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Chapter 1

Introduction
Compartmentalization is an inherent feature of life, and membranes delimit
biological compartments. Such separation is essential to maintain internal
conditions that keep the cell’s metabolic functions running. Nevertheless,
these membrane boundaries must grant passage of nutrients, waste products
and interaction with external signal molecules in order for the cell to maintain
homeostasis, grow and multiply. The transit of most molecules is mediated
by membrane-embedded proteins that catalyse the diffusion or cumulative
transport from one side to the other of the phospholipidic bilayer. The
importance of membrane transporters is emphasized by their abundance. It has
been estimated that between 2% to 16% of all open reading frames (ORFs) in
prokaryotes and eukaryotes code for transport proteins. Generally prokaryotes
have a higher percentage of ORFs encoding membrane transporters than
eukaryotes, with an average of 9.3% and 6.7% for Bacteria and Archaea [1]. The
human genome contains ~800 transporters which account for roughly 3% of
the ORFs [2].
The transporter classification (TC) system classifies transport proteins in
an analogous way as the enzyme commission (EC) system [3]. Currently the
system is divided in 5 major classes (1-5) and two categories reserved for
accessory transport proteins and not fully characterized transporters (classes
8 and 9); transporter classes 6 and 7 are reserved for proteins that have yet
to be discovered. Transporters are allocated to the first 5 classes based on
their transport and energy-coupling mechanism. The first class includes
channels and pores. These proteins do not require the use of an energy source
and selectively facilitate the diffusion of small molecules or ions along their
electrochemical gradient [1]. The second class consists of secondary active
transporters and will be discussed in more detail below. The third class
contains primary active transporters, which use chemical reactions (such as
ATP hydrolysis, redox or decarboxylation reactions) or light energy to power
the cumulative transport of a wide variety of molecules [4,5]. The fourth class
contains group translocator proteins. These transport proteins are only found
7
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in bacteria and utilize phosphoenolpyruvate to phosphorylate the transported
substrate [2]. A small set of transport proteins that catalyse electron flow
across the membrane compose the fifth class of the TC system, and influence
the magnitude of the membrane potential. They perform the electron transfer
from donors localized to one side of the membrane to acceptors on the other
side.
The second class comprises the electrochemical potential-driven transporters,
or secondary active transporters. These proteins use the energetically
favourable transport of small molecules or more generally ions (co-ion) as
an energy source for transporting another solute (substrate) against the
concentration and/or electrical gradient. In bacteria and archaea this class
of protein forms the most abundant group among the transport protein, with
on average more than 50% of all membrane transporter genes coding for
a secondary active transporter. The thermodynamically maximal extent of
accumulation of the substrate is determined by the magnitude and direction
of the substrates and co-ion gradients [6], but sometimes leaks occur leading
to lower accumulation [7]. The transport event can also be classified according
to the direction in which substrates and co-ions flow. It is called antiport when
the flux of the substrate and the co-ion are opposed to each other (e.g. NhaP
[8]), symport when one or more co-ions are moved in the same direction of
the substrate (e.g. LeuT [9]), but a transport mechanism may also entail a
combination of both methods (e.g. EAAT1-5 [10]). The co-ions that drive the
transport are in most cases Na+ or protons, however also small molecules
such as phosphate can be used (e.g. GlpT [11]). In some cases, the countertransported substrate is related to the substrate that is involved in the forwardtransport, such as ArcD. This exchanger imports the amino acid L-arginine
which is metabolized in the Arginine DeIminase (ADI) pathway to produce
ATP. The waste product L-ornithine is counter-transported again by ArcD in
exchange for another molecule of L-arginine [12,13].

In multicellular eukaryotes they play a role of signal transmission [18]. Glutamate
is the main excitatory neurotransmitter and is released at the synaptic cleft, its
release activates specific glutamate receptors which stimulates the excitation
of the neuronal cell downstream. The removal of glutamate from the synaptic
cleft is essential to avoid over-stimulation and subsequent death of the neuron.
Glutamate transporters remove the amino acid from the synaptic cleft and
concentrate it into glial and neural cells [19–21]. In mammals these proteins
are also called Excitatory Amino Acid Transporters (EAAT) due to the excitatory
effect of the substrate. There are 5 homologues of EAATs (EAAT 1-5) and
all of them couple the transport of glutamate or aspartate to 3 Na+ ions and
EAAT4 and EAAT5, this glutamate-gated channel activity appears to be the predominant
one proton (Figure 1c) [20,22,23]. After the release of substrate and co-ions
function.
to the other side of the membrane, it requires the counter-transport of a K+
In prokaryotes the function of glutamate transporters is to provide glutamate and aspartate as
ion to resume the conformation that will allow another glutamate to bind and
a source of energy and nitrogen. The transport of the substrate is coupled to either Na+ or
complete another transport cycle [24]. Besides the coupled transport of cations
protons but, differently from their mammalian counterparts, it does not require the counter
and glutamate all EAATs also have an uncoupled substrate-gated chloride
transport of K+ to complete the transport cycle. The Archaeal aspartate transporters GltTk and
conductance, and in EAAT4 and EAAT5, this glutamate-gated channel activity
GltPh are the best studied members of the family (Figure 1a, b), and have been used as a model
appears to be the predominant function.
in structural, biochemical and molecular dynamics studies [25–29].

A GltPh / GltTk

B EAAT 1-5

C ASCT 1-2

Figure 1 Stoichiometry of SLC1A transporter family members. a GltPh/GltTk b EAAT1-5 c ASCT1-2. Putative
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domain and a transport domain (Figure 2a). The monomer is composed of eight α-helical

Glutamate transporters
Glutamate transporters are secondary active transporters and members of
a widespread family of transport proteins: the dicarboxylate/amino acid:
cation symporter (DAACS). Other members of this family can transport C4dicarboxylate metabolites (e.g. fumarate, succinate, malate)[14,15] and neutral
amino acids [16,17]. Glutamate transporters can be found in all domains of life.

transmembrane segments (TMS 1-8) and two α-helical hair pins (HP1-2)[30–33]. The
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Glutamate transporters are homotrimers, with each monomer consisting of
a trimerization domain and a transport domain (Figure 2a). The monomer is
composed of eight α-helical transmembrane segments (TMS 1-8) and two
α-helical hair pins (HP1-2)[30–33]. The trimerization domain is formed by TMSs
1, 2, 4, and 5, and provides all contacts between monomers. The transport
domain consists of TMSs 3, 6, 7, 8, and the two re-entrant hairpins HP1 and
HP2 which enclose the binding site for aspartate [30]. The several crystal
and cryo-EM structures in different conformations for GltPh and GltTk reveal a
movement of the transport domain of ~18-20 Å combined with an axial rotation
of 37° between the outward facing and the inward facing conformation [32].
The elevator mechanism has also been confirmed in HS-AFM studies done with
the transporter embedded in lipidic bilayer and smFRET experiments [34–37]
(Figure 2b, d and e). The movement of each transport domain in the trimer is
independent to the other protomers [34,38].

Binding site description
Members of the glutamate transporter family catalyse the uptake of not only
glutamate, but also a variety of other substrates. Mammalian glutamate
transporters EAAT 1-5 can transport L-glutamate and D- and L-aspartate
with similar affinities [40]; ASCT1-2 can exchange neutral amino acids such
as serine, threonine and alanine [16]. The bacterial transporters GltT and GltP
also accept L-glutamate and L-aspartate (Rahman et al., 2017; Slotboom et al.,
2001, Groeneveld et al., 2010). Exceptions are the archaeal transporters GltPh
and GltTk which show a strong preference for aspartate as substrate in both Land D- enantiomers [43,44]. GltPh accepts glutamate, L-serine and succinate as
low affinity substrates [45] while these are not binders for GltTk, which is known
only to bind L-asparagine as low affinity substrate (S. Jensen, 2017). EAAT’s
competitive inhibitor threo-benzyloxy aspartate (TBOA) also binds to GltTk with
relatively high affinity. TBOA has also been used as starting compound for
photo-activated inhibitors for GltTk [46].

Figure 2 A) Extracellular view of the GltTk homotrimer where the scaffold and transport domains of one of the
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and amino acid residues involved in substrate coordination are shown as sticks and sodium
Binding site description
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The binding site for aspartate in GltTk (and GltPh) consists of the tips of both HPs,
a conserved region of TMS7 (NMDGT) and some hydrophilic residues in the
central part of TMS8 (Figure 2c). The side chains of T402 and N405 (numbering
according to GltTk TMS8), and the backbone NH group of S280 interact with the
α-carbonyl group of aspartate. The β-carbonyl is interacting with the side chains
of T317 (TMS7) and R401 (TMS8), and the NH group of the backbone of G362
(HP2). The amino group of the substrate is coordinated by the side chain of D397
(TMS8) and the backbone carbonyl of R278 and V358 (HP1 & HP2) [45]. The
position of the three Na+ (Na1-3) binding sites is close to the one for aspartate,
but there is no direct interaction between aspartate and Na+. The affinity of GltTk
and GltPh for aspartate is strongly influenced by the sodium concentration and
vice versa (Hänelt et al., 2015; Reyes et al., 2013; Chapter 2). Na1 is coordinated
by the carboxylate of D409 (TMS8) and the backbone carbonyl of G309, N313
and N405 ins TMS7 and 8. The sodium ion that occupies Na2 is coordinated by
the backbone carbonyls of S352, I353 and T355 in HP2 and of T311 in TMS7 [45].
The last sodium (Na3) is coordinated by the hydroxyl groups of T94 and S95 in
TMS3, the carboxamide and carboxyl group of N313 and D315 in TMS7 and the
backbone carbonyl of Y91 (TMS3) [25].

2-HCT family
The 2-hydroxycarboxylate transporter family is a family of secondary active
transporters that is only found in bacteria, with the highest frequency in
the phylum Firmicutes [50]. Transporters in this family are specialized in the
transport of di- and tricarboxylates, such as malate and citrate. The symport
of the substrate is coupled with either Na+ (e.g. CitS from K. pneumoniae or
MaeN from B.subtilis) or protons (e.g. CimH from B.subtilis)[51–53]. Even
though symport is the most common mode of transport for the 2-HCT family,
some transporters in this family have evolved to catalyse exchange between
internal and external substrates. Transporters that use this mode of transport
are the malate/lactate exchanger MleP from L.lactis and the citrate/acetate
exchanger CitW from K. pneumoniae [54,55]. These transporter play a role in
diverse energy conservation pathways like malolactic fermentation, citrolactic
fermentation, citrate fermentation and oxidative malate decarboxylation [50].
The most studied member of the 2-HCT family is CitS, a citrate/Na+ symporter,
which also yielded the first high resolution crystal structure for a member of
the 2-HCT family [56](Figure 3a, c, d and e). The fold of the 2-HCT family is
12

unrelated to that of the glutamate transporter family, but nonetheless they both
use an elevator type of transport mechanism [57]. The oligomeric structure
of CitS is composed of two protomers, each consisting of two domains: a
dimerization domain and a transport domain (Figure 3a). The protomer is
formed by two homologous repeats of five TMSs (TMS2-6 and TMS7-11), with
each repeat containing a helical hairpin (HP1-2)[58](Figure 3b). Both transport
domain and dimerization domain are formed by elements from both repeats.
The transport domain is constituted by the two hairpins (HP1-2) and TMSs
5-6 and 10-11, while the TMSs 2-4 and 7-9 form the dimerization domain. The
binding site for citrate is located at the interface between dimerization and
transport domain at the level of the tips of HP1 and HP2, with most of the
interactions between substrate and protein provided by the transport domain,
but there are also some interactions with the dimerization domain [56,58]. This
is different from the glutamate transporters in which the substrate is bound
and occluded exclusively by the transport domain. The 2-hydroxy carboxylate
of the substrate is held between the N-terminal end of the legs of the two
hairpins (HP1b and HP2b) by forming hydrogen bonds with the backbone NH
groups of N186 and G187 in HP1. The central hydroxy group of citrate interacts
with the backbone and side chain of S405 in HP2. The other carboxylates of
the substrate interact with the side chains of R402, S405 and N186 from HP2
and 1, and R428 located in TMS11. The sodium ions are buried in the transport
domain as opposed to the bound citrate molecule. One of the two Na+ ion is
located between the C-terminal ends of the first legs of the two hairpins (HP1a
and HP2a) and is coordinated by the main chain carbonyl residues of I181 and
G183 in HP1, and M399 and N401 in HP2. The second Na+ ion interacts with
N401 and D407 side chains and C398 and G403 backbone carbonyls in HP2,
in addition is coordinated by the hydroxy group of S427 in TMS11 and a water
molecule[58].
The transport mode has been postulated to be elevator-like from the crystal
structure which shows the transport domains of the protomers in different
conformations, inward open and outward open states (Figure 3c, d and e). The
difference between states is consistent with experiments using native cysteine
modification. In absence of Na+ and citrate, C398 and C414 are accessible
to thiol modifying reagents of different size and charge which then hinders
transport [59](Figure 3b). These two cysteine residues are located on the HP2
segment and when modified they prevent to adopt the compact conformation
required for completing the transport cycle [58].
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Kinetics of co-ion coupled transporters
The massive amount of structural data collected over the years helped
understanding how membrane transporters achieve alternating access of the
substrate binding site to either side of the bilayer. However, the knowledge on
how co-ion coupling happens in secondary active transporter is lagging behind.
The sequence of substrate and co-ion binding that leads to transport, also
known as kinetic scheme, can shed light on the coupling mechanism. Attempts
to understand the kinetic mechanism of glutamate transporters were made
using different techniques.
The binding order of Na+ and aspartate to GltPh has been studied by following
pre-equilibrium association of substrate and co-transported ions using
fluorescence methods [43,49,60,61]. These experiments are all consistent with
the binding of two sodium ions before, and one after aspartate. The binding of
the first sodium ion is preceded by a conformational change in the apo protein,
and thus can be described as conformational selection. While pre-equilibrium
binding methods are crucial to solve parts of the kinetic mechanism, they
do not provide information on the transport step, because they make use of
detergent-solubilized proteins. In this thesis (Chapters 2 and 3) I describe
a classical enzymology approach to deduce missing steps of the kinetic
mechanism of transport.
Figure 3 Overall structure of CitS (PDB 5A1S) . (a) Top view along an axis perpendicular to the membrane plane
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secondary
structure
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transport
of the
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Molecular dynamics simulations are also widely used for inferring kinetic
mechanisms of many proteins, including members of the glutamate transporter
family [25,62]. These simulations rely on structural data that are often obtained
by mutated or cross-linked proteins, which might not fully represent the natural
state of the transporter. Simulations offer nonetheless a background useful to
build a theoretical kinetic scheme. The combination of structural and molecular
dynamics analysis led to the conclusion that two Na+ ions (namely Na+1 and
Na+3) bind before aspartate. The binding of the two ions causes structural
rearrangements that provide an optimal site for aspartate binding strongly
affecting its affinity. It is thought that Na+2 is the last to bind because the
binding site for this Na+ ion is formed by the movement of HP2 which occurs
after aspartate binding [25].
Another method to get insight on kinetic mechanism is electrophysiology. This
technique measures flux of charges across a membrane, which can be used
on glutamate transporters dure to the electrogenic nature of the transport
15
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event. With this method a difference in glutamate-induced anion current has
been observed between forward and reverse transport in EAAC1 (EAAT3). In
these experiments it was found that the anion current in the forward transport
was strongly dependent on the extracellular Na+ concentration whereas the
reverse transport currents were independent on the Na+ concentration, which
suggests an asymmetry in activation kinetics of the transporter. The resulting
kinetic model predicts a first-in first-out mechanism [63]. This means that
in the last step of forward transport Na+ is bound after glutamate, while in
the reverse transport glutamate binds last. It is however possible that the
cellular environment and indirect transport measurement (via the chloride
conductance) obscured mechanistic details.

The study of enzyme kinetics provides the basis for understanding the
catalytic mechanism of enzymes by measuring the rates of enzyme-catalysed
reactions. These rates are influenced by a variety of factors, such as: enzyme
concentrations, ligand concentrations, pH, ionic strength and temperature.
The analysis of reaction rates at different concentrations of substrates yields
insights on the overall reaction mechanism. This notion also holds for membrane
transporters, even though in most cases there is no chemical difference between
the initial reactants and the products. In this case the reaction is considered to
be the transfer of molecules from one side of the lipidic membrane to the other,
de facto catalysing the otherwise slow permeation across the membrane. One
of the goals of an enzyme kinetic analysis is to find the order in which substrate
and co-ions bind. The kinetic mechanism can then be interpreted in the light of
the known structures to derive a structural mechanism.
The study of enzyme kinetics began to develop more than a century ago with,
among other discoveries, the derivation of the Henri-Michaelis-Menten (also
known simply as Michaelis-Menten) equation based on chemical equilibrium
principles. A decade later Briggs and Haldane also proposed their equation
which introduced the concept of steady-state in enzyme kinetics. Both
equations are applicable to the simple reaction described below:
$)*+

𝐸𝐸 + 𝑆𝑆 ⇌ 𝐸𝐸𝐸𝐸 ,⎯. 𝐸𝐸 + 𝑃𝑃
$'%

(1.1)

The Michaelis-Menten and the Briggs-Haldane equations are widely used to
explain the kinetic properties of enzymes and both describe the relationship
[𝑆𝑆]
𝑣𝑣
𝑘𝑘BC
between the velocity
of the𝑤𝑤𝑤𝑤𝑤𝑤ℎ
catalytic
concentration of
=
𝐾𝐾< = reaction
𝑖𝑖𝑖𝑖 𝑘𝑘E6Fv≪and
𝑘𝑘BC the
(1.2)
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𝐾𝐾< + [𝑆𝑆]

𝑣𝑣567

𝑣𝑣

𝑣𝑣567

=

1. the reaction only involves one species of substrate S that forms one species
of enzyme-substrate complex ES which ultimately breaks down into free
enzyme E and one species of product P;
2. the enzyme concentration is neglectable when compared to the amount
of substrate in solution, so that the formation of the ES complex does not
change the substrate concentration;
3. the reaction is measured at minute P concentrations, so that the reverse
reaction is insignificant.

Enzyme Kinetics approaches

$%

substrates [S] and enzyme [E] but with different assumptions. The general
assumptions are that:

𝑘𝑘C

[𝑆𝑆]
𝑘𝑘BC + 𝑘𝑘E6F
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾I =
𝐾𝐾I + [𝑆𝑆]
𝑘𝑘C

(1.3)

However the Michaelis-Menten (1.2) differs from the Briggs-Haldane
(1.3) equation for the assumption that in the former [E], [S] and [ES] are in
equilibrium, this is called the rapid equilibrium assumption. This assumption is
expressed in the equilibrium constant “Kd” at the denominator of the equation,
and requires that kcat is significantly smaller than k-1 so that its contribution is
insignificant and can be approximated into Kd. The Briggs-Haldane method
does not require that the enzyme-substrate complex is at equilibrium with
the free substrate and enzyme but instead the ES complex will build up to a
near-constant level, or steady
Shortly after the beginning of the reaction,
$% state.
$)*+
𝐸𝐸 + 𝑆𝑆 ⇌ 𝐸𝐸𝐸𝐸 ,⎯. 𝐸𝐸 + 𝑃𝑃 (1.1)
known as the pre-steady-state
period, the rate of formation of [ES] will match
$
$%'%
$)*+
𝐸𝐸 + 𝑆𝑆 ⇌to𝐸𝐸𝐸𝐸
. This
𝐸𝐸 + 𝑃𝑃is expressed
(1.1)
the rate of its decomposition
E
+,⎯P.
in the Michaelis-Menten
$'%
constant (KM) at the denominator, which takes into account the contribution of
kcat in the equation. [𝑆𝑆]
𝑣𝑣

𝑘𝑘BC
𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝑣𝑣567
𝐾𝐾<[𝑆𝑆]
+ [𝑆𝑆]
𝑣𝑣
𝑘𝑘𝑘𝑘BCC
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾< =
𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝑣𝑣567
𝐾𝐾< + [𝑆𝑆]
𝑘𝑘C
=

𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾< =

[𝑆𝑆]
𝑘𝑘BC + 𝑘𝑘E6F
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾I =
𝑣𝑣567
𝐾𝐾I[𝑆𝑆]
+ [𝑆𝑆]
𝑘𝑘C𝑘𝑘
𝑣𝑣
𝑘𝑘BC +
E6F
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾I =
𝑣𝑣567
𝐾𝐾I + [𝑆𝑆]
𝑘𝑘C
𝑣𝑣

=

(1.3)

(1.3)

Even though the Briggs-Haldane equation is generally more exact for the
P
P
majority of enzymes, 𝑆𝑆the
Michaelis-Menten
approach
is still widely used for
𝑛𝑛𝑛𝑛𝑛𝑛KLF
⇄ 𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛
KLF +
RS
its simplicity when describing
complex
multi-ligand
systems
and it becomes
P
P
] RS + 𝑛𝑛𝑛𝑛𝑛𝑛
𝑣𝑣 =+𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛
(2.1)
𝑆𝑆KLF
E6F [𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
KLF ⇄T 𝑆𝑆
RS
especially useful when the details of the kinetic mechanism are not yet known.
𝑣𝑣 = 𝑘𝑘E6F [𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁T ]
(2.1)
The aim of this chapter is not to derive the rate equations de novo but to explain
𝑣𝑣
𝑣𝑣567
𝑣𝑣
𝑦𝑦V =
𝑣𝑣567
𝑦𝑦V =

(2.2)

(2.2)
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the differences between the two approaches, in particular for secondary active
transporters.
$%

$)*+

𝐸𝐸 + 𝑆𝑆 ⇌ 𝐸𝐸𝐸𝐸 ,⎯. 𝐸𝐸 + 𝑃𝑃

Rapid equilibrium

$'%

(1.1)

A secondary active transporter driven by some ionic gradient has two ligands:
the transported substrate and the co-ion. Lolkema & Slotboom developed a
$%
$)*+𝑘𝑘 assumption that relates the rate of
model based𝑣𝑣 on the [𝑆𝑆]
rapid equilibrium
BC 𝑃𝑃
𝐸𝐸 + 𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝑆𝑆 ⇌ 𝐸𝐸𝐸𝐸
(1.1)
=
𝐾𝐾< ,
=⎯. 𝐸𝐸 + 𝑖𝑖𝑖𝑖
𝑘𝑘E6F
≪ 𝑘𝑘BC (1.2)
$
'%
transport at𝑣𝑣different
of both
with the kinetic mechanism
𝐾𝐾<concentrations
+ [𝑆𝑆]
𝑘𝑘C ligands
567
that the transporter uses. The relationship is described by the rate equation, of
which the complexity increases with the number of co-ions transported [64]. As
stated before, 𝑣𝑣secondary
active transporters
the concentrative uptake
[𝑆𝑆][𝑆𝑆]
𝑘𝑘BC𝑘𝑘BCcatalyse
𝑣𝑣 =
+𝑘𝑘𝑘𝑘E6F≪ 𝑘𝑘
𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝐾𝐾
=
𝑖𝑖𝑖𝑖
(1.2)can occur when
<
E6F
BC This
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝐾𝐾
=
(1.3)
of substrate by
exploiting [𝑆𝑆]
the pre-existing
I 𝑘𝑘 co-ion gradient.
𝑣𝑣567
C
𝑣𝑣567 𝐾𝐾<𝐾𝐾+
𝑘𝑘C
I + [𝑆𝑆]
all the ligands are bound to$%the protein,
and the rate of transport (v) can be
$)*+
𝐸𝐸 + 𝑆𝑆 ⇌ 𝐸𝐸𝐸𝐸 ,⎯. 𝐸𝐸 + 𝑃𝑃 (1.1)
$
described as follows for a sodium
ion coupled reaction:
'%
𝑣𝑣
𝑣𝑣567

[𝑆𝑆]
P
BC +P𝑘𝑘E6F
+𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛
KLF ⇄𝐾𝐾𝑆𝑆
RS
= 𝑆𝑆KLF + 𝑛𝑛𝑛𝑛𝑛𝑛𝑤𝑤𝑤𝑤𝑤𝑤ℎ
(1.3)
IRS=
𝑣𝑣567
𝐾𝐾I + [𝑆𝑆]
𝑘𝑘C
𝑣𝑣 = 𝑘𝑘E6F [𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁T ]
(2.1)
[𝑆𝑆]
𝑘𝑘BC
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾< =
𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝐾𝐾< + [𝑆𝑆]
𝑘𝑘C
𝑣𝑣

Where S is the substrate, E is the transporter, kcat is the catalytic rate constant
P
P
𝑆𝑆KLF + 𝑛𝑛𝑛𝑛𝑛𝑛
𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛RS
for the transporter and [ESNaN]
is𝑣𝑣KLF
the ⇄
concentration
of the transporter with its
𝑦𝑦V =
(2.2)
substrate (S) and N co-ions
TheTmaximal
rate (vmax) is obtained when all
]
𝑣𝑣 =bound.
𝑘𝑘E6F𝑣𝑣[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
(2.1)
567
[𝑆𝑆]
𝑣𝑣
𝑘𝑘BC + 𝑘𝑘E6F
the transporter is in
the
productive
state.
The
saturation
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾I =
(1.3)level of the rate (yR)
𝑣𝑣567
𝐾𝐾I + [𝑆𝑆]
𝑘𝑘C
is described as:
𝑣𝑣
𝑦𝑦V =
(2.2)
𝑣𝑣567 Z ][
𝜀𝜀 = XY[𝐸𝐸𝑁𝑁𝑁𝑁Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
P
P
𝑆𝑆KLF + 𝑛𝑛𝑛𝑛𝑛𝑛KLF
⇄ 𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛RS
Z\]
T

(2.3)

During the transport cycle
the[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
transporter
must bind all its ligands passing
𝑣𝑣 = 𝑘𝑘E6F
(2.1)
T]
through all the obligatory
steps
from
the
empty
transporter (E) to the productive
T
state (ESNaN). The𝜀𝜀 states
E and
ESNaN are
the only two
states in a
(2.3obligatory
)
= XY[𝐸𝐸𝑁𝑁𝑁𝑁Z[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
T ] Z ][
𝑦𝑦V =
(2.4)
fully random mechanism,
while
for
other
mechanisms
some
intermediate
states
Z\]
∑T
𝑣𝑣Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
Z\]Y[𝐸𝐸𝑁𝑁𝑁𝑁
𝑦𝑦V =
(2.2)
must be reached before completing
𝑣𝑣567 the productive state. During the transport
reaction, the transporter is distributed over all the states. The mass balance
(ε) is the ensemble of the concentrations of each state is calculated as follows:
𝑦𝑦V =

[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁T ]
T
𝑦𝑦V = [𝑆𝑆][𝑁𝑁𝑁𝑁]
∑T
Y[𝐸𝐸𝑁𝑁𝑁𝑁
+[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
Z ]TBZ
Z\]
∑T
(𝑞𝑞Z 𝐾𝐾ab + 𝑞𝑞CZ [𝑆𝑆])𝐾𝐾aT6
[𝑁𝑁𝑁𝑁]Z
Z\]
𝜀𝜀 = XY[𝐸𝐸𝑁𝑁𝑁𝑁Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][

𝑦𝑦V =
18

T

Z\]

[𝑆𝑆][𝑁𝑁𝑁𝑁]T

[𝑆𝑆] TBZ
T6
𝑦𝑦Vb Z=𝐾𝐾a𝑦𝑦bV567
∑T
+ 𝑞𝑞CZ [𝑆𝑆])𝐾𝐾
[𝑁𝑁𝑁𝑁]Z
b(
a
Z\](𝑞𝑞
𝐾𝐾[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
a 𝑎𝑎𝑎𝑎𝑎𝑎T)]+ [𝑆𝑆]
𝑦𝑦V = T
∑Z\]Y[𝐸𝐸𝑁𝑁𝑁𝑁Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
[𝑆𝑆] T
b
567
[𝑁𝑁𝑁𝑁]
T6
V =
𝑦𝑦V𝑦𝑦
= 𝑦𝑦
𝑦𝑦VV567 𝐾𝐾 b (𝑎𝑎𝑎𝑎𝑎𝑎) + [𝑆𝑆] T
∑Ta… … … . +[𝑁𝑁𝑁𝑁]

(2.4)
𝑞𝑞CT = 1
(2.3)

𝑞𝑞CT = 1
(2.6)

(2.4)

(2.6)
(2.7)

(2.5)

(2.5)

T

[𝑆𝑆]
𝑣𝑣
𝑘𝑘BC
= [𝑆𝑆]
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾< =
𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝑣𝑣
𝑘𝑘BC
[𝑆𝑆]
𝑣𝑣567
𝐾𝐾
+
<
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾< = 𝑘𝑘C 𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝑣𝑣567
𝐾𝐾< + [𝑆𝑆]
𝑘𝑘C
[𝑆𝑆]
𝑣𝑣
𝑘𝑘BC
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾<𝑣𝑣=
𝑖𝑖𝑖𝑖 𝑘𝑘E6F ≪ 𝑘𝑘BC (1.2)
𝑣𝑣567
𝐾𝐾< + [𝑆𝑆] 𝑦𝑦V =
𝑘𝑘C (2.2)
𝑣𝑣567
[𝑆𝑆]
𝑣𝑣
𝑘𝑘BC + 𝑘𝑘E6F
= [𝑆𝑆] represent
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾Ithe
=
𝑘𝑘BCsequence
+ 𝑘𝑘E6F of (1.3)
The terms in the𝑣𝑣𝑣𝑣567
summation
co-ion binding to the
[𝑆𝑆]
𝐾𝐾
+
𝑘𝑘C
I
=
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐾𝐾I =
(1.3)
[𝑆𝑆]
𝑣𝑣
𝐾𝐾
+
𝑘𝑘
567
I
C
empty transporter𝑣𝑣 (E) and[𝑆𝑆]
the substrate-bound
(ES). The index j
𝑘𝑘BC + 𝑘𝑘transporter
E6F
= T
𝑤𝑤𝑤𝑤𝑤𝑤ℎof𝐾𝐾co-ions.
(1.3)
I =
indicates the stoichiometric
number
𝑣𝑣567
𝐾𝐾I + [𝑆𝑆]
𝑘𝑘C
(2.3)
𝜀𝜀 = XY[𝐸𝐸𝑁𝑁𝑁𝑁Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
P
P
Z\]
𝑆𝑆KLF + 𝑛𝑛𝑛𝑛𝑛𝑛KLF
⇄ 𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛
P RS
P are substituted
When the terms in equation
2.2KLF
with the mass balance, the
𝑆𝑆KLF + 𝑛𝑛𝑛𝑛𝑛𝑛
⇄ 𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛RS
[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
]
𝑣𝑣
=
𝑘𝑘
(2.1)
E6F
T
resulting equation will describe
the saturation
level
function:
[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
𝑣𝑣𝑆𝑆 = 𝑘𝑘+E6F𝑛𝑛𝑛𝑛𝑛𝑛
(2.1)
P
P T]
KLF
KLF ⇄ 𝑆𝑆RS + 𝑛𝑛𝑛𝑛𝑛𝑛RS

[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁TT]]
𝑣𝑣 = 𝑘𝑘E6F [𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
(2.1)
𝑦𝑦V = T
(2.4)
∑Z\]Y[𝐸𝐸𝑁𝑁𝑁𝑁𝑣𝑣Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
𝑦𝑦V = 𝑣𝑣
(2.2)
𝑦𝑦V = 𝑣𝑣567
(2.2)
𝑣𝑣567
𝑣𝑣 state is dependent on the concentrations
Each concentration
of the transporter
#
𝐾𝐾"
𝑦𝑦V =
(2.2)
𝑣𝑣567
of the ligands. The relationship
between
each state of the transporter and the
T
[𝑆𝑆][𝑁𝑁𝑁𝑁]
𝑦𝑦V =
𝑞𝑞CTsubstrate
=1
(2.5)
ligands is regulated
byTdissociation
constantsZ for the
( 𝐾𝐾"# ) and for
T
b
T6 TBZ
∑
[𝑆𝑆])𝐾𝐾
(𝑞𝑞
𝐾𝐾
+
𝑞𝑞
[𝑁𝑁𝑁𝑁]
T
Z
CZ
a
a
Z\]
(2.3) (qj for states prior
the co-ion ( 𝐾𝐾"$% ), and
the “q” parameters.
𝜀𝜀 = XY[𝐸𝐸𝑁𝑁𝑁𝑁
Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][The “q” parameter
(2.3)
𝜀𝜀 = XY[𝐸𝐸𝑁𝑁𝑁𝑁
Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
Z\]

to substrate binding and
q1j for states succeeding substrate binding) collects
T
Z\]
𝐾𝐾"$%
information about𝜀𝜀the
interaction
between
binding
(2.3the
) substrate
= XY[𝐸𝐸𝑁𝑁𝑁𝑁
Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
Z ][ the co-ion and
Z\]
[𝑆𝑆]
site, the ratio of equilibrium
constants
for
non-interacting
co-ion
binding
sites
(2.6)
𝑦𝑦Vb = 𝑦𝑦V567 b
(
)
[𝑆𝑆]
𝐾𝐾
𝑎𝑎𝑎𝑎𝑎𝑎
+
and the interaction parameter for
binding sites. The terms in equation
[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
a co-ion
T]
𝑦𝑦V = T [𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁T ]
(2.4)
2.4 can then be substituted
with
the
concentrations
of
substrate and co-ion by
∑
Y[𝐸𝐸𝑁𝑁𝑁𝑁
𝑦𝑦V = T Z\]
(2.4)
Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁Z ][
∑
Y[𝐸𝐸𝑁𝑁𝑁𝑁
]
+[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
][
Z
Z
Z\]
using the definition of the dissociation
[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁T ]constants. The resulting equation is the
𝑦𝑦V =
T
generalized saturation
level
function
of theTrate
for N(2.4)
co-ions.
∑ Y[𝐸𝐸𝑁𝑁𝑁𝑁Z ] +[𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁
Z ][
[𝑁𝑁𝑁𝑁]
Z\]
𝑦𝑦VT6 = 𝑦𝑦V567
(2.7)
T
∑
[𝑆𝑆][𝑁𝑁𝑁𝑁]T … … … . +[𝑁𝑁𝑁𝑁]
𝑦𝑦V =
𝑞𝑞CT = 1
(2.5)
[𝑆𝑆][𝑁𝑁𝑁𝑁]T
b
T6 TBZ
Z
𝑦𝑦V = ∑T
𝑞𝑞CT = 1
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[𝑁𝑁𝑁𝑁]T
T
𝑦𝑦VT6 = 𝑦𝑦V567
[𝑁𝑁𝑁𝑁]
T
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[𝑁𝑁𝑁𝑁]T
𝑦𝑦VT6 = 𝑦𝑦V567
∑ … … … . +[𝑁𝑁𝑁𝑁]T

(2.6)

(2.6)

(2.7)
(2.7)
(2.7)

Deriving a general equation using a steady-state approach is not straightforward
to the same extent as with the rapid equilibrium approach. Therefore, the rate
equation is usually derived for each specific kinetic mechanism separately.
Even then, the derivation is complex, because the algebraic manipulation
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𝑦𝑦VT6 = 𝑦𝑦V567

[𝑁𝑁𝑁𝑁]T
∑ … … … . +[𝑁𝑁𝑁𝑁]T

(2.7)
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denominator the rate equation can be rewritten as:

the sum of all other states. After rearranging and grouping the common factors of the

The steady state net velocity is given by the ratio of the productive state [ENaNaAspNa] and
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Figure 4: Schematic representation of the binding steps involved in the transport cycle. At
the vertices of the pentagon are the different states of the transporter. The edges represent the
forward and reverse rate constants connecting two vertices.
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The network that derives from this reaction can be drawn as a pentagon (Figure 4)
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states as nodes and the edges represent the rate constants that link two states multiplied by the

and the rate constants are in the same position and direction of figure 4.

become increasingly difficult the more enzyme states are involved in the kinetic
Deriving a general equation using a steady-state approach is not straightforward to the same
scheme. In 1956 King and Altman developed a schematic method to decrease
extent as with the rapid equilibrium approach. Therefore, the rate equation is usually derived
the complexity of such derivation. The method consists of building a network
for each specific kinetic mechanism separately. Even then, the derivation is complex, because
having the enzyme states as nodes and the edges represent the rate constants
the algebraic manipulation become increasingly difficult the more enzyme states are involved
that link two states multiplied by the ligand concentration. In case of a reaction
in the kinetic scheme. In 1956 King and Altman developed a schematic method to decrease the
with four ordered binding events (three co-ions and one substrate) and five
complexity of such derivation. The method consists of building a network having the enzyme
enzyme species, such as GltTk, (see Chapter 2) the reaction is the following:

Table 2: The table contains the product of the rate constants and substrate concentrations that are involved in the
formation of the transporter state indicated in the first column. In the top row are the representations of the
pentagon
in figure
that are
closed
loops. The
of the
transporter that
and are
the involved
rate constants
are in theofsame
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the rate
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andstates
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concentrations
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the transporter state
position
direction
figure
4. the representations of the pentagon in figure 4 that are not closed loops. The states of the transporter
indicated in
the firstand
column.
In theoftop
row are
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The rate constants that describe the release of the substrates and the
isomerization of the transporter across the membrane are summarized in the
turnover constant kcat. At initial rate conditions the unidirectionality of this step
is justified by the substrate gradient defined by experimental setup, which
makes the contribution of the reverse reaction negligible.
From this network it is possible to isolate the paths that one enzyme state can
be formed by, starting from the other nodes. More complex kinetic schemes
might contain closed loops and these shall not be considered for the derivation.
The concentration of each enzyme species is the sum of the five possible paths
that form the given state (Table 2):
The steady state net velocity is given by the ratio of the productive state
[ENaNaAspNa] and the sum of all other states. After rearranging and grouping
the common factors of the denominator the rate equation can be rewritten as:
𝑦𝑦"
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(3.3)

(3.8)

The rate equation (3.2) can be further rearranged to solve for vmax (app) and
KM (app) for Na+ and Asp dependent rates. The determination of the kinetic
parameters in steady state mechanisms is not as straight-forward as in rapid
equilibrium mechanisms, in fact if none of the rate constants, nor kinetic
scheme are known it is nearly impossible to fit the experimental data to the
equations unequivocally. However, if some data on the binding order exist, for
instance from pre-equilibrium binding studies, the steady state kinetic analysis
can provide additional information on the transport step, leading to a more
complete kinetic scheme. An in-depth study on the steady-state kinetics of
GltTk is presented in Chapter 2

Single molecule studies
Single molecule experiments can also shed light on the kinetic and transport
mechanism of membrane proteins. Such techniques allow to record the
individual activity of a single transporter, as opposed to ensemble techniques
which show the average behaviour of a population of proteins. In the past 30
years many single molecule techniques have been developed and improved.
Among the most used techniques for dynamic measurements on the single
protein level is FRET (Förster Resonance Energy Transfer). FRET techniques
measure the efficiency of energy transfer between a donor fluorophore and
an acceptor fluorophore, the efficiency of energy transfer is directly related to
the distance of the two fluorophores. This relationship allows for quantitative
distance measurements that can be recorded over time, thus shedding light
on the dynamics and kinetics of a single protein [65]. This method has been
used to study the conformational dynamics of GltPh [35]. A single cysteine was
inserted in position 331 (S331C), which shows large differences in distance
to the same position in the neighbouring protomer depending on whether the
neighbouring protomers are in outward-facing or inward-facing conformations.
The cysteine was labelled with acceptor and donor fluorophores and the
liposomes containing a trimer labelled with only one donor and acceptor were
selected for measurements. The FRET traces were recorded over time showing
that the transport domains are dynamic both in absence and presence of the
substrates. Using this method it was possible to conclude that the transport
subunit of GltPh moves independently and in an unsynchronized manner
compared to the other transport subunits [35].
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The FRET fluorophore pair can also be used to label a soluble protein that can
function as sensor for substrate binding. The FRET sensor can be incapsulated
in liposomes and the FRET signal from the sensor can be used to measure
transport activity. When used at low protein : lipid ratios the change in FRET
ratio upon substrate binding to the sensor is indicative of the transport of a
single protein [66]. In GltPh this method revealed that there are at least three
half-cycle time populations: ”fast”, “intermediate” and “slow” with a duration
of ~3, 35 and 350s respectively. The majority of the traces measured from GltPh
belong to the slow half-cycle group. These dictate the rate of the transporter,
faster initial half-cycle correlates tightly with faster transport rates throughout
the observation, vice versa when the half cycle is slow the transport rate is slow.
If a trimer shows slow rate, all monomers are slow, whereas one fast monomer
is sufficient to show fast transport rates [66]. The underlying mechanism for
the rate heterogeneity is not fully understood, however it has been suggested
that this is caused by slow conformational changes that affect the transport
rate. Even though the majority of traces display slow half-cycles and keep
transporting with low rate, a small percentage switches to fast turnover, thus
suggesting that the transporter can switch from slow to fast transport mode.
When introducing the mutations R276S and M395R the representation of the
fast half-cycle and turnover population increases substantially, suggesting that
those residues are involved in the conformational changes that regulate fast
and slow transport [36,66].
HS-AFM (High Speed Atomic Force Microscopy) makes use of a cantilever that is
oscillated near its resonant frequency so that the tip probes the sample surface
intermittently. The most recent devices can reach imaging rates higher than 10
frames per second (fps) for surfaces of 200 nm2 [67]. The high temporal and
spatial resolution have been sufficient to image biological samples and visualize
conformational changes, motor actions, protein diffusion in membranes, selfassembly processes, enzymatic reactions and other biological processes [67].
HS-AFM has also been used to directly visualize the elevator movement of the
transport domain in GltPh for the first time. The advantage of this technique
is that it does not require protein labelling or convoluted analysis for data
interpretation [34]. The HS-AFM studies confirmed that the transport domain
of one GltPh protomer moves independently from the transport domains in the
other protomers of the trimer, as previously reported by smFRET experiments
[34,35,68]. HS-AFM allows the measurement of the transport domain’s dwelltime in each conformation by following the height of the subunit over time. The
dwell-time found for outward and inward facing states is ~2 s, but when the
24

temporal resolution is increased (at expenses of recorded surface) by using the
line scanning technique (HS-AFM-LS) it is possible to detect short excursions.
The analysis of the life-time of each state and the dwell times led to the
postulation of an intermediate state that are short lived (175 ms) compared to
outward and inward states (347 ms and 328 ms, respectively) in apo conditions
[68]. When compared to previous smFRET studies these data are not in full
agreement, showing longer times on HS-AFM, in addition GltPh in HS-AFM
experiments does not show rate heterogeneity as it appears in smFRET data
[66,68]. This variability could be caused by multiple experimental factors; for
example FRET experiments allow measurements in sealed lipidic vesicles,
while HS-AFM relies on the adsorption of proteo-liposomes on freshly cleaved
mica, on which lipid patches form on flat mica surface where both sides of the
membrane are in contact with the solution, therefore negating the formation
of electro-chemical gradients. Moreover, the choice of lipid composition for
reconstitution also differs between the two techniques [68].

Outline of the thesis
The aim of this thesis is to gather information on the kinetics and dynamics of
the transport proteins GltTk and CitS that use an elevator mechanism. The first
chapter (presented above) introduces the two proteins in the structural and
functional context and provides information on how the elevator mechanism
is achieved and which techniques have been used to study the dynamics of
this transport mode. In addition, it introduces the background of the kinetic
analysis that is described in chapters 2 and 3.
In chapter 2 the kinetic mechanism of GltTk is investigated by analysing the
L-aspartate uptake rates catalysed by purified and reconstituted protein. In
order to avoid the complication that uptake can take place by rightside-out and
inside-out oriented reconstituted transporter molecules, one of the populations
was silenced by adding a specifically selected synthetic nanobody. The steadystate approach was used for the rate analysis because we could show that the
rapid equilibrium assumption was invalid.
Chapter 3 reports the analysis of citrate transport rates by purified and
reconstituted CitS in order to investigate its kinetic mechanism. Similarly to
chapter 2, the transport rates were measured by capturing the signal given by
the disintegration of radionuclides accumulated into liposomes by the transport
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protein. In this case, the inside out oriented population of transporters was
sileced by modifying endogenous cysteines with membrane impermeable
maleimide compounds which can only inhibit the inside-out transporter.
Differently from GltTk, the kinetic mechanism of CitS could be determined by
adopting the rapid equilibrium assumption.
Chapter 4 focuses on the dynamics of citrate transport by CitS. The huge
amount of structural and biochemical data on CitS and its homologues suggests
that the alternating access is achieved by elevator mechanism, however no
direct proof of such dynamic movement was available. In this chapter HS-AFM
was used to measure the dynamics of the transport domain of CitS in real time
for the first time.
Generally, proteins display high enantio-selectivity. However, GltTk can bind
and transport both enantiomers of aspartate with similar affinity. Chapter
5 elucidates the structural and thermodynamic basis of this characteristic
feature of GltTk.
In chapter 6 the role of Met314 in GltTk is investigated by both biochemical and
computational techniques. This residue is involved in the coordination of a Na+
ion in the Na2 binding site and mutations of the methionine lead to reduced
cooperativity in Na+ binding.
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