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DNA microarrays were constructed by using 271 open reading frame (ORFs) from the genome of the
archaeon Pyrococcus furiosus. They were used to investigate the effects of elemental sulfur (S°) on the levels of
gene expression in cells grown at 95°C with maltose as the carbon source. The ORFs included those that are
proposed to encode proteins mainly involved in the pathways of sugar and peptide catabolism, in the metab-
olism of metals, and in the biosynthesis of various cofactors, amino acids, and nucleotides. The expression of
21 ORFs decreased by more than fivefold when cells were grown with S° and, of these, 18 encode subunits
associated with three different hydrogenase systems. The remaining three ORFs encode homologs of ornithine
carbamoyltransferase and HypF, both of which appear to be involved in hydrogenase biosynthesis, as well as
a conserved hypothetical protein. The expression of two previously uncharacterized ORFs increased by more
than 25-fold when cells were grown with S°. Their products, termed SipA and SipB (for sulfur-induced
proteins), are proposed to be part of a novel S°-reducing, membrane-associated, iron-sulfur cluster-containing
complex. Two other previously uncharacterized ORFs encoding a putative flavoprotein and a second FeS
protein were upregulated more than sixfold in S°-grown cells, and these are also thought be involved in S°
reduction. Four ORFs that encode homologs of proteins involved in amino acid metabolism were similarly
upregulated in S°-grown cells, a finding consistent with the fact that growth on peptides is a S°-dependent
process. An ORF encoding a homolog of the eukaryotic rRNA processing protein, fibrillarin, was also upregu-
lated sixfold in the presence of S°, although the reason for this is as yet unknown. Of the 20 S°-independent
ORFs that are the most highly expressed (at more than 20 times the detection limit), 12 of them represent
enzymes purified from P. furiosus, but none of the products of the 34 S°-independent ORFs that are not
expressed above the detection limit have been characterized. These results represent the first derived from the
application of DNA microarrays to either an archaeon or a hyperthermophile.

Hyperthermophiles are microorganisms that grow optimally
at temperatures of 80°C and higher, and most are classified as
archaea (65). They are a rather diverse group with respect to
their metabolic capabilities, but many of them utilize peptides
as a carbon source and reduce elemental sulfur (S°) to H2S
(66). Of these, the majority are obligately proteolytic and show
little if any growth unless S° is added to the growth medium.
The exceptions include some species of Pyrococcus that me-
tabolize poly- and oligosaccharides, as well as peptides (3, 4,
15). For example, Pyrococcus furiosus grows on a disaccharide
(maltose) to high cell densities in the absence of S° and pro-
duces H2 as an end product rather than H2S. On the other
hand, P. furiosus requires S° in the growth medium when it
utilizes peptides as a carbon source (1). A comparison of the
activities of some key metabolic enzymes in cells grown either
on peptides (with S°) or on maltose (with or without S°) pro-
vided the first evidence for a highly regulated fermentative-
based metabolism in P. furiosus, with S° or its metabolites
playing a key regulatory role (1). The molecular mechanism by
which S° achieves this control is not known.

The pathways by which P. furiosus metabolizes peptides and
carbohydrates are reasonably well established. The organism
contains a modified Embden-Meyerhof pathway in which hex-
okinase and phosphofructokinase are ADP rather than ATP
dependent (29, 68). In addition, the expected glyceraldehyde-
3-phosphate dehydrogenase and phosphoglycerate kinase are
replaced by a single phosphate-independent enzyme, glyceral-
dehyde-3-phosphate ferredoxin oxidoreductase (GAPOR
[42]), which is regulated at the transcriptional level (69). The
pyruvate produced by this pathway is converted to the end
product acetate in two steps involving pyruvate ferredoxin ox-
idoreductase (POR [5]) and acetyl-coenzyme A (CoA) syn-
thetases I and II (40, 61), with the concomitant production of
ATP from ADP and phosphate. The oxidative steps in the
pathway of acetate production from glucose therefore involve
two ferredoxin-dependent enzymes (GAPOR and POR), and a
similar mechanism is present during peptide catabolism by P.
furiosus. The organism contains, in addition to POR, three
other, ferredoxin-dependent, 2-keto acid oxidoreductases, and
these convert transaminated amino acids into their corre-
sponding CoA derivatives (5, 19, 39), which are then trans-
formed to their corresponding organic acids by the two acetyl-
CoA synthetases with concomitant ATP synthesis (40).

How P. furiosus and related species couple the oxidation of
the reduced ferredoxin generated by the catabolic pathways to
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the reduction of S° is not known. The organism contains three
different hydrogenases: two cytoplasmic, NAD(P)H-depen-
dent enzymes, and one as part of a membrane-bound complex
(9, 38, 59). The cytoplasmic hydrogenases were thought to play
a role in S° reduction since they can reduce S° in vitro (37), but
this appears not to be the case as the total hydrogenase activity
of S°-grown cells is dramatically lower than that of cells grown
without S° (1). The mechanism by which S° affects hydrogenase
activity is not understood. Moreover, the nature of the enzyme
system that reduces S° remains unknown. In mesophilic organ-
isms, the only S°-reducing enzyme that has been well-charac-
terized is the trimeric, membrane-bound, molybdenum (Mo)-
containing, polysulfide reductase of the mesophilic bacterium,
Wolinella succinogenes (32), but the genome of P. furiosus (54)
does not contain ORFs that would encode a homolog of the
mesophilic enzyme. Moreover, P. furiosus is not known to
utilize Mo but contains at least three enzymes that utilize the
analogous element tungsten (W [27]), perhaps suggesting a
role for W in S° reduction.

The ability of P. furiosus to grow well both with and without
S°, together with the availability of its complete genome se-
quence, provide an opportunity to investigate S° metabolism by
expression analysis by using DNA microarrays. In fact, the
genus Pyrococcus is unique in that complete genome sequences
are available from three species; P. horikoshii, P. abyssi, and P.
furiosus (28, 54; D. Prieur, P. Forterre, J.-C. Thierry, and J.
Dietrich [http://www.genoscope.cns.fr/Pab/]). While DNA mi-
croarrays (60) have revolutionized functional genomics in eu-
karyotic systems (e.g., references 14, 56, and 63), there have
been far fewer applications with prokaryotes. Studies initially
focused on pathogens (11, 17, 58, 67, 74) and more recently
have included Escherichia coli (2, 30, 53, 73, 79), Bacillus sub-
tilus (76, 78) and a cyanobacterium (21). As yet there have
been no reports of using this technique with either a hyper-
thermophile or an archaeon. The genome of P. furiosus con-
tains ca. 2,200 open reading frames (ORFs) with �50% of
unknown function. As a prelude to a complete genomic anal-
ysis, we focus here on 271 ORFs that encode proteins that are
proposed to be involved in the primary metabolic pathways,
energy conservation, and metal metabolism. The results indi-
cate that S° or its metabolites play a major regulatory role at
the transciptional level and that S° reduction appears to be
accomplished by a new type of enzyme system involving the
products of previously uncharacterized ORFs.

MATERIALS AND METHODS

Primer design and PCR. Gene sequences were obtained from the P. furiosus
genome site (http://comb5-156.umbi.umd.edu/) (54). Of the 275 ORFs that were
examined in this study, 87 of them are listed in Tables 1 to 4. A complete list of
the 275 ORFs is available at http://adams.bmb.uga.edu/pubs/sup228.pdf. Primers
were designed for the ORFs by using the Primer 3 program (Whitehead Insti-
tute, MIT) and were purchased from Stanford University and from MWG Bio-
tech (High Point, N.C.). For the initial round of PCR the primer pairs were
designed to give products corresponding to the complete ORFs, and this yielded
products for 249 of them as verified by gel electrophoresis. The remaining 42
primer pairs were designed to yield a product of ca. 1 kb (unless the target ORF
was smaller). Of these only four ORFs did not yield suitable PCR products, and
these were not pursued further. PCR products were purified with a Strataprep 96
PCR purification kit (Stratagene, La Jolla, Calif.) and eluted in 33% (vol/vol)
dimethyl sulfoxide. They were spotted in duplicate onto aminosilane coated
slides (Sigma, St. Louis, Mo.) in four subarrays by using a robotic slide printer
(Omnigrid; Genemachines, San Carlos, Calif.). The slides were processed as
previously described (8).

Growth of P. furiosus and RNA preparation. P. furiosus was grown in batch
mode in a 20-liter custom fermentor at 95°C with maltose as the primary carbon
source and was harvested in mid-log phase (1). The only variable was the
presence or absence of S°. The cells that were used to prepare RNA for the
microarray analyses were from experiments that have been described previously
(1). In that case, activity assays were determined for more than 20 enzymes
involved in the primary metabolic pathways by using cytoplasmic and membrane
fractions, and these results are referred to below. Samples (2,000 ml) of the same
cultures were cooled on ice, and total RNA was extracted by using acid-phenol
extraction (71). No significant contamination of the RNA with genomic DNA
could be detected by Northern blot hybridization or preliminary microarray
experiments (data not shown), and so a DNase treatment was not used.

Preparation of cDNA and hybridization conditions. Fluorescently labeled
cDNA was prepared with the ARES DNA Labeling Kit (Molecular Probes,
Eugene, Oreg.). In brief, 15 �g of total RNA was reversed transcribed in a total
volume of 20 �l by using Stratascript RT (Stratagene, La Jolla, Calif.) in the
presence of 1 mM dATP, 1 mM CTP, 1 mM GTP, 0.3 mM dTTP, 0.5 mM
aminoallyl dUTP, and 1 �g of random 9-mers (Stratagene) according to the
manufacturer’s instructions. After a 1.5 h of incubation at 42°C, RNA was
destroyed by the addition of 0.1 N NaOH, followed by a 10-min incubation at
70°C. After neutralization with 0.1 N HCl, amine-modified cDNA was purified by
using a QIAquick PCR Purification Kit (Qiagen, Valencia, Calif.), except that
the wash buffer was replaced with 75% (vol/vol) ethanol, and the cDNA was
eluted with 45 �l of distilled water and dried under vacuum. The amine modified
cDNA was labeled with Alexa 488 or Alexa 594 dyes (Molecular Probes) ac-
cording to the manufacturer’s instructions. Alexa 546 was used as third dye for
the triple-labeling experiments. The labeled cDNA was purified with the Qiagen
kit as described above and was dried under vacuum. Differentially labeled (Alexa
488 and Alexa 594) cDNA derived from P. furiosus cells grown in the presence
or absence of S° was pooled and hybridized to the microarrays. The labeled
cDNA was dissolved in 20 �l of hybridization buffer (Sigma), and hybridization
was performed under a coverslip at 65°C in a humidity chamber (Arrayit,
Sunnyville, Calif.) for between 10 and 15 h. The slides were then washed twice for
5 min in each of 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
0.1% sodium dodecyl sulfate (SDS), and 0.2� SSC–0.1% SDS and then rinsed in
distilled water and blown dry with compressed air. The intensities of the Alexa
488 and Alexa 594 dyes were measured by using a Scan Array 5000 spectrometer
(Packard, Meriden, Conn.) with the appropriate laser and filter settings and
analyzed by using Quantarray (Packard).

Data analysis. To compute signal intensities for each ORF, the areas sur-
rounding each spot were taken as the background, and 17 control spots, where
only spotting buffer was printed, were included on the 384-spot array. The
control spots were corrected for local background, and the average was used to
correct the signals from each ORF after their background correction. The rela-
tive amounts of the transcripts (with or without S°) are presented in a linear
fashion by converting all ratios to a log2 function. For the two different growth
conditions tested, a negative value of less than �2.3 represents a �5-fold down-
regulation of expression from a given ORF by S°, and this corresponds to a green
color in a false color overlay. Conversely, a positive value graeater than 2.3
represents a �5-fold upregulation and corresponds to a red color in a false color
overlay. ORFs that display log2 values between approximately �1 and 1 are
minimally affected by S° and show a yellow color on the overlay. The detection
limit of fluorescent signals was set arbitrary to 1,000 intensity units (see Fig. 1)
and such spots are not visible on the false overlay. Only ORFs that display
intensities more than twice the detection limit are considered valid. Conversion
of intensity ratios enables the data to be presented as a log2 value with a standard
deviation (SD). This represents an average of six hybridization experiments with
cDNA derived from five different cultures of P. furiosus: two grown with S° and
three grown without it. In preliminary experiments we did not observe any
significance difference in the quality of the data between different Alexa dyes
(Molecular Probes) nor when the Alexa dyes were replaced with CY3 and CY5
(Amersham, Piscataway, N.J.), dyes that are more usually used as fluorescent
labels (12). The advantage of the Alexa dyes is that labeling with three dyes is
possible with the lasers and filters available in the Scanarray 5000 (Packard).
Statistical significance of the observed fluorescence signal ratios was obtained by
a paired t test analysis by using the statistical software JMP4 (SAS Institute, Cary,
N.C.).

RESULTS AND DISCUSSION

Selection of ORFs. Of the ca. 2,200 ORFs in the P. furiosus
genome (54), 271 were selected for microarray analysis. The
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targets were putative genes involved in the primary metabolic
pathways of carbon, nitrogen, and energy metabolism, and
those that are, or might be, related to the metabolism of S° and
H2. They included ORFs that are proposed to encode various
enzymes and proteins involved in the pathways of sugar and
peptide catabolism; the utilization of metals (such as Fe, Ni,
W, and Mo); and the biosynthesis of cofactors, amino acids,
lipids, polyamines, ribosomes, and nucleotides, together with
putative chaperonins, ATPases, and transcriptional regulators.
Unless otherwise indicated, each ORF is referred to by its end
nucleotide number and by its current annotation, which is
based on homology searches (depicted in brackets [see Table 1
and reference 54]). It is specifically noted in Tables 1 to 4
where there are experimental data derived by using P. furiosus
to support the ORF assignment (given without brackets and
with a reference, see Table 1).

Experimental protocols and data analysis. The efficacy of
the microarray experiment with mRNA derived from P. furio-
sus cells is shown in Fig. 1. Figure 1A shows data with differ-
entially labeled cDNA samples of RNA prepared from the

same batch of cells, grown with maltose in the absence of S°,
and hybridized to the same microarray. The intensity of the
fluorescence signals varied over a range of more than 103, a
finding consistent with what has been reported with other
organisms (26, 34, 46, 78). Those ORFs with intensities of
below ca. 2,000 (Fig. 1A) are considered below the detection
limit, and it cannot be concluded that these ORFs are ex-
pressed to a significant degree. From Fig. 1A it is clear that
ORFs that give rise to low-intensity signals show a high devi-
ation because of background fluorescence, whereas the data
derived from ORFs that give high signal intensities lie near or
on the diagonal.

As shown in Fig. 1B, S° and/or its metabolites clearly have a
dramatic effect on the expression of many of the 271 ORFs that
were examined. It was previously shown that the presence of S°
in the growth medium affects the activities of several metabolic
enzymes (1). The microarray data indicate that this regulation
is primarily at the transcriptional level. We focus below on
ORFs whose expression appears to be strongly regulated by S°,
where the signal intensity changes by at least fivefold (shown by
the upper and lower diagonal lines in Fig. 1B). The standard
deviations (log2 intensity ratios) for almost all of these ORFs
are �2, and they are differentially regulated with at least a 95%
confidence level as determined by using a paired t test analysis
(P � 0.95). However, there are three exceptions. These are
ORFs 1419794 (formate dehydrogenase �-chain), 156299 (3-
isopropyl malate dehydrogenase), and 438413 (phosphoribo-
sylglycinamide formyltransferase) whose log2 intensities
showed deviations of �2 (P � 0.90). For these ORFs a large
variation in the ratios was obtained by using the same growth
condition (maltose without S°). This was verified when cDNA
samples from three independently grown cultures were sepa-
rately labeled with the Alexa 488, Alexa 546, or Alexa 594 dyes,
and all three cDNAs were hybridized to the same slide. Only
these three (of 271) ORFs showed distinct false colors, indi-
cating differential expression in one of the three samples. The
reasons for this are not clear, but these ORFs appear not to be
regulated by S° and are not considered further.

ORFs strongly downregulated by S°. The expression of 21 of
the 271 ORFs examined decreased by more than a factor of 5
when RNA was derived from cells grown with S° (Fig. 1B), and
these are listed in Table 1. Of these, 18 ORFs encode subunits
associated with the three different hydrogenase systems that
have been characterized from P. furiosus. These include those
encoding six of the eight subunits of the two cytoplasmic hy-
drogenases (I and II [38, 50]), whose expression decreases
between 6- and 14-fold in the presence of S° (Table 1). Ex-
pression of the other two ORFs (encoding the �- and �-sub-
units of hydrogenase I) decrease by 2.2- to 4.8-fold. These data
are in accord with the report that the presence of S° in the
medium decreased the total hydrogenase activity of the cyto-
plasmic fraction by ca. 16-fold (1). Since the specific activity of
hydrogenase I is ca. 10-fold higher that of hydrogenase II in in
vitro assays, it was not possible to determine from the activity
analyses if hydrogenase II activity was regulated by S°. How-
ever, the microarray data clearly show that both hydrogenases
are strongly regulated. Moreover, S° regulates the expression
of the genes encoding the cytoplasmic hydrogenases in a neg-
ative fashion, rather than S° (or its metabolites) having some
inhibitory effect on activity. Obviously, these hydrogenases are

FIG. 1. Fluorescence intensities of DNA microarrays. (A) cDNA
versus cDNA derived from the same cultures of cells grown on maltose
(no S°). (B) cDNA versus cDNA derived from cells grown on maltose
with or without S°. The upper and lower diagonal lines indicate fivefold
changes in the signal intensities. See the text for details.
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unlikely to play a role in S° reduction, as originally suggested
(37).

It was previously shown that the activity of the membrane-
bound hydrogenase of P. furiosus decreases by almost 30-fold
when cells are grown in the presence of S° (1). After solubili-
zation and purification from cells grown in the absence of S°,
the enzyme contained two subunits (Mbh11 and Mbh12) and,
based on their N-terminal sequences, the genes encoding them
were proposed to be part of a 14-ORF operon (Mbh1 to -14
[59]). All but one (Mbh7) of the 14 ORFs were included on the
DNA microarray. As shown in Table 1, the expression of all
but one of them decreased by more than 5-fold in the presence
of S° (the remainder, Mbh9, decreased by 4.2-fold). These data
confirm that the 14 ORFs do indeed constitute an operon and
that its products are involved in the metabolism of H2. The
average fluorescence intensities associated with the 13 ORFs
of the membrane-bound hydrogenase operon are shown in Fig.
2, along with the values for the eight subunits that encode the
two cytoplasmic hydrogenases. The ORFs are depicted accord-
ing to their order in their respective operons. All show a similar
pattern in that they are downregulated to close to the detection
limit (see Fig. 1B) in the presence of S°, a finding consistent
with barely detectable hydrogenase activities in cell extracts
(1). The apparent exception is the ORF encoding the �-sub-
unit of hydrogenase I. Although this ORF is expressed at about
five times the detection limit, the results show that it is regu-
lated by S° as determined by the paired t test analysis (P �
0.98). However, the 3	 end of this ORF (ORF 867811) overlaps
by two nucleotides with the 3	 end of an ORF (ORF 867808)
on the opposing strand. If the untranslated 3	 end of ORF
867811 mRNA extends far enough into the complementary
strand of hyhA, this could give rise to a “false signal” due to

cross-hybridization. ORF 867811 encodes a putative ABC
transporter (ATP binding protein) and was not included on the
microarray. The interference of overlapping mRNAs in mi-
croarray analyses has been reported (30), although it has not
been systematically analyzed with any genome. With the 18
hydrogenase-related ORFs (Fig. 2), there is considerable vari-
ation in the absolute signal intensities, but this appears to arise
to some extent from the differences in ORF sizes, several of
which are �500 bp.

Hence, of the 21 ORFs (from the total 271 ORFs) that are
strongly downregulated (�5-fold) in the presence of S°, 18
represent structural genes for the three hydrogenases. Of the
other three S°-responsive ORFs, one (ORF 577932) showed an
almost 40-fold decrease in expression, the largest of any of the
downregulated ORFs (Table 1). ORF 577932 is annotated as
hypF and shows 37% sequence identity to its closest homolog,
HypF, from the aerobic bacterium Ralstonia eutrophicus (75).
HypF is thought to be involved in biosynthesis of the metal site
of [NiFe]-hydrogenases. There is only one gene of this type in
P. furiosus so it appears that, as in E. coli (25), one HypF
protein is involved in the maturation of three different hydro-
genases (two cytoplasmic and one membrane bound). One
would expect HypFA, as a processing enzyme, to be present at
low intracellular concentrations, and the reason why its gene
appears to be so strongly regulated by S° is not clear at this
point. P. furiosus contains homologs of several other genes that
are involved in hydrogenase maturation and metal insertion in
mesophilic bacteria. These include hycI (ORF 637303) and
hypACDE (ORFs 636092, 566869, 567973, and 626147; a ver-
sion of hypB appears not to be present in the P. furiosus
genome). These ORFs were also included on the microarray.
The expression of the hyp genes, which are all expressed at

TABLE 1. ORFs whose expression is dramatically (�5-fold) downregulated by S°

ORFa Descriptionb Mean intensity ratio
(log2 
 SD)c

Change in expression
(fold)c

577932 [Hydrogenase expression and/or formation regulatory protein, hypF] 5.28 
 0.89 39.0
1337916 Membrane-bound hydrogenase ORF1, mbh1d 4.14 
 0.80 17.6
1251888 Hydrogenase II gamma, hyhG2 (38) 3.78 
 1.47 13.7
1338167 Membrane-bound hydrogenase ORF2, mbh2d 3.77 
 1.29 13.6
1339081 Membrane-bound hydrogenase ORF5, mbh5d 3.68 
 1.30 12.8
1339520 Membrane-bound hydrogenase ORF6, mbh6d 3.65 
 0.77 12.6
1253842 Hydrogenase II alpha, hyhL2 (38) 3.57 
 1.45 11.8
1341399 Membrane-bound hydrogenase ORF8 (like cooM and mbh8)d 3.49 
 0.79 11.2
1338538 Membrane-bound hydrogenase ORF3, mbh3d 3.31 
 1.66 9.9
1252601 Hydrogenase II delta, hyhS2 (38) 3.25 
 1.43 9.5
1342770 Membrane-bound hydrogenase ORF11, mbh11d 3.06 
 1.22 8.3
866528 Hydrogenase I delta, hyhS1 (37) 2.95 
 0.66 7.7
1345018 Membrane-bound hydrogenase ORF13 (like hydC, cooK, echB, and mbh13)d 2.77 
 0.85 6.8
1345434 Membrane-bound hydrogenase ORF14 (like hycF, echF, cooX, and mbh14)d 2.73 
 1.40 6.6
1344050 Membrane-bound hydrogenase ORF12, catalytic NiFe subunit, mbh12 (59) 2.68 
 0.59 6.4
864857 Hydrogenase I beta, hyhB1 (37) 2.66 
 1.08 6.3
1251025 Hydrogenase II beta, hyhB2 (38) 2.65 
 1.04 6.3
1342256 Membrane-bound hydrogenase ORF10, small subunit homolog, mbh10d 2.59 
 0.87 6.0
51760 [Conserved hypothetical protein] 2.59 
 1.14 6.0
1338785 Membrane-bound hydrogenase ORF 4, mbh4d 2.54 
 2.16 5.8
615154 OTCase, argF (36) 2.43 
 0.49 5.4

a ORF designation is the end nucleotide number (54).
b The ORF description is derived either from annotation by homology (given within brackets) or from the indicated reference where there is experimental data to

support the ORF assignment specifically in P. furiosus (given without brackets).
c The intensity ratio is expressed as a log2 value so that the standard deviation can be given. For case of comparison between ORFs, the apparent change in the

expression level of a given ORF is also indicated.
d This work (see text for details).
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significant levels (1.5 to 9.6 times the detection limit; see Fig.
1B) decreased by two- to threefold when S° was added, but the
expression of hycI was below the detection limit under both
conditions.

One of the two remaining ORFs that are strongly downregu-
lated by S° (Table 1) may also be related to hydrogenase

biosynthesis. This is ORF 615154, which encodes ornithine
carbamoyltransferase (OTCase). This enzyme has been puri-
fied from P. furiosus, its gene has been cloned and expressed,
and its crystal structure is available (36, 70). OTCase catalyzes
the transfer of a carbamoyl group from carbamoyl phosphate
to ornithine, generating citrulline in the arginine biosynthetic
pathway. The potential link between OTCase and the hydro-
genases stems from the recent proposal that the source of the
C1 (CO and CN) ligands to the metals at the active site of
hydrogenases is the carbamoyl group of carbamoyl phosphate
(48). In view of the regulation of both OTCase and hydroge-
nase expression by S° in P. furiosus, we speculate that citrulline
is the precursor of the carbamoyl group for the synthesis of the
active sites of the three hydrogenases in this organism. Citrul-
line may well be preferred to carbamoyl phosphate because of
the high thermal lability of the latter compound (35). One
would expect citrulline also to be needed for arginine biosyn-
thesis even in the presence of S°, and this appears to be the
case, since OTCase is expressed at close to three times the
detection level in S°-grown cells.

The remaining ORF that is strongly downregulated by S° is
ORF 51760, and this is annotated as a conserved hypothetical
protein (Table 1). It is adjacent to the gene (ORF 49183)
encoding PEP synthetase, a gluconeogenic enzyme recently
purified from P. furiosus (24; see also below), and an ORF
(ORF 53135) encoding a conserved hypothetical protein, nei-
ther of which showed significant (�2-fold) changes in expres-
sion according to the microarray data. The function of the
S°-responsive ORF 51760 is therefore unclear at present.

ORFs strongly upregulated by S°. Of the 271 ORFs exam-
ined, the expression of 12 of them was strongly upregulated
(�5-fold) when S° was present in the growth medium (Table
2). In contrast to the ORFs that were downregulated by S°, all
of the upregulated ORFs represent putative proteins since
none of their products have been characterized from P. furio-
sus. Moreover, the two most strongly regulated ORFs, 1871822
and 1872873, which are upregulated more than 25-fold, are
next to each other on the genome. The products of these two
ORFs show no sequence similarity to any known protein. Nev-
ertheless, they will be referred to as SipA (1871822) and SipB
(1872873) for “sulfur-induced protein” since expression of
their genes clearly responds to S° or its metabolites. Both genes

FIG. 2. Expression of ORFs encoding hydrogenase-related sub-
units with or without S°. The ORFs encoding the subunits of the
cytoplasmic hydrogenase I (A), cytoplasmic hydrogenase II (B), and
the membrane-bound hydrogenase (C) are arranged according to their
positions in their respective operons. These are plotted against signal
intensities for cDNA obtained from cells grown with (solid bars) or
without (shaded bars) S°. The results with all subunits have a confi-
dence level of at least 96% (P � 0.98 for the cytoplasmic hydrogenases
and P � 0.96 for the membrane-bound enzyme).

TABLE 2. ORFs whose expression is dramatically (�5-fold) upregulated by S°

ORFa Descriptiona Mean intensity ratio
(log2 
 SD)a

Change in expression
(fold)a

1871822 [Conserved hypothetical protein, sipA]b 5.94 
 1.43 61.4
1872873 [Putative polyferredoxin, sipB]b 4.65 
 1.90 25.1
1487371 [Tryptophan synthase, subunit beta, trpB-1] 2.98 
 0.69 7.9
1805557 [Conserved hypothetical protein] 2.93 
 1.29 7.6
1008251 [Aspartokinase II alpha subunit] 2.92 
 0.89 7.6
1131551 [NADH oxidase, noxA-2] 2.88 
 0.39 7.4
1825269 [Thermosome, single subunit] 2.83 
 1.69 7.1
900019 [Acetolacetate synthase] 2.78 
 1.02 6.9
65527 [Fibrillarin-like pre-rRNA processing protein] 2.70 
 0.80 6.5
204761 [Oligopeptide transport system permease protein] 2.68 
 0.45 6.4
102519 [Glutaredoxin-like protein] 2.61 
 1.72 6.1
1352206 [NADH dehydrogenase subunit] 2.59 
 0.59 6.0

a See Table 1 for details.
b See text for details.
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are also very tightly regulated, since there appears to be little
or no expression from them when cells are grown in the ab-
sence of S° (their signal intensities are less than the detection
limit).

What is now termed sipA was included in the list of ORFs
for microarray analysis because its product had been previously
identified (from the N-terminal sequence) after gel electro-
phoresis of P. furiosus extracts. The protein was present in
washed membrane preparations of cells grown with S° but was
not detected in cells grown without S° (23). SipA is a 19-kDa
protein that contains a single Cys residue. Although it is
strongly associated with the membrane, sequence analyses do
not reveal any transmembrane helix motifs (23). What we now
term sipB is currently annotated as a “putative polyferredoxin,”
and it contains Cys motifs that could coordinate two [4Fe-4S]
clusters. However, the closest homolog (25% sequence iden-
tity) to this putative 15-kDa protein is actually the �-subunit of
the P. furiosus enzyme 2-ketoisovalerate ferredoxin oxi-
doreductase (VOR; see below), a protein that also contains
two [4Fe-4S] centers (see reference 41). Interestingly, although
sipA and sipB are side by side, they are transcribed in opposite
directions. Figure 3 shows a detailed analysis of putative tran-
scriptional and ribosomal binding sites for sipA and sipB, and
these strongly suggest that both genes are expressed from a
shared promoter domain, as previously shown for the genes
encoding �-glucosidase and alcohol dehydrogenase of P. furio-
sus (72). Homologs of sipA and sipB are present in the ge-
nomes of the S°-reducing Pyrococcus species, P. abyssi
(PAB1692 and PAB0578), and P. horikoshii (PH1227 and
PH0982), but their genes are not arranged back to back such
since they are in P. furiosus and SipB is much larger (by 15
kDa) in these other two species. In P. furiosus, this SipB 15-
kDa extension is encoded by a separate ORF (1873389) that is
adjacent to sipB (see Fig. 3). The product of ORF 1873389
shows no significant sequence similarity to any characterized

protein. This ORF was included in the microarray analyses, but
it is not expressed above the detection limit when cells were
grown with or without S° (Table 4). This difference in genome
arrangement among the Pyrococcus species might be related to
the ability of P. furiosus, but not P. abyssi and P. horikoshii, to
grow in the absence of S°.

Considering the tight regulation of sipA and sipB by S° and
the likely electron transfer ability of SipB, it seems reasonable
to suggest that SipA and SipB form part of a membrane-
associated complex that directly reduces S° to H2S. Two of the
other ORFs listed in Table 2 that are strongly upregulated by
S°, ORFs 1131551 and 102519, may also be directly involved in
S° reduction since both show sequence similarity to the disul-
fide oxidoreductase family of enzymes. ORF 1131551 is anno-
tated as NADH oxidase (noxA-2) and would encode a 49-kDa
cytoplasmic protein that shows significant sequence similarity
to NADH peroxidase, a flavoprotein with an active site cys-
teine (64). ORF 102519 is predicted to encode a 26-kDa cyto-
plasmic protein that contains four Cys residues (as two -CxxC-
motifs). Both ORFs are expressed at near the detection limit in
the absence of S° but increase to the “highly expressed” cate-
gory (�10-fold the detection limit; see below) in S°-grown
cells, and neither appears to be part of an operon. Homologs
of both ORFs are also present in P. abyssi (PAB0936 and
PAB2245) and P. horikoshii (PH0572 and PH0178).

Two of the other S°-induced proteins that might be related
to S° metabolism are ORF 1805557, which is annotated as a
conserved hypothetical protein, and ORF 1352727, which is
annotated as an NADH dehydrogenase (Table 2). The expres-
sion of ORF 1805557 changes from below the detection limit
to twice the detection limit when cells are grown with S°. This
ORF would encode a 27-kDa cytoplasmic protein where the
N-terminal part has high sequence similarity to ATP/GTP-
binding proteins (13), while the C-terminal half contains six
Cys residues, including a CxxCxxxC motif. ORF 1352727 is

FIG. 3. Genome organization of sipA and sipB. The back to back ORFs coding for SipA (179 amino acids) and SipB (115 amino acids) are
shown with the indicated directions for transcription. Putative transcription stop sites are indicated with a “ball on a stick,” and putative
translational start sites are indicated with right-angled arrows. The putative start sites are preceded with possible ribosomal binding sites
(underlined) and TATA boxes (boxed). The start site for sipB shown here is not the same as that given in the genome annotation (which is indicated
with an asterisk [54]). Both sipA and sipB contain an inverted repeat (I-1 and I-2) directly next to the proposed TATA boxes. The position of the
ORF (1873389) encoding the SipB extension (142 amino acids) is indicated.
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part of a putative operon containing 13 ORFs, most of which
have homology to membrane-bound NADH dehydrogenases.
Hagen and coworkers suggested that this operon encodes a
(fourth) hydrogenase system in P. furiosus (62), but this seems
unlikely in view of the upregulation of ORF 1352727 by S° and
the corresponding dramatic decrease in membrane-associated
hydrogenase activity (1). Moreover, two other ORFs (1350388
and 1359534) in this putative operon were included in the
microarray analysis, and these are also upregulated by S°
(three- and fourfold [data not shown]). It is tempting to pos-
tulate that ORFs 1805557 and 1352727 (and possibly other
ORFs in the putative operon) are involved in nucleotide bind-
ing and electron transfer during S° reduction, although further
evidence is obviously required to substantiate this.

Four of the remaining six ORFs that are upregulated more
than fivefold by S° (Table 2) appear to encode proteins that are
involved in amino acid metabolism. These are annotated as an
oligopeptide permease (ORF 204761), acetolactate synthase
(which is involved in the biosynthesis of branched chain amino
acids [ORF 900019]), and as subunits of aspartokinase (ORF
1008251) and tryptophan synthase (ORF 1487371). Although
all are putative proteins at present, these data support the
relationship between S° and amino acid metabolism that was
recently established by growth studies of P. furiosus, in which it
was shown that peptides can only serve as the primary carbon
source if S° is present (1). All four of these ORFs are expressed
at significant levels in the absence of S° (more than twice the
detection limit), but all four fall into the highly expressed
category (�10-fold the detection limit [see below]) in S°-grown
cells. Of the other two upregulated ORFs in Table 2, one is
annotated as the thermosome (ORF 1825269). This protein is
highly conserved in archaea and is a type II chaperonin, a class
that also includes the eukaryotic TCP-1(CCT) proteins (7).
The thermosome is expressed at about twice the detection limit
in the absence of S°, although why its expression should in-
crease 7-fold in the presence of S° is not clear.

The other S°-responsive ORF in Table 2 is annotated as a
fibrillarin-like protein (ORF 62257). It shows more than 50%
sequence identity to a key eukaryotic nucleolar protein that
associates with small nucleolar RNAs (snoRNAs) directing
2	-O-ribose methylation of the rRNA. Homologs of fibrillarin
and some of its associated proteins, such as Nop56/58, as well
as snoRNAs, have only recently been identified in archaea,
although their function in these organisms is not clear (16, 33,
44, 45, 47). In P. furiosus, the ORF encoding the fibrillarin
homolog is directly adjacent to a homolog of Nop56/58 (ORF
66216). The microarray data indicate that these ORFs are
expressed at twice and six times the detection limit, respec-
tively, in the absence of S°, but their expression increases a
further six- and threefold, respectively, when S° is present.
Indeed, the microarray experiment included two copies of the
ORF encoding the fibrillarin homolog, and both gave remark-
ably similar results with RNA from cells grown with (an inten-
sity of 22,237 
 1,074, see Fig. 1B) and without S° (3,590 

185). P. furiosus also contains five homologs of a family of
RNA m5C methyl transferases (52), and four were included in
the microarray analysis (ORFs 1191037, 674979, 179810, and
1197174). All of them are annotated as a nucleolar NOL1-
NOP2-sun family protein, but none appear to be regulated by
S°. Thus, it is not obvious why S° should cause the genes

encoding homologs of eukaryotic nucleolar rRNA processing
proteins to be expressed at such high levels. Fibrillarin is also
found in archaea that do not metabolize S°, such as methano-
gens (20), so this protein must have a more general role, albeit
one that is associated with S° metabolism, at least in P. furiosus.

Sulfur-independent ORFs. In the preceding discussion we
have considered all 33 of the 271 ORFs that show a �5-fold
change in expression when the cells were grown in the presence
of S°. In addition to these 33, there are 84 ORFs that showed
between a two- to fivefold response to S° (data not shown). At
this point further comment on the nature and function of these
ORFs seems premature since there are no obvious trends and
corroborating experimental data are required. That leaves 154
of the 271 ORFs remaining that show little if any response to
S° (�2-fold), and these can be separated into three groups: (i)
20 ORFs that appear to be the most highly expressed, where
the transcripts are at �10 times the detection level (� 20,000
intensity units [see Fig. 1B]); (ii) 34 ORFs that appear to be
poorly expressed, if at all, where the transcripts are below the
detection level (�2,000 intensity units); and (iii) 100 ORFs
that appear to be moderately expressed (2,000 to 20,000 inten-
sity units). It should be noted that the relative signal intensities
do not necessarily correlate with the degrees of expression of
different ORFs because intensity depends on many factors,
including PCR product size and efficiencies of labeling and
hybridization. However, the results and discussion below show
that there may be some merit in this general assumption.

As discussed above, it was anticipated that S° reduction by P.
furiosus would involve Mo- or W-containing proteins, analo-
gous to the situation in mesophilic S° reducers. For example,
the polysulfide (sulfur) reductase of the mesophilic bacterium,
W. succinogenes, is a molybdoenzyme (32). Consequently, the
microarray for P. furiosus included numerous ORFs involved
in the metabolism of these metals, as well as putative molybdo-
and tungstoenyzmes. In fact, the genome contains two ORFs
(1175771 and 1419794) that show sequence similarity to mem-
bers of the ubiquitous molybdenum-containing family of en-
zymes (22). However, both ORFs are expressed either below
or close to the detection limit and show no response to the
presence of S° (data not shown). In addition, P. furiosus ap-
pears to contain five distinct tungstoenzymes. Three of them
have been purified and characterized (abbreviated AOR, GA-
POR, and FOR and encoded by ORFs 356987, 478142, and
1145403, respectively), and two are putative (WOR4 and
WOR5, encoded by ORFs 1812948 and 1385199, respectively
[see reference 57]). FOR, GAPOR, and AOR are in the highly
expressed category (�10-fold detection limit [see Table 3]),
while WOR4 and WOR5 are moderately expressed and are
only slightly upregulated in the presence of S° (data not
shown). Similarly, P. furiosus contains several ORFs that would
encode homologs of proteins involved in the biosynthesis of
pterin (designated moa, mob, and moe [see reference 51]), the
cofactor that binds the Mo and W in molybdo- and tungstoen-
zymes. None of these ORFs showed any significant changes in
expression when cells were grown with S°, with the exception of
ORF 1805557 (discussed above). In light of these data, it is
concluded that S° reduction in P. furiosus does not involve Mo-,
W-, or pterin-containing proteins—or at least those that can be
identified by sequence similarity to known proteins of this type.

Some comment is also necessary on the nature of the pro-
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teins encoded by the ORFs that are designated as either poorly
or highly expressed. For example, the ORF with the highest
intensity on the microarray (23 times the detection limit)
encodes phosphoenolpyruvate synthase (ppsA). This enzyme
was recently purified from P. furiosus and was shown to be
present at extremely high cellular concentrations (24), a find-
ing consistent with the highly expressed connotation. In fact, of
the 20 ORFs that show the highest intensities on the microar-
ray (�10 times the detection limit; see Table 3), 12 of them
encode proteins that have been purified from P. furiosus. The
biochemical data therefore supports the notion that, in gen-
eral, these ORFs encode proteins that are indeed present at
relatively high cellular concentrations and that signal intensity
is a reasonable measure of this. Further evidence for this qual-
itative relationship comes from the 34 ORFs that are in the
poorly expressed category, since none of the proteins that they
are proposed to encode have been characterized from P. fu-
riosus, see Table 4 (although one, encoding a putative phos-
phoglycerate kinase, has been cloned and expressed from the
related organism, P. woesei [10]). Of the 100 (of 271) ORFs
that are in the moderately expressed category, the products of
12 of them have been characterized (data not shown).

Four of the highly expressed ORFs listed in Table 3 encode
the two �-subunits and the two �-subunits of two closely re-
lated, heterotetrameric enzymes, POR (6) and VOR (19).
Both of these enzymes have been purified from P. furiosus. The
genes encoding them form three adjacent operons, in which
the third is a common gene encoding their � subunits (31). The
gene arrangement and their transcript intensities in cells with
or without S° are shown in Fig. 4. Although the twofold dif-
ference in expression of porG is statistically significant (P �
0.95), S° does not dramatically affect the expression of POR
and, accordingly, the specific activity of POR is comparable in
the two cell types (1). Moreover, while the apparent amounts
of the mRNA species encoding the two �-subunits and the two
�-subunits are consistent with the high cellular concentrations

of the enzymes (1, 6, 19), this is not true for the other subunits
and particular for the ORF encoding the �-subunit of VOR,
which is barely above the detection limit. How these three
operons are regulated such that they produce two functional
enzymes at high cellular concentrations and with a common
subunit is not clear from the transcript levels measured by
using the DNA microarray. Thus, while there may be some
overall relationship between transcript intensities on the mi-
croarray slide and cellular concentration, that encoding the
�-subunit of VOR is a notable exception. On the other hand,
the biochemical and electrophoretic data strongly support the
dramatic downregulation of the expression of the three hydro-
genases by S°, and the dramatic upregulation of at least one of
the “conserved hypothetical” ORFs (sipA) that are now pro-
posed to form a new type of S°-responsive complex. Further
analyses of this type are now required to determine the nature
of this complex, whether it is directly involved in S° reduction,
and the nature of the effector molecule that mediates the S°
response.

TABLE 3. Highly expressed S°-independent ORFs

ORFa Descriptionb

49183.....................Phosphoenolpyruvate synthetase, ppsA (24)
143318...................[Conserved hypothetical protein]
232621...................Enolase (2-phosphoglycerate dehydratase) (49)
236793...................[Hexulose-6-phosphate synthase]
358419...................Aldehyde ferredoxin oxidoreductase, aor (43)
478142...................GAPOR, gor (42)
683389...................[Methylmalonyl-CoA decarboxylase, subunit alpha,

mmdA]
720985...................[Alkyl hydroperoxide reductase subunit C]
925374...................POR beta, porB (6)
926380...................POR alpha, porA (6)
927947...................VOR subunit beta, vorB (19)
928888...................VOR subunit alpha, vorA (19)
1145403.................Formaldehyde ferredoxin oxidoreductase, for (57)
1208774.................[LSU ribosomal protein L10]
1210188.................Superoxide reductase, sor (77)
1210814.................[Rubrerythrin]
1425928.................[Ethylene-inducible protein homolog]
1493675.................Glutamate dehydrogenase, gdh (55)
1599202.................Intracellular protease, pfpI (18)
1619038.................[Putative trehalose synthase]

a ORFs displaying average fluorescent intensities �20,000 (see Fig. 1B).
b See Table 1 for details.

TABLE 4. Poorly expressed S°-independent ORFsa

ORF Descriptionb

53135 ..................[Conserved hypothetical protein]
349245 ................[Flagellum-related protein D, putative]
350457 ................[Conserved hypothetical protein]
350944 ................[Flagellin B2 precursor]
351748 ................[Flagellin B2 precursor]
373060 ................[ABC transporter, OppBC family]
379218 ................[�-Galactosidase precursor]
488057 ................[DNA mismatch repair protein, MutS]
562899 ................[Molybdopterin converting factor, subunit 1, moaD]
575520 ................[NADH oxidase, noxA-4/nitrite reductase]
637268 ................[Molybdopterin-guanine dinucleotide biosynthesis

protein, mobA]
637303 ................[Hydrogenase maturation protease, hycI]
722839 ................[Conserved hypothetical protein]
738742 ................[Conserved hypothetical protein]
743892 ................[Putative proline depeptidase]
834030 ................[Conserved hypothetical protein]
838710 ................[Conserved hypothetical protein]
880926 ................[Ferric enterobactin transport ATP-binding protein

homolog]
881669 ................[Iron(III) ABC transporter, permease protein,

hemU-1]
882732 ................[Iron(III) ABC transporter ATP-binding protein,

hemV-2]
962748 ................[Alkaline phosphatase IV precursor]
1012695 ..............[Phosphoglycerate kinase]
1138558 ..............[Transcriptional regulator (FurR family)]
1158892 ..............[Dissimilatory sulfate adenylyl transferase]
1165967 ..............[4-Aminobutyrate aminotransferase]
1197174 ..............[Putative nucleolar protein II, Nol1-Nop2-sun

family]
1208389 ..............[Conserved hypothetical protein]
1417217 ..............[Sugar-binding transport ATP-binding protein]
1647980 ..............[2-keto-acid:ferredoxin oxidoreductase subunit

alpha]
1668574 ..............[Sarcosine oxidase, alpha subunit, SoxA]
1669077 ..............[Putative polyferredoxin, muhB]
1711295 ..............[Molybdenum cofactor biosynthesis protein, moaC]
1873595 ..............[Nitrogen reductase, N terminus]
1873914 ..............[Ferredoxin-family protein]

a ORFs displaying average fluorescent intensities below 2,000 (see Fig. 1B).
b See Table 1 for details.
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