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Abstract German

Streptococcus pneumoniae ist ein menschliches Pathogen, das milde Symptome
hervorrufen kann, aber auch das Potential tragt, um schwerwiegende Infektionen in
der Lunge oder im Gehirn auszulésen. Als ein Gram-positives Bakterium tragt es
sogenannte Teichonsduren auf dessen Oberflache. Bei den Teichonsauren
unterscheidet man zwischen zwei Arten, die entweder in der Membran eingebettet
sind oder an die Mureinschicht gebunden sind. Die Synthese der Teichonsauren in
S. pneumoniae ist einzigartig, da beide durch einen geteilten Weg der Biosynthese
hergestellt werden. Ein anderes einzigartiges Merkmal ist, dass die Teichonsauren
mit Phosphorylcholin modifiziert werden. Das Anh&ngen von Phosphorylcholin findet
an der Innenseite der Membran wahrend der Synthese der entstehenden
Teichonséaurekette statt und nur diejenigen Teichonsé&uren, die mit Phosphorylcholin
modifiziert sind, werden an die Oberflache exportiert. Cholin ist das Substrat fur die
Phosphorylcholin Einheiten und essentiell fir das Uberleben von S. pneumoniae. Das
Substrat kann vom Bakterium nicht synthetisiert werden, sondern muss von einem
sekundar aktiven Transporter, genannt LicB, importiert werden. Der Transporter
gehort zur Drug/Metabolite Transporter Superfamilie, die aus Transportern mit zehn
Transmembranhelices bestehen. Die Gemeinsamkeit der Transporter besteht darin,
dass diese aus zwei invertierten, wiederholenden Einheiten bestehen, die durch
Genduplikation entstanden sind. Die Struktur und die Funktion von LicB wurden
bisher nicht beschrieben und Strukturen bekannter Mitglieder der Drug/Metabolite
Superfamilie sind karg und beschreiben groBtenteils nur einen kleinen Ausschnitt
dieser Superfamilien.

Diese Arbeit beschreibt die Funktion und die strukturellen Merkmale des
Cholinimporters  LicB  der Pneumokokken. Der Transporter weist ein
substratverbreitertes Verhalten auf, bei dem es nicht nur Cholin, sondern auch
Arsenocholin und Acetylcholin importiert. Die mittlere effektive Konzentration wurde

mittels Solid Supported Membrane Elektrophysiologie zu 47 = 15 uM fur Cholin,

VI



170 + 9 uM fur Arsenocholin und 740 + 84 uM fUr Acetylcholin bestimmt. Radioaktiv
markiertes Acetylcholin wurde zum Cholin-armen Medium zugesetzt, um S.
pneumoniae Zellen heranzuziehen und anschlieBend die Teichonsduren zu
extrahieren. Die extrahierten Teichons&uren weisen ein radioaktives Signal auf, das
den Beweis fur den Import und die Katabolisierung von Acetylcholin als alternative
Cholinquelle liefert. Protonenkopplung, als treibende Kraft fur den Alternating Access
Mechanismus des Transportzyklus, wurde durch ein fluoreszenzbasiertes
Assayverfahren bestétigt.

Zusétzlich dazu wurde eine synthetische Nanok&rperbibliothek, die gegen LicB
selektiert wurde, basierend auf dessen inhibitorisches Potential charakterisiert, bei
der einzigartig bindende Nanokdrper identifiziert wurden. In diesem Fall hat sich So/id
Supported Membrane Elektrophysiologie als eine robuste und schnelle Methode zum
Filtern von inhibitorischen Nanokoérpern bewdahrt und bietet sich zur Anwendung an
anderen Zielproteine als potentielles Arzneimittel an. Die Struktur des Transporters
LicB wurde mittels Rontgenkristallographie im substratgebundenen, verschlossenen
Zustand bei einer Auflésung von 3.8 A bestimmt. Mittels single particle cryo-EM
wurde LicB in Nanodiscs rekonstituiert, an einen synthetischen Nanokoérper
gebunden und im nach auBen gekehrten Zustand bei einer Aufldsung von 3.75 A
bestimmt. Der Transporter spielt eine zentrale Rolle fir das Uberleben des
menschlichen Pathogens und die Kenntnis Uber dessen Struktur, die Funktion und
die Identifizierung inhibitorischer, synthetischer Nanokdrper bieten eine Plattform fur
die Entwicklung antimikrobieller Arzneimittel und neuartiger Alternativen zur

Bekdmpfung von Pathogenen.
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Abstract English

Streptococcus pneumoniae is a human pathogen that can cause mild symptoms but
also exhibits the potential to cause severe infections in the lungs or the brain. As a
Gram-positive bacteria it has teichoic acids attached to its surface, where there are
two types which are either embedded in the membrane or bound to the
peptidoglycan. The synthesis of those teichoic acids is unique for S. pneumoniae, as
it shares the same biosynthetic pathway for both types. Another unique feature is their
modification with phosphorylcholine. The attachment of phosphorylcholine happens
at the inner leaflet during the synthesis of the nascent teichoic acid chain and only
those modified teichoic acids are exported to the surface. Choline is the substrate for
the phosphorylcholine moieties and is essential for the survival of S. pneumoniae. The
Substrate cannot be synthesized by the bacteria and can only be imported by a
secondary active transporter denoted as LicB. This transporter belongs to the
drug/metabolite transporter superfamily, which is comprised of transporters with ten
transmembrane helices of two inverted repeats arising from internal gene duplication.
The structure and function of LicB has not been described before and known
structures of other members of the drug/metabolite transporter superfamily are
sparse and mostly describe only a small part of the families.

This study describes the functional and structural features of the pneumococcal
choline importer LicB. LicB exhibits promiscuous transport behavior, where it shows
to transport not only choline but also arsenocholine and acetylcholine. The half
maximal effective concentrations have been determined by solid supported
membrane electrophysiology to 47 + 15 uM for choline, 170 + 9 uM for arsenocholine
and 740 + 84 uM for acetylcholine. Radiolabeled acetylcholine was supplemented in
choline reduced media to grow S. pneurnoniae cells and to subsequently extract the
teichoic acids. The extracted teichoic acids exhibited a signal which provides
evidence of the import and catabolization of acetylcholine as an alternative choline

source. Proton-coupling as the driving force for the alternating access mechanism
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during the transport cycle has been confirmed with a fluorescence-based assay.
Additionally, a library of synthetic nanobodies, selected against LicB, was
characterized based on their inhibitory potential resulting in the determination of
several unique inhibitors. In this case solid supported membrane electrophysiology
has proven to be a robust and fast technique to screen inhibitory nanobodies and
presents an application for other potential drug targets. The structure of the
transporter LicB was solved in the substrate bound occluded state at a resolution of
3.8 A via x-ray crystallography and in the outward facing state, reconstituted into
nanodiscs and bound to a synthetic nanobody at a resolution of 3.75 A via cryo-EM.
The transporter plays a crucial role for the survival of the human pathogen and the
knowledge about the structure, the function and the identification of inhibitory
synthetic nanobodies can help to provide a platform for antimicrobial drug

development and for novel alternatives to combat pathogens.



1 Introduction

1.1 Pneumococcal virulence and choline import

1.1.1 History of antibiotics and antibiotic resistances

In 1928 in the laboratory of the St Mary’s Hospital London a now famous piece of
mould contaminated a petri dish belonging to the microbiologist Alexander Fleming'.
The mould was producing a substance that was killing bacteria surrounding it. This
substance, penicillin, was further developed by Fleming and others into a drug that
could cure bacterial infections and would revolutionize our healthcare?3. It became
one of the greatest medical advances of the 20" century and common and deadly
illnesses such as pneumonia and tuberculosis could now be treated. Life
expectations were extended and dangers of infections from small cuts, routine
surgeries and childbirth were vastly reduced*®.

But unfortunately bacteria and other pathogens have intrinsic and acquired
mechanisms to resist drugs that are made to combat them®’. There are two important
pathways with which bacteria can acquire resistances: from mutations of the existing
genome®® or from the uptake of foreign DNA'™. Those important processes already
existed long before the introduction of antibiotic use in healthcare and evolved due
to strong selection pressures in the environment'" 2, Penicillin was introduced to the
market in the 1940s and shortly after its introduction the first resistant bacterial strain
was discovered which threatened the antimicrobial advancements during the
1950s'™® . Soon after, other novel types of beta-lactam antibiotics were discovered
and developed. One of those antibiotics was methicillin but as in the previous cases
and already in the same decade of its introduction, the first methicillin-resistant
bacterial strains were reported’® ',

Reasons that contribute to antimicrobial resistances are manyfold and can be found
in nature or are manmade, starting with the over-prescription of antibiotics' ",

patients not finishing their treatments, large and often unnecessary overuse in



livestock and fish farms’®, poor hygiene in hospitals'®, poor sanitary conditions?® and
the lack of development of novel antimicrobials?®'. This additional survival pressure on
the bacteria due to the use of antibiotics, increases the chances of occurrence of

antibiotic resistances.

1.1.2 Virulence and antibiotic resistance of Streptococcus pneumoniae

Strains of bacteria that exhibit antimicrobial resistances to drugs that usually target
them are responsible for life-threatening infections, are a global burden and called
‘superbugs’. One of those superbugs is S. pneumoniae®4, a highly invasive human
pathogen that is harbored in the nasopharynx, a part of the nasal airways. Up to 27-
65% of healthy children and between 5% to 30% of healthy adults can be carriers of
the bacteria®*?®. The bacteria can cause mild to severe infections and propagate to
the ears, the sinus, the bloodstream, the lungs and even to the brain, if they cross the
blood brain barrier?” (Figure 1). The mortality rate of meningitis caused by S.
pneumoniae is associated to 16% - 37%. About 30% - 50% of adults surviving those
infections, are presenting permanent symptoms due to irreversible damages in the

brain82°,

Local spreading

/ Otitis media

—».o ®e —
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Figure 1. Pathogenesis of S. pneumoniae. S. pneumoniae can asymptomatically colonize the
nasopharynx and is transmitted via shedding through aerosols. The bacteria can spread and
invade other organs, where it can cause sinusitis, otitis media, bacteremia, pneumoniae or
meningitis. Figure created with BioRender.
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The World Health Organization included S. pneumoniae as one of nine priority
pathogens of international concern in 2014%°, Similar to other superbugs it developed
resistances to antibiotics shortly after their introduction (Figure 2)%'-%. Penicillin and
cephalosporin belong to the class of 3-lactam antibiotics and as such they inhibit the
final steps of the peptidoglycan (PG) synthesis®*. Since the PG is a part of the
bacterial cell wall of both Gram-positive and Gram-negative bacteria, those
antibiotics are therefore used against both types of bacteria. The first resistances
against penicillin in S. pneurnoniae were reported in the 1960s and those against
cephalosporin in the 1980s%*. Erythromycin is another type of antibiotic and was
introduced to the market in 1953. It belongs to the class of macrolide antibiotics that
inhibit bacterial protein synthesis by binding to a component of the 50S ribosomal
subunit®*®. The first pneumococcal strain resistant to erythromycin was already

reported 15 years after the introduction of the antibiotic in 1968.
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Figure 2: Timeline of the introduction of antibiotics and occurrence of resistance in S.
pneumoniae. The introduced antibiotics and pneumococcal conjugate vaccines (PCV) are shown
on the upper half of the figure, whereas the first reported resistant strains of S. pneumoniae are
shown at the lower half of the figure. Figure adapted and modified from Cilloniz et al., 2018.

This rapid emergence of antimicrobial resistance to B-lactams, macrolides and other
types of antimicrobials is a major global concern. Multidrug-resistant (MDR) strains

exhibit resistance to two or more antibiotics are an additional burden3®326-3° and the



first MDR strains of S. pneumoniae resistant to erythromycin, clindamycin,
tetracycline and chloramphenicol or those resistant to penicillin, chloramphenicol and
tetracycline were reported in 197733, The prevalence of MDR S. pneumoniae ranges
geographically from 36% in Asia to 15% in Europe®+“°. It is estimated that 30% of the
severe hospital acquired infections are caused by S. pneumonia strains which are
resistant to one or more antibiotics. This makes the treatment extremely challenging
especially for patients with a suppressed immune system, children and the elderly.
Pneumococcal conjugate vaccines (PCV) help to prevent infections but only target a
fraction of the known pneumococcal serotypes*!“2. Nevertheless, vaccines aid to
lower the incidents of infections significantly**44.

Community acquired pneumoniae remains associated with high morbidity and
mortality up to this day*. Here, especially MDR pathogens contribute to challenges
for clinical management and patient treatments and the search for novel drugs and

drug targets remains crucial®.

1.1.3 Teichoic acids synthesis in Gram-positive bacteria and in S. pneumoniae

For over a decade we have known about the existence of two types of bacteria, those
that exhibit a Gram-coloring, the Gram-positives and those bacteria that do not exhibit
any coloring, the Gram-negatives*. The main difference between these two types is
the composition of the cell envelope. Both bacteria have an inner membrane and a
layer. However, Gram-positive bacteria have a thicker PG layer of up to 10-30 nm*#’
and no outer membrane, compared to Gram-negative bacteria. Gram-positive
bacteria have their name from the fact that the Gram-staining can be retained by the
PG that is accessible due to the absence of the outer membrane and cause the
typical staining*.

While the outer membrane of Gram-negative bacteria is important for cell stability,
cell integrity, protection from toxic molecules in the environment and cell turgor
among other things*°, the thicker PG layer in Gram-positive compensates for the

absence of an outer membrane®. It is possible to draw some conclusions on



virulence from the different compositions of the surface exposed polymers and their
modifications. Those polymers are so-called lipopolysaccharides (LPS) in Gram-
negative bacteria®®s' and the teichoic acids (TA) in Gram-positive bacteria®®. The LPS
from Gram-negative bacteria are attached to the outer layer of the membrane
(Figure 3A). Its surface exposed O-antigens is composed of oligosaccharide
repeating units which are attached to the LPS. Those are highly diverse depending
on the bacterial strain and are an important virulence factor®*®6. Gram-positive
bacteria on the other hand have two types of anionic polymers (Figure 3B) which can
be either attached to the membrane, the so-called lipoteichoic acids®-*° (LTA) or to

the peptidoglycan layer, which are then denoted as wall teichoic acids® (WTA).
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Figure 3: Differences in cell wall composition of Gram-positive and Gram-negative bacteria. A.
The cell wall of Gram-negative bacteria consists of the inner and outer ljpid membrane and a thin
peptidoglycan layer. The periplasmic space is located on both sides between the membrane and
the peptidoglycan. Lipopolysaccharides are attached to the outer membrane and exposed to the
surface. B. Gram-positive bacteria lack an outer membrane but have a thick layer of
peptidoglycan. They lack LPS but have another type of anionic polymers, the teichoic acids, that
are exposed [o the surface. Those teichoic acids are either attached to the peptidoglycan and
are called wall teichoic acids or are attached to the inner membrane by diacylglycerol and called
ljpoteichoic acids.

Teichoic acids are important for the survival of the bacteria, to maintain cell shape
and keep the integrity of the cell®®. They exhibit a variety of modifications at their
surface, e.g. the maodification with D-alanyl ester residues that, together with the

peptidoglycan, form a polyanionic matrix®2. This anionic charge is important for cation

homeostasis, trafficking of ions, small molecules and it protects the bacteria against



cationic antimicrobial peptides®. For most Gram-positive bacteria the composition
and the synthesis of LTAs and WTAs differ significantly. The LTAs can be divided into
five classes®® and the WTAs into four classes®®, depending on their repeating
units. Type | LTAs are comprised of linear glycerol phosphates. They are generally
synthesized at the outer leaflet of the membrane, after its glycolipid anchor is flipped
to the outside®”® (Figure 4A). The glycolipid anchor in Staphylococcus aureus is
synthesized by the glycosyltransferase YpfP and flipped to the outside by LtaA.
Several glycerol phosphate molecules are then attached to the nascent chain by the

LTAs synthetase LtaS, before it is further modified with D-alanyl ester residues®®.
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Figure 4: Biosynthetic pathways of the synthesis of teichoic acids in S. aureus. A. Biosynthetic
pathway of type | LTA starts at the inner leaflet of the membrane. After the synthesis of the
glycolipid anchor, it is transported to the outer leaflet and the LTA is synthesized by the transfer
of glycerol phosphates. The LTA is then modified with glucose and D-alanines. B. The type | WTA
s synthesized at the inner leaflet of the membrane, where residues of GIcNAc, ManNAc,
glycerolphosphates and ribitolphosphates are attached, before the nascent chain is flipped to
the outer leaflet. The nascent chain is then attached fo the peptidoglycan and further modified
with D-alanines. Figure adapted and modified from van der Es et al., 20177.

Type | WTAs from Bacillus subtilis and S. aureus are comprised of glycerol
phosphates and ribitol phosphate repeating units. They are synthesized at the inner
leaflet of the membrane, flipped to the outside and attached to a muramic acid moiety
via a phosphodiester linkage to the peptidoglycan’ (Figure 4B). In the initial steps of
the type | WTAs synthesis in S. aureus, the linker is synthesized by consecutive

actions of TarO and TarA™. Cytidin diphosphate glycerol (CDP-glycerol) is then used



as a glycerol phosphate donor by TarB to transfer glycerol phosphates onto the linker.
The poly (ribitol phosphate) chain is then created by the attachment of another
glycerol phosphate moiety by TarF and ribitol phosphate polymers by TarlL using the
substrate CDP-ribitol. TarM and TarS further modify the chain with carbohydrates’
and the complete polymer is then transported through the membrane by TarGH™.

The synthesis of teichoic acids in S. pneumoniae, on the other hand, is unique and
differs significantly from the one of the type | teichoic acids’. Pneumococcal LTAs
and WTAs are synthesized through a single pathway and only later, after being
flipped across the membrane, divided into LTAs and WTAs. Both teichoic acids in S.
pneumoniae therefore have identical repeating units and length distributions of their
chains’. S. pneumoniae synthesizes a very elaborate and complex type of teichoic
aicds at the inner leaflet of the membrane (Figure 5). It is of the type IV LTAs that
consist of a repeating unit containing 2-acetamido-4-amino-2,4,6-trideoxygalactose
(AATGal), glucose (Glc), ribitol phosphate and N-acetylgalactosamine (GalNAc). In
the first step of the synthesis the sugar AATGal is transferred to the undecaprenyl-
phosphate lipid anchor’”. The source of the sugar is a chemically activated UDP-
AATGal, converted from UDP-GIcNAc as a precursor by a subsequent activity of a
dehydrase and an aminotransferase’™. In the following step a glycose residue is
attached by a glycosyltransferase’¢. CDP activated ribitol is acquired through the
activity of the two enzymes Tard and Tarl””. TarJ requires NADPH for the synthesis of
ribitol-5-posphate, which is then used by the cytidylyl transferase Tarl to form CDP-
ribitol. The phosphotransferase LicD3 is then transferring ribitol with the substrate
CDP-ribitol onto the nascent teichoic acid chain. The repeating unit core is completed

through the attachment of two GalNAc residues by two glycosyltransferases’.
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Figure 5. Biosynthetic pathway of teichoic acid synthesis in S. pneumoniae. The synthesis of LTAs
and WTAs in S. pneumoniae is shared for both teichoic acids and starts with the synthesis of a
type IV LTAs at the inner leaflet of the membrane. The precursor for the synthesis is an
undecapreny! phosphate that is attached to the membrane and to which residues of different
sugars are attached. The attachment is carried out by several membrane associated proteins and
the repeating units, i.e. UDP-AATGal and CDP-ribitol, are chemically activated and provided by
soluble proteins. The nascent chain is modified with phosphorylcholine moieties. CDP-choline is
chemically activated and its precursor choline can only be acquired exogenously through the
choline importer LicB. After the chain has been synthesized and modified with phosphorylcholine
residues, it is flipped outside and either atiached to a diacylglycerol anchor at the inner
membrane, yielding a LTA, or to the peptidoglycan, yielding a WTA. Figure adapted and modified
from Denapaite et al., 2012,

Another unique characteristic for pneumococcal teichoic acids is their modification
with phosphoryl choline’, similar to Haemophilus influenzae, a Gram-negative human
pathogen with phosphorylcholine decorated lipopolysaccharides™. S. pneumoniae
cannot synthesize choline from other compounds and imports choline with a putative
secondary active transporter from the drug/metabolite transporter (DMT) superfamily,
LicB™®. The imported choline is then phosphorylated by the choline kinase LicA®'.
The cytidylyl transferase LicC activates phosphorylcholine into CDP-choline®28. CDP-
choline is used as a substrate by LicD1 and LicD2, which attach phosphorylcholine

moieties at the GalNac residues on the nascent chain®. Both phosphorylcholine



transferases exhibit high specificity for the location of the modification®. LicD1
specifically attaches phosphorylcholine moiety to the a-GalNAc position, whereas
LicD2 only attaches the moiety to the B-GalNAc position of the nascent chain. The
nascent chain is further polymerized by a so far unknown putatively highly
hydrophobic membrane protein Spr122272. The transmembrane transporter TacF
flips the teichoic acid to the outer leaflet”®, where it is either attached to the
peptidoglycan to yield a WTA, or to the glycolipid anchor to yield a LTA. Additionally
to the phosphorylcholine modification on the teichoic acids, it has been shown that
S. pneumoniae has a pathway for D-alanylation of the teichoic acids and teichoic

acids have been shown to contain D-alanines®®.

1.1.4 Choline requirement in S. pneumoniae

Choline is an essential nutrient for mammals that needs to be supplemented
additionally to the endogenous synthesis in the liver and the brain®’. In humans and
other rodents it plays an important role for the maintenance of cell membranes,
synthesis of phospholipids, for the synthesis of acetylcholine for cholinergic
neurotransmission and the methyl metabolism for epigenetic changes among
others®®, Research on humans and rodents shows that choline is required for the
development of the brain and for cognition®®®2, Choline deficiency can lead to
pathological conditions such as epilepsy, schizophrenia or Alzheimer’s disease®.
Because of its central role in key processes and functions, several specific choline
transporters can be found in human cells that can take up the hydrophilic cation®.
There are low affinity choline importers that supply choline for the synthesis of
phosphatidylcholine and other lipids®, and there are high affinity choline transporters
located at pre-synaptic clefts of cholinergic nerves®8, The latter is putatively coupled
to the synthesis of acetylcholine in the brain. Another human choline transporter has
been recently found to be involved in choline import in the plasma membrane and in

mitochondria®.



For bacterial cells, choline mostly plays an important role in the glycine-betaine
pathway for osmoregulation'®. Choline is for example supplied externally by the BetT
importer in £. co/®', which then synthesize the osmolyte glycine betaine if other
compatible solutes are not available for the compensation for osmotic stress':102,

Some respiratory tract pathogens, on the other hand, have a unique way of using
choline, decorated as phosphorylcholine moieties on their surface exposed
polymers, to invade host cells'®1%. H. influencae and S. pneumoniae are both human
pathogens that are harbored in the nasopharynx and exhibit phosphorylcholine
moieties as part of their LPS'™® and teichoic acids®, respectively. It has been known
for a long time that choline is an essential growth factor for S. pneumoniae ' but it is
unique for this Gram-positive human pathogen that choline is used exclusively for the
decoration of its teichoic acids'® ', There are two main pathways by which those
pathogens can invade host cells. They can either mimic choline and interact with
abundant host receptors that bind choline, or by so called choline binding proteins
(CBP) that are attached on the phosphorylcholine moieties of the pneumococcal
teichoic acids. In the first scenario, the phosphorylcholine moiety can interact with
the platale-activating factor receptor (PAFR) or the laminin receptor (LR) to allow to
adhere to host cells'®. The PAFR and LR receptors are highly abundant proteins that
are expressed on the surface of many human cells, where the PAFR accepts
phosphorylcholine as its natural ligand?*'":"2. The other pathway of invasion follows
pneumococcal CPBs and their various functions involved in the adherence and
invasion of host cells'®. CBPs are a unique group of cell-wall associated proteins that
bind non-covalently to the phosphorylcholine moieties of the teichoic acids'®
(Figure B6A). All CBPs have a conserved choline binding domain of two or more
repeats of a 20-amino acid long sequence. Pneumococcal CBPs have been
described to be involved in autolysis'®, separation of the daughter cell'®, lysozyme-
like activity'’”, adherence to epithelial cells'® virulence'™®'? and colonization''.
Some of those CBPs, together with the phosphorylcholine moieties on the teichoic

acids, are crucial for several stages of pneumococcal adherence and invasion of host

10



cells?”22, The process is summarized schematically in Figure 6B. One of the first
steps during pneumococcal invasion of the respiratory tract is the clearance of the
mucus and mucucilia, by proteolytic degradation and deglycosilation'. The
clearance allows the adherence of the pathogen to the apical surface of the epithelial
cells. The adherence is mediated by phosphorylcholine and choline-binding protein
A (CbpA, also known as PspC)'"'?4. The phosphorylcholine can bind to the PAFR™
whereas CbpA is able to bind to the polymeric immunoglobulin receptor (PIGR)'™4.
Both events can induce endocytosis, where the pneumococcal cell is taken up and

released in the basolateral compartment'2:126,
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Figure 6: Invasion and adherence to host cells by pneurnococcal teichoic acids decorated with
phosphorylcholine (ChoP) and choline binding proteins. A. CBPs are non-covalently attached via
the choline binding domain to phosphorylcholine decorated teichoic acids on the surface of S.
pneumoniae. B. The pneumococcal cell clears the mucus and the mucucilia by proteolytic
adegraaqation and deglycosylation. ChoP or CbpA can then interact with the PAFR or the PIGR
receptor to adhere to cells. Such receptor interactions at the epithelial or the endothelial cells can
induce endocytosis of the bacterial cell and its release to the basolateral epithelium or into the
bloodstrearmn. The epithelial barrier can also be crossed through the degradation of the
extracellular matrix through the involverment of the CbpE. The blood-brain barrier can be crossed
through the interaction of ChoP with the PAFR, CbpA with the PIGR or LR, respectively. Figure
adapted and modified from Weiser et al., 2018.
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A paracellular invasion is possible through the direct damage of the epithelium and
the degradation of the extracellular matrix by choline-binding protein E (CbpE)'?’. The
capillary endothelial barrier and the blood-brain barrier can be crossed to enter the
bloodstream by the same mechanism of interaction of phosphorylcholine-PAFR or
CbpA-PIGR'"125126 - Additionally, CpbA can interact with the LR at the blood-brain
barrier?*,

The pneumococcal cells can undergo opacity phase variations during the process of
invasion, depending on the environment and the stage of invasion which upregulates
key virulence factors'?128, Those two types are called transparent and opaque, where
the transparent type can be typically isolated from the nasopharynx and the opaque
type can be typically harvested from the blood. During stages of adhesion the
transparent type of pneumococcal strains is dominant with upregulated levels of
expression of phosphorylcholine'® and CbpA'™'. The opaque type is a phagocytosis
resistant phenotype and is dominant when the bacteria is in the blood stream. During
that stage the expression of PspA is upregulated'®° PspA is another
pneumococcal choline-binding protein and involved in the protection against
apolactoferrin, a bactericidal against S. pneumoniae.

Because of the essential role of phosphorylcholine moieties and the CBPs, that are
involved in many crucial processes and dependent on choline for binding at the
bacterial surface, it is not a surprise that the disruption of choline supply leads to cell
death in pneumococci'”. Because of the abundance of choline in the human body,
it is not possible to cut the pneumococcal supply by decreasing choline levels as a
potential treatment for pneumococcal infections, but there is another potential drug
target involved in the import of choline. It is known from knockout studies, that there
is only a single transporter involved in choline import, which is the secondary active
transporter LicB from the DMT superfamily. Until now, this membrane protein has

neither been characterized functionally nor structurally and it is the aim of this study.
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1.2 Transport across membranes

1.2.1 Diffusion, passive and active transport

Lipid membranes are natural barriers that separate cells, organelles and the nucleus
for compartmentalization and as protective layers from the exterior'® 132 The
membrane is a bilayer of lipids and semi-permeable for some small hydrophobic
molecules, like water, ethanol or urea. Those molecules can cross the barrier freely
along their concentration gradient. Charged or large molecules, on the other hand,
cannot cross the lipid bilayer™3. However, all living organisms need to exchange
solutes and molecules in order to perform various functions. Because the majority of
biologically important molecules are impermeable for the membrane, they require
facilitated transport™4'3®, This comes in the shape of porins, pumps or carriers5139,
Those proteins are integral membrane proteins spanning from one side of the
membrane to the other to grant access across the membrane (Figure 7).

Porins, also called channels, are membrane spanning, rigid proteins with an opening
through which a substrate can cross the membrane'®™' The transport through
porins happens passively and along a concentration gradient. It therefore requires
no energy. Porins and channels are usually highly substrate specific and often have
conserved residues that form a selectivity filter'#243On the other hand, transport
against the concentration gradient of a substrate requires energy and is carried out
by pumps through active transporters#%°, Pumps, or transporters, are divided into
primary active transporters and secondary active transporters, depending on their
energy source. The energy source of primary active transporters comes from
chemical processes like the hydrolysis of ATP™¢47 The most common superfamilies
of primary active transporters with shared folds and mechanisms are the ATP-binding
cassette (ABC) transporters™&4  V-type!s01%"  F-type'™? and P-type'® ATPases.
Secondary active transporters on the other hand use energy coming from the
membrane potential, the proton motive force or from the co-transport of another

substrate along its concentration gradient™” ' Those transporters are called
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uniporters, if they transport only one substrate, symporters, if they transport two
substrates in the same direction and antiporters, if they transport two substrates in
opposite directions™®1%. Secondary active transporters can be divided into distinct
families depending on sequence or structural similarity. The major facilitator
superfamily”1%8 the LeuT fold superfamily’®®'6" and the solute carrier transporter
(SLC) family in humans'?'%° have been studied extensively and exhibit distinct types
of transport mechanisms. Furthermore, the DMT superfamily is a highly interesting
transporter superfamily whose family members have striking structural and functional

similarities to several subfamily members of the SLC family.

Passive transport Active transport

Simple solute Substrate Co-substrate

Diffusion Uniporter Symporter Antiporter ATP coupled

Secondary active Primary active

Figure 7: Substrate transport across the membrane. Small and hydrophobic molecules can cross
the ljpid bitayer through simple diffusion along their concentration gradient. Diffusion can be
facilitated with porins or channels. These are rigid membrane proteins that form a pore for the
translocation of the substrate along its conceniration gradient. Active transporters can facilitate
substrates against their concentration gradient. They either use chemical enerqy (primary active
transporters) or seconaary enerqy sources like electrochemical potentials, proton-motive force,
efc. (secondary active transporters). Uniporters translocate only one molecule. Symporters
transport two molecules in the same direction across the membrane. Antiporters translocate two
molecules in opposite directions.

Primary and secondary active transporters undergo conformational changes during
the transport of substrates® %6167 through an alternating access mechanism'®. This
concept describes, that the substrate binding site is only accessible to one side of
the membrane, where the transporter undergoes conformational changes between

facing to the outward and to the inward of the membrane. In this concept the
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substrate binding site is only accessible to one side of the membrane at a time and
the access to the substrate binding site alternates between the outward facing side
and the inward facing side of the membrane (Figure 8A). Three general mechanisms
have been described for secondary active transporters. Those are the rocker

switch'®, the rocking bundle'®"7° and the elevator mechanisms' "2 (Figure 8B).
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Figure 8: Schematic representation of an alternating access mechanism during substrate import.
A. The transporter is accessible (o the outward facing side of the membrane in the equilibrium
state. Upon binding of the substrate the transporter undergoes a conformational change fto
outward occluded, before it changes to the inward open state. The substrate can then be released
and the transporter changes (o the inward occluded state before the cycle starts again. B. In the
rocker swifch mechanism the substrate binds between two domains of the protein. Substrate
binding catalyzes the rearrangement of the protein and the domains rock and grant access to the
opposite side of the membrane. C. The rocking bundle mechanism involves a domain that moves
against a more rigid and structurally dissimilar domain in the membrane. D. A mobile and an
immobile domain are involved in the translocation process in the elevator mechanism. The mobile
domalin moves against the immobile, rigid domain upon substrate binding and before releasing
it at the other side of the membrane.

It has been the aim of a plethora of investigations to collect and combine the
information gathered from crystal structures, single-particle cryogenic electron
microscopy (cryo-EM), nuclear magnetic resonance, biophysical, biochemical and
computational data to understand the translocation processes of this large variety of
transporters. A clearer understanding of the mechanism and structural properties had

and will have great impact on the future of pharmacological drug-development in
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various fields like the development of novel antimicrobials especially through

predictive models for the mechanisms of inhibitor binding.

1.2.2 The drug/metabolite transporter superfamily

The DMT superfamily comprises a large group of membrane transporters found in
eukaryotes, archaea and bacteria'”®. This superfamily is subdivided into 14 families
that include transporters for a wide range of substrates, metabolites, toxins and drug
efflux pumps involved in drug resistances. The assignment to those families is based
on phylogeny and the polypeptide chains vary from four transmembrane (TM)
segments in the small multidrug resistance (SMR) family, five TM segments in the
bacterial/archaeal transporter (BAT) family and in general nine to ten TM segments
in the remaining families. It has been shown that the transporting unit of proteins from
the SMR or the BAT family consist of a dimer, that is topologically oriented antiparallel
towards each other and are expected to be the predecessors of the other family
members. The remaining DMT superfamily members are predicted to have a five-TM
internal repeat in ten TM helices'*'7¢, This characteristic motive of an internal repeat
very likely arose from intragenic duplication.

Several transporters from the DMT superfamily have been studied functionally and
structurally only recently, revealing the extremely unique topology. The transporters
EmrE and Gdx-Clo are members of the SMR family and the available structures
exhibit the predicted topology of antiparallel dimers'”” (Figure 9). During the
transport mechanism of the homodimer the proteins swap between the outward open
and the inward open conformations'”®'® (Figure 9 B, D). Due to the unique topology
of an antiparallel homodimeric architecture there is no structural difference between
both conformations. In EmrE the substrate tetraphenylphosphonium binds to a
glutamate residue in exchange for a proton. The substrate is then transferred to the
next residue in exchange for another proton before rearrangements in the helices
open an inward facing gate and the substrate dissociates'® (Figure 9B). During the

transport cycle in Gdx-Clo the substrate binding site is open to one side, exposing
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two conserved glutamates, required for substrate and proton binding'” (Figure 9D).
The published structures suggest a rearrangement upon substrate and proton
binding and an opening towards the opposing side for substrate release.

Another member of the DMT superfamily is YddG, an exporter of aromatic amino
acids that can be found in £. coli, Starkey novella and other bacteria'®'. Studies show
that the transporter exhibits a broad substrate specificity and expels aromatic amino
acids and exogenous toxic compounds in order to maintain its cellular
homeostasis'®'-'8 The x-ray crystal structure of YddG reveals an outward facing
state'®', where the mechanism was proposed based on structural similarities of the
inverted repeats to generate a model of an inward-facing state™®'8  In this
mechanism the TM helices TM4 and TM9 are bend and only half way in close contact
to cycle between forming a gate towards the extracellular side, or towards the
intracellular side'™'. The proposed intermediate state, the occluded state of the cycle,
is based on simulations and exhibits both helices in close contact to each other
prohibiting access from either side of the membrane.

The structures of three transporter of the nucleotide sugar transporter (NST) family of
the DMT superfamily have been studied and elucidated. Those are the
triosephosphate/phosphate translocator (TPT) from the thermophilic red algae
Galderia sulphuraria’®, the CMP-sialic acid transporter (CST) from Mus musculus™”
and Zea mays’® and the GDP-mannose transporter Vrg4 from Saccharomyces
cerevisiae’® ' The CST and Vrg4 transporters additionally belong to the SLC35
family of nucleotide sugar transporters™''%2, The family of SLC transporters are an
important group of more than 300 human solute carriers that play important roles
during physiological processes, uptake of nutrients and the efflux of drugs or
xenobiotics and have been shown to play important roles in various diseases'®?165.
Many drugs target those transporters, which are challenging to study and only a
sparse number of structures are published'%*, Some of the SLC transporters, i.e.
SLC35 and SLC39, exhibit the same topology of 10 TM helices with an inverted repeat
of 5 TM helices'?'%, The family of SLC35 transporters is therefore part of the NST
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family of DMT transporters. In fact, not only the NST transporters TPT, CST and Vrg4,
but additionally YddG, and both SMR transporters Gdx-Clo and EmrE exhibit similar

characteristics as those found in other SLC35 transporters.
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Figure 9. Topology and mechanism of Gax-Clo and EmrE. A. Topology of Gax-Clo (PDB.6WKS8)
with the inverted repeats colored in beige and green. The monobody is colored in red. B.
Topology of EmrE (PDB:2I68) C. Schematics of the proposed alternating access for substrate
import via Gax-Clo. The substrate is depicted as an orange sphere and protons for coupling as
grey spheres. D. Schematics of the proposed alternating access for substrate import via EmrE.

The substrate is depicted as an orange sphere and protons for coupling as grey spheres.

TPT is a phosphate translocator that can be found in many photosynthetic
eukaryotes'® or in plastids of other organisms'®. It belongs to the plastidic phosphate
translocator family'®® and is closely related to NST family of the DMT superfamily and

to SLC35 transporters’®:1920 TPT catalysis the 1:1 antiport of triose-phosphate, 3-
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phosphoglycerate and inorganic phosphate®'. The crystal structures of TPT in the
occluded state bound to 3-phosphoglycerate and inorganic phosphate and
comparison to other DMT transporters reveals a rocker switch motion of transporteé.
The CST transporter from the SLC35 family transports CMP-sialic acid across the
Golgi'®” 188 Crystal structures of CST in complex with CMP and CMP-sialic acid reveal
an antiporter rocking-switch mechanism of action, where CMP-sialic acid is
exchanged for CMP. Since CST is an antiporter and antiporters are not able to reset
themselves to the outward facing state after substrate release'®, it requires the
binding of CMP to change from the inward-facing to the outward facing
conformation@.

The GDP-mannose transporter Vrg4 from the SLC35 family imports GDP-mannose
into the Golgi lumen and exports GMP'81%°, The export of GMP happens slower due
to its smaller size and lower affinity. Similar to the CST transporter it requires the
export of GMP to change its conformation back to the outward facing state.
Interestingly the transporter requires short chain lipids for transport and is inactive
when surrounded by longer chain lipids'™.

The last DMT transporter of known structure is PfCRT from Plasmodium falciparum
that causes malaria®®. PfCRT is known to be involved in drug resistance to
antimalarian drugs and is able to export chloroquine and piperaquine, both
antimalarian drugs®®. Only a structure in the apo state bound to an antigen fragment
(Fab) was elucidated using single particle cryo-EM. Therefore it was not possible to
speculate about the full transport mechanism. The analysis of the electrostatic
potential surfaces revealed an electronegative binding cavity, exhibiting the only
example of a negatively charged binding cavity compared to the other DMT
transporters of known structure.

There is evidence that some members of the DMT superfamily exist as dimers in the
membrane®* and CST and Vrg4 dimers have been observed when reconstituted into
monoolein'®1® (Figure 10). The homodimerization of CST is not mediated by lipids'®®

whereas Vrg4 reveals a lipid mediated dimer'®. The Vrg4 transporter has been
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observed to be in its monomeric form when purified in detergent and mutation studies
reveal that the transporter is able to cycle faster when it is in its dimeric form. It is
hypothesized that the reason for a faster cycling is a higher thermal stability of the
dimer. Since most structures were solved via crystallization, which would not prove
dimerization, it remains to be shown if the homodimerization is present in all DMT

transporters and if it is an important characteristic of those.

Dimer interface Dimer interface
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Figure 10: Homodimers of CST and Vrg4. A. Homodimer of the CST ifransporter. The inverted
repeats are colored in beige and blue, respectively and the protomers are indicated. Helices 5
and 10 interact at the dimer interface. Figure adapted from Nji et al., 2019. B. Hormodimer of Vrg4
transporter. The protomers are indicated and monoolein is shown in pink. Figure adapted from
Parker et al., 2079.
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1.3 Selected methods from biophysics and structural biology to study
membrane proteins

1.3.1 SSM electrophysiology

Conventional electrophysiological methods like the voltage clamp?°2% or the patch-
clamp®7219 methods were introduced to study electrogenic transport across
membranes. The voltage clamp method measures the ion current through excitable
cells?®2% The voltage clamp technique, has been further revolutionized with the
development of the patch-clamp method?™®. Patch-clamp allows the measurement of
individual ion channel currents opposed to collective currents. Initially currents were
measured on excitable native cells that exhibit axons or muscle cells but the
advances in cloning and the introduction of oocytes to study electrogenic behavior
increased opportunities to apply the method on new systems. The oocytes of the
African frog Xenopus laevis have been proven to be a great expression system for
the application of voltage- and patch-clamp methods on ion channels?'' and later on
even to study transporters?'?2'3, However, the techniques of voltage clamp or patch-
clamp are in general not suitable to study bacterial transporters. Bacterial cells are
too small for both techniques and the expression of bacterial transporters in
mammalian cells is difficult. This limitations do not apply for solid-supported
membrane (SSM)-electrophysiology which has been proven to be a powerful
technique to measure electrogenic transport?*. The method is suitable for many
transporters that are difficult to study under conventional electrophysiological
conditions. SSM electrophysiology is applicable on protein samples reconstituted into
liposomes, crude membranes or membrane vesicles from cell lines or any membrane
preparation with the protein of interest. The method of SSM is based on the black lipid
membrane (BLM) technique. The BLM is a planar membrane onto which a membrane
fraction containing a transporter is adsorbed. The measurement is achieved via
capacitive coupling?’®. The planar bilayer sits between two compartments that are

connected via electrodes with a variable voltage source. The demand for
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concentration jumps between both compartments has led to the development of a
more stable technique for this application the SSM based electrophysiology. The
advantages of SSM compared to BLM are a higher membrane stability and with that
a much faster solution exchange is applicable without disturbances. Additionally, the
sensor size is up to 3 mm in diameter and can be coated with the membrane
preparation containing the protein of interest. With the large sensor size, the signal
amplitude is much larger compared to whole-cell patch-clamp?'6. SSM requires fewer

protein, has a better signal-to-noise ratio (SNR) and a higher sensitivity compared to

patch-clamp.
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Figure 11: Experimental setup of SSM electrophysiology on transport proteins. A.
Proteoliposomes are adsorbed on the gold layer of the SSM chip and form a capacitively coupled
system for the measurement of charge displacement. B. Current frace for a typical SSM
measurement. A rapid solute exchange allows the measurement of current as a function of time.

The SSM sensor chip consists of a gold sensor electrode and an alkyl-mercaptan
monolayer?'*2'7 The SSM forms spontaneously upon addition of a lipid mixture and a
subsequent rinsing with a buffer. The membrane preparation is added on top of the
SSM, which, on top of the sensor chip, performs as a measuring electrode and forms
a capacitively coupled system (Figure 11A). The measurements are performed in a
Faraday cage and the sensor is connected to a fluidic system. The membrane
fraction with the protein of interest is adsorbed on the SSM layer on the gold surface
of the chip and the transport activity is measured upon fast solution exchange to a

buffer containing the electrogenic substrate (Figure 11B). Although the measured
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current is not in a steady-state, the peak current amplitude in SSM electrophysiology
is proportional to the turnover rate and allows the calculation of half saturation
constants like the ECso, inhibitory constant ICso, Michaelis-Menten constant K, or the
dissociation constant Kp?'*2'%. Further analysis of the signal rise and its decay can
give additional information about the kinetics in the shape of rate constants.
Additionally, to the measurement of the substrate turnover, alternative substrates,

inhibition, pH and salt dependence can be measured.

1.3.2 Principles of x-ray crystallography techniques for membrane proteins

The elucidation of protein structures through x-ray crystallography has been the most
favored technique throughout the years since the first published structures of
myoglobin?’® and lysozyme?®?22!. X-ray crystallography together with nuclear
magnetic resonance and single particle cryo-EM provide a platform for the
understanding of structure related functions and help in structure based drug
design???. Membrane proteins have been shown to be rather challenging to study,
due to less yield, lower stability and a difficult handling but X-ray crystallography
remains nonetheless the leading technique to solve three dimensional (3D) structures
with a contribution of up to 80% even for membrane proteins®?. Cryo-EM is catching
up with nearly the same number of published membrane proteins structures per year
compared to other methods??,

One of the first steps for a successful crystallization is the expression and purification
of homogenous membrane proteins. Different host cell systems are available for the
protein expression, depending on the source of the protein of interest and necessary
post-translational modifications, i.e. expression of prokaryotic or eukaryotic proteins.
Furthermore, to delipidate and extract the membrane protein from its native
membrane, it is crucial to select a suitable lipid substitute. Since the membrane
consists of phospholipids with a hydrophobic tail and a hydrophilic head, a chemical
with the same amphiphilic characteristic is required and detergents have proven to

be useful for not only the extraction of the protein from the membrane but also for
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keeping it stable in solution. Depending on the charge of their head group they can
be divided into three groups: ionic, nonionic and zwitterionic detergents?**2?° |onic
detergents have a great efficiency in the extraction of membrane proteins from the
membrane, however they are prone to denaturing effects on membrane proteins and
their use has become limited??*. The most popular group of detergents is the nonionic
group. Those are usually milder and exhibit a nondisruptive nature®®. They are
additionally the most widely used group of detergents for the crystallization of
membrane proteins??. Zwitterionic detergents carry positive and negative charges in
the polar head and have a zero net charge?*. Those are not as mild as nonionic
detergents but rather lie between the ionic and nonionic effects of harshness and

have been successfully used for crystallisation??,
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Figure 12: Schematics of membrane proteins in membrane scaffolds. Membrane proteins are
extracted from the ljpid membrane. The lipidic environment can be replaced by detergents that
mimics the characteristics of ljpids or it can be replaces by membrane scaffolds, like nanodiscs
or SMALPs. Nanodiscs and SMALPs contain ljpids and provide a close to native environment.

An alternative platform for the stabilization of membrane proteins are membrane
mimetic systems (Figure 12). Those can be nanodiscs or styrene malic acid lipid

particles (SMALPs). Nanodiscs consist of membrane scaffold proteins (MSPs), which
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is a genetically engineered variant of the human serum apolipoprotein-A??’. To get a
membrane protein reconstituted into nanodiscs, one mixes the membrane protein
solubilized in detergent with MSP and phospholipids. The self-assembly of nanodiscs
happens spontaneously during the removal of detergent via biobeads or dialysis®®.
Not as popular but using the same principles are the SMALPs, but in contrast to
nanodiscs they contain native membranes from the proteins®®.

There have been successes in the crystallization of membrane proteins using
nanodiscs®® and SMALPs®' but it remains challenging and the main platform for
those techniques stays single-particle cryo-EM#2234  Detergent solubilized
membrane proteins remain widely used for x-ray crystallography. The main difficulty
in crystallizing membrane proteins is that the detergent or the membrane mimetic
structures cover the hydrophobic part of the protein and in many cases, this only
leaves a very small surface area for the formation of crystal contacts. Those small
surfaces sometimes consist of very flexible regions or loops, which can be either
digested or truncated. The pitfall of using loop truncations is that the crystalized
protein is not a native full-length representation of the membrane integrated protein
of interest. Another hurdle can be the presence of protein-free micelles which reduce
the success rate of crystallization through the disruption of protein-protein
interactions which is important for crystal contacts. Membrane proteins in detergent
also exhibit a higher rate of crystallographic defects, anisotropy and twinning.

The main technique for crystallizing membrane proteins, as for soluble proteins in
general, is vapor diffusion. After screening for optimal conditions of purity and stability
of the membrane protein, the sample is concentrated up to its aggregation threshold
(this can be monitored using e.g. dynamic light scattering) but approximately
10 mg/ml can be generally used as a rule of thumb?*2%, There are the sitting drop
and the hanging drop methods for vapor diffusion (Figure 13A). For the sitting drop,
the pure and concentrated protein is mixed with the solution from the screen that is
also present in the reservoir and a drop is set in a sealed environment. In the hanging

drop method, the drop is placed on top of the cover slide.
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Figure 13: Crystallization methods and phase diagram. A. Vapor diffusion crystallization. The
purified membrane protein in detergent is mixed with the crystallization buffer that is contained in
the reservoir. The protein-buffer mixture is used to set up drops by either using the hanging arop
method or the sitting drop method. B. Schematics of a typical phase diagram for the crystallization
of proteins as a function of protein and a precipitant concentration, e.g. salt concentration. The
diagram is divided into a region of undersaturation and a region of supersaturation. The solubility
curve describes the equilibrium between the solid phase and the liquid phase with free
molecules. Nucleation can arise in the region of supersaturation and crystals grow closer to the
solubility curve in the supersaturation region.

The symmetrical composition that is found in a crystal lattice is not a preferred
composition of proteins and needs to be induced artificially. The protein needs to
transition from a completely disordered state into an ordered one. During that critical
transitional stage the first ordered assemblies are formed that allow the nucleation of
macromolecular protein crystals. The point of nucleation is a critical non-equilibrium
state of supersaturation (Figure 13B). The state of supersaturation is unique for each
system and protein and is reached through the addition of a precipitant, which can
be a neutral salt, a polymer or, more commonly, polyethylene glycol (PEG), available
at different sizes. During that state nuclei form spontaneously and the growth of the
actual crystal can start. During the vapor diffusion technique, the drop mixture with
the protein has a lower reagent concentration and water vapor leaves the drop to
reach equilibrium. During that exchange the drop exhibits increasing concentration
and undergoes supersaturation. The initial screen is usually carried out using the

sitting drop method and commercially available screens that cover a variety of
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crystallization conditions specifically prepared after collecting data from successful
crystallization compositions for membrane proteins?-2%, After the identification of the
initial hit, a subsequent screen is prepared using a composition around it by varying
the pH, salt and PEG concentrations.

Specifically for the crystallization of membrane proteins and to overcome the
problems of crystallization using detergents, /in meso crystallography was
developed®®24. For /n meso crystallography, neutral lipid molecules, mostly
monoacylglycerols like monoolein, are mixed with the detergent solubilized protein.
The mesophase, or also called lipidic cubic phase (LCP), forms spontaneously and
forms a bicontinuous LCP bilayer. Through the addition of precipitants the proteins
are migrating into lamellar domains to form crystals.

Another very useful tool for the crystallization of membrane proteins are specific
binders used as crystallization chaperones, that increase the surface area of proteins
which can participate in forming crystal contacts. Such binders are usually soluble
proteins and can be T4 lysozymes, Fab fragments?#2243, nanobodies?*2% or synthetic

nanobodies®* (Figure 14).
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Figure 14: Representation of scaffold chaperones for membrane protein structure elucidation.
A. Crystal structure of G protein-coupled receptor with T4 lysozym (PDB:2RH1). B. Single particle
cryo-EM structure of Fab-bound PICRT (PDB.6UKJ). C. Crystal structure of nanobody bound
receptor (PDB:5NBD). D. Crystal structure of Gax-Clo transporter bound to a monobody
(PDB.6WK9).

There are many methods for the crystallization of membrane proteins, but the physical
principles of x-ray crystallography stay the same for all methods and are based on
the properties of crystals and their diffraction using an x-ray beam. The protein crystal

consists of a symmetrical lattice formed by identical copies of the protein in a regular
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and repeated pattern (Figure 15A). The unit cell is the smallest repeating unit and

can be described in 3D by the lengths of the three axes a, b, cand angles a, 5, y.

Incident beam Reflected beam

Reflecting plane

Reflecting plane

Figure 15. Protein lattice and Bragg diffraction. A. Crystal packing of a membrane protein (TPT,
PDB:5Y78). B. Schematics of x-ray reflection from a crystal lattice plane based on Bragg'’s law.

When x-rays hit atoms, they are scattered by the electrons in the atoms. A diffraction
pattern is created on a detector by either constructive or destructive interferences of
the scattered x-ray waves. A constructive interference happens when the atoms are
ordered periodically, as is the case in a crystal and occurs only if the crystals are in
planar layers with distance d (Figure 15B) and constructive interference appears if it
satisfies the Bragg diffraction conditions, derived from Pythagoras theorem, where n
is the order of reflection, @is the angle of the deflected beam?*:
2d sin@=n A (Equation 1)

The diffraction pattern that is visible on the detector is a representation of the
reciprocal lattice of the crystal, described by the miller indices A, &, /. The diffraction
pattern describes the electron density in reciprocal space, where the electron density

©o(X) of the crystallized protein can be described in terms of a Fourier integral:
o(X) = | F(h k1) &0k gy (Equation 2)
Where Xare the reciprocal coordinates and %%’ the phase of the scattered wave.

The electron density is related to the structure factor F(s)through the inverse Fourier

transform:

F(h k1)=/ o(X)e 2™X0k) alx (Equation 3)
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The structure factor describes the amplitudes and phases of the reflections, where
the amplitudes can be derived from the intensities of the scattered diffraction pattern.
However, the phase information of the structure factor is lost during the scattering
experiment but necessary in order to calculate the electron density map and to
determine the structure. This problem is called the phase problem in x-ray
crystallography and needs to be guessed though an a priori known structure from,
e.g. a homolog model for the method of molecular replacement, which is carried out
in sifico, or by solving the phase problem experimentally by selenomethionine-

replacement or heavy-atom derivatization. From the electron density at atomic
resolution higher than 2 A it is possible to build the backbone and the residues of the

protein de novo.

1.3.3 Principles of single particle cryo-EM on membrane proteins

With recent and ongoing advances in single-particles cryo-EM, it has become
possible to elucidate structures of proteins that are too heterogeneous or flexible*
and those that cannot easily crystallize**. Limitations of single particle cryo-EM are
constantly improving and novel methods are being developed to study challenging
proteins, complexes and proteins of molecular sizes below the resolution limit for
cryo-EM?223:250.251 - Egpecially the structural elucidation of membrane proteins has
benefitted from the advances in the field and can be seen in an increasing number
of published structures for membrane proteins per year??. The irradiation with
electrons produces two dimensional (2D) projections of the protein (particle) at
different views??. Single particle cryo-EM allows a 3D reconstruction of the protein
structure from those 2D projections. The advantages of single particle cryo-EM
compared to other techniques are that it requires less protein sample, the protein is
flash frozen in a buffer of choice at close to native conditions, it requires no
crystallization and there is no phase problem that needs to be solved. This method
allows the study of membrane proteins or complexes in detergent??*2%3 embedded in

membrane mimetics like nanodiscs®* or bound to scaffolds, like nanobodies®®,
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synthetic nanobodies (sybodies)?*©2°¢, megabodies®’, Fab fragments®®2>* or
DARPIns?®, to either decrease homogeneity and trap a specific state or to enlarge
the particle size if the protein of interest is below the resolution limit.

Transmission electron microscopy has been developed for physics and material
sciences but it has become very popular to solve structures of biological
macromolecules when energy-filtered and operated at lower dose of electron
irradiation?’. As for x-ray crystallography, a highly pure protein sample is required
and the concentration needs to be optimized for each protein and preparation
method individually?®?. For the investigation via electron microscopy the sample can
be either embedded in a heavy atom stain like uranyl acetate®® or be vitrified in
amorphous ice through flash freezing in liquid ethane®*. Both techniques require
glow-discharged grids®>2¢ which the protein sample is applied on for support.
Glow-discharging the grid prior to application is important for the removal of
adsorbents like water and to make the grid hydrophilic, to allow an even spread of an
aqgueous solution. The staining technique is called negative staining and the
observed images from those samples are the negatives of the specimen?7.268,
Although the negatively stained sample can be irradiated with a higher electron dose
and operated at room temperature, the resolution is limited due to the grain size of
the staining agent to approximately 20 A2 For such resolutions it is sufficient to use
electron microscopes operating at 120 kV. The Vvitrification in amorphous ice
decreases the effect of radiation damage?®® and flash freezing prevents the formation
of ice crystals, which would produce artefacts in the acquired image?®*. Additionally,
it is not limited to a low resolution as in negative staining. The electron microscope
needs a higher voltage up to 300 kV and is operated at liquid nitrogen temperatures.
With cryogenic samples it is possible to reach higher resolution with atomic resolution
below 2 A270271,

The main components of an electron microscope are the electron source, lenses in
the form of magnetic coils, a sample holder and a detector?’? (Figure 16A). The most

widely used electron source is a field emission gun?® that emits electrons from a

30



tungsten tip when a high electric field is applied®’*2". The lens system consists of a
condenser lens, just below the electron source, an objective lens, which sits below
the sample holder and forms the initial image and a projector lens that magnifies the
image before the electrons hit the detector?®2. An aperture sits between the objective
and projector lenses and stops electrons that are scattered wide, to increase the

image contrast.
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Figure 16: Schematic representation of the lens system in an electron microscope and electron
scattering. A. Schematics of the lens system with an electron source emitting electrons that are
accelerated and cross several apertures, lenses and the object before their detection. B.
Schematics of possible electron interactions with atoms when passing an object. Electrons can
pass the sample without interactions, they can scatter elastically or inelastically.

While charge coupled devices are sufficient for the use of negatively stained
specimen and provide increased low-frequency contrast?’®?’7 it is crucial to use very
sensitive and precise detectors for single particle cryo-EM?"8. Direct detection device
(DDD) detectors fulfil the requirements with a higher detective quantum efficiency
and an improved SNR?827°  Those DDD detectors come closer to the theoretical
resolution limit of the Nyquist frequency?®?' where the Nyquist limit is the maximum
detectable resolution which is limited to twice the pixel size of the detector®?,
Additionally, those detectors are used to record movies of the irradiated sample on a
grid.

Charged electrons unfortunately induce a movement of the grid and the ice and

decrease the image contrast®®?. This charged induced movement can be corrected
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for, if separate frames are recorded across the total dose of irradiation, which is
usually aimed at around 20-50 e/A?. Special movie alignment algorithms can correct
for the dose induced movement between the recorded movie frames and additionally
weight each frame®%24 depending on the available information. The weighting is
important because the first frames experience larger movements and the latter
frames exhibit less information due to irradiation damage?®?, where covalent bonds
can be broken and side chains or residues can be missing.
When electrons hit atoms in the sample they can be either scattered elastically,
without any energy loss, inelastically, where energy from the electron is transferred
to an atom in the sample or they can pass without any deflection®? (Figure 16B). The
electrons form an image at the detector that corresponds to a 2D projection of the 3D
object. The inelastically scattered electrons exhibit a phase shift that contributes to
the phase contrast of the final image at the detector, whereas the inelastically
scattered electrons that don’t reach the detector contribute to the amplitude contrast.
However, biological samples are weak phase objects with very low contrast as they
are mostly composed of H, C, O and N atoms that interact weakly with electrons.
Therefore, it is important to collect as many images of the particles as possible in
order to average them out and increase the information. Additionally, to the low
contrast there are other factors that decrease the information. Since the microscope
lenses system is not ideal it exhibits spherical, astigmatic and chromatic
aberrations®”?. The observed image contrast (ussenea (X) is therefore a convolution of
the ideal object image Wiea (X) with the so called point spread function PSF (x):
Yovserved (X)= Yicear (X) & PSF (X) (Equation 4)

The Fourier transform of the image contrast is:

F [Yovservea (X)] = F [Yiaear (X)] - CTF (k) - E(k) (Equation 5)
The contrast transfer function CT7F(k) describes the aberration and E£(k) is the
envelope function that describes spatial and temporal aberrations®227°, The CT7F(k)
depends on the wavelength of the electrons A, the defocus A4z the spherical

aberration Cs and the spatial frequency 4 :
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(Equation 6)

Cs A*k* Az A2 kz) ]
4 2

. 2m
CTF(k) = sin 7( —

The envelope function, with B being the experimental B-factor®® is:
E(k) = e 72 (Equation 7)

The phase and the amplitude both contribute to the contrast of the gained images
and the CTF describes the spatial frequencies of the transmitted information286.2¢7,
Defocussing of the objective lens increases the phase contrast and with it the overall
contrast, of a thin layer of a biological sample of light atoms®¢2¢ The Fourier
transform of the power spectrum of the image reveals so called Thon rings, that
determine the minima, maxima and zero crossings of the CTF?¢ (Figure 17).
Correction for the CTF, and therefore the correction for aberration of the microscope,
can be carried out by various available algorithms and increases the quality of the
available information in the image, called micrograph, and therefore lead to a higher
resolution in the final density map?2%28°,

A B

Figure 17: Thon rings and CTF at different defoci. Two exemplary power spectra from two
micrographs obtained at different defoci, without astigrmatism and showing centrosymmetric Thon
rings. The corresponding CTF curves are overlayed. CTF curves oscillate between positive and
negative contrast with cero-crossing. A. Micrographs image obtained at 0.5 um defocus. B.
Micrographs image obtained at 1 um defocus. Image adapted from Orlova et al., 20171

After processing the micrographs by correcting for the beam induced movement and
the CTF, the coordinates of the center of the particles are selected either manually or
automatically from each micrograph and extracted using a smaller size to reduce
computational resources®?2%0291 During the 2D classification many projections of the

same view of the protein are grouped together and averaged to increase the
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information from each individual particle, which on their own do not contain enough
contrast and information. The approaches for the 2D classification use the maximum
likelihood, where individual particles can be assigned to different classes and the
assignment is weighted?®®?2%, The 2D classification is important to reduce false
positives and to reduce heterogeneity in terms of particle size if empty micelles,
empty nanodiscs or other impurities are present in the sample. The 3D reconstruction
can then be carried out with a clean set of particles from selected classes®22%0.291 |t
is crucial for a successful 3D reconstruction to have particles and particle classes
covering all possible angular orientations. The bottleneck for this can be preferred
orientation of the protein at the air-water interface®* or just not enough quantity of
particles. The latter can be solved by increasing the recorded dataset, whereas the
first issue is challenging to tackle. This can be overcome by increasing the ice
thickness, the addition of detergents or tilting the grid during data collection?%+2%°,

The reconstruction of the 3D object is carried out in Fourier space and the first step
of the 3D reconstruction is the determination of the orientation of the particles, which
is determined by calculating the cross-correlation values®#2%, The map can then be
calculated from the determined angular parameters using maximum-likelihood and a
Bayesian approach to determine the structure®°2"2% An initial map of a homologous
protein can be used for the 3D reconstruction, but prior knowledge is not always
available and this method is prone to biases if a wrong map*® or a wrong
handedness®93% is used. Another approach is the ab /nitio 3D reconstruction which
can lead to the determination of a density map of different conformations if those are
present in the particle set®'. To ensure that the calculated maps are not computed
due to initial map bias or other biases, the dataset is split into two random,
independent halves, which are treated individually and compared via cross-
correlation over a spatial frequency shell called Fourier shell correlation (FSC) after
each iteration step until the density map converges?23°'. To compute the resolution
of the obtained map, a refinement is carried out subsequently and the quality of the

map can be described through a threshold FSC value of 0.143, which has become

34



the gold-standard for map evaluation®®3%2, The threshold value has been chosen
empirically through a systematic comparison of structural features from EM density
maps and electron density maps from x-ray crystallography of the same protein
structure.

Similar techniques as in x-ray crystallography can be applied for the structural
elucidation of membrane proteins. The alignment and evaluation of proteins that have
a molecular size below 120 kDa, if they are mostly embedded in a detergent belt or
nanodiscs or those that are very flexible with high conformational heterogeneity, is
difficult due to the lack of rigid structural features for an unambiguous determination.
Therefore nanobody?®®, sybody?* or Fab fragment®*® bound protein samples are
generated to overcome size limitations or very flexible features. The issue of flexible
regions can additionally be addressed computationally through the masking of
protein regions during the data processing®°+3%,

Membrane proteins make up to more than 60% of current drug targets®®’, but for most
of them there is no detailed knowledge about their structure and mechanism of
inhibition available®?. By increasing our understanding about membrane proteins, we
can establish a platform for future drug-design and help to increase the structural

database for computer aided structure prediction and drug-design3%-31°,
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2 Aim of the study

The aim of this work was to elucidate and study the structure, function and
mechanism of the essential pneumococcal choline importer LicB. There was not
much known about this transporter from the DMT superfamily, except that it
supposedly imports choline and the deletion of its gene is lethal for S. pneurmoniae.
The aim of the study was to provide insight about the mechanism of the transporter,
its potential as a novel drug-target and its capability of inhibition. Additionally, it was
important to provides a broader context for the DMT superfamily, which includes
some SLC family members, beyond the knowledge about the NST-type transporters
from the same superfamily. The study can be split into the following steps:

The first step of the study was to over-express a recombinant copy of the
pneumococcal LicB in a suitable bacterial vector, to extract and purify stable and
natively folded LicB for /n vitro studies. A pure and stable protein in detergent was
crucial for all follow-up experiments. In general, it is possible to carry out structural
and functional experiments using only the detergent solubilized protein, but it was
crucial to reconstitute the protein in lipids and nanodiscs, respectively in order to
provide close to native conditions. The second step was to investigate the function of
the transporter using SSM-electrophysiology, to look at the transport of the substrate,
of similar bioavailable compounds and inhibitors. Furthermore, it was required to
identify the energy source for the transport and its coupling ions. The third step was
the structural elucidation of LicB in different states to identify the binding pocket and
predict the mechanism. X-ray crystallography and cryo-EM were both suitable
methods allowing different approaches, e.g. variations of detergents, in LCP, using
nanodiscs and crystallization scaffolds. The fourth step was to identify compounds
for the inhibition of choline import. Sybodies not only perform well as crystallization
scaffolds and for the trapping of different conformational states but can act as

potential inhibitors.
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3 Results

The doctoral thesis is based on two peer-reviewed publications and a book chapter:

3.1 Bérland, N., Rueff, A. S., Cebrero, G., Hutter, C. A., Seeger, M., Veening, J.
W., & Perez, C. (2021). Mechanistic basis of choline import involved in teichoic acids
and lipopolysaccharide modification. Accepted, Science Advances. BioRxiv preprint.

doi: httos.//doi.org/10.1101/2021.09. 14.460277

3.2 Bérland, N., & Perez, C. (2021). Selection of Transporter-Targeted Inhibitory
Nanobodies by Solid-Supported-Membrane (SSM)-Based Electrophysiology. Journal
of Visualized Experiments: Jove, (171). doi https.//dx.doi.org/10.3791/62578

3.3 Baéarland, N., & Perez, C. (2020). Fast Small-Scale Membrane Protein
Purification and Grid Preparation for Single-Particle Electron Microscopy. In
Expression, Furification, and Structural Biology of Membrane FProteins (pp. 275-282).

Humana, New York, NY. qor: httos.//doi.org/10. 1007/978-1-0716-0373-4_18
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Phosphocholine molecules decorating bacterial cell wall teichoic acids and outer-membrane
lipopolysaccharide have significant roles in adhesion to host cells, inmune evasion, and
persistence. Bacteria carrying the operon that performs phosphocholine decoration,
synthesize phosphocholine after uptake of the choline precursor by LicB, a conserved
transporter among divergent species. Streptococcus pneumoniae is a prominent pathogen
where phosphocholine decoration plays a fundamental role in virulence. Here we present
cryo-electron microscopy and crystal structures of S. pneumoniae LicB, revealing distinct
conformational states and describing architectural and mechanistic elements essential to
choline import. Together with in vitro and in vive functional characterization, we found that
LicB displays proton-coupled import activity and promiscuous selectivity involved in
adaptation to choline deprivation conditions, and describe LicB inhibition by synthetic
nanobodies (sybodies) and hemicholinium-3. Our results provide novel insights into the
molecular mechanism of a key transporter involved in bacterial pathogenesis and establish a

basis for inhibition of the phosphocholine modification pathway across bacterial phyla.

Teichoic acids (TA) are fundamental biopolymers that make part of the cell wall of Gram-positive
bacteria (/-3), whereas lipopolysaccharides (LPS) are exclusively found at the outer membrane of
Gram-negatives (4-6). Although their compositions differ, both TA and LPS function as endotoxins
in bacterial pathogens, participate in immune evasion, prevent recognition and opsonization by
antibodies, and play important roles in adhesion and colonization (7, §). Decoration of TA and LPS
with phosphocholine moieties is among the most impactful cell wall modifications, conferring
virulence advantages to multiple pathogens (9-117). Gram-positive Streptococcus pneumoniae and
Gram-negative Haemophilus influenzae, both residing in the human respiratory tract, are well
characterized pathogens that expose phosphocholine epitopes on their cell surface (72, 13).
Interactions of phosphocholine with host proteins, such as the platelet activating factor receptor
(14-16), allow adhesion to the surface of host cells followed by cell invasion (/7, 8). In addition,
S. pneumoniae and commensal streptococci use phosphocholine decorated TA as a platform that
anchors a great variety of choline binding proteins, which contribute to adherence, colonization and
virulence (/9-26).

Bacteria generally import choline from the extracellular milieu and use it for osmoregulation (27,
28). However, some bacteria import choline exclusively for modification of TA or LPS (10, 29,
30). The important function of this modification leads to choline auxotrophy in S. pneumoniae (31),
although this pathogen can increase the available extracellular natural pool of choline by processing

host phospholipids via surface exposed or secreted phosphodiesterases (32, 33). Thus, choline
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import catalysed by LicB, is an essential trait of pathogens like S. pneumoniae (Fig. 1A) (31, 34-
37). LicB is a 32-kDa protein, member of the drug/metabolite transporters (DMT) superfamily,
which consists of 14 transporter families, harbouring more than 300 membrane proteins
ubiquitously distributed in eukaryotes, bacteria and archaea (38). Members of this superfamily
display 4 to 10 transmembrane (TM) helices, and are derived from primitive proteins of 4 TM
helices similar to EmrE, a member of the small multidrug resistance (SMR) family (39).

The licB gene is located in the /ic operon which encodes the protein machinery that converts choline
into phosphocholine and that decorates TA and LPS (34, 36, 40). Inactivation of the /icB gene leads
to non-viable S. pneumoniae (31), whereas in H. influenzae leads to choline uptake deficiency
under human nasal airway conditions (34). Genes from the /ic operon can be found in multiple other
Gram-positive and Gram-negative bacterial species where phosphocholine decoration of TA, LPS,
or other structures occur (35). A sequence-similarity network showing /icB genes sharing high
sequence identity (>40%) among different bacterial phyla, demonstrates the important role of this
transporter in phosphocholine decoration across Gram-positive and Gram-negative bacteria (Fig.
1B and Fig. S1). Despite its clear relevance and potential as drug target, there are no structural or
functional studies aiming to characterize the mechanism of LicB or that provide clues on how to
inhibit its function.

To elucidate mechanistic elements essential to LicB function, we determined apo-outward-open
and choline-bound-occluded structures of S. pneumoniae LicB solved by cryo-electron microscopy
(cryo-EM) and X-ray crystallography, and performed in vitro assays in proteoliposomes and in S.
pneumoniae cells. We demonstrate that LicB displays promiscuous selectivity involved in
adaptation to choline deprivation conditions, and describe architectural elements conserved among
divergent bacterial phyla essential for choline binding and proton-coupled import activity. In
addition, we describe inhibition of LicB by synthetic nanobodies (sybodies) and hemicholinium-3,

thereby establishing the basis for selective inhibition of the phosphocholine decoration pathway.

Results

S. pneumoniae LicB is a promiscuous high-affinity choline transporter

We characterized the transport activity of LicB reconstituted in proteoliposomes using solid
supported membrane (SSM) electrophysiology (47/) (Fig. 2A,B). Transport of choline is
electrogenic, as evidenced by a positive current consistent with transport of the positively charged
choline into proteoliposomes (Fig. 2A). The amplitude of the current measured before reaching
electrochemical equilibrium, evidenced by the rapid current decay, is proportional to the initial rate

of choline transport. Using this assay, we determined that LicB displays an ECso (apparent Km) for

41



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

102 choline of 47 + 15 uM (Fig. 2B). In contrast, protein-free liposomes exhibit no transport of choline
103  (Fig. 2A). We tested whether LicB can transport alternative compounds with choline-like
104  characteristics. Activation by arsenocholine, a natural compound with a similar composition to
105 choline but containing arsenic instead of nitrogen (42), can be transported by LicB as evidenced by
106  positive currents arising from transport into proteoliposomes (Fig. S2A). LicB displays lower
107 transport affinity for arsenocholine (ECso = 170 + 9 uM) (Fig. 2B), likely due to the larger radius
108  of'the positively charged trimethyl-arsonium group. These results recapitulate prior observations of
109  arsenocholine transport by a choline-transporting variant of the betaine symporter BetP (43), and
110 by the choline and betaine transporters OpuB and OpuC, respectively (44). In addition,
111 acetylcholine, a positively charged molecule that in contrast to choline carries an ester acetyl instead
112 of'a hydroxyl group, is also transported by LicB into proteoliposomes (Fig. S2B), albeit with lower
113 affinity (ECso = 740 £+ 84 uM) (Fig. 2B). Taking together, these results show that LicB is a high-
114 affinity choline transporter that displays promiscuous activity towards other choline-like molecules.
115
116  Acetylcholine can be processed by S. pneumoniae for decoration of teichoic acids
117 Acetylcholine is a neurotransmitter with function in the central and peripheral nervous system,
118 where it is produced in cholinergic neurons and activates acetylcholine receptors before being
119 processed by acetylcholinesterase. S. pneumoniae is one of the major meningitis-causing pathogens
120 in part due to its ability to cross the blood-brain barrier (45). During invasion of the central nervous
121 system, S. pneumoniae can be exposed to acetylcholine. Thus, in light of the promiscuous transport
122 activity of LicB towards this molecule, we tested whether S. pneumoniae can make use of
123 acetylcholine to supply the pathway that carry out decoration of TA. To do this, we grew S.
124 pneumoniae D39V cells in choline-reduced media containing acetylcholine isotopically labeled
125 with [*H]-methyl at its trimethyl-ammonium group (Fig. 2C). After harvesting the cells, we
126 performed extraction of TA and quantification of their radiolabeled content (Fig. 2C). Our results
127 show prominent [*H] radioactivity in TA extracts, indicating that indeed acetylcholine was used for
128 functionalization of TA.
129 To demonstrate that acetylcholine has been hydrolyzed by S. preumoniae, and that only its choline
130 moiety was used for decoration of TA, we performed the same experiment but in presence of
131 acetylcholine labeled with [*H]-methyl at its acetyl group (Fig. 2C). In this case, we expected to
132 see background levels of radioactivity as the choline moiety will remain unlabeled after
133 acetylcholine hydrolysis. Our results show that extracted TA display 100-fold lower levels of [*H]
134 radioactivity in comparison to what was observed for extracted TA, when acetylcholine labeled at

135 its trimethyl-ammonium group was used (Fig. 2C). These results reveal that S. pneumoniae is able



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

136 to uptake acetylcholine, hydrolyze it, and supply the phosphocholine synthesis pathway for
137 functionalization of TA. Thus, the promiscuous activity of LicB represents an advantage that allows
138 retrieving choline from alternative sources.
139
140 Sybodies inhibit LicB activity but do not affect S. pneumoniae growth in vitro
141  We reasoned that due to the small size of LicB (32-kDa), complex formation with a sybody
142 (~16 kDa) would facilitate structure elucidation by single particle cryo-EM. Thus, we raised
143 sybodies against biotinylated LicB in the presence of 5 mM choline through a combination of
144 ribosome- and phage-display (46, 47). Subsequent ELISA screening resulted in the identification
145 of multiple sybodies exhibiting good expression levels and decent behavior on SEC. To characterize
146 the effect of sybodies on choline transport, we reconstituted LicB in proteoliposomes and performed
147 SSM-electrophysiology as described before (48). We measured electrogenic transport after
148 activation with 5 mM choline and evaluated peak current amplitudes in the presence and absence
149 of 12 sybodies (Fig. 2D and Fig. S3). Five sybodies displayed strong inhibition of LicB transport
150  activity, as evidenced by a decrease of about 80% of the peak currents, whereas seven sybodies did
151  not affect choline electrogenic transport (Fig. 2D). Whereas the sequences of the complementarity
152 determining regions (CDRs) of inhibitory sybodies shared high similarity, the CDR regions of non-
153 inhibitory sybodies were more diverse (Fig. S4). We further selected a set of three inhibitory
154 sybodies (Sybodies A, B, and D) and one non-inhibitory (Sybody-C), based on their high yields of
155 expression and good behavior during and after purification (Fig. S5), and determined their binding
156  kinetics using Grating-coupled interferometry (GCI). This showed that all sybodies bind to LicB
157 with high-affinity displaying binding constants (Kp) in the range of 30 to 40 nM. Interestingly,
158 binding constants did not differ in the presence of 5 mM choline, indicating that the inhibitory
159  sybodies can bind equally well to choline-bound and substrate-free LicB and are thus not
160  conformationally selective (49) (Fig. S6).
161  Due to their small size, strong antigen affinity, low immunogenicity, and easy production, sybodies
162 are strong candidates for development of therapeutics (50-52). Thus, we wanted to test whether the
163 inhibitory sybodies A, B and D, were able to affect growth of S. pneumoniae due to inhibition of
164 LicB activity. To test this, we grew unencapsulated S. pneumoniae D39V cells (strain VL567) in
165  liquid media in presence of the selected inhibitory sybodies, and the non-inhibitory sybody-C as a
166  control, at concentrations ranging from 0.25 uM to 25 pM (Fig. S7). Our results indicate that under
167  these experimental conditions, the three inhibitory sybodies tested did not affect S. pneumoniae
168 growth. We hypothesize that sybodies might be unable to penetrate the cell wall, or that the
169  remaining LicB choline transport activity, 14% to 28% based on SSM-electrophysiology
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170  measurements (Fig. 2D), might suffice to supply the pathway for phosphocholine synthesis.
171
172 Structure of outward-open LicB in complex with sybody
173 We incorporated purified S. pneumoniae LicB in nanodiscs containing a mixture of POPG and E.
174 coli polar lipid extract (3:1, w:w), and incubated with the non-inhibitory sybody-C during
175 reconstitution (Fig. S8A). In contrast to the inhibitory sybodies, sybody-C led to cryo-EM data of
176 better quality. The LicB:Sybody complex structure was solved to a nominal resolution of 3.75 A
177 (Fig. 3A, Fig. S8B-D and S9A, and Table 1). Sybody-C was found bound via its CDR3 region to
178 cytoplasmic loop 4 located between TM4 and TMS5 of LicB (Fig. 3A,B). The structure revealed a
179 LicB dimer in nanodiscs, with both protomers having the same topological orientation (Fig. 3A,C).
180 The dimer interphase involves hydrophobic interactions between aromatic and aliphatic residues
181 located in TM1, TM8, and TM9, and a putative partially resolved POPG lipid molecule, the most
182 prominent phospholipid in the S. pneumoniae membrane (53) (Fig. 3C,D and Fig. S9B,C). The
183 polar headgroup of the lipid faces the extracellular side of the membrane and the aliphatic tails are
184  surrounded mostly by aromatic residues (Fig. S9B,C).
185 LicB displays a 10-TM helix topology with both N- and C-terminal domains facing the cytoplasm
186  (Fig.3B,C). LicB exhibits the DMT superfamily fold consisting of two ‘inverted” structural repeats
187  with antiparallel topology comprised by the N-terminal (TM1-TMS5) and the C-terminal (TM6-
188 TM10) domains (Fig. 3B). TM1-TM4 and TM6-TM9 form a central cavity that opens up towards
189  the extracellular side of the membrane, indicating that the structure is in an outward-open
190  conformation (Fig. 3E). Access to the central cavity from the cytoplasmic face is sealed off by
191  multiple interactions between TM6-TM9 and TM7-TM8 and the cytoplasmic loops connecting
192 TM6-7 and TM8-9. Multiple aromatic residues including W17 (TM1), Y109 (TM4), W167 (TM6),
193 Y233 (TM9), Y236 (TM9), and Y255 (TM10) participate in formation of the central cavity (Fig.
194 3C). The structural fold exhibited by LicB is similar to that of other structurally characterized DMT
195  transporters including the amino-acids exporter Yddg (54), the Plasmodium falciparum drug
196  transporter PfCRT (55), the triosephosphate/phosphate antiporter TPT (56), and the SLC35
197 nucleotide sugar antiporters CST (57, 58) and Vrg4 (59, 60).
198
199 Structure of choline-bound LicB in occluded state
200 A choline-bound structure, displaying a different conformational state to that observed by cryo-
201 EM, was obtained after co-crystallization of S. pneumoniae LicB in presence of choline (Fig. 4A,
202 Fig. S10A,B and Table 2). An important experimental aspect to solve this structure was to perform

203 dehydration of LicB crystals, which improved diffraction resolution from 6 to 3.8 A. Phases were
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204  determined by molecular replacement using a LicB protomer from the cryo-EM structure as search
205 model. The overall electron density map was of good quality throughout the polypeptide chain,
206  except for loops 2 and 7, which were not included in the final model (Fig. 4A). The crystal structure
207  revealed a conformation occluded from both sides of the membrane (Fig. 4B). Access to the central
208  cavity is sealed by extracellular interactions between helices TM1-TM4 and TM2-TM3, and the
209  loops connecting TM1-2 and TM3-4, and by cytoplasmic interactions between TM6-TM9 and
210  TM7-TMB8 and the cytoplasmic loops connecting TM6-7 and TMS8-9. A clear positive peak in the
211 Fo-Fc map indicated the presence of choline in the central cavity (Fig. 4A and Fig. S10B).
212 Residues coordinating the choline molecule include W17 (TM1), Y109 (TM4), W167 (TM6), Y233
213 (TMS), and Y255 (TM9), which form an ‘aromatic box’ surrounding the trimethylammonium
214 group, whereas Y236 (TMS), and N252 (TM9) coordinate the hydroxyl end of the molecule.
215 Computational docking confirmed that the same binding pocket could accommodate an
216 acetylcholine molecule (Fig. S11A). The larger size of acetylcholine likely explains the lower
217  affinity observed for this molecule (Fig. 2B). In agreement with the distribution of substrate binding
218 residues described here for LicB, substrate-bound structures of other DMT transporters, including
219 the triosephosphate/phosphate antiporter TPT (56) and the SLC35 nucleotide sugar antiporters CST
220 (57, 58) and Vrg4 (59, 60), have shown that residues from TM1-TM4, from the first inverted repeat,
221 and TM6-TM9, from the second repeat, are involved in substrate coordination. Thus, albeit the
222 significant differences among substrates of DMT transporters, the arrangement of substrate binding
223 residues seems to be conserved.
224
225 Conserved choline binding residues are relevant for S. pneumoniae fitness
226 Sequence conservation analysis revealed that residues W17, Y109, W167, Y233, Y236, N252, and
227 Y255, participating in coordination of choline at the central pocket are highly conserved among
228  LicB proteins across different bacterial phyla (Fig. 4C and Fig. S11B), including the Gram-
229  negative pathogen H. influenzae (Fig. S11C). To further show the importance of residues
230  participating in choline binding, we performed complementation assays in S. pneumoniae. First, we
231 constructed strains in which residues participating in formation of the ‘aromatic box’ surrounding
232 the trimethylammonium group of choline (Fig. 4A) were exchanged to alanine (W17A, W167A,
233 Y233A, Y236A) and the genes encoding these variants were cloned under the control of an IPTG-
234 inducible promoter (P.c) and integrated at the ectopic ZIP locus as second copy of licB (61).
235 Transformation assays were done aiming to replace the native /icB gene with an erythromycin
236 resistance cassette and transformants were plated with and without IPTG. As expected, wild type

237 (WT) Puc-licB could complement the /licB deletion (Fig. 4D). We obtained an average
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238 transformation efficiency of approximately 1% in the presence of IPTG while no colonies appeared
239 inthe absence of IPTG. Exchange to alanine of residues Y233 and W167 resulted in transformation
240  efficiencies comparable to WT /licB, whereas mutants W17 and Y236 resulted in significantly
241 reduced transformation efficiencies indicating that these are essential residues for LicB function
242 (Fig. 4D). Thus, slight modifications of the binding pocket of LicB are sufficient to perturb fitness
243 of S. pneumoniae.
244
245  LicB is a proton-dependent choline symporter
246 The central cavity of LicB displays multiple charged residues in close proximity to the choline
247  binding site (Fig. 4A), with residues H43, E170, and R191, being conserved among LicB proteins
248 from different bacterial species (Fig. 4C and Fig. S11B). The chloroquine resistant transporter
249 PfCRT, which has been described to be a H*-coupled transporter, displays similar charged residues
250  located at its central cavity (55, 62). Charged residues in central cavities of secondary transporters
251 have been frequently associated with proton transport as these residues are prone to protonation and
252 de-protonation due to fluctuations in their surrounding chemical environment during cycling. We
253 wanted to test whether similarly to PfCRT, LicB could display H*-coupled activity. To test this, we
254  performed membrane potential driven H' transport assays with LicB reconstituted in
255  proteoliposomes in presence of the fluorophore 9-amino-6-chloro-2-methoxyacridine (ACMA)
256 (Fig. 4E). The robust fluorescence decrease observed upon the addition of valinomycin reflects H*
257 influx into LicB-WT proteoliposomes in contrast to the slower quenching of ACMA observed in
258  protein-free liposomes (Fig. 4E). Similar experiments with variants E170A, R191A, and H43A
259  reconstituted in proteoliposomes (Fig. 4E), revealed that H' influx decreases for variants R191A
260 and H43A, whereas E170A exhibited influx similar to that of WT LicB (Fig. 4E). Complementation
261  assays in S. pneumoniae using the above-mentioned transformation assay, showed that H43A
262 supports viability, whereas mutants E170A and R191A did not (Fig. 4D). Strikingly, E170 and
263 R191 are particularly highly conserved residues among bacteria phyla where genes of the /ic operon
264 are found (Fig. 4C), with only very few exceptions as indicated in Fig. 4F. Taken together, these
265  results led us to hypothesize that H -coupled choline import is a highly conserved trait of LicB
266  proteins across bacteria displaying phosphocholine decoration.
267
268  Comparison of LicB outward-open and occluded conformations
269  Structures of other DMT transporters have been solved either in outward-open or occluded states,
270 and so far, there are no structures available for inward-facing states (54-56). Modeling of different

271 conformations have been possible thanks to the structural conservation of the DMT fold and the
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272 pseudo-symmetrical arrangement of TM helices in two inverted repeats (38). However, until now,
273 LicB is the only DMT transporter with elucidated structures in two distinct structural states.
274 Analysis of the conformational changes taking place during the transition from outward-open to
275  occluded state, shows that TM3 and TM6 are the main players in closing the access to the central
276  cavity as they move towards the core of the translocation pathway (Fig. SA,B). During this
277  transition, the extracellular halves of TM3 and TM6 tilt about 20°. An inward-facing model based
278 on the pseudo-symmetrical arrangement of the two repeats, predict that the transition from
279 occluded- to inward-open conformation would involve movements of the cytoplasmic halves of
280  TMI and TMS (Fig. SB). Large movements of the extracellular halves of TM3 and TM6 are favored
281 by the flexibility introduced by glycine residues at their midsections. In TM3 this includes residues
282 (G83-G86; G168 in TM6; G14-G18-G20 in TMI; and G216-G220 in TMS8. Similar flexible
283  segments have been observed in YddG (54), TPT (56), Vrg4 (60), and CST (57, 58), and glycine
284  residues at this same regions are present in LicB proteins, indicating that similar conformational
285  changes are expected to occur in these proteins.
286
287  LicB is inhibited by hemicholinium-3
288 The importance of LicB in maintaining the choline supply for phosphocholine synthesis, makes this
289  transporter a very attractive target for drugs development. However, besides the inhibitory sybodies
290  described here, there are no reported inhibitors of LicB. In particular, it would be important to
291  develop small molecule inhibitors with the potential to cross the cell wall. Hemicholinium-3 (HC-
292 3)is a well characterized inhibitor of the high-affinity choline transporter CHT1 (SLC5A7) (63), a
293 member of the sodium-solute symporter family in which the structurally characterized members
294 exhibit the conserved LeuT-fold (64). Albeit, the architecture of DMT and LeuT-fold transporters
295  is markedly different, we wanted to test whether HC-3 could inhibit the choline transport activity
296  of LicB. To test this, we performed SSM-electrophysiology measurements with LicB reconstituted
297  in proteoliposomes, and evaluated electrogenic currents in presence of different concentrations of
298 HC-3 (Fig. 5C). Our results show that at a concentration of 0.5 mM of HC-3, the electrogenic
299 transport of choline is reduced about 50%, while at 2 mM, the activity is reduced about 90%. HC-
300 3 displays non-competitive binding to LicB with a K; of 518 £ 31 pM (Fig. 5C). This mode of
301 inhibition indicates that HC-3 does not bind to the choline binding pocket, in agreement with the
302 larger size of this molecule in comparison to choline. Computational docking of HC-3 to the
303  outward-open structure of LicB revealed that it preferentially binds to the extracellular entrance
304  pathway, blocking the access to the central binding site (Fig. 5D,E). Taking together, these results

305  indicate that HC-3 is a genuine scaffold for future design of inhibitors targeting LicB proteins.



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

306  Discussion
307  Phosphocholine synthesis is an essential part of the pathways that decorate TA and LPS in
308  pathogenic bacteria. Considering the significant roles of these two biopolymers in adhesion to host
309 cells, immune evasion, and bacterial persistence (7, 8), understanding the mechanisms of proteins
310  involved in phosphocholine decoration is critical for the development of strategies aiming to
311 counteract bacterial infections. Pathogens like S. pneumoniae and H. influenzae are unable to
312 synthesize choline, thus, uptake of this molecule is a fundamental step in exploiting the advantages
313 that TA or LPS phosphocholine decoration provide. The essential role of LicB in supplying with
314 choline the protein machinery encoded by the /ic operon to perform TA and LPS decoration, makes
315 LicB and other proteins related to this process promising targets for drugs development. Thus,
316  demonstrating how LicB works and elucidating architectural and mechanistic elements essential to
317  its function is of significant relevance. The role of catalytic residues involved in choline binding
318  and proton-coupling in S. pneumoniae LicB as described here, and their high conservation across
319 divergent bacteria phyla, support the essential role of these mechanistic elements in supplying the
320  phosphocholine synthesis pathway for decoration of TA and LPS. Indeed, a homology model of H.
321 influenzae LicB reveals a central cavity with an ‘aromatic box’ and charged residues at the same
322 positions as in S. pneumoniae LicB (Fig. S11C).
323 Despite the fact that inhibitory sybodies targeting LicB pose great potential to counteract bacterial
324 pathogens, further strategies aiming to facilitate sybodies diffusion across their capsule and cell
325 wall need to be developed. On the other hand, small molecule inhibitors, such as HC-3, are likely
326  to inhibit LicB activity much more effectively under native conditions due to less restricted
327  diffusion. Thus, the biochemical and structural characterization of the inhibitory mechanism of HC-
328 3 set the basis for development of high specificity inhibitors.
329 The promiscuous selectivity of LicB is a striking finding that point towards an adaptation
330 mechanism of S. pneumoniae under conditions with limited accessibility to free choline. We
331  demonstrated that S. pneumoniae can catabolize acetylcholine and use the choline product for TA
332 functionalization. However, the nature of the protein(s) that perform acetylcholine hydrolysis in S.
333 pneumoniae and how conserved is this mechanism among other bacteria remains to be shown.
334 Docking analysis of acetylcholine indicates that the highly conserved catalytic residues involved in
335  choline binding, suffice to coordinate acetylcholine. Thus, we speculate that LicB proteins in other
336 bacteria would be able to import acetylcholine as well.
337 From the structurally characterized DMT transporters, PfCRT is the most similar to LicB in terms
338 of function as it performs symport towards the cytoplasm (55, 62). PfCRT exports drugs from the

339 acidic digestive vacuole of intra-erythrocytic P. falciparum parasites (62). Comparison of outward-

10



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

340 open LicB and outward-open PfCRT (PDB: 6UKJ), which superpose with an r.m.s.d. of 2.6 A (Ca
341  atoms), reveal similarities in the location of charged residues in their central cavities;
342 H43rics/H97picrt, E1700LicB/D137ptcrT, R1911ic8/R231picrT, and D229:ice/D326picrT. Like LicB,
343 PfCRT also makes use of the electrochemical proton gradient (65). Proton-coupled transport by
344 LicB implicates that acidification of the external media would result in faster choline uptake. This
345 might be relevant at the natural niche of pathogens like S. pneumoniae and H. influenzae, the human
346 nasopharynx, which displays mild acidic conditions (5.0 <pH < 6.5) (66, 67). In the absence of a
347  proton gradient, neutral pH, or in the presence of a mutation that disrupts proton transport (H43A),
348 transport of choline is driven by the membrane potential and likely by a choline concentration
349  gradient since the phosphocholine synthesis pathway quickly diminishes the concentration of free
350  choline in the cytoplasm (36, 68, 69).
351  The cryo-EM structure of LicB in nanodiscs revealed a homodimer arrangement. Dimerization has
352 been observed in crystal structures of DMT transporters including the triosephosphate/phosphate
353 antiporter TPT (56), the GDP-mannose transporter Vrgd (59, 60) and the CMP-sialic acid
354  transporter CST (57, 58). Strikingly, the dimer arrangement displayed by LicB is very different to
355  that observed in the crystal structures of these DMT transporters. While the LicB interprotomer
356 interactions involve TM1, TM8, and TM9 (Fig. 3D), the interactions observed in the structures of
357  TPT, Vrg4, and CST, involve TM5 and TM10. Interestingly, the packing of the crystal structure of
358  LicB shows a symmetry partner that interact through TMS and TM10, thus, displaying the same
359 dimer topology as that described for TPT, Vrg4, and CST (Fig. S10C). Although for TPT, it is not
360  known whether the dimer is functionally relevant, it has been shown that dimerization of Vrg4 and
361  CST allows faster transport and enhances protein stability (57, 59). Since LicB dimerization was
362 observed during purification, albeit in low proportion (Fig. S12), and lipid nanodiscs represent a
363  native-like environment due to the presence of a lipid bilayer and absence of detergent micelles, the
364  arrangement of LicB molecules in the cryo-EM structure might represent a functional dimer, but
365  this remains to be shown.
366  More broadly, we showed a comprehensive mechanistic analysis of a DMT transporter essential
367 for bacterial cell wall modification. Due to the widespread importance of phosphocholine
368  decoration of teichoic acids and lipopolysaccharide in bacterial pathogens, our results constitute a
369  significant advance that is likely to contribute to the development of new strategies to modulate
370 interactions with the host. Indeed, sybody-like molecules or derivatives of HC-3 represent
371 promising chemical structures that will facilitate the engineering of new molecules targeting LicB
372 proteins.
373
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374  Materials and Methods
375  LicB expression, purification and nanodiscs reconstitution. The gene encoding S. pneumoniae
376  LicB with an N-terminal 10xHis affinity tag in a modified pET-19b vector (Novagen) was
377 overexpressed in E. coli BL21-Gold (DE3) (Stratagene) cells. The cells were grown at 37°C in
378  Terrific Broth medium supplemented with 1% glucose (w/v) and 100 pg/ml ampicillin. Protein
379  overexpression was induced with 0.2 mM B-D-1-thiogalactopyranoside (IPTG) and cells were
380  incubated for 1 hour before harvesting. Frozen cell pellets were resuspended in 50 mM Tris-HCI,
381  pH 8.0; 500 mM NaCl; 5 mM B-mercaptoethanol and 0.5 mM PMSF. Cells were disrupted, the
382 membrane fraction was separated by ultracentrifugation and subsequently flash frozen with liquid
383 nitrogen until further use. Frozen membranes were solubilized for 2 hours at 4°C in 50 mM Tris-
384  HCI, pH 8.0; 200 mM NaCl; 15 % glycerol (v/v); 20 mM imidazole, pH 8.0; 1% Lauryl Maltose
385  Neopentyl Glycol (w/v) (LMNG, Anatrace); and 2 mM B-mercaptoethanol. After centrifugation the
386 supernatant was loaded onto a Ni-NTA superflow affinity column (Qiagen), pre-equilibrated on 50
387  mM Tris-HCI, pH 8.0; 500 mM NaCl; 10 % glycerol; 20 mM imidazole, pH 8.0; 0.2% LMNG and
388 2 mM B-mercaptoethanol and subsequently washed with buffer containing 50 mM Tris-HCI, pH
389 8.0; 500 mM NaCl; 10 % glycerol (v/v); 50 mM imidazole, pH 8.0; 0.2% LMNG and 2 mM f-
390  mercaptoethanol. The protein was eluted with buffer containing 50 mM Tris-HCI, pH 8.0; 200 mM
391 NaCl; 10 % glycerol (v/v); 500 mM imidazole, pH 8.0; 0.2% LMNG and 2 mM B-mercaptoethanol.
392 The buffer was exchanged to 10 mM Tris-HCI, pH 8.0; 150 mM NaCl and 0.012% LMNG with
393 PD-10 columns (GE healthcare) for the removal of imidazole. The 10xHis affinity tag was removed
394 by overnight incubation with Tobacco Etch Virus (TEV) protease, which was later removed by
395  passing through a Ni-NTA affinity column. LicB was further purified by size exclusion
396  chromatography (SEC) with running buffer 10 mM Tris-HCI, pH 8.0; 150 mM NaCl and 0.012%
397  LMNG, using a Superdex 200 Increase 10/300 GL column (GE Healthcare). Purified LicB was
398 reconstituted in MSP1D1 nanodiscs using a ratio of 3:9:7:175 (LicB:Sybody:MSP1D1:lipids) in a
399 buffer containing S0 mM Tris-HCI, pH 8.0; 50 mM NaCl and 10 % glycerol (v/v). The lipid mixture
400  used consist of 16:0-18:1 POPG:E. coli polar lipid extract (Avanti) in a 3:1 (w:w) ratio. Detergent
401  was removed by adding Bio-beads SM2 (BioRad). After Bio-beads removal the mixture was
402 centrifuged and loaded on a Superdex 200 Increase 10/300 GL (GE Healthcare) column
403 equilibrated with buffer 50 mM Tris-HCI, pH 8.0; 50 mM NaCl. The peak corresponding to
404  LicB:Sybody in nanodiscs was collected and used for single particle cryo-EM studies.
405
406  Synthetic nanobody (sybody) selection. LicB carrying an N-terminal Avi-tag, followed by a

407  SSGTSS linker sequence to warrant efficient biotinylation, was expressed and purified as described

12



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

408  above. Enzymatic biotinylation was performed using recombinant BirA in presence of 0.5 mM
409  biotin, 20 mM Magnesium acetate, 20 mM ATP, and 5% glycerol(70). The reaction was incubated
410  for 16 hours at 4°C. Protein biotinylation was confirmed by SDS-PAGE after incubation of the
411 reaction product with Streptavidin. Biotinylated LicB was desalted with buffer 10mM Tris-HCI pH
412 8.0, 150 mM NaCl, 0.012% LMNG, and His-tagged BirA was removed using a Ni-NTA superflow
413 affinity column. The protein was aliquoted at a concentration of 5 uM, flash frozen in liquid
414 nitrogen, and stored at -80°C until used for nanobodies selection. Sybody selection was performed
415 as previously described(46). In short, sybodies were selected against biotinylated LicB in presence
416  of 5 mM choline using the three sybody libraries concave, loop and convex. After one round of
417  ribosome display, two rounds of phage display were performed, switching the panning surface in
418  each round. During the second round of phage display, an off-rate selection was carried using non-
419  biotinylated LicB at a concentration of 5 uM. The enrichment was monitored throughout the
420  selection process by qPCR, which looked ideal with values of 4.6 (concave), 2.5 (loop) and 3.3
421 (convex) after the first round of phage display and 1922 (concave), 107 (loop) and 70 (convex) after
422 the second round of phage display. 95 single clones of each library were screened by ELISA
423 resulting in 40 hits. Sanger sequencing revealed 29 unique sybodies, of which 26 showed a
424 monodisperse peak at the expected elution volume on a Sepax SRT-10C SEC-100 column. From
425  these, the best behaved sybodies during expression and purification (12 sybodies, all belonging to
426  the convex sybody library, Fig. S4) were selected for further functional characterization.
427
428  Sybody expression and purification. Sybodies were expressed and purified as previously
429  described(46, 47), with minor modifications. In brief, the sybody encoding gene in the pSBinit
430 vector (Addgene #110100) was transformed into E. coli MC1061 competent cells, which were then
431 grown at 37°C in Terrific broth media supplemented with 0.004 % glycerol, 100 pg/ml ampicillin
432 and 100 pg/ml streptomycin. Overexpression of the protein was induced with 0.02% L-arabinose
433 at an ODgoo of 0.7, followed by 15 hours incubation at 22°C before harvesting. The cell pellet was
434 resuspended in 40 mM Tris-HCI, pH 7.4; 500 mM NacCl; 0.5 mM PMSF and cells were lysed using
435  atip sonicator. The cell debris was discarded by centrifugation and the supernatant was loaded on
436 a Ni-NTA affinity chromatography column equilibrated with 40 mM Tris-HCI, pH 7.4; 150 mM
437 NaCl; 50 mM imidazole. The column was washed with 40 mM Tris-HCI, pH 7.4; 150 mM NaCl,
438 50 mM imidazole, and the protein eluted with 40 mM Tris-HCI, pH 7.4; 150 mM NaCl; 300 mM
439  imidazole. Imidazole was then removed using a PD-10 column (GE Healthcare). The
440  concentrations of sybody preparations were determined by measuring Azso and the quality of the
441  purified sybodies was assessed by SDS-PAGE and SEC.
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442
443 Sybody binding constant determination. Kinetic characterization of sybodies binding to
444  Dbiotinylated LicB was performed using grating-coupled interferometry (GCI) on a WAVEsystem
445  instrument (Creoptix AG). Biotinylated LicB was captured onto a Streptavidin PCP-STA
446  WAVEchip (polycarboxylate quasi-planar surface; Creoptix AG) to a density of 1700 pg/mm?.
447  Sybodies were injected at increasing concentrations ranging from 5 nM to 405 nM using a three-
448 fold serial dilution and 5 different concentrations in buffer 10 mM Tris-HCI pH 8.0, 150 mM NacCl,
449 20 mM imidazole supplemented with 0.02 % LMNG with or without 5 mM choline. Sybodies were
450  injected for 200 s at a flow rate of 50 pl/min. Dissociation recording was set to 900 s to allow the
451  return to baseline. Blanks were injected after every second analyte injection. All sensorgrams were
452 recorded at 25°C and the data was analyzed on the WAVEcontrol software (Creoptix AG). Data
453 were double-referenced by subtracting the signals of buffer injections (blanks) and by subtracting
454 the signals of a reference channel. A Langmuir 1:1 model was used for data fitting. For Sybody-C
455  the two highest concentrations were excluded from data fitting, due to unspecific interaction with
456  the flow channels at high concentrations.
457
458  Sample preparation and cryo-EM data acquisition. A sample of nanodiscs reconstituted
459 LicB:sybody-C complex was concentrated between 1 to 1.5 mg/ml using a Vivaspin concentrator
460  with a 30,000 Da cutoff (GE Healthcare). Cryogenic samples were prepared using a Mark IV
461  Vitrobot (Thermo Fisher) at 95% humidity at 4°C. 5 pl of the sample was applied to glow
462  discharged Quantifoil R1.2/1.3 300-mesh copper holey carbon grids, blotted for 4 seconds using a
463 blotting force of 3. The grids were flash frozen in a mixture of propane and ethane, then cooled
464  with liquid nitrogen. Movies were recorded with SerialEM on a Glacios microscope (Thermo
465  Fisher) operated at 200 kV, equipped with a K3 direct electron detector (Gatan). Images were
466  recorded with a defocus range of 0.5 and 3 um and a pixel size of 0.878 A/pixel at a nominal
467  magnification of 46,000 x. Each micrograph was dose-fractionated to 25 frames under a dose rate
468  of 12.5 electrons per pixel per second, with a total exposure time of 4 seconds, resulting in a total
469  dose of about 50 e /A2
470
471 Cryo-EM data processing. Data processing was carried out entirely in cryoSPARC v3.2.0(71).
472 Beam-induced drift of 8,229 raw movies was corrected and the movies aligned using patch motion
473 correction. The contrast transfer function (CTF) of each aligned micrograph was determined using
474  patch CTF estimation. Micrographs were Fourier-cropped once during patch motion correction to

475 adjust the pixel size to 0.878 A per pixel. Micrographs were classified and some discarded, based
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476 on CTF fit resolution, relative ice thickness, and total full-frame motion, resulting in 8,008
477  micrographs. A small subset of micrographs was used to adjust parameters for optimal picking of
478 particles, which was performed using blob picker. 3,113,507 particles were extracted with a box
479 size of 384 pixel and Fourier-cropped to 192 pixels, resulting in a pixel size of 1.756 A per pixel.
480  Multiple rounds of 2D classification with a batch size of 200 particles per class were performed to
481  discard bad particles. The selected particles were used to perform sequential ab initio
482 reconstructions with 3 or 4 classes, no similarity, and C1 symmetry. The best-resolved class was
483 used as reference for multiple rounds of heterogeneous refinement with the particle sets selected
484  from the preceding round of 3D classification. After heterogeneous refinement, 148,064 good
485  particles were re-extracted, resulting in a pixel size of 0.878 A per pixel, and further refined in a
486 non-uniform (NU) refinement(7/) using C2 symmetry, input reconstruction map filtered to 12 A,
487  and per-group CTF parameters. NU-refinement resulted in a map with a 4.2 A resolution, according
488  to the 0.143 cut-off criterion(72). This reconstruction map was used to generate templates for
489  automated template-based picking from all good micrographs. Particles were re-extracted and a
490  similar processing procedure as that described above was applied. After NU-refinement, a set of
491 78,649 particles were locally CTF refined before local resolution refinement, which resulted in a
492 map with a 3.75 A resolution, according to the 0.143 cut-off criterion. The local resolution was
493 estimated with cryoSPARC v3.2.0(77) and the directional resolution estimation was done using the
494 3DFSC server(73).

495

496  Model building. Model building was performed in Coot(74). The cryo-EM density of the LicB
497  dimer was of sufficiently high resolution to unambiguously build LicB polypeptide chain into the
498  cryo-EM density. The sybody was only partially resolved, with the part interacting with LicB being
499 its best resolved region. Thus, a homology model of the sybody (based on PDB: 5m14) was
500  positioned by rigid body in the density map, accompanied of manual building of the CDR3 region.
501  Models were improved by iterative cycles of real-space refinement in PHENIX(75) with application
502  of secondary structure constrains. Validations of models were performed in PHENIX. The final
503  refined structure has 95.43% of residues in the Ramachandran favored region; 4.32% in
504  Ramachandran allowed; and 0.25% as Ramachandran outliers. Figures of models and densities
505  were made in PyMol (The PyMOL, Molecular Graphics Systems, Schodinger, LLC), and
506  ChimeraX(76, 77).

507

508  LicB crystallization. LicB in buffer 10 mM Tris-HCI, pH 8.0; 150 mM NaCl; 0.012% LMNG was
509  concentrated up to 8 mg/ml using a 30 kDa MWCO Vivaspin 20 concentrator (GE healthcare).

15



B 1010120210011 4027, i veson oot Seplomber 15,021, The copyit rlderfr e propr
available under aCC-BY-ND 4.0 International license.

510  Extensive optimisation of crystal conditions using sitting-drop and hanging-drop vapour diffusion
511 and other post-crystallisation treatments yielded plate shaped crystals after 3-4 days of incubation
512 at 20°C. The reservoir conditions contained 1.5 mM choline; 100 mM HEPES, pH 7.5; and 33%
513 PEG 400. Optimised crystals were dehydrated and cryoprotected by gently increasing PEG 400
514 concentration in the drop. Crystals were scooped from the drop at different time points followed by
515 flash freezing by immersion in liquid nitrogen.
516
517  Data collection. LicB crystals diffracted X-rays up to about 6-7 A resolution in general. Drop
518  dehydration through air exposure over 30 minutes led to crystals that diffracted X-rays to higher
519 resolution(78). A data-set collected from one LicB crystal that showed anisotropic diffraction and
520  belonged to space group C121 was used to determine the structure. The unit cell constants of this
521  crystal were a = 128.9 A, b=4344 A, c=126.82 A and o = 90°, B =120.43° vy = 90° (Table 2).
522 Data was processed and merged with XDS(79, 80) and anisotropic scaling/ellipsoid truncation was
523 performed(81). Resolution limits after ellipsoid truncation were a* = 4.0 A, b* =3.5 A, and ¢* =
524 4.2 A. Karplus CC* (Pearson correlation coefficient) based data cutoff approach was used to
525  determine the usable resolution of the data-sets(82). The resolution limit was set considering a CCy/2
526 > ~40% based on data merging statistics and a CC* analysis against unmerged intensities in Phenix
527 package(7)5) satistfying Karplus CC* against CCyork and CCfiee criteria, as well as, Reee 0f the highest
528  resolution shell against the refined structure being less than or equal to ~50%. A second criterion
529 for limiting the resolution was the overall completeness percentage observed after anisotropic
530 ellipsoid truncation, which was kept above 85%. Diffraction data was collected at the beamline
531  XO06SA at the Swiss Light Source (SLS, Villigen).
532
533  LicB crystal structure determination. The crystal structure of LicB was solved by molecular
534 replacement using the program PHASER(83). The model generated by single particle cryo-EM was
535  used as reference. Multiple rounds of refinement in Phenix(75) and model building using Coot(74)
536 were performed. Map sharpening was used to facilitate model building. X-ray data and refinement
537  statistics are given in Table 2. The final refined structure has Rwork = 29.69% and Riree = 31.97%,
538 with 92.16% of residues in the Ramachandran favored region; 7.84% in Ramachandran allowed;
539 and 0.0% as Ramachandran outliers. Molecular graphics were created in PyMOL (The PyMOL,
540  Molecular Graphics Systems, Schodinger, LLC). Surface electrostatics were calculated with the
541 APBS PyMOL plugin.
542
543 Reconstitution in proteoliposomes. Lipid mixtures of POPE:POPG 3:1 or ECPL:PC 3:1 (w:w)
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544 (Avanti), were mixed, dried from chloroform, and solubilised in buffer 20 mM Tris, pH 8.0; 150
545 mM NaCl; 2 mM B-mercaptoethanol, to a final concentration of 20 mg/ml. The lipids were flash
546 frozen with liquid nitrogen and stored at -80°C. Unilamellar liposomes were formed after a 1:1
547  dilution in buffer and extrusion through a polycarbonate filter (400-nm pore size). After addition of
548 0.2% DDM, liposomes were mixed with LicB to have a 1:50 TM protein:lipid ratio (w:w).
549  Detergent was removed with Bio-beads SM2 (BioRad). Proteoliposomes at a final concentration of
550 20 mg/ml of lipids were resuspended in 10 mM HEPES, pH 7.3; 100 mM KCl; 5 mM choline for
551  the proton transport assay, and in 20 mM Tris, pH 8.0; 150 mM KCI; 2 mM B-mercaptoethanol for
552 the SSM-based electrophysiology assays. The proteoliposomes were aliquoted, flash frozen in
553 liquid nitrogen and stored at -80°C until further use.

554

555 SSM-based electrophysiology. SSM-based electrophysiology was conducted using a SURFE2R
556 N1 instrument (Nanion Technologies) following published protocols(48, 84). 3 mm SURFE2R N1
557  single sensors (Nanion Technologies) were alkylated by adding 100 pl of 0.5 mM thiol solution (1-
558  octadecanethiol in isopropanol), subsequently incubating for 1 hour at room temperature in a closed
559  petri dish. The sensor was then washed with isopropanol and miliQ water. 1.5 pul of lipid solution
560 (7.5 pug/ul 1,2-diphytanoyl-sn-glycero-3-phosphocholin in n-decane) was applied on the surface of
561 the gold electrode followed by immediate addition of 100 pl of SSM-buffer (50 mM Tris-HCI, pH
562 8.0; 5 mM MgCly; 150 mM KCl). The proteoliposome suspension at a 20 mg/ml lipid concentration
563  was diluted 1:20 in SSM-buffer and the mixture was sonicated for 20 seconds. 10 pul of the diluted
564  proteoliposomes were added to the chip before centrifugation at 2,000 x g for 30 minutes. The
565  conductance and capacitance were measured to ensure the quality of the SSM before each
566  measurement. A conductance value below 5 nS, and capacitance between 15 - 35 nF were
567  considered acceptable. Activating buffers (buffer-A) were prepared from a large stock of non-
568 activating buffer (buffer-B: SSM-Buffer) by the addition of the substrate choline or other
569  compounds such as arsenocholine, and acetylcholine at different concentrations ranging between 1
570 uM to 30 mM. Peak current values were determined for each individual substrate at different
571 concentrations and plotted to calculate ECso values. For the determination of the inhibitory
572 constants of hemicholinium-3 (HC-3), the choline concentration was adjusted to 0.5, 1, 5, 10 mM
573 choline in buffer-A, respectively and measured in the presence of 0.25, 0.5, 1 and 5 mM HC-3
574  present in buffer-A and buffer-B. Assays with sybodies were performed at a constant concentration
575  of choline at 5 mM in buffer-A and 500 nM sybody in buffer-A and buffer-B as previously
576 described(48). Prior to the measurements in presence of sybody, the maximal peak current was

577  determined with 5 mM choline in buffer-A and used to normalise the peak currents in presence of
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578  sybody. Data for each sybody was collected from 3 independent sensor preparations and measured
579 in triplicates. Analysis of the data was performed in OriginPro (OriginLab Corporation) and
580  GraphPad Prism 9 (GraphPad Software).
581
582 Protons transport assay. POPE:POPG (3:1) proteoliposomes were thawed and 20 pl of the
583  proteoliposomes were sonicated and diluted to 500 pl with buffer containing 10 mM HEPES, pH
584 7.3, 10 mM KCI; 90 mM NacCl; 5 mM choline, and 0.75 pM 9-amino-6-chloro-2-methoxycridine
585  (ACMA), before the assay. Time course fluorescence was measured at 20°C using a Jasco
586  Fluorimeter. The change in ACMA fluorescence was detected using an excitation wavelength of
587 410 nm and an emission wavelength of 480 nm. After equilibration of the system, H" and choline
588 influx was initiated by establishing a membrane potential by the addition of the K'-selective
589  ionophore valinomycin (5 nM). The activity was assessed for 1,200 seconds. The proton gradient
590  was collapsed by the addition of 0.5 uM carbonyl cyanide m-chlorophenyl hydrazone
591  (CCCP). Time courses were repeated at least three times for each individual experiment.
592
593 Size-exclusion chromatography coupled to multi-angle light scattering. SEC-MALS
594  measurements of LicB were performed at 18°C in 10 mM Tris-HCI, pH 8.0; 150 NaCl; 0.012%
595 LMNG using a GE Healthcare Superdex 200 Increase 10/300 GL column on an Agilent 1260 high
596  performance liquid chromatography. The column was equilibrated overnight for a stable baseline
597  before data collection. Monitoring of the elution was carried out with a multi wavelength
598  absorbance detector at 280 nm and 254 nm, the Wyatt Heleos II 8+ multiangle light-scattering
599  detector, and a Wyatt Optilab rEX differential refractive index detector. Inter-detector delay
600  volumes, light-scattering detector normalization and broadening corrections were calibrated using
601 a2 mg/ml bovine serum albumin solution (ThermoPierce) and standard protocols in ASTRA 6
602  (Wyatt Technologies). Weight-averaged molar mass, elution concentration, and mass distribution
603  of the samples were calculated using the ASTRA 6 software (Wyatt Technologies). The dn/dc for
604  the detergent LMNG was assumed to be 0.146 mg/ml according to experimental data(85).
605
606  Mutagenesis. Point mutations H43A and R191A were introduced by site-directed mutagenesis
607  using primers(86) (Table S1). Point mutations Y233A, Y236A, N252A, W17A, W167A and
608  E170A were introduced by cloning using gBlock gene fragments (Integrated DNA Technologies)
609  (Table S1).
610

611  Sequence-similarity network. A sequence-similarity network of LicB proteins from multiple
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612  bacteria species (nodes) was generated using the EFI-EST webserver(87). Bacteria species were
613  selected considering that /ic operon genes encoding LicB and proteins that perform choline
614  activation (LicA and LicC) are present(88). Sequences wre visualized with 40% identity and
615  organized by phylum in Cytoscape(89). The phylogenetic tree showing the evolutionary
616  relationships among the selected bacteria species was generated with iTOL(90).
617
618  Structural sequence-conservation analysis. The sequence conservation analysis shown in Fig.
619  10B was computed using the ConSurf server(97). Briefly, LicB homologues displaying at least 35%
620  identity were selected from a protein sequence BLAST search on the NCBI database using S.
621  pneumoniae LicB protein sequence as a query. We then generated a multiple-sequence alignment
622 using the HHMER algorithm provided by ConSurf, with conservation scores plotted in PyMOL
623 (The PyMOL, Molecular Graphics Systems, Schodinger, LLC).
624
625  Docking of hemicholinium-3 and acetylcholine. Docking of hemicholinium-3 and acetylcholine
626  to the LicB structures was done with Autodock Vina(92). These molecules were downloaded in the
627  SDF format from the ZINC database(93) and converted into a PDBQT format using Open
628  Babel(94). Docking was carried out over a search space of 28 A x 56 A x 30 A in the outward open
629  state and 38 A x 34 A x 42 A covering the entire entry pathway to the central cavity.
630
631  Construction of mutants in S. pneumoniae. Strain VL4243 (S. pneumoniae D39V, prsl::PF6-lacl-
632  tetR (gen), bgaA::Plac-licB (tet)) was made as follows. A second copy of /icB under control of the
633 IPTG-inducible Py promoter(95) was integrated in the genome of parental strain D39V at the bga4
634  locus. Golden Gate assembly of three parts was used. First part is the amplification by PCR using
635  chromosomal DNA of strain VL1998 (lab collection) as template with primers OVL5139 and
636  OVL5623 (Table S1). The resulting product contained the upstream homologous region to
637  integrate at the bgad locus, the tetracycline marker (tef), Pic and the RBS. The second part is the
638  amplification by PCR of licB, without its own RBS, from D39V with primers OVL5624 and
639  OVLS5625. The third part is the amplification by PCR using chromosomal DNA of strain VL1998
640  as template with primers OVL5626 and OVL2082 resulting on the downstream homologous region
641  to integrate at the bgaA locus. After purification, the three parts were digested and ligated together
642  during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and
643 Eps3I (NEB). The assembly mixture was incubated in a thermocycler (PCR Max) by cycling 25 x
644  the series 1.5 minutes at 37°C and 3 minutes at 16°C. The sample was then incubated for 5 minutes

645  at 37°C and subsequently incubated for 10 minutes at 80°C. Strain VL333 (prsl::PF6-lacl-tetR
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646  (gen)(96)) was transformed with the assembly mixture and transformants were selected using
647  tetracycline (ug/ml). The bgaA locus of the resulting strain, VL4243, was confirmed by sequencing.
648  To create seven different point mutations in /icB, the desired amino acids were changed for alanine
649  in the second copy of licB at bgaA. Golden Gate assembly was used to amplify two parts per point
650  mutation. The first part is the amplification by PCR of the upstream region of bgaA ::Plac-licB from
651 VL4243 until the desired point mutation with forward primer OVL2077 and reverse primer for each
652  point mutation, OVL6035 (Y233A), OVL6037 (Y236A), OVL6039 (W17A), OVL6041 (W167A),
653  OVL6043 (E170A), OVL6045 (R191A) or OVL6047 (H43A). The second part is the amplification
654 by PCR of bgaAd::Plac-licB from VL4243, started at the point mutation location until the
655  downstream homologous region to integrate at the bgaA4 locus. Different forward primers were used
656  for each point mutation, OVL6036 (Y233A), OVL6038 (Y236A), OVL6040 (W17A), OVL6042
657  (W167A), OVL6044 (E170A), OVL6046 (R191A), OVL6048 (H43A), the reverse primer was
658  identical, OVL2082. After purification, the two parts were digested with Esp3I and ligated together
659  during an assembly reaction with T4 DNA ligase buffer (Vazyme), T4 DNA ligase (Vazyme) and
660  Eps3I (NEB). Strain VL333 was transformed with the assembly mixture with tetracycline selection.
661  The bgaA region containing the Pc-licB genes of the resulting strains, VL4250 (Y233A), VL4251
662 (Y236A), VL4252 (W17A), VL4253 (W167A), VL4254 (E170A), VL4255 (R191A), VL4256
663  (H43A) were confirmed by sequencing.

664

665  Transformation efficiency assay. Transformation efficiencies were determined to test whether
666  mutated licB alleles would support growth as only copy of /icB in the pneumococcal genome.
667  Transformation assays were performed by transforming DNA of a licB::ery cassette to the strains
668  with both copies of /icB (without and with point mutation). DNA of /icB::ery was obtained by
669  amplification by PCR of strain VL4249 (lab collection) with primers OVL5635 and OVL5636. To
670  transform S. pneumoniae, cells were grown in C+Y medium (pH 6.8) at 37°C to an OD of 0.1 at
671 595 nm. Subsequently, cells were treated for 12 minutes at 37°C with synthetic CSP-1 (100 ng /ml)
672 and incubated for 20 minutes at 30°C with the transforming DNA (/icB::ery). After incubation with
673  the transforming DNA, cells were grown in C+Y medium (pH 6.8) at 37°C for 60 minutes. S.
674  pneumoniae transformants were selected by plating, in triplicates, inside Columbia agar
675  supplemented with 4% of defibrinated sheep blood (Thermo Scientific Oxoid) with 0.5 pg/ml
676  erythromycin and 0 or 0.1 mM IPTG. To obtain the viable count, the transformant mix was diluted
677 1,000 or 10,000 times and plated without induction and selection, in triplicate, inside Columbia
678  agar supplemented with 4% of defibrinated sheep blood. Transformation efficiency in percentage

679  is calculated as the number of transformants divided by the number of total CFUs (viable count).
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680

681 8. pneumoniae sybodies susceptibility assays. Growth assays of unencapsulated S. pneumoniae
682  strain VL567 (cps::chl) were performed in presence or absence of sybodies-A, -B, -C and -D at
683  three different concentrations. Bacteria were grown in microtiter plates (CytoOne, CC 7672-7596)
684  and incubated at 37°C, without shaking, in a Tecan i-Control infinite 200 PRO. Bacterial growth
685  was monitored by measuring the optical density at 595 nm every 10 minutes during 8 hours.
686  Measurements were performed using three replicates per condition. Strain VL567 was grown in
687  C+Y (pH 6.8) until the optical density at 595 nm reached 0.1. Cells were spun down to remove the
688  media and replaced by fresh C+Y medium. These washed pre-cultures were diluted 20-fold in C+Y
689  without sybody or in presence of the four sybodies at different final concentrations per well.

690

691 8. pneumoniae teichoic acids extraction and analysis. Cells were grown in 5 ml modified C+Y
692 media(97) without choline or yeast containing radiolabeled [*H]-acetylcholine either at the acetyl
693  group or the amino-group at 37°C until the OD reached 0.5 using 600 nm. The cell solution was
694  split in two equal halves to LTA and WTA extraction. For LTA extraction cells were centrifuged
695  at 5,000 x g for 5 minutes and the pellet washed twice with 1 ml buffer 20 mM MES, pH 6.5; 0.5
696 M sucrose; 20 mM MgCl2, before resuspending it in 1 ml of the same buffer. Proteoplasts were
697  generated by the addition of 20 mg/ml lysozyme and 100 units mutanolysin. The mixture was
698  incubated for 30 minutes at 37°C. The protoplasts were pelleted at 5,000 x g for 5 minutes and
699  lysed in ice cold buffer containing 20 mM HEPES, pH 8.0; 100 mM NaCl; | mM DTT; 1 mM
700  MgClz; 1 mM CaCly; 2 x complete protease inhibitors; 6 pg/ml RNAse A; 6 pg/ml DNAse 1.
701 Unbroken spheroplasts were removed by centrifugation at 5,000 x g for 10 minutes. The membrane
702 fraction was collected by ultracentrifugation for 1 hour at 100,000 x g and at 4°C. The pellet was
703 resuspended in 100 pl of buffer containing 50 mM MES, pH 6.5; 150 mM NacCl and the solution
704  was flash frozen and stored at -80°C for further use. For WTA extraction cells were pelleted by
705  centrifugation at 5,000 x g for 5 minutes and resuspended in 1 ml buffer containing 50 mM MES,
706  pH 6.5, before a second centrifugation at 5,000 x g for 5 minutes and resuspension in 1 ml buffer
707  containing 50 mM MES, pH 6.5; 4% (w/v) SDS. The solution was incubated at 100°C for 1 hour.
708  The sacculi were collected with a 5,000 x g centrifugation for 5 minutes and washed with 1 ml
709  buffer containing S0 mM MES, pH 6.5. The sample was centrifuged in a clean tube at 14,000 X g
710 for 5 minutes. The pellet was washed with 1 ml buffer containing 50 mM MES, pH 6.5; 4% (w/v)
711 SDS, twice with 1 ml buffer containing 50 mM MES, pH 6.5; 2% (w/v) NaCl and one in buffer
712 containing 50 mM MES, pH 6.5. The sample was centrifuged at 14,000 x g for 5 minutes,
713 resuspended in 1 ml buffer containing 20 mM Tris-HCI, pH 8.0; 0.5% (w/v) SDS; 20 pg of
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714  proteinase K. The sample was incubated for 4 hours at 50°C while shaking at 1,000 rpm. The pellet
715 was collected by centrifugation at 14,000 x g for 5 minutes and washed with 1 ml buffer containing
716 50 mM MES, pH 6.5; 2% (w/v) NaCl. The sample was then washed three times with distilled water.
717 The pellet was collected by centrifugation and hydrolyzed in 0.5 ml alkaline solution of 1 N sodium
718 hydroxide. The mixture was incubated for 16 hours at 25°C while shaking at 1,000 rpm. Insoluble
719 material was pelleted by centrifugation at 14,0000 x g for 5 minutes and the supernatant transferred
720  into a clean tube. 125 pl of Tris-HCI, pH 7.8 was added to neutralize the reaction and the sample
721 was flash frozen until further use. The samples were quantified by liquid scintillation counting
722 (TRI-CARB, PerkinElmer).
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019  pneumoniae. Choline is imported by LicB and activated by LicA and LicC, before being covalently
020  attached as phosphocholine to TA, which are later exposed at the cell wall. Inverted repeats are
021  shown in blue and gray. B. Sequence similarity network of bacteria species (nodes) where /ic operon
022 genes encoding proteins involved in choline uptake (LicB) and activation (LicA and LicC) are
023 conserved. Edges between nodes correspond to an identity of at least 40% among LicB proteins.
024  Sequences are organized according to bacteria phylum (see Fig. S1). S. pneumoniae and H.
025  influenzae are indicated.
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Figure 2. LicB displays promiscuous activity towards choline-like molecules. A. SSM-
electrophysiology recordings of choline transport in LicB proteoliposomes. Currents recorded
between 1-1.3 seconds after addition of choline are shown in blue. Recordings with protein-free
liposomes in presence of SmM choline is shown in red. B. Determination of ECso values for choline,
arsenocholine and acetylcholine based on SSM recording as shown in A and Fig. S2. C. Wall
teichoic acids (WTA) and lipoteichoic acids (LTA) extraction from S. pneumoniae cells grown in
presence of [*H]-acetylcholine radioactively labeled at different positions indicated by dotted
circles. Histograms show the [*H] radioactivity from extracted WTA and LTA. NC, negative
control performed with non-radioactive acetylcholine. D. Normalized amplitudes of SSM-currents
measured in presence of sybodies A to L (500 nM), under 5 mM choline transport conditions based
on data shown in Fig. S3. The asterisk denotes Sybody-C, which was used for structural studies.

n=3-4 biological replicates, n=2-3 technical replicates, for all experiments.
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Figure 3. Cryo-EM structure of outward-open S. pneumoniae LicB in lipid nanodiscs. A.
Cryo-EM density of LicB homodimer in nanodiscs with bound sybody at 3.75 A. Inverted repeats,
TMI1-5 and TM6-10, in each protomer are colored in blue and grey, respectively. Sybody is colored
in orange. The nanodisc is shown as transparent light blue. B. Topology of LicB highlighting the
inverted antiparallel repeats shown as pink trapezoids. The CDR3 region of the sybody interacting
with the loop connecting TM4 and TMS is shown in orange. C. LicB homodimer and central cavity
residues. D. Top view of LicB homodimer. E. Surface electrostatic potential representation of LicB

showing the central cavity opening to the extracellular side of the membrane.

31

69



074
075

076
077
078
079
080
081
082
083
084
085
086
087
088
089

090

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460277; this version posted September 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

Y255

J w167
wi7

N252
) Y109
Y233

Out i
g vae

‘J ’ EE ...;3"'..
S o (O s
'WE'E is= 'n Ly WBO 0%, -
‘ .. S-' r%YK" ’ﬁ T N l! - : .

Figure 4. Crystal structure of choline-bound occluded S. pneumoniae LicB. A. LicB and 2Fo-
Fc electron density map contoured at 1.0 ¢. Inverted repeats, TM1-5 and TM6-10, are indicated in
blue and grey, respectively. (Top) Choline is shown with carbons colored in orange. (Bottom)
Charged residues in the vicinity of the choline binding site. B. Surface electrostatic potential
representation of LicB showing the central cavity closed to both sides of the membrane. Choline is
shown in orange. C. Sequence logos of the regions containing the choline binding residues (red
dots) and charged residues around the central cavity (black dots). Sequences are from LicB proteins
analyzed in Fig. 1B (see Fig. S1). The y axis denotes positional information in bits. D.
Transformation efficiency assays of S. pneumoniae D39V AlicB cells complemented with WT
Plac-licB or variants (n=3, biological replicates). E. Proton transport assay with WT LicB and
variants in proteoliposomes. Representative time courses are shown (n=3, biological replicates). H*
influx was induced by establishing a membrane potential upon addition of the potassium ionophore
valinomycin (star). The proton gradient was collapsed by the addition of CCCP at about 3000
seconds. NC indicates negative control (protein-free liposomes). F. Sequence similarity network as
in Fig. 1B, showing bacteria species where residues E170 and R191 are not conserved (white

squares, see Fig. S1).
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091
092  Figure 5. Alternating access model of choline import and inhibition by HC-3. A. Superposition

093  of outward-open and occluded structures of LicB. Inverted repeats, TM1-5 and TM6-10, are
094 indicated in blue and grey, respectively. Helices that undergo large conformational changes are
095  shown in orange in the occluded state. B. Schematic of the proposed transport cycle depicting the
096  movements of TM3 and TM6 that close the extracellular entry pathway, whereas the predicted
097  movements of TM1 and TMS8 open the cytoplasmic exit pathway. Choline (orange) and protons
098  enter the binding cavity in the outward-open state. C. (Leff) Inhibition of LicB by HC-3 measured
099 by SSM-electrophysiology (Ki=518 £+ 31 uM). (Right) Lineweaver-Burk plot showing that HC-3 is
100  a non-competitive inhibitor of LicB. Norm. velocity indicates normalization of maximum currents
101 amplitude. D. Surface electrostatic potential representation of outward-open LicB showing a HC-3
102 molecule docked in the extracellular entry pathway. E. Schematic of the proposed model of
103 inhibition by HC-3 (green). HC-3 blocks the extracellular entry pathway hindering the access of
104  choline to the central binding site.
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107  Tables
108
109 Table 1: Cryo-EM data collection, refinement, and validation statistics
110
LicB:Sybody-C in nanodiscs
(PDB ID 7PAF, EMD-13268)
Data collection and processing
Microscope Glacios TEM
Camera Gatan K3 GIF
Magnification 46,000
Voltage (kV) 200
Electron exposure (e—~/A?) 50
Defocus range (um) -0.5t0 -3
Pixel size (A) 0.878
Symmetry imposed C2
Initial particle images (no.) 3,113,507
Final particle images (no.) 78,649
Map resolution (A) 3.75
FSC threshold 0.143
Map resolution range (A) 3.0-5.0
Refinement
Model resolution (A) 3.9
FSC threshold 0.5
Map sharpening b-factor (A2) -75.8
EMRinger score (LicB:Sybody) 2.59
EMRinger score (LicB) 325
Model composition
Non-hydrogen atoms 6272
Protein residues 818
B-factors (A%)
Protein 45.19
R.m.s. deviations
Bond lengths (A) 0.006
Bond angles (°) 0.768
Validation
MolProbity score 2.05
Clashscore 17.08
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 95.43
Allowed (%) 432
Disallowed (%) 0.25
111
112
113
114
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115 Table 2: X-ray data collection and refinement statistics
116
Data collection LicB (PDB ID 7B0K)
Wavelength (A) 1.000031
Space group Ccl21
Unit cell:
a/blc (A) 128.90/43.44/126.82
o/ply (©) 90.0/120.43/90.0
Resolution (A) 13-3.8
Completeness (%) 86.8(37.2) [98.9(97.2)]
No. measured
reflections 18226(690) [20849 (2305)]
No. unique reflections  5593(196) [7167(694)]
/ol 4.7(2.3) [2.05(1.2)]
R-meas (%) 14.6(67.7) [23.1(144.7)]
CCip (%) 99.6(85.1) [99.5(66.3)]
Refinement
Riwork/Reree (%0) 29.69/31.97
R.m.s.d. Bonds (A) 0.002
R.m.s.d. Angles (°) 0.605
Ramachandran plot:
Outliers (%) 0.0
Allowed (%) 7.84
Favored (%) 92.16
Average B-factor (A% 107.0
117
118 Values in brackets are before anisotropic truncation
119 Values in parentheses are for the last resolution shell
120 Rmerge = i |Li(hkl) - <I(hkl)>| / ZaZi Tithkl)
121
122
123
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Fig. S1. LicB is conserved across divergent bacteria phyla.

Phylogenetic tree of bacteria species across multiple phyla where lic operon genes involved in
choline uptake (licB) and activation (licA and licC) are conserved. Phyla are depicted by colors
according to the inset. S. pneumoniae and H. influenzae are indicated by blue and magenta dots.

White squares show bacteria species where residues E170 and R191 are not conserved (see Fig.
4).
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Fig. S2. LicB displays promiscuous selectivity towards arsenocholine and acetylcholine.

SSM-electrophysiology recordings of currents measured during application of arsenocholine (A)
or acetylcholine (B) are indicated by blue curves. Protein-free liposomes traces measured in
presence of 5 mM arsenocholine (A) or 30mM acetylcholine (B) are shown in red. The amplitude
of the peak currents were used for determination of EC, values as shown in Fig. 2B.

/6



10 10
— — Control
— — Sybody-A — Sybody-B
2 — Control after recovery g — Control after recovery
£ 5 £ 54
E g
S 3
04
T T J T T 1
10 11 12 13 1.0 11 12 13
Time [s] Time [s]
10+ 10+
= Control — Control
_ — SybodyD _ — SybodyE
% 5] — Control after recovery % 6] . ater
3 3
v T T 1 T T 1
1.0 11 12 13 10 11 12 13
Time [s] Time [s]
10 10
— — Control
— Sybody-G _ — Sybody-H
E ~— Control after recovery E ~— Control after recovery
£ 5 5
o (5]
T T d T T 1
10 11 12 13 10 11 12 13
Time [s] Time [s]
104 10+
— Control
z — Sybody-K
£ g — Control after recovery
£ 5 z 54
3 g
3 3
0+
T T 1 T T 1
1.0 11 12 13 1.0 11 12 13
Time [s) Time [s)

Current [nA]

Current [nA]

Current [nA]

Current [nA]

— Control
— Sybody-C
~— Control after recovery

T
1.1 12 13
Time [s]

= Control

— Control after recovery

Time [s]

Fig. S3. SSM-electrophysiology recordings of LicB choline transport in presence of sybodies.

Representative recordings of currents measured during application of 5 mM choline in absence of
sybodies are shown in black (control). The same experiment but in presence of 500 nM of sybodies
are shown in pink, whereas recordings after unbinding of sybodies are shown in green. The
amplitudes of the peak currents (pink traces) were used for the generation of the histogram shown

in Fig. 2D.
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Fig. S4. Sequence conservation alignment of sybodies characterized by SSM-
electrophysiology.

Inhibitory and non-inhibitory sybodies are grouped together. All sybodies belong to the convex
library, which display a long CDR3 region.

/8



Sybody-A Sybody-8

200 FTWEIE2 kDa 200 FTW E1E2 kDa
62 2
150 50 150 . -8 gﬁ
} -
2 B > i -3
g 100 27 g 100 w7
i
50 15 50 “ 15
P AN
T T T 1 0 T T i
0 10 20 30 0 10 20 30
Volume [ml] Volume [mi]
Sybody-C FTW E1E2 kDa Sybody-D FT W E1E2 kDa
60
= ™ 40 ~ fe2
b 50 50
N 31 30 3
40 - 31
2 2 2 2z
g 1 g 15
20 -
10
0 T T T 1 v T T T 1
0 10 20 30 0 10 20 30
Volume [mi] Volume [ml]

Fig. S5. Purification of sybodies A, B, C and D.

(Left) Size exclusion profiles using a Superdex 200 Increase 10/300 column. (Right) SDS-PAGE
of samples from different steps of sybodies purification. FT, flow through. W, washing of column.
El and E2, two steps elution.
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Fig. S6. Determination of binding affinity of Sybodies to LicB by grating-coupled
interferometry (GCI).

The four sybodies were injected at 5, 15,45, 135 and 405 nM concentrations in absence (left) or
presence of 5 mM choline (right). Data are shown in blue and fitting curves in black. Data were
fitted using a Langmuir 1:1 model.
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Fig. S7. S. pneumoniae growth in presence of sybodies.

~ No Sybody

~ 25uM
25uM

— 0.25 M

Growth curves of unencapsulated S. pneumoniae in presence of sybodies targeting LicB in C+Y
media supplemented with choline. Three different concentrations of sybodies were tested in
comparison with growth without sybody. An average of three replicates and standard error of the

mean are plotted.
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Fig. S8. Cryo-EM reconstruction of LicB-Sybody-C complex in lipid nanodiscs. A.

Size exclusion chromatography profiles of LicB and LicB:Sybody-C complex reconstituted in
nanodiscs in a Superdex 200 Increase 10/300 column. SDS-PAGE of the three main peaks of the
red trace is shown. B. Representative micrograph of the complex acquired with a Glacios TEM
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equipped with a K3 camera. The data processing workflow shows 2D classes of LicB:Sybody-
C:MSPIDI after particle extraction and multiple rounds of 2D classification and ab initio
reconstruction performed with four classes. The particle classes with best protein-like features
were used for further rounds of 3D classification, non-uniform refinement, and template
generation. The selected particles were later used for a new round of particle picking. Further
processing led to a new optimized set of particles used as an input for iterative heterogeneous, non-
uniform, and local refinement rounds with C2-symmetry, which yielded a map at a resolution of
375 A. The heatmap displays the number of particles for a given viewing angle. C. (Left) FSC
plots of masked and unmasked maps calculated by cryoSPARC v.3.2.0. Dashed line indicates a
0.143 cut-off. (Right) Directional and global FSC plots calculated by the 3DFSC server. The
directional FSC curves providing an estimation of anisotropy of the dataset are shown for
directions x, y,and z. D. Final 3D reconstruction of the LicB:Sybody-C complex colored according
to the local resolution, estimated in cryoSPARC v.3.2.0.
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Fig. S9. Cryo-EM densities of LicB segments.

A. Sections of the cryo-EM density superimposed on the refined structure of LicB. B. Side view
of the LicB homodimer and bound Sybodies. Inverted repeats TM1-5 and TM6-10 in blue and
grey, respectively. Sybody-C is shown in orange. The inset shows a putative POPG lipid molecule
present at the dimer interface between both protomers. Surrounding residues are shown. C. Cryo-
EM density (mesh) superimposed on the POPG lipid and surrounding residues.
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Fig. S10. Crystal structure of LicB.

A. 2Fo-Fc electron density map of individual TM segments of LicB at 1.0 o level. B. (Left) Fo-
Fc map at 3.0 o level showing a positive peak at the choline binding site. (Right) 2Fo-Fc electron
density map of choline and coordinating residues after refinement. C. Packing of two LicB
molecules in the crystal lattice, resembling the arrangement of dimers in other DMT transporters.
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Fig. S11. Docking of acetylcholine and conservation analysis of residues at the choline
binding pocket and surrounding charged residues.

A. Docking of acetylcholine in LicB central cavity. Acetylcholine is shown in yellow. B. Sequence
conservation analysis. A multiple sequence alignment of LicB homologues sharing more than 35%
identity was generated and residues in the LicB structure were colored by sequence conservation
(ConSurt server). (Top) Residues at the Choline binding site. (Bottom) Charged residues close to
the choline binding site. C. Homology model of H. influenza LicB. (Top) Residues at the Choline
binding. (Bottom) Charged residues close to the choline binding site.
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Fig. S12. Size exclusion chromatography with multi-angle light scattering (SEC-MALS)
analysis of purified LicB in detergent micelles.
Size exclusion profile is plotted as normalized signal and MALS apparent molecular masses of the
protein in buffer, detergent in buffer and the total complex with dotted lines (right axis). The
molecular weights are summarized in the table with the apparent masses of empty micelles (P5),

the monomer (P4, main population), dimer (P3), tetramer (P2) and hexamer (P1).
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Table S1.
Oligos used in

this study.

Strain

| Genotype

Reference

D39V

T strain of clinical isolate, Serotype 2, parent strain for all strains used in this study|
nless described

Domenech etal., 2018

VL333

:PF6-lacl-tetR (gen)

Sorg etal., 2020

VL1998

:PF6-lacl (gen), bgaA::Plac-dCas9sp (tet)

Liu et al., 2017

VL4243

PF6-lacl-tetR (gen), bgaA::Plac-licB (tet)

This study

VLA249

PF6-lacl-tetR (gen), bgaA::Plac-licB (tet), zip::Ptet-licB (spc), licB::ery

Veening collection

VL4250

PF6-lacl-tetR (gen), bgaA::Plac-licB-Y233A (tet)

This study

VL4251

PF6-lacl-tetR (gen), bgaA::Plac-licB-Y236A (tet)

This study

VL4252

PF6-lacl-tetR (gen), bgaA::Plac-licB-WI7A (tet)

This study

VL4253

PF6-lacl-tetR (gen), bgaA::Plac-licB-WI67A (tet)

This study

VLA254

PF6-lacl-tetR (gen), bgaA::Plac-licB-E170A (tet)

This study

VLA255

PF6-lacl-tetR (gen), bgaA::Plac-licB-RI91A (tet)

This study

VL4256

::PF6-lacl-tetR (gen), bgaA::Plac-licB-H43A (tet)

This study

Oligo

Sequence

Reference

RI9IA_for

GAAGCCCTCTTAATCGCTCAAGTAACTTCG

This study

RI91A_rev

CGAAGTTACTTGAGCGATTAAGAGGGCTTC

This study

H43A_ for

GTGGCTGCAACTGCTGATTTTTTGAGCATC

This study

H43A_rev

GATGCTCAAAAAATCAGCAGTTGCAGCCAC

This study

Y233A
(gBlock)

IGATCCTCAATTGCTAGGTCTCATGATTGTTTTTGCAGCCTTTGATATGATT
ITCCGCGTTGGCTTATTATATCGCTATCAATCGCTTGCAACCAGCCAAGGCT
IACAGGCTTGAACGTGAGCTATGTAGTATGGACGGTCTTGTTTGCAGTTGTT)
ITTCTTGGGTGCACCGCTAGATATGCTGACCATTATGACGTCACTTGTCGTC
TTGCTGGAGTTTATATTATTATTAAAGAATAAGGATCCGATCCT

This study

Y236A
(gBlock)

IGATCCTCAATTGCTAGGTCTCATGATTGTTTTTGCAGCCTTTGATATGATT
ITCCTACTTGGCTGCGTATATCGCTATCAATCGCTTGCAACCAGCCAAGGCT
CAGGCTTGAACGTGAGCTATGTAGTATGGACGGTCTTGTTTGCAGTTGTT)
ITTCTTGGGTGCACCGCTAGATATGCTGACCATTATGACGTCACTTGTCGTC
TTGCTGGAGTTTATATTATTATTAAAGAATAAGGATCCGATCCT

This study

N252A
(gBlock)

IGATCCTCAATTGCTAGGTCTCATGATTGTTTTTGCAGCCTTTGATATGATT
ITCCTACTTGGCTTATTATATCGCTATCAATCGCTTGCAACCAGCCAAGGCT
IACAGGCTTGGCGGTGAGCTATGTAGTATGGACGGTCTTGTTTGCAGTTGTT)
ITTCTTGGGTGCACCGCTAGATATGCTGACCATTATGACGTCACTTGTCGTC
ATTGCTGGAGTTTATATTATTATTAAAGAATAAGGATCCGATCCT

This study

WI7A
(gBlock)

IGATCCTCATATGAAAAGTAAAAACGGAGTTCCTTTTGGCCTTCTCTCAGGT)
ATTTTCGCGGGCTTGGGTCTAACGGTTAGTGCTTATATCTTTTCGATTTTTA
ICAGATTTGTCACCCTTTGTGGTGGCTGCAACTCATGATTTTTTGAGCATCT
ITTATCTTACTAGCTTTTCTCTTGGTAAAAGAAGGGAAAGTTCGCCTCTCAA
ITTTTCTTAAATATTCGCAATGTCAGTGTTATCATCGGAGCCTTGCTAGCGA
ITCCT

This study

WI67A
(gBlock)

IGATCCTGCTAGCAGGCCCTATCGGTATGCAGGCCAATCTTTATGCAGTTA
IAGTATATCGGAAGTTCTTTAGCTTCATCTGTATCGGCTATTTACCCTGCGA
TTTCAGTTCTATTGGCTTTCTTCTTTTTGAAGCACAAGATTTCGAAAAATA
CTGTATTTGGGATTGTCTTGATTATTGGAGGGATTATTGCTCAGACCTATA
GGTTGAACAGGTTAATTCTTTCTACATTGGGATTCTTTGTGCTTTGGTTT
IGTGCTATTGCAGCGGGAAGTGAGAGTGTTCTTAGCTCTTTTGCCATGGAA
IAGTGAATTGAGTGAAATCGAAGCCCTCTTAATCCGTCAAGTAACTTCGTT
CTTGTCCTATCTTGTGATTGTGCTCTTCTCTCATCAGTCATTTACTGCAGTA
IGCCAATGGACAATTGGATCCT

This study

EI170A
(gBlock)

IGATCCTGCTAGCAGGCCCTATCGGTATGCAGGCCAATCTTTATGCAGTTA
IAGTATATCGGAAGTTCTTTAGCTTCATCTGTATCGGCTATTTACCCTGCGA
TTTCAGTTCTATTGGCTTTCTTCTTTTTGAAGCACAAGATTTCGAAAAATA
CTGTATTTGGGATTGTCTTGATTATTGGAGGGATTATTGCTCAGACCTATA

GGTTGAACAGGTTAATTCTTTCTACATTGGGATTCTTTGTGCTTTGGTTT
IGTGCTATTGCATGGGGAAGTGCGAGTGTTCTTAGCTCTTTTGCCATGGAA
IAGTGAATTGAGTGAAATCGAAGCCCTCTTAATCCGTCAAGTAACTTCGTT
CTTGTCCTATCTTGTGATTGTGCTCTTCTCTCATCAGTCATTTACTGCAGTA
IGCCAATGGACAATTGGATCCT

This study

OVL2077

IWTTCCTTCTTAACGCCCCAAGTTC

This study

OVL2082

IGTCTTCTTTTTTACCTTTAGTAAC

This study

OVL5139

TTAATTCCTTCTTAACGCCCCAAGT

This study
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OVL5623 AGCTGTCGTCTCGATAGATCCTTTCTCCTCTTTAGATCTTTTGAATTCGCG | This study
IGCCG
OVL5624 AGCTGTCGTCTCGCTATGAAAAGTAAAAACGGAGTTCCTTTTGGCCTTCTC| This study
ITCAG
OVL5625 AGCTGTCGTCTCGCTTATTCTTTAATAATAATATAAACTCCAGCAATGACG| This study
IACA
OVL5626 AGCTGTCGTCTCGtaaGTCGACCTCGAGACTAGTCAAGGTCGGCAATTCTGC| This study
GTA
OVL5635 JAACTCTTTCGACAAATGCGCATCGTCTATCTGAAAATAAC This study
OVL5636 IGAAAATGCTATCCAAATGAT This study
OVL6035 [TAAGGGCGTCTCGCGGAAATCATATCAAAGGCTGCAAAA This study
OVL6036 [TAAGGGCGTCTCCTCCGCATTGGCTTATTATATCGCTATCA This study
IAGTGGTCGTCTCGGCAGCCAAGTAGGAAATCATATCAAAGGCTGCAAAA | This study
OVL6037 IACAATC
GTGGTCGTCTCGCTGCATATATCGCTATCAATCGCTTGCAACCAGCCAA | This study
OVL6038 lGGeTA
OVL6039 IGGAATGCGTCTCGGCGAAAATACCTGAGAGAAGGCCAAAAGGAAC This study
OVL6040 IGGAATGCGTCTCGTCGCAGGCTTGGGTCTAACGGTTAGTGCTTAT This study
OVL6041 [GCCATACGTCTCGGCTGCAATAGCACAAACCAAAGCACAGAGAAT This study
OVL6042 [GCCATACGTCTCCCAGCAGGAAGTGAGAGTGTTCTTAGCTCCTTT This study
OVL6043 ICATCCACGTCTCGGCACTTCCCCATGCAATAGCACAAACCAAAGC This study
OVL6044 ICATCCACGTCTCCGTGCAAGTGTTCTTAGCTCCTTTGCTATGGAA This study
OVL6045 IGACAACCGTCTCCGCGATTAAGAGGGCTTCGATTTCACTCAGTTC This study
OVL6046 IGACAACCGTCTCCTCGCACAAGTGACTTCGTTCTTGTCCTATCTT This study
OVL6047 ICTCCTACGTCTCCGCAGTTGCAGCCACCACAAAGGGTGACAAATC This study
OVL6048 ICTCCTACGTCTCCCTGCAGATTTTTTGAGCATCTTTATCTTACTA This study
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Single domain antibodies (nanobodies) have been extensively used in mechanistic
and structural studies of proteins and they pose an enormous potential as tools for
developing clinical therapies, many of which depend on the inhibition of membrane
proteins such as transporters. However, most of the methods used to determine the
inhibition of transport activity are difficult to perform in high-throughput routines and
depend on labeled substrates availability thereby complicating the screening of large
nanobody libraries. Solid-supported membrane (SSM) electrophysiology is a high-
throughput method, used for characterizing electrogenic transporters and measuring
their transport kinetics and inhibition. Here we show the implementation of SSM-
based electrophysiology to selectinhibitory and non-inhibitory nanobodies targeting an
electrogenic secondary transporter and to calculate nanobodies inhibitory constants.

This technique may be especially useful for selecting inhibitory nanobodies targeting

10.3791/62578

transporters for which labeled substrates are not available.

URL
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Introduction

Antibodies are composed of two identical heavy chains
and two light chains that are responsible for the antigen
binding. Camelids have heavy-chain only antibodies that
exhibit similar affinity for their cognate antigen compared
to conventional antibodies''2. The single variable domain
(VHH) of heavy-chain only antibodies retain the full antigen-
binding potential and has been shown to be very stable’"2.
These isolated VHH molecules or "nanobodies" have been

implemented in studies related to membrane proteins

biochemistry as tools for stabilizing conformaﬂon53'4, as

inhibitors®:®, as stabilization agents7, and as gadgets
for structure determination®: 1. Nanobodies can be
generated by the immunization of camelids for the pre-
enrichment of B-cells that encode target-specific nanobodies
and subsequent isolation of B cells, followed by cloning of
the nanobody library and selection by phage display11 12,13

An alternate way to generate nanobodies is based on in

vitro selection methods that rely on the construction of
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libraries and selection by phage display, ribosome display,
or yeast display14'15-16< 17,18.19.20 These in vitro methods
require large library sizes but benefit from avoiding animal
immunization and favor the selection of nanobodies targeting

proteins with relatively low stability.

The small size of nanobodies, their high stability and

solubility, strong antigen affinity, low immunogenicity,
and relatively easy production, make them strong

candidates for the development of therapeuti(:521'22'23.

In particular, nanobodies inhibiting the activity of

multiple membrane proteins are potential assets for

5,24.25.26 | the case of membrane

clinical applications
transporters, to evaluate whether a nanobody has inhibitory
activity, it is necessary to develop an assay that allows
the detection of transported substrates and/or co-substrates.
Such assays usually involve labeled molecules or the design
of substrate-specific detection methods, which may lack
a universal application. Furthermore, the identification of
inhibitory nanobodies generally requires the screening of
large numbers of binders. Thus, a method that can be used
in a high-throughput mode and that does not rely on labeled

substrates is essential for this selection.

SSM-based electrophysiology is an extremely sensitive,
highly time-resolved technique that allows the detection
of movement of charges across membranes (e.g., ion
binding/transport)27'28. This technique has been applied to
characterize electrogenic transporters, which are difficult to
study using other electrophysiology techniques due to the
relative low turnover of these proteinszg'?’o'31 132,33,34,35
SSM electrophysiology does not require the use of labeled
substrates, it is suitable for high-throughput screening, and
either proteoliposomes or membrane vesicles containing the

transporter of interest can be used. Here, we demonstrate

that SSM-based electrophysiology can be used to classify
transporter-targeted nanobodies with inhibitory and non-
inhibitory properties. As a proof-of-principle, we describe
the reconstitution of a bacterial choline transporter into
liposomes, followed by detailed steps for immobilization of
proteoliposomes on the SSM sensors. We next describe
how to perform SSM-based electrophysiology measurements
of choline transport and how to determine the half-maximal
effective concentration (EC50). We then show how to use
SSM-based electrophysiology to screen multiple nanobodies
and to identify inhibitors of choline transport. Finally, we
describe how to determine the half maximal inhibitory

concentrations (IC50) of selected inhibitory nanobodies.

Protocol

1. Membrane protein reconstitution

1. Mix 3 mL of E coli polar lipids with 1 mL of
phosphatidylcholine in a round bottom flask under a

ventilated hood.

2. Dry the lipid mixture for 20 min under vacuum using a
rotary evaporator and a water bath at 37 °C to remove
chloroform. If needed, dry further under nitrogen or argon

gas.

3. Using TS buffer (20 mM Tris-HCI pH 8.0, 150 mM NacCl)
containing 2 mM B-mercaptoethanol, resuspend lipids to

25 mg/mL.

4. Aliquot lipids in 500 pL aliquots, flash freeze in liquid

nitrogen, and store at -80 °C.

5. Thaw one 500 pL aliquot of lipids and dilute 1:1 using TS

buffer containing 2 mM 3-mercaptoethanol.

6. Extrude the lipid suspension 15 times using a 400 nm

membrane.
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10.

11.

12.

13.

14.

15.

16.

17.

Dilute the lipid suspension to have a final lipid

concentration of 4.4 mg/mL.
Add n-dodecyl-3-D-maltoside (DDM) to have a final

concentration of 0.2% and leave it rotating for 1 h at 200

rpm at room temperature (RT).

Add the purified protein to the lipids using a lipid-to-
protein ratio between 1:10 and 1:100 (w:w).

NOTE: The ratio needs to be adjusted depending on the
strength of the signal detected in SSM-electrophysiology
measurements of substrate transport (see below). To

obtain larger signals, use smaller lipid-to-protein ratios.
Incubate the mixture rotating at 200 rpm for 1 h at RT.

Add 30 mg/mL of polystyrene adsorbent beads, pre-
washed in TS buffer.
NOTE: Add polystyrene beads stepwise.

Incubate the beads-lipids mixture for 30 min at RT under

slow stirring.

To remove the beads, let the beads-lipids mixture stand
so that the beads settle down. Transfer the solution to a
new tube and leave the beads behind. Add 30 mg/mL of
fresh polystyrene adsorbent beads to the separated lipid

mixture.
Incubate the mixture for 1 h at4 °C under slow stirring.

Separate the beads from the mixture as described in step
1.13 and add 30 mg/mL of fresh polystyrene adsorbent

beads.
Incubate the mixture for 16 h at 4 °C.

Separate the beads from the mixture as described in step
13 and add 30 mg/mL of fresh polystyrene adsorbent

beads.

18.

19.

20.

21.

22.

23.

24.

Incubate the mixture for 2 h at 4 °C for a fourth and final

wash.
Centrifuge at 110,000 x g for 30 min at 4 °C.

Wash the pellet with 500 pL of TS buffer containing 2 mM

B-mercaptoethanol.
Centrifuge again at 110,000 x g for 30 min at4 °C.

Resuspend the pellet to a final lipid concentration of 25
mg/mL in TS buffer with 2 mM B-mercaptoethanol.
Estimate the protein concentration using an in-gel or
amido black assay36.

Aliquot the proteoliposomes, flash freeze in liquid

nitrogen, and store at -80 °C.

2. Chip preparation

Fill a single sensor chip with 50-100 pL of 0.5 mM 1-

octadecanethiol solution (resuspended in isopropanol).
Incubate the chip with the solution for 30 min at RT.
Remove the thiol solution by tapping the chip on a tissue.
Rinse the sensor 3 times with 5 mL of pure isopropanol.

Rinse the sensor 3 times with 5 mL of double distilled

water.
Dry the sensor by tapping on a tissue paper.

Apply 1.5 pL of 7.5 pg/pL 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (lipids dried in a rotatory evaporator and

resuspended in n-decane).

Immediately after, fill the sensor with 50 pL of non-
activatihng SSM buffer, which does not contain the
substrate. This will lead to a spontaneous formation of
the SSM layer.

NOTE: The SSM buffer should be optimized beforehand
have low

to determine optimal conditions that
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background noise. A general buffer containing 30 mM  the substrate choline prior to the measurement of inhibition

HEPES pH 7.4, 5 mM MgCl2, 140 mM NaCl, can be used by nanobodies is shown here.

as a starting point. The SSM buffer without the substrate
is used for washing before and after the measurement
(non-activating buffer). To avoid buffer mismatch, use the
non-activating buffer to prepare the buffer containing the

substrate (activating buffer). The substrate can be added

either directly as a powder or in a small volume from a 2.

high concentration stock to avoid dilutions.

9. Thaw proteoliposomes from step 1.24 at RT. 3.

10. Dilute proteoliposomes between 1:5 and 1:100
(proteoliposomes:buffer, (v:v)) in the non-activating SSM

buffer (here 1:20).

11. Sonicate proteoliposomes for 20-30 s or 3 times for 10 s,
placing on ice in between sonication, if necessary. Here

a water bath sonicator at 45 kHz was used.

12. Apply 5-10 pL of the diluted sonicated proteoliposomes

sample on the surface of the sensor without touching it.

13. Centrifuge the chips with the solution at RT for 30 min
using a speed between 2,000 and 3,000 x g.
NOTE: Use 50 mL tubes with a flat bottom. Carefully
place the sensor chips upright using tweezers. 6-well
plates and a centrifuge with a plate holder can also be

used.

14. Use the sensor chips on the same day.

3. Measuring the solute transportation:
determination of saturation conditions

NOTE: As proof-of-principle, these experiments were
performed using a bacterial choline transporter reconstituted

in liposomes following the protocol described above. The

step-by-step process of determining saturating conditions of

Prepare 1-2 L of the non-activating SSM buffer.
NOTE: Prepare and use the same SSM buffer stock for
all activating and non-activating buffers throughout all

measurements.

Take 10 clean tubes and transfer 10 mL of the non-

activating SSM buffer into each.

Add the substrate into the tubes from step 3.2 using
a series of concentrations around the expected half
maximum concentration (here 15, 10, 5, 1, 0.5, 0.1,
0.05, 0.01, 0.005, 0.001 mM of choline) to prepare the
activating SSM buffers. Use a high concentration stock

to avoid dilutions.
Switch on the SSM machine.

Start the SSM software and let the machine initialize
automatically. Set the saving path for data and confirm
by hitting the OK button. Select the standard Initial
Cleaning Protocol in the workflow options and click

Run.

Mount the proteoliposome coated chip on the socket,
move the arm to lock the chip, and close the mounted

chip with the cap.

Select the program CapCom in the workflow and let
it Run to determine the conductivity and capacitance.
Confirm that the conductivity is below 5 nS and the
capacitance is between 15 and 35 nF before using it for
the measurement.

NOTE: A capacitance value of 15-35 nF and
conductance below 5 nS are recommended by the

manufacturer when using a 3 mm chip.
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10.

11.

12.

Transfer the activating solutions into vials and position

the buffers in the probe sampler.

Transfer the non-activating buffer into a reservoir and
position it next to the chip holder at the reservoir position

on the right.

Create a protocol for the workflow using a sequence of
non-activating (B), activating (A), and non-activating (B)
solutions (B-A-B sequence) and a loop that performs
three measurements and moves to the next activating
buffer for all 10 buffers prepared in step 3.3. Use the
default flow rate at 200 pyL/s using 1 s-1s - 1s flow
times for the B-A-B sequence. Click Play to start the
measurement.

NOTE: A typical experiment consists of the sequential
flow of non-activating (B), activating (A), and non-
activating (B) solutions (written as B-A-B; see Figure
1A). The immobilized proteoliposomes on the sensor will
be washed with the solutions. Therefore, the B-A solution
exchange generates a substrate concentration gradient,

which drives the electrogenic transport reaction.

Save the protocol and let the workflow run by clicking on
the Play button. Perform the same type of experiment
but using protein-free liposomes. This is highly important
as it would show the intensity of background currents.
This should be considered when analyzing data of
electrogenic transport measured with proteoliposomes

(Figure 1C).

Use any preferred software for data analysis to plot the
measured current versus time. Read out the peak current
manually, or if using the software, use the function for
peak height estimation in the range of the addition of the

activating buffer.

13. Plotthe peak current against the substrate concentration
to determine the ECs50 of the substrate via the
nonlinear regression (Figure 1B,C). Read out the
lowest concentration at which the peak current reaches
a maximum value, this concentration corresponds to
saturating conditions.

NOTE: It is important to consider that the number of
proteoliposomes that remain immobilized varies from
chip-to-chip. This variation is evident as the peak
currents at identical measurement conditions will show
different amplitudes. Therefore, it is necessary to
normalize the current amplitudes of measurements
performed on each chip separately before comparing

measurements among different chip preparations.

4. Serial classification of inhibitory and non-
inhibitory nanobodies

NOTE: This section shows how to measure choline transport
in the presence of nanobodies that bind specifically to the
bacterial choline transporter. Smaller peak currents in the
presence of nanobodies indicate transport inhibition. Non-
inhibitory nanobodies will not impact substrate transport, i.e.,

no decrease of the peak current signal.

1. Prepare 1-2 L of non-activating SSM buffer.

2. Transfer 50 mL of the non-activating SSM buffer into
a clean tube. Add the substrate choline to a final
concentration of 5 mM (saturating conditions). Use this

for a positive control measurement.

3. Transfer 10 mL of the non-activating SSM buffer into
a clean tube. Add the substrate choline to a final
concentration of 5 mM (saturating conditions) and add

nanobody to a final concentration of 500 nM.
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Repeat step 4.3 for each nanobody to prepare the
activating solutions.

NOTE: If the purified nanobodies are resuspended in
a different buffer than the SSM buffer, their addition
to the activating and non-activating buffers will lead
to a buffer mismatch. A buffer mismatch should be
avoided since it can lead to high noise. Exchanging
the buffer of the purified nanobodies with the SSM
buffer can help to avoid this issue. Furthermore, using
nanobody concentrations that allow to reach saturating
conditions is recommended. Considering that the binding
constants of nanobodies are generally below 100 nM, a
nanobody concentration of 500 nM is recommended for
this experiment. However, it is important to pre-screen

for optimal concentrations.

Start the SSM machine and measure the capacitance
and conductivity of the proteoliposome coated chip as

described in steps 3.4-3.7.

Transfer the activating solution without a nanobody into
a vial and place the buffer in the probe sampler. Transfer
the non-activating buffer without a nanobody into a

reservoir and position it in the probe sampler.

Transfer the activating solutions containing nanobodies
into vials and position the buffers in the probe
sampler. Transfer the non-activating buffers containing
nanobodies into vials and position the buffers in the probe

sampler.

Create a protocol for the workflow using a sequence of
non-activating (B), activating (A), and non-activating (B)

solutions (B-A-B sequence).

Create a loop that performs the following: three
measurements of the B-A-B sequence using buffers

without nanobody, two measurements of the B-A-B

10.

11.

12

sequence with buffers containing a nanobody, 120 s
delay time for incubation with the nanobody, then 3
measurements of the B-A-B sequence with buffers

containing the nanobody.

Save the workflow and let it run by clicking the Play
button.

NOTE: This workflow will measure the initial conditions
of the transport without inhibition by running the B-
A-B protocol 3 times using non-activating (B) and
activating buffers (A) without the nanobody (Figure
1B,C), followed by the measurement of the nanobody
effect on the transport by running the B-A-B protocol
5 times with the non-activating and activating buffers
containing nanobodies (Figure 2A). The second order
binding kinetics dictate the interaction of nanobodies and
their target proteins. Therefore, it is important to use a
time delay in the B-A step in order to give enough time
for nanobodies to bind to transporters in proteoliposomes
on the chip. Optimal times depend on the nanobody
concentration i.e., at lower concentrations longer times
are required. The first two measurements are required to
adapt the system to the new conditions and the second
run should be performed after a delay time of 120 s. Only
the following three measurements should be used for

data analysis.

Create a new protocol for the workflow using a
sequence of non-activating (B), activating (A), and non-
activating (B) solutions (B-A-B sequence) and a loop
of 5 measurements to wash out the reversibly bound
nanobody.

NOTE: Optionally, include an incubation step to allow

dissociation of nanobodies with slow kinetics.

Save the workflow and let it run by clicking the Play

button.
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13. Compare the last peak current of the measurements

with the initial substrate-only measurement in step 4.10.

This is done by measuring the transport of choline at constant

concentration, while varying concentrations of the inhibitory

The nanobody has been successfully washed out and nanobody.
the initial conditions have been reestablished if the peak
1. Prepare 1-2 L of the non-activating SSM buffer.
current reaches the initial value, otherwise repeat steps
4.12-4.13 or change to a new chip 2. Transfer 50 mL of the non-activating SSM buffer into
a clean tube. Add the substrate choline to a final
14. Repeat steps 4.6-4.13 and use individual chips for each
concentration of 5 mM (saturating conditions). Use this
nanobody screen (Figure 2C) or repeat with multiple
as the activating solution for positive control.
nanobodies using the same chip (Figure 2D).
3. Take 8 clean tubes and add 5 mL of the non-activating
15. Use any preferred software for data analysis to plot
solution into each. Add the substrate choline to a final
the measured current versus time. Read out the
concentration of 5 mM (saturating conditions). Add the
peak current manually, or if available, in the used
inhibitory nanobody to the tubes at concentrations in the
software, automatically select the function for peak height
expected IC50 range (here 500 nM - 1 nM).
estimation in the range of the addition of the activation
buffer. 4. Take 8 clean tubes and add 10 mL of the non-activating

16. Normalize the peak current in presence of the nanobody,
based on the preceding substrate-only measurement.
Plot the peak currents in a histogram and compare the
peak currents of the substrate only measurements to the
peak currents measured in the presence of nanobodies

(Figure 2C,D) to identify inhibitory nanobodies.

NOTE: Normalization of the determined peak currents of S.

each individual run with a nanobody should be performed

considering the peak current in the absence of the

nanobody from the preceding measurement. Also, since 6.

the number of proteoliposomes that remain immobilized
vary from chip-to-chip, it is important to normalize the
current amplitudes of measurements performed on each
chip separately before comparing measurements among

different chip preparations.

5. 1C 50 measurement with inhibitory nanobodies

NOTE: After identifying inhibitory nanobodies, it is possible to

determine their half maximal inhibitory concentration (IC50).

solution into each. Add inhibitory nanobody to each tube
individually at the same concentration asin step 5.3. This
corresponds to the non-activating buffer.

NOTE: This will generate a series of activating and non-
activating buffer pairs at different concentrations of the

same inhibitory nanobody.

Start the SSM setup and measure the capacitance
and conductivity of the proteoliposome coated chip as

described in steps 3.4-3.7.

Transfer the activating solution without nanobody into a
vial and place it in the probe sampler. Transfer the non-
activating buffer without nanobody into a reservoir and
position it at the reservoir position next to the chip holder

on the right.

Transfer the activating solutions containing nanobodies
into vials and position the buffers in the probe

sampler. Transfer the non-activating buffers containing
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nanobodies into vials and position the buffers in the probe

sampler.

8. Create a protocol for the workflow using a sequence
of non-activating (B), activating (A), and non-activating
(B) solutions (B-A-B sequence). Include a loop to
measure each concentration 2 times, incubate for 120
s and measure 3 more times. The workflow will start
with the positive control of substrate-only followed
by the lowest concentration of the nanobody. Each
nanobody measurement will be followed by a subsequent
measurement of the positive control with substrate-only
to restore the initial peak amplitude, before moving to the
next higher nanobody concentration.

NOTE: The second order kinetics dictate the binding of
nanobodies. Therefore, itis important to use a time delay
in the B-A step. Optimal times depend on the nanobody
concentration i.e., at lower concentrations longer times
are required; here 120 s was used with satisfactory

results.

9. Use any preferred software for data analysis to plot the
measured current versus time. Read out the peak current
manually, or if using software, select the function for the
peak height estimation in the range of the addition of
the activation buffer (Figure 3A). Plot the peak currents
against the nanobody concentration to determine the

IC5( via non-linear regression (Figure 3B).

NOTE: Normalize the current amplitudes of

measurements performed for each individual chip
before comparing measurements among different chip

preparations.
6. Cleaning of sensors

1. Rinse the single sensor chips after use with 10 mL of

distilled water.

2. Dry the chip by tapping it on a tissue paper.

3. Fill the sensor cavity of the chip with 100 pL of pure

isopropanol and incubate for 10 min at RT.

4. Place a cotton swab in pure isopropanol and incubate for

1-3 min.

5. Use the presoaked cotton swabs and gently rotate on the

sensor's surface without pressure to remove residues.
6. Rinse the sensor with 5 mL of pure isopropanol.
7. Rinse the sensor with 10 mL of distilled water.
8. Dry the sensor by tapping the chip on a tissue.

9. Letthe sensor dry overnight at RT, and store at RT under
dry conditions.
NOTE: Sensors can be re-used up to 4-5 times when

cleaned and stored properly.

Representative Results

SSM-based electrophysiology has been extensively used
for the characterization of electrogenic transporters. In
the protocol presented here, we show how to use SSM-
based electrophysiology to classify nanobodies targeting a
secondary transporter (here a bacterial choline symporter)
based on their inhibitory and non-inhibitory properties. One of
the most useful features of this technique is that it allows for
the high-throughput screening of multiple buffer conditions.
This particular characteristic is beneficial for the analysis of
nanobody libraries, which after the selection of binders can be
constituted from a few to dozens of nanobodies. In a standard
experiment, a stable lipid monolayer is assembled on a
sensor chip. After applying the proteoliposomes preparation
containing the choline transporter, a check for good
conductivity and capacitance is performed as this is essential

for the success of the experiment. In case that the integrity of
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the membrane is compromised during an experiment, which
is easily observed due to the high noise background currents,
changing to a new chip is recommended as recovering
low noise conditions is rather difficult. In general, we have
observed very good reproducibility among measurements of
transport and inhibition by nanobodies when using different

chips.

To decide about the substrate concentration to be used
during a screening of nanobodies, electrogenic transport was
first measured under different substrate concentrations to
determine EC5 (Figure 1B,C). A substrate concentration
that corresponds to saturating conditions was selected
(Figure 1C). This substrate concentration was then kept
constant in all activating buffers. For this particular example,

we selected 5 mM choline.

For the screening of nanobodies, the nanobody must be
added to both non-activating and activating buffers. When
nanobodies were added to only the activating buffer, it was
not possible to observe inhibition of the electrogenic transport.
We speculate that this is due to an incomplete occupation
of all nanobody binding sites in the transporter population on
the chip, thereby revealing the importance of pre-incubation
with nanobodies in non-activating conditions. To ensure that
all sites are likely to be occupied, a time delay step was
included during the application of the first non-activating
buffer step to allow the saturation of nanobody binding sites
on the transporter population. Incubation times ranging from
2-60 min have been tested with reproducible results. Keep in
mind that optimal times of incubation depend on the nature
of the nanobody binder and its concentration during the
experiment (as well as the concentration of transporter in
proteoliposomes on the chip). Therefore, it is recommended

to try different incubation times. In any case, as a rule of

thumb, the lower the nanobody concentration, the longer the
incubation time required. We tested incubation times of 2 min,
20 min, 30 min, and 60 min for different nanobodies but did

not detect further transport inhibition.

The effect of inhibitory nanobodies on electrogenic transport
is visualized from the decrease of peak currents amplitudes
(Figure 2A,C,D). Non-inhibitory nanobodies, on the other
hand, do not affect peak currents. After running the washing
protocol to allow nanobodies unbinding, a recovery of 80
to 95% of the initial peak current amplitude was observed
(Figure 2A,C,D). We have performed a similar experiment
but in the presence of liposomes without the transporter
protein. When changing from non-activating to activating
conditions, no significant artifact currents was introduced by
nanobodies present in these buffers (Figure 2B). Running
this control experiment is recommended as it is important to
know whether changes in peak currents arise from artifacts

or not.

After the selection of nanobodies with inhibitory properties,
we determined IC5( values for individual nanobodies (Figure
3A,B). For this particular experiment, it is recommended to
start with a low concentration of nanobodies and then move
towards high concentration during the assay. The calculation
of the inhibition for each concentration was then performed
by comparing peak currents measured before and after
the application of nanobody. To avoid unspecific binding of
nanobodies to surfaces, which can be particularly problematic
when using low nanobody concentrations, it is advised to
follow a similar protocol to that described by Kermani etal.37,
where 50 pg/mL of bovine serum albumin was added to the
buffers, preventing this deleterious effect. Adding detergents
such as Tween or Triton for this purpose should be avoided

as these would dissolve lipid membranes.

Copyright ® 2021 JoVE Journal of Visualized Experiments

jove.com

May 2021+ 171+ e62578 - Page 9 of 16

99



jove

Current (nA)

Time (s)
v v v v
v..' v o ‘. v
v v v v wash v
Inhibitory — asl
\l
v Veop * v
W Ve XV 4 v
— . wash
* .
v
B« c
4
< — 30mM
2 20mi T
i 10 mM E
2 5 3
0.56mM €
%z Z 005 mM § 2
0.005 mM
g = o, :
81 g,
5 g
o 3
o Py
1o 15 20 1!0 1‘5 2?0
Time [s] Time [s]

o
B

Norm. Peak Current [%]
°

o Pa—
} T T T T T !
00001 0001 001 01 1 10 100

Substrate Concentration [uM]

Figure 1: SSM-based electrophysiology. (A) Protocol for transient currents measurement. A non-activating solution

is replaced by an activating solution followed by the flow of non-activating solution to restore initial conditions. During

the first step, nanobodies bind to the transporter. When switching to the activating solution, the substrate gradient drives
the electrogenic transport (orange curve). In the presence of an inhibitory nanobody, the peak current shows a smaller
amplitude (blue curve). After finishing the protocol and running solutions without nanobody (wash), unbinding of nanobodies
occurs. In the schematic, proteoliposomes with reconstituted protein (blue) are immobilized on the SSM sensor. Triangles
and red circles represent nanobodies and substrate, respectively. (B) Electrogenic choline transport in the absence of
nanobodies. Peak currents measured during activating conditions are shown for different substrate concentrations. (C)

Representative measurement of currents during activating conditions in the absence of transporter protein at different
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100



jove

substrate concentrations. (D) Plot of substrate concentration versus peak currents amplitude. The EC50 determined was 95
+ 11 puM choline. Error bars indicate standard deviation (n=3 biological replicates, n=3 technical replicates). Please click here

to view a larger version of this figure.
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Figure 2: Screening and classification of inhibitory and non-inhibitory nanobodies. (A) Electrogenic choline transport
in the presence of a nanobody. Peak currents measured during activating conditions are shown in the absence of nanobody
(blue), in the presence of an inhibitory nanobody (red), and after nanobody unbinding (green). (B) Measurement of currents
during activating conditions in the absence of transporter protein. Traces show recordings in the absence of nanobody (blue),
in the presence of an inhibitory nanobody (green), and in the presence of a non-inhibitory nanobody (red). (C,D). Histograms
showing peak currents measured during activating conditions in the presence of nanobodies and after nanobody unbinding
(recovery). Panel C shows the results of measurements using individual chips per nanobody. Panel D shows the results

from a serial measurement using one chip. Nanobodies are indicated as Nb. Error bars indicate the standard deviation (n=3

biological replicates, n=2 technical replicates). Please click here to view a larger version of this figure.
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Figure 3: Determination of IC5¢ of an inhibitory nanobody. (A) Electrogenic choline transport and inhibition by a

nanobody. Peak currents measured during activating conditions are shown for different nanobody concentrations. (B) Plot

of peak currents amplitude vs nanobody concentration from a serial measurement with an inhibitory nanobody. The IC5q

determined was 18 + 2 nM. Error bars indicate the standard deviation (n=3 biological replicates, n=3 technical replicates).

Please click here to view a larger version of this figure.

Discussion

The technique presented here classifies nanobodies with
inhibitory and non-inhibitory properties targeting electrogenic
transporters. Assessing the substrate transport is possible
due to the detection of the movement of charges through the
transporter embedded in the membrane of proteoliposomes.
Some of the critical steps during the setup of an experiment
are reconstitution of active protein in liposomes, preparation
of stable monolayers on SSM chips, and recovering of initial
conditions after the application of the wash protocol to remove
bound nanobody molecules. Once the membrane protein
is reconstituted at an appropriate lipid-to-protein ratio, a
general SSM protocol can be established using the native
substrate. It is crucial to perform control experiments using
protein-free liposomes to reveal noise currents that would
need to be subtracted from the currents measured using
proteoliposomes. However, if noise currents are too large, we
recommend trying protein reconstitution using different lipids,

or screen for buffer conditions that minimize these deleterious

signals. After successfully establishing conditions for an SSM
assay, screening of nanobodies can be performed. A very
useful option that may help in faster screening of nanobodies
is to perform high-throughput assays using a single SSM
sensor chip. This reduces the time of manipulation of chips
and buffers and reduces the costs. However, because
during this type of assay multiple nanobodies are applied
sequentially, it is important to ensure that the applied
nanobody can be washed away after the measurement.
A stringent washing cycle may need to be implemented
to unbind some nanobodies in case that reduced peak
current amplitudes are detected in the absence of nanobody.
We recommend using, as the starting point, the washing
conditions described here. If increasing the washing volume
or the number of cycles does not help, individual chips would
need to be used to screen each nanobody separately. In all
the cases examined here, the binding of nanobodies was
reversible and a high-throughput protocol could be applied.

In our experimental setup, we could not recover the full
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amplitude of the initial peak current after measurements with
nanobodies (Figure 1A; Figure 2C,D). However, in most
cases, the magnitude of the peak currents recovered ranged
between 80 and 95% of the amplitude measured before
applying nanobodies (Fig. 2C,D). We speculate that this
could be a consequence of washing away a fraction of the
proteoliposomes adhered to the chip, or due to slow kinetics
of unbinding of some inhibitory nanobodies, or a combination
of both. In either case, it was still possible to continue
assaying further nanobodies as electrogenic transport was
measurable. This is shown in Figure 2D, where we screened

six nanobodies using a single chip preparation.

The high-throughput characteristic is one of the most
significant advances of the method presented. In addition,
in contrast to other approaches, this method allows for
the selection of inhibitory nanobodies targeting electrogenic
transporters for which labeled substrates are not available.
A fast identification of inhibitory nanobodies can help to
speed up the research aiming to identify novel applications of
nanobodies as drugs. Their apparent advantages compared
to similar therapies such as antibody treatments are
numerous, starting with a smaller size which helps them
propagate further into tissues or cells, to their low production

costs and high stability.

SSM-based electrophysiology has been used in the past for
the characterization of electrogenic transporters in membrane
vesicles2?:38 These types of experiments are advantageous
as they do not depend on the protein purification and
reconstitution protocols. We speculate that performing the
selection of inhibitory nanobodies using membrane vesicles
is feasible. This would help to reduce costs and avoid

manipulations of purified proteins.

SSM-based electrophysiology is a strong technique to screen
for nanobody inhibitors of multiple membrane proteins that
exhibit electrogenic transport. We envision that SSM-based
electrophysiology will become an important tool for the
selection of inhibitory nanobodies and other antibodies with

potential clinical applications.
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Fast Small-Scale Membrane Protein Purification and Grid
Preparation for Single-Particle Electron Microscopy

Natalie Barland and Camilo Perez

Abstract

The ongoing development of single-particle cryo-electron microscopy (cryo-EM) is leading to fast data
acquisition, data processing, and protein structure elucidation. Quick and reliable methods to go from

protein purification and optimization to grid preparation will significantly improve the reach and power of
cryo-EM. Such methods would particularly constitute a tremendous advantage in structural biology of

membrane proteins, whose published structures stay still far behind the number of soluble protein
structures. Here we describe a fast, low-cost, and user-friendly method for the purification and cryo-EM
analysis of a recombinant membrane protein. This method minimizes the amount of starting material and
manipulation steps needed to go from purification to grid preparation, and could potentially be expanded
to other membrane protein purification systems for its direct application in structure determination by
single-particle cryo-EM.

Key words Membrane proteins, Affinity-chromatography, Small-scale purification, Single-particle
electron microscopy, Negative staining-EM, Cryo-EM

1 Introduction

The study of the structure and function of membrane proteins,
which make up to nearly a third of the genome in eubacteria,
archaea, and eukaryotes [1], is paved with multiple challenges.
Membrane proteins have a broad variety of functions as transpor-
ters, channels, receptors, or enzymes, and are targeted by more
than 50% of the marketed drugs [2, 3]. Recent developments in

the field of single-particle cryo-EM have boosted the number of
clucidated membrane protein structures. Higher sensitivity of

direct detectors [4, 5], phase plates for contrast enhancement [6],
implementation of graphic processor units for accelerated calcula-
tions [7], refined algorithms, and simplified software [8—10] speed
up processes involved in data acquisition and processing. The bot-
tleneck in high-throughput structural biology remains to be sample

Camilo Perez and Timm Maier (eds.), Expression, Purmcarlon, and srructural Biology ol Membrane Proteins,
Methods in Molecular Biology, vol. 2127,
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Natalie Barland and Camilo Perez
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Fig. 1 Principle of the fast small-scale purification for single-particle EM (FASSP-EM) methodology. Low
amounts of solubilized membrane protein[s] are distributed in a 96-well plate. Affinity chromatography using
PureSpeed™ IMAC tips allows for quick protein loading and washing. The protein(s) of interest can be directly
eluted on a glow-discharged grid for analysis by single-particle EM, analyzed via gel filtration and/or SDS-

PAGE

preparation including refined methods in protein purification and
grid preparation [11-14].

To meet the need of fast sample production of recombinant
membrane proteins with minimal material usage and reduced cost,
we present a fast small-scale method that uses PureSpeed™ IMAC
tips and 96-well plates for purification, parallel buffer condition
screening, and grid preparation for application to single-particle
EM (Fig. 1). The advantage of parallelized purification is that it
allows screening multiple stabilizing agents (e.g., detergents, pro-
tein binders, additives) and fast assessment of conditions targeted
to trap particular conformations, and it facilitates working with
multiple protein targets at the same time. In the current protocol,
as proof of principlewe perform the purification and EM analysis of a
membrane protein linked to a poly-histidine tag. However, the
method could be extended to purification of proteins with other
affinity tags. The membrane protein studied here corresponds to
the ATP-binding cassette (ABC) flippase PglK, a 130 kDa protein
from Campylobacter jejuni [15].
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2 Materials

2.1 Membrane
Preparation and
Purification

2.2 Eectron
Microscopy

B N

o)1

. Centrifuge Sorvall LYNX 6000 (Thermo Fisher).

. Microfluidizer LM10 (Microfluidics).

. Rotor 70 Ti (Beckmann Coulter).

. Rotor Fiberlite F9-6 x 1000 LEX Fixed Angle Rotor (Thermo

Fisher).

. Ultracentrifuge Optima XE-90 (Beckmann Coulter).
. PureSpeed™ IMAC Tips 1 ml with 80 pl resin bed volume

(Mettler Toledo).

7. Pyrex Dounce tissue grinder 40 ml (SciLabware).

10.

11.

12.

13.

14.

. Cell solubilisation buffer (CS), 50 mM Tris-HCI pH 8.0,

500 mM NaCl, 7 mM p-mercaptoethanol, 0.5 mM PMSF.

. Membrane resuspension buffer (MR), 50 mM Tris—HCI

pH 8.0, 500 mM NaCl, 7 mM p-mercaptoethanol.

Equilibration buffer (EQ), 50 mM Tris—-HCI pH 8.0, 500 mM
NaCl, 20 mM imidazole pH 8.0, 10% glycerol, 0.016% DDM,
7 mM p-mercaptoethanol.

Solubilisation buffer (SB), 50 mM Tris—-HCI pH 8.0, 500 mM
NaCl, 20 mM imidazol pH 8.0, 15% glycerol, 1% DDM, 1%
C)2Eg, 7 mM p-mercaptoethanol.

Washing buffer (WB-1), 50 mM Tris—-HCI pH 8.0, 500 mM
NaCl, 50 mM imidazole pH 8.0, 10% glycerol, 0.016% DDM,
7 mM p-mercaptoethanol.

Washing buffer (WB-2), 50 mM Tris-HCI pH 8.0, 500 mM
NaCl, 50 mM imidazole pH 8.0, 2% glycerol, 0.016% LMNG,
7 mM p-mercaptoethanol.

Elution buffer (EL), 50 mM Tris-HCI pH 8.0,500 mM NaCl,
50 mM imidazole pH 8.0, 0.016% LMNG, 7 mM
B-mercaptoethanol.

. FEI Talos TEM 200 kV transmission electron microscope

(TEM) (FEI).

. Lacey carbon grid mesh 400 copper grids (Electron Micros-

copy Sciences).

. Leica EM GP plunge freezer (Leica Microsystems).

4. Tecnai G2 Spirit 120 kV TEM (FEI).

. TG100,/400 copper palladium rectangular mesh TEM carbon-

coated grids.

. Whatman™ Grade 556 dry pads (GE Healthcare).

7. Whatman™ Grade 1 circles (GE Healthcare).

. 2% Uranyl acetate, kept away from light.
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2.3 Software for Data
Analysis

1. CTF4 [16].

2. ImageJ [17].

3. Relion 3.0 [8].

4. Origin (OriginLab Corp).

3 Methods

3.1 Membrane
Preparation and
Purification of
Recombinant
Membrane Protein

3.2 Determination of
Protein Concentration

Protocols for expression need to be optimized separately. Samples
and buffers should be pre-cooled at 4 °C. It is recommended to
carry out the purification at 4 °C. Data acquisition for single-
particle EM and data processing will not be discussed here.

1. Resuspend cell pellet in CS buffer using 8 ml buffer per 1 g cell
dry weight. Let the solution stir at 4 °C until it is fully
homogenized.

2. Disrupt cells using a Microfluidizer at 10,000 bar. Let the
homogenized solution pass two times to break all cells.

3. Spin the disrupted cells at 4400 x 4 for 30 min at 4 °C in a
pre-cooled rotor.

4. Spin the supernatant at 142,400 x g for 30 min at 4 °C.

5. Resuspend the pellet containing the membranes in MR buffer
using 1 ml buffer for 1 g initial cell dry weight.

6. Aliquot membranes by 2.5 ml and flash freeze with liquid
nitrogen. Store at —80 °C until further use.

7. Solubilize membranes in 6 ml SB buffer by stirring at 4 °C for
2 h.

8. Spin the solubilized sample at 29,600 x g and recover the
supernatant.

9. Equilibrate a 1 ml PureSpeed™ IMAC tip with 80 pl resin
volume with 2 x 1 ml equilibration buffer (se¢ Note 1).

10. Load 2 x 1 ml supernatant on the equilibrated tip.

11. Wash two times with 1 ml WB-1.

12. Wash two times with 1 ml WB-2 (se¢ Note 2).

13. Elute with 130 pl elution buffer by pipetting up and down four
times. This facilitates to recover higher protein amounts (see
Note 3) (Fig. 2a).

14. Steps 9-13 can be carried out in parallel for other protein
samples using a multichannel pipette or done individually
with a regular pipette.

Due to the high absorbance of imidazole at 280 nm, using standard
spectroscopy methods for the determination of protein
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Fig. 2 SDS-PAGE analysis and protein concentration determination of FASSP-EM-purified PglK. (a) Gels were
loaded with 7.5 pl of eluted PgIK premixed with 2.5 pl of 4x loading dye. The standard molecular weight
(MW) is indicated. The lane containing the eluted sample exhibits a strong band between 50 and 75 kDa,
representing the expected molecular weight of the PgIK monomer (65 kDa). (b) SDS-PAGE of PglK at known
concentrations was used to generate a calibration curve. Elution corresponds to a twofold dilution of the eluted
sample. (c) Plot of concentration against band intensity determined with ImageJ. The red line indicates a linear
fit. The concentration estimated for the eluted protein is 0.4 mg/ml

concentration in the eluate is not recommended. To estimate pro-
tein concentration, we use SDS-PAGE and analysis with Image] to
generate a calibration curve.

1.

Prepare 10 pl protein dilutions of protein at known concentra-
tion [0.5 and 0.01 mg/ml] to use as standards for SDS-PAGE
analysis. Load dilutions on the same gel as the cluted samples
from the purification (Fig. 2b).

. Take a picture of the gel for analysis in Image]J and first adjust

brightness and contrast in the drop-down menu
Image > Adjust > Brightness/Contrast.

. Select the first protein band on the gel with the rectangular tool

and in the drop-down menu select Analyze > Gels > Select
First Lane.

. Move new rectangle to the next protein band and select Ana-

lyze > Gels > Select Next Lane. Repeat for all protein bands.

. Select Analyze > Gels > Plot Lanes to calculate the profile of

the density on the image and draw a baseline with the line tool
to have a closed area.

. Calculate the areas enclosed with the magic wand tool by

clicking inside the profiles.

. Plot the band intensities against the concentration of the pro-

tein in your program of choice and perform alinear fit (Fig. 2¢).

. Estimate protein concentration in the eluate using the calibra-

tion curve equation derived from the previous step.
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3.3 Negative
Staining EM

3.4 Plunge Freezing
of Purified Sample for
Cryo-EM Analysis

. Prepare a series of dilutions of the eluted protein between 1:10

and 1:50 to be used for preparation of negative staining grids.

. Load 5 pl of protein sample on a glow-discharged carbon-

coated mesh 400 palladium grid and incubate for 1 min.

. Wash three times with 20 ul ddH2O and blot with filter paper

(see Note 4).

. Wash one time with 5 pl 2% uranyl acetate and blot with filter

paper.

. Stain with 5 pl 2% uranyl acetate, incubate for 10-15 s, and blot

with filter paper.

. Examine grids and collect images in a transmission electron

microscope (Fig. 3a, b). In this case we used a Tecnai G2 Spirit
120 kV TEM.

. Start up the Leica plunge freezer according to the manual and

cool down the instrument with liquid nitrogen and the plunge
freezing bath with liquid ethane. Place a new Whatman blot-
ting paper grade 1 and adjust the settings to 80% humidity in
the chamber.

. Place a freshly glow-discharged Lacey carbon grid on the Leica

tweezers.

. Apply 5 pl of the non-diluted protein purified with Pure-

Speed™ IMAC tips on a Lacey grid (see Note 5).

. Adjust the tweezers on the Leica plunge freezer, transfer it into

the chamber, blot for 3 s, and plunge freeze the grid.

. Store the grid in a grid box in liquid nitrogen before usage or

mount directly on a cryo-holder for screening and data collec-
tion at a TEM (Fig. 3c¢). In this case we used a FEI Talos TEM
200 kV TEM.

4 Notes

. For the purification with the PureSpeed™ IMAC tips a 96 deep

well plate can be used to distribute the protein sample and the
different buffers in 1 ml aliquots using a multichannel pipet.

. The second washing step is only necessary in the case of buffer

or detergent exchange and can be excluded for other protein
purifications. In the case of PglK the detergent DDM was
exchanged for LMNG.

. The elution volume can be further decreased to achieve a

higher concentration in the sample.

. The eluted sample should have less than 0.1% glycerol; other-

wise it will produce artifacts after staining with uranyl acetate or
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Fig. 3 EM analysis of purified protein. (a) Negative staining image of PglK purified with PureSpeed™ IMAC tips
and diluted 1:35 times for staining with 2% uranyl acetate. Image was taken at a magnification of 105,000
and a pixel size of 5.6 A. Black bar in the inset indicates 100 nm. (b) Selection of representative classes of a
two-dimensional (2D) classification. Particles were picked automatically and 2D classified using Relion 3.0. No
CTF correction was performed. (¢) Cryo-EM micrograph of PglK in ice on a Lacey grid. The scale bar indicates
a size of 100 nm. The image was recorded with a FEI Ceta 16 M Pixel CMOS camera at a magnification of
120,000 and a pixel size of 1.26 A

freezing in liquid ethane. A high glycerol concentration will
otherwise increase the signal-to-noise ratio in the recorded
images. If the sample contains a high amount of glycerol,
washing steps of up to ten times before staining with uranyl
acetate can help.

5. It might be useful to prepare a small series of dilutions between
1:3 and 1:5 if the concentration is too high. If the protein
concentration is on the other hand too low one can use an
equilibrated concentrator for small volumes to concentrate the
cluted sample to half or quarter of the volume.
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4 Discussion and outlook

4.1 Characterization of the essential choline importer LicB

As S. pneumoniae remains to be a global threat and bacterial infections by MDR
strains are nowhere near in decreasing numbers#®2°, a better understanding of the
process connected to bacterial invasion and pathogenesis is crucial in order to find
novel drug targets and develop drugs. This Gram-positive human pathogen S.
pneumoniae has a unique set of phosphorylcholine modified teichoic acids which
equips the bacterium with a very specific way to invade and colonize host cells’>1%,
Targeting LicB, the essential importer for the substrate choline, which is crucial for
the supply of the teichoic acid modification, for its inhibition by antimicrobial
compounds may help to tackle this pathogen that can carry MDR genes and can be
challenging to eliminate with conventional antibiotics. Additionally, other pathogens
that reside in the mucosal surface, like the Gram-negative H. influenzae use a similar
pathway of host invasion and pathogenesis by phosphorylcholine modified LPS',
where choline is also imported by LicB or a homologous protein™. The presence of
the /ic operon in those and other pathogens shows the essential role of
phosphorylcholine modification across different bacterial phyla, including Gram-
positive and Gram-negative bacteria.

The analysis of the obtained structures of the LicB transporter in its outward facing
state and in its substrate bound, occluded state, together with the functional
characterization provide a detailed understanding of the transport mechanisms. The
choline bound structure allows the localization of the binding pocket together with the
residues involved in coordinating the substrate. Residues W17, Y109, W167, Y233
and Y255 form an aromatic box around the trimethylammonium group of choline and
stabilize the positive charge of the substrate by pi-electrons (Figure 18A). The
hydroxyl end of choline is coordinated by Y236 and N252 in the binding pocket.
Comparison of the central cavity of LicB to the homology model of LicB from H.

influenzae shows the presence of aromatic and charged residues at the same
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positions, therefore it is likely that choline binds there accordingly. The outward facing
state of the transporter represents the conformation where the binding cavity, which

is mostly negatively charged, is accessible to the substrate from the exterior.
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Figure 18: Binding pocket, proton-coupling residues and transport cycle of LicB. A. Substrate

bound and occluded structure of LicB. Inverted repeats TM1-TM5 and TM6-TM70 are colored in
grey and blue, respectively. Choline is depicted in orange. The left bottom inset shows residues
involved in coordinating choline binding. The right bottorn shows residues involved in proton-
coupling B. Schematics of transport cycle as predicted based on the outward facing and

occluded structures. Choline is depicted as an orange sphere and a proton as a blue sphere.

As shown by fluorescence based transport assays with a proton sensitive
fluorophore, the energy for the transport is provided from a proton gradient. Due to a
mostly acidic environment in the nasopharynx, the place where the pathogen is
residing, the proton gradient must be inward directed and protons access the
transporter at the same time as choline. Substrate and proton binding induce
conformational changes with the most prominent movement of TM3 and TM6 before
entering the occluded state. Due to the typical topology of two inverted repeats in all

members of the DMT superfamily'”, it is possible to speculate that there will be a
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symmetrical movement of the corresponding helices TM1 and TM8 when the
transporter is facing the cytoplasm for substrate and proton release (Figure 18B).
Transport assays of proton flux on LicB mutated variants show that residues R191,
H43 and E170 are important for proton coupling, of which R191 and E170 are highly
conserved residues, and mutating those to alanine diminishes activity. PfCRT, a
chloroquine resistant transporter from P. falciparurm which also belongs to the DMT
superfamily®®®, exhibits the highest similarity to LicB. As for LicB, the binding cavity of
this transporter, has an electronegative surface. Furthermore, PICRT was shown to
use proton-motive force for the efflux of chloroquine and has similar charged
residues, as in LicB, that are possibly involved in protonation and deprotonation to
facilitate transport®''. A superposition of the outward open structures of LicB and
PfCRT with an r.m.s.d. of 2.6 A shows charged residues located at the same position
in the central cavity of H43.ie/H97picrr, E1700ice/D137picrr, R1911ice/R231pcrr and
D229,i8/D326picrr (Figure 19A).

Many methods for the characterization of the transport by membrane proteins are
prone to artifacts in the signals arising from the presence of detergent micelles or
lipids in the buffer. SSM-electrophysiology has proven to be the most reliable and
reproducible method to study electrogenic transport of choline and derivatives via
LicB reconstituted into liposomes. The SSM-electrophysiology experiments show that
choline, with a determined ECso of 47 + 15 uM, is not the only recognized and
imported substrate for LicB. Additionally, arsenocholine (ECso =170 + 9 uM) and
acetylcholine (ECso =740 + 84 uM) are recognized by the transporter. The extraction
of WTA and LTA from S. pneurnoniae grown in choline-reduced media supplemented
with radiolabeled [*H]-acetylcholine at the acetyl group or the amino group
additionally provides evidence that choline derivatives can not only be imported, but
also modified in order to provide phosphorylcholine, or phosphorylcholine-like
moieties. Those teichoic acids that were extracted from S. pneumoniae grown in
media supplemented with acetylcholine radiolabeled at the amino group exhibited

radioactivity opposed to acetylcholine radiolabeled at the acetyl group. Acetylcholine
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must be therefore modified or broken down into smaller parts, where the part of the

acetyl group is not present after its modification and attachment to the teichoic acids.

Figure 19: Proton-coupling residues in LicB and PICRT and acetylcholine in the binding pocket
A. Superposition and structural similarity of LicB (grey) and PICRT (pink). The inset shows putative
proton coupling residues from LicB depicted in grey and similar residues in close proximity in
PICRT depicted in pink. B. Acetylcholine docked with Autodock Vina into the outward open
Structure of LicB. Residues involved in the coordination of choline are depicted as sticks and can

accommodate acetylcholine.

This finding of a promiscuous substrate recognition, import and catabolization for the
synthesis of chemically activated phosphorylcholine shows a potential for adaptation
to the environmental availability of choline. This gives S. pneumoniae a more
extensive survival capability where derivatives of choline like arsenocholine or
acetylcholine can be imported and used for the modification of teichoic acids to
replace or mimic phosphorylcholine. This ensures the ability of the bacteria to
maintain its functions though the interactions with choline binding host receptors or
CBPs for invasion and pathogenesis. Although the half maximal effective
concentration for acetylcholine is lower than for choline, the naturally available high
concentration of acetylcholine close to the neuronal cleft®'2 might be sufficient to
provide the bacteria with this alternative substrate, during the invasion of the brain.
On the other hand, it might be possible that proteins are present that hydrolyze
acetylcholine before it is either imported or after it enters the cytoplasm. SSM-

electrophysiology and docking of acetylcholine clearly show that this alternative
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substrate can be accommodated in the binding cavity of LicB by the same residues

that are involved in choline binding (Figure 19B).

4.2 SSM electrophysiology for the selection of inhibitory nanobodies

The bottleneck for the cascade of invasion, adherence and virulence in
S. pneumoniae and several other human pathogens harbored in the nasopharynx is
connected to phosphorylcholine moieties of the teichoic acids or LPS78:110.113313-316
Those are only synthesized if the bacteria are able to acquire exogenous choline or
can import and modify compounds that can substitute or mimic choline, as described
above for S. pneumoniae and acetylcholine. There is only one transporter known in
S. pneumoniae that imports choline?. Gene deletion for the LicB transporter has
shown to result in non-viability of the bacteria®'” and hence blocking or inhibiting the
choline importer LicB should show similar effects of non-viability. This presents LicB
as an optimal drug target against infections caused by S. pneumoniae. However,
inhibitors of LicB must be unique binders that don not interact with other proteins, like
abundant choline importers in human cells.

Nanobodies are the single variable domains of the heavy chain only antibodies that
can be found in camelids®'®3'°, They are important tools for structural biology of
membrane proteins and are utilized for stabilizing conformations, for structure
determinations as scaffolds or as inhibitors?#24, Nanobodies cannot only be
generated by the immunization of camelids, but through /n vifro based methods via
phage or yeast display?#329322 They carry great potential as inhibitors for therapeutic
use because they are easier to produce, more stable, smaller than antibodies and
are less toxic than chemical compounds®*32>. Not all generated nanobodies inhibit
the activity of the target protein and a screening method is required if those need to
be identified. Most biophysical and biochemical screening methods like isothermal
titration calorimetry®?, surface plasmon resonance®’ or microscale thermophoresis3?®
rely on labelling compounds or interact with the detergent micelle which is prone to

produce signal artefacts. SSM-electrophysiology on the other hand allows a
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reproducible high-throughput screening of electrogenic transport?'2®, The
presented method of nanobody selection via SSM-electrophysiology enables to
screen for inhibitory nanobodies and can be applied for all kinds of electrogenic
transporters. Since the binding is reversible it is additionally possible to use a chip
coated with proteoliposomes to screen several nanobodies for a high throughput. To
unbind the nanobody, washing steps are crucial and it is important to normalize the
peak current between measurements for data analysis. With the presented method
the bottleneck is therefore not the screening but rather the expression and purification
of the target protein and the nanobodies. The advantages using SSM-
electrophysiology are a high throughput, good reproducibility, low sample
consumption and a very low SNR.

In the case of LicB, hemicholinium-3 (HC-3) shows inhibitory effects, but it will not be
possible to use this chemical compound as a drug against S. pneurmoniae. HC-3 is
not selectively blocking the pathogenic transporter LicB but is known to inhibit other
choline importers that are abundant in human cells and is therefore toxic3°33!. The
sybodies on the other hand were selected specifically against LicB with unique
epitopes interacting with the transporter. The selected inhibitory sybodies therefore
carry a lesser potential for the interaction with human cells and could enable future
studies for the treatment of pneumococcal infections. As they are unable to penetrate
the native barrier of the pneumococcal capsule, the surface layer with PG, WTAs and
LTAs, a suitable delivery vector needs to be found for a successful treatment.
Conventional antibiotics are alternations of chemical compounds that act through the
same mechanism of inhibition, by blocking ribosomal subunits to inhibit bacterial
protein synthesis, inhibit cell wall synthesis or PG synthesis®2. Due to the antibiotics
crisis with fewer novel antimicrobial compounds being developed®?, novel drugs are
in need. The application of nanobodies as antimicrobials immensely increases
possible drug targets and offers a more dynamic and versatile toolset for drug

development to battle MDR bacteria, in cancer therapy®? and many more®®,
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4.3 Dimerization of LicB and other DMT superfamily members

Dimerization of membrane transporters has been observed for many cases and over
two thirds of membrane proteins of known structures are present in an oligomeric
state®43%, To date, oligomerization or dimerization of membrane proteins cannot
easily be predicted and the study of dimer formation, stabilization and energy costs
in lipidic environments are the focus of current transporter studies®*¢3%, The outward
facing structure of LicB in nanodiscs is a dimer where the interface is formed by TM1,
TM8 and TM9 which are stabilized by a lipid. Similarly, other DMT members have
been observed to form dimers such as CST, TPT and Vrg4 transporters'.189.338,
However, the dimer interface of those transporters (Figure 10) is different from the
one in nanodisc reconstituted LicB and rather resembles the interface that is formed
on the LicB crystal. Dimers or oligomers that can be observed in crystals are possibly
artificial oligomers, since their formation is forced through supersaturation and
addition of precipitating agents. Their physiological relevance therefore needs to be

confirmed by biophysical methods.

Figure 20: Dimer interfaces in LicB. A. Dimer of nanodisc reconstituted LicB bound to a sybody.
Inverted repeats of TM1-TM5 and TM6-TM 10 are colored in grey and blue, respectively. Side view
and top view are shown. A lipid is present at the interface between TM1, TM8 and TM9 and
depicted in black. B. Futative dimer interface of LicB from crystallized protein. The interface is
formed by TM5 and TM10. Inverted repeats of TM7-TM5 and TM6-TM 10 are colored in grey and

violet, respectively and choline is shown in orange.
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Comparison of the interfaces of the DMT transporter dimers to the interface formed
in the LicB crystal (Figure 20) reveals their resemblance with the interface formed by
TM5 and TM10. Mutation studies in Vrg4 show that dimer formation has no effect on
the affinity of the substrate but allows a faster cycling of the transport. Lipids must
play a central role for the formation of LicB dimers because the prominent species in
detergent is its monomeric form. Future studies on the dimerization of LicB and DMT
transporters will provide a better understanding of the physiological relevance of the
dimer in the membrane, if it is energetically preferred due to membrane curvatures

or important for affinity, the transport cycle or stability.

4.4 Small scale purification for single particle cryo-EM

Single particle cryo-EM has recently become one of the most popular methods of
choice for structural studies of membrane proteins??42°3, Membrane proteins are
highly abundant and make up nearly a third of the genome across all living
organisms®®. They play an integral role as drug targets in pharmaceutical
applications??3340:341 “More than 50% of the drugs that are currently available on the
market are targeting membrane proteins, however the number of membrane proteins
with known structure is very far behind those for soluble proteins®2. One of the
bottlenecks for the study of membrane proteins is the challenge to purify large
amounts of pure membrane protein sample due to lower thermal stability?®®. The
strengths of single particle cryo-EM is that it requires a very small amount of protein
in a native buffer composition that can be directly applied on the EM grid®'2%3. The
described method for the fast small-scale membrane protein purification and grid
preparation offers a fast and parallelized way to prepare protein samples in different
buffer compositions. For a successful application, it is recommended to optimize the
purification of the protein beforehand and use the parallelized method to screen
additional buffer compositions, additives, substrates and inhibitors, in order to trap
different conformational states. This method offers a minimal sample consumption for

the purification of the protein in different compositions and offers direct application
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for grid preparation and screening within one day. This method can be applied to any

poly-histidine tagged soluble or membrane protein.
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