pH 7.5), 150-300mM salt, and ± 1mM substrate). Solubilisation of the cell mem-

branes, in various conditions, was performed for 1 h on a rotating platform at

4 °C. 150 µl solubilised membranes were aliquoted in microtubes containing 1%

�-OG detergent and incubated at 4 °C for 5min, flicking/mixing the tubes 5-

10⇥. Samples were then incubated at a range of temperatures (4 °C, 20 °C, 30 °C,
40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C) for 10min, before being cen-

trifuged in a microcentrifuge at 16 000 rcf for 30min at 4 °C. 100 µl supernatant
was transferred to a 96-well NUNC black fluorescent plate and subsequent GFP

fluorescence was measured using the CLARIOStar (BMG LABTECH) fluorescent

plate reader (emission wavelength of 512 nm and excitation wavelength of 488 nm).

GFP RFUs were plotted, normalised and analysed in GraphPad Prism (San Diego,

CA), and sigmoidal functions were conducted to generate the Tm melting temper-

ature measurements for each condition. Two separate, independent replicates of

every analysed condition was performed (as per the literary standard) (Nji et al.,

2018), in order to yield accurate error bars and reliability in the data.

2.2.2 FSEC-TS assay

In 1.5ml Beckman Coulter Benchtop ultracentrifuge tubes, 100 µl bacterial cell
membrane was mixed with 100µl of 10% DDM detergent and 800µl solubilisation
bu↵er (typically 20mM Tris pH 7.5, and 150-300mM salt) and was solubilised on

a rotating platform at 4 °C for 1 h. Samples were then ultracentrifuged in a TLA

100.3 rotor, at 43 000 rpm for 45min. The supernatant was removed and 100 µl of
10% �-OG detergent was added and further incubated at 4 °C for 10min on a ro-

tating platform. Samples were then heat treated at a range of temperatures (4 °C,
20 °C, 30 °C, 40 °C, 50 °C, and 60 °C) for 10min, before being ultracentrifuged

again at 43 000 rpm for 25min. 500 µl of the ultracentrifuge supernatant was

loaded onto a Superose 6 10/300 GL gel filtration column, pre equilibrated with

20mM Tris pH 7.5, 150-300mM salt and 0.03% DDM. Elutions were collected in

a 96-well NUNC black fluorescent plate and GFP fluorescence measurement estab-

lished using a CLARIOStar (BMG LABTECH) fluorescent plate reader (emission

wavelength of 512 nm and excitation wavelength of 488 nm). All GFP fluorescent

readings were plotted and analysed in GraphPad Prism (San Diego, CA).
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2.2.3 CPM-assay

The CPM thermostability assay was conducted as originally proposed by Alexan-

drov et al., 2008. 4mg/ml stock concentrations of the 7-diethylamino-3-(4’-maleimidylphenyl)-

4-methylcoumarin (CPM) fluorophore (Sigma) were dissolved in 100% DMSO and

aliquoted to 10 µl aliquots, flash frozen in liquid nitrogen and stored at �80 °C.
120 µl bu↵er solution containing 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM

and ± 1mM substrate was mixed and 2⇥ 50 µl aliquots were dispensed to white

96-well qPCR plates, for two separate and independent biological replicates. An

initial serial concentration range (1µg, 2.5 µg, 5 µg, 10 µg, 15 µg, and 20 µg) of

post-SEC purified protein was added to each qPCR well, before using 2.5 µg for

future substrate investigations. An aliquot of CPM dye was thawed and diluted

1:40 to 0.1mg/ml and 1.25 µl was added (in the dark) to each qPCR wells, yielding

a final concentration of 2.5 µg/ml CPM dye. A clear plastic cover film was stuck

to the plate and briefly spun in a benchtop centrifuge, before a pre-programmed

CPM thermostability assay was run on a qPCR machine. CPM fluorescence values

were recorded at an emission wavelength of 463 nm and excitation wavelength of

387 nm, with 71 measurements reported at a range of increasing temperatures (25-

95 °C). The relative fluorescent units (RFU) generated were plotted and analysed

in GraphPad Prism (San Diego, CA), and the Tm melting temperatures calculated

by tracing sigmoidal curves.
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2.3 Membrane protein crystallisation and 3D X-

ray crystallographic structure determination

2.3.1 Crystallisation trials

A multitude of 96-well broad screen crystallisation condition screens, including

MemGold, MemGold2, MemTrans, MemMeso, and MemGoldMeso, as well as

broad additive screens including MemAdvantage and the Hampton Additive Screen,

supplied from Molecular Dimensions and Hampton Research, were used in both

vapour di↵usion and LCP crystallisation trials, to increase the likelihood of suc-

cessful membrane protein crystallisation. Correct usage and setup in crystallisa-

tion experiments followed the manufacturer’s manual instructions and guidelines.

Sitting drop vapour di↵usion crystallisation

Post-SEC protein (typically bu↵er exchanged into DDM or NM detergent bu↵er,

with or without substrate) was concentrated to 10-15mg/ml and centrifuged in a

microcentrifuge at 16 000 rcf for 30min and either flash frozen in liquid nitrogen

for storage at �80 °C or used immediately for sitting drop vapour di↵usion crys-

tallisation setup. The above mentioned broad screen crystallisation plates were

trialled. Using a Mosquito robot (TTP labtech), 100 nl protein sample was mixed

with 100 nl of the 50 µl crystallisation bu↵er reservoir/precipitant, of a sitting drop

crystallisation plate. A clear plastic cover film sealed the plate, before storing in a

20 °C incubator. Protein crystals formed within a couple of days to a week under

the right crystallographic conditions.

Successful protein crystals were harvested and mounted in cryo-loops, and imme-

diately flash frozen in liquid nitrogen before being stored in crystal pucks and sent

to Diamond Light Source, Oxfordshire for X-ray analysis.

Lipidic cubic phase (LCP)

Post-SEC protein (typically bu↵er exchanged into DDM or NM detergent bu↵er,

with or without substrate) was concentrated to 25-30mg/ml and centrifuged in a

microcentrifuge at 16 000 rcf for 30min and either flash frozen in liquid nitrogen

for stroage at �80 °C or used immediately for LCP crystallisation setup. Aliquots

of frozen monoolein lipid were thawed and incubated at 40 °C.50 µl (for protein)

and 100 µl (for monoolein lipid) gas-tight syringes were used for the correct and

accurate production of the lipidic cubic phase state of the protein. A 2:3 pro-

tein:monoolein ratio was used to determine accurate quantities to be mixed, with

subsequently amounts added to the relevant gas-tight syringes separately. A cou-
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pler connected both syringes together, and the LCP was formed upon mixing both

the protein and monoolein by pushing the syringes slowly from side to side, back

and forth. The solution initially turned white/grey but quickly faded to a trans-

parent state, indicative of a correctly formed stable LCP state. The homogenous

LCP was transferred to the 50 µl gas-tight syringe, and the coupler disassembled,

before a thin dispensing needle was assembled. The syringe was subsequently at-

tached to a Mosquito robot (TTP labtech) machine following the manufacturer’s

manual instructions and guidelines.

The broad screen crystallisation plates mentioned above were again used in LCP

crystallisation. Humidity levels were set to 50-75% to prevent evaporation of the

crystal drops. 50 nl LCP was mixed with 800 nl of the crystallisation bu↵er reser-

voir/precipitant on a glass plate, before being sandwiched with a thinner glass

cover plate. The plates were subsequently incubated at 20 °C and left to form

crystals for a week. Protein crystal observation was investigated using micro-

scopes with polariser filters. The MemGold2 A8 and MemTrans A5 conditions

yielded initial crystal hits which were further optimised in fine screens, varying

crystallisation precipitant concentrations including salt, pH and PEG. In addi-

tion MemAdvantage and the Hampton Additive Screen were added to these fine

screens to improve the formed protein crystals.

Successful protein crystals were harvested and mounted in the following manner:

glass-cutting stones were used to open relevant crystal conditions by cutting the

thin glass cover plate. LCP crystals were harvested using Mitogen crystal loops

and immediately frozen in liquid nitrogen before being stored in crystal pucks and

sent to Diamond Light Source, Oxfordshire for X-ray analysis.

2.3.2 3D protein structure determination

An initial 3.3 Å crystal dataset was collected at the I24 micro-focus beamline at

Diamond Light Source, Oxfordshire. The intensities were integrated and scaled in

DIALS (Winter et al., 2018) before initiating molecular replacement strategies in

Phaser (McCoy et al., 2007) with the ASBTNM (PDB (Berman et al., 2000) entry

3ZUY). Further refinement, model building and generation of electron-density

maps were conducted in Phenix (Adams et al., 2002, 2010) refinement and COOT

(Emsley et al., 2010). This yielded a nine TMD solved ASBTLb structure which

was further used as a molecular replacement model for the collected 2.2 Å crystal

dataset. Automated DIMPLE (Wojdyr et al., 2013) molecular replacement was

conducted, followed by autobuilding and refinement strategies in Phenix (Adams

et al., 2002, 2010). This yielded a finalised nine TMD structure.
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Chapter 3

Results: Membrane Protein

Bioinformatics, Overexpression,

Extraction/Isolation and

Solubilisation

3.1 Membrane Protein Bioinformatics

3.1.1 The ASBTLb Bacterial Homologue

Via a bacterial BLAST (Altschul et al., 1990) search of the human ASBT trans-

porter, we identified a novel Leptospira biflexa bacterial homologue, presenting

with a predicted nine TMD topology. In order to investigate the functional

and structural characteristics of this homologue further, successful cloning into

a pWaldo plasmid, entailing a C-terminal 3C-GFP-His(8) tag, was established

previously by Oliver Huxley (MBio student - 2019).

Comparisons of this novel ASBT bacterial homologue to the human NTCP,

human ASBT, and previously crystallised ASBT N. meningitidis, Y. frederiksanii

bacterial homologues are shown below in table 3.1, depicting core di↵erences in

amino acid sequence chain lengths, as well as amino acid sequence identity and sim-

ilarity to both human NTCP and ASBT variants. Predicted amino acid sequence

disruption plots generated in RONN (Yang et al., 2005), for all aforementioned

members is presented in Appendix 2.
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Table 3.1: The amino acid sequence identities and similarities of the human ASBT/NTCP
and ASBT bacterial homologue transporters.
Percentage conservations were retrieved from Blastp analysis.

Organism / Transporter Total
amino
acid
Residues

Human NTCP
amino acid se-
quence identity /
similarity

Human ASBT
amino acid se-
quence identity /
similarity

Human NTCP 349 N/A 36% / 56%

Human ASBT 348 36% / 56% N/A

ASBTY f 307 27% / 47% 31% / 53%

ASBTNM 315 26% / 49% 33% / 54%

Leptospira biflexa 292 33% / 56% 35% / 56%

As can be clearly identified in table 3.1 above, the novel Leptospira biflexa

bacterial homologue shows good sequence identity and similarity to both human

NTCP and ASBT transporters.

In comparison to the previously crystallised bacterial ASBT homologues (ASBTNM

and ASBTY f ), ASBTLb demonstrates slightly greater sequence identity and sim-

ilarity to both human NTCP and ASBT. Furthermore, sequence identities and

similarities of ASBTLb to both ASBTNM and ASBTY f also showed good conser-

vation of amino acid residues with 28%/55% and 30%/51%, respectively.

In order to assess in greater detail the specific amino acid sequence di↵erences

among all five transporters listed in table 3.1 above, a multiple sequence alignment,

shown below in figure 3.1, was generated.

Chapter 3 Aurélien Anthony Grob 99



Structural and functional features of the SLC10 membrane protein transporters

Figure 3.1: The Human NTCP, ASBT; and bacterial ASBTY f , ASBTNM and ASBTLb homo-
logues multiple sequence alignment. Respective amino acid sequences were analysed in Jalview
(Waterhouse et al., 2009), and specifically aligned with Clustalx (Larkin et al., 2007) and Mus-
cleWS (Edgar, 2004). The established ASBTNM transmembrane (TM) domains (as reported by
Hu et al.,2011) are presented above the sequences in cylinders, depicting the structural TM1-
TM10 domains from the N-terminal (blue) to C-terminal (red). Na+ binding site amino acid
residues implicated for Na1 and Na2, are depicted in red and black boxes, respectively. Although
the alignment shows apparent helical association to the first residues of human NTCP and ASBT
transporters, this is predicted not to be the case in reality.
Clustalx (Larkin et al., 2007) notation of residues: Blue: Hydrophobic, Red: Positive charge,
Magenta: Negative charge, Green: Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines,
Cyan: Aromatic, and White: Unconserved.

As a whole, a very strong conservation of amino acid residues is depicted in

the sequence alignment for all members analysed. As can be seen above, the

established residues involved in Na+ binding in ASBTNM , are also unanimously

conserved in the ASBTLb construct, thereby suggesting both sodium ions to also be

implicated in the translocation of its substrates. Furthermore, the TMD1 domain

present in both ASBTNM and ASBTY f is clearly missing in the ASBTLb bacterial

homologue, outlining a significant di↵erence to its nine TMD topology, which was

expected.

Taken together, due to its strong amino acid sequence conservation to human
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NTCP and ASBT, it is strongly assumed ASBTLb also reiterates similar structural

and functional characteristics previously established from ASBTNM and ASBTY f .

3.1.2 The SLC10A7 Bacterial Homologues

Due to the wide taxonomical conservation of the human SLC10A7 orphan carrier

transporter in both vertebrate and non-vertebrate species, including mammalian,

yeast, plants and bacteria (Zou et al., 2005; Geyer et al., 2006; Godoy et al., 2007);

the latter was selected as a suitable candidate organism for novel SLC10A7 bio-

chemical, functional and structural research. Analogous to eukaryotic organisms,

prokaryotes also fundamentally require regulated systems of intracellular Ca2+ sig-

nalling, for use in motility and transport, regulation of cell structure, sporulation

and cell di↵erentiation (Dominguez, 2004). Therefore, just as its conserved role

in humans, mice, zebrafish and yeast cells (Jiang et al., 2012; Alber et al., 2013;

Zhao et al., 2016; Ashikov et al., 2018; Dubail et al., 2018; Laugel-Haushalter

et al., 2019; Karakus et al., 2020), it is presumed the SLC10A7 transporter to also

be involved in Ca2+ homeostasis in bacterial species.

In light of this, specific SLC10A7 bacterial homologues were identified through

the BLAST (Altschul et al., 1990) database, and selected to be suitable, based

on their degree of amino acid sequence identity to human SLC10A7, as well as

their sequence disorder prediction in RONN (Yang et al., 2005) (see Appendix

1). The chain length and sequence identity to human SLC10A7 of these bacterial

homologues are displayed in table 3.2 below.
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Table 3.2: The studied bacterial SLC10A7 homologues

Bacterial Organism Total Amino Acid
Residues

Human SLC10A7
Sequence Identity

Asticcacaulis taihuensis 326 36%

Cupriavidus necator 341 34%

Escherichia coli 332 28%

Escherichia coli Q322 C-
terminal Truncation

322 28%

Escherichia coli Q320 C-
terminal Truncation

320 28%

Escherichia coli R316 C-
terminal Truncation

316 28%

Klebsiella pneumoniae 332 27%

Pseudomonas aeruginosa R318
C-terminal Truncation

318 29%

Pseudomonas putida 333 28%

Vibrio breoganii 326 34%

Overall, there was good sequence identity (27-36%) to human SLC10A7, among

the studied bacterial homologues. The decision to generate truncated mutants for

SLC10A7 Escherichia coli and Pseudomonas aeruginosa was based entirely on

their predicted amino acid RONN disorder plots (Yang et al., 2005), and aimed

to reduce the flexible tail region of the C-terminal domain.

Specific amino acid di↵erences among all these bacterial homologues, as well as

the reported human homologues, are highlighted below in figure 3.2, in a multiple

sequence alignment.
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Figure 3.2: The SLC10A7 human and bacterial homologues; and ASBTNM and
ASBTY fbacterial homologues multiple sequence alignment. Respective amino acid sequences
were analysed in Jalview (Waterhouse et al., 2009), and specifically aligned with Clustalx (Larkin
et al., 2007) and MuscleWS (Edgar, 2004). The established ASBTNM transmembrane (TM) do-
mains (as reported by Hu et al.,2011) are presented above the sequences in cylinders, depicting
the structural TM1-TM10 domains from the N-terminal (blue) to C-terminal (red). Na+ bind-
ing site amino acid residues implicated for Na1 and Na2, are depicted in red and black boxes,
respectively. Boxed yellow residues depict the reported SLC10A7 mutations in humans (from
table 1.3.
Clustalx (Larkin et al., 2007) notation of residues: Blue: Hydrophobic, Red: Positive charge,
Magenta: Negative charge, Green: Polar, Pink: Cysteines, Orange: Glycines, Yellow: Prolines,
Cyan: Aromatic, and White: Unconserved.
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As can be seen in figure 3.2 above, the analysed bacterial SLC10A7 amino

acid sequences correlate extremely well with one another, yielding very strong

amino acid conservations. However, amino acid comparison of these SLC10A7

transporters to ASBTNM , shows a substantially weaker conservation of amino

acid residues, especially at residues known to be implicated in driving sodium ions

for solute translocation. This again reiterates the hypothesis that this SLC10A7

transporter operates instead perhaps via the co-transportation of protons.

Interestingly, all human SLC10A7 mutations (depicted in figure 3.2 by yellow

boxes), with the exception of G112D, are localised to specific ASBTNM TMDs.

As such, it can be assumed these disrupted residues to result in complete TMD

deletions and aggregation of the SLC10A7 protein as a whole. Therefore, we

suspect the severe clinical displays seen in a↵ected individuals previously (Ashikov

et al., 2018; Dubail et al., 2018; Laugel-Haushalter et al., 2019), to be due to an

SLC10A7 loss-of-function, as a result of its structural alteration and degradation.
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3.2 Small-scale Membrane Protein Overexpres-

sion

Understanding the unique behavioural characteristics of any novel membrane pro-

tein is imperative for further analyses to take place. These investigations can

include downstream biochemical, molecular biological, functional and structural

analyses, including but not limited to membrane protein extraction and deter-

gent screening, purification, and crystallisation (Drew et al., 2006). Therefore,

su�cient overexpression yields of membrane proteins, in their correctly localised,

stable and folded states, must be successfully, accurately and e�ciently investi-

gated. As part of this PhD research, expression trials were conducted using the

finely regulated and tunable Lemo21(DE3) Escherichia coli host strain, which

allowed for the controlled monitoring of membrane protein overexpression.

The Lemo21(DE3) E. coli Host Platform

In the vast majority of cases, the natural abundance of membrane proteins is usu-

ally insu�cient for downstream functional and structural research. Therefore, the

overexpression of membrane proteins, via the ”hijacking” of bacterial replication

systems, is a fundamental process required to generate su�cient quantities for said

investigations (Wagner et al., 2008).

Although in theory, membrane protein expression should be quite a simple pro-

cess (crudely put, more mRNA produced = more expressed protein), in practice

this is not often the case. In fact, the unregulated and non-optimised membrane

protein overexpression is seen to be highly toxic to bacterial cells, resulting in

altered levels of biomass formation; lowered total yields of protein; and the ac-

cummulation of cytoplasmic aggregates containing proteases, precursors of outer

membrane proteins, inclusion bodies, chaperones, vital cytoplasmic proteins and

overexpressed membrane protein (Wagner et al., 2008; Schlegel et al., 2012). These

aggregate formations are believed to originate from a saturation of the Sec translo-

con, which maintains the tra�cking of secretory proteins and the insertion of

membrane proteins to the lipid bilayer. In scenarios where membrane proteins are

overexpressed, too much protein is required to be processed by the Sec translocon,

resulting in its saturation. The system subsequently becomes overwhelmed, re-

sulting in the inability of membrane proteins to be embedded into the lipid bilayer

correctly, leading to their aggregation and denaturation in the cytoplasm (Wag-

ner et al., 2008; Schlegel et al., 2012). Therefore, tunable optimisation of protein

overexpression is crucial, in order to suppress the saturation of the stress-induced

Sec translocon, and minimise adverse and toxic side e↵ects (Drew et al., 2006).
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Fortunately, Lemo21(DE3) cells o↵er a highly regulated, tunable and opti-

mised expression system, in which e�cient recombinant membrane protein gen-

eration is possible. Here, a target protein’s gene is cloned into a plasmid and

transformed into Lemo21(DE3) cells. Inside is located the bacteriophage T7 RNA

polymerase (T7RNAP), which itself is strongly regulated by the non-titratable,

IPTG inducible lacUV5 promoter. This T7RNAP exclusively binds and activates

the T7 promoter, thereby initiating membrane protein transcription at an eight-

fold greater rate than E. coli RNAP, resulting in the overexpression of the target

protein (Wagner et al., 2008; Lee et al., 2014a). However, as previously men-

tioned, a lack of regulation of this overexpression can lead to lowered proteins

yields, with severe adverse cellular side e↵ects. In light of this, Lemo21(DE3)

cells behold a natural T7RNAP inhibitor (T7 lysozyme), which is itself strongly

regulated by the extremely well-titratable and tuneable L-rhamnose inducible pro-

moter rhaBAD (Wagner et al., 2008; Schlegel et al., 2012; Lee et al., 2014a). Via

the addition of increasing concentrations of L-rhamnose, the functional activity

of T7RNAP is ”delayed”, due to its inhibition by the strong activation of T7

lysozyme. This fundamental inhibitory e↵ect is seen to govern the optimisation

ratio of correctly folded and properly inserted membrane proteins to the cytoplas-

mic lipid bilayer; to aggregated, unfolded and non-inserted membrane proteins

(Schlegel et al., 2012).

The proper regulation and optimisation of membrane protein overexpression,

via this rhamnose-inhibitory process in Lemo21(DE3) cells, guarantees a maximal

yield of membrane protein, as well as a minimal level of adverse cellular side

e↵ects, thereby ensuring a stable semicontinuous overexpression (Schlegel et al.,

2012). The subsequently successfully expressed membrane protein can then be

subjected to downstream biochemical, structural and functional studies.

A schematic summary of the regulation of protein overexpression in Lemo21(DE3)

cells, via the fine tunability of L-rhamnose, is outlined in figure 3.3 below.

GFP-Fused Membrane Proteins can Accurately Assess Levels of Over-

expression

Commonly, red or green fluorescent proteins (RFP or GFP) are fused to recom-

binant membrane protein targets, in order to aid molecular biological processes

involving cloning, overexpression, membrane extraction, purification and crystalli-

sation (Drew et al., 2006). GFP is most frequently used due to its fascinating

tolerance to detergents; organic and chaotropic salts; alkaline pH; proteases; pho-

tobleaching and heat (Halan et al., 2014).

In light of this, the ASBT and SLC10A7 bacterial homologues were success-
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Figure 3.3: The Lemo21(DE3) optimised protein overexpression system. Under sub-optimal
expression conditions, the majority of the culture will consist of aggregated expression states
of the target membrane protein, due to saturation of the Sec translocon and production of
adverse side e↵ects. However, via fine optimisation of L-rhamnose, toxic bacterial side e↵ects are
depleted, resulting in almost homogeneous cultures of properly folded and localised membrane
proteins. T7 RNAP is mediated by the non-titratable, IPTG-inducible lacUV5 promoter. T7
lysozyme (the T7 RNAP natural inhibitor) is monitored by the very well-titratable L-rhamnose
inducible promoter rhaBAD, in the pLemo plasmid. The target membrane protein gene resides
in a pET vector, and its expression is initiated at the T7 promoter. Addition of increasing
amounts of L-rhamnose, delays the activity of T7 RNAP, due to inhibition by T7 lysozyme, which
ultimately optimises the amounts of membrane protein generated, preventing the overexpression
of unfolded and nonstable protein.
This figure was taken from Schlegel et al., 2012.

fully constructed and cloned into a C-terminal 3C-GFP-His(8) fusion expressing

pET28(a) derived pWaldo-GFPe plasmid (Drew et al., 2001; Minhas et al., 2018).

This incorporated GFP tag provided accurate monitoring and surveillance features

of membrane protein overexpression in the cytoplasmic lipid bilayer, via both in-

gel and whole-cell fluorescence techniques (Drew et al., 2006; Schlegel et al., 2012;

Lee et al., 2014a).

If the GFP moiety fails to fold correctly, no GFP fluorescence is observed,

thus indicating that the membrane protein-GFP fusion has failed to translocate to

the cytoplasmic membrane, and has resulted in its denaturation and aggregation.

Therefore, the GFP moiety will only fluoresce if it is correctly folded and localised

within the cytoplasmic membrane, thus providing a convenient manner of assessing

membrane protein overexpression levels which positively associate to the protein’s

functional characterisation (Wagner et al., 2008; Schlegel et al., 2012). However, it

is worth noting that the GFP rate of folding remains slow (t1/2 30 minutes) (Waldo

et al., 1999; Fukuda et al., 2000), suggesting that the bound membrane protein can

misfold and become degraded, before the GFP tag has fully folded. Since GFP is

an extremely stable protein, it is possible to form a correctly folded and fluorescent
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GFP state, with an aggregated and denatured bound membrane protein, although

this happens quite rarely. Typically, the stability of a target membrane protein

remains proportional to the fluorescence of cytosolic GFP, whereby membrane

protein GFP fluorescence overexpression can be accurately measured in whole-cell

and isolated membranes, yielding well-established purified protein yields (Drew,

2005).

The PASM-5052 Auto-inductive Medium

For most structural and molecular biologists, luria/lysogeny broth (LB) remains

the most mainstream available medium for membrane protein overexpression, and

is typically accompanied by the induction of Isopropyl �-D-1-thiogalactopyranoside

(IPTG) at the mid-log phase. However, auto-inductive media can provide addi-

tional features to the overexpression of membrane proteins, including the targeting

of proteins for downstream crystallography and NMR techniques and induction of

IPTG at the stationary phase (Lee et al., 2014a).

In 2014, Lee and colleagues proposed a novel membrane protein expression am-

plification recipe, using the Lemo21(DE3) host strain, IPTG and a PASM-5052

auto-inductive medium (Lee et al., 2014a). This medium had been seen to deplete

levels of leakiness of the lacUV5 promoter, thereby reducing the toxic side e↵ects

of overexpressed membrane proteins. The addition of IPTG to autoinduction me-

dia, although in theory should not be necessary, in practice proves to be sometimes

crucial on a protein-to-protein basis. Typically, this addition would lead to over-

produced levels of the membrane protein, resulting in highly toxic overexpression

levels, leading to cell death and overall reduced amounts of properly folded and

localised target protein (Wagner et al., 2008; Schlegel et al., 2012). However, the

opposite was witnessed from Lee and colleagues, whereby the overexpression of

membrane proteins in the PASM-5052 auto-inductive media, with the addition of

IPTG, produced high levels of biomass (which were comparable to those expressed

in rich media) and resulted in greater quantity of protein being generated per host

cell (Lee et al., 2014a). As can be seen for the ASBTNM bacterial construct (fig-

ure 3.4), the addition of 0.4mM IPTG was necessary to achieve maximal optimal

overexpression yields of the protein, once again highlighting the protein-to-protein

dependency on the application of IPTG in autoinduction media.

With an overall ten-fold greater overexpression of Lemo21(DE3)-expressing

membrane proteins in PASM-5052 media, compared to LB (Lee et al., 2014a),

we decided to use and recreate this medium and protocol, in order to fine tune,

optimise and maximise properly folded levels of ASBT and SLC10A7 bacterial

homologue overexpressions.
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3.2.1 ASBTLb and SLC10A7 Bacterial Homologue Small-

scale Overexpression Trials

Optimal overexpression conditions for the ASBT Leptospira biflexa bacterial ho-

mologue, in Lemo21(DE3) with L-rhamnose tunable regulation and titratable

IPTG addition, was previously investigated by Oliver Huxley (MBio student -

2019), and found to require the addition of 0.25mM L-rhamnose and 0.4mM

IPTG at OD600nm 0.5.

For the SLC10A7 bacterial homologues, small-scale (5ml) Lemo21(DE3) pro-

tein expression trials in PASM-5052 autoinductive media were conducted, to assess

the optimal growth conditions required (including bacterial strain, media, temper-

ature, induction time etc.), to produce maximal stable membrane protein yields.

The addition of 0-1mM L-rhamnose was analysed, at both OD600nm 0 and OD600nm

0.5 growth cultures, in order to assess the optimal time of induction, yielding op-

timal overexpression. The cells were also induced with 0.4mM IPTG at OD600nm

0.5 growth culture, to assess the negative impact of glycerol (present in PASM-

5052), in hindering auto-induced membrane protein overexpression, during high

aeration levels (Lee et al., 2014a).

The ASBTNM bacterial homologue was additionally used in overexpression

trials as a positive control, due to its extraordinarily high yield of protein ex-

pression, under already established L-rhamnose and IPTG concentrations, and

Lemo21(DE3) and PASM-5052 optimised conditions. Figure 3.4 below depicts

the ASBTNM overexpressed GFP fluorescence levels obtained in this setup, which

were then used to compare expression levels to the SLC10A7 bacterial homologues.

Figure 3.4: The optimal ASBT Neisseria meningitidis small-scale overexpression positive
control. Maximal overexpression yields were attained with the addition of 0.25mM L-rhamnose
and 0.4mM IPTG. The addition of L-rhamnose at OD600nm 0 (black bar) and at OD600nm 0.5
(grey bar) was also investigated. Error bars are shown as black ”T” lines above the histograms
and were calculated as the standard deviations from the mean of all expression trials (a minimum
of three independent repeats). Data were analysed using GraphPad Prism.
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As can be seen in figure 3.4, very high levels of protein overexpression were

achieved: roughly 20,000 (OD600nm 0) and 15,000 (OD600nm 0.5) GFP counts/OD600nm.

These findings highlight ASBTNM to be very suitable for downstream analysis,

but additionally can serve as a positive control, comparing membrane protein over-

expressions in Lemo21(DE3) cells with PASM-5052 autoinductive medium.

All generated SLC10A7 bacterial constructs, previously depicted in table 3.2,

were subjected to the overexpression protocol mentioned above and yields analysed

via measurement of relative GFP-fluorescence of whole-cells. Figure 3.5 below,

highlights the optimal overexpression conditions for these bacterial homologues.

Asticcacaulis taihuensis (OD600nm 0) Asticcacaulis taihuensis (OD600nm 0.5)

Cupriavidus necator (OD600nm 0) Cupriavidus necator (OD600nm 0.5)
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Escherichia coli (OD600nm 0) Escherichia coli (OD600nm 0.5)

Escherichia coli R316 C-terminal Truncation
(OD600nm 0)

Escherichia coli R316 C-terminal Truncation
(OD600nm 0.5)

Klebsiella pneumoniae (OD600nm 0) Klebsiella pneumoniae (OD600nm 0.5)
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Pseudomonas aeruginosa R318 C-terminal
Truncation (OD600nm 0)

Pseudomonas aeruginosa R318 C-terminal
Truncation (OD600nm 0.5)

Pseudomonas putida (OD600nm 0) Pseudomonas putida (OD600nm 0.5)

Vibrio breoganii (OD600nm 0) Vibrio breoganii (OD600nm 0.5)

Figure 3.5: The optimal SLC10A7 A. taihuensis, C. necator, E. coli full-length and R316
C-terminal truncated, K. pneumoniae, P. aeruginosa R318 C-terminal truncated, P. putida,
and Vibrio breoganii small-scale overexpression trials. Increasing concentrations of L-Rhamnose
(0-1mM) was added at OD600nm 0 (A, C, E, G, I, K, M, and O) and OD600nm 0.5 (B, D, F,
H, J, L, N, and P) of the overexpression culture. Negative and positive inductions of 0.4mM
IPTG are also reported in black and grey bars, respectively. Error bars are shown as black ”T”
lines above the histograms and were calculated as the standard deviations from the mean of all
expression trials (a minimum of three independent repeats). Data were analysed in GraphPad
Prism.
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The SLC10A7 bacterial overexpressions, as seen in figure 3.5.A-P above, over-

all yielded good expression levels. Both SLC10A7 Cupriavidus necator and Pseu-

domonas putida yielded the greatest overexpression at roughly 12,000 GFP counts/OD600nm

each, whilst SLC10A7 Pseudomonas aeruginosa R318 C-terminal truncated and

Vibrio breoganii, in comparison, generated the lowest expression counts at roughly

1,750 and 480 GFP counts/OD600nm respectively.

A summary of the maximal bacterial overexpression yields for all analysed con-

structs, and their optimised expression conditions, ranked from highest to lowest,

are presented in table 3.3 below.

Table 3.3: Optimal SLC10A7 bacterial homologue small-scale overexpression yields

Rank Bacterial Organism Maximal Over-
expression Yield
(GFP Fluorescence
(RFU/OD600nm)

Optimised Expression Condi-
tion

1 Cupriavidus necator 12,000 0mM L-rhamnose, 0mM IPTG

1 Pseudomonas putida 12,000 OD600nm 0: (0.5mM L-rhamnose,
0.4mM IPTG)
OD600nm 0.5: (0.25mM L-
rhamnose, 0mM IPTG)

2 Escherichia coli R316
C-terminal Truncation

6,800 0mM L-rhamnose, 0mM IPTG

3 Klebsiella pneumoniae 6,500 0mM L-rhamnose, 0mM IPTG

4 Escherichia coli 6,000 0mM L-rhamnose, 0mM IPTG

5 Asticcacaulis taihuensis 4,250 0mM L-rhamnose, 0mM IPTG

6 Pseudomonas aerugi-

nosa R318 C-terminal
Truncation

1,750 0mM L-rhamnose, 0mM IPTG

7 Vibrio breoganii 480 0mM L-rhamnose, 0.4mM IPTG

As can be seen in both figure 3.5.A-P and table 3.3 above, all SLC10A7 bac-

terial optimal expression yields, with the exception of both Pseudomonas putida

and Vibrio breoganii, were achieved in the absence of both L-rhamnose and IPTG.

For SLC10A7 P. putida maximal GFP counts were achieved under varying con-

centrations of L-rhamnose: when the latter was added immediately to the start-

ing culture at an OD600nm 0, conditions of 0.5mM L-rhamnose and 0.4mM IPTG

yielded maximal expression; whilst addition at OD600nm 0.5 favoured 0.25mM

L-rhamnose and 0mM IPTG conditions. These results indicate that for Pseu-

domonas putida, the requirement of IPTG, to yield optimal expression, is depen-

dent on when L-rhamnose is added to the culture.
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SLC10A7 V. breoganii on the other hand yielded optimal expression with the

sole addition of 0.4mM IPTG. However, as seen in figure 3.5.O-P, these overexpres-

sion yields were extremely low and thus deemed to be insu�cient for downstream

analytical studies including FSEC, Purification and Crystallisation. As such, this

construct was excluded from these biochemical analyses.

Finally, in comparison to the exceptionally well-expressing ASBTNM mem-

brane protein, the SLC10A7 bacterial homologues achieved significantly lower

overexpression yields. However, since ASBTNM can be regarded as an excep-

tional and unique expressing membrane protein, we can conclude the SLC10A7

bacterial homologues (with the exception of V. breoganii yielded good levels of

overexpression and were deemed to be more than su�ciently expressed for down-

stream structural and functional analyses.
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3.3 Large-scale Membrane Protein Overexpres-

sion and Extraction

3.3.1 ASBTLb Overexpression and Membrane Extraction

Following the identification of optimal overexpression conditions for the ASBTLb

membrane protein by Oliver Huxley (MBio student - 2019), large scale overex-

pression was conducted in Lemo21(DE3) cells with 0.25mM L-rhamnose (added

at OD600nm 0), and 0.4mM IPTG (added at OD600nm 0.5). After 15-20 h growth,

membrane extraction was established, following a standardised procedure and use

of a cell disruptor (see methods section for details).

Figure 3.6 below demonstrates both in-gel fluorescence and SDS-PAGE gel

analysis of this overexpression and membrane extraction, with GFP fluorescence

providing good indication of the overexpression yields.

Figure 3.6: ASBTLb protein overexpression and membrane extraction. In-gel fluorescence (A)
and SDS-PAGE (B) gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CP: Cell Pellet,
RCP: Resuspended Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US: Ultracentrifuge
Supernatant, CM: Cell Membrane.
Gel fluorescence imaged at 1 s intensity.

As can be seen in figure 3.6 above, the fused protein:GFP tag was able to visu-

ally assess the intensity and quantity of ASBTLb protein, in all collected samples,

with the greatest fluorescence intensity present in the extracted cell membrane

fraction. Overall, very good protein yields were established and were su�ciently

expressed for downstream analysis in purification and crystallisation trials.
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3.3.2 SLC10A7 E. coli Overexpression and Membrane Ex-

traction

Following the identification of optimal overexpression conditions for the multiple

SLC10A7 bacterial homologue membrane proteins (see above), large scale overex-

pression for the Escherichia coli construct was established in Lemo21(DE3) cells

with 0mM L-rhamnose, and 0mM IPTG. After 15-20 h growth, membrane ex-

traction was again conducted, following a standardised procedure and use of a cell

disruptor (see methods section for details).

Figure 3.7 below demonstrates both in-gel fluorescence and SDS-PAGE gel

analysis of this overexpression and membrane extraction, with GFP fluorescence

providing good indication of the overexpression yields.

Figure 3.7: SLC10A7 E. coli protein overexpression and membrane extraction. (A) In-gel
fluorescence and (B) SDS-PAGE gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CP: Cell Pellet,
RCP: Resuspended Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US: Ultracentrifuge
Supernatant, CM: Cell Membrane.
Gel fluorescence imaged at 1 s intensity.

As can be seen in figure 3.7 above, the use of a GFP fusion protein tag is an

incredibly useful tool to be able to track visually the intensity of the membrane

protein. Overall, the SLC10A7 E. coli overexpression and extracted membrane

protein fluorescence yields represent a stable GFP fusion to the protein, with

excellent yields for downstream biochemical and biophysical analysis.
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3.3.3 SLC10A7 E. coli Q320 Truncated Overexpression

and Membrane Extraction

Due to the predicted instability and flexibility of the C-terminal domain of the

SLC10A7 E. coli transporter (as predicted by RONN disorder plots (Yang et al.,

2005) (see Appendix 1)), further large-scale overexpression and membrane extrac-

tion investigations were conducted for the Q320 truncated bacterial homologue,

with the fundamental aim of generating a greatly improved stabilised protein state

(as was identified in GFP-TS studies, see chapter 4), to yield better downstream

purity and increased chances of generating well-di↵racting protein crystals (see

chapter 5).

Again membrane protein overexpression and extraction followed the same pro-

tocols and procedures as outlined previously. Figure 3.8 below, highlights the

protein intensities in in-gel fluorescent and SDS-PAGE gels.

Figure 3.8: SLC10A7 E. coli Q320 truncated protein overexpression and membrane extraction.
In-gel fluorescence (A) and SDS-PAGE (B) gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CP: Cell Pellet,
RCP: Resuspended Cell Pellet, CD: Cell Disruptor, P: Pellet, S: Supernatant, US: Ultracentrifuge
Supernatant, CM: Cell Membrane.
Gel fluorescence imaged at 1 s intensity.

As can be seen in figure 3.8 above, similar to the full-length E. coli construct,

very good GFP-protein fusion is presented, yielding high GFP intensities, indica-

tive of good overexpression and membrane levels.
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3.4 Membrane Protein Solubilisation - Fluores-

cence Size-Exclusion Chromatography (FSEC)

In order to study challenging membrane proteins in-vitro, their natural lipidic

environment must be stripped away and replaced by artificial detergent micelles.

This often leads to increased membrane protein flexibility and instability, crucially

hindering their crystallisation ability (due to their increased tendency to form ag-

gregate states), thereby severely impacting the determination of 3D crystal struc-

tures (Hattori et al., 2012; Halan et al., 2014). Typically, detergents forming the

smallest micelles tend to produce the most well-ordered crystals, however, they

require the utmost stability and monodisperity of encapsulated proteins (Michel,

1983; Ostermeier and Michel, 1997). These specific factors can be investigated

e�ciently, prior to performing resource and time consuming purification and crys-

tallisation trials, via the use of fluorescence size-exclusion chromatography (FSEC)

(Kawate and Gouaux, 2006; Halan et al., 2014).

FSEC is an analytical technique used to fundamentally screen for precrys-

tallisation attributes, such as assessing membrane protein stability; localisation;

degree of monodispersity; structure-function relationships; level of expression and

aggregation; protein-detergent complex associations; and approximate molecular

mass (Kawate and Gouaux, 2006; Halan et al., 2014). The technique is rapid and

reliable, and can generate high-throughput data, with the sole requirement be-

ing nanogram amounts of GFP-fused, non-purified solubilised cell membranes, or

whole cell lysates (Kawate and Gouaux, 2006; Halan et al., 2014). Therefore the

characterisation of GFP-tagged target proteins, without the need for purification,

is possible and of extreme interest and importance.

Assessing the quality and functional ability for a detergent, to e�ciently solu-

bilise and stabilise a novel membrane protein, is vital for functional and structural

investigations. Whether or not a detergent is suitable for crystallisation purposes,

is essential for its success and production of high-resolution di↵racting crystal data

(Kawate and Gouaux, 2006). In light of this, FSEC was applied to the bacterial

homologues of ASBT and SLC10A7, in order to screen for a variety of deter-

gents, investigating their e↵ect on membrane protein stability, and providing an

imperative first step in increasing the likelihood their crystallisation (Kawate and

Gouaux, 2006).
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3.4.1 ASBTLb and SLC10A7 Bacterial Homologue FSEC

Trials

FSEC trials were once again previously investigated for the ASBT Leptospira bi-

flexa bacterial homologue by Oliver Huxley (MBio student - 2019), and found to

be significantly stable and monodisperse in a wide array of detergents including: n-

dodecyl-�-D-maltopyranoside (DDM); n-undecyl-�-D-maltopyranoside (UDM); n-

decyl-�-D-maltopyranoside (DM); n-Nonyl-�-D-maltopyranoside (NM); and Lau-

ryldimethylamine N-oxide (LDAO). n-octyl-�-D-glucopyranoside (�-OG) was the

only detergent investigated which proved to be destabilising and denaturing to the

ASBT L. biflexa membrane protein.

For the multiple SLC10A7 bacterial homologues, FSEC trials were also con-

ducted to assess the solubilising ability of a multitude of detergents. These results

are outlined in greater detail in figure 3.9 below.

Asticcacaulis taihuensis Cupriavidus necator

Escherichia coli Escherichia coli R316 C-terminal Truncation
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Klebsiella pneumoniae Pseudomonas aeruginosai R318 C-terminal
Truncation

Pseudomonas putida

Figure 3.9: SLC10A7 A. taihuensis (A), C. necator (B), E. coli full-length (C) and R316
C-terminal truncated (D), K. pneumoniae (E), P. aeruginosa R318 C-terminal truncated (F),
and P. putida (G) FSEC detergent solubilisation trials.
DDM: n-dodecyl-�-D-maltopyranoside; UDM: n-undecyl-�-D-maltopyranoside; DM: n-decyl-
�-D-maltopyranoside; NM: n-nonyl-�-D-maltopyranoside; OG: n-octyl-�-D-glucopyranoside;
LDAO: lauryldimethylamine N-oxide; LMNG: lauryl Maltose neopentyl glycol.
Samples were run on a Superose 6 Increase 10/300 GL column and data analysed and processed
in GraphPad Prism.

Overall the SLC10A7 bacterial homologue FSEC detergent solubilisation trials

were well solubilised in a wide array of analysed detergents. In each case (with the

exception of �-OG), a lack of both aggregation and lone GFP peaks were visible,

indicating good, stable bacterial overexpression levels and tightly bound fusions

with GFP.

The height of the individual fluorescent peak profiles provide crucial informa-

tion on the expression and solubilisation levels of the SLC10A7 membrane pro-

tein in corresponding detergents. Whilst both SLC10A7 E. coli and K. pneumo-

niae were solubilised the most e�ciently, with fluorescence levels reaching roughly

8,000 GFP counts each; SLC10A7 A. taihuensis, Pseudomonas aeruginosa R318

C-terminal truncation and P. putida, in contrast, yielded lower than expected sol-

ubilised GFP fluorescence levels at roughly 1,500, 1,000 and 1,700 GFP counts,

respectively. SLC10A7 P. putida was especially surprising, considering it was a

construct which overexpressed the best, suggesting a poor solubilising ability in the
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detergents tested. Finally, both SLC10A7 C. necator and E.coli R316 C-terminal

truncation showed moderate levels of solubility at roughly 6,000 and 6,500 GFP

counts, respectively.

In all instances, the highest peaks (usually DDM) were eluted after roughly

15.5ml, corresponding with a monomeric state of the protein. With gradual sol-

ubilisation in harsher detergents, protein peaks were seen to be eluted slightly

earlier, highlighting a growing instability in the membrane protein. However, with

the exception of �-OG, all detergents analysed, yielded sharp, symmetrical and

monodisperse peaks, following a Gaussian distribution, indicative of a stabilised

protein state.

Taken together, these FSEC results depict good solubilisation of all SLC10A7

bacterial constructs, whereby, DDM, UDM, DM, NM, LDAO and LMNG could

serve as suitable detergent candidates for future crystallisation attempts. FSEC

results from SLC10A7 E.coli full length and R316 C-terminal truncated, as well as

K. pneumoniae and C. necator, are all promising for future downstream functional

and structural investigations; whilst the poor solubility results of P. aeruginosa

R318 C-terminal truncation in particular have excluded it from these analyses.
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Chapter 4

Results: Membrane Protein

Functional Thermostability

4.1 CPM Thermostability

Membrane protein structural and functional stability are both pivotal attributes

which govern the successfulness of crystallisation and subsequent structure deter-

mination. For in-vitro analysis, their expulsion from the lipid bilayer requires the

use of detergents, which replace the stable lateral pressures exerted from lipids of

the cell membrane, with a weaker, freely coated ”belt” of detergent monomers,

resulting in the formation of protein-detergent complexes (PDC) (Alexandrov

et al., 2008). Unsurprisingly, solubilisation in such detergents can lead to un-

folded, destabilised and aggregated states of the protein. Therefore, it is im-

perative for the stability of a membrane protein to be fully optimised (as well

as establishing good levels of solubility and homogeneity), in order to yield suc-

cessful outcomes in downstream biochemical procedures, including both protein

purification and crystallisation (Marsh, 1996; Alexandrov et al., 2008). Fortu-

nately, the use of a thiol-specific fluorochrome N-[4-(7-diethylamino-4-methyl-3-

coumarinyl)phenyl]maleimide (CPM) o↵ers the possibility of investigating, in a

high-throughput manner, potential bu↵er solutions, detergent and ligand condi-

tions, which can increase the thermostability and solubility of a membrane protein

of interest (Alexandrov et al., 2008).

Exact specifications on how this CPM assay works, remains a little elusive.

Alexandrov and colleagues originally proposed the CPM fluorochrome (which is

naturally non-fluorescent in its unbound state (Ayers et al., 1986)) to bind specif-

ically to embedded membrane protein cysteine residues (Alexandrov et al., 2008).

At increasing temperatures, the membrane protein begins to unfold, allowing for

buried cysteine residues in the hydrophobic core to become readily accessible to
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the CPM probe, resulting in the formation of thioether bonds, and emitting high

fluorescence intensities (Alexandrov et al., 2008). However, Wang and colleagues

instead suggested cysteine residues (and other sulfhydryl residues) not to be essen-

tial as prerequisites for this assay, instead proposing the non-covalent binding of

the CPM dye to other hydrophobic regions/patches such as lysine residues (Wang

et al., 2015). Although significantly lower fluorescent measurements were obtained

when compared to cysteine residues, binding to lysine residues did successfully

yield su�cient fluorescent intensities to generate accurate melting temperature

(Tm) measurements (Alexandrov et al., 2008; Wang et al., 2015).

Regardless of the mechanics of the assay, the result of CPM binding generates

a two-state model, consisting of a low fluorescent, natively folded state, and an

upper fluorescent, denatured state. Monitoring of the fluorescent changes between

both these states elucidates the membrane protein’s structural thermostability,

allowing for the successful and reliable calculation of its Tm value) (Alexandrov

et al., 2008; Wang et al., 2015).

Unfortunately, like many techniques, there are limitations to what can be suc-

cessfully analysed. Primarily, the CPM dye has been seen to reach lower fluo-

rescent intensities at pH’s lower than 6.0, outlining a significant reduction in its

reactive ability with cysteines/hydrophobic patches. Furthermore, stability inves-

tigations at pH levels <5.0, significantly altered the sigmoidal appearance of the

melting curve, thereby highlighting the limitation of the dye for investigations of

membrane protein stability at low pH’s. Consequently, at pH levels above 8.0, the

CPM dye was also seen to experience reduced chemical selectivity, also render-

ing membrane stability investigations in these conditions unsuitable (Alexandrov

et al., 2008).

However, the CPM stability assay, requiring purified protein quantities of

<10 µg, provides a highly sensitive, accurate, versatile and reliably reproducible

assessment of a membrane protein’s structural stability, in a wide array of condi-

tions. Indeed, very good compatibility with a multitude of detergents and other

ligands/compounds is possible, yielding high signal-to-noise ratios (Alexandrov

et al., 2008). In comparison, the use of other thermofluor dyes, such as sypro-

orange, to analyse membrane protein stability, produces high background signals,

which significantly interfere with the unfolding transition of solubilised membrane

proteins (Yeh et al., 2006; Alexandrov et al., 2008). Therefore, taken together,

we deemed the application of the CPM assay to be a fundamental technique to

investigate thermostability of the ASBT L. biflexa membrane protein, thereby in-

vestigating a wide array of di↵erent compounds, bu↵er conditions and potential

substrates, which potentially increase the thermostability of the protein.
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4.1.1 ASBTLb CPM Functional Thermostability Investiga-

tions

The presence of cysteine aa residues in membrane proteins, confers protein confor-

mational stability and oligomerisation, via the generation of intramolecular and

intermolecular disulfide bonds and linkages, respectively. These covalent asso-

ciations have been shown to be fundamentally coupled to a protein’s function,

stability and tra�cking (Chothe et al., 2018).

In light of this, ASBTLb thermostability was investigated via the CPM assay,

with a concentration dependent series depicted below in figure 4.1, outlining the

best protein concentration to use (i.e. yielding the most reliable sigmoidal curve),

which can generate reliable comparisons for downstream analysis in a variation of

bu↵ering conditions and substrates.

Figure 4.1: ASBTLb CPM thermostability concentration series investigation. (A) Thermosta-
bility traces in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM and 0-20µg purified ASBTLb

protein, were investigated. (B) Calculated Tm values for these CPM investigations are displayed
in a table.
Data was analysed and processed in GraphPad Prism.

As can be seen in figure 4.1 above, a range of protein concentrations (from

0-20 µg) were investigated, in order to determine a suitable candidate for down-

stream Tm comparisons. As the protein concentration added increased, the over-

all thermostability and deduced melting temperature steadily declined, which was

demonstrated by the plateau of the sigmoidal traces at earlier temperatures. How-

ever, we propose this not to be a decline in Tm, but rather an increase in sensitivity

of the protein to the assay, due to increased concentration levels. Therefore, lower

concentrations of the protein were deemed more suitable for downstream Tm com-

parisons, and the 2.5 µg concentration, yielding a reasonable stability of 49.4 °C,
was selected for this purpose.
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CPM Glycerol Stability Investigations

Glycerol has been shown to stabilise extracellular/intracellular loops of a protein,

by reducing its conformational flexibility via the inhibition of local thermal back-

bone dynamics (Tsai et al., 2000; Weinkauf et al., 2001; Xia et al., 2004). As such,

its addition guarantees the greatest native structural compact state of the protein

(Alexandrov et al., 2008).

Thermostability investigations of the ASBTLb protein with increasing concen-

trations of glycerol were investigated with the CPM assay. 2.5 µg ASBTLb protein

was used for the investigation in standardised bu↵er (20mM Tris pH 7.5, 150mM

NaCl, 0.03% DDM). Results from this investigation are displayed below in figure

4.2.

Figure 4.2: ASBTLb CPM thermostability glycerol investigation. (A) Thermostability traces
in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM, 0-10% glycerol, and 2.5 µg ASBTLb, were
investigated. (B) Calculated Tm values for these CPM investigations are displayed in a table.
Data was analysed and processed in GraphPad Prism.

As can be observed in figure 4.2 above, gradual increase in glycerol concentra-

tion from 0-10%, significantly increased the Tm of ASBTLb. Indeed, the greatest

melting temperature was seen at 10% glycerol, with a reported Tm of 50.4 °C.
Compared to the 46.5 °C melting temperature in the absence of glycerol, this ther-

mal shift of 3.9 °C is significant, and should be considered for future downstream

biochemical/biomolecular processes.
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CPM Detergent Stability Investigations

Since the chemical natures of detergent surfactants can vary significantly, the

elucidation of their levels of solubility and stability on target membrane proteins

are of the utmost importance (Odahara, 2004). These investigations are possible

via CPM analysis.

In light of this, a range of detergents, with varying CMC, were selected, to in-

vestigate the thermostability properties of the ASBTLb membrane protein. Results

from these investigations are depicted below in figure 4.3.

Figure 4.3: ASBTLb CPM thermostability detergent investigation. (A) Thermostability traces
in 20mM Tris pH 7.5, 150mM NaCl, 2.5 µg ASBTLb, and a range of detergents (0.03% DDM,
0.09% UDM, 0.26% DM, 0.84% NM, 2.67% �-OG, 0.07% LDAO, and 0.003% LMNG), were
investigated. (B) Calculated Tm values for these CPM investigations are displayed in a table.
Data was analysed and successfully processed in GraphPad Prism.

As is depicted in figure 4.3 above, gradual incorporation of the ASBLb protein

into ’harsher”/smaller micelled detergents led to decreased overall thermostability.

Indeed, all tested detergents, apart from LMNG, were less stabilising than DDM,

with the �-OG detergent exhibiting the weakest protein thermostability at 28.8 °C.
This calculated Tm demonstrated a significant thermal shift of �18.5 °C from

DDM incorporated ASBTLb. LMNG, on the other hand, was the only detergent

to increase the melting temperature of the ASBTLb protein when compared to

DDM. Indeed, a thermal shift of 3.6 °C was observed, which is a significant result

and must be considered for future purification strategies.
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CPM Substrate Stability Investigations

Specific additives and ligands such as sugars, organic compounds, salts, cofactors

and detergents have previously been seen to interact with proteins, a↵ecting their

biophysical properties. Assessing the potential stabilities and involvements of this

diverse group of molecules on target proteins, is readily possible via the application

of CPM assays (Alexandrov et al., 2008).

Since the human ASBT transporter is categorically involved in the reabsorp-

tion and transport of bile acids in the EHC, from the intestines to the liver, BA

substrates were investigated via CPM thermostability assays for the ASBTLb bac-

terial homologue. The results from these CPM investigations are portrayed below

in figure 4.4.

Figure 4.4: ASBTLb CPM thermostability bile acids investigation. (A) Thermostability traces
in 20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM, 2.5 µg ASBTLb, and a range of bile acids
(1mM Sodium cholate, 1mM Sodium taurocholate, 1mM Sodium chenodeoxycholate, 1mM
Sodium deoxycholate, and 1mM Lithocholic acid), were investigated. (B) Calculated Tm values
for these CPM investigations are displayed in a table.
Data was analysed and successfully processed in GraphPad Prism.

As is depicted in figure 4.4 above, the addition of 1mM BAs to the ASBTLb

membrane protein, had a significant e↵ect on the generated protein Tm values.

Indeed, every investigated BA increased the thermostability of the ASBTLb pro-

tein, highlighting a significant interaction and thermal increase in stability. Most

interestingly, addition of 1mM Sodium deoxycholate (DCA), demonstrated the

greatest increase in the melting temperature of the ASBTLb protein with 59.6 °C,
corresponding to a thermal shift of 9.9 °C, from DDM control conditions. In light

of this finding, DCA was incorporated in downstream purification and crystallisa-

tion strategies, in order to increase the likelihood of successful 3D protein structure

determination.

A wide array of other solutes and potential substrates were also investigated

with the CPM assay, based on their availability in the laboratory and weak/minor

associations to bile acids and the EHC. These substrates and their associated Tm

values are portrayed in table 4.1 below.
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Table 4.1: ASBTLb substrate stability investigations with CPM assays.

Substrates Melting Temperature, Tm (�)

20mM Tris pH 7.5 + 150mM NaCl (Control) 51.7 ± 1.1

1mM a, a, D-Trehalose Dihydrate 50.9 ± 0.3

1mM 4-Aminobenzoic Acid (PABA) 49.3 ± 0.5

1mM Aluminium Chloride 49.6 ± 0.6

1mM Ammonium Bicarbonate 49.2 ± 1.5

1mM Ammonium Chloride 48.9 ± 1.5

1mM Ammonium Fluoride 48.3 ± 1.2

1mM Ammonium Formate 48.6 ± 5.2

1mM Ammonium Molybdate 46.1 ± 0.5

1mM Ammonium Sulfate 49.6 ± 0.9

1mM Anthranilic Acid 48.4 ± 1.5

1mM L+Arabinose 49.6 ± 0.7

1mM L-Ascorbic Acid (Vitamin C) 48.8 ± 1.2

1mM Benzoic Acid 49.6 ± 1.2

1mM Beta-Alanine 48.5 ± 1.2

1mM Betaine Monohydrate 48.8 ± 1.2

1mM Cadaverine 48.8 ± 2.0

1mM Cadmium Chloride Hemi(pentahydrate) 47.0 ± 0.4

1mM Caesium Chloride 48.6 ± 0.6

1mM Calcium Chloride 48.7 ± 2.2

1mM Chloranilic Acid 47.9 ± 0.6

1mM Choline Chloride 51.2 ± 0.9
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1mM Chromic Chloride 46.6 ± 0.5

1mM Cobalt Chloride 48.7 ± 0.3

1mM Cobaltous Nitrate 47.9 ± 0.5

1mM 3-4, Dihydroxyphenylacetic Acid 47.0 ± 0.3

1mM EDTA 49.0 ± 0.3

1mM EGTA 48.5 ± 0.5

1mM Folic Acid 47.7 ± 0.9

1mM D-Fructose 49.0 ± 0.2

1mM D-Galactose pH 7.5 49.3 ± 0.5

1mM D-Glucose 51.0 ± 0.4

1mM Glucuronic Acid pH 7.5 48.8 ± 0.3

1mM L-Glutamic Acid 48.9 ± 3.3

1mM �-Glycerophosphate 48.9 ± 1.3

1mM Glycine 49.2 ± 3.2

1mM Glycylglycine 48.7 ± 0.5

1mM Guanidine 49.2 ± 0.6

1mM 1,6-Hexanediol 48.9 ± 2.6

1mM Hexamine Cobalt Chloride 48.4 ± 0.9

1mM Hydroxylamine 48.4 ± 1.6

1mM ↵-Ketoglutaric Acid 49.7 ± 4.6

1mM ↵-Lactose 48.5 ± 1.4

1mM Lithium Chloride 46.9 ± 0.3

1mM Lithium Nitrate 46.9 ± 3.0

1mM Lithium Sulphate 48.0 ± 2.5
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1mM Magnesium Acetate 48.8 ± 1.8

1mM Magnesium Chloride 48.5 ± 0.4

1mM Magnesium Sulphate 49.9 ± 1.1

1mM L-Malic Acid 49.9 ± 2.4

1mM Malonic Acid 47.6 ± 2.0

1mM Maltose 49.0 ± 1.8

1mM Manganese (II) Chloride 49.5 ± 3.7

1mM D-Mannitol 48.3 ± 1.4

1mM Methyl-B-Cyclodexin 49.1 ± 0.3

1mM Myo-Inositol 51.2 ± 1.8

1mM N-Acetyl-L-Glutamic Acid 49.8 ± 0.4

1mM N-Bromo-Succinimide 41.2 ± 4.6

1mM N-Hydroxy Succinimide 46.5 ± 1.5

1mM Niacinimide 49.1 ± 0.1

1mM Nicotinic Acid 49.4 ± 1.0

1mM N-Lauryl Sarcosine 55.7 ± 0.1

1mM N-Methyl-D-Glucamine 48.4 ± 0.7

1mM O-Phenylene-Diamine 49.4 ± 0.5

1mM Oxalic Acid 48.2 ± 1.5

1mM Poly(acrylic acid sodium salt) 50.0 ± 0.2

1mM Potassium Bicarbonate 49.2 ± 0.1

1mM Potassium Bromide 48.4 ± 0.3

1mM Potassium Carbonate 48.4 ± 0.2
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1mM Potassium Chloride 48.5 ± 0.1

1mM Potassium Fluoride 48.6 ± 0.3

1mM Potassium-Sodium Tartrate Tetrahydrate 50.7 ± 0.7

1mM Pyridoxine Monohydrochloride 48.3 ± 0.4

1mM Rubidium Chloride 47.4 ± 0.3

1mM Sodium Benzoate 50.9 ± 2.4

1mM Sodium Bicarbonate 51.4 ± 0.7

1mM Sodium Borate 49.4 ± 0.9

1mM Sodium Citrate 50.6 ± 1.0

1mM Sodium Fluoride 51.7 ± 0.8

1mM Sodium Formate 51.2 ± 1.1

1mM (+) Sodium L-Ascorbate 50.2 ± 0.7

1mM Sodium Molybdate 50.2 ± 2.2

1mM Sodium Pantoate 49.0 ± 0.6

1mM Sodium Pyrophosphate Decahydrate 50.5 ± 2.6

1mM Sodium Pyruvate 49.8 ± 0.3

1mM Sodium Selenite 51.0 ± 2.2

1mM Sodium Sulfate Decahydrate 52.2 ± 0.8

1mM Sodium Thiocyanate 52.4 ± 4.1

1mM D-Sorbitol 49.8 ± 1.1

1mM Sucrose 50.3 ± 0.2

1mM (-) D-Tartaric Acid 49.9 ± 0.9

1mM (+) L-Tartaric Acid 51.9 ± 1.3

1mM Taurine 50.1 ± 0.6
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1mM Triethanolamine Hydrochloride 50.7 ± 0.5

1mM Trimethylamine N-Oxide Dihydrate 49.7 ± 1.4

1mM Xylitol 48.7 ± 0.3

1mM Zinc Sulfate 47.0 ± 0.6

As is shown in table 4.1 above, the vast majority of investigated substrates

failed to substantially increase the melting temperature of the ASBTLb protein.

Typically, a Tm value of >3-5 °C is deemed to be a significant result. Only a few

substrates showed increased thermostability, including sodium sulfate decahydrate

(thermal shift 0.5 °C), sodium thiocyanate (thermal shift 0.7 °C) and (+) L-tartaric

acid (thermal shift 0.2 °C), however, these were so minimal, were deemed insignifi-

cant and eliminated as possible ASBTLb solutes. N-lauryl sarcosine (thermal shift

4.0 °C) was the only substrate to provide a reasonably significant result. How-

ever, since this is an un-natural, industrialised, anionic surfactant, most likely

increasing the thermostability of the transporter by forming mixed micelles with

the DDM detergent, this compound was also disregarded as being a potential

ASBTLb substrate.

Taken together, these CPM assays provided extremely reliable thermostability

results for the ASBTLb transporter, yielding extremely interesting findings. The

significantly increased thermal shift (9.9 °C) caused by the addition of 1mM DCA,

prompted its incorporation in future downstream purification procedures, as is

explored in greater detail in chapter 5. The addition of 10% glycerol (thermal

shift 3.9 °C) was also considered and can provide an alternative option for future

crystallisation attempts.
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4.2 FSEC-TS and GFP-TS Thermostability

In comparison to the CPM assay (which requires the use of well-purified protein

samples), the presence of a GFP-fusion can greatly facilitate the monitoring of

a membrane protein’s stability, via thermostability techniques such as FSEC-TS

and GFP-TS. Here, non-purified µg amounts of membrane protein GFP samples

can be e↵ectively and reliably investigated, as is explored in greater detail below.

Fluorescence Size-Exclusion Chromatography Thermostability (FSEC-

TS)

Fluorescence detection size-exclusion chromatography thermostability (FSEC-TS),

is a simple, e�cient and reliably fast technique, used to yield crucial, mid-throughput

novel information on the thermostability of ng-µg target protein, under varying

conditions (Hattori et al., 2012). The covalently bound GFP tagged membrane

protein can be used to screen for a wide array of specific additives, solubilised

in detergent bu↵ers, such as bu↵ering capacitance, salts, pH, ions (anions and

cations), substrates, ligands, lipids, etc (Hattori et al., 2012; Nji et al., 2018). The

samples are heat treated at (4-100 °C), and analysed by FSEC, as described pre-

viously (Kawate and Gouaux, 2006). The results generate a temperature-induced

denaturation of a target protein, elucidating its Tm (the temperature at which half

the intrinsic fluorescence is lost), which can then be used as reference to compare

investigations of future additive thermostabilisation studies (Hattori et al., 2012).

In specific situations were membrane protein solutes/substrates are unknown

(as is the case for both ASBT and SLC10A7 bacterial homologues) and/or tar-

get proteins are known to be unstable, FSEC-TS o↵ers the ability to investigate

potential compounds and conditions which can significantly increase protein sta-

bility. Indeed, the successful isolation of small compounds and molecules, which

are shown to increase membrane protein stability, leads to a direct increase in the

likelihood of e�cient purification and crystallisation procedures, of novel mem-

brane proteins (Hattori et al., 2012).

Green Fluorescent Protein Thermostability (GFP-TS)

Following the same characteristic principles of FSEC-TS, Nji and colleagues, de-

veloped a simpler, more e�cient GFP-TS thermal-shift assay, allowing for the

generation of high-throughput additive, lipid and ligand screening interactions,

with GFP-tagged membrane proteins (Nji et al., 2018). The core di↵erence be-

tween techniques was the replacement of the limiting SEC stage in FSEC-TS (used

to separate aggregates from protein), with a centrifugation step in GFP-TS.
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Initial replacement of this SEC step, led to significant overestimations of Tm

for analysed target proteins. This was believed to be largely due to inadequate

exclusion of fluorescent aggregates in the centrifugated sedimentation step. The

addition of �-OG to samples, prior to heat treatment, rectified this issue, thereby

readily precipitating the aforementioned fluorescent aggregates. Through this

optimised protocol, comparative and accurate Tm estimates for GFP-TS and

FSEC-TS were then successfully reported, outlining the fundamentality of �-

OG addition. Furthermore, comparisons to the N-[4-(7-diethylamino-4-methyl-3-

coumarinyl) phenyl] maleimide (CPM) thermal-shift assay, with purified protein,

also outlined a strong positive correlation in the generation of Tm values obtained

from GFP-TS (Nji et al., 2018).

4.2.1 SLC10A7 Cupriavidus necator GFP-TS and FSEC-

TS Functional Thermostability Investigations

SLC10A7 thermostability was investigated, in order to identify potential sub-

strates, molecules and/or bu↵er conditions which increase Tm values. The Cupri-

avidus necator bacterial homologue was specifically selected for these studies, due

to its significantly greater expression and solubilisation levels; as well as displaying

the greatest sequence identity to human SLC10A7.

Bu↵er Ion Stability (GFP-TS)

A range of bu↵ering ions (Tris, 1x PBS, Hepes, Bicine, and Bis-tris propane) at pH

7.5, were investigated, in order to investigate their bu↵ering capacitance abilities

and stability e↵ect on the transporter. These ions were concentrated to 20mM at

pH 7.5, in the presence of 150mM NaCl and 1% DDM detergent. These GFP-TS

thermostability traces and calculated Tm values are depicted in figure 4.5 below.

Figure 4.5: SLC10A7 C. necator bu↵ering ion stability GFP-TS optimisation studies. (A)
Thermostability traces in Tris, 1x PBS, Hepes, Bicine and Bis-tris propane, at 20mM con-
centrations and pH 7.5, in the presence of 150mM NaCl, and 1% DDM, were investigated.
Calculated Tm values (B) are also displayed in a table.
Data were analysed and processed in GraphPad Prism.
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As can be seen in figure 4.5 above, SLC10A7 C. necator thermostability, is

well conserved with minor Tm di↵erences. Overall, Tris bu↵er seemed to sta-

bilise the protein the best, yielding a Tm value of 38.4 ± 0.7�. Hepes and Bicine

seemed to yield slightly weaker melting temperatures at 37.3 ± 1.7�, and 37.8 ±
2.0�, respectively, however, these bu↵ering ions inflicted a slightly reduced level

of protein solubilisation. Finally, 1x PBS and Bis-tris propane yielded significantly

lower SLC10A7 protein melting temperatures at 35.5 ± 0.4�, and 35.2 ± 0.3�,

respectively.

Taken together, only minor Tm di↵erences are reported from the analysed

bu↵ering ions, with Tris ions representing the greatest thermostability and sol-

ubilisation of the SLC10A7 protein. As such, Tris ions were used as the main

bu↵ering agent for future stability investigations.

Glycerol Stability (GFP-TS)

Glycerol-induced membrane protein stability was also analysed for the SLC10A7

C. necator transporter. As previously mentioned (see above in CPM section),

the addition of glycerol stabilises the flexible extracellular/intracellular loops of

a membrane protein, via the inhibition of the local thermal backbone dynamics

(Tsai et al., 2000; Weinkauf et al., 2001; Xia et al., 2004). As such, bu↵ered

conditions consisting of 20mM Tris pH 7.5, 150mM NaCl, 1% DDM detergent,

and 0-10% glycerol were investigated. These thermostability traces, as well as

calculated Tm units, are portrayed in figure 4.6 below.

Figure 4.6: SLC10A7 C. necator glycerol stability GFP-TS optimisation studies. (A) Ther-
mostability traces in 20mM Tris pH 7.5, 150mM NaCl, 1% DDM, and 0-10% glycerol were
investigated. Calculated Tm values (B) are also displayed in a table.
Data were analysed and processed in GraphPad Prism.

As can be observed in figure 4.6 above, the addition of increasing concentra-

tions (0-10%) of glycerol, has only a very negligible e↵ect on the thermostability

of SLC10A7 C. necator. Indeed, increasing amounts of glycerol concentrations,

in the bu↵ered system, had a direct positive correlation to an increase in mem-

brane protein thermostability. However, this increase was very small, whereby
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comparison of Tm measurements at 0% and 10% glycerol only yielded a thermal

shift change of 2.5 °C. Since this addition was of such a minimal thermal shift

to the stability of the membrane protein, we decided to continue analysing other

thermostability associations of the target protein, without the addition of glycerol.

pH Stability (GFP-TS)

Analysing the stability thresholds of the SLC10A7 C. necator transporter at var-

ious pH levels was also investigated. Our initial hypothesis for the alternating

access mechanism of the SLC10A7 transporter, was the use of coupled proton ions

(H+), due to the lack of conserved aa residues associated with the Na+ ion sites

seen previously in ASBTNM . We believed that by altering the pH in solutions,

the concentration of H+ ions would change, thus inflicting important e↵ects and

alterations on the stability of the transporter. To test this hypothesis, GFP-TS

analysis with a range of pH bu↵ering agents were analysed, including 20mM con-

centrations of citrate pH 5.0, MES pH 6.0, Hepes pH 7.0, Tris pH 7.5, Tris pH

8.0, Bicine pH 9.0, and CHES pH 10.0, in bu↵er conditions entailing 150mM

NaCl, and 1% DDM detergent. Again, thermostability traces, and analysed Tm

measurements, are outlined in figure 4.7 below.

Figure 4.7: SLC10A7 C. necator pH stability GFP-TS optimisation studies. (A) Thermosta-
bility traces in citrate pH 5.0, MES pH 6.0, Hepes pH 7.0, Tris pH 7.5, Tris pH 8.0, Bicine
pH 9.0 and CHES pH 10.0, at 20mM concentrations, with 150mM NaCl, and 1% DDM, were
investigated. Calculated Tm values (B) are also analysed in a table.
Data were analysed and processed in GraphPad Prism.

The general trend in stability of this SLC10A7 C. necator transporter, solu-

bilised at varying pH’ed bu↵ers (as seen above in figure 4.7), showed the membrane

protein to be more stable at higher (more alkaline) pH’s in comparison to lower

(more acidic) pH.

This is certainly the case for the bu↵ers pH’ed from 7.5-10 , where a gradual

increase in the stability and Tm of the transporter is observed. Most significantly,

solubilisation and stability of SLC10A7 in CHES bu↵er at pH 10.0, yielded the

greatest increase at a Tm of 49.0 ± 1.5�, which, is a thermal shift of 11.6 °C when
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compared to Tris bu↵er at pH 7.5 (Tm of 37.4 ± 0.7�).

In comparison, lower (more acidic) pH’ed bu↵ers yielded significant instabil-

ity in the membrane protein. Indeed citrate pH 5.0 and MES pH 6.0 bu↵ers,

both denatured the solubilised protein, by up to 80-100%, at the initial solubil-

isation temperature of 4 °C. Due to such detrimental protein instability, melting

temperatures of 0 °C were attributed.

Solubilisation of the transporter in Hepes pH 7.0 bu↵er depicted slightly better

solubilisation and stability compared to citrate and MES, although roughly 30%

was still degraded at 4 °C. A Tm value of 34.8 ± 1.9 °C was established, presenting

a substantially greater level of instability when compared to pH bu↵ers at 7.5-10

In order to ensure that these generated Tm values for the SLC10A7 transporter

are genuine and representative of the membrane protein (and not a GFP-induced

stabilisation e↵ect), pH GFP-TS investigations were conducted with pure stan-

dardised GFP, which is analysed and plotted below in figure 4.8.

Figure 4.8: Pure GFP pH stability GFP-TS optimisation studies. (A) Thermostability traces
in citrate pH 5.0, MES pH 6.0, Hepes pH 7.0, Tris pH 7.5, Tris pH 8.0, Bicine pH 9.0 and
CHES pH 10.0, at 20mM concentrations, with 150mM NaCl, and 1% DDM, were investigated.
Calculated Tm values (B) are also analysed in a table.
Data were analysed and processed in GraphPad Prism.

As can be seen for the pure GFP pH investigation in figure 4.8 depicted above,

a very similar thermostability profile is seen for the varying pH bu↵ers investigated

for SLC10A7 C. necator. Again, at lower pH’s, including citrate pH 5.0 and MES

pH 6.0, very strong destabilisation of pure GFP can be observed. In comparison,

at higher pH (including Hepes pH 7.0, Tris pH 7.5, Tris pH 8.0, Bicine pH 9.0, and

CHES pH 10.0), much greater protein stability is observed, with calculated Tm

measurements ranging from 71.7-74.9 °C. These high melting temperatures are as

expected for pure GFP, and similar to its reported Tm of 78 °C (Ward et al., 1982;

Tsien, 1998).

Taken together, the SLC10A7 C. necator transporter’s instability, witnessed

in figure 4.7 at lower pH’ed bu↵ers, appears to be an e↵ect of the instability of

pure GFP and is not necessarily due to the instability of the SLC10A7 membrane

protein. Since this technique measures the fluorescence of GFP to deduce Tm
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measurements of membrane proteins, the denaturation of GFP at low pH, deems

the GFP-TS assay to be unsuitable for analysis of membrane protein stability at

low pH. As such we were unable to prove or disprove our initial hypothesis of

the transporter requiring H+ for solute translocation. However, since pure GFP

remains very stable at high pHs, we can confidently conclude that the SLC10A7

C. necator membrane protein transporter exhibits increased stability at higher

(more alkaline) pH’s.

Salt Stability (GFP-TS)

An in-depth analysis was conducted for a plethora of salts, by GFP-TS assays,

in detergent bu↵ered solution (20mM Tris pH 7.5, 1% DDM), at 150mM and

300mM concentrations, with respective Tm values calculated. Although greater

pH was seen to stabilise the target membrane protein better (see above), a salt

pH 7.5 was selected, due to the adherence to standardised purification protocols

for the protein. Further salt and bu↵er pH combination optimisations should be

investigated in the future, to establish the optimal bu↵er-salt pH ratios which

yield the greatest protein stability. Figure 4.9 below, highlights just a few of the

many di↵erent salts studied.

Calcium Chloride pH 7.5 Magnesium Chloride pH 7.5

Sodium Carbonate pH 7.5 Sodium Bicarbonate pH 7.5
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Salt Melting Temperatures

Figure 4.9: SLC10A7 C. necator salt stability GFP-TS optimisation studies. Thermostability
in sodium chloride (NaCl, (A-D)), calcium chloride (CaCl2, (A)), magnesium chloride (MgCl2,
(B)), sodium carbonate (Na2CO3, (C)) and sodium bicarbonate (NaHCO3, (D)) at 150mM and
300mM concentrations were investigated. Bar chart (E) represents the Tm values obtained from
these investigations.
Data were analysed and processed in GraphPad Prism.

As can be identified from figure 4.9.A-E, varying salt components and their con-

centrations in bu↵er, have significant e↵ects on Tm values. The general trend for

all salts analysed, was that increasing salt concentrations from 150mM to 300mM,

positively correlated with an increase in Tm protein thermostability. Typically,

the greater the proportion of charged surface residues in membrane proteins, the

better its solubility, stability and prevention against aggregation (Lindman et al.,

2006). Therefore, the increasing salt concentrations witnessed in figure 4.9.A-E,

most likely result from a reduction in the repulsive forces of the surface charged

residues, thereby resulting in a membrane protein with greater surface charge and

increased stability (Lindman et al., 2006).

Interestingly, and unexpectedly, sodium chloride (NaCl) presented with the

lowest generated Tm values at 36.4 ± 1.1 °C and 37.2 ± 0.5�, at 150mM and

300mM concentrations, respectively. These values are both respectively low, sug-

gesting a greater degree of membrane protein instability, and thus reduced likeli-

hood of successful purification and crystallisation.

In comparison, calcium chloride (CaCl2), magnesium chloride (MgCl2), sodium

carbonate (Na2CO3) and sodium bicarbonate (NaHCO3), all yielded significantly

greater protein stabilisation, at pH 7.5. For both CaCl2 and MgCl2, at 300mM

concentrations, a thermal shift of Tm 9.7 °C and 9.1 °C were achieved, respectively,

in reference to 300mM NaCl. This is extremely encouraging, and depicts an

almost 10 °C greater thermal shift, strongly highlighting a more stabilised state of

the SLC10A7 carrier protein.
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Similarly, both Na2CO3 and NaHCO3 also significantly increased Tm values,

when compared to NaCl. Here, at 300mM concentrations, thermal shifts of Tm

8.7 °C and 12.9 °C were observed, respectively, in comparison to NaCl. Sodium

bicarbonate especially presented with the greatest SLC10A7 membrane protein

stability, significantly increasing its chances of yielding e�cient protein crystals. In

light of this, sodium bicarbonate was selected for downstream protein purification

and crystallisation trials.

Other SLC10A7 bacterial homologue constructs were also trialled in ther-

mostable investigations with this bicarbonate salt. These all depicted very similar

Tm values to the ones reported here, however, interestingly the E. coli Q320

C-terminal truncated protein construct generated even higher melting tempera-

tures, across all analysed bacterial constructs. This finding seems to suggest the

C-terminal domain of the full-length E.coli protein to be rather flexible and an

unstable domain/region of the transporter. As such, its subsequent truncation

and solubilisation in bicarbonate bu↵er led to the generation of the most stable

SLC10A7 protein. Downstream purification and crystallisation studies for this

truncated construct, were characterised further (see below).

To ensure these results were accurately depicting SLC10A7 stabilisation and

not merely an influenced GFP e↵ect, pure GFP Tm thermostability (positive con-

trol) was assessed in the same bu↵ers mentioned above. Figure 4.10 below, outlines

these findings.

Figure 4.10: Pure GFP salt stability GFP-TS optimisation studies. (A) Thermostability traces
in sodium chloride (NaCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), sodium car-
bonate (Na2CO3) and sodium bicarbonate (NaHCO3), at 150mM and 300mM concentrations,
with 20mM Tris pH 7.5 and 1% DDM, were investigated. Calculated Tm values (B) are also
analysed in a table.
Data was analysed and successfully processed in GraphPad Prism.

As can be seen in figure 4.10 above, with the exception of CaCl2, pure GFP,

in the presence of the above mentioned salts, yielded significantly higher Tm val-

ues of 71-73 °C. These values are to be expected from GFP, with it being a very

thermostable protein, correlating well to its expected and reported melting tem-
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perature Tm 78 °C (Ward et al., 1982; Tsien, 1998).

Interestingly, solubilisation of pure GFP in detergent bu↵er with 150mM and

300mM CaCl2 pH 7.5 concentrations, yielded drastically reduced melting tem-

peratures (Tm of 60 °C and 64 °C, respectively), albeit still significantly greater

than SLC10A7 Tm values. This salt thereby hinders the stability of pure GFP,

and its involvement in future GFP-associated stability assays should be strongly

considered.

Taken together, based on the findings of stability from pure GFP, Tm values

calculated for SLC10A7 C. necator (with the exception of CaCl2, as seen above, are

reliable and accurate, and depict true melting temperatures. Sodium bicarbonate

provides an extraordinary finding, yielding the greatest thermal shift and stability

in the membrane protein. As such, downstream purification and crystallisation

trials with this salt were investigated further.

Salt Stability (FSEC-TS)

In order to further characterise the SLC10A7 C. necator thermostability, FSEC-

TS investigations were conducted for the same salts mentioned above, using the

same GFP-TS experimental setup. The results are displayed below in figure 4.11.

150mM Sodium Chloride pH 7.5 300mM Sodium Chloride pH 7.5

150mM Calcium Chloride pH 7.5 300mM Calcium Chloride pH 7.5
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150mM Magnesium Chloride pH 7.5 300mM Magnesium Chloride pH 7.5

150mM Sodium Carbonate pH 7.5 300mM Sodium Carbonate pH 7.5

150mM Sodium Bicarbonate pH 7.5 300mM Sodium Bicarbonate pH 7.5

Figure 4.11: SLC10A7 C. necator salt stability FSEC-TS optimisation studies. Thermosta-
bility in sodium chloride(NaCl, (A-B)), calcium chloride (CaCl2, (C-D)), magnesium chloride
(MgCl2, (E-F)), sodium carbonate (Na2CO3, (G-H)) and sodium bicarbonate (NaHCO3, (I-J))
at 150mM and 300mM concentrations were investigated.
Data was analysed and successfully processed in GraphPad Prism.

In general, the SLC10A7 C. necator salt optimisation FSEC-TS profiles, de-

picted in figure 4.11.A-J, yielded sharp monomeric and stable solubilised fluo-

rescent peaks. A similarity in trends to GFP-TS studies, regarding the increase

in membrane protein stability with an increase in salt concentrations from 150-
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300mM was also observed. This is particularly emphasised in CaCl2, MgCl2 and

NaHCO3, whereby increased di↵erences in fluorescence values (and hence sharp-

ness of profiles) between these salt concentrations were 1,316, 1,958 and 952 GFP

RFU, respectively.

Comparable to GFP-TS studies, NaCl demonstrated the weakest solubilisation

and fluorescence profile, albeit producing sharp elution peaks. At the 150mM

concentration, significant aggregation/void peaks are noticeable, strongly implying

a greater tendency for the SLC10A7 protein to form denatured states. However,

increase in concentration to 300mM removes the large majority of this aggregation,

albeit a minimal increase in total protein solubilisation and fluorescence.

Regarding CaCl2, although a minimal aggregation peak is depicted, the elution

peaks are considerably broader in appearance, when compared to all other salts

investigated. Although an increase in the total protein solubilisation and hence

maximal fluorescence peak is displayed in the di↵erent salt concentrations (as

explained above), it is important to note that the maximal fluorescent peaks are

eluted at slightly earlier volumes, upon increase in thermal temperatures. Similar

plots are also seen in MgCl2 investigations, albeit slightly increased peak sharpness.

The greatest symmetrical gausian profile peaks, outlining the best protein solu-

bility and monodisperity, are displayed in both Na2CO3 and NaHCO3 salt studies.

In particular, NaHCO3 presented with the greatest peak sharpness, with minimal

aggregation, and yielded the greatest solubilisation and fluorescence intensity at

both 150mM and 300mM concentrations. Based on these findings, NaHCO3 was

distinguished to be more than suitable for incorporation in downstream purifica-

tion and crystallisation trials.

As observed above in figure 4.11.A-J, the results from FSEC-TS correlate ex-

tremely well with the generated outcomes of GFP-TS studies, strongly highlighting

the accurate reliability and powerful generations of both techniques.
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Substrate Stability (GFP-TS)

It is thought the binding of associated substrates to a transporter will alter its

structural conformation/architechture to a ligand-bound state, thereby changing

its flexibility characteristics and enhancing its overall stability and Tm (Errasti-

Murugarren et al., 2021). As such, a wide array of potential SLC10A7 substrates

were investigated via GFP-TS and presented in tables 4.2, 4.3, 4.4, and 4.5 below.

Table 4.2: SLC10A7 substrate stability investigation

Substrates Melting Temperature,
Tm (�)

20mM Tris pH 7.5 + 150mMNaCl (Control) 37.9 ± 0.4

1mM Ammonium Molybdate 27.6 ± 1.9

1mM Anthranilic Acid 36.8 ± 0.6

1mM Betaine Monohydrate 37.6 ± 0.9

1mM �-Glycerophosphate 37.4 ± 1.0

1mM EDTA 37.7 ± 0.6

1mM Ferric Chloride 38.1 ± 0.9

1mM Glucuronic Acid 36.8 ± 0.4

1mM Glycine 37.1 ± 1.9

1mM Guanidine 35.9 ± 1.5

1mM Methyl-�-Cyclodextrin 37.4 ± 0.8

1mM Nicotinic Acid 36.0 ± 1.5

1mM N-Methyl-D-Glucamine 38.5 ± 0.8

1mM Oxalic Acid 36.9 ± 0.6

1mM Quercetin Dihydrate 36.7 ± 0.5

1mM Sodium Citrate 33.5 ± 1.1

1mM Sodium Fluoride 35.6 ± 1.3

1mM Sodium L-Ascorbate 37.0 ± 0.3

1mM Sodium Pantoate 37.7 ± 0.7

1mM Sodium Pyrophosphate 33.4 ± 0.9

1mM Sodium Pyruvate 36.6 ± 1.2

1mM Taurine 36.8 ± 0.8
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As can be seen in table 4.2, although a wide array of potential solutes were

investigated, no significant increase in Tm, in comparison to control studies, were

reported. Indeed, only 1mM ferric chloride (thermal shift 0.7 °C) and 1mM N-

methyl-D-glucamine (thermal shift 1.0 °C) seemed to impose slightly greater ther-

mostability measurements, however these values are so minimal (when compared

to control studies), that these were deemed insignificant.

Since the human SLC10A1 (NTCP) and SLC10A2 (ASBT) members are cate-

gorically associated in the transport of bile acids and regulation of the EHC, spe-

cific bile acid GFP-TS investigation studies in the SLC10A7 C. necator bacterial

protein carrier were also conducted. Since bacteria have obviously no association

or requirement for bile acids, we did not expect the Tm of the transporter to

change. These thermostable results are displayed in table 4.3 below.

Table 4.3: SLC10A7 bile acid substrate stability investigation

Bile Acid Substrates Melting Temperature,
Tm (�)

20mM Tris pH 7.5 + 150mMNaCl (Control) 37.9 ± 0.4

1mM Sodium Cholate 37.1 ± 0.5

1mM Choline Chloride 36.9 ± 1.5

1mM Sodium Taurocholate 38.0 ± 0.7

1mM Sodium Deoxycholate 37.3 ± 1.0

1mM Sodium Chenodeoxycholate 37.2 ± 1.5

As expected, as can be seen above in table 4.3, no significant increase in Tm

was observed, thereby strongly suggesting a lack of involvement of this bacterial

transporter (and most likely its human homologue) in the regulation of bile acid

homeostasis. Although 1mM Sodium Taurocholate showed an ever so slight in-

crease in protein stability (thermal shift 0.5 °C), this is extremely negligible and

again insignificant.

Having been well established as a negative regulator of calcium homeostasis

in humans, rats, mice, zebrafish and yeast; calcium-linked stability substrates,

including vitamin D derivatives and calcium signalling agents, were additionally

investigated for the C. necator bacterial homologue, with Tm values presented in

table 4.4 below.
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Table 4.4: SLC10A7 calcium-associated substrate stability investigation

Calcium-Associated Substrates Melting Temperature,
Tm (�)

20mM Tris pH 7.5 + 150mMNaCl (Control) 37.9 ± 0.4

0.5mM Calcitriol 36.5 ± 0.6

1mM Cholecalciferol 37.0 ± 0.7

0.5mM Ercalcitriol 37.9 ± 0.8

1mM Ergocalciferol 37.5 ± 0.6

0.5mM Inositol Trisphosphate (IP3) 35.5 ± 0.4

0.5mM Inositol Hexaphosphate (IP6) 36.5 ± 0.7

A 0.5-1mM substrate concentration was deemed su�cient to invoke a ther-

mostable Tm change in the target membrane protein. As can be seen in table 4.4

above, a lack of any thermal shift was presented, for all investigated calcium-linked

substrates.

Finally, specific sugars were also investigated, and their stability in the SLC10A7

C. necator bacterial homologue are displayed in table 4.5 below.

Table 4.5: SLC10A7 sugar substrate stability investigation

Sugar Substrates Melting Temperature,
Tm (�)

20mM Tris pH 7.5 + 150mMNaCl (Control) 37.9 ± 0.4

1mM Alpha-Lactose 38.0 ± 1.0

1mM D-Fructose 35.7 ± 1.2

1mM D-Galactose 36.1 ± 0.4

1mM D-Glucose 36.1 ± 0.8

1mM Maltose 36.8 ± 0.9

1mM D-Mannitol 36.9 ± 1.0

1mM Myo-Inositol 36.5 ± 0.8

1mM D-Sorbitol 36.0 ± 1.1

1mM Sucrose 36.1 ± 1.1

1mM D-Trehalose 36.8 ± 1.1

1mM Xylitol 36.5 ± 0.5
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Here again, a lack of a significant thermal shift was observed. Although 1mM

Alpha-Lactose caused a very slight increase in Tm (thermal shift 0.8 °C), this was
deemed insignificant and not indicative of an associated SLC10A7 solute.

Taken together, although many potential SLC10A7 substrates were trialled in

GFP-TS investigations, none were able to increase the melting temperature of the

SLC10A7 C. necator membrane protein significantly. As such, the drive for the

discovery of this transporter’s associated solute continues.
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Chapter 5

Results: Membrane Protein

Purification, Crystallisation and

Structural Determination

5.1 Membrane Protein Purification

The presence of a 3C cleavable tag, with a GFP fusion and polyhisitidine C-

terminal tail, as part of the GFP pWaldo fusion vector (Drew et al., 2006; Minhas

et al., 2018), provides a fundamental ability to optimally characterise and pu-

rify membrane proteins successfully, whilst taking full beneficial advantage of the

stable fluorescence of GFP (as seen above) (Kawate and Gouaux, 2006).

In light of this, purification procedures for both the ASBTLb and SLC10A7

bacterial homologues, followed standardised protocols involving Ni-NTA, IMAC,

and SEC, with a multitude of bu↵ers, at set ranges of imidazole and salt concentra-

tions. Due to the findings from GFP-TS studies, SLC10A7 bacterial homologues

were subjected to bu↵ers entailing sodium bicarbonate (NaHCO3) salt instead of

the usual sodium chloride (NaCl). Details of their purification, overall purity and

stability are displayed in greater detail below.

Chapter 5 Aurélien Anthony Grob 148



Structural and functional features of the SLC10 membrane protein transporters

5.1.1 ASBTLb Purification

In-gel fluorescence and SDS-PAGE gel analysis for the purification of the ASBTLb

bacterial homologue is displayed below in figure 5.1, providing good assessments of

the level of protein bound and purified by Ni-NTA resin, as well as the successful

removal of the 3C cleavable tag fused to GFP.

Figure 5.1: ASBTLb protein Ni-NTA, and reverse IMAC (rIMAC) purification. In-gel fluores-
cence (A) and SDS-PAGE (B) gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CM: Cell Membrane,
SCM: Solubilised Cell Membrane, UP: Ultracentrifuge Pellet, US: Ultracentrifuge Supernatant,
NB: Nickel Binding Flowthrough, W1: Wash1 (250ml), W2: Wash2 (500ml), W3: Wash3
(350ml), 3CP: 3C Protease, BP: Pre-3C Cleaved Bound Protein, GFP: Post 3C Cleaved GFP
Elution (50ml), PreHis: Pooled Pre-His trap protein, PHis: Post His-trap protein.
Gel fluorescence imaged at 1 s intensity.

As is presented in figure 5.1 above, very good levels of ASBTLb purity are estab-

lished, via the binding to Ni-NTA resin, and subsequent cleavage by 3C protease.

Purity levels increased after rIMAC (to remove excess 3C protease contaminants),

and yielded su�cient quantities of purified protein for SEC analysis and crys-

tallisation studies. Interestingly, an additional contaminant was also expressed at

roughly 34kDa, but was not seen to a↵ect the stability and characterisation of the

protein.

Figure 5.2 below, outlines the ASBTLb SEC purification UV chromatogram

profiles in DDM, DDM + 1mM DCA, and NM, with their purity levels assessed

in an SDS-PAGE gel.
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Figure 5.2: ASBTLb protein size-exclusion chromatography (SEC) and purity display on SDS-
PAGE. (A) SEC UV traces (detected at absorbance 280 nm) were analysed in di↵erent conditions
including 0.03% DDM, 0.03% DDM + 1mM DCA, and 0.84% NM, with (B) their respective
levels of purity assessed in SDS-PAGE.
Samples were run on a Superdex 200 Increase 10/300 GL column.

As can be seen in figure 5.2 above, the SEC purified ASBTLb protein yields

stable, monomeric UV chromatograms for all analysed conditions. Analysis by

SDS-PAGE highlights significantly increased purity levels from the SEC runs,

although the aforementioned 34kDa contaminant is still present. A band corre-

sponding to a potential dimeric state of the ASBTLb protein is also seen at roughly

53kDa.

Taken together, the ASBTLb membrane protein is seen to express and purify

extremely well, yielding more than su�cient quantities post-SEC for attempts at

protein crystallisation.
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5.1.2 SLC10A7 E. coli Purification

Based on the very interesting sodium bicarbonate salt stability findings elucidated

from GFP-TS and FSEC-TS, E. coli SLC10A7 purification studies were carried

out in bu↵ers containing 150-300mM NaHCO3, 20mM Tris pH 7.5, and 1% DDM.

These successful purification attempts are displayed in both in-gel fluorescent and

SDS-PAGE gels, below in figure 5.3.

Figure 5.3: SLC10A7 E. coli protein Ni-NTA, reverse IMAC (rIMAC) and MBP-binding
purification. In-gel fluorescence (A) and SDS-PAGE (B) gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CM: Cell Membrane,
SCM: Solubilised Cell Membrane, UP: Ultracentrifuge Pellet, US: Ultracentrifuge Supernatant,
NB: Nickel Binding Flowthrough, W1: Wash1 (250ml), W2: Wash2 (250ml), W3: Wash3
(250ml), BP: Pre-3C Cleaved Bound Protein, GFP: Post 3C Cleaved GFP Elution (50ml),
PreHis: Pooled Pre-His trap protein, PHis: Post His-trap protein, PMBP: Post MBP-trap
protein.
Gel fluorescence imaged at 1 s intensity.

As is shown in figure 5.3 above, the SLC10A7 E. coli membrane protein demon-

strates good levels of purity. The binding to Ni-NTA resin, and subsequent cleav-

age with 3C protease was successfully demonstrated, yielding satisfactory amounts

of purified protein for downstream size-exclusion chromatography (SEC) investi-

gations, as is shown below in figure 5.4, assessing SEC analysis in DDM, NM and

LDAO detergent bu↵ers.
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Figure 5.4: SLC10A7 E. coli protein size-exclusion chromatography (SEC) and purity display
on SDS-PAGE. (A) SEC UV traces were analysed in DDM, NM and LDAO detergents, and (B)
their respective levels of purity assessed in SDS-PAGE.
Samples were run on a Superdex 200 Increase 10/300 GL column.

As is shown in 5.4 above, the purified SLC10A7 protein runs on a SEC col-

umn as stable, monomeric UV chromatograms, indicating extremely good levels

of purity on an SDS-PAGE gel, in DDM, NM and LDAO.
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5.1.3 SLC10A7 E. coli Q320 Truncated Purification

Finally, purification trials were repeated for the Q320 C-terminal truncated bacte-

rial construct, with aim to increase the chances of forming well-di↵racting protein

crystals. Alternative purification strategies in the other Q322 and R316 truncated

E. coli bacterial homologue constructs, failed to be cleaved from the Ni-NTA resin

upon addition of 3C protease. Only the Q320 C-terminal truncated construct was

able to be successfully purified, and as such is demonstrated in the reported find-

ings below:

Again, purification studies were investigated in sodium bicarbonate salt bu↵ers

containing 150-300mM NaHCO3, 20mM Tris pH 7.5 and 1% DDM, with their

depictions in in-gel fluorescent and SDS-PAGE gels shown below in figure 5.5.

Figure 5.5: SLC10A7 E. coli Q320 truncated protein Ni-NTA, reverse IMAC (rIMAC) and
MBP-binding purification. In-gel fluorescence (A) and SDS-PAGE (B) gel images.
FMw: Fluorescent Molecular Weight ladder, Mw: Molecular Weight ladder, CM: Cell Membrane,
SCM: Solubilised Cell Membrane, UP: Ultracentrifuge Pellet, US: Ultracentrifuge Supernatant,
NB: Nickel Binding Flowthrough, W1: Wash1 (250ml), W2: Wash2 (250ml), W3: Wash3
(250ml), BP: Pre-3C Cleaved Bound Protein, GFP: Post 3C Cleaved GFP Elution (50ml),
PreHis: Pooled Pre-His trap protein, PHis: Post His-trap protein, PMBP: Post MBP-trap
protein.
Gel fluorescence imaged at 1 s intensity.

As seen in figure 5.5, good levels of protein purity are once again readily

achieved, again indicating successful binding to Ni-NTA resin and cleavage with

3C protease. SEC analysis in di↵erent salts (NaCl, MgCl2, and NaHCO3) were

performed, to investigate the homogeneity of the samples, and cross referenced on

an SDS-PAGE gel, as is depicted in figure 5.6.
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Figure 5.6: SLC10A7 E. coli Q320 truncated protein size-exclusion chromatography (SEC)
and purity display on SDS-PAGE. (A) SEC UV traces were analysed in di↵erent salts including
NaCl, MgCl2, and NaHCO3 at 150mM concentrations, and (B) their respective levels of purity
assessed in SDS-PAGE.
Samples were run on a Superdex 200 Increase 10/300 GL column.

As can be seen in figure 5.6, SEC profiles for the di↵erent salts analysed yielded

very sharp, monomeric peaks, indicating a properly folded and stable protein state,

with a lack of any early aggregated profile peak. The purity levels on SDS-PAGE

were good, showing clear separation of monomeric and dimeric protein assemblies.
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5.2 Membrane Protein Crystallisation

5.2.1 ASBTLb Crystallisation

Once adequate levels of ASBTLb purity, with and without the addition of 1mM

DCA, (via Ni-NTA IMAC, rIMAC and SEC) were achieved, crystallisation trials

in both vapour di↵usion (sitting drops) and lipidic cubic phase (LCP) were tri-

alled. The most successful vapour di↵usion (sitting drop) crystal hits are displayed

below in figure 5.7, with their corresponding crystal conditions from broad screens

attached.

15mg/ml ASBTLb, 1mM
DCA, 10mM Zinc acetate di-
hydrate, 100mM MES pH
6.0, 40% PEG 200.

15mg/ml ASBTLb, 0.2M
Calcium acetate hydrate,
0.1M Sodium acetate pH
5.0, 38% PEG 400.

15mg/ml ASBTLb, 0.08M
Calcium acetate hydrate,
0.05M Sodium chloride,
0.1M MOPS pH 7.0, 28%
PEG 400.

Figure 5.7: ASBTLb post-SEC DDM sitting drop vapour di↵usion crystallisation studies. A
multitude of broad crystallisation screens were investigated with (A) MemMeso A8, (B) Mem-
Gold2 E6 and (C) MemTrans F5 conditions yielding crystals.
All crystal images were taken and processed using a Samsung Galaxy S8 mobile phone.

As can be identified above, well-forming, stable ASBTLb protein crystals were

obtained from sitting drop vapour di↵usion, in variable crystal conditions, in the

presence and absence of 1mM DCA. These crystals however di↵racted poorly,

prompting further investigations with LCP instead.

Growing membrane protein crystals in the meso/LCP has a tendency to gener-

ate crystal structures at higher resolution (due to their lower solvent composition),

when compared to vapour-di↵usion crystallisation (Nji et al., 2018). As such,

many challenging membrane proteins, including secondary active transporters,

have previously been successfully crystallised via the use of this technique (Parker

and Newstead, 2016; Li and Ca↵rey, 2020). Since our aim was to produce well-

di↵racting high resolution crystal structures of bacterial homologues of the SLC10

family, LCP crystallisation studies were trialled for the ASBTLb transporter in the

presence and absence of 1mMDCA, where DDM purified protein was concentrated

to roughly 30mg/ml and mixed with monoolein lipid at a 2:3 protein-to-lipid ratio,
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as previously demonstrated by (Ca↵rey and Cherezov, 2009). The most successful

crystal ”hits” are displayed below in figure 5.8.

31mg/ml ASBTLb, 2.5%
Glycerol, 1mM DCA, 0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 36%
PEG 400.

30mg/ml ASBTLb, 1mM
DCA, 0.1M Lithium chlo-
ride, 0.1M Sodium acetate
pH 4.5, 34% PEG 300.

* 25mg/ml ASBTLb, 1mM
DCA, 0.2M Lithium chlo-
ride, 0.1M Sodium acetate
pH 4.5, 42% PEG 400.

30mg/ml ASBTLb, 0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 34%
PEG 400.

30mg/ml ASBTLb, 0.1M
Cadmium chloride hemi
(pentahydrate), 0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 32%
PEG 200.

30mg/ml ASBTLb, 0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 38%
PEG 200.

30mg/ml ASBTLb, 1mM
DCA, 0.1M Lithium chlo-
ride, 0.1M Sodium acetate
pH 4.5, 30% PEG 400.

30mg/ml ASBTLb, 2.5%
Glycerol, 1mM DCA, 0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 38%
PEG 350MME.

30mg/ml ASBTLb, 1mM
DCA, 0.05M Sodium chlo-
ride, 0.05M MES pH 6.5,
34% PEG 200.
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30mg/ml ASBTLb, 1mM
DCA, 0.2M Lithium chlo-
ride, 0.1M Sodium acetate
pH 4.5, 0.5% MERPOL®
HCS surfactant, 42% PEG
400.

** 30mg/ml ASBTLb, 1mM
DCA, 0.12M Magnesium
formate dihydrate, 0.1M
Sodium chloride, 0.1M Tris
pH 8.5, 33% PEG 600.

28mg/ml ASBTLb, 0.1M
Cadmium chloride hemi
(pentahydrate),0.1M
Lithium chloride, 0.1M
Sodium acetate pH 4.5, 26%
PEG 200.

Figure 5.8: ASBTLb post-SEC LCP crystallisation studies. The MemGold2 A8 and MemTrans
A5 conditions yielded initial crystallisation hits, which were then further optimised in fine screens
and displayed above.
* This condition yielded a crystal di↵raction dataset at 3.3 Å resolution.
** This condition yielded a crystal di↵raction dataset at 2.2 Å resolution.
All crystal images were viewed on a microscope with a cross-polarizer enabled, and imaged using
a Samsung Galaxy S8 mobile phone.

As can be seen in figure 5.8A-L above, the ASBTLb protein produces well-

formed, stable LCP crystals, in a multitude of di↵erent crystal and bu↵ering

conditions, both with and without 1mM DCA. These crystal conditions were har-

vested and their respective resolution investigated at the I24 micro-focus beamline

at the Diamond Light Source, Oxfordshire. Two of the crystal figures, 5.8.C and

5.8.K yielded very well-di↵racting X-ray datasets at 3.3 Å and 2.2 Å resolutions

respectively. The structural determination, processing and analysis of this 2.2 Å

dataset is investigated in greater detail below.
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5.2.2 SLC10A7 E. coli full-length and Q320 Truncated

Crystallisation

After SLC10A7 bacterial homologue purification trials were well-achieved, crys-

tallisation trials were attempted, in both vapour di↵usion (sitting drops) and LCP

techniques. Figure 5.9 below details some of the crystal-like ”objects” observed

from both the SLC10A7 E. coli Wt full-length and Q320 truncated bacterial ho-

mologue constructs.

MemTrans C5 MemGold2 H12 MemMeso B9

MemMeso D8 MemMeso H5 MemMeso D5

MemGold H11 MemGold D2 MemGold G5

Figure 5.9: SLC10A7 E. coli Wt full-length and Q320 truncated crystallisation studies. Only
MemGold, MemGold2, MemTrans, and MemMeso broad screens yielded crystal-like looking
LCP ”objects”.
All crystal images were viewed on a microscope with a cross-polarizer enabled, and imaged using
a Samsung Galaxy S8 mobile phone.

As seen in figure 5.9A-I, LCP crystallisation investigations yielded several

broad screen ”hits” presenting with crystal-like looking ”objects”. These ”crys-
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tals” were harvested and processed at the I24 micro-focus beamline at Diamond

Light Source, but unfortunately failed to show any di↵raction of protein nature.

Sitting drop vapour di↵usion crystals were also obtained for the very first time

in the E. coli Q320 C-terminal truncated construct, purified in sodium bicarbonate

bu↵er. The crystal image and respective X-ray di↵raction is portrayed below, in

figure 5.10.

MemGold2 D5

Figure 5.10: SLC10A7 E. coli Q320 C-terminal truncated sitting drop crystal and protein
di↵raction pattern. (A) Crystal image of the protein grown in MemGold2 D5 (0.2M Choline
chloride, 0.1M Tris pH 7.5, 14% w/v PEG 2000 MME). (B) X-ray di↵raction pattern for the
harvested and analysed crystal.

As can be seen above in figure 5.10, crystal like objects were obtained in

MemGold2 D5 broad screen. The crystals were harvested and processed at the

Diamond Light Source, Oxfordhire, with the X-ray di↵raction pattern displayed.

Although very low resolution is shown, the X-ray spots are indicative of protein

origin which is an exciting and encouraging development for this project.
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5.3 3D X-ray Structure Determination

5.3.1 ASBTLb 2.2 Å 3D Crystal Structure Analysis

As mentioned previously, both crystal figures, 5.8.C and 5.8.K yielded well-di↵racting

X-ray datasets at 3.3 Å and 2.2 Å resolutions respectively. The reflections from

the 3.3 Å dataset were indexed, scaled and merged via DIALS (Winter et al.,

2018), before molecular replacement in Phaser (McCoy et al., 2007) with the

whole ASBTNM (PDB (Berman et al., 2000) entry 3ZUY) was initiated. Gen-

erated structural coordinates were then edited and model built in Coot (Emsley

et al., 2010) and further processed and refined in both PHENIX (Adams et al.,

2002, 2010) and REFMAC (Murshudov et al., 2011). A novel nine TMD structure

was solved for this 3.3 Å dataset and used in molecular replacement to model the

2.2 Å ASBTLb dataset in DIMPLE (Wojdyr et al., 2013). Further refinement pro-

cedures in PHENIX (Adams et al., 2002, 2010), with TLS and NCS restrictions

produced substantially better electron density maps and structural coordinates,

with reported R-free and R-work values 0.2483 and 0.2007, respectively. Repre-

sentation of the 2.2 Å dataset di↵raction pattern is seen below in figure 5.11.

Figure 5.11: The 2.2 Å ASBTLb dataset X-ray di↵raction pattern. Ten images from the
data collection were compiled and analysed in dials.image.viewer, highlighting high resolution
di↵raction spots.
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As can be seen above in figure 5.11, nicely shaped, high resolution spots, ex-

tending further than 2.6 Å, are clearly visible. However, due to a lack of regularity

in the pattern of di↵raction (i.e. lack of a lattice display), this di↵raction is most

likely a representation of multiple crystals. Regardless, a novel transporter en-

tailing nine TMDs, with an extracellular N-terminal and intracellular C-terminal

assembly was generated, with in-depth crystal and refinement statistics displayed

in tables 5.1 and 5.2 below.

Table 5.1: ASBTLb 2.2 Å Diamond DLS data collection statistics.
Values in parentheses () represent data in the highest resolution shell.
Statistics were generated in Phenix.

Crystal Statistics ASBTLb

Beamline DLS/I24

Wavelength (Å) 0.9999

Oscillation range (°) 0.10

Exposure time (s) 0.015

Transmission (%) 10.04

Beam size (µm) 20⇥20

Space group P 21 21 21

Resolution (Å) 53.95-2.212 (2.291-2.212 )

Cell dimensions (Å) a=65.5831, b=94.902, c=107.602,
↵=90, �=90, �=90

Number of measured reflections 213121 (17669)

Number of unique reflections 34240 (3340)

Completeness (%) 99.79 (98.93)

Redundancy/Multiplicity 6.2 (5.3)

I/�(I) 7.52 (1.01)

Rpim 0.1069 (0.7583)

CC1/2 0.466 (0.427)

As can be seen in table 5.1 above, the crystal dataset was analysed at the Di-

amond light source synchrotron on beamline I24. A wavelength of approximately

1 Å was selected, roughly corresponding to the radius/width of an atom and the

scale of covalent chemical bonds (Suryanarayana and Norton, 2013). The oscilla-

tion range, exposure time and transmission of X-rays, were all carefully selected,

to ensure the production of high quality resolution data, with the lowest crystal
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radiation damage, was possible. The beam size was set based on the size of the

protein crystal to ensure an accurate di↵raction pattern was possible, and su�-

cient reflections were detected. A space group P 21 21 21 was deduced for the

crystal dataset, representing an orthorhombic translational and rotational sym-

metry in real space, with a rectangular base and prism, presenting an orthogonal

lattice (Grenier and Ballou, 2012). A high resolution up to 2.2 Å was generated,

which presents the level at which no information is lost upon truncation of the

data, and the shortest distance between planes of the crystal lattice, deduced

by the reflections of the di↵raction pattern (Evans and Murshudov, 2013). At

this proposed resolution, good clear identification of the membrane protein back-

bone and sidechains is visible (Karplus and Diederichs, 2015; Dubach and Guskov,

2020). The cell dimensions display the smallest possible unit cell which governs

the spacing of spots on a di↵raction pattern (Evans and Murshudov, 2013). This

also gives indication on the orthorhombic symmetry and space grouping of the

crystal as is designated by the ↵=90, �=90, and �=90 angles. The completeness

percentage of the data is a good indication of its quality, as this represent a ratio

of the amount of crystallographic reflections collected to the unique amount theo-

retically possible for the symmetry of a crystal (Arkhipova et al., 2017). Typically,

for accurate protein model building and refinement >90% is desirable (Arkhipova

et al., 2017). Here, 99.79%/98.93% (highest resolution shell) completeness shows

extremely good quality of the crystal data. The redundancy/multiplicity statistic

provides an assessment of the total independent detections of every reflection in

the crystallographic data set (Rhodes). Here, each independent structure factor

was identified 6.2 and 5.3 (highest resolution shell) times on average, portraying

good quality of the data. I/�(I) provides an assessment of the signal to noise

ratio of the crystallographic data, providing an important analysis of the quality

of the data (Evans and Murshudov, 2013). Here, a highest resolution shell of

1.01 is reported, presenting poor signal to noise data. Typically, 2.0 is considered

the limit for adequate data quality, suggesting a resolution cuto↵ to be perhaps

necessary for this 2.2 Å dataset. However, because the data was a collection of

reflections from multiple crystals, it is possible the sigma merging statistics have

been incorrectly/ine�ciently measured, which can result in the disregard of well

di↵racting reflections. As such, in this situation, I/�(I) may not provide the best

identification of data quality, and must be interpreted further and compared to

other resolution determining statistics (such as Rpim and CC1/2), in order to

accurately interpret the quality of the real data. The Rpim R factor statistic pro-

vides an analysis of the precision of the averaged intensities/amplitudes of merged

crystallographic data (Evans and Murshudov, 2013). Taking into account the re-

dundancy of the data, this statistic serves as a good indicator of data quality and
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can provide vital information on the resolution cuto↵. With a high resolution bin

statistic of 0.7583, adequate data quality is depicted. Finally, the CC1/2 statistic

further characterises the quality of the merged crystallographic data, by assess-

ing the correlation coe�cient between random estimates of intensity of half data

sets (Karplus and Diederichs, 2015; Evans and Murshudov, 2013). This CC1/2

statistic is typically regarded as being the primary indicator for the high resolution

cuto↵ of merged crystallographic data. Using the Xia2 (Winter, 2010) default data

processing database, a cuto↵ of the high resolution bin data at CC1/2 of 0.427

was selected, which resulted in the generation of outstanding density maps, cor-

relating well with a resolution of 2.2 Å. Depiction of these fantastic density maps

at flat bulky amino acid residues (including TRP118, TYR133 and PHE212) are

displayed below in figure 5.12 and can clearly identify the high quality of this

crystallographic data.

Figure 5.12: Electron density maps of ASBTLb bulky amino acid residues: (A) TRP118,
(B) TYR133, and (C) PHE212. Well defined blue meshed 2Fo-Fc electron density maps are a
depiction of high resolution data/quality.
These images were generated in Coot (Emsley et al., 2010).

Taken together, the determination of the resolution of crystallographic data is

reliant upon a multitude of statistics, including but not limited to I/�(I), Rpim,

and CC1/2. These statistics for the high resolution bin suggest the data should

be cut back and re-examined before the structure can be fully deposited and

published. However, although this is necessary, the generation of fantastic density

maps correlating to a 2.2 Å resolution, as seen above in figure 5.12, is a significantly

encouraging result and one which can be further optimised.
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Table 5.2: ASBTLb 2.2 Å refinement statistics.
Values in parentheses () represent data in the highest resolution shell.

Refinement ASBTLb

Number of reflections used 34186 (3319)

Number of atoms 4550

R-factor/R-work 0.2007 (0.2478)

R-free 0.2483 (0.2803)

R.m.s.d from ideal values

Bond lengths (Å) 0.015

Bond angles (°) 1.59

Ramachandran outliers (%) 0

Ramachandran favoured (%) 97.55

The R-factor and R-free statistics provide a measure of the refinement qual-

ity, by assessing how well the experimental di↵raction pattern fits to a simulated

di↵raction pattern (i.e. fit of the data to the model) (Wang, 2015). As such,

these statistics provide an important evaluation on the quality of the model. A

statistic of 0.20 is typically acceptable. Here, outer shell R-factor (0.2478) and

R-free (0.2803) values portray adequate matching, indicating good model quality.

However, because refinement programs introduce bias to these R-values, these may

not be the best method to assess overall quality (Wang, 2015). Ramachandran

outliers highlight amino acid residues presenting with un-favourable dihedral an-

gles, which typically arise from errors in model building and refinement (Sobolev

et al., 2020). Here no outliers were identified which is a representation of good

data. Ramachandran favoured in comparison, are fully allowed regions of the aa

residues in the data set (Sobolev et al., 2020). Here, a good percentage (97.55%)

is favoured, which again is indicative of good quality data.

This structural dataset generated a nine TMD membrane protein, with an

extracellular N-terminal and intracellular C-terminal conformation. Figure 5.13

below, outlines the structural topology and architechture for this exciting novel

ASBTLb membrane transporter.

Chapter 5 Aurélien Anthony Grob 164



Structural and functional features of the SLC10 membrane protein transporters

Figure 5.13: The ASBTLb 3D X-ray crystal structure, solved to 2.2 Å. A total of nine TM
domains, with an extracellular N-terminal and intracellular C-terminal orientation is depicted.
TM domains were numbered from 1-9 and coloured from blue at the N-terminal to red at the
C-terminal. TMDs 3 and 8 both form disrupted helical arrangements, and as such have been
categorised into TMD 3a, TMD 3b, TMD 8a and TMD 8b. Additionally present in the structure
are two proposed sodium ions (Na1 and Na2) and a co-crystallised formate molecule, displayed
as magenta spheres, and sticks, respectively.
This image was generated in PyMol (Schrödinger, 2015).

This ASBTLb structure can be divided into two functional domains comprising

of a panel domain (TMDs 1, 5 and 6) and a core domain (TMDs 2, 3a, 3b, 4,

7, 8a, 8b, and 9), with proposed sodium ions and bound formate, localised in

close proximity to the TMD3-TMD8 discontinuous helical crossover region (see

in more detail below). Figure 5.14 below highlights the location and topological

orientation of these TMDs accordingly.
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Figure 5.14: The respective core and panel domains of the ASBTLb crystal structure. The core
domain is composed of TMDs 2-4 and 7-9, whilst the panel domain is encompassed by TMDs 1,
5 and 6. For clarity, the panel domain has been coloured in red, and the core domain in blue.
Proposed sodium binding sites (Na1 and Na2) are displayed as magenta coloured spheres, and
formate in stick mode.
This image was generated in PyMol (Schrödinger, 2015).

An assessment of the charged residues present in the ASBTLb structure is seen

in figure 5.15 below, highlighting a surface depiction of the protein with respective

positively and negatively charged residues.

Figure 5.15: Electrostatic charged surface of the ASBTLb structure. Areas coloured red show
negative charge, and blue areas show positive charge. White areas show neutral charge.
This image was generated in PyMol (Schrödinger, 2015).
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As can be seen in the ASBTLb electrostatic surface representation above, a large

proportion of the aa residues residing in or near the outer surface, are positively

and negatively charged. In comparison, the large majority of the central binding

cavity of the transporter exhibits fairly neutral potentials.

Thermal motion of the ASBTLb structure were also investigated by portraying

the conformational architecture with its corresponding B-factor flexibility. Figure

5.16 below, highlights the flexible regions of the membrane protein in both surface

and putty representations.

Figure 5.16: B-factor representation of the ASBTLb structure. (A) surface and (B) putty
representations of the flexible regions of the structure as termed by the B-factors.
This image was generated in PyMol (Schrödinger, 2015).

As can quite clearly be identified in figure 5.16 above, the panel domain in

particular exhibits greater levels of flexibility with regards to the core domain of

the protein, which remains fairly static. As would be expected, extracellular and

intracellular loops also show some degree of thermal flexibility.

Further analysis of the assigned sodium ions and formate molecule are given

below in figures 5.17, 5.18, 5.19 and 5.20.
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Figure 5.17: The proposed sodium 1 (Na1) binding site of the ASBTLb transporter. (A) Car-
toon representation of the strong molecular interactions between the Na1 ion and neighbouring
TMD3b, TMD4 and TMD8a helices. The proposed sodium ion is depicted as a sphere coloured
in magenta, with interacting aa residues displayed as sticks. Key distances to nearby residues
are shown as dashed lines. (B) The 2Fo-Fc blue electron density map representation of the same
Na1-ASBTLb molecular interactions.
(A) was generated in PyMol (Schrödinger, 2015). (B) was generated in Coot (Emsley et al.,
2010).

As can be identified in figure 5.17 above, the proposed Na1 ion is coordinated

by the backbone carbonyls of Ser84, Asn85, Ser98, Thr102 and Glu233, all located

near the TMD3-TMD8 discontinuous helical crossover region.

Figure 5.18: The proposed sodium 2 (Na2) binding site of the ASBTLb transporter. (A)
Cartoon representation of the strong molecular interactions between the Na2 ion and neighbour-
ing TMD2, and TMD8a helices. The proposed sodium ion is depicted as a sphere coloured in
magenta, with interacting aa residues displayed as sticks. Key distances to nearby residues are
shown as dashed lines. (B) The 2Fo-Fc blue electron density map representation of the same
Na2-ASBTLb molecular interactions.
(A) was generated in PyMol (Schrödinger, 2015). (B) was generated in Coot (Emsley et al.,
2010).

As can be identified in figure 5.18 above, the proposed Na2 ion is coordinated by
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the backbone carbonyls of Gln47, Glu233, Thr234, Ile236 and Gln237, all located

near the TMD3-TMD8 discontinuous helical crossover region.

Since the incorporation of 2 Na+ ions into the ASBT structure is crucial to drive

solute translocation in both N. meningitidis (Hu et al., 2011) and Y. frederiksanii

(Zhou et al., 2014) bacterial homologue structures, we also wished to identify

the necessity of these proposed Na+ ions in the ASBTLb bacterial homologue. In

order to ensure the ions observed in the electron density of this novel structure

are correctly and safely assigned as sodium (and not another metal ion entirely),

we modelled and refined the ASBTLb crystal structure with other ions, including

Ni2+, Ca2+, K+, and Mg+, substituted at both conserved Na+ ion binding sites.

These alternative ions were selected based on their addition in both overexpression

and purification procedures. Figure 5.19 below portrays the electron density maps

for these additional ion refinement results, with aim to provide stronger evidence

for allocating the bound co-transporting ions at the binding sites as sodium.

Ni2+ Binding Site 1 Ni2+ Binding Site 2

Ca2+ Binding Site 1 Ca2+ Binding Site 2
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K+ Binding Site 1 K+ Binding Site 2

Mg2+ Binding Site 1 Mg2+ Binding Site 2

Figure 5.19: The electron density maps of the ASBTLb modelled Ni2+ (A-B), Ca2+ (C-D),
K+ (E-F), and Mg+ (G-H) ion binding sites. Specific ions were modelled into the binding sites
1 and 2 with Coot (Emsley et al., 2010), and refined in PHENIX (Adams et al., 2002, 2010).
The 2Fo-Fc blue maps were displayed in Coot (Emsley et al., 2010) along with the returned
structural coordinates from PHENIX (Adams et al., 2002, 2010). In addition the Fo-Fc red and
green di↵erence map was overlayed, in order to identify areas of the structure with negative
electron density. Key distances to nearby residues are shown as dashed lines.
Images were generated in Coot (Emsley et al., 2010).

As can be well identified in the figure 5.19A-H above, overall mapping of the

investigated alternative ions to the binding sites of the ASBTLb membrane pro-

tein (with the exception of Mg2+ ions), was very poor, especially at the binding

site 2. Indeed, all ions trialled (with the exception of Mg2+ ions) displayed red

negative electron density di↵erence maps at the location of the binding site with

both Ni2+ and Ca2+ presenting with the largest negative density di↵erence maps.

These results were unsurprising, considering the greater size of the atomic num-

bers of both these ions, in comparison to the Na+ ions, and thus, these refinements

have allowed us to exclude the possibility of bound Nickel or Calcium ions at the
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ASBTLb ion binding site 2. K+ ions also presented with negative electron density

at the binding site 2, albeit smaller, due to smaller atomic number and size of the

ion. As such, we were able to rule out a possible binding site for all three of these

ion species (Ni2+, Ca2+, and K+). Mg2+ ions, in contrast, were modelled well into

the ASBTLb binding sites, showing no negative electron density. Being extremely

similar in size to Na+ ions (entailing one extra electron in the atomic number),

we were unable to distinguish or rule out the possible binding of Mg2+ ions in the

ASBTLb transporter.

In addition, fascinating research conducted by Marjorie Harding, has provided

accurate and novel insights into the expected/predicted distances between pro-

tein aa residues and bound metallic ion ligands, in 3D X-ray crystal structures

(Harding, 2001, 2002, 2006). Here, for Na+ ions modelled into a protein structure,

an expected mean distance of 2.41 Å has been proposed (Harding, 2006), with an

accepted range of 2.01-2.70 Å (Harding, 2002). With reference to figures 5.17 and

5.18 seen above, the distances of aa residues to the modelled bound Na+ sites lie

well within this range, thus providing encouraging evidence for the bound ions

being Na+, as has been the case for previously crystallised ASBTNM (Hu et al.,

2011) and ASBTY f (Zhou et al., 2014) bacterial homologues. For modelled Mg2+

ions in a protein structure, an expected mean distance of 2.07 Å, with a standard

deviation of <0.05 Å, has been reliably and accurately proposed (Harding, 2006).

As can be seen in figure 5.19 above, the exhibited ASBTLb aa residue-Mg2+ dis-

tances are far greater than expected, highlighting the incorrect modelling of these

magnesium ions in the binding pockets.

Taken together, upon thorough analysis of both electron density di↵erence

maps and refined metal ion distances, we can confidently conclude the assigned

ions at both binding sites of the novel ASBTLb transporter to be sodium.
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Figure 5.20: The formate binding site of the ASBTLb transporter. (A) cartoon representation
of the strong molecular interactions between the formate ligand and neighbouring TMD3b, and
TMD8b helices. The formate molecule and interacting amino acid residues are depicted as sticks,
with an additional water molecule displayed as a red sphere. Key distances to nearby residues
are shown as dashed lines. (B) The 2Fo-Fc blue electron density map representation of the same
formate-water-ASBTLb molecular interactions.
(A) was generated in PyMol (Schrödinger, 2015). (B) was generated in Coot (Emsley et al.,
2010).

As can be identified in figure 5.20 above, the formate molecule bound to the

central cavity of the ASBTLb transporter, interacts with Gly81, Thr83, and a

water molecule, which further interacts with Gly239 and Pro240, near the TMD3-

TMD8 discontinuous helical crossover region. Interestingly, although formate was

trialled in CPM thermostability assays, no increase in Tm was identified.

As mentioned previously both ASBTNM and ASBTY f exhibit a topology of ten

TMDs. The ASBTLb as seen above, has presented with just nine TMDs, lacking

TMD1 present in both aforementioned bacterial species. In order to examine

further the structural e↵ect of this lack of TMD1, superposition alignments of the

ASBTLb with both ASBTNM and ASBTY f structures were conducted, in order

to compare structural similarities and di↵erences in both core and panel domain

regions, as well as conserved sodium and substrate binding sites. Figures 5.21

and 5.22 below highlight the superpositions of this novel ASBTLb structure with

ASBTNM and ASBTY f respectively.
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ASBTLb-ASBTNM whole structure ASBTLb-ASBTNM panel domain

ASBTLb-ASBTNM core do-
main

ASBTLb-ASBTNM substrate binding pocket

Figure 5.21: Superposition of ASBTLb and ASBTNM . (A) whole structure superposition with
ASBTLb coloured blue, and ASBTNM coloured red. Both formate and taurocholate substrates
are shown as sticks in the substrate binding pocket. (B) panel domain superposition with
ASBTLb coloured red, and ASBTNM coloured green. (C-D) core domain superposition with
ASBTLb coloured magenta, and ASBTNM coloured green. TCA and formate are displayed as
sticks and sodium ions are presented as red/magenta spheres.
All images were generated in PyMol (Schrödinger, 2015).

As can be seen in figure 5.21 above, the ASBTLb structure fits moderately

well to the ASBTNM (PDB entry: 3ZUY) structure, with a calculated RMSD of

1.365. However, since ASBTLb lacks the TMD1 present in ASBTNM , separation

into panel and core domains is required to outline similarities and di↵erences in

the two overlaid structures. Superimposing both panel domains of the structures

led to an increase in the RMSD value to 2.620, highlighting key di↵erences in

the overlay of both structures. In comparison, the superposition of both core
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domains portrayed the lowest RMSD value of 0.905, demonstrating significant

conservation of this region. Most interestingly, the binding sites for the sodium

ions and substrates in the core domain, for both overlaid structures showed very

strong conservation.

ASBTLb-ASBTY f whole structure ASBTLb-ASBTY f panel domain

ASBTLb-ASBTY f core
domain

ASBTLb-ASBTY f substrate binding pocket

Figure 5.22: Superposition of ASBTLb and ASBTY f . (A) whole structure superposition with
ASBTLb coloured green, and ASBTY f coloured grey. Both formate and citrate substrates are
shown as sticks in the substrate binding pocket, with sodium ions shown as magenta spheres. (B)
panel domain superposition with ASBTLb coloured green, and ASBTY f coloured blue. (C-D)
core domain superposition with ASBTLb coloured magenta, and ASBTY f coloured grey. Citrate
and formate are displayed as sticks and sodium ions are presented as magenta spheres.
All images were generated in PyMol (Schrödinger, 2015).

Similar to the structural overlay with ASBTNM , superposition of the ASBTLb

structure to ASBTY f (PDB entry: 4N7W) portrays moderate fitting, with a whole

structure RMSD value of 1.681. Superposition alignment of panel domains again
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indicate substantial structural di↵erences, with an increased RMSD value of 2.771.

Again, the core domain superpositions of both structures are very well conserved,

with a reported RMSD value of 1.069. Since there were no electron density for

the sodium binding sites in the ASBTY f , only sodium ions from the ASBTLb

structure are displayed. However, both formate and citrate substrates are seen to

be bound in very close proximities to one another, again highlighting the conserved

localisation of the binding site of the ASBT transporter.
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Chapter 6

Discussion

The fundamental aims of this PhD study were to investigate in greater detail

the novel functional and structural classifications of the SLC10 family members.

We specifically targeted bacterial homologues of the ASBT and SLC10A7 solute

transporters, and primarily aimed to solve their 3D X-ray crystal structures. As

part of this study, functional investigations were additionally undertaken, with

specific interest targeted to the characterisation of the solutes involved in the

translocation across the cell membrane for both ”orphan transporters”.

Although both ASBTNM and ASBTY f have previously been well crystallised

and provided a well proposed mechanism of solute translocation through estab-

lished outward and inward-facing structures, their structural topology consist of

ten TMDs with intracellular N- and C-terminal domains. The human ASBT

transporter however is known to exhibit just nine TMDs and as such will mediate

substrate translocation significantly di↵erently, especially as it is also suspected

to form dimeric state conformations. This novel ASBTLb transporter however also

exhibits nine TMDs with an extracellular N-terminal and intracellular C-terminal

domain, exhibiting loss of TMD1 present in both ASBTNM and ASBTY f . We

aimed to solve the 3D X-ray crystal structure of this transporter, potentially in a

dimeric assembly, in order to yield a better understanding of the potential topo-

logical architecture of the human ASBT transporter.

As was previously explored in the introduction (see chapter 1), the human

SLC10A7 transporter is the only membrane of the SLC10 family to encode ten

TMDs, with all remaining members predicted to encode nine TMDs (Claro da Silva

et al., 2013). Being the most taxonomically conserved member of the family (with

homologous proteins expressed in a multitude of vertebrate and non-vertebrate

species), SLC10A7 has been strongly associated to play crucial roles in negatively

regulating the influx of calcium ions into cells (Dubail et al., 2018; Ashikov et al.,

2018; Laugel-Haushalter et al., 2019; Karakus et al., 2020). This novel functional

role is unexpected, considering other members of the SLC10 family have been
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shown to instead transport bile acids and drugs (including NTCP and ASBT),

as well as steroidal sulfates/hormones (SOAT) (Geyer et al., 2006). Furthermore,

previously crystallised bacterial homologues of the ASBT transporter (ASBTNM

(Hu et al., 2011) and ASBTY f (Zhou et al., 2014)) have revealed conserved residues

in all SLC10 members (with the exception of SLC10A7), which are crucial for the

binding of co-transported Na1 and Na2 sodium ions. Lack of these residues in the

SLC10A7 transporter, highlight a altered hypothesised mechanism for its solute

translocation, perhaps instead operating via the co-transport of protons (H+),

since a lysine residue is reported to be present at the highly conserved ASBTNM

Q264 residue, which is fundamentally involved in driving Na+ and BA transloca-

tion. Interestingly, the proton antiporter NapA exhibits structural similarities to

both the ASBTNM and ASBTY f transporters, albeit expressing a distinctly sep-

arate non-homologous aa sequences (Lee et al., 2013, 2014b). Fascinatingly, the

H+ binding site in NapA, corresponding to the Na1 binding site of ASBTY f , has

replaced the conserved Gln258 and His71 residues with positively charged Arg331

and Lys305 aa residues near the helical TM4a/TM11a crossover region, in order to

drive proton binding and translocation (Lee et al., 2013, 2014b). In light of this, it

is possible to suggest SLC10A7 can operate in a similar fashion to NapA, thereby

potentially driving proton co-transportation via positively charged Lysine residues

in the typical sodium binding sites of ASBTNM and ASBTY f . These abnormal

and contrasting, but highly interesting findings therefore question the accuracy

and reliability in assigning this calcium-associated transporter to the SLC10 fam-

ily, considering only >20% aa sequence identity with other family members is

required for its classification.

An in depth discussion of the key findings obtained as part of this PhD study,

for both SLC10 projects, is presented in the sections below.
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6.1 Membrane Protein Overexpression, Extrac-

tion and Fluorescence Size-Exclusion Chro-

matography (FSEC)

6.1.1 Membrane Protein Small/Large-scale Overexpression

and Cell Extraction

The ASBTLb bacterial homologue

The ASBTLb bacterial homologue membrane transporter had been previously in-

vestigated by Oliver Huxley (MBio student - 2019), to yield optimal overexpres-

sion yields, when the addition of 0.25mM L-rhamnose (added at OD600nm 0) and

0.4mM IPTG (added at OD600nm 0.5) was attributed to Lemo21(DE3) cells grown

in PASM-5052 autoinductive media (Wagner et al., 2008; Schlegel et al., 2012; Lee

et al., 2014a). These deduced overexpression conditions translated exceptionally

well to large-scale overexpression trials, yielding very well overexpressed, fluores-

cent GFP-tagged protein, which was further extracted from the cell membrane in

a stabilised and well-folded state, with the final cell membrane fraction generating

the greatest GFP fluorescence intensity, with only a marginal loss of GFP-fused

protein seen in pelleted fractions. Ultimately, this provided encouraging insights

for downstream biochemical, biomolecular and biophysical investigations.

The SLC10A7 bacterial homologues

Regarding the SLC10A7 bacterial homologues, analysis of small-scale membrane

protein overexpression, identifying the optimal growth conditions for all analysed

bacterial constructs (Asticcacaulis taihuensis, Cupriavidus necator, Escherichia.

coli, Escherichia coli R316 C-terminal truncation, Escherichia coli Q320 C-terminal

truncation, Escherichia coli Q322 C-terminal truncation, Klebsiella pneumoniae,

Pseudomonas aeruginosa R318 C-terminal truncated, Pseudomonas putida and

Vibrio breoganii), was achieved.

These aforementioned constructs (with the exception of P. putida and V. bre-

oganii), produced optimal overexpressed protein yields at 0mM L-rhamnose and

0mM IPTG induction. These findings therefore suggest a mediated operation of

the overexpression machinery of the Lemo21(DE3) host cells, without the neces-

sity of additional inhibitory reagents, all while ensuring saturated levels of the

Sec translocon are not reached (Wagner et al., 2008; Schlegel et al., 2012). Fur-

thermore, increasing the concentration levels of the L-rhamnose reagent, past its

optimal inhibitory dose, did not increase the overexpression levels, and in fact
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caused the complete opposite, producing significantly lower quantities of overex-

pressed SLC10A7 proteins, due to the increased ”delay” in initiating expression,

via the inhibition of T7 RNAP (Schlegel et al., 2012).

The addition of L-rhamnose at OD600nm 0.5 produced significantly lower yields

of SLC10A7 protein, when compared to addition at OD600nm 0; which was similarly

reiterated with the induction of 0.4mM IPTG at OD600nm 0.5 also significantly

negatively e↵ecting the total yield of protein, when compared to growth in its

complete absence.

Regarding the SLC10A7 P. putida and V. breoganii bacterial homologues,

significantly altered optimal overexpression conditions, with variable amounts of

L-rhamnose and IPTG, are required, evidently displaying dependence on the time

of addition of both reagents to the growth mixture.

Whilst the SLC10A7 C. necator protein presented with the greatest fluorescent

overexpression yields; V. breoganii and Pseudomonas aeruginosa R318 C-terminal

truncation displayed with the lowest levels overall protein overexpression. Plau-

sible explanations for this underproduction of SLC10A7 in the latter constructs

could arise from possible alterations in the functional roles of the membrane trans-

porter, which may generate adverse toxic e↵ects on the viability of the host bac-

terial cell (Schlegel et al., 2012).

Interestingly, the overexpression of the SLC10A7 Escherichia coli full-length

Wt and R316 C-terminal truncation constructs saw di↵erent quantitative levels

of protein being produced, with the latter yielding slightly increased levels under

the same optimised conditions. This di↵erence might be explained by the disorder

predictions from the RONN database (Yang et al., 2005) (see Appendix 1), which

shows an increase in the level of de-stabilisation of the full-length E. coli SLC10A7

bacterial construct towards the C-terminal domain. As such, we suspect the dele-

tion of 16 aa residues from this C-terminal tail, to produce the R316 C-terminal

truncated construct, increased the stability of the protein, thereby increasing the

overexpression levels witnessed in the results.

Taken together, with the exceptions of Vibrio breoganii and Pseudomonas

aeruginosa R318 C-terminal truncation, these SLC10A7 bacterial homologues

overexpressed very well, and translated successfully to large-scale overexpression

trials. This yielded very well overexpressed, fluorescent GFP-tagged protein, which

was further extracted from the cell membrane in a stabilised and well-folded state,

with the final cell membrane fraction generating the greatest GFP fluorescence

intensity, with only a marginal loss of GFP-fused protein seen in pelleted frac-

tions. Ultimately, this provided encouraging insights for downstream biochemical,

biomolecular and biophysical investigations.
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6.1.2 Membrane Protein FSEC Trials

The ASBTLb bacterial homologue

Similarly to the small-scale overexpression trials, FSEC trials had also previously

been conducted by Oliver Huxley (MBio student - 2019) for this ASBTLb bacterial

homologue. Excellent solubilisation, stability and monodisperity of the membrane

protein was shown in DDM, UDM, DM, NM, and LDAO detergents, with only

�-OG exhibiting a denatured and aggregated state of the transporter. These

findings from Oliver Huxley were crucially applied in downstream detergent bu↵er

exchanges for optimised purification procedures, in order to enhance success in

crystallisation attempts.

The SLC10A7 bacterial homologues

FSEC solubilisation trials were conducted for the bacterial homologues of the

SLC10A7 orphan transporter, in order to identify optimal detergents for cell mem-

brane extraction, and formation of stable and functional membrane protein states,

with little-to-no precipitation/aggregation (Kawate and Gouaux, 2006; Hattori

et al., 2012; Halan et al., 2014).

Overall, the larger-forming micelle detergents, including DDM, UDM, DM,

and LMNG, all produced substantially promising solubilisation and stabilisation

levels for all the SLC10A7 bacterial membrane proteins. In addition, although

both NM and LDAO are perceived to be harsh smaller-micelled detergents, they

also provided a respectable stabilisation of the SLC10A7 protein, albeit weaker

GFP fluorescent solubilisation yields were achieved. Large, sharp, monomeric and

symmetrical Gaussian peaks, indicative of highly stable, monodisperse, correctly-

folded and well-solubilised membrane protein assemblies, were witnessed in the

above mentioned detergents, for all analysed SLC10A7 bacterial homologues. As

such, these detergents were deemed to be more than suitable for downstream

solubilisation, purification and crystallisation trials.

Undoubtedly and unsurprisingly, the solubilisation of all SLC10A7 bacterial

homologues in �-OG (known to be one of the harshest detergents, resulting in

the formation of very small micelles), depicted the weakest GFP fluorescent mea-

surements, presenting with extremely poor membrane protein solubilisation yields.

The solubilisation in �-OG resulted in a complete aggregation and denaturation

state of the membrane protein, in all analysed bacterial homologues, and as such

was classified as a poor choice of detergent for use in future solubilisation, purifi-

cation and crystallisation studies.

Whilst the SLC10A7 E. coli and K. pneumoniae bacterial constructs yielded
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the greatest levels of solubilised GFP-fused protein, both SLC10A7 P. putida and

P. aeruginosa R318 C-terminal truncated produced the lowest overall membrane

protein solubilisation. The FSEC results of the P. putida construct are unfor-

tunate, as this bacterial homologue exhibited the greatest overexpression yields

in Lemo21(DE3) cells. Its solubilisation, however, in the investigated detergents,

produced significantly smaller peaks (indicating weaker solubilisation levels), al-

beit presenting as sharp and monomeric. This finding evidently demonstrates the

lack of guarantee of a membrane protein’s high overexpression levels translating

to well solubilisation yields. Clearly, the alteration of the lipidic environment,

which the transporter is accustomed to, instead into an artificial, non-natural sol-

ubilised detergent micelle, proved to be too challenging and stressful on both the

P. aeruginosa R318 C-terminal truncated and P. putida constructs (Nji et al.,

2018).

A possible solution to rectify these low solubilisation yields, however, is to

redesign the bacterial constructs, to entail the GFP fusion tag at the N-terminal,

rather than the C-terminal domain of the protein (Kawate and Gouaux, 2006).

Indeed, in certain cases this redesign significantly improved the overexpression and

detergent solubilisation profiles, yielding more symmetrical FSEC peaks (Kawate

and Gouaux, 2006).

Taken together, the SLC10A7 bacterial homologues were solubilised e�ciently

in a wide array of detergents (including DDM, UDM, DM, NM, LDAO and

LMNG), and presented as monodisperse, stable and homogenous species. As such,

their investigations in purification and crystallisation trials can be initiated.

Chapter 6 Aurélien Anthony Grob 181



Structural and functional features of the SLC10 membrane protein transporters

6.2 Membrane Protein Functional Thermosta-

bility

6.2.1 Membrane Protein CPM Functional Stability

The ASBTLb bacterial homologue

CPM thermostability assays (Alexandrov et al., 2008) were generated in order

to assess the membrane protein melting temperature, Tm di↵erences under vary-

ing bu↵er and substrate conditions. Investigations were initially trialled in both

ASBTLb and SLC10A7 bacterial homologue transporters, with only the former

producing reliably accurate sigmoidal Tm curves, which could be explained by the

lowered stability of the SLC10A7 transporter with regards to the ASBTLb trans-

porter. In light of this SLC10A7 thermostability assays were instead conducted

using both GFP-TS and FSEC-TS assays (see below).

An ASBTLb concentration series was first investigated, in order to establish a

low enough concentration to yield accurate and reliable results. As the concen-

tration of the transporter increased, a decline in the thermostability and Tm of

the membrane protein was depicted. However, we instead proposed this not to

be a decline in Tm, but rather an increase in the sensitivity of the protein to the

assay, due to increased concentration levels. This was concluded from the increase

in fluorescence (RFU) observed at both the base and threshold levels, indicating

greater sensitivity to the conducted experiment. Therefore, we concluded, that

at 2.5 µg concentrations, the transporter showed good thermostability levels, with

a reported melting temperature of 49.43 °C, in the standardised bu↵er condition

(20mM Tris pH 7.5, 150mM NaCl, 0.03% DDM). In light of this, this 2.5 µg
ASBTLb concentration was selected for future thermostability investigations.

Increase in glycerol conditions (from 0-10%) yielded gradual increases in the

thermostability of the ASBTLb transporter. These thermal shifts, although low

(<5 °C), did provide a significant increase in the stabilisation of the protein, and

should be considered for downstream purification and crystallisation strategies.

Interestingly, these slight increases in thermostability correlated well with similar

glycerol-induced protein stability previously reported in FSEC-TS and GFP-TS

studies of the SLC10A7 transporters.

Detergent CPM ASBTLb thermostability investigations generated expected re-

sults and findings. As a transporter becomes solubilised into smaller ”harsher”

detergents, with greatly increasing CMCs, we would expect a decrease in the

thermostability and hence lower Tm measurements (Kawate and Gouaux, 2006;

Alexandrov et al., 2008; Hattori et al., 2012; Halan et al., 2014). This was indeed
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seen to be the case for the ASBTLb transporter, as the harshest analysed detergent

(�-OG), reported a significantly decreased and unstable membrane protein state,

at a reported Tm of just 28.77 °C. In comparison, the LMNG detergent, forming

the greatest micellular solubilisation of the ASBTLb transporter, generated the

best thermostability of the transporter at 50.89 °C. Similar transporter-detergent

thermostability trends and traits, in many other detergent-screening techniques

such as FSEC (Kawate and Gouaux, 2006), FSEC-TS (Hattori et al., 2012) and

GFP-TS (Nji et al., 2018), have also been conclusively portrayed for the SLC10A7

bacterial homologues. Taken together, the detergent CPM assay investigations for

the ASBTLb transporter provided accurate, reliable and expected thermostable

results, correlating exactly with the degrees of detergent harshness, and thus pro-

viding a very good control for investigation.

Since both the human NTCP and ASBT variants are categorically involved

in the regulated transport and circulation of BAs in the EHC of the liver and

intestine, respectively; BA CPM studies were conducted for the ASBTLb trans-

porter. Interestingly, all investigated BAs showed significant increases to the Tm

of ASBTLb, with the secondary BA, DCA, reportedly demonstrating the greatest

thermal shift of 9.9 °C, when compared to the DDM positive control. Therefore,

we can state that all the investigated BAs, but DCA in particular, are interacting

in a direct manner with the transporter, most likely establishing strong binding

to increase protein stability. Unfortunately, radioactive ligand binding and trans-

port studies were unable to be conducted, due to time limiting constraints, and

so transport of investigated BAs cannot be conclusively stated without further

experimental analysis. Furthermore, although an increase in ASBTLb thermosta-

bility had been reported for these BAs, these definitely do not represent the native

substrates of the transporter, since the polypeptide originates from the Leptospira

biflexa bacterium, which has no need for BAs in their biological homeostatic reg-

ulations. As such, another, as of yet unidentified solute, must be specifically

associated to the ASBTLb translocation pathway.

Finally, a wide array of potential substrates, ligands and solutes were addi-

tionally investigated using the CPM ASBTLb thermostability assays. The vast

majority failed to increase the Tm values of the protein, with only a selected

few (N-lauryl sarcosine (thermal shift 4.02 °C), sodium sulfate decahydrate (ther-

mal shift 0.5 °C), sodium thiocyanate (thermal shift 0.66 °C), and (+) L-tartaric

acid (thermal shift 0.16 °C)), showing slight, but insignificant changes in Tm val-

ues. N-lauryl sarcosine demonstrated the greatest thermal shift, however was

not considered a potential ASBTLb substrate, due to this compound presenting

as an un-natural, industrialised, anionic surfactant, which most likely increases

the thermostability of the transporter by forming a mixed micelle with the DDM
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detergent.

6.2.2 Membrane Protein GFP-TS and FSEC-TS

The SLC10A7 Cupriavidus necator bacterial homologue

GFP-TS (Nji et al., 2018) and FSEC-TS (Hattori et al., 2012) functional stability

studies were conducted for the SLC10A7 C. necator bacterial homologue, as this

construct yielded both high overexpression and solubilisation levels, and presented

with one of the greatest sequence identity (34%) to human SLC10A7.

Modification of bu↵er ion capacitances, presented with minor stabilisation dif-

ferences among 20mM Tris pH 7.5, 1⇥ PBS pH 7.5, 20mM Hepes pH 7.5, 20mM

Bicine pH 7.5, and 20mM Bis-tris propane pH 7.5, in detergent bu↵er. Funda-

mentally, Tris pH 7.5 bu↵er displayed the greatest membrane protein stabilisation

Tm at 38.42 °C, with the remaining analysed bu↵ers presenting with reduced but

negligible Tm di↵erences. In light of this, 20mM Tris pH 7.5, with 150mM NaCl

and 1% DDM, was used as a control reference, for comparison of Tm values to all

future thermostability studies.

SLC10A7 stability investigations in detergent bu↵er with increasing concen-

trations of glycerol, were also analysed. Overall a positive correlation between

glycerol and Tm was observed: as the concentration of glycerol increased from

(0-10%), so did the generated Tm measurements. Detergent bu↵er with 10%

glycerol yielded the greatest membrane protein stability, with a melting temper-

ature of 40.35 °C. However, this yielded a thermal shift of only 2.47 °C, when

compared to the control reference in the absence of glycerol (Tm of 37.88 °C).
Taken together, we can state that although glycerol seems to impose slightly in-

creased stabilisation levels to the SLC10A7 protein, these unfortunately remain

marginally low and insignificant to be considered for downstream purification and

crystallisation trials.

Altered pH bu↵ered stability investigations were also assessed for the SLC10A7

C. necator construct, ranging from pH 5.0-10.0 . Stability of the carrier transporter

at lower (acidic) pH’s (including 20mM Citrate pH 5.0, and 20mM MES pH 6.0),

lead to a complete unfolded state of the protein, with roughly 80-100% degrada-

tion at 4 °C. It was later concluded from pure GFP pH investigations, that this

instability, resulted from the fused GFP which was also significantly disrupted. In

comparison, stabilisation of the SLC10A7 membrane protein carrier at higher pH’s

(ranging from pH 7.5-10.0 ), saw a significant increase in stabilisation with 20mM

CHES pH 10.0 presenting with a Tm of 49.02 °C, which is a phenomenal thermal

shift of 11.6 °C, from the 20mM Tris pH 7.5, reference control. When analysing

again whether this could be due to a GFP-induced e↵ect, it was highlighted that
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this is indeed a reliable depiction of the stabilisation of the SLC10A7 C. necator

bacterial homologue. Taken together, although we are unable to state the levels

of stability of this membrane protein at low (acidic) pH’s (due to the instability of

the GFP tag at these pH’s), incredibly, there is conclusive evidence to suggest this

SLC10A7 protein operates with greater functional stability at higher (alkaline)

pH’s.

Varying salt stabilisation studies of the SLC10A7 C. necator bacterial ho-

mologue were investigated in sodium chloride (NaCl), calcium chloride (CaCl2),

magnesium chloride (MgCl2), sodium carbonate (Na2CO3) and sodium bicarbon-

ate (NaHCO2), at both 150mM and 300mM concentrations. All analysed salts

displayed the same positive correlation: increasing salt concentrations from 150-

300mM, increased the generated Tm measurements for the SLC10A7 C. necator

membrane protein. Fascinatingly, the NaCl salt, at both 150mM and 300mM,

showed detrimentally negative e↵ects on the stability of the protein, in comparison

to all other analysed salts. Furthermore, significantly large Tm thermal shifts were

reported in all the salts: CaCl2, MgCl2, Na2CO3, and NaHCO2, with the latter

presenting the greatest Tm measurement of 50.09 °C, corresponding to a thermal

shift of 12.94 °C compared to the 300mM NaCl reference control. To ensure these

reported thermal shifts were a direct representation of the SLC10A7 transporter

and not due to influential e↵ects of the GFP tag, pure GFP salt investigations

were also conducted. Only CaCl2, at both 150mM and 300mM concentrations,

showed disruption of the pure GFP protein of up to 30% at 4 °C. This resulted

in the generation of lower than expected Tm values at 59.52 °C and 63.97 °C, re-
spectively. Due to this unexpected e↵ect on the stability of pure GFP, it was

determined CaCl2 was an unsuitable salt for stabilisation studies, however all re-

maining salts analysed provided encouraging prospects for this SLC10A7 bacterial

homologue. Taken together, the salt stabilisation GFP-TS results, generated for

the SLC10A7 C. necator construct, with the exception of CaCl2, are genuine rep-

resentations of its stability, with NaHCO3 providing the strongest potential to

yield well-di↵racting protein crystals.

In order to verify and cross-check these GFP-TS salt investigations further,

FSEC-TS studies were also performed, yielding some very interesting outcomes.

In general, good membrane protein solubilisation post heat-treatment is achieved,

yielding sharp monomeric peak profiles in the majority of salts analysed. Similar

to GFP-TS studies, the fluorescent profile peaks presented in FSEC-TS became

larger and more intense as the salt concentrations were increased from 150mM to

300mM, indicative of a greater stabilisation of the protein. The fluorescent peaks

from NaCl presented with the weakest protein stabilisation, with the presence

of large aggregation peaks visible at the 150mM concentration. Interestingly
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however, although more prone to aggregation, the eluted protein-GFP fluorescent

peaks were much sharper in comparison to the peaks portrayed in both CaCl2

and MgCl2, at both 150mM and 300mM concentrations. Indeed, both these salts

also exhibited the lowest solubilised fluorescent counts at 150mM concentrations,

albeit with little-to-no aggregation present. The broadness in the display of the

CaCl2 fluorescent peaks may be explained by the reduced Tm values witnessed

from pure GFP investigations in the GFP-TS studies. This would again suggest a

direct e↵ect of the GFP fused tag on the stability of the SLC10A7 transporter, and

therefore is not a genuine display of the C. necator protein stability. Finally, both

Na2CO3 and NaHCO3 salts, presented with the greatest fluorescent profile peaks,

which yielded the greatest protein solubilisation levels with sharp, monomeric

profiles. Of particular interest was NaHCO3, which presented with the lowest

levels of aggregation and clearly depicted the most stable state of the protein, of

all the salts analysed. Taken together, the FSEC-TS profile distributions correlate

extremely well with the outcomes deduced from GFP-TS studies, whereby both

techniques have come to the same conclusion: the solubilisation of the SLC10A7

C. necator protein in NaHCO3, provides the greatest level of protein stability,

thereby strongly increasing the likelihood of the successful generation of protein

crystals for 3D X-ray crystallisation.

It is impossible to state whether this SLC10A7 is a transporter of bicarbonate

molecules, without having established radioactive ligand investigations. Since a

substantially increased Tm value is reported for the SLC10A7 transporter upon

addition of bicarbonate, one can strongly believe this molecule forms strong molec-

ular binding to the transporter. Therefore, although this molecule might not repre-

sent the substrate of this transporter, its increase in overall stability is encouraging

for future experimental analyses.

Finally, since the SLC10A7 solute carrier membrane protein remains to this day

an orphan transporter, potential GFP-TS substrate investigations in the C. neca-

tor bacterial homologue were investigated. A wide array of varying inorganic and

organic compounds were tested, with the ultimate aim to identify novel compounds

which increase the melting temperature of the membrane protein, thereby poten-

tially uncovering a novel association. 0.5-1mM compound concentrations were

used as these were more than su�cient to witness, if any, a fundamental thermal

shift. Since other members (including SLC10A1/NTCP and SLC10A2/ASBT) of

the SLC10 family are categorised as well-established transporters in the regulation

of BA homeostasis and the EHC in humans and mammals (Claro da Silva et al.,

2013), we decided to investigate whether SLC10A7 could also play a vital role

in this mechanism. Several BA substrates were tested including sodium cholate,

sodium taurocholate, sodium deoxycholate, and sodium chenodeoxycholate. A
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lack of Tm increase was reported for all analysed bile acid substrates, which was

not surprising, considering the previous functional transport findings reported by

Godoy et al., 2007. Having wide functional implications in the negative regulation

of intracellular calcium homeostasis (Jiang et al., 2012; Alber et al., 2013; Zhao

et al., 2016; Dubail et al., 2018; Ashikov et al., 2018; Laugel-Haushalter et al.,

2019; Karakus et al., 2020), calcium associated substrates, including the vitamin

D derivatives (calcitriol, cholecalciferol, ercalcitriol, and ergocalciferol), as well

as the calcium signalling agent, inositol trisphosphate (IP3), were also examined

with the SLC10A7 C. necator homologue. Unfortunately, no increase in melting

temperature was reported. Finally, sugar compounds and other organic/inorganic

molecules were additionally trialled with no successes.

Chapter 6 Aurélien Anthony Grob 187



Structural and functional features of the SLC10 membrane protein transporters

6.3 Membrane Protein Purification, Crystallisa-

tion and Structural Determination

6.3.1 Membrane Protein Purification

The ASBTLb bacterial homologue

ASBTLb purification studies followed Ni-NTA resin binding and 3C protease tag

cleavage, producing large quantities of purified protein, which was easily identified

by large protein bands at roughly 26kDa. 3C protease contaminants were e↵ec-

tively removed by passing purified fractions through a 5ml His-trap IMAC column.

However, interestingly, an additional contaminant, present at roughly 34kDa, was

also visible. Oliver Huxley (MBio student - 2019) previously excised this band

and sent it for mass spectrometry analysis at St. Andrews University. The results

classified this contaminant as being cytochrome o ubiquinol oxidase, originating

from the E. coli Lemo21(DE3) host strain. Although established and optimised

washing steps (i.e. increased washing volumes of higher imidazole concentration

bu↵ers (20-30mM)) were conducted, with the aim of enhancing the removal of

this contaminant, unfortunately cytochrome o ubiquinol oxidase remained present

in purified fractions, albeit at significantly weaker protein intensities, in com-

parison to ASBTLb purified protein. This therefore suggests the contaminant to

form strong binding interactions directly with the protein, prohibiting its removal.

However, subsequent downstream purification and crystallisation strategies have

provided fruitful and accurate results for the ASBTLb membrane protein, outlining

a lack of interference from the contaminant, with respect to the ASBTLb functional

and structural characterisation.

SEC purification was also conducted in DDM, DDM + 1mM DCA, and NM

conditions, all of which yielded monomeric, and stable protein profiles. Com-

paring pre- and post SEC fractions, highlighted a significantly improved level of

purity in the latter, praising the essentiality of this technique prior to attempting

crystallisation studies. As was expected, due to the smaller micelle and hence

lower molecular weight, the NM SEC profile of ASBTLb protein was eluted later

in comparison to the DDM profile peak. Interestingly, however, the addition of

1mM DCA to the DDM bu↵er, significantly altered its SEC profile, and strongly

resembled the UV chromatogram of the NM peak. Indeed, this DCA induced pro-

file peak eluted protein at a very similar elution volume of NM, and yielded the

sharpest profile for ASBTLb protein, generating the greatest level of purity. Since

BAs can be regarded as detergents, and behave as such, it is assumed DCA embeds

itself into the DDM micelle to form a mixed micelle, thereby yielding tighter and
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stronger molecular interactions with the protein, resulting in increased stability

and purity levels.

Interestingly, the SEC purity levels of both DDM + DCA, and NM condi-

tions, yielded moderately intense protein bands at roughly 53kDa. This molecular

weight would correspond with a dimeric state of the ASBTLb protein, however, no

indication has yet been identified as this to be the case. Therefore, mass spectrom-

etry analysis of this molecular weight band should be investigated further in the

future development of this project. Furthermore, the possibility of an oligomeric

induced SDS-PAGE e↵ect cannot be exclusively exempt.

Oliver Huxley (MBio student - 2019) had also previously shown the ASBTLb

membrane protein to be very stable and monomeric in SEC studies with LDAO

detergent bu↵er. Due to time constraints, this was not investigated further, but

provides a future optimisation pathway for potential crystallographic protein char-

acterisation.

Taken together, all purified post-SEC ASBTLb elutions yielded significant quan-

tities of well-purified protein, which were used further in both vapour di↵usion

(sitting drops) and LCP crystallisation trials.

The SLC10A7 Escherichia coli Wt and Q320 C-terminal truncated

bacterial homologues

Regarding purification attempts, both SLC10A7 E. coli constructs produced eluted

fractions of high purity and quality, generating more than su�cient yields for

downstream crystallisation investigations. These outcomes highlighted the func-

tional importance of addition of the 3C protease, which was able to successfully

cleave the GFP and polyhistidine tag. Further purification strategies including the

administration on SEC, yielded extremely pure samples with di↵erent oligomeric

states of the protein (although this may be due to an SDS-PAGE e↵ect). As

the protein was encapsulated in smaller micelled detergents (including NM and

LDAO), greater intensities of molecular weight bands at supposed dimeric and

trimeric oligomeric states were observed, and confirmed to be SLC10A7 by mass

spectrophotometry at the University of St. Andrews.

Taken together, purification trials were highly successful, generating adequate

amounts of the membrane protein at the purest of levels (post SEC). The gen-

erated protein in di↵erent detergents and/or salts would then be subjected to

crystallisation attempts in both vapour di↵usion and LCP techniques.
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6.3.2 Membrane Protein Crystallisation

The ASBTLb bacterial homologue

ASBTLb crystallisation studies in both LCP and vapour di↵usion (sitting-drop)

were very successful, yielding stable and well-di↵racting protein crystals, in a wide

array of conditions.

Sitting drop crystals were trialled in DDM detergent, in the presence and

absence of DCA. Although crystals did form, their harvesting and subsequent

analysis at Diamond Light Source, Oxfordshire, classified these to be of too low and

insignificant resolution. Due to time restrictions, vapour di↵usion optimisation

attempts in smaller-micelle forming detergents, such as NM and/or LDAO were

not trialled. These however would most likely generate better di↵racting crystals,

due to the formation of closer molecular interactions arising from smaller protein-

solubilised micelles. These investigations therefore provide a future optimisation

pathway for obtaining a better structural classification of the ASBTLb transporter.

For LCP, the ASBTLb protein was concentrated to roughly 25-30mg/ml and

mixed with monoolein lipid at a 2:3 protein-to-lipid ratio. Although pre- and

post-SEC protein fractions produced a multitude of LCP crystals in very similar

conditions, the latter yielded significantly better di↵raction. Furthermore, crys-

tals were also obtained in similar conditions with the presence and absence of

1mM DCA, with the former producing better di↵raction. Therefore, the best

LCP crystals were obtained from post-SEC DDM purified protein, in the presence

of 1mM DCA. Since the addition of DCA to the protein was seen to significantly

increase its stability and melting temperature (Tm) from CPM assay investiga-

tions, it was not surprising to see better crystal di↵raction upon its addition to

post-SEC purified protein as well.

Post-SEC NM purified protein LCP crystallisation studies were also conducted,

but yielded significantly smaller crystals in comparison to protein purified with

DDM. Solubilisation in NM detergent, although significantly crucial for vapour

di↵usion crystallisation, is perhaps not vital for LCP crystallisation, as the de-

tergent is ”replaced”/”renatured” by the monoolein lipid to form a more stable

interaction with the protein. Therefore, solubilisation in a harsher NM detergent

and renaturation with monoolein may be less productive in comparison to solubil-

isation in a more stabilising DDM detergent, prior to replacement with monoloein.
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The SLC10A7 bacterial homologues

Multiple crystallisation trials were attempted for the vast majority of the SLC10A7

bacterial homologues. Although LCP crystallisation generated what originally

looked like potential protein crystals, upon analysis and further processing at the

X-ray synchrotron at Diamond Light Source, these unfortunately proved not to

be of protein origin and instead were strongly suspected to be presentations of the

breakdown of the LCP setup.

Crystallisation success has been recently shown for the very first time in vapour

di↵usion sitting drop crystallisation of the SLC10A7 E. coli Q320 C-terminal trun-

cated protein. This construct was purified in sodium bicarbonate entailing bu↵er

and formed protein crystals at 15mg/mL. Although the X-ray di↵raction pattern

presents spots of very low resolution, this was expected since crystals were ob-

tained from DDM purified protein. However, the confirmation that these crystal-

like objects are indeed of protein origin, is hugely encouraging and a step closer

towards the structural characterisation of this transporter. Therefore, with subse-

quent solubilisation of this construct in smaller micelled and ”harsher” detergents,

will provide the greatest likelihood of yielding better di↵raction vapour di↵usion

protein crystals.
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6.3.3 Membrane Protein Structure Determination

The ASBTLb bacterial homologue

The nine TMD predicted topology of this novel L. biflexa bile acid transporter is

interesting, since the human ASBT transporter has also been predicted to cate-

gorically contain just nine TMDs. Whilst previously crystallised ASBT bacterial

homologues from Neisseria meningitidis and Yersinia frederiksenii have depicted

ten TMD topologies, this novel L. biflexa bacterial homologue, was predicted to

be lacking the TMD1 of ASBTNM and ASBTY f , thereby potentially reiterating

similar structurally and functionally conserved attributes of the human ASBT

transporter. Of specific interest is the potential formation of a functionally ac-

tive dimeric assembly, which has previously not been observed in either ASBTNm

and ASBTY f transporters, but which is a known possible oligomeric state of the

human variant.

Through the above mentioned crystallographic optimisation procedures in LCP,

incredibly, a 2.2 Å ASBTLb crystal dataset was produced. Previously established

structural folds from ASBTNM (Hu et al., 2011), and ASBTY f (Zhou et al., 2014),

were able to classify the panel domain of ASBTLb to entail TMDs 1, 5, and 6, and

the core domain to contain TMDs 2-4 and 7-9. The specific positioning of the

panel domain with regards to the core domain of the structure, demonstrated the

conformation of the transporter to be in an open-inward facing state as part of

the alternating access mechanism. Furthermore, representation of the transporters

thermal movement flexibility, by portraying associated transporter B-factors, elu-

cidated increased flexible movement of the panel domain with regards to the core

domain, which remains relatively static. Indeed, the core domain exhibits low B-

factors, whereas the panel domain entails high B-factors. Therefore, this strongly

suggests the panel domain moves relative to the core domain, in order to drive

solute translocation, and correlates significant well with the reported structural

mechanism initially suggested by (Hu et al., 2011). (Zhou et al., 2014), on the

other hand, seemed to suggest the core domain to move relative to the panel do-

main, which is very contradictory to the findings reported here for ASBTLb. To

conclude, the specifications of the solute translocation alternating access mecha-

nism is not clear for the ASBT transporter, and needs to be further investigated.

Zhou et al., (2014), and Wang et al., (2021a,b), proposed an elevator-style al-

ternating access mechanism for ASBTY f solute translocation across the cell mem-

brane. Since one domain is seen to move relative to an immobile domain, the

authors suggested the core domain of the transporter to be the mobile component

in solute translocation, whereby a rigid-body motion in the TM4/TM9 crossover

region drives a conformational alteration to drive transport. In contrast, Hu et al.,
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(2011), instead suggested the panel domain to be the moving component, due to a

strong conservation of the core domain and greater flexibility and variation of the

panel domain. Since crystal structures only provide a snapshot of a transporter

mid-translocation, multiple conformations, including intermediate occluded states,

must be generated to conclusively determine the solute translocation mechanism.

Electrostatic charged surface representation of the transporter highlighted large

areas of the outer aa residues to hold positive and negative charge, with the central

hydrophobic TMDs region to exhibit mostly neutral aa residue charge.

Consistent with previous classifications of ASBT translocation to require two

sodium ions (Na+) to drive the energy for transport of one substrate, ASBTLb also

had two proposed Na+ binding sites in the structure. Indeed, Na1 formed strong

molecular interactions (2.3-2.5 Å) with associating aa residues including: Asn85

and Ser84 from TMD3b, Ser98 and Thr102 from TMD4, and Glu233 from TMD8a.

These residues correlated exactly to the same interactions seen for ASBTNM . The

Na2 binding site also formed very strong molecular interactions (2.2-2.5 Å) with

the following associated aa residues: Gln47 from TMD2, Glu233, Thr234, Ile236

and Gln237 from TMD8a and the linking loop to TMD8b. Again, these residues

were conserved and correlated exactly to the same aa residues involved in the Na2

binding site in the ASBTNM transporter. The electron density plots for both these

binding sites displayed fantastic maps, demonstrating very well the conservation

of the residues of the transporter.

Although DCA was added to the purification and crystallisation procedures

for the ASBTLb transporter (as thermostability CPM assays established a sig-

nificant increase in the stability and melting temperature of the protein), the

crystallised structure instead showed a bound formate molecule to the binding

cavity of the transporter, originating from the co-crystallisation bu↵ering condi-

tion (MemGoldMeso G11). This formate molecule formed significant molecular

interactions (2.2-3.5 Å) with associated aa residues including: Gly81 and Thr83

from TMD3b, and Gly239 and Pro240 from TMD8b. This binding is not unex-

pected, since the ASBTLb transporter is expressed in an operon corresponding to

the production of long and short chain fatty acid co-A synthases. Since formate

can be classified as the shortest fatty acid chain, its binding to the transporter

is deemed likely. As part of the binding site, a water molecule is also present,

interacting with the formate and associated aa residues. We speculate this wa-

ter can be replaced to fit longer chained fatty acids in the binding cavity of the

transporter.

Due to the lack of bound DCA in the solved structure, it is more than likely

DCA does not represent the substrate of the transporter, but rather we speculate

it to bind to the outside of the transporter, forming strong interactions to produce
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a stable state, which subsequently initiates the subsequent binding of formate and

other chained fatty acids. This would not be unexpected, since bacteria have no

use for bile acids, as they do not undergo EHC and as such BAs are regarded

not to be native molecules/substrates. However, since the addition of 1mM for-

mate in ASBTLb CPM investigations (see above) failed to show an increase in the

Tm of the transporter, we cannot categorically state formate to represent a pos-

sible ASBTLb substrate. Therefore, further experimental analysis of the formate

molecule and its association with the ASBTLb transporter must be conducted by

means of radioactive ligand binding and transport assays.

Overlay of the ASBTLb structure to both ASBTNM and ASBTY f yielded signif-

icantly interesting and comparable outcomes. In both structural overlays, increase

in the RMSD values was seen when superposition of the panel domain was con-

ducted. This can be explained by the flexible tendency of this domain to drive

solute translocation. In comparison both ASBTNM and ASBTY f showed the low-

est RMSD values when their core domain was superimposed independently to

ASBTLb. This would correlate with the conservation of this domain representing

a more static localisation with regards to the panel domain. Furthermore, the

sodium ions from ASBTNM and ASBTLb superimposed almost perfectly with one

another, whilst the formate, taurocholate and citrate substrates are in very close

proximity to one another, and are all positioned at the interface of the discontin-

uous helices, highlighting the significantly conserved substrate binding pocket of

these ASBT homologous transporters, as was first proposed by (Wang et al., 2001,

2021a).

Although we did not see any binding for deoxycholate in the ASBTLb structure,

we did see density for a co-crystallised formate molecule, near the TM4/TM9

crossover region of the transporter. The binding of this formate molecule lies in

the acidic tail site of the suggested solvent accessible binding cavity proposed by

Wang et al., (2021a,b), and overlays extremely well with substrates previously

crystallised in both ASBTNM and ASBTY f structures. This suggests that the

substrate binding cavity is accommodating to a wide array of di↵erently sized

solutes, which will always bind in the density in the same fashion, with acidic tails

facing the core domain, and hydrophobic regions orientating towards the panel

domain of the ASBT transporter. These findings propose a conservation in the

binding site for substrates in the interface of the core and panel domain, proposing

a potential solute translocation pathway for the human ASBT transporter.

Taken together, this novel ASBTLb structure strongly resembles the conforma-

tional architecture of both ASBTNM and ASBTY f transporters, presenting with a

significantly conserved core domain, with similar localisation of sodium and sub-

strate binding sites. The panel domain, however, is significantly di↵erent, although
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not unexpected due to the aforementioned flexibility.

As such, this novel ASBTLb structure provides an accurate portrayal of a ho-

mologous human ASBT transporter, with residues involved in the sodium and

substrate binding sites being strongly conserved among a wide array of species.

It is therefore strongly suspected the human ASBT transporter to also entail nine

transmembrane domains, with a similar conservation of the core domain, and sig-

nificantly altered panel domain, especially if the formation of a dimeric state is

possible.
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Chapter 7

Conclusion and Future Outlooks

As was seen previously, both human ASBT and SLC10A7 transporters have shown

to be implicated in the regulatory roles of complex physiological homeostatic pro-

cesses, including the regulation of the enterohepatic circulation of BAs in the

liver and intestine, as well as maintenance of calcium homeostasis. When lev-

els of these regulations are significantly altered, severe clinical phenotypes arise,

such as primary bile acid malabsorption (Oelkers et al., 1997) in ASBT inhibited

individuals; and amelogenesis imperfecta with skeletal dysplasias (Dubail et al.,

2018; Ashikov et al., 2018; Laugel-Haushalter et al., 2019) in SLC10A7 deficient

individuals. Therefore, the crystallisation and subsequent structural characteri-

sation of these transporters are imperative in understanding their molecular and

functional associations. Once their mechanism of action is understood, tailored

pharmaceutical interventions can be applied, in order to provide novel treatments

for a multitude of severe physiological conditions. Therefore, the structural inves-

tigations performed on the bacterial homologues of these human transporters are

crucial to advance the development for novel treatments.

In conclusion, this novel PhD research has outlined significant relevance and

advancement to the human SLC10 protein family. Indeed, investigations of bacte-

rial homologues of both ASBT and SLC10A7 transporters, have provided in-depth

analysis of their overexpression, solubilisation, thermostability, purification, crys-

tallisation and structural determination attributes; yielding novel progression in

their functional and structural characterisations.

The ultimate aim of this research was to solve the 3D X-ray crystal structures

for both projects, in order to better understand the molecular mechanical sys-

tems of the alternating access mechanism. Although, unfortunately, this was not

achieved for the SLC10A7 transporter; amazingly, the structural architecture of

the ASBTLb bacterial homologue was successfully classified at 2.2 Å resolution. In

addition, a wide array of functional features for both projects were also successfully

generated, providing novel understandings of the SLC10 family.
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An additional aim of the research was to identify novel solutes involved in the

translocation across the cell membrane in both ”orphan transporters”. Although

extremely challenging, we used thermostability assays to investigate a plethora of

compounds and molecules, yielding interesting outcomes. The ASBTLb bacterial

homologue showed increased Tm measurements upon binding of BAs, although

these do not represent the native substrate. However, the observation of a bound

formate in the crystal structure could associate this molecule to be a native sub-

strate of the transporter, although this remains speculative without additional

radioactive uptake/transport investigations. For the SLC10A7 bacterial homo-

logues, Tm measurements were significantly increased upon addition of sodium

bicarbonate. This unexpected finding has to be investigated further in future,

with radioactive studies, in order to assess whether this molecule can be classified

as an SLC10A7 solute.

Future outlooks and progressions for the ASBTLb project involve the gener-

ation of novel mutated constructs at conserved Na+ binding sites, in order to

investigate in greater detail the fundamentality of these aa residues and role they

possess in the alternating access mechanism. In addition, radioactive transport

studies should be conducted, to investigate further the involvement of BA bind-

ing/translocation, as well as the novel bound formate molecule in the 2.2 Å struc-

ture. With the generation of these additional experiments, a strong possibility of

solute identification is possible.

For the SLC10A7 bacterial homologues, future outlooks and progressions tar-

get the continue identification of calcium-associated solutes; as well as radioactive

transport analysis of the fascinating sodium bicarbonate findings. Thermostabil-

ity, purification and crystallisation optimisations should be enhanced, with aim

to advance the structural classification of the novel transporter in LCP/vapour

di↵usion crystallisation. Finally, if continued challenges are experienced with X-

ray crystallography techniques, electron microscopy could additionally provide an

alternative structural characterisation pathway for the novel classification of these

bacterial transporters.
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Zhang, Edgar Peiter, Chloë van Oostende Triplet, Malcolm Whiteway, and

Linghuo Jiang. The plasma membrane protein Rch1 is a negative regulator of

cytosolic calcium homeostasis and positively regulated by the calcium/calcineurin

signaling pathway in budding yeast. European Journal of Cell Biology, 95(3):

164–174, March 2016. ISSN 0171-9335. doi: 10.1016/j.ejcb.2016.01.001. URL

http://www.sciencedirect.com/science/article/pii/S0171933516300024.

Xiaowan Zheng, Sean Ekins, Jean-Pierre Raufman, and James E. Polli. Compu-

tational Models for Drug Inhibition of the Human Apical Sodium-Dependent
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Appendix 1

SLC10A7 Asticcacaulis taihuensis

SLC10A7 Asticcacaulis taihuensis protein sequence and respective RONN disorder

plot:

SLC10A7 Cupriavidus necator

SLC10A7 Cupriavidus necator protein sequence and respective RONN disorder

plot:

Chapter Aurélien Anthony Grob 231



Structural and functional features of the SLC10 membrane protein transporters

SLC10A7 Escherichia coli

SLC10A7 Escherichia coli protein sequence and respective RONN disorder plot:

SLC10A7 Escherichia coli Q322 C-terminal Truncation

SLC10A7 Escherichia coli Q322 C-terminal Truncation protein sequence:

SLC10A7 Escherichia coli Q320 C-terminal Truncation

SLC10A7 Escherichia coli Q322 C-terminal Truncation protein sequence:
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Structural and functional features of the SLC10 membrane protein transporters

SLC10A7 Escherichia coli R316 C-terminal Truncation

SLC10A7 Escherichia coli protein sequence and respective RONN disorder plot:

SLC10A7 Klebsiella pneumoniae

SLC10A7 Klebsiella pneumoniae protein sequence and respective RONN disorder

plot:
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Structural and functional features of the SLC10 membrane protein transporters

SLC10A7 Pseudomonas aeruginosa R318 C-terminal Truncation

SLC10A7 Pseudomonas aeruginosa R318 C-terminal Truncation protein sequence

and respective RONN disorder plot:

SLC10A7 Pseudomonas putida

SLC10A7 Pseudomonas putida protein sequence and respective RONN disorder

plot:
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Structural and functional features of the SLC10 membrane protein transporters

SLC10A7 Vibrio breoganii

SLC10A7 Vibrio breoganii protein sequence and respective RONN disorder plot:
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Structural and functional features of the SLC10 membrane protein transporters

Appendix 2

ASBT Leptospira biflexa

ASBT Leptospira biflexa protein sequence and respective RONN disorder plot:
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