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A AiyrT::kan mutant from Escherichia coli K-12 (DTK-12) shows a transient growth lag that is caused by
glycine starvation (U. Michelsen, M. Bosl, T. Dingermann, and H. Kersten, J. Bacteriol. 171:5987-5994, 1989).
The same deletion, transduced into the relA spoTi mutant CA274 to construct strain DTC274, caused
complete growth inhibition in glucose minimal medium. Here, we show that the tyrT 5' region contains three
new open reading frames in the order 0RF37-->0RF34-*0RF32-*tyrT and that the AtyrT::kan allele used
previously deletes tyrT as well as a carboxy-terminal portion of 0RF32. A plasmid encoding 0RF32 totally
complemented the inability of strain DTC274 to grow on glucose minimal medium as well as the transient
glycine starvation phenomenon in DTK-12, and 0RF32 was designated tgs. Partial deletion of tgs, cotransduced
with the marker AlyrT::kan, was responsible for the completely different phenotypes of the deletion mutants
DTK-12 and DTC274. The deduced Tgs protein sequence showed significant homology to the PurN protein of
E. coli and to enzymes with glycinamide ribonucleotide transformylase activity. We discuss whether growth
inhibition in strain DTC274 may be caused by synergistic effects with the preexisting mutations relA1 and
spoT). The deduced protein sequence of ORF37 showed striking similarity to regulator response proteins and
is probably a new member of this family. A spontaneous mutation in ORF37, caused by the integration of an
insertion element, IS], exhibited no phenotype.

Tyrosine-accepting tRNA is encoded by two genes in Esch-
erichia coli, tyrT and tyrU. The tyrT operon and its regulation
have been well investigated: it is under stringent control (17)
and under growth rate control (40). An upstream activation
sequence, including a binding site for the transactivator protein
Fis (25), permits an optimal rate of transcription (16, 39).
The most striking feature of the tyrT operon is its structural

arrangement (9, 20, 29, 30). The tyrT locus consists of two
tandemly repeated tRNA,"Tyr genes separated by a 208-bp
spacer segment including a sequence motif that is repeated
three times downstream of the second tRNA1Tyr gene. Each
repeat, consisting of 178 bp, terminates with 19 nucleotides,
identical with the 3' end of the mature tRNA. The complex
structure apparently confers some selective advantage for the
cell and is therefore maintained (31). A very similar arrange-
ment of terminal repeats has been found in four other tRNA
genes of E. coli (for a comparison, see reference 3).

In order to investigate the biological significance of these
repeated structures, a AtyrT::kan mutant has been constructed
(22). Although the tyrT operon is not essential, the wild-type-
derived deletion mutant DTK-12 shows a characteristic phe-
notype when shifted from a rich to an amino acid-limited
medium: a transient glycine starvation phenomenon induces
the regulatory network of stringent response and gives rise to
a lag phase during mid-logarithmic growth (22). On the basis of
complementation studies with plasmid-borne tyrT fragments,
an RNA product of the repeated structures of the tyrT operon
has been postulated to be the complementing unit (22).
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In a further study, this RNA, designated rtT RNA, has been
identified nd characterized (3). We have made two unex-
pected ob ervations. (i) Plasmid-expressed rtT RNA is not
only invol ed in complementation of the glycine starvation in
the AtyrT:: an strain DTK-12 but also influences growth arrest
induced b isoleucine deprivation. Therefore, a general mod-
ulatory ro e of rtT RNA upon stringent control that is not
restricted to glycine starvation in strain DTK-12 has been
suggested. (ii) The extent of growth delay in the AtyrT::kan
strain DTK-12 is increased under more-limiting conditions
with glycerol as carbon source. Under these conditions, the
characteristic lag phase in strain DTK-12 has been only
partially o ercome by the tyrT operon, probably because of the
modulato effect of rtT RNA upon stringent control, indicat-
ing that de etion of the tyrT operon is not or at least is not the
only genetic cause for the phenomenon of transient glycine
starvation, designated the tyrT deletion phenotype (22).

In the stl dy presented here, the hypothesis that a second site
mutation i involved in generating the tyrT deletion phenotype
was furthe supported when the same AtyrT::kan marker was
transduce into the relAl spoTl mutant CA274 to construct
strain DT 274. This strain showed a dramatic phenotype:
when shift d to a minimal medium, growth was fully arrested,
and, in co trast to that of strain DTK-12, the phenotype was
not compl mented or weakened by transformation with a
plasmid co itaining exclusively the tyrT operon. This phenotype
was compl tely unexpected, because the original tyrT deletion
phenotype depends upon a functional stringent control system
(22).
To identify the genetic basis of the tyrT deletion phenotype

in strain DTC274, the 5' region of tyrT was analyzed and
revealed s veral new open reading frames. The mutation
responsible for the phenotype of the reL4 spoT-derived strain
was localiz d immediately upstream of the tyrT promoter in a
new gene designated tgs. It was further shown that the tgs



222 BOSL AND KERSTEN

TABLE 1. E. coli strains and plasmids

Strain orStrasinorGenotype or relevant characteristics Source or referenceaplasmid

Strains
K-12 Wild type DSM strain no. 498
K-12BM ORF37:ISI; wild type Our laboratory stock K-12
W3110 Wild type 15
DTK-12 AtyrT::kan 22
CA274 trp-49(am) lacZ125(am) X- spoTi reLA1 B. J. Bachmann (CGSC)
DTC274 trp-49(am) lacZ125(am) X- spoT1 relA1 AtyrT::kan This work
CA275 trp-49(am) lacZ125(am) X- spoTi relAI supF66 B. J. Bachmann (CGSC)
MC4100 thi araD139 A(argF-lac)U169 ptsF2 deoC relA1 flbB5301 rpsL150 X 5
JC9387 hsdR thr-1 ara-14 leuB6 A(gpt-proA)62 lacYl sbcC201 tsx-33 supE44 galK2 X rac sbcB15 B. J. Bachmann (CGSC)

hisG4 rfbD1 recB21 recC22 rpsL31 kdgK51 xyl-5 mtl-l argE3 thi-1
DH5a endA1 hsdR17 supE44 thi-1 recA1 gyrA96 reL41 A(argF-lac)U169 480dlacZ AM15 X- 10

Plasmids
pUC18, Replicon ColEl; Apr, lacot peptide multiple cloning site 44
pUC19
pACYC184 Replicon P15A; Cmr Tcr 6
pUM-E pACYC184 [supF66 containing a 5.7-kb EcoRI fragment] Tcr 22
pUMlOl pACYC184 [tyrT containing a 6.6-kb SalI-BamHI fragment] Cmr 22
pUM302 pACYC184 [tyrT containing a PvuII-EcoRI fragment] Tcr 22
pUT-Al pUC19 [tyrT' containing a 3.2-kb AvaI fragment] Apr This work
pTT- pACYC184 [tyrT' containing a 1.7-kb EcoRV-AvaI fragment] Cmr This work
EVA22
pTT- pACYC184 [subfragment of pUT-Al (pos. 2161_AvaI)b] Cmr This work
3403A
pTT- pACYC184 [tgs containing subfragment of pUT-Al (pos. 2506-AvaI)b] Cmr This work
3513A
pTT- pACYC184 [tgs containing subfragment of pUT-Al (pos. 2506-BstEII)b] Cmr This work
3513Bst
pTI- pACYC184 [tgs' containing subfragment of pUT-Al (pos. 2506-Scal)'] Cmr This work
3513Sc
a CGSC, E. coli Genetic Stock Center, Yale University, New Haven, Conn.; DSM, Deutsche Sammiung von Mikroorganismen, Gottingen, Germany.
b 5' end generated by exonuclease III treatment; pos., position in the sequence shown in Fig. 3.

mutation and not the tyrT mutation itself was responsible for
the already described deletion phenotype of the wild-type-
derived strain DTK-12.

MATERlALS AND METHODS
Materials. Restriction endonucleases, avian myeloblastosis

virus reverse transcriptase, and DNA-modifying enzymes
were purchased from Boehringer, Mannheim, Germany. Se-
quenase was from U.S. Biochemical Corp., Cleveland, Ohio.
[a-32P]dATP, [y-32P]ATP, [35]Met, and the prokaryotic
DNA-directed translation kit were obtained from Amersham
Corp., Little Chalfont, United Kingdom. Hybridization trans-
fer membranes were from Schleicher and Schull, Dassel,
Germany, or from Du Pont de Nemours, Boston, Mass. (Gene
Screen Plus). Culture media and Casamino Acids were pur-
chased from Difco Laboratories, Detroit, Mich. Antibiotics,
amino acids, and other chemicals were from Sigma Chemical
Co., St. Louis, Mo. Qiagen plasmid preparation columns were
obtained from Diagen, Dusseldorf, Germany. The nested
deletion kit was from Pharmacia, Uppsala, Sweden.

Bacterial strains and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
Selection markers were transduced by generalized transduc-
tion with the phage P1 kc (23). Plasmids were introduced into
bacteria by the standard transformation protocol (32).

Bacteria were cultured under aerobic conditions at 37°C in
rich medium (YT) or in minimal medium (M9) (23) with 30
mM mannitol and either 0.4% glycerol or 0.4% glucose as
carbon source. Cultures (10 ml) were grown in 100-ml Erlen-

meyer flasks modified with sidearm cuvettes. Growth was
monitored by measuring the A578. Cultures were inoculated
1:100 with an overnight culture. The minimal medium for
auxotrophic strains was supplemented with the corresponding
amino acid at a final concentration of 50 ,jg/ml. Growth
experiments were reproduced at least three times. If required,
antibiotics were added in the following concentrations: kana-
mycin, 50 ,ug/ml; tetracycline, 20 ,ug/ml; chloramphenicol, 10
,ug/ml; and ampicillin, 100 ,ug/ml. The vitamin mixture con-
tained (per liter) biotin, 0.25 mg; pantothenic acid, 7.5 mg;
folic acid, 1.25 mg; pyridoxine, 1.25 mg; nicotinic acid, 7.5 mg;
thiamine, 12.5 mg; riboflavin, 2 mg; DL-6,8-lipoic acid, 2 mg;
and cyanocobalamin, 2 mg.

Cloning procedures. Cloning was performed by established
methods (32). For cloning purposes, plasmid DNA was puri-
fied with Qiagen pack 100 columns according to the manufac-
turer's protocol.
The plasmid pTT-3513Bst was constructed to obtain a

tgs-containing plasmid without any adjacent tyrT sequences in
the following way. An internal BstEII site within the tgs gene
required the construction of the helper plasmid pUT-Bstl2 by
subcloning the 0.5-kb BstEII fragment of plasmid pTT-EVA22,
which was blunt ended by Klenow polymerase, in the HincII
site of the vector pUC19. The plasmid pUT-A3513 was a
subclone of plasmid pUT-Al with a 5' deletion generated by
exonuclease III treatment. The 0.5-kb HindIII*-HpaI fragment
of pUT-A3513 was replaced by the 0.33-kb HindIII*-HpaI
fragment of plasmid pUT-Bstl2. The resulting insert terminat-
ing with the BstEII site (inactivated by the fill-in procedure)
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was cloned in the Tcr gene of the vector pACYC184 as a
1.05-kb BamHI-HindIII* fragment to obtain the plasmid pTT-
3513Bst. The restriction sites marked by an asterisk are derived
from the polylinker of pUC19. The BamHI site was generated
by cutting plasmid pUT-A3513 with EcoRI*, filling in the 5'
ends with Klenow polymerase, and performing a linker ligation
with BamHI linkers.

Nucleic acid analyses. Total RNA was prepared as already
described (3). tgs mRNA was identified by Northern (RNA)
blot analysis, performed as described elsewhere (3), with a
specific nick-translated DNA fragment.
The transcription start of tgs mRNA was determined by

primer extension analysis by using the conditions previously
described (3) with a synthetic primer (23-mer) complementary
to nucleotides 2618 to 2640. The extension products were
analyzed on an 8% polyacrylamide sequencing gel together
with a dideoxy-sequencing reaction of plasmid pUT-Al as the
size standard, performed with the 5'-phosphorylated extension
primer.
Chromosomal DNA was isolated as described by Shapiro

and Higgins (35), but before digestion with proteinase K, RNA
was hydrolyzed with DNase-free RNase A for 30 min at 37°C
at a final concentration of 100 ,ug/ml.

For Southern blot analysis, restricted (genomic) DNA was
size fractionated in 0.6% agarose gels and transferred onto
GeneScreen Plus membranes by an alkaline capillary blot with
0.5 M NaOH-1.5 M NaCl for 3 h. DNA-DNA hybridizations
with nick-translated DNA fragments were performed at 42°C
in 50% formamide-2 x SSC (1 x SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.4% sodium dodecyl sulfate
(SDS)-2 x Denhardt's solution-2 mM EDTA-1% sarcosyl-
0.1 M phosphate buffer (pH 7.0)-20 ,ug of denatured salmon
sperm DNA per ml. Filters were washed twice for 10 min in
2 x SSC at room temperature, twice for 30 min in 2 x
SSC-0.5% SDS at 650C, and once for 15 min in 0.1 x SSC at
room temperature.
DNA sequence determination. Sequence analysis was per-

formed by the dideoxy-chain termination method (33). The
respective DNA fragments were cloned in pUC18 or pUC19.
Nested deletions of the cloned inserts were constructed by
partial, unidirectional hydrolysis with exonuclease III and S1
nuclease (11). Plasmid DNA for sequencing reactions was
prepared according to Saunders and Burke (34). The sequence
was determined with double-stranded DNA as a template by
the modified T7 polymerase (Sequenase) reaction using both
the universal M13 and the reverse M13 sequencing primer.
Occasional band compression effects were resolved by the use
of dITP instead of dGTP in the Sequenase reaction. The
nucleotide sequence was determined from both directions.
Computer analysis. The sequence analysis was performed

with the Genetics Computer Group Sequence Analysis Soft-
ware package, version 7.1 (7).

Coupled in vitro transcription-translation assay. The ex-
pression of the plasmid-encoded open reading frames, deter-
mined by sequence analysis, was investigated by a coupled
transcription-translation assay in vitro (45). The respective
recombinant plasmids were used as DNA templates, and the
translation products were labelled with [35S]Met, separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (12%
polyacrylamide) together with a molecular weight standard as
a size reference, and identified by autoradiography.

Nucleotide sequence accession number. For the nucleotide
sequence data given in Fig. 3, the GenBank accession number
M64675 was assigned.

RESULTS

Growth inhibition in a relA spoT AtyrT::kan strain. The
wild-type-derived AtyrT::kan strain DTK-12 shows a transient
lag phase caused by glycine starvation when shifted from a rich
to a minimal medium (Fig. 1C and D) that strictly depends on
a functional stringent control system and is only detectable in
a relA4+ background, whereas the AtyrT: :kan derivative of the
mutant relA strain MC4100 does not show this phenotype (22).
The growth lag of DTK-12 is observed with mannitol as carbon
source and to a greater extent with glycerol as carbon source
(Fig. IC and D), whereas with glucose as carbon source only a
subtle lag phase was observed (data not shown).

For further analysis of this phenotype, the AtyrT::kan
marker was transferred to the relA1 spoTl mutant CA274 by
generalized transduction to construct the AtyrT::kan variant
DTC274 that is affected in ppGpp synthetase I (reA) and II
(spoT) and ppGpp turnover (spoT) (14, 43). A phenotype
different from that in DTK-12 was observed in strain DTC274.
When the cells were precultured in rich medium and then
shifted to M9 minimal medium supplemented with trypto-
phane and with glucose as carbon source, they were unable to
grow, in contrast to the parent strain CA274 (Fig. 1A). Glucose
was chosen as carbon source because with mannitol or glycerol
as carbon source, the growth rate of the parent strain CA274
was markedly reduced. Under anaerobic conditions (M9 min-
imal medium with tryptophane and supplemented with 0.8%
glucose, or with 0.8% glycerol and 50 mM nitrate, or with 0.8%
glycerol and 50 mM fumarate), the growth of strains CA274
and DTC274 was very poor compared with that of wild-type
strain K-12, but was identical between them. The colony-
forming ability of strain DTC274 on minimal glucose plates
with tryptophane was very low compared with that of the
parent strain CA274 but was not completely abolished, indi-
cating that strain DTC274 is not a classical auxotroph and may
be favored by the microaerobic conditions on plates. Attempts
to complement the growth arrest of DTC274 after shift down
to minimal glucose medium by the addition of a vitamin
mixture (see Materials and Methods), by the addition of
nucleosides (inosine, uridine, and cytidine; 20 mg/liter), or by
the addition of common trace elements did not show any
effects. Increasing the amount of Casamino Acids from 0.03%
to 0.5% shifted the growth arrest from 0.1 to 0.3 A578. Only the
addition of yeast extract and/or tryptone (0.5% to 1%) restored
growth of strain DTC274 (data not shown). After prolonged
incubation of strain DTC274 in minimal glucose medium for
36 to 48 h, the outgrowth of bacteria to stationary phase was
observed in some cases. The outgrowing bacteria still showed
the marker Kanr Lac- Trp-. The phenomenon was inter-
preted as the outgrowth of very rare spontaneous mutants
rather than an adaptation to the minimal glucose medium,
because it was not observed reproducibly and demanded
prolonged incubation periods.

In contrast to strain DTK-12, the phenotype of DTC274 was
restored neither by the addition of glycine (data not shown)
nor by transformation of DTC274 with plasmid pUM302,
which contains solely the tyrT operon (Fig. 1A). The failure to
complement the phenotype of strain DTC274 by the tyrT
operon suggested a synergistic effect of the newly introduced
AtyrT::kan marker with preexisting mutations and/or an addi-
tional unknown mutation within the tyrT region that was
cotransduced and raised the question whether the different
phenotypes of the two AtyrT::kan strains DTK-12 and DTC274
had a common genetic origin.

Restriction analysis of the tyrT region. The tyrT region has
been isolated from two different E. coli strains: the supF allele
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FIG. 1. Growth phenotype of E. coli AtyrT::kan strains and its genetic complementation. Symbols representing the strains are indicated on
panels A to D. Strains were precultured in rich medium and then transferred to a minimal medium, supplemented with 0.03% Casamino Acids
and with (A and B) tryptophane (50 ,ug/ml) and 0.4% glucose, (C) 0.25% mannitol, and (D) 0.4% glycerol. For strains CA274 and DTC274, glucose
was used as carbon source instead of mannitol or glycerol to improve the growth rate. (A) Growth of the AtyrT::kan strain DTC274 and its
transformant DTC274/pUM302 compared with that of the parent strain CA274. (B) Growth of strain DTC274 and its transformant
DTC274/pTl-3513Bst compared with that of CA274. (C) Growth of the AtyrT::kan strain DTK-12 and its transformant DTK12/pTT-3513Bst
compared with that of the parent strain K-12BM with mannitol as carbon source. (D) The same as in panel C but with glycerol as carbon source.
For strain DTK-12 (shown in panels C and D) but not for strain DTC274 (panel A, B), the parental growth pattern is also restored by the addition
of glycine.

is from strain CA275, the daughter strain of strain CA274 used
in this study (see Table 1), and the tyrT allele is from our

laboratory strain K-12BM (22). Both genomic regions were

available for this study (plasmids pUM-E containing the supF
region as a 5.7-kb EcoRI fragment and pUM101 containing
tyrT as a 6.6-kb SalI-BamHI fragment).
A detailed restriction fragment analysis of both plasmids was

performed to elucidate putative differences between the two
genomic clones within the tyrT region. The tyrT allele con-

tained an 800-bp insertion within a SalI-EcoRV fragment
located about 3 kb upstream of tyrT that was marked by an

additional PstI site (data not shown). This region was charac-
terized in detail because it was supposed that the genomic
differences between the tyrT and supF clones were responsible
for the phenotypic differences between the two AtyrT::kan
strains DTC274 and DTK-12. The SalI-EcoRV fragment was

subcloned from both plasmids, and their nucleotide sequences
were determined (positions 81 to 818; see Fig. 3).
The restriction length polymorphism resulted from the

integration of an insertion element, IS1 (27), in the tyrT allele
of the laboratory strain K-12BM at position 430 (the integration
site is marked IS1/DR in Fig. 3) flanked by the 9-bp direct
repeat sequence GGCAGCAAG that was duplicated during
the integration event.

The integration site was found within a continuous reading
frame extending beyond the sequenced SalI-EcoRV fragment.
To complete the sequence of the reading frame, the 1.5-kb PstI
fragment and the 0.56-kb StuI-SalI fragment of plasmid
pUM-E were subcloned and their sequences were determined.
A new gene coding for a regulator response protein. The

overlapping sequences resulted in an open reading frame
(ORF37) that was oriented opposite to tyrT and consisted of
337 codons from nucleotides 1069 to 59 (see Fig. 3) coding for
a protein with a calculated molecular mass of 37.3 kDa, a net
charge of -7 at physiological pH, and a pl of 5.7. Its
expression was shown by a coupled transcription-translation
assay in vitro using plasmid pUM-E as the template (see Fig.
4). A putative ribosome binding site (GGAG) was located 5 bp
upstream of the start codon. As putative regulatory sequences,
a -10 box from positions 1159 to 1154 (CAGAAT) and, in a
16-bp distance, a -35 region from positions 1181 to 1176
(TTGGTA) were found.
A computer search in the GenBank data base with the

amino acid sequence of ORF37 showed striking similarities to
a couple of proteins belonging to the regulator response family
(for a review, see reference 38), with complete conservation of
invariant amino acids (D-15, D-58, and K-108) and of highly
conserved amino acids (data not shown). These proteins are
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part of a signal transduction pathway in bacteria. The similarity

was only found with the N-terminal part known to carry the

regulatory domain that is modified by a corresponding histi-

dine kinase at an aspartyl residue. The C-terminal part of

ORF37 did not show any similarity, so that conclusions with

respect to the catalytic function of the protein were not

possible.
The ORF37 gene that was isolated from our laboratory

strain K-12BM carried an insertion element, IS1, at position

430. The open reading frame was interrupted at the 197th

amino acid within the functional (catalytic) domain (part) of

the protein. This integration event had occurred in the labo-

ratory strain K-12BM, whereas the other strains investigated

(W3110, DTK-12, JC9387, MC4100, and CA275) did not

contain anIS1 element in the corresponding restriction frag-

ment (Fig. 2A and B). Although strain DTK-12 is derived from

strain K-12BM, that IS1 element was missing in DTK-12

demonstrating that the intactORF37 was cotransduced from

strain JC9387 together with the marker AtyrT::kan during

construction of the tyrT deletion strain (22). Therefore, it was

ruled out that the phenotypic differences of strains DTK-12

and DTC274 were caused by a mutation inORF37. The IS1

pattern of the laboratory strain K-12BM was compared with

that of strain K-12 obtained from the Deutsche Sammlung von

Mikroorganismen (DSM) strain (number 498; see Table 1). In

the DSM strain, the specific IS1 element was also missing (Fig.

1C). The laboratory strain was designated with the preliminary

appendix BM (K-12BM; see Table 1).

The spontaneous mutationORF37::IS1 is a distinctive ge-

netic marker of strain K-12BM, but it is not yet possible

assign any phenotype to it. Strain K-12BM did not show any

auxotrophy or any alterations in growth behavior, soORF37 is

not essential under normal growth conditions. Anaerobic

growth (under glycolytic conditions or under nitrate- or fuma-

rate-respirative conditions) was not impaired. The genetic

markers galU and drs were also tested, because both have been

mapped at 27 min (18, 19), but growth on minimal medium

with galactose as the carbon source (galU) or with glucose,

both supplemented with leucine and serine (drs), was not

affected.
Nucleotide sequence of the 3.6-kb 5' region of tyrT. During

analysis ofORF37, complementation studies in strain DTC274

were performed with the plasmid pUM-E, containing the

intactORF37, and plasmid pUM101, containing most

ORF37::IS1. Both plasmids restored wild-type behavior, con-

firming thatORF37 was not involved in complementation,

whereas the plasmid pUM302 containing only the tyrT operon

did not complement the phenotype. Therefore, the comple-

menting region was mapped betweenORF37 and tyrT.

The complementing region was subcloned as a 3.2-kb AvaI

fragment from plasmid pUM101 in pUC19, resulting in plas-

mid pUT-Al. The sequence of pUT-Al was determined for

both strands from overlapping deletion subclones and linked

the sequence ofORF37. The complete sequence is presented

in Fig. 3. In addition toORF37, three further reading frames

were found.
Upstream ofORF37, in the same orientation, an open

reading frame (ORF34) from positions 2105 to 1164,

with a GTG codon, which might encode a protein consisting

314 amino acids with a molecular mass of 34.4 kDa and

calculated pl of 6.7, was found. A possible ribosome binding

site (GAG) was located 10 bp upstream of the start codon

(positions 2118 to 2116). A putative -10 region was from

positions 2218 to 2213 (TATACT); however, a suitable -35

region was not found.
In the opposite direction, a small reading frame (URF13)
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FIG. 2. Distribution patterns of insertion elements ISI in different
E. coli strains. Genomic DNA was restricted with EcoRI, separated by
electrophoresis on a 0.6% agarose gel, and blotted as described in
Materials and Methods. The strains are indicated to the right of the
corresponding lanes. (A) Hybridization with an ISJ-specific nick-
translated restriction fragment (0.3-kb BstEII-AvaI fragment). (B) The
same blot as in panel A, but hybridized against anORF37-specific
probe (0.46-kb nick-translated AvaI-EcoRV fragment) to identify
specifically that IS] element that had integrated intoORF37. (C)
Comparison of the IS] pattern of our laboratory strain K-12BM with
the K-12 strain obtained by the DSM (in this figure indicated as
K12-DSM). Note that Fig. 2C is not in scale with Fig. 2A and B. IS]
elements are marked by arrows. One element differing between strains
K-12BM and K-12-DSM (Fig. 2C) because of a restriction length
polymorphism is marked by two thin arrows. The IS] element specific
for strain K-12BM that had integrated intoORF37 is indicated by a
dotted triangle.

from positions 2278 to 2634, consisting of 113 amino acids with
the coding capacity for a 13.5-kDa peptide with apI of 8.1, was
found. A putative ribosome binding site or promoter region
was not detected; furthermore a gene product corresponding
to this reading frame was not identified. Therefore, its amino
acid sequence was omitted from Fig. 3.

Finally, an open reading frame (tgs) from positions 2687 to
3529 with the coding capacity for a 280-amino-acid peptide
with a molecular weight of 31.9 kDa and a theoretical pl value
of 7.0 was found. A putative ribosome binding site (AAGG) 11
bp upstream of the start codon, a possible -10 region
(TATATT) from positions 2548 to 2553, and, in an 18-bp
distance, a -35 region (TTGAAA) were located. The tgs
reading frame terminated adjacent to the promoter and up-
stream activating sequence of tyrT, which is also indicated in
Fig. 3.
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1

61

GTACCACCAGCCGACATTAGCAGGTAA.TGCAAATTTAGCCCGCGTTATCGTTTGCrCATTr

CTGCAGACAACATCAAGCGCAGTCGACCACCGGTTCCCCATAT'rrGGCATTGCCAGGCAT
E AS L ML R L R GG T GW I Q C QW A

121 CGCATCGCTGGCTCAATTGATTCAAATAAGCGTTACCTAAAGTGCCTAACGGAACACCAT
D C RQ SL QNL YA N GLTG L PV G

181 TACTGATTTGCACCTGGTGTTCGCCGTT-ACTGArAACGAAAC
NBS I Q VQ H E GT NL TA NLG A SV

241 GAATGAGATITTTTCAGTTCGCGATGATAATAGCCAACTAATAGCCGAAACTGCCCCGGtCA
L I L NKX L E R HY Y G V LL P F Q G P

301 OATTGGCCTGACGAAG;TAAATGGTTTAcCTGCTTCAATAACGCGCCCAACTCTGGcAACC
L N AQR L L HN VQ KL L AG LE P L

361 GTrGAUTTTT-rGTGTGCAAGCTGTTCCTOTAATAATCCGTrAAACAATGcGcGTAATAACA
R Q N Q H AL Q E Q L L G N F L A R L L

421 AGGC&GCAA(GTACGCCATrATGTCCAGCTCGGvGTGACATCAAGGCAATAAAATGCCAGAT
L A A L V G N H O AR T V D L C Y F A L

481 CGTTTCCGAAAOTGCGGCAATATCAAGCACCAGGCCGGGTTTGTCCGcGGCAACCAATT
D NEB S L AA I D L VL O P K DA A VL

541 GACGATAATTAACCCGGCAATGGGAAATCACCTGCTGAACCGGGGT TATCCTGTA
Q R Y NV RC H SI VQQVP P QLEBQ

601 ATAATTTCGCCGCTGCGGCAGGG7TATCAACCATrGCATCCCAGTCGCGAAAAAGCCT
L L K A AA A P N D V M AD W D R F L R

661 CCTCTTCCTCAACGCGCGAATTAAACATGCTGGGATAGAGACAGGCAAAAACCATCTCGC
E K V R B N FMNS P Y L C A F VME

721 GCAAGCGArAAC ACOrACBCTTCAACGCCCAGACGTAACG
B L R N L D K *V P K L L V D E V G L R L

781 CTrTGGCAATATCTGCCATATI-1l-1-AGTGaGCAGATATCACCAGAACTGGGGTCTGGTCGC
A K A I. D AMNNET AB I V LV P T Q D

841 CTCTGI-rACGTATATGCTCCAGCAG-ITAAGCCCGIrArGGCTGGTTA
G R NR I HEB L LKXL GN MR P HA I D

901 ATATCATCAGGTCTGGAGTGAAACCTCCCAGCAACTCAAGGGCATCCACCCCATCAGCCG
C I M L 0 P T FOG L L K L A DV GD A

961 CCAGTACCGTTGTCGCTCCCAATGAGGAAAACCATGAATCCAGAAGCGAGCGAAATACCT
A L VT TAGLB B F WBSDL LBSR FV

1021

SD 2101
GCTCATC7TCAACAATGAGAATCTGTTTCGACCAATGGCTGCGTCAGT CTC
Q ED E V IL I Q K GV L P Q TMN

1081

1141

1201

TGACTGGCT'rACTCAATAG3TOGCATGCTATTGCCALCCTGCGCCTGTCAGAAI-rAAC'rrA

-10 .-35.
AGTGTAGATAAAAM7LcZGTCAAATGTTG,GTGCGI&CrMCGGCAAAAAGTTCGTCCATT

* I N T RVL P L L E DMN

TTCCTTTCCACTGCCAGCT'GTCCGGCCGCAATGGCAGCGTGCGCGCGATGaGAAATCAAGC
K R E V A L Q 0 A A I A A H A R H F D L

1261 GTAGATATTTGCGGGCAAACAGGTTGAATCAGAATATCGGGCGGATCACCTGCCATGCGG
TBS I Q P C VP Q I L I D P P D G A MR

1321 TTCC7TIrAAGGCGGT1rCTrCCAGCACCTC-GATAGAAGTrGGTCATAATCTCTGTT"PCC7TT
R KL R N L VQ I T T M I1 TA T

1381 GGvCGCTGTCACCGCG CTAGC TGCCTAACC-1-rICTrTCAGACGCGCATGC

P A TV ARR T TI G L R L RA H

1441 CACGGICAGAGAATCACCATTCTCGCArTTCCGAAFAGAACAAATCT
W P LBS D G NE NE V N F L L D

1501 TGTTGCATCAAA.TGAGCATCGTGCTGCAGGTCAACCGCTATCACAATATCAGCCCCCAAT
Q QM L HA DH QL DV AI VI DA.G L

1561 GCACGCGTGAGGGAAATAGGAATTGGGTTAACGACTGCTCCATCAACCAGCCAGTAGCCG
A RT LBS I P IP N V VA G D V L W G

1621 TATGTGCAACAGGTGCCATGAGTCCTGGAATACTGC-ATGATGCGCGA%ATAGCAAGATGG
N HA V PA M L OGP I C SBAR I A L H

1681 AGATCGCCTTCAGTAAACCATAATTCACGTCCCCGTACTTrAAATrGGTGGCAACAGCCOiCA
LD GOK T F W L RG TBS L N TA VA A

1741 AAGCGACGGGAACAATTTT-CGATCTCTGTTTCCGGCATTATrTCGCG3GTATTGATT-GAAG
F RR 8 CMNBEl TE PMNI K RY QN F

1801 ACACGCTCGCCGCGCAGTAACCCACCGCGCTGCCAGGAGAGATCCATCAGGCGTAAAACA
V R EGR L L G GR QW B L DMNLR LV

1861 TCCCAATAACTGAAAGAGGTC~ACCCAATCTTCCAGCGCAGATAATCGATCGCATGCATAG
D W Y B F B T V W DE9L A B L R D CA Y

1921 GCAGCGCCCACCAGCGAACCAATTGAACATCCTGCAACGATATCAATTTrCAATACCCACT
A A GVL 80 BSC G AV I D IK I G V

1981 TTTTI-rAGCGCATTAATAACGCCAATATGCGACCAACCTCTCGCCGCGCCAGATCCCAGC
K KL AN I VOGIHB W G RA AG B G L

2041 GCCAGCCCTT--TTI--CCTArCCGCAAGATTCCCCTGGAATGCAATCGTA
A LG IK 1K RHMI GA LNOG Q F AI T

SD.
GCCACATCG,CTACTGc=GGTTAACATAGTGCTACTCAGGCGGTTAATACGCCGTTATTG
AMX

-10

2161 TTTCCAGGGAGATTATTTGTGTCTcAGcTTTGTCCCTGTGOTAGTGCTGTcG&gTA=GC

FIG. 3. Nucleotide sequence of the tyrT 5' region. The deduced open reading frames are presented in the standard one-letter code. Asterisks

denote stop codons. Potential ribosome binding sites (SD) and putative promoter regions (-10 and 35) are underlined. The transcriptional start

sites for the tgs gene and the tyrT operon are indicated by arrowheads (>). The putative PurR binding site in front of the tgs gene and the binding
site for the transactivator protein Fis in the upstream activating sequence of the tyrT operon are also indicated. The integration site of an insertion

element, IS], identified in the coffesponding DNA sequence derived from strain K-12BM (see the text), is marked ISIIDR. The GenBank accession

number M64675 was assigned to the sequence described in this figure.

By the method of Brendel and Trifonov (4), a factor-

independent RNA polymerase terminator was not found be-

tween tgs and tyrT, between 0RF34 and 0RF37, or down-

stream of 0RF37, suggesting that the latter two reading frames

are organized in an operon that extends beyond the sequenced

region.
A coupled transcription-translation assay was performed to

determine whether the open reading frames were actively
transcribed and to identify their gene products (Fig. 4). The

proteins were synthesized in vitro from plasmid templates and

were labelled with [35S]methionine. They were separated by
SDS-PAGE and analyzed by autoradiography. Plasmid pTT-
EVA22 (containing the insert from positions 1962 to 3703)

expressed, in addition to vector-encoded proteins, a peptide
with a relative molecular mass of 32 kDa that agreed well with

the predicted molecular mass of tgs. Plasmid pUT-Al ex-

pressed tgs and 0RF34, which migrated slightly differently, as

expected at 36 kDa. Plasmid pUM-E expressed three further

genes: ORF37, which migrated according to the calculated

molecular mass, and two peptides with relative molecular

masses of 34 and 16 kDa. The latter two are encoded down-

stream of 0RF37 and are presently under investigation.
Complementation of growth inhibition in the relA spoT

AtyrT.:*an mutant DTC274. The 3.2-kb AvaI insert of plasmid

pUT-Al was further subcloned in the vector pACYC184 as

shown in Fig. 5. The resulting plasmids were transformed in

strain DTC274 and tested for their ability to complement the

tyrT deletion phenotype. The 5' end of plasmid pTl'-3513Bst
was generated by exonuclease III treatment; its 3' end was

marked by the restriction site BstEll and is located upstream of

any known tyrT regulatory sequences. The plasmid exclusively
contained the tgs gene. Growth inhibition in strain DTC274

was completely overcome in the transformant DTC274/pTTl-
3513Bst (Fig. iB). Plasmid pTT-3513Bst also fully restored
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2221 CTATGTTGCCACCCTTATGTGTCTGGTG7AAAAGGTGCACCTGATCCAGAACATCTCATG

2281

2341

2401

2461

2521

2581

CGTrICGCGTTACTGCGCT:1-1rGTGATGCAAG,ACGCAGATIATTTAATAAAGACCTGGcAT

CCCTCTTGTGGAGCAGCGGCGTrACGTGCCGAATGATGGCCGnATTTGCGCATACTGAA

TGGIrGGGATTGACCGTArTTGAACATrGTTGGCAGGACGCCGACAATATCGGAITTGTC

PurR
AGTTTTGTTGCTCGATTTACCGAAGGTGGTAAAACAGGTGCAAAATT=AAT GCGA

-35 . . -10 >> >

7TTIIG&L&GAAAACGGTCAATGGTACZAZALTGACGGTACACGTCCGCAGTTWGGTCGC
>-GTAtgG

AACGATCCCTGCCCI3GTCGTAAATAAATC¢,¢CAATG

SD
2641 TTGACGGTACGGTTTAGCAAACACTCTCAACATTTTTCCAGCAATGCATTCACTCCA

X H S L Q

2701 ACGTAAAGTTCTGCGTACTATTTGTCCGGACCAAAAAGGTCTGATCGCACGTATTACCAA
R K V L R T I C P D Q X G L I A R I T N

2761 TATTTGCTACAAGCACGAGTrAAATATCGTACAGAACAATGAAGIATCACCGTAC
I C Y K H E L N I V Q N N E F V D H R T

2821 CGGGCGCTorrxiATGCGCACGGAACTGGAAGGGATTTTTAATGATTCCACCCTGCTGGC
G R F F M R T E L E G I F N D S T L L A

2881 GGATCTCGATAGCGCATTGCCAGAAGGCTCCGTGCGTGAGCTGAATCCTGCCGGTCGTCG
D L D S A L P E G S V R E L N P A G R R

2941

3001

3061

3121

CCGGATAGTGATTCTGGTCACTAAAGAAGCGCATrGCCTTGGCGATTGTITGATGAAAGC
R I V I L V T K B A H C L G D L L M R A

CAATrACGGCGGCCTGGATGTCGAAATCGCGGCAGTTATTGGTAACCACGATACTTTACG
N Y G G L D V E I A AV G N H D T L R

T7CTCTGGTTGAGCGTrITGATATTCCGT1'TGAGCTGGTAAGCCATGAAGGGTTAACCCG
S L V E R F D I P F E L V S H B G L T R

CAACGAGCACGATCAAAAGATGGCGGATGCCATTGATGCTTATCAACCTGACTACGTGGT
N E H D Q K N A D A I D A Y Q P D Y V V

3181 GCTGGCGAAGTATATGCGGGTATTAACGCCGGAATITGTGGCACGCTTCCCGAATAAGAT
L A K Y M R V L T P E F V A R F P N K I

3241 CATCAATATTCACCATTCATTCCTGCCAGCGTrrATrGGcGCACGTCCTTATCACCAGGC
I N I H H S F L P A F I G A R P Y H Q A

3301 CTATGAACGTGGTGTGATrATrGGCGCAACCGCTCACTATGTGAATGACAATCTGGA
Y B R G V K II G A T A H Y V N D N L D

3361 CGAAGGCCCAATCATCATGCAGGACGTTATTCATGTCGATCATACCTACACAGCTGAAGA
E G P I I M Q D V I H V D H T Y T A D

3421 TATGATGCGCGCAGGTCGTGACGTCGAGAAAAACGTCTrAAGTCGTCACTATACAAAzGT
MN R A G R D V E K N V L S R A L Y K V

ACTGGCACAGCGCGTCTITGTTTACGGTAATCGAACGATTATrCTTTAATCGCCAGCAAA
L A Q R V F V Y G N R T I I L

AATAACTGGTTACCTrrAATCCGTTACGGAZ2AAAAzTACGGACCAGTTCATTTTCTC

. -35 . -10 . >
AACGTAACAC$$TA&AGCGGCGCGTCATTTGAzAIGCGCCCCGCTTCCCGATAAGGG

----->tyrT

AGCAGGCCAGTAAAAAGCATTACCCCGTGGTGGGGTCCCGAG
FIG. 3-Continued.

wild-type behavior in strain DTK-12, resulting in a short
transient lag phase with mannitol as carbon source (Fig. 1C) or
abolishing an extended lag phase with glycerol as carbon
source (Fig. 1D). Because of the complementation of the
transient glycine starvation phenomenon in strain DTK-12, the
gene was designated tgs.

In plasmid pTT-3513Sc, a small deletion of 68 bp in tgs
including the coding sequence for the 15 C-terminal amino
acids completely abolished the complementing activity in strain
DTK-12 as well as in strain CA274, confirming that an intact
tgs gene is the complementing unit and suggesting that the
C-terminal sequence of tgs is essential to express a functional

3481

3541

3601

3661

45 kDa _

.:. ...::... ... : : . :

Orf37
Orf34

-*- 33 kDa
Bla _-.

-- Tgs -_31 kDa-

- 45 kDa

- 31 kDa

Cat

21 kDa -

14 kDa-

*- 16 kDa

- 21 kDa

- 14 kDa

FIG. 4. Identification of plasmid-encoded proteins by a coupled
transcription-translation assay in vitro. The plasmids used as templates
are indicated above the lanes. The synthesized proteins were labelled
with [35S]methionine, separated on an SDS-12% PAGE gel, and
detected by autoradiography. The migration of the molecular mass
marker proteins is shown. The vectors pACYC184 and pUC19 were
used as controls to determine vector-encoded proteins. Abbreviations:
Bla, ,-lactamase; Cat, chloramphenicol acetyltransferase. Plasmid
pTI-EVA22 expressed Tgs, plasmid pUT-Al expressed Tgs and
ORF34, and plasmid pUM-E expressed Tgs, ORF34, ORF37, and two
so-far uncharacterized proteins with molecular masses of 16 and 33
kDa.

product. The truncated tgs gene in plasmid pTT-3513Sc resem-
bled the genomic situation in the AtyrT::kan strains. The Scal
restriction site at the end of tgs marks the start of the
kanamycin resistance gene that replaces the tyrT operon (22).
Therefore, the AtyrT::kan allele inactivates both the tgs gene
and the tyrT operon.

Characterization of the new gene tgs. The mRNA of the tgs
gene was identified by Northern blot analysis using a nick-
translated 500-bp BstEII fragment (Fig. 6). According to
rRNA as a size marker the length was estimated to be 1,000
nucleotides. The tgs mRNA was identified in total RNA from
strain K-12BM (Fig. 6, lane 1) but was completely absent in the
4tyrT::kan strain DTK-12 (lane 2), confirming the results of
the complementation experiments. Most probably, the trun-
cated mRNA was rapidly degraded and was therefore not
detected. In strain DTK-12 transformed with a tgs-containing
plasmid (DTK12/pTT-3403A; Fig. 6, lane 3), the mRNA was
strongly overexpressed.
The transcription start site of tgs was determined by primer

extension analysis with a 23-mer oligonucleotide complemen-
tary to positions 2618 to 2640 (Fig. 7). Total RNA was isolated
from strain DTK12/pTT-3403A (Fig. 7, lane 1) and from strain
K-12BM (lane 2); crude tRNA from E. coli was used as a
control (lane 3). A dideoxy-sequencing reaction performed
with plasmid DNA (plasmid pUT-Al) with the 5'-phosphory-
lated extension primer served as the size marker. The identi-
fied cDNAs mapped at G-2557, G-2558, and to a minor extent
at A-2560. The analysis confirmed the predicted promoter
sequence TTGAAA-N18-TATATT (positions 2524 to 2553),
resembling a characteristic u70 promoter.
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St P EV P BE , 5N0bp BE St ScBE
A)

B)

C)

pUM-E

pUT-Al

H H E

S A EV Pv Hp EVHp. Hp Pi .A A

' DTK12/ DTC274: kanr

: :: :~~~~~~~~~~4

n. d.

pTT-EVA22 +

pTT-3403A +

pTT-3513A +

pTT-3Sl3Bst +

pTT-35l3Sc -

FIG. 5. Organization of the tyrT 5' region and identification of the genetic unit complementing the tyrT deletion phenotypes in strains DTK-12
and DTC274. (A) Restriction map of the tyrT 5' region. Abbreviations: St, StuI; P, PstI; S, Sail; A, AvaI; EV, EcoRV; Pv, PvuII; Hp, HpaI; BE,
BstEII; Sc, ScaI; H, HindIII; E, EcoRI. (B) Genetic map of the tyrT 5' region. Open reading frames (ORF37, ORF34, and tgs) and the unidentified
reading frame URF13 are represented by open arrows. The tyrT operon is drawn as a thick line; the two tRNAj Tr genes are drawn as open boxes
with the last 19 nucleotides of the tRNA sequence as dotted boxes (CCA motif). Below, the sequence replaced by a kanamycin cassette (kanr) in
the 4tyrT::kan strains DTK12 and DTC274 is indicated as an open rectangle. (C) Genetic complementation of the tyrT deletion phenotype in
strains DTK-12 and DTC274. The thick lines represent the DNA inserts of the corresponding plasmids, drawn in scale to the restriction map and
the genetic map. The plasmids pUM101 and pUM-E exceed the map (indicated by the dotted lines). The cross in plasmid pUM101 symbolizes
the integration site of an insertion element, IS1. The complementing activity of the plasmids is indicated by + or -, as appropriate.

At 7 bp upstream of the - 35 region, an 8-bp palindromic
sequence was found. Comparison with known operator se-
quences revealed some similarity with the pur operator,
the binding site for the PurR repressor protein. Of 16 bp,
10 bp (written in bold and uppercase letters) of the sequence
AattgAAC*GTTcGCGa matched the PurR binding consensus
sequence A(c/g)G(c/a)AAAC*GTTI(t/g)CGT derived from
previously published sources (28, 37, 42).
As determined by the program TFastA, the deduced protein

sequence of Tgs showed striking similarity to that of the purine
biosynthesis enzyme glycinamide ribonucleotide (GAR) trans-
formylase of Drosophila melanogaster (13) and with the corre-
sponding purN-encoded enzyme of E. coli (36) and Bacillus
subtilis (8). The protein sequences of these enzymes were
aligned with the Tgs sequence (Fig. 8), and common sequence
motifs are indicated. Similar results were obtained with the
GAR transformylase of Drosophila pseudoobscura (12) and
with the corresponding human cDNA clone (1) (data not
shown). An optimal alignment with the program Bestfit of the
200 C-terminal amino acids of Tgs showed 48% similarity and
27% identity of Tgs with PurN of E. coli, 54% similarity and
28% identity with PurN of B. subtilis, and 49% similarity and
24% identity with the GAR transformylase domain of D.
melanogaster. The values for the homolog PurN proteins of E.
coli and B. subtilis were only slightly higher, with 59% similarity
and 30% identity.
The similarity of Tgs to a purine biosynthesis enzyme led us

to investigate whether the tyrT deletion phenotypes were
complemented by supplementing the growth medium with
purines or purine derivatives. The minimal medium was sup-
plemented either with guanine (100 ,uM), adenine (100 ,uM),

hypoxanthine (100 ,uM), AICA [5(4)-aminoimidazol-4(5)-car-
boxamide] as the only precursor compound that can be added
and used by a salvage pathway (100 ,uM), thiamine (20
mg/liter) that is synthesized from the purine precursor 5'-
phosphoribosyl-5-aminoimidazole, or the pyrimidine uracil
(100 ,uM) as a control. However, none of the supplements
restored wild-type behavior, indicating that purine biosynthesis
is not impaired in the AtyrT::kan strains.
The 60 N-terminal amino acids of Tgs did not show any

similarity to GAR transformylase sequences. In this domain,
the motif H-X10-C-X13-C-X2-H-X12-H (corresponding to
amino acids 2 to 43 of Tgs) is unusually rich in histidine and
cytidine residues, which might complex divalent cations. A
similar arrangement of amino acid residues has been found in
aminoacyl-tRNA synthetases and has been called the Cys-His
box (24).

DISCUSSION

Deletion of the tyrT operon in a wild-type strain of E. coli
causes a transient glycine starvation phenomenon during mid-
logarithmic growth that strictly depends on a functional strin-
gent control system (22). For further analysis of this pheno-
type, the AtyrT::kan mutation was transduced into the relAl
spoTl strain CA274 to construct strain DTC274. This strain
showed a dramatic, completely unexpected phenotype: when it
was shifted to a minimal medium, growth was fully arrested,
and in contrast to that of strain DTK-12, the phenotype was
not complemented or weakened by transformation with a
plasmid containing solely the tyrT operon.

In the wild-type-derived strain DTK-12, expression of rtT
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-I

i- -,

Start

- 23S rRNA

16S rRNA

_ tgs mRNA

FIG. 6. Identification of tgs mRNA by Northern blot analysis. Total
RNA was isolated from strains K-12BM, DTK-12, and DTK-12/pTT-
3403A grown in minimal medium supplemented with mannitol and
0.05% Casamino Acids and harvested at an A578 of 0.5. A 20-p.g
quantity of RNA was separated by formaldehyde gel electrophoresis
on a 1% agarose gel, blotted onto a cellulose nitrate membrane, and
hybridized against a tgs-specific probe (nick-translated 500-bp BstEII
fragment; see Fig. SA). rRNA served as a size marker.

RNA, encoded by the repeated units of the tyrT operon,

markedly curtails the characteristic lag phase in the AtyrT::kan
mutant, but under more restricted growth conditions only a

partial restoration of the wild-type behavior, instead of full
complementation, has been obtained (3). Furthermore, a

1 2 3 AC G T
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T A

A r
T A

A T

T A

T A

G C

A T

C G

(I c -.4
C C 4
T A

A T -4
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A T

C C
oC
T A

C G

CG

FIG. 7. Determination of the transcription start site of tgs mRNA
by primer extension analysis. Total RNA was isolated as described for
Fig. 6 from strains DTK-12/pTT-3403A (lane 1) and K-12BM (lane 2).
A crude tRNA preparation served as a negative control (lane 3). A
32P-end-labelled oligonucleotide, complementary to positions 2618 to
2640, was annealed to 20 p.g of total RNA, extended by avian
myeloblastosis virus reverse transcriptase, and analyzed on an 8%
phosphonoacetic acid sequencing gel together with a dideoxy-sequenc-
ing reaction performed with the same 5'-phosphorylated oligonucleo-
tide and plasmid pUT-Al (A, C, G, and T). The relevant sequence is
indicated. The - 10 promoter region is written in bold, and the
transcription start sites (G-2557, G-2558, and A-2560) are marked by
arrows.

Drogart - - RKDPKKS QVVVQNFEAS L. .ARTQKML SQRRKRVAVL ISGTGSNLQA
Tgs -TELEGIFND STLLADLDSA LPEGSVRELN PAGRRRIVXL VrKEAliCLGD
B .s.PurN .................... .......... ... MKKFAVF ASGNGSNFEA
E.c.PurN .......... .... MNIVVli .SGNGS1LQA

Drogart LIDATRDSAQ GIHADVVLVI SNKPGVLGLQ RATQAGIP.. SLVISHKDFA
Tgs LL. .MKANYG GLDVEIAAVI GN. .HDTLRS LVERFDIP.. FELVSHEGL
B.s.PurN IV. .TRLKEE NWDASRALLV CDKPQAKVIE RAERFHIPSF AFEPKSYEN.
E.c.PurN II. .DACKTN KIKGTVRAVF SNKADAFGLE RARQAGIATII TLIASAFDS.

Drogart SREVYDAELT RNLKAARVDL ICLAGFMRVL SAPFVREWRG RLVNIHPSLL
Tgs TRNEHDQKMA DAIDAYQPDY VVLAKYMRVL TPEFVARFPN KXIINXHHSFL
B. B . PurN KAAFEQAII EQLRLHEVEL IALAGYZLI GDTLLQAYGG KXIINIHPSLL
E.c.PurN .REAYDRELI HEIDMYAPDV VVLAF1I SPAFVSHYAG RJLLNIHkPS"

Drogart PKYPGLHVQK QALEAGEKES GCTVHFVDEG VDTGAIIVQA AVPILPDDDE
Tgs PAFIGARPYH QAYERGVKII GATAHYVNDN LDGPIXXMQD VIHVDHTYTA
B. B. PurN PAFPGIDAVG QAFRAGVKVA GITHYVDEG IDTGPIIAQK AIEIDEHDTL
E. c. PurN PKYPGLHTHR QA1ENGDEEH G & L Y,ILQA KVPVFAGDSE

Drogart DSLTQRIHKA EHWAFPRALA MLVN..GTAL ISPEVSSQ .. ..........

TgB EDMMRAGRDV EKNVLSRALY KVLA .. QRVF VYGNRTIIL . ..........

B.s.PurN ETIEQRIHKL B.... HKWYP SVIKQLLG.. LNNRGEKA.. ..........

E.c.PurN DDITARVQTQ .... HAIYP LVISWFADGR LKMNENAAWL DGQRLPPQGY

FIG. 8. Amino acid alignments of the GAR transformylase domain
of D. melanogaster (Drogart [13]), of Tgs, and of the PurN proteins of
B. subtilis (B.s. PurN [8]) and E. coli (E.c. PurN [36]). Identical or
functionally homologous amino acids within the proteins are written in
boldface and italic. Common sequence motifs are underlined. The
standard one-letter amino acid nomenclature is used.

similar influence of rtT RNA has been observed under artifi-
cially induced growth arrest by isoleucine deprivation, suggest-
ing a general modulatory effect of rtT RNA on stringent
response. In addition to the incomplete complementation of
the phenotype of strain DTK-12, the failure to influence the
tyrT deletion phenotype of strain DTC274 by a plasmid
expressing rtT RNA demonstrated that deletion of the tyrT
operon was not or at least was not the only genetic cause of the
observed phenotype.
The main intention of this study was therefore to find the

second site mutation that is involved or responsible for the
dramatic tyrT deletion phenotype in strain DTC274 and to
investigate whether the completely different phenotypes in
strains DTC274 and DTK-12 have a common genetic basis. A
restriction length polymorphism in the tyrT 5' region between
a genomic tyrT clone isolated from our laboratory strain
K-12BM and strain CA275 was found. Although not confirmed
during the course of this study, we originally supposed that this
genetic difference could account for the phenotypic differences
between the K-12- and the CA274-derived tyrT deletion strains
and that it characterized the respective DNA region in detail.
It encoded ORF37, a new member of the regulator response
family, which was identified by extensive primary and second-
ary structure homology to already-known members of this
family of homologous proteins. They are characterized by a
conserved N-terminal domain that is enzymatically converted
by a cognate histidine kinase. Together with the cognate
sensory kinase, the regulatory response protein defines an
adaptive response system. In E. coli, members of these homol-
ogous families have been identified in more than 10 different
adaptive response systems (for a review, see reference 38),
including chemotaxis (CheA-CheY), nitrogen regulation
(NtrB-NtrC), phosphate regulation (PhoR-PhoB), nitrate re-
ductase regulation (NarX-NarL), oxygen regulation (ArcB-
ArcA), and osmotic porin regulation (EnvZ-OmpR). The
cognate sensory kinase of ORF37 is not known.
The restriction length polymorphism resulted from the

integration of an insertion element, IS], within the ORF37
coding region of the laboratory strain K-12BM. It was shown by
Southern blot analysis that the localization of the IS] element
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in ORF37 is a unique feature of our laboratory strain. The
transposition event probably happened within the last 15 years.

In genetic maps describing the localization of insertion ele-
ments (2, 41), it is also not included. Although transposition of
IS elements is a rare event, the distribution patterns of IS
elements are of course strain specific but obviously also change
with time. The laboratory strain K-12BM with the marker
ORF37::ISI showed wild-type behavior, so the ORF37 gene is
not essential under standard growth conditions.
Complementation studies with the strain DTC274 mapped

the complementing unit between ORF37 and tyrT. In this
region, three reading frames were found: ORF34; URF13,
which is not expressed according to our analysis; and ORF32,
designated here as tgs. Although synergistic effects with the
deletion of the tyrT operon itself cannot be completely ex-

cluded, the tgs gene was found to be the genetic basis of the
phenotypes caused by the AtyrT::kan mutation for the follow-
ing reasons. (i) A plasmid-borne tgs gene without any adjacent
genetic regions fully complemented the growth inhibition in
strain DTC274, which was not complemented by tyrT. (ii) The
same plasmid complemented the tyrT deletion phenotype in
strain DTK-12 when grown with glycerol or mannitol as carbon
sources. (iii) The tgs gene was found to be deleted in its 3'
sequence coding for the 15 C-terminal amino acids of Tgs in all
AtyrT::kan strains, because the kanamycin cassette that has
been introduced to replace the tyrT operon (22) is cloned in a

ScaI site that is located within the tgs coding sequence. A
plasmid-borne tgs gene truncated at that ScaI site lost its ability
to complement the deletion phenotype, indicating that the 3'
sequence of tgs is essential to code for a functional product. (iv)
A recently constructed true tyrT mutant of strain CA274,
including deletion of the terminal repeats but without an

additional mutation in tgs, showed no corresponding pheno-
type (unpublished results). Therefore, the new data presented
here define the tgs gene as the complementing unit of the tyrT
deletion phenotype (as it was originally called) instead of the
tyrT gene itself. The former conclusion that the tyrT gene is the
complementing unit is based on the analysis of strain DTK-12
when shifted to a minimal medium supplemented with manni-
tol as carbon source (22). Under these conditions, the growth
lag, 1 to 2 h, is quite short compared with 5 h when grown in
minimal glycerol medium (3) and is no longer observed when
strain DTK-12 is transformed with the tyrT-containing plasmid
pUM302, which lacks the tgs gene. We now know that trans-
formation with the tyrT-containing plasmid also reduces
growth lags artificially induced by amino acid deprivation (3).
This implies that overexpression of tgs alone or to a certain
extent of tyrT alone can abolish the growth lag of strain
DTK-12 by independent mechanisms.
The tgs-encoded protein showed significant similarity to the

PurN protein of E. coli and B. subtilis and to the corresponding
protein domains with GAR transformylase activity of higher
eukaryotes. The PurN protein of E. coli is encoded at 54 min
at the purMN operon (36). Therefore, the AtyrT::kan strains
(which also carry the 3' deletion of tgs) were not affected in
purine metabolism, as verified by supplementing the growth
medium with several purine compounds, because they have a

functionalpurN gene. But on the basis of its similarity, the Tgs
protein could have GAR transformylase activity. Smith and
Daum have postulated that a second gene encoding a GAR
transformylase should exist because a purN deletion mutant
still exhibits purine prototrophy (36). During preparation of
this paper, Nygaard and Smith reported a novel GAR trans-
formylase (GAR transformylase T) that requires formate as Cl
donor and has been mapped at 40 min on the E. coli
chromosome (26). Therefore, tgs seems not to encode the

second GAR transformylase activity despite the striking simi-
larity on the molecular level.
Although the phenotypes of the two AtyrT::kan strains

DTK-12 and DTC274 differ completely, the phenotypes have
the same genetic basis, which was identified as the 3' deletion
of the tgs gene. Obviously, in the genetic context of strain
DTC274 the tgs gene is essential and its inactivation leads to
growth inhibition. The only known relevant genetic markers of
strain DTC274 compared with strain DTK-12 are the relAl and
spoTl mutations. Although not proven by direct genetic exper-
iments, it is likely that the genetic background of the reLA1 and
spoTl mutant is responsible for the phenotypic differences
between strains DTK-12 and DTC274. However, additional
unknown and unidentified genetic differences cannot be ex-
cluded, but they should be characteristic for CA strains,
because transduction of the AtyrT::kan marker into strain
CA275 (see Table 1) resulted in exactly the same phenotype as
that observed with strain DTC274 (data not shown). It has
been shown that the relA4 gene has a residual ppGpp syn-
thetase activity and that severe spoT gene mutants have
extremely slow growth rates in relAl strains (21). If the tgs
mutation disturbs the balance between residual reLA1 and
spoTI activity, this could account for rel4l-mediated ppGpp
synthesis after nutritional shift down that is accumulated and
inhibits growth. This would explain the growth inhibition in
strain DTC274 and its need of a complex medium.
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