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Transcriptional and enzymatic analyses of Pyrococcus furiosus previously indicated that three proteins play
key roles in the metabolism of elemental sulfur (S0): a membrane-bound oxidoreductase complex (MBX), a
cytoplasmic coenzyme A-dependent NADPH sulfur oxidoreductase (NSR), and sulfur-induced protein A
(SipA). Deletion strains, referred to as MBX1, NSR1, and SIP1, respectively, have now been constructed by
homologous recombination utilizing the uracil auxotrophic COM1 parent strain (�pyrF). The growth of all
three mutants on maltose was comparable without S0, but in its presence, the growth of MBX1 was greatly
impaired while the growth of NSR1 and SIP1 was largely unaffected. In the presence of S0, MBX1 produced
little, if any, sulfide but much more acetate (per unit of protein) than the parent strain, demonstrating that
MBX plays a critical role in S0 reduction and energy conservation. In contrast, comparable amounts of sulfide
and acetate were produced by NSR1 and the parent strain, indicating that NSR is not essential for energy
conservation during S0 reduction. Differences in transcriptional responses to S0 in NSR1 suggest that two
sulfide dehydrogenase isoenzymes provide a compensatory NADPH-dependent S0 reduction system. Genes
controlled by the S0-responsive regulator SurR were not as highly regulated in MBX1 and NSR1. SIP1
produced the same amount of acetate but more sulfide than the parent strain. That SipA is not essential for
growth on S0 indicates that it is not required for detoxification of metal sulfides, as previously suggested. A
model is proposed for S0 reduction by P. furiosus with roles for MBX and NSR in bioenergetics and for SipA
in iron-sulfur metabolism.

Pyrococcus furiosus is a hyperthermophilic archaeon that
grows optimally near 100°C (5). It utilizes carbohydrates for
growth and produces acetate, CO2, and H2. When elemental
sulfur (S0) is present, hydrogen sulfide (H2S) is produced in-
stead of H2 (1, 5, 22). Transcriptional and biochemical analyses
revealed a novel S0-reducing system found only in the Ther-
mococcales (22) involving two key enzymes: a 13-gene cluster
encoding a membrane-bound oxidoreductase (MBX) and a
cytoplasmic coenzyme A (CoA)-dependent NADPH sulfur ox-
idoreductase (NSR), which is proposed to reduce S0 and pro-
duce sulfide intracellularly. MBX was predicted to act as a
respiratory ferredoxin NADP oxidoreductase, generating
NADPH for NSR and creating an electrochemical gradient to
drive ATP synthesis, although this activity could not be verified
experimentally (22). The gene cluster encoding MBX is highly
similar to that which encodes the H2-evolving, energy-conserv-
ing, membrane-bound NiFe-hydrogenase (MBH), except that
in MBX the homolog of the catalytic subunit responsible for
H2 production in MBH (mbxL, PF1442) lacks two key residues
necessary for coordinating a NiFe center (24).

A regulatory transcription factor, S0 response regulator

SurR, is thought to regulate the expression of almost all of the
primary S0 response genes in P. furiosus (22) and within 10 min
of S0 addition causes the upregulation of genes involved in S0

metabolism and downregulation of those involved in H2 me-
tabolism (12). The DNA-binding activity of SurR is modulated
by a redox-dependent conformational change whereby SurR is
unable to bind DNA in the presence of S0 (27). Accordingly,
the expression of the genes encoding both MBX and NSR
increases and the expression of the operon encoding MBH (as
well as those encoding two soluble NiFe-hydrogenases, SHI
and SHII) decreases as part of the primary S0 response (22).
SurR also appears to downregulate the expression of an
operon (PF1327-PF1328, sudAB [12, 22]) that encodes sulfide
dehydrogenase I (SuDH I [6, 16]). This catalyzes both the
NADPH-dependent reduction of S0 (6, 16) and the ferredoxin-
dependent reduction of NADP (15, 16) in vitro; hence, its true
function is not clear. P. furiosus also contains a homolog of
SuDH I referred to as SuDH II (PF1910-PF1911, sudXY [6]),
which is upregulated during growth on peptides (21).

The secondary response of P. furiosus to S0 addition occurs
within 30 min and is independent of SurR. It includes genes
involved in iron-sulfur cluster metabolism (22), as well as the
most highly expressed gene in S0-grown cells encoding sulfur-
induced protein A or SipA (23). SipA expression is regulated
in an iron-dependent manner by sulfide, the product of S0

reduction (4), as well as by oxidative stress (25, 26). While the
function of SipA is not known, it has been proposed to prevent
the precipitation of toxic intracellular insoluble metal sulfides
(7) by the controlled reaction of sulfide with assimilated iron
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and by iron release due to oxidative damage to iron-sulfur
clusters (4).

To provide further insight into the biochemical and physio-
logical roles of these three key S0-responsive proteins, MBX,
NSR, and SipA, we have taken advantage of the recently de-
veloped genetic system for P. furiosus (13) to construct and
characterize targeted gene deletions. Their effects on growth
and on the expression of genes involved in the primary and
secondary responses to S0 show that MBX plays a critical role
in S0 reduction and energy conservation while the two SuDH
isoenzymes appear to compensate for the NADPH-dependent
S0 reduction system in the absence of NSR. The strain lacking
SipA grows well with S0, consistent with a role in iron-sulfur
cluster metabolism rather than sulfide detoxification.

MATERIALS AND METHODS

Strains and growth conditions. The P. furiosus strains used or constructed in
this study are listed in Table 1. All strains were grown in the presence or absence
of S0 with maltose as the primary carbon source. The growth medium was the
same as previously reported (1), except that yeast extract was added at 0.5 g/liter
and uracil (20 �M) was added to the growth medium of all auxotrophic strains
(COM1, NSR1, and MBX1). Growth experiments to determine the effects of S0

were carried out in biological triplicate in 100-ml serum bottles with 50 ml
medium stirred (300 rpm) at 98°C, with S0 (Alfa Aesar, Ward Hill, MA) added
to a final concentration of 2 g/liter. To obtain RNA for quantitative PCR (qPCR)
analyses, cultures were grown in a 20-liter fermentor (1) and samples (2 liters
each) were removed before and 30 min after the addition of S0 as previously
described (22).

Construction of gene deletions. A deletion of nsr (PF1186) was constructed
with 3-kb flanking regions cloned sequentially into a plasmid, and this plasmid
was then used as the template to amplify the nsr deletion construct with only 1-kb
flanking regions and cloned into pGLW015 containing the PgdhpyrF cassette for
prototrophic selection (13). Therefore, the final markerless deletion of nsr con-
tains a remnant of the original plasmid multiple cloning site (GCGGCCGCAT
TTAAATACAAGTATAGCGGAAGATATCGGCCGGCC) as a scar. A dele-
tion of mbxL (PF1442) was constructed by overlap PCR with 1-kb flanking
regions and cloned into pGLW015 (13). A deletion of sipA (PF2025) was con-
structed with 1-kb flanking regions on either side of the PgdhpyrF cassette (13)
using overlap PCR. Plasmid deletion constructs for nsr and mbxL were trans-
formed into P. furiosus COM1 (�pyrF) selecting uracil prototrophy on solid
defined medium and counterselected for loss of the plasmid using 5-fluoroorotic
acid resistance as previously described (13). The PCR product containing a
deletion of sipA was transformed directly selecting uracil prototrophy, resulting
in marker replacement. The �pyrF allele in the COM1 strain was restored to the
wild type by transforming COM1 with a PCR product containing the wild-type
pyrF (PF1114) allele and �1-kb flanking regions. DNA was extracted from
transformants as previously described (13) and screened for deletion by PCR
amplification of the locus using primers outside the homologous flanking regions
used to construct the deletions. Isolates containing the deletions were further
colony purified by serial passage on solid medium. PCR products amplified from
the target regions were sequenced.

Cell protein, H2S, and H2 analyses. The Bradford method (2) was routinely
used to estimate total cell protein concentrations to monitor cell growth, with
bovine serum albumin as the standard. Headspace and medium samples (500 �l
each) were taken from cultures and transferred anaerobically into the double-

vial system for H2S and H2 analyses as previously reported (22). H2S production
was assayed by the methylene blue method (3), and abiotic sulfide production
was subtracted from the experimental samples using controls lacking cells. H2

production was measured with a gas chromatograph (Shimadzu GC-8A).
Acetate measurements. Samples (1 ml) of P. furiosus cultures were centrifuged

at 16,000 � g for 20 min to pellet cells, and the supernatant fraction was acidified
with 0.1 M (final concentration) H2SO4. Acetate concentrations were deter-
mined using a Waters 2690 high-performance liquid chromatography separation
module equipped with a photodiode array detector. Organic acids were sepa-
rated on an Aminex HPX-87H column (Bio-Rad) at 23°C using 5 mM H2SO4 as
the mobile phase at 0.6 ml/min. The specific acetate production of each strain
was calculated based on a known acetate standard and divided by the total
estimated cell protein (described above) at the endpoint of growth.

RNA isolation and qPCR analyses. Total RNA was extracted from P. furious
cells using acid-phenol (23) and further purified by a second acid-phenol isola-
tion, Turbo DNase (Ambion, Austin, TX) treatment (30 min, 37°C), and the
Absolutely RNA cleanup kit (Agilent Technologies, Lexington, MA). cDNA was
prepared using the AffinityScript qPCR cDNA Synthesis kit (Agilent). The genes
pdo (PF0094), shI� (PF0891), nsr (PF1186), sudB (PF1328), shII� (PF1329),
mbhA (PF1423), mbxA (PF1453), sudY (PF1911), sipA (PF2025), and PF2051
were selected for study, and the constitutively expressed gene encoding the
pyruvate ferredoxin oxidoreductase (POR) gamma subunit (PF0971) was se-
lected as a control. qPCR experiments were carried out in technical triplicate
using an Mx3000P instrument (Agilent) and the Brilliant SYBR green qPCR
master mix (Agilent). The comparative cycle threshold method was used to
analyze the resulting data, which are expressed as a ratio of gene expression
change (n-fold).

RESULTS

Construction and validation of P. furiosus deletion strains.
Markerless deletions of nsr (NSR1) and mbxL (MBX1) and a
marker replacement-containing deletion of sipA (SIP1) were
constructed in the COM1 background strain (�pyrF). PCR and
sequence analyses confirmed the gene deletions in all three
strains (see Fig. S1 and S2 in the supplemental material), and
qPCR products of the deleted genes were not detected. The
absence of NSR and SipA in the appropriate strain was also
confirmed by Western analysis (see Fig. S3 in the supplemental
material).

Effect of S0 availability on the growth of deletion strains.
The growth of the deletion strains and that of the control
strains were compared after three consecutive transfers with
standard inocula (1 � 107 cells/ml) using a maltose-containing
medium with and without 2 g/liter S0. NSR1 and MBX1 were
compared to COM1 (�pyrF) in the presence of 20 �M ura-
cil, and SIP1 was compared to complemented COM1c
(�pyrF::pyrF). The growth of MBX1 was similar to that of
COM1 in the absence of S0, but MBX1 was significantly im-
paired in both growth rate and final cell yield in the presence
of S0 (Fig. 1). In contrast, the growth of NSR1 and SIP1 was
comparable to that of the control strains in both the presence
and the absence of S0, with similar growth rates and final cell
yields (Fig. 1 and 2).

Production of H2S, H2, and acetate in deletion strains.
Using the appropriate control strains for comparison, the
amounts of H2S, H2, and acetate produced during the growth
of the three deletion strains with S0 were determined. Like
COM1, NSR1 produced H2S at a rate closely following that of
cell growth (see Fig. S4 in the supplemental material). Simi-
larly, H2S production in COM1c and SIP1 followed cell growth
(see Fig. S5 in the supplemental material); however, the total
H2S (per microgram of protein) was higher in SIP1 than in
COM1c (see Fig. S6 in the supplemental material). In contrast,
given the very low growth rate of MBX1, coupled with the high

TABLE 1. P. furiosus strains constructed and/or used in this study

Straina Genotype Deleted
ORF(s)b

Reference
or source

COM1 (MW00002) �pyrF PF1114 13
NSR1 (MW00010) �pyrF �nsr PF1114, PF1186 This work
MBX1 (MW00011) �pyrF �mbxL PF1114, PF1442 This work
COM1c (MW00003) �pyrF::pyrF Nonec This work
SIP1 (MW00012) �pyrF �sipA::Pgdh pyrF PF2025 This work

a MW strain codes in parentheses are lab strain designations.
b ORF, open reading frame.
c Restored.
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background of abiotic S0 reduction, it was not possible to
determine if this strain was actively reducing S0. Interestingly,
compared to COM1 and NSR1, which produce little, if any, H2

during growth on S0 (2.3 � 2 nmol H2 per �g protein), MBX1
did produce appreciable amounts of H2 (25 � 7 nmol H2 per
�g protein). This is about 14% of that measured when the
strains are grown in the absence of S0 (182 � 6 nmol H2 per �g
of protein). Specific production of acetate was calculated for
each strain based on the concentration of acetate in the me-
dium and total cell protein after 11 h of growth. Acetate pro-
duction (per �g cell protein) was similar in COM1, COM1c,
NSR1, and SIP1 (152 � 11.3 �mol) but significantly higher in
MBX1 (190 � 2.7 �mol).

Effect of S0 addition on the growth and transcriptional re-
sponses of deletion strains. All strains were challenged by the
addition of S0 near mid-log phase (Fig. 3). The growth of
NSR1, SIP1, and the control strains was affected similarly (Fig.
3), with a brief stall immediately upon S0 addition, followed by
restoration of the initial growth rate within 30 min. However,
while the growth of MBX1 also stalled briefly upon S0 addition
before resuming within 30 min, an additional growth effect was
observed 1 h after S0 addition where the growth rate lagged for
1 h before returning to that observed in the absence of S0, but
for only 2 h before reaching stationary phase (Fig. 3).

Cells of all strains were harvested just before S0 addition and
30 min after (Fig. 3), and the transcriptional responses of
previously identified S0-responsive genes (22) and those poten-
tially involved in S0 metabolism (6) were determined. These
included genes whose expression is upregulated upon the ad-

dition of S0, a glutaredoxin-like protein disulfide oxidoreduc-
tase (PF0094) which does not catalyze S0 reduction (22) and a
putative operon consisting of two potential regulators, PF2051
and PF2052 (22). As shown in Fig. 4, compared to COM1,
most of the S0-responsive genes exhibited a much smaller
change in expression in NSR1 and MBX1. Specifically, gene
expression in NSR1 compared to that in COM1 (Fig. 4A) was
lower for the S0-upregulated genes mbxA (3- versus 6-fold),
PF2051 (2- versus 10-fold) pdo (4- versus 7-fold), and sipA (4-
versus 11-fold) and for the S0-downregulated genes shI� (17-
versus 95-fold) and shII� (193- versus 478-fold). Similarly, the
expression in MBX1, compared to that in COM1 (Fig. 4B), was
lower for the S0-upregulated genes nsr (8- versus 14-fold),
PF2051 (8- versus 10-fold), pdo (3- versus 7-fold), and sipA
(�2- versus 11-fold) and for the S0-downregulated genes shI�
(38- versus 95-fold) and shII� (80- versus 478-fold). In con-
trast, the degree of S0 downregulation of mbhA was seemingly
unaffected in NSR1 and MBX1 compared to that in COM1
(13-, 12-, and 13-fold, respectively). A total of four genes in the
MBX operon were examined in the MBX1 strain: mbxA (the
first gene in the MBX operon, PF1453), mbxK (upstream of
the deleted gene, PF1443), mbxL (deleted gene, PF1442), and
mbxN (downstream of the deleted gene, PF1441). An increase
in the expression of the genes mbxA, mbxK, and mbxN was
observed 30 min after S0 addition (11-, 17-, and 10-fold, re-
spectively), while no mbxL gene product was detected.

An interesting expression pattern was observed for the genes
encoding SuDH I (sudB) and SuDH II (sudY) following S0

addition in NSR1 and MBX1 (Fig. 4). In NSR1, the expression
of sudB upon S0 addition decreased to a lesser extent (5-fold

FIG. 1. Effect of S0 availability on the growth of NSR1 and MBX1.
Cultures were grown in 100-ml bottles stirred at 98°C with 5 g/liter
maltose, 0.5 g/liter yeast extract, and 20 �M uracil. Cell growth was
monitored by assaying total cell protein at each time point. (Top)
Maltose only. (Bottom) Maltose plus 2 g/liter S0. Results obtained with
COM1 (closed circles), NSR1 (open squares), and MBX1 (open tri-
angles) are shown.

FIG. 2. Effect of S0 availability on the growth of SIP1. Cultures
were grown in 100-ml bottles stirred at 98°C with 5 g/liter maltose and
0.5 g/liter yeast extract. Cell growth was monitored by assaying total
cell protein at each time point. (Top) Maltose only. (Bottom) Maltose
plus 2 g/liter S0. Results obtained with COM1c (closed squares) and
SIP1 (open circles) are shown.
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less) than in the parent strain while the expression of sudY was
7-fold higher than in the parent strain. Similarly, in MBX1, the
expression of sudY was 2-fold higher than in the parent strain
and the expression of sudB actually increased �2-fold follow-
ing S0 addition, compared to an almost order-of-magnitude
decrease in the parent strain (a difference in expression of
�10-fold between the two strains).

For SIP1, only two of the primary S0 response genes were
differentially expressed 30 min after S0 addition compared to
that in COM1c. These were pdo, whose expression increased
7-fold in SIP1, compared to 13-fold in the control strain, and
shII�, whose expression decreased 160-fold in SIP1, compared
to 460-fold in the control strain (see Fig. S7 in the supplemen-
tal material).

DISCUSSION

MBX1 exhibited a well-defined phenotype during batch
growth in the presence of S0, with a dramatically lower growth
rate and cell yield (Fig. 1), and produced little, if any, sulfide,
suggesting that the pathway for the disposal of reductant from
glycolysis via sulfide production is blocked and that MBX plays
an obligatory role in mediating electron flow to S0 (Fig. 5). The
decrease in cell yield observed for MBX1 can be attributed in
part to a decrease in respiratory ATP production. In the ab-
sence of S0, the MBH respiratory system is proposed to ac-
count for an additional 1.2 mol of ATP per mol of glucose

oxidized to acetate and CO2 (20). Therefore, it would be ex-
pected that if the equivalent ion-pumping mechanism were
impaired in the MBX1 strain, it would exhibit a reduced cell
yield due to the loss of ATP synthesis in respiration and be able
to generate ATP only via substrate level phosphorylation, for a
total of 2 mol ATP rather than 3.2 mol ATP per mol glucose.
Support for this hypothesis was obtained by the finding that
MBX1 produced 20% more acetate (per unit of protein) than
the parent strain or NSR1 during growth on S0, indicating that
MBX1 must oxidize more glucose to acetate to yield the same
amount of ATP for cell growth. When challenged in exponen-
tial growth by the addition of S0 (Fig. 3), MBX1 initially re-
sponded in a manner similar to that of the parent strain but
then underwent a 1-h lag phase before cells resumed their
previous growth rate for an additional 2 h before reaching
stationary phase, but at a lower final cell density than the
parent strain. This lag in growth can be explained by the in-
ability of MBX1 to generate a proton gradient for ATP syn-
thesis in the presence of S0, and the resumption of the growth
rate may be due to increased glycolytic flux.

In addition to producing more acetate than the COM1 and
NSR1 strains in the presence of S0, MBX1 also produced
about 10-fold more H2 (per unit of protein). The gene expres-
sion results (Fig. 4) also indicate that the soluble hydrogenases,
SHI and SHII, are significantly less downregulated in MBX1
than in the parent strain and that expression of H2-producing
MBH is seemingly unaffected within 30 min after S0 addition.
Similar results were reported for an MBX-deficient mutant
(MXD1) in the related hyperthermophilic archaeon Thermo-
coccus kodakarensis (9). In the presence of S0, the MXD1
strain produced 4 times as much H2 as the wild-type strain and
an increase in the expression of the soluble and membrane-
bound hydrogenases was observed (9). Hence, P. furiosus
MBX1 also appears to retain some ability to dispose of excess
reductant as H2, as well as increase the glycolytic flux to com-
pensate for decreased ATP production per unit of glucose
oxidized. MBX is proposed to oxidize ferredoxin and reduce
NADP where the NADPH is used by NSR to reduce S0 (Fig.
5). However, for unknown reasons, in in vitro assays, the mem-
branes of S0-grown P. furiosus cells do not catalyze the ferre-
doxin-dependent reduction of NADP or, as discussed below,
catalyze the direct ferredoxin-dependent reduction of S0 (22).

NSR is the only S0-reducing enzyme detected in extracts of
S0-grown P. furiosus cells that was not present in cells grown
without S0, and its upregulation is part of the SurR-mediated
primary response (22). However, NSR1 did not exhibit an
obvious phenotype (Fig. 1) and produced sulfide (see Fig. S4 in
the supplemental material) and acetate in amounts compara-
ble to those produced by the parent strain, clearly demonstrat-
ing that NSR is not essential for growth with S0. This poses the
fundamental question of what reduces S0 in the absence of
NSR. Given the degree of homology between MBX and the
ferredoxin-dependent H2-evolving MBH complex, which can
be demonstrated in vitro (20), MBX is an obvious candidate to
catalyze ferredoxin-dependent S0 reduction, but cell mem-
branes do not catalyze this reaction in vitro. On the other hand,
NADPH-dependent S0 reduction by SuDH I and SuDH II may
be a mechanism to compensate for the reduction of S0 in the
absence of NSR. The expression of SuDH I in the presence of
S0 does not decrease as much as in the parent strain (4- versus

FIG. 3. Effect of S0 addition on the growth of NSR1, MBX1, and
SIP1. Kinetic growth curves of deletion strains compared to those of
control strains designated in Table 1. Cultures were grown in 100-ml
bottles stirred at 98°C with 5 g/liter maltose and 0.5 g/liter yeast extract
prior to the addition of 2 g/liter S0 (as indicated by the arrows). Cell
growth was monitored by assaying total cell protein at each time point.
(Top) Uracil (20 �M) was added to the growth of COM1 (closed
circles), NSR1 (open squares), and MBX1 (open triangles). (Bottom)
COM1c (closed squares) and SIP1 (open circles).
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9-fold, respectively), and the expression of SuDH II increases
by an order of magnitude (10-fold) in NSR1 (Fig. 4). While
SuDH II has not been characterized and the specific activity of
SuDH I is much lower than that of NSR in NADPH-depen-
dent S0 reduction (7 versus 100 �mol sulfide produced/min/
mg) (16, 22), the compensatory expression of the two SuDH

enzymes could be partially responsible for S0 reduction in
NSR1. It is also possible that S0 reduction in NSR1 is catalyzed
inadvertently by enzymes that do not normally function to
reduce S0 but do so in vitro, including SHI and SHII (17) and
POR (G. J. Schut, unpublished data). These enzymes, in com-
bination with SuDH I and SuDH II, may be able to generate

FIG. 4. Quantitative reverse transcription-PCR of select S0 response genes. Total RNA was prepared from COM1, NSR1, and MBX1 cells
harvested before and 30 min after S0 (2 g/liter) addition. For gene clusters of interest, the first gene in the operon was selected for analysis. The
constitutively expressed gene PF0971 (por gamma subunit) was used as a control. Shown is the ratio of change in gene expression within 30 min
of S0 addition in deletion strains (open bars) to that in the appropriate control strains (closed bars). (A) COM1 (closed bars) and NSR1 (open
bars). (B) COM1 (closed bars) and MBX1 (open bars). A single asterisk indicates qPCR confirmation of the deleted gene product. Double
asterisks indicate that an increase in mbxA (PF1453) gene expression was observed in MBX1; however, no gene product was observed for the
deleted L subunit (PF1442). v., versus.

FIG. 5. Proposed physiological roles of S0 reduction in P. furiosus: bioenergetics and FeS metabolism. MBX, membrane-bound oxidoreductase
complex; NSR, NADPH sulfur oxidoreductase; SipA, sulfur-induced protein A; SurR, S0 response regulator; SuDH I and II, sulfide dehydroge-
nases I and II; Fd, ferredoxin; PS, polysulfide; H2S, hydrogen sulfide; CoASH, coenzyme A; NSR1, deletion strain lacking NSR. The precise
mechanisms by which PS interacts with SurR and SipA involvement in FeS metabolism are not clear.
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amounts of sulfide in NSR1 comparable to those in the parent
strain.

It has been shown that in the absence of S0, SurR activates
the transcription of genes necessary for H2 metabolism and
represses that of those required for growth with S0 (27). Ad-
dition of S0 leads to SurR oxidation, possibly mediated by
either colloidal S0 or polysulfide, such that it is unable to bind
DNA (27). Since the degree of the SurR-mediated gene reg-
ulation was up to 80% lower in the MBX1 and NSR1 deletion
strains than in the parent strain (Fig. 4), there may be limited
amounts of the agent that oxidizes SurR if MBX and NSR are
not present. We postulate that NSR contributes to the pool of
sulfur species responsible for SurR oxidation and that this
NSR activity is dependent on the activity of MBX. However,
NSR (and MBX) cannot provide the only source of oxidant for
SurR, given that the growth of NSR1 is indistinguishable from
that of the parent strain in the presence or absence of S0 (Fig.
1 and 3). The muted transcriptional responses in MBX1 and
NSR1 also suggest that the product of the NSR reaction plays
a role in mediating the increase in the expression of sipA
during the secondary response to S0. It would be logical if one
of the S0-reducing, SurR-regulated enzymes, namely, NSR, not
only generated a product (presumably sulfide) that was utilized
by SipA but also functioned in controlling its expression.

SipA is unlikely to play an essential role in the detoxification
of metal sulfides, as previously proposed (4), as one would
predict greatly impaired growth of the SIP1 mutant in the
presence of S0, which was not observed (Fig. 2). In addition to
upregulation of sipA expression, the secondary response to S0

includes the upregulation of genes involved in iron transport
(feoB) and iron-sulfur cluster biosynthesis (sufBD) and of iron-
sulfur-cluster-containing enzymes (glutamate synthase [18] and
3-isopropylmalate dehydratase [8]), indicating an increased
need for iron-sulfur metabolism under S0-reducing conditions
and that SipA may be involved in iron-sulfur metabolism. Since
some archaea use sulfide, rather than cysteine, as a sulfur
source for iron-sulfur cluster biosynthesis (14), NSR might
function to enable S0 to be used, via sulfide, for iron-sulfur
cluster synthesis by SipA. This is supported by the increased
amount of sulfide produced by SIP1, suggesting that in the
absence of SipA, sulfide is no longer incorporated into iron-
sulfur clusters. If SipA does synthesize iron-sulfur clusters, a
mutant lacking functional SufBD, the only recognized cluster-
biosynthetic scaffold in P. furiosus, may grow only in the pres-
ence of S0, and such a study is currently in progress. It is
unclear why the absence of SipA should influence the expres-
sion of the SHII genes in response to S0 but not that of the SHI
genes (see Fig. S7 in the supplemental material).

While this paper was in revision, strains of T. kodakarensis
with deletions of homologs of nsr and mbx, and also supposedly
of sipA, were reported (19). The phenotypes of the nsr
(TS1109) and mbx (TS1105) mutants are similar to those of
their P. furiosus counterparts, although we did not observe the
higher concentrations of H2 that were produced by the nsr
mutant. The other T. kodakarensis strain is not comparable to
P. furiosus SIP1 (19) because the deleted genes (TK1260 and
TK1261) are homologs of an operon (PF2051-PF2052) encod-
ing putative transcriptional regulators. In any event, the results
obtained with both organisms are consistent with a role for
MBX in energy conservation during S0 reduction and in con-

necting reduced ferredoxin generated during glycolysis to S0

reduction by NSR via NADPH. NSR likely reduces colloidal
sulfur (22), which exists as both short S0 chains and S8 (10, 11),
making the end products of S0 reduction both polysulfide
(Sx

2�) and hydrogen sulfide (H2S), as shown in Fig. 5. The
products generated by NSR, which are assumed to be depen-
dent on the NADPH generated by MBX, appear to modulate,
at least in part, SurR activity and SipA expression. We propose
that polysulfide oxidizes SurR while sulfide induces SipA ex-
pression (Fig. 5). When MBX is absent, NADPH is not gen-
erated and NSR cannot produce either polysulfide or H2S. We
further propose that in the absence of NSR, a combination of
SuDH I and II, and perhaps SHI, SHII, and POR, reduces S0.
However, the muted transcriptional response in NSR1 suggests
that the product(s) of SuDH/SH/POR reduction does not
modulate SurR activity or SipA regulation. The reason for this
is unclear and is the subject of further investigation.
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