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Thiamine pyrophosphate is an essential cofactor that is synthesized de novo in Salmonella enterica serovar
Typhimurium and other bacteria. In addition to genes encoding enzymes in the biosynthetic pathway, muta-
tions in other metabolic loci have been shown to prevent thiamine synthesis. The latter loci identify the
integration of the thiamine biosynthetic pathway with other metabolic processes and can be uncovered when
thiamine biosynthesis is challenged. Mutations in gsh4, encoding y-L-glutamyl-L-cysteine synthetase, prevent
the synthesis of glutathione, the major free thiol in the cell, and are shown here to result in a thiamine
auxotrophy in some of the strains tested, including S. enferica LT2. Phenotypic characterization of the gshA4
mutants indicated they were similar enough to apbC and apbE mutants to warrant the definition of a class of
mutants unified by (i) a requirement for both the hydroxymethyl pyrimidine (HMP) and thiazole (THZ) moiety
of thiamine, (ii) the ability of L-tryosine to satisfy the THZ requirement, (iii) suppression of the thiamine
requirement by anaerobic growth, and (iv) suppression by a second-site mutation at a single locus. Genetic
data indicated that a defective ThiH generates the THZ requirement in these strains, and we suggest this defect
is due to a reduced ability to repair a critical [Fe-S] cluster.

Thiamine pyrophosphate (TPP) is an essential cofactor for
several enzymes, including pyruvate dehydrogenase, transke-
tolase, and acetolactate synthase, for which it functions as a
carbon unit carrier and electron sink. TPP is composed of
two independently synthesized moieties, 4-methyl-5-B-hy-
droxyethyl-thiazole monophosphate (THZ-P) and 4-amino-5-
hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-PP).
Although several recent studies have increased our under-
standing of the synthesis of TPP in Escherichia coli and Sal-
monella enterica (5, 31, 39, 46, 51, 52, 53), many central issues
have yet to be resolved. The current understanding of the
substrates and enzymes in TPP synthesis are outlined in Fig.
1A (6, 15, 20-23, 43, 54, 55). Significantly, L-Tyr donates a
single carbon and the nitrogen atom to the thiazole (THZ)
ring.

Of the five genes implicated in the synthesis of THZ-P in S.
enterica and E. coli (5, 49, 51), the products of thiFSGI have
been assigned functions based on in vitro activity assays (31, 46,
47). However, the order of the steps and the specific metabo-
lites in this biosynthesis have not been rigorously defined. The
precursor for the pyrimidine (HMP) moiety was shown to be
the purine biosynthetic intermediate, aminoimidazole ribotide
(AIR) (22). The steps involved in the conversion of AIR to
HMP are unknown, and to date, mutations in only one gene,
thiC, have resulted in an unconditional requirement for HMP
or thiamine.

Past work showed that mutations in several loci distinct from
the thi genes could result in a thiamine auxotrophy. Charac-
terization of several mutations that indirectly affected thiamine
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synthesis has increased our understanding of thiamine synthe-
sis and its integration with other metabolic processes (12, 13,
17,18, 24, 25, 40, 42; J. Zilles, J. Kappock, J. Stubbe, and D. M.
Downs, unpublished data). Mutations that affected thiamine
synthesis often resulted in phenotypes dependent on growth
conditions and strain backgrounds. Functional characteriza-
tion of two of these loci in particular, apbE and apbC, has been
difficult since each contains a novel open reading frame (ORF)
and no significant functional information has been uncovered
by sequence analyses. ApbE is a periplasmic lipoprotein (3, 4),
and apbC (mrp) encodes a protein of unknown function (38)
that has been implicated in a variety of metabolic processes (J.
Escalante-Semerena, J. R. Roth, and R. LaRossa, personal
communication). Both apbE and apbC were required for thi-
amine synthesis under some conditions, and lesions in either of
these genes resulted in a requirement for both the HMP and
THZ moieties of thiamine for growth (4).

Here we show that organisms of a laboratory strain of S.
enterica with mutations in the gsh4 gene, encoding y-L-glu-
tamyl-L-cysteine synthetase (EC 6.3.2.2), are thiamine auxo-
trophs. The gshA mutants displayed phenotypes similar to
apbC and apbE mutants, including (i) a requirement for both
HMP and THZ, (ii) the ability of L-Tyr to satisfy the THZ
requirement, (iii) the suppression of the thiamine requirement
by anaerobic growth, and (iv) the suppression by second-site
mutations at a single locus. GshA is one of two gene products
that are required for the synthesis of glutathione (GSH), the
major free thiol in the cell (Fig. 1B). The extensive literature
on GshA and the role of GSH in metabolism, the demonstra-
tion that mutant strains defective in [Fe-S] cluster formation or
repair have similar THZ phenotypes (i to iv above) (42), and
the work described here led to a model to explain the THZ
requirement in these strains (27, 37). Results from genetic
experiments here are consistent with the THZ requirement in
this group of strains (gshA, apbE, and apbC) being caused by
inhibition of ThiH activity. We suggest that ThiH contains an
[Fe-S] cluster, and in these mutants, synthesis and/or repair of
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FIG. 1. Biosynthetic pathways for thiamine and GSH. (A) Our current understanding of thiamine biosynthesis in S. enterica. Enzymes for each of the reactions are
indicated above the relevant arrows. Enzymes that have not been demonstrated but are predicted to function at certain steps in thiamine biosynthesis are in parentheses.
The nitrogen and carbon atoms donated by tyrosine are boxed in the THZ structure. The position of ThiH with respect to ThiG, -F, and -S is based partially on work
reported here. (B) The GSH biosynthetic pathway. Abbreviations: PRPP, phosphoribosylpyrophosphate; Gln, glutamine; AIR, 5-aminoimidazole ribotide; THZ-P,
4-methyl-5-B-hydroxyethyl-thiazole monophosphate; HMP-PP, 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate; TMP, thiamine monophosphate; TPP,

thiamine pyrophosphate.

this cluster is defective. This defect results in a loss of ThiH
activity and compromises the ability of the cell to synthesize
THZ. The specific defect resulting in a requirement for HMP
in these strains has not yet been addressed.

MATERIALS AND METHODS

Strains, media, and chemicals. [*>S]methionine (specific activity, 1,000 Ci/
mmol) was purchased from New England Nuclear (Boston, Mass.). All other
chemicals were purchased from Sigma (St. Louis, Mo.). Unless otherwise indi-
cated, all strains used in this study are derivatives of S. enterica LT2 and are
described in Table 1. MudJ refers to the Mud1734 insertion element (11), and
Tnl0d(Tc) refers to the transposition-defective mini-Tn/0 described by Way et
al. (50). NCE medium supplemented with MgSO, (1 mM) (14) and glucose (11
mM) was used as minimal medium. Difco nutrient broth (8 g/liter) with NaCl (5
g/liter) added was used as rich medium. Difco BiTek agar was added to a final
concentration of 1.5% for solid medium. The final concentrations of antibiotics
in rich medium (in micrograms/milliliter) were as follows: tetracycline (Tc), 20;
kanamycin (Km), 50; ampicillin (Ap), 30; and chloramphenicol (Cm), 20.

Genetic methods. (i) Transduction methods. The high-frequency generalized
transducing mutant of bacteriophage P22 (HT105/1, int-201) (41) was used in all
transductional crosses. The method for transduction and subsequent purification
of transductants has been previously described (16).

(ii) Mutant isolation. Mutations causing a thiamine auxotrophy in a purF
mutant (DM1936) were isolated by insertion mutagenesis using one of two
defective transposons, Tn/0d(Tc) or MudJ, as has been described elsewhere
(40). After reintroduction of the insertions into DM1936 (purF) and confirma-
tion of an appropriate phenotype, the sequence adjacent to the insertion was
determined (10). In subsequent experiments, the insertion mutations were trans-
duced into other strains by selecting the antibiotic resistance associated with the
insertion.

Mutations in the thi operon were isolated by local mutagenesis (29) with a
strain carrying a TnZ0d(Tc) transposon (DMS851) 80% linked to the thiCEFSGH
operon at minute 90 as the donor. Tetracycline-resistant transductants were
scored for the appropriate thiamine phenotype. Strains that required THZ and
were satisfied by L-Tyr were designated Thz* mutants. Temperature-sensitive
mutants with lesions in the thiCEFSGH operon were isolated by transducing a
strain carrying a polar insertion in thiC (DM95) to prototrophy at 30°C using
a mutagenized P22 phage lysate. Prototrophic transductants were scored for a
THZ requirement at 42°C. Double mutants were generated by transducing the
temperature-sensitive mutants to tetracycline resistance with a phage lysate
grown on the respective Thz* mutant. The double mutant strains were identified
by their requirement for THZ or L-Tyr at 30°C and a requirement for THZ or
thiamine at 42°C.

Molecular biology techniques. Enzymes for use in molecular biology were
purchased from Promega (Madison, Wis.) and used per the manufacturer’s
instructions. Sequencing was carried out by the University of Wisconsin-Madison
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TABLE 1. Strains

Strain Genotype
LT2 e Wild type
LT7.. ..Wild type
Ql....... . Wild type
DM271 ..apbE42::Tn10d(Tc)
DM460 thiH910::MudJ
DM3012 . thil953::MudJ
DM4104 .z1i-8039::Tn10d thiH1105
DM4106 ..zii-8039::Tnl0d thiH1106
DM4108 .zii-8039::Tnl10d thiH1107
DM4331 .gshA101::Tn10d(Tc)
DM4447 .BL21I\DE3 pThiH-7(—)
DM4448 .BL2INDE3 pThiH-7(+)
DM4496 .gshB103::MudJ*
DM4620 ..gshA102::MudJ
DM4797 .zii-8039::Tnl10d(Tc) thiH1106 thiG1113
DM4801 ..zii-8039::Tnl10d(Tc) thiH1106 thiG1116
DM4804 .zii-8039::Tnl10d(Tc) thiH1106 thiFS1115
DM5490 ..apbE42::Tn10d(Tc) thiL953::MudJ
DM5537 thil953::Mud] thil 120(AthiCEFSGH)
DMS5655 .(LT7) gshA101::Tn10d(Tc)
DM5669 (LT7) apbE42::Tn10d(Tc)
DM5670 (LT7) apbC55::Tnl0d(Tc)
DM5747 ..(Q1) apbC55::Tn10d(Tc)
DM5748 .(Q1) apbE42::Tnl0d(Tc)
DM5749 (Q1) gshA101::Tnl10d(Tc)

“ gshB103::MudJ was the gift of J. C. Escalante-Semerena.

Biotechnology Sequencing Center, and sequence alignments of thiH were per-
formed using the SeqEd program (PE Biosystems, Foster City, Calif.).

Phenotypic analysis. Procedures for testing nutritional requirements on solid
medium by use of soft agar overlays and by use of growth curves have been
described (12, 40).

Enzyme assay for aconitase. Aconitase activity in crude cell extracts was
assayed by the protocol of Gruer and Guest (28), as modified by Skovran and
Downs (42). Specific activity was described in units/milligram of protein, where
a unit was the change in absorbance at 240 nm per minute. Protein concentration
was determined by the method of Bradford (8).

TMP synthesis in resting cells. Cultures were grown overnight in a 50-ml
volume of minimal medium supplemented with TPP (20 nM). Cells were pelleted
and washed twice with cold, sterile double-distilled water. The final cell pellet
was resuspended in 5 ml of minimal media. A sample (200 wl) of this cell
suspension was used to inoculate tubes containing 5 ml of minimal media re-
sulting in cultures with an A5, of 0.3 to 0.4. Following a 1-h incubation at 37°C
in a shaking water bath, THZ and/or HMP were added to the cultures at the
indicated concentrations. At various times, samples were removed, and cells
were pelleted, resuspended in 300-pl of double-distilled water, and frozen in a
dry ice-ethanol bath for measurement of thiamine monophosphate (TMP) and
TPP pools.

TMP and TPP were extracted and assayed by a CNBr thiochrome derivatiza-
tion procedure as has been described (19, 32, 36).

ThiH expression. T,-RNAP-specific protein expression and [>*S]methionine
labeling of ThiH were performed as has been described (39, 44) with the plas-
mids pthiH-7(+) and pthiH-7(—) diagrammed in Fig. 6.

Nucleotide sequence accession number. The sequence of the insert from
plasmid pthiH was submitted to the GenBank database under accession no.
AF154064.

RESULTS AND DISCUSSION

Mutants defective in gsh4 are thiamine auxotrophs. Screens
to isolate thiamine auxotrophs in purF mutants identified in-
sertion mutations in gshA, encoding y-L-glutamyl-L-cysteine
(y-GC) synthetase (Fig. 1B). In each case, the causative lesions
were sequenced, the mutants were reconstructed, and the phe-
notype of the strain was confirmed. Unlike a number of pre-
viously described mutations that were obtained in similar
screens (i.e., nuo, gnd, and zwf), mutations in gshA4 also gener-
ated a thiamine auxotrophy in otherwise wild-type strains. As
shown in Fig. 2A, thiamine-independent growth of gsh4 mu-
tants was restored by the addition of GSH to the medium. This
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result suggested that the product of the GshA reaction, and not
an additional activity of the protein, was involved in thiamine
synthesis.

Glutathione or y-glutamylcysteine is needed for thiamine
synthesis. Although synthesis of GSH requires two enzymes,
GshA and GshB (Fig. 1B), mutations in gshB did not generate
a thiamine requirement in S. enterica strain LT2. Further, gshB
mutants were shown to accumulate y-GC (26), and the addi-
tion of this metabolite also restored thiamine-independent
growth of a gsh4 mutant (Fig. 2A). Taken together, these
results suggested that the thiamine requirement of gsh4 mu-
tants was due to the loss of a prevalent cellular free thiol
species, not a specific requirement for GSH. Consistently, gshA
mutants had additional phenotypes not caused by gshB muta-
tions. In E. coli, gghA mutants had reduced aconitase activity,
which was suggested to result from an inability to repair oxi-
datively damaged [Fe-S] clusters in the absence of GSH (27).
Cell extracts of wild-type, gshA mutant, and gshB mutant
strains of S. enterica LT2 had aconitase activities of 4.2 * (.31
(mean = standard deviation), 1.7 = 0.17, and 4.19 = 0.25
U/mg of protein, respectively, suggesting that y-GC was also
sufficient to facilitate [Fe-S] cluster repair. Furthermore, as
shown in Fig. 3, gsh4 mutants displayed an increased sensitivity
to the superoxide-generating compound paraquat, yet gshB
mutants were more resistant than the wild type. This result
suggested that y-GC was proficient at protecting the cell
against superoxide damage. Thus, in each of the above pheno-
types, the requirement for gshA reflected the need for a thiol,
and either GSH or y-GC would suffice.

Definition of a class of thiamine auxotrophs. More detailed
phenotypic analyses of gsh4 mutants identified enough simi-
larity to previously described mutants defective in apbC or
apbE (4, 38) to group these three mutants as a class of thiamine
auxotrophs. In all three mutants, the growth requirement for
thiamine represented a need for both the HMP and THZ
moieties of thiamine. As shown in Fig. 2B, neither HMP nor
THZ alone were sufficient to allow growth of DM4620 (gshA).
Additionally, exogenous L-Tyr satisfied the THZ requirement
of DM4620 (gshA), as it did for mutants described previously
to require both HMP and THZ (3; data not shown). Other
phenotypes that were conserved among the mutants in this
class were (i) elimination of the thiamine requirement by an-
aerobic growth conditions (data not shown), (ii) background
specificity (see below), and (iii) suppression by a frequently
arising second-site mutation at a locus near 66 min (J. Gralnick
and D. M. Downs, unpublished data).

We showed that gshA mutants of S. enterica were thiamine
auxotrophs, yet no nutritional requirement was reported for
gshA mutants of E. coli (2). To confirm this apparent differ-
ence, a gshA mutant of E. coli was obtained from the E. coli
Genetic Stock Center (JTG10) and the gshA insertion was
transduced by phage P1 into E. coli K12. As expected, the
resulting strain showed no growth defect on minimal medium.
When a gshA mutation was introduced into two other wild-type
strains of S. enterica, LT7 and Q1 (7), the LT7 derivative
(DM5655) was prototrophic while the Q1 derivative (DM5749)
required thiamine. Insertion mutations in apbE and apbC also
resulted in a thiamine requirement in LT2 and Q1, but not the
LT7 background (i.e., the same pattern as the gshA4 mutation).
From these results, we concluded that there was a significant,
but undefined, metabolic difference between strains that im-
pacted the thiamine phenotype caused by these three muta-
tions.

An HMP or THZ requirement can be caused by defective
step(s) prior to condensation of HMP-PP and THZ-P. The
GshA protein has a defined enzymatic function, and GSH has
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FIG. 2. Growth requirements of gshA mutations in S. enterica. Soft agar containing strain DM4620 (gshA) was overlaid on minimal glucose medium. Compounds
were spotted in 2-pl aliquots on the solidified agar as indicated, at the following concentrations: thiamine (B,), HMP, and THZ, 100 pM; GSH and y-GC, 10 mM.

been implicated in various metabolic processes (37). We
sought to use this knowledge to dissect the thiamine defect in
this group of mutants. It was formally possible that the dual
requirement for the independently synthesized HMP and THZ
moieties of thiamine that characterized this class of mutants
was due to inhibition of ThiE activity that is responsible for the
condensation of HMP-PP and THZ-P (Fig. 1A). In consider-
ing ThiE as a target, we were influenced by results of an
experiment addressing this possibility in an apbE mutant. ThiE
activity in resting cells was monitored by the formation of TMP
from added THZ and HMP. All strains in these experiments
carried an insertion mutation in thiL to prevent conversion of
the generated TMP to TPP (Fig. 1). The data in Fig. 4A show
that in either an apbE mutant or a wild-type strain, the amount
of TMP synthesized was proportional to the concentration of
substrate (HMP and THZ) added. Figure 4B showed that
there was no difference between the apbE™ and apbE-negative
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strains when TMP formation was monitored over time. A mu-
tant completely lacking the thiE gene served as a control strain
that was unable to convert HMP and THZ to detectable levels
of TMP.

Identification of mutants requiring THZ or L-Tyr. The re-
sults above were consistent with the double nutritional require-
ment of the apbE, apbC, and gshA mutants being generated by
two distinct defects in thiamine biosynthesis, one affecting the
THZ pathway and one affecting HMP synthesis. The ability of
L-Tyr to satisfy the THZ requirement in these strains suggested
a means to identify the defective step in the THZ pathway, and
the HMP requirement was not addressed further. We reasoned
that if an inhibited enzyme in the THZ biosynthetic pathway
resulted in the THZ or L-Tyr requirement, point mutations
generating a similar requirement would identify the relevant
gene.

Twenty-five independent point mutants that had a nutri-
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FIG. 3. Mutations in gshB and gshA have opposite effects on sensitivity of the strain to paraquat. Cultures were grown as described in Materials and Methods. (A)
Cultures were grown in Luria broth supplemented with 4 WM paraquat (methyl viologen). (B) Strains were grown in Luria broth supplemented with 0.4 M paraquat.
In each case, the strains were LT2 (wild type, [J), DM4496 (gshB mutant, A), and DM4620 (gshA mutant, @).
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FIG. 4. TMP synthesis in resting cells. (A) Titration of TMP synthesis in DM3012 (t4iL mutant, ) and DM5490 (thiL apbE mutant, @). Equal amounts of cells
were resuspended in minimal media supplemented with HMP and THZ as described in Materials and Methods. (B) Measurement of TMP formation over time in
resting cells from strains DM3012 (thiL mutant, m), DM5490 (thiL apbE mutant, @), and DMS5537 (thiL thiE mutant, A). Equal amounts of cells were resuspended
in minimal media, and samples were removed for TMP determination. The time of addition of HMP plus THZ (25 nM each) is indicated by the arrow.

tional requirement for THZ were identified with lesions linked
to the thiCEFSGH operon. Phenotypic analysis determined
that in 4 of the 25 strains, L-Tyr or THZ was able to satisfy the
nutritional requirement (denoted Thz* mutants). The ability of
L-Tyr to satisfy the thiamine requirement of one such mutant
strain (DM4106) is shown in the growth data in Fig. 5. Two
points are illustrated by these data. First, addition of L-Tyr or
thiamine restored similar growth to the Thz* mutants, al-
though significantly more L-Tyr (100 wM) than thiamine (1
wM) was required to do so. Titration experiments determined
that concentrations of L-Tyr less than 100 wM failed to restore
wild-type growth rates. Secondly, strains carrying null muta-
tions in thiH (Fig. 5), and similarly, thiF, -S, -G, or -I (data not
shown), failed to respond to exogenous L-Tyr. The latter result
eliminated the formal possibility that L-Tyr could substitute for
a THZ requirement in a general way.

Thz* mutants are defective in thiH. The Thz* mutants were
further characterized to determine the affected gene(s). A
plasmid (pthiCH) carrying the complete operon comple-
mented the growth defect of each of the four Thz* mutants.
Plasmid pthiCH was subcloned, and the relevant plasmids gen-
erated through this process are described in Fig. 6.

Plasmid pthiH allowed each of the four Thz* mutants to
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grow on minimal medium (both solid and liquid), while
pthiES1 failed to complement the growth defect of these
strains. From this result, it was concluded that each of the four
Thz* mutants were defective in thiH. Additional complemen-
tation analyses determined that 9 of the 21 remaining mutants
auxotrophic for THZ (but not correctable by L-Tyr) were also
defective in thiH.

Physical and molecular characterization of thiH. The insert
from plasmid pthiH was sequenced entirely on both strands
(accession no. AF154064). Database analyses using basic local
alignment search tool (BLAST) programs (1) confirmed that
the insert contained a single complete ORF of 1,134 bp that
was 89% identical to the ThiH protein in E. coli and was
predicted to encode a 43-kDa protein with the potential to
carry an [Fe-S] cluster. T,-RNA polymerase-specific protein
expression and [>*S]methionine labeling (44) confirmed that
thiH encoded a protein of the expected size. Specifically la-
beled proteins separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and visualized via a phosphorimager
showed that a ~44-kDa protein was present in strain DM4448
[pthiH-7(+)] and not in the control strain, DM4447 [pthiH-
7(2)]

Thé thiH gene was amplified via PCR from three Thz*
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FIG. 5. Representative growth curves of Thz* and thiH null mutants. (A) Representative growth of Thz* mutant DM4106 (thiH1106). (B) Growth response of a
thiH null mutant, DM460. Strains were grown in minimal medium (O), minimal medium supplemented with 100 pM L-tyrosine (OJ), or 1 wM thiamine (@).
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Plac thiE thiF  thiS Plac thiH
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FIG. 6. Plasmid construction. Plasmid pthiCH was isolated as described in the text. BamHI (B) digestion allowed individual subcloning of thiH on a 2.4-kb fragment,
generating plasmid pthiH. The insert of pthiH was ligated into BamHI-cut pGEM7 (Promega), generating plasmids pthiH-7(+) and pthiH-7(—), with thiH in the correct
orientation for expression from the T, promoter and from the lac promoter, respectively. Plasmid pthiES1 was generated via BamHI and EcoRI (E) digestion of pthiCH
and ligation into pSU18. Black arrows represent complete ORFs, and boxes represent vector DNA.

backgrounds [DM4104 (zii-8039::Tn10d thiH1105), DM4106
(zii-8039::Tnl10d thiH1106), and DM4108 (zii-8039::Tnl10d
thiH1107) and sequenced. Sequence analysis determined that
the three mutants contained different missense mutations in
thiH: HI124Y (thiH1105), P347S (thiH1106), and V257A
A351T (thiH1108).

Role and position of ThiH in THZ synthesis. While other
formal possibilities existed, identification of mutations causing
a requirement for either THZ or L-Tyr in only the thiH gene
was most consistent with the class of thiamine mutants de-
scribed here affecting ThiH activity in vivo. Distinguishing the
possible mechanisms for this inhibition demanded a better
understanding of the role and position of the ThiH protein in
THZ synthesis. It was not feasible to assay ThiH, partly be-
cause the order of the biochemical steps and in vivo interme-
diates in THZ biosynthesis have not been rigorously deter-
mined. If the order of biosynthetic reactions were known,
development of an activity assay for ThiH would be facilitated
by potential substrates. Previous attempts to order the steps by
cross-feeding experiments have been unsuccessful. The identi-
fication of L-Tyr-correctable mutants provided a genetic means
to address the position of ThiH in the THZ biosynthetic path-
way.

To determine the position of ThiH activity with respect to
other THZ biosynthetic enzymes, a rationale based on the
method of Jarvik and Botstein (30) was used; double mutant
strains defective in thiH and a distinct gene involved in THZ
biosynthesis were constructed, with each mutation resulting in
a distinct conditional requirement for THZ that could be ma-

nipulated by growth conditions. Thiamine-independent growth
was measured after condition shifts designed to chase accumu-
lated substrate to product. While a similar approach was used
to dissect the cell cycle pathway in yeast (34), to our knowl-
edge, this approach has not been utilized to order steps in a
biosynthetic pathway.

A Thz* mutation (required THZ in the absence of L-Tyr)
and three independent temperature-sensitive mutations in
other THZ biosynthetic genes were combined. Three such
double mutant strains were constructed as described in Mate-
rials and Methods. Each double mutant contained a Thz*
mutation (thiH1106) and a temperature-sensitive Thz~ muta-
tion (thiG1113, thiG1115, or thiFS1116; strains DM4797,
-4801, and -4804, respectively). In each case, the double mu-
tant was auxotrophic for THZ or L-Tyr at 30°C but required
THZ or thiamine at 42°C. By incubating the double mutants
under conditions permissive for one lesion (i.e., 30°C), non-
permissive for the other (i.e., no L-Tyr), and then shifting to the
reverse (i.e., adding L-Tyr, 42°C), an order for the respective
steps could be inferred.

Results from these experiments (some of which are pre-
sented in Fig. 7) supported the conclusion that the activities of
ThiFS and ThiG were required prior to the activity of ThiH in
THZ synthesis. The three relevant double mutant strains were
incubated on minimal medium at 30°C for the indicated time,
after which they were shifted to 42°C (or kept at 30°C) with the
addition of L-Tyr spotted in the center of the plate. From these
experiments, two significant points were noted. First, only
when the double mutants had been preincubated at 30°C did
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FIG. 7. Activity of ThiH follows that of ThiG-, -F, and -S in THZ synthesis. Cells of strain DM4797 (thiH1106 thiG1113) were overlaid in soft agar on a minimal
glucose plate and incubated at 30°C for the indicated time. At the appropriate times, 2 wmol of L-tyrosine in 20 pl was spotted in the middle of duplicate plates. One
of the plates was then returned to 30°C and one was incubated at 42°C. Growth was assessed after 18 h. Pluses and minuses represent our interpretation of growth on

the relevant plates.

addition of L-Tyr allow growth at 42°C. This result demon-
strated that L-Tyr was not itself able to satisfy the requirement
of the double mutants but rather required prior to function of
the gene products that were active at 30°C. Thus, this result
was consistent with addition of L-Tyr chasing a metabolite
formed at 30°C to THZ. As expected, incubation of the double
mutant strain at 30°C was not required for thiamine or THZ to
allow growth at 42°C (data not shown).

Although these experiments were indirect, a simple inter-
pretation of the above results was that ThiH enzyme activity
followed the activity of both ThiG and ThiFS in the synthesis
of THZ. The definitive control to validate this interpretation of
these results (i.e., a condition shift in the reverse order) was
not technically feasible, and thus these results were only sug-
gestive of the reaction order. Nonetheless, these results were
consistent with a working model that ThiH catalyzes the last
step in THZ-P, resulting in the incorporation of atoms from
L-Tyr and the oxidative closure of the THZ ring. Biochemical
assays to address this prediction are being pursued.

Interestingly, while the other four genes involved in THZ
synthesis (thiFGS and thil) have homologues in Bacillus subti-
lus, no homologue of thiH is found in this organism. Consistent
with the finding is that in B. subtilus, glycine, not L-Tyr, pro-
vides the respective carbon and nitrogen atoms for the THZ
moiety (48). Similarly, an oxidase (ThiO) that has been impli-
cated in THZ synthesis in Rhizobium etli (33) has a homologue
in B. subtilus and no homologue to this enzyme exists in E. coli.

Conclusions. The work described here contributes to the
understanding of thiamine biosynthesis and its integration with
metabolism. The demonstration that gsh4 mutants belong to a
larger phenotypic class of thiamine auxotrophs provided a per-
spective with which to consider the mechanism of the indirect
effect(s) on thiamine synthesis in this class of mutants.

Based primarily on the work presented here, we suggest that
ThiH is the site of the THZ biosynthetic defect caused by
mutations in gshA, apbC, and apbE. It was recently shown that
mutations in the isc gene cluster result in phenotypically sim-
ilar defects in THZ synthesis (42). The involvement of the Isc
proteins in the formation and/or repair of [Fe-S] clusters (35,
42,45, 56) suggested an attractive model for the general mech-

anism of ThiH inhibition in this class of mutants. The sequence
of ThiH is consistent with the presence of an [Fe-S] cluster as
judged by a CXXXCXXCX,,C motif. Our working model sug-
gests that this putative [Fe-S] center is essential for efficient
function of ThiH, either because it is involved in catalysis or
because it increases stability of the protein. In isc and gshA
mutants, there is evidence that [Fe-S] cluster formation and/or
repair is defective (27, 42), and we suggest that this process
might also be compromised in apbC and apbE mutants. In this
scenario, the role of L-Tyr would be to stabilize the protein or
provide enough substrate to increase turnover of the limited
number of active protein molecules. The case of aconitase
provides precedent for stabilization of an [Fe-S] protein by its
substrate (9). By either scenario, L-Tyr could eliminate the
thiamine requirement of the strains. Such a general model
would explain why the thiamine requirement of the relevant
mutants is suppressed anaerobically, since damage to [Fe-S]
centers would be more prevalent during aerobic metabolism.
This model is also consistent with recent work that shows the
second-site mutation suppressing the thiamine requirement in
these strains restores aconitase activity in a gshA4 mutant
(Gralnick and Downs, unpublished data).
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