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Characterization of pyridine nucleotide coenzymes in the hyperthermophilic 
archaeon

 

 Pyrococcus furiosus

 

Abstract

 

Pyridine-type nucleotides were identified in cell-
free extracts of the hyperthermophilic archaeon

 

 Pyrococcus
furiosus

 

 by their ability to replace authentic nicotinamide
adenine dinucleotide (phosphate) [NAD(P)] in assays using
pure

 

 P. furiosus

 

 enzymes. The nucleotides were purified
using a combination of ion-exchange and reverse-phase
chromatography. They were identified as NAD and NADP
by analyses using liquid chromatography–mass spectrome-
try and high performance liquid chromatography. Their
intracellular concentrations were measured in

 

 P. furiosus

 

grown using maltose and peptides as the carbon sources.
The concentrations decreased during the lag phase but
remained constant during the exponential phase at approxi-
mately 0.17 and 0.13 mM, respectively. The amount of NAD
was significantly lower (more than four-fold lower) than
that in mesophilic bacteria, although the NADP concentra-
tion was comparable. The internal concentrations of NADH
and NADPH in

 

 P. furiosus

 

 were determined to be 0.14 mM
and 0.04 mM, respectively. The overall cellular concentra-
tion of NAD(P)(H) in

 

 P. furiosus

 

 (0.48 mM) is about half
the value in the mesophiles. The NAD(H)/NADP(H) ratio
in

 

 P. furiosus

 

 is consistent with the preferred use of NADP
by several catabolic enzymes that have been purified from
this organism. The mechanisms by which hyperthermo-
philes stabilize these thermally labile nicotinamide nucle-
otides are not known.
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Introduction

 

The pyridine nucleotides (nicotinamide adenosine dinucle-
otide), NAD(H) and NADP(H), function as electron carri-
ers in virtually all biological systems. Typically, NAD is
involved in catabolic processes, such as glycolysis and the
citric acid cycle, whereas NADP is used in assimilatory path-
ways, such as the biosynthesis of nucleotides and fatty acids.
The nucleotides are usually considered to be ubiquitous, but
their utilization might be limited by their lack of stability
under extreme conditions. For example, at neutral pH, the
half-life of NAD decreases from several hours at 60

 

°

 

C to
approximately 13 min near 100

 

°

 

C, and NADP is even more
unstable at these temperatures (Lowry et al. 1961; Robb et
al. 1992; Daniel 1998). This finding raises the question of
whether these cofactors are actually present in microorgan-
isms that have optimum growth temperatures near, and in
some cases above, 100

 

°

 

C, the so-called hyperthermophiles
(Huber et al. 2000). For example, it is possible that these
organisms could possess slightly modified forms of the stan-
dard pyridine nucleotides (NAD or NADP). Covalent mod-
ification can increase the stability of nucleotides in RNA,
and it has been suggested that many, if not all, hyperther-
mophiles have taken advantage of this to stabilize their
tRNAs (Kowalak et al. 1994). Additional evidence for the
modification of conventional cofactors in such organisms
comes from

 

 Pyrococcus furiosus

 

, a fermentative hyperther-
mophile that grows optimally at 100

 

°

 

C (Fiala and Stetter
1986).

 

 P. furiosus

 

 contains folates with appended

 

 N

 

-acetyl
glucosamine residues. As yet, the effect of these modifica-
tions on the thermostability of the cofactors has not been
determined (White 1993).

The presence of structural analogues of the pyridine
nucleotides  is  also  suggested  by  the  fact  that  several
oxidoreductase-type  enzymes  purified  from

 

 P.  furiosus

 

and related organisms, including hydrogenases, ferre-
doxin:NAD(P) oxidoreductase, and glutamate dehydroge-
nase, have very low affinities or activities with NAD, and
that they preferentially, and in some cases exclusively, uti-
lize NADP (Ma and Adams 1994, 1999; Ma et al. 1994;
Robb et al. 1992). This result is unexpected because these
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enzymes are involved in the catabolism of growth substrates
such as sugars or peptides and, as already noted, NADP is
typically used as the electron carrier in biosynthetic path-
ways. Moreover, in these catabolic pathways there appears
to be discrimination against NAD(P) in favor of the
extremely thermostable redox protein ferredoxin (Daniel
and Danson 1995; Daniel 1998). A good example of this dis-
crimination occurs in the glycolytic pathway of

 

 P. furiosus,

 

wherein the expected NAD-dependent glyceraldehyde-3-
phosphate dehydrogenase is replaced by the novel ferre-
doxin-dependent enzyme, glyceraldehyde-3-phosphate
oxidoreductase (Mukund and Adams 1995). Pyruvate oxi-
dation is also coupled to ferredoxin reduction in

 

 P. furiosus

 

(Blamey and Adams 1993), as is typically the case in anaer-
obic microorganisms.

In addition, there is only indirect evidence that hyper-
thermophiles contain the traditional pyridine nucleotides.
Various dehydrogenases have been purified from such
organisms and that these, by definition, oxidize or reduce
NAD(P)/H in in vitro assays (Daniel and Danson 1995;
Ma  and  Adams  1994,  1999;  Ma  et  al.  1994,  2000;  Robb
et al. 1992; Aoshima et al. 1996; Higuchi et al. 1997; Aalen et
al. 1997; Rahman et al. 1998; Antoine et al. 1999; Kujo et al.
1999). Although these enzymes show high sequence similar-
ity to their mesophilic counterparts, this would be expected
even if the hyperthermophilic enzymes were using slightly
modified versions of NAD(P). Obviously, if modified nucle-
otides were being used, it is extremely important to eluci-
date the modifications of NAD(P) that lead to increased
thermal stability.

Consequently, we sought to address two issues. First, do
microorganisms that can grow near and even above 100

 

°

 

C
contain the conventional pyridine nucleotides, or do they
actually utilize (minor) derivatives of them? Second, how
do the cellular concentrations of such nucleotides, whether
novel or not, compare with those usually found in meso-
philic organisms? We report here on the purification of the
redox-active pyridine nucleotides from the hyperthermo-
philic archaeon

 

 P. furiosus.

 

Materials and methods

 

Growth of

 

 Pyrococcus furiosus

Pyrococcus furiosus

 

 (DSM 3638; Fiala and Stetter 1986) was
grown at 90

 

°

 

C in a 600-l fermenter under pH-controlled con-
ditions with maltose (Sigma, St Louis, MO, USA), yeast
extract, and tryptone (both from United States Biochemical,
Cleveland, OH, USA) as the carbon sources, each at a con-
centration of 5 g/l as described earlier (Bryant and Adams
1989).

 

 Escherichia coli

 

 (strain RK4353) was grown at 37

 

°

 

C in
Luria-Bertani (LB) medium and harvested at stationary
phase.

Enzymes and reagents

All chemicals (high performance liquid chromatography
[HPLC] grade), analytical grade NAD(H) and NADP(H),

and the yeast enzymes hexose kinase, glucose-6-phosphate
dehydrogenase, and alcohol dehydrogenase, were purchased
from Sigma. Glutamate dehydrogenase (GDH; Robb et al.
1992) and NADPH : rubredoxin oxidoreductase (NROR;
Ma and Adams 1999), purified from

 

 P. furiosus

 

, were
provided by Dr. Kesen Ma of the University of Georgia.

Enzymatic analysis of pyridine nucleotides

Anaerobic cuvettes containing 2 ml 50 mM

 

 N

 

-2-hydroxy-
ethylpiperazine-

 

N

 

¢

 

-3-propanesulfonic acid (EPPS) buffer
(pH 8.4) and 1 mM benzyl viologen were preheated to 85

 

°

 

C
in a thermostatically controlled cuvette holder before addi-
tion of 1 mM glutamate, l

 

µ

 

l GDH (5 mg/ml), and 1

 

µ

 

l
NROR (5 mg/ml). The reaction was initiated by adding sam-
ples of potential redox cofactors with authentic NAD and
NADP as controls. Reduction of benzyl viologen was mea-
sured at  595 nm using a molar absorbance of  7,800 M

 

–1

 

cm

 

–1

 

.  One unit of activity is defined as the reduction of
1

 

µ

 

mol benzyl viologen/min under these conditions. Yeast
alcohol dehydrogenase activity was measured in a 2-ml
reaction mixture containing 0.1 M Tris-HCl, 0.2 M ethanol,
0.65 mM dithiothreitol, and 0.05 M semicarbazide-HCl,
pH 6.5 (Wykes et al. 1972). After adding NAD or a potential
NAD analogue, the reaction was initiated by adding 1 U
alcohol dehydrogenase. After 30 min the mixture was ana-
lyzed by reverse-phase chromatography, as described
below. NADP and potential NADP analogues were mea-
sured using yeast glucose-6-phosphate dehydrogenase. The
reaction was carried out in 2.5 ml triethanolamine (50 mM,
pH 7.6) containing 0.22 M glucose, 8 mM MgCl

 

2

 

, 0.64 mM
ATP, 1.5 U yeast glucose kinase, and 1.5 U yeast glucose-6-
phosphate dehydrogenase (Bergmeyer et al. 1983). The
reaction was initiated by adding the redox cofactor, and
after 30 min the mixture was analyzed using reverse-phase
chromatography.

Purification of redox-active nucleotides from

 

 
Pyrococcus furiosus

 

Frozen

 

 P. furiosus

 

 cells (180 g, wet weight) were suspended
in 540 ml Tris-HCl buffer (50 mM, pH 8.0, containing 4 mM
dithionite) and disrupted by sonication for 30 min. The
extract was centrifuged at 100,000

 

g

 

 for 1.5 h, and the pH of
the supernatant was adjusted to 1.5 using 6 N HCl. The pre-
cipitate was removed by centrifugation at 100,000

 

g

 

 for 1 h,
and the pH of the supernatant was adjusted to 4.5 using 6 N
NaOH; this was passed through an Amicon (Beverly, MA,
USA) ultrafiltration unit equipped with a YM-3 membrane.
The flow-through was concentrated to approximately
100 ml by lyophilization and loaded at 4 ml/min onto a
column (5 

 

×

 

 31 cm) containing Dowex-1 resin (Bio-Rad,
Richmond, CA, USA) with formate as the counterion. The
column was washed with two bed volumes of water, and the
bound cofactors were eluted with formic acid using the fol-
lowing nonlinear gradient: 0–1 M (1,800 ml), 1 M (300 ml),
1–4 M (300 ml), and 4 M (300 ml). The column eluent was
monitored at 254 nm.
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The two peaks containing a redox cofactor (F1 and F2)
from the Dowex-1 column were pooled separately, concen-
trated by lyophilization, and loaded onto a C-18 column
(2.6 

 

×

 

 20 cm) after addition of tetrabutylammonium phos-
phate (4 mM) as the ion-pairing agent. The column was
prepared using material from 9 Sep-Pak Vac 35 cc C-18
cartridges (Waters, Milford, MA, USA) and was equili-
brated with 200 ml H

 

2

 

O after activation with 50% (v/v)
methanol. The bound cofactors were eluted using a linear
gradient (300 ml) from 0% to 50% (v/v) methanol. The
cofactor in fraction F1 eluted when 35% methanol was
applied to the column whereas the compound present in
fraction  F2  eluted  at  40%  methanol.  The  methanol  in
the two samples was removed by rotary evaporation
(Brinkmann, Westbury, NY, USA) at 45

 

°

 

C. Each sample
was further concentrated by lyophilization and further
purified by anion-exchange chromatography using a Mono
Q column (Pharmacia, Piscataway, NJ, USA) by modifying
a previously described method (Orr and Blanchard 1984).
The column was equilibrated with 20 mM Tris-HCl, pH 7.7
(buffer A) at a flow rate of 1 ml/min. The concentrated
cofactor samples were separately applied to the column
and were eluted using a nonlinear KCl gradient in buffer A
as follows: 0–200 mM (28 ml), 200–1,000 mM (5 ml), and
1,000 mM (3 ml). Active fractions from each sample were
concentrated by lyophilization. The putative cofactor
present in F1 eluted at 5 mM KCl and was termed PfNAD;
that present in F2 eluted at 130 mM KCl and was termed
PfNADP.

HPLC analysis of

 

 Pyrococcus furiosus

 

 
pyridine nucleotides

A Sep-Pak C-18 column (3.9 

 

×

 

 150 mm; particle size, 4

 

µ

 

m)
coupled  to  a  Waters  2690  HPLC  was  used  to  analyze
the  cofactors  both  in  cell-free  extracts  of

 

 P.  furiosus

 

 and
in the different column fractions. Tetrabutylammonium
phosphate (4 mM) was added to each sample as an ion-
pairing agent. The column was equilibrated with 15 mM
NH

 

4

 

H

 

2

 

PO

 

4

 

 buffer, pH 5.4, containing 2 mM tetrabutylam-
monium phosphate (buffer C) at a flow rate of 1 ml/min.
The bound nucleotides were eluted with a linear gradient
(45 ml) from buffer C to 30% (v/v) acetonitrile in water.
Authentic NAD(H) and NADP(H) were used as the
standards.

Liquid chromatography–mass spectrometry

The cofactors purified from

 

 P. furiosus

 

 were applied to an
AsaHipak ODP C-18 column (1 

 

×

 

 250 mm ID; particle size,
5

 

µ

 

m) equilibrated with 0.25 M ammonium acetate, pH 6.6,
at a flow rate of 30

 

µ

 

l/min, and were eluted using a step gra-
dient of 30% (v/v) acetonitrile in water. The elution profile
was monitored at 254 nm and peaks were analyzed using
negative ion mass spectrometry by injection into an API

 

plus

 

mass spectrometer (Perkin-Elmer, Norwalk, CT, USA) set
with the following parameters: scan range,

 

 m/z

 

 180–780;
step size, 0.2 U; dwell time, 2.0 ms.

Determination of the intracellular concentration of 
NAD(H) and NADP(H)

 

Pyrococcus furiosus

 

 was grown under pH-controlled condi-
tions in a 600-l fermenter; 10-l samples were removed peri-
odically. The samples were rapidly cooled using a glass-
cooling coil submerged in a water/ice mixture, and the cells
were harvested by centrifugation at 6,000

 

g

 

 for 10 min. The
cell pellets were collected, frozen in liquid nitrogen, and
stored at –80

 

°

 

C. For analyses of NAD and NADP, cell-free
extracts were prepared and analyzed by HPLC as already
described. Intracellular concentrations were calculated
using a cell volume of 4.5

 

µ

 

l/mg protein (Martins and Santos
1995). To determine the amounts of the reduced forms of
the pyridine nucleotides in

 

 P. furiosus

 

, a separate alkaline
extraction method was used. Cells were suspended in 0.2 M
KOH and vortexed vigorously until they lysed. The extract
was then centrifuged at 100,000

 

g

 

 for 30 min and the pH of
the supernatant was adjusted to 7.5. The sample was sub-
jected to Centricon centrifugation (Amicon), and the pass-
through was then concentrated using a SpeedVac (Savant,
Farmingdale, NY, USA). The amount of reduced pyridine
dinucleotides was determined by HPLC as previously
described.

Thermal stability assays

To prepare a cell-free extract, 2 g (wet weight) of

 

 P. furiosus

 

cells was suspended in 2 ml buffer (25 mM Tris-HCl, pH 7.0)
and disrupted by sonication for 5 min. After centrifugation
at 100,000

 

g

 

 for 1.5 h, the supernatant was concentrated
using Centricon centrifugation (Amicon) and the pass-
through was then concentrated by three-fold using a Speed-
Vac. Samples of authentic NAD, NADP, NADH, or
NADPH were added (1 mM, final concentration) either to
the cell-free extract or to 25 mM Tris/HCl, pH 7.0 (mea-
sured pH at 90

 

°

 

C was 5.8). All samples were then heated at
70

 

°

 

, 80

 

°

 

, or 90

 

°

 

C for 10 min, and the amount of each nucle-
otide remaining was determined by HPLC.

 

Results and discussion

 

Purification of redox cofactors from

 

 Pyrococcus furiosus

 

The GDH and NROR of

 

 P. furiosus

 

 were chosen as the
model enzymes for identifying the relevant redox cofactors
in cell-free extracts of the organism. Both enzymes, in their
purified states, have been shown to use both NADP and
NAD as electron carriers (Robb et al. 1992; Ma and Adams
1999) in in vitro assays at 95

 

°

 

C. The assay system utilized
here to investigate the cofactor(s) in cell-free extracts of

 

 P.
furiosus

 

 consisted of the two enzymes with glutamate as a
substrate and benzyl viologen (BV) as an artificial electron
carrier. Under these conditions, GDH oxidizes glutamate
and reduces the redox cofactor(s) in the extract, which in
turn is oxidized by NROR, and NROR then reduces benzyl
viologen. Hence, reduction of benzyl viologen occurs only
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in the presence of a redox cofactor in the extract that can
transfer electrons between GDH and NROR. For example,
using this assay system, activity was readily detected in the
supernatant fraction obtained after acidification, centrifu-
gation, and neutralization of a cell-free extract of

 

 P. furiosus

 

(the supernatant contained 2.1 U/mg protein in the original
cell-free extract from which it was derived). Chromatogra-
phy of the supernatant on an anion-exchange resin yielded
four peaks with significant absorption at 254 nm. Only two
of the four, which eluted at 0.6 and 4.0 M formic acid, were
able to couple electron flow between GDH and NROR, and
these were termed F1 and F2, respectively. These com-
pounds were separately purified further by reverse phase
(C-18) and anion-exchange chromatography to give cofac-
tors PfNAD and PfNADP, respectively.

Identification of redox cofactors

Electron spray ionization–mass spectrometric analysis of
PfNADP indicated the presence of a single compound with
an

 

 m/z

 

 ratio of 741.8, a value identical to authentic NADP
(Fig. 1). The fraction containing PfNAD was only partially
purified but it consisted mainly (>80%) of a compound with
an

 

 m/z

 

 ratio of 662, which is identical to authentic NAD
(data not shown). These findings were confirmed with ion-
pair HPLC chromatography. The retention times of PfNAD
and PfNADP were identical to those of authentic NAD and
NADP, respectively (data not shown). Furthermore, HPLC
analysis of PfNAD before and after incubation with meso-
philic alcohol dehydrogenase indicated the formation of a
peak with a retention time identical to that of NADH.
Similarly, the product formed after reduction of PfNADP
with mesophilic glucose-6-phosphate dehydrogenase had a
retention time identical to that of NADPH. These results
demonstrate that the redox cofactors PfNAD and PfNADP

purified from

 

 P. furiosus

 

 are, indeed, NAD and NADP,
respectively. In a separate experiment, known amounts of
authentic NAD or NADP were added to a cell-free extract
of

 

 P. furiosus.

 

 Using them as internal standards, it was esti-
mated that at least 90% of nucleotides were recovered after
the purification procedure.

Cellular concentrations of redox cofactors

The intracellular concentrations of NAD and NADP were
measured  throughout  the  growth  phase  of

 

 P.  furiosus

 

when it was grown in a 600-l fermenter. Both nucleotides
decreased slightly in concentration during the transition
from the lag phase to the exponential phase (Fig. 2). The
average concentrations of NAD and NADP in the exponen-
tial phase were 0.17 and 0.13 mM, respectively. Using the
same techniques that were applied to

 

 P. furiosus

 

, the intra-
cellular concentrations of NAD and NADP in

 

 E. coli

 

 were
estimated at 1.0 mM and 0.2 mM, respectively, which are in
excellent agreement with the published values (London and
Knight 1966). For

 

 Salmonella typhimurium

 

, the intracellular
amounts of NAD and NADP were reported to be 0.80 and
0.06 mM, respectively (Bochner and Ames 1982). Thus, the
amount of NAD in

 

 P. furiosus

 

 is significantly lower (more
than four-fold) than that in the two mesophilic organisms,
although the NADP concentration is comparable. On the
other hand, the internal concentrations of NADH and
NADPH in

 

 P. furiosus

 

 were determined to be 0.14 and
0.04 mM, respectively. Thus, the total values for NAD(H)
and for NADP(H) in

 

 P. furiosus

 

 are 0.31  and 0.17 mM,
respectively, with an overall cellular concentration of
0.48 mM for NAD(P)(H). For comparison, the concentra-
tions of NAD(H) and NADPH in

 

 Salmonella typhimurium

 

are 0.81 and 0.2 mM, respectively, for an overall
NAD(P)(H) concentration of 1.01 mM (Bochner and Ames
1982), more than twice that in

 

 P. furiosus

 

.

 

2

 

Fig. 2.

 

Effect of growth phase of

 

 P. furiosus

 

 on intracellular concentra-
tions of nicotinamide adenine dinucleotide (NAD) (

 

closed squares

 

)
and NADP (

 

closed circles

 

). The other curve (

 

open squares

 

) indicates
cell density

 

1

 

Fig. 1.

 

Electrospray mass spectrum of PfNADP (Pf-nicotinamide
adenine dinucleotide phosphate) purified from

 

 Pyrococcus furiosus

 

.
The observed

 

 M

 

r

 

 at

 

 m/z

 

 741.8 represents the deprotonated nucleotide
(

 

M-H

 

)
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The intracellular concentrations of the pyridine nucle-
otide coenzymes in

 

 P. furiosus

 

 appear to be in accordance
with the fact that the enzymes that utilize these nucleotides
which have been characterized from

 

 P. furiosus

 

 typically
have much higher catalytic efficiencies with NADP; these
include enzymes such as hydrogenase (I), ferredoxin :
NADP oxidoreductase, and glutamate dehydrogenase
(Robb et al. 1992; Ma and Adams 1994; Ma et al. 1994). There
are exceptions, however;  although hydrogenase I of

 

 P. furi-
osus

 

 is virtually inactive with NAD, hydrogenase II utilizes
the two nucleotides with comparable efficiency (Ma et al.
2000). Although a preference for NADP is in general agree-
ment with the lower NAD : NADP ratio (compared to

 

 E. coli

 

and

 

 S. typhimurium

 

), the reason for this remains unknown.
Similarly, why the overall concentration of NAD(H) in

 

 P.
furiosus

 

 is much lower than that in the mesophilic organisms
is also unclear. Even if, in general terms, redox-active
enzymes in

 

 P. furiosus

 

 discriminate against NAD(P) in favor
of ferredoxin (Daniel and Danson 1995; Daniel 1998), this
finding does not correlate with lower nucleotide concentra-
tions. The latter would require that enzymes that use such
cofactors have higher affinities for them than do the compa-
rable mesophilic enzymes. As yet, insufficient data have been
accumulated to decide whether this is generally the case.

In mesophilic organisms, pyridine nucleotides can be
synthesized de novo or can be recovered via specific salvage
pathways for degradation products of NAD metabolism
(Moat and Foster 1987). All these pathways contain a com-
mon step involving the conversion of nicotinamide mono-
nucleotide (NMN) to NAD, a reaction catalyzed by the
enzyme nicotinamide mononucleotide adenyltransferase
(Raffaelli et al. 1997). Sequence analysis of the genome
from

 

 P. furiosus

 

 (http://comb5-156.umbi.umd.edu/gene-
mate/) shows that it contains a gene with high similarity
(64%, 50% identity) to the nicotinamide mononucleotide
adenyltransferase from the hyperthermophilic archaeon

 

Methanococcus jannaschii

 

 (Bult et al. 1996). In addition, P.
furiosus contains genes with similarity to the enzymes
aspartate oxidase and quinolinate synthetase, both of which
are thought to be involved in the de novo synthesis of NAD
in mesophilic organisms (Moat and Foster 1987). The pres-
ence of these synthesis pathways combined with the unam-
biguous identification of these two nucleotides in P. furiosus
indicates that, in spite of their instability at high tempera-
ture, both NAD and NADP play important roles in the
metabolism of P. furiosus and presumably in other
hyperthermophiles.

The presence of NAD(P) in hyperthermophiles such as
P. furiosus poses this question: how can such organisms
maintain adequate concentrations of these compounds at
physiological temperatures? A possible explanation is that
their biosynthesis near 100°C occurs at much higher rates
than in mesophilic organisms. Alternatively, specific pro-
teins or organic compounds could be present in the cyto-
plasm of hyperthermophiles to protect the nicotinamide
nucleotides against thermal denaturation. Many hyper-
thermophiles do indeed contain high concentrations of
unusual solutes, typically phosphocompounds of various
forms (Martins and Santos 1995; Martins et al. 1997;
Ramakrishnan et al. 1997; Lamosa et al. 2000). However,

this is not a universal phenomenon in the hyperthermo-
philic world, and none of the compounds that have been
characterized has been reported to stabilize nucleotide
cofactors. To investigate this possibility, we compared the
thermal stability of NAD(P)(H) in a cell-free extract and in
buffer at 90°C (pH 5.8), but there were no significant differ-
ences. For example, in both cases, the half-life of NAD was
about 10 min, and more than 95% of the NADPH was
destroyed after this same period. In any event, the unam-
biguous identification of the different pyridine nucleotides
present in P. furiosus is the first step toward the elucidation
of the precise mechanisms by which these organisms main-
tain and utilize them, albeit at reduced concentrations,
under extreme conditions.
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