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FIG. 5. Construction of plasmids for orf2 disruption. The plasmids shown were constructed as described in Materials and Methods.
Restriction sites are abbreviated as in the legend to Fig. 1. Additional abbreviations: R, EcoRI; H, HindIII; kb, kilobase.

rothiocyanide formation method (38), both S. erythraea
strains contained virtually equivalent levels of enzymic
activity (1 or 2 U per mg of protein).

The strong similarity observed between ORF2 and bovine
liver rhodanese (27), the only rhodanese enzyme whose
primary structure has been determined to our knowledge,
together with the presence of rhodanese activity in strain
S53RA3, left two possibilities: either S. erythraea contains
two rhodanese isozymes, with the contribution of ORF2 to
the total enzymatic activity being marginal under the condi-
tions tested, or orf2 codes for a different enzyme, which is
evolutionarily related to rhodanese and possibly has a simi-
lar function, i.e., sulfur transfer. The first hypothesis, al-
though strengthened by the recent finding of two rhodanese
forms in E. coli (1), required the two rhodanese genes to be
quite dissimilar, since no additional bands were visible in
genomic digests of S. erythraea when probed with DNA
fragments containing most of orf2 under moderately strin-
gent conditions (final wash, 0.5x NET-0.1% SDS at 65°C;
data not shown). .

The second hypothesis prompted us to investigate the
pathway for sulfate utilization. When plated on minimal
medium, strain 5S3RA3 failed to grow. The two sulfur-
containing amino acids cysteine and methionine restored
growth, indicating that a cys gene(s) had been disrupted in
strain S3RA3. Supplementing the minimal medium with
thiosulfate but not with sulfate or sulfite allowed strain
53RA3 to grow. No growth was obtained on cysteine-
S-sulfinic acid, a probable intracellular source of sulfite (17),
or on metabisulfite, a more constant source of extracellular

sulfite (24). Very slow growth was achieved on a medium
containing sulfide. In parallel experiments, the wild-type
strain could grow on all added sulfur sources (Table 1).

Strain 53RA3 is thus completely incapable of utilizing
sulfate and extracellular and intracellular sulfite and can
achieve only modest growth on sulfide. Of the inorganic
sulfur sources tested, only thiosulfate supported normal
growth.

DISCUSSION

The gene replacement approach we used presents some
advantages over the bacteriophage-mediated (9) or plasmid-
mediated (33, 34) method for insertional inactivation. If the
homologous fragment directing the first integration event is
not internal to a transcriptional unit, then the desired mutant
can be easily screened for by the loss of the plasmid
resistance marker and retention of the gene-disrupting
marker due to a second crossover event in the functionally
wild-type strain isolated from the first recombinational
event. While attempts at disrupting an essential gene are
expected to be futile due to the lack of success in insertion-
ally inactivating it directly, the two-step approach illustrated
here allows one to distinguish between lack of integration
and preferential retention of the wild-type gene as well as to
nutritionally supplement the nonselective medium before
screening for the mutant phenotype. Thus, by in vitro
mutating orf2 and orf3 by insertion of an apramycin resis-
tance gene and then replacing them in the wild-type strain,
we constructed strain S3RA3, which is deficient in sulfate
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FIG. 6. Analysis of DNA structure in S. erythraea and its transformants by DNA hybridization. (A) Autoradiogram of SstII-digested total
DNA from strains 52TA (lane a), 52RS (lane b), 51TA (lane c), S4TA (lane d), 53TA (lane e), WMH22 (lane f), 53RS (lane g), S3RA1 (lane
h), S3RA2 (lane i), and 53RA3 (lane j). Numbers indicate molecular weight markers, in kilobase pairs. The Southern blot was probed with the
3.1-kbp Kpnl fragment (Fig. 1, sites 2 to 19). The arrow points to the wild-type band containing ORF2. (B) Region of crossover and structure
of strain 52TA. (C) Regions of crossover and structures of strains S3TA and S3RA. Only the restriction sites (abbreviated as in the legend to
Fig. 1) delimiting the segments of homology are shown in panels B and C. Thick bars designate the SstII bands detected in Fig. 6A and their
sizes. Only the novel bands and the wild-type 1.35-kbp band are shown. Vector sequences are not drawn to scale in panels B and C.
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TABLE 1. Utilization of sulfur sources by strain 53RA3“

Growth? on sulfur source

Strain

None S0,72 S0;72 S~ S,0,72 S,057% Ser Cys CSA? Met
WMH22 (+)° + + + + + (+)° + + +
53RA3 - - - ! + - - + - +

a Cells were plated on RZMM-S supplemented with 0.5 mM of the indicated sulfur source and incubated at 30°C for 2 to 3 days.

b +, Growth observed; —, growth not observed.
¢ Final concentration, 1 mM.
4 Cysteine-S-sulfinic acid.

¢ Minor growth observable, possibly due to sulfated polysaccharides present in agar.

f Some faint growth visible only after 5 days.

utilization, indicating that orf2 or orf3 or possibly both are
cys genes. It should be noted that the close linkage of orf2
and orf3 (only two nucleotides separate the end of the former
from the beginning of the latter) suggests that the two genes
belong to the same transcript and that they are therefore
probably involved in the same metabolic pathway.

On the basis of the nutritional requirements of Streptomy-
ces griseus subsp. cryophilus (14) and Streptomyces coeli-
color (18) mutants deficient in sulfate uptake, a pathway for
sulfate utilization in Streptomyces species (Fig. 7) that
resembles the one used by the soil fungus A. nidulans more
than the pathway in other procaryotes (15) has been pro-
posed. According to this pathway, the conversion of sulfite
to thiosulfate occurs via sulfide by the action of a sulfite
reductase and a sulfide oxidase. The nutritional require-
ments of S. erythraea S3RA3 are probably better explained
by a defect in the formation of thiosulfate rather than by a
defect in sulfide formation. The slow growth on sulfide is
probably not due to a leaky mutation, considering how orf2
and orf3 were disrupted. In addition, the sulfite reductase
from E. coli has been characterized (15), and none of the
properties of its constituent polypeptides suggests a similar-
ity to ORF2 or ORF3. The slow growth on sulfide may be
due to the action of an enzyme analogous to the Salmonella
typhimurium cysM product, S-sulfocysteine synthase, which
condenses O-acetylserine with thiosulfate but which can also
use sulfide to a minor extent (15). Possibly, the externally
added sulfide, which presumably enters the cell by mere

sulfate (extracell.) methionine

| ¢

1 iron-sulfur
clusters 3
4 cysteine
sulfite reduftyulﬂte
sulfide
S-sulfo cysteine
sulfide oxidase

Is°1 thiosulfate

O-acetyl serine

FIG. 7. Proposed sulfur assimilation pathway in Streptomyces
species. Only the interconversion of sulfite and thiosulfate is shown
in detail with the proposed enzymes involved. Compounds in
brackets are hypothetical, as is the dashed line leading to iron-sulfur
clusters. The proposed role for ORF2 is also illustrated.

ORF2
(sulfotransferase)

diffusion (15), can reach an intracellular concentration that is
sufficient for the formation of some cysteine by the action of
a cysM-like product.

The strong similarity observed between ORF2 and
rhodanese suggests that the two enzymes participate in a
similar reaction. Rhodanese catalyzes the transfer of the
sulfane atom of thiosulfate to a thiophilic acceptor, with
release of sulfite (37). Although rhodanese activity was
discovered more than 50 years ago as a means for the
detoxification of cyanide, the in vivo function of the enzyme
is still debated, with current hypotheses suggesting a role in
the formation of iron-sulfur clusters (4). In in vitro systems,
rhodanese can reversibly transfer the sulfane atom between
sulfite and thiosulfate, depending on the thiophile used (37).
The presence of similar levels of rhodanese activity in the
presence or absence of a functional orf2 gene suggests that
ORF?2 is distinct from rhodanese and confirms the presence
of rhodanese activity in actinomycetes (23). This interpreta-
tion is strengthened by the recent isolation of a rhodanese-
deficient mutant in E. coli that requires sulfite or thiosulfate
but not methionine or cysteine for growth (A. Veazey and
D. P. Clark, Abstr. Annu. Meet. Am. Soc. Microbiol. 1989,
H-19, p. 172) and is thus phenotypically distinct from strain
53RA3. Whether one of the two rhodanese forms in E. coli
recently described (1) is equivalent to ORF2 remains to be
seen.

According to the proposed pathway for sulfate utilization
in Streptomyces species (14, 18), the formation of thiosulfate
occurs by the addition of sulfite to an oxidation product of
sulfide. Sulfide oxidases, described so far only in chemisyn-
thetic bacteria, appear to produce mainly S° (30). Conse-
quently, the formation of thiosulfate calls for the rhodanese-
like reaction shown in Fig. 8. We propose that this reaction
is carried out by ORF2, the product of the cysA gene.
Cys-233 of ORF2, which corresponds to the active site
cysteine residue of rhodanese, would therefore be a likely
candidate for sulfur activation. Although shown as revers-
ible (Fig. 8), the direction of this reaction may be determined
in vivo by the affinity of the free and sulfo forms of the
sulfotransferase (ORF2 or rhodanese) for the sulfo carrier as
well as by the thiophilicity of the carrier. The S,0;72

carrier X Enz-[S] XSOQF'
carrier-[S] Enz $504%
FIG. 8. Rhodaneselike reaction for the formation of thiosulfate.

[S], Oxidation state of sulfur (presumably S°; carrier, a thiophilic
donor (possibly a protein); Enz, ORF2 sulfotransferase.
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produced by this reaction would be used for cysteine bio-
synthesis as postulated in Fig. 7. On the basis of the
genotype of the auxotrophic strain S3RA3, it is formally
conceivable that the conversion of sulfide to thiosulfate is
due to the action of ORF3. However, we favor the hypoth-
esis that ORF?2 is a sulfotransferase and suggest that ORF3
also participates in sulfur assimilation.

The close linkage of orfl, orf2, and orf3 suggests that they
occur within a single transcriptional unit. It is thus likely that
orfl is a cys gene, too. In this respect, the rather abundant,
nonrandom distribution of rare Streptomyces codons at the
end of orfl and at the beginning of orf2 (Fig. 1) suggests that
their expression is coordinately modulated at the transla-
tional level, as proposed for expression of the hyg gene (40).
However, since a strain specifically disrupted in orfI has not
been isolated and any obvious similarity between the amino
acid sequence of ORF1 and known proteins has not been
found, a putative role cannot yet be assigned to orfl.

The presence of the very short ORF upstream of orfI is
intriguing. As no obvious promoterlike sequences could be
detected upstream of orfl (using a list of the identified
Streptomyces promoters compiled and kindly provided by
Janet Westpheling), the 5’ extension of its transcript remains
to be determined. It is tempting to speculate that this short,
cysteine-rich ORF, which precedes cys genes, is not casual
and may either reflect the repression by cysteine of genes
involved in the uptake and transformation of sulfate (15) or
act as a low-molecular-weight protein carrier of inorganic
sulfur compounds (30).
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ADDENDUM IN PROOF

Hybridization was not observed between the 3.3-kbp
DNA fragment containing the S. erythraea cysA gene and
clones plJ973 and pl1J974 that contain S. coelicolor cys genes
(18) under conditions of low stringency. This is perhaps not
surprising, since none of the phenotypes reported for the S.
coelicolor cys mutants resemble the S. erythraea 53RA3
strain.
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