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The solute carrier family is the largest family of membrane-bound transporters in humans,
with 430 members divided into 65 subfamilies. They transport various substrates across lipid
barriers and are vital for absorption, distribution, metabolism and excretion in all cell types in
the body. Despite being involved in vital functions, and their effect on both physiology and
pathophysiology, many transporters are not characterized. The aim of this thesis was to study
newly identified putative solute carriers of which little is known. In Paper I, the relationship
of solute carriers in humans and fruit flies was studied. The study revealed that 54 of the 65
subfamilies in humans have one or more orthologues in fruit flies, and a total of 381 orthologues
were identified in fruit flies. In Paper 11, a comprehensive study of the putative solute carriers and
their response to different sugar concentrations were performed. Several, but not all, putative
solute carriers were altered in cell cultures maintained in media containing low or no glucose,
and the expression normalized upon refeeding with glucose. Similar results were observed in
fruit flies subjected to complete starvation or diets with varying sugar concentrations. Last, in
Paper III and IV, characterization of one putative solute carrier, UNC93A, was performed. The
studies revealed that UNC93A was a conserved protein with an abundant expression in the
body of mice but with a restricted expression in fruit flies. The protein was found to possibly
be expressed at, or close to, the plasma membrane of cells and to co-localize with Twik-Acid
sensitive potassium channels. UNC93A was found to be important for the renal function in
fruit flies and to affect survival and membrane potentials in cells. The findings of this thesis
establish a high conservation of several putative solute carriers and that they have a highly
dynamic regulation during fluctuating energy and glucose availability. Further, while several
clear biological aspects of UNC93A was identified, the exact function of transporter proteins
is cumbersome to find and more research about these transporters is needed to fully understand
their mechanistic role and their association and/or involvement in health and sickness.
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Introduction

The cell keeps the fundamental molecules of life within its lipid barrier, which
also protects the inner milieu from the surrounding. This is true not only for
the cell itself, but also organelles that lies within the cellular compartment. For
the inner milieu to stay connected with the outer environment the membranes
contain membrane-bound proteins that acts as “gate-keepers” [1, 2]. Mem-
brane-bound proteins can roughly be divided into peripheral and integral
membrane proteins [3]. Peripheral membrane proteins attach to the membrane
temporarily; either to an integral membrane protein or directly to the lipid bar-
rier through different anchors [4]. These proteins play vital roles as regulators
both of transporters and receptors but also in cellular processes such as prote-
olysis and signaling [4, 5]. Integral membrane proteins, e.g. receptors, chan-
nels and transporters, are located within the membrane [6]. Approximately 30
% of the human proteome encodes membrane-bound proteins [7], and 2000
genes are estimated to be transporters or transporter-related proteins [8]. Due
to their vital functions, many membrane transporters are linked to diseases
affecting almost all organs in the body [8-10], and around half of all pharma-
ceutical drugs targets membrane-bound proteins [11].

Transporters

Transporters enables water soluble molecules across the lipid membranes
[12]. They are important for nearly all aspects of physiology, both in homeo-
stasis, establishing electrochemical gradients and membrane potentials [8],
and can be divided into passive and active transporters. Passive transporters,
also known as facilitators or uniporters, transport substrates along a concen-
tration gradient and will do so until the gradient is eliminated [13]. Uniporters
are usually ion channels or carrier proteins that open upon stimulation by volt-
age, pressure or ligands [14]. Some examples of uniporters are the ion chan-
nels for sodium, calcium and potassium that are involved in the transmission
of nerve impulses along neurons [15]; along with facilitative sugar transport-
ers [16, 17] and nucleoside transporters [18]. Active transporters, on the other
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hand, move substrates across a membrane against a gradient and they are usu-
ally associated with accumulation of molecules crucial for the cell. Active
transporters can either be primary active or secondary active. The primary ac-
tive transporters use adenosine triphosphate (ATP) as energy to move mole-
cules against the electrochemical gradient [12]. Sodium, potassium, protons,
magnesium and calcium are common molecules transported by primary active
transporters of ATPase-type e.g. the Na"/K'-ATPase [19] that maintain mem-
brane potentials. Other examples of primary active transporters are found in
the mitochondrial electron transport chain, whose transport is driven by redox
energy [20], and ATP-binding cassette (ABC) transporters that translocate
substrates across membranes [21]. Secondary active transporters, also known
as solute carriers (SLCs), rely on the existing electrochemical gradient to cou-
ple transport of substrates against the concentration gradient. They can either
act as symporters or antiporters [22-24], moving one molecule with the elec-
trochemical gradient to transfer another molecule against a concentration gra-
dient. Symporters move two substrates in the same direction, e.g. the glucose
symporter, while antiporters move two molecules in opposite directions, e.g.
Na'/Ca*"-exchanger, Figure 1. The most common ion used for coupled
transport in mammals is sodium, whose electrochemical gradient is then used
to complete the transport, while for transporters in bacteria, and also in the
mitochondria, hydrogen is the most common co-transported ion [25].

ABC  Pumps

SLCs lon channels

1 1
1 1
transporters E E Agquaporins
1 1
R L
. 1 1 .
Prlrlr_mar;.r ! Secondary ! Passive
active ! active ',
t" ‘N\
t" ‘~\
Antiporter Symporter Uniporter
d L Jl Wi

Figure 1. Transporters allow movement of molecules; some requires ATP (primary
active transporters), while others do not (secondary active and passive transporters).
Primary active transporters are pumps and ABC-transporters. SLCs are secondary
active transporters and act as antiporters, symporters and uniporters. Passive trans-
ports are ion channels and aquaporins. Credit to Somersault 18:24 (www.somer-
sault1824.com) for figure components, shared under creative common license.
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Solute Carriers

SLCs are transmembrane proteins composed of hydrophobic alpha helices
connected by hydrophilic extra- and intracellular loops [12, 26]. They are lo-
cated in the plasma membrane [17, 27-29] and the membranes of mitochon-
dria [30], endoplasmic reticulum (ER) [31], Golgi [32], proteolytic granule
(e.g. lysosomes) [33] and vesicles [34-36].

SLCs were originally defined as ATP-independent transporters and protein
sequences were sorted into the SLC superfamily based on their function rather
than their structure and sequence identity. The SLC superfamily is the second
largest family of membrane-bound proteins after GPCRs but are the largest
family of transporters in humans [7, 37]. Current practice assigns a new pro-
tein sequence to a SLC family if it shares at least 20 % amino acid sequence
identity to one other member of the family. This has resulted in a great degree
of variation regarding structure and primary sequence compared to other large
membrane-bound protein families e.g. GPCRs and voltage-gated ion channels
[38, 39]. Today the SLC superfamily comprises 439 members divided into 65
subfamilies, SLC1-SLC65, listed in the SLC table (slc.bioparadigms.org).
Approximately two thirds of the SLCs are considered characterized and infor-
mation regarding their expression, function and/or structure is available.

SLCs have diverse functions and they transport numerous compounds, both
charged and uncharged, across membranes. They are capable of transporting
larger molecules e.g. peptides, amino acids, sugars, neurotransmitters and
therapeutic drugs, but also single ions. The transport is dependent on the con-
centration and electrochemical gradients, which make the transport highly
connected to the concentration of substrates available in the extra- and intra-
cellular compartments [12]. For example, there are transporters that move the
same substrate in different tissues with different affinity, e.g. the SLC2 family
(Glucose transporters, GLUTs) [16]; and families with a diverse range of sub-
strates but all members are expressed in the same organelle, e.g. SLC25 family
of mitochondrial transporters [30]. Not all SLCs transport solutes on their
own, some are required as supporting subunits e.g. the SLC3 family [40]. In-
terestingly, new functions have recently been assigned to the SLC proteins
and a few members are now suggested to both function as transporters and as
sensors/regulators for pathways involved in nutrient availability and transport
e.g. SLC38A9 [41-43].

The functional diversity among the SLCs is a possibility to why there are mul-
tiple classification systems in use; i) the Human Gene Nomenclature Commit-
tee (HGNC), ii) the Transport Classification Database (TCDB) and iii) the
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Protein Family Database (Pfam). The human SLCs are annotated and named
according to a root system set by HGNC [44, 45]; “the SLC nomenclature”.
TCDB uses phylogenetic and functional data to categorize all recognized
transporters into superfamilies [46, 47], while Pfam aims to cluster all trans-
porters into protein families (clans) based on sequence similarities [48].
Therefore, SLCs populate several Pfam clans, where seven, so far, contain
more than one SLC family; (I) Major Facilitator Superfamily (MFS) clan
(CLO015), (II) Amino acid/Polyamine/organocation (APC) clan (CL0062),
(III) Cation:Proton antiporter/Anion Transporter (CPA/AT) clan (CL0064))
(IV) Drug/Metabolite Transporter Superfamily (DMT) clan (CL0184), (V)
Ion Transporter Superfamily (IT) clan (CL0O182), (VI) MtN3-like clan of ves-
icle-trafficking cargo receptors (CL0141) and (VII) Mvin, MATE-like Super-
family clan (CL0222).

The evolution of Solute Carriers

The physiological importance of transporters is evident as SLCs and SLC-
related proteins are found in archaea, bacteria, plants and eukaryotes [37].
Several SLCs families are considered evolutionary old and have identified
homologues in bacteria [37, 49, 50], e.g. SLC2, SLC22 and SLC25, and an-
cient members of algae [51], e.g. the SLC32, SLC36 and SLC38. Meanwhile,
other families are more recent and are mainly identified in Animalia [37], e.g.
SLCS, SLC6, SLCS8 and SLC18. Some of these families are important for the
developed nervous system, suggesting that these families have evolved paral-
lel to the development of a more complex central nervous system.

Protein sequences that presumably belong to the SLC superfamily are still
being identified and several protein sequences have not yet been assigned to a
SLC superfamily and are instead named putative (“atypical””) SLCs [52, 53].

Putative Solute Carriers

Currently 20 out of the 65 SLC families are categorized into the MFS clan
(see slc.bioparadigms.org). In the early 1990s, members of the MFS clan were
believed to be facilitated sugar transporters [49, 50, 54]. Today, it is known
that these transporters have a diverse substrate profile and perform their
transport as uniporters and cotransporters [54]. The MFS is the largest group
of transporter proteins known, with over 10,000 sequenced members [55],
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present in both ancient life forms and mammals [56]. The amino acid sequence
identity among SLCs and putative SLCs belonging to the MFS clan is low
compared to other families, but their protein folding structure is conserved
[57, 58]. The common structure for MFS proteins are an even number of alpha
helices arranged in monomer or polymers, Figure 2, creating a globular pro-
tein with 12—14 transmembrane spanning helices [57, 58].

I R R

Figure 2. Members of the MFS usually have an even number of transmembrane heli-
ces arranged in monomers or polymers. lllustration exemplifies the general second-
ary structure of MFS transporter with 12 alpha helices spanning the membrane.

Several putative SLCs belonging to the MFS clan were identified during ge-
nome annotation [59]. Most of them are classified into the MFS domain
(MFSD#) nomenclature, however also previously named genes such as SV2,
UNC-93 and SPNS belong among these putative SLCs. Recently, MFSD2A
and MFSD2B (SLC59); MFSD3 (SLC33); MFSD4A and MFSD4B (SLC60);
MFSD5 (SLC61); MFSD10 (SLC22); SV2A, SV2B, SV2C, SVOP and
SVOPL (SLC22); and SPNS1, SPNS2 and SPNS3 (SLC63) were sorted into
SLC families (slc.bioparadigms.org) and more of these putative SLCs will
probably be sorted into the SLC superfamily in the near future. Information
regarding putative SLCs has increased over the past years and now the gene
and protein expression in mouse are established for many of them [60-65].

Solute Carriers’ role in metabolism

The process of life is dependent on access to sufficient levels of essential so-
lutes, e.g. amino acids, fatty acids, ions, nucleotides and sugars to maintain
fundamental function within each cell, and to maintain homeostasis of im-
portant molecules. Mechanisms to sense and react to fluctuations in solutes
have evolved to keep circulating nutrients within a narrow range both in uni-
cellular and multicellular organisms [66-68]. SLCs make up a highly dynamic
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interface to supply the cell with major components needed for acidification,
glycolysis, TCA cycle, neurotransmission and nucleic acid synthesis [66],
Figure 3.
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Figure 3. SLCs are important for several aspects of the cellular metabolism and main-
tain influx and efflux of substrates that contribute to acidification, protein and nucleic
acid synthesis, glycosylation, glycolysis and TCA cycle. Some examples of SLCs im-
portant for these processes are: glucose transport (SLC2 and SLCS5), amino acid
transport (SLC1, SLC7:SLC3 and SLC38), mitochondrial transporters (SLC25;, mon-
ocarboxylate transporters (SLC16); fatty acid transporters (SLC27), ion transporters
(SLCY and SLC30); nucleoside-sugar transporters (SLC35) and nucleobase trans-
porters (SLC29). Credit to Somersault 18:24 (www.somersaultl824.com) for figure
components, shared under creative common license.

Amino acids are important for protein synthesis and catabolism during feeding
and starvation, and they are essential as neurotransmitters and for food intake
[68]. The levels of amino acids are important to keep constant and the levels
are regulated through amino acid response (AAR), general control non-
derepressible 2 (GCN2) and the mechanistic target of rapamycin (mTOR)
pathways [68]. The AAR pathway is activated by low levels of essential amino
acids and lead to an upregulation of the activating transcription factor 4
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(ATF4), which binds genes with amino acid response elements (AARE) and
nutrient sensing response elements (NSRE-1 and 2), resulting in a reduced
protein synthesis [69-71]. The GNC2 pathway is triggered by the accumula-
tion of uncharged transfer RNAs (tRNAs) (normally covalent linked to a cer-
tain amino acid) that occurs during decreased levels of free amino acids. The
activation of GNC2 leads to inhibitory phosphorylation of the essential acti-
vator of translation initiation, eukaryotic translation initiator factor 2a (elF2a),
also resulting in reduced protein synthesis [72]. The mTOR pathway, with its
two distinct protein complexes, mTOR complex 1 (mMTORCI1) and mTOR
complex 2 (mTORC?2), integrates both extra- and intracellular signals to reg-
ulate anabolic and catabolic processes to coordinate nutrient levels [73, 74].
Each complex, mMTORC1 and mTORC?2, phosphorylates various effectors as
areaction to the varying energy demands of the cell. The mTORCI1 is involved
in promoting anabolic processes and limiting catabolic processes as a response
to e.g. availability of nutrients such as amino acids and glucose, while
mTORC?2 promotes proliferation and survival as a response to growth factors
[73, 75]. Leucine is an essential amino acid to initiate protein synthesis and
cell growth through mTORCI [76, 77]; as such, several SLC family members,
e.g. SLC1AS, SLC3A2 and SLC7AS, are implemented in regulation of this
complex since they maintain sufficient leucine levels upstream of this partic-
ular pathway. The mTORCI1 is not an amino acid sensor itself, but recently
the lysosomal arginine transporter, SLC38A9, was found to act as a sensor for
mTORCI1 by conveying the arginine and leucine availability directly to the
complex [41-43].

Sugar, especially glucose, is a main source of energy for the body; and,
there are several SLCs families that are specialized to help the cell to maintain
glucose intake, storage, mobilization and breakdown. Glucose is found, be-
sides in glycolysis and gluconeogenesis, in several fundamental processes in
the cell including the pentose phosphate pathway, where it generates NADPH
and ribose-5-phosphate; the hexosamine pathway; protein glycosylation; ser-
ine biosynthesis as well as purine and glutathione biosynthesis [68, 78, 79].
Therefore, one can assume that SL.Cs that transport sugars and sugar metabo-
lites are implemented in different steps in all of these different pathways.

Glucokinase, a hexokinase, catalyze the initial steps of glycogen synthesis
and glycolysis, and is an important glucose sensor. Compared to other hexo-
kinases, which mainly acts as phosphorylation machines, glucokinase has a
low affinity for glucose and is therefore only activated by high levels of glu-
cose. During conditions with low glucose, glucokinase help the body maintain
transport of glucose, through SLC families, to organs with high metabolic rate
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such as the brain, kidneys and muscles [68]. Another important glucose sensor
is the bi-directional SLC2A2 (GLUT?2), which sense extracellular glucose lev-
els. During hyperglycemia, GLUT2 mediates influx for storage and energy
production, while during hypoglycemia it mediates efflux of glucose to the
circulation [80]. In addition, members of the SLC5 family, in particularly
SLC5AT1 and A2, are cotransporters for glucose and sodium that provide the
cell with glucose needed during glycolysis [66, 81]. The AMP-activated pro-
tein kinase (AMPK) and mTORCI1 complex are also important elements for
glucose sensing [68]. AMPK is activated by increasing levels of AMP and
ADP, which induce glucose and fatty acid uptake and oxidation to increase
ATP production [68]. The mTORCI is regulated by glucose availability
through the activity of the Rag GTPases, however, the mechanisms behind
this are less clear [68]. Similar to the AAR pathway, there are carbohydrate
response elements-binding proteins (ChREBP) that binds to carbohydrate re-
sponse elements (ChoRE) to alter gene regulatory pathways in a glucose-de-
pendent manner [82-86]. These elements mainly regulate genes involved in
glycolytic and lipogenic processes, but also in insulin dependent pathways.
However, compared to the AAR pathway and the AAREs, the mechanisms
are less clear. It is suggested that Max-like protein X (MLX) and MLX inter-
acting protein (MLXIP, MondoA) form a complex that is regulated by glu-
cose. It translocate from the outer mitochondrial membrane to the nucleus to
enhance transcription of glycolytic target genes and regulators for glucose
fluxes [82, 84, 86]. Similar theories have been proposed for the
MLX:ChREBP complex [82-84].

SLC9A3 and SLC16A1 are reported to be important components when it
comes to controlling the acidification of the cell [66]. SLC9A3 acts as a so-
dium:proton exchanger that prevents acidification in the gut [87, 88] and
SLC16A1 mediates outward transport of lactate and protons produced by gly-
colysis [66, 89]. The mitochondrial carrier SLC25A1 exchanges malate and
citrate:proton over the inner mitochondrial membrane to maintain the TCA
cycle, whereas another member of the same family, SLC25A8 is responsible
for transferring protons from the inner to the outer mitochondrial membrane
for energy metabolism [30, 66]. The SLC27 and SLC59 families provide
transport of fatty acids [90, 91] that instead of glucose can be used to yield
ATP for the cell. Fatty acids are also important components of the membranes
of the cell. In addition to the macronutrients, there are several SLC families
that provide the cell with other essential molecules e.g. SLC39 family [92]
transport zinc that is important for secretion of secretory granules; SLC29
family [18] carries nucleobases over the nucleus membrane that are needed
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for the formation of nucleic acids and the SLC35 family [93] transports UDP-
GlcNAc and UDP-galactose, which are biochemical precursors for polysac-
charides.

Solute Carriers are important therapeutic targets

The list of diseases that SLCs are involved in is long, which come as no sur-
prise due to their diverse expression and function within the body. Except hav-
ing key roles in important cellular processes to maintain health, they are also
the cause of disorders spread throughout the body [66]. Several SLCs are co-
expressed in the same tissue and it is speculated that when this healthy co-
expression of SLCs is perturbed in the body, it becomes sick [66, 94]. The
SLC superfamily is highly complex and several families are involved in a va-
riety of acute and chronic diseases. For example malfunction in amino
acid/neurotransmitter transporters (SLC1, SLC6, SLC17), sugar transporters
(SLC2) and ion transporters (SLC9, SLC12) are all linked to a spectrum of
brain disorders (Alzheimer’s disease, autism, depression, epilepsy, Parkin-
son’s disease and schizophrenia), lung diseases (cystic fibrosis and sleep-dis-
ordered breathing), liver diseases (neonatal diabetes and Rotor syndrome) and
conditions linked to the kidney (hypertension, renal tubular acidosis, Hartnup
disorder and gout) [66].

As therapeutic targets, the drug can act on the SLC itself or the SLCs can
be used as mediators for drug distributions. Within the SLC superfamily,
members of the SLC6 family are the most exploited drug targets for therapeu-
tic treatment of depression [95]. Other drug targets include the SLC5, SLC12,
and SLC18 families [95]. Two good examples of SL.Cs acting as mediators of
drug transport are the SLC21 (also known as SLCO) and SLC35 families;
where SLCO1B1 mediates sufficient drug distribution of statins in the liver
and SLC35F2 is crucial for the delivery of a cancer drug, YM155, into tumor
cells [94].

Currently, a little more than 40 % of all SLCs have been linked to a disease.
Through the advancement in sequencing techniques the contribution of ge-
netic variance of SLCs is clearer and the linkage to disorders are constantly
increasing. However, compared to other membrane-bound proteins, e.g.
GPCRs, the number of compounds targeting the SLCs is far lower [94, 96,
97]. Even with numerous SLCs linked to diseases only 12 SLCs are known to
be utilized as drug targets [66, 95] compared to GPCRs with 475 approved
drugs [96]. Between the years 2015 and 2018 only five drugs targeting SLCs
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were approved by the Food and Drug Administration (FDA) and the Japanese
Pharmaceuticals and Medical Devices Agency (PMDA), compared to the
GPCRs that in the end of 2017 had approximately 321 drug candidates in clin-
ical trials [95-98]. There are several possible reasons for the delay in drug
development towards SLCs, where the major challenge has been the technical
barrier to characterize SLCs [94, 99, 100]. For examples, cell-based assays
suffer problems due to overexpression difficulties and compensatory mecha-
nism; the lack of high-quality antibodies gives partial understanding of the
subcellular localization; cumbersome transport assays fail in screening cotran-
sport and gradient necessary to a complete functional characterization. In ad-
dition, structure analysis of the integral membrane proteins is notoriously dif-
ficult [100]. In recent years there have been an increase in the number of de-
termined protein structure of SLCs and several transport mechanisms, e.g.
rocker-switch and gated-pore mechanisms [100] have been established, which
most likely can help the pharmaceutical industry understand and design ap-
propriate ligands. Hopefully, the increase in research regarding SLCs will con-
tribute to the development of more direct treatments as well as synergistic
treatments to increase the efficacy of other pharmaceuticals through better dis-
tribution through targeted SLCs.
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Methodology

Imagine a world where no animal or cell-based testing was used and instead
drug candidates were tested on humans directly. The time required for a new
compound to reach the market could probably be cut in half, but along the way
unpredicted adverse effects, that could even be fatal, would most likely occur.
Clearly, this is both unethical and impractical. Therefore, models are used in
research to provide a system, a simple reflection of a complex reality, to de-
fine, simulate, visualize and quantify a question to understand e.g. physiolog-
ical phenomena and processes. Modelling by e.g. programmed mathematical
calculations in computers (in silico) and/or living material such as cell cultures
(in vitro), vertebrates and invertebrates (in vivo) are all used in the pharma-
ceutical industry to find the best candidates for new drugs and to understand
biological mechanisms. No model is superior over another, instead the key
behind choosing a model is to consider the purpose of the research; which
model that is most suitable to answer the research question and/or hypotheses,
and also to keep in mind what the limitations are with each model.

In silico models to understand the evolutionary
connection among species and predict protein structures

A majority of current classifications systems are based on phylogeny, the evo-
lutionary relationship between organisms. The evolutionary relationship can
be predicted by using mathematical models to calculate similarities among
genomes and proteomes, which then can be presented in phylogenetic trees.

Hidden Markov Model

The Hidden Markov model (HMM) is a tool for homology searches to identify
protein sequences that are evolutionary conserved within a set of protein se-
quences. The model is based on the Markov process, where the probability
calculations of possible events are dependent on previous observations
(states). In the HMM, the Markov process has unobservable (hidden) states,
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but the parameters are still known (observed) [101, 102]. For example, in Pa-
per I, the observed part of the model is the alignment of the human protein
sequences used to build the HMM. Meanwhile the unobservable part of the
model is the proteins not yet identified in a given proteome, in this case the
proteome of D. melanogaster. The model calculates the probability of amino
acid shifts over time and calculates the likelihood of how similar the assem-
bling of protein sequences is between species.

Protein alignment

Protein alignments are used to arrange sequences to identify regions of simi-
larity, which can indicate conserved function, structure and/or provide infor-
mation regarding evolutionary relationship.

Pairwise and multiple alignments

Sequences alignment such as protein sequences can be performed on one se-
quence against another (pairwise) to search for identical and similar regions
within the sequence, either over the sequence as whole (global) or in specific
parts of the sequence (local). It can also be applied to several sequences at
once (multiple alignment), where some of the tools available today perform a
so-called progressive alignment, e.g. MAFFT [103] (Paper I-1I and IV) and t-
coffee [104, 105] (Paper III-1V). A progressive alignment is based on a hier-
archal technique where the multiple alignment is built by performing several
pairwise alignments starting with the most similar pair of the sequences and
moves on to the least similar sequences. These methods are usually not opti-
mal for a global alignment, but rather focus on conserved motifs within parts
of the sequences [106].

Phylogenetic trees

A multiple alignment can later be used to build phylogenetic trees, which aim
to reconstruct an evolutionary relationship among species. The outline of the
phylogenetic tree is based on gathered information from groups of species,
e.g. protein sequences, and represent the most likely hypothesis on how the
species have evolved from one common ancestor. The different parts of the
phylogenetic tree provide us with important information. The root (the begin-
ning of the tree) tells us about the most recent and common ancestor of the
tree, while the branches (the horizontal lines) represent events, but not time
directly, and a series of ancestors, resulting in the species at the end. The pat-
tern of the connection between branches represent the hypothesis on how the
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species have evolved from the ancestors. Each
branch point, also referred to as an internal
node, indicate an event leading to the split of
one group into two [107, 108].

The phylogenetic tree will tell us which
groups e.g. protein sequences that are more re-

lated to each other, Figure 4. However, even
Figure 4. Phylogenetic trees can

) ) tell us about the relationship be-
evolved from ancient life-forms, we cannot syeen the gathered data to pro-

specify the exact paths of evolution. There- Vide insight in family assortment

fore, a tree only displays information-based ¢’ evolution. Group 4, B, C and
D have a common ancestor; how-

hypotheses of relatedness and not definitive  ever, group B, C and D are more

facts. The more we uncover about a lineage related to each other compared
to group A.

if we know that modern organisms have

the more accurate the tree becomes.
There are several different approaches to construct a tree, where maximum
parsimony and maximum likelihood are traditional alternatives. A tree built
with maximum parsimony represent the simplest explanation supported by the
given evidence to minimize the homoplasy (evolutionary events). The sim-
plicity of this method fails to consider factors that affect how sequences might
have evolved over time result in poor grouping. Meanwhile, when using max-
imum likelihood a model of evolution will be incorporated, where the highest
probability of explaining the data will be the base for the construction of the
tree [109]. Compared to maximum parsimony, maximum likelihood considers
substitution of substrates e.g. amino acids as an evolutionary event, hence ex-
plaining the phylogenetic relationship in a more correct way. Bayesian inter-
ference [110], used in all papers presented in this thesis, also applies a model
of evolution. However, the Bayesian interference is more efficient to construct
phylogenetic trees compared to the more traditional techniques. This model
has advanced compared to the regular maximum likelihood and has become
more complex and efficient at the same time as it quantifies and addresses the
source of uncertainty, prior and posterior probability [111]. Both the tradi-
tional maximum likelihood and Bayesian interference require a great main
memory capacity and are usually less suited to handle a larger set of se-
quences. However, Bayesian interference has been speculated to produces
“too good to be true” result in contrast to bootstrap, a computer-based tech-
nique for assessing the accuracy of a statistical estimation, used in maximum
parsimony and maximum likelihood [112-114]. On the other hand, bootstrap
used in phylogeny has been criticized to be too conservative when providing
assessments of confidence levels of observed clades in a tree [115].
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Another popular software for phylogenetic analysis is RAXML (Random-
ized Axelerated Maximum Likelihood), which also uses maximum likelihood
and bootstrap calculation to generate phylogenetic trees of larger datasets us-
ing less main memory and time [116, 117]. This software was used in Paper I
to construct trees for the larger Pfam clans: MFS and APC.

Modeling and structure prediction of proteins

The amino acid sequence and protein folding reveals a lot about its function.
There are several methods to model macromolecules and these are deposit in
the archive for macromolecular crystal structures, the Protein Data Bank
(PDB) [118]. Large integral membrane proteins such as the SLCs have been
difficult to model and only a few solved crystal structures exist [119]. A num-
ber of bacterial homologues [120-123] and some human SLCs e.g. SLC2A1
[124], SLC2A3 [125] and SLC42A3 [126] have solved protein structures but
the number of solved structures is increasing. These structures have provided
insight into the general structure of SLCs, with a-helices spanning the mem-
brane connected by loops. More solved structures have also resulted in the
development of online model and prediction software that can be used to esti-
mate the structure of orphan proteins. Two such applications are PROTTER
[127], used in Paper I and IV, and Phyre2 [128], used in Paper III and IV.

PROTTER is a web-based application that predicts the secondary structure
of proteins by gathering information about protein topology, annotated fea-
tures such as post-transcriptional modifications, and experimental proteomic
data from several repositories [129]. Phyre2 is also a web-based tool, but this
suite uses a template-based modeling approach, meaning that the sequence of
interest is aligned to a sequence of known structure, i.e. homology modeling,
which due to the growing availability of data regarding evolutionary relation-
ship and sequencing projects together with the improved computer capacity
has led to great success for this method. A model prediction by Phyre2 re-
quires first information about homologous sequences, from which it predicts
a secondary structure and builds a HMM that is used in a fold library scan,
which later is used to build a backbone, predict loops and side chains to reveal
a tertiary protein structure. However, this model has its limitations. For in-
stance, modeling will be impossible or unreliable if no homologous template
is detected [128].

Only a small part of the deposited protein sequences in the Uni-
ProtKB/TrEMBL database has their experimental structure solved [130]. De-
spite the increased quality of in silico models challenges with the methods still

26



remains, and usually only fractions of the user-supplied protein sequence are
represented. The computational software assemble proteins complexes by
combining the fractions with information from different templates and struc-
tural domains, leaving the model with some uncertainty and inaccuracy [131].
Still, protein structure prediction and modelling are very useful and aid in the
progression of the biological research field [130].

In silico predictions of transcription factor binding sites
for transcription factors

The advancement in genomics, transcriptomic and epigenomics has provided
great opportunities to understand regulation of cellular transcription. Instead
of focus on gene expression patterns that are associated with particular condi-
tions, the research has advanced to interpret signaling pathways that regulates
gene expression.

Genes are enhanced or silenced by transcription factors (TFs), e.g. ATF4
[71, 132, 133] and MLX [82, 83], that reacts to cellular events such as fluctu-
ations in nutrients, as described earlier, and binds to transcription factor bind-
ing sites (TFBS) in the promoter region of the gene and/or within the gene
itself. These binding sites can be predicted by entering the gene sequence and
its promoter region into computer-based tools such as the Eukaryotic promoter
database (EPD) [134], used in Paper I1-III.

The search motif tools available via EPD is used to scan promoter regions
with position weight matrices (PWM) of TFs; modelling binding specificity
of the TFs and core promoter elements to find putative binding sites. The
method is used to report TFBS by scanning a sequence for the presence of a
specific motif that have greater similarity to the PWM than to the background.
PWMs are partially based on position frequency matrices (PFMs), which dis-
play the frequency of each nucleotide at each position, and position probabil-
ity matrices (PPMs) [135]. These are created by e.g. literature curation and
experimental determination and the constructed PWMs are listed in open da-
tabases such as JASPER [136, 137]. During the past years, the PWM scanning
method has improved, but still a remaining issue with the method is that it
reports false positive predictions [138], most likely because the TFBS se-
quences are too short and too variable [135]. It is therefore very common that
every gene in the genomes will have one match to the PWM of almost all TFs.
Furthermore, the PWM prediction does not consider chromatin structure or
epigenetic regulation of the gene, meaning that it cannot provide information
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if the TFBS is accessible to the transcriptional machinery [139]. However, the
PWM scanning method is a good tool to use to generate a list of preliminary
putative binding sites that can further be interpreted.

In vitro and in vivo models in research

In vitro refers to experimental procedures that are performed under controlled
conditions outside a living organism, while in vivo refers to experimental pro-
cedures where a living organism is used e.g. animal studies. /n vitro models
make an excellent tool to explore mechanisms on the cellular level, as well as
refine ideas and theories that later will be applied in in vivo models. Both in
vitro and in vivo work is important to gain an overall picture of factors relevant
for alterations in metabolism, gene and protein expression and to establish a
proteins function.

In vitro models and their advantages and disadvantages

Human cell lines are a good alternative for reducing the use of multicellular
organisms such as mice. The cell culture condition can be strictly controlled,
are cost effective, easy to use and provide unlimited supply of material, and
of course, by-pass ethical concern. They also provide a pure population which
minimize biological variations, gives constant samples and usually gives re-
producible results. Immortalized cell lines are today used in several vital sci-
entific areas such as vaccine production, drug metabolism and toxicity studies,
gene function studies and synthesis of biological compounds such as antibod-
ies and therapeutic proteins [140]. However, cell lines are often genetically
manipulated, which could cause alterations in their function and how they re-
act to stimuli compared to a normal cell. Also, microbial infections can go
unnoticed for a longer time-period in cell lines, which could lead to altered
behavior and gene expression. Hence, great care needs to be taken when using
cell lines and validation is needed to support key findings. Without knowledge
from unicellular life forms there would probably be more unsolved questions
about the human body, its physiology and disease mechanisms unsolved today
[141]. However, even if the unicellular system can be strictly controlled and
provides good research reproducibility, a limitation with the system is the lack
of complexity the in vivo systems have.
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In vivo models and their advantages and disadvantages

Model organisms are considered a precious resource in research to understand
processes involved in human physiology and disease. Mice, for example, have
a high genetic and physiological similarities to humans and are invaluable as
a model to understand evolutionary conserved biological processes. However,
despite the value of these models, it is important to remember the impact evo-
lution has had on our and the model organism’s development and adaptation
to survive in different environment [142]. There are also fundamental differ-
ences between the model organisms and humans, e.g. the number of chromo-
somes, differences in anatomy, organ function and physiology. In addition,
the fruit fly, for example, lack or differs greatly in important physiological
functions compared to humans, such as the adaptive immune system, cardio-
vascular system and the blood-brain barrier (BBB). In these regards, both mice
and flies can be questioned as reliable models to study human diseases since
it is differences in the linking between genes along with different efficacy of
pharmaceutical drugs between the species. However, several findings from
these model organisms have pioneer the field of medicine and pharmacy
pointing to their importance in research [142-145].

Disadvantages of using mice compared to fruit flies are increased costs, the
time consumed to perform a study and the need of ethical permission, hence,
there are less possibilities to perform certain studies in mice. However, in
comparison to mice, the fruit flies have the disadvantages of increased spon-
taneous mutations within stocks, gene redundancy and a single fly is usually
not sufficient to generate material for several molecular assays. In addition,
the genetic similarity and protein identity between human and mouse make it
possible to study protein localization using antibody-related assays such as
immunohistochemistry (IHC), immunocytochemistry (ICC), proximity liga-
tion assay (PLA) and western blot (WB). Protein detection relies on antibod-
ies: a primary antibody recognizing a specific antigen epitope in the sample
that is visualized with a labeled secondary antibody that amplifies a fluores-
cent or chemiluminescent signal corresponding to the protein. In Paper I, WB
was used to investigate total mMTOR, to provide information about the general
metabolic state of the cell, and ICC was used to investigate the protein expres-
sion and localization of six putative SLCs (MFSD1, MFSD4A, MFSDI11,
MFSD14A, MFSD14B and UNC93A). In Paper III and IV, WB was used to
confirm antibody specificity and insert of a CG4928 expression vector, re-
spectively. ICC was used to visualize UNC93 A expression and PLA was used
to study co-localization between CG4928/UNC93A and TWIK related acid-
sensitive K™ (TASK) channels, but no immunostaining was performed in flies.
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There are antibodies available for several targets related to human disease
genes that can be used in fruit flies, but to study the protein localization of an
orphan gene can be challenging, since these antibodies usually need extensive
verifications to demonstrate that the immunostaining is correct.

D. melanogaster as a model organism

D. melanogaster has been used as a model organism for over 100 years, and
is still widely used in genetic, immune system, development, physiologic and
behavior research. There are several features that has made this insect a pop-

ular model organism; 1)

g o9 easy and cheap mainte-
%W nance, ii) short generation

time, iii) high fecundity, iv)

A Embryo easy to morphologically
e mx separate by eye, v) studies
Q &7’ y Frst nstr do not require ethical per-

mits and vi) its complete

‘:\___ 1 day :
) / genome was sequences in

2000 [146]. The size of the

Second instar .
. i Iares D. melanogaster g.enome is
larva about 5 % of the size of the
human genome, with ap-
proximately 15,500 genes
Figure 5: The life span of D. melanogaster is three spread on four chromo-
weeks at 25 °C. The fly goes through six stages of life:
embryo, first, second and third instar larva, pupa and
adult. The embryo stage is around one day before the and one sex chromosome.
first instar larva emerges. All three larva stages are  Around 4 % of all genes are
four to five days prior pupation. Metamorphosis
takes four days before the adult fly emerge. Credit to suggested to encode trans-
Andreas Prokop for images of adult flies [147]. porter and/or transporter-

related protein [148].

The complete life cycle of the fruit fly is around three weeks and the devel-
opment (egg to adult) is approximately 8.5 days at 25 °C, Figure 5. However,
the life cycle and developmental timeline is highly affected by temperature.
Briefly, the fertilized eggs (embryos) hatch after 12 to 15 h, and the first instar
larvae emerge. The larvae stage is around four days, where molting occurs

somes: three autosomes

twice, approximately 24 h (second instar) and 48 h (third instar) after hatching,
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before pupation. After four days of metamorphosis, the adult fly emerges
[149].

There are several genetic tools that are currently used to influence the ge-
netic patterns of D. melanogaster; galactose-responsive sequence, transposon
mutagenesis and CRISPR/CAS9 system [150]. The Gal4-UAS system is a tool
to regulate gene expression in D. melanogaster. The system is dependent on
two parts: the Gal4 gene, a transcription factor from yeast [151], and an Up-
stream Activator Sequence (UAS), a cis-acting regulatory sequence (CGG-
Ni1-CCG), that Gal4 binds to and promote gene transcription [152]. To obtain
flies that express the combination of Gal4 and UAS parental flies containing
one part each will be mated, rendering their offspring to contain both, Figure
6. In the fruit fly, Gal4 is usually positioned under the control of a promoter
or a tissue specific enhancer, which enables studies in specific subsets of cells
and tissues, e.g. specific neurons, ubiquitous in the whole fly or a single gene
of interest. The UAS, on the other hand, are present next to the gene of interest
and can be used to express reporter genes such as green fluorescent protein
(GFP) or interfering RNA (RNAI).

GAL4 UAS

[ —>
- - ee -

Figure 6. The Gal4-UAS system is a tool used to regulate and study genes in D. mel-
anogaster. It is composed of two parts, the Gal4 transcription factor and a regulatory
sequence, UAS. Gal4 is positioned under the control of a promoter and the UAS is
introduced near a gene. This technique can be used to drive the expression of a re-
porter gene e.g. GFP or to perform gene silencing using RNAi.

When placing the UAS next to a RNAi sequence, a double-stranded RNA is
synthesized upon activation of the UAS. The produced RNA is complemen-
tary to the gene of interest and is recognized as exogenous genetic material
that will be eliminated by activating the RNAi pathway [153]. However, this
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technique has disadvantages. Research has shown that overexpression of Gal4
can lead to non-specific side-effects, usually linked to the immune system and
stress responses [154], which must be considered when using the system.

It has been reported that a percentage of the lines produce non-specific phe-
notypes, hence it has become important to verify the experimental model
[155]. For example, so-called GD RNAI lines have a transgene insertion that
is P-element based and the insertion site is random [156]. KK RNAI lines were
constructed to increase the efficiency and specificity of genetic phenotypes
via a targeted insertion of the transgene, a hairpin construct, to a single loca-
tion. However, 80 % of the GD lines are estimated to produce potent and gene-
specific silencing, while only 75 % of the KK lines are predicted to produce a
gene-specific phenotype [157, 158].

The genetic power of being able to control the gene expression has also led
to the possibility to study alleles that are fatal in homozygous condition. These
fly lines are kept alive by genetic markers, also called balancer chromosomes,
to prevent recombination and death, but also to make it possible to separate
the genetic modified offspring by their appearance.

Wild-type

Figure 7. Genetic markers are common to use in D. melanogaster. They prevent re-
combination and are used to keep stocks of lethal alleles heterozygous. They can also
be used to easily separate flies that express the genotype of interest. Some common
balancers are Cy', Sb', w! and y'. Credit to Andreas Prokop for images of flies [147].
Balancer chromosomes have three important properties; i) to carry dominant
markers, i1) to make homozygosity affect reproduction negatively and iii) to
suppress recombination with their homologues. Some common balancers are
Cy' (Curly wings), Sb' (short and thick bristles), w' (eyes that lack pigmenta-
tions, white) and y' (body and wing pigmentation, yellow), Figure 7.
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D. melanogaster as a model for human diseases and
pharmacology

Even if the size difference is substantial between humans and D. melano-
gaster, we are more alike than we think. Biochemical pathways, as well as
biological and physiological features are conserved between D. melanogaster
and mammals [159] and around 60 % of the genes in human are conserved in
D. melanogaster [160]. A large set (75 %) of all known human disease genes
have a homologue in D. melanogaster [160], hence, this model organism is
promising to study numerous disease and to perform preclinical research.

Many similarities exist between the human and fruit fly body, and several
human organs have a counterpart in the embryo, larvae and adult body of D.
melanogaster. The hindgut and Malpighian tubules (MTs) of the fruit fly fulfil
similar functions as the human kidneys, which has provided a good system to
study genetic and molecular basic functions of the excretory system. Excretion
of waste and homeostasis of ions, water and sugars is a common and important
biological function in both species. The important parts of the human kidneys
are the nephrons, while the renal system of D. melanogaster consists of two
pairs of tubules [161]: MTs and nephrocytes that reside close to the esophagus
and heart. MTs work similar to the tubular parts of the nephron, and are re-
sponsible for absorption, reabsorption and secretion [162, 163], while nephro-
cytes remove waste products from the hemolymph in similar manners as the
glomerulus in the kidneys [164]. Several SLCs families that are essential for
excretion (SLC5, SLC6, SLC12 and SLC21) are conserved in the excretory
system of the fruit fly [165].

The growth and development of all multicellular organisms depends on nu-
trient availability, hence both humans and fruit flies have developed sensory
systems to monitor nutrients; amino acid and sugar homeostasis pathways
[165]. SLC7, SLC13 and SLC29 orthologues, with the same or similar func-
tions, are present in D. melanogaster, where all orthologues are linked to nor-
mal body and organ growth as well as survival. The anatomic divergence be-
tween the human and D. melanogaster brain are apparent, which make it dif-
ficult to recapitulate morphological features observed in neurological diseases
such as Alzheimer’s disease. Furthermore, the BBB of D. melanogaster is
much simpler compared to humans, and it is only formed by glial cells sur-
rounding the nervous system. However, the BBB of fruit flies does share sim-
ilar functions and basic principles as the human BBB and several SLC families
in this complex structure are well-preserved between the two species. Further-
more, pathways are conserved e.g. neurotransmitters and mechanisms for
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neurotransmission storage, release and recycling are conserved [165-167];
hence, some defined phenotypes of human neurological disease can be repro-
duced and used to identify and understand underlying genetic and molecular
pathways. In addition, a majority of the metabolic pathways in humans are
conserved in D. melanogaster, and recently, studies have highlighted that
same or similar phenotypes observed in humans are found in flies when these
metabolic pathways are challenged [168, 169].

Sometimes a prominent phenotype; seizures, disrupted movement patterns,
obesity, edema and severe effects of pharmaceutical drugs can be seen by the
naked eye. Usually, however, this is not the case and therefore behavioral as-
says have been used with great success in D. melanogaster. Several sophisti-
cated techniques have been developed for example the Drosophila Activity
Monitor System (DAMS) [170], the fly Proboscis and Activity Detector (fly-
PAD) [171] and Ramsay Assay [172].

DAMS is a useful system when studying general activity, sleep patterns
and circadian rhythm as well as starvation resistance and survival. DAMS au-
tomatically record the movement of single flies every time they pass a laser-
beam. This system has been used to study the consequences of disrupted sleep-
wake patterns [173]. The findings have established the importance of sleep
and has mapped specific genes involved in the sleep-wake behavior. It has
also been used to study the activity of flies with altered biological pathways
important for movement [174] and circadian rhythm [175].

To monitor changes of metabolic pathways flyPAD has been used with
success. It measures the number of meals (sips), the sizes of meals and the
duration and the system has contributed to our understanding of genes and
their connection to feeding. In addition, there are assays developed to measure
circulating and stored macronutrients; something that is usually altered during
obesity and diabetes. Together these two methods can provide information
about genes and their impact on specific parts of metabolism.

It is of great importance to maintain the ionic and osmotic homeostasis dur-
ing changes in external conditions by modulating the renal epithelial ion and
water transport. The MTs of D. melanogaster offer a good model to study
molecular mechanisms of the renal ion transport by using Ramsay assay. The
Ramsay assay is used to measure fluid secretion rate per minute and by using
electrophysiology the ion fluxes in each droplet can be measured [172].

Taken together, these similarities and techniques prove D. melanogaster to
be a promising model to study the fundamental molecular pathways causing
diseases linked to transporters and to identify novel pharmaceutics and thera-
peutic strategies [165]. The research and development processes in the
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pharmaceutical industry are costly and time consuming. Hence, this model
organism enables an easy and cheap first stage research platform to character-
ize orphan transporters, to identify transporter that mediates the cellular influx
and efflux of new and current pharmaceutics and how the genetic variants in
membrane transporters contribute to pharmacokinetics and pharmacodynam-
ics.
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Aim

Despite the important impact SLCs have on fundamental processes of life,
research lags far behind other protein families and many members are still
orphan. There have been technical barriers limiting the research on these inte-
gral membrane proteins, however, the advancement of today’s technologies
and tools create a promising future for further research. SLCs are evolutionary
old and well conserved in several model organisms. During the past years sev-
eral new SLCs have been identified and there is a need to update the repertoire
of orthologues proteins and create new databases. Therefore, a detailed mining
of the complete SLC family in D. melanogaster was performed in Paper L.
Through phylogenetic analysis, putative SLCs have been identified and re-
cently a few of those were classified into existing or new SLCs families. Little
is known about these putative transporters. Several of them have been found
to be affected by changes in amino acid level and during complete starvation.
However, little has been reported about what impact varying glucose levels
have on their expression and therefore in Paper II changes of several putative
SLCs were studied as a response to glucose availability in cortex cell cultures
from mice and D. melanogaster. Several assumed putative SLCS have not yet
been classified to a SLC family since the knowledge about them are limited.
Characterization of one orphan transporter was conducted to reveal its expres-
sion and function in Paper III and Paper IV.

The specific aims for each paper were:

Paper I: The aim was to investigate the evolutionary relationship of
SLCs in human and D. melanogaster, and to identify protein-protein
orthologues, thereby bridging the gap of the repertoire of SLCs in these
two species.

Paper II: The first aim was to perform a focused study on the gene
regulation of putative and not yet annotated SLCs in response to limited
glucose levels in cortex cell cultures. The second aim was to investigate
gene expression alterations of putative SLCs in D. melanogaster
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subjected to starvation and different sugar concentration, and to see if
the genes were regulated in similar patterns between the two model sys-
tems used. The third aim was to distinguish if the protein expression of
the putative SLCs changes, i.e. if the transporters localization shifts
from one compartment to another, as a response to glucose deprivation
and starvation.

Paper I1I: The first aim was to investigate the protein expression pro-
file and cellular localization of UNC93A in brain tissue and in primary
cell cultures from mice. The second aim was to investigate gene expres-
sion of Unc93a in the central nervous system and peripheral organs of
mouse and how the gene is affected by food restrictions in both an in
vivo and in vitro model.

Paper IV: Here the aim was to begin to functionally characterize the
orphan transporter UNC93A, by studying its orthologue, CG4928, in
D. melanogaster, by knockdown techniques to discover the function of
the orthologue.
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Summary of research papers

Paper I: Bridging the gap — the human and D.
melanogaster repertoire of Solute Carriers

Phylogenetic analysis and protein alignment can be used to determine the evo-
lutionary relationship between various biological species based on similarities
and differences in their genetic characteristics. Previously, 348 orthologous
proteins in D. melanogaster were identified as members of the SLC superfam-
ily ([176], flybase.org). However, the focus of that study and the combined
list on flybase.org were not to study the fly proteome in detail and search for
specific protein orthologues. Some of the SLC classifications are based on
assumptions and function rather than phylogenetics. Here, HMM for each
Pfam cluster of SLCs was built using HMMgpuip. Related proteins in D. mel-
anogaster were identified by running the entire D. melanogaster promote
against the human Pfam HMMs with HMMsgarcu [102, 177]. Meanwhile,
global protein alignment was used to investigate if the identified orthologues
meet the current criterion of 20 % amino acid sequence identity. We identified
381 orthologous proteins in D. melanogaster and delineated them to their re-
spective SLC family, Figure 8.

We found that in general the SLC superfamily is well conserved between
these two species, highlighting their importance in cellular processes, but that
there are 11 families that lack orthologues in D. melanogaster. This suggest
that these 11 families have evolved later, probably to encounter the increased
demands of a more complex biological system.

Compared to other large protein families, e.g. GPCRs, the protein identity
between the 65 SLCs families are relatively low, and we found that the total
sequence identity of all human SLCs and their orthologues in flies was below
30 %. The finding reveals the diversity within the family, where sometime the
only connection among family members is that they transport similar solutes
in an energy independent manner. This reflects the difficulties in classifying
the SLCs and why the current classification system was quite recently
adopted, leading to a delay in characterization. Hopefully, the annotation of
SLC protein sequences in D. melanogaster and assigning them to families can
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promote further research ideas and usage of D. melanogaster in human disease
models and drug development.
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Figure 8. The SLC family is well conserved between humans and flies. There are a
total of 442 SLCs and putative SLCs present in the human proteome, while in D. mel-
anogaster 381 orthologues protein sequences to the superfamily were identified. The
pie-charts illustrate the clustering of the SLC members in the different clans in hu-
mans (left) and in flies (right).

Methodological considerations

D. melanogaster has been used as a model organism for a long time and many
orthologues SLCs have already been identified in multiple publications and a
summary of these has been generated at flybase.org. The human SLC family
has grown since 2010 and 55 new SLC protein sequences have been added to
the superfamily without using HMM. Instead alternative ways to reveal the
evolutionary relationship between human and fly have been performed. In this
study alternative methods could also have been used instead of HMM. For
example, protein alignments between all human SLCs and the SLCs listed on
flybase.org could have been used to reveal protein-protein orthologues, ex-
cluding the HMMs. However, there are no publications that have performed a
detailed mining to identify the complete SLC family and related, not yet an-
notated “atypical” SLCs in D. melanogaster. In addition, compared to the clas-
sical protein-protein basic local alignment search tool (BLAST), the HMM
allows a less time-consuming and more complex search for protein
orthologues, usually resulting in a more confident and greater output. We
showed that the HMMs successfully identified 55 new protein sequences in
D. melanogaster that are related to the SLC superfamily. These sequences
would have been missed if the search was only based on the existing data
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summarized on flybase.org. However, protein-protein alignment was used to
identify possible orthologues to the SLC families that are not assigned to a
SLC family (No clan). A HMM for each family could have been an alterna-
tive, but the advantages would be few. Moreover, one HMM for each of the
65 families could have been used instead of the approached used here, but then
it is a risk that the models become restricted and protein sequences belonging
to the SLC superfamily might not be identified.

The alignments that the HMMs are built on in this paper are based on the
Pfam classification system, a system that also is based on multiple sequence
alignments and HMMs. Hence, the observed parameter in our model becomes
the conserved regions of the SLCs. Some of the Pfam clans contain only pro-
teins belonging to the SLC family, while others have both SLCs and other
protein families with similar conserved transmembrane regions. In addition,
the number of members in each SLC family varies tremendously, which could
affect the sensitivity of the model resulting in false-negative hits. For example,
the MFS clan contains the largest number of SLCs, both regarding families
and protein sequences, and the HMM failed to identify two already listed
orthologues to the SLC29 family. Meanwhile, only two SLC families, SLC50
and SLC54, together with other protein families populate the MtN3-like clan.
It is possible that the alignment, which this clan is based on, varies in a higher
degree compared to e.g. the alignment of the MFS clan. Furthermore, SLC50
has one member, while SLC54 family has three members, if the transmem-
brane regions between this two families varies, it is less likely that the HMM
will be based on the SLC family with fewer members. If this would be the
case, it could explain why the model successfully identified four new SLC
orthologues to the SLC54 family, while it failed to identify the only and al-
ready known orthologue to the SLC50 family.

Key findings

= There are 381 orthologous SLC proteins in D. melanogaster.

= 55 protein sequences were identified in flies that have not previously
been classified as SLCs.

= 54 families have at least one orthologue in flies.

= The largest cluster of SLC families in flies populates the MFS clan.

= The SLC25 family was identified to be the largest SLC family in D.
melanogaster.

=  The amino acid sequence identity within the SLC families are low
compared to other superfamilies of membrane-bound proteins.
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Paper II: Glucose availability alters gene and protein
expression of several newly classified and putative
Solute Carriers in mice cortex cell culture and D.
melanogaster.

The body is dependent on anabolism and catabolism of nutrients to produce
energy, where carbohydrates are one macronutrient with great importance for
several metabolic pathways and for energy homeostasis [178]. Glucose is the
main source of energy for several organs in the body, however, several other
macronutrients such as fats can also be utilized to provide the body with en-
ergy during periods of starvation [79, 179]. Each tissue has their own specific
metabolic need and regulatory pathways and mechanisms (gene regulatory
networks, hormonal regulation and signaling pathways) have developed to co-
ordinate the metabolic processes [68, 79]. The brain consumes around 20 %
of the ingested glucose even if it only makes up a small part of the total body
weight, but it can also use ketone bodies during fluctuating glucose concen-
trations [78].

A couple of years ago, a group of putative (“atypical”’) SLCs were pre-
sented [52, 53], and recently some of these have been included in the SLC
superfamily (slc.bioparadigms.org). The majority of the putative SL.Cs belong
to the MFS, an evolutionary old superfamily that from the beginning was be-
lieved to be sugar transporters [50, 54]. Unfortunately, the knowledge about
these putative SLCs are limited and most of them have unknown substrate
profile but for a few the messenger RNA (mRNA) expression and protein lo-
calization have been established [60-65, 91]. Interestingly, some of these pu-
tative SLCs were found to be affected on transcriptional levels by amino acid
starvation in vitro [52] and by complete starvation in vivo [60, 62, 64, 65].
However, even if several putative SLCs are predicted sugar transporters or
predicted to be closely related to sugar and its transport, information regarding
transcriptional and protein changes as a response to sugar starvation is missing
for these transporters.

As mentioned before, gene regulatory systems have developed to regulate
intracellular metabolism [68] and these pathways are conserved. In D. mela-
nogaster the glucose sensing key transcription factors MondoA (Mixip) and
Max-like protein X (MlIx) are conserved and have a vital role in survival on
carbohydrate enriched diets and regulating feeding [84]. However, several
steps in the glucose sensing pathway, both in vertebrates and invertebrates,
are still unknown. In addition, putative SLCs: MFSDI1 (mrva, CG12194),
MEFSD6 (jef), MFSD8 (CIn7), SLC22A32 (rtet), MFSDI11 (CG18549),
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MFSD14AB (CG11537,CG5078, CG18281, CG17637), SLC63A1A3 (spin),
SLC22B13 (CG3168), SLC22B45 (CG4324) and UNC93A (CG4928), are
conserved in D. melanogaster. Hence, flies subjected to complete starvation
and diets with varying sugar concentrations were used to study the transcrip-
tional effects on the conserved putative SLCs.

To map the gene alterations, relative mRNA expression was measured by
quantitative real time polymerase chain reaction (QRT-PCR). After 3 h of star-
vation approximately one third of all monitored genes were altered and many
of them, both in mouse and fly, returned to the same expressional levels as
controls upon glucose refeeding, Figure 9.
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After 12 h of starvation 18 of 46 monitored genes were found to be altered and
approximately 61 % of them returned to the same expressional levels as con-
trols upon glucose refeeding. Meanwhile, 39 % was found to be both altered
by starvation and glucose refeeding, and three genes were only affected by
glucose refeeding, Figure 10.

Interestingly, the observed alterations between the two timepoints differed.
For example, at timepoint 12 h, a greater number of genes were found to be
altered both after starvation and refeeding, and more genes were regulated in
the same direction. Moreover, there are genes that were altered after 3 h but
not 12 h and vice versa. Only Mfsd8 and Mfsd10 had similar mRNA alteration
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after glucose starvation in both primary cortex cells and D. melanogaster,
which could indicate that these genes have a conserved function.

Starved Starved+Refed

mmMfsdi3a mmMfsdi4da mmUnc93a
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Figure 10. mRNA alteration followed
by 12 h of glucose starvation and
refeeding in primary cortex cells and
D. melanogaster. Approximately half
of the monitored genes were found to
be altered. Gene names in similar
color indicate groups of genes that

i are similarly regulated. Blue display

- downregulated genes and red indi-
cate upregulated genes.

After glucose deprivation, 14 of the putative SLCs displayed alterations in
mRNA expression in mice cortex cultures. In D. melanogaster, seven of the
putative SLCs were altered due to a low sugar diet. Glucose deprivation lead
to an early transcriptional change among both putative SLCs and the general
metabolic targets that were chosen, Figure 11. It was not possible to compare
the transcriptional outcome between deprivation and starvation in D. melano-
gaster since the flies were deprived of sugars for a much longer period of time,
five days, before genes were monitored. However, it is interesting that some
of the putative SLCs reacts to both glucose deprivation and starvation with
similar alterations in both mouse cortex cells and D. melanogaster, e.g. Mfsd1
and CG12194; Mfsdll and CG18549; and Mfsdi4a/b and CG11537. This
could suggest that these genes have similar functions in both species. How-
ever, more research is needed to evaluate these findings.

In cortex cultures subjected to glucose starvation, the total mMTOR expres-
sion was altered in similar patterns that has been reported before during star-
vation and refeeding [180], and the observed response indicate that the meta-
bolic machinery controlled by mTOR is activated. Glucose starvation altered
the protein expression level of a few putative SLCs, but the observed regula-
tion was not directly linked to the mRNA expression changes. MFSD14A was
the only putative SLC that both had an increased protein expression and
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changed protein expression pattern compared with the control, indicating ei-
ther that it moves or that it is expressed in other cellular compartments but not
used when cells are maintained in high glucose concentrations. MFSD14A
also remained upregulated in the core cytoplasm and was higher expressed in
both the whole and outer cytoplasm after glucose refeeding.
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Figure 11. Comparison between glucose deprivation and starvation and between the
two timepoints, 3 h and 12 h, for both conditions. Several genes were found to be
altered during a specific timepoint e.g. Slc60a2 and Mfsd9. A few genes were also
found to be altered by both conditions during at least two or more timepoints e.g.
Mfsdi14a and Mfsd14b. A majority of the orthologous genes in D. melanogaster were
found to be altered after both 3 h and 12 h of starvation. Deprivation (low sugar diet,
light brown box) in flies were performed for a longer time period and hence cannot
be compared with the deprived cortex cultures.

Mechanisms are initiated in the cortex cells to maintain homeostasis during
glucose starvation, but most likely other substrates are utilized to produce en-
ergy. Even if the function of many putative SLCs are unknown, we observe
clear changes for many of them during deprivation and starvation on both
mRNA and protein level. During deprivation, the most transcriptional changes
are observed. Since the cells still have access to glucose but in a lower extent,
it could be that the expression of transporters needed to increase sugar intake
are altered to maintain the intracellular glucose homeostasis. However, it is
most likely that these putative SLCs are not the primary units needed for early
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regulation since most alterations occur late (12 h after deprivation). When
there is no glucose available neuronal cells need to rely on other substrates to
produce energy as well as release of glucose and lactate from astrocytes [78,
79], the gene and protein regulations observed suggest that some putative
SLCs are involved in alternative pathways to maintain the cellular metabo-
lism.

Since the focus of this study was putative SLCs, and their reaction to glu-
cose availability, it is most likely that alterations of several crucial known
SLCs and other genes that could explain which cellular processes that are in-
itiated and maintained due to glucose fluctuations were missed. Some general
metabolic genes and SLCs known to be involved in cellular processes linked
to metabolism were monitored; Gapdh and Sic2a3 were induced and Sic16a3
was reduced during glucose deprivation, suggesting that the cultures still per-
form glucose metabolism, while no alterations are observed for neither gene
during glucose starvation. In theory, the Slcl/6a3 could be regulated, since
there are evidences that lactate is used by the brain as an energy reservoir
during starvation [79]. However, since the cortex cultures have both neurons
and glial cells, it is possible that cell specific alterations are lost.

Methodological considerations

The methods are applied on both unicellular and multicellular models, which
could aid in the overall understanding about the role and involvement of the
putative SLCs in glucose metabolism. However, it is important to note that
neither of these two systems reflects the metabolic processes that occurs in the
human body. The cell cultures lack important inputs that have great impact on
initiation and termination of metabolic processes such as hormones and nutri-
ent storages. Also, several elements, e.g. B27, added to the culturing media
have been found to protect neurons from metabolic stress [181]. Another lim-
itation about the study is that the results are always compared to standard cul-
turing protocols; the cells are grown in a media with high glucose concentra-
tion. Therefore, the results obtained for glucose deprivation does not represent
a physiological glucose deprivation in humans. Instead the glucose depriva-
tion represents the normal physiological glucose concentration. Gene and pro-
tein levels that we observed could therefore indicate the “normal”, healthy
state. However, once more the cell cultures lack vital factors that affects gene
and protein expression, but overall, the results give an indication on the regu-
lation that occurs during variations in glucose concentrations.
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Many metabolic pathways are conserved between man and fruit fly; hence
fruit flies make an excellent model when studying the connection between
metabolism and specific genes, but it has its limitations. For instance, not all
putative SLCs are conserved which makes it impossible to study some of the
genes that were found to be affected in cell cultures from mice. There are also
anatomical and physiological differences, meaning that a monitored result in
fruit flies do not necessarily reflect the function of the human orthologue. In
addition, man and fruit fly have evolved to survive in different environments
suggesting that not all conserved genes execute the exact same function.
Moreover, there are differences in the experimental setups, making it more
difficult to translate the findings to the physiological role of several of the
putative SLCs.

There are several methods to retrieve information about mRNA expression
in tissues, e.g. in situ hybridization, microarrays, RNA sequencing and RT-
qPCR. Here, RT-qPCR has been used to determine the relative mRNA expres-
sion in cortex cells and fruit flies because of its sensitivity to detect these pu-
tative genes and due to other factors such as high output, less time-consuming
and cheaper compared to in situ hybridization.

To gain information about the relative mRNA expression of a target gene,
good and reliable reference (housekeeping) genes (RG or HKG) are needed
[182, 183]. There are several HKGs used in the molecular biology field of
research, which are assumed to have stable mRNA expression level in all cell
types during all conditions. Lately several HKGs have been discredited [184]
and found to be more or less stable depending on the samples used [185, 186].
The dynamic of the cell is ever-changing and depending on the conditions the
cell is exposed to the genetic information is processed in various ways. The
HKG Gapdh has long been widely used due to its ubiquitous expression in
different tissues, and it has been found to be a highly stable HKG in e.g.
HEK293T cells. Gapdh is involved in cellular metabolism, meaning that this
HKG can be and is most likely affected by the nutritional state of the cell.
Gapdh was not used for normalization in this study and we confirmed the sus-
picion when Gapdh was found to be altered after glucose starvation and dep-
rivation. Moreover, there are two orthologous genes to Gapdh in flies, and we
found that one copy (Gapdhl) was affected by starvation and sugar diets, but
not the other copy (Gapdh?2). Some argues that if the same HKG is used to
normalize all experimental samples it should not affect the result. This is true
when focusing on normalized mRNA levels and you want to know the differ-
ence between samples that have been treated the same way; but to be able to
know the accurate mRNA levels the expression level of the HKG will
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definitely matter. Algorithms have been developed to manage this issue, for
example the GeNorm protocol [187], which was used in this study. The
GeNorm software calculates HKG variability between samples from a set of
tested candidate genes and determine the most stable ones. Furthermore, ge-
nomic DNA (gDNA) can be used to determine the total mRNA expression of
a target gene during a certain condition.

Immunostaining is a way to visualize the protein expression and localiza-
tion in tissues and within cells. The techniques rely on the specificity of anti-
bodies, which also is the limiting step of this technique. Antibodies are pro-
duced to recognize a small part of a target protein, the epitope, consisting of
approximately four to six amino acids. Antibodies tend to cross-react with
epitopes of similar shape as the target epitope, which lead to misleading im-
munostaining results if the study is not carefully conducted. The more used an
antibody is, the more validation has been performed to demonstrate the spec-
ificity of that antibody. Unfortunately, this means that for less studied proteins
such as the putative SLCs there are few or no antibody studies available, and
some putative SLCs do not even have a targeting antibody. Therefore, not all
putative SLCs have been studied.

Key findings

» The putative SLCs have binding site for transcription factors known
to regulate gene expression during nutrient fluctuations.

* Glucose starvation affected mRNA and protein expression for
MFSD14A and UNC93A in cortex cells.

= In flies, glucose starvation altered all monitored genes except mrva
and CG4928.

=  Glucose refeeding normalized the mRNA and protein expression of
all putative SLCs, except for MFSD11, in cortex cells.

= In flies subjected to glucose refeeding, the mRNA expression was al-
tered for Cin7, rtet, CG18549 and CG11537.

* Glucose deprivation altered the mRNA and protein expression for
MEFSD1, SLC60A1, MFSD11, UNC93A.

=  Low sugar diet altered all orthologues except jef in fruit flies.

=  MFSDI11 was the only putative SLC that was found to be altered by
all conditions in both cortex cells and D. melanogaster.

» MFSDI14A was the only putative SLC found to have both increased
protein expression and the potential to move from the suggested cel-
lular location (Golgi) as a response to glucose fluctuations.
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Paper I1I and Paper I'V: Characterization of to the putative
Solute Carrier UNC93A.

The putative membrane-bound UNC93A was recently found to be closely re-
lated to SLCs [52, 53, 65]. Similar to SLCs of MFS type, UNC93A is con-
served in several kingdoms [52, 65]. Unc-93 was first identified in a genome-
wide screening in C. elegans. It is suggested to be a regulatory protein of po-
tassium channels and is one of five genes identified to be involved in muscle
coordination in C. elegans [188, 189]. In mammals, there are two UNC93 pro-
teins, UNC93A and UNC93BI1 [53]. UNC93BI is reported to be a regulator
of toll-like receptor (TLR) signaling and important for the trafficking of TLRs
from ER to endolysosomes [190]. For example, UNC93BI1 is reported to be
important for TLRS5 expression and function at the plasma membrane [191].

There have been several attempts to discover the role of UNC93A. For ex-
ample, Liu ef al. (2002) studied an allele loss on chromosome 6 linked to spo-
radic ovarian cancers where UNC93A was identified within the interval of the
allele loss but was concluded not to be a tumor suppressor gene. However,
they discovered that UNC93A was located to the plasma membrane [192].
UNC93A has also been identified in a family-based association study, as a
candidate for pulmonary function in a northeast Asian population [193]. How-
ever, exactly how UNC93A affects the pulmonary function is unclear. A re-
cent study identified UNC93A as a metabolite-associated locus in Chronic
Kidney Disease patients [194], but also here the role of UNC93A still remains
uncertain. A couple of years ago, Unc93a expression was found to be altered
in mouse hypothalamic N25/2 cell lines subjected to amino acid starvation
[52]. Moreover, in 4. aegypti, Campbell et al. (2011) studied conserved endo-
somal proteins involved in infection and found that viral RNA accumulates in
UNC93A-silenced mosquitoes [195]. In D. melanogaster, the homologues
protein to UNC93A (CG4928) has been found to be one of several genes that
confers resistance against manganese toxicity [196]; are linked to the amount
of developed hemocytes [197] and to be highly expressed in the MTs [198].
However, no further studies on mammals or insects have investigated the ex-
pression and function of UNC93A in detail.

In Paper 111, an expressional characterization of UNC93A was performed
in mice, Figure 12, and in Paper IV a functional characterization in D. mela-
nogaster and human cell lines was performed. UNC93A was confirmed to be
conserved in several proteomes and it was predicted to have twelve transmem-
brane helices packed to form a globular protein similar to other SLCs of MFS

type [57].
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Paper Il
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Figure 12. In paper III mice were used to
study gene and protein expression of
UNC93A. It was found to be expressed both
neuronal and peripheral, with the highest
expression in kidneys and intestine, and
was also found to be altered after 3 and 12
h of altered amino acid availability in pri-
mary cortex cells. UNCY934 displayed ex-
pression in neurons close to the plasma
membrane but was not found to overlap
with the synaptic membrane marker
SNAP2S5.

UNC93A displayed a dotted stain-
ing pattern in cell bodies and projec-
tions in brain tissue from mice and
in the human cell lines. The dotty
staining pattern resembles the im-
munoreactivity of UNC93BI,
which could suggest that UNC93A,
like UNC93B1, is involved in pro-
tein trafficking; maybe retrieving
TASK channels [199]. However,
the expression pattern observed for
UNC93A is different compared to
the TASK channels [200, 201], in-
dicating that UNC93A could have
another role in murine neurons sep-
arated from TASK channels. In ad-
dition, Unc93a was found to be ex-
pressed both in central and periph-
eral tissues in mice, while it was
only found peripheral in D. melano-
gaster. This could suggest that one
of the orthologous proteins have, af-
ter the evolutionary separation be-
tween insects and mammals,
evolved and perhaps adapted to a
more complex system and hence de-
veloped additional functions.

In Paper IV, CG4928 was indeed,
as stated by earlier reports, found in
the MTs of fruit flies. It was mainly
located to “larger” cells in the lower
and main segment of MT: segments
responsible for secretion of water,
sodium, potassium and chloride, as
well as reabsorption of water and so-
dium [202, 203]. Similar expression

is observed for two Gal4 lines expressed in the Principal cells [204], suggest-
ing that CG4928 is expressed in the Principal cells. To further study the func-
tion of CG4928, knockdown with RNA interference was performed, which
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reduced the expression with 50 %. Knockdown of CG4928 caused edema,
Figure 13, accumulation of a yellow-colored pigment in the MT and reduced
the secretion rate in the adult fly, all pointing to a malfunctioning MT.

Driver control RiAT control CG4928 knockdown
(DA-Gald > wi118) w1118 > CG4928 RNAI) (DA-Gald > CG4928 RNAI)
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Figure 13. Both male and females flies with reduced CG4928 gene expression
(CG4928 knockdown) developed edema three days after eclosion compared with con-
trols. The figure depicts five days old males (top row) and females (bottom row).

In addition, lower levels of potassium in the hemolymph and MTs were ob-
served, establishing that the potassium balance was disturbed. Reduction in
secretion rate has also been observed for two potassium channels, /rk! and
Irk2, channels that are responsible for transepithelial potassium fluxes in the
principal cells [205]. This suggest that CG4928 could be important for proper
potassium flow since this ion is of great significance for the MTs to function
properly [206].

The edema was minimized using amiloride, but not mannitol and furo-
semide. Amiloride blocks epithelial sodium channels (ENaC), thereby inhibits
sodium reabsorption leading to excretion of sodium and water from the body,
while reducing the potassium excretion [207]. Amiloride has been shown to
have similar effects in D. melanogaster via the Na'/H" exchanger (NHE) fam-
ily [208, 209]. It is likely that the phenotype was minimized by inhibiting the
transepithelial sodium secretion and thereby affecting fluid secretion. Manni-
tol is a poorly soluble sugar alcohol that can be metabolized in flies, but not
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in humans. It is therefore possible that, in higher concentrations, mannitol act
as a weak osmotic molecule within the digestive tract, increasing the excreted
volume of water via feces. Furosemide causes sodium, potassium and chloride
loss in the urine, leading to lowered water reabsorption by inhibiting the
Na'/K"/CI' cotransporter (NKCC) [207]. In flies, NKCC is located on the ap-
ical membrane compared to mammals where it is located on the basal mem-
brane. In flies, the inhibition of NKCC lead to less potassium uptake into the
MTs [210] and, in contrast to mammals, primary urine production in flies is
potassium dependent, hence the fluid secretion will be decreased, and the
edema will remain.

Immunostaining and PLA measurement revealed that UNC93A and the
TASK channels KCNK3 and KCNK9 co-localized in wild-type and
CG4928:Flag transfected cells, indicating an interaction. These results suggest
that UNC93A potentially have a conserved function as a regulatory protein of
TASK channels.

CG4928 overexpressing cells were used to determine substrate profile and
other potential functions. Six different sugars and 12 different amino ac-
ids/polypeptides were tested as potential substrates. No transport could be ob-
served for the transfected cells, suggesting that it is not a cotransporter of sug-
ars or amino acids. On the other hand, transfected cells were found to decease
more rapidly compared with controls, and measurements revealed that trans-
fected cells had high apoptosis and cytotoxicity, and low viability.
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D —
n_:,‘t 5000- g 6000, .
— — *E¥
§10000. 8 4000;
m B
2 5000 L. o
@ 0]
£ 5 0
5 © \“ & ¥ & ¥ ;1000 N & ~l— & &
-

N ~Z~ & W Q&b ~2~ ¢ A

Figure 14. CG4928 overexpressing cells were found to have induced cell death (apop-
tosis) and cytotoxicity when cultured in regular DMEM media. Apoptosis was hin-
dered by high sodium media, worsen by high potassium concentration and low sodium
levels and unchanged by a low potassium concentration. Cytotoxicity was hindered
by high sodium levels, worsen by high potassium levels and unchanged by low sodium
and potassium concentrations.
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To mitigate the cell death, overexpressing cells were cultured in media with
high and low concentrations of either sodium or potassium. Both apoptosis
and cytotoxicity could be hindered by a high concentration of sodium, while
higher concentration of potassium induced the apoptosis and cytotoxicity even
more, Figure 14. These findings formed a second theory, that CG4928, and
maybe UNC93A, affects the membrane potential. Indeed, the basal membrane
potential was found to be disturbed in CG4928 overexpressing cells, Figure
15.

5 CGA4928:eGFP
(=}
> 004 i D
»®
§ g 0.03
=8 0.02 [
@
3% 0,01
W
[1h]
S 0.00 Empty CG4928:eGFP
TH

Figure 15: The membrane potential of CG4928 transfected cells were found to be
reduced, indicating that the cells are less depolarized. The fluorescent intensity indi-
cates the strength in membrane potential.

The results indicate that CG4928, and possibly also UNC93A, is important for
maintenance of potassium concentrations inside and outside the cell by regu-
lating potassium channels, Figure 16.
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Figure 16: The hypothesis regarding the function of CG4928, and possibly UNC93A.
Most likely CG4928 is a regulatory protein of the TASK channels, and hence indi-
rectly affect the potassium flows over the plasma membrane in the cell. Credit to Som-
ersault 18:24 (www.somersault1824.com) for figure components, shared under crea-
tive common license.
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Unfortunately, it still remains unclear how the regulatory function between
CG4928 and TASK-1 (KCNK3)/TASK-3 (KCNKD9) occurs. It could be that
CG4928 regulate these channels by affecting their i) function directly by act-
ing as a subunit of the channels in a similar fashion as the SLC3 family does
for the SLC7 family; ii) localization by transporting them similar as
UNC93BI1 transports TLRs from the ER to the plasma membrane; iii) inser-
tion in the membrane and/or retention to the membrane acting as a anchoring
protein.

Methodological considerations

There are limitations with this characterization of UNC93A and more experi-
ments are needed to understand its function. In Paper III, mRNA expression
was performed on in vivo and in vitro samples. The set-up of the starved con-
ditions was different between the two systems and the results were not com-
parable. It would have been interesting to see if the gene regulation occurs in
both unicellular and multicellular models. In addition, several important as-
pects of the physiological state of the mice that were subjected to 24 h of star-
vation was not measured and therefore information regarding stress level and
immune response is missing and we cannot tell if the gene regulation observed
is only due to the metabolic challenge. The protein localization was studied
using tissue sections and primary cultures from mice. Two antibodies were
used, and the results obtained were similar for both antibodies. However, the
observed immunostaining was not completely in line with earlier published
work where UNC93A was established to be expressed in the plasma mem-
brane. The difference observed could be due to the set-up of the protein visu-
alization. When transfecting cells with an engineered gene, it is a risk that the
protein ends up in organelles and membranes where it is not expressed [211].
Furthermore, Hela cells were used when detecting the plasma membrane
staining, an immortalized cell line, while we used primary cells from mice.
Since cell lines can have alterations in phenotype compared to primary cell
lines, it is possible that this result is specific for that experimental setup. There
is also the possibility that the protein expression pattern differs between hu-
man and mice. Moreover, it is reported that the location of the epitope affects
the immunostaining [211]. This was also seen in Paper III where the antibody
targeting the C-terminal gave a better signal compared with the antibody tar-
geting the N-terminal. In Paper IV, D. melanogaster and two human cell lines
were used to study the function of UNC93A. In this study there are several
limitations that should be considered. First, the phenotype of the flies occurred
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when maintaining the flies at a temperature higher than 25 °C. Higher temper-
atures usually cause dehydration, which alters the ion and fluid homeostasis
of the flies. Therefore it is impossible to tell if the phenotype is a combination
of dehydration and CG4928 loss; only a cause due to CG4928 loss or a sys-
temic response to survive the reduction of CG4928 expression. Also, the phe-
notype observed for fruit flies has not been reported in humans and
UNC93Ahas not been linked to renal function in humans so far, hence it is
possible that the phenotype is fly specific and that humans have other genes
that can compensate the loss of UNC93A. Second, the biological variation
within samples used when performing measurements of ions and the RNA
sequencing could possibly lead to inaccurate results and biological differences
could be missed. Third, the protein localization of CG4928 in the Malpighian
tubules could not be examined, without knowing the exact location it is diffi-
cult to pinpoint its function. Fourth, the cell lines used in the paper are immor-
talized cell lines, meaning that the expression and function of proteins might
be altered. Fifth, we could not identify a substrate profile of CG4928 or
UNC93A even though it has similarities, structure wise, to other SLCs.
Information about substrate profile and transport mechanisms can shed
some light on the role in maintaining substrate homeostasis in organs and
cells. Cells do not only express one SLC that perform the transport of specific
substrates, the cell expresses several, and many are even co-localized to the
same compartment of the cell and needed to be co-expressed to function
properly. It is therefore crucial to verify findings from transport assays and to
use good controls. A traditional way to study the substrate profile of transport-
ers has been to overexpress the protein in oocytes from X. laevis and perform
radiolabeled uptake and efflux assay and electrophysiology. This has been
done for several amino acid transporters from the SLC38 family, where mem-
bers expressed both in the plasma membrane and organelles have been studied
[212-214]. Another way to investigate the substrate profile of transporters is
SSM-based electrophysiology. This is a sensitive, “cell-free” and useful
method to determine the substrate profile of electrogenic transporters posi-
tioned in membrane fragments from the plasma membrane and/or intracellular
membranes. Compared to oocyte-based electrophysiology, this method is less
time-consuming, and several substrates can be tested relatively fast and not as
much material is needed. The SSM-based electrophysiology does not gener-
ally have limitations regarding the type of the transporter, but other techniques
can have advantages in contrast to this technique. In comparison to clamping
techniques, a potential cannot be applied and characterization of transporters
that rely on a membrane potential is troublesome. Also, artificial currents can
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arise during solution exchange [215] and by charged substrates e.g. some
amino acids. Even though advancements to determine the substrate profile
have been done, it is still difficult and time-consuming to determine substrates
for putative transporters especially if there is no hypothesis about the trans-
porters function.

Both the CG4928 vector and control vector were designed to express GFP
to validate transfection, but none of them expressed GFP. Instead, insertion
was confirmed using anti-GFP immunostaining that showed a higher GFP sig-
nal in transfected cells. In addition, WB showed that the anti-UNC93 A immu-
noreactivity was higher in the cells transfected with the CG4928 vectors. The
lack of GFP signal made it difficult to perform patch-clamp electrophysiology
on living cells. It is still possible that UNC93A is a transporter that is either
ion:ion coupled or a facilitator. Last, CG4928 was determined to co-localize
with two TASK channels and the membrane potential was found to be dis-
turbed, suggesting that the theory about UNC93A being a regulatory protein
holds true. However, we were not able to determine the exact regulatory mech-
anism and further assays need to be conducted. It is plausible that the tools
available today are not enough to unravel the true function of UNC93A, but
hopefully in the future we will know what it does and its importance in human

physiology.

Key findings

= UNC93A is evolutionary conserved.

= UNCI93A has twelve transmembrane helices and folds like other MFS
proteins.

=  UNC93A is expressed in the brain and peripheral tissues.

= Unc93a respond to nutrient availability in in vivo and in vitro.

= The promoter region of Unc93a express binding sites for transcription
factors that are active during nutritional challenges.

=  Knockdown of CG4928 cause renal dysfunction.

= Potassium levels are affected by reduction of CG4928.

= UNC93A co-localize with KCNK3 and KCNKO.

= CG4928 overexpressing cells have induced apoptosis and cytotoxi-
city, which could be hindered when cells were maintained in high so-
dium media.

*  (CG4928 does not act as a cotransporter for sugars and amino acids.

= (CG4928 overexpression disturb the normal membrane potential.
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Conclusions

Today’s technology has increased the number of publications about SLCs. D.
melanogaster is an old model organism that has been extensively used in many
fields of research including genetics, cancer and neurobiology. This system
can be of great importance also in the study of orphan SLCs, but also to find
other cellular pathways that already characterized SLCs are involved in. The
SLCs are well conserved in D. melanogaster, and 83 % of all SLC families
have at least one orthologue that can be used with the sophisticated tools avail-
able today to break the path for new findings about the SLCs.

The superfamily of SLCs has grown over the past years, and it is highly
expected that more protein sequences will be added in the future. Some of the
putative SLCs have already, within a short time frame, been classified as
SLCs. So far there are a few publications about gene expression and protein
localization. The metabolic study demonstrates that some of these putative
SLCs are of significance for nutrient homeostasis and that they have a poten-
tial role in metabolic pathways, while others probably are needed for other
important cellular processes that have not yet been uncovered. However, more
research is needed to classify these putative transporters as SLCs.

We have begun to understand the importance of UNC93A in unicellular
systems and in D. melanogaster, where it is established to be of importance
for the osmotic and potassium balance. Further research is needed to reveal
the physiological function of UNC93A in humans, to know if it is linked to
disorders and can be used as a therapeutic target for treatment. However, while
several clear biological aspects of UNC93 A was identified, the exact function
of transporter proteins is cumbersome to find and more research about these
transporters is needed to fully understand their mechanistic role and their as-
sociation and/or involvement in health and sickness.
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Perspectives

A lot about the human body is known but there are still matters to unravel and
obstacles to overcome to completely understand the physiological network
that operates non-stop throughout our lifetime. To understand the importance
of orphan transporters and their involvement in cellular processes, we need to
discover more about them. For the putative SLCs that are not yet classified as
SLCs this is a challenge.

Putative and orphan SLCs are evolutionary conserved [52, 59], and func-
tional studies can be performed in model organisms. A good starting point to
study some of these putative SLCs could be to perform knockdown/knockout
methods. In addition, there are modern tools available to uncover molecular
pathways and diseases the putative SLCs are associated and/or involved in.
Expression and substrate profiles are of great importance to be able to under-
stand their role in cellular processes and therefore it is often required to com-
bined different models and techniques to understand the putative SLCs.

We have showed that it is a vital protein for normal membrane potential
and normal renal function in flies, and regardless the importance of these find-
ings we still do not know how UNC93A exerts its function. Does UNC93A
cause the same phenotype in other model organisms that are closer to humans;
is it a regulatory protein that upon binding actives and control TASK channels;
does it, similar to UNC93B1, transport TASK channels to their correct posi-
tion and retain them there; does it affect all TASK channels the same; is
UNC93A a transporter and if so what does it transport? There are many ques-
tions to be answered and one desire I have is to discover the detailed function
of UNCO93A and fully characterize and deorphanize this transporter.

In an attempt to answer those questions, I would first perform other types
of transport assays to confirm if UNC93 A does or does not act as a transporter.
So far both oocyte-based and SSM-based electrophysiology have failed to re-
veal a substrate profile of UNC93A. However, it is still possible that it is an
electroneutral uniporter, which most likely are not detected by the SSM-based
electrophysiology. There are possibilities to detect a pre-steady-state current
that is needed to measure alterations in the kinetics of uniporters. If possible,
there would also be of great use to produce a viable cell line that expresses
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GFP-tagged UNC93A. This cell line could be used to perform live-cell patch-
clamp electrophysiology to study if UNC93A is an ion transporter. If
UNC93A is a transporter on its own, the substrate profile can aid in under-
standing several of the findings in Paper II-1V, and it can give us directions
in further studies, knowledge about roles in diseases and etcetera. Third, I
would like to verify the findings of Paper IV in primary cells derived from
kidney. Next, I would like to reduce the expression of UNC93A using siRNA
and/or CRISPR/CASO editing in both cell lines and primary cell cultures to
study what happens with the TASK channels when lacking UNC93A and also
investigate how the membrane potential, potassium flow and cell survival are
affected. It would be interesting to see if the cells display an opposite behavior,
i.e. increased cell survival, reduced cytotoxicity and higher membrane poten-
tial. By using immunocytochemistry and image analysis the protein expres-
sion of TASK channels can be studied and reveal if the expression increase or
decrease at the plasma membrane or intracellularly. To use more organelle
and cell structure protein specific markers and perform double immunostain-
ing with UNC93A and TASK channels in cells subjected to different electro-
genic stimulus such as varying salt concentrations in the culturing media could
also help us understand the linkage between these proteins. Such findings
would confirm that the interaction is not only occurring in immortalized cell
lines and could provide more information about the role of UNC93A in the
regulation of TASK channels and if these proteins are regulated and move
together in the cell.

The interaction, and how UNC93A regulates TASK channels, would be of
a great interest to study. To identify UNC93A-associated polypeptides in cell
cultures that stably express tagged UNC93A and a mutant UNC93A could be
produced and used to conduct a preparative immunoprecipitation of the tagged
proteins. This could tell us if the TASK channels coimmunoprecipitate with
UNC93A. To verify interactions tagged TASK channels can be generated and
co-expressed with the UNC93 A and mutant UNC93A. Immunoblotting on the
immunoprecipitate from these cells can confirm findings from the previous
described experiment [190]. It would also be interesting to figure out which
part of the TASK channel that UNC93A interacts with. This is a more com-
plicated experiment but can be done by inducing point mutations within the
sequence of a certain TASK channel or generating a chimeric TASK channel;
if UNC93A fails to interact with e.g. TASK-5, parts of its protein sequence
can be used to alter specific regions of the other TASK channels. Such results
would help us to understand if and how UNC93A interacts with TASK chan-
nels. To answer the question if the phenotype can be reproduced in other
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animal models or if other phenotypes occurs, a mouse model of UNC93A
could be produced. With this mouse model UNC93A can be studied by per-
forming knockout ubiquitously and organ and/or cell-type specific to reveal
the physiological role of UNC93A.

Last, a very important finding, which would help us understand the poten-
tial role UNC93A can have in diseases and evaluate if it can be used as a
pharmaceutical compound, is to uncover its crystal structure using e.g. crys-
tallography.

My wish is that the work presented in this thesis can be used further to
increase our knowledge about the SLC family, as well as increase the
knowledge about the physiological role many of these putative SLCs have,
including UNC93A. The importance of the putative SLCs are indicated by
their cellular localization in various cell types of the body and evolutionary
history, additional knowledge about their function could provide to the bigger
picture of understanding the human body in health and sickness. I remain op-
timistic, that one day, the scientific area will unravel these questions and I
hope that the discoveries will lead to better health care systems and therapeutic
treatments.
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Populéarvetenskaplig sammanfattning

Den minskliga kroppen bestar av organ och vitskor som bildar komplexa sy-
stem och kretslopp. Organen i sin tur bestér av specialiserade sma enheter som
kallas celler, och inuti dessa finns sma ”inre organ” som bendmns organeller.
Cellerna och organellerna har olika form, funktion och livsldngd, men vad de
har gemensamt &r att de utfor komplicerade och energikravande processer da-
garna i dnda. Cellen, och alla organeller, omsluts av en barridr (membran) som
beskyddar cellen fran den yttre (extracelluldra) miljon och infektioner, samt
hjilper cellen att bibehalla ett balanserat inre (intracellulirt). Aven organel-
lerna omges av ett skyddande membran. Det &r viktigt att det sker ett utbyte
av information mellan celler (signalering), upptag av niringsimnen si som
kolhydrater (socker), protein (aminosyror och polypeptider), fett (fettsyror),
lakemedel (till exempel antibiotika) och salter (joner), en &mnesomséttning
och utsondring av avfallsprodukter och giftiga &mnen. Detta upprétthalls via
”dorrvakter”, s& kallade membranbundna proteiner, vilka sitter forankrade 1
membranet. Dessa proteiner hjélper cellen att skicka och ta emot signaler (re-
ceptorer), ta upp och utséndra &mnen (transportdrer), samt bryta ner och bygga
upp byggstenar (enzymer). Manga membranbundna proteiner ar associerade
med sjukdomar till exempel cancer, diabetes och neurologiska sjukdomar. Det
ar darfor en stor del av tillgdngliga ldkemedel har sin verkan via dessa mem-
branbundna proteiner.

Transportorer forflyttar olika molekyler 6ver membranet. Detta sker an-
tingen passivt, genom att forbruka energi eller via koncentrationsskillnader
over det cellulira membranet. Transportdrer som utnyttjar koncentrations-
skillnader kallas for sekundart aktiva transportorer. I oss manniskor ar “solute
carriers” (SLC) den storsta familjen av sekundért aktiva transportérer med
over 430 medlemmar fordelade i 65 familjer. Trots att dessa har en otroligt
viktig funktion i cellen si saknar vi fortfarande kunskap om manga av dem.
Till exempel sé vet vi inte var i kroppen de finns, vad de gor eller hur de ser
ut. Det ar darfor mycket viktigt att ta reda pa sa mycket som mojligt om dessa
transportorer, vilket 6kar var kunskap om deras roll i sjukdomar och ifall att
de kan utgora en viktig del av den framtida ladkemedelsutvecklingen.
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For att ldra oss mer om SLC-familjer krdvs modeller som representerar den
inre miljon i oss ménniskor, till exempel cellkulturer och modeller. Méss och
bananflugor &r tvd exempel péd viktiga modeller som anvénds i forskningen
om kroppens funktioner (fysiologi) och sjukdomar samt ldkemedelsanvénd-
ning och effekter. Mdss har trots sin storlek och utseende stora likheter med
ménniskan vad avser arftlighet (genetik) och fysiologi. De har darfor varit
ovirderliga nér det kommer till forskning som undersoker evolutionért beva-
rade biologiska processer i kroppen. Bananflugor har anvints som modell-
organism i &ver 100 &r, och cirka tvé tredjedelar av ménniskans arvsmassa
(generna) aterfinns i bananflugan. Detta har lett till flera viktiga framsteg inom
forskningen om bland annat utvecklingen av embryot under graviditeten och
underliggande orsaker till sjukdomar.

Det ar dock viktigt att komma ihag att evolutionen har haft stort inflytande
pa hur vi har utvecklats och anpassats for att leva i helt olika miljéer. Dessu-
tom kan bade mdss och bananflugor anses vara mindre pélitliga modeller vad
géller ménskliga sjukdomar péd grund av att kopplingen mellan gener och hur
dessa utvecklar sig till en sjukdom kan skilja sig at. Dértill har det féorekommit
att lakemedel visats ha goda effekter i modellorganismerna medan de i méin-
niska har gett forodande biverkningar, och tvirtom. Sedan finns det grundlag-
gande skillnader mellan manniskan och dessa modellorganismer, till exempel
inom anatomin, organfunktion, fysiologi och antalet kromosomer som forva-
rar arvsmassan. Dessutom saknar bananflugor viktiga fysiologiska kompo-
nenter och funktioner som ménniskan har, till exempel ett adaptivt immunfor-
svar, hjartkérlsystem och en blodhjarnbarridr. Trots dessa begrdnsningar har
dessa modeller varit banbrytande fér den medicinska forskningen, vilket visar
att modeller behdvs for att kunna forsta hur vara kroppar fungerar.

I den hér avhandlingen har SLC-familjer och transportdrer som sannolikt
till hoér SLC-familjen, men som dnnu inte inkluderats i familjen, studerats. Fo-
kuset har varit att studera deras evolution, uttryck och funktion utifran bade
ett brett och ett smalt perspektiv genom att anvinda olika modeller sdsom da-
torbaserade modeller, cellkulturer, moss och bananflugor. Vi har visat bland
annat att SLC-familjen &r en stor och bevarad genfamilj i bananflugor dér 381
gener hade en eller flera motsvarigheter i ménniskan. Vi studerade dven hur
transportdrer som nyligen har inkluderats eller som dnnu inte har inkluderats
i SLC-familjen paverkas av varierande sockernivéer i celler och bananflugor.
Socker ér en viktig del av var amnesomséttning. Det tas upp av véra celler och
omvandlas till energi, byggmaterial och annat som cellerna behdver for att vi
ska ma bra. Genom att dndra sockernivierna som cellerna och bananflugorna
fick s& fann vi att flera av dessa transportorers paverkades pa gen- och
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proteinniva av den radande sockernivan. Slutligen sé studerades en individuell
transportdr, UNC93 A, mer ingéende for att ta reda pa dess funktion. UNC93A
ar en av manga transportdrer som har stora likheter med andra medlemmar i
SLC-familjen, men som dnnu inte inkluderats i familjen. Den tidigare forsk-
ning pad UNC93A ir begrédnsad, men man tror att det ar ett regulatoriskt pro-
tein, det vill sdga att UNC93A paverkar funktionen hos ett eller flera andra
proteiner, till exempel andra membranbundna proteiner, genom att interagera
med det. Vi visade att UNC93A ir evolutionirt bevarad och finns i flera arter
av ddggdjur men dven hos insekter och fiskar. Genom att studera denna trans-
portdr i moss hittade vi att den finns i flera vdvnader i kroppen, framforallt i
njurar och tarm men dven i hjarnan dér den aterfinns i nervceller. Vi hittade
dven att denna transportdr regleras av matintag. I bananflugor har UNC93A
en intressant roll d& den verkar ha en roll i regleringen av salt- och vitskeba-
lansen. Bananflugor som uttrycker farre genetiska kopior av UNC93 A sviller
i kroppen (6dem) och har minskad kaliumtransport, problem att gora sig av
med urin och bygger upp ansamlingar av dmnen i njurarna. Genom att an-
vénda cellkulturer sé visade vi att UNC93A troligen interagerar med kalium-
kanaler som &r viktiga for cellens normala funktion och 6verlevnad. Det krivs
dock mer forskning for att faststélla funktionen hos UNC93A. Har vi rétt an-
géende att UNC93A reglerar kaliumkanalerna sa krévs det dessutom mer
forskning for att forstd hur detta gar till.

SLC-familjen och andra transportdrer &r viktiga for var 6verlevnad. De har
en betydelsefull roll i kroppens funktion, hilsa och sjukdom, samt utgér vik-
tiga lakemedelsmal. Manga av medlemmarna i SLC-familjen har d&ven en vik-
tig roll i kroppens metabolism dér variationer i matintag, till exempel under
svilt, padverkar hur mycket det finns av varje transportor. Detta paverkar tro-
ligtvis 1 sin tur cellens upptag, nedbrytning, omvandling och utséndring av
molekyler. Resultaten som presenteras i denna avhandling visar hur viktigt det
ar med grundldggande forskning for att kunna forstd den ménskliga kroppen.
Tyvérr finns det hinder 1 dagens forskningsutrustning och forskningskapacitet
for att kunna kartlagga funktionen hos alla transportorer. Trots det utgor de en
mycket viktig grupp av gener att studera for att kunna ge oss en helhetsbild av
hur var kropp fungerar, bade nér vi &r friska och sjuka.
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