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Abstrakt: Protein MntH patiici do rodiny transportéri Nramp hraje dilezitou roli nejen
v homeostdze Zeleza a manganu, ale i pfi obran¢ bakteridlnich bun¢k pfed imunitni reakci
napadeného hostitele. Tento protein transportuje do bunky dvojmocné kovové ionty
v symportu s protony, pfiCemz stechiometrie tohoto transportu se méni v zavislosti na
membranovém potencidlu a na extraceluldrnim pH. V prvni ¢asti této prace byl pomoci
redistribuéni potencidlové sondy diS-C;3(3) zkoumdan vliv exprese MNTH a transportu
dvojmocnych iontli pfenaseCem MntH na membranovy potencidl bunék E. coli. Zjistili jsme,
ze bunky exprimujici MNTH jsou hyperpolarizovany a jejich membranovy potencial se
depolarizuje po ptidani nékterych dvojmocnych kovi. Ve druhé casti prace jsme se vénovali
teoretickému studiu kinetiky membranovych pifenaSe¢li popsanych Ctyf-, Sesti- nebo
osmistavovym transportnim modelem, do né¢hoz byla zavedena zavislost vSech rychlostnich
konstant na membranovém potencialu. Pomoci matematického modelovani byla zkoumana
zavislost toku pfenaseCem na riznych parametrech transportniho modelu, jako jsou naptiklad
membranovy potencidl, koncentrace substrdtu nebo néaboj substratu ¢i prenaSece. Byly
pozorovany nekteré jevy, popisované i u proteinu MntH (proménnd stechiometrie transportu
ajeji zavislost na potencidlu a pH). Pro detailngj$i modelovani transportu pomoci
osmistavového kinetického schématu by vSak bylo tfeba znat konkrétnéji hodnoty
jednotlivych kinetickych konstant nebo vztahli mezi nimi.
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Abstract: MntH belongs to the Nramp family of transport proteins, and plays an important
role not only in homeostasis of iron and manganese, but also in bacterial defence against
the immunity response of an infected host cell. MntH co-transports divalent metal ions into
the cell together with protons with a stoichiometry dependent on the membrane potential and
extracellular pH. Using the redistribution potential dye diS-C;(3), we measured the effects of
MNTH expression and MntH-mediated metal transport on the cell membrane potential and
intracellular pH. Cells expressing MNTH were found to be hyperpolarised and their
membrane potential was depolarised upon the addition of metal ions. In the theoretical part of
our work, we explored general four-, six-, and eight-state carrier models that were modified
by introducing the voltage dependence of all rate constants. Using mathematical modelling,
we simulated the effect of various model parameters (including membrane potential, substrate
concentration, and carrier or substrate charge) on substrate influx. We observed some of the
transport characteristics described for MntH proteins such as variable symport stoichiometry
that is influenced by the membrane potential and pH. However, for a more detailed simulation
of the eight-state carrier model, more information about kinetic rate constants would be
needed.
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mailto:eva.urbankova@mff.cuni.cz
mailto:eva.urbankova@mff.cuni.cz

1 Introduction

Our work studies several aspects of the transport characteristics and kinetics of
membrane proteins, ubiquitous enzymes that are essential for cell homeostasis and for
the maintenance of life. We focused on the bacterial MntH protein (Manganese transporter
H'-dependent), which is known to mediate symport of divalent metal ions and protons into
the cell and to play an important role in bacterial metal homeostasis and virulence. Symport of
positively charged ions with H' is quite unusual and there are still some controversial points
concerning the energetics of MntH-mediated transport. Moreover, it has been shown that,
besides active co-transport, uncoupled metal ion leak or proton leak may occur depending on

prevailing conditions.

Because 1 spent four months in the laboratory of Dr. Bernhard Schmitt at
the University of Otago and worked under his guidance on numerical modelling of voltage
effects on electroneutral transporters, I decided to take advantage of this experience and
extended the developed models to electrogenic carrier schemes that provide a simplified
description of the MntH transport mechanisms. To explore membrane potential' effects on
carrier kinetics, voltage dependence of all rate constants was introduced into the carrier
models to describe the effect of substrate charge, carrier charge and voltage on various
transport steps. Beginning with the simplest case of a four-state electroneutral uniporter and
ending up with a considerably more complicated eight-state symporter model that was
specially designed to describe transport via the MntH protein [1], we studied the effect of
membrane potential, substrate concentration and carrier and substrate charge on membrane
transport. Both the six-state and eight-state carrier models can be regarded as simplified
models of the MntH transporter. While the six-state scheme is sufficient to describe proton
leak that was observed at low pH values, the eight-state model includes also the possibility of

H -uncoupled metal ion leak that was observed for MntH.

It is not straightforward to compare results obtained by mathematical modelling with
experimental results. Up to now, measurements of MntH activity are restricted to experiments
on living cells without the control (or knowledge) of electrochemical potential gradients of
MntH substrates. Particularly, it would be useful to know the cell membrane potential during
transport experiments. We did the first attempt to get information (although only qualitative

one) about the membrane potential changes caused by the presence of MntH in bacterial cells

! Alternatively, we use the term voltage.



and by MntH-mediated metal ion transport. In order to achieve this, potential-sensitive
redistribution dye diS-Cs;(3) was used. In addition, the feasibility of simultaneous
fluorescence measurements using diS-Cs(3) and pHluorin (a mutant of the Green Fluorescent

Protein GFP sensitive to internal pH) was explored.

My thesis is divided into three main chapters. Chapter 1 serves as a brief introduction
to membrane transport, explains the importance of membrane proteins and introduces
the four-, six- and eight-state carrier models and their kinetics with an emphasis on voltage
effects on carrier transport. Moreover, Chapter 1 introduces the MntH transport protein as
a member of a large Nramp protein family, whose members share a remarkable similarity in
transport characteristics and protein topology. Next, Chapter 2 describes experimental and
theoretical methods used in our work. These include fluorescent spectroscopy using the
diS-C;(3) redistribution dye and pHluorin, and mathematical modelling methods. Results of

our experiments and mathematical simulations are presented and discussed in Chapter 3.

1.1 Membrane transport

1.1.1 Transport proteins

Besides simple diffusion, which allows small uncharged polar molecules such as O, or
CO; to freely pass the cellular membrane, all membrane transport processes are mediated by
transport proteins. They facilitate the passage of hydrophilic solutes from one side of
a biological membrane to another by forming a continuous protein pathway across the
membrane. This enables charged and/or polar molecules such as ions, sugars, amino acids,
nucleotides and many cell metabolites to pass across the hydrophobic interior of the lipid
bilayer [2]. Transport proteins are therefore unconditionally required in all cells for the
maintenance of life. They mediate the uptake of essential nutrients as well as the exodus of
end products of metabolism and toxic substances, maintain osmotic stability, enable
intracellular communication by the release and uptake of signalling molecules, and allow
destroying other organisms by releasing toxins or virulence factors ([3] p. 265). The
importance of membrane proteins is also demonstrated by the fact that about 10% of all genes

in microorganisms encode transport proteins ([3] p. 1).

Transport protein mediated processes can be divided into two groups: facilitated
diffusion and active transport ([4] p. 374). Facilitated diffusion is a passive translocation of
substrate that always occurs down its electrochemical gradient and therefore requires no

energy ([2], [4] p.- 329). In contrast to diffusion, active transport involves coupling of



transmembrane movement of a solute with a biochemical reaction, such that its flow may be
against its electrochemical potential gradient ([4] p. 329). In primary active transport,
movement of solutes is driven by hydrolysis of phosphoric acid anhydride bonds in ATP ([3]
p. 49). This provides energy for solute transport against their electrochemical gradient without
dissipating gradients of other molecules. Gradients formed through primary active transport
can be further utilized to perform other work, such as to produce physical or electrical
changes in the cell or to produce and maintain gradients of other solutes ([3] p. 40 and p. 117).
Secondary active transporters derive energy from such solute gradients and use it for transport
of another solute against its concentration gradient [5]. In this way, uphill transport of one

solute across the membrane is coupled to the downhill transport of another molecule [2].

Membrane proteins are historically divided into membrane channels and carriers
according to their structure and transport mechanism ([3] p. 239). However, channel and
carrier models should not be regarded as mutually exclusive possibilities but rather as limiting
cases of a more general transport mechanism [6]. Channel proteins form selective pores
across the membrane that can be further regulated by phosphorylation or by gating in
response to ligands or changes in the electrical membrane potential ([3] p. 239, [5]). During
their transport cycle, channels undergo only very small changes in their conformation
([3] p- 239). The turnover number of a channel, defined as the maximum number of molecules
that may pass through a transport pathway per second, is in the order of 10° sec’'. Carrier
proteins, on the other hand, have a turnover number from about 1 sec”! to 10° sec” because
their interaction with solutes is much stronger ([3] p. 65). Carriers bind the specific solute to
be transported and undergo a series of conformational changes that allow transferring the
bound solute from one side of the membrane to another ([2], [3] p. 239). They are usually

regulated more slowly than channel proteins ([3] p. 65).

Depending on the number of transported molecules and the direction of transport,
carriers can be divided into uniporters, symporters and antiporters (exchangers) ([3] p. 239)
(Figure 1). In symport and antiport, the movement of a solute down its electrochemical
gradient is coupled to the migration of another solute against its electrochemical gradient. No
such direct coupling can be observed in uniport ([3] p. 117) although it can be also driven by
a primary active transport process ([3] p. 63).
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Figure 1 — Three types of carrier transport mechanisms [2] a) Uniporter transports one solute at a time in one
direction. b) Symporter couples the transport of one or more molecules down their electrochemical gradient to
the co-migration of other solutes against their electrochemical gradient. ¢) Antiporter couples the migration of
one or more solutes down their electrochemical gradient to the counter-migration of other solutes against their

electrochemical gradient.

1.1.2 Carrier transport Kinetics

1.1.2.1 Kinetic models

The mechanism of carrier transport can be schematically represented by a carrier
scheme. Depending on the structure and transport characteristics of the carrier, this scheme is
more or less complicated. A simple scheme of a four-state carrier that transports one substrate
is shown in Figure 2. An empty carrier oriented towards the inner side of the membrane (state
Ei) can either undergo conformational changes and reorient itself to the outer side of the
membrane (E,) or form a carrier-substrate complex by binding a substrate (ES;). This complex
can be reoriented to the outer side of the membrane (ES,) where substrate can be released (E,)
and consequently a new substrate bound (ES,) and transported into the cell (ES;). Each
binding, releasing and reorientation reaction can be described by a rate constant as shown in

Figure 2.
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Figure 2 — Kinetic scheme of a general four-state carrier that can be used to describe a general uniporter. E; is the

state of an unbound carrier oriented inside the cell, E, the state of an unbound carrier oriented towards the
outside of the cell, ES; is the state of a carrier-substrate complex oriented inside the cell, and ES, stands for
carrier-substrate complex oriented outside the cell. @; and a, are rate constants for reorientation of an empty
carrier from inside to outside and outside to inside, respectively; b; and b, are rate constants for reorientation of
a carrier-substrate complex from inside to outside and outside to inside, respectively; /; and g; are rate constants
for binding and releasing of substrate inside the cell, respectively, and %, and g, are rate constants for binding

and releasing of substrate outside the cell, respectively.

Symporters and antiporters are described by more complicated models involving six or
even more steps depending on the transport mechanisms. General six-state symporter and
antiporter models are shown in Figure 3. Symporters propagate solute gradients formed
during primary active transport by transporting two or more different solutes together across
the membrane. Antiporters, on the other hand, usually transport only one solute at a time as
described by the so called ping-pong model. Antiport can be either obligatory (only exchange
is possible because the empty carrier does not reorient itself — rate constants a; and a, in
Figure 3 b) are both zero) or nonobligatory (carrier reorientation may occur even without
exchange but at a slower rate — a; and a, have non-zero values but are smaller than b,, b,, f;
and f, in Figure 3 b). ([3] p. 118 and p. 125). Both the obligatory and nonobligatory exchange
exhibits trans-stimulation (transport stimulation by a solute on the other side of the
membrane). In addition, we can distinguish between homoexchange (the same solute
molecules are exchanged) and heteroexchange (molecules of different types are counter-

transported) ([3] p. 118).



E; . Eo ER; ER,
gi h, m; Ty
> § ) ) f > R, *// & " &Ro
ES, :" ES, B —— Eo
ny my i ho
Ri <™ o R, Si “‘{ hi 9o So

Y J Y

To by

Figure 3 — Two examples of a six-state carrier model a) General scheme of a symporter co-transporting
substrates S and R b) General scheme of an antiporter exchanging substrates S and R. Notation follows the same

rules as in Figure 2.

Although this does not always reflect the real situation, a general carrier model is
usually approximated with a model of a simple and symmetric carrier [7]. When a carrier is
said to be symmetric, reorientation rate constants are the same for empty and loaded carrier
(in the case of a four-state carrier, a; equals b; and a, equals b, in Figure 2). When a carrier is
regarded as simple, substrate binding and releasing steps are considered to be much faster
than reorientation steps (in a four-state carrier, rate constants g;, 4;, g, and 4, are considered to
be much bigger than a;, a,, b; and b, in Figure 2) ([3] p. 118-119). Therefore, binding and
releasing reactions can be fully described by a simple dissociation constant [7]. This

traditional assumption of rapid substrate binding has been recently frequently questioned [8].

Alternatively, membrane transport can be described by a so called Multi-Substrate
Single-File Model for Ion-Coupled Transporters. According to this theory, membrane
transport is performed as hopping of substrates between the outer or inner solution and protein
binding sites, and between binding sites within a single-file pore representing the transport
protein. Rate constants are defined as hoping frequencies that describe the probability of
individual hopping events. The Multi-Substrate Single-File Model includes local substrate-
substrate interactions, but does not assume conformational changes of the transport protein.
So far this theory can be applied only to unidirectional transport systems, and is able to

reproduce some experimental data within experimental error. Its main advantage is the ability
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to account for a broad spectrum of effects that occur in ion-coupled transporters (e.g. leakage

currents, substrate flux coupling and variable stoichiometry) [9].

1.1.2.2 Kinetic equations

Unlike simple diffusion where transport rate is always proportional to substrate
concentration, carrier mediated transport is substrate saturable because the supply of carriers
in the membrane is limited. For one substrate to be transported by a carrier at a time, transport
rate usually follows the Michaelis-Menten enzyme kinetics ([2], [3] p. 81 and p. 83):

S
Viax "€ 0

vV =
o S
Km+CO

(1

where v, is the initial transport rate, cso substrate concentration outside the cell, K,, the
Michaelis-Menten constant and v, the maximal velocity that is approached when substrate

concentration is so high that the transport protein is almost permanently occupied.

When two or more molecules of the same type are co-transported in one transport

cycle, transport kinetics changes to:

S
Vmax'(c o)n

VO = n N n
(me) +(c%)

where n is the number of molecules transported together, and Kjs, is the substrate

2)

concentration at the half-maximum transport rate. In this case, the plot of transport rate versus
substrate concentration is no longer hyperbolic as for the simple Michaelis-Menten kinetics

but has a sigmoidal shape ([3] p. 85).

Kinetics schemes such as those presented in Figures 2 and 3 can also be described by
Michaelis-Menten kinetic parameters with the expressions for v, and K, being a more or
less complicated combination of rate constants depending on the complexity of the carrier

model [8].

Carrier kinetics can be described by a system of linear differential equations. For the

simplest case of a four-state carrier (Figure 2) and in the steady state, these equations have the

form of:
—a, —h; -5 a, gi 0 NE; 0
a; —a,—h, S, 0 <, ‘ NE, | | O 3)
h; % 0 —bi-g; b, NES; 0
0 ho 'CSO bi _bi —&o NES, N
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In the non-steady state, a four-state carrier is described by the following system of equations:

NE; —a;,—h; 5
d| NE, | a
dt| NES, | | m-cS;
NES,

o

(4)

Rate constants have the same meaning as in Figure 2; NE; is the occupancy of the carrier state

E;, NE, occupancy of state E, etc. N’ stands for the total carrier state occupancy that is equal

to the sum of NE,, NE;, NES; and NES, ([7] p. 386), and cS,- is the concentration of substrate S

inside the cell. Equations 3 and 4 can be considerably simplified assuming that the carrier is

simple and symmetric ([7] p. 363)

1.1.3 Effects of electrical fields on transport proteins

All membrane carriers operate within strong electrical fields (about 10° V'm™) that can

dramatically affect transport. Firstly, voltage influences the energetics of carrier-mediated

transport. Applied electric field affects the equilibrium between enzyme states because it

changes their energy levels as well as energy barriers between them [10] as illustrated in

Figure 4.

a) =0

ESi

Figure 4 — Energy of the four-state carrier states vs. reaction coordinate for different membrane potential values:

a) V=0b) >0 ¢)V’<0 [10]



The effect of voltage on carrier transport energetics is independent of molecular
mechanisms, and knowledge of the relevant electrochemical potentials and the overall
stoichiometry is sufficient to calculate the equilibrium concentrations at a given voltage, the
equilibrium voltage at given substrate concentrations, or the direction of net transport from
the Nernst equation:

R-T | ¢

In (5)

yed =
ZS .F cSl_eq

where 7 is the equilibrium potential (also called Nernst potential), R is the gas constant
(R=8.314 JK'mol™), T is the thermodynamic temperature, z° is the charge of the transported
substrate, F is the Faraday constant (F=96485.34 Cmol™"), and ¢’ and ¢*,% refers to

equilibrium substrate concentration inside and outside the cell, respectively ([3] p. 46).

Secondly and in contrast, voltage effects on the kinetics of carrier transport depend
constitutively on the particular molecular mechanisms and are thus more complicated and
richer in information. It was shown that changes in membrane potential could affect either the

Vmax Of the transport or the K, for the substrate or both v,,,, and K, ([3] p. 227).

The basis for voltage effects on carrier kinetics are charge movements associated with
individual reactions of the transport cycle. Specifically, both binding/releasing of substrates
and conformational changes of the carrier may be associated with charge movements across
the membrane electric field (termed “ion well effect” and “electroconformational coupling”,
respectively). Ion well effect occurs because an ion moving from the aqueous solution to the
protein binding site passes through a part of the transmembrane electric field, meaning that
the equilibrium constants for ion binding become voltage dependent [6] (Figure 5).
Electroconformational coupling can be described as a change of carrier properties in response
to the actual membrane potential. It occurs because every molecule under an electric field
tends to shift to a state with greater molar electric moment. This can be achieved for example
by changing the charge of the carrier via dissociation of ionisable groups or reversible
phosphorylation, by separation of charges, reorientation of permanent dipoles within the
molecule, induction of dipoles by the electric field or by structural transition to a
conformational state with higher macroscopic dipole moments". As a result, a carrier oriented
towards the inside of a cell may have a different arrangement of charges than a carrier

oriented outside [10].

" Bernhard Schmitt, personal communication
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Figure 5 — Ion well effect for anion substrates a) Anions are evenly distributed around the carrier when
membrane potential is zero. b) Ion depletion — in the case of a negative membrane potential, anions are repelled
from the well by the negative charge inside the cell. ¢) Ion enrichment — when membrane potential is positive,

anions are attracted by the well.

Since all the transport steps in carrier transport can be voltage dependent, the rate
constants for these reactions have to be considered voltage dependent as well. The effect of
voltage on individual reactions of the transport cycle representing the carrier model can be

treated according to the theory of absolute reaction rates for narrow, symmetric energy
barriers. The value of each reaction rate constant kl-o as observed in the absence of an electric

field is therefore scaled by an exponential term into:

zj~u-§m
ko =kl 6
i K€ (6)

Herein, z”/is the valence of the moving charge, u the non-dimensional voltage difference
across the entire membrane, and ¢, the fraction of the total membrane potential that is
traversed by the moving charge in the outward direction; inward movement reverses the sign
of the exponent. Thus, total voltage partitions into fractions o; to 0; traversed by the substrate
during binding or releasing inside the cell (J;), during carrier reorientation (0;), and during
binding or releasing outside the cell (03), respectively (Figure 6). These membrane potential

fractions fulfil the equation:

01+ 0, +05 =1 (7)
During reorientation of an empty or loaded carrier, multiple individual charges ¢ of
different physical nature (e.g. ionic charges on the carrier, dipoles or induced dipoles) may

move over fractions Jy that are not necessarily the same as the fraction 0, valid for the ionic

14



substrate. For simplicity, all charge movements during a given reorientation step can be

lumped together into a single equivalent charge z/ such that:

D6 =275, )

i=1
[6,11]. Similarly, the Multi-Substrate Single-File Model for Ion-Coupled Transporters also

supposes rate constants (hopping rates for charged substrates) to be voltage dependent [9].

a;
Ei Eo
Qg
; h
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Si hi 9o SO
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i ‘3]_ *E* oG ——82 ————————— > 83 .
- I == | |=2=s _ _ 3

Figure 6 — Four-state carrier scheme with membrane potential fractions 6,, 3, and &; shown. 9, is the part of
membrane potential sensed by substrate binding or releasing reactions inside the cell, 8, is sensed by carrier

reorientation steps, and J8; by substrate binding or releasing outside the cell.

Depending on the charge of transported molecules, carriers can be either electrogenic
(move electric charge across the membrane) or electroneutral [5] (Figure 7). Importantly, ion
well effect and electroconformational coupling mechanisms also apply fully to electroneutral
transport [12]. Although Nernst Equation 5 does not apply to electroneutral uniporters, their
reorientation is still influenced by voltage due to carrier charge effects. Moreover, ion well
effect comes into play when two oppositely charged substrates are co-transported or two

substrates of the same charge exchanged by an electroneutral six-state carrier.
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Figure 7 — Examples of electroneutral transporters: a) electroneutral symporters b) electroneutral antiporters [13]

1.1.3.1 Constant membrane potential

Membrane potential (voltage difference between two sides of the plasma membrane)
arises due to the presence of large concentration gradients for ions across the membrane.
These gradients are caused by the activity of ion channels, carriers and pumps [14,15].
Usually, membrane potential is formed either by pumping of protons (in mitochondria,
chloroplasts, yeasts and bacteria) or by the concentration gradient of Na™ (in animal cells and
some bacterial cells). Negative membrane potential is unconditionally required for bacterial
cells to produce ATP from ADP while in animal cells (where ATP is produced in
mitochondria) membrane potential stabilises the cell osmotically [16]. In non-excitable cells,
membrane potential has a relatively stable resting potential value (usually between -40 mV to
-90 mV depending on the cell type) [5]. However, membrane potential depolarisation or
hyperpolarisation can be caused by influxes or effluxes of cations such as Na", Ca*", and K
[5,15]. Carrier proteins are influenced by the actual value of membrane potential, and because

it is not necessarily static, also by its frequency and amplitude.

1.1.3.2 Oscillating electric field

Oscillating electric fields have been widely observed around cells [17]. They can be
caused for example by the opening and closing of ion channels, by the activity of membrane
pumps (it has been shown that Na",K"-ATPase can give rise to oscillating electric fields, for
example), by the presence of action potential cells such as cardiac cells, by an oscillating

substrate concentration or by an externally applied electric field that is greatly magnified in
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the membrane [18-20]. The question how oscillating electric fields influence transport via
membrane proteins is central to neurophysiology [18]. It has been shown experimentally that
ion net movement via Na", K -ATPase depends on the frequency and amplitude of the applied
oscillating electric field [21]. Using small amplitude approximation, the average flux in the
presence of aperiodic potential can be theoretically described as a sum of Lorentzian
functions [12]. Many transport proteins are able to transduce free energy from a periodic
electric field (such as a sinusoidal or square wave field) to chemical or transport work [11,21].
Net cyclic flux can also be induced by randomly oscillating electric fields (electric noise)
[22]. For example, electric fields which fluctuate both in life time and amplitude can induce
ion pumping by Na", K'-ATPase [23]. However, electric noise resulting from the environment
around a carrier cannot be transduced to work as it is not completely random but correlated to

the state that the enzyme is in [22].

1.2 MntH transport protein

The goal of our work was to study some of the transport properties of the MntH
protein, a metal ion transporter playing an important role in bacterial homeostasis and
virulence. MntH belongs to a highly conserved Nramp protein family, whose members can be
found in all different kinds of organisms including mammals, plants and yeast. Therefore, this
chapter presents a brief summary of the main characteristics of transporters belonging to this

family with an emphasis on their transport mechanisms.

1.2.1 Metal ions

Metal ions are important for all cells and their homeostasis is crucial for life.
Transition metals such as Fe*", Mn®", Zn*" and Co>" are essential for many biological
processes — they are involved in cell metabolism (as cofactors of many enzymes), gene
regulation, free-radical homeostasis and signal transduction pathways [24]. Toxic metals like
Cd*" and Ni*" interfere in various ways with homeostasis or function of the essential metals
[25]. An adequate supply of metal ions is vital, but these essential nutrients are toxic at
elevated levels. Therefore, shortage or excess in metal ion might cause death or severe illness
such as haemochromatosis, neurodegenerative diseases (e.g. Parkinson’s and Alzheimer’s
disease), Wilson’s and Menkes disease (all caused by metal ion overload in man) or anaemia
(a consequence of metal ion deficiency in man). Therefore, ion transporters maintain the
correct concentration of metal ions in every cell through a highly regulated process of metal

uptake, storage and secretion [25,26]. A high level of regulation is crucial because limited
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activity of a single metal ion transporter may inhibit cell growth due to the shortage of a vital

metabolic element, and excess transporter activity may be toxic and lead to cell death [24].

Acquisition of iron and manganese, which we are going to discuss later on, is vital
because both metals contribute to energy metabolism, electron and oxygen transport, DNA
synthesis, cell protection against oxidative stress, and are important for virulence [27]. The
cellular requirements for manganese (submicromolar levels) are generally much lower than
for iron [28]. However, Mn”" is necessary to both free-living and pathogenic bacterial cells
for nutrient and defence purposes [27,29]. Most of the known bacterial Mn*'-containing
enzymes function either in stress response or in energy metabolism (for example in the
metabolism of nitrogen and oxygen, including toxic radicals) [27,29,30]. They are key players
in signal transduction pathways, impart increased resistance to early killing by macrophages,
and are necessary during interaction with an eukaryotic host and for the survival in stationary
phase [31,32]. Mn”" contributes to resistance against reactive oxygen species (peroxides and
superoxides) both enzymatically and independent of any enzyme ([32] and references
therein). Finally, Mn®" can function in place of Mg*" in a variety of both structural and

catalytic roles [32].

1.2.2 Nramp family of transport proteins

Members of the family of Natural resistance-associated macrophage proteins (Nramp)
are secondary metal ion transporters that play a major role in metal ion homeostasis in a large
spectrum of organisms including mammals, plants, yeast, and bacteria ([25,33] and references
therein). Members of this family can transport divalent metal cations such as Mn*", Zn*",
Cu*, Fe’, Cd*", Ni*" and Co*" using energy stored in H' electrochemical gradients [34-36].
The Nramp family is represented by three members in yeast (SMF1, SMF2, and SMF3), in fly
by MVL (malvolio) and in mammals by Nrampl (also called SLC11 Al — solute carrier
family 11) and Nramp?2 (also called DCT1 — divalent cation transporter 1, DMT1 — divalent
metal transporter 1, and SLC11 A2) [33]. Bacterial Nramp-like transporters were named

MntH (Manganese transporters H' -dependent) proteins [36].

The Nramp protein family is extremely conserved through evolution [37]. It consists of
5 phylogenetic groups — 3 bacterial groups (MntH A, MntH B and MntH C) and 2 eukaryotic
groups (prototypical and archetypical group). The existence of bacterial Nramp homologs
suggests that the Nramp family originated in prokaryotes [38,39]. Members of the Nramp

family possess a common topological organisation that is defined by the presence of a highly
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conserved hydrophobic core encoding 10 transmembrane (TM) segments (that include several
invariant charged residues) and either one or two non-conserved, highly hydrophobic TM
domains. Eukaryotic Nramps have 12 TM domains and both the N- and C-termini are
cytoplasmic (with an exception of yeasts that have 11 TM segments). Bacterial Nramps
consist of 11 TM domains, their N-terminus is cytoplasmic and the C-terminus is in the

periplasm [33,40].
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Figure 8 — Predicted topology of the bacterial MntH protein. MntH C-terminus is periplasmic together with the
loops between TM segments 1/2, 3/4, 5/6, 7/8, and 9/10, the N-terminus is cytoplasmic and followed by

11 transmembrane segments [40].

1.2.2.1 Yeast SMF1, SMF2 and SMF3 transporters

SMF proteins catalyze proton-dependent uptake of divalent cations in yeast [34,41,42].
Smflp is located in the yeast plasma membrane, facilitates cell-surface uptake of Mn”" into
the cytoplasm and helps to resist chelator stress. Smf2p mediates Mn”" efflux from endocytic

vehicles [43], and Smf3p is found in the membrane of yeast vacuoles [44].

Besides Mn*", Smflp is also able to transport Fe** and Co®" but at a much lower rate.
Zn*" was found to be an inhibitor of Mn®" transport by Smflp; it binds to the same site as
Mn®" and enables protons to slip through the transporter but is not transported [42]. Fe*" and
Mn*" uptake is inhibited by Na™ in a pH-dependent way. Inhibition increases with pH
elevation and is not dependent on metal ion concentration. This suggests that sodium

competes with protons for the same binding site and slips across the transporter in the proton
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pathway [42,45]. This Na slip acts probably as a protection against toxic metal ion

accumulation under conditions of increasing salt concentration [34,42].

1.2.2.2 Mammalian Nramp1 transporters

Nramp! functions almost exclusively in metal (such as Fe*", Mn>" and Co*") transport
across the phagosomal membrane of macrophages and is therefore necessary for the defence
against bacterial infection [46,47]. It is expressed in the lysosomal compartment of
macrophages and neutrophils and recruited to the membrane of the pathogen-containing
phagosomes upon phagocytosis [48-50]. The expression of NRAMP] is strictly regulated and
stimulated by inflammatory signals [47]. Upon a bacterial infection, the invading bacterium is
taken into the macrophage phagosome where it is challenged by reactive oxygen components.
The infecting pathogen protects itself by producing metalloenzymes that can neutralize the
toxic agents. The macrophage defence is based on the deprivation of the engulfed bacterium
of the required metal ions (Fe*” and Mn®") by the activity of Nramp1 that co-transports metal-
ions and protons from the phagosomal lumen into the cytoplasm. This restricts the ability of
the pathogen to produce and activate protective enzymes, and avoids the propagation of the
ingested microorganisms [24,41]. Defective Nrampl causes sensitivity to several bacterial
and protozoal intracellular pathogens (including Salmonella typhimurium, Mycobacterium
tuberculosis, Mycobacterium leprae, Mycobacterium avium and Leishmania donovani) by
impairing the ability of macrophages to control intracellular microbial replication ([32] and

references therein).

1.2.2.3 Mammalian Nramp2 (DCT1, DMT1, SLC11) transporters

Nramp?2 is the major non-transferrin-dependent iron uptake system in mammals that
functions as a proton co-transporter with an unusually broad substrate specificity including
Mn®", Zn*", Co*", Cd*", Cu*", Ni*" and Pb*". Both human and mouse Nramp?2 proteins are
expressed in most cell types and in many different tissues (e.g. intestine, brain and kidney)
[35]. Genetic studies in rat and mouse models revealed that Nramp2 is unconditionally
required for the maintenance of life. Mutations in Nramp?2 affect iron homeostasis, and cause
defects in intestinal iron uptake resulting in severe iron disorders (mycrocytic anaemia and
serum and hepatic overload) [26]. Nramp2 deficient rats also show marked Mn”" deficiency

[51].

Nramp2 mediated metal ion transport is H -coupled, driven by the H' electrochemical

potential gradient, and voltage dependent. The stoichiometry between H' and the divalent
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metal ion ligands transported by Nramp2 varies in different conditions (e.g. pH and voltage).
At neutral pH, approximately one proton is translocated per divalent metal ion transported.
This mechanism is supposed to have a physiological significance because it ensures a constant
uptake of divalent metal ions [35]. However, increasing the driving force by lowering the pH
or imposing a highly negative potential generates a proton slip that is dependent on the
presence of metal ions in the medium and influenced by the membrane potential (ratio
H'/Me*" increases as membrane potential becomes more negative inside) [34,52]. This
“proton slippage” probably has a physiological advantage and was positively selected during
evolution as a protection against metal intoxication by overloading [25,42]. In addition, co-
transported H™ can result in a slight lowering of pH at the intracellular surface of the
membrane, sufficient to maintain the solubilisation of iron before its binding to intracellular
proteins [35]. Moreover, because H' binding and translocation may proceed at low outer pH

even in the complete absence of metal ions, Nramp2 can operate as an H' uniporter [1,35].

The third mode of function of Nramp2 was described by [1], where Fe*" transport that
is not associated with H" influx (and is therefore driven only by the electrochemical gradient
for Fe*") was observed at mildly basic pH values. Because a six-state carrier model cannot
sufficiently explain the presence of an uncoupled metal ion leak, an eight-state Nramp2 model
was proposed in [1] to describe these effects. The most general eight-state kinetic scheme
would have the form of a cube [6], but because Fe*" concentration was experimentally shown
to be the limiting factor of the Fe*" and H' co-transport rate suggesting that binding of protons
precedes Fe*™ binding, the eight-state cubic scheme can be reduced to the form shown in

Figure 9 [1].
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Figure 9 — Eight-state carrier model introduced in [1] to describe the transport mechanism of Nramp2 (for

Nramp2, substrate S represents protons and substrate R metal ions, e.g. Fe™")

1.2.2.4 Bacterial MntH transporters

Because Nramp proteins probably originated in prokaryotes, bacterial MntH
transporters are attractive prototypic models that can be used to study the mechanism of
transport in this conserved family [40]. MntH proteins function as proton-dependent
secondary divalent metal ion transporters with a broad range of metal substrates similar to
Nramp2 [32,36,53]. Fe*" transport mediated by MntH does not appear to be physiologically
relevant for the bacterium since free Fe’" concentration unlikely to occur in biological
systems would be required for significant rates of uptake. MntH is the main transporter
ensuring Mn®" influx in Escherichia coli and Salmonella Typhimurium [32]. However,
disruption of mntH did not affect bacterial growth under aerobic conditions in either minimal
or rich medium, implying that MntH is not essential for growth in normal laboratory
conditions [36]. This suggests that other bacterial Mn”" transporters including ABC-type and
P-type ATPases can compensate for the loss of MntH-mediated Mn>" uptake ([32] and

references therein).

22



Similarly to mammalian Nramp1 proteins that are involved in resistance to microbial
pathogens, bacterial MntH transporters are also involved in pathogenesis. When invading
a mammalian host, a major task for the bacteria is to manipulate the local environment so as
to ensure protection against the immunity response of the infected host [32]. One of the
bacterial responses upon entering an Nrampl-expressing macrophage is the induction of
MntH and rapid accumulation of available Mn®" [32,54]. Increased intracellular Mn*"
concentration is then utilized by the bacterium in the response to reactive oxygen and nitrogen
species being encountered. In this way, competition for Mn*" between MntH and mammalian
Nramp! occurs [32]. In both E. coli and S. Typhimurium, transport of Mn”>" by MntH proteins
was shown to be important for full virulence [32,54]. MNTH transcription is independently
regulated by the presence of reactive oxygen species (especially H,O,) and Mn*" and Fe**
[29,32,55]. The possibility of MntH regulation by Fe*" might be explained by the fact that
either the [Mn”"]/[Fe®"] ratio or the total content of these two divalent metals is under strict

homeostatic control [29].

2 Experimental methods

2.1 Measurements of membrane potential and intracellular pH in
E. coli

In our experiments, bacterial strains derived from the E. coli DH11S mntH strain (with
a deleted gene for MntH) [40] were used. This strain itself is resistant to kanamycine, and
spectinomycine resistance was induced in some of the strains due to the transformation by
plasmid pGBM6-pHL that carries the gene for pHluorin, a pH-sensitive Green Fluorescent
Protein (GFP). pBAD plasmid carried ampicillin resistance, and in some of the strains also the
gene for MntH. While pHLUORIN expression was constitutive, MNTH expression needed to
be induced by L-arabinose. Detailed characteristics of six E. coli strains that were used in our

experiments are shown in Table 1.
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Strain ATB resistance pHluorin Mutation Note
pBAD-+pHI A K, S yes Negative control
EcoliA+pHI A K, S yes Contains MntH

pBAD A, K no Negative control

EcoliA A K no Contains MntH

N401G A K, S yes Asparagine 401 to glycine  Contains MntH

D34G A K, S yes Aspartic acid 34 to glycine Contains MntH

Table 1 — E. coli strains used in our experiments. A — ampicilline, K — kanamycine, S — spectinomycine

Bacterial cells were cultivated in Luria-Bertani medium (LB medium) that contains
1% Bacto-trypton, 0.5% Bacto-yeast extract, 0.5% NaCl and appropriate antibiotics
(0.015% kanamycine, 0.05% ampicilline and 0.05% spectinomycine when required). In
addition, 1.5% Bacto-agar was added to solid agar medium. Using a wire loop, we inoculated
a single bacterial colony from the agar plate into 2 ml of LB medium. Cells were grown
overnight at 37 °C and 250 rpm, diluted hundred times in the morning and incubated for two
hours. Next, 0.06% L-arabinose was added and cells were incubated for another hour.
K,HPO, buffers, whose pH was adjusted to desired values (4.7 and 5.5) using citric acid,
were used to wash the cells twice and dilute them to the desired optical density 0.2 (measured

at 600 nm by a digital spectrometer Novaspec I1I).

Redistribution fluorescent dye diS-Cs(3) (3,3’-dipropylthiocarbocyanine iodide) was
used to monitor the membrane potential in E. coli cells. Compared to another carbocyanine
dye, diS-Cs(5) (3,3’-dipropylthiodicarbocyanine iodide), which contains a pentamethine
bridge, diS-C3(3) has a trimethine bridge and therefore lacks the tendency to form non-
fluorescent aggregates at high dye concentrations [56,57]. Its response to the membrane
potential is more complex and enables ratiometric measurements [58], whereas diS-Cs(5) just

changes its fluorescence intensity upon membrane potential shifts.

diS-C;(3), as a membrane permeant cation, is redistributed according to the Nernst
Equation 5 between the extracellular medium and the intracellular space, where it binds to
cellular macromolecules such as lipids, proteins and nucleic acids. This binding immediately
alters its spectroscopic signal by shifting the fluorescence spectrum of the bound dye towards

longer wavelengths and by increasing its fluorescence intensity [56,59]. As a response to
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membrane potential shifts, diS-Cs(3) changes its intracellular concentration. This can be
measured as a shift in the fluorescence maximum wavelength position (blue shift is caused by
depolarisation and consequent dye efflux, and red shift occurs due to hyperpolarisation that
causes dye uptake) [59] or ratiometrically, as a ratio at two selected emission wavelengths

[58].

Spectroscopic measurements were performed on a spectrofluorimeter Fluoromax-2
(Jobin-Yvon SPEX). We measured either the whole diS-Cs(3) emission spectra at an
excitation wavelength 531 nm, or only the ratio of the emission intensity at 580 nm and
560 nm [58]. Thus, the red shift of the emission spectra was reflected by higher values of the
selected ratio. Before diS-C;(3) and metal ions were added, signal from the cell suspension
was determined; this value was then subtracted from emission intensities measured after the

addition of the dye or metal ions.

In pHLUORIN expressing strains N401G and D34G, the possibility of simultaneous
membrane potential measurements (using the diS-C;(3) dye) and intracellular pH (pH))
measurements (using pHluorin) was explored. Therefore, in addition to diS-C;(3) emission
intensity ratio measurements, pHluorin emission intensity ratios for two different excitation

wavelengths (410 nm and 470 nm) at an emission wavelength 520 nm were measured.

2.2 Mathematical modelling

For the purpose of our modelling, we supposed that substrates form an infinite
reservoir on both sides of the membrane ensuring that substrate concentration does not change
with time. This means that our models simulate the initial transport phase where substrate
fluxes are too small to affect the overall substrate concentration inside or outside the cell.
Applied voltage was assumed to be infinitely effectively regulated to maintain a constant
value in the case of a constant membrane potential or to have a desired time course in the case
of oscillating membrane potential (as would be the case in a voltage-clamp experiment). Our
models were simulated for a sufficiently long time to enable the system to reach the stationary

state.

We found the kinetic equations for a general four-state carrier in ([7] p. 387), and built
up equations for general six-state and eight-state carriers. We modified the standard carrier
kinetic models by incorporating the voltage dependence of all rate constants according to the

Eyring theory of absolute reaction rates [6,60] (see Equation 6).
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Thus, the rate constants describing a four-state carrier have the form of:

zC~u~52]
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where x,” refers to initial rate constant values valid before voltage is switched on, z€ is the

charge of the carrier and z° charge of substrate S. These equations were incorporated into the

non-steady state Equation 4 presented in ([7] p. 387) to describe a four-state carrier.

Substrate influx AS; through a four-state uniporter was calculated as the amount of
substrate released inside the cell minus the amount of substrate bound to the carrier oriented

towards the inside of the cell:

AS; = g;- NES; —h; -¢5;:NE, (11)
Analogically, substrate efflux AS, can be expressed as:

AS, =g ,-NES, —h, -¢5,-NE, (12)

For a four-state carrier, the principle of detailed balance saying that in equilibrium, the overall
rate for traversing a reaction cycle clockwise equals the rate for traversing it anticlockwise

([7] p- 389) leads to equation:

a;-hy -0 b, g =a, b b, - g, (13)
where ¢*% and ¢, refers to equilibrium substrate concentration inside and outside the cell,
respectively. In equilibrium (when no substrate flux occurs), inside and outside substrate
concentrations fulfil Nernst Equation 5. For a given applied membrane potential V<,
Equation 13 can be therefore written in the form of:

[ yed.p.,S
e

RT ]_ao'hi'bi'go (14)
a; 'ho 'bo "8

To obey the principle of detailed balance in our simulations, Equation 14 was used to

calculate the rate constant a;.
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For an electroneutral uniporter (z°=0), Equation 14 is reduced to:
ai'ho'bo'gi:ao'hi'bi'go (15)

In the case of an electrogenic four-state carrier, Equations 10 describing the voltage
dependence of rate constants defines how the exponential term in Equation 14 is divided into
various voltage steps. Moreover, when z€ is different from zero, Equation 10 incorporates the

effect of carrier charge on carrier reorientation.

Non-steady state kinetic equations describing a six-state symporter co-transporting

substrates S and R (Figure 3 a)) were created in the form of:

NE, NE,
NE, NE,
d| NES; |_ | NES,
dt| NES, | | NES,
NESR, NESR,
NESR, NESR,
—a,—h;-c®; a, g; 0 0 0
a; —a,—h,c%, 0 g, 0 0
| e’ 0 ~b,—m;c®i—g, b, n, 0 (16)
0 h,-c%, b, ~b, —g, —m, c, 0 n,
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0 0 0 m,-c®, i —f -n,
Rate constants in Equation 16 depend on applied voltage as follows:
zc-u-52 *Zc-u-é‘z
0 2 0 2
a,=a; -e a,=a, -e
!zc+zS ’~u~§2] ( —AC+25 u-é’zJ
2 2
b =b"-¢ b, =b, e
[(zc +25 4R !-u-éz ] [— C254z U0y ]
0 2 0 2
fl = fl e fo = fo €
S U ZS~u~53
0 2 0 2 (17)
g =8 ¢ 80o=80 "€
(zsu(?lJ (—zsué}]
2 2
h=h'e hy=he

27



Nernst equation together with the principle of detailed balance leads to the following

condition for rate constants describing a six-state symporter:

F.(VSeq 254 Vg 2R )
e RT :ao'hi'mi'fi'no'go
a; 'ho tm, 'fo “n; - g

(18)

where V¢?and Vplare the equilibrium membrane potentials for the S and R substrate,

respectively, and z* is the charge of the co-transported substrate R. In our simulations, rate
constant a; was calculated from Equation 18 to ensure that the principle of detailed balance is

observed. For a six-state carrier, influxes of substrates S (AS;) and R (AR;) were calculated as

follows:
AS; =g, - NES, —h; -¢°; - NE, (19)
AR; = n; - NESR; —m; - c®; - NES, (20)

Non-steady state differential equations describing the eight-state carrier model

introduced in [1] (Figure 9) have the form of:

NE, NE,
NE, NE,
NES NES, @1
d| NES, |_ .| NES,
dt| NER, NER,
NER, NER,
NESR, NESR,
NESR, NESR,
—a-cfi—y—g-cS ) f 0 b 0 0 0
y —c-cfo—5-ic5, 0 h 0 d 0 0
g-cSi 0 —f-e—k-c& ¢ 0 0 j 0
5o 0 iS5, & —h=¢-m-c%, 0 0 0 i
a-cf 0 0 0 —a-b B 0 0
0 c-c®y 0 0 -p-d 0 0
0 0 k-c® 0 0 0 —j-n 0
0 0 0 m-cfy 0 0 n —-1-0
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In Equation 21, rate constants are voltage dependent according to the following equations:
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For the eight-state carrier, principle of detailed balance combined with the Nernst equation

leads to:

[VG‘Z.F.ZSJ
o R-T :ﬂ.b.g.k.n.l.h.c (23)

Note that the exponential term in Equation 23 does not contain charge of the co-transported
substrate R. This reflects the fact that the eight-state model has more degrees of freedom than

the six-state model. Substrate S and R influxes via an eight-state carrier were defined as:
AS; = f-NES; —g-c>; - NE; (24)
AR; =b-NER, —a-c®; - NE, + j- NESR;, —k -¢"; - NES;, (25)

For the MntH protein, S substrate represents H" and R stands for the co-transported divalent

metal ion.

29



Equations describing carrier models were numerically solved using Berkeley
Madonna 8.0 software developed by Robert Macey and George Oster from the University of

California at Berkeley and programmed by Tim Zahler"

. Berkeley Madonna is a fast and
convenient user-friendly program that numerically solves difference equations, systems of
ordinary differential equations and discrete simulations. It offers a choice of four basic
integration methods (1% order Euler algorithm, 2™ and 4™ order Runge-Kutta algorithms and
Rosenbrock algorithm) with adjustable parameters. For most of our models, Rosenbrock or
4™ order Runge-Kutta algorithms were used. Berkeley Madonna software enables a fast and
efficient adjusting of all model parameters using sliders, and easily produces two dimensional

plots of any variables and parameters.

Several checks were performed to test the accuracy of each of our models. These
included setting various rate constants or state occupancies to zero, checking that substrate
influx inside the cell is equal to substrate efflux outside or vice versa, and testing that all

conservation laws are observed.

When the effect of time-dependent voltage on carrier transport was simulated,
oscillating voltage was added to the applied resting membrane potential value. Studied time-
dependent voltage types include sine wave, sawtooth wave and triangle wave voltage, and
voltage produced by ion channels and excitable cells. Sawtooth wave voltage was simulated

according to equation:

V =t mod P (26)
where ¢ represents time and parameter P describes both the frequency and amplitude of
applied sawtooth wave voltage (with an increasing value of P, sawtooth wave frequency is

decreasing and its amplitude is increasing).

Triangle wave voltage was simulated according to the following formula:

VZZA.(I_MJ

when ¢ mod R Zg

V:2-A-(tmOde

when ¢ mod R < g 27)

where ¢ stands for time, A4 is the amplitude of the triangle wave and parameter R is

reciprocally proportional to its frequency.

I
www.berkeleymadonna.com
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Voltage time course produced by ion channels was modelled as random square wave
voltage with adjustable parameters describing the probability of a channel to remain closed or
open. The effect of two and more channels was simulated as a superposition of a number of
random square waves. Action potential voltage was simulated with the help of model

examples that are a part of the Berkeley Madonna software.

In our simulations, a certain value needed to be assigned to all model parameters.
Because little is known about real rate constant values or intracellular metal ion
concentrations, not the numeric values of these parameters but their ratios were adjusted to
desired values. All model parameter values can be regarded as being expressed in standard

units, e.g. M for concentration and s™ or (Ms)™ for rate constants (depending on the reaction

type).
3 Results and discussion

3.1 Experimental results

Unless stated otherwise, all experimental data shown were calculated as average values
of at least three experimental results obtained from different bacterial cultivations, and error

bars represent standard deviation.

3.1.1 Membrane potential of E. coli cells

To find out whether the overexpression of MNTH influences membrane potential of E.
coli cells, staining by the diS-C;(3) dye was measured in strains containing and lacking the
MntH protein. In order to find optimal experimental conditions, we tried out various
concentrations of diS-Cs(3), and found the concentration of 0.1 uM to be sufficient for the
cells to be stained (at optical density 0.2). For each sample, emission intensity ratio was
measured five times every three minutes and staining curves were constructed (Figure 10).
Staining by diS-Cs(3) measured 15 minutes after the addition of the dye was then compared

for six bacterial strains and two buffer pH values (Figure 11 and Figure 12).
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Figure 10 — A typical example of staining curves obtained at pH, 5.5 for EcoliA+pHI and pBAD+pHI strains.

At an external pH (pH,) value of 4.7, EcoliA cells are stained more than pBAD cells
(Figure 11). This difference was found to be statistically significant (P-value<5%). However,
differences in staining between EcoliA and pBAD cells are not significant at pH, 5.5. Because
diS-C;(3) is distributed inside the cell according to its membrane potential, results presented
in Figure 11 suggest that EcoliA cells have a slightly more negative membrane potential than
pBAD cells. Since the only difference between these two strains is the presence of MntH
protein in EcoliA cells and its absence in pBAD cells, our results indicate that the presence of
this protein shifts membrane potential towards more negative values. However, our data do
not contain any information about the size of this effect. The reason of the observed
hyperpolarisation of EcoliA cells is not clear. According to the measurements of pH; of these
two strains ([61] and Chaloupka,R., Urbankova, E. — unpublished results), EcoliA strain has
lower intracellular pH than pBAD in pH, 4.7 (the difference is 0.2 pH units, but statistically
significant). The natural explanation of this pH difference would be that, under given
conditions (pH 4.7 outside), MntH uncouples the proton-motive force on bacterial plasma
membrane by mediating proton uptake (uniport of protons). But why would bacteria under
these conditions have higher membrane potential? The only way how to explain this is to
suppose that the MntH-mediated proton flux is compensated by a flow of other ion, so that the
transport is electroneutral. Then, internal pH would be lower, but the membrane potential
would not — it could be even higher, provided that the bacteria would upregulate the activity

of the respiratory chain. The nature of this counter-flux (if there is any) is not clear — it could
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be mediated by MntH, or other transport protein. There have been speculations that MntH

could transport certain anions as well [24], but they have not been confirmed yet.
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Figure 11 — Ratio of the emission intensity measured at 580 nm and 560 nm 15 minutes after the addition of

0.1 uM diS-C;(3) to bacterial strains without pHluorin

EcoliA+pHI cells are stained more than pBAD+pHI cells at both external pH values

(Figure 12). Mutant cells D34G and N401G are stained very similarly and both are stained

more at pH, 4.7. Comparing Figure 11 and Figure 12 reveals that bacterial strains without

pHluorin are stained less than their pHluorin-containing analogues. Therefore, pHLUORIN

expression either shifts the cell membrane potential value, influences fluorescence of

diS-C;(3), or alters some other characteristics that make cell staining more favourable.
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Figure 12 — Ratio of the emission intensity measured at 580 nm and 560 nm 15 minutes after the addition of

0.1 uM diS-C5(3) to bacterial strains expressing pHLUORIN
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3.1.2 Metal ion transport

The main aim of our experiments was to measure the effects of divalent ions (Mn*",
Cd* and Zn*") on the membrane potential, ideally simultaneously with the measurement of
intracellular pH changes. Because the MntH carrier is highly electrogenic, we expected the
negative cell membrane potential to depolarise (at least transiently) due to the transport of
positively charged ions into the cell. Such a depolarisation caused by MntH-mediated metal
transport has already been observed on right-side-out vesicles made of E. coli cells [62]. The

question was whether the same effect can be observed on intact bacterial cells.

diS-Cs(3) emission intensity ratios were measured five times every 4 minutes after the
addition of MnCl,, CdCl, or ZnCl, at a final concentration of 30 uM or 300 uM. Moreover,
fluorescent emission intensity ratios for pHluorin were measured for the N401G and D34G
strains to monitor the intracellular pH responses to the addition of diS-Cs(3) and to metal ion
uptake accompanied by proton influx. Figures 13 — 16 show diS-C;3(3) emission intensity
ratios measured 16 minutes after the addition of metal ions (R,) as a percentage of the original

emission intensity ratio that was measured without metal ions (R;):

R,—R
R==""""7 100% 27)
Rb - Rref
where R,.s stands for the value of the emission intensity ratio for the free dye that was used as

a reference state.

Monitoring membrane potential changes at pH, 4.7 revealed that both Mn*" and Cd**
cause membrane potential depolarisation in EcoliA cells that is dependent on the metal ion
concentration. However, no significant effects on membrane potential were observed at
pH, 5.5 (Figure 13 and Figure 14). Because previous experiments performed on EcoliA cells
confirmed that transport via the MntH protein occurs in these conditions'", our results can be
explained by the fact that the cell is able to immediately compensate for the influx of cations
and this is why membrane potential remains unchanged (at the time resolution of our

experiments).

V' Chaloupka, R., Urbankova, E. - unpublished results
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Figure 13 — Membrane potential depolarisation caused by Mn®" measured 16 minutes after the addition of 30 uM
or 300 uM MnCl, to EcoliA and pBAD cells. As a result of membrane potential depolarisation, intensity ratios
obtained for EcoliA cells at pH, 4.7 decreased to approximately 40% of their original value upon the addition of
Mn?". Intensity ratios at pH, 4.7 measured for pBAD cells that serve as a negative control stayed almost the
same when Mn”" was added. This confirms that Mn®" transport observed in EcoliA cells occurred via the MntH
protein. According to our expectations, Mn”" induced membrane potential depolarisation is bigger when Mn**
concentration is higher. Only a small effect of Mn®" on membrane potential is observed in both EcoliA and

pBAD cells at an external pH of 5.5.
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Figure 14 — Membrane potential depolarisation caused by Cd*" measured 16 minutes after the addition of CdCl,
to EcoliA and pBAD cells. At a pH, of 4.7 and metal ion concentration of 300 uM, Cd*" uptake is higher than
Mn’" uptake in EcoliA cells. However, membrane potential depolarisation effects at pH, 4.7 are approximately
the same for both metal ions when their concentration is 30 uM. Similarly to Mn** transport, Cd*" uptake in

EcoliA cells is considerably smaller at higher pH, values.

While the mutant strain N401G exhibited membrane potential depolarisation upon the

addition of Mn”" when pH,=5.5 and upon the addition of Cd*" for both pH, values, membrane
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potential in D34G cells remained unchanged when metal ions were added (Figure 15 and
Figure 16). This is in agreement with previous results [61], which reported a loss of transport

function of this mutant.

No significant membrane potential depolarisation was observed in EcoliA, pBAD,

N401G or D34G cells after the addition of 30 uM or 300 uM Zn*" (data not shown).
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Figure 15 — Membrane potential depolarisation caused by Mn”>" measured in N401G and D34G cells 16 minutes
after the addition of MnCl,. Unlike EcoliA cells, N401G cells seem to transport more Mn?" at pH, 5.5 than at
pH, 4.7. No significant Mn®" membrane potential shifts are observed in D34G cells.
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Figure 16 — Membrane potential depolarisation caused by Cd*" measured in N401G and D34G cells 16 minutes
after the addition of CdCl,. Cd*" is shown to be transported by N401G cells at both external pH values while
D34G cells do not exhibit any signs of Cd*" transport.

Simultaneous measurements of diS-Cs(3) and pHluorin emission intensity ratios were
performed in N401G and D34G cells to test the possibility of measuring changes in

membrane potential and intracellular pH at the same time. However, pH; changes could be
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monitored only qualitatively. To see their size, a pHluorin calibration curve for cells
containing diS-C;(3) would be needed. Because using standard calibration curves for E. coli
cells did not lead to any reasonable results, the presence of diS-C;(3) in the cell seems to
affect the fluorescence of pHluorin. Results of the pHluorin emission intensity measurements
show that, due to the co-transport of protons together with metal ions via the MntH protein,
pH; increased after the addition of metal ions to N401G cells. No effects on the pH; value
were observed in D34G cells upon the addition of metal ions, which confirms our previous

observation that MntH is not active in this strain.
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Figure 17 — An example of simultaneous diS-C3(3) and pHluorin emission intensity measurements obtained at
pH,=5.5. Results shown were measured 15 minutes after the addition of diS-C;(3) and 20 minutes after the
addition of 300 uM MnCl,. Higher pHluorin emission intensity ratio corresponds to higher pH; values. Note that

the pHluorin intensity ratio remarkably increases upon the addition of diS-C;(3).

3.2 Results of mathematical simulations

We theoretically studied the kinetics of three different carrier schemes, starting with
the simplest case of an electroneutral simple and symmetric four-state uniporter, continuing
with general four- and six-state carrier models and ending up exploring the eight-state model
introduced for the Nramp?2 transporter in [1]. We varied different model parameters including
membrane potential, rate constants, carrier and substrate charges and substrate concentrations
to explore their effects on substrate flux. Results obtained for a charged carrier were usually
compared to results obtained under an assumption of uncharged carrier in order to
demonstrate the effect of incorporating the influence of carrier charge on carrier reorientation

and therefore on substrate transport.
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3.2.1 Voltage effects on electroneutral carriers

The first and simplest model system we studied was a simple and symmetric
electroneutral four-state uniporter described by Equation 4 and depicted in Figure 2. Initial
binding and releasing rate constant values (before voltage was switched on) were set to a,’=1,
a00=1, bi0=1 and b00=1, and initial reorientation rate constants values to g,-0=200, g00=200,
hi0=200 and h00=200. All initial carrier state occupancies (NE,-O, NEOO, NES,-O and NESOO) were
set to ten. Substrate was uncharged because we wanted the uniport to be electroneutral; carrier
charge was set to one. Fractions of membrane potential influencing substrate binding or
releasing inside the cell, empty or loaded carrier reorientation, and substrate binding or
releasing outside were set as 0;=0.1, 6,=0.8 and 6;=0.1, respectively. Substrate concentration
outside was hundred times higher than inside (cSOZIOO and cS,:l). Because the exponential
parts of all binding and releasing rate constants in Equation 10 equal one when z°=0, only

reorientation steps are influenced by voltage in an electroneutral uniporter.

First of all, the effect of carrier charge on substrate influx was studied (Figure 18).
Carrier charge was found to determine the voltage range where substrate influx is observed.

Within this range, substrate influx decreases with the growing absolute value of carrier

charge.
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Figure 18 — The effect of carrier charge on substrate influx for a simple and symmetric electroneutral four-state
carrier. When carrier charge equals zero, substrate flux is not influenced by the value of applied voltage and has
its highest possible value. Positive carrier charge leads to a reduction of substrate influx at non-zero membrane
potential values. Substrate flux is decreasing with the increasing absolute value of carrier charge for all
membrane potential values except zero. Similar results were obtained for negative carrier charges (data not

shown).
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Next, we concentrated on the effects of substrate concentration outside the cell on
substrate influx (Figure 19). No effects were observed when substrate concentration was the
same on both sides of the membrane. Apart from that, the value and direction of substrate flux
was influenced by the actual substrate concentration gradient, and the absolute value of

substrate influx was decreasing with increasing absolute values of membrane potential.
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Figure 19 — Effects of outside substrate concentration on substrate influx for a simple and symmetric
electroneutral carrier; substrate concentration inside the cell equals one. Substrate influx gets higher as outside
substrate concentration increases; in the case of a negative concentration gradient, substrate influx reaches
negative values. This means that substrate is not transported into the cell but is carried out. When a concentration
gradient is applied, the absolute value of substrate influx reaches its maximum at zero membrane potential and is

slowly decreasing with growing absolute values of applied voltage.

As a next step, we varied the parameter o, describing the fraction of membrane
potential affecting carrier reorientation (Figure 20). Our results indicate that an electroneutral
carrier is not influenced by voltage when &, is zero. This can be easily deduced from
Equation 10 where all exponential terms multiplying initial values of rate constants equal one
when substrate charge z° and membrane potential fraction & are zero, and therefore no rate
constants are voltage dependent. In the case of a non-zero &, value, substrate influx is
decreasing with growing absolute membrane potential values. The more is reorientation
influenced by voltage (i.e. the bigger is o), the lower value reaches substrate influx when
membrane potential has a non-zero value. For an electroneutral uniporter, curves in Figure 20
are similar to curves in Figure 18 because both describe the fact that the bigger the carrier
charge is, the more is substrate transport restricted at higher negative or positive membrane
potential values. However, Figure 20 would look differently for an electrogenic carrier as it

would also include the effect of substrate charge on carrier reorientation (see Chapter 3.2.2).
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Figure 20 — Substrate influx in a simple and symmetric electroneutral carrier simulated for various values of

parameter J, describing the fraction of membrane potential that affects reorientation steps

Our next goal was to find out how does the amplitude and frequency of oscillating
electrical fields influence transport mediated by electroneutral carriers. Such time dependent
electrical fields can be a result of the presence of ion channels or excitable cells in the cellular
membrane. Moreover, some experiments such as voltage clamp allow us to apply other types
of time dependent voltage such as sine wave, sawtooth wave or a triangle wave voltage to

study transport under these artificial conditions.

Opening and closing of ion channels present in the membrane cause oscillations in the
local membrane potential, which can be sensed by a carrier when ion channels are situated in
its close vicinity. Total voltage sensed by the carrier was simulated by adding this channel
voltage to the constant resting membrane potential value describing membrane potential when
no channels are present in the membrane. Substrate influx at a given voltage was calculated as
an average value of substrate influx over a time interval of 100 s that is much bigger than the
average time interval during which a channel remains in an open or closed conformation. Our
data suggest that substrate influx is considerably influenced by voltage changes produced by
ion channels (Figure 21). For example, substrate influx is activated by the presence of an ion
channel in the membrane at a physiological resting membrane potential value of -80 mV; this
effect is even bigger when more channels are situated close to the carrier. The effect of ion
channels on substrate influx can be explained by the fact that their opening and closing shifts
the average voltage sensed by the carrier depending on the frequency of the channel

conformation changes.
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Figure 21 — The effect of opening and closing of ion channels on the mean value of substrate influx at different
resting membrane potential values; and the time course of voltage sensed by the carrier when zero, one and four

channels are present in the membrane

Next, the influence of carrier transport by a more theoretical types of applied voltage —
a sawtooth wave (Figure 22 a)), a triangle wave (Figure 22 b)) and a sine wave (Figure 23) —
was studied. It was shown that both the parameter P of a sawtooth wave (defined in Equation
26) and the amplitude of a triangle wave have a profound effect on substrate influx via an
electroneutral carrier. When sine wave voltage with a frequency 0.1 s was applied, substrate
flux was influenced by its amplitude (Figure 23). We also simulated the influence of the
presence of excitable cells such as pacemaker cells on substrate influx (Figure 24). Results
presented in Figure 21 — Figure 24 show that even an electroneutral carrier is considerably
influenced by the time course of applied voltage. For all studied types of oscillating voltage,
an optimal frequency or amplitude where substrate influx reaches its maximum can be found.
For the triangle and sawtooth waves, substrate influx is maximal when voltage is constant and
decreases with increasing frequency of the oscillating membrane potential. However, the
optimal amplitude of the sine voltage is different from zero, suggesting that a sine wave with
favourable parameters could stimulate substrate influx. Interestingly, substrate influx is

induced by the growing frequency of action potential produced by excitable cells.
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Figure 24 — Action potential frequency effect on substrate influx (parameter F' is proportional to the frequency of

applied action voltage), and the time course of applied action potential voltage

Our theoretically obtained results could be further verified in transport experiments
such as voltage clamp (combined with another method to measure transport mediated by an
electroneutral carrier) where changing the parameters of applied oscillating voltage should
lead to a considerable change in substrate influx. These voltage clamp experiments were

performed in the laboratory of Dr. Bernhard Schmitt at the University of Otago.

3.2.2 Voltage effects on general four-state carriers

A general electrogenic four-state carrier with voltage dependent rate constants was
simulated according to Equations 8 and 10 where initial rate constant values were set, in order
to avoid simplicity” of the carrier, as following: a,’= 0.02, b =4.36, b,’=0.08, g'=0.64,
g00=0.98, h,’=0.14 and h,"=0.04"'. Rate constant a; was calculated from Equation 14 to ensure
that the principle of detailed balance is observed. Substrate charge was set to one and all
initial state occupancies (NE,-O, NEOO, NES,-O and NESOO) were ten. Parameters describing
voltage effects on binding, releasing and reorientation steps were set to the following values:
0;=0.1, 6,=0.8 and 0;=0.1. Simulations were performed with two carrier charge values (one
and zero) so as to compare the situation when reorientation rate constants are influenced by
carrier charge (z=1) with the situation when the effect of carrier charge on carrier transport is
not considered (this leads to the same results as the condition z“=0). Final values of all rate
constants were set to be the same for both values of carrier charge at a membrane potential of
-80 mV so as to keep final carrier state occupancies at this voltage unchanged. This was

achieved by changing the initial values of reorientation rate constants to a,’= 0.07, b’=1.21

V' See Chapter 1.1.2.1
VI All listed values were rounded to two decimal digits.
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and b,"=0.27"" when z“=0. These two model systems were used to study voltage effects on
carrier transport under various conditions (e.g. variable substrate concentration or substrate

charge).

First of all, we studied the dependence of carrier transport on substrate concentration
for both carrier charge values when V=-80 mV (Figure 25) and when membrane potential was
varied (Figure 26). At a membrane potential of -80 mV, substrate influx becomes saturated
for high outer substrate concentrations (Figure 25). This behaviour is similar to Michaelis-
Menten kinetics (Equation 1) although we do not study initial substrate fluxes as there is
already some substrate inside the cell in the beginning of our simulations (at a low ¢,
concentration, there is even observable substrate efflux). Incorporating the carrier charge
dependence into our model narrows the voltage range where substrate influx occurs (Figure
26). This is evident mainly at highly negative membrane potential values where substrate

influx is higher when z°=0 than when z°=1. Also substrate influx at positive membrane

potentials calculated when z“=0 remarkably exceeds substrate influx when z“=1.
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Figure 25 — Effect of substrate concentration outside the cell (in a logarithmic scale) on substrate influx at
a resting membrane potential of -80 mV; substrate concentration inside the cell equals one and carrier charge is
either one or zero (both values lead to the same result due to our choice of rate constants). Equilibrium outside
substrate concentration calculated from Equation 5 as ¢®,=0.044 (at -80 mV) is marked in both graphs and
represents the minimal ¢*, value sufficient for the transport of substrate into the cell. Substrate influx becomes

slightly negative when ¢®,<c®,% which means that substrate is transported out of the cell.

VIL All listed values were rounded to two decimal digits.
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Figure 26 — Voltage dependence of substrate influx at various substrate concentrations outside the cell (while
inside substrate concentration equals one) a) when carrier charge equals one b) when carrier charge effects on
carrier transport are not considered. The bigger is the electrochemical concentration gradient towards the inside,
the more substrate is transported into the cell. Significant uptake of a positively charged substrate occurs mainly
at negative membrane potential values. The optimal resting membrane potential range where substrate flux
reaches its maximum at a given substrate concentration is approximately -115 mV to -140 mV (the exact value
depends on ¢*,) (Panel a)); substrate influx for a given ¢, decreases when membrane potential differs from its
optimal value. When effects of carrier charge are not considered, substrate influx keeps on increasing (in the
studied voltage range) as membrane potential becomes more negative (Panel b)) and is higher at positive
membrane potential values when z=0 than when z“=1. The bigger is the substrate concentration gradient, the

higher membrane potential value is needed to suppress substrate influx at positive membrane potential values.

Because both substrate charge and carrier charge are a part of exponential terms
describing voltage dependence of rate constants in Equation 10, they significantly affect
substrate flux when applied voltage is different from zero. Compared to a simple and
symmetric electroneutral carrier, whose substrate influx dependence on carrier charge can be
found in Figure 18, the situation is more complicated for an electrogenic carrier (Figure 27).
Electrogenicity of the carrier causes the maximal substrate influx values and the optimal
voltage values where influx reaches its maximum to shift with changing carrier charge. More
specifically, when the absolute value of carrier charge is rising, peaks describing substrate
influx become narrower, and the optimal membrane potential value shifts towards zero. While
negative carrier charge enables influx of a positively charged substrate at positive membrane
potential values, positive carrier charge facilitates influx when membrane potential is
negative. Because the charge of a carrier may depend on the pH of its surroundings, Figure 27

can also be interpreted as a description of the pH effect on carrier transport. Thus, carrier
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transport can be switched on or off at a certain voltage by altering the surrounding pH, and

interplay between pH and membrane voltage is able to finely tune the transport rate.
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Figure 27 — Voltage dependence of substrate influx at various carrier charges for a general electrogenic four-

state carrier

The influence of substrate charge on substrate influx when z“=1 (Figure 28 a)) and
when z°=0 (Figure 28 b)) was further studied. Interestingly, while curves describing substrate
influx when z°=0 are symmetric around zero membrane potential, curves calculated when
z°=1 are highly asymmetric. Carrier charge effects seem to reduce influx of a positively
charged substrate at negative membrane potential values, and enhance negatively charged
substrate influx when membrane potential is positive (for example, when z°=-5, substrate
influx at 80 mV equals approximately 40 when z°=1, and only 28 when z°=0). Analogically,
a negatively charged carrier supports the influx of a positively charged substrate when
membrane potential is negative and causes the influx to decrease at positive membrane

potential values (data not shown).
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Figure 28 — Voltage effects on substrate influx for different values of substrate charge for a general electrogenic
four-state carrier a) when z°=1 b) when z“=0. No positively charged substrate is transported into the cell when
positive cell membrane potential is higher than the equilibrium potential in Equation 14, and no negatively
charged substrate is transported into the cell when the negative membrane potential value is lower than the
corresponding equilibrium potential. When voltage and substrate charge have opposite signs, substrate influx

becomes higher with the increasing absolute value of substrate charge.

As a next step, we focused on the relative importance of ion-well and
electroconformational coupling effects — i.e. the significance of the membrane potential
fraction o, that affects reorientation of both loaded and unloaded carrier states from the
outside to the inside of a cell and vice versa. For our set of rate constants, substrate charge and
concentrations, and at a physiological membrane potential value of -80 mV, substrate influx
has its highest value when 6,=1 and is decreasing with decreasing o, for both studied carrier
charges (Figure 29). Therefore, in a certain voltage range, substrate influx is maximal when
only carrier reorientation steps are influenced by voltage and substrate binding and releasing

steps are not voltage dependent.
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Figure 29 — Substrate influx versus applied voltage for various values of parameters o, describing the amount of
voltage dependence of reorientation steps in carrier transport a) when z=1 (&, represents the membrane potential
fraction sensed during carrier reorientation not only by the substrate but also by the charged carrier) b) when
z°=0 (&, is the membrane potential fraction sensed during reorientation by the substrate). Values of membrane
fractions 0; and &; were chosen for each data set so as they obey Equation 7 and equal each other. When carrier
charge equals one, substrate influx starts to decrease at a certain voltage value that is 6, dependent; within our
studied voltage range this effect can be observed when &, is 1 and 0.8. A similar effect probably occurs when
z°=0 but the voltage interval where substrate influx is growing is wider than the voltage range we studied
(a similar effect of a positive carrier charge narrowing the voltage range where transport can be observed was
shown in Figure 26). When membrane potential is positive, influx (or efflux, depending on the actual voltage
value) of a positively charged substrate is higher for lower &, values. Substrate influx becomes negative at

a certain voltage that can be calculated from Equation 14 (approximately 116 mV).

3.2.3 Voltage effects on a general six-state symporter

Our ultimate goal was to explore the properties of several different transport schemes

that could provide a simplified description of the MntH protein. Although the four-state
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carrier model enabled us to describe some effects connected with carrier and substrate charge,
a more complicated model has to be introduced to study secondary active symport. Under the
assumption that both substrates are bound simultaneously, even the four-state carrier scheme
could be regarded as a simplified scheme of a symporter, but a six-state scheme must be
introduced to simulate the consecutive binding of co-transported substrates in a given order.
In addition, the six-state scheme explains the slip of the “driving” substrate observed for
MntH [35]. The general six-state symporter model can be regarded as a simplified model of
the MntH transporter when we suppose that substrate S in Figure 3 a) represents H™ and
substrate R stands for Fe’" or other divalent metal ion. We chose the outer conditions to
represent a typical situation for a secondary active symporter — concentration of the “driving”
substrate S was higher outside the cell than inside and substrate R concentration was higher
inside the cell (cS =1, & ,=100, f=100 and cR0=1). Our goal was to find a set of initial rate
constant values that would enable us to see how the influx of substrate S (H" in MntH) causes

substrate R (Fe?") influx against its electrochemical potential.

Kinetics of a general six-state symporter was simulated according to Equations 16 and
17, where zS=1, =2, zC=1, 0;=0.1, 0,=0.8 and 03=0.1, all initial carrier state occupancies
(NE,-O, NEOO, NES,-O, NESOO, NESR,-O and NESRUO) were set to ten, and initial rate constant values
were set to the following values: a,’= 9.88'10%, b,°=0.07, b,’=1.16, 1’=5.78, 1,’=0.05, g,"=5.30,
2,)=2.13, h’=7.34, h,"=0.29, m"=0.17, m,"=9.25, n’=17.00 and n,’=9.25""™. To study our
model system without carrier charge effects, z& was set to zero and initial values of
reorientation rate constants were changed to: a’= 35.5510%, bi0=0.02, b00=4.16, ﬁ0=1.61 and
£,"=0.18"™". Rate constant a; was calculated according to Equation 18 to ensure that our model
observes the principle of detailed balance. Because rate constants b,»o and boo are not included
in Equation 18 (i.e. there are no constraints on them arising from the detailed balance
condition), they can be set to any possible value and therefore notably influence transport
characteristics. Since bio and boo describe reorientation of the carrier loaded with substrate S,
their value can either support or inhibit both the leak of S substrate and the co-transport of S
and R. For certain values of b, we even observed antiport of S and R instead of symport.
Nevertheless, we managed to find a set of rate constants that allows us to observe reasonable

symport of both substrates and, under some conditions, active transport of substrate R.

First of all, we studied the effects of outer substrate S and R concentration on carrier

transport (Figure 30 — Figure 32). At a membrane potential of -44 mV (Figure 30), substrate S

VIl Rate constant values are rounded to two decimal digits.
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started to be transported into the cell as its outer concentration reached the equilibrium value.
Active transport of R was observed when ¢*, was sufficiently high to drive R uptake against
its concentration gradient. Similarly, outer substrate R concentration also needed to reach
a certain value to enable active influx of substrate R. Interestingly, substrate S influx was
shown to be ¢*, dependent as well. Its decrease at higher ¢*, values can be explained by the
fact that when R concentration outside is high, carrier in an ES, state starts to prefer substrate
R binding before reorientation to the inside with only substrate S bound. At extremely high
electrochemical gradients of R directed outwards, both substrates are transported in
a thermodynamically passive manner and the carrier acts like an antiport. To summarise,
varying both the outer S and R concentrations remarkably changed stoichiometry of the
observed S and R co-transport. For example, at high outer R concentrations, both substrates
are co-transported together with a stoichiometry 1:1, but when ¢®,=1, S influx exceeds
R influx for all studied ¢°, values. The H:Fe”" stoichiometry of Nramp?2 was described to rise
with an increasing electrochemical gradient of protons [34,52] — a similar effect can be
observed in Figure 30 a). In Figure 30 b), influx of S approaches a stable value as ¢*, goes to
zero. This could represent the uncoupled flux observed for Nramp2 in [35]. Uncoupled

S influx diminishes as ¢®, rises and coupled flux (with a stoichiometry of 1:1) becomes

dominant.
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Figure 30 — Influx of substrates S and R vs. concentration of substrate S or R outside the cell (in a logarithmic
scale) at a membrane potential of -44 mV. S and R outer equilibrium concentrations and the area where active

transport is observed (where substrate R was transported into the cell although c® <c® %) are marked.

As a next step, concentration effects together with voltage and carrier charge effects
were studied (Figure 31 and Figure 32). Both the R influx at negative membrane potential

values and R efflux at positive potentials are higher when carrier charge effects are not
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considered (except for the membrane potential -80 mV where substrate influx was set by our
choice of rate constants to have the same value for both carrier charges). Moreover,
a previously described effect of narrowing the voltage range that is optimal for transport by

non-zero carrier charge values was observed.

a) b)
100+
150+
_CS =0.1 1 S =
5 VeqR CSO— 5 1 VeqR CSO_
£ Iy = 1007 c>,=10
o c=10 o —%,=100
o 207 —¢%,=100 @
s —¢5,=1000 s
[%2) [%0)
o] o]
> >
" 0 (%)
v 100- v
-100 0 100 -100 0 100
V [mV] V [mV]

Figure 31 — Voltage dependence of substrate R influx at various S concentrations outside the cell when a) z°=1
b) z°=0. Equilibrium membrane potential values for the R substrate, calculated from Equation 18, are marked.
For ¢°,>0.1, active transport of substrate R into the cell (positive R influx when V>F*;) is observed. Generally,
R influx is positive at negative membrane potential values and becomes negative when membrane potential is
positive. However, at outer S concentrations 1 and less, R efflux is observed even when membrane potential is

slightly negative when z°=1 (Panel a)).
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Figure 32 — Voltage dependence of substrate R influx at various R concentrations outside the cell when a) z°=1

b) z=0
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The stoichiometry of S and R co-transport for several substrate S and R concentrations
is shown in Figure 33. When we look at the voltage dependence of S:R stoichiometry ratio,
we see that when the membrane potential changes to more negative values, S:R ratio
increases. This phenomenon was measured in Xenopus oocytes expressing Nramp?2 [34] and
described as “proton slip* [45]. The sharp rise of the S:R ratio accompanying membrane
potential increase reflects the zero R influx when it would be thermodynamically

unfavourable. This situation obviously did not occur in experiments of Chen et al. [34].
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Figure 33 — Stoichiometry of the S and R co-transport when z°=1 a) for different ¢°, values b) for different ¢,

values

As a next step, we studied carrier charge effects on carrier reorientation in more detail.
Curves describing the influence of S influx by carrier charge have exactly the same form as
for the electrogenic four-state carrier (Figure 27) which means that negative carrier charge
enables influx of a positively charged substrate at positive membrane potential values and
positive carrier charge facilitates influx when membrane potential is negative (data not
shown). On the other hand, positive values of R influx were observed only for carrier charges
from zero to five; for all other carrier charge values, R influx was either negative or almost
zero. This is a consequence of our choice of rate constants that were adjusted to allow positive
influx of R when z°=0 and ZC=1; a different choice of rate constants could shift the carrier
charge range where positive R influx is observed towards more positive or negative values. In
general, increasing the absolute value of carrier charge considerably reduces R influx (or

efflux, depending on the membrane potential) (Figure 34).
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Figure 34 — Voltage and carrier charge effects on R influx

Interestingly, substrate S influx is influenced not only by the charge of substrate S
(Figure 35), but also by the charge of the co-transported substrate R (Figure 36). R influx is
also greatly influenced by the value of z° and z* (data not shown). Such a profound effect of
both substrate charges on both substrate fluxes can be explained by the fact that they influence
not only the equilibrium condition expressed by Equation 18 but also the final rate constant
values according to Equation 17. This affects all carrier state occupancies and therefore also

substrate S and R influxes calculated from Equations 19 and 20.

For negative membrane potential values, S influx increases with the increasing value
of substrate S or R charge; analogically, it increases with decreasing substrate S or R charge at
positive membrane potentials. Generally, the incorporation of carrier charge effects suppress
S influx at a given membrane potential; this is most evident at extremely negative membrane
potential values. Positive carrier charge supports efflux of negatively charged substrates at
negative membrane potential values because it lowers the relative negative charge sensed by

the carrier during reorientation.
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Figure 35 — Voltage and substrate S charge effects on substrate S influx when a) z°=1 b) z=0
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Figure 36 — Voltage and substrate R charge effects on substrate S influx when a) z°=1 b) z=0

Effect of the membrane potential fraction d, on substrate R transport was studied for
both the charged and uncharged six-state carrier (Figure 37). Fluxes observed at a certain
voltage value when z°=0 are generally higher than fluxes observed at the same voltage when
z“=1, and the voltage range where substrate influx is different from zero is wider when carrier
charge effects are not considered. Similarly to the four-state carrier model, the optimal value
of d, for which the highest R influx is observed depends on the studied voltage range.
Therefore, substrate influx is not always highest when d,=1 i.e. when the effect of voltage on

carrier reorientation is maximal.
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Figure 37 — Influx of substrate R vs. membrane potential for different values of &, when a) z°=1 b) z°=0.
Parameters 6; and J; were chosen to equal each other and obey Equation 7. The optimal ¢, value for which
substrate R influx is maximal depends on the membrane potential range studied. For example, when z°=1 and the
applied membrane potential lies between -48 mV and 0 mV, influx of substrate R reaches its maximal value
when 6,=1. However, within the voltage range from -71 mV to -48mV, influx reaches its highest possible value

when 6,=0.8, etc.

Finally, we can compare some of the transport characteristics of a four-state and a six-
state carrier. However, this comparison is only approximate because we used a different set of
rate constants to describe each of the models. Nevertheless, we can observe a very similar ¢,
and z© dependence of substrate S influx in both carrier types. Curves describing substrate S
dependence on 2° have a similar behaviour for both carrier models, but when ZCZO, this curves
are not so symmetric for the six-state carrier as for the four-state one. In addition, S influx via
the six-state carrier depends also on the concentration and charge of the co-transported

substrate R.

3.2.4 Voltage effects on the MntH transport protein

The eight state MntH model suggested in [1] (Figure 9) was simulated according to
Equation 21, and the voltage dependence of all rate constants was incorporated using
Equation 22. Initial rate constant values were set as following: a0=2.56'107, b0=98.27,
’=5.1010°, d’=92.50, /*=3.76, g"=4.23'10", h’=3.18, i’=7.19, j’=67.63, k’=2.70'10%, 1’=0.26,
m’=1.3410%, f’=0.29, +"=4.52'10°, 8"=9.21'10°, £=3.4310°, (’=2.3510°, #"=1.20110°
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and 0"=2.46107 ™. ¢ was calculated from Equation 23 to ensure that the principle of detailed
balance is observed. Carrier charge was calculated according to the actual pH outside the cell
using a calibration curve created in CLC protein workbench for a sequence of E. coli MntH*.
In most of our simulations, pH=7.6, pH,=7, z=10.26, and Fe*" concentration inside the cell
was 100 times higher than the concentration outside (¢"“=10° and ¢",=10). Initial state
occupancies were set to the following values: NE=NE,=10, NES=NES,=13, NER=NER,=2
and NESR=NESR,=25.

The goal of our simulations was to observe active Fe*" transport into the cell driven by
the H' influx and, under favourable conditions, also uncoupled Fe*" or H' fluxes described in
[1]. We succeeded in simulating both the proton slip at low pH, values and the H™ uncoupled
Fe*" influx at high pH, (Figure 38 b)). However, we did not see the effect of active Fe**
transport caused by H" uptake into the cell (Figure 38 a)) — Fe** influx became positive at
a ¢, concentration higher than ¢"“,%/. Moreover, H" influx was very small for high ¢,
values where high Fe’™ influx was observed. This non-standard behaviour of Fe’" influx
probably occurred due to the addition of two more carrier states describing uncoupled Fe*"

influx to the carrier scheme.
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Figure 38 — The dependence of MntH-mediated transport on the concentration of both substrates at -80 mV.
a) Fe’" and H" influx vs. outer Fe’ concentration b) Fe*" and H" influx vs. outer H" concentration. Fe*" and H"
concentrations inside the cell are ¢“~=10° and ¢""=2.510" (pH,=7.6). Equilibrium Fe’* and H" concentrations

are marked when applicable.

X Rate constant values are rounded to two decimal digits.
*1.1.1CLC Protein Workbench — www.clcbio.com
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As a next step, we varied outer pH and appropriately changed the carrier charge for
each value (Figure 39). Higher pH, does not only increase Fe*" influx and decrease H influx
as discussed above, but also shifts the optimal voltage range where substrate fluxes are

positive to more negative values.
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Figure 39 — Voltage and pH, effects on a) Fe?" influx b) H' influx in a general eight-state carrier. Carrier charge

was appropriately changed for each pH, value.

For the purpose of exploring carrier charge effects on Fe*" and H' transport, a new set
of initial reorientation rate constant values was created to describe the carrier when carrier
charge effects are neglected: f’=14.66'10%, y’=8.95, ¢°=4.65, £"=6.79, (’=1.19, n"=2.3810°
and 6’=0.12"'. Results obtained with this model system were then compared to results
obtained when original rate constants were used and carrier charge was set to a value
corresponding to the pH outside the cell (Figure 40). Carrier charge effects dramatically
changed the voltage range where Fe*" and H' influx can be observed, and did not allow any
efflux at positive membrane potential values. When z°=0, high values of Fe*" and H" influxes
were observed at very low membrane potential values and a reasonable efflux occurred at
positive membrane potential values. Independent of z©, H" influx gets higher with decreasing
outer Fe’" concentration. This means that H' influx through the MntH carrier is uncoupled

from Fe*" at low ¢, values as discussed in [1] for both carrier charges (z°=10.26 and z“=0).

X Rate constant values are rounded to two decimal digits.
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Figure 40 — Voltage dependence of Fe*" influx for different values of ¢, when a) z°=10.26 ¢) z=0; and voltage
dependence of H' influx for different values of ¢, when b) z°=10.26 d) z°=0. =10, ¢"=2.510" and

=107,

To summarise, although we did not manage to simulate active symport of Fe*” caused
by H" influx, we succeed in modelling some of the leakage effects described in [1]. The eight-
state carrier model is quite difficult to simulate as it is described by a large number of model
parameters that have to be set properly to obtain reasonable results. In addition, the principle
of detailed balance does not include Fe** concentration and charge as well as reorientation rate
constants vy, d, € and { (see Equation 23); these can therefore be set to any selected values.
Incorporating the possibility that protons are able to bind to the enzyme state with bound
metal ions would lead to an even bigger increase of model parameters that can be freely set
because the carrier scheme would have a cubic shape, and reorientation rate constants as well
as the concentration and charge of both substrates would not affect the principle of detailed

balance. It seems that when we want to simulate the MntH carrier, we have to choose either
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a simple and easily adjustable model or a more complex model that can describe some special

transport characteristics but is more complicated to simulate.

To obtain theoretical results that could really be comparable to experimental
observations, we would need to have more detailed knowledge of the approximate rate
constant values and also of substrate concentrations that are likely to occur inside and outside
a cell. Despite of these limitations, using the six-state and eight-state carrier, models, we
managed to describe some of the characteristics of MntH-mediated transport that were
observed experimentally such as uncoupled fluxes of protons or metal ions and variable co-
transport stoichiometry. This is certainly a great success considering that we had almost no
clue how to set rate constants and other model parameters to reasonable values. Another
problem in comparing our simulated data with experimental results arises from the fact that it
is not clear whether metal concentrations measured in cells refer to the concentration of free
or chelatated metal ions. Therefore, it can be hard to distinguish the exact amount of metal

ions transported via MntH.

4 Conclusions

4.1 Membrane potential of E.coli cells and metal ion transport
mediated by MntH

The overall goal of our work was to study transport characteristics of the bacterial
MntH protein, a member of a large conserved Nramp protein family that co-transports
divalent metal ions and protons. Experimentally, we successfully studied the effects of MNTH
overexpression and electrogenic metal ion transport via the MntH protein on cell membrane
potential using the membrane potential-sensitive fluorescent probe diS-Cs(3). Expression of
MNTH was found to increase staining by the probe, suggesting that cells containing MntH are
hyperpolarised. The reason of this membrane potential shift is not clear. One possible
explanation would be that the MntH-mediated proton flux is compensated by a flow of other
ion that lowers pH; but not the membrane potential. This counter-flux (if there is any) could

be mediated by MntH, or other transport protein.

Under some experimental conditions, membrane potential depolarisation was observed
in EcoliA and N401G cells upon the addition of MnCl, and CdCl,. Because membrane
potential of pPBAD cells (negative control) and D34G cells (mutant strain with non-functional
MntH) remained unchanged upon the addition of metal ions, we can conclude that membrane

potential shifts observed in EcoliA and N401G cells are a result of Mn>" and Cd** transport
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into the cell. In pHLUORIN expressing cells, an increase in the apparent intracellular pH
value was observed upon the addition of diS-C;(3). pH, value decreased after the addition of
divalent metals in transport-competent mutant N401G, but not in inactive D34G. This
suggests that the simultaneous measurements of pH; and membrane potential can be
performed, but a new calibration of internal pH in the presence of diS-Cs(3) has to be done to

interpret pH; changes quantitatively.

4.2 Transport Kinetics of four-, six- and eight-state carriers
We successfully simulated kinetic equations describing a general four-, six- and eight-
state carrier model with voltage dependent rate constants. Because the traditional

X and symmetric™™ has been recently

approximation considering the carrier to be simple
frequently questioned, we performed most of our simulations on a general carrier model with

no other restrictions on the rate constant values than the principle of detailed balance.

Using uniporter and symporter carrier models, we concentrated on the effects of
voltage and carrier charge, but explored also the influence of rate constant values, substrate
concentration and charge. We proved that, due to the carrier charge and voltage dependence
of carrier reorientation steps, even an electroneutral uniporter can be greatly influenced by the
value and time course of applied membrane potential. Oscillating membrane fields that can
arise for example due to the activity of ion channels, membrane pumps or excitable cells were
shown to greatly influence substrate flux even when the carrier is electroneutral. These effects
were recently further explored experimentally using voltage clamp experiments together with
other transport techniques in the laboratory of Dr. Bernhard Schmitt at the University of
Otago, but up to now, no results of these experiments were published. For electrogenic
carriers, voltage effects are more complicated as they include also the influence of substrate

charge on all transport steps.

One of our aims was to study how transport kinetics is influenced by the fact that
during carrier reorientation, several of its charged residues are moving in the electric field. In
all studied carrier models, incorporating carrier charge effects influenced mainly the voltage
range where transport can be observed. For a four-state electroneutral carrier, substrate flux
was smaller when carrier charge and voltage had non-zero values then when carrier charge or

voltage equalled zero. In the more complicated cases of an electrogenic four- and six-state

X! Substrate binding and releasing steps are much faster than reorientation steps
Xl R eorientation rate constants are the same for both empty and loaded carriers
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carrier model, also the maximal possible value of substrate influx was changing with different

carrier charge.

The main goal of our simulations was to study MntH-mediated symport. MntH has
quite unusual transport properties as it is not common for the co-transport of a positively
charged substrate to be driven by the influx of a positively charged ion. We succeeded in
finding a set of rate constants that enabled us to simulate active substrate influx via a six-state
symporter that can be regarded as a simplified scheme of the MntH carrier. Stoichiometry of
the observed co-transport varied greatly with applied membrane potential and outer
concentration of substrates — a similar effect was experimentally described in [34,52]. At
a low concentration of the co-transported metal ion, we simulated uncoupled influx of protons

that was measured by Gunshin et al. [35].

The six-state scheme is sufficient to describe proton leak, but does not explain H'-
uncoupled metal uniport. Therefore, we also simulated the eight-state carrier model designed
specially to explain transport properties of Nramp family proteins. We were successful in
modelling the proton leak at low pH, values and the metal ion leak at high pH,; these effects
were described in [1]. However, the number of model parameters that have to be adjusted is
increasing with the increasing complexity of the carrier scheme. Therefore, the eight-state
carrier model gives us a lot of freedom in varying carrier transport properties and it is not
trivial to set all model parameters to reasonable values. In a four-state carrier, all rate
constants and substrate charges and concentrations are bound by the principle of detailed
balance. Although increasing the complexity of the carrier model leads to a better description
of symport properties, it increases the number of parameters that can be set freely (i.e. that are
not bound by the principle of detailed balance) but have to be adjusted to reasonable values so
as to simulate experimentally observed transport effects (positive substrate influx at

physiological membrane potential values or secondary active transport, for example).

To conclude, we managed to find reasonable model parameters which enabled us to
qualitatively describe some of the MntH-mediated transport properties that were observed
experimentally. To improve our simulations, it would be useful to have more detailed

information about real values of rate constants and other model parameters.
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List of abbreviations

ADP —

adenosine diphosphate

ATP — adenosine triphosphate

E. coli — Escherichia coli

GFP — Green Fluorescent Protein

MntH — Manganese transporter H'-dependent

Nramp — Natural resistance-associated macrophage proteins

TM — transmembrane

Me?* — divalent metal ion

pH; — intracellular pH

pH, — extracellular pH
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