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ABSTRACT Microorganisms growing near the boiling point have enormous biotechnological potential but only recently have
molecular engineering tools become available for them. We have engineered the hyperthermophilic archaeon Pyrococcus furio-
sus, which grows optimally at 100°C, to switch its end products of fermentation in a temperature-controlled fashion without the
need for chemical inducers. The recombinant strain (LAC) expresses a gene (Idh) encoding lactate dehydrogenase from the mod-
erately thermophilic Caldicellulosiruptor bescii (optimal growth temperature [T,,,,] of 78°C) controlled by a “cold shock” pro-
moter that is upregulated when cells are transferred from 98°C to 72°C. At 98°C, the LAC strain fermented sugar to produce ace-
tate and hydrogen as end products, and lactate was not detected. When the LAC strain was grown at 72°C, up to 3 mM lactate was
produced instead. Expression of a gene from a moderately thermophilic bacterium in a hyperthermophilic archaeon at tempera-
tures at which the hyperthermophile has low metabolic activity provides a new perspective to engineering microorganisms for
bioproduct and biofuel formation.

IMPORTANCE Extremely thermostable enzymes from microorganisms that grow near or above the boiling point of water are al-
ready used in biotechnology. However, the use of hyperthermophilic microorganisms themselves for biotechnological applica-
tions has been limited by the lack of their genetic accessibility. Recently, a genetic system for Pyrococcus furiosus, which grows
optimally near 100°C, was developed in our laboratory. In this study, we present the first heterologous protein expression system
for a microorganism that grows optimally at 100°C, a first step towards the potential expression of genes involved in biomass
degradation or biofuel production in hyperthermophiles. Moreover, we developed the first system for specific gene induction in
P. furiosus. As the cold shock promoter for protein expression used in this study is activated at suboptimal growth temperatures
of P. furiosus, it is a powerful genetic tool for protein expression with minimal interference of the host’s metabolism and without

the need for chemical inducers.
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ince the discovery of hyperthermophiles in the 1980s (1), hy-

perthermophiles have attracted a great deal of attention due to
their ability to grow optimally at temperatures above 80°C. Virtu-
ally all are classified within the archaeal domain rather than the
bacterial domain. In addition to their evolutionary implications,
hyperthermostable enzymes are of high biotechnological interest
(2—4), since many industrial processes are facilitated by elevated
temperatures and organisms that grow under such conditions can
be used without risk of contamination (3). Although the ability to
metabolically engineer microorganisms is a prerequisite for their
utility as whole-cell biocatalysts, the genetic manipulation of hy-
perthermophiles is a very recent development. Targeted modifi-
cations of the chromosome have so far been reported only for
those microorganisms growing optimally near 80°C or so, which
include Sulfolobus acidocaldarius (optimal growth temperature
[T,¢] of 80°C) and the related species Sulfolobus solfataricus (T,
of 75°C) (5, 6) and Thermococcus kodakarensis (T, of 85°C) (7).
Very recently, however, we developed a genetic system for Pyro-
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coccus furiosus, the first for an organism that grows optimally near
100°C (8). P. furiosus is one of the best-studied hyperthermo-
philes, belonging to the same family as T. kodakarensis but with a
much higher optimal growth temperature (9). P. furiosus is a strict
anaerobe and obtains carbon and energy for growth by the fer-
mentation of carbohydrates and peptides with organic acids, CO,,
and H, as end products (10).

A variant of wild-type P. furiosus (DSM 3638) was recently
isolated. This strain takes up DNA very efficiently to create a ge-
netically modified P. furiosus strain (COM1) by the targeted and
markerless deletion of the pyrF gene that encodes orotidine-5’-
monophosphate (OMP) decarboxylase, which is essential for ura-
cil biosynthesis (8). Moreover, linear DNA could be used to trans-
form P. furiosus, and the DNA was integrated into the
chromosome by homologous recombination. The COM1 strain
was also used to overexpress a minimal form of the cytoplasmic
hydrogenase (SHI) of P. furiosus (11). This study utilized a new
selective marker for P. furiosus based on previous work with
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TABLE 1 Pyrococcus furiosus strains used in this study

Strain Relevant genotype Parent strain Requirement Source
DSM 3638 Wild type NA2 NA 9

COM1 ApyrF DSM 3638 Uracil (20 uM) 8

ApdaD ApyrF ApdaD::P ., pyrF COM1 Agmatine (4 mM) This study
LAC ApyrF ApdaD::pdaD P, ,Cbes-ldh ApdaD Uracil (20 uM) This study

2 NA, not available.

T. kodakarensis (12) in which the deletion of the gene (pdaD)
encoding pyruvoyl-dependent arginine decarboxylase led to an
auxotrophy for agmatine, an essential intermediate in polyamine
biosynthesis (13) and in translation (14). Agmatine is not present
in complex growth substrates, such as yeast extract and casein,
thus allowing the use of rich media for P. furiosus mutant selec-
tion.

The availability of a genetic system for an organism growing
optimally at 100°C opens up the possibility of engineering the
temperature-dependent heterologous expression of genes encod-
ing enzymes that are active at suboptimal growth temperatures for
the host. Depending on the temperature, the host organism can
have lower metabolic activity or be virtually inactive. For example,
the generation time of P. furiosus increases from less than 1 h at
98°C to about 7 h at 72°C (15), with little growth below 65°C (9).
Production of enzymes optimally active near 70°C or so could give
P. furiosus new metabolic capabilities at this temperature that it
does not have at the optimum near 100°C where the heterolo-
gously produced enzymes would likely be inactive. Similarly, at
even lower temperatures (<60°C), P. furiosus could be a nonme-
tabolizing host, and chemical conversions could be accomplished
only by the heterologously produced enzymes. While heterolo-
gous gene expression has already been reported using the related
hyperthermopbhile, T. kodakarensis (16, 17), this involved genes
from archaeal species that grow at temperatures comparable to
that of T. kodakarensis. In this study, our goal was to heterolo-
gously express in P. furiosus a gene from a bacterium that grows at
significantly lower temperature and demonstrate temperature-
dependent generation of a new end product in the absence of any
chemical inducer for gene expression.

The use of temperature to change metabolism might be feasible
if, at the higher temperature, the heterologously produced en-
zymes are unstable and degraded by the hyperthermophile. How-
ever, it would obviously be more efficient if the genes that encode
the foreign proteins were transcribed only at suboptimal temper-
atures. In a previous study, we showed that when P. furiosus was
grown at 72°C, rather than near the optimum at 98°C, or if cells
growing at 98°C were “cold shocked” by transferring them to
72°C, the expression of numerous genes was upregulated signifi-
cantly (15). One of the most highly expressed genes encoded a
membrane-bound glycoprotein, the so-called cold-induced pro-
tein A, or CipA (PF0190), which was upregulated 26-fold (as de-
termined by quantitative PCR [qPCR] analysis) at 72°C (15). The
cipA promoter, P;,,, was therefore chosen for the attempt to in-
duce expression of a bacterial gene at suboptimal growth temper-
ature for the host.

For proof of principle of a temperature-dependent metabolic
switch in P. furiosus, we selected a bacterial gene that has no ho-
molog in the P. furiosus genome and one that is involved in the
metabolism of a compound that P. furiosus is not known to pro-
duce. The anaerobic bacterium Caldicellulosiruptor bescii grows
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optimally at 78°C by sugar fermentation and produces lactate at
millimolar concentrations as the main end product (18). Lactate is
generated by the reduction of pyruvate catalyzed by an NADH-
dependent lactate dehydrogenase (LDH) encoded by Cbes_1918
(Idh). In contrast, while P. furiosus also ferments sugars to pyru-
vate, its genome does not contain a gene encoding an LDH ho-
molog, and the organism oxidizes pyruvate by pyruvate ferre-
doxin oxidoreductase to produce acetate, CO,, and H, as the
primary products (Fig. 1A). The goal was therefore to express the
LDH gene of C. bescii in P. furiosus under control of the P, 4
promoter and determine whether any lactate is produced during
growth at 72°C, but not at 98°C (Fig. 1A).

RESULTS

To construct a P. furiosus strain containing the C. bescii Idh gene
under control of the P, promoter, the P;,,Cbes-Idh gene fusion
was cloned in the plasmid vector pSPF300 in Escherichia coli (Fig. 2
and Table 1). The agmatine-requiring P. furiosus mutant strain,
ApdaD strain, was used as the host (11). This strain is deficient in
agmatine biosynthesis, as the pdaA gene is replaced by pyrF, an
essential gene for uracil biosynthesis (Table 1). The linearized
plasmid containing P ;,,Cbes-Idh (Fig. 2) was used to complement
the pdaD gene into the P. furiosus chromosome by replacing the
pyrF gene by homologous recombination. The resulting transfor-
mants (ApyrF) required uracil but did not require agmatine for
growth (Fig. 3). Plasmid integration was confirmed by PCR and
for one colony by DNA sequencing. The recombinant P. furiosus
strain was named LAC (Table 1). To investigate the expression of
C. bescii Idh in P. furiosus and the production of lactate, the LAC
strain was grown in batch culture under three different condi-
tions: (i) in closed, static cultures (400-ml scale) at 72°C and at
98°C with no pH control; (ii) in Ar-sparged, stirred cultures (15-
liter scale) at 72°C with pH control; and (iii) in Ar-sparged, stirred
cultures at 94°C with a pH control (15-liter scale) followed by
rapid cooling of the culture to 72°C within 10 min (cold shock).
The recombinant strains of P. furiosus were grown at 98°C and
at 72°Cin closed, static cultures without a pH control. The ApdaD
and LAC strains grew at 98°C to comparable cell densities after
12 h (>108 cells/ml, >50 ug protein/ml), but at 72°C growth was
still very poor even after 45 h (<108 cells/ml, <20 g protein/ml).
Interestingly, cells changed their morphology at 72°C, becoming
light refracting, and larger (up to 5 um), in accordance with the
upregulation of the expression of a wide range of genes, including
those encoding numerous membrane-bound proteins (15). To
determine whether recombinant protein production was success-
ful, the cells were lysed by sonication, and the activity of NAD-
dependent lactate dehydrogenase (LDH) was determined in cell-
free extracts at 75°C. The activity of NAD-dependent glutamate
dehydrogenase (GDH), a well-characterized cytoplasmic enzyme
of P. furiosus (19), was used as a control. The wild-type, ApdaD,
and LAC strains had comparable specific activities of GDH when
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FIG 1 Recombinant expression of lactate dehydrogenase (LDH) in P. furiosus strain LAC changes its fermentation pattern. (A) Concept of temperature-
dependent switch in end product formation by P. furiosus. Abbreviations: GAPOR, glyceraldehyde-3-phosphate ferredoxin oxidoreductase; POR, pyruvate
ferredoxin oxidoreductase; Fd, ferredoxin; acetyl-CoA, acetyl coenzyme A; Cbes LDH, C. bescii LDH. (B) Specific activity of lactate dehydrogenase in the protein
extract of C. bescii DSM 6725, P. furiosus DSM 3638 (wild type), P. furiosus ApdaD host strain, and P. furiosus LAC obtained from 400-ml batch cultures. (C)
Lactate production in the same P. furiosus cultures. Values given are averages = standard deviations (SD) (error bars) of three independent biological cultures.

grown at 72°C (0.09 to 0.11 U mg—!) and when grown at 98°C
(0.14 to 0.27 U mg!). LDH activity was not detected
(<0.05U mg 1) in cell-free extracts of any strain grown at 98°C or
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FIG 2 Plasmid vector pMPF301 containing the pdaD P ;,,Cbes-Idh cassette,
1-kb upstream and downstream flanking regions of the pdaD gene and the apr
gene as a selective marker in Escherichia coli (apramycin resistance). Plasmid
diagrams were constructed using Vector NTI software (Invitrogen).
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in extracts of cells of the wild-type and parent strains grown at
72°C. However, extracts of the LAC strain grown at 72°C had high
LDH activity (1.8 = 0.1 Umg™!). C. bescii Idh is the first bacterial
gene to be expressed and to yield an active enzyme in P. furiosus
(Fig. 1A). Remarkably, the specific activity of LDH in P. furiosus
was comparable to that measured in cell-free extracts of
cellobiose-grown C. bescii (2.5 = 0.7 U mg ™~ !; Fig. 1B), conditions
under which C. bescii produces lactate as the major metabolic
product. Moreover, while lactate was not detected (<20 uM) in
the growth medium of any of the P. furiosus strains grown at 98°C
or in the wild-type and parent strains grown at 72°C, the medium
of the LAC strain contained 0.47 = 0.14 mM lactate (Fig. 1C).
Growth of the P. furiosus LAC strain at 72°C was scaled up in a
stirred, pH-controlled fermentor (15 liters), conditions under
which good growth of P. furiosus is obtained even at this low tem-
perature (15). The organism reached a maximum cell density after
approximately 50 h (1 X 108 ml~!, 60 ug ml—!) (Fig. 4A) and
remained stable in stationary phase for a further 28 h. The specific
activity of LDH in the cell extract was the same as that measured in
the small-scale cultures and remained unchanged (2.0 =
0.4 Umg ') in exponential (at 38 h [Fig. 4A]), early stationary (at
59 h), and late stationary (at 78 h) growth phase. Consequently,
the amount of lactate produced paralleled the cell density. This
reached a concentration near 3 mM in stationary phase, which was
approximately half of the concentration of acetate that was pro-
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FIG 3 Cloning strategy for the mutant strain P. furiosus LAC. The fusion product P;,,Cbes-Idh was obtained by overlapping PCR and integrated into vector
pSPF300 (11). The new vector, pMPF301 (Fig. 2), additionally carried the pdaD gene essential for agmatine biosynthesis and 1-kb upstream and downstream
flanking regions of the pdaD gene. Linearized DNA was used for transformation of the P. furiosus ApdaD host strain. The pdaD P, ,Cbes-Idh cassette integrated
into the genome by homologous recombination, replacing the P, pyrF cassette. Therefore, the resulting new strain, P. furiosus LAC, exhibits a uracil auxotrophy,

but does not, in contrast to the host, require agmatine for growth.

duced (Fig. 4A). Therefore, we conclude that the P. furiosus LAC
strain is robust and can be cultivated in large volumes with a
specific LDH activity comparable to that measured in uncon-
trolled batch cultures but with higher yields of both total protein
and lactate.

LDH activity and transcription of the C. bescii LDH gene were
measured in the P. furiosus LAC strain over the growth tempera-
ture range from 72 to 83°C. Transcription of the Idh gene from C.
bescii (Cbes-ldh) is controlled by the P, promoter, and the cor-
responding CipA protein was reported previously to be produced
at 72°C (15), although no data are available on its expression at
other temperatures. While the growth rate of P. furiosus LAC dras-
tically increases with increasing temperature, the highest relative
Cbes-ldh mRNA level was found in cultures grown at 72°C
(Fig. 5A). In addition, the highest specific LDH activities were
detected in cultures grown in the 72 to 75°C range (Fig. 5B). Ob-
viously, the promoter induces transcription, and this leads to pro-
tein production at those low temperatures and to reasonable
amounts and activities of the recombinant protein, even though
the culture itself exhibited relatively poor growth (Fig. 5A).

To confirm that producing C. bescii LDH in P. furiosus at 72°C
was comparable to producing the enzyme in C. bescii, we deter-
mined the properties of the recombinant LDH produced in P. fu-
riosus with those of the native LDH produced in C. bescii (Fig. 5C
and D). Both forms of the enzyme had temperature optima near
75°C, close to the optimal growth temperature of C. bescii (18),
and both forms had only barely detectable activity above 90°C,
which is above the maximal growth temperature of C. bescii
(90°C). Moreover, both forms of the enzyme had a relatively long
half-life of about 5 h at the temperature optimum (75°C). Such
stability is comparable to that of the most thermostable LDH pre-
viously reported, the enzyme from Thermotoga maritima, an or-
ganism that has growth properties similar to that of C. bescii (T,
of 80°C) (20).

opt
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In terms of temperature-dependent bioprocessing, a useful ap-
proach would be to grow P. furiosus to a high cell density under
conditions that are nearly optimal for growth in the absence of
heterologous gene expression and then cold shock the culture for
bioproduction generation as a result of heterologous gene expres-
sion. The LAC strain was grown at 94°C, conditions known not to
lead to detectable C. bescii LDH activity or detectable amounts of
Idh mRNA, to a cell density of 2 X 108 ml~!, and the culture was
rapidly cooled to 72°C (over 10 min). At this point, lactate could
not be detected in the culture medium. However, 5 h after the
switch, mRNA corresponding to C. bescii Idh was detected and
lactate was measured in the growth medium (Fig. 4B). Moreover,
the concentration of both Idh mRNA (relative to the level of the
gamma subunit of the constitutively expressed pyruvate-
ferredoxin oxidoreductase) and lactate increased over the follow-
ing 25 h (Fig. 4B), leading to the production of approximately
3 mM lactate. Cells contained C. bescii LDH with a specific activity
of 1.9 = 0.6 U mg~'. The latter value is comparable to those
determined with cells grown in batch culture at 72°C (Fig. 1B),
showing that cold shock bioproduct generation is a valid experi-
mental approach.

DISCUSSION

We have demonstrated that a microorganism (in this case, from
the domain Archaea) that grows optimally near 100°C transcribes
mRNA and produces the corresponding enzyme, LDH, from an-
other microorganism (in this case, from the domain Bacteria) that
grows optimally at 78°C but does so only under the conditions
where the foreign protein shows significant catalytic activity,
namely, below 80°C. The activity of the heterologously expressed
LDH in P. furiosus might be the result of processes at both the RNA
and protein level. First, the relative Idh mRNA level increased due
to the cold-induced promoter, with an upregulation about 10-fold
at 72°C. Although cold-responsive promoters have been previ-
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FIG 4 (A and B) Lactate production (blue squares), acetate production (green triangles), cell density (red circles), and relative mRNA fold expression levels
(broken lines) in 15-liter fermentor cultures of P. furiosus LAC. One culture was grown at 72°C (A), while another culture was grown at 94°C and rapidly cooled
to 72°C after a cell density of 1.5 X 108 was reached (indicated by the black arrow) (B). After the temperature switch, higher mRNA levels for the heterologous
gene Cbes-Idh, high specific activity of lactate dehydrogenase, and a high rate of lactate formation were observed.

ously reported in mesophilic bacteria, they were utilized to facili-
tate protein folding at low temperature (reference 21 and refer-
ences therein) rather than to exploit temperature induction for
biotechnological purposes such as biofuel production. Second,
the stability of the protein and its activity decreased with increas-
ing temperature above 80°C. Interestingly, only two LDHs have
been previously characterized from thermophiles, and they are
homooligomeric enzymes (20, 22). The finding that C. bescii LDH
produced in P. furiosus and C. bescii were similarly thermostable
suggests that the P. furiosus version was correctly assembled into
its multimeric form.

Recombinant production of the C. bescii LDH represents the
first bacterial protein to be expressed in a hyperthermophilic mi-
croorganism from the domain Archaea and one of the first heter-
ologously expressed proteins in archaea in general (16, 17, 23). It
provides interesting options for the future production of other
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bacterial proteins, particularly ones involved with lignocellulosic
biomass degradation, since an archaeon that can degrade crystal-
line cellulose has yet to be reported (2, 3). Indeed, the lactate-
producing strain described here offers a potential platform to en-
hance the temperature limit for lactate production from
lignocellulosic substrates, a process of industrial interest (24).

P. furiosus has therefore been metabolically engineered to
change its end products of fermentation without the need for the
addition of any chemical inducer, and thus any indirect impact on
its metabolism or the accumulation of inducer products. More-
over, we demonstrate that temperature is an effective means of
regulation even using cells grown rapidly to high cell density, par-
ticularly since the corresponding mRNA, enzyme activity, or
product (lactate) could not be detected until the temperature was
lowered. The unusual cold shock response of P. furiosus could be a
powerful tool for biotechnological applications.
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MATERIALS AND METHODS

Strains and media. Pyrococcus furiosus strains used in this study are listed
in Table 1. In the transformation experiments, P. furiosus (DSM 3638) was
cultured with 5 g liter—! maltose as the primary electron donor on liquid
and solid complex medium as previously described (8). In all other exper-
iments, the same medium was used, except that it contained no casein, but
a yeast extract concentration of 2 g liter ! (15). For the cultivation of the
ApdaD mutant strain, 4 mM agmatine (Sigma Chemical, St. Louis, MO)
was added, while the medium for the COM1 and LAC strains was supple-
mented with 20 uM uracil (Table 1). Adapted growth at 72°C and the
temperature shock experiment were performed in a 20-liter custom fer-
mentor as described previously (15). In the temperature shock experi-
ment, the whole culture (15 liters) was rapidly cooled from 94°C to 72°C
within 10 min. Caldicellulosiruptor bescii was grown on complex medium
with 5 g liter ! cellobiose as an electron donor as described previously
(25). Culture growth was in general followed by cell counting and by
determination of protein concentration in subsamples.

Genetic manipulations. Extraction of DNA from C. bescii was per-
formed by the method of Zhou et al. (26). Extraction of DNA from P. fu-
riosus, transformation of P. furiosus, and selection of genetically modified
strains were performed as previously described (8). P. furiosus COM1
served as the parent strain for genetic manipulations. A deletion of the
pyruvoyl-dependent arginine decarboxylase (pdaD) gene (PF1623) was
achieved by homologous recombination with the P,pyrF cassette (11).
The resulting strain, P. furiosus ApdaD strain, was used as the parent strain
for the heterologous expression of the putative l-lactate dehydrogenase of
C. bescii (Cbes1918; Cbes-ldh). Cbes-ldh was amplified by PCR using the
primer set Cbes1918-F (F stands for forward) and Cbes1918-KpnI-R (R
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stands for reverse). The cold-induced promoter P;,, was amplified from
genomic DNA from P. furiosus DSM3638 with the primer set P -
Sacll-F and P;,,-Cbes1918-R. Finally, the fusion product P,;,,Cbes1918
was obtained by overlapping PCR using both products from the PCRs
above and the primers P ;,,-Sacll-F and Cbes1918-KpnI-R. The fusion
product was introduced between the SaclI site and the Kpnl site of the
plasmid vector pSPF300 (11), which additionally contained the pdaD
gene and 1 kb upstream and downstream regions of pdaD. The resulting
plasmid pMPF301 (Fig. 2) was amplified in Escherichia coli XL1 Blue-
MRF’ (Stratagene, now Agilent Technologies, Santa Clara, CA) applying
general genetic techniques (27). The plasmid was digested with the Clal
and Ascl restriction endonucleases, the larger fragment including the
pdaD P, Cbes-ldh cassette was purified with the Strataprep DNA gel
extraction kit (Agilent Technologies) and subsequently used for transfor-
mation of the P. furiosus ApdaD strain (Fig. 3). Verification of the inser-
tion of the pdaD P, ,Cbes-Idh cassette into the chromosome was achieved
by PCR with the primer set PF1623L-F and PF1623R-R located upstream
and downstream of the cassette and subsequent sequencing. All primers
used for PCR are listed in Table 2.

Preparation of cell extracts and enzyme assays. P. furiosus and C.
bescii cells were harvested by centrifugation for 10 min at 6,000 X g. C.
bescii cells were resuspended in 50 mM Tris (pH 8) and disrupted by
sonication (five times, 2 min each time, maximum of 36 W and discon-
tinuous operation at 50% of time). The P. furiosus cells were lysed by
osmotic shock in 50 mM Tris HCI (pH 8.0) and 2 mM sodium dithionite.
The lysis buffer contained 50 mg/ml DNase I (Sigma) to decrease the
viscosity of the protein extract. Fractionation of the resulting protein ex-
tract into the soluble (cytoplasmic) fraction and the membrane fraction
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TABLE 2 Primers used in this study for PCR amplification and gPCR

Engineering a Hyperthermophilic Archaeon

Primer Sequence (5'-3") Source
PC,-P 4-Sacll-F GAATCCCCGCGGTGACCTTTTATCCATTACTAACTTGC This study
P cip 4-Cbes1918-R CAATAATTACAATTTTACCCGGTTTTCTCATTGCATATCACCTGCCAGGTATCTC This study
Cbes1918-F CCTGGCAGGTGATATGCAATGAGAAAACCGGGTAAAATTGTAATTATTGGAAC This study
Cbes1918-KpnlI-R TCGGTTGGTACCAGCCTCCTATTATAGTTTTAAAGACTCTATCACAC This study
PF1623L-F GGAGCTCTGTTGCTTCTGCTAGAG This study
PF1623R-R CTTTTCACCTACTATCTGCTCAAATGC This study
PF0971-qF CGTTGTTGTTGTGCTAGATCC 8
PF0971-qR GATGGCTTCCTCTATGCTCTC 8
Cbes1918-qF GGGCGAACATGGAGACAGTGAAATTG This study
Cbes1918-qR GCCAATGCAATGGCGTAATATGTTGC This study

was achieved by ultracentrifugation at 100,000 X g for 1 h. The membrane
fraction was washed once with 50 mM Tris (pH 8.0) in order to minimize
contamination with soluble proteins. Lactate dehydrogenase (LDH) (EC
1.1.1.27) activity was determined photometrically by the oxidation of
NADH (340 nm) concomitant with lactate formation according to the
following chemical equation: NADH + pyruvate + H* — NAD* +
lactate. The assays were performed aerobically in closed glass cuvettes at
75°C, which contained 2.5 mM NADH in 50 mM sodium phosphate
buffer (pH 7.0). The rate of nonspecific oxidation of NADH was deter-
mined before the reaction was started by the addition of 5 mM pyruvate.
As internal controls for the quality of the P. furiosus protein extracts,
glutamate dehydrogenase (GDH) (EC 1.4.1.2) activity was routinely mea-
sured by the formation of NADPH (340 nm) according to the following
chemical equation: NADP*+ + glutamate + H,0 — 2-oxoglutarate +
NH,* + NADPH. The GDH assay was the same as for LDH except that
NADH was exchanged for NADP* (0.25 mM), and pyruvate was ex-
changed for glutamate (5 mM). The protein content of the cell-free ex-
tracts were determined by the method of Bradford (28).

RNA extraction and quantitative PCR. Cells were harvested for RNA
extraction in the late logarithmic to early stationary phase of the growth
curve unless noted otherwise. Cells were centrifuged for 10 min at 6,000 X
gand frozen until further processing. RNA was extracted using the Abso-
lute RNA miniprep kit (Agilent Technologies), including a DNA digestion
step with Turbo DNase (Ambion, Austin, TX) for 30 min at 37°C. cDNA
was prepared using the Affinity Script cDNA synthesis kit (Agilent Tech-
nologies). All quantitative reverse transcription-PCRs (qQRT-PCRs) were
performed with an Mx3000P instrument (Stratagene), using the Brilliant
Sybr green QPCR master mix (Agilent Technologies). The gamma sub-
unit of the constitutively transcribed gene encoding the pyruvate-
ferredoxin oxidoreductase (29) (PF0971) was used as an internal control
to calculate the relative mRNA level of Cbes-Idh. Primers for qRT-PCR
were designed using the VectorNTI software (Invitrogen). The amplicon
sizes were 194 bp and 267 bp for Cbes-Idh and PF0971, respectively. Prim-
ers were tested for nonspecific products, and all experiments included
controls without the addition of reverse transcriptase in the cDNA syn-
thesis step to test for DNA contamination. The comparative cycle thresh-
old method was used to analyze the resulting data, which are expressed as
a ratio of gene expression change (n-fold). All primers used in qRT-PCR
experiments are listed in Table 2.

Chemical analyses. l-Lactic acid was determined by using the Mega-
zyme l-lactic assay kit (Megazyme, Wicklow, Ireland). Acetate was deter-
mined by high-performance liquid chromatography (HPLC) on a model
2690 separations module (Waters, Milford, MA) equipped with an
Aminex HPX-87H column (300 mm by 7.8 mm; Bio-Rad, Hercules, CA)
and a photodiode array detector (model 996; Waters). The system was
operated with 5 mM H,SO, as the eluent at a flow rate of 0.6 ml min—!.
Samples for HPLC were acidified with 0.1 M H,SO, and centrifuged be-
fore analysis to remove particles. Hydrogen was determined on a GC-8A
gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a thermal
conductivity detector and a molecular sieve column (model 5A 80/100;
Alltech, Deerfield, IL) with argon as the carrier gas.
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