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The metabolic consequences of two insertions, iscR1::MudJ and iscA2::MudJ, in the isc gene cluster of
Salmonella enterica serovar Typhimurium were studied. Each of these insertions had polar effects and caused
a nutritional requirement for the thiazole moiety of thiamine. Data showed that IscS was required for the
synthesis of nicotinic acid and the thiazole moiety of thiamine and that one or more additional isc gene
products were required for a distinct step in the thiazole biosynthetic pathway. Strains with isc lesions had
reduced succinate dehydrogenase and aconitase activities. Furthermore, isc mutants accumulated increased
levels of pyruvate in the growth medium in response to exogenously added iron (FeCl3), and this response
required a functional ferric uptake regulator, Fur.

Historically, biosynthetic genes have been identified by mu-
tations resulting in a predicted nutritional requirement. When
the biosynthetic genes of several pathways were identified, it
became clear that nutritional requirements were generated by
lesions in genes that do not encode biosynthetic enzymes but
rather have indirect roles in the respective pathways. The char-
acterization of mutations that indirectly affect thiamine biosyn-
thesis has provided insight into the synthesis of this essential
vitamin and uncovered new features of metabolism in Salmo-
nella enterica (1, 7, 8, 18, 19, 23, 25, 40).

Thiamine pyrophosphate is an essential cofactor for several
well-characterized enzymes, including pyruvate dehydrogenase,
pyruvate decarboxylase, a-ketoglutarate dehydrogenase, and
transketolase (57). Thiamine pyrophosphate is formed by the
condensation and subsequent phosphorylation of 4-amino-5-
hydroxymethyl pyrimidine pyrophosphate (HMP-PP) and 4-
methyl-5-(b-hydroxyethyl)-thiazole monophosphate (THZ-P)
(2). HMP-PP is derived from aminoimidazole ribotide, which
is a shared intermediate with the purine pathway (20, 21, 36–
38). Extensive labeling studies determined that cysteine, tyro-
sine, and 1-deoxy-D-xylulose contribute to the THZ-P moiety
(10, 11, 15, 22, 52). Our present understanding of the thiamine
biosynthetic pathway is depicted in Fig. 1.

The strB genetic locus was defined genetically by mutations
that resulted in low-level streptomycin resistance, affected his-
tidine biosynthesis, and generated a thiamine and/or nicotinic
acid auxotrophy (14, 44, 45). Mutations in this locus were
reported to be resistant to 50 mg of streptomycin/ml in nutrient
broth and 500 mg/ml in minimal salts medium, distinguishing
them from the classical strA alleles of ribosomal protein S12
(rpsL), which are typically resistant to 2 mg of streptomycin/ml
(12). Work by Zhu and Roth determined that the nicotinic acid
(NA) requirement was due to a reduced activity of quinolinic
acid synthetase in these strains (61). Here we mapped two
independently isolated insertions in the strB locus and deter-
mined that it was allelic with the isc gene cluster in S. enterica.

The isc locus was originally described in Azotobacter vinlan-
dii (59) and contained homologs of nif genes that are involved

in formation of the iron-sulfur ([Fe-S]) center of nitrogenase
(29, 58). Specifically, in a strain with nifS deleted (NifS is in-
volved in the mobilization of sulfur for nitrogenase) (60), an
enzyme with L-cysteine desulfurase activity was isolated and
designated IscS. The complex locus containing the iscS gene
was sequenced and found to be conserved in many non-nitro-
gen-fixing bacteria (59). The prevalence of this isc gene cluster
and the presence of genes similar to those with a demonstrated
role in [Fe-S] cluster assembly in nitrogenase suggested that
genes in this locus had a general cellular role in [Fe-S] cluster
assembly (59). Consistent with this proposal, Nakamura et al.
recently demonstrated that coexpression of the isc gene cluster
increased the production of five reporter ferredoxins (35). The
authors attributed this increase in production to an increased
ability to form stable [Fe-S] centers. A second study also showed
that the specific isc gene products required for overproduction
varied with each reporter [Fe-S] protein tested (50).

Recently, Kambampati and Lauhon (31) isolated IscS based
on its ability to transfer sulfur to the 4-thiouridine modification
of tRNA via a ThiI intermediate. ThiI has been shown to be
required for the synthesis of both the thiazole (THZ) moiety of
thiamine (55) and the 4-thiouridine modification of tRNA
(34), causing the authors to suggest that IscS also has a role in
the sulfur donation to THZ. The results presented in this study
support this hypothesis.

We have identified insertion mutations in two genes in the
isc locus, iscR and iscA (Fig. 2). The insertions were polar on
downstream genes, and complementation analyses showed that
the iscR mutation affected two distinct steps in the synthesis of
the THZ moiety of thiamine. Both insertion mutants in the isc
gene cluster had decreased activities of at least two enzymes
containing [Fe-S] centers and displayed novel metabolic phe-
notypes. In particular, spent medium from these mutants had
increased levels of pyruvate when high levels of iron were
present in the growth medium, and this increase was elimi-
nated by a null mutation in fur, the gene that encodes the ferric
uptake regulator (48).

MATERIALS AND METHODS

Bacterial strains, media, and chemicals. All strains used in this study are
derived from S. enterica LT2 and are listed with their respective genotypes in
Table 1. The NCE medium of Berkowitz et al. (3) supplemented with 1 mM
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MgSO4 was used as a minimal medium, and glucose or glycerol (11 mM) was
added as a carbon source. When present in the culture media, these compounds
were used at the following final concentrations: thiamine, 100 nM; NA, 20 mM;
and sodium nitrate, 40 mM. When indicated, FeCl3 (Sigma Chemical Co., St.
Louis, Mo.) was added to a final concentration of 50 nM or 50 mM. Luria broth

and Difco nutrient broth (8 g/liter) with NaCl (5 g/liter) were used as rich media,
with Difco BiTek agar added to a final concentration of 1.5% for solid medium.
The final concentrations of antibiotics were as follows: tetracycline (Tc), 20
mg/ml; kanamycin (Km), 50 mg/ml; ampicillin (Ap), 30 mg/ml; and chloramphen-
icol (Cm), 20 mg/ml.

FIG. 1. Biosynthetic pathway for thiamine synthesis. Enzymes for the catalysis of each reaction are indicated above the relevant arrow. Enzymes that have not been
demonstrated but are predicted to function at certain steps in thiamine biosynthesis are in parentheses. Putative [Fe-S]-containing enzymes are marked by asterisks.
The dotted lines represent predicted reactions in the PurF-independent formation of phosphoribosyl amine (PRA). PRPP, phosphoribosylpyrophosphate; AIR,
5-aminoimidazole ribotide; TPP, thiamine pyrophosphate.

FIG. 2. Organization of the isc gene cluster in S. enterica serovar Typhi. The relative locations of two MudJ insertions are indicated by solid triangles, and the
assigned allele numbers are shown. The proposed functions of the products are listed below each gene. Note that orf2 in the annotated E. coli genome has been
redesignated iscR (D. R. Dean, personal communication).
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Genetic techniques. (i) Transduction methods and strain construction. The
high-frequency general transducing mutant of bacteriophage P22 (HT105/1; int-
201) (46) was used in all transductions. The methods for transduction and
subsequent purification of transductants have been previously described (16).
Point mutations in fur were cotransduced into strains LT2, DM5419, and
DM5420 by selecting the tetracycline resistance associated with a linked Tn10
element. The presence of the fur mutation was confirmed by backcrossing into a
strain containing a Mud-lacZ fusion (MudJ) insertion in entB (TT20268), a gene
regulated by Fur. Constitutive expression of entB indicated the presence of a null
allele of fur (53).

(ii) Phenotypic analysis. Nutritional requirements were assessed on solid me-
dium with soft agar overlays and by quantification of growth in liquid. Protocols
for each have been described (1, 42). In growth curves, the starting A650 was
routinely between 0.03 and 0.08, with a final A650 between 0.7 and 1.1.

(iii) Complementation analysis. The plasmids used in this study are listed in
Table 2. Orfmers (Genosys, The Woodlands, Tex.) were used to amplify the
following genes from Escherichia coli K-12: iscR, iscA, iscS, and fdx. The corre-
sponding plasmids, piscR1, piscA1, piscS1, and pfdx1, were generated by ligating
the respective fragments into the SmaI site of pSU19 (33). Plasmid piscA3 was
created by digesting piscA1 with PstI and EcoRI, purifying the fragment, and
ligating it into appropriately digested plasmid (pT7-6) DNA (49). Plasmid inserts
were confirmed by sequence analysis and/or restriction digest. The relevant
plasmids were transformed into strains DM5419 and DM5420, and the nutri-
tional requirements of the resulting strains were assessed.

(iv) Sequencing of isc::MudJ insertions. The locations of the MudJ insertions
were determined by sequencing with a PCR-based protocol (6, 56). A DNA
product was amplified with degenerate primers and primers derived from the
MudJ insertion sequence as described and sequenced by the University of Wis-
consin Biotechnology Center-Nucleic Acid and Protein Facility.

Enzyme assays. (i) AC assays. Aconitase (AC) activity was assayed by modi-
fying a published protocol (27). Briefly, strains were grown in nutrient broth, and
3 ml was harvested in early stationary phase (A650, ca. 0.9). The cells were
pelleted and washed with Tris-citrate buffer (20 mM; pH 8) at 0°C. The washed
cells were resuspended in 300 ml of cold Tris-citrate buffer (20 mM; pH 8). The
cells were sonicated with a Sonic Dismembrator 550 (Fisher Scientific, Pitts-
burgh, Pa.). Two rounds of sonication were performed, with a 30-s cooling period
in between; a round consisted of sonication for 10 s with 0.5-s pauses between
bursts. The cell extract was clarified by centrifugation at 10,000 3 g for 20 s in a
Marathon microcentrifuge (Fisher Scientific). Assays were performed immedi-
ately and were initiated by adding cell extract (0 to 100 mg of protein) to 20 mM
isocitrate in a 200-ml final volume. AC activity was assayed at room temperature
by following the formation of cis-aconitate by monitoring the increase in absor-
bance at 240 nm in a quartz microtiter plate using a Spectramax Plus (Molecular

Devices, Sunnyvale, Calif.) plate reader. The linear range of the assay was
determined for each strain, and specific activities were calculated as DA240/
minute/milligram of protein. The protein concentration was determined by the
method of Bradford (5).

(ii) SDH. Cells were grown in minimal glucose medium (supplemented with
NA and thiamine) to late log phase (ca. 100 Klett units [red filter]). Cells from
a 3-ml sample were pelleted and washed with cold 50 mM potassium phosphate
buffer (pH 7.5). The cells were resuspended in 300 ml of the same buffer and
sonicated and clarified as described above. Succinate dehydrogenase (SDH)
activity was measured by the method of Spencer and Guest (47) except that a
final volume of 200 ml was used and absorbance at 600 nm was measured in a
microtiter plate with a Spectramax Plus plate reader. Activities were measured in
crude extracts at protein concentrations between 0 and 100 mg. The linear range
was determined for each strain, and specific activities were calculated as DA600/
minute/milligram of protein. The activity contributed by boiled cell extracts was
subtracted from the activity obtained in each assay.

Measurement of pyruvate accumulation. (i) Derivatization with DNPH. The
derivatization procedure for a-keto acids was modified from the method of
Kadner et al. (30). Strains were grown overnight in minimal glucose medium
supplemented with thiamine and NA. A 200-ml sample of this culture was
subcultured into iron-free tubes (Fisher Scientific) containing 6 ml of minimal
glucose medium supplemented with thiamine, NA, and 50 nM or 50 mM FeCl3.
The concentration of 50 nM FeCl3 was sufficiently low that the growth rate of a
wild-type strain was noticeably impaired. Spent culture medium (50 ml) was
derivatized by adding 66 ml of 2,4-dintrophenylhydrazine (DNPH) (0.25 mg/ml in
2 N HCl) and incubating the mixture for 15 min at room temperature. In general,
spent medium was derivatized after 3 h of growth and every 1.5 h thereafter.
Color was visible 15 min after neutralization with 83 ml of 10% NaOH, and a
UV-visible scan showed a major absorbence peak at 443 nm.

(ii) Lactate dehydrogenase assays. The lactate dehydrogenase assay was mod-
ified from the method of Oeschger (39). The reaction mixture contained pyru-
vate-specific D-lactic acid dehydrogenase (catalog no. L3888; Sigma Chemical
Co.) (8.7 U), 10 mM Tris-HCl (pH 8), 240 mM KCl, 20 mM MgCl2, and 1 mM
pyruvate or 10 to 100 ml of spent growth medium. The preassay mixture was
incubated at 30°C for 2 min before the reaction was initiated with NADH (final
concentration, 25 mM). The oxidation of NADH was monitored as a decrease in
the absorbance at 340 nM in a quartz microtiter plate using a Spectramax Plus
plate reader.

Determination of glucose. The concentration of glucose in the medium was
monitored using the Glucose LiquiColor kit (Stan Bio, San Antonio, Tex.)
according to the manufacturer’s instructions.

RESULTS

Mutations in the strB genetic locus map to the isc gene
cluster in S. enterica. Our interest in the strB genetic locus was
prompted by reports of thiamine auxotrophy associated with
several strB mutants. To pursue this observation, two strains
carrying independent MudJ insertions in the strB locus were
analyzed (strB1143::MudJ and strB1144::MudJ) (61). The MudJ
insertions were transduced into our laboratory LT2 strain,
generating DM5419 and DM5420, respectively. Sequence
analysis of these two strains determined that both MudJ inser-
tions were located in the isc gene cluster in the 57 centisome
region of the S. enterica chromosome. This locus has been
implicated in the formation of [Fe-S] clusters in E. coli and
other organisms (35, 50, 59). The physical organization of this
locus (as found in the annotated E. coli genome [4]) is shown
in Fig. 2 with the positions of the strB1143::MudJ and
strB1144::MudJ insertions at the ends of iscR and iscA, respec-
tively. To reflect these positions, the insertions were renamed
iscR1 and iscA2. Data produced by the S. typhi Sequencing

TABLE 1. Strainsa

Strain Genotype Source

LT2 Wild type Laboratory
strain

TT16365 strB1143::MudJb (iscR1::MudJ throughout) J. Roth
TT16366 strB1144::MudJ (iscA2::MudJ throughout) J. Roth
TT20152 fur-1 iroA1::MudJ zbj-5123::Tn10 (33%

linked to fur-1)
J. Roth

TT20268 entB::MudJ J. Roth
DM2361 sdhC203::Tn10dc(Tc) Laboratory

strain
DM5419 iscR1::MudJ
DM5420 iscA2::MudJ
DM5632 zbj-5123::Tn10 (Tc) fur-1
DM5633 zbj-5123::Tn10 (Tc) fur1

DM5634 iscR1::MudJ zbj-5123::Tn10 (Tc) fur-1
DM5635 iscR1::MudJ zbj-5123::Tn10 (Tc) fur1

DM5636 iscA2::MudJ zbj-5123::Tn10 (Tc) fur-1
DM5637 iscA2::MudJ zbj-5123::Tn10 (Tc) fur1

DM5694 iscR1::MudJ(pSU19)
DM5695 iscR1::MudJ(piscS1)
DM5708 iscR1::MudJ(piscR1)
DM5696 iscA2::MudJ(pSU19)
DM5710 iscA2::MudJ(piscA1)
DM5697 iscA2::MudJ(piscS1)
DM5719 iscA2::MudJ(pfdx1)
DM5720 iscA2::MudJ(pfdx1, pT76)
DM5721 iscA2::MudJ(pfdx1, piscA3)

a Unless otherwise indicated, strains were constructed for this study.
b MudJ is used throughout the test to refer to the MudI1734 transposon (6a).
c Tn10d refers to the transposition-defective mini-Tn10 (Tn10D-16 D-17)

(53a).

TABLE 2. Plasmidsa

Plasmid Vector (drug) Insert

piscR1 pSU19 (Cm) iscR
piscA1 pSU19 (Cm) iscA
piscS1 pSU19 (Cm) iscS
pfdx1 pSU19 (Cm) fdx
piscA3 pT76 (Ap) iscA

a Inserts were obtained and plasmids were created as described in Materials
and Methods.
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Group at the Sanger Center indicate that a similar physical
organization exists in S. enterica serovar Typhi (http://www
.sanger.ac.uk/Projects/S_typhi) and is likely to exist in S. enter-
ica serovar Typhimurium.

Lesions in isc genes result in varied nutritional require-
ments. The nutritional requirements for the iscR1 and iscA2
mutant strains were determined on solid growth media. Data
from three independent experiments were averaged and are
presented in Table 3. As reported previously, the iscR1::MudJ
insertion generated a nutritional requirement for NA and thi-
amine (61). Although the iscA2::MudJ insertion mutant was
reported to be prototrophic, under the conditions reflected in
Table 3, strain DM5420 required thiamine for growth. The
thiamine auxotrophy of both the iscR1 and iscA2 insertion
mutants on solid growth medium was satisfied by the addition
of the THZ moiety of thiamine, indicating a block in the
biosynthetic pathway for THZ. Notably, the THZ require-
ments of the two isc strains could be distinguished by the
addition of tyrosine. As shown in Table 3, tyrosine satisfied the
THZ requirement of DM5420 but failed to correct the pheno-
type of strain DM5419. We have previously isolated mutations
that result in a requirement for THZ or tyrosine and hypoth-
esized that this phenotype reflected a defect in ThiH activity
(1, 54; J. Gralnick, E. Webb, B. Beck, and D. M. Downs, sub-
mitted for publication).

To test whether the phenotypes associated with the isc::
MudJ insertions were generated by polar effects on down-
stream genes, clones containing iscR, iscA, iscS, or fdx in trans
were constructed and utilized in complementation analyses
(see Materials and Methods). The results of some of these
experiments (Table 3) indicated that in both strains, one or
more genes downstream of the MudJ insertion site were in-
volved in generating the observed phenotype. In the case of the
iscA2 mutant (DM5420), providing iscA in trans failed to alter
the nutritional requirements of the strain (Table 3, lines 6 and
7). Additional experiments showed that neither the presence of
fdx nor both iscA and fdx in trans altered the requirements
(data not shown). Although the relevant constructs were con-
firmed by sequence analyses, it is formally possible that these
genes were not being expressed. From these results we con-
cluded that one or more of the downstream genes were in-
volved in the thiamine requirement generated by the iscA2
mutation. In the case of the iscR1 mutant, the presence of iscR
in trans did not change the nutritional requirements of the
strain. However, the presence of iscS in trans had two detect-
able effects on the nutritional requirement caused by the
iscR1::MudJ insertion: (i) the NA requirement was eliminated,
and (ii) the remaining THZ requirement was satisfied by ty-

rosine. Our interpretation of these results was that two distinct
steps in THZ synthesis were affected by mutations in the isc
genes. The data in Table 3 indicated that a lack of the iscS gene
resulted in a requirement for NA and generated a THZ re-
quirement that was not satisfied by tyrosine. We suggest that
this defect is at the ThiI step (31). Consistent with these re-
sults, nonpolar insertions in iscS have recently been generated
in E. coli and found to cause a requirement for NA and thia-
mine (C. Lauhon, personal communication).

isc cluster mutants have phenotypes consistent with [Fe-S]
center defects. Based on the predicted functions of the genes in
the isc locus, it was likely that several metabolic processes,
specifically, those involving [Fe-S] centers, would be disrupted
in the mutant strains. Although not demonstrably linked to a
lack of [Fe-S] centers, the ratio of growth rates on glycerol to
those on glucose of both isc mutant strains under anaerobic
conditions was reduced compared to that of a wild-type strain.
The specific growth rates (m) of LT2, DM5419, and DM5420
were 0.257, 0.123, and 0.216 in glucose and 0.269, 0.082, and
0.191 in glycerol, respectively. Together with the final A650s of
the same strains in glucose (0.652, 0.426, and 0.62) and glycerol
(0.588, 0.178, and 0.432), these results suggested that the isc
mutant strains had a decreased ability to grow under condi-
tions requiring anaerobic respiration. Anaerobic conditions
were used to minimize the negative effects that lack of the isc
gene products might have on repairing oxidative damage to
known enzymes containing [Fe-S] centers. The finding that
DM5419 (iscR1) had a more severe defect than DM5420
(iscA2) was consistent with a role for multiple isc gene prod-
ucts in this phenotype.

The specific activities of [Fe-S]-containing proteins, SDH,
and AC were determined in strains DM5419, DM5420, and
LT2. The results from these experiments (Table 4) demon-
strated that the isc mutants had decreased SDH activity (;3-
fold) and decreased AC activity (;4-fold). Together, the re-
sults in this section were consistent with a defect in [Fe-S]
center formation and/or maintenance in these strains that was
anticipated based on the sequence analysis of the disrupted
genes.

Lesions in the isc genes cause accumulation of large
amounts of pyruvate in the growth medium. When isc mutants
were grown in Luria broth supplemented with glucose, the
cultures failed to reach full density. This growth arrest corre-
lated with the accumulation of acid in the growth media of the
mutants (pH 4.5; pH 8.5 for the wild type) (data not shown).
Derivatization of the culture medium with DNPH determined
that a-keto acids were accumulating. When a buffered minimal
medium was used, growth of the isc mutants was not arrested
and DNPH derivatizable a-keto acid(s) accumulated and was
depleted in a growth-dependent manner (Fig. 3).

A UV-visible spectrum of the DNPH-derivatized culture
supernatant showed a single peak of absorbance at 443 nm,
suggesting the predominant acid was pyruvate (13). The pres-
ence of pyruvate was confirmed by using spent culture medium

TABLE 3. isc mutations generate nutritional requirementsa

Strain Genotype
Diameter of growth zone (mm)b

THI NA NA-THI NA-THZ NA-TYR

DM5419 iscR1::MudJ ND ND 24 46 ND
DM5420 iscA2::MudJ 32 ND 32 41 40
DM5694 iscR1::MudJ(pSU19) ND ND 33 52 ND
DM5708 iscR1::MudJ(piscR1) ND ND 33 52 ND
DM5695 iscR1::MudJ(piscS1) 42 ND 41 52 48
DM5696 iscA2::MudJ(pSU19) 35 ND 35 50 44
DM5710 iscA2::MudJ(piscA1) 35 ND 36 49 44

a Soft agar overlays of the indicated strains were plated on minimal glucose
medium. The indicated compounds were spotted as follows: thiamine (THI), 0.2
nmol in 2 ml; NA, 40 nmol in 2 ml; THZ, 0.2 nmol in 2 ml; tyrosine (TYR), 1 mmol
in 10 ml.

b Results are the means of three independent experiments with variation of
less than 4 mm. ND, not detectable.

TABLE 4. SDH and AC activities are reduced in isc mutants

Strain Relevant genotype SDH activitya AC activitya

LT2 Wild type 1.58 6 0.03 3.73 6 0.16
DM5419 iscR1::MudJ 0.48 6 0.06 0.93 6 0.07
DM5420 iscA2::MudJ 0.56 6 0.09 1.04 6 0.01
DM2361 sdhC203::Tn10d (Tc) 0.06 6 0.01 ND

a Activities of SDH and AC are expressed as the change in relative absor-
bance/minute/milligram of protein (6 standard deviation) as described in Ma-
terials and Methods. ND, not determined.
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as a substrate for D-lactic acid dehydrogenase (39). When spent
minimal glucose medium (supplemented with NA and thia-
mine) from cultures of isc mutants was used, activity in the
lactate dehydrogenase assay indicated the presence of pyru-
vate. Control experiments determined that the activity in this
assay correlated with the accumulation, over the growth of the
cultures, of a DNPH-derivatized species that absorbed at 443
nm (data not shown). In addition, aliquots of spent medium
samples were derivatized before (A443, 2.1 and 1.3) and after
(A443, 0.48 and 0.33) the sample was depleted of pyruvate by
incubation with D-lactic acid dehydrogenase. This decrease in
the A443 was similar to that found when a control pyruvate
solution (1 mM) was subjected to the same treatment. In that
case, an A443 of 1.53 was found upon DNPH derivatization,
and when derivatization occurred after pyruvate depletion, an
A443 of 0.24 was measured. Taken together, these results dem-
onstrated that the major species resulting in the A443 peak after
DNPH derivatization was pyruvate, and subsequent experi-
ments addressing this phenomenon were performed by moni-
toring the absorbance of the DNPH-derivatized culture me-
dium at 443 nM. As the data in Fig. 3 and 4 show, pyruvate
accumulated in a time-dependent manner followed by a rapid

decrease in concentration after 10 to 15 h of growth. This
decrease correlated with the disappearance of glucose from the
medium, suggesting that after the depletion of glucose, pyru-
vate was utilized as a carbon source (data not shown).

Under the growth conditions described here, no absorbance
peaks that would indicate a significant presence of other keto
acids in the spent supernatant were visible after derivatization
with DNPH. However, the presence of other metabolites (i.e.,
lactate) that would not have been derivatized was not deter-
mined.

Exogenous iron affects the level of pyruvate in the spent
culture medium. During the initial experiments described
above, no efforts were made to determine or alter the levels of
iron in the medium. Subsequent experiments found that the
level of pyruvate detected in the spent medium was affected by
the concentration of iron (Fig. 3). As shown in Fig. 3A, when
the growth medium contained a low concentration of iron (50
nM FeCl3), spent culture media of isc mutant strains had levels
of pyruvate similar to those of the wild-type strain. When the
concentration of iron in the growth medium was increased to
50 mM FeCl3, pyruvate was undetectable in the wild-type strain
culture medium. In contrast, under high-iron conditions, levels

FIG. 3. isc mutants are altered in pyruvate accumulation. Pyruvate was monitored over time through the A443 after derivatization with DNPH. Strains were grown
at 37°C in minimal glucose medium supplemented with 100 nM thiamine and 20 mM NA with 50 nM (A) or 50 mM (B) FeCl3 as described in Materials and Methods.
Medium samples were taken every 1.5 h during growth. The strains tested were LT2 (h), DM5419 ({), and DM5420 (E).

FIG. 4. Regulation of pyruvate accumulation involves Fur. Pyruvate accumulation in the growth medium was monitored every 1.5 h as described in Materials and
Methods. Strains were grown at 37°C in minimal medium supplemented with 100 nM thiamine and 20 mM NA with 50 nM (open symbols) or 50 mM (solid symbols)
FeCl3. The circles represent strains containing the fur-1 null mutation, and the squares represent the isogenic fur1 strains. The strains tested were the wild type (A),
iscR1::MudJ (B), and iscA2::MudJ (C).
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of pyruvate in the spent media from the isc mutants increased
twofold relative to the low-iron medium. Titration experiments
determined that as little as 1 mM FeCl3 increased pyruvate in
the cultures of isc mutants while decreasing pyruvate in a
wild-type culture. The pyruvate levels in cultures of isc mutants
reached a plateau when 10 mM FeCl3 was added (data not
shown).

Null mutations in fur eliminate the effect of iron on pyruvate
levels. Because the ferric uptake repressor protein, Fur, con-
trols many of the processes in the cell that are responsive
to iron (9), null alleles of fur were introduced into strains
DM5419, DM5420, and LT2. The profile of pyruvate accumu-
lation was determined in each of the resulting three isogenic
pairs. As shown by the data presented in Fig. 4, the presence of
a fur mutation eliminated the effect of exogenous iron on
pyruvate levels in all cases. The three strains containing the
mutant fur allele had approximately the same level of pyruvate
in the medium as the isogenic fur1 strains in the presence of
low iron (50 nM FeCl3). However, the addition of 50 mM FeCl3
altered the level of pyruvate in the growth medium of the fur1

strains, yet had no effect on the pyruvate levels in the culture
medium of the fur mutants. Thus, the fur mutation eliminated
the change in pyruvate levels in response to iron in both the
wild-type and isc mutant strains.

DISCUSSION

The goal of this study was to physically define the genetic
strB locus and understand the thiamine requirement resulting
from mutations in this locus. We have shown that IscS is
required for NA biosynthesis. In addition, we found that mu-
tations in the isc gene cluster in S. enterica affected thiamine
synthesis in at least two steps in addition to generating other
significant metabolic phenotypes.

IscS function is required for THZ synthesis. With respect to
thiamine synthesis, the simplest interpretation of our results is
that IscS is involved in at least one step in the biosynthesis of
THZ and NA, and one or more genes downstream of iscS are
also required for an additional step in THZ synthesis. A role
for IscS in THZ biosynthesis is not unexpected based on the
recent finding that this protein is a sulfurtransferase that can
transfer sulfur to the 4-thiouridine modification of tRNA via a
ThiI intermediate (31). Since ThiI is involved in the donation
of sulfur to the THZ moiety of thiamine (51, 55) in addition to
its role in the formation of the 4-thiouridine modification (34),
it is anticipated that IscS is involved in transferring the sulfur
to THZ via a ThiI intermediate.

isc functions are required for ThiH activity. Providing iscS in
trans did not eliminate the thiamine requirement of the iscR1::
MudJ insertion mutant but rather resulted in a requirement
that was satisfied by either THZ or tyrosine, similar to the one
displayed by the iscA2::MudJ insertion. The ability of tyrosine
to satisfy the THZ requirement had been noted for other
mutants indirectly affected in thiamine synthesis and was sub-
sequently shown for specific missense alleles of the thiH gene
(1, 54; Gralnick et al., submitted). We have suggested that this
phenotype is diagnostic of a defect in ThiH activity. The ThiH
sequence contains the motif CXXXCXXCXnC and thus has
the potential to contain an [Fe-S] center. In our working mod-
el, this putative [Fe-S] center is essential for the efficient func-
tion of ThiH, either because it is involved in catalysis or be-
cause it increases the stability of the protein. We suggest that
tyrosine is either serving to stabilize the protein or providing
increased substrate to facilitate turnover of the limited number
of active ThiH molecules present. Glutathione has been shown
to function in the formation and repair of [Fe-S] centers (26);

thus, our recent demonstration that mutations in gshA, a gene
required for the synthesis of glutathione, result in a similar
tyrosine-correctable defect in THZ synthesis is consistent with
this model (Gralnick et al., submitted).

isc functions are also required for the synthesis of the HMP
moiety of thiamine. The phenotypic results presented here
indicated that while the THZ biosynthetic pathway is impaired
in the isc mutants, the synthesis of the hydroxymethyl pyrimi-
dine (HMP) moiety remains functional. However, in a purF
mutant, isc mutations caused an additional requirement for
HMP (data not shown). This finding placed isc mutations in a
class of lesions that affect HMP synthesis only when flux
through the purine biosynthetic pathway is reduced (1, 24, 41).
The potential target for the defect in HMP synthesis caused by
isc mutants was not addressed here.

Lack of isc functions disrupts iron metabolism. While it was
formally possible that the increased pyruvate in the culture
media of isc mutants was simply the result of a metabolic
imbalance caused by inactive enzymes (i.e., those containing
[Fe-S] centers), the data suggested that this was a regulated
response. Pyruvate, as well as other a-keto acids, has been
associated with iron chelation in many bacterial systems, in-
cluding S. enterica (17, 28, 32, 43). This was consistent with our
observation that pyruvate levels in the medium were altered in
response to iron concentration and that this response required
the Fur protein. Reissbrodt et al. previously suggested that the
intracellular iron status of the cell was important in determin-
ing the level of a-keto acids excreted (43). While the isc mutant
phenotype suggested a possible role (direct or indirect) for
these genes in responding to exogenous iron, a detailed model
to account for the diverse metabolic phenotypes is premature.

Conclusions. The results presented here have increased our
understanding of several aspects of metabolism. The isc mu-
tants belong to a class, also including gshA mutants, of THZ
auxotrophs that can be corrected by tyrosine (Gralnick et al.,
submitted). The similarity of the defect in thiamine synthesis
caused by these two lesions is consistent with a model involving
compromised formation and repair of an [Fe-S] center in a
critical enzyme, suggested to be ThiH (Gralnick et al., submit-
ted). It is somewhat surprising that if isc mutants are defective
in the formation and repair of [Fe-S] centers their phenotypes
are not more severe. In the scenario we propose, the THZ
requirement of these mutants indicates the cell does not tol-
erate a three- to fourfold decrease in the activity of ThiH,
whereas a similar decrease in AC and some of the other [Fe-S]
enzymes can be accommodated. The presence of significant
activity of [Fe-S] proteins in isc mutants suggests there are
redundant mechanisms for formation of the clusters in these
cells. The identification of a Fur-related metabolic phenome-
non in the isc mutants uncovered exciting questions about
[Fe-S] centers, genes regulated in response to iron, and poten-
tially new features of bacterial metabolism.
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ADDENDUM IN PROOF

Lauhon and Kambampati have recently demonstrated that
in vitro IscS mobilizes the sulfur for transfer to the ThiS thio-
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carboxylate, which is the ultimate sulfur donor in thiazole syn-
thesis. These authors also show that ThiI stimulates this trans-
fer by sevenfold. (C. T. Lauhon and R. Kambampati, J. Biol.
Chem., in press).
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