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Abstract

The exchange of ammonium across cellular membranes is an essential
process in all kingdoms of life. Ammonium is a major source of nitrogen for
bacteria, fungi, and plants, whereas in animal cells it is a cytotoxic waste
metabolite, which must be excreted. The transport of ammonium is
accomplished by the ubiquitous Ammonium transporter/Methylammonium
permease/Rhesus (Amt/Mep/Rh) superfamily of membrane proteins. In
addition to their fundamental role in facilitating the transport of metabolites,
members of the Amt/Mep/Rh superfamily are important drivers of the virulence
of infectious fungi. In humans, malfunctions of Rh proteins are linked to
inherited haemolytic anaemia, stomatocytosis, and early onset depressive
disorder, amongst many other human pathologies. Therefore, an improved
understanding of the function of ammonium transporters has important
medical implications alongside the elucidation of a central biological process.
In spite of its general importance, a consensus on the pathway and mechanism
of ammonium transport by this superfamily has not yet been achieved.

The overall aim of this project is to use Escherichia coli AmtB, the
paradigmatic, most intensely studied member of the Amt/Mep/Rh protein
family and an integrative approach combining molecular genetics,
biochemistry, biophysics and molecular dynamic simulations to gain valuable

structural and functional information on this important protein family.

A new in-solution structural approach combining Small Angle Neutron/X-ray
Scattering with Molecular Dynamics simulation has been successfully
developed providing a new tool to study membrane protein dynamics in
solution. Moreover, a new mechanism for the deprotonation/translocation
associated with ammonium transport through AmtB was suggested and
demonstrated by using Solid Supported Membrane Electrophysiology (SSME)
and Molecular Dynamics simulations on genetic variants. Furthermore, the
influence of 1-palmitoyl-2-oleoyl phosphatidylglycerol (PG), a specific lipid
known to structurally interact with AmtB, was assessed and it was suggested

that this lipid is essential for translocation of ammonium across AmtB. Last but

Xv



not least, the electrophysiological technique developed on AmtB has been
extended to study the bacterial Rh and fungal Mep proteins to explore whether
the mechanism | propose for AmtB is a common feature for the Amt/Mep/Rh

protein family.

Given the importance of this protein family in various fundamental biological
processes and human diseases, this work may, in the long term, lead to the

development of new therapeutic interventions.

XVi



Chapter 1: General Introduction

1.1 Membrane proteins and their importance

1.1.1 Biological membrane: The fluid mosaic model

Biological membranes are essential to cell metabolism as they provide four

basic functions:

1- Separation: the membrane is a semi-permeable barrier, preventing polar
and charged molecules from freely moving in and out of the cell.

2- Exchange: through membrane embedded proteins, the cell membrane
allows the translocation of metabolites and macromolecules in and out of
the cell.

3- Integration: The cellular membrane allows receptor-mediated signalling
across the membrane and the propagation of electric signals along the
lipid bilayer.

4- Metabolism: Biological membranes are essential for cell metabolism, in
particular they are involved in harvesting, storage and conversion of

cellular energy.

The general organisation of cellular membranes can be describe by a fluid-
mosaic model proposed by Singer and Nicolson in the early 70’s (Singer and
Nicolson, 1972). In this model, as suggested by its name, the phospholipid bi-
layer is dynamic, allowing the movement of membrane proteins in the plane or
across the membrane. Membrane proteins can span the entire bilayer or be
simply bound to the membrane surface, giving the appearance of a mosaic of

proteins and lipids (Figure 1.1).
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Figure 1.1 Representation of the different types of membrane protein insertions into a
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Most living organisms possess a single membrane that surrounds the
cytoplasm of each cell. However, bacteria have developed a more
sophisticated “membrane system” in order to increase their viability in hostile
environments (Silhavy et al., 2010 and references therein). A staining assay
was developed to differentiate bacteria in two sub-groups based on their cell
envelope organisation (Schleifer and Kandler, 1972). The two sub-groups

were the following:

1- Gram positive bacteria: composed of a thick peptidoglycan (30-100 nm)
and of a single lipid bilayer.
2- Gram negative bacteria: possessed an outer and inner lipid bilayer that

surrounded a thin peptidoglycan (few nm).

Both Gram positive and negative bacteria possess a peptidoglycan that acts
as the “backbone” for the cells playing a crucial role in responding to osmotic

pressure and attachment sites for proteins (Silhavy et al., 2010).

The inner membrane of Gram negative and single membrane of Gram positive
bacteria are phospholipid membranes that are present in all living organisms.
However, the outer membrane in Gram negative bacteria, is only composed of
glycolipids forming a “gel” called lipopolysaccharide (LPS). The LPS is
ubiquitously distributed in all the outer membranes and functions in nutrient
selectivity (semi-permeable membrane) and antigenicity during bacterial

infections (Silhavy et al., 2010 and references therein).

The Escherichia coli bacterium has been used as a Gram negative model
organism for genetics, biological and biochemical studies due to its properties
of being less biologically complex and easy to handle/modify. The outer
membrane of E.coli contains two types of proteins: B-barrel protein and
lipoprotein. The B-barrel protein is known to allow the diffusion of small
molecules across the outer membrane while the role of lipoproteins remains
uncertain. Finally the outer and inner membranes present in E. coli (and Gram
negative bacteria in general) generate a compartment between the lumen and
the cytoplasm called the periplasm, where enzymatic reactions such as
antibiotic degradation occur (Silhavy et al., 2010 and references therein).



1.1.2 Membrane transporters

Integral membrane proteins, and in particular membrane transporters, are the
entry and exit routes for all nutrients, metabolic waste, hormones and drugs.
They are involved in a wide variety of biological processes including
photosynthesis, respiration, signal transduction, molecular transport and are
also responsible for much of the communication between cells and their
environment. In Gram negative bacteria, these types of integral membrane
proteins are found in the inner membrane. Given the crucial importance of this
enormous group of proteins in numerous fundamental biological processes,
their medical relevance cannot be underestimated. Malfunctions of membrane
transporters are involved in many common diseases, including heart disease,
cancer, depression, Alzheimer’'s disease and cystic fibrosis (Hediger et al.,
2013). Membrane transporters sit at the surface of cells and are therefore
readily accessible to small molecules circulating in the blood, hence they
currently represent ~50% of drug targets (Overington et al., 2006). These
medically critical proteins represent approximately 25% of all proteins (Krogh

et al., 2001), and yet we know relatively little about them.

From the amino-acid sequences, 6 different classes of membrane transporters
have been determined in E. coli (Elbourne et al., 2016). The different classes
encompass 634 transport proteins (December 2018 -
http://www.membranetransport.org/transportDB2) scattered into 6 different
sub-types: Secondary transporter, ATP-dependent, lon channel,
phosphotranferase system, outer membrane porins and unclassified. This
classification system for the different membrane proteins is based on the
amino-acid sequences. Hence this could lead to disparities between the
classification assigned from the sequence data and the functional mechanism
ascribed to a membrane protein from other data. An interesting example to
illustrate the latest controversy is the Glycerol facilitator system. It was firstly
hypothesised and demonstrated that the Glycerol facilitator (GlpF) from E. coli
was transporting glycerol actively across the cellular membrane when

expressed in oocytes (Maurel et al.,, 1994). However it was demonstrated



subsequently that the expression of GlpF is enhancing the kinase activity of
Glycerol kinase (GlpK) suggesting that metabolic trapping of glycerol by GlpK
rather than an active transport from GlpF (Voegele et al., 1993) was the reason
for the apparent active transport, which was simply due to conversion of
intracellular glycerol to glycerophosphate and not accumulation of intracellular

glycerol per se..

Nonetheless, membrane proteins are notoriously challenging to study in vitro
since they are designed to sit within the hydrophobic environment of the lipid
bilayer. Membrane transporters are also flexible, undergoing substantial
conformational changes during the substrate transport cycle (Moradi and
Tajkhorshid, 2013, Alberts et al., 2002). This means that their study at all
levels, from structural, biochemical and functional characterisation, is highly
challenging.

From a functional point of view, to maintain the membrane protein solubilised
in aqueous solution requires the usage of detergent which can rapidly lead to
destabilisation, unfolding or inactivation of the membrane protein. The strategy
of reconstituting the membrane protein (after detergent
solublisation/purification) into an in vitro “native” lipid environment became a
highly recommended approach to study the “native” function/structure of
membrane proteins (Cherezov et al.,, 2009, Rigaud and Lévy, 2003). In
Chapter 4, a new functional approach was undertaken to decipher the
molecular mechanism of the ammonium transporter when reconstituted into
liposomes. Additionally, in Chapter 5, the fine-tuning influence of the lipid
environment composition on ammonium translocation mechanism was
assessed. Very recently a “free detergent” approach has been used to study
membrane proteins that are susceptible to the solubilisation process (Qiu et
al., 2018 and references therein).

From a structural point of view, in 1985, the first integral membrane protein
structure, the photosynthetic reaction centre from Rhodopseudomonas viridis,
was solved using x-ray crystallography (Deisenhofer et al., 1985) and since,

structural analysis of integral membrane proteins has attracted tremendous



interest. However, obtaining structural information on integral membrane
proteins using biophysical techniques such as crystallography remain
challenging with only 787 unique protein structures deposited in the PDB

database (June 2018 - http://blanco.biomol.uci.edu/mpstruc/). Moreover, the

translocation cycle underpinning membrane transporter activity requires
substantial conformational variability and in many cases, the static structural
insight achieved by x-ray crystallography has proven insufficient to capture the

essential functional information of these systems.

For this reason, there is considerable interest in the application of alternative
methodologies, such as Small Angle Scattering (SAS) or cryo-electron
microscopy (Cryo-EM) to structurally characterise membrane proteins. The
development of such an alternative approach, combining SAS and molecular
dynamic (MD) simulation to gain structural information on membrane proteins

was a significant part of my project and is presented in detail (Chapter 3).

1.2 Importance of ammonium movement across biological membranes

Ammonium is the preferred nitrogen source for microbes and plants whereas
in mammalian cells it represents a metabolic toxic waste that needs to be
excreted (Andrade and Einsle, 2007, Wirén and Merrick, 2004). Hence,
ammonium movement across biological membranes, whether it is uptake or
excretion, is a process of fundamental importance in all living organisms. It had
been generally accepted for years that ammonium acquisition by living
organisms occurred by mere passive diffusion of NHs across the lipid bilayer
at a rate of ~102 cm/s (Lande et al., 1995). However, the pKa value for the
ammonium/ammonia (NH4*/NHzs) equilibrium is 9.25, hence at physiological
pH, 99% of the ammonium is protonated (NH4*) (Bates and Pinching, 1950).
lons such as NH4* cannot diffuse through the hydrophobic layer (Figure 1.2)
because of the high energy cost to strip away the hydration shell (80 kcal/mol
for NH4*) (Pearson, 1986, Cao et al., 2004). Therefore, transport systems are

needed to efficiently translocate NH4" across biological membranes.
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1.2.1 First evidence of the existence of specific ammonium

fransport system

Early studies suggested that a nonspecific amino-acid permease was
expressed in the fungi Penicillium chrysogenum and Aspergillus nidulans
under “nitrogen starvation conditions” (Hackette et al., 1970). Interestingly,
these transport systems were inhibited by ammonium indicating, for the first
time, that a specific ammonium permease system was present in P.
chrysogenum and A. nidulans (Benko et al., 1969). The half-life of 13N being
10 minutes, it is impossible to use *NHa4* as a radioactive tracer to characterise
the activity of ammonium transport systems. Hence, in a later study Hackette
et al. used “C radio-labelled methylammonium (MeA) as an ammonium
analogue to characterise the activity of the ammonium transporter in P.
chrysogenum (Hackette et al., 1970). Crucially, Hackette et al. showed in this
elegant work that ammonium was a potent competitive inhibitor of the MeA
uptake activity. Since the K;value for the ammonium inhibition of MeA transport
activity (approximately 0.25 uM) was an order of magnitude lower than the Kn,
for MeA (1 mM) and because MeA cannot serve as a carbon or nitrogen source
in P. chrysogenum, this uptake system was identified as an ammonium rather
than MeA transporter (Hackette et al., 1970).

1.2.2 First identification of genes encoding for ammonium
transport in A. thaliana and S. cerevisiae

1.2.2.1 Discovery of ammonium and methylammonium uptake

systems

Following Hackette’s identification of an ammonium transport system in P.
chrysogenum (Hackette et al., 1970), MeA accumulation assays were used to

detect the presence of ammonium transporters in the bacterium Klebsiella



pneumoniae (Kleiner, 1982), Escherichia coli (Stevenson and Silver, 1977),
nitrogen fixing-bacteria Clostridium pasteurianum (Kleiner and Fitzke, 1979),
Azotobacter vinelandii (Laane et al., 1980) and in the eukaryotic organism
Saccharomyces cerevisae (Roon et al., 1975), indicating the ubiquitous nature
of these transport systems. In all these systems, it has been shown that MeA
accumulated inside the cell (~1,000 fold) against its electrochemical gradient,
which is the typical signature of an active transporter (Neverisky and Abbott,
2015). However, contradictory results were obtained concerning the
energetics of the transport activity; in fungi, the activity has been shown to be
pH and temperature dependant (Roon et al., 1975, Hackette et al., 1970), but
independent in bacteria (Stevenson and Silver, 1977). Finally, the genes
encoding bona fide ammonium transport systems were not isolated in these

biochemical studies only and remained unidentified for a further 20 years.

1.2.2.2 Identification of the genes encoding ammonium
transporters.

The first genetic evidence of ammonium transporter clusters started with the
identification of 5 different loci specific to the ammonium uptake mechanism
system in Aspergillus nidulans (Pateman et al., 1973). In 1979 Dubois and
Grenson showed that S. cerevisiae possesses at least 2 different ammonium
transporter systems named Mepl and Mep2 for Methylammonium permease
(because their activity were characterised using 4[C]MeA (Dubois and
Grenson, 1979). Mepl and Mep2 were characterised as low capacity/high
affinity and high capacity/low affinity transport systems respectively. Two
unlinked genetic mutations, MEP1 and MEP2 were identified to separately
abolish the activity of these proteins, proving the existence of two distinct
transporters (Dubois and Grenson, 1979). A strain (named 26972c) containing
both MEP1 and MEP2 mutations was unable to grow in a medium containing
1 mM of ammonium as the sole nitrogen source. In 1994, Dr. Anne Marie

Marini screened a low copy number plasmid library representing the total



genome of the S. cerevisiae strain 21278b to identify plasmids that allowed
the complementation of the growth defect of the strain 26972c on a growth
medium containing 1 mM ammonium as the sole nitrogen source (Marini et al.,
1994). This lead to the first identification of a gene encoding a bona fide
ammonium transporter (the gene was called MEP1) (Marini et al., 1994). In
parallel and with the same approach, expressing a cDNA library from
Arabidopsis thaliana in the S. cerevisiae strain 26972c, Dr. Olaf Ninnemann
cloned AMT1, the first gene to be cloned encoding a plant ammonium
transporter (Ninnemann et al., 1994). Later, it was hypothesised that GmSAT1
gene was encoding for an ammonium transporter 1 in soy bean (Kaiser et al.,
1998). However, Marini et al., demonstrated that GmSAT1 expression in yeast
lacking of all Mep proteins did not restore ammonium transport and the authors
also demonstrated that GmSAT1 expression plays a regulation role in the
expression of Mep proteins (Marini et al., 2000). Additionally, the sequence of
GmSATL1 does not contain any features commonly shared by Amt/Mep protein
family but instead contains a helix-loop-helix domain typical of transcription
factors (Marini et al., 2000). In a more recent work, Kaiser’s research group
acknowledged that GmSAT1 encodes for a transcription factor supporting
Marini’s work (Chiasson et al., 2014).

The first bacterial homologue to be identified via database screening was the
amtA gene (at that time called amt) of Corynebacterium glutamicum (Siewe et
al., 1996). Since then, apart from rare exceptions, all bacterial genomes
sequenced have revealed the presence of at least one gene encoding an
Amt/Rh protein. In this regard it is interesting to note that nearly all of the
genomes that do not encode for one of these proteins belong to pathogenic
organisms, leading to the hypothesis that the absence of these genes reflect
adaptation to specific niches within the host and is the consequence of
reductive evolution (Thomas et al., 2000, Huang and Peng, 2005, McDonald
et al., 2012, McDonald and Ward, 2016).
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1.2.3 Identification of mammalian ammonium transporter genes

In 1997, using the S. cerevisiae Mep sequences in protein similarity searches,
it was found that the human rhesus (Rh) proteins share 25% sequence
similarity with the Amt/Mep transporter family (Marini et al., 1997b). The Rh
proteins in mammals form a multimeric protein complex comprising two types
of proteins: a polypeptide of 30 kDa (named Rh30) and a glycosylated protein
of 50 kDa (named Rh50) (Huang, 1998, Matassi et al., 1998). The homology
between Rh30 and Rh50 is 36%. In humans, two Rh30 proteins (RhD and
RhCE) (Le van Kim et al., 1992, Avent et al., 1990, Cherif-Zahar et al., 1990)
and three Rh50 (RhAG, RhBG and RhCG) have been identified (Avent and
Reid, 2000). RhAG is mainly localised at the membrane of the erythrocytes
forming the group antigen (Cherif-Zahar et al., 1996) while RhBG and RhCG
are mainly found in the kidney, liver, central nervous system, testes and
intestine (Weiner and Hamm, 2007). In 2000, it was suggested that the rhesus
protein (Rh) represents the Amt/Mep orthologs in vertebrates as the human
RhAG and RhCG proteins were able to functionally complement the growth
defect of a S. cerevisiae knockout mutant, demonstrating that Rh50 protein
can act as ammonium transport when expressed in yeast (Marini et al., 2000).
However, the functional context of Amt/Mep and Rh transporters is highly
diverse: bacteria, fungi and plants use Amt/Mep proteins to scavenge
ammonium from their environments for biosynthetic assimilation, whereas
mammals use the Rh proteins for ammonium detoxification in erythrocytes,

kidney and liver tissues (Neuh&auser et al., 2014, Andrade and Einsle, 2007).

1.2.4 Phylogeny of Amt/Mep/Rh protein family

Since the identification of ammonium transporter genes in mammals by Marini
and co-workers (Marini et al., 1997b), interest in the classification of the
different members of the Amt/Mep/Rh has emerged. A first phylogenetic

classification carried out in 2005 showed how Amt and Rh are related to each
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other (Huang and Peng, 2005). After screening 111 Rh and 260 Amt proteins,
it was observed that only 14% of identity existed between Amt and Rh proteins.
This low identity between Rh and Amt proteins supports the hypothesis of an
evolutionary divergence between the two families (Figure 1.3) (Huang and
Peng, 2005).

12
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Figure 1.3 Rh and Amt are distant relatives: Maximum likelihood tree of Amt (blue) and Rh
(red) proteins, NeRh (bacterial Rhesus), FaAmtB/TvAmtB (archael Amts) (Figure from

Huang and Peng, 2005).
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Interestingly, most vertebrates possess multiple copies of Rh but lack AMT
genes (Huang and Peng, 2005). Rh genes were found in 41 species ranging
from the chemolithotroph bacterium Nitrosomonas europae to mammals but
were not found in archaea and vascular plants (Huang and Peng, 2005).
Additionally, four different clusters for Rh proteins in vertebrates were
identified: Rh30, RhAG, RhBG and RhCG while only two primitive clusters,
Rhp1 and Rhp2 were identified in microbes, invertebrates and non-mammalian
vertebrates. It was shown that RhAG and Rh30 share a common ancestor,
different to the one shared by RhBG and RhCG. Rhp2 was defined as a non-
mammalian cluster, conserved, and genetically stable due to its lack of introns.
Moreover, it was demonstrated that Rhp2 is more closely related to the
bacterial Rhesus 50 from Nitrosomonas europaea (NeRh50) and Rhpl than
the other Rh genes (Rh30, RhAG, RhBG and RhCG). On the other hand, Rhpl
is a more diverse cluster found in organisms expressing both Amt and Rh
protein (Huang and Peng, 2005).

In a different work, Couturier and co-workers investigated the phylogeny of
AMT from Populus trichocarpa, A. thaliana and rice (Couturier et al., 2007). It
was shown that P. trichocarpa possessed 14 AMT genes instead of the 6 and
10 found in A. thaliana and rice, respectively. The 14 AMT proteins from P.
trichocarpa were clustered in two major families (named AMT1 and AMT2)
similar to what has been previously observed for Rh genes (Huang and Peng,
2005). AMT1 was described to be the most conserved cluster due to its lack
of intron sequences in contrast to AMT2. The AMTL1 cluster represents a high
affinity transporter system (HATS) (with Ka ~10 uM for MeA) while the AMT2
cluster represents a low affinity transporter system (LATS) (Xiangjia et al.,
2000). It was shown that LATS is solicited when ammonium concentration is
high, while HATS works as a scavenging system when ammonium
concentration is low. It appeared that the AMT2 cluster is more related to
prokaryotic Amt while AMT1 is more related to plants and is mainly located in

the roots, suggesting a scavenging function (Sohlenkamp et al. 2002),

In 2012, a phylogenetic study based on 513 genes from AMT, MEP and Rh

have demonstrated that AMT genes were transferred vertically (parent
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inherence) whereas MEP were transferred horizontally (between a donor and
an acceptor from different species) (McDonald et al., 2012). It was shown that
AMT genes from the eukaryotic domain belong to the prokaryotic MEP clade
arguing for the existence of only two major ancestral clades: MEP and Rh
(McDonald et al., 2012). However the crystal structures and activities
measured on the different Amt/Mep/Rh challenged these concepts (see
section 1.3 and 1.4).

1.2.5 Physiological and medical importance of the Amt/Mep/Rh

proteins

Amt protein: The functional importance of the Amt/Mep/Rh family is
highlighted by their central role in nitrogen metabolism in bacteria, fungi and
plants. This will be further developed in section 1.3.10 and for review see
(Wirén and Merrick, 2004) and references herein.

Mep protein: Filamentation is a dimorphic transition often related to the
virulence of pathogenic fungi, such as the human pathogens Candida albicans
(Lo et al., 1997), Histoplasma capsulatum (Maresca and Kobayashi, 1989), or
Cryptococcus neoformans (Wickes et al., 1997). Analogously to the human
pathogens, S. cerevisiae is also able to filament under nitrogen limitation by
switching to an unipolar mode of budding, producing pseudohyphae which
scavenge for nutrients in the environment (Gimeno et al., 1992). This occurs
for instance when a limiting ammonium concentration is provided as sole
nitrogen source. S. cerevisiae diploid cells deleted of the MEP2 gene,
encoding one of the three ammonium permeases, are no longer able to switch
from budding to pseudohyphal growth in response to ammonium limitation
(Lorenz and Heitman, 1998). Ammonium transport in AMEP2 cells is largely
unaffected and ensured by Mepl and Mep3 paralogues. The Mep2-type
ammonium transport protein has thus been assigned a sensor role in
filamentous development in response to ammonium limitation (Lorenz and
Heitman, 1998, Smith et al., 2003, Biswas and Morschhauser, 2005).

15



Rh protein: In humans, mutation in Rh genes are associated with numerous
pathologies. RhAG mutations in red blood cells have been linked to recessive
rhesus protein deficiency (Agre and Cartron, 1991) and Overhydrated
Hereditary Stomatocytosis (Bruce et al., 2009) which is a rare dominantly-
inherited haemolytic anaemia, characterised by leakage of important
monovalent cations (K*, Na*) in red cell membranes (Ludewig et al., 2001,
Huang and Ye, 2010). In mice, RhCG mutations impair blood pH homeostasis
and are associated with distal Renal Tubular Acidosis and male infertility (Biver
et al., 2008). Rh proteins also play an essential role in the resorption of
ammonium through the renal tubule epithelial cells in humans (Garvin et al.,
1988). Finally, RhCG has been identified as a candidate gene for early-onset

major depressive disorder (Verma et al., 2008).

1.3 Structural characterisation of ammonium transporters

1.3.1 Topology of ammonium transporters

The topology of the Amt protein was determined in vivo by genetic
manipulation of the ammonium transporter AmtB in E. coli (Thomas et al.,
2000). Two sets of complementary reporter proteins were produced in which
either the alkaline phosphatase PhoA or the B-galactosidase LacZ, were fused
to the C-terminus of each predicted TM helix. The principle of the methodology
is that PhoA and LacZ are active when they are located in the periplasm or in
the cytoplasm respectively, hence PhoA- and LacZ-fusions are alternatively
active depending on the orientation of the preceding helix. Whereas the
interpretation of LacZ activity assays was complicated by the tendency of LacZ
to be cleaved off, the PhoA activity data was unambiguous and led to the
development of the general topology of 11 transmembrane helices (TMH) with
the N-terminus pointing in the periplasm and the C-terminus located in the
cytoplasm. These results also suggested that the first theoretical TMH (amino
acids 1-22) is a signal peptide cleaved off during the protein folding and/or

16



insertion into the membrane. Since then this general topology has been shown
to be common to all Amt/Mep proteins. However, it has lately been shown the
Rh protein possess 12 TMH with the N- and C-termini located in the cytoplasm
(Lupo et al., 2007, Gruswitz et al., 2010).

1.3.2 Tertiary and Quaternary structure

The first evidence that Amt/Mep/Rh proteins may form oligomers came from
the observation that, in S. cerevisiae, the expression of a non-functional Mep1
protein inhibits the transport activity of Mep2 and Mep3, indicating cross-talk
between different Mep transporters (Marini et al.,, 2000), and similar
observations have been reported for ammonium transporters of Aspergillus
nidulans (Monahan et al., 2002). E. coli AmtB was the first Mep/Amt protein to
be purified and by a combination of analytical ultracentrifugation (AUC) and
size exclusion chromatography (SEC) analysis, it has been shown that the
protein presents a trimeric organisation of 90 kDa when solubilised in the
detergent n-Dodecyl-B-D-Maltoside (DDM) (Blakey et al., 2002). Ordered two-
dimensional crystals of AmtB were obtained and the trimeric organisation was
confirmed using cryo-electron microscopy and atomic force microscopy
(Conroy et al., 2004). In addition, it was shown that each monomer has a
pseudo-two-fold symmetry (Conroy et al., 2004). Within the next few months,
the high resolution structure of AmtB was solved independently in Prof. Robert
Stroud’s and Prof. Fritz Winkler’s laboratories (Khademi et al., 2004, Zheng et
al., 2004). During the last decade the structures of Archaeglobulus fulgitus Amt
(AfAmtl), the Rh protein of Nitrosomonas europaea (NeRh50) and the human
RhCG protein have been solved (Andrade et al., 2005, Lupo et al., 2007,
Gruswitz et al., 2010). The trimeric nature is conserved in all these proteins,
indicating the ubiquitous nature of this oligomeric arrangement in the
Amt/Mep/Rh protein family.

17



1.3.3 E. coli AmtB protein

The high resolution structure of AmtB was solved and published in parallel by
two different research groups with a resolution of 1.45 and 1.8 A (Khademi et
al., 2004, Zheng et al., 2004). AmtB crystallised as a trimer, as anticipated
(Blakey et al., 2002, Conroy et al.,, 2004), each monomer contained 11
transmembrane helices as predicted by Thomas et al (Thomas et al., 2000)
and the structure of M1 to M10 reflects a quasi-twofold axis in the midplane of
the membrane as anticipated by Conroy et al., (Conroy et al., 2004). For each
monomer, the helices M1, M6, M7 and M8 interact with the helices M1, M2
and M3 of the neighbouring monomer (Figure 1.4) (Khademi et al., 2004,
Zheng et al., 2004). The structure of the 22 amino-acids constituting the C-
terminal tail of AmtB was not resolved, certainly due to high flexibility. In line
with this hypothesis, a later crystal structure of a complex in which the C-
terminal extension of AmtB was stabilised by interacting with the Pu protein
GInK allowed the structure of the cytoplasmic extension to be solved (Conroy
et al.,, 2007, Gruswitz et al., 2007). The C-terminal tail contains two short

helices separated by a tight turn centred on residue Gly393 (Figure 1.5).

Crucially, the crystallographic structure led to the identification, at the centre of
each monomer, of the substrate translocation pathway. The pathway contains
four distinct structural features that may help in understanding the mechanism
by which AmtB translocates ammonium (Figure 1.6) (Khademi et al., 2004,
Zheng et al., 2004).

1- A binding site (S1) at the bottom of a water accessible periplasmic

vestibule.

2- Below S1, a constriction or “gate” formed by two partly stacked

phenyl rings that separate the S1 site from the pore.
3- The central part of the narrow and hydrophobic pore.

4- A cytoplasmic water accessible vestibule.
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The identification of these structural features has several mechanistic
implications both with regard to the mode of action of AmtB and the nature of
the transported substrate (NH4™ or NHs). | will now discuss each of these four

structural features in detail.
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Figure 1.4 Top and side view of the structure of AmtB (1U7G). The circle numbers indicate
the positions of the transmembrane a-helices from M1 to M11 (adapted from Khademi et

al., 2004).
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Figure 1.5 Structure of the C-terminal tail of AmtB as seen in the structure of AmtB-GInK
complex (PDB: 2NS1). The green transmembrane a-helix corresponds to M11, the red
corresponds to the C-terminal tail, the blue residue corresponds to Gly393 (adapted from
Gruswitz et al., 2007).
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Figure 1.6 Translocation pathway of the AmtB from E.coli (adapted from Javelle et al.,
2007). The 4 structural features are represented: 1. S1 binding site (green box), 2. “Phe
gate” (yellow box), 3. Narrow hydrophobic pore (red box) and 4. Cytoplasmic vestibule (blue
box).
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1.3.3.1 The periplasmic vestibule and S1 binding site

The first structural feature of the translocation pathway of AmtB is the S1
binding site. The residues delineating the specific binding site of ammonium
are Trpl48, Ser219 and Phel07. At the S1 site, NH4" is potentially stabilised
via the hydrogen bond with the Oy of Ser219 and the formation of two 1r-cation-
interactions with the ring of Phe107 and Trp148 (Khademi et al., 2004, Zheng
et al., 2004). Functional studies done using *[C]MeA as ammonium analogue
indicates that the binding affinity of the S1 site is in the micromolar range
(Javelle et al., 2007). Moreover, it has been demonstrated using free energy
calculations that the binding site has a greater affinity for NH4* and NHs than
for Na* and K* (Zheng et al., 2004), hence acting as a selective filter for
passage of nonspecific cations and water (Winkler, 2006). The residue Asp160
in the vicinity of the S1 site is highly conserved across the Amt/Mep/Rh family
indicating an essential function for ammonium binding and/or translocation
(Thomas et al., 2000, Javelle et al., 2004, Marini et al., 2006). However, the
crystal structure of AmtB shows that Asp160 cannot access the bulk solvent,
displaying only a structural role (Khademi et al., 2004), this is further discussed

in paragraph 1.4.2.

From a functional and physiological point of view, this binding site may provide
scavenging efficiency for ammonium, which is essential as the protein is only
expressed under low ammonium conditions (Andrade and Einsle, 2007, Wirén
and Merrick, 2004).

1.3.3.2 The “Phe Gate”

The second feature of the translocation pathway of AmtB is the “Phe gate”.
Two stacked rings of the residues Phel07 and Phe215 completely block the
translocation pathway between the S1 site and the hydrophobic pore, forming

a “gate”. The opening diameter of the pore is 1.2 A suggesting that the two
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Phe residues are dynamic to allow the passage of the substrate (Khademi et
al., 2004, Zheng et al., 2004).

1.3.3.3 The hydrophobic pore

The central part of the narrow pore (1.2x20 A) is formed by residues in the
transmembrane helices (TMH) 1, 3 and 5 and in the pseudo-symmetrical TMH
6, 8, and 10. The pore is predominantly hydrophobic, suggesting a high energy
barrier for the conduction of NH4*. The side chains of two highly conserved
histidine residues protrude into the lumen of the pore with their & nitrogen
atoms linked by an hydrogen bond, forming what has been named the “twin-
His” motif (Javelle et al., 2006). The almost complete conservation of this twin-
His motif in the protein family strongly indicates an important functional role.
Interestingly, three electron densities, named Am2, 3 and 4 have been
identified in the vicinity of the twin-His motif (Khademi et al., 2004). The authors
claimed that these densities were only present in the (NH4)2SO4-soaked
crystal, hence ammonium and ammonia molecules were mapped inside.
Crucially, this result was not reproduced by others and the same densities
were observed in the absence of ammonium, leading to the conclusion that
these densities correspond to water molecules (Zheng et al., 2004, Javelle et
al., 2006, Javelle et al., 2008).

1.3.3.4 Cytoplasmic vestibule

At the cytoplasmic end of the translocation pathway, a water accessible
vestibule was identified. In contrast to the periplasmic vestibules, no clear
binding site can be identified. Moreover, Zheng et al, have crystallised AmtB
in two different spatial groups, in which the conformation of the intracellular
vestibule was not identical. This observation reveals that the cytoplasmic
vestibule can exist in different conformations whose functional significance is
still not known (Zheng et al., 2004).
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1.3.4 Other Amt/Mep/Rh structures

This section will focus on the main differences between the structure of AmtB

and the structures of other members of the family published since 2004.

High resolution structures of different Amt/Mep/Rh proteins have been solved
over the last 13 years for Archaeglobus fulgidus ammonium transporter 1
AfAmtl (Andrade et al., 2005), Kuenenia stuttgartiensis Amt5 (Pfluger et al.,
2018), S. cerevisae and C. albicans Mep2 (van den Berg et al.,, 2016),
Nitrosomonas europaea Rhesus protein NeRh50 (Lupo et al., 2007), and
Homo sapiens Rhesus protein RhCG (Gruswitz et al., 2010). The a-helical
transmembrane domains are highly conserved but slight structural differences
can be observed in the extracellular loops and the C-terminal tail.

1.3.4.1 A. fulgitus Amtl

The structure of AfAmtl was solved in 2005 (Andrade et al., 2005). The
general topology of AmtB and AfAmtl are highly similar, however, AfAmtl
does not possess a signal sequence. The two-fold axis present in the crystal
structure of AfAmtl (between helices 1-5 to 6-10) is similar to AmtB. No
electron densities were found in the hydrophobic pore of AfAmtl upon
ammonium soaking, in contrast to the electron densities observed in the

structure of AmtB.

AfAmtl was crystallised in the presence of Xenon gas. Xenon acts as an
anomalous signal of 7 electrons potentially helping to solve the phase during
data processing. Xenon revealed 3 strong and 1 weak binding sites in the
putative translocation pathway of AfAmtl. Xenon electron density appeared at
the exact same position as the electron density observed in the crystal
structure of AmtB, assigned to ammonia or water molecules. In addition,

Xenon molecules are hydrophobic, hence the position of the Xenon in the
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crystal structure supports the hypothesis of NH3s conduction (Andrade et al.,
2005).

The structure of the AfAmtl C-terminal tail was solved and the superposition
with the C-terminal tail of AmtB, as seen in the AmtB/GInK complex, revealed

an identical conformation.

1.3.4.2 Bacterial KsAmt5

The roles of ammonium transporters in the regulation of nitrogen metabolism
have been widely discussed over the last years (Tremblay and Hallenbeck,
2009). Kuenenia stuttgartiensis is an anaerobic ammonium oxidation
bacterium possessing an “ammonium transporter” named KsAmt5. The C-
terminal tail of KsAmt5 contains a potential histidine kinase (HK) domain,
highly similar to the HK domain present in bacterial two component systems,
suggesting a new function of these Amt proteins as an ammonium sensor
(Pfluger et al., 2018). The transmembrane structure of KsAmt5 is very similar
to AmtB and AfAmtl (Khademi et al., 2004, Andrade et al., 2005, Pfluger et
al., 2018). The HK domains of KsAmt5 were not resolved due to its high
flexibility. Interestingly, the KsAmt5 structure revealed that the translocation
pathway is blocked by the bulkier side chain of the residues Phe27, Tyr30 and
Phe34 and by a shift of the twin-His motif position of 0.8 A (Khademi et al.,
2004, Zheng et al., 2004, Andrade et al., 2005, Javelle et al., 2007). In addition,
the activity of KsAmt5 measured using Solid Supported Membrane
Electrophysiology (SSME) (see Chapter 2, section 2.4.2) indicates that the
protein only binds but does not translocate ammonium across the lipid bilayer
(Pfluger et al., 2018).
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1.3.4.3 Fungal Mep ScMep2 and CaMep2

In 2016, the structures of Mep2 from S. cerevisae (ScMep2) and C. albicans
(CaMep2) were solved at 3.2 and 1.5 A respectively (van den Berg et al.,
2016). Both structures were similar (Carbon alpha root mean square deviation
[C-ar.m.s.d] of 0.7 A when aligned) with the exception of the N- and C-terminal
parts. However, 3 major structural differences were observed between the

Mep2 and the bacterial Amt structures (van den Berg et al., 2016).

1- An extended N-terminus of ~25 residues interacting with the extra-
cellular loop 5 (ECL5) of the neighbouring monomer creating a wider
ammonium binding site.

2- A strong hydrogen bond between the residues Thr53 (located at the C-
terminal tail of the TMH1) and His348 (second highly conserved twin-
His residue). This hydrogen bond creates a “closed state” never
observed in bacterial Amt structures.

3- The C-terminus region does not physically interact with the core of the
protein resulting in an elongated conformation of the tail not observed

in bacterial Amt structures.
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1.3.4.4 Nitrosomonas europae protein Rh50

In silico topological analysis has shown that Amt and Rh proteins possess 11
and 12 transmembrane a-helices (TMH) respectively (Marini et al., 1997b).
The structure of the human RhCG protein confirmed the presence of 12 THM
(see section 1.3.9) (Gruswitz et al., 2010). Surprisingly, the structure of the
Nitrosomonas europae Rh50 (NeRh50) reveals only 11 TMH and it has been
hypothesised that the extra TMH was cleaved off when NeRh50 was
expressed in E.coli (Lupo et al., 2007). The general structural organisation of
NeRh50 is closely related to the bacterial Amt, in particular the conserved
trimeric nature which contradicts the previous assumption that Rh proteins
were tetramers (Eyers et al., 1994). This confirmed the ubiquitous nature of
the oligomeric state across the protein family. The S1 binding site found in
bacterial Amts is missing in the NeRh50 structure (Figure 1.7) but the “Phe-
gate” and the hydrophobic nature of the pore are conserved. The positions of
the two Phe rings in the gate are parallel in Amt but perpendicular in Rh
proteins (Figure 1.7). The Phe86 is tilted in NeRh50 compared to Amt protein
and allows a water molecule to be deeply docked (~2 A). The flip of the Phe86
residue, the substitution of Thr273 in AmtB for a Gly251 in NeRh50 and the
increased distance between TMH4 and 6 widens the pore of NeRh50. In
addition, a tilt of the second Phe favours the passage of NH4*/NH3 in NeRh50
compare to the bacterial Amt. The potential functional implication of this

structural variation between bacterial Amt and Rh protein is still unclear.
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Figure 1.7 Comparison of the translocation pathway between (A) Amtl from A. fulgitus
(from Andrade et al., 2005) or (B) Rh50 from N. europaea (Lupo et al., 2007) (Figure from
Luno et al.. 2007).
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1.3.4.5 Mammalian Rhesus RhCG

The crystal structure of the human RhCG has been resolved at a resolution of
2.1 A (Gruswitz et al., 2010). The quasi two-fold axis, with respect of the lipid
bilayer observed in the Amt protein is conserved. Unlike its bacterial
homologue NeRh50, RhCG contains 12 TMH and the extra N-terminal TMH

lies at the interface of each trimeric subunit (Gruswitz et al., 2010).

As observed in the Rhesus protein from N. europaea (NeRh50), no S1 binding
site is present in the RhCG structure but the residues Glu166, Asp218, Asp278
and Glu329 may create a NHs recruitment site. The Aspl77 residue,
corresponding to the Asp160 residues in AmtB is conserved in the structure of
RhCG, suggesting an essential functional role (Javelle et al., 2004, Khademi
et al., 2004). The pore of RhCG is highly hydrophobic, suggesting the
conduction of NHs rather than NH4* (Gruswitz et al., 2010). Finally, a common
feature specific to the Rh (RhCG and NeRh50) proteins is a “shunt” on the
cytoplasmic face of the proteins (Figure 1.8). The function of this particular
structural feature is still unclear, but it has been hypothesised that it may
represent an alternative path for NH4" entry, and NHs delivery into the

hydrophobic portion of the pore (Figure 1.8).

To summarize this section 1.3.4 “Other Amt/Mep/Rh structures”, the high
expectations to elucidate the transport mechanisms from all the Amt/Mep/Rh
3D structures have not been met to date, as all the structures are very similar
and show the same inward-facing state of the protein. There are no significant
differences in the crystal structures of Amt, Mep and Rh proteins that can
clearly account for the functional differences between transporter-like
(Amt/Mep) and channel-like (Rh) activity.
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Figure 1.8 Translocation pathway of the human RhCG protein (from Gruswitz et al., 2010).
The red, blue green boxes are corresponding to the “Phe gate”, twin-His motif and shunt
motif respectively.
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1.3.5 Regulation of E.coli AmtB expression and activity

1.3.5.1 The NtrB/NtrC two component system

The control of nitrogen assimilation in E. coli is mediated by the two component
system NtrB/NtrC. The system was originally described in Klebsiella
pneumoniae (Stanley et al., 1974) but it is now known to be present in most
proteobacteria with only few exceptions (Huergo et al., 2013). The general
mechanism of the NtrB/NtrC system is presented in Figure 1.9. The regulatory
system acts at the transcriptional and post-translational level. Herein, the

different blocks composing the NtrB/NtrC system will be described.

One of the first enzyme involved in ammonium assimilation is glutamine
synthetase (GS). GS catalyses the conversion of ammonium and glutamate
into glutamine by hydrolysing ATP (Shwu-Huey et al., 1995). The enzyme is
regulated by GInE, a bifunctional enzyme containing a C-terminal adenylyl-
transferase and an N-terminal adenyl-removase domain. The activity of GInE
is under the regulation of the Pu-type protein GInB. E. coli encodes two Py
proteins: GInK and GInB. The P proteins are one of the most widely distributed
families of signal transduction proteins and are pivotal players in the control of
nitrogen metabolism in bacteria and archaea (Huergo et al., 2013). The P
proteins form homotrimers with a compact barrel-like shape. A flexible loop,
named “T-loop”, protrudes from the upper face of the barrel. In E. coli, the Py
proteins interact with their protein targets, including GInE, AmtB and NtrB,
through T-loop contacts. The activity of Pu proteins is dependent on binding
the effectors ATP, ADP and 2-oxoglutarate (2-OG).

1- When the cytoplasmic concentration of ATP and 2-OG is high, both
effectors bind to GInK/GInB, stabilising a T-loop conformation in which
the highly conserved Tyr51 residue is exposed (Truan et al., 2010). In
this conformation, the Tyr51 residue can be urydylylated in E. coli by

a bifunctional uridylyl-transferase/uridylyl-removase enzyme named
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GInD (Son and Rhee, 1987). Once uridylylated, GInK/GInB can’t
interact with their target.

2- When the cytoplasmic concentration of 2-OG and ATP is low, only
ADP is bound to GInK/GInB and the conformation of the T-loop
changes which results in the interaction the Py proteins with their target
proteins GInE, AmtB and NtrB (Jiang and Ninfa, 2007).

The activity of the bifunctional uridylyl-transferase/uridylyl-removing enzyme
GInD is regulated by the cytoplasmic concentration of glutamine and 2-OG. In
the presence of glutamine/absence of 2-OG, the urydylylase activity is
stimulated while in absence of glutamine/presence of 2-OG, the
urydylyltransferase activity is dominant (Jiang et al., 1998, Rhee et al., 1985,
Huergo et al., 2013).

At the transcriptional level, nitrogen assimilation is regulated by the two
component system NtrC/NtrB. NtrC is a homodimer composed by a N-terminal
phosphorylation site, an AAA* ATPase domain for transcription and a C-
terminal DNA binding domain (Huergo et al., 2013). NtrB is also a homodimer
with each monomer consisting of a N-terminal sensor domain, a central core
phosphotransferase and phosphatase domain, and the C-terminal histidine

kinase domain (Huergo et al., 2013).

In the section below, the activity of the NrtB/NrtC system will be described
(Figure 1.9).
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Figure 1.9 Regulation of NtrB/NtrC two components system in E. coli at the transcriptional
and post-translational level (adapted from Javelle et al., 2004).
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Under nitrogen limitation conditions (Figure 1.9, left panel):

When the extracellular ammonium concentration is low, the intracellular

glutamine concentration decreases and the cellular 2-OG and ATP
concentrations increase.

1-Post-translational regulation: In absence of glutamine, the

urydylyl transferase activity of GInD dominates, leading to the formation

of GInK-UMP3 and GInB-UMP3s. GInB-UMPs interacts with GInE which

stimulates the adenylylremovase activity of GInE. The unmodified GS is

active and assimilates ammonium to glutamine, meanwhile GInK-UMP3

does not interact with AmtB, ensuring NH4* uptake.

2-Transcriptional regulation: GInB-UMP3 does not interact
with NtrB, which inhibits NtrB autophosphorylation. The NtrB histidine
kinase activity phosphorylates NtrC promoting NtrC dimerisation. The
NtrC dimer binds to the promoters of the target genes, increasing the

transcription of gInA and amtB, encoding for GS and AmtB respectively.

Under ammonium excess conditions (Figure 1.9, right panel):

An increase of the external ammonium concentration results in an increase of
the intracellular glutamine concentration and a low concentration of 2-OG and
ATP.

1-Post-translational regulation: In the presence of glutamine,
the urydylylase activity of GInD dominates which de-modifies GInK and
GInB. GInB activates the adenylyltransferase activity of GInE, which
modifies the GS into GS-AMP12. GS-AMP12is inactive, which decreases
the intracellular glutamine concentration. Meanwhile, GInK interacts
with AmtB blocking the import of NH4* (the mechanism of the AmtB-
GInK interaction is detailed in 1.3.5.2.1).

2-Transcriptional regulation: Unmodified GInB binds to NtrB
which activates NtrB phosphatase activity. NtrC is dephosphorylated,
leading to the inactivation of the transcription of the genes under its

regulation.
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1.3.5.2 Regulation of AmtB activity by GInK and specific lipids

In this part, the interaction of GInK with AmtB and the interaction of AmtB with

the lipidic environment will be discussed.

1.3.5.2.1 AmtB/GInK complex

It was originally suggested that amtB and gInK are functionally associated due
to the proximal location (pairing) of the two genes in the bacterial genome
(Thomas et al., 2000). It was later shown that after a 30 mM ammonium pulse
(named “ammonium shock”), GInK relocalised from the cytoplasm to the inner-
membrane and that this was dependent on the presence of AmtB (Coutts et
al., 2002). The AmtB-GInK complex formation was further studied and it has
been shown that after an ammonium shock GInK and AmtB can be co-purified
(Javelle et al., 2004). It has been demonstrated that intracellular ATP and 2-
OG control the association/dissociation of the AmtB-GInK complex (Durand
and Merrick, 2006, Radchenko et al., 2010). In addition, after a non-
physiological increase of ammonium concentration outside the cell, GS will
synthesise a lot of glutamine. The sudden increase of glutamine synthesis will
result in the death of the cells due to rapid drop of the ATP concentration.
However, after the ammonium pulse, the glutamine production is stopped after
10 seconds. To explain the regulation mechanism, Stadtman et al. obtained
two purified forms of the GS: one adenylylated that is sensitive to feedback
inhibition and one non-adenylylated which is not. This discovery demonstrated
the importance of enzyme regulations to avoid cell death under non-

physiological ammonium pulse (Stadtman, 2001) and references therein.

The X-ray structure of the GInK-AmtB complex has been simultaneously
resolved by two different groups (Conroy et al., 2007, Gruswitz et al., 2007).
GInK and AmtB form a GInKs:AmtBs complex at a ratio 1:1. Interestingly, the
C-terminal tail of AmtB and the T-loop of GInK are structurally defined in the

complex (Conroy et al., 2007, Gruswitz et al., 2007) whereas they were not in
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the individual crystal structures (Khademi et al., 2004, Zheng et al., 2004). The
T-loop of GInK in the complex is composed of 2 anti-parallel 3-strands and this
conformation allows a perfect fitting of the loop into the cytoplasmic vestibule
of AmtB. The conserved Arg47 in the T-loop of GInK form two hydrogen bonds
with the highly conserved AmtB residue Ser263 and Asp313, which physically
block the pore (Figure 1.10) (Conroy et al., 2007, Gruswitz et al., 2007).

Surprisingly, the GInK Tyr51 residue, which can be uridylylated, is not
accessible in the AmtB-GInK complex, indicating that the covalent de-
modification of GInK does not play a key role in the complex disassembling.
Three molecules of ADP were found to bind into the three effector binding sites
of GInK in complex with AmtB, which indicates that ATP/ADP binding is a key
step in the complex formation/disassembling (Conroy et al., 2007, Gruswitz et
al., 2007). The structure also reveals two pockets at the base of the T-loop in
GInK and a third in the interface between the T-loop and the vestibule of AmtB.
Using docking software, it has been demonstrated that 2-OG molecules fit into
each pockets (Gruswitz et al.,, 2007). The physiological relevance of the
putative 2-OG binding sites have been tested in vivo and it has been shown
that after an ammonium shock, the concentration of 2-OG and the ATP/ADP
ratio decreased (Radchenko et al., 2010). In addition, it was shown that the
affinity of GInK for AmtB decreased when 2-OG is present and the presence
of the Mg?* ion seems to be essential for the dissociation of the complex in
vitro (Heinrich et al., 2006). This information lead to the hypothesis that the
uridylylation of GInK occurs upon ADP binding and that the uridylylation is not
necessary to disassemble the complex (Radchenko et al., 2010).
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Figure 1.10 Side view of the structure of the AmtB-GInK complex (PDB: 2N1S). The
structure of AmtB is displayed in rainbow and the structure of GInK is displayed in magenta.
The red box illustrates a zoom-view of the interaction area. The black dash-lines
correspond to the hydrogen bond distance between the residues (adapted from Gruswitz

et al., 2007).
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1.3.5.2.2 Regulation of AmtB via lipid interaction

Specific lipid binding sites have been identified in AmtB using mass
spectroscopy (Laganowsky et al., 2014). It has been demonstrated that
cationic lipids such as cardiolipin and phosphatidyl-glycerol (PG) help to
stabilise AmtB in a concentration dependent manner whereas anionic
phosphatic acid (PA), phosphatidyl-choline (PC) and zwitterionic phosphatidyl-
serine (PS) and phosphatidyl-ethanolamine (PE) have no effect (Laganowsky
et al., 2014). To further investigate the role of the lipids, AmtB was crystallised
in the presence of PG, and 8 PG specific binding sites located at the outer
leaflet were identified (Figure 1.11) (Laganowsky et al., 2014). In the crystal
structure, PG molecules formed hydrogen bonds with the Asn72 residue and
a water bridge with Asn79 residue and a AmtBASN72AlVAsN79Ala yariant was not
able to bind PG (Cong et al., 2016, Laganowsky et al., 2014).

Furthermore, two lines of evidence strongly indicate that PG binding triggers

conformational rearrangement of AmtB:

1- Recently, a method to determine the thermodynamics of AmtB-PG
interactions using native MS has been developed. The thermodynamics
for the binding of PG to AmtB is entropically unfavourable (Cong et al.,
2016). This counterintuitive result can only be explained if PG binding
triggers some molecular rearrangement.

2- The crystal structure of AmtB reveals that several residues are
repositioned to interact with the phospholipid bilayer upon PG binding
(Laganowsky et al., 2014). However, no functional relationships have
been reported between PG binding and AmtB activity so far. This
aspect has been part of my PhD project and the results are presented
Chapter 5.

How lipid binding events affect the complex formation between AmtB and GInK

has been studied (Cong et al., 2017) and it has been shown that:

1- The increase of lipid binding events modulate the dissociation constant

of the complex AmtB/GInK.
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2- It was suggested that PC, PE and PG lipids were positively contributing
to the stabilisation of the AmtB-GInK complex whereas PA lipid was
enhancing the dissociation of the complex (Ko from 50 puM to 80 pM).

3- Using PG as a lipid model, it was shown a hydrophobic tail of 12 and
16 carbons provided a positive allosteric modulation on the complex
AmtB/GInK while a 14-carbon tail did not stabilise the complex. This

suggested that the lipid binding sites in AmtB are lipid size dependent.

This study emphasised the importance of the chemical properties of the
lipids on the stability of the AmtB-GInK complex leading to a new vision for

membrane protein complex formation.
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Figure 1.11 Structure of AmtB with PG bound. AmtB is represented in blue and the PG
lipids in red (adapted from Laganowsky et al., 2014).
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1.4 Functional characterisation of Amt/Mep/Rh protein

1.4.1 General mechanism of transport

Since the first characterisation of an ammonium transport activity in P.
chrysogenum using 4[C]MeA as a tracer (Hackette et al., 1970), in vivo and in
vitro MeA uptake has been widely used in numerous biological systems to
characterised Amt/Mep transporters (Wirén and Merrick, 2004, Andrade and
Einsle, 2007, Javelle et al., 2007). From these functional studies, two
conflictual hypotheses concerning the general mechanism of transport

emerged:

1- The measurement of MeA accumulation in vivo supported the
hypothesis that Amt proteins were acting as strict MeA/NH4* uniporters
in Rhyzobium etli (Tate et al., 1998), C. glutamicum (Meier-Wagner et
al., 2001), S. cerevisae (Marini et al., 1997a), Oryza sativa (*3NHs*
uptake) (Wang et al., 1993) and the ectomychorizal fungi Hebeloma
cylindosporum/Paxillus involutus (Javelle et al., 2001, Javelle et al.,
2003).

2- The second hypothesis, based on growth experiments, stated that
Amt/Mep proteins act as bidirectional “NHs gas-channel” in E. coli

(Soupene et al., 1998) and S. cerevisiae (Soupene et al., 2001).

Subsequently, patch-clamp electrophysiology was used to measure
ammonium transport into Xenopus expressing plant AMT and human Rh
proteins. It was shown that AMT1;1 from Lycopersicon esculentum acts as an
electrogenic NH4* uniporter (Ludewig et al., 2002), the human RhAG and
RhBG as electroneutral NH4*/H* antiporter or NHs uniporter (Westhoff et al.,
2002, Ludewig, 2004) whereas RhCG acts as an electrogenic NH4* uniporter
(Bakouh et al., 2004). Noteworthy, conflicting results have been obtained
concerning RhCG: using stopped flow spectrophotometry to measure the pH

variation upon ammonium pulse inside erythrocyte vesicles (Ripoche et al.,
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2004), recombinant kidney cells (Zidi-Yahiaoui et al., 2005) and liposomes
containing purified RhCG (Mouro-Chanteloup et al., 2010) it was concluded
that RhCG acts as a NHs channel.

Finally, it has to be noted that few studies argued that the human Rh proteins
were channels for both CO2 and NHs. | will not discuss this aspect in this thesis,
but see the recent review (Endeward et al., 2017) and references therein.

To summarise, the plethora of functional studies aimed at elucidating the
mechanism of ammonium transport by the Amt/Mep/Rh proteins has led to
considerable controversy, concerning both the general mechanism of transport
(channel versus transporter) and the substrate translocated (NH3 v.s. NH4*)
(Javelle et al., 2007). The dispute was most certainly the result of the lack of
quantitative kinetic data characterising the activity of Amt/Mep/Rh proteins at
the single channel level. Essentially all functional studies were carried out
using intact cells or cell-derived vesicles. In all of these systems, the
parameters measured to analyse ammonium conduction (pH change, electric
current, uptake of labelled analogue) are likely to be affected by other
physiological phenomena, requiring careful controls. The other consideration
is that the functional difference between Amt/Mep and Rh protein may reflect
the physiological roles of these proteins — Amt/Mep transporters in bacteria,
fungi and plants are essential to scavenge ammonium from the environment,

whereas the Rh proteins are involved in ammonium excretion.

The year 2004 marked a breakthrough in the Amt/Mep/Rh field with the
publication of the structure of AmtB and the expectation to finally elucidate the
mechanism of ammonium transport. However as we will see, this high
expectation has not been met. The structure of AmtB revealed four distinct and
non-symmetrical features in the ammonium translocation pathway, namely the
S1 binding site, the “phe-gate”, the hydrophobic pore and the cytoplasmic
vestibule (see section 1.3) (Khademi et al., 2004, Zheng et al., 2004, Javelle
et al., 2007). These conserved non-symmetrical structural features suggested
a unidirectional transport system, in strong disagreement with the bi-directional

mechanism suggested by Soupene and co-workers (Soupene et al., 1998,
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Soupene et al.,, 2001, Soupene et al.,, 2002). In addition, an in vitro pH-
dependant fluorophore assay was developed to characterise AmtB transport
activity (Khademi et al., 2004). The fluorophore (5-carboxy fluorescin) was
trapped inside liposomes containing AmtB. The intensity of the fluorescence
varied proportionally with the pH. After a rapid ammonium pulse, an
alkalinisation was observed inside the liposome, suggesting that AmtB
facilitated the diffusion of NHs (Khademi et al., 2004). Crucially however, a
study presented evidence that clearly questions the reliability of this assay
(Javelle et al., 2007). In 2011, Westerhoff's research group supported the view
that AmtB could acts as a NHs active transporter or NH4* facilitated diffusion
system (Boogerd et al., 2011). The authors hypothesised that if AmtB is an
active NHs transporter, the transporter will have to be 10 times more efficient
than the natural NHs permeation across the E. coli membrane (estimated to be
around 1000 pm/s) (Boogerd et al., 2011). Even if the previous condition is
respected, Boogerd et al argued that AmtB transport activity will not be
sufficient to explain the growth of E. coli at low NH4*/NHs concentration (10-50
MM) (Boogerd et al., 2011). This work supported the view that AmtB should
acts as an active NH4* or NHs/H* transporter at low NH4*/NH3 concentration
(Boogerd et al., 2011). Finally, the authors emphasised that there is a lack of
experimental evidences to conclude if AmtB transports NHsz or NH4* (Boogerd
et al., 2011).

In 2014, the first reliable in vitro assay to measure Amt/Mep/Rh protein came
with the elegant work done in Prof. Susana Andrade’s laboratory (Wacker et
al., 2014). In this study, the author reconstituted a purified ammonium
transporter from A. fulgidus (AfAmtl) in liposomes and measured its activity
using the solid supported membrane electrophysiology (SSME) technology.
The proteoliposomes containing AfAmtl were adsorbed on solid supported
membrane (SSM) composed of a gold-coated sensor chip with an
alkylmercaptane monolayer and a lipids monolayer on top. The SSM system
creates a capacitively coupled system which allows the measurement of an
electrogenic voltage generated by transporters into liposomes (Bazzone et al.,
2013). Using this assay, it was hypothesised that AfAmtl acts as an
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electrogenic transporter (Wacker et al., 2014). The charge displacement
associated with the translocation of ammonium suggest a NHa4* uniport or
NHs/H* symport transport mechanism. As detailed previously, the crystal
structure of AmtB revealed that each monomer possessed a hydrophobic
central pore which prevents the movement of a charge (Khademi et al., 2004).
Therefore, it is puzzling to reconcile this misaligned functional information,
which supports the view that AmtB activity is associated with a charge
translocation, and the structural data that indicates that a charge translocation

through the pore is thermodynamically extremely unfavourable.
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1.4.2 Functional characterisation of AmtB variants

Multiple functional studies and molecular dynamic simulation, aiming at
elucidating the transport mechanism of AmtB at the molecular level have been

done in the past 15 years.

1.4.2.1 S1 Binding site and Phe gate

Using in vitro MeA uptake, it was shown that PhelO7Ala, Trpl48Ala and
Ser219Ala variants possessed a higher transport activity compared to the WT
(Javelle et al., 2008). This somewhat counterintuitive result indicates that
ammonium binding at the S1 site represents a thermodynamic barrier. To
corroborate these findings and assess more directly the loss of the S1 site,
inhibition assays were done using the monovalent cation TI*, which has been
shown to bind at the S1 site in the x-ray structure of AmtB (Javelle et al., 2008).
TI* (0.5 mM) completely inhibits MeA (0.02 mM) uptake activity, whereas no
inhibition was observed in a PhelO7Ala/Trpl48Ala/Ser219Ala variant. All
together, these results indicated that the S1 site may be biologically significant
at very low substrate concentrations. Later on, it has been shown by analysis
the growth rate of cells expressing AmtB variants that the S1 site was not
required for AmtB function but instead served to optimise its performance (Hall
and Kustu, 2011).

In 2006, a couple of MD studies used calculation of the free energy binding at
low and high pH to determine the dynamics of the binding mechanism
(Luzhkov et al., 2006, Nygaard et al., 2006). It was demonstrated that NH4*
binding was favourable compared to NHs at the S1 site by more than 20
kcal/mol. At the S1 site, NH4* is stabilised by cation-1r interaction with the
aromatic rings of Trpl148, Phel07 and hydrogen bonds with the residues
Aspl60 and Ser219 (Luzhkov et al., 2006). A slightly different binding
mechanism for NH4* at the S1 site, was also proposed, involving hydrogen

bonds with the Ser219 hydroxyl group and Alal62 carboxyl group and one
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hydrogen bond with a polarised water molecule stabilised by the residue
GIn104 (Bostick and Brooks, 2007).

1.4.2.2 Deprotonation mechanism

The hydrophobicity of the AmtB pore does not allow a charge to pass through.
Thus, in between the S1 site and the entry of the hydrophobic pore, NH4™ has

to be deprotonated and three hypotheses are currently considered.

1.4.2.2.1 Deprotonation at the binding site via a water
molecule

The first hypotheses about the deprotonation of ammonium was proposed by
Khademi and co-workers (Khademi et al., 2004). When NHa4* bound to the S1
site (Figure 1.6), the NH4*/NH3 pKa decreased below 6 which favours the
deprotonation of NH4* by a water molecule. Khademi and co-workers did not
detect a proton translocation through the pore, thus they concluded that after
the deprotonation, the proton was released back in the periplasmic vestibule
of AmtB (Khademi et al., 2004). In agreement with this view, it has been argued
that the deprotonation occurred before reaching the hydrophobic pore, based
on a Michael-Menten kinetics model (Winkler, 2006). In this model, it was
estimated that the limiting concentration for normal growth in an E.coli AamtB
strain was below 100 nM. Using a simple diffusion limiting model, it was
estimated that AmtB transports 60 molecules per second at 100 nM which is
very slow compared to the substrate diffusion through a channel, classically
estimated between 10%-108 molecules per second per channel. The author
hypothesised that the binding site was essential for the recruitment of
ammonium to provide sufficient ammonium to the cell and that the most likely
deprotonation occurs at the binding site via water molecules (Winkler, 2006).
The proton should be released in the periplasm. | will show, however, that this

model can now be formally rejected (see Chapter 4).
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1.4.2.2.2 Deprotonation via the Asp160 residue

The second possibility is that the deprotonation occurs at the S1 site but the
proton acceptor is the residue Aspl60. Multiple Amt/Mep/Rh proteins
sequence alignment showed that the residue Aspl60 (in AmtB) is highly
conserved within the Amt/Mep/Rh protein family, indicating a potential
functional role (Thomas et al., 2000, Javelle et al., 2004, Marini et al., 2006). It
was demonstrated, using in vivo MeA uptake, that a AmtBAsP160Aa yariant was
inactive, whereas a AmtBAsP160GIu mytant was capable of maintaining 70% of
the WT activity, suggesting that the Asp160 residue is not essential for AmtB
activity (Javelle et al., 2004). In addition, It was shown, in S. cerevisae, that
the Aspl182 residue of Mep2 (corresponding to the Asp160 in E. coli) played a
key role in MeA binding (Marini et al., 2006). In contradiction, the AmtB x-ray
structure revealed that the distance between the Aspl60 residue and the
binding site is not favourable for a direct interaction with the substrate
(Khademi et al., 2004, Zheng et al., 2004). However, a later MD simulation
study showed that the Asp160 residue, separated by 8 A from the binding site,
was able to interact with ammonium (Luzhkov et al., 2006). Hence it remains
an open guestion whether the Asp160 residue is involved in the deprotonation
of NH4".
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1.4.2.2.3 Deprotonation at the Phe gate

It has been shown that the Phe107Ala mutation has no effect on AmtB activity
but that a AmtBP"e2154a yariant was inactive (Javelle et al., 2008). Replacing
the Phe215 with His, GIn, Ser or Trp residue did not restore AmtB activity. This
result demonstrated the importance of the Phe215 residue and it was assumed
that the deprotonation of ammonium occurs at the “Phe gate” position (Javelle
et al., 2008). However, no evidence of the direct role of the residue Phe215 in

the deprotonation has been obtained so far.

1.4.2.2.3 Deprotonation at the S2 site

In 2006 an MD study on the AmtB from E.coli indicated that the carbonyl group
of the Alal62 residue can be orientated either toward the S1 or S2 site (Figure
1.6), forming a H-bond with NH4* (Nygaard et al., 2006). This result suggested
that the Ala162 residue acted as a “substrate guide” to move NH4* from the
binding site across the “Phe gate” to the S2 site (Figure 1.12, step 1). The
deprotonation mechanism proposed is that NH4* is translocated between the
S1 and S2 site by the movement of Alal62 which becomes perfectly aligned
with the Gly163:NH bond by interacting with the Os of the Asp160 residue
(Nygaard et al., 2006) (Figure 1.12, step 2). This new configuration allowed
the deprotonation of the NH4* by the Alal62 residue and the proton transfer to
Asp160. Once a proton has been transferred from NH4* to the Os Asp160, all
amino acids involved become neutral and the C-O-H group of Alal62 is re-
orientated toward the S1 binding site (Figure 1.12, step 3). The proton is
subsequently released in the periplasmic vestibule via a water molecule
(Figure 1.12, step 4). (Nygaard et al., 2006).
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Figure 1.12 Molecular dynamic simulation of NH4+ deprotonation via Asp160 (Figure from

Nygaard et al., 2006).
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Using MD simulations, it has been shown that a wire composed of 3 water
molecules was present inside the pore of AmtB (position S2-S4, Figure 1.6)
(Lamoureux et al., 2007). Using potential mean force calculations, the authors
have suggested that the deprotonation occurs at the S2 site. Two mechanisms
have been proposed 1- deprotonation via the His168 residue, and transfer of
the proton in the lumen via the twin-His motif or 2- deprotonation by the water
molecule present in the vicinity of the S2 site and transfer of the proton in the
lumen through the water wire via a Grotthuss mechanism (Lamoureux et al.,
2007).

However, in 2013, a study combining MD with functional assays (using growth
experiments or MeA uptake) challenged the hypothesis of deprotonation via
the His168 residue. Numerous variants of the twin-His motif of AmtB and Mep2
from S. cerevisae were analysed. AmtB His168Ala or His318Ala variants and
Mep2 His194Ala or His348Ala variants were capable to complement the
growth defect of a yeast AMEP strain on minimal medium containing 1 mM of
ammonium as sole nitrogen source but were unable to transport MeA (Wang
et al., 2013). This apparent discrepancy in between growth analysis and MeA
uptake was explained by MD simulations (Wang et al., 2013). The hydrophobic
environment created by a substitution of the His168 to an Ala residue allows
MeA, but not ammonium, to form a hydrogen bond with the His318 residue
(Wang et al., 2013). This explained why the variant cannot translocate MeA
but is still active when ammonium is use as a substrate (Wang et al., 2013). It
was concluded that His168 is not essential for AmtB activity, hence for NH4*
deprotonation. This work also emphasised that MeA is not a suitable substrate
to answer mechanistic questions concerning AmtB function (Wang et al.,
2013).
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1.4.2.3 Free energy calculation: conduction of NH3 versus NH4*

Using free energy calculations, it was shown that positions S2, S3 and S4
(Figure 1.6), were thermodynamically extremely unfavourable for NHs*
(A Gdeprotonation < 103) (Bostick and Brooks, 2007). In agreement, an energetic
barrier of ~10 kcal/mol for NH4* compared to NHsz was calculated at position
S3-S4 (Luzhkov et al., 2006). These results strongly suggest that NHs is
translocated through the hydrophobic pore. Subsequent MD simulation
studies, using the same approaches, agreed with this hypothesis (Yang et al.,
2007, Lamoureux et al., 2007, Wang et al., 2010).
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Aims and objectives of the PhD project

As discussed, the plethora of functional and MD simulation studies aimed at
elucidating the mechanism of ammonium transport by the Amt/Mep/Rh
proteins has led to considerable controversy. Several high resolution
structures of Amt/Mep/Rh proteins have been solved but unfortunately the high
expectations to elucidate the transport mechanisms from these structures
have not been met to date. All the structures are very similar when generated
in the presence or absence of ammonium and show the same inward-facing
state of the proteins. Hence, the exact mechanism of ammonium transport by
Amt/Mep/Rh proteins remains largely elusive and controversial. In this context,
the aim of my PhD project was to elucidate the transport mechanism of the
Amt protein and establish whether the mechanism is conserved through the
Amt/Mep/Rh family. To achieve my aim, | have exploited the tractable model
systems AmtB of E. coli and subsequently extended the studies to the Rh50
protein from N. europaea and Mep2 from S. cerevisiae. A multidisciplinary and
integrated approach, combining molecular genetics, biochemistry, biophysics,
electrophysiology and computational biology has been used to fulfil the four

specific objectives presented in the Chapters 3-6:

1- Combine small angle Neutron/X-ray scattering (SANS/SAXS) and
molecular dynamic (MD) simulation to gain structural information of AmtB in

solution.

2- Characterise the general mechanism of AmtB using Solid Supported

Membrane Electrophysiology (SSME).

3- Elucidate the mechanism of ammonium conduction using SSME and
MD simulation.

4- Explore the functional role of the lipid environment on AmtB activity.
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Chapter 2: Materials and Methods

2.1 Molecular biology

2.1.1 Media preparation

Bacterial strains and media composition used during this work are presented
in Table 2.1 and 2.2 respectively.

All media were autoclaved at 121°C for 15 minutes and antibiotic solutions
filtered with a 0.22 pm filter (Table 2.1).

2.1.2 Chemically competent cells preparation

A single colony of the appropriate strain was inoculated in 5 mL LB and grown
overnight at 37°C under shaking. The next day 100 mL of LB medium were
incubated with 1 mL of the overnight culture and grown for 2 hours at 37°C
until ODeoo reached 0.5. The culture was then transferred to sterile centrifuge
tubes and after incubation for 30 min on ice, the cells were pelleted. The
supernatant was removed and the cells re-suspended in 30 mL of ice cold
sterile 0.1 M CaCl2 and left on ice for 30 min, after which a second
centrifugation step was performed. The cells were re-suspended in 8 mL ice
cold 0.1 M CaClz + 15% glycerol, snap-frozen in liquid nitrogen and stored at
-80°C.

2.1.3 Heat-shock transformation

0.1 pg of the plasmid DNA was added to 50 pL of competent cells, incubated
for 15 minutes on ice and heat-shocked at 42°C for 45 seconds and left on ice

for 5 minutes. 1 mL of LB was added and the cells were incubated for at least
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1.5 hours at 37°C before they were plated on LB medium supplemented with

the appropriate antibiotic (Table 2.2) and incubated overnight at 37°C.
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Table 2.1: Genotype of E.coli bacterial strains used.

Strain Genotype Reference

DHb5a F— ®80lacZAM15 A(lacZYA-argF) U169 (Hanahan, 1983)
recA1 endA1 hsdR17 (rK—, mK+) phoA
supE44 A— thi-1 gyrA96 relA1

BL21 (DE3) F- ompT gal dcm lon hsdSB(rB- mB-)  (Studier et al., 1990)
ANDE3) pLysS(cmR)

C43 (DE3) F- ompT gal dem lon hsdSB (rB-mB -) (Miroux et al., 1996)
MDE3)

GT1000 rbs lacZ::1S gyrA hutCK AginKamtB (Coutts et al., 2002)
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Table 2.2: Media preparation.

Name of the medium Composition Reference

ZYP-5052

Y

50x5052

20xNPS

Luria Bertani

Terrific Broth

Salt solution

M9 Minimum media

1 mM MgSO4 Studier, 2005
2% (v/v) 50x5052
5% (v/v) 20xNPS

10 g/L N-Z amine
5 g/L yeast extract

0.5 M (NH4)2SO4
1 M KH2POy4
1 M NazHPO,

25% (w/v) glycerol
2.5% (w/v) glucose
10% (w/v) lactose

10 g/L tryptone Sambrook et al., 1989
5 g/L yeast extract

10 g/L NaCl

12 g/L tryptone Tartof, 1987

24 g/L yeast extract
10% (v/v) salt solution

0.16 M KHoPO4
0.54 M KoHPO4

0.2% (v/v) glucose  Elbing and Brent, 2002
0.2 mg/mL glutamine

1 mM MgSO,
M9 medium 6 g/L Na,HPO,

3 g/L KH,PO,

0.5 g/L NaCl
Ampicillin 100 pg/ml
Chloramphenicol 34 pg/ml (in ethanol)
Kanamycin 34 ug/ml
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2.1.4 Plasmid DNA purification

Cells were grown overnight in LB supplemented with the appropriate
antibiotics (Table 2.2) and plasmids were purified using QIAprep Miniprep Kit®
(Qiagen) according to manufacturer’s instructions. Briefly, cells were pelleted
by centrifugation and lysed under alkaline conditions. Lysates were separated
from cell debris by centrifugation and subsequently DNA was bound to the
QIlAprep silica membrane. RNA and proteins were washed off of the column

using high salt buffer. Finally, DNA plasmid was eluted in water.

2.1.5 Site directed mutagenesis

The site directed mutagenesis was done using QuikChange Il Multi Site-
Directed Mutagenesis kit (Agilent Technologies), according to the
manufacturer’s instructions. The mutant constructions made and primers used
are listed Table 2.3 and 2.4. Briefly, after PCR, the template DNA was digested
with 10 Units of Dpnl enzyme at 37°C for 30 minutes and the amplified plasmid

transformed into XL10-Gold cells.
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Table 2.3: Plasmids used for this study.

Plasmids Antibiotic marker Reference

pET22b (+) Ampicilin Novagen

pET28a (+) Kanamycin Novagen

pDR195 Ampicilin (Rentsch et al., 1995)
pZheng (pET22b-AmtB(His)6) Ampicilin (Zheng et al., 2004)
pAJ2024 (AmtB(His)6 S219A) Ampicilin (Javelle et al., 2008)
pAJ2039 (AmtB(His)6 H168D) Ampicilin (Javelle et al., 20086)
pAJ2035 (AmtB(His)6 Ampicilin (Javelle et al., 2008)

S219A/F107A/W148A)
pDA7 (pESV2-NeRh50(His)6)

Chloramphenicol

(Cherif-Zahar et al., 2007)

pGDM1 (pZheng-AmtBTEV(His)6) Ampicilin this study
pGDM2 (pZheng-AmtBH168A/H318A) Ampicilin this study
pGDM3 (pZheng-AmtBH168D/H318E) Ampicilin this study
pGDM4 (pZheng-AmtBD160A) Ampicilin this study
pGDMS5 (pZheng-AmtBD160E) Ampicilin this study
pGDM6 (pAJ2024-

AmMtBS219A/H168A/H318A) Ampicilin this study
pGDMY7 (pDR195-S219A) Ampicilin this study
pGDM8 (pDR195-H168D) Ampicilin this study
pGDMS9 (pDR195-D160A) Ampicilin this study
pGDM10 (pDR195-D160E) Ampicilin this study
pGDM11 (pDR195-H168D/H318E) Ampicilin this study
pGDM12 (pDR195-H168A/H318A) Ampicilin this study
pGDM13 (pDR195-

S219A/H168A/H318A) Ampicilin this study
pGDM14 (pZheng-AmiBN72A) Ampicilin this study
pGDM15 (pZheng-AmtBN79A) Ampicilin this study
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Table 2.4: Primers used for this study.

Primer Direction

Nucleotide sequence

EcAmtB H168A Forward
EcAmtB H368A Forward
EcAmtB H168D Forward
EcAmtB H368E Forward
EcAmtB D162A Forward
EcAmtB D162E Forward
EcAmiB N72A Forward
EcAmiB N79A Forward
EcAmtB TEV Reverse

GGTGGCACCGTGGTGGCCATTAACGCCGCAATC
TGTCTTCGGTGTGGCCGGCGTTTGTGGCATT
GGTGGCACCGTGGTGGATATTAACGCCGCAATC
TGTCTTCGGTGTGGAGGGCGTTTGTGGCATT
CTCACGGTGCGCTGGCCTTCGCGGGTGGCACC
CTCACGGTGCGCTGGAGTTCGCGGGTGGCACC
CGTTTGGTGAGGGCGCCAACTTCTTCGGCAA
TCTTCGGCAACATTGCCTGGTTGATGCTGAA
CTGAAAATACAAGTTCTCCGCGTTATAGGCATTCT

seq CGCCGTGGCTGTTGACATC

EcAmtB TEV  Forward AACTTGTATTTTCAGGGCGAACAAGCACAACAGCC
seq GGCCCAGGCTGATCTCGAGC

EcAmtB Xhol Forward AGTCCTCGAGATGAAGATAGCGACGATAAAA
cleaving site

EcAmtB BamHI Reverse AGTCGGATCCTCACGCGTTATAGGCATTCTC
cleaving site

Nucleotides mutated/added from the original sequence are in red
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2.1.6 Cloning AmtB for expression in yeast

We used the plasmid pDR195 (Rentsch et al., 1995) to express amtB in yeast.
AmtB expression is under the control of the promoter of the housekeeping
plasma membrane ATPase gene PMAL.

20 ng of plasmid DNA from pZheng, pAJ2024, pAJ2039, pGDM2, pGDM3,
pGDM4, pGDM5 and pGDM6 constructions (Table 2.3) were amplified by
PCR reaction using KOD Hotstart DNA polymerase (Merck Millipore)
according to the manufacturer’s instructions. The primers AmtB Xhol and
BamHI (Table 2.4) were used for the PCR reaction. After the PCR, 1 ug of
amplified DNA products and 2 pg of pDR195 vector (Table 2.3) were digested
using Xhol and BamHI (Promega Corporation) (5 units of enzyme/ug of DNA)
at 37°C for 1h. Digested DNA samples were run on 2% agarose gels in TAE
buffer (Table 2.5) at 100V/cm for 1 hour. The DNA was extracted from the gel
using the kit Wizard® SV Gel and PCR clean-up system (Promega
Corporation) according to the manufacturer’'s protocol. For the ligation
reaction, 50 ng of digested insert and vector (pbDR195) DNA were mixed to an
insert:vector molar ratio of 5:1. T4 DNA ligase (Promega) was used to ligate
the digested insert and vector DNA. The reaction volume was 10 pyL and the
ligation reaction was done overnight at 4°C. Finally, 5 pL of ligated product
was transformed into DH5a using the Heat-shock technique (see section
2.1.3).
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Table 2.5: Buffer composition used for this study.

Name of the buffer Composition
Resuspension buffer 50 mM Tris-HCl pH 8
500 mM NaCl

10% Glycerol
160 uM phenylmethylsulfonyl fluoride
10 pg/ml DNase

Solubilisation buffer 50 mM Tris-HCl pH 8
500 mM NacCl
10% Glycerol
2% DDM or 2% LDAO

Buffer A IMAC 50 mM Tris-HCl pH 8
500 mM NaCl
10% Glycerol
0.03% DDM or 0.09% LDAO

Buffer B IMAC 50 mM Tris-HCl pH 8
500 mM NaCl
10% Glycerol
500 mM Imidazole
0.03% DDM or 0.09% LDAO

Buffer A IMAC TEV 50 mM Tris-HCl pH 8
300 mM NacCl
10% Glycerol

Buffer B IMAC TEV 50 mM Tris-HCI pH 8
300 mM NacCl

10% Glycerol
500 mM Imidazole

Buffer gel filtration 50 mM Tris-HCl pH 7.8
100 mM Nacl
0.03% DDM or 0.09% LDAO

Stripping solution 100 mM EDTA
500 mM NacCl

Nickel solution 100 mM NiSO4

Cobalt solution 100 mM CoCl,

10% SDS-PAGE Resolving gel (for 2 gels) 32.5% (v/v) 30% Acrylamide/0.8% bis-Acrylamide
25% (v/v) Solution 2 SDS-PAGE
41.4% (v) H20
1% (v/v) of 10% ammonium persulfate
0.1% (v/v) TEMED

12.5% SDS-PAGE Resolving gel (for 2 gels) 41% (v/v) 30% Acrylamide/0.8% bis-Acrylamide
25% (v/v) Solution 2 SDS-PAGE
32.9% (v/v) H.0
1% (v/v) of 10% ammonium persulfate
0.1% (v/v) TEMED



SDS-PAGE Stacking gel (for 2 gels)

Solution 2 SDS-PAGE

Solution 3 SDS-PAGE

10X running buffer pH 8.3

Loading blue 6X

Staining buffer

Destaining buffer

2% agarose gel

TAE buffer

Liposome buffer

Non-activated solution

Activated solution

Non-activated solution sodium

Activated solution sodium

15% (v/v) 30% Acrylamide/0.8% bis-Acrylamide
30% (v/v) Solution 3 SDS-PAGE

60% (v/v) H20

1% (v/v) of 10% ammonium persulfate

0.1% (v/v) TEMED

1.5 M Tris-HCI pH 8.8
0.3% SDS

0.5 M Tris-HCI pH 6.8
0.3% SDS

30 g/LTris-base
144 g/L glycine
1% (w/v) SDS

2% SDS

10% glycerol

0.001 bromophenol blue
0.0625 M Tris-HCI pH 6.8
5% p-mercaptoethanol

0.1% Coomassie Birilliant blue R-250
50% methanol
10% acetic acid

40% methanol
10% acetic acid

20 g/L of agarose
TAE buffer
1 pg/ml of ethidium bromide

40 mM Tris-HCI
20 mM acetic acid
1 mM EDTA

100 mM potassium phosphate pH 7.6
300 mM KCI

100 mM potassium phosphate
300 mM KCI

100 mM potassium phosphate

100 mM KCI

200 mM NH,*CI- / 200 mM Methylammonium/
200 mM NacCl

100 mM sodium phosphate
300 mM NacCl

100 mM sodium phosphate

100 mM NaCl

200 mM NH,*CI-/ 200 mM Methylammaonium/
200 mM KCI

200 mM NH4+ClI- / 200 mM Methylammonium/ 200

mM KCI
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2.2 Protein over-expression and purification

2.2.1 E.coli AmtB

2.2.1.1 Over-expression

AmtB(Hiss), cloned into the pET22b vector (Table 2.3), was overproduced in
the C43(DE3) strain. A single colony containing pET22b-AmtB was used to
inoculate an overnight culture of LB (Table 2.2). The next morning, twelve litres
of the auto induction medium ZYP-5052 (Table 2.2), were inoculated at ODeoo
0.02 using the overnight culture, grown at 30 °C, 210 rpm for 19 hrs and
harvested at 7,000 x g (JLA9.1000 rotor, Beckman), 4°C for 30 min. The cell
pellet was washed and resuspended (10 mL of buffer/g of cells) using
resuspension buffer (Table 2.5).

2.2.1.2 Membrane preparation

E. coli membranes were isolated according to (Blakey et al., 2002). Cells were
broken by three passage through a French press (20 kpsi). The outer
membrane and unbroken cells were pelleted by centrifugation at 23,000 x g, 4
°C for 40 min (JA30-50 rotor, Beckman). The supernatant was then removed
and the inner membrane was collected by ultracentrifugation at 170,000 x g, 4
°C for 1.5 hrs (Ti60/Ti45 rotor, Beckman). The membranes were stored at -20
°C.
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2.2.1.3 Immobilised metal affinity chromatography

The membrane was solubilised using solubilisation buffer to a ratio 0.1 mg/mL
(Table 2.5) for 2 hrs at 4°C under gentle agitation and the non-solubilised

material was collected by ultracentrifugation (170,000 x g, 4 °C) for 45 minutes.

To reduce the DDM concentration, which could harm the protein, the
solubilised membrane was diluted 2 times with IMAC buffer A (Table 2.5) and
loaded on to an IMAC column (Hitrap HP 1mL, Ge Healthcare) using an AKTA
pure FPLC system (Ge Healthcare). The resin was previously loaded with
cobalt and equilibrated with IMAC Buffer A with detergent (Table 2.5). The
hexa-histidine tag at the C-terminal tail of AmtB interacts with the cobalt by
electron coordination. AmtB was purified in DDM at a final concentration of
0.03% (w/w).

The protein was eluted from the IMAC column by increasing the concentration
of imidazole gradually. Imidazole acts as a competitive inhibitor binding to
cobalt, thus preventing the sharing of electrons between cobalt and the
histidine-tag (Bornhorst and Falke, 2000). Elution fractions were collected with
a fraction collector and the absorbance at 280 nm was monitored during the
purification. Elution fractions were loaded on a 10% sodium dodecyl sulfate
polyacrylamide (SDS) gel to monitor the presence of AmtB. Elution fractions
containing AmtB were pooled and concentrated to 5 mg/mL and further purified

by size-exclusion chromatography (Superdex 200).

2.2.1.4 IMAC column regeneration

IMAC columns were regenerated by sequentially passing 5 column volume
(CV) of water, stripping solution, water, nickel or cobalt solution, water and
finally 20% ethanol. The compositions of these solutions are described (Table
2.5).
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2.2.1.5 Size exclusion chromatography

Size-exclusion chromatography allows the separation of proteins as a function
of their hydrodynamic property. The column used was a Superdex S200 15/30
GL (Ge Healthcare) which can resolve proteins with a molecular mass from
600 to 10 kDa. The calibration of the column was performed using the
standards kit from Biorad containing bovine thyroglobulin (670 kDa), bovine y-
globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa)
and vitamin Bi2 (1.35 kDa). The size-exclusion chromatography was
performed in gel filtration buffer (Table 2.5) using an AKTA pure purification
system (Ge Healthcare).The elution fractions were analysed on a SDS-PAGE
gel to confirm the presence of AmtB and assess the purity of the samples.

AmtB was concentrated to 10 mg/mL and kept at 4°C.

2.2.2 N. europaea Rhesus protein 50

2.2.2.1 Over-expression of the N. europaea Rhesus protein 50

NeRh50(Hise) cloned into the pDA7 vector (Table 2.3), was overproduced in
the GT1000 strain (Table 2.1). A single colony of GT1000 containing pDA7
(Table 2.3) was used to inoculate an overnight culture in LB (Table 2.3). The
next morning, 12 litres of M9 minimum medium (Table 2.2), were inoculated
at ODsoo 0.02 using the overnight culture, grown at 30 °C, 210 rpm for 19 hrs
and harvested at 7,000 x g (JLA9.1000 rotor, Beckman) 4°C for 30 min. The
cell pellet was washed and resuspended (10 mL of buffer/g of cells) using

resuspension buffer (Table 2.5).

The protocols used for membrane preparation and purification of the NeRh50

protein were strictly the same as the purification of AmtB with the only
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exception that the detergent used was 0.09% (w/w) of n-Dodecyl-N, N-
Dimethylamine-N-Oxide (LDAO) (Table 2.5).

2.2.3 Tobacco Etch Virus (TEV) cysteine protease

2.2.3.1 Over-expression of the Tobbaco Etch Virus (TEV)
cysteine protease

TEV(His7) cloned into the pET22b vector (Table 2.3), was overproduced in the
Rosetta (DE3) pLysS strain. A single colony of Rosetta (DE3) pLysS
containing pET22b-TEV(His7) was used to inoculate an overnight culture of LB
(Table 2.3). The next morning, 2 litres of LB medium (Table 2.2), were
inoculated at ODeoo 0.02 using the overnight culture. After reaching an ODsoo
0.4, 1 mM of IPTG was added to the cultures to induce the TEV overexpression
at 25°C, 210 rpm for 19 hrs and harvested at 7,000 x g (JLA9.1000 rotor,
Beckman) 4°C for 30 min. The cell pellet was washed and resuspended (10
mL of buffer/g of cells) using resuspension buffer (Table 2.5). The cytosolic
fraction was collected after high-speed centrifugation at 23,000 x g, 4 °C for
40 min (JA30-50 rotor, Beckman).

2.2.3.2 Purification

The cytosolic fraction was loaded on to an IMAC column (Hitrap HP 1mL, Ge
Healthcare). The resin was previously loaded with nickel and equilibrated with
Buffer AIMAC TEV (Table 2.5). The protein was eluted from the IMAC column
by increasing the concentration of imidazole gradually. IMAC chromatography
was performed using an AKTA pure purification system (Ge Healthcare).
Elution fractions were collected with a fraction collector and the absorbance at

280 nm was monitored during the purification. Elution fractions were loaded on
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a 10% SDS-PAGE to monitor the presence of TEV. Elution fractions containing
TEV protein were pooled, concentrated to 5 mg/mL then diluted with buffer
IMAC ATEV (Table 2.5) in order to reduce the quantity of imidazole. The TEV
protein was concentrated to 5 mg/mL, aliquoted, snap-frozen with liquid

nitrogen and stored at -80°C.

2.2.6 SDS-PAGE

The principle of SDS-PAGE was previously described by (Laemmli, 1970).
Briefly, a SDS-PAGE gel (Biorad MiniPROTEAN® cell) was used to monitor
the presence of proteins in elution fractions and to assess the purity of our
samples. Sodium dodecyl sulfate (SDS) is an anionic detergent which
denatures and negatively charges proteins. The proteins linearised by SDS
separates according to their molecular mass. The sample was mixed with the
loading buffer and loaded onto the gel (Table 2.5). The gels were run at
27V/cm for 1 hour, stained 30 min and destained for 3 hours. The composition

of the buffers are described in Table 2.5.

2.2.7 Determination of the Protein concentration

Protein concentration was determined using the 280nm specific absorbance
related to the presence of aromatic amino-acids. The molar extinction
coefficient was determined based on the amino-acid sequence of the protein
and by using the online informatics tool ExXPASy ProtParam (Gasteiger et al.,
2005). The absorbance at 280nm was measured using a Nanodrop
2000/2000c  spectrophotometer  (ThermoFisher Scientific) and the
concentration of the protein was determined using Beer-Lambert law. The
extinction molar coefficients used to calculate protein concentrations are given
in Table 2.6.
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Table 2.6: Properties and amino-acids sequence of the protein
over-expressed.

Protein Main sequence MW Epsilon Reference

name (KDa) (L.-mol-

1.cm-1)

EcAmtB  APAVADKADNAFMMICTALVLFMT44.4 66140 Uniprot
IPGIALFYGGLIRGKNVLSMLTQVT number:
VTFALVCILWVVYGYSLAFGEGNN C3TLL2
FFGNINWLMLKNIELTAVMGSIYQ (Apweiler et
YIHVAFQGSFACITVGLIVGALAER al., 2004)

IRFSAVLIFVVVWLTLSYIPIAHMV
WGGGLLASHGALDFAGGTVVHIN
AAIAGLVGAYLIGKRVGFGKEAFK
PHNLPMVFTGTAILYIGWFGFNAG
SAGTANEIAALAFVNTVVATAAAIL
GWIFGEWALRGKPSLLGACSGAI
AGLVGVTPACGYIGVGGALIIGVWV
AGLAGLWGVTMLKRLLRYDDPCD
VFGVHGVCGIVGCIMTGIFAASSL
GGVGFAEGVTMGHQLLVQLESIAI
TIVWSGVVAFIGYKLADLTVGLRV
PEEQEREGLDVNSHGENAYNAE
QAQQPAQADLEHHHHHH
NeRh50 MSKHLCFTAFSSIALFLLCFSSWA
SAVAPAEINEARLVAQYNYSINILA
MLLVGFGFLMVFVRRYGFSATTG
TYLVVATGLPLYILLRANGIFGHAL
TPHSVDAVIYAEFAVATGLIAMGA
VLGRLRVFQYALLALFIVPVYLLNE
WLVLDNASGLTEGFQDSAGSIAIH
AFGAYFGLGVSIALTTAAQRAQPI

ESDATSDRFSMLGSMVLWLFWP ,, o o o #Sr'ﬁg‘;tr
SFATAIVPFEQMPQTIVNTLLALCG 1™ vt

ATLATYFLSALFHKGKASIVDMAN
AALAGGVAIGSVCNIVGPVGAFVI
GLLGGAISVVGFVFIQPMLESKAK
TIDTCGVHNLHGLPGLLGGFSAILI
VPGIAVAQLTGIGITLALALIGGVIA
GALIKLTGTTKQAYEDSHEFIHLA
GPEDEHKAERLVLEAKTEIQGLKN
RIDAAVLSAKSEG

TEV GHHHHHHHGESLFKGPRDYNPIS
STICHLTNESDGHTTSLYGIGFGP
FIMTNKHLFRRNNGTLLVQSLHGVF
KVKNTTTLQQHLIDGRDMIIIRMPK
DFPPFPQKLKFREPQREERICLVT
TNFQTKSMSSMVSDTSCTFPSSD 28.6 32095
GIFWKHWIQTKDGQCGSPLVSTR
DGFIVGIHSASNFTNTNNYFTSVP
KNFMELLTNQEAQQWVSGWRLN
ADSVLWGGHKVFMVKPEEPFQP

VKEATQLMNRRRRR

69



2.3 Liposomes/proteoliposomes preparation

2.3.1 Lipids preparation

All lipid stock solutions (Avanti polar lipids) were dried out first under nitrogen
flow for 1 hour and subsequently 2 hours under vacuum in a desiccator. The
dried lipid films were rehydrated in liposome buffer (Table 2.5) at 5 mg/mL to

form multilamellar liposomes.

2.3.2 Liposomes formation

The multilamellar liposomes were extruded 13 times using a Mini-extruder
(Avanti polar lipids) mounted with a 0.1 um filter pore (Avanti polar lipids) to

obtain a unimodal size distribution solution of unilamellar liposomes.

2.3.3 Determination of the Rsat and Rsol constants for AmtB

reinsertion

Optimal insertion of membrane proteins into liposomes occurs upon
destabilisation of liposomes using detergent (triton X-100 in this study), at a
detergent/lipid ratio between the onset of solubilisation, Rsat and the total
solubilisation, Rsol, of the lipids (Rigaud et al., 1995, Rigaud et al., 1988,
Rigaud, 2002, Paternostre et al., 1988). The addition of detergent disrupts
lipid-lipid interactions, which results in a more permeable bilayer and these
structures are more receptive to protein insertion. The turbidity of the
lipososmes solution increases as the lipososme become more saturated with
detergent, until Rsatis reached, then decreases until the total solubilisation of
the lipids is achieved (Rsol). Hence, to determine the Rsat and Rsol constants of

the lipososmes, 1 uL Triton X-100 at 25% was sequentially added to 500 pL of
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liposomes (5 mg/mL) and the absorbance at 400 nm was measured. The
optimum amount of Triton X-100 for protein insertion was determined to be 1
pL of Triton X-100 at 25% (w/v) per mg of lipid.

2.3.4 Insertion of the membrane protein into the liposomes

AmtB/NeRh50/ScMep2 (5 mg/mL) was mixed with the liposomes/Triton X-100
mixture at a lipid:protein ratio (LPR) of 5:1, 10:1 or 50:1 (see Chapter 4) and
incubated for 30 minutes under gentle agitation at 4°C. The Triton X-100 was
removed by adsorption onto hydrophobic beads (SM-2 Biobeads, BioRad) to
allow the insertion of AmtB/NeRh50/ScMep2 inside the lipid bilayer (Galian et
al., 2011). The biobeads were prepared according to the manufacturer’s
instructions and added to a beads:detergent ratio (w/w) of 20. The biobeads
were incubated at 4°C under gentle rotation for 2 hours, removed and new

biobeads were added and the mixture left on a rotating wheel overnight at 4°C.

2.3.5 Proteoliposomes washing step by ultra-centrifugation

After the overnight incubation with SM-2 Biobeads, the proteoliposomes were
diluted 10 times in the liposome buffer (Table 2.5), collected by
ultracentrifugation at 200,000 g, 4°C for 30 minutes, re-suspended in 6 mL of
liposome buffer (Table 2.5) and the operation repeated two times. Finally, the
proteoliposomes were resuspended in 500 pL of liposome buffer (5 mg/mL of
lipids), aliquoted in 100 pL and stored at -80°C.

2.3.6 Size determination by Dynamic Light Scattering

The average diameter of the liposome solution was determined using a

Zetasizer Nano ZS (Malvern instruments). The technique uses the principle of
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Dynamic Light Scattering that was previously described by the Stokes-Einstein
equation regarding the relationship between the size and the diffusion of a
particle (von Smoluchowski, 1906, Sutherland, 1905, Einstein, 1905). The
motion of the particle was directly recorded via static light scattering detectors
placed at certain angles. An auto-correlation function was used in order to
determine the particle size distribution (Malvern instruments). The refractive
index and absorption set up for liposomes during the data acquisition were
1.490 and 0.010 respectively.

2.3.7 Orientation of the protein inserted in the liposomes

2.3.7.1 Orientation of the protein using purification matrix

To examine the orientation of AmtB inserted in the liposomes, we analysed the
proteoliposomes by IMAC (Vitrac et al., 2013). If all AmtB proteins are inserted
in a right-side-out (RSO) orientation in a liposome, all the C-terminal affinity
tag should not be accessible, hence the proteoliposomes should flow through
the IMAC matrix. By contrast, if an AmtB protein is inserted inside-out (10) in
the proteoliposomes, then the His-tag should be accessible and the
proteoliposomes are expected to bind the matrix and thus be present in the
elution fraction. As a control, we treated the proteoliposomes in parallel with
DDM to solubilise AmtB and analyse it by IMAC using identical conditions as
for the analysis of the proteoliposomes without DDM. For the analysis, 160 pL
of proteoliposomes (5 mg/mL) treated with or without 2% DDM were incubated
with 100 pL of Ni-affinity resin (Ni-Sepharose High Performance, GE
healthcare) at 4°C for 1 hour. The supernatant was collected after
centrifugation and the resin was washed 4 times using 50 pL of non-activated
buffer (Table 2.6). The proteoliposomes were eluted in NA buffer containing
500 mM imidazole. 15 pL of each fraction was mixed with 5 pL of loading blue
buffer and analysed by SDS-PAGE.
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2.3.7.2 Orientation of the protein using TEV protease

Another method to determine the orientation of AmtB in the proteoliposomes
IS to treat them using the TEV protease according to the procedure previously
described (Wacker et al., 2014). AmtB proteins containing a TEV cleavable
site inserted between the C-terminal tail and the His tag (plasmid pGDM1,
Table 2.3) was inserted into liposomes according to the procedure described
in 2.3.1. The proteoliposomes were treated with the TEV protease to a ratio of
5:1 (w/w) overnight at 4°C with 2 mM of 3-mercaptoethanol. As a control the
same digestion experiment was done using pure AmtB protein and
proteoliposomes solubilised by 1.25% of Triton X100. If AmtB is orientated
right-side-out (RSO), the TEV protease will not have access to the TEV-
cleavable site, however, if AmtB is orientated inside-out (I0), the TEV protease
will cleave the hexa-hisitidin tag (~20 amino-acids lacking) leading to the
shortening of the protein.15 pL of each digestion sample was mixed with 5 uL
of loading blue buffer and analysed by a gel gradient SDS-PAGE (Novex™ 4-
20% Tris-Glycine Mini Gels, ThermoFisher Scientific).

2.4 Protein functional assays

Membrane proteins solubilised in detergent have a tendency to lose their
activity, thus to ensure AmtB retains activity two techniques have been used
during this study: MicroScale Thermophoresis (MST) and Solid Supported
Membrane Electrophysiology (SSME) on the protein solubilised in detergent

or reconstituted in liposomes.
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2.4.1 MicroScale Thermophoresis

MicroScale Thermophoresis technology (Baaske et al., 2010) was used to
measure the AmtB-ammonium binding affinity. The experiments were
performed using a Monolith NT.115 and Monolith NT.LabelFree (NanoTemper
Technologies). AmtB was labelled with the kit Monolith His-Tag Labeling Kit
RED-tris-NTA according to the manufacturer’s instructions (NanoTemper
Technologies). AmtB (110 uM) was mixed with 98 L of gel filtration buffer
(Table 2.5) containing 16 different NH4™ concentrations ranging from [6.1 pM
to 200 mM] and loaded into 16 hydrophobic coating grade capillaries. The Kd
calculated from the MST measurement has been obtained using the

MO.Affinity Analysis software v2.2.4 (NanoTemper Technologies).

2.4.2 Solid supported membrane electrophysiology (SSME)

Principle of the assay: the proteoliposomes are adsorbed to a solid
supported membrane (SSM) on a gold coated sensor chip of 3 mm, forming
an electrode. AmtB/NeRh50/ScMep2 activity was measured by a fast solution
exchange without and with substrate. If AmtB/NeRh50/ScMep2 activities are
electrogenics it is generated a charge translocation which can be measured at
the electrode via capacitative coupling. The maximum amplitude of the signal
was used for Michaelis-Menten analysis while the shape of the transient was

used to calculate the turnover rate of transport.

2.4.2 1 Preparation of the sensors

3-mm gold coated sensors were prepared according the procedure described
by Nanion Technologies GmbH. 50 pL of 0.5 mM octadecanethiol prepared in
iso-propanol was used to coat a thiol layer on the gold surface of the sensor

for 30 minutes. The sensors were rinsed three times with 10 mL of iso-propanol
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and 10 mL of deionised water. Sensors were dried by tapping them on a tissue
and 1.5 pL of 1,2 diphytanoyl-sn-glycerol-3-phosphocholin (7.5 pg/pL,
prepared in n-decane) was applied to the gold surface. The sensor was
immediately filled with non-activated solution at pH 7 (Table 2.5) in order to
form the solid supported membrane. The proteoliposomes were defrosted and
sonicated in a sonication bath (U300H Ultrawave Precision ultrasonic
cleaning) at 35 Watts for 1 minute. The proteoliposomes were diluted 10-fold
using a non-activated solution at pH 7. 10 uL of the diluted proteoliposomes
solution was applied to the sensor. Sensors with proteoliposomes were
centrifuged at 2500 g for 30 minutes prior to the measurement. The sensors
were stable for 3 days at 4°C.

2.4.2.2 Measurement and signal analysis

The sensors’ quality was checked by determining their capacitance and
conductance as if the SSM is not formed correctly, the capacitance and
conductance values are close to the pure gold sensor (~75nF and ~40nS
respectively). However, for sensors with an ideal SSM the capacitance and
conductance values should be ~15-30nF and <5nS respectively. When the
parameters did not fulfil these requirements, the sensors were discarded. The
activities of AmtB/NeRh50/ScMep2 were measured by sequentially passing
200 pL of a non-activated (NA) and activated (A) solution that contained the
substrate to be tested (Table 2.5). At the end of the measurement, the sensor

was rinsed automatically with 1 mL of NA solution.
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2.4.2.3 Kinetics

A serial dilution in between the non-activated and activated solution was made
to obtain an activated solution containing an ammonium/methylammonium
concentration ranging from 98 pM to 200 mM. The maximum amplitude of the
signal measured at each ammonium concentration was fitted according to the
Michael-Menten kinetics and the kinetics parameters (Km, Vmax) were
determined using the software Graphpad PRISM V6.

2.4.2.4 Decay time

The decay time of the exponential phase of the transient current, which is
proportional to the velocity of the complete transport turnover, was measured
by fitting the raw data to a one phase exponential decay function (equation
2.1) from the maximum height of the peak up to the plateau region (Figure
2.1) using the software OriginPro 2017 (OriginLab).

. —x/t
Y=y, +4de " 21)

Where y is the amplitude in (nA), yo is the maximum amplitude, x is the time in

seconds, t1the rate constant. The decay time value (A) = 1/ ta.

The different transient currents were normalised and a comparison based on

their peak shape was done.
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Figure 2.1 Typical electrophysiological current recorded during the experiment. Blue
arrows represent the area used for the exponential decay time measurement, black arrows
represent the area used for the integral calculation.
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2.4.2.5 Current reconstruction

The transient current measures both pre-steady and steady state current (see
Chapter 4), however, as outlined by Mager and collaborators, the current can
be mathematically reconstructed, by analysing the system as an electrical
circuit (Mager et al., 2011). By using the equation 2.2, it is possible to extract
In(t,Vp) which is the steady state current of the transporter from I(t) which is the

pre-steady state and steady state combined (Figure 2.2).
c t
L,(t,0) = (1+ C—p) I(t) + (ko + k) f I(t)dt (2.2)
m
0

The term (kotk=) was simplified to 1/t; (Mager et al., 2011).

The integral from (t,0) has been calculated using OriginPro 2017 (OriginLab)
by setting the area from the beginning of the maximum peak current up to the
plateau baseline (Figure 2.1).
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Figure 2.2 Schematic representative of a proteoliposome adsorbed on a SSM layer. The
different electric parameters used for the current reconstruction are displayed in the figure
(Mager et al., 2011).
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2.5 Protein biophysical characterisation

2.5.1 Size exclusion chromatography multiple angle light
scattering (SEC-MALS)

SEC-MALS analysis of the AmtB-DDM complex was carried out using
Superdex 200 10/300 column (Ge Healthcare) mounted on an Agilent 1100
HPLC system. 70 pL of AmtB at 75 pM in gel filtration buffer (Table 2.5) was
injected at a flow rate of 0.5 mL/min. Light scattering, refraction index and
absorbance at 280 nm were measured using a multi angle light scattering mini
DAWN TREOS detector (Wyatt Technology), a refractometer Optilab T-rEX
detector (Wyatt Technology) and a Jasco UV-2077 Plus UVlvis
spectrophotometer (Jasco, GmbH) respectively. We used the ASTRA software
package version 5.3.2.10 (Wyatt Technologies) to import the signals from the
three detectors and analysed the data according to (Slotboom et al., 2008).
The dn/dc used for the AmtB was calculated from its amino-acid sequence
(Table 2.6).

2.5.2 Analytical Ultra-Centrifugation

AmtB at 10, 22 and 87 uM was submitted to sedimentation velocity using a
Beckman Coulter Optima XL-I analytical ultracentrifuge mounted with an An-
50 Ti 4-hole rotor (49000 rpm at 4°C). The reference buffer used was the gel
filtration buffer (Table 2.5) without detergents. Data were acquired every 6 min
for 12 hrs, with interference and absorbance optics and were subsequently
analysed using SEDFIT (Schuck, 2000) with the continuous c(s) distribution
model. SEDNTERP was used to determine the molar mass (46647 g/mol) and
the partial specific volume (0.749 mL/g) of AmtB. The partial specific volume
of DDM used was 0.82 mL/g. The viscosity (1.567 cP) and the density (1.00557

g/mL) of the gel filtration buffer (Table 2.5) were determined using
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SEDNTERP. The ratio of detergent bound to the protein and the molecular
weight of the complex were calculated using a method described previously
(Ebel, 2011).

2.6 Small Angle Scattering
2.6.1 Theory

The elastic scattering of an X-ray/neutron beamline by biological
macromolecules can be described as illustrated Figure 2.3. The SAS patterns
are typically represented as the logarithm of scattered intensity as a function

of the magnitude of the scattering vectors.

The s is defined by the equation 2.3

477 sin 6
§ = —
A

Where s is the scattering vector, 26 the scattering angle and A the wavelength

of the X-ray/neutron used (Blanchet and Svergun, 2013).
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Figure 2.3 Set up of a classic Small Angle X-ray scattering experiment (Blanchet and

Svergun, 2013).
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2.6.2 Size exclusion chromatography coupled with small angle X-
ray scattering (SEC-SAXS)

SEC-SAXS experiments were conducted at 25°C at the B21 beamline at
Diamond Light Source (Didcot, U.K.). The light source generates 10!
photons/second with a wavelength (A) in between 0.0038 to 0.42 AL, The
detector was set up at a fixed distance of 4.014 meters. 45 yL of AmtB sample
(111 pM) in 0.03% DDM was injected in a size-exclusion chromatography
column (Superdex S200 10/300, GeHealthcare) at a flow of 0.05 mL/min. 15
frames of the elution peak corresponding to the membrane protein were
averaged and subtracted from the running buffer using ScAtter software. 57
frames corresponding to the buffer curve were averaged prior to the
subtraction. SAXS data were collected in 255 time frames with 3 s per frame
(13 min in total). The scattering images were averaged and the buffer
scattering intensities subtracted using the program ScAtter and the same
program was used to evaluate the radius of gyration (Rg). The data-collection

parameters are presented in Table 2.7 (Dias Mirandela et al., 2018).
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Table 2.7: Collection parameters for SANS and SEC-SAXS experiment.

from SEC-SAXS

from SANS batch

Instrument/data
processing

Beam geometry
(mm)

Camera length (m)
Flow (ml/min)
Wavelength (A)

s range (A")?
Exposure time (s)
Sample configuration
Concentration range
(mg-mL™")
Temperature (K)

B21 BioSAXS
Diamond Light Source
synchrotron beamline
(UK)

1X5
4.014
0.05
0.99

0.0022 to 0.42
3 (every 5 seconds)

see main text

298

D22 beamline Institut
Laue-Langevin  Neutron
source with a
multidetector (3He) 16K
resolution elements

55 x40

4/4 offset

N/A

4.5 < NA < 40 (for ANA =
10 %)

0.045t0 0.4

~3600 to 10800/sample
cell path of 1 mm

see main text

279.15
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2.6.3 Small Angle Neutron Scattering

2.6.3.1 Data acquisition and reduction

To ascertain the reproducibility and the quality of our measurements, two
independent sets of SANS data were measured (September 2016 and March
2018) using two batches of AmtB purified independently. SANS experiments
were conducted at 6°C using the large dynamic range diffractometer D22 at
the Institut Laue-Langevin (Grenoble, France) in Hellma® quartz cuvettes
100QS with 1 mm optical pathlength. 300 pL of samples at a concentration of
110 puM were extensively dialysed (3 times 12 hrs) against the size-exclusion
chromatography buffer (50 mM Tris pH 7.8, 100 mM NaCl, 0.03% DDM and
D20 as required) and used for the SANS experiment. The final dialysis buffer
was used in the SANS experiment as the reference and subtracted from the
protein signal. The samples were recorded at a 4 m/4 m detector/collimator
distance, using a neutron wavelength of 6 A. For each condition, H20/D20
buffers, the empty beam, an empty quartz cuvette as well as a boron sample
(electronic background) were measured. Exposure times varied between
20 min (empty cell, boron) and 3 hours for the protein samples and buffers.
Transmissions were measured for 1 min. The raw data were reduced (detector
efficiency, electronic background and angular averaging) using a standard ILL
software package. Finally, the corrected scattered intensities 1(Q) (Q=(411/A)
sin 0, where 20 is the scattering angle, from the different Q-ranges and the
respective buffer signals were subtracted using the program PRIMUS from the
ATSAS suite (Franke et al., 2017). The data-collection parameters are

presented in Table 2.7.
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2.6.3.2 Contrast match point determination

The contrast match point of DDM was experimentally determined by
measuring SANS contrast series of DDM (5 mg/mL) at 0, 20, 40, 60, 80 and
100 % D20 and used to plot (1(0)/(TsC))¥? as a function of percentage of D20
in the solvent (Ts is the measured sample transmission). The DDM contrast
match point (22.2%) was determined by the intersection of a linear fits through

all points with the abscissa as previously described (Compton et al., 2011).

2.6.4 Overall parameters
2.6.4.1 Guinier approximation

The Guinier approximation (equation 2.4) equation was used to determine the
gyration radius (Rg) at small s values of the small angle scattering data by
assuming that s x Rg < 1.3 (Rice, 1956).

1(Q) = I(0)exp (—le; Qz) (2.4)

Q is the wave vector. | is the scattering intensity and 1(0) is the forward

scattering intensity at Q=0.

2.6.4.2 GNOM

The software GNOM was used to generate the pair distance distribution
function P(r) using an indirect Fourier transformation (Svergun, 1992). The

Dmax used was equal to 3 times the Rq estimated by Guinier approximation.
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2.6.5 Ab-initio modelling

2.6.5.1 DAMMIN

To obtain low resolution models using the small angle scattering data, the
program DAMMIN was used (Svergun, 1999). P1 and P3 symmetry fold were
used and spherical, oblate or prolate volumes were imposed during the
modelling runs. All the other parameters of the DAMMIN software were set up

by default.

2.6.5.2 Memprot

In order to visualise the position of the DDM corona around AmtB, an ab-initio
model has been generated using the software memprot (version 1.7) and by
following the procedure previously described by (Berthaud et al., 2010). The
two experimental input files used were the AmtB crystal structure 1U7G
(Khademi et al., 2004) and the SAXS data. The following searching
parameters were set up according to (Berthaud et al., 2012) (Figure 2.4). In
this modelling, the geometrical parameters used were: a = 29 — 39 A (1 A/step),
b=34—-44A (1 A/step),t=5-7A (0.5 A/step), e = 1.100 — 1.200 A (0.01
A/step). The best model had the following settings: a=33 A, b=35A,t=6 A,
e = 1.090 (Figure 2.4). The chi? of the best model against the experimental X-
ray scattering data was 1.9.

The molecular weight of the DDM corona in the memprot model was calculated
by subtracting the molecular weight of the trimeric AmtB from the total
molecular weight of the protein-detergent complex obtained using CRYSOL
(Svergun et al., 1995). The molecular weight of the trimeric form of AmtB was
estimated using the amino-acid sequence. It was estimated that 326 DDM

molecules were forming the corona around the AmtB trimer.
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Figure 2.4 Schematic representation of the different parameters used during the detergent

torus modelling by the software Memprot (Berthaud et al., 2012).

88



2.6.5.3 MONSA

The multiphase volumetric analysis using MONSA (Reyes et al.,, 2014,
Svergun, 1999) (extended version of DAMMIN) was used to obtain a three
phase dummy atom model of the AmtB-DDM complex reporting the protein,
DDM head and DDM tail phases respectively. The analysis was done using
all SAS (SAXS and SANS at 0, 22, 42 and 60 % D20) data. The parameters
used for the analysis were 1- the volume of the AmtB trimer (calculated from
the amino acid sequence using the Biomolecular Scattering Length Density
Calculator available on line (http://psldc.isis.rl.ac.uk/Psldc). The volume
obtained was 166,864 A3 2- the volume of the 320 molecules of DDM head
and tail (112,000 A3 and 108,800 A3 respectively) (Breyton et al., 2013). The
SEC-MALS, AUC and SAXS analysis shows that AmtB is trimeric (see
Chapter 3), hence a P3 symmetry constraint was applied. The MONSA

analysis (200 annealing steps) was done using DAMESV (Reyes et al., 2014,
Svergun, 1999) models. At least 10 models were generated, superimposed
and checked for constituency. All models were very similar in size and shape
for all three phases.
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Chapter 3: In solution structural analysis of AmtB

Aim and objectives

Structural characterisation of membrane transporters currently relies mainly on
high-resolution structures, which in some cases do not account for their
conformational changes. This is particularly true for Amt proteins as all the
structures published so far did not reveal any obvious conformational
differences when generated in the presence or absence of ammonium. In-
solution small angle x-ray and neutron scattering (SAXS/SANS) have become
popular methods to characterise the structure of membrane proteins
solubilised by detergents. Hence, the aim of the study presented in this chapter
was to develop an approach to obtain structural information of AmtB in
solution. The novelty of the methology is to combine SAXS and SANS data
analysis. The specific objectives were to:

1- Solubilise AmtB in the detergent DDM and quantify the detergent
present in the corona surrounding the transporter.

2- Use SAXS data and ab-initio modelling to obtain models of the
AmtB-DDM complex in solution.

3- Conduct molecular dynamic simulations to obtain atomistic models
of the AmtB-DDM complex and use the information obtained in
objectives 1 and 2 to validate a plausible atomistic model.

4- Combine SAXS and SANS data and conduct a multiphase analysis
to obtain structural information on the phase density of the detergent
surrounding AmtB.

I would like to point out that the majority of the results presented in this chapter
have been published in The Journal of Physical Chemistry Letters (see
appendix A):

Dias Mirandela G, Tamburrino G, Ivanovi¢ MT, Strnad FM, Byron O,
Rasmussen T, Hoskisson PA, Hub JS, Zachariae U, Gabel F, Javelle

A. (2018) Merging In-solution X-Ray and Neutron Scattering Data
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Allows Fine Structural Analysis of Membrane-protein Detergent
Complexes. J. Phys. Chem. Lett. 9:3910-14

3.1. Introduction

The predominant view is that Amt proteins act as electrogenic transporters for
ammonium, whereas Rh proteins act as passive NHs (ammonia) channels.
From a functional perspective, the catalytic cycle of transporters (Amt-like)
involves selective binding of the substrate and subsequent conformational
changes to translocate the substrate against its electrochemical gradient. On
the other hand, channels (Rh-like) facilitate the translocation of the substrate
down the electrochemical gradient, which involves relatively little energetic
interaction between the channel protein and its substrate and no major
conformational rearrangement (Andrade and Einsle, 2007, Wirén and Merrick,
2004). There are no significant differences in the crystal structures of Amt and
Rh protein that can clearly account for the functional differences between a
transporter-like and a channel-like activity. Moreover, the structures of Amts
proteins did not reveal any obvious conformational differences when
generated in the presence or absence of ammonium (Khademi et al., 2004,
Zheng et al., 2004, Javelle et al., 2007) whereas compelling evidence points
towards a conformational rearrangement associated with the translocation
cycle. Ammonium-fluorescent sensors were developed by inserting circularly-
permutated GFP into extra-loops of plant and yeast Amt/Mep proteins (De
Michele et al., 2013). Pulses of ammonium to yeast cells expressing these
sensors triggered a variation of the fluorescence intensity, indicating structural
rearrangement of Amt/Mep proteins (De Michele et al., 2013). Additionally, the
existence of open and closed states for Amts and Mep has been substantiated
by demonstrating allosteric feedback inhibition of transport activity by
phosphorylation of the cytosolic C-terminus (van den Berg et al., 2016, Loqué
et al., 2007). However, to date, no structural data are available to describe

these conformational changes. Thus, it is timely to explore a new approach
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and extend the reach of new and rapidly developing biophysical techniques to
solve the fundamental mechanistic questions about the Amt/Mep/Rh protein
family. In this chapter, |1 will present a new methodological approach,
combining low resolution structural techniques such as Small Angle x-ray
Scattering and Small Angle Neutron Scattering (SAXS/SANS) coupled with
atomistic molecular dynamic simulations to obtain structural information on

AmtB in solution.

3.2 Purification of AmtB from E. coli

Small Angle Scattering (SAS) experiments are very demanding in terms of
sample quality (Trewhella et al., 2017, Jeffries et al., 2016), therefore, before
recording SAS data, | ascertained that our samples were monodisperse and

that AmtB was pure, stable and critically, active in detergent.

3.2.1 Immobilised Metal Affinity Chromatography

AmtB was overexpressed in E. coli C43(DE3) cells and the membrane
fractions were isolated and solubilised in 2% DDM. After ultracentrifugation,
the supernatant was loaded on a Histrap column loaded with cobalt (see
Chapter 2 for technical details). The column was washed with 10 mL of IMAC
A buffer (see Table 2.5, Chapter 2) containing 40 mM imidazole in order to
wash out unspecific proteins bound. AmtB was subsequently eluted using a
constant imidazole gradient [40-500 mM] over 20 mL. The elution fractions
were analysed on a SDS-PAGE gel to assess the presence and purify of AmtB
in the sample (Figure 3.1, insert). The absorbance at 280 nm on the
chromatograph indicated that AmtB bound to the column started to elute
between 100 to 200 mM of imidazole (Figure 3.1). SDS-PAGE gel analysis
revealed one major band, between 100-130 kDa in the elution fraction. This

band represents ~90% of the total amount of protein indicating a good purity
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of AmtB. The theoretical molecular weight of AmtB monomer is around 44 kDa
hence these data suggested that AmtB runs as a trimer in the SDS-PAGE gel.
It should be noted that anomalous migration of membrane proteins on SDS-
PAGE is common and is likely due to the anomalous SDS-loading capacity

and partial unfolding of the hydrophobic domains (Rath et al., 2009).
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Figure 3.1 Purification of AmtB by IMAC. A,
(Insert) 12.5% SDS-PAGE analysed of the fractions present under the elution peak.

(blue), imidazole concentration (red).
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3.2.2 Size exclusion chromatography

After the IMAC purification, the elution fractions containing AmtB were
collected, concentrated to 5 mg/mL and injected on a Superdex 200 10/300
size-exclusion chromatography (SEC) column. The SEC elution profile shows
that there is no protein present in the void volume showing no sign of protein
aggregation. A single symmetrical peak was observed indicating that the
sample is monodisperse (Figure 3.2). The fractions under the elution peak
were analysed by SDS-PAGE gel revealing that the sample was pure (Figure
3.2). The second protein band observed at around 55 kDa corresponds to
AmtB monomer (Figure 3.2 insert). To ascertain AmtB stability, the SEC
analysis was repeated after each SAS experiment (~12 days after the first size-
exclusion chromatography) (Figure 3.2). The chromatograms before and after
the SAS experiments were identical Indicating that AmtB was stable

throughout the SAS data acquisitions (see section 3.4 and 3.6).
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Figure 3.2 Size exclusion chromatography profile of AmtB solubilised in 0.03% DDM

before (blue) and after SAS experiment (orange). (Insert) 12.5% SDS-PAGE analysis of
the fractions present under the peak.
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3.2.3 Functional characterisation of AmtB using MicroScale
Thermophoresis

Membrane proteins have a tendency to lose their activity when purified in
detergent. Previous structural and functional studies have identified a binding
site for NH4" at the bottom of the periplasmic vestibule of AmtB (S1 site)
(Khademi et al., 2004, Zheng et al., 2004). In order to ascertain that purified
AmtB is correctly folded and active, | have measured NH4* binding using
microscale thermophoresis (MST). MST is a technique which measures the
motion of particles under a temperature gradient (Jerabek-Willemsen et al.,
2014). Briefly, an infrared laser is used to create a microscopic temperature
gradient of 2-6°C on the middle of the capillary containing the protein to be
analysed. A fluorescence detector measures the movement of the protein in
the microscopic temperature gradient. Upon ammonium binding, the hydration
shell of AmtB changes which modifies the hydrodynamic properties of the
protein, thus its movement in the microscopic temperature gradient. The
change in AmtB movement is proportional to the ammonium concentration
which allows the quantification of the binding affinity (Jerabek-Willemsen et al.,
2014).

For the MST measurements, 110 uM of AmtB was loaded on 14 capillaries
previously loaded with a buffer containing different ammonium concentrations
ranging from 6.1 pM to 200 mM. After placing the capillaries in the Monolith
NT.115, the difference of the normalised fluorescence between the bound
AmtB at various ammonium concentrations and unbound AmtB was used to
generate a binding curve (Figure 3.3). The normalised fluorescence varied
proportionally to the ammonium concentration (Figure 3.3). The data were
fitted to a standard 1:1 binding model using MO.Affinity Analysis software
v2.2.4 and a Kp of 0.6 mM was estimated. This result indicates that the purified
AmtB seems correctly folded and active under my experimental conditions.
However due to the difficulty of measuring a MST signal on membrane protein
solubilised in detergent and in presence of substrate, the result presented only

indicates a tendency for a Kp.
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3.3 Biophysical characterisation of AmtB-DDM complex

A membrane protein purified in detergent is a complex sample containing the
protein/detergent complexes (PDC), mixed micelles and detergent monomers.
Unfortunately, SEC analysis is not sufficient to ascertain the mass
monodispersity of the sample, the absolute mass of the PDC and the mass of
the protein in the PDC, all these parameters being essential to analyse SAS
data with confidence. To analyse the monodispersity and obtain the absolute
mass of the PDC | have used two independent and complementary
techniques: Analytical ultracentrifugation (AUC) and Size Exclusion
Chromatography coupled with Multi-Angle Light Scattering measurements
(SEC-MALS).

3.3.1 Size-exclusion chromatography multiple angle light
scattering (SEC-MALS)

I will not describe here the SEC-MALS technology in detail, all the theoretical
background and practical aspects of static light scattering analysis of
membrane proteins have been remarkably reviewed in (Slotboom et al., 2008).
My sample containing AmtB was injected in a Superdex 200 10/300 in line with
UV, light scattering (LS) and refractive index (RI) detectors. As previously
observed (Figure 3.2), the absorbance at 280 nm displayed a single
symmetrical peak (Figure 3.4). DDM does not absorb at 280 nm therefore no
free DDM micelles are detected by UV. However, the excess DDM micelles
are detected as a small peak at an elution volume of 14.5 mL by the Rl and
the LS detectors (Figure 3.4). The combine analysis of UV, Rl and LS shows
that the molecular weight of the AmtB-DDM complex (257.2 kDa) was constant
within the elution peak. It also demonstrates that the molecular weight of AmtB
in the complex is 144.4 kDa clearly indicating a trimeric oligomeric state and
that the quantity of detergent in the AmtB-DDM complex represents 145 kDa
which correspond to ~285 molecules of DDM (Figure 3.4).

99



12 - 1.00E+06
1 | II.IIIIII |
AT B
n [ =
0.8 1 ! I|.| %
= il - 1.00E+05 2
- || l'I [ E‘T
> i | [
2 06 : s
5 - @
< i =
R &
[ - 1.00E+04
0 - = — | [
02 : : : : : 1.00E+03
5 7 9 11 13 15 17

Elution volume (mL)

Figure 3.4 Size exclusion chromatography multiple angle light scattering analysis of AmtB
solubilised in 0.03% DDM. A, (blue), light scattering (red), refractive index (green), total

molecular weight (purple) and the protein molecular weight (orange).
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3.3.2 Analytical ultracentrifugation (AUC)

| have used AUC (sedimentation velocity) to independently obtain the absolute
mass of the PDC. The absorbance at 280 nm and interference scans are
presented Figure 3.5, panel A and B respectively. The residuals observed for
both absorbance and interference were ~6% and well distributed around zero,
indicating the good quality of the measurements and of the fit. After applying a
continuous distribution of the Lamm equation to the different scans for the
absorbance and the interference signals, a sedimentation coefficient at 20°C
(Cw,20) In water was calculated (Figure 3.5, panel C). The (Cw,0) profiles
obtained from the absorbance and the interference signals showed one major
symmetrical peak at 10 S2ow . The two additional peaks observed for the
interference signal were due to a side-effect of the meniscus (25 S2ow) or to
free DDM detergent molecules (4 S2ow) (Ebel, 2011). These result supported
the view that AmtB behaves as a single and monodisperse biological particle
in solution. The interference signal analysis (according to (Ebel, 2011)) allows
calculation of the respective contribution of the protein and the detergent in the
AmtB-DDM complex. | have determined that the PDC mass was 312 kDa,
containing 148.8 kDa of AmtB (trimer) and 163.7 kDa of DDM (321 molecules)
(Table 3.1 and section 3.3.3).
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To further understand if the trimeric organisation of AmtB in the PDC was
dependent on the protein concentration, different sedimentation coefficients
were calculated from the absorbance and interference signal for 3 different
protein concentrations (10, 22 and 87 uM) (Figure 3.6). As shown in Figure
3.6, the sedimentation coefficient calculated using the interference or
absorbance data did not depend on AmtB concentration. This result
demonstrated that the trimeric state of AmtB is not protein concentration

dependant, which is important to analyse the SAS data with confidence.

3.3.3 Comparison of the molecular weight obtained by SEC-MALS
and AUC

The molecular weights calculated using SEC-MALS and AUC are summarised
in Table 3.1. These results support the view that AmtB was organised as a
trimer in solution. The quantity of DDM bound to the trimeric form of AmtB was
estimated to be between 270 to 320 DDM molecules depending on the
technique used. These results are in agreement with the previous DDM
characterisation study on AmtB which demonstrated that 265 DDM molecules

were bound to the trimeric form of AmtB (Blakey et al., 2002).
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Table 3.1 Molecular weights of the complex AmtB-DDM obtained using SEC-MALS and
AUC.

M,, AmtB-DDM M,, AmtB M, DDM DDM molecules
SEC-MALS 287.2+16.7 144.4+¢11.1 142.845.9 285+12
AUC 312.6+14.5 148.846.8 163.740.7 321+1

105



3.4 SEC-SAXS

Having thoughtfully characterised the AmtB sample, | have subsequently
collected experimental synchrotron SAXS data (B21 bioSAXS beamline at the
DIAMOND Synchrotron) following size-exclusion chromatography (SEC-
SAXS) to obtain structural information of the AmtB—DDM complex in solution.
| will present the data acquisition and analysis (section 3.4.1). Subsequently,
the SEC-SAXS data have been used to obtain models of the AmtB-DDM
complexes using two different ab-initio approaches:

1- ab-initio modelling using the software DAMMIN (section 3.4.2)

2- geometrical coarse-grained ab-initio modelling (section 3.4.3)

3.4.1 Data acquisition and analysis

The SAXS data were collected after size-exclusion chromatography. The
absorbance profile at 280 nm shows a symmetrical peak showing that the
hydrodynamic radius of the AmtB-DDM complex follows a uninominal
distribution (Figure 3.7).The gyration radii (Rgs) of the AmtB-DDM complex
calculated, using the Guinier approximation, are constant across the elution
peak (~45 A) proving that the size of the complex is homogenous in solution.
All the 15 scattering curves corresponding to the elution peak in Figure 3.7,
were merged to obtain an average SAXS experimental curve (Figure 3.8).
This average curve was subsequently used to perform the modelling and data

analysis described in this chapter.
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Figure 3.7 SEC-SAXS elution profile of AmtB. The OD at 280 nm (orange), x-ray scattering
intensities (blue), radius of gyration (Rg) (green dot) are represented.

107



107,
10°-
108
107
108
10°-
o

log (1)

Figure 3.8 Average of the small angle scattering curves obtained from the SEC-SAXS
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3.4.2 Ab-initio modelling using DAMMIN software

The program DAMMIN uses small angle x-ray scattering data to obtain the ab
initio low resolution shape of randomly oriented protein-detergent complexes
(PDC) in solution (Franke et al., 2017). The average of scattering curves
(Figure 3.8) was used to perform ab-initio modelling using DAMMIN. The only
parameters imposed were the symmetry (none or P3) and the shape of the
expected model (none or oblate). The P3 symmetry was used because | have
shown that AmtB forms a stable trimer in solution (see sections 3.3.1-3.3.3)
and the oblate parameter was used because it corresponds to the overall
shape of the x-ray crystal structure of AmtB (PDB 1U7G) (Khademi et al.,
2004). Ten models were averaged and filtered using different programs from
the ATSAS package (DAMSEL, DAMSUP, DAMAVER and DAMFILT) (Franke
et al., 2017). All the models display a conserved dense “core” consisting of a
high beads density whereas the peripheral beads density shows slight
variation (Figure 3.9). In order to validate the accuracy of the models,
computed SAXS curves for each of the models presented in Figure 3.9 has
been generated using the software CRYSOL (Svergun et al., 1995) and
compared to the experimental SAXS data. For clarity, the experimental SAXS
curve in Figure 3.9, panel B was plotted without the experimental errors (see
Figure 3.8 in which experimental errors are plotted). Chi? value was used as
a statistical parameter to test the goodness of the fit for each theoretical SAXS
curve against the experimental data. The chi? obtained for the default, oblate
shape, symmetry P3 and symmetry P3/oblate shape parameters were 9, 7, 43
and 3.4 respectively. Hence, the oblate shape helped to slightly improve the fit
of the model against the experimental data as the chi? decreased from 9 to 7.
In contrast, the symmetry P3 model does not fit between 0 to ~0.8 nm!
resulting in a ~5 times increase of the chi? compare with the model obtained
using default parameters (Figure 3.9). Combining P3 symmetry and oblate
shape drastically increases the quality of the fit between calculated curve and
experimental data with a chi? of 3.4 (Figure 3.9). Not surprisingly, these results
showed that a symmetry P3 and an oblate shape were the best modelling
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parameters required to compute models using the software DAMMIN. The
superimposition of the crystal structure of AmtB with the core of the P3/oblate
model shows a fairly good fit (Figure 3.10). The radius of the AmtB trimer and
of the core of the DAMMIN model, calculated using the software PyMOL, were
64 and 68 A respectively. This result suggested that the core observed in the

PDC model corresponds to the position of AmtB.
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Figure 3.9 (A): Top and side view of DAMMIN averaged models computed using default
(purple), oblate (blue), P3 (green) and P3/oblate (red) restrictions. (B): Comparison of the
theoretical SAXS curve calculated from the DAMMIN models against the experimental
data. The restrictions applied were default (purple), oblate (blue), P3 (green) and P3/oblate
(red).

111



Figure 3.10 Alignment of the averaged DAMMIN model with the structure of AmtB. The
DAMMIN model was computed using P3 symmetry/oblate shape (red). The AmtB trimeric
structure (1U7G) is displayed as blue cartoon.

112



3.4.3 Ab-initio modelling using coarse-grained approach

Next, we used a coarse-grained procedure combining the crystal structure of
AmtB (1U7G, Khademi et al., 2004) with the experimental SAXS curve to
generate an independent ab-initio model of the PDC. Memprot is a software
used to generate a torus shape for the detergent corona surrounding
membrane proteins (Perez and Koutsioubas, 2015). The software optimizes
step by step the values of the four geometric dimensions, a, b, e and t (Figure
3.11) that define the shape of the detergent corona. One geometrical
parameter was modified at a time during the modelling, resulting in a total of
12,705 models (Perez and Koutsioubas, 2015). A theoretical scattering curve
using CRYSOL (Svergun et al., 1995) was generated for each of the 12,705
models and compared to the experimental SAXS data. For each model, the
chi? value was used as a statistical parameter to evaluate the goodness of the
fit between the experimental and theoretical scattering curve. The best model
possesses a detergent corona with the following geometry: a=33 A, b =35 A,
t=6A, e=1.090 A (Figure 3.12).

In addition, Memprot provided a volume occupancy of the protein and the
detergent corona based on the beads model (Figure 3.12A) (Breyton et al.,
2013). Hence, by knowing 1-the volume of the AmtB trimer based on the
crystal structure (166800 A3) and 2- the volume of a DDM molecule (690 A3
(Breyton et al., 2013)), it was possible to calculate that the detergent torus
contained 301 molecules of DDM, in good agreement with our AUC and SEC-
MALS analysis (section 3.3).
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Figure 3.11 Schematic representation of the geometrical parameters used during the
detergent torus modelling by the software Memprot (Berthaud et al., 2012). The protein
and detergent position are coloured in purple and grey respectively.
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Figure 3.12 Top and side view of the best model computed using Memprot. (A) The trimeric
crystal structure of AmtB (1U7G) is represented in red cartoon and the detergent corona
bead model is represented in green. The values of the geometrical parameters describing
the shape of the detergent corona (Figure 3.11) are:a=33A b=35At=6 A, e =1.090
A. (B) Comparison of the experimental (symbols) and Memprot computed (red line) SAXS
curves (chi2: 1.9).
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3.5 Molecular dynamic simulations

We next exploited atomistic molecular dynamics (MD) simulations to obtain
atomistic models of the AmtB-DDM complex and score them against the
experimental SAXS data. These studies have been made in close
collaboration with the laboratory of Dr. Ulrich Zachariae from the University of
Dundee. The simulations have been conducted by Dr. Giulia Tamburrino. The
computational work has been informed by, and in turn feedback information to,

the experimental studies presented here.

3.5.1 MD models

We have demonstrated that AmtB is a trimer in solution and the SEC-MALS
and AUC analysis (sections 3.3.1-3.3.3) indicates that the detergent corona
around AmtB is likely to include between 260 and 320 DDM molecules. Hence,
using CHARMM-GUI Membrane Builder plugin and GROMACS 5.1.1 software
package CHARMMS36 force field (Dias Mirandela et al., 2018), molecular
dynamic (MD) simulations of AmtB surrounded by a coronas containing 260,
280, 300, 320, 340 and 360 detergent molecules were conducted. As an
example, the MD simulation model corresponding to 320 DDM molecules is
presented Figure 3.13. The simulations indicate that the protein-detergent
complexes are stable, and although some reorientation of DDM was observed
during the equilibration, no dissociation of detergent molecules from the
protein was detected after 20 ns of simulation time. The atomistic model clearly
shows that the DDM molecules adopted the typical toroidal shape reported for
other protein-detergent complexes (Chen and Hub, 2015, Berthaud et al.,
2012), with their hydrophilic heads facing the aqueous solution and their

hydrophobic tails oriented toward the inside of the complex.
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Figure 3.13 Top and side view of a MD model at 320 DDM molecules based on the trimeric
1U7G crystal structure of AmtB from E.coli (green: Stick representation of DDM molecule
heads, blue: Stick representation of DDM molecule tails red: Cartoon representation of the
1U7G crystal structure).
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3.5.2. Validation of the atomistic model

To discriminate the accuracy of the different MD models of the PDC containing
between 260-320 molecules of DDM, theoretical SAXS curves were generated
using the software WAXSIS and fitted to the experimental SAXS data. This
part of my PhD project has been done in close collaboration with Prof. Jochen
Hub (Saarland University, Germany). WAXSIS is a software used to generate
theoretical SAXS curves based on an atomic model. In contrast to CRYSOL,
WAXSIS calculates SAXS curves by accounting for explicit-solvent (Knight and
Hub, 2015) whereas CRYSOL implicitly calculates the solvent contribution.
The theoretical scattering curves obtained for the 260, 280 and 300 DDM
molecules models deviate from the experimental data within the Q=1-2 nm
range. The residual plot clearly shows that increasing the number of detergent
molecules from 260 to 320 improved the quality of the fit, but above 320
molecules the quality of the fit decreased (Figure 3.16). The best fit between
the calculated curve and experimental data was clearly obtained for the PDC
model containing 320 molecules of DDM (Figure 3.16). These results suggest
that the MD model generated with 320 DDM molecules is the more accurate
representation of the biological sample used to measure the experimental
SAXS data. To further discriminate between the different MD models, | have
calculated their gyration radii (Rgs) using the Guinier approximation. The Rgs
calculated from the Guinier plot for the models containing between 260-300
molecules of DDM (43.1 - 44.5 A) are lower than the Rg calculated from the
experimental data (45.5 A). In contrast, the Rgs calculated for the models
containing between 340 and 360 molecules of DDM (47.8 and 48.6 A) are
greater (Figure 3.17). Remarkably, the Rg calculated from MD model
containing 320 molecules of DDM (45.6A) is almost identical to the Rg derived
from the experimental data (Figure 3.17). These results confirmed that the
overall dimension of the simulated PDC containing 320 molecules of DDM is

identical to the AmtB-DDM complex in solution.
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Figure 3.15: Guinier plot comparison of the experimental (symbols) and computed (red
line) SAXS curves of the AmtB-DDM complex containing between 260 and 360 DDM
molecules (Dias Mirandela et al., 2018).
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3.6 SANS analysis

It is important to note that the overall information content of SAXS is relatively
low, and thus agreement between experimental and back-calculated curves
may be insufficient to serve as unambiguous evidence for a structural model
(Petoukhov and Svergun, 2015). Specifically, in the context of a protein-
detergent complex, SAXS data reports on the overall shape of the complex,
whereas they do not provide independent information on the individual
contributions from the protein and the detergent corona. Therefore, | employed
SANS together with contrast variation to more firmly validate the computational
model (sections 3.6.1-3.6.3). In a second step | have merged our complete
SAXS and SANS data and conducted a multiphase volumetric analysis of the
complex using the software MONSA (Reyes et al., 2014, Svergun, 1999) to
capture detailed structural information on the complex without using the crystal
structure of AmtB (section 3.6.4).

3.6.1 Contrast match point determination of the DDM

The fundamental difference between SANS and SAXS is that x-rays interact
with the electronic cloud of atoms whereas neutrons interact with the nuclei.
Thus, the neutron scattering pattern from a hydrogen or a deuterium atom are
different. The exchange of hydrogen to deuterium in biological
macromolecules, by varying the ratio of H20/D20 in the buffer, affects how the
molecules scatter neutrons. The scattering length density (SLD) is a measure
of the strength of the interaction of a neutron beamline with a given nucleus.
At the right H20/D20 ratio, when the SLD of a molecules matches the SLD of
the buffer, the molecule becomes “invisible” to neutrons: this is the contrast
match point (CMP) expressed in % of D20 (Figure 3.16). | was aiming at
distinguishing AmtB from the detergent in the Amt-DDM complex in SANS
analysis using a CMP approach. To determine the CMP of DDM, the scattering
intensities of a pure DDM solution was measured in a buffer containing

different D20 concentrations (Figure 3.17).
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| have plotted the square root of the absolute scattering intensity against the
concentration of D20 and the data have been fitted using a linear regression
(Figure 3.17). The CMP of the DDM, 22% D20, was defined by the intersection

between the linear regression and x-axis of the plot.
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Figure 3.16 Schematic example of contrast match point variation for different biological
macromolecules (Zaccai et al., 2016).
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124



3.6.2 SANS data collection

We collected SANS data at four contrast points (0%, 22%, 42% and 60% (v/v)
D20) to differentiate between the individual components of the protein-
detergent complex. To ensure that the samples were stable over the course of
the SANS experiment, | analysed the hydrodynamic behaviour of the proteins
before and after the SANS measurements by analytical size exclusion
chromatography. No differences were observed in the elution profile,
confirming the stability of the protein during the SANS experiment (see Figure
3.2 in section 3.2.2). To ascertain the reproducibility and the quality of the
SANS measurements, | have measured two independent sets of data in
September 2016 and March 2018 using two batches of AmtB purified
independently and the two datasets were found to be identical within the limits
of the observed experimental noise (Figure 3.18). It has previously been
shown that in the absence of D20 in the buffer, neutron scattering from DDM
micelles originates primarily from the hydrophilic head groups (Oliver et al.,
2017). | have calculated (see section 3.6.1) the overall contrast match point
of DDM to be at 22% D20, while the contrast match point for typical proteins
is around 42% D20 (Zaccai et al., 2016, Breyton et al., 2013). Consequently,
the scattering contribution is dominated by the protein and the DDM hydrophilic
head group in a buffer containing 0% D20, by the protein at 22% D20 and by
the complete detergent corona at 42% D20 (Figure 3.18). The two scattering
curves measured in September 2016 and March 2018 present exactly the
same shape for the conditions at 0, 22 and 42% D20 (Figure 3.18). This result
shows that the overall organisation of the complex AmtB-DDM did not change
in between the two datasets (Figure 3.18). A complementary SANS curve was
measured at 60% D20 in March 2018 to improve the quality of my modelling
process. Usually SANS data is noisy and by increasing the concentration of
D20, the signal becomes even noisier. The experimental errors measured for
all the datasets were very low at a Q range below 1 nm illustrating the quality
of the data.
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3.6.3 Validation of the MD models using SANS data

To compare the experimental neutron scattering data with the MD-generated
models (see section 3.5), SANS curves were calculated using WAXSIS for
9000 individual configurations observed during 70-160 ns MD trajectories of
each of the complexes. To this end, using my SANS dataset, Prof Jochen Hub
extended the WAXSIS software, originally developed for SAXS predictions, to
also allow SANS predictions with explicit-solvent models at various D20
concentrations. | have fitted the experimental curves of the MD models
containing 260-360 molecules of DDM to the calculated curves following lsit =
f-lexptcC, thereby accounting for scattering contributions from the incoherent
background with the fitting parameter c (Figure 3.19-24). However, neither the
hydration layer nor the excluded volume were adjusted. The residual plot
indicates that all SANS data sets were best fitted by the curves calculated for
the model incorporating 320 molecules of DDM (Figure 3.22). Hence, the
SANS and SAXS data consistently validates our MD model with 320 DDM
molecules. The good agreement between experimental and computed SANS
curves indicates that the MD model describes accurately the hydrophobic and
hydrophilic phase of the detergent ring as well as the position of AmtB inside
the corona. Hence, the computed approach is validated by the experimental
SAXS/SANS data, demonstrating that precise atomic details can be derived

from a combined approach using MD/SAS combined analysis.
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Figure 3.19 Comparison of the experimental (symbols) and computed SANS (lines) for the
MD model at 260 DDM molecules. Below each graph, the residual error plot expressed as

the experimental minus computed scattering intensity.
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Figure 3.20 Comparison of the experimental (symbols) and computed SANS (lines) for the
MD model at 280 DDM molecules. Below each graph, the residual error plot expressed as

the experimental minus computed scattering intensity.

129



1070 4
109—E
108—E

107 4

log (1)

1064 — SANS22% D,0 [

105—;
| — SANS 60% D,0

=— SANS 42% D,0

0.5 1 1.5

residues
)

residues
o
8]
iBO
5
&
%O

0 a o nn® oA B I ) BRI B S
gy Fay T

residues

05 1 15 2
100+

50 A
O o0
o7 o e
o © O o %4 RO,

-50 -

residues
o

-100

05 1 15 2

log Q (nm™1)
Figure 3.21 Comparison of the experimental (symbols) and computed SANS (lines) for the

MD model at 300 DDM molecules. Below each graph, the residual error plot expressed as
the experimental minus computed scattering intensity.
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Figure 3.22 Comparison of the experimental (symbols) and computed SANS (lines) for the
MD model at 320 DDM molecules. Below each graph, the residual error plot expressed as
the experimental minus computed scattering intensity.
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Figure 3.23 Comparison of the experimental (symbols) and computed SANS (lines) for the
MD model at 340 DDM molecules. Below each graph, the residual error plot expressed as
the experimental minus computed scattering intensity.
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Figure 3.24 Comparison of the experimental (symbols) and computed SANS (lines) for the
MD model at 360 DDM molecules. Below each graph, the residual error plot expressed as

the experimental minus computed scattering intensity.
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3.6.4 Ab initio modelling using multiphase software MONSA

In the MD/SAS combined approach presented in paragraphs 3.5.1, 3.5.2 and
3.6.3, the crystal structure of AmtB was used to produce the MD trajectories,
which precludes the possibility of applying this combined approach to
membrane proteins of unknown structure. | therefore applied an independent
“MD-free” approach to obtain a full ab-initio model that captures detailed
structural information on the complex without using the crystal structure of
AmtB. To achieve this, | have merged the complete SAXS and SANS data and
conducted a multiphase volumetric analysis of the complex using the software
MONSA (Reyes et al., 2014, Svergun, 1999). MONSA is an extended version
of the software DAMMIN that | have used to obtain AmtB-DDM models from
SAXS data (see paragraph 3.4.2). MONSA is used for multiphase bead
modelling which allows simultaneous fitting of multiple curves from x-ray and
neutron contrast variation series. MONSA reads multiple data sets and
information about the contrasts and volume fractions of the protein and
detergent phases in the AmtB-DDM particle. Hence, it is possible not only to
separate the scattering signal from the protein and the DDM but also to
distinguish the hydrophilic heads from the hydrophobic tails of the DDM. The
scattering length density | have used to calculated the various phase of the
PDC during the MONSA-modelling process are presented in Table 3.2.
Assuming the volume of a DDM molecule to be 690 A3 (350 A3 and 340 A3 for
the head and the tail respectively) (Breyton et al., 2013), | have imposed a
volume of 112,000 A3 and 108,800 A3 for the hydrophilic and hydrophobic
phases of the 320 DDM molecules. The volume of AmtB (166,864 A%) was
calculated based on its amino acid sequence alone using the Biomolecular
Scattering Length Density Calculator available on line

(http://psldc.isis.rl.ac.uk/Psldc). Since the trimeric nature of AmtB in solution

was confirmed by my SEC-MALS and AUC analyses (see paragraph 3.3.1-
3.3.2), | have imposed a P3 symmetry for the complex. Crucially, all this
information can be readily obtained for any membrane protein solubilised in

detergent, using widely accessible and complementary biophysical techniques
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(e.g. SEC-MALS/AUC in this study). Ten MONSA runs (Figure 3.25) were
performed and all the models look nearly identical, which demonstrates the
robustness of the modelling step. A representative MONSA model with the
crystal structure of AmtB docked is shown in Figure 3.26. The model faithfully
reflects both the size and shape of the MD-generated model. The protein
envelope is a good representation of the crystallographic structure of AmtB
and is confined inside the detergent corona. Importantly, the joint use of both
SAXS and multiple SANS datasets allowed the head- and tail-groups of the
detergent corona to be distinguished and place them correctly with respect to
the protein surface and solvent. Such detailed insight is usually not achieved
with ab initio models unless additional contact restraints are applied
(Koutsioubas, 2017). The detergent ring fits the contours of the protein and the
positions of the two detergent phases (head- and tail-groups) are particularly
clear. The hydrophobic phase is strictly contained between AmtB and the
hydrophilic ring, with only the tails of DDM being in contact with the
hydrophobic surface of the transmembrane domain. Hence, without using
deuterated protein or detergent, and without information about the 3D structure
of AmtB, the combination of SAXS and SANS data captures the essential
structural details contained in membrane-protein detergent complexes in

solution.

To assess and validate the multiphase modelling approach using MONSA, |
have fitted the theoretical SANS and SAXS curve generated for one of the 10
models (model boxed in Figure 3.25) to the experimental SANS/SAXS dataset
(Figure 3.26). | have used chi? as a statistical parameter to test the goodness
of the fit for each theoretical SANS and SAXS curves against the experimental
dataset. The chi? obtained for the SANS condition at 0, 22, 42, 60% D20 and
SAXS curve were 1.19, 0.44, 1.09, 4.01 and 1.72 respectively. The chi?values
showed that the MONSA model perfectly fits the experimental SANS and
SAXS dataset.
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Table 3.2 Scattering length density contribution of the protein, hydrophilic

heads and hydrophobic tails of the detergent at different H,0O/D,0
conditions.

Protein Hydrophilic heads Hydrophobic tails
of DDM of DDM
0% D20 2.33 241 0.15
22% D20 1.04 1.34 -1.38
42% D20 -0.14 0.36 -2.77
60% D20 -1.20 -0.52 -4.03
X-ray (electron scattering) 243 5.13 -1.35
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Figure 3.25 Top view of 10 different MONSA multiphase modelling using the SAXS and
SANS data. The phase corresponding to the protein is represented by red beads, the
hydrophilic and hydrophobic detergent density are represented by green and blue,
respectively. The model in a box was used for SAS curves analysis.
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Figure 3.26 (A) MONSA multiphase model obtained using the SAXS and SANS data. (B)
Fit of the MONSA model against the experimental SAXS data (inverted green triangle),
SANS 0% (black square), 22% (red circle), 42% (blue triangle) and 60% (purple diamond)
D,O curves.
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3.6.5 Structural comparison between the experimental and
computational models

To compare the computational and experimental modelling approaches, | have
superimposed the atomic model generated by MD simulations for AmtB at 320
DDM molecules with the experimental multiphase MONSA model (Figure
3.27). The positions of the hydrophobic tails and hydrophilic heads of the DDM
in computational and experimental models are identical. This result
emphasised that the multiphase experimental model | have obtained
accurately describes the position of the detergent molecules. Thus, the
accuracy of the low resolution experimental model is in agreement with the

atomic computed model validating this combined approach.
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Figure 3.27 (A) MONSA multiphase modelling using the SAXS and SANS data. (B)
Molecular dynamic model of the detergent (320 molecules) surrounded AmtB. The phase
corresponding to the protein is represented in red mesh, the hydrophilic and hydrophobic
detergent densities are represented in green and blue, respectively.
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3.7 Discussion

The difficulty of handling membrane transporters has made it difficult to solve
their structures and in numerous cases, crystallographic structures gave little,
if any, information on the dynamics of the protein as exemplified by the
Amt/Mep/Rp transporter family. Thus, it is timely to explore new approaches
and extend the reach of new and rapidly developing SAS technologies to solve
fundamental mechanistic questions about membrane transporter and channel

function.

SAXS studies: In this part of my PhD project, | aimed to use SAXS to obtain
structural information of AmtB in solution. In structural maps obtained by SAXS
methods on membrane proteins, the detergent shell that encompasses the
hydrophobic domains of the protein forms a continuous region of density.
Thus, distinguishing the protein from the detergents is particularly problematic
as the software used to analyse SAXS data assumes a homogenous
repartition of the electron density in the PDC. To overcome this challenge, the
software memprot has been developed to obtain a torus ellipsoid shape
representing the detergent corona around the membrane protein (Perez and
Koutsioubas, 2015). However, the use of memprot presents several
limitations: 1-the high resolution structure of the membrane protein is
necessary for the modelling process and 2- it as to be assumed that the crystal
structure describes the overall conformation of the protein in solution
(Berthaud et al., 2012, Perez and Koutsioubas, 2015). Memprot is a useful
software to generate a coarse grained model of detergent molecules that
surround membrane proteins but the resolution is low. | have therefore
complemented the SAXS analysis with SANS studies combined with atomistic

modelling.

SANS/CMP studies: The use of neutron instead of x-ray in scattering
experiments allows us to distinguish the different components of a
heterogeneous complex, for example a protein-protein, protein-RNA or

protein-detergent complex (Gabel, 2015, Mahieu and Gabel, 2018). So far,
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contrast match point is the most common approach to distinguish the different

components of protein complexes by SANS:

1- Using deuterated proteins (Zaccai et al., 2016) or deuterated detergents
(Oliver et al., 2017). However, producing deuterated macromolecules is time
and not cost effective. In addition, deuterated media are often toxic to bacteria,
leading to decreased protein yields (Xie and Zubarev, 2014). Finally
commercially available deuterated detergents are extremely expensive, for

example 0.5 g of deuterated DDM costs around £2,200.

2 - Using a deuterated lipid/protein in nanodiscs (Ritchie et al., 2009). In this
system a disc of lipid bilayer is stabilised using a membrane scaffold protein
(MSP) forming a nanodisc (Ritchie et al., 2009). The membrane protein is then
inserted into the disk. The lipids and MSP used are usually deuterated allowing
a “stealth carrier” formation, hence the scattering signal of the membrane
protein can be isolated and measured independently in a “native” lipid
environment (Maric et al., 2014). This “stealth carrier” tool was developed by
Prof. Lise Arleth and was successfully applied to obtained structural
information on cytochrome P450 (Skar-Gislinge et al., 2015) and
bacteriorhodopsin (Kynde et al., 2014). However, using deuterated

macromolecules and lipids are problematic (see point 1 above).

Crucially, all the SAS analysis describe so far needs a-priori knowledge of the
3D structure of the membrane proteins. To overcome this bottleneck, | have
merged my SAXS and SANS data and conducted a multiphase analysis using
MONSA. This is the first time that such methodology has been applied to

analyse a protein-detergent complex.

SANS/SAXS multiphase analysis: Even if the crystal structure of a
membrane protein is not available, SANS measurements at different contrast
match points can be used to provide low resolution structural insights as
exemplified by the Slc26/SulP family of transporters (solute carrier/sulfate
transporter) (Compton et al., 2011, Compton et al., 2014). In these studies, the
authors, without any information on the structure of the Slc26/SulP transporter

family, used SANS to show that these transporters dimerise in solution via their
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transmembrane domain helices (TMH) and that the cytoplasmic Sulphate
Transporter and AntiSigma factor antagonist (STAS) domain projects away
from the TMH domain and is not involved in the dimerisation. These data were
later confirmed by the first high resolution structure of a member of the
SIc26/SulP transporter family (Geertsma et al., 2015). In our approach, we
pushed further the boundaries of using the SAS technique at different contrast
match points by performing a multiphase analysis using MONSA software
(Svergun, 1999). In this modelling experiment, we merged SAXS and SANS
data, without using deuterated protein/detergent to obtain unprecedented
structural information on the phase density of the detergent, in particular to
distinguish head- and tail-groups in the assembled membrane
protein—detergent complexes. The advantage of this approach lies in the fact
that it does not require information on the 3D structure of the protein, which
opens up the possibility of applying this methodology to a wide range of
important membrane proteins that have remained inaccessible to high
resolution structural analysis. A software was developed in order to optimise
ab-initio modelling using multiple SAS datasets. Dr. Koutsioubias recently
developed an algorithm to generate a multiphase coarse-grained model
capable of distinguish protein, detergent tails/heads and the solvent. Models
generated with this algorithm are based on different SAXS/SANS datasets
(similar to MONSA software) (Koutsioubas, 2017, Svergun, 1999). The same
study showed that one scattering dataset is not enough for accurate ab-initio
modelling. Hence, the increment of SANS datasets at different contrast match
points substantially improves the fidelity of the model obtained, which is in

agreement with our approach (Koutsioubas, 2017).

Future development of SAS approaches to study membrane protein

dynamics:

SAXS/SANS are not able to determine atomic-resolution models of proteins
de novo but are instead best used to validate or discard hypotheses on the
structures based on a priori information. Thus, the combination of MD and SAS
techniques provided a tool to study the dynamics of a known atomic model.

Comparing the theoretical scattering curves from atomic computed models
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against experimental data may help to improve our understanding of the
dynamics of a transport system. An example of this application was the study
undertaken by Dr. Frank Gabel and co-workers on the membrane transporter
FhaC (Gabel et al., 2014). In this study, the authors were able to probe fine
structural details of the protein in the presence of detergent, such as the
position of the N-terminal a helix and discard several potential conformations
obtained by MD simulations. The authors, however, did not combine SANS
and SAXS analysis. Our integrated approach demonstrates that combining
SAXS, SANS, and iterative simulations provides much more detailed structural
information than each of the methods alone. It is my belief that a hybrid
approach, combining in solution SAS techniques and in silico modelling, will
allow the description of conformational changes of membrane proteins in

solution, induced by ligand or cofactor binding.

Software development for SAS analysis: A critical aspect of computing SAS
data from MD simulation is that most of the software that generates theoretical
scattering curves is based on an implicit solvent layer calculation of the atomic
model (Knight and Hub, 2015). This means that dummy atoms are used to
estimate the hydration layer of atomic model and implicit solvent calculation
often leads to overestimation of the fit between experimental and computed
scattering curves (Knight and Hub, 2015). Therefore, Prof. Jochen S. Hub
created a software (WAXSIS) capable to explicitly calculate the hydration layer
based on SAXS data (Knight and Hub, 2015, Chen and Hub, 2014). Using my
dataset, the software has been extended to account for SANS data and
therefore opens up this software package for future projects including both
SAXS and SANS scattering data.

Combinations of SANS, SAXS and MD simulations have remained
underexploited by the scientific community. In this context, this work
represents a significant advancement in data acquisition, model validation,
development of new software, and multiphase volumetric analysis to firmly
establish SAS technology as a standard method for membrane protein

structural biology
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Chapter 4: Functional analysis of AmtB

Aims and objectives

The study presented in this chapter focuses on using an electrophysiological
technique named Solid Supported Membrane Electrophysiology (SSME) to
unravel in vitro the molecular mechanism of the E.coli ammonium transporter
AmtB. To this end, | have characterised the activity of wild type AmtB and
variants affected in the S1 binding site and in the hydrophobic pore (see

section 1.3.3in Chapter 1).

In parallel to the in vitro experiments, | used a yeast in vivo complementation
assay to confirm our SSME analysis. This in vivo study was done in
collaboration with Dr. Mélanie Boeckstaens and Dr. Anna-Maria Marini
(Université Libre de Bruxelles).

My objectives were to:

1- Insert AmtB into liposomes and characterise the proteolipososmes
obtained (size, protein content and orientation).

2- Develop an assay to measure the activity of AmtB using solid

supported membrane electrophysiology (SSME).

3- Decouple and characterise the ammonium binding and translocation
activity of AmtB by analysing the activity of variants affected in the S1
site or the hydrophobic pore.

The study presented in this Chapter and in Chapter 5 is the subject of two
publications: one published in FASEB Journal (see appendix B) and one in

preparation:

Dias Mirandela G, Tamburrino G, Hoskisson PA, Zachariae U, and
Javelle A. (2018) The lipid environment determines the activity of the
E.coli ammonium transporter, AmtB. FASEB J. in press. doi:
10.1096/fj.201800782R
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Williamson* G, Tamburrino* G, Dias Mirandela* G, Hoskisson PA,
Pisliakov A, Boeckstaens M, Marini AM, Zachariae U and Javelle A
“‘Mechanism of action for the ammonium transporter AmtB.” In
preparation.
*equally contributed

4.1. Introduction

As stated in the introduction of this thesis, the E. coli ammonium transporter
AmtB is the model system of choice to investigate ammonium uptake in the
ubiquitous Amt/Mep/Rh protein family. AmtB is structurally well characterised,
with more than 20 high resolution structures reported in the Protein Data Bank
(PDB) to date. Despite this wealth of structural information, the ammonium
transport mechanism has not yet been unravelled since all the structures show
a very similar conformation irrespective of the presence or absence of
ammonium. Moreover, the functional studies undertaken during the last two
decades to elucidate the mechanistic of ammonium transporters led to

controversial conclusions (see Chapter 1, section 1.4).

Recently, the activity of the ammonium transporter 1 from A. fulgitus (AfAmt1)
has been characterised using Solid Supported Membrane Electrophysiology
(SSME) (Wacker et al., 2014). It was experimentally demonstrated for the first
time that AfAmtl was electrogenic indicating the translocation of NH4* or NH3
and H* (Wacker et al., 2014). This functional breakthrough challenged all the
crystal structure analyses so far showing that the pore of Amt/Mep/Rh proteins
is hydrophobic (Khademi et al., 2004, Zheng et al., 2004, Andrade et al., 2005,
Javelle et al., 2007, Javelle et al., 2008, van den Berg et al., 2016). To confirm
that Amt proteins are electrogenic transporters, | have investigated the activity
of the ammonium transporter B from E.coli using SSME technology.
Additionally, | have measured the activity of AmtB variants affected in the S1

binding site and the hydrophobic pore (Javelle et al., 2008, Javelle et al., 20086,
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Wang et al., 2013).

4.2 Proteoliposomes formation and characterisation

Having successfully characterised and purified AmtB solubilised in DDM

(Chapter 3), | have reconstituted AmtB into an artificial liposome.

4.2.1 Destabilisation of the liposomes

To facilitate the insertion of AmtB, the liposomes need to be destabilised using
detergent (Triton X-100). To this end, Triton X-100 is added sequentially to the
liposome solution to progressively destabilise the lipid bilayer. The liposomes
swell due to the insertion of detergent inside their membranes until reaching
the onset of saturation (Rsat). When the Rsat limit is reached, further addition of
detergent starts to solubilise the liposomes until reaching the onset of
solubilisation (Rso) (Rigaud et al., 1995, Rigaud et al., 1988, Rigaud, 2002,
Paternostre et al., 1988).

To experimentally determine Rsat and Rsol, 1 YL Triton X-100 at 25% was
sequentially added to 500 pL of liposomes (5 mg/mL) and the absorbance at
400 nm was monitored. The turbidity of the liposome solution increases with
the addition of detergent as the liposomes become more saturated and swell.
The turbidity stopped to increase after 4 L (0.39 M) of Triton X-100 was added
(Rsat reached). After Rsat, the addition of detergent decreased the absorbance
until the total solubilisation of the lipids was achieved (Rsol) (Figure 4.1). Hence,
the optimum amount of detergent for protein insertion was 1.56 uM of Triton
X-100 per mg of lipid.
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Figure 4.1 R, and R, constant determination of E.coli polar lipid:PC 2:1 (w/w) liposomes
using Triton X-100 at 25%.
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4.2.2 AmtB insertion in the liposomes

To ensure that AmtB was inserted, | have analysed the liposomes by SDS-
PAGE. As previously described in Chapter 2, pure AmtB solubilised in DDM
(5 mg/mL) was mixed into the liposomes/Triton X-100 mixture (see section
4.2.1). Subsequently, Triton X-100 and DDM were removed by adsorption onto
hydrophobic beads (SM2 Biobeads, BioRad) to allow the insertion of AmtB
inside the lipid bilayer (Galian et al., 2011). After an overnight incubation with
SM-2 Biobeads, the proteoliposomes were diluted 10 times in liposome buffer
(see Chapter 2, Table 2.5), collected by ultracentrifugation at 200,000 g, 4°C
for 30 minutes, and re-suspended in 6 mL of liposome buffer (as a washing
step). This operation was repeated two times. Finally, after the last
ultracentrifugation step, the pellet containing the proteoliposomes was re-
suspended in 500 pL of liposome buffer (5 mg/mL of lipids). At each step of
the process, the liposomes were analysed by SDS-PAGE gel to ensure that
the protein was correctly inserted into the lipid bilayer (Figure 4.2). If the
protein is completely inserted, no protein should be found in the wash fractions.
The result presented in Figure 4.2 shows that no protein was found in the
washing fractions. The protein was only found in the proteoliposomes

indicating that AmtB was inserted into the lipid bilayer.
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Figure 4.2: SDS-PAGE Coomassie Blue-stained gel. L; ladder, W1-3; washing fraction 1-
3, P; proteoliposomes, AmtB; 5 pg of pure AmtB used for the reconstitution in the
proteoliposomes.
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4.2.3 Size distribution of the liposomes and proteoliposomes

The size of the liposomes and proteoliposomes were determined using

dynamic light scattering (DLS).

The motion of the liposomes in the buffer was directly recorded via a static light
scattering detector placed at certain angles. An auto-correlation function was
used in order to determine the particle size distribution. The DLS analysis
confirmed that liposomes and proteoliposomes follow a unimodal size
distribution with a mean diameter of 110 nm, hence the insertion of AmtB did
not affect the size distribution (Figure 4.3). In addition, the DLS profiles
indicate that empty liposomes and proteoliposomes do not form aggregates.
Taken together, these results show that | am able to directly compare the
transient charge displacement, characterising the translocation of NHas*
through the membrane/AmtB in the empty liposomes/proteoliposomes

respectively.
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Figure 4.3: Size distribution of the empty liposomes (blue) and proteoliposomes (red) by
DLS analysis.
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4.2.4 Orientation of the protein into proteoliposomes

To determine if AmtB was inserted right-side-out (RSO - C-terminal tail located
inside the liposome) or inside-out (IO - C-terminal tail located outside the
liposome) the following methods were used:

1- Immobilised Metal Affinity Chromatography (IMAC) as described by
Vitrac and co-workers (Vitrac et al., 2013).

2- TEV protease digestion assay as described by Wacker et al. (Wacker
et al., 2014).

4.2.4.1 Orientation of the protein using IMAC matrix

Proteoliposomes were incubated in batch with Sepharose 6 matrix loaded with
nickel. AmtB is fused at the C-terminal cytoplasmic tail with a hexa-His tag. If
all AmtB proteins are inserted in a right-side-out (RSO) orientation in a
liposome, the C-terminal affinity tags should not be accessible, hence the
proteoliposomes should flow through the IMAC matrix. By contrast, if an AmtB
protein is inserted inside-out (10) in the proteoliposomes the His-tag should be
accessible and the proteoliposomes are expected to bind to the matrix and
thus be present in the elution fraction. As a control, | treated the
proteoliposomes in parallel with DDM to solubilise AmtB and analyse it by
IMAC using identical conditions as for the analysis of the proteoliposomes
without DDM. The proteoliposomes (5 mg/mL) were treated with or without 2%
DDM and incubated with the Ni-sepharose 6 affinity resin at 4°C for 1 hour.
The supernatant was collected after centrifugation and the resin was washed
4 times with non-activated buffer (Chapter 2, Table 2.6). The proteoliposomes
were eluted in non-activated (NA) buffer containing 500 mM imidazole (see
Chapter 2 for details). The flow through, wash and elution fractions were
analysed by SDS-PAGE (Figure 4.4).
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When the liposomes were treated with DDM, AmtB was almost exclusively
present in the elution fraction as expected. Without DDM treatment, however,
more than half of AmtB is present in the flowthrough (Figure 4.4, FT minus
condition). This result indicated that in more than 50% of the proteoliposomes

not a single protein is 10 oriented (Figure 4.4).
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Figure 4.4: Determination of AmtB orientation in the proteoliposomes by IMAC. SDS-
PAGE Coomassie Blue-stained gel the lipososmes purified by IMAC after DDM treatment
(+) orin absence of DDM (-). L; ladder, FT; flow through, W; wash, E; elution fraction, AmtB;
5 ug of pure AmtB used for the reconstitution in the proteoliposomes.
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4.2.4.2 Orientation of the protein using TEV protease digestion

analysis

A chimeric AmtB protein containing a TEV cleavable site inserted between the
C-terminal tail and the hexa-his tag (Chapter 2, Table 2.3) was inserted into
liposomes according to the procedure described in Chapter 2, section 2.3.1.
The proteoliposomes were treated with the TEV protease. As a control the
same digestion experiment was done using pure AmtB protein and

proteoliposomes solubilised by 1.25% of Triton X100.

The different reactions were analysed after digestion by SDS-PAGE. If AmtB
inserted into proteoliposomes is orientated 10, the TEV protease will cleave
the His-tag (~20 amino-acids lacking) leading to the shortening of the protein
visualised on SDS-PAGE.

Only a light intensity band corresponding to non-digested AmtB was observed
on the SDS-PAGE analysis indicating that the majority of AmtB was digested
by the TEV (Figure 4.5, Label 2). This result shows that the majority of AmtB
was inserted 10 (Figure 4.5). Surprisingly both “IMAC” and “TEV protease”
approaches gave contradicting results. It is therefore difficult to precisely
quantify the amount of AmtB oriented RSO or RSO/IO. | can only conclude
that there is a mixture of RSO/IO protein in the proteoliposomes. Therefore, a
complementary experiment was undertaken to compare the activity of AmtB
measured by SSME using a mixture of RSO/IO or pure RSO proteoliposomes.
(see section 4.3.1).
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Figure 4.5: Determination of AmtB orientation in the proteoliposomes using TEV protease.
SDS-PAGE Coomassie Blue-stained gel of 5 pg of pure AmtB used for the reconstitution
in the proteoliposomes (AmtB), proteoliposomes (P), 5 ug of purified TEV (TEV), pure AmtB
digested with TEV (1), proteoliposomes digested with TEV (2) and proteoliposomes
solubilised by 1.25% Triton X-100 and digested with TEV (3).
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4.3 Characterisation of AmtB activity using the Solid Supported
Membrane Electrophysiology Technique (SSME)

4.3.1 Electrophysiological measurements on proteoliposomes at
different lipid protein ratios

After an ammonium pulse of 100 mM to the proteoliposomes containing AmtB,
a fast positive transient current of 3.3 nA was measured by SSME whereas no
current was recorded for empty liposomes. | show a representative trace in
Figure 4.6, panel A but It should be noted that the amplitude of the transient
current differs from sensor to sensor because the number of proteoliposomes
coated on the solid supported membrane (SSM) varies (Bazzone et al., 2017).
The average transient current peak measured in multiple sensors for a pulse
of 100 mM ammonium at LPR (Lipid protein ratio) 10 was 3.37+0.26 nA. The
current measured by SSME is transient because the charge displacement
inside the proteoliposomes creates an outwardly directed negative membrane
potential that progressively inhibits the transport cycle. Thus, a typical SSME
trace possessed two phases 1- a rapid increase of the current followed by 2-
an exponential decrease characterised by a decay time. The decay time of the
second phase measures the velocity at which the membrane potential is
created. This fast transient current measures both pre-steady-state charge
displacement, corresponding to the interaction of ammonium with AmtB, and
steady-state charge displacement, describing the continuous turnover during

the complete transport cycle of AmtB (Bazzone et al., 2017).

The proteoliposomes contained a mixture of RSO/IO oriented AmtB as
presented in section 4.2.4. To estimate the effect of AmtB orientation on the
transient current measured by SSME, | have measured the charge
displacement on a majority of RSO proteoliposomes. To collect the
proteoliposomes in which AmtB is mainly RSO orientated, | incubated the
mixed RSO/IO proteoliposomes with IMAC resin and collected the flow
through. A majority of RSO oriented AmtB are present in the flow through. The

transient currents measured after an ammonium pulse of 100 mM in
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proteoliposomes containing AmtB mainly oriented RSO or RSO/IO were
normalised and compared (Figure 4.7). The overall shape of both transient
currents was the same, thus | hypothesised that it is justified not to purify the

proteoliposomes before each SSME measurement.

To further confirm that the transient currents correspond to the translocation of
ammonium into the proteoliposomes, rather than a simple interaction between
the substrate and the transporters, | have investigated the effect of varying the
number of transporters per proteoliposome on the charge displacement. It is
expected that the decay time is prolonged with increasing protein density in
the liposomes if the current represents a complete transport cycle, while it
should be independent if the current reflects a simple interaction between the
substrate and the protein (Zuber et al., 2005). To test this, | have reconstituted
AmtB into liposomes at LPR 50, 10 and 5 (w/w). To confirm the variation of
AmtB density in the proteoliposomes prepared at various LPR, the same
quantity of proteoliposomes, for each LPR condition, was loaded on a SDS-
PAGE. The SDS-PAGE confirmed that the protein density in the
proteoliposomes changed in agreement with the LPR (Figure 4.6, B). After a
pulse of 100 MM ammonium, the maximum amplitude of the transient current
between LPR 50, 10 and 5 increased from 0.47+£0.02 nA to 3.37+0.26 and
7.90%0.35, respectively. More importantly, the decay rate constant of the
second phase increased from 9.5+0.7 s* to 13.4+1.6 st and 18.7+1 s (Figure
4.6).

Taken together, these results showed that:

1- A charge displacement specific to AmtB can be detected.

2- The transient current describes the complete transport cycle.

| conclude that AmtB is an electrogenic transporter acting as a NHs/H*

symporter or NH4* uniporter.
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Figure 4.6: Characterisation of AmtB activity. (A) Transient current measured after a 100
mM ammonium pulse in empty liposomes (green) or proteoliposomes containing AmtB at
a LPR50 (black), 10 (red) or 5 (blue). (Insert): Normalised current measured in
proteoliposomes containing AmtB at a LPR50 (black), 10 (red) or 5 (blue). (B) SDS-PAGE
Coomassie Blue-stained gel of proteoliposomes containing AmtB at a LPR 50, 10 and 5,
AmtB; 5 mg of pure AmtB used for the reconstitution in the proteoliposomes.
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Figure 4.7: Functional characterisation of different AmtB orientations. Normalised current
measured
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4.3.2 Substrate specificity

To characterise the specificity of AmtB towards monovalent cations, |
measured the current after pulses of Na* and K*. The ionic radii of Na* (0.116
nm), and K* (0.152 nm) are similar to the size of NH4" ion (0.151 nm)
(Shannon, 1976). Despite this, a pulse of 100 mM Na* or K* did not trigger any
charge displacement which shows that these ions neither interact, nor are

translocated through AmtB (Figure 4.8).

Next, | investigated the specificity of AmtB for ammonium versus
methylammonium (MeA). MeA has been widely used to measure ammonium
transport activity (for review see Javelle at al., 2007 and references herein).
Here, | show that a pulse of 100 mM MeA triggers a transient current of
0.50+0.02 nA, compared to 3.37+0.26 nA for ammonium, while the decay
constant is 4 times lower (Figure 4.8). To characterise the kinetics of
ammonium and MeA translocation, the transient currents were measured in
proteoliposomes reconstituted at LPR10, following ammonium or MeA pulses
ranging from 0.024 mM to 100 mM. The peak current is saturated between
ammonium pulses of 25-50 mM. Therefore, | normalised our recordings
against the maximum current measured at 100 mM for ammonium. The data
were then fitted according to the Michaelis-Menten equation (r>=0.99) and a
Km of 0.8£0.1 mM was calculated for ammonium (Figure 4.9). A Km 70 times
higher (55.8 mM) was calculated for MeA uptake (Figure 4.9). Taken together,
these results showed that AmtB is highly specific for ammonium which
indicates that MeA is a poor substrate analogue not suited to elucidate the
mechanistic details of AmtB activity.
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Figure 4.8: Specificity of AmtB activity: Transient current measured on proteoliposomes
containing AmtB at a LPR10 after a 100 mM substrate pulse. Ammonium (Red),
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Figure 4.9: Kinetics analysis for the translocation of ammonium (red) or MeA (black)
through AmtB. The currents were normalised against the maximum amplitude measured
after a substrate pulse of 100 mM.
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4.3.3 Current reconstruction

The transient current measures both pre-steady and steady state charge
displacement. However, the steady state current which describes the full
turnover of the transport activity can be reconstructed by analysing the system
as an electrical circuit (Mager et al., 2011). The detailed procedure for the

current reconstruction is described in Chapter 2, section 2.4.2.5.

An ammonium or MeA pulse of 100 mM triggered a steady-state current of ~4
nA, or ~0.5 nA respectively (Figure 4.10). This shows that both MeA and
ammonium are transported by AmtB, but MeA is translocated at a greatly
reduced rate. These results show further that MeA is a poor substrate
analogue, not suited to elucidate the mechanistic details of AmtB activity. The
implication is that all previous analyses, aiming at answering mechanistic

guestions about AmtB using MeA should be re-evaluated with care.
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4.4 Characterisation of AmtB variants activities

| have previously demonstrated that it was possible to “mathematically”
disconnect the steady state from the pre-steady state current associated with
AmtB activity (see section 4.3.3). This indicates that there are at least two
steps in the transport mechanism: 1- substrate/protein interaction and 2-
substrate translocation. This is perhaps not surprising but it rules out a simple
channel-like mechanism as previously proposed (Soupene et al., 2002). In this
section my aim was to experimentally show the existence of the two steps. To
this end, | have disconnected the pre-steady state (substrate-protein
interaction) and steady state (continuous turnover of the transport cycle)
current by analysing numerous variants. Previous structural and functional
analyses have shown that the residue Ser219 in the S1 site and the twin-His
motif His168/His318 in the hydrophobic pore were particularly important for
NHa4* recruitment and translocation respectively (Hall and Kustu, 2011, Javelle
et al., 2008, Javelle et al., 2006). However, these functional data were
collected using the non-suitable substrate analogue MeA. | have therefore
analysed the activity of AmtB Ser219Ala, His168Ala/His318Ala and
His168Ala/Ser219Ala/His318Ala variants using the real substrate
(ammonium) and a combination of in vivo (section 4.4.1) and in vitro (section

4.4.2) techniques.

4.4.1 In vivo characterisation of AmtB variants in S. cerevisiae

First, 1 took advantage of the very clear ammonium-dependent growth
phenotype of S. cerevisiae lacking all three MEP genes to characterise the
phenotype associated with the activity of the AmtB variants (Wang et al.,
2013). The wild-type and the variants Ser219Ala, His168Ala/His318Ala and
His168Ala/Ser219Ala/His318Ala were expressed from the pDR195 plasmid in
the S. cerevisiae strain 31019b (AMEP1-3). Growth phenotype analysis
(Figure 4.11) showed that the S. cerevisiae AMEP1-3 strains expressing or

not Mepl, Mep 2, AmtB wild type/variants grew equally well on medium
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containing glutamate as the sole nitrogen source, showing that the expression
in trans of Mep1, 2 and AmtB is non-toxic to the cells. The AMEP1-3 strain did
not grow after 5 days at 30°C when 1 or 3 mM NH4Cl was used as sole nitrogen
source. The AMEP1-3 strain expressing Mepl or Mep2 or AmtB wild
type/AmtBSer219Ala grew equally well on medium containing 1 or 3 mM
ammonium as the sole nitrogen source but no growth was observed when the
cells expressed AmtBHislGSAIa/His318Ala and AmtBHis168AIa/Ser219AIa/His318AIa (Figure
4.11). This in vivo data shows that substituting only one residue in the S1 site
does not prevent translocation of ammonium but changing both residues in the

twin-his motif in the pore does impair ammonium translocation in yeast cells.
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Figure 4.11: Growth tests of Saccharomyces cerevisiae yeast cells on solid medium.
Medium containing, as the sole nitrogen source, ammonium 1 or 3 mM (Am1, Am3), or
glutamate 0.1% (Glt, positive growth control). Triple-MEPA (MEP1A MEP2A MEP3A,
31019b) cells were transformed with an empty vector (-, pDR195), with a low-copy-number
plasmid YCpScMepl, or YCpScMep2, or with a multi-copy plasmid pDR195EcAmtB,

Ser219Ala His168Ala/His318Ala

pDR195EcAmtB , pDR195EcAmMtB , or

His168Ala/Ser219Ala/His318Ala

pDR195EcAmtB . Cells were incubated for 3 days at 29°C.
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4.4.2. In vitro SSME study on AmtB variants

To compare the qualitative result of the in vivo complementation test with the
SSME in vitro assay, | next measured the transient current produced in
response to ammonium pulses in proteoliposomes containing the Ser219Ala,
His168Ala/His318Ala or His168Ala/Ser219Ala/His318Ala variants.

To be able to directly compare the transient current measured in the
proteoliposomes containing the different variants, | have characterised their
size distribution and the quantity of protein per proteoliposomes using DLS and
SDS-PAGE analysis respectively (Figure 4.12 and Figure 4.13, panel A
upper insert). The DLS and SDS-PAGE confirmed that the size of the
liposomes and the quantity of the protein reconstituted were equivalent for all

AmtB variants (Figure 4.12 and Figure 4.13, panel A).

4.4.2.1 Ser219Ala variant

To assess the influence of the S1 site on AmtB activity, | have measured the
current associated with a Ser219Ala variant. After a 100 mM ammonium pulse,
an AmtBSe219a yariant triggered a transient current with a maximum
amplitude of 1.86+£0.04 nA which is ~2 times lower than the wild-type (Figure
4.13, panel A). To ensure that this transient current corresponds to the
complete translocation cycle, the effect of the protein density on the decay time
was investigated. To this end | have reconstituted AmtBSer2194a gt | PR 50, 10
and 5. An ammonium pulse of 100 mM did not trigger a measurable transient
current at LPR 50, however the decay time constant increased from 15.0+0.6
stat LPR 5to 22.9+1.4 st at LPR10 (Figure 4.13, B left panel). This data
showed that the Ser219Ala variant completed the full transport cycle and
translocated ammonium into the proteoliposomes but the transport rate is
lower compared to the wild type protein. Surprisingly, the kinetics analysis
showed that the Kms calculated for AmtB and AmtBSer2194awere similar (0.8 vs
1 mM respectively). This counterintuitive result indicates that
the Km associated with AmtB activity does not represent the binding of NH4* at
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the S1 site and that a higher thermodynamic barrier associated with

ammonium translocation exists below the S1 site.
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Figure 4.12: Size distribution of the proteoliposomes containing AmtB WT (red),

AmtBSeerQAla (blue), AmtBHislGBAIaIHisSlBAIa (black), AmtBSeer9AIaIHi5168AIa!Hi5318AIa (green) by DLS
analysis.
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Figure 4.13: Activity analysis of AmtB variant. (A) Transient current (100 mM ammonium

pulse) measured on proteoliposome containing AmtB (red), AmtB>*** (blue),
AmtBHislGBAIa/HisSlBAIa (black), AmtBSeerQAIa!HislGSAIaIHiSSlBAIa (grey) (Insert): Upper panel SDS-
PAGE Coomassie Blue-stained gel of 5mg of pure AmtB (Lane 1), proteolipososmes (50
mg of lipids loaded in each lane) containing AmtB AR (lane 2), AmtgHsre/iss18AR

(lane
3), Amp eI oA HIsesA/ s3I (lane 4). Lower panel, ammonium dependence of the
maximum amplitude of the transient current for proteoliposome containing AmtB (red),

AmtBSeZoAR (blue), AmgHisteR/issIsAR (black). (B) Normalised current after a 100mM

ammonium pulse in liposomes containing AmtB>**** (left panel) or Amtg""=*®?AHss1eAa
(right panel). Blue; LPR5, red; LPR10.
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4.4.2.2 His168Ala/His318Ala variant:

In proteoliposomes containing AmtBHis168Al/HIs318Ala - g ammonium pulse of
100 mM triggered a transient current with a maximum amplitude of 0.52+0.04
nA (compared to 3.37 for wild type AmtB) (Figure 4.13, panel A). Moreover,
no signal was observed following an ammonium pulse below 12.5 mM and the
current decay constant increased by more than 2 when compared to the
current associated with the activity of wild type (Figure 4.13, panel A). This
result show that the activity of the variant His168Ala/His318Ala was ~7 times
lower than the WT.

To understand whether the AmtBHis168AlalHis318Ala completed the full transport
cycle, | have investigated the impact of the protein density on the current decay
time. To this end | have reconstituted AmtBHis168AlHis318Ala gt | PR50, 10 and 5.
No charge displacement was measured at LPR50 after an ammonium pulse
at 100 mM, however, the decay time associated with the charge displacement
at LPR10 and 5 was similar and within error (31.2+1.1 st vs. 31.5+3.6 s?)
(Figure 4.13, B left panel) indicating that AmtBHis168Al/HIs318AIa yarignt
generated only a pre-steady state current. The kinetics of the pre-steady-state
charge displacement associated with AmtBHis168Ald/HIs318Ala qetivity was not
saturable in an ammonium concentration range of 12.5-200 mM (Figure 4.13,

panel A).

From these results, | conclude that the current associated with
AmtBHis168AlalHis318Ala characterised a weak ammonium interaction with AmtB,
most probably at the S1 site, but ammonium is not translocated through the
hydrophobic pore. To validate my hypothesis, | have measured the current
associated with the activity of a triple His168Ala/Ser219Ala/His318Ala variant
in which the S1 site and the hydrophobic pore are altered. As shown in Figure
4.13, panel A, a pulse of 200mM ammonium does not trigger a measurable
charge displacement above background, confirming that the current
associated with AmtBHis168AlalHis318Ala g ctjvity was due to the interaction of NH4*
at the S1 site.
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4.5 Discussion

AmtB is an electrogenic transporter: A plethora of functional studies aimed
at elucidating the mechanism of ammonium transport by Amt proteins have led
to considerable controversy due to the lack of an in vitro assay characterising
the activity of Amt proteins using ammonium as substrate (Andrade and Einsle,
2007, Javelle et al., 2007). The elegant work of Wacker et al., showed that two
ammonium transporters from Archaeoglobus fulgidus activity are electrogenic
(Wacker et al., 2014). My study shows that the activity of AmtB, the archetypal
Amt/Mep/Rh protein, is also associated with charge translocation across the
membrane, which suggests that electrogenic transport may be a general
feature for Amt proteins. The SSME analysis also demonstrated that, contrary
to A. fulgitus Amtl, AmtB highly discriminates between MeA and ammonium
as substrates. While in AfAmtl, MeA triggers a transient current amounting to
87% of the current elicited by ammonium (Wacker et al., 2014), the current
induced by MeA in AmtB is less than 15% of that observed for ammonium (see
Figure 4.7). The structural basis of this discrepancy is not yet clear since the
three principal conserved features, namely the S1 binding site, the “Phe gate”
and the pore twin-His motif (see Chapter 1, section 1.3) are conserved
between both proteins. However, this functional difference, at the molecular
level, between eubacterial and archaeal Amts raises important questions
about the universality of the transport mechanism in microbial ammonium
transporters. In this context, | have shown that S. cerevisiae Mep2 transporter

may not acts as an electrogenic transporter (see Chapter 6).

| have hypothesised that ammonium transport across AmtB is electrogenic,
thus AmtB acts as a NH4* uniporter or NHs/H* symporter. In recent work in
yeast, Ariz et al. demonstrated, experimentally and for the first time, that the
translocation of NH4* was associated with deprotonation, ruling out the
hypothesis of a direct NH4™ translocation (Ariz et al., 2018). As already
discussed, the hydrophobicity of the pore does not allow charge passage

raising the question of how the proton is translocated by the protein. I will now
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present the hypothesis we have developed concerning this intriguing and

crucial mechanistic question.
Importance of the S1 binding site:

| have shown that a Ser219Ala variant is still able to generate a transient
current ~2 times lower than the WT. In contrast, Javelle and co-workers
observed a Ser219Ala variant possessed a higher transport activity compared
to the WT using the in vivo MeA uptake assay (Javelle et al., 2008). Hence,
the author concluded that a thermodynamic barrier was present at the S1 site
(Javelle et al., 2008). However, it is important to point out that

1- | suggested, using SSME, that MeA is not a good substrate analogue
to characterise Amt proteins and the same conclusion was also
obtained in previous work (Hall and Kustu, 2011, Wang et al., 2013). It
is therefore not surprising to obtain contradictory results depending on
whether in vivo MeA- or in vitro ammonium- uptake assay are used to
answer mechanistic questions concerning AmtB activity.

2- The Kms of AmtB and AmtBSer219%la for ammonium are similar,
suggesting that the highest thermodynamic barrier for ammonium
transport is not at the S1 binding site but further down the translocation

pathway.

Interestingly, potential mean force calculations on AmtB for NH4* and NH3
conductions revealed that the deprotonation mechanism of NH4* does not
happen at the S1 binding site but in between the S1 and S2 site, supporting
the hypothesis of a rate limited step after the initial ammonium-AmtB
interaction (Bostick and Brooks, 2007).

Taken together these results clearly indicate that ammonium binding at the S1
site does not represent a rate limiting step in the transport activity, thus it is not
a high affinity binding site. Additionally, | concluded that Ser219 is not involved
in the deprotonation of NH4* as previously proposed (Ishikita and Knapp,
2007). Further investigations are needed to define the role of Ser219 and the

S1 site as a whole in the transport mechanism. The hypothesis currently
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developed between Dr. Arnaud Javelle and Dr. Ulrich Zachariae is that the
electrostatic micro-environment at the S1 site lowers the pKa for NH4*/NH3
which favours the deprotonation event, optimising AmtB transport rate

(Williamson et al., in preparation).
Importance of the twin-His motif in the translocation mechanism:

In the first published crystal structure of AmtB, non-protein electron densities
were identified at the positions S1, S2, S3 and S4 in the hydrophobic pore
when AmtB was crystallised in the presence of ammonium (see Chapter 1,
section 1.3) (Khademi et al.,, 2004). The authors concluded that these
densities were due to the presence of well-defined NHs positions in the
hydrophobic pore. However, it was later demonstrated that these electronic
densities were also present when AmtB was crystallised in the absence of
NH4* (Javelle et al., 2007, Javelle et al., 2006, Zheng et al., 2004). This
indicates that these densities are due to the presence of water and not NHs
molecules (Javelle et al., 2007, Javelle et al., 2006, Zheng et al., 2004). Using
MD simulations, the presence of 3 water molecules in the hydrophobic pore,
precisely at the position S2-S4 have been confirmed (Lamoureux et al., 2007).
The water wire was also observed by MD simulations done in collaboration
with Dr. Ulrich Zachariae (Williamson et al., in preparation). Previous structural
analyses have shown that no electronic densities were present in the
hydrophobic pore of the AmtBHis168AlalHis318AIa yarignt (Javelle et al., 2006). |
have demonstrated that the His168Ala/His318Ala variant is not active. Taken
together these results indicate a clear relationship between the activity of the
transporter and the hydration of the pore. | conclude that the twin-His motif in
the hydrophobic pore stabilises the water wire hence is essential for AmtB
activity. | developed further the role of the pore hydration for AmtB activity in
the paragraph below: “A new deprotonation/translocation mechanism

suggested”.

This hypothesis can reconcile many data that lead to the seemingly
inconsistent proposals of how members of the Amt/Mep family work. However

functional studies of variants at the position of His168 have concluded that the
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twin-His motif was non-essential. In my opinion this is due to the fact that none
of these studies have been done using a pure in vitro assay with ammonium

as substrate.
The AmtB His168Ala variant is still active:

In vivo experiments revealed that AmtBHisi68Ala was able to complement the
growth defect of a AMEP yeast strain on ammonium, demonstrating that the
protein was active (Wang et al., 2013). This somewhat puzzling result can be
explained by previous structural analysis that show a diffuse electronic density
peak extending over sites S2 and S3 in the His168Ala variant (Javelle et al.,
2006). Thus the non-polar cavity generated by the His to Ala substitution can
trap water molecules that are not localised at defined positions. This explains
why a His168Ala variant is still able to translocate ammonium although at lower
rate compared to the wild type. These results challenged the hypothesis of

His168 being involved in NH4* deprotonation (Lamoureux et al., 2007).
The AmtB His168Glu variant is super active:

As previously described in Chapter 1, the twin-His motif of AmtB is highly
conserved amongst the Amt/Mep/Rh protein family (Javelle et al., 2006,
Conroy et al., 2005). However, in S. cerevisiae, Mep2 possesses the twin-His
motif but in the Mepl and Mep3 transporter the first histidine (equivalent of
His168 of AmtB) is replaced by a Glu residue. Very interestingly, the
substitution His194Glu increases Mep2 activity by a factor 4 (Boeckstaens et
al., 2008). In the same studies, it was shown that an AmtB His168Glu variant
can complement the growth defect of a AMEP strain on ammonium and that
its activity increased by a factor 2. However, these results have been obtained
using MeA and we have already seen that MeA is a bad substrate analogue.
Very recently, using SSME, Mr. Gordon Williamson showed that this AmtB
variant is ~4 times more active than the WT using ammonium as a substrate
(Williamson et al., in preparation). Thus, the substitution of the first conserved
His into Glu residue seems to increase the transport activity of Amt/Mep
proteins. My hypothesis is that the carboxyl group of the Glu stabilises and

connects the two water wires identified by MD simulations (see section below),
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which might explain why the AmtBHis168CGlu has g better transport activity than
the WT.

A new deprotonation/translocation mechanism suggested:

A surprising fact is that all the in vivo and in vitro studies mentioned above did
not demonstrate experimentally that NH4* deprotonation was associated with
the activity of the Amt/Mep/Rh protein. In a very recent and elegant work in
yeast, Ariz et al. demonstrated that the translocation of NH4* in Mep proteins
was associated with deprotonation, closing the debate of direct NHs*
translocation (Ariz et al., 2018). To demonstrate this, the authors used the fact
that the equilibrium between NHs* and NHs/H* for a °®N isotope can be
discriminated from the **N. At high ammonium concentration, they showed that
the expression in trans of ScMep2 protein in a AMEP yeast strain was still able
to fractionate the isotope. Hence the NHs was present during the transport
mechanism indicating that a deprotonation event occurred during the
translocation (Ariz et al., 2018).

To elucidate the deprotonation mechanism, molecular dynamic simulations
were undertaken in collaboration with Dr. Giuilia Tamburrino and Dr. Ulrich
Zachariae (University of Dundee). In these simulations, an aqueous pocket is
observed in the pore extending from the cytoplasm to His168 (water wire 1 in
Figure 4.14, panel A). Crucially, the formation of a second water channel,
which opens from the periplasmic side of the protein towards its centre is
observed (Williamson et al., in preparation) (water wire 2, Figure 4.14, panel
A). This newly discovered water wire 2 connects the periplasmic solution to
the twin-His motif in the hydrophobic pore. Notably, this water chain is formed
alongside the sidechain of Aspl160. This residue is conserved and has
previously been shown to be essential for ammonium transport in AmtB by a
number of experimental and computational studies (Thomas et al., 2000,
Marini et al.,, 2006, Luzhkov et al., 2006, Javelle et al.,, 2004). The main
significance of these findings lies in the establishment of a potential pathway
for proton transfer from the NH4* binding site to the cytoplasmic vestibule,

which is distinct from the generally accepted pathway for NHs transport (Figure
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4.14). Hence, the current hypothesis is that the electrostatic microenvironment
at the S1 site lowers the pKa of NH4*/NHs favouring ammonium deprotonation,
with the residue Aspl60 acting as the proton acceptor. The proton is
transferred from Aspl60 to the cytoplasmic vestibule through the
interconnected water wire 1 and 2 using a Grotthuss mechanism while NH3
diffused through another pathway in the hydrophobic pore (Williamson et al.,
in preparation) (Figure 4.14, right panel).
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Water wire 1 NH; pathway

Figure 4.14: Proposed mechanism from ammonium transport. (A) Position of the new
water wire (water wire 2) found (purple box) and previous water wire (water wire 1) isolated
(blue box) from the crystal structure of AmtB using MD simulations. (B) Deprotonation and
translocation mechanism in which H* is stripped and transported down to His168 through
the newly found water wire (purple arrows), while NHs can diffuse through the hydrophobic
gate (blue arrow) (adapted from Dr. Giulia Tamburinno, personal communications). The
read beads are corresponding to water molecules.
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Chapter 5: Effect of the lipid environment on AmtB activity

Aims and objectives:

In 2014, using mass spectroscopy, it was shown that 1-palmitoyl-2-oleoyl
phosphatidylglycerol (PG) lipid can help to stabilise AmtB in contrast to anionic
lipid such as phosphatidic acid (PA), phospho-L-serine (PS) or zwitterionic
lipid such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
(Laganowsky et al., 2014). Additionally, the authors obtained a structure of
AmtB co-crystallised with PG which reveals specific PG binding sites in the
upper leaflet (Laganowsky et al., 2014). Unfortunately, to date, no functional
studies have been undertaken to assess the effect of lipids on Amt activity. |
have used a combination of experimental and computational approaches to
investigate whether PG can affect AmtB activity. The MD simulations, carried
out by our collaborators (Dr. Giulia Tamburrino and Dr. Ulrich Zachariae), have
been informed by, and in turn feedback information to, my experimental
studies in order to generate hypotheses concerning the molecular impact of

PG binding on Amt activity.

The work presented in this Chapter has been published in FASEB Journal (see
appendix B):

Dias Mirandela G, Tamburrino G, Hoskisson PA, Zachariae U, and
Javelle A. (2018) The lipid environment determines the activity of the
E.coli ammonium transporter, AmtB. FASEB J. in press. doi:
10.1096/fj.201800782R
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5.1 Introduction

During the last decade, it became evident that the lipid environment has a
direct impact on membrane protein structure and function (Denning and
Beckstein, 2013). For example, it has been demonstrated that the stability and
activity of G-protein coupled receptors (GPCR) proteins is dependent on the
intrinsic curvature of the membrane (Botelho et al., 2006) or that the activity of
the SecYEG (channel conducting preprotein) was maintained by the anionic
properties of the phospholipid hydrophilic heads (van der Does et al., 2000).
For an excellent review summarising studies on how lipids are influencing
membrane proteins see (Denning and Beckstein, 2013) and references

therein.

Recently, a mass spectrometric analysis coupled with structural studies
defined eight specific binding sites in AmtB for the PG head group
(Laganowsky et al.,, 2014). The X-ray structure of the AmtB-PG complex
reveals subtle conformational changes which reposition some amino-acid side
chains that interact with lipids. More recently, it has been shown that PG can
allosterically regulate the interaction between AmtB and the signal
transduction protein GInK (Cong et al., 2017). In spite of these findings, a direct
functional role for PG on AmtB activity remains unclear.

Here | combine the SSME in vitro assay that | presented in Chapter 4 with MD
simulations to analyse the effect of the lipid environment on AmtB activity. |
show that PG is important for AmtB activity and that in the absence of PG,
AmtB cannot complete its full translocation cycle. To my best knowledge, this
is the first report highlighting the functional importance of specific lipids for

AmtB activity.

183



5.2 Reconstitution of AmtB in various lipid environment

| have reconstituted AmtB into liposomes containing a mixture of PA/PC at a
weight ratio of 1:9, or ternary mixtures of PA/PC and PG (Table 5.1). The
PA/PC mixtures were chosen because 1- no interactions have been detected
between PA/PC and AmtB (Laganowsky et al., 2014), and 2- | have
demonstrated that AmtB was correctly inserted in this lipid mixture but did not
translocate ammonium (see section 5.3.1). Hence the PA/PC lipid mixture is
very well suited to assess a potential functional role of PG on AmtB activity.
The ternary mixture was chosen such that the quantity of PG (16.5% wi/w)
matched the standard composition used for the standard SSME experiments
presented Chapter 4 (E. coli polar lipids/PC 2/1 w/w). The three different lipid

compositions will be referred as condition 1-3 (Table 5.1).
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Table 5.1: Lipid composition in liposomes and total PG content.

lipid condition lipid content-ratio (w/w) %PG
1 E.coli polar/POPC 2/1 16.5
2 POPA/POPC 1/9 0

3 POPA-POPC/POPG 5/1 16.5

185



5.2.1 Insertion of AmtB into liposomes containing various lipids

mixtures

To insert AmtB in proteoliposomes containing the lipid mixture 1, 2 and 3
(Table 5.1), I destabilised the liposomes using Triton X-100 and determined
the Rsat and Rsol parameters. To experimentally determine Rsat and Rsol, 1 pL
of Triton X-100 at 25% was sequentially added to 500 uL of liposomes (5
mg/mL) and the absorbance at 400 nm was monitored (Figure 5.1). The Rsat
was reached for lipid compositions 1 and 3 (Table 5.1) when 4 uL of 0.39 M
Triton X-100 was used while 3 pL was required for the liposome containing the
lipid composition 2 (Table 5.1). After reaching Rsat, the addition of detergent
decreased the absorbance until total solubilisation of the liposomes (Rsoi).
Therefore, the optimum amount of Triton X-100 for AmtB insertion was 1.56
MM per mg of lipid for liposome conditions 1 and 3. The shift in the maximum
absorbance between condition 2 and conditions 1/3 (Figure 5.1) indicates that
the liposomes made without PG are more easily destabilised. Therefore, 1.17
MM of Triton X-100 per mg of lipid was used to reconstitute AmtB in lipid
condition 2.
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Figure 5.1 R, and R determination of proteoliposomes containing the lipid mixture 1
(red), 2 (black) and 3 (blue) (see Table 5.1) using Triton X-100 at 25%.
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5.2.2 Determination of the size distribution of the proteoliposomes

and protein orientation in the proteoliposomes

5.2.2.1 Size distribution of the different liposome conditions

| used dynamic light scattering (DLS) to assess the size distribution of
proteoliposomes prepared using the three different lipid conditions. The
method is explained in Chapter 2 and analysed in Chapter 4, section 4.2.3.
The DLS analysis demonstrates that AmtB inserted in liposomes prepared
using lipid compositions 1, 2 and 3 possessed the same unimodal distribution
with a mean diameter of 110 nm (Figure 5.2, panel A). Hence, | was able to
directly compare the transient charge displacement measured in all lipid

conditions
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Figure 5.2: Characterisation of proteoliposomes prepared using different lipid composition.
(A) DLS analysis of the proteoliposomes made using lipid condition 1 (red), 2 (black) or 3
(blue) (Table 5.1) at LPR 10. (B) SDS-PAGE Coomassie Blue-stained gel of the
proteoliposomes made using lipid condition 1 (red boxed), 2 (black boxed) and 3 (blue
boxed) purified by IMAC after DDM treatment (+) or in absence of DDM (-). L: ladder; FT;
flow through, W; wash, E; elution fraction, AmtB; 5mg of pure AmtB used for the
reconstitution in the proteoliposomes. (C) Comparison of the proteins content in
proteoliposomes prepared under condition 1 and 2 (Table 5.1) at LPR 50, 10 and 5 (w/w).
10 pL of liposomes at 5 ml/mL have been loaded on the gel. AmtB: 5 pug of pure AmtB.
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5.2.2.2 Protein orientation

To examine the orientation of AmtB, | analysed the proteoliposomes by
Immobilised Metal Affinity Chromatography (IMAC) as described in Chapter 4
section 4.2.4.1. The SDS PAGE analysis showed that the orientation of AmtB
in the proteoliposomes containing the lipid mixtures 1-3 is similar: in each
condition more than half of AmtB is present in the flowthrough (Figure 5.2,

panel B).

| have reconstituted AmtB at LPR 5, 10 and 50 following the procedure
presented Chapter 4, section 4.3.1 in liposomes containing lipid mixture 1, 2
and 3 (Table 5.1). In the SDS-PAGE analysis, the same quantity of lipid from
the different LPRs were loaded on the gel and conditions 1 and 2 were
compared (Figure 5.2, panel C). The quantity of protein at each different LPR
in between conditions 1 and 2 was comparable (Figure 5.2, panel C) and

equivalent to condition 3, see Figure 4.6, Chapter 4.

Taken together, DLS measurements, IMAC and SDS-PAGE gel analysis
showed that the size of the liposomes, the protein orientation inside the
membrane and the quantity of protein inserted were equivalent for all lipid
conditions and at different LPR (Figure 5.2), hence | can directly compare the
SSME measurements in the three lipid conditions.
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5.3 Assessing the effect of PG on AmtB using SSME

5.3.1 Effect of PG on the pre-steady state and steady state
current

For the proteoliposomes containing the three different lipid mixtures | have

1- Compared the activity of AmtB after a pulse of 100 mM NH4*
(Figure 5.3, panel A).

2- Determined AmtB affinity (apparent Km) for ammonium (Figure

5.3, panel Ainsert).

3- Assessed whether AmtB was able to complete the full transport

cycle (Figure 5.3, panel B).

In the absence of PG (condition 2), a 100 mM ammonium pulse triggered a
transient current of 0.42+0.04 nA, compared to 3.37£0.26 nA in the presence
of PG (condition 1) (Figure 5.3, panel A). Remarkably, in the presence of
16.5% PG in an otherwise pure PA/PC condition (condition 3) a current of
2.24+0.06 nA was measured, which is 5 times higher than in the absence of
PG (condition 2) (Figure 5.3, panel A).

Next, | determined the apparent Km by measuring the transient current after an
ammonium pulse in the range 0.02-50 mM and the decay time after an
ammonium pulse of 100 mM for the different liposome conditions. In the
presence of PG (conditions 1 and 3) Kns and decay time constants were
similar and remained within experimental error (Figure 5.3, panel A). In
contrast, in the absence of PG (condition 2), the decay rate and the Km
increased by 1.6 and 7-fold, respectively, compared to conditions 1 and 3
(Figure 5.3, panel A). Taken together these results clearly show that PG lipids

are important for AmtB activity.
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Figure 5.3: Phosphatidylglycerol is important for AmtB activity. (A) Transient current
measured after a 100 mM ammonium pulse in proteoliposomes containing the lipid
conditions 2 (black), 3 (blue), 1 (red). (Insert): Ammonium dependence of the maximum
amplitude of the transient current for proteoliposomes containing the lipid conditions 2
(black), 3 (blue), 1 (red). (B) Normalised transient current measured in AmtB-containing
proteoliposomes that does not contained PG (condition 2) at LPR10 (black) or 5 (green).
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To further determine whether AmtB completes the full transport cycle in the
absence of PG, | have reconstituted the protein in condition 2 (without PG,
Table 5.1) at LPRs of 50, 10 and 5 (w/w) (Figure 5.3, panel B). Under
condition 2, an ammonium pulse of 100 mM did not trigger a measurable
transient current at LPR 50; however, at LPR 10 and 5, the decay time was
similar and within the experimental error (19.0+1.0 s-1 vs. 17.1+3.0 s-1
respectively; Figure 5.3, panel B). This result clearly indicates that the current
measured without PG reports only an ammonium-AmtB interaction. |
concluded that in the absence of PG, AmtB is not able to complete the full

transport cycle.

5.3.2 Is AmtB misfolded in absence of PG?

To ensure that the loss of AmtB activity in the liposomes under condition 2
(without PG) was not due to misfolding, | have treated the proteoliposomes in
2% DDM to re-solubilise AmtB and analysed the protein by Size Exclusion
Chrotamography (SEC) on a Superdex 200 10/300 column. The SEC profile
of AmtB solubilised from the liposome without PG was compared to the profile
of AmtB before insertion (Figure 5.4, panel A). The SEC analysis showed that
both proteins elute as a single monodisperse peak with the same retention
time (11.6 mL) prior to and after reconstitution under condition 2 (Figure 5.4,
panel A). This result shows that the hydrodynamic radii of AmtB before and

after insertion using condition 2 (without PG) did not change.

To ensure that AmtB previously inserted into liposomes under condition 2 was
still active, | subsequently re-inserted AmtB solubilised from condition 2
(without PG) into proteoliposomes using condition 1 (with PG). An ammonium
pulse of 100 mM in the latter proteoliposomes triggered a transient current of
3.18%0.09 nA with a decay constant of 11.5+2.4 s-1 (Figure 5.4, panel B), and
the kinetic analysis revealed a Km of 1.3+0.3 mM (Figure 5.4, panel B insert).
These results showed that AmtB reconstituted under condition 2 (without PG)

regains the original activity parameters (maximum current intensity, decay time
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and Km) when reconstituted in liposomes under condition 1 (with PG). These
data confirmed the correct folding of AmtB in the proteoliposomes without PG
(condition 2). Taken together, these findings show that PG is important for
AmtB activity and furthermore indicates that in the absence of PG AmtB

exhibits a defective transport cycle.
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Figure 5.4: Phosphatidylglycerol is important for AmtB activity. (A) Gel filtration trace
(Superdex 200 10/300 increase) of AmtB before (red) insertion in proteoliposomes under
condition 2 and after (blue) solubilisation from proteoliposomes under lipid condition 2. (B)
Transient current measured after a 100 mM ammonium pulse in proteoliposomes under
condition 2 (black), under condition 1 containing AmtB re-inserted after solubilisation from
proteoliposomes under condition 2 (condition 4-blue) and under condition 1 (red). (Insert):
Ammonium dependence (raw data) of the maximum amplitude of the transient current in
proteoliposomes under condition 1 (red), 2 (black) or 4 (blue).
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5.4 MD simulations

5.4.1 Determination of PG lipid binding on AmtB using MD
simulations

In collaboration with Dr. Giulia Tamburrino and Dr. Ulrich Zachariae from the
University of Dundee, we next applied atomistic molecular dynamics (MD)
simulations to study the interaction of PG lipids with AmtB in membranes at
the molecular level. Although this work has not been done directly by myself,
the MD simulation have been informed by, and in turn feedback information to,
my experimental studies in order to generate hypotheses concerning the
molecular impact of PG binding on Amt activity. Hence it is important to present
these results to have a full understanding of the impact of this work on the
Amt/Mep/Rh field.

Figure 5.5 shows the simulation systems containing an AmtB trimer
embedded within PA/PC/PG (1:9:10), PA/PC (1:9), and PA/PC/PG (1:9:2)
mixed lipid membranes, respectively. The colour maps on the right and bottom
of each of these figures displays the density of PA/PC and PG, respectively,
each derived from 0.7 ps simulations (Figure 5.5, panel A). The slices
representing the lipid density in the periplasmic and cytoplasmic leaflets were
taken at the average z-axis position of the phosphorus atoms within the lipid

head groups of each membrane leaflet (Figure 5.5, panel B and C).

Although specific AmtB interactions with PG had previously been
crystallographically detected for the extracellular membrane leaflet
(Laganowsky et al., 2014), our PA/PC/PG (1:9:10) simulations reveal
additional PG binding sites (site 4, 5 and 6) on the intracellular side of the
membrane (Figure 5.5, blue square panel B and C). PG lipids preferentially
occupy sites on the AmtB trimer located near the interfaces between the
monomers, both within the periplasmic and intracellular membrane leaflets
(Figure 5.5, blue square panel C). Specifically, we observe three high-density

lipid interaction sites per subunit in the periplasmic leaflet, one at the monomer
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interface (site 1) and two in its vicinity (sites 2 and 3) (Figure 5.5, blue square
panel C). Within the intracellular leaflet, about two high-density lipid sites are
seen per subunit, in which lipids interact with interfacial helices of AmtB in both
cases (site 4 and 5, Figure 5.5, blue square panel C), and an additional high-
density region, in which we observe PG clustering (site 6, Figure 5.5, blue

square panel C).

In contrast, the density maps recorded for the PA/PC lipid mixture (Figure 5.5,
black square) show no binding hotspots of AmtB for PA and PC within the
periplasmic membrane leaflet, while some lipid accumulation is observed
within the intracellular leaflet close to the AmtB PG binding sites 1 and 2
(Figure 5.5, black square panel B). The PG density maps obtained from the
PA/PC/PG (1:9:2) simulation (Figure 5.5, red square) show that, due to the
lower PG concentration in this simulation system, the binding regions observed
in the PA/PC/PG (1:9:10) simulation are only partially occupied by PG (Figure
5.5, red square panel B and C).

To assess whether the protein was structurally stable along the MD simulation
process at the different lipid conditions, the Ca Root Mean Square Deviation
(RMSD) of the AmtB structure was calculated all along the MD simulations in
the presence of the different lipid conditions for 700 ns (Figure 5.6, panel A)
or for 250 ns with independent simulations (Figure 5.6, panel B). The RMSD
remained well below 2.5 A in all simulations. The average RMSD for AmtB was
found to be 1.51+0.22 A for PA/PC, 1.60+0.21 A for PA/PC/PG (1:9:2) and
1.51+0.16 A for PA/PC/PG (1:9:10) (Figure 5.6). This shows that, regardless
of the membrane composition, the protein was stable and maintained its

overall conformation during the simulations.
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Figure 5.5: Trimeric AmtB in the PA/PC (1:9) (black square), PC/PA/PG 1:9:2 (red square)
and PC/PA/PG 1:9:10 (blue square) system and lipid density plots. (A) Final frame of the
simulation system, seen from the periplasm (top) and from the side (bottom). The protein
is shown in grey, the PC lipid molecules in orange, PA in green. (B) Volumetric analysis of
PC and PA combined average densities over the whole trajectory. (C) Volumetric analysis
of PG average densities over the whole trajectory. The black lines in the density plots mark
the approximate monomer interfaces. Specific binding sites are labelled in the density plots.
A comparison of the 2-D density maps shows that PG tends to localise preferably close to

the monomer interfaces.
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Figure 5.6: Ca RMSD of AmtB during the simulations in various lipid mixture: (A) Displays
the RMSD over 700-ns simulations and (B) shows the RMSD during independent 250-ns

simulations.
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5.4.2 Visualisation of PG lipid binding on AmtB

To visualise the position of the specific lipid binding sites found during the MD
simulations, close-up images highlighting the interaction sites between PG
lipids and the AmtB subunits are shown in Figure 5.7. The close-up images
were taken from AmtB simulated in PA/PC/PG (1:9:10) lipid conditions. The
binding sites 1, 2 and 3 observed in our MD simulations within the periplasmic
leaflet are in good agreement with crystallographically defined sites
(Laganowsky et al., 2014) (Figure 5.7). Interestingly, new intracellular
interaction sites labelled 4, 5 and 6 were located at the interface region

between the AmtB subunits (Figure 5.7, panel B and C).

In order to assess which type of lipid was occupying the specific binding sites
during MD simulations, Figure 5.8 shows the time evolution of the occupancy
of all the suggested AmtB lipid binding sites by each lipid type. The MD
simulations were done using data from two independent simulations of AmtB
in a PA/PC/PG (1:9:10) membrane. As can be seen, the sites we identified
preferentially interact with PG lipids. Preference for occupancy by PG
molecules is seen for all of the binding sites. Additionally, to characterise which
type of interaction existed between PG and the protein, an analysis of the
number of hydrogen bonds formed between the lipid head groups and the
protein (Figure 5.9, panel A) was done. As well, the radial distribution of the
lipids around the protein was carried out (Figure 5.9, panel C). Figure 5.9
showed that PG tends to localise closer to the protein surface compared to the
PA and PC lipids and to form more hydrogen bond contacts. The average
number of hydrogen bonds between each protein residue and the lipid head
groups is displayed in Figure 5.9 panel B. This confirms that PG lipids
generally establish more hydrogen bonds, in particular near residues that form

the reported binding sites (numbered from 1 to 6 in Figure 5.7).
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Figure 5.7: The images highlight the PG binding locations observed in the PA/PC/PG
(1:9:10) simulations. The binding sites located in the periplasmic leaflet are numbered 1, 2
and 3, while the intracellular ones are labelled 4, 5 and 6. The same numbering scheme
has been adopted for the volumetric maps shown in Figure S2 and S3. (A) Volumetric map
of the average PG density obtained from a 700-ns simulation (magenta mesh surface,
isovalue = 0.38) is compared to the PG binding sites which were previously resolved in the
x-ray structure (PDB ID: 4nh2; lipids in green). Generally, good agreement between the
experimental and the simulation sites is observed, especially for binding site 1. (B) Side
view; (C, left) periplasmic; and (C, right) intracellular views of the PG binding sites taken
from a representative simulation frame from the PA/PC/PG (1:9:10) mixture. Generally, PG
tends to bind close to the monomer interface.
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Figure 5.8: Timeline of the occupancy of the PG binding sites. Occupancy for the periplasmic leaflet (top) and the intracellular leaflet (bottom)
with the lipid PA (blue), PC (black) and PG (orange).
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5.4.3 Small conformational change associated with PG binding

The most conspicuous conformational change we find to be induced by PG
binding in AmtB on the time scale of the simulations is the preferred formation
of a short helix within a periplasmic loop region (residues 77-81) following
binding of the charged PG head group. The propensity of this region to form
an alpha helix is shown in Figure 5.10. The simulations containing PG (both
in the ratios 1:9:2 and 1:9:10) (Figure 5.10, panel B and C) exhibit a
significantly increased propensity of this loop region to form a helical structure
compared to simulations in the absence of PG (Figure 5.10, panel A). This
short region is part of a loop, which Laganowsky et al. (Laganowsky et al.,
2014) showed to adopt a slightly different conformation upon PG binding,
compared to the unbound structure, albeit without formation of a helix.
Although the detailed mechanism of ammonium transport in AmtB is still

unclear, this finding might link PG binding to AmtB structure and function.
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simulations conducted for each membrane lipid mixture was aggregated. The simulations
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5.5 Discussion

It is well established that lipids can impact membrane protein structure and
function through bulk membrane effects, by direct but transient annular
interactions with the bilayer-exposed surface of protein, or by specific lipid
binding to protein sites (for review see (Denning and Beckstein, 2013)).
Altogether eight molecules of PG have been resolved in a recent crystal
structure of AmtB, interacting at specific binding sites within the extracellular
membrane leaflet (Laganowsky et al., 2014). Our molecular dynamics
simulations identify further interactions of PG molecules in the inner leaflet of

the membrane.

However so far, no functional relationships have been reported to link PG
binding with the activity of AmtB. My study shows that in the absence of PG,
AmtB is non-functional as a transporter and unable to complete the full
translocation cycle. Our simulations do not indicate substantial conformational
changes in the S1 periplasmic binding site nor in the pore, suggesting that the
molecular basis of the PG effect on AmtB activity could involve novel
mechanistic sites. In this context, it is interesting to compare my findings with
the lactose permease LacY in E. coli, the most extensively studied secondary
transporter in the context of lipid-protein interactions. In the absence of
phosphatidylcholine (PC) and/or phosphatidyethanolamine (PE), LacY is
unable to support active transport, although substrate binding to the protein is
unaffected (Bogdanov and Dowhan, 1995). This is similar to my observations
for AmtB in the absence of PG lipids. LacY is known to undergo drastic
topological rearrangements, which may explain the effect of PC/PE on its
activity (Bogdanov et al., 2002). In the case of AmtB, no topological
rearrangements were observed upon PG binding and | have shown that, in the
absence of PG, AmtB was folded correctly in the proteoliposomes, such that a
major change in the AmtB topology is unlikely to explain the functional role of
PG. However, changes in the dynamics of AmtB subunits were observed,
which locate particularly the loop regions at the periplasmic face of the protein.

It has previously been shown that the periplasmic loop regions include
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functionally important residues (Cao et al., 2007, Bostick and Brooks, 2007,
Luzhkov et al., 2006, Javelle et al., 2004). Once a more detailed picture of the
overall transport mechanism of AmtB has been obtained, the role of these

effects may emerge in greater clarity.

Several lines of evidence point towards functional cooperativity between the
three subunits in the Amt/Mep transporters. Firstly, in S. cerevisiae, it has been
demonstrated that expression of a non-functional Mepl protein inhibits the
transport activity of Mep2 and Mep3, indicating cross-talk between different
Mep transporters (Marini et al., 2000). Similar observations have been
reported for ammonium transporters of Aspergillus nidulans (Monahan et al.,
2002). Secondly, co-expressed non-functional monomers cross-inhibit
transport in plant Amts, and a genetic screen has identified several mutations
at the subunit interface of the Arabidopsis thaliana AMT1;2 transporter which
inactivates the translocation activity (Neuhauser et al., 2014, Neuhauser et al.,
2007). Thirdly, extensive site-directed mutagenesis of the C-terminal tail of
AmtB has led to the hypothesis that the three subunits function in a cooperative
manner (Severi et al., 2007). All of these findings indicate functional coupling
between the adjacent subunits. Previous structural data and our MD
simulations show that PG molecules bind mainly to sites at the vicinity of the
subunit interfaces. It is therefore attractive to hypothesise that PG molecules
act as wedges, which mediate the functional interaction between the subunits.
In line with this hypothesis, a model in which various AmtB conformations may
be favoured upon specific lipid binding has been proposed (Cong et al., 2017).

Finally, it has been shown recently that other lipids, including PE and
cardiolipin, can bind AmtB allosterically, indicating that transporters may recruit
their own micro-lipidic environment (Patrick et al., 2018). Whether these
binding events are important to modulate the activity of AmtB remains a
question to be addressed. A broad spectrum systematic screening has been
undertaken in the laboratory to identify other potential lipids that are important

for AmtB activity, in particular cardiolipin.
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Chapter 6: General conclusions and future work

During my PhD, | successfully developed a biochemical and a biophysical
approach to functionally and structurally characterise the ammonium
transporter AmtB from E.coli.

In collaboration with Prof. Jochen, Dr. Ivanovic, Dr. Zachariae, Dr. Tamburrino,
Dr. Gabel and under the supervision of Dr. Javelle, | successfully developed a
modelling approach, using SAXS and SANS at different contrast match points,
to accurately distinguish the hydrophobic tail and hydrophilic heads of DDM
detergent molecules in the corona surrounding AmtB (Chapter 3). Next |
combined my SAXS/SANS measurements with MD simulation and | have

obtained a full atomistic model for the AmtB-DDM complex (Chapter 3).

It is my belief that this new methodological approach will be applied to
characterise conformational changes associated with the activity of
Amt/Mep/Rh proteins in solution. In future work, the methodology developed

in Chapter 3 could be used to:

1- Measure experimental scattering data upon substrate, inhibitor, or

co-factor binding

As presented in Chapter 1, section 1.3 and 1.4, the x-ray crystal structures
of AmtB obtained in the presence or absence of ammonium revealed no
structural rearrangement. However, previous structural studies on AmtB,
AMT1 from A. thaliana and Mep2 from S. cerevisiae have demonstrated that
Amt/Mep proteins can undergo significant conformational change during the
translocation cycle (Inwood et al., 2009, De Michele et al., 2013). A functional
and structural study carried out by Dr. Javelle and co-workers demonstrated
that 0.5 mM of thallium was capable of inhibiting AmtB-dependent MeA uptake
by binding at the S1 site (Javelle et al., 2008). However, the occupancy of the
S1 site by thallium in the crystal lattice was around 10% which may explain
why no significant conformational rearrangement was observed in AmtB upon

thallium binding (Javelle et al., 2008). Therefore, it would be interesting to
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measure and compare x-ray/neutron scattering (at different contrast match
points) for AmtB in the presence or absence of thallium. In combination with
MD simulations, we will be able to generate computational models driven by
the experimental scattering data, allowing us to observe potential

conformational re-arrangements of AmtB.

2- To characterise conformational rearrangement of AmtB variants

| have purified different AmtB variants and noticed that their size-exclusion
chromatography (SEC) profiles differ from the wild type protein (Figure 6.1).
This shows that the hydrodynamic radii of the variants are different. However,
the x-ray crystal structures obtained for some of the same variants were similar
(Javelle et al., 2006, Javelle et al., 2008). This information indicates that the
similarity of the crystal structure of AmtB variants and WT may be due to the
propensity of the protein to crystallise in a unique thermodynamically stable
conformation. In addition, these hydrodynamic radii difference could account
for a particular re-organisation of the protein when mutated. Therefore, we are
interested in characterising the structural rearrangement of the AmtB variants
in solution by applying the same approach as described in the previous

paragraph.
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chromatography profiles of AmtB variants. WT: Wild-type.
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In Chapter 4, | demonstrated that AmtB is an electrogenic transporter and that
MeA was not a suitable substrate analogue to elucidate functional questions.
Using SSME in combination with MD simulations, | have shown that the
modification of the S1 binding site has no effect on the Kn of AmtB for
ammonium. My hypothesis is that a thermodynamic barrier for translocation
exists below the S1 binding site. Additionally, | have demonstrated that the
twin-His motif presented in the hydrophobic pore is essential for ammonium
translocation. We propose a new mechanism to describe ammonium
translocation via two water wires: an upper one linking the periplasmic
vestibule to the hydrophobic pore via the residues Aspl160 and His168 and a
lower one alongside the hydrophobic pore. Thus variants at these positions
designed to destabilise the water wire are currently being characterised in the

laboratory.

To explore whether the mechanism | propose for AmtB is common in the
Amt/Mep/Rh protein family, | have extended the functional study using SSME

to bacterial Rh and fungal Mep proteins.

1- | have purified and measured the activity of the Rh protein from
Nitrosomonas europaea (NeRh50). Preliminary data suggested that after an
ammonium pulse, NeRh50 generates a transient charge displacement ~4
times lower than AmtB (0.69+0.08 versus 3.37+0.26 respectively) (Figure 6.2,
panel A). The kinetic analysis revealed a Ky of 16.46 mM for NeRh50
compared to 0.8 mM observed for AmtB (Figure 6.2, panel B). The decay time
observed for NeRh50 is 39.3+5.6 s (13.4+0.6 s* for AmtB, see Figure 4.6,
Chapter 4). As a current was measured after an ammonium pulse, the only
firm conclusion that | can draw is that Rh proteins are not NHs “gas channels”
as previously hypothesised (Soupene et al., 2004, Hub et al., 2010). However,
the exact mode of action of NeRh50 is not clear. The transient current
observed after an ammonium pulse could be due to a simple substrate-protein
interaction or describe the continuous turnover of the ammonium translocation
cycle. Recording the transient current associated with NeRh50 activity at
various lipid protein ratios (LPR) in liposomes will help to discriminate between

these two hypotheses. If the decay time measured after an ammonium pulse
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depends on the density of NeRh50 in the proteoliposomes, we would be able
to conclude that the transient current is describing the full translocation of
ammonium, thus that the protein acts as an NH4* or NHs/H* transporter.
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Figure 6.2 NeRh50 functional characterisation. (A) Transient current measured on empty
liposomes (blue) or proteoliposomes containing Rh50 at LPR 10 (red) after a 100 mM
ammonium pulse (B) Ammonium dependence of the normalised maximum amplitude of
the transient current.
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2- In collaboration with Dr. Anne Marie Marini, | have started to study the Mep2

protein from S. cerevisiae.

In pathogenic fungi, filamentation is a dimorphic change associated with
virulence (see section 1.2.5, Chapter 1). Similarly to pathogenic fungi, S.
cerevisiae is capable to develop pseudohyphae and Mep2 is essential in this
process (Lorenz and Heitman, 1998). There are currently two hypotheses
concerning the role of Mep2 in the signalling pathway leading to the
pseudohyphal growth: 1- “The signal transduction pathway”: Mep2 act as a
sensor in the filamentation via a signal transduction cascade involving various
proteins or 2- “The functional signal”: Mep2 act as a sensor by transporting
ammonium using a different transport mechanism compared to Mep1/3. Two
facts support this latter hypothesis. Under nitrogen starvation conditions 1- The
expression of the hyperactive variant (ScMep2Asn4GINGy349Cys) in trans in a
AMEP yeast strain is associated with hyperfilamentation (Boeckstaens et al.,
2007) 2- In contrast, the same AMEP yeast strain expressing an inactive Mep2
variant (ScMep2Asp186Asn) is ynable to filament (Marini et al., 2006). Thus it
seems clear that the sensor function and the transport activity of Mep2 are

closely linked.

In collaboration with Dr. Mélanie Boeckstaens and Dr. Anna-Maria Marini, we
have successfully purified and inserted ScMep2 into liposomes. We have
suggested that the protein is electroneutral (contrary to AmtB) (Figure 6.3).
However further experiments will be required to confirm ScMep2 electroneutral
mechanism. Using patch clamp in oocytes expressing the Mep2 and Mepl
transporters, Dr. Mélanie Boeckstaens, in collaboration with Prof. Von Wiren,
obtained preliminary data indicating that Mep2 activity was not associated with
a measurable current, supporting our SSME data. Inversely, Mepl seems to
act electrogenically (Dr. Mélanie Boeckstaens, personal communications).
Therefore, it will be interesting to measure the activity of Mepl using SSME
technology. This will confirm whether Mep1 acts as an electrogenic transporter
contrary to Mep2 supporting the “the functional signal” hypothesis concerning
the role of Mep2 in the pseudohyphal growth signalling pathway.
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In Chapter 5, | have shown that PG is important for AmtB function.
Interestingly, the structural analysis of AmtB-bound with PG shows that the
residues Asn72 and Asn79 were in direct interaction with PG, forming a
specific binding site (Laganowsky et al., 2014). Therefore, | have generated a
double Asn72Ala/Asn79Ala variant by site directed mutagenesis. A functional
study of this variant in the presence and absence of PG will demonstrate if
these residues are functionally essential for the AmtB-PG complex formation.
More recently, it has been demonstrated, using mass spectrometry, that PE
and cardiolipin specifically binds to AmtB allosterically (Patrick et al., 2018).
Thus a functional study (similar to the one presented in Chapter 5) on PE and
cardiolipin would be of high interest to further characterise the importance of

the native lipid environment for AmtB.

A small conformational change in one of the extracellular loop regions
(residues 70-81) was observed when AmtB was co-crystallised with PG
(Laganowsky et al., 2014). However as discussed in the introduction (section
1.3.3 and 1.3.5.2.2, Chapter 1) x-ray crystallography is not the appropriate
tool to characterise the full dynamics associated with AmtB activity. It is
therefore necessary to use alternative high resolution structural techniques.

It is now possible, using cryo-electron microscopy (Cryo-EM), to
experimentally describe the dynamics of membrane proteins in complex with
lipids. More specifically, lipid disc technology (nanodisc or lipodisc), associated
with Cryo-EM represents an excellent approach to capture high resolution
structures of membrane proteins in native lipidic environment (see two
excellent reviews from (Mio and Sato, 2018, Sgro and Costa, 2018)).
Nanodiscs are lipid discs formed by apolipoprotein called Membrane Scaffold
Protein (MSP) encapsulating a disc of lipid bilayer. The membrane protein of
interest can be inserted into the nanodics following similar method than the

one use for proteoliposome formation (Bayburt et al., 2002).

| therefore started to use nanodisc technology to study AmtB by Cryo-EM in
collaboration with Dr. Kyle Dent and Dr. Martin Walsh (Diamond Light Source,
Oxford).
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I have optimised the protocol described in (Ritchie et al., 2009, Sligar et al.,
20009) to purify the MSP protein variant MSP1E3D1. | have used an E.coli polar
lipid/PC mixture at a ratio 2/1 (w/w) for the nanodisc formation (same lipid
composition previously used to form liposomes, see Table 5.1, Chapter 5).

The molar ratio of MSP/AmtB/lipid/ used for nanodisc formation was 2/3/130.

The nanodics were subsequently injected onto a Superdex 200 10/300 gel
filtration column, the elution profile presented three main peaks (Figure 6.4,
panel A) and each of them was analysed using SDS-PAGE. The SDS-PAGE
analysis revealed that AmtB and MSP were present in the three peaks (Figure
6.4, panel B) which suggests that AmtB was inserted into the nanodiscs and
that the nanodiscs possessed a wide “size” distribution in solution. This type
of SEC profile has been commonly observed for membrane proteins
reconstituted into nanodisc (Grushin et al., 2016, Hagn et al., 2018) and it was
shown that by varying the quantity of lipid per disc it is possible to improve
sample homogeneity (Mors et al., 2013).

In order to select the best condition for Cryo-EM, the nanodiscs present in the
three SEC fractions were analysed by negative staining Electron Microscopy
(EM). An EM negative staining image of the nanodiscs present in the peak 3
is presented Figure 6.4, panel C. The image revealed that the size of the
nanodiscs particles is uniform which is ideal for particle averaging analysis by
Cryo-EM.

It will now be of interest to 1- change the quantity of lipid used per nanodisc to
optimise the sample homogeneity and quality and 2- to add an affinity
chromatography step (IMAC) after the SEC to selectively purify nanodiscs

containing AmtB prior to Cryo-EM experiments.
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Figure 6.4 Characterisation of the nanodisc containing AmtB. (A) SEC elution profile of the
complex AmtB-nanodisc (2/3/130 MSP/protein/lipid, molar ratio) (B) SDS-PAGE analysis
of the three SEC elution peaks (L: Ladder, A: purified AmtB, M: purified Membrane scaffold
protein) (C) Negative staining of AmtB inserted into nanodisc. The negative staining was
done on the SEC peak 3. The particle size distribution is around 12 nm and the image
resolution is 2.58 A/pixel.
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As a proof of concept, a first simulation of 2D particle averaging of the
nanodiscs based on AmtB structure was generated (Figure 6.5). The 2D class
average simulation image demonstrates that it should be possible to obtain a
resolution high enough to observe some conformational changes on AmtB

when inserted into nanodiscs.

Finally, it has been shown that it is possible to measure the activity of a
transporter inserted into nanodics by SSME (Henrich et al., 2017). Thus it
should be possible to characterise AmtB activity using SSME and resolving
potential structural rearrangements by Cryo-EM using the same nanodisc
sample.
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Figure 6.5 Cryo-EM simulation of AmtB inserted into nanodiscs. 2D classification
prediction of AmtB-nanodisc particles using volta phase plate technology. Image
resolution: 4.64A/pixel.
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ABSTRACT: In-solution small-angle X-ray and neutron scattering (SAXS/SANS) have
become popular methods to characterize the structure of membrane proteins, solubilized
by either detergents or nanodiscs. SANS studies of protein-detergent complexes usually
require deuterium-labeled proteins or detergents, which in turn often lead to problems in
their expression or purification. Here, we report an approach whose novelty is the com-
bined analysis of SAXS and SANS data from an unlabeled membrane protein complex in
solution in two complementary ways. First, an explicit atomic analysis, including both
protein and detergent molecules, using the program WAXS;iS, which has been adapted to
predict SANS data. Second, the use of MONSA which allows one to discriminate between
detergent head- and tail-groups in an ab initio approach. Our approach is readily applicable
to any detergent-solubilized protein and provides more detailed structural information on

protein—detergent complexes from unlabeled samples than SAXS or SANS alone.

ntegral membrane proteins form the entry and exit routes

for nutrients, metabolic waste and drugs in biological cells,
and they are involved in key steps of signaling and energy
transduction. They thus play a central role in a variety of bio-
logical processes with exceptional medical relevance.' Struc-
tural information on membrane proteins has traditionally been
obtained by X-ray crystallography aided by detergent mole-
cules that replace the lipids during the purification and crystal-
lization processes. Detergents stabilize membrane proteins by
shielding the hydrophobic domains from the aqueous environ-
ment.” However, the translocation cycle underpinning mem-
brane transporter activity requires substantial conformational
variability and, in many cases, the static structural insight
achieved by X-ray crystallography has proven insufficient to
capture the essential functional information on these systems.’
For this reason, there is considerable interest in the application
of small angle scattering (SAS) methods to structurally charac-
terize membrane proteins. Recently, efforts have been dedicated
to develop combined in-solution small-angle X-ray/neutron

-4 ACS Publications  © 2018 American Chemical Society
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scattering (SAXS/SANS) approaches to investigate membrane
proteins stabilized by detergents or nanodiscs.*” Further
developments in these areas have faced important obstacles.
Crucially, the electron density of the detergent shell encom-
passing the hydrophobic domains of membrane proteins differs
from the electron density of the protein. Hence, it is difficult to
obtain a model of a protein-detergent complex using ab initio
SAXS-based methods, which typically assume a uniform elec-
tron density across the entire complex. To circumvent this
problem, SANS experiments making use of contrast variation
either by using deuterium-labeled proteins and/or detergent
molecules have been employed. However, difficulties are often
encountered in the expression and purification of deuterated
proteins, as well as the limited availability of deuterated deter-
gents.” To overcome these issues, we report a new methodology
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that combines SAXS and SANS from unlabeled (i.e., non-
deuterated) proteins and/or detergent samples to obtain detailed
structural information on protein—detergent complexes. This
approach is readily applicable to any detergent-solubilized
protein.

We used the ammonium transporter AmtB from Escherichia
coli, a structurally well-studied member of the ubiquitous and
medically important Amt/rhesus family of proteins, to develop
and validate our methodology.7 To stabilize AmtB, the
detergent n-dodecyl-f-p-maltoside (DDM) was used through-
out the purification process (Supporting Information). Size exclu-
sion chromatography in-line with multiangle light scattering
(SEC-MALS) analysis showed that the AmtB-detergent complex
comprises 285 + 12 DDM molecules (Figure S1 and Table S1).
Independently conducted analytical ultracentrifugation (AUC)
experiments revealed a detergent shell of 321 + 1 DDM mole-
cules (Figure S2 and Table S1). Taken together, these inde-
pendent findings indicate that the detergent corona around
AmtB is likely to include between 260 and 320 DDM molecules.

We next exploited atomistic molecular dynamics (MD)
simulations of the AmtB-DDM complex and scored the models
against SAXS data to resolve the experimental uncertainty regard-
ing the size of the detergent corona. AmtB in the physiologically
functional trimeric form (PDB ID: 1U7G)® was simulated
surrounded by DDM coronas of 260, 280, 300, 320, 340, and
360 molecules. A representative model obtained for a deter-
gent corona containing 320 molecules of DDM is shown in
Figure 1.

During the equilibration phase, the DDM molecules adopted
the typical toroidal shape reported for other protein-detergent
complexes,”' with their hydrophilic heads facing the aqueous
solution and their hydrophobic tails oriented toward the inside
of the complex (Figure 1). As previously shown, the detergent
corona further adapted to the shape of the transmembrane
surface of the protein.'” Our simulations indicate that the
protein—detergent complexes are stable, and although some
reorientation of DDM was observed, in particular during the first
stages of the simulations, no dissociation of detergent mole-
cules from the protein was detected after 20 ns of simulation
time. We next computed SAS curves for the simulated com-
plexes and compared them with experimental SAS measure-
ments (Figure 2-3).

It has previously been shown that single structures extracted
from MD trajectories do not fully capture the characteristics of
the solution ensemble.” We therefore calculated the predicted
SAXS curves from conformational ensembles comprising 9000
individual configurations as observed in 70—160 ns simulations
of each differently sized complex. The SAXS curves were
obtained using explicit-solvent calculations as implemented in
the WAXSiS method, thereby taking into account accurate
atomic models for both the hydration layer and the excluded
solvent, and consequently avoiding any solvent-related fitting
parameters (Figure 2).""'?

SAS experiments are very demanding in terms of require-
ments of sample que\Iit}7,13’14 therefore, before recording SAS
data, we ascertained that our samples were monodisperse and
that AmtB was pure, stable, and critically active in detergent
(Supporting Information, Figure S1—S3). We subsequently
collected experimental SAXS data following size-exclusion
chromatography of the AmtB—DDM complex. The radius of
gyration (Rg) was found to be constant across the elution peak
(Figure S1), indicating the monodispersity of the complex and
good data quality. Importantly, the scattering curves predicted
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Figure 1. Atomistic model of the AmtB-DDM complex containing
320 DDM molecules. The model displays an equilibrated complex.
In the trimer, each AmtB monomer is shown in a different shade of
green, and the DDM carbon and oxygen atoms are shown in gray and
red, respectively. The upper panel shows the complex seen from the
top; the lower panel is a side-view of the complex where the DDM
molecules outside of the box highlighted in the top panel are omitted,
to illustrate the interior of the micelle.

for the models containing 260, 280, 300, 340, and 360 DDM
molecules deviate slightly from the experimental data (Figures 2
and S4). By contrast, the curve computed for the MD model
containing 320 DDM molecules was nearly indistinguishable
from the experimental SAXS data (Figure 2 and S4). Further-
more, the values for R, obtained by the Guinier approximation
from the experimental data and from for the MD model
containing 320 DDM molecules were in quantitative agree-
ment (Table S3 and Figure SS). This suggests that the overall
dimension of the simulated protein—detergent complex con-
taining 320 molecules of DDM is identical to that in solution.
It is important to note that the overall information content of
SAXS is relatively low, and thus agreement between experi-
mental and back-calculated curves may be insufficient to serve
as unambiguous evidence for a structural model."”> Specifically,
in the context of a protein—detergent complex, SAXS data
reports on the overall shape of the complex, whereas they do
not provide independent information on the individual contri-
butions from the protein and the detergent corona. Therefore,
we employed SANS together with contrast variation to more
firmly validate our computational model.

We collected SANS data at four contrast points (0%, 22%,
42% and 60% (v/v) D,0) to differentiate between the individ-
ual components of the protein—detergent complex. To ensure
that the samples were stable over the course of the SANS
experiment, the hydrodynamic behavior of the proteins were
analyzed before and after the SANS measurements by ana-
Iytical size exclusion chromatography. No differences were
observed in the elution profile, confirming the stability of the
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Figure 2. (A) Comparison of the experimental (symbols) and
computed (red line) SAXS curves for the AmtB-DDM complex
containing between 260 and 360 DDM molecules. For all plots, the
maximum and minimum values for the y-axis are 10'' and 10°
(B) Residual error plot expressed as the experimental minus com-
puted scattering intensity. For all plots, the maximum and minimum
values for the y-axis are 40 and —40. Q = (47 sin(0)/4), where 20 is
the scattering angle.
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Figure 3. Comparison of the experimental (symbols) and computed
(red line) SAXS/SANS curves for the model containing 320 DDM
molecules. Residual error plot expressed as the experimental minus

computed scattering intensity. The maximum and minimum values
for the y-axis are 40 and —40, respectively.

protein during the SANS experiment (Figure $6). To ascertain
the reproducibility and the quality of our measurements, two
independent sets of SANS data were acquired, using two
batches of AmtB purified independently. The two data sets
were found to be identical within the limits of the observed
experimental noise (Figure S7). It has previously been shown
that in the absence of D,O in the buffer, neutron scattering
from DDM micelles originates primarily from the hydrophilic
head groups.'® We calculated (Supporting Information) the
overall contrast match point of DDM to be at 22% D,0O, while
the contrast match point for typical proteins is around 42%
D,0.""” Consequently, the scattering contribution is domi-
nated by the protein and the DDM hydrophilic headgroup in a
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buffer containing 0% D,O, by the protein at 22% D,O and by
the complete detergent corona at 42% D,0. To compare the
experimental neutron scattering data with the MD-generated
models, SANS curves were calculated using WAXSiS for 9000
individual configurations observed during 70—160 ns MD
trajectories of each of the complexes. To this end, we extended
the WAXSiS method, originally developed for SAXS predic-
tions, to also allow SANS predictions with explicit-solvent
models at various D,O concentrations (Supporting Information).
The experimental curves were fitted to the calculated curves
following Iy = fl., + ¢, thereby accounting for scattering
contributions from the incoherent background with the fitting
parameter c. However, neither the hydration layer nor the
excluded volume were adjusted. Congruent with the analysis of
the SAXS data, all SANS data sets were best fitted by the
curves calculated for the model incorporating 320 molecules of
DDM (Figure 3 and S8). Hence, the SANS and SAXS data
consistently validate our MD model with 320 DDM molecules.
Second, the excellent agreement we observe between the
experimental and calculated SAXS curves shows that the
overall organization of the complex is accurately reflected by
the atomistic model. Finally, the good agreement between
experimental and computed SANS curves indicates that the
MD model describes accurately the hydrophobic and hydro-
philic phase of the detergent ring as well as the position of
AmtB inside the corona.

Importantly, the crystal structure of AmtB was used to pro-
duce our MD trajectories, which precludes the possibility of
applying this combined MD/SAXS/SANS approach to mem-
brane proteins of unknown structure. We therefore applied, in
the final step, an independent “MD-free” approach to obtain a
full ab initio model that captures detailed structural information
on the complex without using the crystal structure of AmtB.
To achieve this, we merged our complete SAXS and SANS
data and conducted a multilphase volumetric analysis of
the complex using MONSA'®" (Figure 4). Importantly, we

Figure 4. (A) MONSA multiphase modeling using experimental
SAXS and SANS data. The phase corresponding to the protein is
represented in red mesh, while the hydrophilic and hydrophobic
detergent densities are represented in green and blue, respectively.
(B) Molecular-dynamics generated model of the detergent corona
(320 molecules) surrounding AmtB.

introduced two separate phases to describe the head and tail
groups of the DDM detergent corona.

Assuming the volume of a DDM molecule to be 690 A*
(350 A% and 340 A3 for the head and the tail, respectively),* we
imposed a volume of 112000 A® and 108 800 A’ for the
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hydrophilic and hydrophobic phases of the 320 DDM mole-
cules. The volume of AmtB (166 864 A®) was calculated based
on its amino acid sequence alone (Supporting Information).
Moreover, since the trimeric nature of AmtB in solution was
confirmed by our SEC-MALS and AUC data (Figure S1—S2
and Table S1), we imposed a P3 symmetry on the complex.
Crucially, all this information can be readily obtained for any
membrane protein solubilized in detergent, using widely acces-
sible and complementary biophysical techniques (e.g., SEC-
MALS/AUC in this study). Ten MONSA runs (Figure S9)
were performed yielding similar ab initio envelopes for AmtB.
A representative MONSA model is shown in Figure 4, which
faithfully reflects both the size and shape of the MD-generated
model. The protein envelope is a good representation of the
crystallographic structure of AmtB and is, furthermore, con-
fined inside the detergent corona. Importantly, the joint use of
both SAXS and multiple SANS data sets allowed us to distin-
guish the head- and tail-groups of the detergent corona and
place them correctly with respect to the protein surface and
solvent. Such detailed insight is usually not achieved with
ab initio models unless additional contact restraints are applied:*’
the detergent ring fits the contours of the protein and the
positions of the two detergent phases (head- and tail-groups)
are particularly clear. The hydrophobic phase is strictly con-
tained between AmtB and the hydrophilic ring, with only the
tails of DDM being in contact with the hydrophobic surface of
the transmembrane domain. Hence, without using deuterated
protein or detergent, and without information about the 3D
structure of AmtB, the combination of SAXS and SANS data
capture the essential structural details contained in membrane—
protein detergent complexes in solution.

In summary, there is considerable interest in developing SAS
methodology further to allow routine investigation of mem-
brane proteins. We have adapted WAXSiS to account for
SANS data and therefore open up this software package for
future projects including both types of scattering data. Using
our methodology, based upon a combination of SAXS/SANS
measurements and MD simulations, we have been able to
propose an atomic model of a protein-detergent complex. Our
integrative approach demonstrates that combining SAXS,
SANS, and iterative simulations provides much more detailed
structural information than each of the methods alone.

It is widely recognized that cryo-electron microscopy (cryo-EM)
will revolutionize the structural analysis of membrane proteins
in the near future.”"** It is our belief that a hybrid approach,
combining in solution SAS techniques, in silico modeling, and
cryo-EM will allow for better tracking and description of
conformational changes of membrane proteins in solution,
induced by ligand or cofactor binding. In this context, it was
important to account accurately for the bound detergent
molecules, which is greatly improved by combining SAXS and
SANS data at various contrasts. Second, our multiphase anal-
ysis, which merges SAXS and SANS data, without using deuter-
ated protein or detergent, allowed us to obtain unprecedented
structural information on the phase density of the detergent, in
particular to distinguish head- and tail-groups in the assembled
membrane protein—detergent complexes. This is particularly
relevant as deuterated media/detergents are often expensive
and/or toxic for bacteria, leading to decreased protein yields.*
Crucially, the multiphase analysis does not require information
on the 3D structure of the protein, which opens up the possi-
bility of applying this methodology to a wide range of impor-

tant membrane proteins that have so far remained inaccessible

to high resolution structural analysis. While SAS has become a
popular technique among structural biologists, combinations of
SANS, SAXS and MD simulations have remained underexploited
by the community. In this context, our work represents a sig-
nificant advancement in data acquisition, model validation,
development of new software, and multiphase volumetric anal-
ysis to firmly establish SAS technology as a standard method
for membrane protein structural biology.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.8b01598.

Computational and methodological details, as well as
three supporting tables and nine supporting figures
(DOCX)

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: arnaud.javelle@strath.ac.uk.
*E-mail: frank.gabel@ibs.fr.

*E-mail: jochen.hub@physik.uni-saarland.de.
ORCID

Gaétan Dias Mirandela: 0000-0001-5871-6288
Jochen S. Hub: 0000-0001-7716-1767

Ulrich Zachariae: 0000-0003-3287-8494
Arnaud Javelle: 0000-0002-3611-5737

Author Contributions
IG.T. and M.T .. contributed equally to this work.
"1.8.H,, U.Z,, and F.G. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

G.D.M. and AJ. were supported by a Ph.D. and a Chancellor’s
Fellowship from Strathclyde University, respectively, G.T. and
U.Z. acknowledge funding from the Scottish Universities’
Physics Alliance (SUPA). P.A.H. acknowledges the support of
the Natural Environment Research Council (NE/M001415/1)
and AJ. the support of Tenovus Scotland (Project S17-07).
M.T.I, FM.S, and J.S.H. acknowledge support by the Deutsche
Forschungsgemeinschaft (HU 1971-1/1, HU 1971-3/1, HU
1971-4/1). We thank the ILL Block Allocation Group (BAG)
system for SANS beamtime at D22 and Dr A. Martel for help
with the setup of the instrument. We acknowledge Diamond
Light Source for time on Beamline B21. We thanks Dr. P. Soule
(NanoTemper Technologies GmbH) and Dr. M. Tully
(DIAMOND, U.K.) for help with the microscale thermopho-
resis experiments and SEC-SAXS data acquisition, respectively.

B REFERENCES

(1) Dubyak, G. R. Ion homeostasis, channels, and transporters: an
update on cellular mechanisms. Adv. Physiol. Educ. 2004, 28, 143—154.

(2) Werten, P. J.; Remigy, H. W.; de Groot, B. L,; Fotiadis, D.;
Philippsen, A.; Stahlberg, H.; Grubmuller, H.; Engel, A. Progress in
the analysis of membrane protein structure and function. FEBS Lett.
2002, 529, 65—72.

(3) Stahlberg, H.; Engel, A.; Philippsen, A. Assessing the structure of
membrane proteins: combining different methods gives the full
picture. Biochem. Cell Biol. 2002, 80, 563—568.

(4) Breyton, C.; Gabel, F.; Lethier, M.; Flayhan, A,; Durand, G.;
Jault, J. M; Juillan-Binard, C.; Imbert, L.; Moulin, M.; Ravaud, S;

DOI: 10.1021/acs.jpclett.8b01598
J. Phys. Chem. Lett. 2018, 9, 3910—3914


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b01598/suppl_file/jz8b01598_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b01598/suppl_file/jz8b01598_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b01598/suppl_file/jz8b01598_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b01598/suppl_file/jz8b01598_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.8b01598
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b01598/suppl_file/jz8b01598_si_001.pdf
mailto:arnaud.javelle@strath.ac.uk
mailto:frank.gabel@ibs.fr
mailto:jochen.hub@physik.uni-saarland.de
http://orcid.org/0000-0001-5871-6288
http://orcid.org/0000-0001-7716-1767
http://orcid.org/0000-0003-3287-8494
http://orcid.org/0000-0002-3611-5737
http://dx.doi.org/10.1021/acs.jpclett.8b01598

The Journal of Physical Chemistry Letters

Hartlein, M.; Ebel, C. Small angle neutron scattering for the study of
solubilised membrane proteins. Eur. Phys. J. E: Soft Matter Biol. Phys.
2013, 36, 71-86.

(5) Kynde, S. A.; Skar-Gislinge, N.; Pedersen, M. C.; Midtgaard, S.
R.; Simonsen, J. B.; Schweins, R.; Mortensen, K.; Arleth, L. Small-
angle scattering gives direct structural information about a membrane
protein inside a lipid environment. Acta Crystallogr, Sect. D: Biol.
Crystallogr. 2014, 70, 371-383.

(6) Skar-Gislinge, N.; Kynde, S. A.; Denisov, L. G.; Ye, X.; Lenov, L;
Sligar, S. G.; Arleth, L. Small-angle scattering determination of the
shape and localization of human cytochrome P450 embedded in a
phospholipid nanodisc environment. Acta Crystallogr., Sect. D: Biol.
Crystallogr. 2015, 71, 2412—2421.

(7) Merrick, M.; Javelle, A.; Durand, A.; Severi, E.; Thornton, J.;
Avent, N. D.; Conroy, M. J.; Bullough, P. A. The Escherichia coli AmtB
protein as a model system for understanding ammonium transport by
Amt and Rh proteins. Transfus. Clin. Biol. 2006, 13, 97—102.

(8) Khademi, S.; O’Connell, J., IIl; Remis, J.; Robles-Colmenares, Y.;
Miercke, L. J.; Stroud, R. M. Mechanism of ammonia transport by
Amt/MEP/Rh: structure of AmtB at 1.35 A. Science 2004, 305,
1587—1594.

(9) Chen, P. C; Hub, J. S. Structural Properties of Protein-
Detergent Complexes from SAXS and MD Simulations. J. Phys. Chem.
Lett. 2015, 6, 5116—5121.

(10) Berthaud, A,; Manzi, J.; Perez, J.; Mangenot, S. Modeling
detergent organization around aquaporin-0 using small-angle X-ray
scattering. J. Am. Chem. Soc. 2012, 134, 10080—10088.

(11) Chen, P. C; Hub, J. S. Validating solution ensembles from
molecular dynamics simulation by wide-angle X-ray scattering data.
Biophys. J. 2014, 107, 435—447.

(12) Knight, C. J; Hub, J. S. WAXSiS: a web server for the
calculation of SAXS/WAXS curves based on explicit-solvent
molecular dynamics. Nucleic Acids Res. 2015, 43, 225—230.

(13) Trewhella, J.; Duff, A. P.; Durand, D.; Gabel, F.; Guss, J. M,;
Hendrickson, W. A.; Hura, G. L; Jacques, D. A,; Kirby, N. M,; Kwan,
A. H,; Perez, J; Pollack, L; Ryan, T. M,; Sali, A,; Schneidman-
Duhovny, D.; Schwede, T.; Svergun, D. L; Sugiyama, M.; Tainer, J. A,;
Vachette, P.; Westbrook, J.; Whitten, A. E. 2017 publication
guidelines for structural modelling of small-angle scattering data
from biomolecules in solution: an update. Acta. Crystallogr. D. Struct.
Biol. 2017, 73, 710—728.

(14) Jeffries, C. M.; Graewert, M. A.; Blanchet, C. E.; Langley, D. B,;
Whitten, A. E.; Svergun, D. I Preparing monodisperse macro-
molecular samples for successful biological small-angle X-ray and
neutron-scattering experiments. Nat. Protoc. 2016, 11, 2122—2153.

(15) Petoukhov, M. V.; Svergun, D. 1. Ambiguity assessment of
small-angle scattering curves from monodisperse systems. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2015, 71, 1051—1058.

(16) Oliver, R. C; Pingali, S. V.; Urban, V. S. Designing Mixed
Detergent Micelles for Uniform Neutron Contrast. J. Phys. Chem. Lett.
2017, 8, 5041—5046.

(17) Zaccai, N. R.; Sandlin, C. W.; Hoopes, J. T.; Curtis, J. E;
Fleming, P. J; Fleming, K. G.; Krueger, S. Deuterium Labeling
Together with Contrast Variation Small-Angle Neutron Scattering
Suggests How Skp Captures and Releases Unfolded Outer Membrane
Proteins. Methods Enzymol. 2016, 566, 159—210.

(18) Reyes, F. E.; Schwartz, C. R; Tainer, J. A; Rambo, R. P.
Methods for using new conceptual tools and parameters to assess
RNA structure by small-angle X-ray scattering. Methods Enzymol.
2014, 549, 235—263.

(19) Svergun, D. I. Restoring low resolution structure of biological
macromolecules from solution scattering using simulated annealing.
Biophys. J. 1999, 76, 2879—2886.

(20) Koutsioubas, A. Low-Resolution Structure of Detergent-
Solubilized Membrane Proteins from Small-Angle Scattering Data.
Biophys. J. 2017, 113, 2373—2382.

(21) Vinothkumar, K. R. Membrane protein structures without
crystals, by single particle electron cryomicroscopy. Curr. Opin. Struct.
Biol. 2015, 33, 103—114.

3914

(22) Rawson, S.; Davies, S.; Lippiat, J. D.; Muench, S. P. The
changing landscape of membrane protein structural biology through
developments in electron microscopy. Mol. Membr. Biol. 2016, 33,
12-22.

(23) Xie, X,; Zubarev, R. A. Effects of low-level deuterium
enrichment on bacterial growth. PLoS One 2014, 9, e102071.

DOI: 10.1021/acs.jpclett.8b01598
J. Phys. Chem. Lett. 2018, 9, 3910—3914


http://dx.doi.org/10.1021/acs.jpclett.8b01598

Appendix B: Publication n°2: The lipid environment determines
the activity of the Escherichia coli ammonium transporter AmtB



THE

EASEBJOURNAL e RESEARCH e www.fasebj.org

The lipid environment determines the activity of the
Escherichia coli ammonium transporter AmtB
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ABSTRACT: The movement of ammonium across biologic membranes is a fundamental process in all living organ-
isms and is mediated by the ubiquitous ammonium transporter/methylammonium permease/rhesus protein (Amt/
Mep/Rh) family of transporters. Recent structural analysis and coupled mass spectrometry studies have shown that
the Escherichia coli ammonium transporter AmtB specifically binds 1-palmitoyl-2-oleoyl phosphatidylglycerol
(POPG). Upon POPG binding, several residues of AmtB undergo a small conformational change, which stabilizes
the protein against unfolding. However, no studies have so far been conducted, to our knowledge, to explore
whether POPG binding to AmtB has functional consequences. Here, we used an in vitro experimental assay with
purified components, together with molecular dynamics simulations, to characterize the relation between POPG
binding and AmtB activity. We show that the AmtB activity is electrogenic. Our results indicate that the activity, at
the molecular level, of Amt in archaebacteria and eubacteria may differ. We also show that POPG is an important
cofactor for AmtB activity and that, in the absence of POPG, AmtB cannot complete the full translocation cycle.
Furthermore, our simulations reveal previously undiscovered POPG binding sites on the intracellular side of the
lipid bilayer between the AmtB subunits. Possible molecular mechanisms explaining the functional role of POPG
are discussed.—Mirandela, G. D., Tamburrino, G., Hoskisson, P. A., Zachariae, U., Javelle, A. The lipid environment
determines the activity of the Escherichia coli ammonium transporter AmtB. FASEB J. 33, 000-000 (2019).
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Ammonium is a vital source of nitrogen for bacteria, fungi,
and plants and a toxic metabolic waste product for animals
(1). Hence, ammonium transport across biologic mem-
branes is a process of fundamental importance in all living
organisms. In 1994, the first genes encoding ammonium
transporters were identified in Saccharomyces cerevisine
[methylammonium permease (Mep)] (2) and Arabidopsis
thaliana [ammonium transporter (Amt)] (3). Later, it was
shown that the rhesus protein (Rh) is an ortholog of Amtin
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vertebrates (4) and, remarkably, that yeast Mep mutants
can be complemented with the human Rh glycoprotein
(5), demonstrating that the Rh protein is a functional am-
monium transporter. Following those seminal findings,
members of the Amt/Mep/Rh protein family were iden-
tified in almost all sequenced organisms, forming a unique
and highly specific family of ammonium transporters
6,7).

The functional context of Amt/Mep and Rh trans-
porters is highly diverse: bacteria, fungi, and plants
use Amt/Mep proteins to scavenge ammonium from their
environments for biosynthetic assimilation, whereas
mammals use the Rh proteins for ammonium detoxifica-
tion in erythrocytes and kidney and liver tissues (1, 8, 9).
Hence, members of the Amt/Mep/Rh family of pro-
teins are associated with various fundamental biologic
processes. In fungi, the dimorphic transition from yeast to
filamentation is often related to the virulence of patho-
genic species, such as Candida albicans (10), Histoplasma
capsulatum (11), and Cryptococcus neoformans (12). Fungi
possess multiple Mep proteins, and it has been shown that,
in S. cerevisiae (13), the plant pathogens Ustilago maydis (14,
15), Fusarium fujikuroi (16), and the human pathogen
C. albicans (17), the Mep2 transporters have a key role in
the switch to filamentous growth.
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In humans, Rh mutations are associated with nu-
merous pathologies. RhAG mutations in red blood cells
have been linked to recessive rhesus protein deficiency
(18) and overhydrated hereditary stomatocytosis (19),
arare, dominant-inherited hemolytic anemia. In mouse
kidneys, RhCG mutations impair ammonium homeo-
stasis and are associated with distal renal tubular aci-
dosis and male infertility (20). Finally, RhCG has been
identified as a candidate gene for early onset major
depressive disorder (21).

The Escherichia coli ammonium transporter AmtB is the
most widely studied model system to investigate ammo-
nium uptake in the ubiquitous Amt/Mep/Rh protein
family (22). AmtB is well characterized structurally, with
>20 high-resolution structures reported in the Protein
Data Bank (PDB; Research Collaboratory for Structural
Bioinformatics, https://www.rcsb.org/) to date. Despite this
wealth of structural information, the ammonium transport
mechanism has not yet been unraveled from those crystal
structures because all the structures show a very similar
conformation reflecting the inward-facing state of the
protein, irrespective of the presence or absence of ammo-
nium. Recently, mass spectrometry analysis coupled with
structural studies defined 8 specific binding sites for the
lipid 1-palmitoyl-2-oleoyl phosphatidylglycerol 1 (POPG)
head group in AmtB, which increase protein stability (23).
The X-ray structure of AmtB with bound POPG reveals
distinct conformational changes, which reposition some of
the protein residues that interact with lipids. More re-
cently, it has been shown that POPG can allosterically
regulate the interaction between AmtB and the signal
transduction protein GInK (24). In spite of those findings, a
direct functional role for POPG on the transport of am-
monium by AmtB has remained unclear.

Here, we couple an in vitro assay, based on protein re-
constitution in liposomes and solid supported membrane
electrophysiology (SSME) measurements with molecular
dynamics (MD) simulations to illuminate the effect of lipid
composition on AmtB activity. Our results indicate that the
function of Amt in archaebacterial and eubacteria differs.
We also show that POPG is an essential cofactor for AmtB
activity and that, in the absence of POPG, AmtB cannot
complete the full translocation cycle. To our knowledge,
this is the first report highlighting the functional impor-
tance of specific lipids for AmtB activity and demonstrat-
ing that the high AmtB selectivity for POPG lipids is not
only important for protein stability but also for the trans-
location cycle.

MATERIALS AND METHODS
Protein purification

AmtB(Hisg), cloned into the pET22b vector, was overproduced
and purified as previously described (9), except that 0.03% of
n-dodecyl-B-D-maltoside (DDM) was used, instead of 0.09%
N,N-dimethyldodecylamine-N-oxide in the final size-
exclusion chromatography (SEC) buffer (Tris/HCI 50 mM,
pH7.8, NaCl 100 mM, 0.03% DDM) (25). AmtB was kept in the
SEC buffer at 4°C for subsequent characterization and in-
sertion into proteoliposomes.
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Reconstitution in liposomes

All lipids (Avanti Polar Lipids, Alabaster, AL, USA) were dried
under nitrogen flow and resuspended at 5 mg/ml in non-
activating (NA) buffer. The multilamellar liposomes were sub-
sequently extruded 13 times with the miniextruder (Avanti Polar
Lipids) mounted with a 0.1-pm filter pore. To facilitate the in-
sertion of AmtB into liposomes, 1 pl Triton X-100 at 25% was
sequentially added to 500 pl of liposomes, and the absorbance at
400, 500, 550, and 600 nm was measured to determine the satu-
ration and solubilization constants. The liposomes were in-
cubated for 5 min at room temperature. AmtB, stabilized in 0.03%
DDM, was added at a lipid-to-protein ratio (LPR) of 5:1, 10:1, or
50:1 (w/w), and the mixture left for 30 min at room temperature.
Three subsequent incubations with prewashed SM-2 Biobeads
(Bio-Rad Laboratories, Hercules, CA, USA) at a beads-to-
detergent ratio (w/w) of 20 were performed to ensure de-
tergent removal and AmtB insertion. The average diameter of the
liposomes /proteoliposomes was determined by dynamic light
scattering (DLS) with a Zetasizer Nano ZS (Malvern Instruments,
Malvern, United Kingdom) (Supplemental Fig. S1). Proteolipo-
somes were divided into 100-ul aliquots and frozen at —80°C.

AmtB orientation

Proteoliposomes (160 pl; 5 mg/ml) were treated with or without
2% DDM and incubated with 100 wl of Ni-Affinity Resin (Ni-
Sepharose High Performance; GE Healthcare, Chicago, IL, USA)
at 4°C for 1 h. The supernatant was collected, and the resin was
washed 4 times using 50 pl of NA buffer (100 mM potassium
phosphate pH 7,300 mM KCl). The proteoliposomes were eluted
in NA buffer containing 500 mM imidazole. Fifteen microliters of
each fraction was mixed with 5 pl of loading blue buffer and
analyzed by SDS-PAGE (Fig. 1 and Supplemental Fig. S1). As a
control, we next measured AmtB activity with the purified
proteoliposomes containing only right-side-out (RSO)-inserted
AmtB (Supplemental Fig. S2). The decay constant in the RSO-
purified proteoliposomes or RSO/inside-out (IO) mixture was
the same; hence, we concluded that it was justified not to purify
the proteoliposomes before each SSME measurement.

Sensor preparation for SSME measurement

Three millimeters gold-coated sensors (Nanion Technologies,
Munich, Germany) were prepared as previously described (26).
Briefly, 50 wl of a 0.5 mM octadecanethiol solution prepared in
isopropanol was used to coat a thiol layer on the gold surface of
the sensor during 30 min. The sensors were rinsed with iso-
propanol and deionized water, dried, and subsequently, diphy-
tanoyl-sn-glycerol-3-phosphocholin solution was dropped onto
the surface. One hundred microliters of NA buffer was imme-
diately added to the sensor to form the solid supported mem-
brane (SSM). Proteoliposomes/empty liposomes were defrosted
and sonicated in a sonication bath (U300H Ultrawave Precision
Ultrasonic Cleaning; Ultrawave, Cardiff, South Wales, United
Kingdom) at 35 W for 1 min, diluted 10 times in NA buffer, and
10 w1 was added at the surface of the SSM on the sensor. After
centrifugation, the sensors were stored at 4°C for a maximum of
48 h before electrophysiological measurements.

SSME measurements

The measurements were performed with a SURFE°R N1 ma-
chine (Nanion Technologies, Munich, Germany) using default
parameters (27). The quality of the sensor was assessed before
any recording by determining its capacitance (value should be
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Figure 1. AmtB purification and reconstitution into liposomes
(condition 1, table 1). A) DLS analysis of the empty liposomes
(blue) and proteo-liposomes (red). B) SDS-PAGE Coomassie
Blue-stained gel of the liposomes purified by IMAC after DDM
treatment (+) or in absence of DDM (—). AmtB, 5 ug of pure
AmtB used for the reconstitution in the proteoliposomes E,
elution fraction; FT, flow through; W, wash.

between 15 and 30 nF) and conductance (value should be <5 nS).
For the measurement, a single-solution exchange was used,
which consisted of 3 phases of 1 s each; during which, NA, acti-
vating (A) (100 mM potassium phosphate pH 7, 300-X mM
KCI, X mM of substrate -NH, ", MeA, Na*, K*-), and NA buffers
were sequentially injected on the sensor over constant osmolality
ata flow rate of 200 .1 /s. The sample rate was set to 1000 Hz, and
all the currents in the figures are presented at that rate, without
filtering. The currents were amplified with a gain set to 10° V/A.

Wherever stated, the raw transient curves were normalized
against the maximum current and for the kinetics against the
maximum current recorded after a substrate pulse of 100 mM.

The measurements were conducted =2 times on each sensor
and on 6 sensors prepared from 2 independent batches of AmtB
purification. The decay constant was fitted using Origin (Ori-
ginLab, Northampton, MA, USA), and the kinetic analysis was
performed using Prism 7 (GraphPad Software, La Jolla, CA,
USA). The current reconstruction was performed as previously
described (26).

Molecular dynamics simulations

The AmtB crystal structure at 1.35 A resolution (PDBID, 1U7G)
(28) was used for all of our molecular dynamics simulations.
The CHARMM-GUI web server graphical user interface (http://
www.charmm-gui.org/) (29, 30) was applied to revert the mu-
tations (S126P, K255L, F68S) present in the crystallographic
construct in the PDB structure 1U7G back to its wild-type form.
The protein termini were capped with acetyl and N-methyl
moieties for the N and C terminus, respectively. The protein
was then inserted into a 13 X 13-nm membrane patch con-
structed with the CHARMM-GUI web server interface. Three
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different membrane compositions were used: 1 containing 1-
palmitoyl-2-oleoyl phosphatidic acid (POPA) and 1-palmitoyl-2-
oleoyl phosphatidylcholine (POPC) lipids (POPA-to-POPC
ratio, 1:9), and 2 containing POPA, POPC, and POPG lipids
(POPA:POPC:POPG ratios, 1:9:2 and 1:9:10). K* and C1™ ions
were added to neutralize the system and to obtain a bulk ionic
concentration of 150 mM. The CHARMMS36 force field was
used for the protein, lipids, and ions (31, 32). The water molecules
were modeled with the TIP3P water model (33). Water bonds and
distances were constrained by the Settle method (34), and all other
bonds by the LINCS method (35). After a steepest-descent mini-
mization, the system was equilibrated for ~5 ns by 6 consecutive
equilibration steps (time ratio, 1:1:1:4:4:12) with decreasing position
restraints on heavy atoms, ranging from 1000 to 200 kJ /mol/nm”.
We thereby followed a protocol recommended by the CHARMM_
GUI web server to construct and equilibrate mixed lipid bilayer
systems (36). The first 3 equilibration steps were performed in a
NVT ensemble (constant temperature/ constant volume ensemble)
using a Berendsen thermostat (37) to keep the temperature at 310 K.
The subsequent steps were conducted under a NPT ensemble
(constant temperature/constant pressure ensemble), switching on
a Berendsen barostat (37) with isotropic coupling, to keep the
pressureat 1 bar. Production molecular dynamics simulations were
performed with a Nosé-Hoover thermostat (38) with a time con-
stant of 0.2 ps, and a Parrinello-Rahman barostat (39, 40) with semi-
isotropic pressure coupling. An integration time step of 2 fs was
used throughout the simulations. All simulations were performed
with the Gromacs software, v.5.11 (http://www.gromacs.org/) (41).
The Visual Molecular Dynamics (VMD) software (https://wwuw.ks.
uiuc.edu/Research/omd/) (42) was used for the visualization of the
trajectories and the generation of all structural images. We used the
VMD VolMap plugin for the generation of the volumetric density
maps, the DSSP program (43, 44) for secondary structure assign-
ment, and in-house Python code for additional trajectory analysis.

RESULTS
Characterization of AmtB activity by SSME

To measure ammonium transport activity by SSME, we
purified AmtB as previously described (45). The protein
was incorporated into liposomes containing a mixture of
E. coli polar lipids/POPC at a weight ratio of 2:1. AmtB
was reconstituted at an LPR of 10 w/w). DLS analysis
confirmed that liposomes and proteoliposomes follow a
unimodal size distribution with a mean size of 110 nm (Fig.
1A). To examine the orientation of AmtB inserted in the
liposomes, we analyzed the proteoliposomes by immobi-
lized metal affinity chromatography (IMAC) (46). If all
AmtB proteins are inserted in an RSO orientation in a li-
posome, none of the C-terminal affinity tags should be
accessible; hence, the proteoliposome should flow through
the IMAC matrix. By contrast, if the AmtB protein is
inserted IO in the proteoliposome, then the His-tag should
be accessible, and the proteoliposome is expected to bind
the matrix and thus be present in the elution fraction. As a
control, we treated the proteoliposomes in parallel with
DDM to solubilize AmtB and analyze it by IMAC using
conditions identical to those used for the analysis of the
proteoliposomes without DDM. Our analysis showed
that more than half of the proteoliposomes are present in
the flow through, demonstrating that, in >50% of the
proteoliposomes, not a single protein is IO oriented,
which signifies that most AmtB is orientated RSO in the
proteoliposomes (Fig. 1B).
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SSME analysis after an ammonium pulse of 100 mM
revealed a fast, positive, transient current of 3.3 nA in
proteoliposomes, whereas no current was recorded for
protein-free liposomes (Fig. 2). We show a representative
trace in Fig. 2; however, the amplitude of the transient
current differs from sensor to sensor because the number
of proteoliposomes coated on the SSM varies (27). In our
standard experimental setup, we measured the current 2
times on 6 sensors produced from 2 independent protein
preparations. The average transient current peak mea-
sured for a pulse of 100 mM ammonium at LPR10 was 3.37 =
0.26 nA. SSME records transient currents, because the
charge displacement caused by the translocation of
ammonium inside the proteoliposomes creates an out-
wardly directed negative membrane potential that
progressively inhibits the transport cycle. This fast,
transient current measures both presteady-state charge
displacement (corresponding to the interaction of am-
monium with AmtB) and steady-state charge dis-
placement (describing the continuous turnover during
the complete transport cycle of AmtB) (27). To further
confirm that the transient currents correspond to the
translocation of ammonium into the proteoliposomes,
rather than a simple interaction between the substrate
and the transporters, we investigated the effect of
varying the number of transporters/proteoliposome on
the transient current. It was expected that the decay
time would be prolonged with increasing protein in the
liposomes if the current represents a complete transport
cycle, whereas it should be independent of the number
of transporters/liposome if the current reflects a simple
binding interaction between the substrate and the pro-
tein (47). To test that, we reconstituted AmtB into li-
posomes at LPR values of 50, 10, and 5 (w/w). After a

7.8 - 1 - )
k=18.741.0 s
681 | os ||\ k=13.4#165?
. k=9.5¢0.7 51
5.8 - T
< S 06 -
£ 48 - o
+ ©
o 8 04 -
E 38 = O
3 E
Q =
2.8 4 g 0.2 4 \:.,N
1.8
0.8
0.2
1 1.2 1.4 1.6 1.8 2
Time (s)

Figure 2. Characterization of AmtB activity. Transient current
measured after a 100 mM ammonium pulse in empty liposomes
(green) or proteoliposomes containing AmtB at an LPR of
50 (black), 10 (red), or 5 (blue). Inset: normalized current
measured in proteoliposomes containing AmtB at an LPR of 50
(black), 10 (red), or 5 (blue).
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pulse of 100 mM ammonium, the maximum amplitude
of the transient current between LPR 50, 10, and 5 in-
creased from 0.47 = 0.02 to 3.37 £ 0.26 nA and 7.90
0.35 nA, respectively. Importantly, the decay rate con-
stant of the second phase increased from 9.5 * 0.7 to
13.4 = 1.6/s and 18.7 = 1/s (Fig. 2). Taken together,
these results show that a charge displacement specific to
AmtB can be detected, and that the current describes the
continuous turnover of the complete transport cycle. To
determine the transport kinetics, the transient currents were
measured in proteoliposomes reconstituted at LPR10, after
ammonium pulses ranging from 0.024 to 100 mM. The
peak currents saturated between ammonium pulses of
25-50 mM; therefore, we normalized our recordings
against the current measured at 100 mM. The data were
then fitted according to the Michaelis-Menten equation
and a K., of 0.8 = 0.1 mM was calculated (* = 0.99) (Fig.3B).

To characterize the specificity of AmtB among mono-
valent cations, we measured the current after pulses of
Na* and K*. The ionic radii of Na* (0.116 nm), and K*
(0.152nm) are similar to the size of NH, " ions (0.151 nm)
(48). In spite of that, 100 mM Na™ or K* pulses did not
trigger any charge displacement (Fig. 3A). This shows that
those ions do not interact with AmtB and are not trans-
located through the protein. These experimental obser-
vations agree with previous free-energy calculations, which
have suggested a high energy barrier for the translocation of
ions through AmtB because of the hydrophobicity of
the pore (49-51).

Next, we investigated the specificity of AmtB for am-
monium vs. methylammonium (MeA) transport. MeA has
been widely used to measure ammonium transport ac-
tivity because the radioactive tracer [**C]MeA is com-
mercially available. However, the suitability of MeA as an
ammonium analog to characterize the kinetics, specificity,
and energetics of Amt/Mep/Rh protein activity has been
questioned (52, 53). Here, we show that a pulse of 100 mM
MeA triggers a transient current of 0.50 = 0.02 nA, com-
pared with 3.37 = 0.26 nA for ammonium, whereas the
decay constant is 4 times lower (Fig. 3A). The currents
recorded by SSME are intrinsically transient; however, the
transporter steady-state components can be reconstructed
by circuit analysis (54). Steady-state transport in AmtB as-
sociated with 100 mM ammonium caused a current of ~4
nA, whereas, for 100 mM MeA,, it was ~0.5 nA. This shows
that MeA is translocated through AmtB at a greatly reduced
rate compared with ammonium (Fig. 3C). Furthermore,
kinetic analysis reveals a K,,, 70 times higher (55.8 mM) for
MeA compared with ammonium, showing further that
MeA is a poor substrate analog for AmtB, not well suited to
elucidate the mechanistic details of AmtB activity (Fig. 3B).

POPG lipids are functionally required for full
AmtB transport activity

Given that POPG has been shown to bind specifically to
AmtB (23), we hypothesized that the lipid environment
may also affect the protein’s activity, the ammonium-—
AmtBinteraction, and/ or the translocation process. To test
that question, we reconstituted AmtB into liposomes
containing a mixture of POPA /POPC at a weight ratio of
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ment (which corresponds to the
binding of ammonium/MeA to
AmtB) and steadystate charge

displacement (which describes the continuous turnover of charge during the complete transport cycle of AmtB). It is possible,
however, to isolate the steady-state (transport rate) current by analyzing the SSME system as an electric circuit describing the electrical
properties of the compound membrane formed from the liposomes and the underlying SSM. This is important to clearly demonstrate
that the rate of ammonium transport is larger than in the case of MeA.

1:9 or ternary mixtures of POPA /POPC and POPG (Table
1). The POPA /POPC mixtures were chosen because no
strong interactions have been detected between POPA,
POPC, and AmtB (23), and also because AmtB is correctly
inserted in this lipids mixture but does not translocate
ammonium (the decay rate does not change at various
LPRs; Fig. 4B). Hence, the POPA /POPC lipid mixture is
very well suited to assess the specific role of POPG in AmtB
activity. The ternary mixture was chosen such that the
quantity of POPG (16.5% w/w) matched the standard
composition used for the previous experiments (E. coli
polar lipids/POPC; 2/1 w/w) (Table 1). DLS measure-
ments and IMAC analysis showed that the size of the li-
posomes, the protein orientation inside the membrane,
and the quantity of protein inserted were equivalent for all
lipid conditions (Supplemental Fig. S1A, B). In the absence
of POPG (condition 2, Table 1), a 100-mM ammonium
pulse triggered a transient current of 042 * 0.04 nA,
compared with 3.37 = 0.26 nA in the presence of POPG
(condition 1, Table 1) (Fig. 4A). Remarkably, in the pres-
ence of 16.5% POPG in an otherwise pure POPA /POPC

TABLE 1. Lipid composition in liposomes and total PG content”

Lipid condition Lipid contentratio (w/w) % PG

1 E. coli polar/PC - 2/1 16.5
2 PA/PC-1/9 0
3 PA-PC/PG -5/1 16.5

“We reconstituted AmtB in liposomes containing a mixture of
phosphatidic acid (PA)/phosphatidylcholine (PC) at a weight ratio of
1/9 (condition 2) or in PA/PC-containing liposomes from condition
2 but also containing PG at a weight ratio of 5/1 (condition 3). Con-
dition 3 was chosen such that the quantity of PG (16.5% w/w) matched
the standard composition used for the previous experiments (F. coli
polar lipids/PC 2/1 w/w; condition 1).
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condition (condition 3, Table 1), a current of 2.24 = 0.06 nA
was measured, which is >5 times greater than in the absence
of POPG (condition 2, Table 1) (Fig. 4A). The decay and the
Ky, constants measured in the presence of POPG (conditions
1 and 3, Table 1) were similar and remained within the ex-
perimental error (Fig. 4). In contrast, in the absence of POPG
(condition 2, Table 1), the decay rate and the K., increased by
1.6- and 7-fold, respectively, compared with conditions 1
and 3 (Fig. 4A). All of these findings clearly show that POPG
lipids are important for the transport activity of AmtB.

To determine whether AmtB completes a full transport
cycle in the absence of POPG, we reconstituted the protein in
condition 2 (without POPG, Table 1) at varying LPRs of 50, 10,
and 5 (w/w). By SDS-PAGE analysis, we carefully checked
that the quantity of protein in conditions 1 and 2 at the 3 LPRs
were comparable (Supplemental Fig. S1C). Under condition
2, an ammonium pulse of 100 mM did not trigger a mea-
surable transient current at LPR 50; however, at LPR 10 and 5,
the decay time was similar and within the experimental error
(19.0 £ 1.0/s vs. 17.1 = 3.0/s respectively; Fig. 4B).

To ensure that AmtB was not misfolded in the liposomes
under condition 2 (without POPG, Table 1), we solubilized
the proteoliposomes in 2% DDM to extract AmtB and ana-
lyzed the protein by SEC on a Superdex 10/300 increase
column (GE Healthcare). The SEC analysis showed that the
protein elutes as a single monodispersed peak at the same
retention time (11.6 ml) as before reconstitution under con-
dition 2 (Fig. 5A4). We subsequently reinserted AmtB solu-
bilized from condition 2 (without POPG, Table 1) into
proteoliposomes using condition 1 (with POPG, Table 1). An
ammonium pulse of 100 mM in these proteoliposomes trig-
gered a transient current of 3.18 = 0.09 nA with a decay
constant of 11.5 = 2.4/s, and the kinetic analysis revealed a
Ky of 1.3 = 0.3 mM (Fig. 5B). These results show that AmtB
reconstituted under condition 2 (without POPG) regains the
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original activity parameters (maximum current intensity,
decay time, and K,) when rereconstituted in liposomes
under condition 1 (with POPG). These data confirm cor-
rect folding of AmtB in the proteoliposomes without
POPG (condition 2). Taken together, these findings show
that POPG is important for AmtB activity and further-
more indicate that, in the absence of POPG, AmtB ex-
hibits a defective transport cycle.

Structural and dynamic investigation of
POPG interacting with AmtB
We next applied atomistic MD simulations to study the

interaction of POPG lipids with AmtB in membranes on
the molecularlevel. Figure 6A and Supplemental Figs. S3A

Figure 5. AmtB is correctly

16 18 2 1 1.2 1.4

Time (s)

and S4A show the simulation systems containing an AmtB
trimer embedded within POPA/POPC/POPG (1:9:10),
POPA /POPC (1:9), and POPA /POPC /POPG (1:9:2) mixed
lipid membranes, respectively. The color maps on the right
and bottom of each of these figures display the density of
POPA /POPC and POPG, respectively, each derived from
0.7-us simulations. The slices representing the lipid density
in the periplasmic and cytoplasmic leaflets were taken at the
average z axis position of the phosphorus atoms within the
lipid head groups of each membrane leaflet. The AmtB tri-
mer remains stable in all the lipid environments we studied
(Supplemental Fig. S5).

Although specific AmtB interactions with POPG had
previously been detected crystallographically for the ex-
tracellular membrane leaflet (23), our simulations revealed
additional POPG binding sites on the intracellular side of
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the membrane (Fig. 6B, C). POPG lipids preferably occupy
sites on the AmtB trimer located near the interfaces be-
tween the monomers, both within the periplasmic and
intracellular membrane leaflets (Fig. 6C). Specifically, we
observe 3 high-density lipid interaction sites/subunit in
the periplasmic leaflet, 1 at the monomer interface (site 1)
and 2 in its vicinity (sites 2 and 3). Within the intracellular
leaflet, about 2 high-density lipid sites are seen per subunit,
in which lipids interact with interfacial helices of AmtB in
both cases (Fig. 6C; sites 4 and 5), and an additional high-
density region, in which we observed POPG clustering
(site 6). By contrast, the density maps recorded for the
POPA /POPC lipid mixture show no binding hotspots of
AmtB for POPA and POPC within the periplasmic mem-
brane leaflet, whereas some lipid accumulation was ob-
served within the intracellular leaflet close to the AmtB
POPGbinding sites 1 and 2 (Supplemental Fig. S3). The POPG
density maps obtained from the POPA /POPC/POPG (1:9:2)
simulation (Supplemental Fig. S4C) showed that, because of
the lower POPG concentration in this simulation sys-
tem, the binding regions observed in the POPA /POPC/
POPG (1:9:10) simulation were only partially occupied
by POPG. Close-up images highlighting the interaction
sites between POPG lipids and the AmtB subunits are
shown in Fig. 7. The binding sites observed in our MD
simulations within the periplasmic leaflet are in good
agreement with crystallographically defined sites (23)

LIPID ENVIRONMENT DETERMINES ACTIVITY OF AMTB

B Combined POPC/POPA
density

Periplasmic leaflet

Density
(atoms x A-3)

Figure 6. Trimeric AmtB in the POPA/POPC/
POPG (1:9:10) system and lipid density plots.
A) Final frame of the simulation system, seen
from the periplasm (top) and from the side
(bottom). The protein is shown in gray, the
POPC lipid molecules in orange, POPA in
green, and POPG in magenta. B) Volumetric
analysis of the POPC and POPA combined
average densities over the entire 700-ns trajec-
tory. C) Volumetric analysis of POPG average
densities over the entire trajectory. The black
lines in the density plots mark the approximate
monomer interfaces. Specific binding sites are
labeled in the density plots. Comparison of the
2-dimensional density maps shows that POPG
tends to localize preferentially close to the
monomer interfaces.
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(Fig. 7A), whereas the new intracellular interaction sites
also located to the interface region between the AmtB
subunits (Fig. 7B, C).

Supplemental Figure S6 shows the time evolution of the
occupancy of all the suggested AmtB lipid binding sites by
each lipid type, using data from 2 independent simula-
tions of AmtB in a POPA/POPC/POPG (1:9:10) mem-
brane. As can be seen, the sites we identified preferably
interact with POPG lipids. In addition, an analysis of the
number of hydrogen bonds formed between the lipid head
groups and the protein (Supplemental Fig. S7A), as well as
the radial distribution of the lipids around the protein
(Supplemental Fig. S7C), shows that POPG tends to lo-
calize closer to the protein surface, compared with the
POPA and POPC lipids, and to form more hydrogen bond
contacts. The average number of hydrogen bonds among
each protein residue and the lipid head groups is dis-
played in Supplemental Fig. S7B, confirming that POPG
lipids generally establish more hydrogen bonds, in par-
ticular, near residues that form the reported binding sites
(1-6 in Fig. 7).

The most conspicuous conformational change we
found to be induced by POPG binding in AmtB on the time
scale of our simulations was the preferred formation of a
short helix within a periplasmic loop region (residues
77-81) after binding of the charged POPG head group. The
propensity of that region to form an a helix is shown in
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Figure 7. The images highlight
the POPG binding locations
observed in the POPA/POPC/
POPG (1:9:10) simulations. The
binding sites located in the peri-
plasmic leaflet are numbered 1,
2, and 3, whereas the intracellular
ones are labeled 4, 5, and 6. The
same numbering scheme has
been adopted for the volumetric
maps shown in Supplemental
Figs. S2 and S3. A) Volumetric
map of the average POPG density
obtained from a 700-ns simula-
tion (magenta mesh surface, iso-
value = 0.38) is compared with
the POPG binding sites, which
were previously resolved in the X-

ray structure (PDB ID, 4nh2;
lipids in green). Generally, good
agreement between the experi-
mental and the simulation sites

was observed, especially for bind-

ing site 1. B, C) Side (B),
periplasmic (C, left), and intracel-

lular (C, right) views of the POPG
binding sites taken from a repre-
sentative simulation frame from

the POPA/POPC/POPG (1:9:

10) mixture. Generally, POPG
tends to bind close to the mono-

mer interface.

Supplemental Fig. S8. The simulations containing POPG
(both in the ratios 1:9:2 and 1:9:10) exhibited a significantly
increased propensity for this loop region to form a he-
lical structure compared with simulations in the ab-
sence of POPG. That short region is part of aloop, which
Laganowsky et al. (23) showed to adopt a slightly dif-
ferent conformation upon POPG binding, compared
with the unbound structure, albeit without formation
of a helix. Although the detailed mechanism of ammo-
nium transport in AmtB is still unclear, this finding
might link POPG binding to AmtB structure and
function.

DISCUSSION

A plethora of functional studies aimed at elucidating the
mechanism of ammonium transport by Amt proteins has
led to considerable controversy because of the lack of an in
vitro assay characterizing the activity of Amt proteins us-
ing ammonium as the substrate (1, 9). The elegant work of
Wacker et al. (55) showed that 2 ammonium transporters
from Archaeoglobus fulgidus activity are electrogenic (55).
The work we present here shows that the activity of the
archetypal Amt/Mep/Rh protein AmtB is also associ-
ated with charge translocation across the membrane,
which suggests that electrogenic transport may be a gen-
eral feature for these proteins. However, we also dem-
onstrated that, contrary to A. fulgidus Amtl, AmtB highly
discriminates between MeA and ammonium as substrates.
Although in A. fulgidus Amtl, MeA triggers a transient
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current amounting to 87% of the current elicited by am-
monium (55), the current induced by MeA in AmtB is
<15% of that observed for ammonium. The structural basis
for that discrepancy is not yet clear because the 3 principal
conserved features, namely the S1 binding site, the “Phe
gate,” and the pore twin-His motif are structurally similar
between both proteins. However, that functional differ-
ence, at the molecular level, between eubacterial and ar-
chaeal Amts raises important questions about the
universality of the transport mechanism in microbial am-
monium transporters. This is particularly relevant in the
case of the Mep2-like protein, which has been assigned a
sensor role in filamentous development, often related to the
virulence of pathogenic fungi (13). There are 2 major hy-
potheses concerning the molecular mechanism of Mep2-
mediated signaling. The first is that Mep2 is a sensor
interacting with signaling partners, leading to induction of
filamentation (56, 57), whereas the other posits that the
transport mechanism of Mep2-like proteins may differ
from other Mep proteins (58-60). Current evidence favors
the second hypothesis given that signaling efficiency is
closely linked to transport efficiency; however, further
studies are needed to elucidate the exact mechanism, which
may provide important information for the design of novel
antifungal therapies.

It is well established that lipids can affect membrane
protein structure and function through bulk membrane
effects by direct, but transient, annular interactions with
the bilayer-exposed surface of the protein or by specific
lipid binding to protein sites (for review, see Denning and
Beckstein (61). Altogether 8 molecules of POPG have been
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resolved in a recent crystal structure of AmtB, interacting
at specific binding sites within the extracellular membrane
leaflet (23). Our MD simulations identify further interac-
tions of POPG molecules in the inner leaflet of the mem-
brane. However, so far, no functional relationships have
been reported to link POPG binding with the activity of
AmtB. Here, we show that, in the absence of POPG, AmtB
is nonfunctional as a transporter and unable to complete
the full translocation cycle. Our experiments and simula-
tions do not indicate substantial conformational changes
in the S1 periplasmic binding site or in the pore, suggesting
that the molecular basis of the POPG effect on AmtB ac-
tivity could involve novel mechanistic sites. In this context,
it is interesting to compare our findings with the lactose
permease LacY in E. coli, the most extensively studied
secondary transporter in the context of lipid—protein in-
teractions. In the absence of POPC and/or phosphatidyl-
ethanolamine (POPE), LacY is unable to support active
transport of the substrate into the cell, although the bind-
ing of the substrate to the protein is unaffected (62). This is
similar to the observations we made for AmtB in the ab-
sence of POPG lipids. LacY is known to undergo drastic
topological rearrangements, which may explain the effect
of POPC/POPE on its activity (63). In the case of AmtB, no
topological rearrangements were observed upon POPG
binding, and we have shown that, in the absence of POPG,
AmtB was folded correctly in the proteoliposomes, such
that a major change in the AmtB topology is unlikely to
explain the functional role of POPG. We did, however,
observe changes in the dynamics of AmtB subunits, which
located particularly to loop regions at the periplasmic face
of the protein. The periplasmic loop regions have been
shown to include functionally important residues (49, 50,
64, 65). Once a more detailed picture of the overall trans-
port mechanism of AmtB has been obtained, the role of
those effects may emerge into greater clarity.
Furthermore, several lines of evidence point toward
functional cooperativity between the 3 subunits in the
Amt/Mep transporters. First, in S. cerevisiae, it has been
demonstrated that expression of a nonfunctional Mepl
protein inhibits the transport activity of Mep2 and Mep3,
indicating crosstalk between different Mep transporters
(66), and similar observations have been reported for
ammonium transporters of Aspergillus nidulans (67). Sec-
ond, coexpressed, nonfunctional monomers cross-inhibit
transport in plant Amts, and a genetic screen has identified
several mutations at the subunit interface of the A. thaliana
Amtl/2 transporter, which inactivated the translocation
activity (8, 68). Third, extensive site-directed mutagenesis
of the C-terminal tail of E. coli AmtB has led to the hy-
pothesis that the 3 subunits function in a cooperative
manner (69). All of these findings indicate functional
coupling among the adjacent subunits. Previous structural
data and our MD simulations showed that POPG mole-
cules bind mainly to sites at the vicinity of the subunit
interfaces. It is, therefore, attractive to hypothesize that
POPG molecules act as wedges, which mediate the func-
tional interaction between the subunits. In line with that
hypothesis, a model in which various AmtB conforma-
tions may be favored upon specific lipid binding has been
proposed (24). Finally, it has recently been shown that

LIPID ENVIRONMENT DETERMINES ACTIVITY OF AMTB

other lipids, including POPE and cardiolipin, can bind
AmtB allosterically, indicating that transporters may re-
cruit their own microlipidic environment (70). Whether
these binding events are important to modulating the ac-
tivity of AmtB remains a question to be addressed in future
studies.
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