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Summary

The cytoplasmic membranes of Bacteria and Archaea determine to a large extent the
composition of the cytoplasm. Since the ion and, in particular, the proton and/or the
sodium ion electrochemical gradients across the membranes are crucial for the
bioenergetic conditions of these microorganisms, strategies are needed to restrict the
permeation of these ions across their cytoplasmic membranes. The proton and sodium
permeabilities of biological membranes increase with the temperature. Psychrophilic
and mesophilic Bacteria, and mesophilic, (hyper)thermophilic, and halophilic Archaea
are capable of adjusting the lipid composition of their membranes in such a way that the
proton permeability at the respective growth temperature remains constant (homeoproton permeability). Thermophilic Bacteria, however, have more difficulties to restrict
the proton permeation across their membranes at high temperatures and often they rely
on the less permeable sodium ions for maintaining a high sodium-motive force, which
then drives energy requiring membrane-bound processes.
Transport of solutes across bacterial and archaeal membranes is mainly catalyzed by
primary ATP-driven transport systems or by proton or sodium motive force driven
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secondary transport systems. Unlike most Bacteria, hyperthermophilic Bacteria and
Archaea prefer primary uptake systems. Several high-affinity ABC transporters for
sugars from hyperthermophiles have been identified and characterized. The activities of
these ABC transporters allow these organisms to thrive in their nutrient-poor
environments.
1. Introduction
An increasing number of microorganisms are found in extreme environments and these
organisms are termed extremophiles. These extremophiles flourish in environments in
which the physical parameters such as temperature, salinity, pH, or pressure are extreme
with respect to the conditions in which eukaryotic organisms live preferentially. Most of
these extreme environments were previously thought to be hostile for any form of life.
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Most extremophiles belong to the kingdom of Archaea, but certainly also Bacteria and
even some Eukarya can tolerate some of these extreme conditions.
Biological cells are surrounded by cytoplasmic membranes that function as barriers
between the cytoplasm and the extracellular environment. Such membranes are usually
very impermeable for most ions and solutes, a property that is essential for controlling
the composition of the cytoplasm. The cytoplasmic membrane is therefore essential for
maintaining the internal conditions of the cells optimal for metabolism and energy
transduction. Solutes and ions have to pass the membranes for metabolism to proceed
and specific transport proteins catalyze the transfer of these compounds across these
membranes.
Membranes are very complex structures. They consist of a bilayer or monolayer of lipid
molecules that form a matrix in which various membrane proteins float. The basic
properties of these membranes are described by the fluid-mosaic model. The fluidity
and permeability properties of the membranes are mainly determined by their lipid
composition. Organisms are able to adapt the properties of their cytoplasmic membranes
in response to changes in the environment by changing the lipid composition. The
different strategies, which extremophiles use to adapt their membrane and membrane
proteins to the various extreme conditions in which they grow, are described.
2. Composition of the Membrane

The lipid composition of cell membranes is very complex and differs strongly between
organisms. It is tightly regulated and dependent on environmental conditions. Bacterial
and eukaryal lipids are mainly composed of two acyl chains, which are bound via an
ester linkage to glycerol (Fig. 1A). These lipids are organized in a bilayer such that the
polar head-groups stick into the water phases while the carbon chains are directed
towards the inner side of the membrane.
In contrast to bacterial and eukaryal lipids, archaeal lipids consist of two phytanyl
chains, which are linked via an ether bond to glycerol or other alcohols like nonitol.
Such C20 diether lipids also form bilayer membranes just as their bacterial and eukaryal
counterparts. In extremophilic Archaea, ether lipids are found in which the phytanyl
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chains of two diether lipids are fused to a C40 core. These lipids are called tetraether
lipids. These tetraether lipids form a monolayer in which the tetraether lipids span the
whole membrane (Figure 1B). Freeze-fracturing studies of biological membranes
revealed that cleavage can occur between the leaflets in a lipid bilayer, but not in a
tetraether lipid monolayer. In tetraether membranes, therefore, the water-facing sides of
the membrane are connected and cannot be separated. Ether lipids are much more stable
at high temperature and resistant to oxidation than ester lipids. Moreover, ether lipids
are not susceptible to degradation at alkaline pH and enzymatic degradation by
phospholipases and are more tolerant to high salt concentrations. Liposomes composed
of archaeal di- or tetraether lipids are therefore more stable than those of bacterial lipids
and have a lower proton permeability at a given temperature.

Figure 1. Lipids from Archaea and Bacteria
A) Bilayer-forming lipids in Bacteria: Phosphatidylethanolamine (PE). The acyl chain is
straight (not in all cases—some bacterial lipids have a methyl branch, or a cyclohexyl
group, at the end of the acyl chain, other lipids have one or more unsaturated bonds).
The connection of the acyl chain to the glycerol is via an ester linkage.
B) Monolayer forming lipids in thermoacidophilic Archaea: main glycophospholipid
(MPL) of Thermoplasma acidophilum. The phytanyl chain contains isoprenoid-like
branches. The connection of the phytanyl chain with the headgroup is via an ether
linkage. Archaeal membranes also contain bilayer-forming diether lipids. Some
acidophilic tetraethers contain cyclopentane rings.

3. Bioenergetics
The cytoplasmic membrane plays an essential role in the generation of metabolic
energy. Metabolic energy can be generated during catabolism by substrate level
phosphorylation processes or by energy transduction processes in the cytoplasmic
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membrane. These latter processes are catalyzed by proteins located in the cytoplasmic
membrane. Specific pumps are located in the cytoplasmic membranes of Bacteria and
Archaea which translocate protons or sodium ions from the cytoplasm to the external
medium across the membrane thus generating electrochemical gradients of protons or
sodium ions. When an electrochemical gradient of protons is generated, a force on the
protons is exerted: the proton motive force (PMF). This PMF consists of two
components: the chemical gradient of protons or pH gradient, the ΔpH, and the
membrane potential, generated by the transport of electrical charge, the Δψ (Figure 3A).
The PMF is the sum of these forces.
PMF = Δψ - 2.3 (R⋅T/F)ΔpH
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expressed in mV, in which R is the gas constant, T the absolute temperature (K), and F
the Faraday constant. The effect of 1 unit pH difference is 2.3 (R⋅T/F), which equals 59
mV at 25 °C, and 70 mV at 80 °C. Under physiological conditions, the PMF is negative
and the driving force on the protons is directed into the cell. In neutrophiles (around pH
7) both components of the PMF are negative. A sodium motive force (SMF) can be
generated in a similar way by sodium ion pumps (SMF = Δψ + 2.3 R⋅T/F log
[Na+in]/[Na+out]) (Figure 2B).

Figure 2. Energy transduction in membranes of Bacteria and Archaea
A) H+ cycling in aerobic mesophiles such as E. coli and B. subtilis. The respiratory
chain excretes protons, thereby generating a PMF. This PMF drives the influx of
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protons, which is coupled to ATP hydrolysis or to the uptake of solutes from the
environment.
B) Na+ cycling in anaerobic thermophilic Bacteria such as C. fervidus. At the growth
temperature the membranes of this organism is leaky for protons. The organism relies
on a sodium extruding ATPase to build up a SMF, and this SMF drives Na+-coupled
uptake of solutes.
C) H+ and Na+ cycling in organisms such as Bacillus alcalophilus that live in alkaline
environments: Protons are extruded by the respiratory chain. This results in a high PMF.
H+ are electroneutrally exchanged with Na+, resulting in a reversed ΔpH (inside acid)
and a high SMF. The SMF is then mainly used to drive transport of solutes into the cell.
D) H+ cycling in organisms such as for Picrophilus oshimae that live in acid
environment. The respiratory chain excretes protons against a large pH gradient. The
PMF is retained within physiological values by an inversion of the Δψ by cation influx
(normally K+). Res: respiratory chain.
The PMF or SMF can be used to drive the conversion of ADP and phosphate to ATP
via the membrane-bound ATPase, transport of substrates across the membrane via
specific transport proteins, the rotation of flagella, and the maintenance of the
intracellular pH. Efficient generation and maintenance of a PMF or SMF is only
possible if the cytoplasmic membrane has a low permeability for protons and sodium
ions.
4. Bioenergetic Problems of Extremophiles

Extremophiles living in the various harsh environments face different problems in
maintaining viable proton or sodium ion gradients across their membranes.
-
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