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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 A crystal dataset. Along with functional thermostability and opti-
mised purification studies, this novel transporter exhibits both structural and func-
tional differences to previously crystallised bacterial ASBT homologues (ASBT v,
and ASBTy ).

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

structural classifications of the SLC10 protein family.
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facing conformation. (A) Surface representation of the wild-type ASBTy
inward-facing structure (PDB entry 4n7w; Zhou et al., 2014) and (B) the
ASBTy; 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 (Pairl) and V110C/1197C

(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 substrate binding central cavity of the ASBTy s transporter. (A) Cartoon
depiction of the outward-facing ASBTy; 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; 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. . . . . . . . . oL L
The proposed elevator-style ASBTy ;/ASBT y s alternating access mechanism.
(I) The outward-facing state of the transporter exposes the TM4/TM9 crossover
region, allowing for the (IT) binding of Na™ to Nal 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 ASBT ), 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 . . . . . . .
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1.24

1.25

1.26

1.27

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, Gand H). . . . . . . . . . ..
Slc10A7-/- double homozygous mice mutations result in skeletal dysplasias with
skull aberrations. A) Naso-occipital lengths and body weight measurements of
Sle10a7+4/+, Slc10a74/- and Slcl0a7-/- mice at 8 weeks, illustrating a much
smaller body and more rounded skull of the Sle10a7-/- 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 Sle10a7+ /4 phenotype. This
figure was generated from images displayed in Dubail et al., 2018. . . . . . . .
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 Sle10a7+/+ and Slc10a7-/- gene
phenotypes. Again, significant differences in the width of the femurs are ob-
served. This figure was generated from images displayed in Dubail et al., 2018.
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 12ng/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. . . . . . . .. Lo
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1.28

1.29

1.30

2.1

RCH1 C. albicans and S. cerevisiae bacterial homologues; human NTCP, ASBT
and SLC10A7; and ASBT s and ASBTy ;s 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 ASBT yjs 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 Nal 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. . . . . . . . . . . . L. e
The proposed role of Rchlp in maintaining Ca?* homeostasis in C. albicans.
1) Negative regulation of Ca?* influx through the LACS system. 2) Deletion of
Rchlp leads to greater uptake of Ca?*. 3) The Ca?* /calcineurin process is ini-
tiated upon cytosolic accumulation of Ca?*. 4) Extracellular Mg?* inhibits the
influx of Ca?* and can reverse the hypersensitivity to Ca?* following deletion of
the RCH1 gene. 5) rchl/rchl homozygous double mutation leads to increased
cytosolic Ca?t influx, but also increases tolerance to well established antifun-
gals and azoles. Ca?t extrusion is vital to cell survival in an over-abundnace
of intercellular Ca?* levels. Low Ca?T concentrations are maintained via the
Vexlp Ca?t /HT exchanger and vacuolar Pmclp Ca?™ pump in C. albicans
cells; and the Spflp and Pmrlp P-type Ca?t ATPases in the ER and Golgi.
This figure was taken from Alber et al., 2013. . . . . . . . . . . . . . ...
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 Ca?*t 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 Orail,
initiating store-operated calcium entry (SOCE) channel opening. SERCA AT-
Pase transporters pump Ca2t back in the ER, thereby refilling the calcium
stores. It is proposed SLC10A7 negatively regulates Orail, 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. . . . . . . . . . . . . . ..

The PhD experimental strategy. . . . . . . . . . . .. ..o
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3.1

3.2

The Human NTCP, ASBT; and bacterial ASBTy s, ASBTnys and ASBTp,
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
ASBT s 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't binding site
amino acid residues implicated for Nal 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. . . . . . . . . . . . . . . ..o

The SLC10A7 human and bacterial homologues; and ASBT n s and ASBTy ybacterial

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 ASBT y s 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 Nal 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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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 effects. However, via fine optimisa-
tion of L-rhamnose, toxic bacterial side effects 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 T'7 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. . . . . . . . . ..o

3.4 The optimal ASBT Neisseria meningitidis small-scale overexpression positive
control. Maximal overexpression yields were attained with the addition of
0.25 mM L-rhamnose and 0.4 mM IPTG. The addition of L-rhamnose at ODgognm
0 (black bar) and at ODgoonm 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. . . . . . .

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 (0-1 mM) was added at ODgoonm 0 (A, C, E,
G, I, K, M, and O) and ODgoonm 0.5 (B, D, F, H, J, L, N, and P) of the
overexpression culture. Negative and positive inductions of 0.4 mM 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. . . . . . . . . . . . .. ... ...

3.6 ASBT}, 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 1s intensity.

. 115
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3.7

3.8

3.9

4.1

4.2

4.3

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 1s
intensity. . . . . . .. L oo Lo e e
SLC10AT7 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
Isintensity. . . . . . . . . oo Lo e
SLC10AT A. tathuensis (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-5-D-maltopyranoside; UDM: n-undecyl-3-D-maltopyranoside; DM:
n-decyl-B-D-maltopyranoside; NM: n-nonyl-3-D-maltopyranoside; OG: n-octyl-
B-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. . . . . . . ..

ASBT};, CPM thermostability concentration series investigation. (A) Ther-
mostability traces in 20mM Tris pH 7.5, 150 mM NaCl, 0.03% DDM and 0-
20 ng purified ASBTy,;, protein, were investigated. (B) Calculated Tm values
for these CPM investigations are displayed in a table. Data was analysed and
processed in GraphPad Prism. . . . . . . . . . . . ... ... ... ..
ASBT};, CPM thermostability glycerol investigation. (A) Thermostability traces
in 20 mM Tris pH 7.5, 150 mM NaCl, 0.03 % DDM, 0-10 % glycerol, and 2.5 pg
ASBT,;, were investigated. (B) Calculated Tm values for these CPM investi-

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

ASBT, CPM thermostability detergent investigation. (A) Thermostability
traces in 20mM Tris pH 7.5, 150 mM NaCl, 2.5 nug ASBTy;, and a range of
detergents (0.03 % DDM, 0.09% UDM, 0.26 % DM, 0.84 % NM, 2.67 % B-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. . . . . . . . . .. .. ...
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4.4

4.5

4.6

4.7

4.8

4.9

4.10

ASBT;;, CPM thermostability bile acids investigation. (A) Thermostability
traces in 20 mM Tris pH 7.5, 150 mM NaCl, 0.03% DDM, 2.5ng ASBT[;, and
a range of bile acids (1 mM Sodium cholate, 1 mM Sodium taurocholate, 1 mM
Sodium chenodeoxycholate, 1 mM Sodium deoxycholate, and 1 mM 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. . . . . . . . . . . . . e 127
SLC10A7 C. necator buffering 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
SLC10AT C. necator glycerol stability GFP-TS optimisation studies. (A) Ther-
mostability traces in 20 mM Tris pH 7.5, 150 mM 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
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 20 mM concentrations, with
150 mM 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
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 20 mM concentrations, with 150 mM 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
SLC10A7 C. necator salt stability GFP-TS optimisation studies. Thermostabil-
ity in sodium chloride (NaCl, (A-D)), calcium chloride (CaCls, (A)), magnesium
chloride (MgClz, (B)), sodium carbonate (NagCOs, (C)) and sodium bicarbon-
ate (NaHCOg, (D)) at 150mM and 300 mM concentrations were investigated.
Bar chart (E) represents the Tm values obtained from these investigations.
Data were analysed and processed in GraphPad Prism. . . . . . . . . . . .. 139
Pure GFP salt stability GFP-TS optimisation studies. (A) Thermostability
traces in sodium chloride (NaCl), calcium chloride (CaCly), magnesium chloride
(MgCly), sodium carbonate (NayCO3) and sodium bicarbonate (NaHCOj3), at
150mM and 300 mM concentrations, with 20 mM 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 (CaCly, (C-D)), mag-
nesium chloride (MgCly, (E-F)), sodium carbonate (NaxCOs, (G-H)) and sodium
bicarbonate (NaHCOg, (I-J)) at 150 mM and 300 mM concentrations were in-

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

5.1 ASBTy, 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 (250 ml), W2: Wash2
(500ml), W3: Wash3 (350ml), 3CP: 3C Protease, BP: Pre-3C Cleaved Bound
Protein, GFP: Post 3C Cleaved GFP Elution (50 ml), PreHis: Pooled Pre-His
trap protein, PHis: Post His-trap protein. Gel fluorescence imaged at 1s intensity. 149

5.2 ASBT[, protein size-exclusion chromatography (SEC) and purity display on
SDS-PAGE. (A) SEC UV traces (detected at absorbance 280 nm) were analysed
in different conditions including 0.03 % DDM, 0.03 % DDM + 1 mM 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 SLCI10AT 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: Washl
(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 1s 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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5.9

5.6

5.7

5.8

5.9

5.10

5.11

SLC10AT7 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: Washl (250 ml), W2: Wash2 (250 ml), W3: Wash3 (250 ml),
BP: Pre-3C Cleaved Bound Protein, GFP: Post 3C Cleaved GFP Elution
(50 ml), PreHis: Pooled Pre-His trap protein, PHis: Post His-trap protein,
PMBP: Post MBP-trap protein. Gel fluorescence imaged at 1s intensity.
SLC10AT E. coli Q320 truncated protein size-exclusion chromatography (SEC)
and purity display on SDS-PAGE. (A) SEC UV traces were analysed in different
salts including NaCl, MgCls, and NaHCOj3 at 150 mM concentrations, and (B)
their respective levels of purity assessed in SDS-PAGE. Samples were run on a
Superdex 200 Increase 10/300 GL column. . . . . . . . . . . . . . ... ..
ASBT;, post-SEC DDM sitting drop vapour diffusion 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

ASBT; 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 diffraction dataset at 3.3 A resolution. ** This condition yielded a crystal
diffraction dataset at 2.2 A resolution. All crystal images were viewed on a mi-
croscope with a cross-polarizer enabled, and imaged using a Samsung Galaxy
S8 mobile phone. . . . . . . ..o
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 micro-
scope with a cross-polarizer enabled, and imaged using a Samsung Galaxy S8
mobile phone. . . . . . . L L 0L L s e e e
SLC10A7 E. coli Q320 C-terminal truncated sitting drop crystal and protein
diffraction pattern. (A) Crystal image of the protein grown in MemGold2 D5
(0.2M Choline chloride, 0.1 M Tris pH 7.5, 14% w/v PEG 2000 MME). (B)
X-ray diffraction pattern for the harvested and analysed crystal. . . . . . . .
The 2.2 A ASBT},;, dataset X-ray diffraction pattern. Ten images from the data
collection were compiled and analysed in dials.image.viewer, highlighting high

resolution diffraction spots. . . . . . . . . . . L L

. 153
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5.12

5.13

5.14

5.15

5.16

5.17

Electron density maps of ASBT, 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). . . . . . . . . . . . .. ..
The ASBT;;, 3D X-ray crystal structure, solved to 2.2A. 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 (Nal and Na2) and a co-crystallised formate
molecule, displayed as magenta spheres, and sticks, respectively. This image
was generated in PyMol (Schrodinger, 2015). . . . . . . . . . . . .. ..
The respective core and panel domains of the ASBTy; 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
(Nal and Na2) are displayed as magenta coloured spheres, and formate in stick
mode. This image was generated in PyMol (Schrédinger, 2015). . . . . . . .
Electrostatic charged surface of the ASBT[;, structure. Areas coloured red
show negative charge, and blue areas show positive charge. White areas show
neutral charge. This image was generated in PyMol (Schrodinger, 2015).

B-factor representation of the ASBT, 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 (Schrodinger, 2015). . . . . . .
The proposed sodium 1 (Nal) binding site of the ASBT; transporter. (A) Car-
toon representation of the strong molecular interactions between the Nal ion
and neighbouring TMD3b, TMD4 and TMD8a helices. The proposed sodium
ion is depicted as a sphere coloured in magenta, with interacting aa residues dis-
played as sticks. Key distances to nearby residues are shown as dashed lines.
(B) The 2Fo-Fc blue electron density map representation of the same Nal-
ASBT;, molecular interactions. (A) was generated in PyMol (Schrodinger,

2015). (B) was generated in Coot (Emsley et al., 2010). . . . . . . . . ..
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5.18

5.19

5.20

5.21

The proposed sodium 2 (Na2) binding site of the ASBT;, transporter. (A)
Cartoon representation of the strong molecular interactions between the Na2
ion and neighbouring TMD2, and TMDS8a 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-ASBT
molecular interactions. (A) was generated in PyMol (Schrédinger, 2015). (B)
was generated in Coot (Emsley et al., 2010). . . . . . . . . . . .. .. ...
The electron density maps of the ASBTy;, modelled Ni?** (A-B), Ca?* (C-
D), Kt (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
difference 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). . . . . . . . . . .
The formate binding site of the ASBT, transporter. (A) cartoon represen-
tation of the strong molecular interactions between the formate ligand and
neighbouring TMD3b, and TMDS8b helices. The formate molecule and inter-
acting 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-ASBT [, molecular interactions. (A) was generated in
PyMol (Schrodinger, 2015). (B) was generated in Coot (Emsley et al., 2010).
Superposition of ASBT;, and ASBT . (A) whole structure superposition
with ASBT[, coloured blue, and ASBT yj; coloured red. Both formate and
taurocholate substrates are shown as sticks in the substrate binding pocket. (B)
panel domain superposition with ASBT 1, coloured red, and ASBT x5 coloured
green. (C-D) core domain superposition with ASBT,; coloured magenta, and
ASBT s coloured green. TCA and formate are displayed as sticks and sodium
ions are presented as red /magenta spheres. All images were generated in PyMol

(Schrodinger, 2015). . . . . . .o Lo e
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5.22 Superposition of ASBTy;, and ASBTy . (A) whole structure superposition
with ASBT; coloured green, and ASBTy; 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
ASBT coloured green, and ASBTy ¢ coloured blue. (C-D) core domain super-
position with ASBT; 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 (Schrédinger, 2015). . . . . . . 174
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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 diffusion 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 differences 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; Goni, 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 different 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 affecting 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).

CHOLINE

I
POLAR

(HYDROPHILIC) PHOSPHATE
HEAD GROUP 1

GLYCEROL

NON-POLAR
(HYDROPHOBIC)
TAILS

CIS DOUBLE

__— BOND

TIVL NOSNVOONAAH
TIVL NOS¥VOONAAH

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 differences 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 A 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; Goni, 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; Goni, 2014). A very basic illustrative
comparison between a micellar and lipid bilayer arrangement is displayed in figure
1.2 below.

Chapter 1 Aurélien Anthony Grob 4



Structural and functional features of the SLC10 membrane protein transporters
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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 different lipids
and proteins), are dynamic and fluid structures. This suggests that individual lipid
and protein molecules possess the ability to constantly diffuse freely within the
membrane, rotating rapidly in a perpendicular (rotational diffusion), 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 differ 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; Goni, 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 different, resulting in a plethora of crucially different 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 different 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.

CHANNEL
PROTEIN

GLYCOPROTEIN
GLYCOLIPID

INTEGRAL
MEMBRANE
PROTEIN

PHOSPHOLIPID
BILAYER

CYTOSKELETAL
FILLAMENTS

_—

CHOLESTEROL

PRERIPHERAL
MEMBRANE
PROTEIN

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 different 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 Different 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).

5
( \ >
»y . v /

(g (i CREREEREREREE D0\ TR
b zxzxml“ ““z&ma& | RIS G

4
Integral Membrane Proteins Peripheral Membrane Proteins

Figure 1.4: The 5 types of membrane proteins.
1. Single-pass a helix, 2. Multi-pass « helix, 3. g-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,
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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 differences 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: a-helical and g-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 a-helices. This is typically the most common structural motif, due to
the increased efficiency 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 a-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
a-helical domains, which span both lipid layers of the membrane. Typically, the
hydrocarbon core of a membrane lipid bilayer is 30 A wide, suggesting it only
takes a-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 a-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 a-helix integral membrane protein

is seen below in figure 1.5.

Figure 1.5: The a-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 a-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, S-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 S-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 fB-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 g-barrelled membrane

protein is seen below in figure 1.6.

Figure 1.6: The B-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 a-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).

Chapter 1 Aurélien Anthony Grob 11



Structural and functional features of the SLC10 membrane protein transporters

1.3 Membrane Transport

Membrane protein transporters serve as the gatekeepers of living cells, allowing
for the exchange (i.e. uptake and efflux) 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 diffusion). 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 diffusion), 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 Different 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 latt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>