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Abstract

Bacterial ion fluxes are involved in the generation of energy, transport, and
motility. As such, bacterial electrophysiology is fundamentally important for
the bacterial life cycle, but it is often neglected and consequently, by and
large, not understood. Arguably, the two main reasons for this are the com-
plexity of measuring relevant variables in small cells with a cell envelope that
contains the cell wall and the fact that, in a unicellular organism, relevant
variables become intertwined in a nontrivial manner. To help give bacterial
electrophysiology studies a firm footing, in this review, we go back to ba-
sics. We look first at the biophysics of bacterial membrane potential, and
then at the approaches and models developed mostly for the study of neu-
rons and eukaryotic mitochondria. We discuss their applicability to bacterial
cells. Finally, we connect bacterial membrane potential with other relevant
(electro)physiological variables and summarize methods that can be used to
both measure and influence bacterial electrophysiology.
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1. INTRODUCTION

To stay alive, bacteria, like other living cells, transduce energy. Two of the main sources of this
energy are the ATP molecules and the electrochemical gradients of ions, often called ion motive
forces (IMFs). In most bacteria, the IMF that serves as the main energy source is the proton motive
force (PMF), while in some others, it is the sodium motive force (SMF) (118). The ATP and IMFs
are the final result of bacterial metabolism, as part of either the oxidative or the substrate-level
phosphorylation pathways (Figure 1a). Briefly, oxidative phosphorylation utilizes the electron
transport chain to export protons by oxidizing NADH, and substrate-level phosphorylation re-
lies on ATP hydrolysis by F;F,-ATP synthase for the same purpose (116). ATP and IMFs are
also interlinked, as either be used to make the other. Because bacteria are unicellular, their energy
production is tightly linked with all the other processes in the cell. For example, the electrical
potential across the membrane is generated by the charge accumulated at the membrane, which
drives all ions. However, ions are also driven by their specific chemical concentration differences,
where the exact concentration of ions in the cell, particularly that of protons, also matters. Lastly,
bacteria maintain significant osmotic pressures (86), which depend on the difference between the
extracellular and intracellular concentrations of all solutes, including ions. The result is a non-
trivially intertwined set of physiological variables, which likely explains why the field of bacterial
electrophysiology, despite being fundamentally important, is still nascent. Yet the bacterial cell
does it: It achieves the necessary homeostasis among them all!

To understand how, in this review, we look at both the experimental and theoretical tools
available to study bacterial electrophysiology. Since Luigi Galvani (55) proposed that living cells
generate electricity in 1791, cardiac muscle and neuronal cells, where the electrical potential across
the cellular membrane serves as a signal, have received a lot of attention. More than a century later,
Hugo Fricke (49) measured the capacitance of the biological membrane, and Peter Mitchell (116)
explained the PMF and its role in powering the production of ATP. The attention of scientists has
since also focused on proteins involved in bioenergetics, as well as the mitochondria, the eukary-
otic compartments where most energy production occurs. Consequently, the experimental tools
and models available to study the electrophysiology of living cells have mostly been developed for
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Figure 1

(@) A schematic diagram of a typical bacterial inner membrane and simplified energetics. The cytoplasmic membrane is shown, with
common transmembrane proteins depicted (note that their number is significantly larger in the real membrane). Ion fluxes are
indicated with arrows (b/ue for protons and red for all other ions) and coupled to bacterial metabolism. Oxidative phosphorylation
utilizes the electron transport chain to export protons by oxidizing NADH. In the process, electrons are passed to oxygen, generating
H, O and regenerating NAD'. NADH is the product of the substrate-level phosphorylation and tricarboxylic acid (TCA) cycle. The
former breaks down glucose into pyruvate and ATP, and in the absence of oxidative phosphorylation, F{F,-ATP synthase hydrolyzes
the ATP to move protons out of the cell (116). Neutrophilic bacteria now need to invest these protons, or ATP directly, to export other
ions across the membrane to generate sufficient membrane potential (170). (5) A magnified view of the mobile monovalent cations and
anions and surface charges. (c) A schematic diagram of the electrical potential, Wy,. Figure adapted from images created using
BioRender.com.

neurons and cardiac cells. We therefore first discuss basic concepts relevant to bacterial elec-
trophysiology. We then move on to discuss the tools available for modeling, measuring, and
controlling it. We also include comments on approaches developed for neurons and cardiac cells,
especially in light of their applicability to bacterial cells. We hope that, by the end of this review,
the reader will have gained a broad understanding of major challenges that should be taken
into account when studying bacterial electrophysiology and will have developed a passion for
understanding it.

2. BACTERIAL MEMBRANE POTENTIAL

The key aspect of bacterial electrophysiology is the generation of membrane potential, which
is enabled by a selectively permeable membrane that separates bacterial cells from the external
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environment. Under physiological conditions, bacterial membranes are composed of mostly
amphiphilic phospholipids that align back to back with the hydrophobic tails shielded by the
hydrophilic headgroups (Figure 1b,c). The bilayer organization forms a tight barrier against
most polar and charged (macro)molecules (42, 57, 67, 95), although the membrane also con-
tains a large number of proteins (3) that perform various functions and make the bilayer leaky
(57, 63).

Gram-negative bacteria have two cell membranes with a peptidoglycan layer (cell wall) between
them, while gram-positive bacteria have a thicker peptidoglycan layer and one inner membrane.
In this section, membrane potential refers to the potential drop across the inner membrane.

The electric potential, W, is a consequence of Coulomb interactions between charges and

dipoles giving rise to an electrical field E = —V W, characterized by Gauss’s law:
V.E=-—Viv="2 1.
&

where p is the distribution of charge, and ¢ is the permittivity.

The potential associated with the bacterial membrane, W,,, can be decomposed into char-
acteristic contributions. First, the lipid bilayer is equivalent to aligned dipoles (positive at
the hydrophobic phospholipid core and negative at the surface) producing a dipole potential
(Figure 1). Second, permanent charges located at the lipid headgroups or on the peptide chains
of transmembrane proteins produce surface potential (33), which is usually significantly smaller
than the dipole potential (33, 114). The most significant component of W, comes from the con-
centration gradient across the membrane of all ions (predominantly Nat, K*, and CI™) (135).
This transmembrane potential, Ay, is a result of the selective permeability of the membrane
and the presence of the transporter proteins that use energy (e.g., ATP) to move ions across it
(Figure 1). Ay is typically around —140 mV (negative inside the cell) (102), driving ionic flows
that are indispensable for transport, energy generation, and motility (182).

Mobile ions outside of the bacterium are well-described by a Boltzmann distribution, which
can be Taylor expanded in the limit of low ion concentrations and weak electrostatic potential
(IA¥| < 25 mV). Such a linearized Boltzman distribution, once implemented into Equation 1,
leads to the Helmholtz equation V2W = A~2W, where A is called the Debye length (32, 185).
Solutions of the Helmholtz equation decay exponentially over the length scale A, which is typi-
cally short (for water with 10 mM NaCl at 25°C, it is only 3 nm) but creates an inhomogeneous
distribution of ionic charge close to the membrane. For a longer discussion of charge screening,
the reader is referred to the extension of Section 2 in the Supplemental Appendix.

Inside the cell, the environment is electroneutral, while the electric potential along the normal
direction of the inner membrane decays with A (28, 62, 114, 185). The finite size of the ions that
lead to this electrical potential causes steric hindrances close to the membrane. A good model
that accommodates these effects introduces a Stern layer in the vicinity of the membrane (9, 10,
125, 159), which attracts counterions to form a layer of loosely attached ions, the diffuse layer
(28, 62), and together, the two form the double layer (127) (Figure 2). For an extended discus-
sion on these concepts, the reader is referred to the extension of Section 2 in the Supplemental
Appendix.

While Figure 2 is a good model for the W,, of the bacterial inner membrane, it is worth not-
ing that the spatial distribution of charges close to the membrane that gives rise to a good model
for the W, characteristic for the bacterial inner membrane has never been measured. Theoreti-
cally, the value of Ay in living cells is usually estimated after a series of further approximations
to the situation depicted in Figure 2 (169), most, if not all, of which have been developed for
eukaryotic cells (71). Below, we list these approximations and discuss their applicability for studies
of Ay in bacteria.
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Figure 2

A schematic diagram of the double layer at an electrode-liquid interface that can be used as a good
approximation for bacterial membrane and transmembrane potentials. () The ions with the opposite sign to
the surface charge form the Stern layer, which attracts their counterions to form the diffuse layer. () A
qualitative graphical representation of the corresponding electrical potential of the double layer, where \Il(i)
and W§ are the interior and exterior compartment potential, respectively.

2.1. Approximating the Transmembrane Potential

All approximations used to calculate Ay consider a semipermeable, flat membrane sheet of a
given thickness that separates the intracellular space from the environment (denoted by the su-
perscripts i and e, respectively). The aqueous solution in each compartment contains various ions,
each carrying an electric charge zje, where z; is the valency of an ion j, and [«;] and «; are its molar
concentration and the number of moles, respectively. The solution is dilute, whereas the bacterial
cytoplasm is very crowded (126), and hydrodynamic interactions are disregarded. The membrane
is assumed to be selectively permeable to some ion species, whereas ions in the cell, like DNA,
are considered impermeable. The permeable ions permeate the membrane via membrane pro-
teins, either by leaking through them or by being transported by specific proteins. Leakage fluxes
have been measured for mitochondrial membranes (57, 107). While similar fluxes are expected for
bacterial membranes, these have not been characterized. All ion fluxes across the biological mem-
brane are considered to be solely the result of the specific ion concentration gradient and Ay, and
these vary only along the direction normal to the membrane. The separation of charges leading
to Ay localizes in the close vicinity of the membrane. Away from the semipermeable membrane,
the intracellular environment is electrically neutral, and

zimlrim] + Y 2jlw] =0, 2.
J

where 2, is the valency of the average concentration of impermeable macromolecules, [xiy].

2.1.1. Transmembrane potential in thermodynamic equilibrium. With the approximations
mentioned above, the transmembrane potential in thermodynamic equilibrium can be obtained
analytically (identically for bacterial and eukaryotic cells). For this purpose, we consider the
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electrochemical potential of permeable ions, as it tells us how easy it is to add an ion j at a given
location in space under the influence of the electric potential:

W = 1o + RT In(lx) ) + 3, Fy 3.
and
ﬂ; = Ujo + RT ln([x]-]e) + szl//ev 4.

where 11, is the standard chemical potential, R is the universal gas constant, T'is the temperature,
Fis the Faraday constant, and "¢ are the electric potentials (both apply to the entire compartment
but, because the charge separation is localized close to the membrane, are effectively present only
close to the membrane). At equilibrium, we find that [Ll/ = us, and consequently
) RT [o;]¢
— /! e _ J
AVjeq = Wiy — V&, = oF In o) 5.

known as the Nernst potential equation, which can be understood as follows (121). Ion [xj] can

permeate the membrane and so diffuses from the high- to the low-concentration side. If j is the
only permeable ion, but there are [x;,] impermeable ions present in the cytoplasm, then a charge
imbalance that generates an electric potential remains. The diffusion of ion [x;] is eventually bal-
anced by this electric potential so that there is no net flux of [x;] across the membrane. The system
reaches thermodynamic equilibrium, often referred to as the Gibbs-Donnan equilibrium (38, 60,
166), with Ay equal to the Nernst potential.

In the cytoplasm of living cells, however, there is not just one but N permeable ions present,
along with [x;,], and all these ions jointly contribute to the buildup of Ay. Therefore, the
transmembrane potential at thermodynamic equilibrium, now called the Donnan potential (38),
simultaneously equates the Nernst potential of each ion species: Afeq = A eq = AYpeq =+ =
AYneq- Then, [x1] and [x;] need to follow the constraint

(W)“ _ ([sz)“ 6
1] v ) 7 ’
and so do [x] and [x3], [x2] and [x3], etc. A total of %N(N — 1) equations like Equation 6 must be
satisfied in the Gibbs-Donnan equilibrium.

2.1.2. The membrane as a capacitor. Outside of thermodynamic equilibrium, cells are either
in a steady state, where ion leakage and active ion transport are balanced, or in a dynamic state,
characterized by nonzero net ionic fluxes. The nonequilibrium steady state corresponds to cellular
homeostasis and, as such, is of particular interest. The most straightforward way to determine the
nonequilibrium Ay in bacteria is to take into account that, because charge separation occurs
in a layer of a few nanometers next to the membrane, the membrane resembles a parallel plate
capacitor. Then, each plate is assumed to be infinite and carry an equal and opposite charge per
unitarea o and —o (Figure 34). We can obtain the electrical field between the sheets using Gauss’
law in Equation 1, either by superposing two solutions for each plate or by integrating over a
box (Gaussian surface) that contains both sheets. If we consider the solution for each plate, the
electrical field from each is assumed to be normal to the plates and the same on each side. The
Gaussian surface used to calculate E(x) for each plate is a box that cuts through the surface, and we
thus obtain E = o /(2¢), and the superposition from both plates between them is E = o /¢ = Q/(Se),
where Q is the total charge on each plate, and S is the plate surface area (44). The transmembrane
potential in this approximation is given as

d
Alp :Qg, 7.
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(@) The lipid bilayer can be seen as a parallel plate capacitor, with surface charge densities of 0 and —o on
each plate that generate an electric field E. (b)) The surface charge density needed to generate a given Ay is
calculated using Equation 8 and different Cy,. () The Goldman-Hodgkin-Katz approximation is the short
pore limit (the membrane sheet length, L, is much longer than its thickness, 4, which is the same as the pore
thickness and much shorter than the Debye length, such that L/d > 1 and d < 1). The electric potential
inside the pore is assumed to be linear. (d) The chord conductance approximation is the long pore limit

(d > 1). The concentration of monovalent salt ions is assumed to be linear within the pore. (¢) A circuit
analogy of bacterial electrophysiology.

where d is the thickness of the membrane. Given the analogy with the parallel plate capacitor,
we can define the characteristic bacterial inner membrane capacitance per unit area as C,, =
o /Ay = ¢/d. For biological membranes, the value of C,, is approximately 1 pF/cm? (181). We
can now write Equation 7 in terms of ionic concentrations and get

FV .
AY() = 7 > zlxle), 8.
ey

implying that C,, is constant, while Ay increases or decreases with the varying capacitor surface
charge. Equation 8 can be used to estimate the charge needed to generate physiologically
observed Ay (Figure 3b). For example, at a Ay of —140 mV (102) and C,, = 1.0 uF/cm? (181),
this is equivalent to only —58.6 uM excessive charge in the cytoplasm. This is why, although it
holds strictly true away from the membrane in the bulk of the cytoplasm, Equation 2 is often
used as a good overall approximation.

While Equation 8 can be used to compute Ay by summing the net charges on the cytoplasmic
side, experimentally determining this small, spatially localized concentration of ions is not feasible
in bacteria (162). Instead, experimentally estimating bacterial Ay relies on a range of different
approaches, which we discuss in Section 4.
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2.1.3. The Goldman-Hodgkin-Katz voltage equation, ohmic conductance approach, and
chord conductance equation. For eukaryotic cells, nonequilibrium steady-state Ay is often
obtained, both theoretically and experimentally, by solving the Nernst-Planck (NP) equation. In
this section, we do so to discuss the applicability of the obtained Ay equations for bacteria. The
NP equation states that the flux, i.e., the amount (in moles) of ion passing through the unit area
per unit of time, is proportional to the concentration gradient and the electric field:

ZjF

where D; is the bulk diffusion coefficient of the ion j (104, 120, 129). Equation 9 is an extension
of Fick’s law, with the second term describing electromigration.

One way to solve the NP equation, in addition to the approximations listed at the beginning of
Section 2.1, is to assume that the membrane protein (pore) is short, the concentration of ions is low,
and the electric field is constant within the pores such that A varies linearly within it (Figure 3c¢).
Then, in the steady state and assuming that only monovalent ions are present, Equation 9 leads
to the Goldman-Hodgkin-Katz (GHK) voltage equation, also known as the Goldman equation
(71, 82):

10.

= RT Z’” P’” [xm]e + Zn Pﬂ [xn]i
A= F fn (Zm P, lx, )+, P,z[xn]e>’

where P = D;/d is the specific ionic permeability (and an assumption has been made that diffusion
of the ion in the pore and in the bulk is the same), and 7z and 7 sum the monovalent cations and
anions, respectively.

The GHK voltage equation is a very good approximation for nerve fibers and skeletal muscles
of vertebrate animals, and as such, it has been extensively used when describing the electrophysiol-
ogy of these structures (24, 35, 36, 46—48). It can be generalized with divalent ions present as well
(128), and it provides a way to estimate steady-state Ay both computationally and experimentally.
Experimentally, modulating the applied voltage in voltage clamp experiments, and various external
media, enables one to estimate the permeability from the GHK approach, where the intracellular
ionic concentration is usually calculated from Equation 5. For bacteria, due to their size and en-
velope, measuring permeability and intracellular concentrations is a difficult task (Section 4). In
fact, we are not aware of measurements similar to those discussed above having been performed
in bacteria. Computationally, the GHK voltage equation can still be useful for bacteria, but its
applicability should be carefully considered before use.

While the GHK voltage equation assumes a constant electric field within a short pore and
dilute environment, to arrive at the chord conductance equation, the pore is considered to be long,
ions are allowed in the pore, and the spatial gradient of monovalent ions is a constant (Figure 3d).
Equation 9 can now be solved to obtain the current density for each ion, which has a form similar
to that of Ohm’s law (82):

Iy = gi(AY = Avjeq), 1.
where g; is the conductance density of ion j in the unit of siemens per unit area. At steady state,
then, we know ) ; I; = 0, which leads to the chord conductance equation (163-165),
_ 1AV 1 eq + @AV eq + -+ ENAYN g

at+o+--+eN

12.

Ay
Equation 12 has been demonstrated to be a very good approximation for neurons of squids

and frogs (73, 74, 163, 164), where voltage clamp experiments enabled direct measurements of the
current-voltage relationship. It thus serves as a good way to computationally and experimentally
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estimate Ay In bacterial cells, again due to their size and the presence of the cell wall, patch clamp-
ing is only possible on giant spheroplasts (Section 4), and consequently, experimentally measuring
g and intracellular concentrations is difficult. We are also not aware of any direct experimental
confirmation of Equation 12’ validity in bacteria, which should be kept in mind if one is using it
computationally. For the derivation of Equations 10 and 12, the reader is referred to the extension
of Section 2 in the Supplemental Appendix.

2.2. Spatiotemporal Variations of the Transmembrane Potential

Some evidence in the literature suggests that Ay in bacteria is not simply a homogeneous double
layer, as depicted in Figure 2. For example, in Escherichia coli, it was suggested that F;F,-ATP
synthase associates with bacterial flagellar motors, and that this association of proteins involved in
generating or consuming cellular energy leads to higher respiratory and ATP synthesis or hydrol-
ysis activity in their vicinity (186). Then, proton conduction at lipid—water interfaces can lead to
faster proton transport compared to the bulk (2, 17, 131). It is, therefore, possible that the spatial
distribution of charge separation leading to Ay is not homogeneous, and that this could have
physiological consequences.

Similarly, fast temporal fluctuations in Ay have been reported first in E. co/i in 2011 (89) and
more recently in E. coli, Bacillus subtilis, and Salmonella typhimurium (78). The observations suggest
the existence of fast ionic exchanges across the cell membrane, a phenomenon that was explained
by a mechanism similar to that proposed by Hodgkin & Huxley (73, 74) for the firing of neuron
cells, i.e., the [Na*]/[K'] ratio in the external medium (78). Other mechanisms that might gener-
ate fluctuating Ay, at least in principle, include the random gating of channels (151), as well as the
above-mentioned rapid transport of protons (112). Lastly, fluctuations of Ay have been reported
within confined bacterial communities, leading to coordinated metabolic states among cells in the
interior and periphery of the biofilm (132).

3.ION FLOWS WITHIN BACTERIAL CELLS

In Section 2, we mention that bacterial cells harbor leakage and transport fluxes of ions, which are
either net zero in the steady state or nonzero during dynamic transitions. Also in Section 2, we dis-
cuss how these fluxes can be described when solving NP equations under certain approximations,
and in this section we wish to do so in more detail.

3.1. Pump-Leak Equations

The ion fluxes within bacterial cells can be considered explicitly via the so-called pump-leak
equations (173a). Leakage of ions happens through the very large number of membrane proteins
or at the membrane—protein interface (3, 57). Active transport can be ATP driven or ion electro-
chemical gradient driven, for instance, through ion antiporters or symporters (3). To describe how
the concentration of an ion changes, we can write

dx} B dxt

R Y N :
< 5 =S (]I—k;ll,), 13

where J; is the flux from leakage, J, is the flux from active pumping, and S is the cell surface area.
If we assume that all individual transport and leakage reactions are reversible, and that the
corresponding flux can be decomposed into the rate of import into the cell () and the rate of
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export (j7), for either a given pump or a leakage reaction, we have

T Tip
Jiv =i = Jip =Jh (1 - i>, 14.
T
where ;1 >0 and j;, > 0. J; and J, can be further described by considering the following
equation:
RT i
AG],P =—1In ]7% ) 15.
LN

where AGj, is the apparent Gibbs free energy measured in volts, which for ion j is AG; =
;]!
acj]¢

k
z;AY + &L In =22 For a simple chemical reaction 4 + B ké C + D, it is obvious that Equation 15

holds in thermodynamic equilibrium and AG = £L In ([ A[%[]?{] ), where K.q is the ratio of the for-
eq

ward to backward rate constants, k4 and k_, and j* = k, [4][B] and j~ = k_[C][D] (13). However,
Equation 15 can be generalized to open-system steady-state scenarios, including transport (12),

allowing us to express the flux due to pumping or leakage as

) F
.177/, 2];[7 |:1 _eXp(ﬁAG]’p>i|’ 16.
where /7 is a function determined by the specifics of the transport (82).
For the leakage flux of ions, j; has been described by a so-called trapezoidal energy barrier

model (57, 109), a general model for describing the dynamics of ionic leakage across the membrane
based mostly on mitochondrial membrane data (from different cells) (57) and given as

S [xj]e . eu/Z _ [x]]l . e—u/Z

L .
Jj = ?Pf bou ebu/2 _ a—luj2 ’ 17.
where u = — & - Ay, and b is the fractional width of the trapezoid that characterizes the shape of

the voltage drop across the membrane (0 < 4 < 1) (57, 109).

The extreme values of 4, 0 and 1, correspond to the Eyring (42) and the GHK flux equation,
respectively. If » = 0, then Ay within the membrane abruptly changes in the middle, such that
the gradient of Ay is 0 everywhere else in the membrane. Equation 16 for J; then becomes

5= 3 e F A 1 F-AG 18
]—Vj-[xj] - exp _ZRT‘Z]' ¥)-|1—exp RT . .
If b = 1, then the gradient of Ay is a constant across the membrane, which we recognize as
the assumption of the GHK model, and Equation 16 becomes
S zF [xi]¢ F - AG;
= 2T Ay e 2 19.
N (e [ e""( RT )] ’
P\RT

Jj

where P is specific ion permeability.

Equation 19 can be obtained by solving the NP equation directly under the assumptions de-
picted in Figure 3¢ for the GHK model (13, 82) (see also the extension of Section 2 in the
Supplemental Appendix). We now notice another assumption behind the GHK voltage equa-
tion, which is that all fluxes of ions in the given cell, not just leakage, are adequately described by
Equation 19.

For the pumping flux of ions, j; is often chosen to be a constant (82, 109, 170), which implies
an at least two-step reaction that always operates in the saturating regime (for all relevant input
variables). For example, we have j y N, - Umay, where N, is the number of specific pumps, and
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Umax 1S the maximum pump rate. In general, j; can be derived explicitly for a given pump if the
specific mechanism of action either is known or can be reasonably anticipated (82).

The following descriptions of pumping and leakage have recently been used in bacterial cells
(83, 144, 152). Both Schink et al. (144) and Sirec et al. (152) model the movement of ions
across a cellular membrane by considering solely the chemical potential, but electrostatic forces
should likely also be included. Kikuchi et al. (83) and Stratford et al. (161) use a form of the
Hodgkin-Huxley pump-leak equations developed for neurons (73, 74). In this case, both J; and J,
are described by a constant representing conductivity, multiplied by the difference between the
membrane potential and Nernst potential for the given ion (Ay—Av;.,). We can arrive at this
approximation from Equation 16 if we assume that the system we are considering is not far from
thermodynamic equilibrium. Then, the equivalent Gibbs energy is small, and we can Taylor ex-
pand the exponential of Equation 16, keeping the first term and arriving at the Hodgkin-Huxley
model. The conductivity in the model is given as ggn* for potassium, gn,72* b for sodium, and g1,
for leakage, where gk, gna, and gi, were measured experimentally for neurons, and #, 7z, and b are
variables that describe the experimentally observed voltage-gated mechanism of neuronal sodium
and potassium channels (73, 74). Thus, in applying the model to describe bacterial electrophys-
iology, one should ensure that the near-equilibrium requirement holds and that potassium and
sodium channels in a given bacterium have similar gating properties to those found in neurons.

3.2. Coupling Ion Fluxes with Metabolism and Turgor Pressure

Ion flows due to pumping are ultimately powered by bacterial metabolism (Figure 14). The sim-
plest way to couple the metabolic export of protons to pump-leak equations is to assume that the
bacterial cell always has enough metabolic resources to actively export protons at a sufficiently
high rate (170). This approach was used to propose that proton:ion antiporters have a direct role
in maintaining Ay in E. coli (170) because, at neutral pH' and pH¢, the concentrations of protons
and hydroxide ions are too low to substantially contribute to it (even if pH' is within the 6-8 range,
their contribution is, at most, £3.5 mV). Where metabolism is limiting, one might need to con-
sider it directly. Models of oxidative phosphorylation have been developed for eukaryotic cells (11,
87, 88, 107), but only some couple the ATP production to ion fluxes with a set of additional flux
equations (11, 107). Although we are not aware of similar models for bacterial cells, the models
that have already been developed are, by and large, applicable.

Lastly, ions play a role in the maintenance of bacterial osmotic (turgor) pressure, I, which
is proportional to the total solute concentration difference across the membrane (82, 86). When
subjected to increases in external osmolarity, bacteria maintain their turgor pressure by accumulat-
ing osmolites, including Kt (184). The accumulation is due to active transport powered by IMFs
and ATP-driven pumps (184). As far as we are aware, models that include turgor pressure-related
ion fluxes have yet to be proposed, and these will need to include cellular volume regulation.
Pump-leak equations have been coupled to cell volume control for animal cells, however, under
the assumption that the osmotic pressure is negligible (81). Bacterial electrophysiology is thus a
unique example of nonlinearly coupled variables, each of which cells may need to keep under ho-
meostatic control. Understanding the constraints this places on the tightness of the control is an
outstanding issue.

3.3. Electrical Circuit Analogy

Building on the capacitor analogy, some headway in understanding ion fluxes can be made by
representing a cell with an equivalent circuit (92, 176) (Figure 3e). Kirchhoff’s current laws can
then be used to describe bacterial electrophysiology. In the circuit analogy, the flux of a given ion
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is considered the current. All of the processes leading to Ay generation, including oxidative or
substrate-level phosphorylation, are considered to compose an imperfect battery with nonzero
internal resistance (175). The membrane resistance (to that ion) and capacitance are connected in
parallel (Figure 3e). The transmembrane potential is equivalent to the drop in potential on the
membrane resistance and is the only contribution to the electrochemical gradient of the ion that
gives rise to the current in the circuit; i.e., the chemical gradient of the ion is zero. While all ions
experience the same A, the concentration gradients of different ions can vary within bacterial
cells, as can the membrane resistance to that ion. The circuit analogy can be expanded to include
ion-specific currents, as shown in the inset of Figure 3e. To expand the applicability of the circuit
analogy to scenarios in which the chemical concentration gradient of the given ion is significant,
an additional battery is included that works against Ay (Figure 3e, inset). The circuit now looks
similar to the Hodgkin-Huxley model (74), where Ay is the result of the processes in the cell,
rather than being externally imposed by the patch-clamp experiment.

The circuit analogy has been recently used to discern the affected circuit component of the cell
under damage and to predict its mechanism and nature (92). Similarly, it was used to understand
the generation of PMF via light in E. coli engineered to express a light-driven proton pump from
marine bacteria (17, 176).

4. METHODS USED TO MEASURE BACTERIAL
ELECTROPHYSIOLOGY

Quantitative measurements of variables relevant to bacterial electrophysiology are by no means
easy. Small cell size and the presence of the cell wall and, in the case of gram-negative bacteria,
the outer membrane make these measurements complex and often indirect. In this section, we
list a variety of methods reported in the literature and discuss their advantages, as well as their
limitations.

4.1. Measuring the Transmembrane Potential

Because all ions contribute and are subjected to the transmembrane potential, it is arguably one
of the most important variables to measure when studying bacterial electrophysiology. Several
different approaches have been used for its quantification in live bacteria.

4.1.1. Electrodes. The most direct way to measure Ay is with external electrodes, i.e., the
patch-clamp experiment mentioned in Section 2. Pioneered by Hodgkin & Huxley (72) in 1939,
the method has now reached the resolution of single mammalian neurons. In bacteria, it has been
successfully applied only to enlarged bacterial cells stripped of the cell wall, termed giant sphero-
plasts (43, 76). Ay can then be measured directly using microelectrodes as a voltmeter, with one
electrode attached to the membrane and another grounded in the solution matching the ionic
composition of the cytoplasm (Figure 44). The measurements thus obtained of Ay are precise
and quantitative, but because they require significant perturbations of the bacterial cell to obtain
the spheroplast, they might not be representative.

4.1.2. Membrane-associated proteins and dyes. A variety of membrane-bound dyes for esti-
mating Ay were developed for use in neurons (138, 189), but only two have been used in bacteria,
Di-4-ANEPPS and Di-8-ANEPPS, and both were deemed unsuitable (89, 106). The former
nonspecifically adsorbed to the B. subrilis spore coat layer (106), while neither were able to in-
corporate into the E. co/i membrane even after treatment with ED'TA (89). To avoid loading issues
specific to the dyes, membrane-embedded voltage-sensitive fluorescent proteins have been de-
veloped (Figure 4b). Until recently, the only genetically encoded voltage probe demonstrated to
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Figure 4

Schematics of some of the methods used to measure bacterial electrophysiology components. (#) A whole-cell patch-clamp experiment,
with one electrode attached directly to the membrane of a giant spheroplast and the other grounded in an jonic solution. (5) A
fluorescent membrane protein changing its conformation and, consequently, spectrum in response to the Ay changes. (¢) The
Nernstian dye distribution across a bacterial membrane is determined by Ay. (d) The impedance of the cell culture is measured in an
oscillating electric field to determine Av. (e) Ion-selective electrodes or (f) flame spectroscopy are used to measure ion concentrations
in the cell lysate. (g) The speed of a single bacterial flagella motor varies linearly with either the sodium motive force or proton motive
force and can be measured with a bead assay. Abbreviation: IMF, ion motive force.

work in bacteria was proteorhodopsin optical protein sensor (PROPS), a green-absorbing proteo-
rhodopsin (PR) engineered to actin reverse (89). Recently, ViBacl and ViBac2 were developed and
demonstrated for use in E. coli, S. typhimurium, and B. subtilis (78). ViBacl was obtained by adding
a bacterial membrane-targeting sequence to the N terminus of the eukaryotic transmembrane
voltage sensor ArcLight, a superecliptic pHluorin derivative that is highly sensitive to the applied
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voltage (with a 14-fold fluorescence increase per 100 mV) (77). ViBac2 is a fusion of ViBacl and
a voltage-inert mCherry-L protein (78), used to normalize ViBacl.

The Ay-dependent fluorophore spectrum changes are relative and need to be calibrated to
obtain the spectrum—voltage correlation. Another consideration when using genetically encoded
sensors is the potentially limited range of conditions in which the protein can be expressed. For
example, PROPS is expressed at 33°C (89), and ViBac2 requires 1.5-h incubation after the removal
of the inducer to allow full maturation of the proteins (78).

4.1.3. Nernstian probes. Perhaps the most commonly used method for measuring Ay in bac-
teria is taking advantage of the Nernst equation (Equation 5). Charged fluorescent molecules,
such as TMRM (102), DiSC;(5) (22, 168), DiBac4(3) (97, 108), or ThT (109, 132, 161), or ra-
dioactive molecules, such as TTP* (43), have been used for this purpose. The basic principle is
that the (logarithm of the) chemical concentration difference of the probe molecule, quantified by
measuring the fluorescence intensity or radioactive signal inside and outside of the cell, equates
to Ay (Figure 4c). For this to hold true, the probe needs to be membrane permeable, and the
whole process needs to be passive; it is not always the case that both are true. For example, ThT
and DiSC;(5) can be substrates for the efflux systems of some bacteria (79, 109, 142); the perme-
ability of the membrane could change depending on the specific conditions and the species (83,
109); and if high concentrations of the probe molecule are needed, this can substantially lower
Avyr. By definition, any concentration of the probe lowers Ay, and the assumption is either that
the concentration used is small enough for this to be negligible or that the cell compensates for
it, and that the fact that it does so does not affect the overall physiology. Thus, the suitability of
charged probes for use as Nernstian Ay indicators should be assessed for each condition used.
The workflow for performing this assessment is summarized in Reference 109.

4.1.4. Impedance spectroscopy. Theoretical predictions suggest that the Ay of the bacterial
population can be estimated from the impedance measurements (59, 133, 134) (Figure 4d). This
method, however, is not widely used, perhaps due to its complexity.

4.2. Measuring Ion Concentrations

Apart from Ay, measuring [x;]' is of interest for understanding bacterial electrophysiology, not
only because the chemical potential contributes to the overall electrochemical gradient of the ion,
but also because certain ions contribute to bacterial signaling (37, 84, 132), enzymatic activity (14,
64), and folding (58, 167).

4.2.1. Protons (pH). One such ion is the proton. pH homeostasis has been a subject of great
interest and is probably one of the best-studied aspects of bacterial electrophysiology (103, 146,
155). The first attempts to measure the intracellular pH were made at the beginning of the twen-
tieth century on lysed mammalian cells (23). The first reports of the internal pH of bacteria (pH')
used dyes that change emission spectra in a pH-dependent manner. Up to 17 of such indicators
were used, and surprisingly accurate results were obtained given that the process involved observ-
ing the stained bacteria under the microscope and comparing their color with the reference table
by eye (66).

Currently, various quantitative probes are used. Radiolabeled membrane-permeant probes
rely on the detection of the intensity or pattern of the emitted radiation, which changes de-
pending on the probability of protonation/deprotonation (93, 188). Phosphorus-31 nuclear
magnetic resonance (NMR) is based on the NMR detection of the pH-dependent chemical
shifts of phosphate-containing compounds, such as phosphoric acid (H;PO4) or phosphate ions
(H,PO,4~, HPO4*7) (1, 117). These methods, however, require high volumes of cells and, in the
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case of radioactive probes, increased safety measures. The development of fluorescent probes and
advances in microscopy allowed pH’ measurements to reach single-cell resolution (68, 93, 115,
149, 155). Fluorescent probes can be divided into three categories: externally added dyes, geneti-
cally encoded proteins, and the recently developed DNA-based sensors delivered into the cell by
electroporation (26, 27). The variety of dyes includes primarily fluorescein-based dyes (BCECE,
BCPCE, fluorescein), benzoxanthene dyes (SNAFLs, SNAFRs, SNARFs), and cyanine-based
indicators (68). The main challenge in using exogenous probes is to deliver the dye into the cell
cytoplasm in a concentration that is nontoxic to the cell (155). Genetically encoded probes avoid
delivery problems, and while most have been designed for eukaryotic cells (85, 100, 113, 115,
140, 148, 150), pHluorins (92, 111) and cpYFP (90) have successfully been used in bacteria.

Some of the genetically encoded pH indicators change the absolute fluorescence with pH,
requiring careful accounting for the number of proteins per cell and photobleaching, while others
are ratiometric, i.e., excited at two different wavelengths whose emission intensity depends on the
pH, for example, ratiometric pHluorin and cpYFP (115, 148). Like with the Ay sensors discussed
above, with all the aforementioned proton sensors, careful calibration for each condition used is
necessary (178).

4.2.2. Otherions. Compared to protons, measurements of concentrations of other ions in bac-
teria are less common, even though they contribute significantly to Ay, I, signaling, and more.
The ions of particular interest to bacteria are Na*, K+, Ca’*, and Mg?*. For example, most bacte-
ria have several Nat-dependent membrane transporters (130, 160, 183), and as mentioned above,
some use Na' instead of H' to generate ATP or power motility (69, 99, 154). K is the most
abundant cation in bacteria (40), and as discussed above, it plays an important role in osmoregu-
lation (19, 39), as well as being involved in signaling within the biofilm (132). Ca?* and Mg+, the
two main divalent cations, serve as cofactors in many enzymatic reactions. For example, Mg?* is
crucial for stabilizing the membranes and ribosomes (64), and Ca?* is thought to be involved in
cell signaling and regulation of bacterial virulence (21, 37, 84).

The average concentration of ions within the cells can be estimated on the population level
from cell lysate using ion-selective electrodes (ISEs) (Figure 4¢) or flame photometry (Figure 4f),
also known as flame emission spectroscopy (41, 162). ISEs rely on a membrane that selectively
interacts with the target ion and can be used to measure H*, Na*, K+, Ca?*, Mg?*, and CI~
concentrations in the cell culture (162). Flame photometry is used to determine the concentration
of certain elements in a sample based on their characteristic emission spectra when in a flame.

Bulk in vivo measurements of [Na*t]' were reported using 2*Na NMR spectroscopy (25, 119)
and on single cells using Sodium Green dye, whose fluorescence increases as a function of sodium
concentration (4, 101). Similarly, changes in [K*] in B. subtilis biofilms were observed with the
K-specific fluorescent Asante Potassium Green-4 dye (132, 137). For [Ca’*]!, the ratiometric
fluorescent dye fura-2 has been used in E. co/i (56, 172), and a luminescent photoprotein ae-
quorin, which generates blue light upon binding of the Ca’* ion, has been used in E. coli and
the cyanobacterium Anabaena (124,173, 179). Free Ca’* in the E. coli periplasm was measured by
fusing aequorin with the N-terminal OmpT signal sequence to target the protein to the periplas-
mic space (80). Lastly, the acetoxymethyl ester form of mag-fura-2 fluorescent ratiometric dye was
successfully used in Salmonella enterica and B. subtilis to report [Mg**]i (50, 180).

4.3. Measuring Electrochemical Gradients of Ions

The electrochemical potential of the relevant ion can be obtained from measurements of Ay and
[x]>¢ with the methods discussed above. However, PMF and SMF can also be assessed directly via
the bacterial flagellar motor (BFM) (Figure 4g).
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The BFM is one of nature’s rare rotary molecular machines. It enables bacterial swimming,
is the output of the bacterial chemotactic network, and is expressed over a wide range of growth
conditions (30, 156). The torque generation by the BFM stator is powered by the IMF; in the case
of E. coli or S. typhimurium, it is powered by the PMF, whereas in Vibrio alginolyticus or Bacillus
alcalophilus, it is powered by the SMF (75). The sodium stator units derived from V. alginolyticus
can also be expressed in E. co/i, resulting in so-called chimeric motors (8, 157).

For the PMF-driven motors, the proportionality between the rotational speed and the PMF has
been demonstrated up to at least —150 mV at both high and low loads (51, 53). Thus, measuring
the changes in the BFM speed gives relative changes in the PMF (53,91, 102, 158). In SMF-driven
motors, as well as in chimeric motors, the same proportionality holds if the load on the motor is
sufficiently high. However, in low-load regimes, a small nonequivalence of two components of the
SMF (electrical and chemical) has been demonstrated (102, 158) and attributed to the rate-limiting
Na™ binding at low sodium concentrations and high BFM speeds. The maximum BFM torque for
PMF-driven motors is 1,000-2,000 pN-nm (16, 110, 139, 156), and it is just under 4,000 pN-nm
for SMF-driven motors (156, 158). It may be expected that, in high-torque regimes, the IMF-
speed proportionality would saturate; however, this has not yet been observed (18). Because the
BFM is a dynamic machine that changes its structure depending on the torque (98, 123,171), and
itis likely that precisely this ability allows it to hold the linear relationship between IMF and speed
in a wider range of conditions (18, 91), it is possible that the saturation speed is load dependent.
Thus, to use the BEM as an IMF sensor, one must consider its complex nature, e.g., to adequately
choose the load on the motor, as discussed in Reference 91.

4.4. Influencing Bacterial Electrophysiology

Studies of bacterial electrophysiology can be enhanced with the ability to control its parameters
in a predictable way. The generation of Ay can be influenced by supplying different nutrients or
limiting oxygen. For example, changing the glucose concentration in the minimal medium from
approximately 1 to 100 pM doubles the PMF, while transition to the anaerobic regime can reduce
it by half (147, 170). However, other bacterial physiology parameters, as well as gene expression
regulation, might be altered by doing so (and the extent of change will depend on the state of
bacterial cells) (145, 174). External electrodes (51, 161) or the light-powered proton pump PR (6,
171, 176) can also be used to influence Avr. In the first case, the external electric field will induce
Ay (51, 161), but this effect will not be confined to the membrane and will polarize the entire
cell (7). PR will act in parallel with cell respiration to pump protons out (6, 171, 176). Blocking
the generation of Ay in aerobic conditions is possible with respiratory chain inhibitors, such as
sodium azide, which stops cell respiration by inhibiting the activity of catalase, peroxidases, and
cytochrome oxidase (53, 176).

Bacterial physiology can also be modulated by changing the membrane resistance, e.g., by the
addition of various ionophores (54, 92, 176). Ionophores transport specific ions across the mem-
brane either by shuttling them across [e.g., valinomycin (141)] or by forming an ion-specific chan-
nel [e.g., gramicidine A in gram-positive bacteria (177)], which changes the permeability of the
membrane to the ion(s). Protonophores are ionophores specific to protons. The most commonly
used ones include 2,4-dinitrophenol, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, and
carbonyl cyanide #z-chlorophenyl hydrazone. It has been demonstrated that indole (29) and
butanol (92) can also act as protonophores or ionophores in E. coli. However, some of these
protonophores and ionophores are a substrate of the bacterial efflux system as well, which can
lead to markedly different responses within the population, as well as influencing the needed con-
centration (96). The capacitance of the bacterial membrane could be altered with temperature,
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the external electric field (electrostriction) (70), or optically via membrane-bound azobenzene
(31). In all cases, the change in the capacitance happens due to the change in the membrane thick-
ness that affects the capacitor geometry. However, additional effects on cell physiology, caused by
azobenzene toxicity, temperature, or electric field, must be considered.

5. CONCLUDING REMARKS

Ion fluxes play a direct role in energy generation, transport, and motility in bacteria, and are thus
important enough to warrant the focus of this review. However, other electrical properties of
bacteria can be relevant to their overall electrophysiology. For example, B. subtilis spore surface
charge has been shown to be important for the spores’ quality control (152), and similarly, outer
surface charge could be important for antibiotic entry into the cell and, thus, treatment.

Lastly, all of the models discussed in this review assume a dilute environment, in which
molecules do not interact with one another in a way that can affect their conformation. The bacte-
rial cytoplasm, however, is very crowded (126). While this crowding is expected to affect primarily
macromolecules, it is worth noting because a densely packed protein environment was observed to
obstruct charge screening and enable communication between polymeric nanodipoles and retinal
neurons (45).
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