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The oxidative pentose phosphate pathway is required for function of the alternative pyrimidine biosynthetic
pathway, a pathway that allows thiamine synthesis in the absence of the PurF enzyme in Salmonella typhi-
murium. Mutants that no longer required function of the oxidative pentose phosphate pathway for thiamine
synthesis were isolated. Further phenotypic analyses of these mutants demonstrated that they were also
sensitive to the presence of serine in the medium, suggesting a partial defect in isoleucine biosynthesis. Genetic
characterization showed that these pleiotropic phenotypes were caused by null mutations in yjgF, a previously
uncharacterized open reading frame encoding a hypothetical 13.5-kDa protein. The YjgF protein belongs to a
class of proteins of unknown function that exhibit striking conservation across a wide range of organisms, from
bacteria to humans. This work represents the first detailed phenotypic characterization of yjgF mutants in any
organism and provides important clues as to the function of this highly conserved class of proteins. Results
also suggest a connection between function of the isoleucine biosynthetic pathway and the requirement for the

pentose phosphate pathway in thiamine synthesis.

The increasing number of completed genome sequences has
resulted in the identification of new families of hypothetical
proteins whose function has yet to be established. The lack of
existing mutants defective in these conserved proteins suggests
novel, complex, or subtle phenotypes. Through our work on
thiamine synthesis in Salmonella typhimurium, we have isolat-
ed mutants defective in the recently identified YER057¢/YjgF
protein family. Our data suggest that defects in this protein
result in complex phenotypes involving thiamine and isoleu-
cine biosynthesis.

Thiamine pyrophosphate (TPP) serves as an essential cofac-
tor for a number of metabolic reactions involving the removal
or transfer of C, units. Despite the important role of TPP in
cellular metabolism, its synthesis and regulation are not well
understood in any organism. TPP is formed from two precur-
sors, 4-methyl-5-(B-hydroxyethyl)thiazole phosphate (THZ-P)
and 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophos-
phate (HMP-PP). These compounds are joined and subse-
quently phosphorylated as shown in Fig. 1A. Although many of
the enzymatic steps in both the THZ-P and HMP-PP pathways
have not been clearly defined, the major precursor molecules
for both of these compounds have been determined by labeling
studies (17, 20, 28, 29). In particular, the purine pathway in-
termediate, aminoimidazole ribotide (AIR), has been shown to
provide all of the atoms in HMP (28, 50, 51).

Although the involvement of the purine pathway in the syn-
thesis of HMP is clear, there is substantial genetic and bio-
chemical evidence indicating that the first enzyme of the pu-
rine pathway, phosphoribosylpyrophosphate amidotransferase
(PurF) (EC 2.4.2.14), is not required for HMP synthesis in
S. typhimurium under all conditions. Mutants defective in
purF are able to grow in the absence of thiamine when
glucose is used as a carbon source if pantothenate is also
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supplied in the medium (23). Similarly, purF mutants do not
require thiamine when grown on a number of nonglucose car-
bon sources, such as gluconate or ribose (54). The pathway
responsible for synthesis of HMP independent of the PurF
enzyme has been defined as the alternative pyrimidine bio-
synthetic (APB) pathway (21, 54); recent biochemical data
suggest that phosphoribosylamine (PRA), or a derivative, is an
intermediate in this pathway (24).

Significant progress in our understanding of the APB path-
way has been made by the isolation and characterization of
mutants unable to synthesize thiamine in a purF background.
One class of mutants, designated apbA, was defective in a pan-
tothenate biosynthetic enzyme (ketopantoate reductase [PanE])
(32, 33), consistent with previous results implicating a role for
pantothenate in PurF-independent thiamine synthesis (23). A
second class of these mutants was defective in the oxidative
pentose phosphate pathway, affecting either glucose-6-phos-
phate dehydrogenase (Zwf) or gluconate-6-phosphate dehy-
drogenase (Gnd) (25, 54). Addition of ribose-5-phosphate
(ribose-5-P) restored function of the APB pathway in these
mutants, suggesting that the role of these enzymes in HMP
synthesis was to supply ribose-5-P. These results led to the
model shown in Fig. 1A which implicates ribose-5-P and an
amine donor as precursors to PRA. Repeated attempts have
failed to identify either the predicted PRA-forming activity or
mutants defective in this step (27). There are several possible
explanations for this. It is possible that the correct substrates
have not been identified and/or that the PRA-forming activity
is required for another cellular function.

In this report, we describe the isolation and characterization
of mutations that allow function of the APB pathway in the
absence of the pentose phosphate pathway. These mutations
were found to disrupt a previously uncharacterized open read-
ing frame (ORF) encoding a hypothetical 13.5-kDa protein.
We have designated this gene yjgF based on homology to the
respective ORF in Escherichia coli. The YjgF protein belongs
to the YERO57¢/YjgF protein family, a class of proteins of
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TABLE 1. Bacterial strains
Genotype

Strain

LT2 e Wild type
.purF2085 gnd175::Tn10d(Tc)
.purF2085 gndi181 apbA1::MudJ

purF2085 gnd174:MudJ ilvA219
.purF2085 gnd174::MudJ yjgF2::Tn10d(Tc)
purF2085 gnd174:MudJ yjgF2:Tnl0d(Te) ilvA219

DM4772 urF2085 gnd175::Tnl10d(Tc) yjgF3::MudJ
DM5027 jgF3:MudJ/pSU19YjgFa

DM5031 ... .BL21/ADE3/pT;-5YjgFa

DM5032... BL21/\DE3/pT,-6YjgFa

BL21/\DE3 F~ ompT hsdSg(rg™ mg~) gal dem (E. coli)

.pyrB2694::MudA
LhisD9953::Mud] his-9944::MudA
LIlvA595::Tnl0

ilvA219

unknown function that exhibit striking conservation across
a wide range of organisms. Characterization of these mu-
tants revealed that they also were sensitive to the presence of
serine in the medium, exhibiting a requirement for isoleucine
under this condition. The phenotypes caused by yjgF mutations
suggest that the YjgF protein may be involved in regulation or
function of the isoleucine biosynthetic pathway. Further, re-
sults suggest a connection between isoleucine biosynthesis and
function of the APB pathway in thiamine synthesis.

MATERIALS AND METHODS

Bacterial strains, media, and chemicals. Unless otherwise noted, all strains
used in this study are derivatives of S. typhimurium LT2 and are listed with their
respective genotypes in Table 1. MudJ and MudA refer to the Mudl1734 and
Mud1-8 transposons, respectively, which have been described elsewhere (11, 39).
TnI0d(Tc) refers to the transposition-defective mini-TnZ0(Tnl0A16A17) (67).

Unless otherwise indicated, no-carbon E medium supplemented with 1 mM
MgSO, (18, 66) was used as minimal medium. Carbon sources were used at a
concentration of 16 mM, with the exception of pyruvate (24 mM), glycerol (55
mM), and acetate (40 mM). Difco nutrient broth (8 g/liter) with NaCl (5 g/liter)
was used as rich medium. Luria broth was used for experiments involving plasmid
isolation and protein overexpression. Difco BiTek agar was added (15 g/liter) for
solid medium. When present in the culture media, and unless otherwise stated,
the compounds were used at the following final concentrations: adenine, 0.4 mM;
thiamine, 0.5 wM; pantothenate, 100 wM; serine, 4 mM; isoleucine, 0.3 mM. The
final concentrations of the antibiotics in rich and minimal medium were as
follows: tetracycline, 20 and 10 wg/ml, respectively; kanamycin, 50 and 125 pg/ml,
respectively, and ampicillin, 30 and 15 pg/ml, respectively. Unless otherwise
stated, all chemicals were purchased from Sigma Chemical Co., St. Louis, Mo.

Genetic techniques. (i) Transduction methods. Transductional crosses were
performed by using the high-frequency general transducing mutant of bacterio-
phage P22 (HT105/1, int-201) (58). Methods for transductional crosses, purifi-
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cation of transductants from phage, and identification of phage-free transduc-
tants have been described elsewhere (22, 54).

(ii) Mutant isolation. A P22 lysate grown on a pool of >70,000 cells containing
random Tn/0d(Tc) insertions was generated as described elsewhere (40, 43) and
mutagenized with hydroxylamine (18, 38). This lysate was used to transduce
DM730 (purF2085 gnd181 apbA1::MudJ) to tetracycline resistance (Tc") on nu-
trient agar plates. The Tc" transductants were screened for growth on glucose
medium supplemented with adenine and tetracycline. Upon reconstruction, the
mutants isolated in this screen were found to grow weakly on glucose-adenine
medium but were indistinguishable from a purF mutant (DM1936) on glucose
medium supplemented with adenine and pantothenate. MudJ insertion mutants
were isolated as follows. A P22 phage lysate grown on TT10288, which contains
a MudJ construct that allows independent transposition events by cis comple-
mentation (41), was used to transduce DM3215 [purF2085 gnd181 apbA7::Tnl0d
(Tc)] to kanamycin resistance (Kn"). Kn" transductants were screened for those
that could grow on glucose medium supplemented with adenine, pantothenate,
and kanamycin. All putative mutations [Tn70d(Tc) and MudJ insertions] were
reconstructed into the parent strain to confirm the observed phenotype. Al-
though an apbA mutation was present in the strains used for mutant isolation, the
phenotypes described are independent of this mutation.

(iii) Construction of strains containing the ilv4 feedback-resistant mutation.
A P22 phage lysate grown on TV086 [ilvA595::Tnl0d(Tc)] was used to transduce
DM1231 (purF2085 gnd174::MudJ) to Tc", creating DM4762 [purF2085 gnd174::
MudJ ilvA595::Tnl0d(Tc)]. DM4762 was subsequently transduced with a P22
phage lysate grown on either TV088 (ilvA219) or LT2 (ilvA ™). Transductants
that grew on glucose medium supplemented only with adenine and thiamine, i.e.,
Tle™, were saved and tested to confirm they were Tc%, creating strains DM4765
(purF2085 gnd174::MudJ ilvA219) and DM4763 (purF2085 gnd174::MudJ ilvA™).
The yjgF2::Tnl10d(Tc) insertion was then introduced via P22 transduction into
DM4765 and DM4763 by using DM1248 [purF2085 gnd181 apbA1::MudJ yjgF2::
Tn10d(Tc)] as a donor and selecting for Tc".

Phenotypic characterization. Nutritional requirements of mutants were tested
in solid medium by using agar overlays and in liquid medium by using growth
curves as previously described (54). Data presented are representative of at least
three independent experiments. Compounds that corrected the serine sensitivity
of yjgF mutants were identified by spotting pools of overlapping compounds on
solid medium (18).

Molecular biology techniques. (i) Pl id ipulation and recombinant
DNA techniques. Standard methods were used for DNA restriction endonucle-
ase digestion and ligation. All restriction enzymes and ligase were purchased
from Promega (Madison, Wis.). Plasmid DNA was isolated with the QIAprep
spin plasmid kit, and DNA fragments requiring purification were purified with
the Qiaquick gel extraction kit (Qiagen, Chatsworth, Calif.). Plasmids were
transferred between strains by electroporation with a Bio-Rad (Richmond, Cal-
if.) E. coli pulser as suggested by the manufacturer. Primers for PCRs and se-
quencing were generated by the University of Wisconsin Biotechnology Center-
Nucleic Acid and Protein Facility (Madison, Wis.) and Genosys Biotechnologies,
Inc. (The Woodlands, Tex.).

(ii) Localization of yjgF mutations by PCR amplification. The Tnl0-1 (5’
GACAAGATGTGTATCCACCTTAAC 3') and MuR (5" GCTTTCGCGTTT
TTCGTG 3') primers, specific to the ends of the Tn/0d(Tc) and MudJ inser-
tions, respectively, were used to PCR amplify the DNA between these insertions
in DM2944 [purF2085 yjgF1::Tn10d(Tc) pyrB2694::MudA] and DM2946 [purF2085
yjgF2::Tn10d(Tc) pyrB2694::MudA] as described previously (68). Amplification
was performed by using Vent (Exonuclease-minus) polymerase (New England
Biolabs) in a Thermolyne Temp-Tronic thermocycler. For DM2944, PCR con-
ditions were as follows: denaturation at 95°C for 1 min, annealing at 55°C for
1 min, and extension at 72°C for 1.5 min. For DM2946, PCR conditions were as
follows: denaturation at 95°C for 1 min, annealing at 52°C for 1 min, and exten-
sion at 72°C for 1.75 min. The Tn/0d(Tc) proximal end of the 1.1-kb fragment
resulting from each PCR amplification was sequenced by using the pyrBI-1 prim-
er (5" ATTTGGGTTGGTTATGAGAT 3').

(iii) Cloning of yjgF. The yjgF gene and adjacent sequences were amplified from
LT2 by using primers specific to the ends of the mgt4 and pyrl genes, XbamgtA-
1 (5" GCTCTAGAGCGCATATGATCCGTACCCGC 3') and Xbapyrl-1 (5" GC
TCTAGAGCTCGCCCTCAAATGCAAATAC 3'), respectively. Primers were
designed with Xbal restriction sites at the ends to facilitate cloning. Amplifica-
tion was performed as described above. PCR conditions were as follows: dena-
turation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for
1 min. The resulting 1.4-kb product was digested with Xbal and ligated into the
pT,-5 overexpression vector (61) also digested with Xbal. The ligation mix was
electroporated into DM3480, and Ap" electroporants that grew on glucose me-
dium containing serine were obtained. One plasmid that contained the 1.4-kb
insert was designated pT,-5YjgF1.

Following sequence analysis (see below), it was found that an additional ORF
(besides yjgF) was present between mgt4 and pyrBI in S. typhimurium. To obtain
a single-gene clone of yjgF, the yjgF gene was amplified from the pT,-5YjgF1
plasmid by using the XbapyrI-1 primer (above) and a primer specific to sequence
immediately following the yjgF gene, yjgF-end (5" CTGTTGGTGCCCCGAACC
3"). PCR conditions were denaturation at 95°C for 1 min, annealing at 55°C for
1 min, and extension at 72°C for 1.5 min. The resulting 600-bp fragment was
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blunt end ligated into the pSU19 vector (48) previously digested with HinclI,
creating pSU19YjgFa.

To construct a single-gene clone for overexpression of YjgF, pSU19YjgFa was
digested with EcoRI and Pst1. The resulting 600-bp fragment containing the yjgF
gene was gel purified and ligated into pT,-5 and pT5-6 digested with the same
restriction enzymes, creating plasmids pT,-5YjgFa and pT,-6YjgFa, respectively.
Restriction fragment digestion patterns with either Pvull/Xmnl or HindIll/Xmnl
confirmed that these two constructs contained the yjgF gene in opposite orien-
tations with respect to the T, promoter. pT,-6YjgFa contained the yjgF gene in
the correct orientation for T,-dependent expression.

(iv) DNA sequencing. The 1.4-kb insert of pT,-5YjgF1 was sequenced by the
University of Wisconsin Biotechnology Center-Nucleic Acid and Protein Facility.
Primers in addition to the XbamgtA-1 and XbapyrI-1 primers above were de-
signed as sequence was determined. The additional primers used for sequencing
were mgtA-2 (5" GCCAGCGTGCTTAATCC 3'), pyrBI-2 (5" GGTCGATCCG
AAAACCG 3'), and yjgF promoter (5' GCCTTCACTAATGGTACG 3'). The
entire 1.4-kb insert was sequenced at least three times.

Computer analysis. DNA sequence was analyzed with BLAST (Basic Local
Alignment Search Tool) (1). The DNASTAR alignment program (Madison,
Wis.) was used to line up homologous proteins.

Overexpression of YjgF. The overexpression plasmids pT;-5YjgFa and pT,-
6YjgFa were constructed as described above. These plasmids were electropo-
rated into E. coli BL21/ADE3, generating strains DM5031 and DM5032, respec-
tively. These strains contain the T7 RNA polymerase on a lambda lysogen under
the control of an isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible pro-
moter. For induction, strains were grown with shaking at 37°C to 60 Klett units
in Luria broth containing ampicillin. IPTG (Fischer Biotech, Chicago, Ill.) was
added at a final concentration of 400 M, and incubation was continued at 37°C
for 3 h. After this time, 1 ml of cells was removed, pelleted, and resuspended in
100 wl of cracking buffer (3). Proteins were subsequently separated by sodium
dodecyl sulfate (SDS)-15% polyacrylamide gel electrophoresis (PAGE) by the
Bio-Rad MiniProtean electrophoresis system and visualized by Coomassie blue
staining.

Stringent response assays. Cultures of LT2, DM3480 (yjgF3::MudJ), and
DM4440 (relA21::Tnl0) were grown overnight in nutrient broth (NB) medium
and then subcultured (1/25 dilution) into the same medium. After growth at 37°C
to an optical density at 600 nm (ODy) of 0.15 to 0.2, two 0.6-ml aliquots were
removed to prewarmed test tubes. Lysine hydroxamate (49) (Sigma) was then
added at a final concentration of 400 pg/ml to induce amino acid starvation
(time = —5 min). At ¢ = 0, 5 ul of 3°P; (H;PO,, 1 mCi/ml; DuPont) was added.
One hundred-microliter aliquots were subsequently removed into 3 ml of ice-
cold 10% (wt/vol) trichloroacetic acid (TCA) at¢ = 5, 15, 30, 45, and 60 min. The
TCA-precipitatable material was filtered, washed, and counted as described
elsewhere (34). Control cultures were monitored by ODgq, and counts were
corrected for optical density at each time point. Lysine hydroxamate inhibited
cell growth of all of the strains to the same extent, as determined by growth rates.

Nucleotide sequence accession number. The nucleotide sequence of yjgF has
been submitted to GenBank under accession no. AF095578.

RESULTS

Isolation of mutations that suppress the requirement for
Gnd in thiamine synthesis. Both purF and purF apbA mutants
can grow on glucose minimal medium containing adenine and
pantothenate due to PurF-independent thiamine synthesis, de-
fined as the APB pathway (Fig. 1A) (25). When a gnd mutation
is introduced into these strains, it causes a thiamine require-
ment, presumably because thiamine synthesis is disrupted. To
further investigate the role of the pentose phosphate pathway
in thiamine synthesis, mutations that allowed PurF-indepen-
dent thiamine synthesis in the absence of Gnd were isolated. A
P22 phage lysate grown on a pool of Tn/0d(Tc) insertions was
treated with hydroxylamine and used to transduce DM730
(purF2085 apbAI:MudJ gndI81) to tetracycline resistance.
Derivatives from this cross that grew on glucose minimal me-
dium supplemented with adenine and pantothenate were
saved. Seven mutants with the desired phenotype were isolated
from a screen of 16,000 Tc' transductants. Four of these mu-
tants were assumed to be purF" since they grew on minimal
medium, and one was assumed to be gnd "’ because it was
highly linked to a known gnd insertion. The remaining two
mutants, DM1247 and DM1248, were further characterized.
The Tnl0d(Tc) insertions in both of these mutants were found
to be 100% linked to the respective phenotype by P22 trans-
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duction, and thus the insertions were presumed to be causative
of the growth phenotype.

A second mutant hunt was performed to identify MudJ in-
sertions that caused the same phenotype as that described above.
In this hunt, a P22 lysate grown on a strain that allows random
insertion of MudJ transposons was used to transduce DM3215
[purF2085 apbA7::Tn10d(Tc) gnd181] to kanamycin resistance.
Twelve mutants that could grow on glucose-adenine-panto-
thenate medium were identified by screening 16,000 transduc-
tants. By the criteria described above, 4 of the 12 were assumed
to be purF*. The MudlJ insertions in the remaining mutants
were tested for linkage to the Tn/0d(Tc) insertions in strains
DM1247 and DM1248. Three of the isolates, DM3477, DM3478,
and DM3479, contained MudJ insertions that were >95%
linked by P22 transduction to the Tn/0d(Tc) insertions in both
DM1247 and DM1248. This result suggested that these five
insertions were disrupting the same locus, and further analysis
of this class of mutants was performed.

Insertion mutations disrupt a gene designated yjgF. The
map location of the Tn/0d(Tc) insertions in DM1247 and
DM1248 was determined in several steps. Derivatives of DM 1247
and DM1248 that were sensitive to tetracycline were isolated
by the method of Bochner (6, 47). In each strain, it was pos-
sible to identify Tc*® derivatives that were auxotrophic for pyri-
midines. This result suggested that the Tn/0d(Tc) insertions
were near a gene required for pyrimidine synthesis. After test-
ing linkage to a number of known pyrimidine loci, we found
that the Tn70d(Tc) insertions in both DM1247 and DM1248
were 99% linked by P22 transduction to an insertion in pyrB
(pyrB2694::MudA; TT9534). This result placed both Tn/0d(Tc)
insertions at 96.8 min on the S. #yphimurium chromosome. To
determine the precise location of the insertions, the DNA be-
tween the Tn/0d(Tc) insertion and the pyrB::MudA insertion
in strains DM2944 [purF2085 yjgF1::Tnl0d(Tc) pyrB2694::MudA]
and DM2946 [purF2085 yjgF2::Tnl0d(Tc) pyrB2694::MudA]
was amplified by PCR. Sequence analysis of the resulting 1.1-
kb fragment by using a primer to the C terminus of pyrl deter-
mined that the Tn/0d(Tc) insertion in DM2944 was within a
previously uncharacterized ORF in E. coli designated yjgF
(Fig. 2). Sequencing results demonstrated that the Tn/0d(Tc)
insertion in DM2946 was in precisely the same location (data
not shown).

Cloning and sequencing of yjgF. The DNA between mgtA
and pyrl in S. typhimurium was PCR amplified with primers
to the C termini of these genes. The resulting 1.4-kb frag-
ment was cloned into the pT,-5 vector, creating pT,-5YjgF1
(Fig. 2). This plasmid complemented the phenotypes (see be-
low) caused by a yjgF mutation. Sequence analysis of the entire
1.4-kb insert in pT;-5YjgF1 indicated that it contained two
small ORFs, designated orf4 (447 bp) and yjgF (387 bp) (Fig.
2). The gene structure in S. fyphimurium shown in Fig. 2 is
similar to that of E. coli, the exception being that this region in
E. coli does not contain orf4. A BLASTX (1) database search
indicated that the predicted OrfA protein showed significant
homology (from amino acids 1 to 43) to hypothetical proteins
in a number of insertion sequences, including a putative trans-
posase. To confirm that the insertions in yjgF caused the
respective phenotypes because of disruption of yjgF' (and not
polarity on orfA4), a single-gene clone of yjgF, pSU19YjgFa
(Fig. 2), was constructed as described in Materials and Meth-
ods. This clone also complemented the phenotypes caused by
the yjgF insertion mutations, indicating that the phenotypes
observed were due to loss of the yjgF gene.

The predicted size of the YjgF protein was 128 amino acids
(13.5 kDa). A BLASTX database search with S. typhimurium
YjgF revealed that this protein belonged to a family of small
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FIG. 1. Pathway schematics. (A) Biosynthetic pathway for TPP. The involvement of the purine pathway in HMP-PP synthesis is shown with structural intermediates
prior to the AIR branch point. Arrows denoted with dotted lines represent proposed steps. Reactions involved in the conversion of AIR to HMP-PP and in the synthesis
of THZ-P have not been clearly defined. Genes whose products are required for selected reactions are indicated next to the relevant arrows. Abbreviations: R-P,
ribose-5-phosphate, PRPP, phosphoribosylpyrophosphate. (B) Biosynthetic pathways for the branched-chain amino acids isoleucine and valine. Enzymes that catalyze
specific steps are as follows: 1, aspartate transaminase; 2, 3, and 4, aspartate kinases I, II, and III, respectively; 5, aspartate semialdehyde dehydrogenase; 6 and 7,
homoserine dehydrogenases I and II, respectively; 8, homoserine kinase; 9, threonine synthase; 10, threonine deaminase; 11 and 12, acetohydroxy acid synthases I and
11, respectively; 13, acetohydroxy acid isomeroreductase; 14, dihydroxy acid dehydratase; 15, transaminase B; 16, transaminase C. OAA, oxaloacetic acid.

proteins of approximately 15 kDa designated the YERO057c/
YjgF family. These proteins are highly conserved across a wide
range of organisms. Numerous homologues exist in bacteria,
e.g., E. coli hypothetical proteins YjgF and YhaR (5), Hae-
mophilus influenzae hypothetical protein HIO719 (30), Bacillus

subtilis hypothetical protein YabJ (52), Helicobacter pylori pu-
tative translation initiation inhibitor (62), Lactococcus lactis
AldR (35), Aquifex aeolicus hypothetical protein (19), Myxo-
coccus xanthus DfrA, Rhizobium sp. strain NGR234 hypothet-
ical 13.3-kDa protein Y4SK (31), and Azotobacter vinelandii
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insertion was mapped within the yjgF gene based on homology with E. coli (Ec.). DNA between the yjgF2::Tnl0d(Tc) insertion and the pyrB2694::MudA insertion was
amplified by PCR. Sequences flanking the yjgF2::Tnl0d(Tc) insertion were determined, and the predicted amino acids are shown. Sequence analysis of the region
flanking the yjgF1::Tn0d(Tc) insertion placed it at the same location. Amino acids conserved between the two organisms are in boldface, and numbers represent amino
acids in E. coli YjgF protein. The inserts contained in the pT;-5YjgF1 and pSU19YjgFa plasmids are indicated by the hatched lines. The mgtA gene is not drawn to scale.

hypothetical protein in the vaf4 5' region (42). In addition,
these proteins are highly conserved in cyanobacteria (Synecho-
cystis strain 6803 hypothetical 13.8-kDa protein) (13), fungi
(Saccharomyces cerevisiae chromosome V hypothetical protein
YERO057c and chromosome IX hypothetical protein YILO51c),
and higher eukaryotes (Caenorhabditis elegans hypothetical
19.6-kDa protein, mouse heat-responsive protein 12, rat 14.5-
kDa translational inhibitor protein [46, 53], human 14.5-kDa
translational inhibitor protein [57], and goat UK114 tumor
antigen [12]). Noticeably absent from this list was a represen-
tative from the archaea, despite the fact that several genomes
have been completely sequenced (9, 44, 59). The homologues
listed here ranged from 97% similar (E. coli) to 43% similar
(goat). Figure 3 shows the deduced amino acid sequence of
S. typhimurium YjgF compared to several of the known homo-
logues. The YERO057¢/YjgF protein family is defined by a high-
ly conserved signature motif located at the C terminus of these
proteins, consisting of the following amino acids: P-[AT]-R-
[SA]-X-[LIVMY]-X,-A-X-L-P-X,-[LIVM]-E. The S. typhimu-
rium YjgF protein matches this consensus sequence exactly
between amino acids 103 and 120.

Despite the high conservation of the YER057¢/YjgF protein
family, little is known about the function of these proteins.
Studies with two of the eukaryotic proteins (rat and human)
have indicated tissue-specific expression of YjgF and upregu-
lation upon cellular differentiation (46, 53, 57). In addition,
these two proteins inhibited in vitro translation in a rabbit
reticulyte lysate system.

Overexpression of YjgF. To confirm that the ORF desig-
nated yjgF produced a protein of the predicted size, the DNA
insert in pSU19YjgFa (Fig. 2) was cloned into the T, overex-
pression vectors, pT,-5 and pT,-6, creating pT,-5YjgFa and
pT-6YjgFa, respectively. Restriction enzyme digestion pat-
terns indicated that pT,-6YjgFa contained the yjgF gene in the
correct orientation for expression from the T, promoter. Both
plasmids were electroporated into an E. coli strain containing
the gene for T7 RNA polymerase on a lambda lysogen (BL21/
ADE23), generating strains DM5031 and DM5032, respectively.
These strains were subjected to a protocol that induced T7-
specific expression as described in Materials and Methods.
Proteins of induced crude cell extracts were resolved by SDS-
PAGE and visualized by Coomassie blue staining. As shown in
Fig. 4, extracts from DM5032 (lane A) contained a prominent
band not observed in DM5031 (lane B). Calculations of the

molecular mass of the overexpressed protein from diluted sam-
ples indicated that the additional band was approximately 12
kDa, which corresponded well with the predicted molecular
mass of 13.5 kDa for YjgF.

The YjgF homologues from rats and humans had the un-
usual property of being soluble in 5% perchloric acid (PCA)
and 10% TCA, respectively (46, 53, 57). We therefore tested
whether the S. typhimurium YjgF protein was acid soluble. The
induced crude cell extract from the overexpressing strain was
extracted with 1.25, 2.5, and 5% PCA and 2.5, 5, and 10%
TCA. Precipitated proteins were removed by centrifugation,
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FIG. 3. The YjgF protein is highly conserved. The DNASTAR alignment pro-
gram was used to align several proteins homologous to YjgF of S. typhimurium.
Regions shaded in black represent amino acids that are conserved with respect to
YijgF. Proteins in the alignment include E. coli YjgF, B. subtilis YabJ, Synechocystis
hypothetical 13.8-kDa protein, S. cerevisiae YER057c, rat 14.5-kDa translational
inhibitor protein, and human 14.5-kDa translational inhibitor protein.
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FIG. 4. Overexpression of YjgF. Overexpression of YjgF was performed by
using the T7 overexpression system as described in Materials and Methods.
Proteins were separated by SDS-PAGE and visualized by Coomassie blue stain-
ing. Extracts from DM5032 and DM5031, which contain plasmids pT,-6YjgFa
and pT;-5YjgFa, respectively, are shown in lanes A and B, respectively. pT5-
6YjgFa contains the insert in the proper orientation for YjgF expression from the
T7 promoter. Numbers at left indicate molecular mass in kilodaltons.

and those remaining in solution were resolved by SDS-PAGE
as described above. Staining with Coomassie blue revealed
several faint protein bands of high molecular masses in each of
the acid extractions, but no significant bands of approximately
14 kDa. This result suggested that the S. typhimurium YjgF
protein, unlike the eukaryotic homologues, was not highly sol-
uble in PCA or TCA.

A yjgF mutation suppresses the requirement for the pentose
phosphate pathway in thiamine synthesis but not carbon ca-
tabolism. A gnd mutation eliminates function of the APB path-
way when strains are grown either on glucose-adenine-panto-
thenate medium or on a number of nonglucose carbon sources
supplemented with adenine, including gluconate (54). We test-
ed whether yjgF mutations alleviated the requirement for Gnd
in thiamine synthesis under all conditions. As expected, DM4772
[purF2085 gnd175::Tnl10d(Tc) yjgF3::MudJ] grew on glucose-
adenine-pantothenate medium while the parent strain, DM574
[purF2085 gnd175::Tn10d(Tc)], did not. When these two strains
were grown in gluconate-adenine medium, growth was similar-
ly restored in the yjgF derivative (DM4772) (Fig. SA). Similar
phenotypic tests performed with DM3502 (purF2085 zwf23::
MudJ) and DM3503 [purF2085 zwf23::MudJ yjgF1::Tnl0d(Tc)]
determined that yjgF' mutations suppressed the effect of zwf
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mutations in a similar manner (data not shown). Thus, inser-
tion mutations in yjgF eliminated the requirement for the pen-
tose phosphate pathway in the function of the APB pathway.

To test the simple explanation that yjgF mutations caused
their effect by activating a new enzyme(s) that performed the
same functions as did Gnd and/or Zwf, we addressed whether
yjgF mutations could suppress the requirement for one of these
enzymes in carbon catabolism. DM3488 (purF2085 gnd181 pgi::
Tn5) was unable to utilize glucose as a sole carbon source be-
cause both the pentose phosphate pathway and the glycolytic
pathway were blocked. We found that yjgF mutations did not
restore the ability of the respective strain [DM3489; purF2085
gnd181 pgi::TnS yjgF1::Tn10d(Tc)] to utilize glucose as the sole
carbon source. This result indicated that yjgF mutations did not
suppress the requirement for the pentose phosphate pathway
in carbon catabolism.

It was a formal possibility that yjgF mutations allowed thia-
mine-independent growth because of a reduction in the cellu-
lar TPP requirement, rather than restored synthesis. Conditions
that reduce the cellular TPP requirement can be identified
based on their ability to allow growth of thi auxotrophs on
lower concentrations of thiamine (26). When the yjgF muta-
tions were introduced into known thiamine auxotrophs, they
did not alter the amount of thiamine required for growth (data
not shown). These results suggested that the yjgF mutation
caused its effect by restoring thiamine synthesis.

Mutations in yjgF cause a conditional requirement for iso-
leucine. In the course of experiments performed to phenotyp-
ically characterize DM1247 [purF2085 apbA1::MudJ gnd181
yjgF1::Tn10d(Tc)], we found that this strain was hypersensitive
to the presence of serine when grown on minimal medium-
based medium. When 8 pmol of L-serine was spotted on a
plate overlaid with DM1247, a large zone of inhibition was
observed. Further testing determined that any strain defective
in YjgF, regardless of genetic background, exhibited a similar
serine sensitivity. The serine sensitivity caused by the yjgF’ mu-
tation is shown quantitatively in Fig. 5B and C. Growth of
DM3480 (yjgF3::MudJ) on minimal glucose medium was com-
pletely inhibited in the presence of 4 mM serine (Fig. 5C),
while growth of the wild-type strain (LT2) was unaffected (Fig.
5B). Titration experiments determined that serine caused this
severe growth defect when present at final concentrations
greater than or equal to 500 uM (data not shown).

Compounds that corrected the serine sensitivity of a yjgF
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FIG. 5. Phenotypes caused by a yjgF mutation. Growth curves were obtained from strains grown at 37°C as described in Materials and Methods. (A) Suppression
of the requirement for Gnd in thiamine synthesis. Growth of DM574 [purF2085 gnd175::Tn10d(Tc)] in gluconate-adenine medium and gluconate-adenine-thiamine
medium is indicated by open and solid squares, respectively. Growth of DM4772 [purF2085 gnd175::Tn10d(Tc) yjgF3::MudlJ] in the same medium is indicated by open
and solid inverted triangles, respectively. (B and C) Sensitivity to exogenous serine. Shown are growth of LT2 (wild type) (B) and growth of DM3480 (yjgF3::MudJ)
(C) in minimal glucose medium (solid circles), glucose medium supplemented with serine (open triangles), and glucose medium supplemented with serine and

isoleucine (solid triangles).
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mutant were identified by spotting pools containing over-
lapping compounds on minimal serine plates overlaid with
DM3480 (18). Two compounds were found that clearly cor-
rected serine-inhibited growth of DM3480: isoleucine and
threonine. Correction of growth by isoleucine is shown quan-
titatively in Fig. 5C. The sensitivity of DM3480 to serine and
correction by isoleucine or threonine (an intermediate in iso-
leucine synthesis) suggested that the yjgF’ mutation was exac-
erbating a condition designated “serine toxicity” that was first
observed in E. coli over 40 years ago (2, 15, 16, 55, 56). Wild-
type E. coli K-12 undergoes a transient cessation in growth in
response to 1.5 mM serine (15, 65); this sensitivity was more
severe in different genetic backgrounds (14). In all cases, the
serine toxicity was corrected by isoleucine. Serine is thought to
induce starvation for isoleucine by negatively affecting isoleu-
cine biosynthesis in several ways. There is evidence that serine
inhibits two enzymes required for the synthesis of isoleucine,
L-threonine deaminase (55) and homoserine dehydrogenase I
(no. 10 and 6, respectively, in Fig. 1B) (36, 37). In addition,
serine may lead to increased levels of pyruvate through its
catabolism to pyruvate and feedback inhibition of its own syn-
thesis (serine is derived from 3-phosphoglycerate, a precursor
to pyruvate) (60). Elevation of pyruvate leads to isoleucine
restriction due to the kinetic parameters of the acetohydroxy
acid synthase isozymes (4). Increased pyruvate outcompetes
a-ketobutyrate for available enzyme (no. 11 and 12 [Fig. 1B]),
resulting in valine and leucine synthesis at the expense of iso-
leucine synthesis. To further characterize the serine sensitivity
observed with DM3480, we tested the effects of intermediary
metabolites of the isoleucine biosynthetic pathway (Fig. 1B) on
serine inhibition. Growth of DM3480 in the presence of serine
was restored by isoleucine, a-ketobutyrate, threonine, or ho-
moserine, but not by aspartate (data not shown). These results
parallel those observed with E. coli (37) and are consistent with
at least one of the causes of isoleucine starvation by serine
being inhibition of homoserine dehydrogenase I (no. 6 [Fig.
1B]).

Growth of DM3480 on minimal medium in the presence or
absence of serine was examined when a variety of compounds
were used as the sole carbon source. Growth of DM3480 was
sensitive to serine and corrected by isoleucine on all carbon
sources tested, including gluconate, sorbitol, xylose, ribose, py-
ruvate, glycerol, citrate, succinate, fructose, galactose, and
acetate (data not shown). Growth of LT2 was not inhibited
by serine under any of these conditions. Significantly, when
DM3480 was grown with either pyruvate or glycerol as sole
carbon source, the strain showed a significant requirement for
isoleucine even in the absence of serine. The fact that yjgF
mutants were starving for isoleucine even in the absence of
serine suggested that these growth conditions may have intro-
duced increased restrictions on the isoleucine biosynthetic
pathway. Levels of pyruvate are likely to be elevated under
these two growth conditions and may be contributing to iso-
leucine restriction as described above.

A yjgF mutation does not cause serine sensitivity by the
same mechanism as does a rel4 mutation. Mutations exacer-
bating serine sensitivity have been isolated previously in E. coli
(14), the most well-characterized being the rel4 mutation (64,
65). relA mutants are defective in (p)ppGpp synthetase and
consequently are defective in the stringent response (10). A
relA mutation seems to cause serine sensitivity by preventing
derepression of the ilv genes, a natural way to avoid growth
inhibition by serine (64). The serine sensitivity of a rel4 mutant
was suppressed by mutations, including hisT (7, 8), that re-
sulted in constitutive expression of the ilv genes (64). The
results of two experiments suggested that the yjgF mutation

yigFF MUTANTS IN S. TYPHIMURIUM 6525

A B

1.0 1.0
B
H
=3
wn
2
@
Q
f=4
8
5 0.5 0.5
@
o
<

0.¢ 0.0

0 5 10 15 [ 5 10 15
Time (hours} Time (hours)

FIG. 6. Flux through the isoleucine biosynthetic pathway is important for
restoration of thiamine synthesis by a yjgF' mutation. Growth curves were ob-
tained from strains grown at 37°C as described in Materials and Methods. Shown
are growth of DM4767 [purF2085 gnd174::MudJ yjgF2:: Tn10d(Tc)] (A) and
growth of DMA4769 [purF2085 gnd174::MudJ yjgF2::Tnl0d(Tc) ilvA219] (B) in
minimal gluconate medium supplemented with adenine (solid squares); adenine
and isoleucine (open squares); adenine and thiamine (solid circles); and adenine,
thiamine, and isoleucine (open circles).

was not acting in the same manner as a rel4 mutation. First, we
tested if a yjgF mutant was defective in the stringent response
by measuring stable RNA accumulation in starved and un-
starved cultures as previously described (34). We found that
stable RNA synthesis (as measured by *?P; incorporation into
TCA-precipitable material) was dramatically decreased in re-
sponse to starvation in both DM3480 (yjgF'3::MudJ) and LT2
but, as expected, not in DM4440 (rel421::Tn10). **P; was in-
corporated into TCA-precipitable material at rates of 1,608,
1,748, and 1,264 cpm/OD,,/min in unstarved cultures of LT2,
DM4440, and DM3480, respectively. When these cultures were
starved for amino acids, the incorporation rates of LT2 and
DM3480 were significantly decreased, to 206 and 217 cpm/
ODg,/min, respectively. The rate of incorporation into DM4440
remained high, at 1,112 cpm/ODgyy/min. These results indi-
cated that, unlike a rel4 mutant, a yjgF' mutant was not defec-
tive in the stringent response. Second, when we constructed a
hisT yjgF double mutant, the resulting strain, DM4442 [yjgFI::
Tn10d(Tc) hisT290::Tn5], was as sensitive to serine as the par-
ent strain, DM4053 [yjgF1::Tnl0d(Tc)]. This result suggested
that the cause of serine sensitivity in a yjgF’ mutant was not due
to an inability to derepress the ilv genes.

Flux through the isoleucine biosynthetic pathway is impor-
tant for a yjgF mutation to suppress the requirement for Gnd
in thiamine synthesis. As shown in Fig. SA, a yjgF mutation
allowed a purF gnd double mutant to grow in the absence of
thiamine. During routine phenotypic experiments, we found
that exogenous isoleucine significantly reduced the ability of
the yjgF mutation to restore thiamine synthesis in this strain.
Figure 6A shows the growth of DM4767 [purF2085 gndi174::
MudJ yjgF2::Tnl0d(Tc)] in gluconate-adenine and gluconate-
adenine-thiamine medium in the presence and absence of iso-
leucine. Although isoleucine increased the growth of DM4767
slightly when thiamine was included, it inhibited growth in the
absence of thiamine. Isoleucine feedback inhibits its own syn-
thesis by inhibiting activity of threonine deaminase (IlvA, no.
10 [Fig. 1B]), which is the first dedicated step to isoleucine bio-
synthesis (63). Therefore, one possible explanation for the ef-
fect of isoleucine described above was that carbon flux through
the isoleucine biosynthetic pathway was important for the res-
toration of thiamine synthesis by the yjgF mutation. To test this
possibility, we constructed a derivative of DM4767 that con-
tained a feedback-resistant mutation in ilvA, DM4769 [purF2085
gnd174::Mud] yjgF2::Tnl10d(Tc) ilvA219]. The ilvA219 muta-
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tion results in a threonine deaminase enzyme that is resistant
to feedback inhibition by isoleucine (45). As shown in Fig. 6B,
DM4769 was able to grow in the absence of thiamine even
when isoleucine was included in the medium. Thus, isoleucine
did not interfere with the effect of the yjgF mutation in a strain
resistant to feedback inhibition by isoleucine. These results sug-
gested that flux through the isoleucine biosynthetic pathway was
important for the yjgF’ mutation to restore thiamine synthesis.

DISCUSSION

In this study, we describe the isolation and characterization
of mutations in a previously uncharacterized ORF, designated
yjgF. Mutations in yjgF’ caused multiple phenotypes. These
mutations eliminated the requirement for the oxidative pen-
tose phosphate pathway in PurF-independent thiamine synthe-
sis. In addition, yjgF' mutants appeared to be compromised in
their ability to synthesize isoleucine, as indicated by their hy-
persensitivity to conditions that restrict isoleucine biosynthesis,
e.g., increased levels of serine and/or pyruvate. This result is in
agreement with previous work indicating that growth of the
corresponding mutant in L. lactis (aldR) was slowed twofold if
isoleucine was omitted from the medium (35).

Data presented here suggest a link between the effect of a
yjgF mutation on thiamine synthesis and the apparent defect
that this mutation causes in isoleucine synthesis. Results sug-
gest that carbon flux through the isoleucine biosynthetic path-
way is important for a yjgF mutation to restore thiamine syn-
thesis. The following general model is proposed to explain
these results. We suggest that the yjgF mutation results in the
partial block of at least one step in isoleucine biosynthesis (by
an as yet undefined mechanism) subsequent to the reaction
catalyzed by threonine deaminase (IlvA, no. 10 [Fig. 1B]). This
block results in starvation for isoleucine when growth condi-
tions, i.e., increased levels of serine and/or pyruvate, further
restrict isoleucine biosynthesis. In addition, we propose that
the defect in isoleucine biosynthesis causes accumulation of a
compound, likely an isoleucine biosynthetic intermediate or
derivative, that is important for restoration of thiamine syn-
thesis in the absence of the oxidative pentose phosphate path-
way. When isoleucine is added to the medium, accumulation of
the compound (and the corresponding restoration of thiamine
synthesis) is prevented by feedback inhibition of the pathway at
IlvA. Introduction of an ilvA feedback-resistant mutation thus
abolishes isoleucine’s inhibitory effect.

The above model predicts that an isoleucine biosynthetic
intermediate, or a derivative, suppresses the requirement of
the pentose phosphate pathway in thiamine synthesis. There
are several possibilities for how this could occur. Since ribose-
5-P also corrects the requirement, the simplest explanation is
that the relevant intermediate increases ribose-5-P levels inde-
pendently of the oxidative pentose phosphate pathway. The
compound may be involved in regulating flux through the non-
oxidative pathway or another metabolic pathway in which ri-
bose-5-P is a precursor or intermediate. Such scenarios would
be consistent with the ability of a yjgF' mutation to suppress the
requirement for Gnd in thiamine synthesis but not carbon
catabolism. Alternatively, the intermediate might allow func-
tion of the APB pathway despite low ribose-5-P levels. For
example, the relevant metabolite might increase levels of the
predicted PRA-forming enzyme or enhance its activity, thus
compensating for decreased ribose-5-P. The proposed model
for how a YjgF defect affects thiamine synthesis (through the
accumulation of an isoleucine biosynthetic intermediate) pre-
dicts that isoleucine intermediates added exogenously might
also suppress the requirement for the pentose phosphate path-
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way. Significantly, in a preliminary test of this prediction, none
of the intermediates that we tested, including homoserine,
threonine, and a-ketobutyrate, restored thiamine synthesis in a
purF gnd mutant. Additional genetic and biochemical tests are
currently under way to test this proposed model.

This study represents the first detailed phenotypic charac-
terization of mutants defective in the YER057¢/YjgF protein
family in any organism and provides important clues as to the
function of this highly conserved class of proteins. Results
presented here suggest that the YjgF protein, or alternatively,
the product of the YjgF protein if it functions as an enzyme, is
important for appropriate function and/or regulation of the
isoleucine biosynthetic pathway. Comparing the levels of iso-
leucine biosynthetic intermediates and enzymes in wild-type
strains and yjgF mutants will be informative in this regard.
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