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During sulfur-limited growth, the cyanobacterium Synechococcus sp. strain PCC 7942 loses most of its
photosynthetic pigments and develops an increased capacity to acquire sulfate. Sulfur deprivation also triggers
the synthesis of several soluble polypeptides. We have isolated a prominent polypeptide of 33 kDa that
accumulates specifically under sulfur-limiting conditions. This polypeptide was localized to the periplasmic
space. The gene for this protein (designated rhdA) was isolated and discovered to lie within a region of the
Synechococcus sp. strain PCC 7942 genome that encodes components of the sulfate permease system. The
mRNA for the 33-kDa protein accumulates to high levels within an hour after the cells are deprived of sulfur
and drops rapidly when sulfur is added back to the cultures. The amino acid sequence of the protein has
similarity to bovine liver rhodanese, an enzyme that transfers the thiol group of thiosulfate to a thiophilic
acceptor molecule, and a rhodaneselike protein of Saccharopolyspora erythraea. A strain in which rhdA was
interrupted by a drug resistance marker exhibited marginally lower levels of rhodanese activity but was still
capable of efficiently utilizing a variety of inorganic sulfur sources. The possible role of this protein in the
transport of specific sulfur compounds is discussed.

The unicellular cyanobacterium Anacystis nidulans and
the closely related Synechococcus sp. strain PCC 7942
undergo several changes during sulfur starvation. A specific
response triggered by sulfur-limited growth is an increase in
sulfate transport. This increase can be observed within 3 h
after the cells have been deprived of a sulfur source. Kinetic
measurements of transport have demonstrated that while the
K1,2 (concentration of sulfate at half-maximal transport rate)
for transport remains the same, the Vmax increases by
approximately 20-fold (14, 18). This suggests that there is
increased accumulation of a single transport system in
Synechococcus sp. strain PCC 7942 under sulfur-limited
growth conditions. This hypothesis was supported by exper-
iments in which specific genes encoding components of the
transport system were inactivated by interruption with a
drug resistance marker (15, 24). These lesions resulted in
mutated strains that were no longer able to grow on sulfate
but could be rescued by growth on alternative sulfur
sources, such as cysteine.

In addition to exhibiting an augmented level of sulfate
transport, many cyanobacteria lose the majority of their
pigmentation during sulfur-limited growth. The phycobili-
some, the major light-harvesting complex in these organ-
isms, is rapidly degraded (32). Additionally, there is a
decrease in chlorophyll, an attenuation of the thylakoid
membranes (41), and a shift in the ratios of the different
carotenoids (lOa). Granules composed of polyphosphate and
lipid bodies containing P-hydroxybutyrate may also accumu-
late (1, 19, 25). Lastly, a number of polypeptides increase
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dramatically during the acclimation process (15); some in-
crease to very high levels during sulfur stress. The series of
physiological changes that Synechococcus sp. strain PCC
7942 experiences in a sulfur-limited environment terminate
when the cells enter a dormant state, in which they can
remain viable for an extended period of time.

Recently, we have isolated a cluster of genes that are
activated during conditions of sulfur deprivation. Included in
this cluster are genes that encode the sulfate transport
system (24), a permease system that resembles the periplas-
mic transport systems of the enteric bacteria. The system is
composed of a sulfate-binding protein, two proteins that
probably form a channel in the inner cell membrane, and a
nucleotide-binding protein that hydrolyzes ATP, thereby
generating energy for the transport of the nutrient through
the channel and into the cell against a concentration gradient
(3, 4, 6). The nucleotide-binding protein gene is transcribed
divergently from the three genes encoding the other compo-
nents of the transport system. Additional genes in this region
encode proteins of other permease systems and regulatory
components that might function in controlling the activities
of genes required for the acclimation process.
The work presented in this article demonstrates that a

prominent 33-kDa polypeptide that accumulates to high
levels in cells experiencing sulfur-limited growth is localized
to the periplasmic space and encoded by a gene (designated
rhdA) adjacent to genes encoding the sulfate permease. RNA
transcribed from this gene accumulates only during sulfur-
limited growth and is rapidly degraded when sulfur is added
back to the growth medium. The deduced amino acid se-
quence encoded by rhdA has some similarity to the enzyme
rhodanese. Since we have not been able to establish a clear
phenotype for a strain of Synechococcus sp. strain PCC 7942
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in which rhdA has been inactivated, its role in the acclima-
tion process is uncertain.

MATERIALS AND METHODS

Reagents. All chemicals were of reagent grade. DNA
restriction and modification enzymes were from Pharmacia,
United States Biochemical Corporation, or Boehringer
Mannheim. Reagents for dideoxy chain termination se-
quencing of DNA fragments were from United States Bio-
chemical Corporation.
Growth conditions. Axenic cultures of Synechococcus sp.

strain PCC 7942 were grown in liquid and solid (1.0% agar)
BG-11 (2) medium buffered to pH 8.0 with 20 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid). Liq-
uid cultures were grown at 29°C in 50-ml culture tubes
bubbled with 3% CO2. Illumination was from incandescent
bulbs at 60 microEinsteins/m2/s. When appropriate, the
growth medium was supplemented with spectinomycin (25
,ug/ml) and ampicillin (1 ,ug/ml). Escherichia coli strains
DH5a (Bethesda Research Laboratories) and JM109 were
used as hosts for the plasmid libraries and constructions.

Purification of the 33-kDa protein. Cells were broken in a
French pressure cell at 16,000 lb/in2 in 20 mM HEPES, pH
8.0. The membranes were pelleted by centrifugation at
40,000 x g for 30 min. The 33-kDa protein remained with the
membrane fraction. The membranes were then resuspended
in 20 mM HEPES (pH 8.0)-100 mM NaCl and centrifuged
again for 30 min at 40,000 x g. Under these conditions, the
33-kDa protein was released from the membranes and re-
mained in the supernatant fraction. The supernatant was
decanted into a second tube and brought to 50% saturation
with ammonium sulfate. After 1 h on ice, the ammonium
sulfate-treated sample was centrifuged at 10,000 x g for 10
min, and the supernatant was made 70% ammonium sulfate.
Most of the protein was present in the pellet of the 50 to 70%
ammonium sulfate fraction. The pellet was resuspended in
50 mM Tris-HCl, pH 9.0, dialyzed against the same buffer,
and then passed through a QAE Sepharose G-50-150 column
equilibrated to pH 9.0 with 50 mM Tris-HCl. Under these
conditions, the 33-kDa protein did not bind to the column.
SDS-PAGE. Protein samples were precipitated by the

addition of trichloroacetic acid to 10%. The samples were
prepared for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (14) and resolved by electro-
phoresis in a linear 12 to 18% polyacrylamide gradient gel
with the buffer system of Laemmli (22). The protein bands
were visualized by staining with Coomassie brilliant blue
G-250.

Preparation of antibody and Western immunoblot analysis.
Purified 33-kDa protein was resolved by SDS-PAGE, and
the protein band was excised from the gel, electroeluted, and
used to inject rabbits by the schedule of Chua and Blomberg
(10). Immunoglobulin G (IgG) was purified by chromatogra-
phy over DEAE Affigel Blue (Bio-Rad) as described by the
manufacturer, concentrated by ammonium sulfate precipita-
tion (25 g/ml), and stored at 4°C in 10 mM Tris-HCl (pH
8.0)-100 mM NaCl-0.02% sodium azide. For Western blot
analyses, the proteins were transferred from polyacrylamide
gels to nitrocellulose by the method of Towbin et al. (38) and
stained immunologically with monospecific antibodies raised
against the 33-kDa protein and protein A-conjugated horse-
radish peroxidase (Boehringer Mannheim).

Immunocytochemistry. Both sulfur-starved and unstarved
cells were embedded in 2% agarose at 65°C, which, after
cooling, was cut into cubes (1 by 1 by 1 mm). The cubes were

placed for 1 h in electron microscopy-grade glutaraldehyde
in 50 mM sodium cacodylate, pH 7.4, at 4°C. Samples were
dehydrated for 15 min each in 30, 50, 70, and 95% ethanol
and then three times for 15 min each in 100% ethanol. All of
the ethanol incubations were performed at -20°C except for
the 30% ethanol incubation, which was done at 0°C. The
cells were then infiltrated with Lowicryl K4M (Chemische
Werke Lowi) under nitrogen at -20°C as follows: (i) 30-min
incubation in 1:1 Lowicryl K4M-ethanol, (ii) 30-min incuba-
tion in 100% Lowicryl K4M, and (iii) 16-h incubation in
100% Lowicryl K4M. The cubes were then placed into
gelatin capsules and covered with fresh Lowicryl. The resin
was polymerized by placing the capsule 10 cm from a
short-wavelength UV light source for 4 h at -20°C and then
cured for 3 days at room temperature. Thin sections were cut
with a diamond knife on an LKB Ultramicrotome III and
floated onto Formvar-coated copper slot grids. The grids
were placed in 50 mM NH4Cl for 12 min to block unreacted
free aldehydes and then for 30 min in 5% normal goat serum
in phosphate-buffered saline (PBS).

Antibodies raised against the 33-kDa protein were diluted
1:200 in 2% normal goat serum in PBS with 2.5% saponin
and incubated for 6 h at room temperature. Excess antibody
was removed from the sections by four washes (12 min each)
in PBS. The washed sections were incubated for 1 h in goat
anti-rabbit IgG conjugated to 10-nm gold particles (Janssen
Pharmaceutica, Beerse, Belgium) at a dilution of 1:300 in
30% normal goat serum-PBS-2.5% saponin. The sections
were washed three times in PBS and three times in water and
then poststained with osmium tetroxide vapors for 15 min at
room temperature before the samples were viewed with a
Philips 410 transmission electron microscope (TEM) operat-
ing at 80 kV.
Osmotic shock procedure. Cells (300 ml, at approximately

6 x 108/ml) were used to prepare a periplasmic fraction by
osmotic shock (7). The cells were harvested at 3,500 x g for
5 min and resuspended in 10 ml of 40% sucrose containing 30
mM Tris-HCl, pH 7.5, and 2 mM EDTA. Following 30 min
of gentle agitation at room temperature, the cells were
pelleted by centrifugation at 8,000 x g for 10 min and
resuspended in 5 ml of ice-cold 30mM Tris-HCl, pH 7.5. The
suspension was incubated on ice for 10 min, the cells were
pelleted at 6,000 x g for 5 min, and the supernatant was
saved and brought to 3 mM MgCl2, 1 mM benzamidine-HCl,
1 mM phenylmethylsulfonyl fluoride, and 1 mM e-aminoca-
proic acid.

Amino-terminal sequencing. After purification as described
above, the 33-kDa polypeptide was resolved by preparative
electrophoresis (22) on a 7.5 to 15% polyacrylamide gradient
gel and electroeluted from the gel in a bicarbonate buffer
system (17). The protein was subjected to automated Edman
degradation on an Applied Biosystems model 470A gas-
phase microsequencer.

Cloning, insertional inactivation, and sequence analysis.
Genomic DNA was extracted by the method of Tandeau de
Marsac et al. (37). For Southern hybridizations, DNA frag-
ments were transferred from agarose gels to nitrocellulose
filters as described by Maniatis et al. (26). Radiolabeling of
the DNA fragments was performed by primer extension of
random oligonucleotides (13), and DNA-DNA hybridiza-
tions were performed by the method of Conley et al. (11).
The DNA sequence encoding the 33-kDa polypeptide was
discovered in a XEMBL-3 clone of Synechococcus sp. strain
PCC 7942 that had been isolated previously by homology to
the cysA locus of Salmonella typhimurium (21). The gene
was determined to encode the 33-kDa protein by compari-
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sons of the open reading frame with the amino-terminal
sequence of the isolated protein. A restriction map of the
region was generated, as shown in Fig. 4B, and the DNA
fragments were subcloned into M13mpl8 or M13mpl9.
Synthetic oligonucleotides were used as sequencing primers
when no suitable restriction sites for subcloning were avail-
able. The DNA sequence was determined by the dideoxy
chain termination method (30) with the modified bacterio-
phage T7 DNA polymerase (Sequenase; United States Bio-
chemical). Ambiguities in the G+C-rich regions were re-
solved by substituting dl for dG in the sequencing reactions.
RNA isolation and Northern (RNA blot) analysis. RNA was

isolated as described by Conley et al. (11) with the following
modifications. After the second precipitation, the RNA was
resuspended in sterile 100 mM EDTA, pH 8.0, and the
solution was brought to 0.4 g of CsCl per ml, layered over a
cushion of 5.7 M CsCl in 0.1 M EDTA, pH 7.0, and
centrifuged in a swinging-bucket rotor (Tst4l.14) for 16 h at
132,000 x g. The RNA pellet was drained, resuspended in
TE (10 mM Tris, 1 mM EDTA [pH 7.6]), extracted with
phenol, precipitated with ethanol, resuspended in sterile
water, and stored at -800C.
RNA species were resolved by electrophoresis in a 1.5%

agarose gel under denaturing conditions (11). The RNA was
transferred to nitrocellulose filters, and Northern hybridiza-
tions were performed as described previously (11). The sizes
of the hybridizing bands were estimated by using RNA size
markers ranging from 1.77 to 0.23 kb (Bethesda Research
Laboratories).

Sulfate transport assay. Sulfate transport assays were
performed as previously described (14).
Rhodanese and thiosulfate reductase assays. Rhodanese

(thiosulfate-cyanide sulfur transferase; EC 2.8.1.1) activity
was estimated from colorimetric measurements of the for-
mation of thiocyanate from cyanide and thiosulfate (35). The
reaction mixture contained 50 mM sodium thiosulfate, 50
mM potassium cyanide, 100 ,ul of crude enzyme extract, and
0.1 M Tris-HCI, pH 8.6, in a final volume of 2.0 ml. The
mixture was preincubated at 30°C for 5 min, and the reaction
was initiated by the addition of sodium thiosulfate. The
reaction was stopped after 30 min by the addition of 500 ,ul of
38% formaldehyde, and the formation of thiocyanate was
monitored after the addition of 2.5 ,u1 of ferric nitrate reagent
[100 g of Fe(NO3)3 .9H20 and 200 RI of 65% HNO3 per
1,000 ml] by the formation of the red-brown acidic iron-
thiocyanate complex. The sample was centrifuged for 3 min
at 14,000 x g, and the A460 was measured in a Beckman
DU-62 spectrophotometer. Spontaneous rates of thiocya-
nate formation were determined by omitting the crude en-
zyme extract from the reaction mixture. The A460 of the
crude enzyme extract was measured by adding 500 RId of 38%
formaldehyde to the assay mixture prior to the addition of
sodium thiosulfate. Rates determined at various times fol-
lowing the initiation of the reaction remained linear for at
least 20 min.

Thiosulfate reductase activity was estimated by the
pararosaniline procedure described by Koj (20). A standard
reaction mixture contained 50 mM Tris-HCl, pH 9.0, 20 mM
sodium thiosulfate, 10 mM glutathione, and 100 p,l of crude
enzyme extract in a final volume of 1 ml. Solution A,
containing 100 mM Tris-HCl, pH 9.0, and 40 mM sodium
thiosulfate, and solution C, containing 20 mM glutathione,
were incubated separately for 5 min at 37°C. The pH of
solution C was adjusted to 9.0 by the addition of NaOH;
solution C was then combined with solution A, and the
reaction was initiated by the addition of crude enzyme
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FIG. 1. Occurrence of the 33-kDa polypeptide in sulfur-deprived
cells. Soluble polypeptides from cells grown on complete medium
(lane 1) or for 24 h in medium lacking sulfur (lane 2) were electro-
phoresed in a 12 to 18% polyacrylamide gradient gel. Purified
protein (lane 3) was isolated as described in Materials and Methods.
Proteins were also isolated from sulfur-sufficient (lane 4), sulfur-
deprived (lane 5), nitrogen-deprived (lane 6), and phosphorus-
deprived (lane 7) cells. Western blot analysis of soluble proteins
from sulfur-sufficient cells (lane 8) and cells deprived of sulfur (lane
9), nitrogen (lane 10), and phosphorus (lane 11) was also done. The
arrows show the positions of the sulfur-regulated proteins with
apparent molecular masses of 33 and 36 kDa. The molecular mass
markers used to determine the masses of the different proteins were:
phosphorylase b, 92.5 kDa; bovine serum albumin, 66.2 kDa;
ovalbumin, 45 kDa; bovine carbonic anhydrase, 31 kDa; soybean
trypsin inhibitor, 21.5 kDa; and lysozyme, 14.4 kDa.

extract. After incubation at 37°C for an appropriate time
period (the reaction was linear for at least 20 min), the
reaction was quenched by the addition of an equal volume of
0.23 M mercuric chloride. The resulting precipitate was
pelleted by centrifugation for 5 min at 14,000 x g, and 0.5 ml
of the supernatant was removed to estimate the sulfite
content (20). A 2-ml amount of 0.04% pararosaniline hydro-
chloride in 0.72 M HCl and 2 ml of 0.2% formaldehyde were
added to the supernatant, and after a 5-min incubation at
room temperature, the A570 was determined. Control values
were obtained by adding mercuric chloride to the reaction
mixture before the addition of glutathione.
To prepare crude enzyme extracts, cells from a 40-ml

culture of Synechococcus sp. strain PCC 7942 were collected
by centrifugation, washed with 5 mM Tris-HCl (pH 8.6)-2
mM MgCl2, and resuspended in 4 ml of wash buffer. The
cells were broken by passage through a French pressure cell
at 16,000 lb/in2, and the extract was used directly in enzyme
assays.

RESULTS

The major polypeptides that accumulate when Synechoc-
occus sp. strain PCC 7942 is deprived of sulfur are shown in
Fig. 1 (compare lanes 1 and 2). Two of the major soluble
polypeptides synthesized during sulfur stress, indicated with
arrows in Fig. 1, have molecular masses of 36 and 33 kDa.
Generally, the 33-kDa polypeptide becomes the most prom-
inent protein in sulfur-deprived cells. To probe the function
of this protein, we purified it from Synechococcus sp. strain
PCC 7942 after starving the cells for 24 h and used it for the
preparation of monospecific antibodies. While the details of
the protein purification are described in Materials and Meth-
ods, the characteristics of the polypeptide most important in
its purification were its behavior under different salt condi-
tions and its basic isoelectric point. At low ionic strength,
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the protein pelleted with the membranes during centrifuga-
tion and was released from the membrane fraction with a
high-ionic-strength buffer. This served as the first step in the
purification procedure. Furthermore, the 33-kDa protein is
one of the few proteins that does not bind to an anion-
exchange column at pH 9.0. The 33-kDa protein obtained
after this final step in the purification procedure could be
visualized as a single band on a polyacrylamide gel (Fig. 1,
lane 3).
The purified 33-kDa polypeptide isolated from a polyacryl-

amide gel was used to elicit antibody formation in rabbits.
Western blot analyses showing the reactivity of the antibody
with protein extracts from cells grown with and without
sulfate are presented in Fig. 1 (stained, soluble proteins in
lanes 4 and 5, Western blot analyses in lanes 8 and 9). The
antibodies reacted with the 33-kDa soluble polypeptide,
which was present in protein extracts from sulfur-starved
cells but not in extracts from sulfur-sufficient cells. The
33-kDa protein was not immunologically detected in protein
extracts of cells starved for other nutrients, such as nitrogen
(Fig. 1, lanes 6 and 10) and phosphorus (Fig. 1, lanes 7 and
11). Hence, the increased accumulation of this protein is a
specific response to sulfur deprivation and is not a general
stress response.
The monospecific antibodies were used to localize the

33-kDa protein in the cell. Figure 2 shows electron micro-
graphs of both unstarved (Fig. 2A) and starved (Fig. 2B)
cells. When Synechococcus sp. strain PCC 7942 was grown
on complete salt medium, there were three or four promi-
nent, concentric rings of thylakoid membranes in the cyto-
plasm. The cytoplasm of sulfur-starved cells was less
densely stained, and the internal photosynthetic membranes
were reduced to a single layer. As reported previously (19,
32), both the light-harvesting phycobiliproteins and chloro-
phyll molecules were extremely diminished in bleached
cells. Both starved and unstarved cells were immunocy-
tochemically stained to define the site of function of the
33-kDa protein. Unstarved cells showed little affinity for the
antibody, with low levels of randomly distributed colloidal
gold particles over the entire grid (results not shown). In
sulfur-starved cells, the colloidal gold particles were concen-
trated at the cell periphery (Fig. 2C), suggesting that the
protein is either in the periplasmic space or associated with
the outer or inner membrane of the cell envelope.
To further define the location of the 33-kDa protein, cells

were subjected to osmotic shock treatment, which causes
the release of periplasmic proteins (3, 7). Total soluble
proteins from both sulfur-sufficient and sulfur-deficient cells
are shown in Fig. 3, lanes 1 and 2, respectively. In this
experiment, a short period of sulfur starvation (approximate-
ly 3 h) accounted for the low level of both the 33- and 36-kDa
polypeptides in soluble protein extracts from starved cells.
Both the 36- and 33-kDa proteins, indicated with arrows,
were released from the cells after osmotic shock treatment
and were only present in preparations of shock-released
proteins from sulfur-deprived cells. Immunological analyses
of both total soluble and osmotic shock-released proteins
(Fig. 3, lanes 5 to 8) confirmed that the 33-kDa polypeptide
was released from the cells after the treatment. Sometimes a
higher-molecular-mass species of approximately 35 kDa in
extracts from starved cells reacted with the antibody, as
shown in Fig. 3, lane 6. This species, which was not detected
in the periplasmic protein fraction (Fig. 3, lane 8), may
represent low levels of unprocessed precursor present in the
cell. The data presented in Fig. 3 support the immunocyto-
chemical results and suggest that the 33-kDa protein resides

in the periplasmic space. It may be loosely associated with
the cell envelope since it can be removed from membrane
preparations by high-ionic-strength buffers.
To help isolate and identify the gene encoding the 33-kDa

polypeptide, the amino terminus of the isolated protein was
determined. This sequence is shown in line C of Fig. 4.
Previously, we had discovered a region of the Synechococ-
cus sp. strain PCC 7942 genome that was transcriptionally
activated during sulfur stress (Fig. 4, line A). This region
encodes the sulfate transport system of Synechococcus sp.
strain PCC 7942 plus other genes that might be involved in
the acquisition and utilization of other sulfur compounds.
Details describing the organization and function of these
genes have been published previously (15) or in the accom-
panying article (24). The amino acid sequence deduced from
one of these genes, designated rhdA, was identical to the
amino-terminal sequence of the isolated 33-kDa polypeptide.
A restriction map of the rhdA gene showing the orientation
of the transcript and the sequencing strategy is presented in
Fig. 4B.
The sequence of the rhdA gene and the deduced amino

acid sequence of the gene product were determined by
sequencing both strands of the DNA (Fig. 5). A potential
ribosome-binding site (GAGG, underlined in Fig. 5) pre-
ceded the initiator methionine by seven nucleotides. The
deduced protein sequence establishes the presence of a
putative leader peptide which terminates after Ala-37. The
presence of a putative leader sequence supports the obser-
vations concerning the subcellular location of the protein in
the periplasmic space. The molecular mass of the mature
protein, as determined from the deduced amino acid se-
quence, is 31 kDa, which is close to the apparent molecular
mass of 33 kDa estimated from polyacrylamide gel electro-
phoresis. The calculated pI of the mature protein is 9.1; the
basic pl explains why the protein passes through a QAE
Sepharose column at pH 9.0.
The abundance of the 33-kDa protein would suggest that

the transcript accumulates to high levels in sulfur-stressed
cells. Northern blot analyses showing the presence of the
transcript in sulfur-starved cells are presented in Fig. 6A.
Many transcripts in cyanobacteria give a smeared banding
pattern because the transcripts are rapidly degraded. The
1.1-kb transcript from the rhdA gene was distinct and very
abundant. This is probably due both to a high rate of
transcription and to an increased stability of the mRNA
(unpublished data). Although we have not mapped the 3' end
of the transcript, a potential stem-loop structure in the RNA,
underlined with arrows in Fig. 5, is located 36 nucleotides
downstream of the termination codon. This structure may
play a role in either transcription termination or stabilizing
the transcript by limiting nucleolytic processes.
The mRNA for the 33-kDa polypeptide, detected only in

cells deprived of sulfur, attained high levels even after 1 h of
starvation for sulfur (Fig. 6A, compare lanes 1 and 2). These
levels were maintained for over 12 h (Fig. 6A, lane 6). During
this starvation period, the levels of other transcripts, such as
those encoding the light-harvesting protein phycocyanin,
dropped rapidly, and such transcripts were barely detectable
after 12 h (Fig. 6B).
The sequence of the RhdA protein, as deduced from the

gene sequence, was compared with sequences in the Gen-
Bank and NBRF data bases. As shown in Fig. 7, there is
similarity between the rhdA gene product of Synechococcus
sp. strain PCC 7942, bovine liver rhodanese (29), and a
rhodaneselike protein from Saccharopolyspora erythraea
(12). Rhodanese catalyzes the transfer of sulfur from a
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FIG. 2. Electron micrographs of cells grown in the presence and absence of sulfur. Cells were grown either in sulfur-replete medium (A)
or for 24 h in medium devoid of sulfur (B). Immunocytochemistry with colloidal gold particles was used to localize the 33-kDa protein in cells
grown in sulfur-deficient (C) medium (24-h starvation period). Magnification: (A and B) x76,000; (C) x43,000.

sulfur-containing compound such as thiosulfate to a thio-
philic acceptor molecule such as cyanide (43). The similarity
to bovine liver rhodanese was approximately 26% and was

present throughout the molecule. Furthermore, the two
proteins were similar in size, and the active site of rhodanese
(Cys-247) is conserved in RhdA (27, 42). Additionally, the
RhdA polypeptide is approximately 21% identical to the
rhodaneselike protein (designated Orf2) of S. erythraea (12).

To test the function of the 33-kDa protein in the utilization
of sulfur-containing compounds, we interrupted the rhdA
gene by in vitro cartridge mutagenesis. The region of the
gene between the SmaI sites was deleted (Fig. 4B) and
replaced with a spectinomycin resistance gene from pHP45QZ
(28). Wild-type Synechococcus sp. strain PCC 7942 was
transformed with this construct, and the resulting spectino-
mycin-resistant transformants were restreaked to single col-
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FIG. 3. Immunological analysis of soluble and periplasmic pro-
teins. Total soluble protein from sulfur-sufficient and sulfur-de-
prived cells and proteins of the periplasmic space were resolved on
a 12 to 18% polyacrylamide gradient gel. Protein prcifiles shown are
from unstarved cells (lane 1), sulfur-starved cells (lane 2), osmotic
shock proteins from unstarved cells (lane 3), and osmotic shock
proteins from sulfur-starved cells (lane 4). Lanes 5 to 8 show
Western blots of soluble proteins from unstarved cells (lane 5),
sulfur-starved cells (lane 6), osmotic shock proteins of unstarved
cells (lane 7), and osmotic shock proteins from sulfur-starved cells
(lane 8). Markers used to determine the apparent molecular masses
of the protein bands are the same as in Fig. 1.

onies to ensure that the mutants were homozygous (44).
Confirmation of the gene disruption was done by Southern
hybridizations. As shown in Fig. 8B, the rhdA gene hybrid-
ized to a 3.5-kb EcoRV genomic DNA fragment from the
mutant strain and a 1.7-kb EcoRV fragment from the wild
type. This 1.8-kb change in fragment size reflects both the
integration of the 2.0-kb spectinomycin resistance gene and
the loss of the 0.16-kb SmaI fragment. An additional hybrid-
ization signal of approximately 9.0 kb was detected in both
strains and resulted from hybridization to DNA downstream
of the EcoRV site located in the 3' end of the rhdA gene.
Wild-type copies of the rhdA gene were not detected in the
mutant strain.

Total soluble proteins were isolated from the rhdA mutant
grown in the presence and absence of sulfate and analyzed
by polyacrylamide gel electrophoresis (Fig. 8A). As ex-
pected, the 33-kDa polypeptide was not present in the rhdA
mutant. However, the mutant strain grew at approximately
the same rate as wild-type cells on sulfate (300 or 40
,uM initial concentration), thiosulfate (300 or 20 ,uM), and
tetrathionate (300 or 10 ,uM).

It has been reported previously that there is a small
increase in rhodanese activity in cyanobacteria deprived of
sulfate (31). When Synechococcus sp. strain PCC 7942 was
deprived of sulfur, it exhibited a small increase in both
rhodanese and thiosulfate reductase activities (results not
shown). While the rhdA mutant did not show an increase in
the activities of these enzymes during growth in sulfur-
limited medium, the levels of the enzymes were not signifi-
cantly different between the mutant and wild-type strains.
Additionally, the purified 33-kDa protein had low levels of
rhodanese activity but failed to show any thiosulfate reduc-
tase activity. These results suggest that the rhdA gene

product has only low levels of rhodanese activity and that
this catalytic activity may not represent its primary function

C) NH2-A/GSQATVQFVAPTwAAERLNnkQXKiXXV-COOH

FIG. 4. rhdA gene in a cluster of sulfur-regulated genes. (A)
Restriction map of a region of the Synechococcus sp. strain PCC
7942 genome that is regulated by sulfur availability. The restriction
sites shown on the map are abbreviated as follows: X, XbaI; P, PstI;
A, ScaI; N, NaeI; V, EcoRV; S, SaIl; H, HindIII; Sp, SphI; C,
ClaI; M, SmaI; T, Stul; B, BgII; 0, XhoI; Ba, BamHI. The extent
of each gene and the gene designation are given below the map. See
Laudenbach and Grossman for a detailed discussion of this region
(24). (B) Restriction map of the rhdA gene. Sequencing was done in
both directions from each of the sites on the map as represented by
the dark arrows. The extent of the transcript is represented by the
large open arrow. The SmaI fragment that was deleted in the mutant
strain is shown as a solid rectangle under the map. (C) Amino acid
sequence from the amino terminus of the isolated 33-kDa polypep-
tide. Capital letters indicate unambiguous residues; lowercase let-
ters indicate residues with weaker signals. The first residue was
determined to be either A or G.

in the acclimation process. The rhodaneselike protein en-
coded by orf2 in S. erythraea also exhibited essentially no
rhodanese activity (12).

DISCUSSION

We have defined the localization of a prominent protein
with an apparent molecular mass of 33 kDa that is only
present in sulfur-limited cells and have isolated and charac-
terized the gene encoding this protein. This protein can
constitute between 1 and 3% of the total soluble protein in
sulfur-starved cells. It is located at the periphery of the cell,
as determined by immunocytochemical localization, and can
be released from the cell by osmotic shock treatment (usu-
ally indicative of periplasmic proteins). Both the subcellular
location and the prominence of the protein suggested that it
might be a substrate-binding protein, specific for a sulfur-
containing compound. Periplasmic substrate-binding pro-
teins in the enteric bacteria can constitute as much as 1% of
total cellular protein.

In the process of attempting to isolate the gene encoding
this protein, we discovered that it was contiguous to a
cluster of sulfur-regulated genes important for sulfate up-
take. Analysis of the rhdA gene and transcript provided
some insights into both the biosynthesis and function of the
33-kDa protein. The protein is probably synthesized as a
precursor, with a presequence of 37 amino acids and a
cleavage site that conforms to the rules of von Heijne (40).
This is rather long for a signal peptide, although long
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-170 -160 -150 -140 -130 -120 -110 -100 -90
CAGCCCAGCAGCGCTGCCAAGAACCGCCAACACTGACTTTTTCGTTGCTACCCCACTCGTTCATCGGGGAGTTAGCCCCTGAAATCCCCT
Q P S S A A K N R Q H *>

-80 -70 -60 -50 -40 -30 -20 -10 1
6TA6T6CGCAGAACCCATGGTCAGGATTCA6CAGTCGTGCAATAATCACCAATAAATCGATCGGGTTTTAGTTGTTTGAGGTTGAGTATG

M>
10 20 30 40 50 60 70 80 90

TCCGTGCGATCGCTCCGCTGGCCGCGCCAAAAGGCGTTCCTAGCGGTGATTTCTCTTGTTGTTGCCGTCCTTTTGGCTGTCCCGGGCTGG
S V R S L R W P R Q K A F L A V I S L V V A V L L A V P G W>

100 110 120 130 140 150 160 170 180
CTGACACCAGCGACCGCTGCCTCCCAGGCAACCGTGCAATTTGTGGCGCCGACTTGGGCTGCAGAACGGCTGAAATTAAACAGCTAAAA
L T P A T AAA S Q A T V Q F V A P T W A A E R L N N K Q L K>

190 200 210 220 230 240 250 260 270
ATTCTT6ATGTCC6CACCAACCCCCTGGCCTACATCGAGGGCCACCTCCCCGGGGCAGTCAATATTGCCGATGCCGCCTATCGGGGACCG

I L D V R T N P L A Y I E G H L P G A V N I A D A A Y R G P>
280 290 300 310 320 330 340 350 360

AATGGCTTCTTGCCGGTGCAGATTTGGGATCCCGAAAAACTGGCGTCGCTCTTTGGTCGAGCTGGGGTCAGCAACAACGACACTGTTTTG
N 6 F L P V Q I W D P E K L A S L F G R A G V S N N D T V L>

370 380 390 400 410 420 430 440 450
6TTTACTCCGACGGCAATGATGTCCTCGGTGCAACCTTGGTGGCCTATCTGCTCGAGCGATCGGGGGTGCAGAACATCGCTGTGCTCGAT
V Y S D G N D V L G A T L V A Y L L E R S G V Q N I A V L D>

460 470 480 490 500 510 520 530 540
6GGGGCTACAAGGGCTACAAGGATGCAGGTCTACC6GTGACCAM6AGTATCCGCGTTACCAAGCAGCGCGGTTT6CGCCCMGGACAAT
6 G Y K G Y K D A G L P V T K E Y P R Y Q A A R F A P K D N>

550 560 570 580 590 600 610 620 630
CGTGCATTTC6GGTTGATATCAAGCAGGTTGAACAGTTGACGGGTAAATCCACGTTTGTTGACCCGCGCCCGCCGGC6CTGTTTAGCGGG
R A F R V D I K Q V E Q L T G K S T F V 0 P R P P A L F S G>

640 650 660 670 680 690 700 710 720
GAGCACAGGTATTTATTCGCAACGGCCACATTCCGGGGGCCGCAACATTCCTT6GCCGACCTTCACCGAAGCGMCACAGCCAATGAG
E Q Q V F I R N G H I P G A R N I P W P T F T E A N N A N E>

730 740 750 760 770 780 790 800 810
AGTCTGAAAAATCCGCACAAACTGAAGCCCCTCTCA6A6CTGAAAGCAATTCTGGMGCCAAA6GGGTGACACCG6ATAAAGATGTGATC
S L K N P H K L K P L S E L K A I L E A K G V T P D K D V I>

820 830 840 850 860 870 880 890 900
GTTACCTGCAGCACG6GTCGCGAG6CTAGCTTGCAGTACCTCGTGCTCAAGCACCTGCTCAAGTATCCGAAGGTGCGGATCTACGAAGGG
V T C S T G R E A S L Q Y L V L K H L L K Y P K V R I Y E G>

910 920 930 940 950 960 970 980 990
TCTTGGACC6AATACAGCGCTAGCAATCTGCCGGTTGAAACTGGTCCC6ATC6CGTTTAATCCCCGGCGCTGGACTT6AATTGTTTGTGT
S W T E Y S A S N L P V E T 6 P D R V *>

1000 1010 1020 1030 1040 1050 1060 1070 1080

CTAGA

FIG. 5. Nucleotide sequence of the rhdA gene. The protein probably begins at the methionine codon located at nucleotide 1 (discussed in
text). A putative ribosome-binding site (double underlined) precedes the initiator methionine by seven nucleotides. A solid arrowhead
indicates the signal peptide cleavage site. Nucleotides with the potential to form a hairpin-loop structure at the 3' end of the gene, beginning
31 nucleotides past the termination codon, are underlined with arrows.

presequences have been found for other cyanobacterial
proteins targeted to the lumen of the thylakoid membranes
(39). The initiator Met codon is preceded by a cyanobacterial
ribosome-binding site (GAGG) by the optimal distance of

A B

FIG. 6. Northern analysis of RNA from cells after various peri-
ods of sulfur stress. Approximately 5 ,ug of total RNA was applied
to each lane. (A) RNA from cells grown in complete medium (lane
1) and cells grown in medium devoid of sulfur for 1 (lane 2), 2 (lane
3), 4 (lane 4), 6 (lane 5), and 12 (lane 6) h were hybridized to an rhdA
gene-specific probe. (B) The RNA in lanes 1 to 6 was the same as
that used in lanes 1 to 6 of panel A, but it was hybridized to a probe
specific for the phycocyanin gene (cpcBA) (23). The sizes of the
transcripts (in kilobases) are shown to the left of each panel.

seven nucleotides. Although this Met codon is likely to be
the site of translation initiation, translation in cyanobacteria
can also initiate at Val codons. From the deduced protein
sequence, codons for Val are located at positions -36 and
-22 relative to the first amino acid of the mature polypep-
tide. A possible ribosome-binding site was observed for
Val-36 (GAGT positioned six nucleotides from the CGT
valine codon); however, no likely ribosome-binding site was
observed for Val-22.
The gene sequence also establishes the presence of a

hairpin-loop structure that begins 36 nucleotides after the
TAA termination codon. Hairpin-loop structures in the RNA
have been implicated both in transcription termination and in
altering transcript stability. In Rhodobacter capsulatus,
such a structure might be important for limiting the action of
a 3' exonuclease, thereby extending the half-life of the
segment of the transcript encoding the bacterial light-har-
vesting proteins (5, 9). Hairpin-loop structures have also
been implicated in the maintenance of stability of chloroplast
transcripts (36). In this case, these structures are often
associated with proteins that have been hypothesized to
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Orf2(15) nlntdgvvfA evdedttayd gghipgaikl dwknelqdHv rrd------- ---------- -fvnrEgfek LlsakGigNd
* * * * * *

RhdA ASQATVQFVA PTWAAERLNN KQLKILDVRT NPLAYIEGHL PGAVNIADAA YRGPNGFLPV QIWDPEKLAS LFGRAGVSNN
* * * ** *** * * * * * **

Rhd (12) kwlAesvrag kvgpglrvld aswyspgtRe arkeYlErHv PGAsffdiee cRdkaspyeV mlpseagfAd yvGslGiSNd

Orf2 DTVilYggnN --nwfAayay wyfklyGhsd vklLDGGrKk weldGrelTK EePnraAtay kaqepdAsir afrdeVvdai
*** * * * * **** * * ** ** * * *

RhdA DTVLVYSDGN D-VLGATLVA YLLERSGVQN IAVLDGGYKG YKDAGLPVTK EYPRYQAARF APKDNRAFRV DI-KQV-EQL
Rdt d l * * * **v** *w*** * **E * ** **e *

Rhd thVvVYngdd lgsfyAprVw wmifrvfGhrt vsVLnGGfrn wlkeGhPVTs EpsRpepAiF katlNRsllk ty-eQVlEnL

Orf2

RhdA

Rhd

Orf2

RhdA

Rhd

gnKnlvdVrs pdefagklla pahlpQesaq RaGHIPsAiN vPWskaa-ne dgtf------ --KsdeELKq vygeaGldtD
* * * * **** ** ** * *** * *

TGK-STFVDP RPP--AlFSG ----EQQVFI RNGHIPGARN IPWPTFTEAN NANESLKNPH KLKPLSELKA ILEAKGVTPD
* ** * * * *** * * * * * * * ** * *** *

esKrfqlVDs Raq--grylG tqpepdaVgl dsGHIrGsvN mPfmdFl-te NgfE------ --KspeELrA mfEAKkVdlt

KDtIayCriG ersShtwfVL reLLghtnVk nYdGSWTEYg slvgvpienP qeqga
** * * * * ** ** * * ****** *

KDVIVTCSTG REASLQYLVL KHLLKYPKVR IYEGSWTEYS ASNLPVETGP DRV
* *K** * * * * * **h**** *

KplIaTCrkG vtAchiaLaa -yLcgkpdVa IYdGSWfEwf hrapPetwvs qgkg

FIG. 7. Comparison of the rhdA gene product with bovine liver rhodanese (Rhd) and a rhodaneselike protein (Orf2) from S. erythraea.
Regions of identity or conservation are indicated by asterisks and capital letters, respectively. Dashes denote gaps introduced to maximize
the sequence alignment.

change the susceptibility of the mRNAs to nucleolytic at-
tack.

Finally, the RhdA polypeptide shows some similarity to
bovine liver rhodanese and a rhodaneselike protein of S.
erythraea. The identity to rhodanese is approximately 26%
along the entire sequence. Although a specific biological
function for rhodanese is not known, it is a ubiquitous
enzyme that catalyzes the cleavage of a sulfane bond and the
transfer of a thiol group to any of a number of thiophilic
acceptor molecules. It has been suggested that the enzyme
plays a role in the detoxification of certain molecules, such
as cyanide and sulfide (43), and that it may have the capacity
to serve as a thiosulfate reductase (43). It may also perform
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36 -W"
33 :,."

'RI
..:
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b41

FIG. 8. Analysis of wild-type and rhdA mutant strains for the
presence of the 33-kDa polypeptide. (A) Total soluble proteins from
sulfur-sufficient (lanes 1 and 3) and sulfur-deprived (lanes 2 and
4) cells from the wild type (lanes 1 and 2) and the rhdA mutant
(lanes 3 and 4) were resolved on a 12 to 18% polyacrylamide
gradient gel. Markers used to determine the apparent molecular
masses (in kilodaltons) of the protein bands are the same as in Fig.
1. (B) DNA gel blot hybridizations confirming that the recombinant
clone containing the inactivated rhdA gene had integrated into
Synechococcus sp. strain PCC 7942 by a double recombination
event. Lane 1 contains wild-type genomic DNA, and lane 2 contains
rhdA mutant DNA, both of which were digested with EcoRV. The
probe was a 2.0-kb restriction fragment which contained the entire
rhdA gene as well as 5'- and 3'-flanking sequences. Size markers are

in kilobase pairs.

the oxidation of thiosulfate to sulfate in such organisms as
Chromatium spp. and Thiobacillus novellus (34). It has even
been suggested to play a role in the insertion of sulfur into
proteins containing labile sulfur molecules (8). While the
deduced amino acid sequence of the 33-kDa protein pre-
sented here does have some similarity to bovine liver
rhodanese, it probably does not serve the same biological
function. The 33-kDa polypeptides displays very low
rhodanese activity, and inactivation of the rhdA gene does
not significantly lower either the rhodanese or thiosulfate
reductase activity in the cell. In addition, the mutant strain
grew well on sulfate, thiosulfate, and tetrathionate even
though the RhdA polypeptide was absent. While a rhodane-
selike protein from S. erythraea also did not exhibit any
classical rhodanese activity, elimination of the protein lim-
ited the utilization of a number of inorganic sulfur sources
(12).
At this point in our understanding of sulfur acquisition in

Synechococcus sp. strain PCC 7942, it is not possible to
assign a definitive role to the 33-kDa protein in the acclima-
tion process. However, given its proximity to genes encod-
ing the sulfate transport system; its specific and high-level
accumulation under sulfur deprivation conditions, its localiza-
tion to the periplasmic space, and its similarity to rhodanese,
the protein is probably involved in the acquisition of sulfur
compounds. Both its abundance and subcellular location
suggest that it might be a periplasmic binding protein.
Additionally, a sulfur-regulated open reading frame located
downstream of rhdA encodes a protein with properties
similar to those of the two integral membrane proteins of the
sulfate transport permease complex (unpublished data).
Since the rhdA mutant strain can still grow on the same
inorganic sulfur compounds as wild-type cells, the 33-kDa
protein may be involved in the transport of a sulfur com-
pound not tested or may not be absolutely required for
uptake of a specific sulfur compound but may enhance
transport. This appears to be the case for the sulfate- and
thiosulfate-binding proteins in E. coli (16, 33) and Synecho-
coccus sp. strain PCC 7442 (24; unpublished data). It is also
possible that a second gene encoding a protein that functions
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in a capacity similar to the 33-kDa polypeptide is present on
the cyanobacterial genome.
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