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ABSTRACT

DASS transporters can behold accountant for their metabolic regulation relevance
in many species. Alterations of DAB8&nsporters affet fat storage, energy
balanceand lifespan. Hence, DASS proteitave been identified as a potential
therapeutic targetespecially members of the human family SLG4&re, by using
VCINDYL QY vy 2 () frétrB/ibiid chblSraes a model for DASS transf®s,

we have investigatedhe relevance of specific amino acids to explain DASS

transport mechanism, substrate binding gration binding events.

By measuring ligandrotein interactions with a thermostabilithased approach
our data provide a betteunderstating of VCINDY preference for-@idarboxylate
and a promising idea of bindirgte related amino acids roles the notification
2F +OL b5, Qrae iitergRy obligomér&abonand scaffoldresiduesin
substratebinding has been revealedeordingly to the elevatetype mechanism
of VCINDY for the first timenhile the importance of amino acsdnvolvedin the
conserved SNT family motif fibeen further corroboratedh y G KS f A3 Y RQA&
length filter. Besides, adiumbindinghas been idernfied as a requisitdor allowing
substrate binding Thae seems to exist aole of cation binding forcesn
readjusting essential amino acid positions fostable substratebinding site.
Finally, dfferences in substrate selectiviue tothe bindingof Lif and Nd have

beenidentified.

Xl



XV



CHAPTER 1: INTRODUCTION

1.1. INTRODUCTION TO THE DASS PROTEINS
1.1.1.SECONDARY ACTIVE TRANSPORTERS

Biological membranes can be impermeable to some molecules and ions

relevant to cell survival. The essential proceggransporting these important
solutes across biological membranes is ieglrout by protein transporters
(Bosshart and Fotiadis, 2019)

In bacteria, these transporters can be classified jmtionary active transporters,
channels or secondary transportersSecadary transporters can be uniporters,
symporters or antiporters (Bosshart and Fotths, 2019) The last two are
characterisedas being active transporters, which means they couple the
Y2@BSYSyld 2F | ALISOAFAO a2t dziS dzaiAy3a 20K
gradient.Another characteristic of secondary active transporters is tsteircture;
Secondary transporters have shown to own some structural folding in their
structure. he presence of disconnected transmembrane helices (TM) and

pseudaesymmetries are comon hallmarks on thenfShi, 2Q.3).

These related folds in structure allow secondary transporters to acquire different
conformations necessary to transporsubstrates throughout membranes.
Therefore,a minimum of two distinguished conformation states is required for a
protein to follbw an alternatingaccess mechanism, consisting d#wo
conformations changing over modulating substrate accessibility to one side of the

other of the membrandJardetzky, 196@Bosshart and Fotiadis, 2019)



To date, there are thredifferent types of alteringaccess transport mechanisms
described according to crig structures. The first is the rockewitch mechanism,
where two domains of the protein move against each other, allowing access to the
binding site to both cytoplasm anextracellular mediungYan, 2013Karpowich,

N. K.et al, 2008) Another type is cded the rockingoundle mechanism in which
one domain shifts against the oth@forest and Rudnick, 2010¥inally, the last
one is the elevator mechanism.

This mechanism has been more recently identifiethi glutamatetransporter
homolog Glén and suggested for VcINO®rew and Boudker, 201@lulligan et

al., 2016) In both transporters, substrates are carried vertically across the
membranebound to a mobile domainyhich is at the same time anchored at a

fixed domain into the membrane, actiraga lift.

VCINDY belongs to thdivalent anion/Na symporter (DASS) family, which is
included in the lon Transporter (IT) superfanilyakasket al,, 2003) It has been
suggested that memberd these families could use an elevatype mechanism

as some proteins from both families share similar architecture, sschbgT with
VcINDYVergarajaqueet al., 2012) Howeverphylogenetic studies of IT and DASS
proteinshaveshown huge and sequence diverse familiesind in all domains of

life (Chen et al., 20)1Hence, @spite the potential probability of a widespread
elevatortype mechanism amondT and DASS members, more studies are
necessary since mammalian homologs of the characterised VCINDY could have

therapeutic potentialBergeroret al., 2013JColaset al,, 2016)



1.1.2.COMPREHENSIVE TRADISPOF DASS PROTEINS

Members from the DASS family are conserved from bacteria to humans.
The reason behind its ubiquitous expression is found in its functional relevance
(Pajor, 1999) Hence, DASS transporters have been preserved in highly active
metabolic locationgLu, 2019Pajor, 1999)Prokaryotic proteins from bacteria are
found in cytoplasmatic membranes, whereas, in vertebrate species, these proteins

are found in ararray of essentitissues and organ®ergeroret al., 2013)

In general, DASS transporters couple the free energy generated from an
electrochemical Naor H" gradient to transport organic anions against its
concentration gradientMarkovich, 2012fPajor, 2014)Prakashet al, 2003)
Bacterial DASSptiake two or more Naions to transport Gdicarboxylates and
eukaryotic mammal proteins ewansport sulphates or Krebs cycteermediates
together with two, three or more Naons(Pajor, 1999)The stoichometry of the
catiornranion coupling ratio experimentally determined is, on average, 3:1. Thus,
one positive charge is transfedecross the cell membrane per cycle, considering
the solutes are commonly divale(Bergeroret al., 2013)

Almost all members share an edtrogenic and Nadependent transport
mechanismHoweversome members of invertebrate species, such as the fruit fly,
are Nd-independent(Inoueet al., 2002) There are likewise divergenceskimetic
properties and substrate selectivitgince these transporters have widespread
substrate specificiés. Studies in isolated cebb®xd membrane vesicles of close
relatives showed disparity of functional traits when observing substrate affinity,
substrate specificity, and sensitivity to lithium inhibitiorapke 10)(Pajor, 1999)

-3-



FUNCTIONAL CHARACTERISTICS OF DASS FAMILY MEME

Protein Substrate Substrate Km Strong Transportinhibitors Counterion |Electrogenic References
identification | transport
VeINDY Malate
Succinate 1uM Fumarate Na~ Yes (Mulligan et al., 2014)
Oxaloacetate Li*
Tricarballylate
DrINDY Succinate a-KG (Knauf et al., 2002)
Citrate Succinate: ~40 uM Fumarate Cation No (Inoue, 2002)
Pymuvate Citrate: 105 uM Glutarate independent
Citrate
SdcS Succinate Succinate: 12+ 1.9 uM (Hall et al., 2005-2007)
divalent succinate Divalent succinate: 6.6 + 0.75 uM Fumarate Na+ (Pajor et al., 2007)
Fumarate Malate: 8.1+ 0.4 uM Malate 5 No (Pajor et al., 2013),
Malate Fumarate: 15+ 0.54uM Oxaloacetate
SdcF Malate
Succinate Fumarate Na+ No
a-KG Succinate: 8+ 1 uM Tartrate Li (Pajor et al., 2013)
Oxaloacetate
Aspartate
Sdecl Succinate Succiante: 5.2 uM Oxaloacetate Na -
Fumarate Malate: 6.4 uM aspartate (Strickler,2009)
Malat a-KG
rNaS1 Sulfate Sulfate: 93 +30uM
Thiosulfate Selenate: 580+ 90 uM - Na~ Yes (Busch, 1994)
Selenate Thiosulfate: 84 + 9uM
rNaS2 Selenate
Sulfate 380 =+ 10 uM (sulfate) Thiosulfate (Dawson, 2005)
Phosphate Na™ Yes
Oxalate
riNaDC1 Succinate Na~
Citrate K
Fumarate Succinate: 640 = 10 uM
Malate Li" can Yes (Chen, 1998),
a-KG inhibit
oxaloacetate transport.
rNaDC3 Fumarate
Malate Na~
Succinate 2+01uM a-KG Lit Yes (Kekuda, 1999)
Citrate
Aspartate
rNaCT Succinate Succinate
Pyruvate Citrate: 18 =4 uM Malate Na Yes (Inoue, 2002).
Citrate (pH 7 optimum) Fumarate
a-KG

Table 1.0: Summarized functional variancesithin relative DASS transporters

Table representing DASS transporters differencestibstrate affinity, substrate specificity and catio
dependence Overall, DASS transporters can casrganic dicarboxylates of the Krebs cycle, sulfate €
phosphate To date, a few related proteins have been characterised throughout different studies. The
characterised are summarized here. Information taken from different papers (see references column

1.1.3.A COMMON MARK TO MOST DASS TRANSPORTERS

The overall architecture of the proteins is likely consdrfleu, 2019)As a

case in pint, the number of transmembrane helixes (TMs) in the SLC13 family is

between 8 and 13 when observed by hydropathy and similarity gMeskovich

et al, 2004) There is also some conservation in the length of therinal and

Gterminal regions but in a lower mann@viarkovich, 2012)



Variation is found when comparing protein sequences. However, amino acids in

critical positions for transport and substralending seem to maintain their

similarity among member@ancusso et al., 2012¢specially, three amino acids,
SerineAsparagie-Threonine (S0 X 201 GSR Ay GKS LINRBOSAY
been found reasonably conserved over many speckgu(e 1.1). They are

described to create the SNT motif, which seems to be crucial for substrate

transport specificitfMancusseet al., 2012)

Among INDY homolog proteins from variousspecies, this motif is more
preserved at the Merminal (HP1) than the-@rminal (HP2), as represented in
Figure 11 (Vergarajaque et al., 2012) The visible variation is always the 3rd
amino acid, wkrein some species present an Alanine, Valine or Proline instead of

Threonine (SNT/A/V/P).

—
o

Probabili
VcINDY ty

Figure 1.1 Sequence logo of key motifs in homologues of VCINDY.

Image from a multiple sequence alignment of homologs of VcINDY. The positions of the most con
amino acids in the bacterial protein are N151, T152 at8l0SSecondary structures aredicated by
colours: blue (helix) and grey (loops). Interestingly, around the binding site amino acids' characte
are conserved since the same chemical properties pattern has been seen for the amiinaesjective
positions among homologues of IND Residuesvolve in sodium binding are marked with yello
triangles. Taken anddapted from (Vergargaqueet al, 2012)



1.2. SLC13 MAMALIAN FAMILY
1.2.1.A SMALL FAMILY INSIDE DASS TRANSPORTERS

The mammalian proteins are grouped into one small family. Protsinsded
from the SLC13 gene ar@5to 627 amino acids long. In humans, this family is
known as the SLCXfgne family. SLC13 only consists of five sodaompled
transporters SLC13A1 (NaS1), SLC13A2 (NaDC1), SLC13A3 (NaDC3), SLC13A4
(NaS2), SLC13f8aCT). They are all membrane proteih8-43 transmembrane
domains (TMDgMarkovich et al, 2004) They share gproximately 4050%
identical protein squencegMarkovichet al., 2004)

Due to different anions substrate sp#cities, two groups of SLC13 transpeng
can be outlined: Nasulphate (NaS) etansporters, with a tetreoxyanions
preference(sulfate, selenate and thiosulfatejpd, Na-carboxylate (NaC) cotrans
porters with a preference for &licarboxylate or &tricarboxylate Krebs cycle

intermediates(Bergeroret al., 2013)

1.2.2.PHYSIOLOGICAL ROLES AND RELEVANCE OF SLC13

TRANSPORTERS

NaS transporters uptake inorganic sulfate from the circulation. They
participate in the regulation of sulfate conjugation of various moleculethén
placenta, kidney and intestin@irkenfeldet al., 2011) The loss of NaS1 certainly
disturbs sulfate homeostasis by causing hypfadamia. The KO mouse for this
gene (mNaS1) displays different phenotypes ranging from reduced detoxification

capacity to altered gaintestinal function and spontaneous seies. It also



reduces fertility and postnatal growtfbawson, Steane and Markovich, 200&e
et al, 2007{Markovich and Aronson, 20qQR)arkovich, 2012)NaS2 is expressed
at the placenta, where it possibly flitates sulfate transference from the mother
to the fetus(Girardet al.,, 1999) It has also been found in the brain, heart, thysn

liver and tonsils, where its role has yet to be determiriBakenfeldet al., 2011)

NaC transporters are equally important for their physiological role. They are
mainly located in the kidney to prevent stone formatif®ergeron et al., 2013)
NaDC1 is the main contributor to the Krebs cycle intermediates absorbency in the
proximal tubule (up to 65%)na the intestine. Thereforethe mNaDC1 mouse
knockout (KO) gene shows increased urinary excretion of different compounds
due to kidney failuree-absorption(Hoet al.,, 2007)

The mRNA of NaDC3 is presenthe brain, kidney, placenta, pancreas, eye and
optic nerve, where it participates in regulating the oxidative metabolisroue et

al., 2002{Markovichet al, 2004) NaDC3 also contributes to the synthesis of
cholesterol and fatty acids in hepatocytes and neur¢@@kenet al., 1999) It is
believed that NaDC3 has a role ithe regulation of cellular senescence,
hypertension and type diabetes (Simino et al, 2011jLangefeld et al,

2008)Kallo, 2014)

Finally, NaCiB involved in energetic metabolpathways, and it is mainly found in
the liver. It participates in the absorption of cytosolic citrate across the plasma
membrane. NaCT transports citrate for mitochondrial Krebs cycle, fatty acid

synthesis, cholesterol syhesis, gluconeogenesis and gliysis(Bergeon et al.,

-7-



2013) NaCT transporters' expression has become of high interest since the
disruption of NaCT activity in liver cancer cells ceases their prolifer@tienal.,

2017).

1.3. DISCOVERY OHE LONGEVITY GENE

1.3.1.GENE KNOGIUT STUDIES

Orthologues of NaCT with similar physiological relevance have been
reported in prokaryotes and eukaryotdtu, 2019)In 2000, a longevity study
using adultDrosophila melanogastedentified mutations in a gene resulting a
phenotype resembling caloric restriction without reducifapd intake. These
mutations resulted in a doubling of the mean lifespan duration of theRigure
1.2-A) (Rogina and Helfand, 2013n another model organisnCaenorhabditis
elegansgdeletion of the gene homolog ceNAXconcluded in the sae outcome

(Figurel.2-B) (Feiet al., 2004)

ps0.001

= N2/ empty vector control ‘-

==+ N2/INDY/CeNAC2
T

A 1
0 10 20 30
days

Figure 1.21ndy Knockdown effect in longevity.

LYONBIasS Ay 0620K a0Syl NrAza 27 {K3)SanhA cufva
of Indy knockdown mutant vs wild typBrosophila melanogasteaken from(Rogina and
Helfand, 2013B) Survival curve of & (wt) grownC. eleganded E. coliharbouring an empty
vector control vs INDY/CeNAC2 siRNA. Taken (freiet al., 2004).



To date, severalres of evidence suggest thatecreasedndy gene expression
extends the lifespan of various eukaryot@snaufet al, 2006) As a result,
SLC13A5/NaG3known by QY b 2 (i (INDSQWRmeseSal, 2018)

The mammalian mouse gene (mINDY), which encodes &huarsqdicarboxylate
co-transporter, has also been studied. Thus, knockout of tiwedsgene mimics
caloric restriction and protects gainst agerelated insulin resistance and adiposity
when fedwith a highfat diet (Birkenfeldet al, 2011) Unique phenotypesof
reduced lipid synthesis and elevated lipid oxidation rates were shown when whole
KO mouse models were fed with fats comga to controls. Thus, it has been
suggested that the nutritional state mediates mIND&anscriptional regulation

throughout epig@etic mechanisméWillmes and Birkenfeld, 2013)

1.3.2.LIABILITY OF A PROMISING THERAPEUTIC APPROACH

As ®en above, DASS proteins can be accounted for their relevance in
metabolic regulation in light dheir psychopathological effects when alteration of
DASS function is prese@pecifically,@ansidering the beneficial effects of reducing
Lb5, Qa { Wity hadJanNdetaboli®m and longevity, INDY has been
highlighted as a potential therapeutic tag(Kekudaet al, 1999)Pajor, 2006)
Studies ranging from prokaryotes and lower organisms to maisim@ved that
reducing INDY expression couiélp treat metabolic disease and agsated
diseasegWillmeset al,, 2018) In fact, it hadeen argued that mINDY could have
therapeutic potential in humans for the treatment of kidney stones, neurological
disorders, type Itliabetes, noralcoholic fatty liver disease (NAFLD) and obesity

(Birkenfeldet al.,, 2011)



Yet only a few chemical compoundsthwthe ability to inhibit mINDY/NaCT
transport have been reported. Most of the inhibitors found so far exhibit poor
ADME (absorption, distribution, metabolism, excretion) properties
vivoexperiments. Two compounds na&th 2 and 4a were described as pbgsi
pharmacological inhibitors for mINDY/NaCT with Haffinity (Supplementary
Figure6.1.1). However, their inhibition effect is dependent on the absence of

citrate and the protein conformatioal state (Willmeset al., 2018)

1.4.LQa bh¢ 59 !Vibrio,ClAoterac€ wh a
1.4.1. THE CRYSTAL STRUCTURES OF A DASS TRANSPORTER

Bacterial SLC13 homologs can be overexpressed anteduwedsily to cast
new light on the potential function and structure of SLC13 family members.
VCINDY a homolog of the mammalian SLC13 transportdras brought some
information of relevance to lightegarding this advantage.

VCINDY ia sodiumsuccinatesecondary active transportdrom Vibrio cholerae
Until very recentlyVcINDYwvasthe only member of the DASS family from which
high-resolution crystal structuresvere published(Mancusscet al,, 2012]Nie et
al., 2017jSauetret al.,, 2020)

DASS members present a related secondary proteurcire to VCINDY, which
could indicate a common elevattype transportmechanism in the DASS family
(Mulligan et al., 2014)Besides,VcINDY share36¢38 % amino acid sequence
identity with human SLC13 transportersSchlessingeret al, 2014jColas,
Schlessinger and Pajor, 201ZpnsequentlyVcINDYtan fully act as a structural

model forthe DAS$amily as shown by DASS proteins sequence alignment with
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VcINDY(Figure 1.3)In the same alignment, the positions of the amino acids

selected for this study are marked to attaarbetter structural comprehensioof

each residuevithin the family The relevance fosome mutated residues for they
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322 326 HP,, 421

Indy Vibrio 32
SdcS Staphyl
Indy fly
NaDC1l_human

NaDC3_mouse
NaDC3_rat
NaCT_human
NaCT_mouse
NaCT_rat
NaS1 human
NaSl_mouse
NaS1 rat
NaS2_rat

Indy Vibrio
5dcS Staphyl

NaDC3_rat
NaCT_human
NaCT_mouse
NaCT_rat
NaSl_human
Nasl_mouse
NaSl_rat
NaS2_rat

Figure 1.3 Aminoacid sequencealignment of VcINDY and its homolags.

Secondary structuresf ¢he protein from the knowledge of the 2012 Crystal structure are marked above the sequ
alignment. The SNT motifs are marked in doite second and third dots from the HPin are N151 at82 Other
amino acids described in this project are pointed euth arrows:red (D319), light blue (196), light green (F100
brown (V66), orange (T67), dark green (S290), yellow (S200), dark blue (V322) pink (F326) and purple (T421

1.4.2. THE MOLECULAR STRUCTURE OF VcINDY

The molecular structure of VAN was reported in 2012 for the first time in high
resolution. This crystal structure (PDB 4F35) had a 3.2 A resolution of the
transporter with the substrate facing the cytoplasm, which is known to be the
inward-facing confomation of the protein(Mancusso etal.,, 2012) It also
reveakd the homodimeric transporter architecture together with one sodium ion
bound and one citratdbound molecule. Thus, only one Nbihding site was
observed, so the second sodium bindisite was just predicted without

succeshul structural evidencéMancusseet al., 2012)
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On accountof the moderate structural evidence found on the 3.2 A structure, a
second crystalXay of VCINDY was reported in 2017 at a resolution of 2F8ghie
1.4). This current structure (PDB 5UL7) showed succinate bound to VcINDY and a

second N&binding siteaspredicted(Nieet al., 2017)

A. Periplasm B.

Cytoplasm '— Cytoplasmic view

Figure 1.4The 2.8 A crystal structure of VcINDY

A)View of the protein from the plasma membrane plane in the inwiack conformationB)View
of the protein from the top. In both representationsne protomer is coloured magenta and th
other blue andyellow. The stucture allows observation ofthe Na" ions (green) bound to the
protein and succinate is represented by red spheres. Taken (Nie et al., 2017)

VCINDY is a homodimeric protein consisting of 462 amino acids and 11
transmembrane helicefTM1-TM11) in each protomefThe N terminal consists
of TM2 to TM6 and its found in the cytosol, while-@rminal, formed byTM7-
TM11,is inthe extracellular space. The two chain endsaNd Gterminal, share
approximately 26% amino acid sequence iden{Mancussoet al, 2012) The
protein shape from the membrane plane resembles an "M" with a concave
aqueous depression that reaches the membrane's midpoint. Transmemiatéme
helixes TM4, TM5, TM9 and TM10 are segmented into two or even three divisions
(Mancusscet al,, 2012) These divisions allow secondary structural regions to play

dominant mechanical roles in transpdiulliganet al,, 2016)
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1.4.2.1. Secondary structural structures in VCINDY
The H4 domain forms an interfacial helix, which is related to the otHéc

interfacial helix in the VCINDY structyMancusscet al., 2012) One recent study
pointed out the importance of positive charge distribution in the H4c domain on
SLC13 transporter@hamasyet al., 2020) Positively charged amino acids from
H4c seem the interact with hydrophobic residues of HPin, allowing the movement
of HPin during transport while H4c stays motionlddsreover, some particular
amino acids in H4c are suggested to participate in prepeotein interactions. All
together gives H4c, and perhaps H9c, control of the cellular metabolite transport

(Khamasyet al.,2020)

Besides the two interfacial helices (H4c and H9c), further secondary structures are
the intra-helical loops generated as a result of the TM5 and TM10 fragsndihie
loops connect in the middlef the membrane heading to the depression towards

the cytoplasmFigurel.5) (Nieet al, 2017)

~
“j:%

Figure 1.5 VcINDY prots scheme of one protomer.

L

| Hdc -

N~

+OLDb5, LINE I 2 YdhddergbgayesTramsmentbrane alfhelixes TM4, TM5, TM9 and TM1
are segmentedThe loopHab and 10ab are formed by 8 amino acids. Tiand TM€11 blocks (green
and red boxegespectively) are related by inverted amino amgetitions. Taken from (Mancussd al.,
2012)
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1.4.2.2. Protein domains in VCINDY
The protein structure is classified by domains according to their location
and function of the parts. Eacprotomer has a transport domain, a saaltf

domain and an oligomerization domaiRigurel.6-A) (Mancusscet al., 2012)

Thescaffold domain holds the union between the two protomers of the dimmer
and is formed by TM1, TM2, TM4c, TM7 and TM9c. Importantly, the transport
domain is responsible for moving back and foatross he lipid bilayer. It is
formed for TM5ab, TM6, TM10&, TM11 and two secondary structures called
HP1 (HPin) and HP2 (HPotit)ey ardwo re-entrant helixturn-helix hairpingHP)

formed by interhelical loops found in both protomers.

HPin is connectedtthe membrane by H4c in the cytosolic site and by TIM5
loop. In a similar way, HPout communicates to the extracellular site connected to

H9c to the membranéMancusscet al., 2012)

The oligomerization domain of the protein generates theerface between the
two protomers. Connd®n occurs between TM3, TM4a and TM9b from one
protomer with TM4b, TM8 and TM9a of the other protomer. In additithe first

part of the protein is related in sequence and structure to the second half.

Each protomer is composed of an inverted repeatadcure following what is
known as inverse twofold symetry. This symmetry, together with the little
differences in the structure of the repeats, allowed the outwdading state's
prediction by reverseswap modelling studies-{gurel.6-B) (Mulligan et &, 2014)

(Mulligan et al., 2016).

-15-



B Transport [l Scafiold i} Otigomerization
domain domain domain

VcINDY crystal structure VcINDY model

B.

Qutside

Inward-facing state Outward-facing state

Figure 1.6:Structure of the VCINDY proteiim its two known conformational states

A) View of the one protomer and its domains: Transport domain (orange), scaffold domain (light

and oligomeization domain (dark blueB)¢ KS (62 LINRPGSAYyQa O2yF2NXI GA2yad !
facing state with the substrate facing the cytoplasm of the cell (from the crystal structure of Manc

et al.,2012). On the contrary, at the left, is tloetward-facing state model of the protein predicted b

computational approaches. Taken and adapted image from (Mulkgah,2016)

1.4.23. SodiumBinding sites
In Nie et alcrystal structure, both Nabinding sites were characterized and
named Nal and Na2n Mancusso et alonly one sodium was presented in the
crystallized proteinocated in the spacbetween HPin and TM5aloop. The Na
binding site was kept apart from the cytosolic space by the citrate bound in the
protein. The implicated amino acids were determined accurately withir2tBeA
structure where sodium interactions within the protein meedescribed to be

penta-coordinated(Mancusscet al, 2012)(Nieet al., 2017)

Each sodium cation interacts wittwvo amino acid sidehainfrom the protein

structure and three backbone carbonyl oxygatthe residues. The sodium ion at
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Nal is coordinated between thiree backbone carbonyl oxygen aterof S146,
S150 and G199, the sithain hydroxyl of S146 and the sideain carbonyl of
N151. All these residues are from the HPin, except G199, which belongs tothe 5a

b loop Figurel.7-A)(Nieet al,, 2017)

Similarly,at the other half of the protein (@rminal), VANDY holds the Na2
distanced > 13 from the Nal(Nie et al, 2017) In this site, sodium binding is
coordinated between the backbone carbonyls T373, A376 and A420 and the side
chain hydroxyl of T373 as well as the sathain carbonyl of N378. According to the
protein symméry, Na2binding site is framed Yo HPout and the 10h loop.
Mutations of T373 and S146 to alaniskown that Na2 could be more relevant
than Nal for its promoting roleThe binding of a sodium cation in Na2 at the
outward-facing state could coordinate thbinding of another sodium imNal

(Figurel.7-B) (Nieet al., 2017)

Figure 1.7View of the Nal and Na2 binding sites of VCINDY.

A) Na+ Binding site saw for the first time in Mancussbal., 2012.This sodium is bound to the-N
terminal halve of the proteinB) Na*-binding site at the @erminal half of the protein. First time
accurately characterizedNat+ions are green spheres and relevant amino acids are red and blue s
Important chemcal irteractions between the cations and the VcINDY structure are drawn as da
lines. Taken from (Niet al.,2017)
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Both sodium binding sites are coordinated with key amino acids, such as N151 and
S150, which not only participate in the sodium binding site but also in the
substratebinding site(Nieet al., 2017) Hence it has beerdiscussed thasodium
binding coordinates several subste-binding amino acids in an allosteric manner,
given thatsubstratebinding takes place in the middle of Nal and Na®ling
sites. Such an effect wouldd the stabilization of the protein confomtion via an
inducedfit mechanism to help its union with the substrefdieet al., 2017)

The fact thasome amino acids are shared between the substrate artebihaling
sites would explain why their transport is verykely to be highly coupled
(Mancusscet al,, 2012) It would also explaithe absence of positive amino acids
near the substratebinding site, since nepositive amino acids would target the
attraction of sodium cationand, any positive charge would repel thefNieet al,,

2017)

1.4.24. Substate-binding site
The substratebinding site was first characterized by Mancusso et al., with

a citrate molecule. The citrate was found boufalowed protein symmetry
involving residues fronHPin, TM5, HPout and TM18pecifically, the residues
S150N151 and T1580om HPin and S377, N378 and T379 from HPout participate
in its binding Figurel.8-B). In the same paper, citrate binding site was agreed to
be the same for dicarboxylic substrates.
Nie et al.,, showed succeeding that succinate establishesaiction with its
carboxylate group withthe protein through Hoonds between the sidechain

amide of N151 and the sidehain hydroxyl of T15Z{gurel.8-A). Succinate also
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interacts with the sidechain hydroxyl S377, the sidhain amide of N378 with the

other carboxjate group. The aliphatic portion of T379 of the s@®in interacts

with succinate by Van der Walls forces. Besides, N151 and N378 residues also
interact with succinate generating-bbunds with S200 and T421. These extra

bonds result in ailgher stabiliation of the substratebound(Nieet al,, 2017)

Figure 1.8View of the substratebinding site of VCINDY.

A) Detailed map of succinate molecule (grey) bound at the binding Bjt®etailed map of citrate
molecule (green) bound at the bindirsife. Na* ions are green spheres and relevant amino acids
red and blue sticks. Important chemical interactions betwebe succinate or citrate with VCIND
structure are drawn as dashed ImeTaken from (Niet al..2017)

Mutations in those amino acids have been constructed to verify and assess all
residues’ potential importance in such crucial diidie et al, 2017) Transport
function was seen adictedin SLC13 family membeby ndividual mutations to
alanine in VCINDY equivalent posits of N151, T152, S200, S377, N378, T379 and
T421(Nieet al,, 2017) It has been particularly suggested tithteonine 379 may
define substrate recognitialWhen thighreoninewas mutated to Prolin€VcINDY
T379P), transport interactiofor succinate and sulfate was disruptedlithough,
alanine mutation of T37@ausd a mild impact on the transport capacity. The

same outcome was detected for N151A mutafitise et al., 2017)
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1.5. THE NOVEL ELEVATGRENMECHANISM

VCINDY ransport is electrogenic, phidependent, sodium gradient
dependent (but not coupled to any proton gradiept and a highkaffinity
transporter for G-dicarboxylats (Mulliganet al, 2014) Interaction withthree
sodium ionsaid recognition and transport afegatively charged substrates such
as succinate(Mancusscet al., 2012fFitzgerald, Mulligan and Mindell, 2017)n
each cycle, the binding of one single substrate molecule per protomer is required
for transport to happeninterestinglyi KS RA Y S NI &s aiepgieBumbBN® (G 2 Y S NJ
independent since the succinatending sites are not cooperative with each other
(Mulliganet al., 2014)

The transport mechanism described for VCINDY is an elexgpar mechanism
whereproteinstake largeconformational changes to expose the substrate to one
side or the other of the membraneFigure 1.9) (Mulligan et al., 2016) The
movement involves shifts on the order e15 A and it has been described to be

shared between DASS membé@4ulliganet al., 2016)

Outward-facing state

2

\

Extracellular

Figure 19wSLINBa Sy Gl A2y 27F
Gytoplasm — positions during transport from the inwareacing
‘1’T state to the outwardfacing state.

Extracellular - The substrate and sodium binding site (represented
a common green sphej are shared between the
transport domain (dark pinlkgnd the scaffold domain

CGtoplasm — (light pink). Throughout the elevatdype transport

&1‘ mechanism, the binding site moves along with tl

Extraceliuiar  transport domain. To reach the inwafecing

structure from the predictedoutward-facing model
structure, the protein is exposetb a ~43° rotation
ortoplasm  and a ~15 A translocatiqMulliganet al.,2016).

Inward-facina state
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This elevatoitype mechanism implies that cation and substraieding sites are
presented in both domains of the protein; the scaffold domain and the transport
domain. The transport domaimovement results in two protein conformations:
an inwardfacing state and an outwarthcing state. The two conformations
alternate between them chaging substrate accessibility to the cytoplastic site or
extracellular site (respectivelyprobably via an occludesdtate (Mulliganet al,

2016) The theoretical cycle movement is as described belguiel.10).

3Na*, 1Succ®

TDut < \' r Tout{3Na+,15ucc}'}

N (1) \

(4) (2)

M ™

(3)
Tin < ( 7 Tin (3Na™, 1Succ?)

3Na*, 1Succ*

Figure 1.10VcINDY transport cycle from the outwaifdcing state to the inwarefacing state.

(1) VCINDY is in the outwaifdcing state conformation (Tout].hree sodium cations and ont
4dz00AYy LGS 338G o62dzy R Ayid2 G.KEINDINGds Jirst\s@liam
helping succinate binding to happen. Then, any remaining sacga ions will then bind to

the protein. (2) The full loaded transporteundergoes several conformational change
involving helix reorientations until the inwaifdcing state is adopted (Tin(8) Succinate and
sodium are released4) Once Na ions anduccinate g dissociated from the protein in ar
unclear order, the empty transporter goes back to the outwéading state.

Only the empty or fully loaded transporter will switch to the other conformation. In this ce
from the inwardfacing conformatin, VcINDYhéfts towards the outwarefacing state to start
the cycle again. Taken fro(Mulliganet al., 2014)
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1.6. INSIGHTS INTO THE BINDING BNI'ECPUZZLE
1.6.1. VCINDY ION SELECTIVITY

VCINDY uses a sodium gradient to uptake substrates. The role of sodium in
VCINDY transport has been described on many occasions and among other relative
transporters (Mulligan et al, 2014Strickler et al, 2009fHall and Pajor,
2007)Inoue et al., 200Zajor, 1995)In some studies, the effects on transport in
the presence of different positive charged ions have been approached. As
expected E.colicells expessing VCINDY proved to transport succinate whsa'a

gradient was preseniMulliganet al,, 2014)

VCINDY ransport was alsdested with other cations such as potassium and
lithium. Lithium proved to drive transport with much lower relative efficadian
sodium. However, driven transport was not observed with a potassium gradient

as it owns a bigger ratio than sodiyMancusscet al.,2012).

1.6.2. VCINDY SUBSTRATE SELECTIVITY

Previous characterization suggested that VCINDY can transport succinate
and interact with malate and fumarate, and other succinate derivatives and C5
Ol Nb 2 Eé f | {i-Befoglutadz® KMahcasset al., 2012)Mulligan et al.,
2014)
Counterflow transport assays proved that at leawmalate, fumarate and
oxaloacetate and other related dicarboxylatentaining compounds inhibited
succinate transportRigure1.11). Ly G KS &F YS LI LISNE OA (NI (¢
resulted in being very low and it was declared twbe a transported sulisate

by VcINDYMulliganet al,, 2014)
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E —_— OH OH
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g -0 Gluconate
L 0
0 5 10

Time (min)
Figure 1.11Substrates of VCINDY.

A) Counterflow assay to validate substrate candidates of VCINDY. Liposomes with 1 mM insi
vesicles ofsuccinate (closed cird® malate (open circles), fumarate (closed triangles), oxaloace
(open triangles) and gluconate (open squares acting aativegcontrol) were tested to determine the
accumulation of radiolabelled succinatB) Chemical structures of the possible strage candidates of
the study.Taken from(Mulliganet al,, 2014)

Considering that some of the amino acids enhancing substrate interactions are
vastly cmserved among this family, it is not surprising threraction with similar
dicarboxylates is observed in other VCINDY ®A&mologgNieet al,, 2017) In
FILOUX Ay 5! { {-dicadoRyiat€ fegognitidn' mubiilélshgpad with
HPin, HPout and TM10 is suggested to possibly bring ligand seleé&ligityel.12)

(Nie et al, 2017) Two critical ammo acids located in the trardicarboxylate
recognition module of VCINDY are P201 and T379, whereas, in other NaCT
transporters, Glycine and Valine are found in those positidfis et al., 2017)
Proline and Threonine exclude the F8acarboxylate of citrate outside theqtein,

unable to neutralisets charges. Glycine and Valine, on the contrary, allow
identification of citrate's Pre5 carboxylate stabilizing its negative charge.
¢tKSaS FYAy2 | OARa KAyl |y SELXIYyLFGA2Y T3

substratesfor mammalian DAS@ie et al, 2017)Besdess | i (KS KSt AEQa&
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HPin, HPout, TM10 and TM5 alfalical transmembrane positive dipoles are
found facing the substratbinding site offering more stabilization of substrate's

two negative charges, such as succinate.

Figure 1.12DASSrans-dicarboxylate recognition' module

A) Succinate (grey) sitting on the module of recognition of VCINDY prd@g@itrate (green) sitting on the
module of recognition of MT5. MT5 is antuple mutant of VcINDY that resembles to a NaCT transpol
of Cétricarboxylate MT5 has Glycine andaline instead of Proline and Threonine. These mutations t
stabilize the Pres of citrate. The charges on both substrates are predicted according to a pHN. arid
C halves of the protein are coloured in cyan and yellow, respectively. Transmembrhoes here
represented as cylinders and their positives dipoles are marked with plus signs. The positive dipoli
to stabilise the negatively charged carbatgk (minus signs) of succinate and citrate. Sodium cations
numbered and coloured in greespheres. Taken from (Nét al.,2017).

1.7. STUDY MOTIVATION

Even though the 2.8 A resolutionray structure has brought some insights
into the structure of VCINDY, there are still questions about substaat ion
selectivity to be solved in the DASS family. Qhly suggestion of al (i NI y &
dicarboxyate recognition” module helped taexplain substrate preference
between carboxylate or sulfate transporters of SLC13 mem{Masicusscet al.,,

2012) However,there is not enough structurainsight of these proteingo

establisithe backbone conditions of DASS transporters' ligancteity. Besides,
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the sodiumbinding effect over substraté A Y RAy 3 | 4 ¢Stf | & LI2A
some DASS proteins has never been further explaifié@refore, there is a need

to procuredetailed knowledge othe individual structural components iolved

in substrate requirements anmgg DASS proteins

Until recently, he only detailed substrate interactions within a DASS protein

described are with VCINDY in the presence of citrate and succinate.

Thermoflior assays techniques have been used in differstudies to screen
possible ligand candidates and ions coupling of membrane proteins. This assay is
also named Fluorescerndmsed thermal shift assay since it measures the rate of
fluorescence change which @is determining the melting point of the protes
(Pantolianoet al.,2001) The melting point of membrane proteins measures its
stability, which allows predicting substragelectivty by observing changes in the
melting point since substrateinding increases thermostabilitinterestingly, this
melting point is very redibly in VCINDY. It differs when the protein does not have

anything bound compared to when it has a ligand bound.

1.8. AIMS AND OBJECTIVES
1.8.1.AIMS

This thesis aims to investigate the VCINDY residues involveabstrate
binding to ascertain what yields substrapecificity.¢ KS LIN2 2S00 Qa YI Ay
target relevant amino acids in the binding site, related to it, or in the action
mechanism process, by which variation in substrate specificity odgdessdesthe
lithium and potassiuneffectusing VCINDY witype will beatarget in this project

to assess substrate recognition depending on the anion bound into the protein.
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Hopefully, these findings will help to address essential questions of DASS
trk YALR2 NISNR 6KATS SyKFyOAYy3 [|substréte G S NJ
selectivity and transport mechanism to design inhibitors for INDY proteins.

1.8.2.0BJECTIVES
For this reason, the mechanism of the bacterial representative of the DASS family,
VCINDY, wilbe tested probing interactions between VCINDY and interactach

as putative substrates and three different cations.

To this goal, the objectives of this project are:

1 Express and purify wiltype VCINDY and its alanine mutants for the study.

1 Create SBPAGE gels to verify the correct purification of VCINDY.

1 Descibe substrate interactions of VCINDY alanine mutants with ten
different anionic compoundscompared to wildtype using a high
throughput thermostabilitybased approach.

1 Identify important VCINDY residues involved in substrate selectivity

accordingly to tle ten compoundsscreen analysis.

dzy

T 940Gl o6fAAaAK LI aaA@régbiremerdsLforSbindng toftle3 | Y R &

transporter.

1 Studythe effect of potassium and lithium cations in succenainding in
wild-type VCINDY.

1 Studythe effect of potassium and lithium dahs in other ligands binding

eventsin wild-type VCINDY
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CHAPTER 2: MATERIALS AND METHODS

N.B. all materials, except chemicals, are obtained from Siglahach unless

stated otherwise Chemicals are mainly obtained from Thermrisher.

2.1.STRAINS ANDASMID USED IN THIS STUDY
2.1.1.Escherichia coli STRAINS

CompetentE. ColiTOP10 were used in this study to hold the plasmid of
interest, which is described belowéction 2.3 The genotype of these cells is as
follows: F¢ mcrA p(mrr-hsdRM8ncrBC) . 80lacfM15 placX74recAlaraD139
Nn(araleu)7697galUgalK<¢ rpsL(StrRendAlnupG
BL21 strain Lemo2(New England Biolabsf E.coliwere used for autoinduction
and expression of the desired protein, as indicatedlbgw et al., 2017The

genotype of these cells is as follows; ompThsdSErBg, mB;) gal dcm(DE3).
2.1.2.PLASMIDISED IN THE STUDY

A modified pET plasmid (pEThisVcINDY), engodcINDY expressed in
frame with an Nterminal decahistidine tag (Loveet al., 2010), was usedot

transformE. Colcells Tabk 20)

PLASMIDS OF THE STUDY

PEThisVcINDY wt

PETHIsSVCINDYN151A

PEThisINDYSNT1AAA

PETHISVCINDYT152A

PETHIisVCINDYV66A PETHIisVCINDYS200A
PETHisVcINDYT67A PETHIisVCINDYS290A
PETHIisVcINDYI96A pETHisVcINDYD319A

pETHIisVcINDYF100A

PETHIisVcINDYV322A

PETHisVcINDYI149A

PETHIisVCINDYF326A

PETHIisVcINDYN151A

pPETHIisVCINDYT421A
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Table 2.0 pEThisplasmids used
in the study.

All plasmids containa single
alanine mutation except for
wildtype and SNTAAA. Th
petHisVCINDYSNTAAgarries a
triple alanine substitution.



2.2. MEDIA AND BUFFERS

Before each experimentall media used in growing methodologies was
autoclaved at 12PC for 3h. Storage conditions are specified in each case as it
varies depending on chemical requests. If condgi@are not specified, chemicals
were stored at room temperatureAll water used in the media and buffers was
sterilised MilliQ water.

Ecolicultures were incubated at 37TC overnight (unless otherwise stated). Liquid
cultures were incubating rotatingtd90 rpm to improve aeration. In the case of
the continued growth, all liquid culturesere diluted back to a specific optical
density the following day with the desirable fresh media to replenish the dells.
the following figures, thalifferent componeats contained in media and buffers
are depicted. Bprder, media for transformationgTable2.1), protein expression
induction (Table2.2), buffer for protein extraction {able2.3) and buffers for
purification (Table2.4) are depictedTable2.5 describes the components for the

SDSPage gels.

COMPONENTS OF THE GROWTH MEDIANEED STUDY

GROWTH MEDIA Components (% w/v)
1 % Nacl
1 % Tryptophan
LB 0.5 % Yeast Extract
(+Chloramphenicol) (25 pg/ml + Chloramphenicol in
EtOH)
Store at 4°C
1 % Nacl _ .
Table 2.1:Media composition
1 % Tryptophan
Agar Media 0.5 % Yeast Extract The LB media containec
(+ Chioramphenicol 1% Agar chloramphenicol as a selectabl
. 95 | chi henicol i marker for E.Coli within the
and Kanamycin) (25 pg/m cramphenicolin constructs. In agar plates
EtOH) Kanamycin was added as a
+ (100 pg/ml + Kanamycin in additiond selectable marker for
deU] StDrE Elt 4.”{: E.Colitransformed Ce"s.
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COMPONENTS ®ASM5052 PROTEIN EXFISEON AND
INDUCTION MEDIA

PASM-5052 MEDIA (1L)

e 2mM MgSO,, Store at 4°C

e 5052 (0.5 % glycerol, 0.05 % glucose, 0.2 % a-
lactose). Store at 4 °C

¢ NSP (50 mM Na;HPQ4, 50 mM KH2POs), 25 mM
(NH.):50..

e 1000x metals (20 uM FeCls, 200 uM CaCl;, 200
UM MnClz, 200 M ZnS0O.4, 40 uM CoCl,, 20 uM
CuCly, 20 uM NiCl,, 20 uM Na,Mo0Q,, 20 uM
Na,Se03, 20 uM HzBOs)

¢ 200 ug/ml 17aa. Store at 4°C

¢ 500 ug/ml Methionine. Store at 4°C

¢« 0.25 mM L-Rhamnose. Store at 4°C

e 900 ml of dH,0

Table 2.2mediacompositionfor protein expression induction

COMPOSITION OF THE PROTEIN EXTRACTION BL

Lysis Buffer (Store at 4 F‘C)
1 M Tris pH7 50 mM Tris pH 8
50 % glycerol 5 % (vol/vol) glycerol.
4 M NaCl 100 mM Nacl
Buffer A (Store at 4°C)
1M Tris pH8 50 mM Tris pH 8
50 % glycerol 5 % (vol/vol) glycerol.
4 M NaCl 100 mM Nacl

Table 2.3Protein extraction bufferscomposition.

COMPOSITIONF THE PROTHEMINRIFICATIOBUFFERS

Wash Buffer 1 (5 CV-5 ml)

Elution Buffer 1 (2 CV-2 ml)

50 mM Tris pH8

20 mM HEPES pH7.5

5 % (vol/vol) glycerol. 50 mM NaCl
100 mM Nacl 0.05 % DDM
10 mM 4 M imidazole pH8 10 pg/ml Trypsin
0.05 % DDM -

Wash Buffer 2 (5CV-5 ml)

Elution Buffer 2(2 CV-2 ml)

20 mM HEPES pH7.5

20 mM HEPES pH7.5

50 mM NaCl 50 mM NaCl
20 mM 4 M imidazole pH8 0.05 % DDM
0.05 % DDM -

Table 2.4: Protein purification buffers
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SDSPAGE COMPONENTS

Resolving Gel (for2x 1

Stacking Gel [for 4 x 1mm

4x sample buffer

mm 12% gels) 4 % stacking gels) (Store at -20°C)
4 ml 30% (w/v) 1.3 ml 30 % (w/v)
acrylamide/0.8% (w/v) acrylamide/0.8 % [w/v) 12 g glycerol
bisacrylamide bisacrylamide
2.5ml 1.5 M Tris pH 8.8 2.5ml 0.5 M Tris pH 6.8 3gH20O
34dmlH20 6lmlH2O 10 ml 10 % SDS

100 pl 10% SDS

100 pl 10 % SDS

1ml1MTrispH?7.2

100 pl 10 % APS

100 pl 10 % APS

0.06 g Bromophenol Blue

Add 3 pl B-
10 pl TEMED 10 pl TEMED mercaptoethanol per 100
pl
Coomassie Brilliant Blue Destain 10x Running buffer
Dye

50 % Methanol 10 % Ethanaol 30 g/L Tris

50 % Acetic Acid 10 % Acetic Acid 140 g/L glycine
0.2 % Coomassie Blue 80%H20 10 g/L 5D5

Table 2.5SDSPAGE gels component®mposition.

2.3. MOLECULABRIOLOGIC APPROACHES
2.3.1.ALANINE MUTANTS

All alanine mutants were designed and generated by other laboratory
members using a QuikChange |l $descted Mutagenesis Kit (Agilent
Technologies). Ba&ues selected for mutational analysis were chosen based on
their localization according to the succindteund crystal structureNie et al.

2017). Residues mutated and their relevance within their posii®detailed in

Tabk 26.
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MUTANTS LOCATI@YREATED FOR THE STUD

Position within the crystal structure Residues mutated
Scaffold/oligomerization domain V&6, T67, 196, F100, 5290, D319, V322 and
F326.
Sodium proximity 1149 and N151.
Succinate-binding site M151, T152, 5200 and T421.

table 2.6: Mutants location within VCINDY structure.

2.3.2.DNA MINIPREP @EoliTRANSFORMANTS

Following successful sid#irected mutagenesis and transformation into
competent cells, the mutant plasmid was mprepped and sequenced. Miniprep
was performed using QIAprep Spin Miniprep Kit, QIAGEN , to extract DNA. Stocks
of each maiant plasmid were peserved at-20 °C.The mutant plasmid was then

transformed into the desired expression strain, as explainegkiction 2.3.4.

2.3.3.COMPETENT CELLS

LEMO21 cells were streaked on an LB plate selective for Chloramphenicol
and incubated overigiht at 37°C forgrowth. On the following day, 1 colony was
added to 10ml of fresh LB and incubated overnight. Following overnight growth, 4
ml of LEMO21 culture was used to inoculd@) ml LB under sterile conditions.
Cells were transferred into 2581 centrifuge bottleonce Olgooreached 0.4, after
2 to 3 hours approximately. Then, cells were incubated fomi® on ice before
centrifuging them at 300&g for 10min in a lab rotor (Heradeus magefuge 16R:
Thermoscientific). The pellet of cells was kepianuntil resuspnded in 30 ml of
cold 0.1M CaGl. Another incubation on ice took place for 30 minutes before the

centrifugation step was repeated as described above for 10 minutes. The
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supernatant was removed, and the pellet was resuspended-2Qu#10.1M CaCl

P
(s}

and1®: 3Jf @ OSNRt ® wnn >t ImiEpperdarfiwhichiweB Y I

snapfrozen into dry ice before storing them &+80°C freezer.

2.3.4. TRANSFORMATION OF LEMO21

E.coliwas transformed as done previously by Mulligsral.,2016.
Two methodologies were followed depending on the availability of competent

cells.

2.3.4.1. Transformation using the freetlkaw method

First, a scrape of LEMO21 cells from the desirgbleerol stock was used
to inoculate 2ml of fresh LB with 2fig/ml Chlorampherdol (Chl) and incubated
overnight at 3PC. The following morning, 5Q0 of the overnight culture was used
to inoculate 4.5nl fresh LB with Chl antibiotic resistance and ated for 1 hour.
After incubation, 833l of culture was distributed into steée 1.5Y[ 9 LILISY R2 NF Q3
for one shot of competent cells. Cells were harvested by centrifugation at 13000
xg for 1 minute in a table microcentrifuge (SLS Lab basics). The mppeliet was
resuspended in 5@Qig icecold 100mM NaCi and left on ice until DN addition.
For each transformation 100 ng of DNA was added into prepared cells aliquot and
vortexed to mix. The sample mixture was sdggzen indry-ice-ethanol for 1.5
minutes and immediately after the sample was thawed aP@7n a dry heating
block br 2 minutes. Finally, 200l of SOC or LB (2®/ml Chloramphenicol and
100 pg/ml Kanamycin) were added into the cell suspension and incubateafor
hour in a shaking incubator. 10 ul cell suspensions were spread onto a selective LB

plate (25ug/ml Chloamphenicol and 10Qg/ml Kanamycin) following incubation.
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The remaining ~190 pl of cell suspension was spread on a second selective LB

plate. Plats were incubated overnight at 3T for the growth of colonies.

2.3.4.2. Transformation using the heahock method

An aliquot of readymade chemically competent cells was thawed on ice for
~30 minutes. Forthwith 10@g of plasmid DNA was added to 50 pl aliquot of
competent cells and incubated on ice for 30 minutes. After 30 minutes of
incubation, the mixture was incubed for 1.5 minutes at 42C. This was followed
by a 1-hour incubation with cells into fresh 200 pl of SOC without shaking for
expression of the antibiotic resistance (@§/ml Chloramphenicol and 1Q@y/ml
Kanamycin). After 1 hour, 10 pul of the cell suspen was laid on a selective LB
plate. The remainig ~190 pl of cell suspension was spread on a second selective

LB plate. Plates were incubated overnight aP@7or colonies to grow.

2.4. PROTEIN PREPARATION
2.4.1.EXPRESSION OF VcINDY

To gain expression of mende proteins to a high level, the expression of
pEhisVCINDY was tightly regulated using the MemStar system (AzizQeireshi

2017).

After asuccessfutransformation, one colony from an agar plate with g§/mi
Chloramphenicol and 100g/ml + Kanamyai was added into 15l of fresh LB
andincubated overnight at 38C, 190rpm. The next morning, 26l of the O/N

culture was introduced iIRPASM5052autoinductionmedia in the presence of 100

>3kYE {IYylIYEOAYZ Hp >3IkYf -rkaiiceRiddydLIK Sy A O2
before the cultured cells. Theulture was then incubated at I for the duration
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of 2.5h until OD 600 of 0.5 was achieved. Protein expression was at that point
AYRdzOSR o6& (KS | RRA {dA-thiggalac®pyrandside YPIG)A & 2 LINR

Finally, the culture is left incubating @5°Covernight.

2.4.2.PURIFICATION OF VcINDY

Protein was purified as done previously by Mulligaal.,2016.Toexpress and
purify VCINDY, the pEThisVcINDY plasmid must be expressed in culture the
previous day. After wernight inductionthe absorbance of 0.00.06 at OD 600
would be expected to continue into purification. Once OD of the culture was
checked, cellsvere harvested by centrifugation at 4000 xg for 20 minutes 4t 4
The resulting pellets were harvesteddalysed using a homogenizer (EmulsiFlex
C3; Avestin) in Lysis Bufféefaple2.3) before being subjected to sonication to
disrupt bacterial membrane$2rotease inhibitor cocktail and DNase (Invitrogen)
were added prior to sonication. Sonication was perfodhvath 3s on7s off for 5
minutes, with a pause of 2.5 minutes before 5 more minutes sequence repetition.
A further centrifugation step at 21000 xgrf20 minutes at 4 °C was used to
remove large cell debris before ultracentrifugation. Ultracentrifuga@b1000
rpm for 2h at 4°C allowed to obtain membrane particles. These membrane
particles were resuspended in Buffer A, detailed previousiyaiok 2.3. VCINDY
protein was extracted from the membrane pellet suspensions by solubilisation
using 1% ndodecyk -D-maltoside (DDNAnatracg. Another ultracentrifugation
step for 30min at 4 °C and 4100pm was required to remove any insoluble

material. The soluble fraction was then incubated with TALON metal affinity resin
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(Takara Bio Inc.) containing Cohlalts that bind with high affinity to the decahis
tagged protein (binding capacity ofIB mg proein/ml resin). DDMsolubilised
protein with 1ml of Talon Resin was incubated overnight at 4 °C rotalihg.next
morning, the sample was poured into an Eopac Column (20ml capacity:
Biorad). At that pointthe resin was washed with 5 column volume¥J©f PB1
using low concentrations of imidazole to remove any contaminant proteins and
after 5 CV PBZTabk 24). Bound protein was eluted while the affinitgg is
simultaneously cleaved using trypsin by addition of 2.5 CV of EB1 containing 10
> 3 k Y fsin aftdkBriehour incubation at £C. An extra 2.5 CV of elution buffer,
EB2, was used to collect all remaining proteins directly in the colirotein
concentration was calculated using the absorbance at 280 nm and the theoretical
extinction coefficient Finally, purified proteins were checked on SEXSGE gels
(BIGRAD protean mingels). Components for the gels were calculated and are
described above iTabk 2.5. The protein was either used immediately or shpap

frozen and stored at80 °C until require.

2.5. CPMBASED THERMOSTABILITY ASSAY

CPM assay methodology was adapted fri@nichtonet al.,, 2015)

Purified VCINDY proteins were thawed on ice before use. Substrate stocks were
made at 60 mM in d¥D, and pH adjusted to pH 7.5 using either concentrat®diK

or HCI before being aliquoted and stored. 5 mg/ml ef4N7-diethylamino4-
methyl3coumarinyl) phenyl] maleimide (CPM) in aliquots prepared in DMSO
were made and thawed at room temperature quickly before being used. All the

stocks were stored aB0 °Cuntil future use. CPM assay buffer (20 mM HEPES, pH

-35-



7.5, 50 mM MCI, 2 mM DDM, unless stated otherwise) was made fresh on the

assay day.

On the day of the assay, 2 ug of protein was diluted into 45 ul of CPM Assay Buffer
containing substrates of interest thin-walled optical cap PCR tub@ioRad)on

a 96 well pla¢. Everything was incubated for 10 minutes on ice. Then, 5 pl of CPM
diluted previously 250ld into the appropriate assay buffer, were added into the
tubes and set 15 more minutes on ice lwdccasional mixing. Samples were finally
transferred to a qPCRérmocycler (Thermo Fisher QuantStudiof@&) reading

The thermocycler programme was the same for all the experiments.

The program was designed by another member of the laboratory. As summarised
graphically inFigure 20, before the initiation of readirgs, the programme was
designed to cool down to 5 °C at a rate of 1.6 °C per second. Automatically after,
the melt curve programme rises from 5 °C to 95 °C at a rate of 1.6 °C/s. It takes
fluorescence readings, stepping and holding feebonds, every 1 °Gybr Green

fluorescence filters were used, with an excitation of 470 + 15nm and emission of

520 £ 15 m.
Melt Curve Stage
95.0°C
00:01
50°C 126
16°chs = (0]
Figure 20: CPM assay program
software.
Stepl Step2 (Dissociation) Readings started at®and ended at
950( taking a reading for each degre:
® Step and Hold 0005 : of difference.

Legends: Q Data Collection On

Data Collection Off
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2.6. DATA COLLECTION, ANALYSIS AND STATISTICAL

TESTING

All experimental data from the gPCR machine was read on QuantStdios
Design & Analysis software v1.5.1 (Applied biosystems by ThermoFisher
Sgentific). From there data was exported for analysis in Microsoft Excel. On Excel,
the derivative peak on the data set was taken as a melting temperature (Tm).
Changes in Tm in diffent conditions werecalculated by using no substrates as a
baseline. Triplicates from the same condition were carried out. Hence,

temperature changeare expressed as mean and deviation (SEM) values.

To investigate this statisticallg, two-way ANOVA stestical analysis wacarried

out on Excel to assess if the differences between substrate andadded
substrate conditions were significantvalues smaller than 0.05 were accepted as
significant. Raw data&ve normalised on Excel to obtain melting cargraphs for
each potein and substrate. Figures and charts from the CPM experiments were

made with GraphPad Prism ®ther VCINDY 3D images were taken frofiM@L
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CHAPTER 3: RESULTS

3.1. VcINDY PURIFICATION
3.1.1. THEORETICAL FRAME OFR®GIEEIN PURIFICATION

Proten expression and purificatiomre required prior to any further
experimentation to have purified protein to perform the necessary experiments.
Only purified protein can be used for Thermuaft assays. Therefore, VCINDY
proteinsare expressed and purifiedsalescribed in the Materials and Methods

section Gection 2.%and illustrated here ifrigure 0.

3. Sonicate

suspension. Clarify
vsate by 4. Membrane-prep by

ultracentrifugation

‘ /-\ /(%“;at on

R 4 7. Pellet insoluble
material by

untracentrifugation

expression

Presence of purified VcINDY

[ 8. Bind TALON
4 resin O/N to
soluble fraction
L | ‘
vV
Collect samples: Flow-through, Wash 1, Wash 2, Elution

Buffer 1, Elution Buffer 2 I A \/

Figure 30: VCINDY expressioand purification scheme.

Overnight induced cells are harvested by centrifugation and then subjected to sonication to disrupt c
membranes. A further centrifugation step is used to remdame cell debris and unbroken cells, befol
ultracentrifugaton to obtain membrane vesicles. The membrane pellets are resuspended using a homogs
VcINDY protein is then extracted from the membrane pellet suspensions by solubilisation using 1%
(aqueous phase). This soluble fraction is then incubated withONAtesin containing Cobalt ions. The resin
then washed using low concentrations of imidazole. Bound protein is eluted whilst the affinity t
simultaneously cleaved using trypsin. (Creatgth BioRender.com)
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The histag of expressed proteins contains imidazole grotlp have a great
affinity for Nickel and Cobalt ions. Here, were purified VCINDY proteinaioorg
a His-tag using immobilised metal affinity chromatography (IMA€ng Cobalt
ions. Cobalt ions bind to the kiagged protein with high affinityWash buffers
contan imidazole which wasts away the protein bound to the resin. Only

proteins with hgtag, the primary one being VcINDY, remain attached to the resin.

3.1.2. CLEAVAGE OF THH A3

The histag of VCINDY is formed by 10 Histidirfellowed by a TEyrotease
(Tobacco Etch Virus Proteaqsection linked to the proteinegjuence. The TEV
protease contaisan arginine, as the last amino acids before the protein, but in a
later modification Mancusset al., added a Lysine just before the start of the
protein sequenceKigure 31). Trypsin is a serine protease tlatognizes arginine

(R) and ysine (K) and generally cleaves pegtitiains at the carboxyl side of those
amino acids. Therefore, purified VCINDY proteins are obtained by incubating the

protein-bound resin with trypsin and collecting the protein that isted.

His-tag Protein

Histidine (x10)

w1 {&=) €5 VcINDY

|

g

K

1

n
ENCYFQGRA | ><Trypsin

Figure 31: Representation of higagged VCINDY and trypsin mechanism.

VcINDY his tag is formed of 10 histidine (yellow), followed by a TEV protease(rec
finally, the VCINDY protein (blue). The amino acids of the end section of TEV prc
are described. Trypsirecognise the Lysine loc&d next to the start of the protein

sequence and separates tis-tag from VCINDY.
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3.1.3. QUANTITY ANDRFUY PURIFICATION

The eluted protein is analysed using SDS electrophoresis gel to assess the
purity and quantity obtention of VCINDY by using absorbance A280. The dimer size
of VCINDY iapproximatelyl12 kDa but only a band 85KDa is visible in all the
gels containing VcINDY. VCINDY proteins are split out into two monomes$ of
kDa each due to the presence of SDS detergent in the AgeVCcINDY is a
membrane protein, it is thought to not be fully unfolded in SDS detearged as
with most membrane teins, VCINDY does not run true to its MW (molecular
weight) onan SDSPAGE. Therefore, the proteins monomers are more compact,
run faster and, the band for VCINDY comes at 35 kDa when elution buffers are

analysed.

For thisstudy, thirteen singlemutant proteins and a single triple alanine mutant
for the bestconserved amino acids (SNT) were creatédyre 20). VCINDY wild
type and alanine mutant 1149A gels were rufigre 3). Wildtype VcINDY
appears at the mentioned 35 kDa barfeigure 32-A), whereas, 1149A does not
show the expected bandF{gure 3-B) Thus, 1149A mutant could not be
expressed and purified probably because the mutation compromises protein
stability. The pesented band for 1149A could be due to contamination. Thus,
1149A mutantdoes not express. The other mutants of the study were produced
following the same guides as VCINDY syjok. Further gels of each mutant are
shownin Appendix Bgupplementary figws 6.21). The wildtype gel shown here

IS representative of the other mants.
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A.

M, (kDa)

VCINDY wt g VCINDY 1149A VCINDY wt

g flager B WL W2 El Pladder FT W1 W2 B B E1 B

Figure 32: SDSPAGE analysis of VCINDY purification and 1149A.

A) Purification gel of wild type VCINDY. Isolated VCINDY proteins appear in E1 ByluEficaton gel of
1149A, aralanine mutant that could not be expressed and purified. E1 and E2 of wild type are prest
controls. In order. the first column is the protein ladder (P. Ladder), -Bioough (FT), Wash buffer one
(W1), Wash buffer twoW?2), Elutin buffer one (E1) and, Elution buffer two (E2). Columns of E1 ani
with a band at 35 kDa indicate the preserafeé/cINDY protein

3.2. FOUNDATIORS THEHERMORIOR ASSAY

3.2.1. THEORETICAL FRAME OF CPM ASSAY

It is well known that the melting point (Tm) of proteins is higher when a
ligand is bound due t@n increase of chemical interactions, requiring more
thermal energyto break bonds and denature the protein. One way of measuring
membrane proteinstabilityis by observing the melting point of the protein when

exposed to increasing temperatures.

The melting temperature is a good way of determining protein:ligand awigons.
Thermoflior assay or CPM assay is a quick technique based precisely on
membrane prdéein stability by melting temperature (Tm) observation. In this
study, the CPM assay is used to observe plausible interactions between VcINDY

and anionic ligands.uBfirst, foundations of the Thermafbr assay with CPM were
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established to corroborate its fitting approach for the eventual goal of the project;

have a better understanding of VcINDY binding selectivity.

Here, proteins are detergerdolubilized in a bdér containing CPM dye which
binds to the thiol grop of g/steines(Alexandrov et al., 2008Wild-type VCINDY
possesses three endogenous cysteine residues: 331 from TM9a, 413 from TM10a,
and 449 from TM11la. Basexh the crystal structure, C413 and C449 are located

in the HR of the transport domain whereas C331 is located in the oligomerization
domain. Upon protein temperaturaduced unfolding, the cysteines of the
VCINDY get unburieghlexandrovet al., 2008). When the CPManbind to the
cysteines, it emits a higher lelvef fluorescence (Wanet al., 2015) Figure 33).

An increase of fluorescence should be seen with temperature ttughe
exposition of the cysteineg{gure 3.2A). By taking the derivative FddT) of such
reading, which is the rate of changefaforescence with time, the melting point

of the protein should be foundgure 3.38).t NP4 SAy Qa adl oAt Ade OF
a substrate or inhibitor is bound. The melting point would differ whethégand

of VCINDY is preserfigure 33-C, D).

Calibation controls were carried out to demonstrate that only a single melting
point of VcINDY wiltype appears when the dye and the protein are present
(Supplementary Figure 6.3.2As expecteda single nelting curve in the calibration
controls was exclusivey seenwhen CPM dye and protein were presented
(Supplementary Figure 6.2Q). Tests were carried out so there were controls of
no buffer only, CPM dye only and protein only G&periments. Pairs djuffer,

dye and protein were also checked to demonggrthe veracity of the study assay.
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A) Cartoon of be increase in fluorescence as the proteins gets unfolded and CPM can bind to the
uncovered cysteinesB) Cartoon of the derivative dF/dT of the fluorescence inCACartoon showing the
differences in fluorescence reading between protaiithout a ligand (green) and a ligadzbund protein
(red). D) Derivative curves of the situation C. Melting curves appedrigher temperatures according to i
higher number of interactions with the ligand that give more protein stabilization.

3.2.2. TESTING BINDISIGE SPECIFIC INTERACTIONS BETWEEN

TRANSPORTER AND LIGAND

To confirm specific binding interaction happening on the CPM assay,
VCINDY thermosbility was tested in the presence of succinate. The melting point
of wild-type VcINDY without the presence of any compound was established. The
melting temperature of VcIND is reliable and it normally comes around &3
when the protein is in its apo d&a(Figure 34). In the presence of 5 mM substrate,
the melting point increases by°®€. When VcINDY does not have anything bound,
it is less stable and it melts at lowemtgeratures, whereas, in the presence of
succinate, more bonds are generated betwg®ntein and substrate and it has a

melting point at 61°C Figure 34-A).
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This methodology demonstrates interactions between protein and ligérzbuld

be used to witnes substrate selectivity by observing changes on the melting point.
Yet, a triple anine mutant was tested to further validate those ligand interactions
observed in wildype were specific with the protein and responsible for its

stabilization, instead adome nonspecific interactionsKigure 34).

SNTAAA is a VcINDY mutant that hlasee critical bindingsite amino acids
changed for a neutral alanine. Those amino acidssdre0, N151 and T1%2 the
functionally important and conserved SNT motif acogly to the crystal

structure (Nie et al, 2017) As a result, SNTAAA should not be capable of

transporting nor binding succina(€&igure 3.5)

1000+

w

1000+

>

-1000+
-1000+

2000

Derivative
Derivative

— SNTAAA alone

— 5 mM Succinate

3000 — Wt alone -20004

-4000- — 5 mM Succinate

-3000-

-5000-
Temperature (°C) Temperature(°C)

Figure 34: Validation of specific substraterotein induced interactionsvith VCINDY wt and triple mutant

A) Derivative curve of VCINDY wild type in the presence of 5 mM succinate (orange) or alone Bjre
Derivative curve of SNTAAA VcINDY in the presence of Suodihate (orange) or alone (green). Measur
were taken as triplicates with each protein and ddion. Mean is represented as the ticker line.

From the data plotted, in the absence of succinate the Tm of SNTAAA protein is
similar to wildtype Tm, suggesting that the introduction of these mutaiarto

the substrate0 A Y RAY 3 aA0S RAR y2i 6guelBBYAas
the contrary ¢ wild-type VcINDY, SNTAAA mutant did not exhibit any increase in

melting temperature when 5 mM of succinate was presédfig(re 34-B). These
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data confrm that the previous shifts in the melting temperature of wiige
VCINDY were caused thanks to spedifiteractions between amino acids in the

binding site and succinate.

3.3. OPTIMIATION®F THE THERMOER ASSAY

hyOS +£O0OLb5, f A3 lpyRMidabebbfarvadel aBeénhedcg oI &
of optimizations was performed before proceeding to stuthe interaction
between a diverse range of ligands and alanine protein mutants. The
determination of optimal protein, substrate and DDM detergent concentration
was achieved by using witgipe VCINDY. The set of conditions that conferred a
better melting tempeature curve for the study were selected. The best sodium
concentration was 50 mM as estimated previously in other studies (C.D.D.

Sampson and C. Mulligan, pirblished data).

3.3.1. EFFECT OF DIFFERENT PROTEIN CONCENTRATIONS ON THE

MELTINGEMPERATURE OF V¥IND

To test the effects of protein concentrations variations, CPM assays with wild
type VCINDY in the following concentrations were tested: 0 mg/ml, ©@nl,

0.1 mg/ml and 0.2 mg/miHigure 35).

As expected, without protein there wam melting point Figure 3-A). The 0.05
mg/ml concentration seemed insufficient to obtain melting curves with high
amplitude but enough to peelat a minimal curve duéo the presence of protein
(Figure 3-B). Between 0.1 mg/ml and 0.2 mg/nf#igure 3-C,D, respectively,

the best melting curve with the highest amplitude happen with protein
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concentration of 0.2ng/ml. The melting curves for 0.1 mg/ml and 0.2 mg/ml
concentrations were observed with 5 mM of succinate and aldfigure 3%-E,F,
respectively. In the 0.2 mg/ml the amplitude of the curve had a better sigoal
noise ratio than 0.1 mg/ml concentration. It showed as well to be more suitable
for observing dferencesbetween the presence and absence of substr@&igure

3.5-F. Consguently, the protein concentration of 0.2 mg/ml was selected for all

the studies.
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Figure 3.5Effect of different protein concentrations on the Tm of VcINDY.

Graphs represent the derivativairve in the presence of different protein concentratioA3 without
VcINDY proteirB) 0.05 mg/ml of VcINDY) 0.1 mg/ml of VcINDYD) 0.2mg/ml of VcINDY. The
concentrations of 0.1 and 0.2 were further tested in the presence of 5 mM succinate (purpleher
(orange). Graph& and F represent the derivative curvef 0.1 mg/ml and 0.2 mg/ml of VcINDY
respectively. Measures wetaken as triplicates for each protein concentration and condition. Me
is represented as the ticker line.
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3.3.2. EFFECT OFFERENT DETERGENT CONCENTRATIONS ON THE

MELTING TEMPERATUREJNDY

DDM is a common nemnic membrane detergent that prevents protein
aggregations once they are removed from the lipid environment. Gilitcal
micelle concentration (CMC) of DDM is £I0* mM. Above this concentration,
micelles are spontaneouslyorimed, but if it is too high detergesirotein
complexes are generated free from lipidsutchisoret al., 2017) Below the CMC,

detergent resides at the aqueous interface without resulting in micelles.

As VCcINDY is a hydrophobic membrane protein, the assembly adllesi is
necessary to maintain protein structure. Therefore, to téise effect of the
solution detergent a set of CPM assays with sgioe VCINDY in the following
concentrations were testedd.001 %, 0.1%, 0.5%, and 1% Eigure 36). The
melting curve for each concentration were observed with 5 mM of succinate and

absence of it.

It was not surprising that cleaner melting curves become visible when buffer
contains higher percentages of éegent DDM Figure 36-C, D. Although 0.1%
DDM showed a biggelifference between conditions, repetitions were needed to
accomplish weltlefined curves. Based on this data%lof DDM was decided to

be used throughout this study since it gives betieignatto-noise curves.
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10004 1000 4
500 4
@ @
2 %@ 2
T 0 L ®
_Z T T T 1 z
5 20 40 100 5
Q (=]
-500 1
-1000-
Temperature (°C) Temperature (°C)
C 0.5 % DDM
0,
2000+ D. 1% DDM
1000
1000 4
P~ 5004
.2 @
§ 0 2 0
5 20 40 100 125
(=] 5 -500 4
10004 8
-1000 4
-2000-
Temperature (°C) 15004 Temperature (°C)

Figure 3.6:Effect of the detergent concentration on the Tm of VCINDY.

Graphs represent the derivative curve of VCINDY in the presengemdfl succinate (purple) or
alone (greeipand A) 0.001 % DDMB)0.1 % DDMC)0.5 %DDM.D) 1 % DDM. Measuregere
taken as triplicates for each protein concentration and condition. Mean is represented a:
ticker line.

3.3.3. EFFECT OF DIFFERENT SUBSODRAHATRATIONS ON THE

MELTING TEMPERATUREJNDY

The binding of substrates provides VCINDY with higher thermostability in
CPM assays. To test the optimal substrate concentration, the melting temperature
(Tm) of VcINDY in the presence of different conions of two known
substrates, succinatena fumarate, was determined. The Km for succinate.@s
b N ®Mullganet a., 2014) To observehe thermostability of VCINDY, the
protein was tested with higher amounts of succinate than the Km, which were: 1
mM, 5 mM and 10 mM.The same concentrations were applied for the funtara
test, which is the second most efficiemahsported substrate after succinate
(Mulliganet al., 2014)
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Within all these concentrations, a clear melting curve resulted from the binding
between wildtype VcINDY and the substratéigure 37). Thereforeanincrease
in VCINDY thermostability was visiblesinccinate and fumaratpresence Figure
3.7- A, B, respectively. The amplitude of the derivative curves is higher with a
maximum concentration of 10 mM, probably due to a saturation of the
transporters. As a result, 10 mM was the substrate concentrateidid to test

any further ligands of the study.

A. B.

— Non-substrate

5000 1mM Succ@nate
— 5 mM Succinate

10 mM Succinate — 5mM Fumarate

s 2000 \ 10 mM Fumarate
0
20 40 100 0

60 T . T .
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Figure 37: Effect of differentsubstrate concentrations on the Tm of VcINDY.

A) VcINDY Tm derivative curves of succiniaténcreasing concentration8) VcINDY Tm
derivative curves of fumarate in augmenting concentrations. Single measures were 1
for each proten concentration and condition.

3.4.SCREEN OFESJANTIAL 8HRATES FOR VCcINDY

3.4.1. SELECTION OF COMPOUNDS FOR THE TUERKNEBAY
APPROACH

To test the hypothesis that some amino acids on VcINDY may play critical
roles for substrateecognition, a sequencef different compounds were used to
FaaSaa OKIFy3aSa Ay +OLb5, Qa aStSOiAgArieod
The library of anionic compounds selectegs: succinate (4C), oxalate (2C),

oxalacetate (4C), fumarate (4C), malate (4C), citrate (5C), tricarballyate (5C),

-49-



icatonic acid (4Cp@dzAf F2alft A&aAf A0 6/ 10 YR FRALIGS

of these compounds is displayed on Appendix B (Suppleamghigure 6.2.3

Succinate and oxalate were included as positive and negative substrate controls,
respectively Siccinateis theli NI y & Lishkio®/mslibatratewhile oxalate has

not been described to get bound the VcINDMeither being transported.

Fumarate, oxalacetate and malate were selected as they could be transported by
VcINDY(Mulligan et al., 2014) Citrate was added to the library as it interacts
GAGKAY | (y26y &I &-silebffering\&INDNReimSskayfilidya o0 A Y R.
(Mancussoet al, 2012) Finally, tric NB I £ £ @ (G S T -sulfeshlidil2 gnl O | OA R

adipate, were selected accordingly to their positive stabilization effect in previous

Thermoflior assay studies (C.D.D. Sampson and C.Mulligan, Unpublished data).

34.2. SUCCINATE THERMOSTABILITY ERFBERAST IN

DIFFERENT ALANINE MUTANTS

If substrate selectivity variation can be induced by mutations in specific
locations, it is sought to observe differences between VCINDY mutants in the
presence of the same ligand o test this, the thermostability &cINDY wildype
and mutants in the presence of succinate was analysed following a CPM assay. The
melting point of the VCINDY proteins with or without succina@swascertained
(Figure 38).
In line with previousfA Y RAYy 34X GKS YSfGAy3 G9péLIS NI G dzN

was of 8°C. Singlalaninemutantstestedin the presenceof succinaé showeda
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kTmhigher(D319A, V322A F100AV66A) Jower (SNTAAAQGA,T152)or similar
(T67AN151A,S290AF326AXhan wild-type. The results also revealed variation

on the baseline of each mutanFigure 38). Hence, changes in the amino acid
sequence can provoke changes in the number of bonds inside the protein, which

7

dzf GAYIF GSt@ FFSOGa LINPGISAYQa adloAfAdGed

80 @ non-added substrate
10 mM Succinate
.70
2
® . l l 1
5 [ -
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Figure 3.8Melting temperature variation of VCINDY wiltype and alaine-mutants

Bars represent the melting temperature of VcINDY accaihed in the presence af0 mM
succinate (orange) and without added substrate (blue). Baselines differ between proteins d
differences in their thermostability. Measures were takentaplicates for each protein type anc
condition. Mean and SEM are thorepresented.

However despitediscrepancieat their thermostabilitybaseline mostlyallhadan
increasein thermostabilityin the presenceof 10 mM succinate(Figure3.8). Only

in two cases, S200A and T421A, the proieirthe absence otubstrate vere
equally or more stable whenuscinate was not added. This could be due to
increased hydrophobic interactions within the protein when an alanine substitutes
a serine or a threnine in such positions. Howevet,remainsunclearto which
degree these baseline differences are attributed to changesin the protein

structure causedfor alanine mutations or undesired experimental variations.
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Therefore,any ligand effect has been compared to the baselineof the same
experimentalset to avoid experimentaldisparity between dayswhen analysing

the data.
3.4.3. SUMMARED OUTCOMES OF THE THERMRIASSAY

APPROACH

All the experiments were performed withthe constant presence of 1%
DDM, 50 mM sodium and 2 mg/ml of protein, and either with 10 mM of a testing

compound or not (unless indicated ottvaise).

Thissectionhasthe aimto summarisehe findingsand contributionsmadein this
study regardingalanineY dzii I ghan@esin compound selectivity. Hence,two
summarized tables of th& ¢ Yind statistical values of witype and alanine

mutants are presentegubsequentlyTable 31 and Table3.2).

The nBt Ay 3 (S YLISNId daNNDY &efeh caldulated kfrony the
difference between the Tm in the presence of the compound and theriTine
absence of itAll data aalysiswas conducted in the same way for asybsequent
CPM assayfmportantly, as shown on the tables, statistical values were significant
in most of the alanine mutants tested/ariation in individual thermostability
among mutants is visible, as well as, melting temperature shifts depending on the
ligand added.Ligandsoffering a better thermostability to the mutants are
presented on top while ligands with lower thermostability effect are at the bottom
of the tables. Hengeby observation of the gathered resulise could agree that

the best recognised substrates are simate, followed by malate, fumarate and

p -Sulfosalsilic acid.
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In addition,theseresultsbroadlyconfirmthat CPM asay is a high-quality choice
for determiningsubstrateselectivityallowing screening of different candidates for

VCINDY transporters

Melting temperature shift in the presence of substantial substrates fc
VCINDY wiletype, SNTAAA, V66A, T67A, I196A, F100A and N151/

Mutant/ Substrate
Wildtype |SNTAAA |V66A T67A 196A F100A N151A
Alone
54,76+2,19 53,60+1,60 | 53,60+1,31 | 57,04+0,89 | 53,57+1,58 | 54,76%1,59 51,78+0,59
= 8t 0,00 1,3:0,81 8+ 0,47 8%0,47 1,3+0,81 4t 0,47 -0,3t 0,00
Succinate
P. Value: P. Value: P. Value: P. Value: P. Value: P. Value: P. Value:
0,000 0,275 0,000 7,1E-05 0,275 0,001 0,374
Malate 4% 0,00 1+1,40 4:0,47 4,3£0,81 311,24 8,61 0,00 0,6+ 0,94
P. Value: P. Value: P. Value: P. Value: P. Value: P. Value: P.Value:
0,002 0,551 0,001 2,96-03 0,033 0,000 0,374
Fumarate
40,81 1,6+0,47 4,6£1,24 410,94 -0,6%0,81 1+ 047 0,3+ 0,47
P. Value: P.Value: P. Value: P. Value: P. Value: P. Value: P.Value:
0,008 0,148 0,008 5,8E-03 0,561 0,101 0,374
ST A 40,81 -0,2% 0,50 20,00 -0,6%0,81 1,6£0,47 1+ 047 1,3£0,47
5'-Sulfosalisilic Acid
P. Value: P. Value: P. Value: P. Value: P.Value: P.Value: P. Value:
0,013 0,698 0,000 3,701 0,024 0,348 0,016
5 2,3+0,47 1,3+ 0,00 3t0,47 1,7£0,90 -1,3+0,47 -2,3+0,47 -0,6+ 0,47
Adipate
P. Value: P. Value: P. Value: P. Value: P. Value: P. Value: P. Value:
0,025 0,204 0,003 3,5E-01 0,230 0,008 0,116
s 2,6£0,47 2,6£0,47 30,81 310,68 1,6£0,47 1t 0,47 0+ 0,81
Tricarballylate T R ! ! i ! !
P. Value: P. Value: P. Value: P. Value: P.Value: P.Value: P.Value:
0,016 0,047 0,007 3,96-04 0,024 0,101 1,000
2 : 1,3+0,47 0,6+1,24 1,3£0,00 0,3+ 0,00 1,3+ 0,00 3,3£0,47 0,3+ 0,47
Icatonic Acid i ' G ' AR ’ e
P. Value: P. Value: P. Value: P.Value: P. Value: P. Value: P.Value:
0,116 0,467 0,016 3,8E-01 0,016 0,230 0,374
1+ 0,00 2£047 20,00 2£0,81 0,6+ 0,47 0+ 0,47 -0,3+ 0,00
Oxalacetate
P. Value: P.Value: P. Value: P. Value: P. Value: P. Value: P.Value:
0,000 0,101 0,000 2,6E-02 0,230 0,999 0,374
Citrate
-0,6£ 0,47 0,3+ 0,47 0,3+ 0,00 -1,3£0,47 -2£ 0,94 -0,6% 0,47 1,3t0,94
P. Value: P.Value: P. Value: P. Value: P. Value: P. Value: P. Value:
0,373 0,519 0,000 4,7e-02 0,251 0,519 0,148
Oxalate -1,3+ 0,47 1,3:0,81 -0,6% 0,00 -5,3+ 0,47 -0,3+1,24 -2,6£0,47 0t 0,81
P. Value: P.Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,116 0,274 0,116 3,5E-04 0,741 0,005 0,999

Table 3.1 Melting temperature $ift effect of VCINDY wiletlype and mutants in the presence of the compound
of the study.

¢FotS NBLINBaSyidAya GKS YSt (A y-BpeliSSivlaMAMbd&idgheBlanmdtantd |
£cc! I ¢cT! I CwMmn isteprésghied ds agamtdgethekwithyits standard deviation (blue square:

St2p SI OK 02y R A-Vake afe nbted RThik stadshical Giakué was Bubtracted by comparing
triplicated results of VCINDY protein without substratea baseline and the protein withe corresponding ligand.
Ligands are ordered by thermostability increase produced on the proteirtededeing succinate the bes
recognised and oxalate the worse.
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Melting temperature shift in the presence of substantial substrates fo
VCINDYT152A, S200A, D319A, V322A, F326A and T421A

Mutant/ Substrate
T152A S200A S$290A D319A V322A F326A T421A
Alone
56,67+ 0,54 62,31+1,64 | 55,84+2,15 |51,26+1,49 | 50,37£2,21 |4932¢ 143 | 55,84+ 0,83
St 4t 047 00 6,3+ 0,47 8,6+ 0,81 70,94 8,9+ 0,50 -1+ 0,47
P. Value: P. Value: P. Value: P. Value: P. Value: P. Value: P. Value:
0,013 I 4,5E-05 0,000 0,001 0,006 0,101
Malate -1+ 0,47 -3,3£0,47 3,6+1,24 8,6£0,81 3,3t 0,47 2+2,48 -1+ 0,47
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,349 0,008 1,4E-02 0,000 0,002 0,485 0,101
Eurarate 0,6+ 0,47 -0,3+0,47 4,6£0,47 8t 3,38 2,3t0,47 5+ 1,24 -1,6£0,47
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,518 0,644 1,5E-04 0,030 0,091 0,027 0,067
5’-Sulfosalisilic Acid 1,6+0,00 -1,3+ 0,00 2,3+0,47 8,30 -0,3£0,94 31,69 0,6% 0,00
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,007 0,016 2,2E-03 0,000 0,795 0,174 0,116
Adipate 0,61 0,47 -1,7£1,24 3,6£0,47 6,3 0,47 0,6% 0,00 3,3t1,24 |-1£0,47
P.Value P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,519 0,152 3,9e-04 0,000 0,116 0,067 0,101
Tricarballyate 0,6+ 0,47 -2.6£ 0,47 3,6 0,00 6t 0,47 2+0,47 0,8+2,04 -0,6+ 0,47
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,519 0,001 3,98-04 0,000 0,101 0,692 0,230
|eatonic Acid 0,6%0,94 -2,7£ 0,47 1,3t0,47 5+0,94 110,47 1,1+0,94 -1+ 0,47
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,580 0,005 4,7E-02 0,003 0,101 0,302 0,101
Oxalacetate 0t 0,47 -1t 0,00 1+0,81 2,6£1,24 0+0,94 0,3£1,69 -1+ 0,47
P.Value: P. Value: P. Value: P. Value: P. Value: P. Value: P.Value:
0,999 0,000 1,6E-01 0,047 1,000 0,842 0,101
Gitrate 1+ 0,47 -5,2£ 0,47 5,4+ 0,50 0t 0,47 -1,7£1,72 0,2+1,69 -1,3t0
P. Value: P. Value: P. Value: P. Value: P. Value: P.Value: P. Value:
0,349 0,001 6,7E-04 1,000 0,124 0,923 0,016
Oxalate -1,3+ 0,94 -2,65% 0,47 -0,3% 0,47 1+0.81 -1+ 0,94 8+ 1,87 -1,3£ 0,00
P.Value: P. Value: P. Value: P.Value: P. Value: P. Value: P. Value:
0,294 0,001 3,7E-01 0,643 0,251 0,019 0,053

Table 3.2 Melting temperature shift effect of VCINDY mutants in the presence of tlenpounds of the
study.

¢FofS NBLNBaSyilday3a GKS YSt GAy3d G Snutabtddf TaE2NIS208A
{Hpn! T S5omM@p! T £00H! X CoHc! FYR ¢num! ® K¢Y A&
(blue squares). Below &K 02 y RA (i Al gvalliegakendted. YHis stétistical value was subtracte
by comparing the triplicated results of VCINDY protein without substrate as a baseline and the protei
the corresponding ligand.igands are ordered by thermostability increase producecherproteins tested,
being succinate the best recognised and oxalate the worse.
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3.5. COMPOUND SCREEN WITH ALANINE MtINEANTS

WO9+9! [ 5LCCO9w9b/9{ Lb [LD!b5Qf

In this section, all the experimental results from the data collection
outlined on the previous(Sectiorn3.4.3),are presentedand examinedin detail for
allindividualVcINDYransporterstested.

A bar chart representingthe mean of the melting temperature shift from all 10

compoundsof the library of this studyis presentedfor eachprotein analysedFor
clarity, the resultswill be presentedaccordingo the locationof the mutationsin

the proteinQ structure.

In addition, the raw data of the readingsare shownfor better comprehensibility.
This untouched dat may be found in Appendix Bupplementary Figures®4

6.2.16)

3.5.1. ASSESSING BINDING SELECTIVITY OF VINPEWILD

The 10-compoundscreenwas first accomplishedwith the VcINDYwild-
type to establishthe LINZ { SafundlQidding selectivity.VcINDYwild-type CPM
assaywas carriedout in the presenceof 1 % DDM,50 mM Na*" and 2 mg/ml of
protein, in additionto the absenceor presenceof 10 mM of a compoundof the
study.Theresultspresentthe meltingtemperatureshiftsof wild-type for oneand
eachf A 0 NipaNds Qgetherwith the normalisedmelting curvesgraphs(Figure

3.9).
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Remarkably,succinate,fumarate, p -Qulfosalisilicacid and malate create the
higher stabilization among all ligands (Figure 3.9). Out of the four of them,
succinateis providingthe higheststabilisation,with 8 °C of melting temperature
shift betweenconditions.Succinatestabilisationis followed by fumarate, malate

and 5@sulfosalisiliacidwith 4°Cmeltingtemperatureshift (Tabk 3.1).

Inthe caseof oxalacetatedespiteit hasfour carbonsandit hasbeendescribedas
a substrateof VcINDYits stabilisationeffect wasof 1 °C,similarto icatonick OA RQa &
However,becauseof the lack of statistical significancepositivity, icatonic acid

thermostabilityeffect on VCIND Ywill not be commentedon further (Tabk 3.1).

Tricarballyateand adipate are larger ligands that have a great thermostability
effectbut lessthan four-carbonligands(Figure3.9). Interestingly citrate, another
five-cartbon ligand of the study with a similar structure to tricarballyate,did not

offer VcINDYstabilisation(Figure3.9).

Oxalate 1

Citrate

Oxalacetate

Icatonic Acid-
Adipate -
Tricarballyate -
Malate
5'-Sulfosalisilic Acid-
Fumerate -
Succinate

»

AT(°C)

(Figure continugon next page)
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Figure 39: 10 compounds thermostability screen using VCINDY wiijghe.

Averagemelting i SYLISNI (G dzNB &aKATFE oke¢eYo 2F +x0Lbs,
determined by subtracting the VcINDY Tm in the absence of substrate from the Tm in the pre
of the indicatel compound. Observation of the transporter stabilisation was measurechén
presence of 50 mM NaData are organised by the compounds that increased stability at the bot
and the compounds that induced destabilisation at the Bpsults are shown graphs representing
normalisedmelting curves from the derivative of thentouched data of VCINDY witgpe, in 10mM
of the indicated compoundboveor in its absence (grey). Each line represents a single outcom
the triplicated data

Overall theseresultstie well with previousstudieswhereincompetitiontransport
assayglemonstratethat VcIND Ysubstrateselectivityis dependenton the chan
length (Mulligan et al., 2014) Therefore,the transporter has a preferencefor
ligandsof four carbonssuch as succinate(4C),malate (4C)and fumarate (4C)
probably becausethey can be easilyrecognisedby the protein. For the same
reason,oxalatehasa carbonchaintoo shortto be recognisedy criticalelements

on the proteinQ Bindingsite (Mulliganet al., 2014)
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Modest stabilisationwas observablefrom ligandswith six and five carbons,as
adipate(6Chand tricarballyate (5C),which is in line with previousstudieswhere

these substrateswere able to provide with some stabilisation(C.D.D. Sampson

and C. Mulligan, Unpublished dathirgercompoundsi dzO K -suff@saligiliQacid

(7C) should not offer stabilisatioblere,the + O L b Beltigtemperature shift

of p -&ulfosalisilicacid did not match with what could have been predicted
accordinglyto VcINDtarbonlengthfilter. Observatiorof the oxa | OS @ndi S Q &
icatonicl O Astifligationeffectleadsto more discrepancyTheyarefour-carbon
chaincompoundsput they providedVcINDYvith lessstabilisationthan other 4G

ligandstested.

3.5.2. ASSESSING BINDING SELECTIVITY OF VcINDY MUHEANTS OF T

SUBSTRABINDING AND SODRENNDING SITE

The bindingsite where substrate gets boundvolves residues frorflPin,
TM5, HPout andTM10(Nie et al., 2017) Boundsuccinateseemsto form bonds
with N151and T152,with one of its carboxylategroups,and S377and N378,with
anotherof & dzO O A garbaxy#afegroup. Succinatenteractsaswell with S200A
and T421throughthe formation of H-bounds. Asmentionedbefore,both sodium
binding sites are coordinated with key amino acids, saslthe asparaginein

positionN151 (Mancusscet al., 2012)(Nieet al., 2017)

Tocag somelight on whythis varianceis presentwithin different compoundsand
to keepwith our goalto detectimportant aminoacids,aminoacidsrelatedto the
binding site were mutated to alanine.Alaninehasan aliphaticfunctional group,

whichmeansthat it canbe locatedinsideor outsidethe protein structure.
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Here,alaninemutantsSNTAAAN151A,T152A,S200Aand T421Awere tested for
the examinationof f A 3 | s¢létyidy by determiningn ¢ Yvith CPMassays
(Figure 3.10. Alanine mutants of S377,N378 and I149Awere not possibleto

create, whichsuggess that these positionsmay be critical for LINE (i &eyhilslya

andstructure.

Figure3.10:Representation of tested amino acids located near thieding site in the VCINDY crystal structurt
at the inward-facing state

Representation of the amino acids locations N150 (light blue), N151(pink) and T152 (orange) from t
motif, and S200yellow) and T421 (dark blue), id)@ 3D modetakenfrom a PyMOL filef the VcIND Yhward
facingstate from Mancusset al., 2012 (B) a drawing representation taken froigNie et al., 2017) In both
images, sodium cations are represented as green spharede succinate is shown as red spheres in A anc
sticks in B.

3.5.2.1.SNTAAA

Thefirst mutant to be tested was SNTAAArom the SNTmotif locatedin
HPinand HPoutof VcINDYamino acid structure. By mutating those three amino
acidsto alanine, VcINDYsubstrate recognition should be impaired, as it was
previouslyprovenwith 5 mM succinate(Figure3.4). Thedatagatheredis shown

in the sameway ashefore.
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SNTAAAutcomedackstatisticalvaluesincethe differencewith the substratewas
not sufficientenoughwhen comparedto the conditionwith the absenceof it. In
most of the cases,shifts were not bigger than 1.6 °C (Figure 3.11). Only
tricarballyateprovoked an almostsignificantshift exactlyequalto wild-type with

2.6x0.47°C,but not verysignificant(p-value0.047)(Table3.1).

Theseresultsgo beyondthe previousreports of succinate showingthat SNTAAA
is not ableto recogniseanyligandsincethe melting point of this tested VcINDYs
similarin everycondition. On accountof theseresultsand asexpected,the SNT

motif seemskeyto recognisesubstrates.

Toa better understandingand investigationof any criticalaminol O Ar&leQtkie

arginineandthreonineaminoacidsfrom the SNTmotif were studiedindividually.

Oxalate 4

Citrate 4
Oxalacetate -
Icatonic Acid
Adipate 4
Tricarballyate 4
Malate 4
5'-Sulfosalisilic Acid -
Fumerate 4

Succinate -

»

W
B SNTAAA

AT(°C)

(Figure continugon next page)
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Figure 3.1: 10 compounds thermostability screen using VCINDY triple alanine mutant SNTAAA.

! SN 3S YStidAay3

i S Y LMDNinlitizipddserteKok dadh canfpaundiwas2d@terrsindd

subtracting the VCINDY Tm in the absence of substrate from the Tm in the presence of the indicated corr
The results of the mutant (orange) are showexhto wildtype VcINDY outcomes for the sammempound

(green) for comparison. The bars shown are the average of triplicated datasets with their error bars repre:
SEM. In addition, below normalised melting curves graphs from the derivative of theanso data of VcINDY
SNTAAA in 10 mM of thedicated compound present (orange) and in its absence (grey). Each line repres

single outcome of the triplicated data.

3.5.2.2. N151A

The asparagine of the SNT motif has a functional amidic grougckale

Thisfunctional group has been described from the crystal structure to interact

gAlK

2y S

8dz00A Yl (804

OF Nb 2 E & f-chain$ond NP2 dzLJ®

N151 also interacts with the sodium located in the Nalie et al, 2017)

¢t KSNBT2NBZ

bmpwm

O2dzZ R

6S |

ONXR G A OF £

domain since it is shared with both substrate and sodhinding sites.
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By means of modification of the functional sideain of the 151 amino acidgsit
contribution to substrate recognition was judgedéigure 3.2). Thek Tmswere not
bigger than approximately 0.6 °C. For this reason, no significant melting
temperature shifts were observed with the different compounds, except from
OA NI ( Sulfosajsifc acid Quith a shift of 1.3+ 0.94 and 1.3+ 0.4C,
respectively Table3.10 @ | 2 ¢ S @-Suldsalisfli/dci@ shift Ras statistically

significant, being lower than the respective value found for syfoe (Tabk 3.1).

In general, the data obtained fromM151A suggestthat N151 hasa role in
substrate selectivity and, perhapsthechéirSy 3G K FAf G SNJ NHzZ Sd ¢ K S
sulfosalisilic acid presented a positive stabilisation implies that the amidiggrou

of the asparagine implements, to some extenhe chainlength filter. N151

A

NEO23ayAasSa G(GKS OFNb2EetAO 3ANRBdzL) G 2yS
I3SGaGAY 3 02 dsfifidsali§ile addtisihg dnly pgénd from the library that
does not fdlow a chain structure witta carboxylic grougt the ends. Therefore,

it can be conceivably bond to the binding site when an alanine is in position 151.

Oxalate- — B w
Citrate — - N151A
Oxalacetate 4
Icatonic Acid -
Adipate - TS
Tricarballyate -
Malate -
5'-Sulfosalisilic Acid -
Fumerate -
Succinate

23 N % )
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(Figure continuson next page)
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Figure 3.2: 10 compounds thermostability screensing VcINDY alanine mutant N151A.

AverageY St Ay 3 (GSYLISNI GdzNB aKAFG okevYo 2F +OLb5, A
subtracting the VcINDY Tm in the absence of substrate from the Tm in the presence of the indicated compou
resultsof the mutant (orange) are shown next taldttype VCINDY outcomes for the same compound (green)
comparison. The bars shown are the average of triplicated datasets with their error bars representethS
addition, below normalised melting curves ghes from the derivative of the untouched @eaof VCINDY N151A in 1
mM of the indicated compound present (orange) and in its absence (grey). Each line represents a single out
the triplicated data.

3.5.2.3. T152A

This is the second amino acid individually tested from the SNT motif. The
threonine in this position possesses a hydroxylic fimmal group as a sidehain.
This amino acid functional group has been well described to interact with the same
carboxylate grap from succinate than the previous N151 amino adiid51 and
T152 are next to each in sequence and structure, interactingelglosith the

substrate. Studying the effect of alanine substitution on this position could help to
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further understand the relevace of T152 ithe 31 YS 2F +OLb5, Q&

selectivity filters.

The same ten compounds were tested on a CPM assay with (Fidize 3.B).
Surprisingly, changing the threonine for an alanine did not prevent succinate from
binding to the protein. TheTmobservedor succinatevas4 °C,halffrom the one
foundfor wild-type (Table3.2). Whenobservinghe other compoundsthere were
slightlylargerk ¢ Valuesthanthe previousmutant (Figure 3.2). However,none
of them were statisticallysignificant. Again p -Qulfosalisili@cidwith ak ¢ ¥f 1.6+
0.0003°Cand,succinateshownatrue differenceobservableonthe meltingcurves

graphs(Figure 3.3).

In comparison with N151A, the threonine in position 152 seemed to be equally
important to allow binding ¥ f A3 yRaX aAyoS yvYzaid 27
not offer thermostability when T152 was mutated to an alanine. T152A atlow

0 A Y R A ysiHfosaliilic aci@b a similar degree that N151A did. Therefore, it can

be speculated that this might be duo the importance of a hydroxyl residue in
LI2aAdA2y mMpH G2 F2NX | 062yR ¢gA0GK (GKS
based orthe finding for these two amino acids, the role of the amino acid T152 to
implement a side chain filter is lower than the aieught for N151, as T152A did

not fully impair succinate binding.
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Figure 3.B: 10 compounds thermostability screeansing VcINDY alanine mutant T152A.

I SN 23S 2F YStGAy3a GSYLISNI GdzZNB aKAFO 0k ¢ deermded by
subtracting the VcINDY Tm in the absence of substrate from the Tm in the presence of the indicated compou
results of the mutant (orange) are shawext to wildtype VcINDY outcomes for the same compound (green)
comparison. The barshown are the average of triplicated datasets with their error bars represented SEN
addition, below normalised melting curves graphs from the derivative of tiieuched data of VCINDY T152Ain :
mM of the indicated compound present (orange) andsmabsence (grey). Each line represents a single outcom
the triplicated data.
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3.5.2.4. S200A

Thisserine belongsto the binding site and it is locatedin the transport
domain.Serineis a hydroxylicaminoacidthat forms H-bondswith the substrate,
as seenin the succinateVcINDerystalstructure (Nie et al., 2017) Interestingly,
S200Awas one of the mutants that presented higher stabilisation without
succinatethan with it beingpresent(Figure3.8). CPMresultsestablishedS200A
basalthermostabilityaround62.3+1.64°C,whichisthe sameasVcINDYvild-type
when succinateis boundto the transporter(Tabk 3.2). Toinvestigatewhat gives

S200Asuchstability a CPMassaywasperformedfor this mutant.

In this experiment,succinatebindingto the protein did not leadto anydifference
accordingto the basalbaselineof S200Awithout any addedligand (Figure3.14).
By observationof the statisticalvalues in Table3.2, succinateand fumarate did
not presenta meltingtemperatureshift betweenconditions.Onthe contrary,for
allthe other compoundsasignificantp-valuewasachieved However,in anycase,
abetter stabilisationof the transporteroccurred in the presenceof ligands(Figure

3.14).

These resultsdemonstratetwo things. First, S200Amutant is lessstable when
ligandsare present. One explanationfor this could be becausethe alaninein
position 200 forms strongerinteractionsby increasinghydrophobicinteractions
insidethe protein than any possiblesubstratecould form. Secondthe presence
of an aliphaticamino acidin position 200 could disturb the binding of succinate

andfumarate. Succinatebindsto the protein in an extendedform compaableto
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F dzY | NskructSréXMulliganet al., 2014) Thusjt wasnot surprisingthat neither

succinatenor fumarateoffered VcINDYa thermalshiftin its presene.
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Figure 3.4: 10 compounds thermostability screen using VCINDY alanine mutant 8200

I SN} 3S YStGAy3I GSYLISNI GdzNE aKATFE okeyYy 2F x=OLU
subtracting the VCINDY Tm in the absence of substrate from the Tm in the preseheénalicated compound. The
results of the mutant (orange) are sha next to wildtype VcINDY outcomes for the same compound (green)
comparison. The bars shown are the average of triplicated datasets with their error bars represented S
addition, below normalised melting curves graphs from the derivative ottiteuched data of VCINDY S200A in

mM of the indicated compound present (orange) and in its absence (grey). Each line represents a single out
the triplicated data.
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3.5.2.5. T421A

The threonine in position 421 is the only one from this set to be located
near the HPout of VCINDY structure. This amino acid belongs to the Tii€H
isthought to be critical for transport movemeriMancusscet al., 2012fSaueret
al., 2020) The loop formed between TM10a and TM10b it is also involved in
creating the space for the Na2 soditlsmding site. In pdicular, T421 acts in a
similar way © S200, generating -Honds with succinate to enhance binding
stability. A CPM assay following the same steps was performed to investigate T421

role in protein stability and substrate binding.

In this case,the ten compoundstested did not stabiliseVCINDYT421positively
(Figure3.15). Thek ¢ Yesultingfrom the different O 2 Y LJ2 dayfeiRrawgs not
significant,excludingthe effect of oxalateand citrate showinga significantk ¢ Y
(Tabk 3.2). The effect of citrate and oxalate on LINE { hérryioStability was
negative comparedto the protein stability without added compounds(Figure
3.15). Thedestabilisatiorcausedoy oxalateandcitrate it iscommonlysharedwith
some VcINDYalanine mutants, as these two moleculesare not substratesof

VcINDYHowever the causef suchdestabilisatim effectsremainunclear

Within the resultsof T421Aexperiment,it canbe concludedthat T421probably
playsa particular role in substrate selectivity. Mutating the threonine with an
alanine completely disturbs anionic compoundsbinding to the protein. T421A
together with S200A were the only two mutants with more stability in the absence
of succinate Figure 38). Hence, it could be suggested that thdéhds formed

by these two posibns with the substrate are not just to reinforce the binding, but
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they are necessary for substrate recognition and general protein stabilisation. The

destabilisation effect in the presence of ligands could be due tarthiility of the

mutated transporter to form Hbonds with the compoundsAlso, it could be

caused by th formationofK @ RNR LIK206A O AYiSNI OGA2ya 6AlGK)/

becauseof compounds sittin

g at the binding sitepainngit.
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Figure 315: 10 compounds thermostability screen using VCINDY alanine mutantlP42
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+OLb5,

the VCINDY Tm in the absence of substrate from the Tm in the preséiice indicated compound. The results of th
mutant (orange) arel®own next to wildtype VcINDY outcomes for the same compound (green) for comparison.
bars shown are the average of triplicated datasets with their error bars represented SEM. Inraditaw normalised
melting curves graphs from the derivative oktbntouched data of VCINDY T421A in 10 mM of the indicated compc
present (orange) and in its absence (grey). Each line represents a single outcome of the triplicated data.
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3.5.3. ASESING BINDING SELECTIVITY OF VcINDY MUTANTS OF THE

SCAFFOLD DOMAIN

As abovementioned, VcINDYtransport mechanismfollows an elevator
type mechanism.The reasonwhy the following two positionshavebeenstudied
is becausecation and substratebinding sites in an elevator mechanismare
supposedo be presentin the LINE (i tBahsyait and scaffolddomains. Prior to
this section,amino acidsincludedin the transport domain were presentedand

analysed.

To assessn the sameway amino acidsin the scaffolddomain, V66Aand T67A
were tested. Thus,the elevatortype mechanismas+ O L b #ay @ dransport
substrate would be further corroboratedby providingmelting temperature shifts

within thesenew mutants.

3.5.3.1. V66A
In thisexperiment,avalinewassubstitutedwith alanine whichmeansthat
the aliphaticchemicalproperty of the locationwasmaintained.V66 is locatedin

the TM2of the VcINDYstructure.

Therefore, V66 shouldnot interact with the substratewhen the transporterisin
the inward-facingstate nor at the outward-facingstate, but whenthe transporter

ison anintermediatestate betweenthesetwo (Figure3.16).
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Figure 3.16Representation of V66 localization in a 3D VCINDY crystiaicture.

V66 location in a 3D model taken from a PyMOWat ( + OL b 5 -faRitig staty feom MdRcrystal structure
of Nieetal.,2017,(B0 =/ L b 5, Gading2nddiél baseédilan Mancussbal.,2012 crystal structure from
Mulliganet al.2016. V66 mino acid is marked in green in both conformatioAkso, in both images, sodiun
cations are represented as green spheres anbstrates as red spheres. The yellow arrow represents
path followedby the bindingsite during the elevatotype transport cgle from IFS (inwarthcing state) to
OFS (outwardacing state), or vice versa.

Theresultsfrom the CPMassayof V66Ashowna similarpattern to VcIND Yvild-
type. Allthe compoundfrom the library generatedhigherstabilisationthan when
non-ligandswere addedto the solutionbesidesoxalate(Figure3.17). Sill, oxalate
trivial effect on stabilisationwasnot significant,which matcheswith what would
be expected.Citrate effect on LINR (i §abilis@ianwas significantbut minimal

with ak ¢ Valueof 0.3£0.0002°C(Table3.1).

Remarkablysuccinatek ¢ YWasof 8 °C,samevaluefound prior onwild-type. Thus,
in asimilarway,the restof compoundsalsopresentedstabilisationvaluesrelated
to wild-0 & LJ&ier dindings (Figure3.17). For V66A, succinate,fumarate and
malate provokedthe higher stabilizaton amongall ligands,whichis in line with

the chainlengthfilter proposalasthesethree ligandshaveachainof four carbons.
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Yet, oxalacetate(4C)presentedhere a clear shift of 2 °C,double than wild-type
(Figure3.17). Anotherdiscrepancywith wild-type wasthe stabilisationeffect of
p -Sulfosalsilic on V66A, which was only half from wild-i & LI&iQuie 3.17).
Icatonicacid generateda significantdifference on V66Aof 1.3 + 0 °C (P-value
0.016).Thesamevaluefor its effectwasfound for wild-typebut without statistical

support(Table 3.1).

Therefore theseresultstie well with the previoudy presentedon wild-type CPM
assaywhichit is not surprisingsincevaline and alanineare similaramino acids.
Valuesfrom the V66Astudy canbe usedto further corroborateand supportthe
findings for VcINDYwild-type. In this experiment, the outcome found for p -Q
sulfosalisilicacid (7C) correlated better with what could have been predicted

accordinglyto VcINDYarbonlengthfilter.

Besidesfor V66Athe stabilisationeffect of the two other four-carboncompounds
of the library, oxalacetate (4C)and icatonic acid (4C),were both statistically
significantbut still offer less stabilisationthan other 4CGligandstested. This
supportsthat a ketone groupas oxalacetateor amethylenegroupasicatonicacid
at the secondcarbonaffects the transport stability, while other O I NJb qofif3 &

suchasa hydroxylfrom malatedo not affectasmuch.
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Figure 3.7: 10 compounds thermostabilityscreenusing VCINDY alanine mutant V66A.

! SN 23S YStGAy3a GSYLISNI G§dzNBE aKATU 6 kwaY detertnfied by
subtracting the VcINDY Tm in the absence of substrate from the Tm in the presence of the inc
compound. The resultsf the mutant (orange) are shown next to wilghe VCINDY outcomes for the samr
compound (green) for comparison. Thars shown are the average of triplicated datasets with their er|
bars represented SEM. In addition, below normalised melting curvgshgriiom the derivative of the
untouched data of VcINDY V66A in 10 mM of the indicated compound present (orange)iendtisence
(grey). Each line represents a single outcome of the triplicated data.
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3.5.3.2. T67A

The threonine in position 67 on the sequensdgound at the TM2 of the
VCINDY structure. Its chemical properties include a hydroxyliecbid®. Since it
is next to the V66, T67 relationship with the substrate is expected ®irb#ar to
V66(Figure3.18). However, some interesting findings dififieg from its neighbour

position have been found.

Figure 3.18Representation of T67 localization in a 3D VcINDY crystal structure.

T67 location in a 3D model taken from a PyMOLA&t ( + OL b 5 -faziag statg fantNaRerystal

structure ofNieet al.,2017,(B0 =/ L b 5 , @nxding2nddél bdseBn Mancussbal.,2012 crystal

structure from Mulliganet al.2016. T67 amino acid is marked in dark blue in both conformatic
Also, in both images, sodium cations aepresented as green spheres and substrates as red sphe
The yellow arrow represents the path followed by the bingsitg duringthe elevatortype transport

cycle from IFS (inwasfhcing state) to OFS (outwafdcing state), or vice versa.

In this experiment, compounds with four carbons in their chains gave the
maximum stability Figure 3.1% Succinate provoked the highefmof 8+0.47°C,
followed by fumarateand malatewith quite similaroutcomeswith approximately
k ¢ 6f 4°C.Tricarballyateand oxalacetatethermal shifts on T67Awere almost

identicalto V66A,with k ¢ ®f 3+0.68°Cand2+0.81°C,respectivelyTabk 3.1).

Unexpectedlycomparedto prior results, the effect of p -Qulfosalidic acid on

LINE ( Sabils&ianwasnegative . Thedestabilisatiorfrom p -Sulsfosalidic acid
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wasof -0.6+0.81°C(Tabk 3.1). Twomore compoundsrom the library, together
with p -Qulfosalisilicacid, provoked a destabilisationwhen they were present
(Figure3.19).Oxalateeffect wasremarkablewith ak ¢ ¥f-5.3+0.47°C.Citrate,
on the other hand,generatedak ¢ ¥f 1.3+0.47°C,which is still largerthan the

one observedon VcINDYvild-type (Figure3.19).
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Figue 3.19:10 compounds thermostability screen using VcINDY alanine mutant T67A.

I SN 23S YStldAya GSYLISNI Gdz2NB AKATE 6k ¢ YO deermined Gyl
subtracting the VcINDY Tm in the absence of substrate from the Tm ineéberue of the indicated compound
The results of the mutant (orange) are shown next to sioke VCINDY outcomes for the same compound (gre
for comparison. The bahown are the average of triplicated datasets with their error bars represented SEI
addition, below normalised melting curves graphs from the derivative of the untouched data of VCINDY T
10 mM of the indicated compound present (orange) and sabsence (grey). Each line represents a sir
outcome of the triplicated data.

In general, these results are in keeping with\poeis CPM analysis of witgpe

and V66ATabk 3.)). It seems that V66A and T67A would not cause a direct impact
on the seéctivity of fourcarbon chain compounds. However, oxalacetate
appeared to cause more stabilisation than wijghe, which means that could be
02dzy R (2 (GKS LINRGISAYa Y2NB adGNepy3ate Ay
sulfosalisilic acid in wilthpe appearedto be as good as fumarate for its
aldloAftAalridAzy ST7TS O dsdifosalidiliy acid seemed to GoKS 06 A R.

satisfythepe 6 SAy Qa NBIdZANBYSYyGa YFINJSR F2N Ada

3.5.4. ASSESSING BINDING SELECTIVITY OF VcINDY MUTANTS OF THE

OLIGOMERIZATION DOMAIN

Theimportanceof the oligomerizationdomainis becauseof its functionin
connectingboth protomers of VcINDY. Connectionsare describedto happen
betweenTM3, TM4, TM8 and, TM9. Mutations on thesetransmembranehelices
could unfold as protein dynamicsimpediments, creating melting temperature
shifts by affecting the structure of the protein, its transport mechanism and,
perhaps,the bindingselectivityof different compounds Therefore,|196A,F100A,
S290AD319AV322Aand F326Awere mutated to test if substrateselectivityhas
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a relationshipwith amino acidsfrom the oligomerizationdomain. Theseamino
acidsare thought to interact distantly with the substrateat the outward-facing

state of VcINDYasclearmodelstructuresdisplayit (Mulliganet al., 2016)

3.5.4.1. 196A

The first amino acid related to the oligomerizationdomain was 196A
located at the TM4b of VcINDYstructure. It is an isoleucine,which has similar
aliphaticpropertiesto alaninedoes,but it hasalargersidechainwith four carbons

insteadof two.

Themeltingtemperatureof this mutant wasequalto wild-i & LI8tNZ8.57+1.58
°C.Thusthe changefrom isoleucineto alaninedid not affect LINE (i Sabilifys
the protein foldingfor this mutant seerred stableandsimilarto wild-ii & LISCGPE >
assaywascarriedout to investigateaminoacidinvolvementat the outward-facing

State.

The selectivityfor compoundswith four-carbonchainswas non-significantk ¢ Y
for succinate fumarate and oxalacetate(Figure3.20). Only malate and icatonic
acid melting temperature shifts were statisticallysignificantwith 3 + 1.24°Cfor
malateand1.3+0 °Cfor icatonicacid(Tabk 3.1). In both casesthe selectivity for
malateandicatonicacidwere roughlylower than the onesobservedon wild-type
(Figure 3.1). Citrate and oxalate, two compoundswith questionable stability
effects on VcINDYdid not causeenoughdestabilisationeffect to considertheir
melting temperatureshift. Thesameoutcomehappenedwith adipate(Tabk 3.1).
Tricarballyateand p -Qulfosalisili@ciddid stabilisel96 AVcINDYout with asmaller

k ¢ thanon VcINDYwild-type (Figure3.20).
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Figure 3.®: 10 compounds thermostabity screen using VcINDY alanine mutant 196A.

I gSNJ 3§

YStiaAay3

4 SYLISNI G dzNB

AKATFQ

okeyo 2F +O0OL

subtracting the VcINDY Tm in the absence of substrate from the Trne iprésence of the indicatedompound.

The results of the mutant (orange) are shown next to wjloe VCINDY outcomes for the same compound (gre:
for comparison. The bars shown are the average of triplicated datasets with their error bars representdd <
addition, below normalied melting curves graphs from the derivative of the untouched data of VCINDY 196A
mM of the indicated compound present (orange) and in its absence (grey). Each line represents a single ¢
of the triplicated data
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Interestingly,this amino I O A SRi€@chain would be facingthe substratein the
outward-facingconformationof VdNDYaccordingo simulationson PyMOLfrom
the model describedto be in the outward-facingstate (Figure3.21)(Mulligan et
al., 2016) Supportingthat both conformationsare presentat equalratesin the
solution,k ¢ ¥epresentdifferencesof the specifiallytestedcompoundbetween
the two conformationsdescribedfor the protein. Therefore, differencesfrom
wild-type on substate selectivity of this mutant occur due to recognition
differencegeneratedat the outward-conformation.In line with thisidea,it canbe
assumedhat there issomesubstrateselectivitydiscrepancypetweenthe inward-
facing state and the outward-facing state of the protein. Preferencefor four-
carbon chainsligands seemsto be at the inward-facing state, whereas,at the

outward-facingconformationthis preferenceseemdessapplicable

Figure 3.2: Representation of 196 localizatiom a 3DVcINDY crystal structure

196 location in a 3D mode¢akenfrom a PyMOlat (A) VcIND® éaward-facingstate from the crystal
structure ofNieet al.,2017,(D)+ / L b 5, Q &facthgiibdel bdsRd on Mancuss al. 2012 crystal
structure from Mulligaret al.,2016. Image8 and Cshow the same situation as A andrBspectively,
but from an inside of the cell perspective. I@®&ino acids marked incyan inboth conformations Also,
in both images, sodium cations are represented as green spheres and substrates as red spher
yellow lines represent distance between the 196 and the substrate birglteg
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3.5.4.2. F100A

F100A is a mutant located at the TM4b of the VCINDY structure. The
phenylalanine has an aromatic ring iis ithemical structuréFigure3.22). The
melting temperature of the proteiralone is 54.76 1.59°C,which matcheswith
VcINDYwild-type melting temperature. Thenagain,the mutation in this position
did not affect the overall protein stability. A CPMfor FLOOAwas performed with

thef A 0 NénbdEnpbandgo seedifferencesin substraterecognition.

VcINDY- IFS

Figure 3.2: Representation of 100 localizatiom a 3DVCINDY crystal structure

F100 location in a 3D motiekenfrom a PyMOLat (A) VcIND® @ward-facingstate from the crystal
structure ofNieet al.,2017,(B)+ / L b 5 , Q &facihglrioddl Hdded on Mancussbal. 2012 crystal
structure from Mulligaret al.,2016. F10@mino acids marked inblue inboth conformations.Also, in
both images, sodium cations are represented as green spheres and substrates pisees s

In F100Atest, in the presenceof succinatek ¢ Was significantbut with half a
thermal shit comparedto wild-type & dzO O A iyfflueinc® @igure 3.23). Despite
this, other four-carbons, such as fumarate and oxalacetate,did not cau® a
significantk ¢ Mifference (Table 3.1). p Qulfosakilic acid influence on F100A

stability resembledfumarate (Figure3.23).
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Remarkablyjcatonic acid and malate did again show an increasein LINR (1 SA y Q&

stability. IcatonicacidstabilisedF100AIn the sameway that succinatedid (Figure

3.23). Remarkablyn this experiment,Y | f | aff&@@the mutant stability was

prominent with a kTm of 8.6 0 °C This value is slightly higher than the

stabilisationeffect of succinateon VcINDYwvild-type (Figure3.23).

Adipateis a sixcarbon chain causinga destabilisationeffect on FL00Amelting

temperature(Figure3.23). Thek ¢ %6r adipatein this studywasof -2.3+0.47°C.

Thesameoutcomefor adipatewasseenin 196A,a neighbouraminoacid,but here

the shift has statisticalreinforcement(Tabk 3.1). Hence,succinategets better

bind to the mutant. Thethermostability effect generatedby malate and icatonic

acidwasnoticeablecomparedto other mutants,althoughthe reasonsehindthis

effectarenot clear.

Oxalate 4
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Oxalacetate -
Icatonic Acid -
Adipate -
Tricarballyate -
Malate -
§'-Sulfosalisilic Acid-
Fumerate
Succinate -

o N o RN

AT(°C)

(Figure continugon next page)
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Figure 3.3: 10 compounds thermostability screensing VcINDY alanine mutant F100A.

I SNF 38 YStdAy3a GSYLISNI i dzNSnceiok daghicompdurtd Yas deteFmined)
subtracting the VcINDY Tm in the absence of substrate from the Tm in the presence of the inc
compound. The restd of the mutant (orange) are showrert to wildtype VcINDY outcomes for the sam
compound (green) for comparison. The bars shown are the average of triplicated datasets with their errc
represented SEM. In addition, below normalised melting curvapl from the derivative of the untehed
data of VcINDY F100A in 10 mM of the indicated compound present (orange) and in its absence (gre
line represents a single outcome of the triplicated data.

3.5.4.3. S290A

The amino acid in this positiomas a hydroxylic sidehain as chemical
propriety from the serine. In thistudy, the serine has been mutated for the
aliphatic alanine amino acid. The basal melting temperature of S290A was at
55.84+ 2.15 °C roughly similar to wild-type (Tabk 3.2). A CPMassayto assess
changesn substraterecognitionwasrepeatedas previoudy done for the other

mutants.
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In this experiment,all the outcomescame statisticallysignificant,which
meansall compounddrom the library generateda changeby gettingboundto the
protein (Tabk 3.2). Oxalate,as a negative control, generateda smal negative

stabilisationeffecton VcINDY.

Ligandswith four-carbon chainsstabilise S290AVcINDYwith comparablek ¢ Y
seenon wild-type. Compoundswith more carbonssuchp -Sulfosalisilicacid and
adipate had distinct outcomethan in wild-type (Figure3.24). p -Qulfosalisiliacid
hadlessstabilisationeffect but still positivewith ak ¢ ®f2.3+0.47°C(Tabk 3.2).
Adipatea largerchaincompoundprovokeda biggerk ¢ ¥f 3.6£0.47°Cthan it
did on VcINDYwild-type. However,despite this, the interesting finding in this

experimentwith S290AsO A (i NstaliliSa@aieffect (Figure3.24).
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(Figure continuson next page)
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Figure 3.2: 10 compounds thermostability screen ugj VcINDY alanine mutant S290A.

! SN 23S YStGAy3a GSYLISNI GdzNBE aKATEG okeYO 27
by subtracting the VcINDY Tm in the absencsubftrate from the Tm in the presence of the indicate
compound. The resultsfahe mutant (orange) are shown next to wilgpe VcINDY outcomes for the
same compound (green) for comparison. The bars shown are the average of triplicated dataset
their error bars represented SEM. In addition, below normalised melting curves griipm the
derivative of the untouched data of VCINDY S290A in 10 mM of the indicated compound present (o
and in its absence (grey). Each line represents a single outcbthe wiplicated data.

Whenthis serinewasmutatedto alanine the citrate ligandcouldbe boundto the
protein creatingthe k ¢ Wf 5.4+0.50°C.Citrateit is supposedo be aninhibitor
specificto the inward-facingstate of VcIND{Mancusscet al., 2012) Hence,it is
not a transportedsubstrate.The S290is predictedto be ableto staycloseto the

substrateat the outward-facingstate of VcINDYFgure 3.25).

Theresultsof citrate indicatethe possibilityfor S290to blockO A (i Ndndirfy.ta
tricarballyatecase the k t wasone of the highestfor this compoundalongthe

study,with 3.6x£0°Cof meltingtemperatureshiftwhentricarballyatewaspresent.
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Thisreinforces the ideaof S290beinginvolved in not acceptingcompoundwith

five-carbonchainsat the outward-facingstate.

Figure 3.5: Representation of S29calizationin a 3DVCINDY crystal structure

290 location in a 3D moddiakenfrom a PyMOLat (A) VcIND® éaward-facing state from the crystal
structure ofNieet al.,2017, (B) = / L b 5, Q a-fachglziiodd! ha¥ed on Mancusebal.2012 crystal

structure from Mulliga et al.,2016. S29@mino acidsmarked inpink inboth conformationsAlso, in both

images, sodium cations are represented as green spheres and substrates phesbssThe yellow lines
represent distance between the S290 and the substrate binditey

3.5.4.4. D319A

D319 is an amino acid located in between two transmembrane helixes,
TM9a and TM9b from theoligomerization domain. Its chemical structure
implicates acidic functicad properties. Here, this group has been changed for an
alanine. However, in this caghis mutation didaffect proteinQ stability since the
readings obtained following same measnments came poorly defined. For D319

an increasan sodium concentration D150 mM was needed to obtain clearer
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melting curves for the analysisSipplementary Figure 6.2)J19The melting

temperature afterwardestablished for D319 wésl.26+1.49°C.

A CPMassaywascarriedout, asit had beenfor the other mutants of the study.
Forthis mutant, it is plausibleto believeat this stageof understandinghat D319
occupiesan important position for the generalprotein stabilisationand perhaps
for the transport mechanismOn observingimageson PyMOL,D319wasseento
be nearthe bindingsite at the inward-facingstateand,closeto D319belongingto
the other protomer when VcINDYis found at the outward-facing state (Figure
3.26). Therefore,the proximity betweenthe D319Aof the two protomerswould

generateprotein instability by repulsingforces.

Figure 3.3: 3D close look at the D319 amino acid facing the substrate in the outwlaging state

D319 location in a 3D modekken from a PyMOLat (A) VcIND® énward-facing state from the crystal
structure of Nie et al., 2017, (B)+ / L b 5 , Qré-facthglaiiaslél based on Mancusst al.2012 crystal
structure from Mulligaret al.,2016. D319 amino aciis marked inorange inboth conformationsAlso, in
both images, sodium cations are represented as green spheres and substratdssabeees.

Oxalateand citrate did not influenceany changeon the melting temperature of
D319A(Figure3.27). Theyare the only two compoundsthat did not affect the
melting temperature of the mutant. Succinate,fumarate, malate and p-Q
sulfosalsilic acidresultskeepin line with VcIND Ywild-type findingsby beingthe
compoundswith bigger stabilisationcapacity (Figure 3.27). Thek ¢ Yollected
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from their datawere:8.6+£0.81°Cfor succinate 8+ 3.38°Cfor fumarate,8.6+0.81
°Cfor malateand8.3+0 °Cfor p -ulfosalisiliacid. Icatonicacidand oxalacetate,
other four-carbon chain compounds,had a largerk ¢ Yhan wild-type but still

reduad in comparisonwith D319Apreviousfour-carbon compoundschanges
(Figure3.27). Besidestricarballyae andadipategavemore stabilisationto D319A

protein with a differenceof 6+0.47°Cand6.3+£0.47°C,respectively(Tabk 3.2).

The present study confirmed the findings of increased protein stability in
augmentation of the present sodium concentrationas k ¢ Yivere highly
noticeable comparedto wild-type. Wild-type analysis was carried out in the
concentration of 50 mM, three times lower than the concentration used for
D319A. This highlights the concept of sodium importance for substrate binding,
indicatingthat both bindingsite affect each other and aréherefore cooperative
The differences between witype and D319A result could be attributed to the
effect on sodium and cannot be comparable, despite a par&llieh pattern can

be seen for both transportet
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(Figure continugon next page)
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Figure 3.Z: 10 compounds thermostability screen using VcINDY alanine mutant D319A.

' SN 3S YStdGAy3 GSYLISNY Gdz2NB aKAFG okeYo 2F 0L
subtracting the VcINDY Tmtime absence of substrate from the Tm in the presence of the indicated compo
The results of the mutant (orange) are shomaxt to wildtype VCINDY outcomes for the same compound (gre
for comparison. The bars shown are the average of triplicated d&tasith their error bars represented SEM. |
addition, below normalised melting curves graphs from the derivative of theugtted data of VcINDY D319A
10 mM of the indicated compound present (orange) and in its absence (grey). Each line represegts ¢
outcome of the triplicated data.

3.5.4.5. V322A

The valine of V322 has an aliphatic saf@in group. This amino a@chas

been described from the crystal structure to be at the TM9b, which belongs to the

oligomerization domain(Figure 328). Hence, V322ossiby interacts with the

substrate when iis being transported. The study of this position would reveal if

substrate selectivity at some point of the transport gets influenced by VE22.
baseline melting temperature obtainddr V322Awas of 50t 2.21°C(Tabk 3.2),

w

beinglower than wild(i & LIBtkbat the presence of any compound.
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The data gathered showed a general disability for the anionic compoundsto
stabiliseV322Aasthey did on wild-type (Figure3.29). Ingeneralthe SE LISNA YSy (i Q&
outcomeslackstatisticalvalue.Thedifferencewith the substrateisnot prominent
enoughwhencomparedto the absenceof ligandcondition Succinaterovokeda
unigue significantshift equalto wild-type with 7 +0.94°C. Malate also provided
extrastabilityto the VCINDYW322Aproteinwhenboundwith ak ¢ ¥f3+0.47°C

(Tabk 3.2).

Figure 328: Representation of V32bcalization in a 3D VCINDY crystal structure.

V322 location in a 3D model taken from a PyMOLAgt ( + OL b 5 ,-fecing skaié dronNtRe crystal
structure of Nie et al.,2017,(B0 +/ L b 5, @atingzrdulelsbhskdon Mancussb al.2012 crystal
structure from Mulligaret al.2016. V322 amino acid is marked in red in both conformatigiso, in boh
images, sodium cations are represented as green spheres and substratesspheees The yellow arron
represents the path followed by the bindirgite during the elevatotype transport cycle from IFS (inward
facing state) to OFS (outwafdcing state)pr vice versa.

Overall,the alanine mutation at the 322 positions did not affect succinateand
malate binding. However,any other compoundof the library failed to provide
stability to the mutant (Figure3.29). Oxalateand citrate outcomesmatchedwith

what would be expected, as they did not provide stability in wild-type
experiments.lcatonic acid, adipate and oxalacetatebarely generated melting
temperatureshifts(Figure3.29). So the findingson V322Aat leasthint that V332A

-89-



does impact substrate selectivity by avoiding binding of compounds prior

mentionedexceptsuccinateand malate.
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Figure 3.®: 10 compounds thermostability screen ugj VcINDY alanine mutant V322A.

A) AverageY St Ay 3 GSYLISNI GdzNE aKATO o6ke¢eYO 2F +£O0OLb5S,
subtracting the VcINDY Tm in the absence of substrate from the Tm in the peeskthe indicated compound. Th
resuts of the mutant (orange) are shown next to wilghe VCINDY outcomes for the same compound (green)
comparison. The bars shown are the average of triplicated datasets with their error bars represented S
addiion, below normalised melting curvesagphs from the derivative of the untouched data of VcINDY V322A ii
mM of the indicated compound present (orange) and in its absence (grey). Each line represents a single out:
the triplicated data.
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3.5.4.6. F326A

F326A is located at the TM8b of the VcMDstructure and the
phenylalanine has an aromatic ring in its chemicauctre. The melting
temperature of the protein alone was 49 .¥&.43°C,whichindicatesthat VCINDY
F326Ais lessstablethan VcINDYvild-type. ACPMassayto test bindingselectivity
of ten compoundsof the library wascarriedout asprior doneto identify if F326A

isinvolvedin substrateselectivity,despitebeingfar from the bindingsite (Figure

3.30)

Figure 330: Representation of 326 localizatiom a 3DVCINDY crystal structure

F326 location from the inside of the cell perspective in a 3D nta#tehfrom aPyMOlat (A) VcIND®Riagward-
facing state from the crystal structure oflie et al., 2017, (B) + / L b 5 , Q &-facthglziiatiél NeRed on
Mancusse et al. 2012 crystal structure frm Mulliganet al.,2016. F32@&mino acids marked inyellow inboth
conformations.Also, in both images, sodium cations are represented as green spheres and substrates
spheres.

In this experiment, out of the compounds with four carbons in their chain,
succinate gave the maximum stability with a higkdm than it did on VcINDY
wild-type (Figure 331). Succinat& Tmprovokedwasof 8.9+0.50°C,followed by
fumaratewith quite similaroutcomesthan wild-type with approximatelyk ¢ 6f

5+ 1.24°C (Table 3.2). The thermal shifts for other four-chain compounds on

F326Adid not offer a significantk ¢ Wetweenconditions.Forsimiar reasonsp -Q
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sulfosalisiliacid, tricarballyateand, citrate would not be commented.However,
adipate,alargercarbonchaincompound,generatedak ¢ Yreaterthanthe one

sawon wild-type with 3.3£1.24°C(Tabk 3.2).

Unexpectedlycomparedto any prior results, the effect of oxalateon LINR G SA Yy Q&
stabilisationwasevident. The2 E | f $tabifs&ianon F326Awas8.1+ 1.87°C

(Tabk 3.1). Onthe oxalateraw data graphs,out of the three readingonly two

melting points matchedwith the substantialstabilisationincrease(AppendixB:
SupplementaryFigure6.2.13. Sucheffect on the melting temperature was not
sharedwith anyother compoundfrom the libraryor anyother mutanttested.Only
succinateprovided F326Awith a parallel stabilisation(Figure3.31). ThisF326A
analysigound evidencefor phenylalanine to rejec binding of short compounds

such as oxalate (2C), while it preserves binding of the main substrate succinate

and & the same time adipate (6C).

Oxalate -

Citrate -

Oxalacetate -
Icatonic Acid 4
Adipate 4
Tricarballyate -
Malate -
5'-Sulfosalisilic Acid -
Fumerate -

Succinate -

2 N % RN RS

 wt
B F326A

AT(°C)

(Figure continugon next page)
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Figure 331: 10 compounds thermostabilityscreen using VcINDY alanine mutant F326A.

AverageY St GAy3a GSYLISNI GdzZNB aKAFGE okeYO 2F £O0Lb5, A
subtracting the VcINDY Tm in the absence of substrate from the Tm in the predeheéralicated compound. The
results of the mutant (orange) are shown next tddatype VCINDY outcomes for the same compound (green)
comparison. The bars shown are the average of triplicated datasets with their error bars represented S
addition, below normalised melting curves graphs from the derivative of the untouchtdafd/cINDY F326A in 1
mM of the indicated compound present (orange) and in its absence (grey). Each line represents a single out:
the triplicated data.

3.6. EXAMINADN OF VcINDY SUBSTRATE RECOGNITION

CHANGES DEPENDING ON CATIONS

For further research to uncover which components could trigger substrate
recognition, the influence of different anision the binding site \as studied. The
sodium and substrate binding sitase situated close within the protein structure
until the point where amino acids are shared between them. It would not be

surprising if cation interactions bound to the described sodhinding site could
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yield variation in substrate selectivity. Howeyenlythe consequences of cation
binding to DASS proteins within the transport mechanism have been investigated.
Here, taking advantage of VcIN¥ll-characterised DASS transporter, study of

sodium, lithum andpotassium effect on substrate binding woudd carried out.

3.6.1. ANION INFLUENCE ON SUCCINATE BINDING ON VcINDY
{2RAdzYQa AYLERNIIFIYyOS Ay +0OLb5, 0N yal

transporters, is welknown (Mulliganet al,, 2014jInoue et al., R02)YInoueet al.,

2002)Strickleret al,, 2009fHall am Pajor, 2007)Saueret al., 2020) Sodium is

capable of powering succinate transport in VCINDY, wheredsis lable to

transport succinate buib a much lesser degrePotassiumon the contrary, failed

to provide VcINDY capacity to transport succinai®lulligan et al., 2014)

Therefore, it seems that sodium binding provides VcINDY protein with higher

stabilisation than any other cation.

To test how binding of different cations is ditly coupled to substrate
binding. First, the association between*\Nal or K and the stabilisation of VCINDY

in the presence of its substrate, succinate, was used following a CPM assay.

The Tm offered by these three cations to VcINDY-yppé in thepresence and
absence of 10 mM succinate was evaluatédg(re 332). The relationship
between sodium and succinate binding was first established. Then, lithium and
potassium were tested in the same conditions to observe if variation in VCINDY

stabilisationoccurred in the presence of succinate.

In the concentration of 50 mM of each cation, stabilisation by sodium and lithium

of VcINDY was almost identical with Tm of 56.66+ 0@land 57.66+ OC,
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respectively, whereas, a lower Tm of 52.35+ ®Q4wvas fouad in the presence of

K. When observatig 2F +OLb5, Qa ¢Y Ay GKS LINBaSy
LINBASYGSR a2YS GINAIFIYyOSe® t20l aardzyQa af
previously with a Tm of 51.36+ 0.4C Figure 332). Therefore, potassium did not

show any significance change on VcINDY Tthenpresence of the substrate as

expected. However, a shift on the Tm was perceptible in sodium and lithium

experiments.

In the presence of 50 mM of lithium, Tm was 60.30+ 0@,7approximately 2.8C

higher than in the absence of succinate. In the case of sodium, in the same
concentration, N& provided VcINDY with a much higher stabilisation when
succinate was present. The VcINDY Tm in the presence of sodium and succinate

was 64.61 = 0C, generating the statshition effect of almost 8C.

80+ 3 No addition
- 10 mM Succinate
O
o 704
o
£
2 60-
O)
£
)
© 504
=
40-

X X X

g v *

Figure 332: Differences in succinate binding depending on cation interactions.

Succinatanduced stabilisation effect on VcINDY sodium (pink), lithium (blue) and potassiul
(orange). Two conditions were tested in the presence of 50 mM of each cation: 10 mM of suc
(filled lines) and nofsuccinate added (blank). The data presented arentiedting temperatures
obtained in eah experiment shown as the average from triplicate datasets and the error |

represent SEM.
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From the data collected, it couldelsuggested that sodium cation has the ability
to stabilise the protein in a specific way that the two other cations of the study are
unable to. A key finding emerged from the observatiohiothermostability effect

on VcINDY, which demonstratewo things.First,VcINDYangeneratea similar
amount of bondswith lithium that it doeswith sodiumsinceLi thermostability
effect was very similard Na". Secondit highlightsthat little is known aboutthe
effectsof thesetwo cationson substratebindingsincelithium canstabiliseVcINDY

by itself, but it barely givesa higherstabilisationwhen succinateis present. This
might imply that Li* causesan effect on substrate selectivity not identical to

sodium,despiteformingthe samenumberof bonds.

3.6.2. COMPOUND SCREEN WITH VcINDYYREEINFLUENCED BY

NA'SUBSTITUTIGND + 9! [ S5LCCO9wO9Db/ 9{ Lb [LD!D

From the previous findings, it seems that Na essential for substrate
interactions by generating succinateduced stability not reptiated by lithium or
potassium. Hence, and as previously suggested, sodium creates local allosteric
interaction with VcINDY that would facilitate substrate to get bound more easily
to the protein(Mancusscet al., 2012) On tre contrary, despite lithium gets bound
to the protein, it prolably fails to enhance succinateduced binding as sodium

does.

To further test changes in substrate selectivity depending on the cation bound to
VCcINDY, the effect of lithium and potassium wather ligands from the library of
the study were exploded. Howing a CPM assay, as done previously for the

alanine mutants, the relationship between cations and ligands was analysed by
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observation of melting temperature shifts. If VCINDY increased l#ya the
presence of substrate and sodium is due to unigadium allosteric interactions,
a nonincrease of VCINDY melting temperatures compared to-type@ would be

expected in the presence of lithium and potassium.

Tables indicating th&Tm for each cation and ligand tested may be found in
AppendixB (SupplementaryFigure6.2.19. Rawuntoucheddata from the CPM
test for Li* and K canalsobe found in Figure6.2.17and 6.2.18(respectively)n

the appendixchapter.

3.6.2.1. Potassium effect on stiade selectivity

The effect on substrate selectivibaused by potassium was decided to be
investigated. Potassium*Kvas reported here by observation of the Tm to
unsuccessfully promote succinate binding and in other studies to be unable to
support sucmate transport in VcINDiMulliganet al,, 2014) Thus, potassium is
expecta to do not be suited to allowwhe binding of ligands to get bound to
VCINDY. To confirm thi§/cINDYwild-type CPMassaywas carried out in the
presenceof 1 % DDM, 50 mM K, and 2 mg/ml of protein, in addition to the

absenceor presenceof 10 mM of a compound of the study.

Theresultsgatheed from testing K* shownthat no compoundstabilisedVcINDY
wild-type in the presenceof 50 MM potassium(Figure3.33). Allthek ¢ ¥esulted
from the screenof the ten different compoundswere negative whichmeansthat
VcINDYwvas even lessstablewhen a compoundwas addedto the solution. The
melting temperature shifts varied significantlyexcept succinate,fumarate and

malate,from whichk ¢ ¥id not differ from the baselineof the control condition.
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Theresultsof the 50 mM K" CPMassaygo beyondthe findingsof its insufficient
succinateinduction stabilisationto any other compoundtested. Potassiunhasa
larger size than sodium which could be the reason behind its inadequacyto

promote bindingof substrateso the bindingsite of the protein.
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Figure 3.3: 10 compounds thermostability screen using VcINDYwifge in the presence of potassium cation.

Average melti@ G SYLISNI & dzNB & KA T (ipreéekce Wileaclk dompsudd wasS deteriniied I
subtracting the VCINDY Tm in the absence of substrate from the Tm in the presence of the indicated con
(all in the presence of 5MM K). The bars shown are the aege of triplicated datasets with their er bars
represented SEM. In addition, below normalised melting curves graphs from the derivative of the untouche
of VCINDY in 10 mM of the indicated compound present (pink) and in its absence (grey)n&aeprésents a
single outcome of the trijtated data. This experiment was only one day.
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3.6.2.2. Lithim effect on substrate selectivity

Li* catalysed succinate transport poorly in VCINDY but, as prior caedirm
it gets somehowspecifically bound to the VcINDY transportBrglre 332). We
speculatethat sodium enhances substrate bindingthg intervention of allosteric
forces which triggers the protein to follow an inducddl mechanism to adequate
substraesat the bindingsite.However, so far only succinate recognition has been

reported in VCINDY in the presence of sodium and lithium.

In order to cast some lightrothis proposed inducedit mechanism more ligands
should be studied to approacthe cationsand substrates relationship. Thus, a
CPM assay with the compounds from the library in the presencé wikicarried

out.

The bnding d lithium to the protein and its repercussions on substrate binding

was observed Figure 3.3). First, in the presencef 50 mM of lithium, lithium

stabilised VcINDY with a Tm 57.6%) which showed that lithium interacted and

generated bonds specificéll 6 A 0 K 0KS GNI YALRNISNY Ly (K¢
in the presence of succinate was significant but with lesB\BY stabilisation

compared towildi @ LIS a4 dzOOA Yyl 1SQa Ay¥FfdzSyO0S Ay (KS
p -Sulfosalisilic acid. Fumarate, ssamilar molecule to succinate bound, did not
LINEP21S | AAIAYAFAOLIYG ke¢Y RATT&FNBgyOS &2

3.34).

Other fourcarbons molecules such oxalacetate stabilised more VcINDY in the
presence of lithium than sodium, with an alma@sthA 3y A T A Ol°¢ @igule¢ Y 2 F

3.34). Malate showedl k ¢ Y 2 F°Chwhateas, icatodbaiacid presented the
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samek ¢Y HAGK 020K OF (A 2yaibon chaths SuchdzsS a
tricarballyate showed the same stabilisation effect with lithium tharewlsodium

was present. Citrate stabilisation effect in the presence dfwas surprisingly
positive. Finally, out dhe ten molecules, oxalate and adipate did not of¥@NDY

a significant stabilisation, which means that they did not get bound to the

transporter.

From the results, evidence from lithium effect on substrate recognition suggest
that Li* provides citrate tricarballyate, oxalacetate, malate and icatonic acid with
enough stability forces, while it fails to generate a fitting binding sitthéomain
stabilising compounds reported in the presence of sodium such as other 4C

molecules and Gsulfosalisilic ad.

From these findingsA i O2dzZ R 6S aL)SOdzZ I SR GKI G
transporter is due to whether the molecules have a functional group. Despite
sodiumprovides generally more stabilisation to the transporter indicated by larger
k ¢ Y eddomparing conditions{diK A dzy O2dz R 06S | of S G2
when substrates have a functional group2C or 3C of their structure. On the
contrary, with compounds that own a linear carbohain such as succinate,
fumarate and adipate, tiwould not be able tobuild allosteric changes as
adequate as sodium does. To support this, it could be possible treanaller size
brings better fitting to additional groups of the scaffatdrbon chains of the
ligands. Therefore, lithium could be able thange substrate selectiyi and
sodiumsuccinate interaction it is not unique although, sodium binding leads to

better substrate recognition.
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Figure 3.3: 10 compounds thermostability screen using VcINDY wvitde in the presence of lithium cation.

Average melting temperaturd KA F i 0Kk ¢ YO eprésenceldf &abh, compolnd s determined
subtracting the VcINDY Tm in the absence of substrate from the Tm in the presence of the indicated con
(all in the presence of 5MM Li). The bars shown are the averagetmgblicated datasets with their error bars
represented SEM. In addition, below normalised melting curves graphs from the derivative of the untouche
of VcINDY in 10 mM of the indicated compound present (pink) and in its absence (grey). Each |sentepre
single outcome of the triplicated data.
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CHAPTER 4: DISCUSSION

In this project, a series of thermostabilibased binding assays were used
to gain conprehension of substrate and cations interactions in VcINDY
transporters.VCINDY igsed as ASS modalinceit was at the momenthe only
DASS member with a solvedgstal structurgNieet al,, 2017) While thisresearch
was being carried out, thealNDY transport€ & & { WadzaublidasdSaueret
al., 2020)

DASS transporters are very dynantiolding some functional and sequence
differenes between membersbut they all converged togethedue to their
important physiological role@ajor, 1999fPajor, 2006Knaufet al., 2006)(Pajor,
2014)(Lu, 2019) Several knockown gene studies have proved their relevance
among different specie@-eiet al,, 2004JRogina and Helfand, 2013pecifically,
studies on the SLC13 mammalian family have higldaymembers as approaching
medical targets for the treatment of cancer, diabetes and obesity and other
metabolicrelated disease¢Birkenfeldet al, 2011)Bergeronet al., 2013jJHuard

et al, 2015)

Focusing on monitoring transport has besa farthe main approach in the study
of DASS transpters. Within an elevatoitype mechanism, VcINDexposes the
substrate alternatively to the extracellular or the cytosolic side with two known
different conformations: outwaredacing state (OFS) and inwdli@ting state (IFS),
respectively (Mulligan et al.,, 2016) Developing statedependent inhibitors

requires an understanding of the distribution of the protein's conformational
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states Hence,it is important to clearly understand the mechanism from which
these proteins operate to develop effective ibfors. To thisgoal, it is equally
vital to determine the factors for substrate recognition and the rules proceeding
cation and substratespecific interactions.

Here, with a highhroughput methodand screening of multiple ligandgith
different VcINDYalanine mutants we ought to identify proteidigand binding
demands ad give some further insightsnto VCINDY substrate recognition

variation throughout the elevatotype transpot (Figure4.0).

Figure 4.0View of the selected amino acids of the study in the VcINDY inwfating state conformation.

Detailed crystal structure of succinate molecule (orange) bound at the binding site (PDB 5UL7
(Nie et al.,2017). Na+ ions are purple spheres. The relative position of the amino acids muta
alanine are marked in colours: yellow (F326), red (319), green dark (V322), light blue (T67
(V66), orange (F100), light green (S290) and dlark (196)and amino acids in the transport domai
are all painted in white (N151, T152, S200 and T421).

Thesework findingshint participationof amino acids belaging to the scaffold and
oligomerization domain in implementirgecondarysubstrae filters, while amino
acids belonging to the transport domain seem to carry the clegth filter into
effect. Furtheranalysed residuem VCINDY sticture could also irdr differences

in substrate selectivity accordingly to the conformation adopted by the
transporter. Finally, ¢her positions are suggested for the first tinte have

potential mechanistic roles in the elevattype mechanism of VCINDY.

-103-



Therefore, substr-binding events in isolation have been carried out to study
specific transporter's residues. Using the same approach, cation binding effects on
substrate recognition have also been pursued. Suebults indicate that
interactions with sdium are indeed acessary for allowing substrate binding in a
way that lithium cannot reproduce. However, a variation in binding these two

cations could give rise to differences in substrate selectivity.

4.1. SUBSTRATE BINDING SELECTIVITY IS SHARED BETWEEI
DIFFERENT VCcINDYBITRURAL COMPONENTS
4.1.1. ACCOUNT FOR VcINDY BROAD LIGAND RECOGNITION

In this study the understandingof VCINDY interactions with ligands has
beenexploded With sitedirected mutagenesis and a functional assay based on
the thermostability of VCINDY, the prereigites of ligands to be recognized by the
transport have been revealed thanks to the structural knowledge of the

transporter.

Optimal successful binding, seen by a large increase in the protein's
thermostability, hapens when compounds have four carboasd nonextra
carboxyl groups, only two carboxyl groups at each side of the cacham
(succinate and fumaratef{gure 3). Therefore, based on the results, a ligand
requirement to ascertain successful interaction within the binding site is the

preserce of two carboxylate groups.

Variations can be tolerated by the transporter when carboxylic groups are located
at the second arbon of dicarboxylates (oxaloacetate, icatonic acid and malate).
Binding of tricarboxylates with bulky groups at the thirdloan (tricarballyate)s
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also accepted by the transportelence, VCINDY tolerates additional functional
groups when they can bariented out (towards binding site opening) in a way that
the protein can stabilise them as the citrate VCINDY crystal strudispayqNie

etal., 2017{Mancusscet al,, 2012).

These findings support the notion that VcINDY prefers C4 and C5
tri/dicarboxylateswhichwould be dueto their optimal length to interact fully with

the carboxylate recognition regions of the transporter, known as the SNT motifs
(Mulligan et al., 2014\Mancussoet al., 2012) This would explain why efter
compounds like oxalate, which despite having caspic regions on each side of
the molecule, fail to providstability to VCINDYOnce more, he best compound
length tofulfil interaction accomplishmerfor theseSNT motifseems to be four
carbon ompounds. Compounds with five carbons can also fititroffering fewer

interactionsgiven thelesser stabilisation effeceen

However, in our data citrate did not offer stability to the protein. At the pH 7.5 of
the experiment, the citrate's predomima state is deprotonated with three
negative charges, kereas succinate only has twMulliganet al, 2014) Since
VCINDY is susciiple to negatively charged molecules such as glutamate, we
argue that the lack of citrate binding is due to VCINDY rejection of citrate's fully
Pro-S negatively charge carboxyla(®lulligan et al., 2014Nie et al., 2017)
Similarly, the tricarballyate state would also be mainly deprotonated. The reasons
behind its better gability effect on the tansporter remain unclear since its

molecular structure is very similar to citrate's but without the hydroxyl group on
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the third carbon. Surprisingly, adipate (6C) andsWfosalsiic acid (C7)

compounds offered stabilisatioffrigure 39).

In the adipae case, we believe thahe absence oadditional functional group
allows the compound to be flexible inside the bindsite. In a similar way, the
benzene ring of SSulfosalsilic acid compresses the molecule in a way that d@an f
inside the binding & and get bound thanks to its extreme carboxylic group. This
way, the previoushypothesis2 ¥ f A 3 yYRQ& NBIjdzA NBYSy i
carboxylic recognition regions of VCINDY is suppdftéet molecules present the

right si2.

In addition, resultof the SNTAAA VcINDY displayed the relevance of at least the
SNT motif at the HPin structure since Aayand could offer stabilisation when the
three present amino acids were mutated with an alaniteseems that VcINDY
substrate sedctivity is largely @lated to the binding accomplishment of the two
SNT motifs. Implementing discrimination of any compound that does not have the

correct dicarboxylate distance or cannot adapt.

Importantly, these motifs are considered the fingerprirft the Na-dependent
tri/dicarboxylate transporters familMancusscet al., 2012) They are almost fully
conserved in the DASS fam{yergarajaque et al., 2012) This implicates that
VCcINDY binding selectivity could be common in thé&s®Aamilyin fact, he
dicarboxylate length dependence has been observed in transport competition
assays for other DASS transportgidulligan et al, 2014) (Kekudaet al,

1999)Burckhardtet al., 2005)
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4.1.2. RELEVANCE OF THE SNIOTIM AND OTHER RELATED

TRANSPORT DOMAIN AMINO ACIDS

Since a molecular chalangth filter could rule ligands' binding, specific
residues from the bindingite were tested to tet their involvement in sucla
filter. An individual amino acid of the SNT nhdéisted in this study showed that
its role is indeed cruciallhe results of N151 imply a very important role of the

amidic group to recognise ligandsigure 312).

No compouil from the library of this study could stabilize the protein when N151
wasmutated to an alanineThe5'-sulfosalsilic acidwas an exceptiogenerating

a small increase in stabilityVe believethat its positive effect is well justified as
5'-sulfosalsilic acidcontainsonly one carboxyliogroupthat couldstill be boundto
SNTat the HPoutwhile the sulphurgroup,at the other sideof the molecule,could

form interactionswithout the needof the amidefunctionalgroupof 151.

Theimportanceof N151gets further reinforced by the information provided of
the crystalstructure. N151forms bondswith the carboxylategroup of succinate

aswell asthe sodiumin Nal (Nieet al,, 2017)

The T152 amino acid is locatedtheé HP1 next to N151. T152 forms a bond with
the carboxylic group of succinate as N151 dd¢Bke et al, 2017) In our
Thermoflior assays results for its mutant, citrate presentemhadest stabilisation

in a similarway that happens for N151Aigure3.13. In the Mancusset al.,
crystal structure, the residues of 151 and 152 generatstbind with the terminal
OA G NI G S Qa gradp pidviging &stabilisa®n. The interpretation of our
results suggests that T152$a role in implementing the molecular chain rule but
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with H-bounds. In normal conditions, N151 and T152 are responsible for avoiding

the binding of deprotonated citrate.

The results of these two bindingjte involved mutants support thevital functions
and add modest specificity roles for N151 and TARen N151is mutated to
alaninein VcINDYthe transport capacitygetsimpaired,and succinatebindingis
reduced (Nie et al., 2017) In NaDC3 mutants of amino acidsrelated to the
bindingsite alsoaffect transport function. Someof these mutantsare NaDC344
(VCINDW151),NaDC3*{VcINDYT152) NaDC3?°3(VcINDY5200)and NaDC 32!
(VcINDY421), which have been tested in our CPMassays(Schlessingeet al.,
2014) Henceijt is wise to believe that other critical related amino acids contribute

to the SNT motif selectivity role.

4.1.3. MECHANISTIC ROLES OF S200 AND T421

More amino acids belonging to the transport domain appeared to be
required for the binding of ligandsS200 and T42are located at the L5d and
L10ab (respectively) Interestingly, they bottshowed increased stability in the

absence of succinate when mutated to alanifeg(re 38) (Nieet al, 2017)

From the published structural infmation, S200 interacts with N151 stabilising it
by the formation of Fbonds. T421 does the same buhting to N378 at the other
SNT motif at the HPoNieet al., 2017) Despite not being described to interact
directly with the substrate, we believe that their partictgan in ligand binding
could go beyond the formation othe describedH-bonds from the crystal

structure.
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The melting temperature baseline found for S200A was 62.32 +°C.6dqual to

the succinate binding effect on VCINDY wyde (Figure 38). In mostcases, he
presence of ligandsor S200Adestabilise the transport or did no offer any
change in the melting pointF{gure 3.4). T421A melting temperature baseline
was not asubstantialas S200A, but the results in the presence of ligands matched
S2MA findings Figure 315). For its similar position in the VCINDY structure an
similar destabilisation effect; the f A 3 I Y R Q & welLidhodes 1h& $421

carries out a comparable action 5200

We speculate tha6200 and T421 residues are involve#eeping the binding site

opened at the IFS, increasing binding stg@osure(Figure 1.4A). While, when

mutated to alanine and after sodium bindin§200A and T4ZlLcan adopt a

conformation where the binding sités less exposedo the external medium

(Figure 4.1B). The adopted conformation will give the ability to inase

hydrophobic interactionswithin the protein. Thereby,  KI Yy OAy 3 LINR G SA
thermostability at a higher level than binding water molecutesild do.Hence,

the differences in stabilithetween wildtype in comparison to these two alanine

mutants could beexplained by the lesser ability of water molecules to help

LINPGSAYQa adloAfAGe

Following this lineof thought, ligands' presence would blo&200A and T421A
shift to a more stableonformation. Ligands can be bound to the protein and form
bondswith the alanine in 200 and T421 positions. Hence nhgated VCINDY can

change conformation when sodium gets bound, but nathie ligands' presence
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Finally, he negative effecseenin the presence of ligands can be explained by the

interplayof more bndingsite amino acid¢Figure 1.40).

Alaninemutationsin 200 and T42vould disrupt the possibility to create-bbnds
with the asparagine of the SNT motifs. Consequently, N151 and N87able
to get stabilised in the optimal position to recognise ligands' carboxylic groups.
The inability to stabilise the optimal position of the bindisite SNT motifsvould
explain the negative stability effect seen for these talanine mutantsn sodum

and ligand's presence.

Na*
[ ] $200 forms H-bond
wi
.. th N151
- T421 forms H-bond
with N378
1)
well oriented SNT motifs
Na* Ther: b
® __effect in
() Hydrophobic 50 mM Na“and
(¢] interactions ligand presence
1) l
Thermostabilty
effect in
50 mM Na*
. -S200Aand T421A
Na cannot form H-bonds
° L
("] Worse oriented SNT
motifs

!

Thermostabilty
effect in

50 mM Na“and

ligand presence

Figure 4.1 Schematic representation of sodium and ligand binding in VCINDY-tyjteé, T421A and S200A.

The sequence of events according to the Thermoflusagprotocol is represented as follows) Sodium
A2ya INB | RRSR FANRG FyR 380 02 dzy R 2k seetiddtigand
is added to the solution.3] The ligand binds to VcINDY. At the end of each sequence, a ticabr
representation of the bindingite from close view is exposed created with PyMOL and the crystal struc
from (Nie et al.,2017). The expected bindisite situation according to S200 and T421 ability to form bor
is represented irA) wild-type inthe presence of sodium and ligarigl) VcIND Ynutant S200A and T421/
in the presence of only sodiun@)VcINDY mutant S200A afd21A in the presence of sodium ions at
ligand.The ligand is a succinate represented in red spheres. Na+ ions are showmisgneee The T421
amino acid is coloured Ylew and S200 in pink. The SNT motifs are both coloured in p@reated with
BioRender.com)
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An alternative explanation could be the adaptation of one specific conformation
with more bondspossilly formed, such as a unique inwafdcing state that is
more stable than others iexperimentconditions (50 mM N3. Therefore, the
high stability and the destabilisation effects would be due to mere conformational

changes, not involving these mutants' specific roles and binding events.

In other transporters using an elevattype mechanism such as @lnd Gln, an
arginine occupies the substatieinding site in the absence of substrate to stabilize
the protein(Jenseret al., 2013)Verdonet al, 2014. Whereas, in VCINDY, there is
no mechanism or amino acid described to stabilise DASS protein'staigqNie

et al, 2017) Nieet al., proposed that VCINDY could act as a water carrier to
neutralise the vacantubstrate-binding site in the absence of it and sodium. Both
sodium and substratéinding sites are solvesiccessil® in the inwardfacing
state. Water molecules would be enough to compensate for the empty
transporter's intrinsic charge so it can switcbnéormations again from the

inward-facing state to the outwardacing statgZeuthen et al., 2016)

VCINDY has a serine in position ttuandredwhile ather SLC13 members have a
threonine. Both amino acidare hydroxylic supportingthe hypothesisof their
possible shared relin keeping the binding site open at the inwafakcing state.

The hydroxylic properties of the serine would be enough to bind water molecules
strongly until VcINDY's residual charges in its apo sigté compensated. In
support of this hypothesjsalanine mutations of NaDC3 in T253 (VcINEPH
exhibit suppressed transportMutations inNaDC3>?7(VcINDY*?) alsodisplayed

disruptedtransport (Nieet al., 2017) However,the conservationof T421among
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SLC13s different between NaCand NaS. In respective positions to VCIND%,
NaCtransporters have also a threonine, while NaS transporters have an arginine
(Figure4.2). Gonservationof the threonine onlyamong NaC transporte could
indicate that T421 isnore rekvant for di/tri-carboxylategecognitionthan S200,

while it cariesthe mentioned mechanistic rel

Figure 4.2T421and S200 conservation in the DASS family according to a sequence alignment o
VcINDY and its homobues.

Secondary structures of the protein from the knowledge of the 2012 crystal structure are marked ¢
the sequence alignment. T421 and S208 marked with a purple and yellow arrow respectivalie
SNT motifs are marked in dots. The im&ga fagment d the full image shown ifrigure 13 (Chapter
1), which wadaken from (Mancusset al.,2012)

In conclusionT421 and S200 roles could implicate charigesechanistic forces
Such forceswould at its turn provide a better substratdinding site it for

substrates which wouldutterly applyd dzo & (i 9électios.Q a

T421 and S200 do not only draw attention to their possible roles in binding events
but alsoto a new hypothesis development for a novakchanistic movement
involving these two positionsThis idea is developed in section 4.2iBce we

believe T421 and S20ypothetical roles aréinked to sodiumbinding.
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4.14. SCAFFOLD AND OLIGOMERIZATION AMINO ACIDS

PARTICIPATION IN IMPLEMENTING SUBSTEATB/SEY

The study described here has been veruable in identifying amino acids
that affect substrate interactions that would not be predicted from the structure
of VCINDY. Our CPM assagsshownfor thefirst-time implication of amino acids
in the scaffold and oligomerization domaimsvolved in substrate selectivity
Specifically, we suggest V66, T67, F100 and WB8@2ment a second selectivity

refinement filter.

The V66 and T67A are two amino acids located at TMated at a middle
position in the VCINDY structu(blieet al., 2017) Accordingo the actud VCINDY
known conformations, V66 and T@re proportionally distant from the binding
sitein+ OL b 5, Q-acing gbdfdrnaRon and outward-facing conformation

(Nieet al,, 2017{Mulliganet al,, 2016)(Figure 43).

Wy

& '\’,' )\ TR | N

Figure 4.3V66 and T67 position in VCINDY alystward-facing state structure.

Images show the crystal structure of VcINDY inwarnihg state. Té whole protein at the
right has been coloured according to the chains of the protein and indicates the view
which the amplified image was taken t@ve a clearer vision of the amino acids. V66
indicated in pink and T67 in orange. Images made RytOL, Crystal structure frofNieet
al,, 2017)
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