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Bacterial growth at the extremes of temperature has remained a fascinating aspect in the study 
of membrane function and structure. The stability of the integral membrane proteins of 
thermophiles make them particularly amenable to study. Respiratory enzymes of thermophiles 
appear to be functionally similar to the mesophilic enzymes but differ in their thermostability 
and unusual high turnover rates. Energy coupling at extreme temperatures seems inefficient as 
suggested by the high maintenance coefficients and the high permeability of the cell membrane 
to protons. Nevertheless, membranes maintain their structure at these extremes through 
changes in fatty acid acyl chain composition. Archaebacteria synthesize novel membrane-span- 
ning lipids with unique physical characteristics. Thermophiles have adapted to life at extreme 
temperatures by using sodium ions rather than protons as coupling ions in solute transport. 
Genetic and biochemical studies of these systems now reveal fundamental principles of such 
adaptations. The recent development of reconstitution techniques using membrane-spanning 
lipids allows a rigorous biochemical characterization of membrane proteins of extreme ther- 
mophiles in their natural environment. 
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INTRODUCTION 

Because biological properties of  proteins arise 
primarily from their native conformation, consider- 
able research effort has been directed at a molecular 
elucidation of the mechanisms which determine ther- 
mostability and -activity. This aspect is not only of  
fundamental but also of biotechnological interest 
(Brock, 1985, 1986; Deming, 1986). Physiological and 
genetic studies on thermophilic bacteria now reveal 
new biotechnological applications. Thermophiles are 
equiped with enzymes that are stable up to a tem- 
perature of  100°C (Brock, 1985). At moderate tem- 
peratures, the activities of  these enzymes can be low or 
even absent while their mesophilic counterparts are 
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optimally active. Temperature optima of  thermophilic 
enzymes are usually found at or even above the opti- 
mum temperature for growth of the bacterium from 
which they have been isolated. Evolutionary adapta- 
tions which have produced thermophiles must have 
involved mutations which increased the thermostabil- 
ity of their proteins. Conversely, mesophiles may have 
evolved from thermophiles which developed at an 
early stage in evolution. Molecular biological approa- 
ches are now widely used to reveal differences in pri- 
mary structure among mesophilic and thermophilic 
enzymes that determine thermostability and thermal 
activity. The stability of thermophilic enzymes at 
room temperature can prolong the shelf life of com- 
mercial products that use such enzymes. Temperature 
also affects physicochemical parameters such as dif- 
fusion rates, substrate solubility, viscosity, and water 
surface tension. The influence of  high temperature on 
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these factors can be beneficial in certain microbial 
fermentations. Heat production associated with bac- 
terial metabolic activities is less of a problem when 
thermophiles are used. On the other hand, these bac- 
teria are often endowed with low growth rates, cell or 
product yield, incomplete substrate utilization, and 
often suffer from a genetic instability. The lack of 
fundamental knowledge on genetic manipulation of 
these bacteria can severely limit their application in 
industrial processes (Deming, 1986). In our attempts 
to gain more insight into different physiological as- 
pects of thermophiles, we have focussed on energy 
conservation and mechanisms of solute transport in 
this diverse group of bacteria, including extreme ther- 
mophilic archaebacteria. 

EXPERIMENTAL APPROACHES IN THE 
STUDY OF ENERGY TRANSDUCING 
PROCESSES 

Cytoplasmic Membrane Vesicles 

The difficulty in elucidating the molecular mech- 
anisms of energy transduction in intact cells has led to 
the development of procedures for the isolation of 
closed cytoplasmic membrane vesicles that retain the 
functional and structural properties of the cytoplas- 
mic membrane (Kaback, 1986). Such procedures are 
based on two experimental steps: (i) the conversion of 
the bacterial cell into an osmotically sensitive form 
(protoplast or spheroplast) by removal of the cell wall 
with the use of peptidoglycan degrading enzymes in a 
hypertonic medium, and (ii) osmotic lysis by dilution 
of the proto- or spheroplasts into a hypotonic medium 
in the presence of (deoxy-)ribonuclease to remove 
DNA and RNA. The resulting vesicles retain the in 
vivo orientation of the cytoplasmic membrane, and 
preserve their structural and functional properties. 
The activities of interfering cytoplasmic enzymes are 
usually minor, whereas residual energy sources are 
completely absent. In many cases, only minor adapta- 
tions are required to prepare functional membrane 
vesicles from moderate thermophiles. For instance, 
membrane vesicles derived from thermophilic bacilli 
have been extensively used for the study of energy- 
transducing processes such as solute transport. Mem- 
brane vesicles retain their membrane-associated enzy- 
mes and the ability to generate a Ap through electron 
flow. On the other hand, it has not been possible to 
prepare functional membrane vesicles of extreme ther- 

mophilic archaebacteria. Their cell envelope is 
covered with a stable proteinaceous layer, the S-layer, 
which is firmly associated with the cytoplasmic mem- 
brane (see paper by W. Baumeister in this issue). This 
layer confers stability to the cell envelope and may 
prevent proper membrane vesicle formation. Pro- 
cedures which rely on mechanical lysis, i.e., french 
press treatment or sonication, cause a major loss of 
peripheral membrane-bound enzymatic activities 
whereas the polarity of the cytoplasmic membrane is 
inside-out or scrambled. 

Membrane Fusion 

Fermentative thermophilic bacteria lack electron 
transfer chain components, and rely on the hydrolysis 
of ATP for the generation of a Ap. The same con- 
straints apply to isolated membrane vesicles derived 
from these bacteria with the experimental handicap 
that ATP cannot be used as energy source for the 
generation of a Ap since these membrane vesicles have 
the in vivo polarity of the cytoplasmic membrane. 
Alternative methods which have been developed to 
create a Ap in such membrane systems rely on the 
imposition of diffusion gradients of weak acids and/or 
ions in the presence of ionophores. Such gradients are 
useful for a qualitative characterization, but their 
transient character, which is particularly evident at 
elevated temperatures, preludes further quantitative 
uses. An efficient solution for this problem has been 
found in the incorporation of foreign primary proton 
pumps in the cytoplasmic membrane (Driessen et al., 
1987). For this purpose membrane vesicles are fused 
with proteoliposomes containing a Ap-generating 
enzyme, such as cytochrome c-oxidase (Driessen et al., 
1985a), the light-driven bacteriorhodopsin (Driessen 
et al., 1985b), or photochemical reaction centers (Crie- 
laard et aI., 1988). The fusion procedure yields closed 
hybrid membranes which retain the energy-conserving 
properties of the original membrane vesicles while the 
presence of Ap-generating systems allows the long- 
term generation of a Ap when supplied with a suitable 
energy source. Fused membranes have proven to be 
very useful for the study of solute transport in mem- 
branes of fermentative mesophilic organisms like 
lactococci and Clostridium acetobutylicum (Driessen 
et al., 1987). With fermentative thermophiles, ther- 
mostable Ap-generating systems have been used to 
extent the workable temperature range. Thermostable 
proteins used are cytochrome c-oxidase from Bacillus 
stearothermophilus (De Vrij et al., 1989a) and reaction 
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centers from Chloroflexus aurantiacus (G. Speelmans, 
unpublished results). 

A B 

Phospholipids Membrane spanning 
lipids 

Proteoliposomes Composed of Membrane-Spanning 
Tetraether Lipids 

Membrane lipids of archaebacteria differ con- 
siderably from conventional lipids in their chemical 
structure (see paper by D. Sprott in this issue). They 
are characterized by ether linkages instead of ester 
linkages and contain biphytanyl chains instead of 
fatty acyl chains. Lipids of extreme thermophiles are 
essentially composed of tetraethers with two polar 
heads linked by two C40 phytanyl chains (De Rosa et 
al., 1991). Based on the bipolar structure, tetraether 
lipids can span the entire cytoplasmic membrane in a 
monomolecular arrangement. The extreme ther- 
mophile Sulfolobus acidocaldarius contains 95-98 % of 
these tetraether lipids when grown at 85°C and an 
external pH of 2.5. Closed and stable unilamellar 
liposomes can be formed from a specific lipid fraction 
obtained from a total lipid extract (Elferink et al., 
1992). The size and structure of these liposomes re- 
sembles that of liposomes composed of the bilayer- 
forming lipids of E. coli. However, a remarkable dif- 
ference was observed after freeze-fracturing of both 
liposome preparations. With conventional bilayer 
lipids, the preferential fracture plane in freeze-fractur- 
ing is in the middle of the phospholipid bilayer, yield- 
ing convex and concave halves (Fig. 1A). In contrast, 
with tetraether lipids the fracture plane is absent and 
only cross-fracturing of the total membrane is ob- 
served (Fig. 1B). Thus, liposomes composed of te- 
traether lipids from a true monolayer. Beef heart 
cytochrome c-oxidase, bacteriorhodopsin, as well as 
the leucine transport carrier of L. lactis have been 
functionally reconstituted in these monolayers (Elfer- 
ink et al., 1992; G. In't Veld, unpublished data). 
Reconstitution of cytochrome c-oxidase can be 
achieved by dialysis followed by freeze-thaw and soni- 
cation. The leucine carrier has been introduced into 
these liposomes by fusion with membrane vesicles of 
L. lactis (see previous section). In this system, the Ap 
generated by cytochrome c-oxidase drives the uphill 
transport of leucine. The monolayer lipids from S. 
acidocaldarius activate the leucine transport system 
(G. In't Veld, unpublished data). Like a conventional 
phospholipid bilayer, archaebacterial monolayers 
form a competent matrix for the function of exoge- 
nous membrane proteins irrespective of their origin. 
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Fig. 1. Freeze-facture replicas of cytochrome c-oxidase liposomes 
composed of E. coli (A) and S. acidocaldarius (B) and lipid. The 
arrow indicates the direction of shadowing. The cartoon shows a 
schematic representation of the fracture plane in freeze-fracturing 
of the phospholipid bilayer and the cross-fracturing of the mem- 
brane-spanning archaebacteriaI lipid. 

EFFICIENCY OF ENERGY TRANSDUCTION 

Thermophiles grow up to 80°C, whereas extreme 
thermophiles are capable of growing up to the boiling 
point of water. This ability is not only determined by 
the stability and activity of enzymes at these extremes 
but also by the structure of the membrane. The lipid 
composition of membranes of thermophiles is remark- 
ably different from that of mesophiles with respect to 
fatty acid and polar headgroup content (Mendoza and 
Cronan, 1983; Russell 1984). As discussed in the 
previous section, membranes of extreme thermophilic 
archaebacteria contain lipids with distinct chemical 
structure which confer a high stability to the cytoplas- 
mic membrane. In the aerobic moderate thermophile 
B. stearothermophilus changes in growth temperature 
affect alterations in phospholipid composition (Reizer 
et al., 1985). The ratio of phosphatidylglycerol (PG) 
and cardiolipin (CL), which constitute approximately 
90% of cellular phospholipid, increases with increas- 
ing growth temperature, whereas the content of un- 
saturated fatty acids gradually depletes. Iso and ante- 
iso fatty acids are replaced by saturated linear fatty 
acids with long chain length. Such changes in fatty 
acid composition are considered to maintain mem- 
brane fluidity at a constant level over the entire growth 
temperature range, i.e., homoviscous adaptation 
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(Sinensky, 1974). Consequently, physiological fea- 
tures like protein-lipid interactions have to be adjust- 
ed to accommodate the growth temperature. With 
archaebacterial lipids, the degree of cyclization of the 
biphytanyl chains increases with increasing growth 
temperature (De Rosa and Gambacorta, 1988). Ther- 
mophilic enzymes are also adapted to the elevated 
growth temperature (Brock, 1985, 1986; Deming, 
1986). The intrinsic heat resistance of these proteins is 
often the result of subtle changes in hydrophobic and 
ionic interactions, hydrogen bonding, and disulfide 
bridge formation (Amelunxen and Murdoch, 1978). 
Thermophilic and mesophilic Bacillus species differ in 
the thermostability of their redox-converting enzymes 
(De Vrij et al., 1988, 1990). The activity profiles of 
these enzymes in B. stearothermophilus are nearly opti- 
mal at the optimum temperature for growth (Tg = 
65°C), with a much higher turnover rate than the 
functionally comparable enzymes of the mesophile B. 
subtilis. The efficiency of energy conversion is low in 
thermophiles compared to the mesophiles. This has 
been attributed to the increased H + permeability of 
membrane of thermophiles at elevated temperatures 
(De Vrij et al., 1988). High rates of redox-energy 
conversion are required to overcome the high H + 
permeability. In order to maintain a significant Ap at 
higher growth temperatures, cells have to invest more 
of their metabolic energy in maintenance. Many ther- 
mophiles exhibit a low growth yield and high mainte- 
nance requirement at their growth temperatures com- 
pared to the mesophilic counterparts (Kuhn et al., 
1980; McKay et aI., 1982; Farrand et al., 1983). Ob- 
viously, these organisms are not capable of adjusting 
the membrane fatty acid composition in such a way 
that at high temperatures efficient energy transduction 
is possible and inefficient energy coupling may be a 
general characteristic of thermophiles. 

PRIMARY TRANSPORT IN THERMOPHILES 

Bacterial cytoplasmic membranes are equipped 
with energy-transducing enzymes, capable of convert- 
ing redox, chemical, or light-energy into electrochemi- 
cal energy (Mitchell, 1966). We will briefly discuss two 
redox enzymes, i.e., cytochrome c-oxidase from 
B. stearothermophilus and reaction centers of Chl. 
aurantiacus, both of which have been used to study 
solute transport mechanisms in membrane vesicles of 
thermophilic fermentative bacteria (Speelmans et al., 
1989). 

The purified cytochrome c-oxidase from B. stea- 
rothermophilus shows the typical spectral characteris- 
tics ofa  caa3-type oxidase (De Vrij et al., 1989a). Both 
heme a and heine a3 bind CO. Cytochrome c-oxidases 
typically contain three Cu atoms, i.e., Cua, Cub, and 
an additional Cu atom and 2 Fe atoms per enzyme 

molecule (Steffens et al., 1987). The Fe atoms corre- 
spond to the two heme a groups. In contrast, the B. 
stearothermophilus enzyme contains three Fe atoms 
per monomer, suggesting the presence of three heme 
moieties per enzyme monomer. The structural com- 
plexity of this enzyme is relatively low in comparison 
to that of eukaryotic aa3-type oxidases (Azzi, 1980). 
The protein consists of three subunits with apparent 
molecular masses (Mw) of 55, 37 and 22 kDa, respect- 
ively. The 37-kDa subunit contains a covalently at- 
tached heme c group, a characteristic shared by other 
thermophilic c-type oxidases (Ludwig, 1987). The B. 
stearothermophilus cytochrome c-oxidase oxidizes not 
only cytochrome c (Era = +210mV) but also non- 
physiological electron donors like PMS (Era = 
+80mV) and TMPD (E,, = +260mV). Electron 
transfer from reduced TMPD may proceed via the 
enzyme-bound heme c to the other components (heine 
a, a3, Cua and CUb atoms). The enzyme confers a high 
thermostability both in detergent solution and recon- 
stituted form, whereas it is relative insensitive to chan- 
ges in phospholipid microviscosity (De Vrij et al., 
1989a). The oxidase is capable of generating a high Ap 
(up to --160mV) when reconstituted into proteo- 
liposomes, an activity which is prevented by the typi- 
cal oxidase inhibitors like cyanide and azide. The 
thermostability and high turnover rates (Vm~x = 250-- 
300 electrons per second) at elevated temperatures of 
the B. stearothermophilus cytochrome c-oxidase is of 
advantage for its use as a Ap-generating system in 
fused membranes. Electron-transport components 
like the terminal aa3-oxidase and succinate dehyd- 
rogenase have been isolated from the archaebacterium 
S. acidocaldarius (Anemfiller and Sch~ifer, 1990; 
Moller and Sch~ifer, 1991). The reconstituted thermal 
aa3-oxidase generates a Ap upon energization with 
synthetic electron donors (GleiBner et al., 1992). The 
construction of liposomes composed of archaebac- 
terial lipids now allows the study of these enzymes in 
their natural environment. 

The photochemical reaction center of the ther- 
mophilic green filamentous gliding bacterium Chl. 
aurantiacus has been purified and characterized (Pier- 
son and Thornber, 1983; Shiozawa et al., 1987). This 
protein is thermostable and consists of two subunits 
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(L and M) with similar Mw, i.e., 24 and 24.5kDa 
(Shiozawa et al., 1987). The L-subunit of the Chloro- 
flexus reaction center shares a high degree of hom- 
ology with the L-subunit of purple sulfur bacteria 
(Ovchinnikov et al., 1988). Purple bacteria contain 
four photoactive bacteriochlorophyll (P-865) and two 
bacteriopheophytines per reaction center, whereas 
Chloroflexus contains three of each (Pierson and 
Thornber, 1983). Studies on the primary photochem- 
istry indicate the presence of a two-menaquinone 
acceptor system (Venturoli and Zannoni, 1988), 
whereas a membrane-bound cytochrome c554 operates 
as electron donor to the photo-oxidized P-865 
(Ovchinnikov et al., 1988). The turnover of the 
Chloroflexus reaction center is temperature dependent 
and maximal at 50-60°C (Vma x = 40s-I). When 
reconstituted, activity decreases at higher tem- 
peratures due to thermal inactivation of horse heart 
cytochrome c. Cyclic electron transfer can be recon- 
stituted in liposomes bearing the purified reaction 
center by the use of the membrane-permeable elec- 
tron-mediator UQ0 and cytochrome c as described for 
reaction centers of Rhodobacter sphaeroides (Mole- 
naar et al., 1988). At temperatures up to 45°C and low 
ionic strength, the reconstituted Chloroflexus reaction 
center generates a "A~ up to -160  mV illumination 
(D. Hillenga, unpublished results). These liposomes 
have been fused with membrane vesicles of CLfervidus 
to generate a Ap which functions as a driving force for 
amino acids uptake (G. Speelmans, unpublished 
results). Reaction centers do not suffer from the intrin- 
sic limitation of oxidases in which oxygen supply can 
become a limiting factor at higher temperatures, while 
strict anaerobic conditions can be used with obligate 
anaerobic thermophiles. 

SECONDARY TRANSPORT IN 
THERMOPHILES 

Protons are believed to be the most widely used 
energy-coupling cation in secondary solute transport 
systems. Na + ions are essential for growth of marine, 
hatophilic, certain alkalophilic, and rumen bacteria 
that live in a Na + -rich environment (Skulachev, 1985; 
Dimroth, 1987; Unemoto et al., 1990). Na + often 
participates as coupling ion in secondary solute trans- 
port and energy conservation (Dimroth, 1987; Maloy, 
1990), and fulfills an essential role in pH homeostasis 
in most bacteria (Padan et al., 1981; Booth, 1985). 

Bacteria may use two strategies to generate an electro- 
chemical gradient of Na + (ApN,+) (Table 1) (Dimroth, 
1987): (i) primary transport systems, such as Na +- 
translocating decarboxylases, ATPases, or redox- 
converting enzymes, or (ii) through secondary Na+/ 
H + antiporters which convert Ap into an ApNa+ (Fig. 
2). Na+-dependent solute transport is common in 
alkalophilic and marine bacteria but in bacteria which 
grow optimally at neutral pH it is an unusual feature. 
The advantage of the use of Na + instead of H ÷ is not 
always clear (De Vrij et al., 1990); however, at high 
growth temperatures, Na + often represents the 
preferred coupling ion. As Na ÷ exhibits a lower mem- 
brane permeability than protons (De Vrij et al., 1990), 
its use as coupling ion may circumvent major energy 
losses. Up to now, no evidence is available for primary 
transport mechanisms for Na + in thermophiles, and it 
is generally assumed that the ApN,+ results from a 
secondary Na ÷/H + antiport mechanism. 

Biochemical Studies 

Membrane vesicles of B. stearothermophilus accu- 
mulate most amino acids in response to Ap (De Vrij et 
aL, 1989b). A thermostable high-affinity transport 
system for L-glutamate and L-aspartate has been stu- 
died in detail (Table II). Membrane vesicles accu- 
mulate glutamate to a high level when supplied with a 
suitable electron donor, such as succinate. Maximal 
transport activity is observed at 60-65°C (De Vrij et 
al., 1989b). Studies with ionophores and imposed ion- 
diffusion gradients established that both ApH and A~ 
as well as ApNa+ function as driving forces. Quantita- 
tive studies on the relation between the steady-state 
accumulation level of glutamate and Ap at different 
pH values indicate that the anionic glutamate is trans- 
located in symport with a H + and a Na + ion. The 
system exhibits a high affinity for Na + below 5-6 #M, 
a concentration present as contaminant in most buffer 
solutions. The rate of glutamate transport is affected 
by the internal pH. In B. stearothermophilus, high- 
affinity transport systems have been established for 
the following groups of L-amino acids: leucine, isoleu- 
cine, valine; alanine and serine; and lysine and 
arginine. Ap-dependent transport of leucine and 
alanine is inhibited by the Na + ionophore nonactin 
and stimulated by monensin, which converts ApH into 
A/~Na+. Uptake of leucine and alanine required high 
concentrations of Na + (up to 50 raM) and exhibits an 
apparent Km for Na + in the millimolar range. Except 
for Li + , other monovatent cations (NH~, Cs + , Rb + , 
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Table I. Occurrence of Sodium-Coupled Transport Systems 

Environment High salt High pH Extreme Nonextreme 

Bacteria Halophiles Alkaliphiles Thermophiles Enterobacteria 
Marine bacteria Alkalitolerants Methanogens 
Rumen bacteria 

Mode of APNa+ generation Na +/H + antiport Na +/H + antiport Na +/H + antiport Na +/H + antiport 
Respiratory chain ATP hydrolysis Decarboxylase 
Decarboxylase 
ATP hydrolysis 

and K +) are ineffective (Heyne et al., 1991). A catalytic 
role of H + could be excluded for the alanine transport 
system, and the system is inhibited by protons with an 
apparent pK of 7.6. The alanine transport systems of 
B. stearothermophilus resembles the Na+-linked sys- 
tem found in Bacillus PS3, which has been purified 
and functionally reconstituted into proteoliposomes 
(Hirata et al., 1976, 1984). Lysine transport depends 
on A0 only, and does not require Na + . Lysine is most 
likely translocated by an electrogenic uniport mechan- 
ism (Heyne et al., 1991). The mechanism by which 
APNa+ is generated in B. stearothermophilus is 
unknown, although the involvement of a Na+/H + 
antiport has been implicated. 

Cl. fervidus is a thermophilic fermentative bac- 
terium which has been isolated from a hot pool in New 

Zealand (Patel et al., 1987). Membrane vesicles of Cl. 
fervidus accumulate neutral (serine, leucine, glycine, 
alanine), basic (lysine, arginine), acidic (glutamate, 
aspartate), and aromatic (phenylalanine) amino acids 
in the presence of ApNa+. Serine uptake is observed 
only in the presence of a ApNa+, A/~N,+, or a A0 in the 
presence of Na + . Membrane vesicles of Cl. fervidus 
have been fused with proteoliposomes harboring 
cytochrome c-oxidase of B. stearothermophilus to 
maintain a Ap for a considerable length of time. In this 
system, monensin promotes the generation of a APN,+ 
through the conversion of a ApH into a A/~ya+. 
Monensin remarkably stimulates serine transport, 
suggesting a Na+-linked transport mechanism. The 
Na + -serine cotransport stoichiometry estimated from 
the steady-state level of serine uptake and Aq J in the 

Sodium ion-cycling in bacteria 

Flagellar motor Secondary Antiport 
transport 

+ H + Solute Na 

Na ~'~ ',i :~ , 

Na + ~ !' "i' '1 .'' ~ 

ape + pi :', 
q 

Na + 
ATP-(synth)ase Decarboxylase Respiratory chain 

Fig. 2. Putative elements of a sodium cycle in bacteria. Indicated are the primary transport systems such as the Na + -translocating 
decarboxylases, ATPases, and electron transfer chains, the secondary Na +/H + antiporter. Other membrane proteins utilize the sodium-motive 
force for the synthesis of ATP, solute transport, or motility. From Tolner et  al., 1992c. 



Energy Transduction and Transport in Thermophiles 607 

Table II. Amino acid transport systems in Thermophilic Bacteria" 

Bacterium Substrate K m Mechanism K,~ for Na + 
(pM) (mM) 

B. Caldotenax Glutamate 2.9 Na+/H + symport - -  
B. stearothermophilus Glutamate 4.7 Na +/H + symport < 0.005 

Aspartate 3.8 
Alanine 12.5 Na + symport 1.0 
Serine 49 
Leucine 0.9 Na + symport 0.4 
Isoleucine 1.0 
Valine 2.5 
Lysine 12.9 Uniport - -  
Arginine 3.4 

C1. fervidus Serine I0 Na ÷ symport 2.5 
Leucine ? 
Glutamate 9 Na ÷ symport 0.8 
Lysine ? Na ÷ symport ? 
Arginine 

aL-Amino acids. 

absence of A/INa+ equals 0.9. Direct estimates of the 
stoichiometry from the coupled etttux of  3H-labelled 
serine and 24Na+ yield a value of 1 (G. Speelmans, 
unpublished results). Uptake requires either Na ÷ or 
Li ÷ , while the affinity for Na ÷ is rather low (Table II). 
Arginine uptake is driven by APNa+, while Na ÷ can be 
replaced for Li ÷ . In the fused membranes, a steady- 
state level of accumulation could not be achieved 
within a reasonable time-span precluding an estima- 
tion of  the Na+-arginine stoichiometry. Direct esti- 
mates indicate a one-to-one stoichiometry. Uptake of  
glutamate appears to be similarly dependent on the 
presence of Na ÷ . Glutamate is hardly accumulated by 
the fused-membrane system containing cytochrome-c 
oxidase unless the ionophore monensin is present. In 
the presence of  Na ÷, monensin promotes the inter- 
conversion of  ApH into A/~Na +. This observation 
argues in favor of electroneutral symport of  Na ÷ and 
glutamate. This conclusion is confirmed by experi- 
ments demonstrating artificial imposed AfiNa+-driven 
glutamate uptake, whereas the simultaneous impo- 
sition of  A0 has only a slight stimulatory effect. How- 
ever, at low concentrations of Na + , A~b drives gluta- 
mate uptake. ApH cannot drive glutamate uptake. A 
direct assessment of the stoichiometry suggest a value 
of 1 (G. Speelmans, unpublished results). The trans- 
port system for glutamate in Cl. fervidus is specific for 
glutamate and Na ÷ . The system is not inhibited by 
aspartate, glutamine, or asparagine, whereas Li ÷ can- 
not replace Na ÷ . 

Genetic Studies 

To elucidate the molecular properties of gluta- 
mate transport systems of thermophilic bacteria in 
more detail, a strategy was devised to clone the gene 
encoding the glutamate transport protein. This stra- 
tegy is based on complementation of an E. coli K12 
strain which grows poorly on glutamate as sole source 
of energy, nitrogen, and carbon, as a result of an 
insufficient capacity to accumulate glutamate (Hal- 
pern et al., 1965). So far the genes encoding the gluta- 
mate transport systems have been cloned from B. 
caldotenax (gltTBc) and B. stearothermophilus (gltTBs) 
(Tolner et al., 1992a). Functional expression of the 
gene products was shown by increased uptake of  
glutamate. The Km values for uptake of  glutamate 
mediated by GltTBs and GltTBc expressed in E. coli are 
lower than the values estimated in native Bacillus 
membrane vesicles (Tolner et aL, 1992a). Both genes 
have been sequenced (Tolner et al., 1992a), and their 
translated amino acid sequences are highly homo- 
logous (96.7% identity). The gltTBs and gltTB~ genes 
encodes a protein of  421 residues, which corresponds 
with a Mw of 45 kDa while the apparent Mw estimated 
from SDS-PAGE is 33 kDa. Such aberrant electro- 
phoretic behavior seems to be general property of 
hydrophobic integral membrane proteins. Hydro- 
pathy analysis suggests that both proteins traverse the 
membrane 12 times. GltTBs and Gl tT~ bear extensive 
similarity (57.2% identity) with GltPEc, a H+/gluta - 
mate transport protein of  E. coli K12 (Tolner et al., 
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1992b), and not with GltSEc, a Na +/glutamate trans- 
port protein of E. coli B (Deguchi, 1990) and K12 
(Kalman, 1991). A conserved amino acid sequence has 
been proposed to be involved in Na ÷ recognition or 
binding ( _ - G - _ - A - - - L - - - G r - _ )  (Deguchi, 1990). 
This sequence is also present in GltTBs and GltT~, 
except that Arg is replaced for Lys (_-G38-_-A62 
. . . .  L 6 7 - - - G 7 1  K72 ). A s imi lar  m o t i f  is f o u n d  in  

the GltPE¢ protein (_-G45-_-A69---A74---G7s 
R79 ), and though speculative, the mismatch could 
explain the inability of GltPEc to use Na ÷ as coupling 
ion despite its extensive similarity with GltTas. On the 
other hand, the SOB-motif of GltTBs and GltTB~ is 
located in a short hydrophilic region and might be 
involved in stabilization of protein structure (Hender- 
son, 1990). 

CONCLUDING REMARKS 

Na + plays a pivotial role as energy-transducing 
coupling ion in thermophiles, although little is known 
about the mechanisms of solute transport in extreme 
thermophilic archaebacteria. Current strategies are 
directed at the cloning of genes coding for transport 
proteins of thermophiles. These proteins possess high 
thermostability, and their high level of expression in a 
mesophilic host-strain such as E. coli may allow rapid 
purification merely on the basis of the thermostability. 
The stability of these proteins may facilitate their 
crystallization, and allow the elucidation of the struc- 
ture of a secondary transport system at the molecular 
level. 
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