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We cloned and sequenced a fragment of the Bacilus stearothermophilus NUB36 chromosome that contains
two open reading frames (ORFs) whose products were detected only in cells of cultures grown in complex
medium at high temperature. The nucleotide sequence of the two ORFs exhibited significant identity to the
sequence of the glnQ and glnH loci of the glutamine transport system in enteric bacteria. In addition, growth
response to glutamine, sensitivity to the toxic glutamine analog -y-L-glutamylhydrazide, and glutamine
transport assays with parental strain NUB3621 and mutant strain NUB36500, in which the ORF1 coding
segment in the chromosome was interrupted with the cat gene, demonstrated that glnQ and glnH encode
proteins that are active in the glutamine transport system in B. stearothermophilus. The inferred promoter for
the glnQH operon exhibited a low homology to the -35 and -10 regions of the consensus promoter sequences
of BaciUlus subtlis and Escherichia coli genes. In addition, the inferred promoter for the glnQH operon also
exhibited a low homology with the consensus promoter sequence deduced from the sequences of the promoters
of nine different genes from B. stearothermophilus. Transcription of the glnQH operon was activated in a
nitrogen-rich medium at high temperature and inhibited under the same conditions at low temperature.
Transcription of the glnQH operon was partially activated in a nitrogen-poor medium at low temperature. The
region upstream from glnQ contains sequences that have a low homology with the nitrogen regulator I-binding
sequences and the nitrogen-regulated promoters of enteric bacteria. The effect of temperature on the regulation
of the glnQH operon is discussed.

Coultate and Sundaram (5) reported that the molar growth
yield (49) of a prototrophic strain of Bacillus stearothermo-
philus progressively decreases at higher growth tempera-
tures. The molar growth yields of this strain appear to be
inversely related to the growth rate and high temperature. At
higher temperatures, a larger proportion of the glucose
carbon remains incompletely utilized in the medium, mostly
as acetate, and energy production is uncoupled from respi-
ration (5). Using another strain of B. stearothermophilus, de
Vrij et al. (7) found that the efficiency of energy transduction
was decreased at high temperature. Other temperature-
induced alterations of metabolic activities were also reported
during growth of other strains of B. stearothermophilus.
These include use of alternative catabolic pathways (19) and
changes in catabolic repression mechanisms (42), de novo
synthesis of enzymes (42), and transport of amino acids (7,
42). In addition, cultures of B. stearothermophilus grown at
or higher than their optimal temperature for growth generally
reached cell densities that were lower than the cell densities
of cultures grown under the same conditions at lower tem-
peratures (56, 62). Thus, temperature may induce a revers-
ible shift of metabolic activities in some strains of B.
stearothermophilus.
We reported that cells of B. stearothermophilus NUB36

subjected to a temperature shift-up or shift-down of 15°C
within the normal temperature range of growth enter a
transient adaptation period of apparent metabolic instability
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before exponential growth at the new temperature (59). The
de novo synthesis of a unique set of cellular proteins
coincides with the transient adaptation period. The synthesis
of at least four new proteins (proteins Hi through H4) was
detected after a shift to a high temperature, and the synthesis
of at least five new proteins (proteins Li through L5) was
detected after a shift to a low temperature. To determine
whether the H proteins were active in the physiology of
growth at high temperature, we cloned and characterized the
gene that encodes membrane protein H2. We report here the
findings of this study.

MATERIALS AND METHODS

Bacterial strains and plasmids, media, and growth condi-
tions. The bacterial strains and plasmids used in this study
are described in Table 1. B. stearothermophilus cultures
were grown in modified Luria-Bertani (LB) medium (4),
minimal glucose (MG) medium (4), and MG medium supple-
mented with 0.1% Bacto-Casamino Acids (Difco Laborato-
ries, Detroit, Mich.) (MGCA medium). MG medium that did
not contain NH4NO3 and nitrilotriacetate (nitrogen-free MG
medium) was used in some experiments. Chloramphenicol
and tetracycline were used at 10 and 5 ,ug/ml, respectively.
When required, MG medium was supplemented with 20 ,ug
of L-methionine per ml.

Cells from an overnight LB plate (11 to 14 h at 60°C) were
used to inoculate a 300-ml, triple-baffled shake flask contain-
ing 20 ml of medium, and the culture was grown for 2 h (LB
and MGCA media) or 3 h (MG medium and LB medium
containing chloramphenicol and tetracycline) at the appro-
priate temperature (starter culture).
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics' Source or reference

E. coli JM109 Host for all in vitro-generated recombinant plasmids Our collection (60)
B. subtilis BR151 Host for construction of pIF711-HcatC2.7 Our collection (61)
B. stearothermophilus
NUB3621 Hsr- Hsm- Rif 4
NUB36105 rfm-J met-2 55
NUB36500b NUB3621 glnQ::cat This study

Plasmids
pGEM-7Zf(+) Apr; lacZ'-with multiple cloning sites Promega Corp.
pLWO5 Cmr 58
pTHT15 Tcr 58
pLWO6 Tcr; 0.5-kb EcoRI fragment deleted from pTHT15 This study
pIF710 Apr; 1.4-kb EcoRI-AvaI fragment was deleted from pBR322 and replaced I. Fotheringham

with synthetic polylinker
pIF711 Apr Tcr; pIF710 with pLWO6 inserted into EcoRI site I. Fotheringham
pH2-E2.0 Apr; pGEM-7Zf with 2.0-kb EcoRI chromosomal DNA fragment in This study

EcoRI site
pH2-C2.5 Apr; pGEM-7Z with 2.5-kb ClaI chromosomal DNA fragment in Clal site This study
pH2-HC1.3 Apr; pGEM-7Zf with HindlIl fragment (contains 1.3-kb HindIII-ClaI This study

fragment) from pH2-C2.5 in HindIII site
pH2-HcatC2.7 Apr Cmr, recessed 3' termini of 1.4-kb EcoRI fragment (contains cat This study

gene) from pLWO5 were filled in by using DNA polymerase I large
fragment (Klenow), and engineered fragment was inserted into BalI
site of 1.3-kb HindIII-ClaI segment of Hindlll fragment of pH2-HC1.3

pIF711-HcatC2.7 Apr Cmr; Hindlll fragment (contains 1.3-kb HindlIl-Clal with cat gene This study
in BalI site) from pH2-HcatC2.7 inserted into Hindlll site of pIF711

a Abbreviations: Hsr, host-specific restriction; hsm, host-specific modification; Rifr, rifampin resistance; Cmr, resistance to chloramphenicol; Tcr, resistance
to tetracycline; Apr, resistance to ampicillin.

b cat inserted into the glnQH gene by a double-crossover recombination event.

To prepare cultures for protoplast transformation, for
[35S]methionine labeling experiments, and for glutamine
transport assays, cells from a starter culture were used to
inoculate a 300-ml, triple-baffled nephelometer flask contain-
ing 20 ml of LB or MGCA medium. Cultures were grown at
60°C (transformation), at 65°C (pulse-labeling), or at 45 and
65°C (glutamine transport). To prepare cultures for the
isolation of chromosomal DNA and cellular RNA, cells from
a starter culture were used to inoculate a 500-ml, triple-
baffled shake flask containing 100 ml of LB medium (DNA)
or MG, MGCA, or LB medium (RNA). The cultures were
grown at 60°C (DNA) or at 45 and 65°C (RNA). For the
isolation of protein H2, cells from a starter culture were used
to inoculate a 2,800-ml, triple-baffled Fernbach flask contain-
ing 500 ml of MGCA medium. The culture was grown at
650C.

Starter cultures were grown at the same temperature as
experimental cultures. The starting cell density in each
experimental culture was 2 x 107 to 3 x 107 CFU/ml, and all
the cultures were grown to the mid-exponential phase of
growth (1 x 108 to 2 x 108 CFU/ml).

Bacillus subtilis cultures were grown in Bacto-Penassay
broth and Bacto-Tryptose Blood Agar Base (Difco). Chlor-
amphenicol and tetracycline were used at S ,ug/ml. Esche-
richia coli cultures were grown in LB medium (6). Solid
medium contained 1.5% agar and was supplemented with 50
jig of ampicillin per ml, 0.05 mM thiamine, and 0.4 mM
methionine as required. For the detection of Lac' colonies,
0.1 ml of 2% 5-bromo-4-chloro-3-indolyl-3-D-galactopyrano-
side and 0.1 ml of 10 mM isopropyl-,-D-thiogalactopyrano-
side were spread on the surface of an LB plate and dried for
30 min at 37°C with the cover ajar. B. subtilis and E. coli
cultures were grown at 37°C.

Cultures were grown on a gyratory shaker (190 to 200
rpm), and growth was monitored by using a Klett-Summer-

son colorimeter with a no. 42 blue filter (B. stearothermo-
philus) or a Bausch and Lomb Spectronic 20 colorimeter at
500 nm (B. subtilis) or 550 nm (E. coli).

Isolation of DNA. The large-scale isolation of plasmid
DNA from E. coli was by the alkaline lysis procedure
described by Sambrook et al. (46) foflowed by purification by
precipitation with polyethylene glycol (3). The isolation of
plasmid DNA from small-scale cultures of B. stearothermo-
philus and E. coli and of B. subtilis was as described by
Sambrook et al. (46) and Rodriguez and Tait (43), respec-
tively. Plasmid DNA for sequencing, isolated from small-
scale cultures, was purified by a modification of the proce-
dure described by Sambrook et al. (46). The DNA pellet was
dissolved in 90 RI of 10 mM Tris HCl-1 mM EDTA buffer,
pH 8.0 [TE (pH 8.0)], containing RNase (20 ,ug/ml). The
solution was incubated for 30 min at 37°C. Fifty microliters
of 8 M ammonium acetate was added, and the solution was
held for 5 min in ice. The precipitate was removed by
centrifugation at 12,000 x g for 10 min at 5°C. The superna-
tant fluids were transferred to a fresh microcentrifuge tube,
mixed with 90 1lI of isopropanol, and held for 30 min in ice.
The precipitated plasmid DNA was recovered by centrifu-
gation, and the pellet was dried by using a SpeedVac concen-
trator (Savant Instruments, Inc., Farmingdale, N.Y.). The
pellet was suspended in 80 ,u1 of 5 M NaCl and mixed with 30
,ul of a 30% solution of polyethylene glycol 6000 in 1.5 M
NaCl, and the mixture was held for 30 min in ice to precipitate
the DNA. The DNA was collected by centrifugation, and the
pellet was suspended in 100 ,u1 of TE (pH 8.0). The DNA
solution was extracted with phenol-chloroform-isopentanol
(50:48:2). The aqueous layer was transferred to a fresh
microcentrifuge tube, 10 RI1 of 3 M sodium acetate was added,
and the DNA was precipitated with 300 ,ul of 100% ethanol.
The precipitate was collected by centrifugation, washed with
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200 p1 of 70% ethanol, and dried. The plasmid DNA was
dissolved in TE (pH 8.0).
Chromosomal DNA was isolated from B. stearothermo-

philus by the procedure described by Rodriguez and Tait (43)
for the isolation of chromosomal DNA from B. subtilis
except that sucrose in the SET buffer was replaced with 10%
lactose and the cells were incubated with lysozyme for 10
min at 60°C.

Isolation of RNA. RNA was isolated from E. coli by using
the procedure described by Duvall et al. (10) and from B.
stearothermophilus by a modification of this procedure. B.
stearothermophilus cells were collected by centrifugation
and converted to protoplasts (4). The protoplasts were
collected by centrifugation (58), suspended in 1 ml of 10 mM
Tris HCl buffer (pH 8) containing 1,000 U of RNasin RNase
inhibitor per ml, and held for 10 min in ice. The lysed
protoplasts were extracted twice with phenol and once with
chloroform, and the RNA was precipitated with ethanol.
RNA was dissolved in 100 ,ul of 40 mM Tris HCl buffer (pH
7.9)-10 mM NaCl-6 mM MgC12-0.1 mM CaCl2. The RNA
solution was incubated with 100 U of RQ1 DNase per ml for
1 h at 37°C, extracted with phenol-chloroform-isopentanol,
and precipitated with ethanol. The RNA pellet was dissolved
in water, quantitated by A266, and stored at -70°C.

Transformation. Protoplasts of B. stearothermophilus
were transformed as described by Wu and Welker (58), and
transformation of E. coli was accomplished by the procedure
described by Perbal (40). Competent B. subtilis cells were
prepared as described by Bott and Wilson (2), and transfor-
mation was as described by Sullivan et al. (51).
DNA hybridizations. Restriction fragments that were elec-

trophoresed through 1% agarose slab gels were Southern
blotted (50) onto nitrocellulose membranes (MicronSep;
Micron Separations Inc., Westborough, Mass.). DNA-DNA
hybridizations were done as described by Sambrook et al.
(46). For 32P-labeled oligonucleotide probes, hybridization
was at 45°C (6x SSC [lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate]), and the filters were washed at 62°C (6x
SSC), and for 32P-labeled DNA fragments, the hybridization
and washing conditions were as described by Sambrook et
al. (46). For colony hybridizations, the procedures described
by Sambrook et al. (46) for transferring colonies from a
master plate to a nitrocellulose filter (BA85; Schleicher &
Schuell, Keene, N.H.) (method 1, p. 1.93) and for hybrid-
ization with labeled probes (method 1, p. 1.98) were used.
Kodak X-Omat film with an intensifying screen was used

for autoradiography at -70°C.
RNA hybridizations. RNA (15 p.g per well) was fraction-

ated by electrophoresis in a 1.3% agarose-1.1 M formalde-
hyde gel as described by Meinkoth and Wahl (30). The RNA
was transferred to a nitrocellulose filter and probed with
labeled DNA as described by Meinkoth and Wahl (30). The
size of the mRNA was estimated from the mobilities of the
mRNA relative to those of the RNAs in a 0.24- to 9.5-kb
RNA ladder (GIBCO BRL, Research Products Div., Gaith-
ersburg, Md.).

Radiochemical labeling of oligonucleotides and DNA frag-
ments. Oligonucleotides were synthesized by the Northwest-
ern University Biotechnology Research Service Facility by
using an Applied Biosystems 380B nucleic acid synthesizer.
The 5' end of an oligonucleotide was labeled with
[y-32P]ATP by using T4 polynucleotide kinase (46). Plasmid
DNAs were digested with the appropriate restriction en-
zymes, and DNA fragments were resolved and recovered
from low-melting-temperature agarose gels as described by
Sambrook et al. (46). Labeled DNA fragments, plasmid

DNA, and oligonucleotides were purified by precipitation
with ethanol as described by Sambrook et al. (46). DNA
fragments and plasmid DNA were labeled with [_y-32P]dATP
by nick translation (46).

Protein electrophoresis. Two-dimensional gel electropho-
resis was carried out as described previously (59), and
one-dimensional sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was carried as described by
Laemmli and Favre (25). To identify proteins and molecular
weight protein standards separated by SDS-polyacrylamnide
gel electrophoresis, the gels or a vertical segment of a gel
were stained with Coomassie brilliant blue as described by
Sambrook et al. (46).
Primer extension mapping. An oligonucleotide primer that

was complementary to the sequence encoding the amino
acid sequence at positions 1 to 8 of ORF1 was synthesized.
Primer extension analyses were carried out as described by
Sambrook et al. (46). Labeled primer (5 x 105 cpm) was
mixed with 5, 10, or 20 p.g of total RNA. The denatured
hybridization mixture was incubated for 12 h at 40°C. The
annealed hybridization mixture was incubated with 40 U of
avian myeloblastosis virus reverse transcriptase (Promega
Corp., Madison, Wis.) for 2 h at 42°C. Analysis of the
extended products was carried out by electrophoresis with
8% polyacrylamide-urea gels.
DNA sequencing. Sequencing of DNA was by the dideoxy-

nucleotide chain termination method (47) with [ax-355]dATP.
Sequencing reactions were performed with the T7 DNA
polymerase sequencing system (Promega). The DNA was
sequenced in both strands by the strategy of Henikoff (15).
Plasmids- pH2-E2.0 and pH2-C2.5 were digested with SphI
and XhoI to generate the appropriate 3' and 5' overhangs.
The plasmids were sequentially digested with exonuclease
III and S1 nuclease to generate a nested series of overlapping
clones with deletions. The start points of the deletions were
separated, on the average, by about 200 bp. The fragments
were ligated with T4 ligase, and the deletion plasmids were
amplified in E. coli and purified.

Amino-terminal sequencing. Cells from 1,500 ml of culture
were collected by centrifugation, and cellular proteins were
isolated as described by Wu and Welker (59). A cellular
protein sample, isolated from 2 x 1010 to 4 x 1010 cells, was
loaded onto a preparative SDS-polyacrylamide gel (12 by 14
by 1.5 cm), and the proteins were resolved by one-dimen-
sional electrophoresis. A 2-cm horizontal segment of the gel
that contained proteins with molecular masses between 23
and 30 kDa was excised from the gel and macerated in 0.05%
SDS as described by Kalkkinen (20). The gel was removed
by centrifugation at 3,000 x g for 10 min followed by
filtration through 0.45-p.m-pore-size membrane filters. Fil-
tered protein solutions from eight gels were combined, and
the proteins were concentrated and washed with 100 ml of
0.05% SDS by use of an Ultrafiltration cell (Amicon Div.,
W. G. Grace and Co., Beverly, Mass.) with a PM10 Diaflo
ultrafilter. The protein solution was further concentrated by
using a Centricon-10 microconcentrator (Amicon). The pro-
teins were precipitated with 3 volumes of cold (-20°C)
acetone. The precipitate was collected by centrifugation at
12,000 x g for 20 min and dissolved in isoelectric focusing
sample solution (59). A sample of 35S-labeled cellular pro-
teins (59) was added to the unlabeled cellular protein sample
to make identification of protein H2 easier. The proteins
were resolved by two-dimensional gel electrophoresis. The
proteins were electroblotted onto a polyvinylidene difluoride
membrane (Millipore Corp., Bedford, Mass.) by using the
procedure described by Matsudaria (29). The H2 protein
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spot was cut out of each of seven of these membranes, and
the NH2-terminal sequence was determined by the North-
western University Biotechnology Research Service Facility
by using an Applied Biosystems 477A protein sequencer.

In vitro transcription-translation. The protein products of
the cloned inserts in plasmids pH2-C2.5, pH2-HCl.3, and
pH2-E2.0 were identified by using a prokaryotic DNA-
directed translation kit from Amersham Corp. (Arlington
Heights, Ill.). Proteins produced from the plasmids (2.5 ,ug
per reaction) were labeled with [L-35S]methionine according
to the instructions of the manufacturer, with a 30-min
incubation and a 5-min (cold) methionine chase reaction.
Samples containing 6 x 104 cpm were analyzed by one-
dimensional SDS-polyacrylamide gel electrophoresis. Mo-
lecular mass protein standards (10 to 100 kDa) from BioRad
Laboratories, Inc. (Richmond, Calif.) were used as size
standards.

Isolation of cat gene insertion mutants. A mutant allele of
ORF1 was constructed in vitro by inserting a 1.4-kb DNA
fragment that contains the cat gene from pLWO5 into the
BalI site of ORF1. The engineered plasmid (pIF711-
HcatC2.7) was used to transform protoplasts of B. stearo-
thermophilus NUB3621 to chloramphenicol resistance (ChlD)
and tetracycline resistance (Tet). Several Chlr Tetr trans-
formants were purified by single-colony isolations, and the
presence of pIF711-HcatC2.7 in each transformant was
verified by restriction analyses. A starter culture of NUB
3621 (pIF711-HcatC2.7), grown in LB medium that con-
tained chloramphenicol and tetracycline at 50°C, was diluted
to a cell density of approximately 107 CFU/ml, and a sample
(0.1 ml) was spread onto the surface of a plate containing LB
medium with chloramphenicol (LBC). The plate was incu-
bated overnight at 50°C. The cells from the master plate were
velveteen replicated onto a fresh LBC plate, and the plate
was incubated for 12 h at 65°C. The growth cycle was
repeated nine more times. Cells on the surface of the LBC
plate were suspended in 5 ml of LBC medium, washed, and
diluted in the same medium. Samples were plated on LBC
plates, and the plates were incubated overnight at 50°C.
Colonies were transferred to the same medium with sterile
toothpicks to form a master plate. After incubation at 50°C,
the master plate was replicated onto the appropriate media
to score for the tetracycline-sensitive phenotype. Colony
hybridization, using labeled pIF711, a 0.9-kb CII-EcoRI
fragtnent, and a 1.1-kb EcoRI-ClaI fragment as the probes,
was used to verify the absence of plasmid DNA and the
configuration of the insert in the Chlr Tets isolates. Approx-
imately 70 to 80% of the Chlr Tet' isolates did not contain
vector DNA sequences, and 8 to 12% had the cat gene
inserted into ORF1 by a double-crossover recombination
event.

Glutamine transport assays. The transport of glutamine
was measured by using a modification of the procedure
described by Masters and Hong (28). Exponential-phase
cells grown in MGCA medium at 45 and 65°C were collected
by centrifugation at 2,000 x g for 5 min at room temperature.
The cells were washed three times with nitrogen-free MG
medium and suspended to a cell density of 1 x 109 to 2 x 109
CFU/ml in the same medium that contained 20 p.g of
chloramphenicol per ml. L-[G-3H]glutamine (35 Ci/mmol)
(Amersham) was added to a final concentration of 0.5 mM.
The cells were incubated for 5 min with shaking at 45 or
65°C. The cells were collected on a 0.45-,um-pore-size mem-
brane filter and dried, and the radioactivity was measured
with a liquid scintillation spectrometer.

Materials and routine procedures. Restriction endonu-
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FIG. 1. Sequence of oligonucleotides synthesized from the
amino acid sequence at positions 6 to 14.

cleases were obtained from several sources (GIBCO BRL;
Promega; and New England BioLabs, Beverly, Mass.) and
were used as specified by the manufacturers. RNasin RNase
inhibitor, RQ1 DNase, T7 Polymerase Sequencing System,
and exonuclease III were obtained from Promega; RNase
was obtained from Sigma Chemical Corp. (St. Louis, Mo.);
S1 nuclease and T4 DNA ligase were obtained from GIBCO
BRL; and DNA polymerase I large fragment (Klenow) was
obtained from Insertional Biotechnologies, Inc., New Ha-
ven, Conn. [a-32P]dATP (3,000 Ci/mmol) and [_y32P]ATP
(4,000 Ci/mmol) were obtained from ICN Biomedicals, Inc.
Costa Mesa, Calif.; [a-355]dATP (1,094 Ci/mmol) was from
Dupont, NEN Research Products, Boston, Mass.; and L-[G-
3H]glutamine (35 Ci/mmol) was from Amersham. Restriction
analyses and cloning techniques were as described by Sam-
brook et al. (46). Agarose gel electrophoresis was performed
as described by Wu and Welker (58). For the growth
response experiments, approximately 50 filter paper disks
(Schleicher & Schuell no. 740-E; 1/4-in. [ca. 0.63-cm] diam-
eter) were placed in a sterile petri dish containing 10 ml of
L-glutamine or -y-L-glutamylhydrazide (y-GH; 100 ,ug/ml)
(ICN Biomedicals), 20 K.g of L-histidine per ml, or 40 ,ug of
L-arginine per ml. Excess liquid was removed, and the disks
were dried in a forced-air incubator at 50 to 60°C.
Computer analysis of DNA sequences. DNA sequence

analysis was performed by using the University of Wiscon-
sin Genetics Computing Group DNA Analysis program, and
sequences were compared by using the TFastA program (39)
with the most recent version of the DNA and protein data
bases and the Stem-Loop program to find inverted repeats
within a sequence.

Nucleotide sequence accession number. The ORF1-ORF2
(glnQH) sequence was submitted to the Genetic Sequence
Data Bank (GenBank) and was assigned the accession num-
ber M61017.

RESULTS

Cloning and nucleotide sequence of the gene encoding
protein 12. The strategy for identifying the B. stearothermo-
philus gene encoding the H2 protein was to use as a
hybridization probe a synthetic oligonucleotide designed on
the basis of a portion of the NH2-terminal sequence of the
H2 protein. Concentrated protein H2 was transferred from
two-dimensional gels to polyvinylidene difluoride mem-
branes, and 22 residues of amino acid sequence from the
NH2 terminus were obtained as described in Materials and
Methods (parentheses indicate positions at which amino acid
assignments were uncertain): Met Ile Tyr Phe (His) Gln Val
Asn Lys Tyr Tyr Gly Asp Phe (His) Val Leu Ile Asp Ile Asn
Leu.
A mixture of oligonucleotides, each 26 bases long, was

synthesized from the amino acid sequence at positions 6 to
14. That the positions have more than one possible base
reflects the degeneracy of the code (Fig. 1).
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FIG. 2. Autoradiograph showing hybridization of an oligonucleo-
tide probe to restriction endonuclease-digested chromosomal DNA.
Chromosomal DNA from B. stearothermophilus NUB36105 rfm-J
met-2 was digested with Hindlll (lane 1), PstI (lane 3), EcoRI (lane 4),
and ClaI (lane 2) and hybridized to a 32P-labeled oligonucleotide
probe. DNA fragment sizes in kilobase pairs are shown on the right.

Chromosomal DNA from B. stearothermophilus NUB
36105 rfm-J met-2 was digested with Hindlll, PstI, EcoRI,
or ClaI. The restriction fragments were resolved by agarose
gel electrophoresis, and Southern blot hybridizations were
performed by using the 35P-labeled oligonucleotide as a
probe. The probe hybridized with single 2.1-, 18.0-, 2.0-, and
2.5-kb fragments in the Hindlll, PstI, EcoRI, and ClaI
digests, respectively (Fig. 2). These results indicate that
there is only one copy of the gene that encodes protein H2.
Chromosomal DNA was digested with EcoRI, and DNA

fragments of the appropriate size were eluted from an
agarose gel and ligated into EcoRI-digested and dephospho-
rylated plasmid pGEM-7Zf. The ligation mixture was trans-
formed into E. coli JM109. Recombinant colonies were
picked and screened by in situ colony hybridization, with the
oligonucleotide used as a probe. The plasmids of three
clones that gave strong positive signals were isolated and
mapped by restriction analyses. The plasmid in each isolate
carried a 2.0-kb EcoRI insert that hybridized with the
oligonucleotide probe. The plasmid was designated pH 2-
E2.0. The 2.5-kb ClaI fragment was cloned by the same

procedure except that the recombinant colonies were probed
with a 1.1-kb EcoRI-Clal segment of the 2.0-kb EcoRI
fragment in plasmid pH2-E2.0. The plasmids of three clones
that gave strong positive signals contained the 2.5-kb ClaI
fragment. The plasmid was designated pH2-C2-5. A partial
restriction map of the region encompassed by the two
fragments is shown in Fig. 3. The 2.0-kb EcoRI and 2.5-kb
ClaI fragments both contained a 1.1-kb EcoRI-ClaI segment
that hybridized with the oligonucleotide probe.
The sequencing strategy is shown in Fig. 3. The nucleotide

sequence of 2.23 kb of DNA was determined as described in
Materials and Methods and is shown in Fig. 4.

Features of the coding region. The region sequenced con-
tained two open reading frames (ORF) (Fig. 3 and 4). ORF1
is 726 nucleotides long, beginning with a UUG start codon at
position 39 and ending with two UAA stop codons at
position 765. The deduced N-terminal amino acid sequence
(22 residues) is identical to that of protein H2 determined by
amino acid sequencing except at positions 1 and 18. At
position 1, Met (AUG) was replaced with Leu (UUG), and at
position 18, Tyr was replaced with Lys in the predicted
sequence. Alternative start codons GUG, UUG, and AUU
are frequently used in prokaryote genes; all are single-base
changes from AUG (38). Thus, an alternative reading of the
first codon would account for the replacement of Met with
Leu. The lack of agreement at position 18 can be explained
as an error in the determination of the protein sequence.
ORF1 encodes a peptide of 242 amino acids with a predicted
molecular mass of 27.4 kDa. The molecular mass of the H2
protein estimated by two-dimensional gel electrophoresis
was found to be 27 kDa (59). Thus, ORFI may encode the
H2 protein.
ORF2 is 786 nucleotides long, beginning with an AUG

(Met) start codon at position 811 and ending with a UAA
stop codon at position 1596. The start codon of ORF2 is 40
nucleotides from the last stop codon of ORF1. ORF2 en-
codes a peptide of 262 amino acids with a predicted molec-
ular mass of 28.7 kDa.

I DH2-E2.O0
DH2-C225.0

Bsm I
HindI II BsmI

EcoRI Bj) I
I

1.5 2.0

ORFI

Basm I Cla I Bsm I

2.5 3.0

o,,I

OR2

DI V >

V -)
- > > >

FIG. 3. Partial restriction map and sequencing strategy of the chromosomal region that contains the gene encoding protein H2. The two

open bars represent the fragments cloned in pH2-C2.5 and pH2-E2.0. Relevant restriction sites are indicated. The thin arrows indicate the

directions and extents of the DNA regions sequenced. The large arrows represent the lengths and positions of ORF1 and ORF2.
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-300 GGAAGCUCGCCAATGGCGAGAACGGGAAGAAAGC GGCAGCGGGCCCTAGGCTGGCCTCGCTTACTTTCAGCCCTGTTCCTCCAAGCTT -201

-200 CCGGTATTTATATTTTCTCCCCTTTTC1TATGCAATCCACTATACACATATTATATATTTTTATGTTAGCGTTAGTTT-101

-100 TATACAATATTTCGATACCTATTACATCCCACATCGCTCTTTTCAGAGATTATCGTCGTTTL.GIGATTGCTGTAGTTTGTGTTIACGTGAATTCT -1
-35 -10

Leul LeTyrPh.NisGLnVaLAsnLysTyrTyrGlyAspPhNisValLeuLyspl lAs
1 GAAAACAAAAATAATTTATG GGAGGGGGTCTATTGATTTATTTTCACCAAGTAAACAAATATTACGGCCATTTCCATGTGCTAAGACATTAA 100

R.S.S. ORFl->
nLeuThrl teNisClGntyG1uVa lVelVVI 1 loGLy roSerGtyS rGtyLysSrThrLeuVobArgCysIltsAMrgLeAluThrIl eSer

101 TTTAACGATTCAT TTGTCGTCATTATCGGGCrAtCGGGGt TTAGTTCGCTGCATCAATCGCTTGGAAACGATT 200

S*rGLyGtuLeuI beVtAspAmnVWlLyVotlAsrApLyaNisol eAspI terAGnL"rgArAsn1AtnIl GlytVebPhGtnHisPheAsnL
201 AGCGGCGATTATCGTG GTCAGTCATGAACACTCGACATTAACCACTGCCC CATCe-GCTGGTGTTTGCTTTTCT 300

muTyrProNtsMtthrV&tLeaALnbnl teThrLotALoProNOtLysVotLOeArg1 teProGbuLysGtuALoLysGtuThrAtaMtTyrTyrLe
301 TGTATCCGC0ATGACGGTATTCACTTACGCTAGCGCCGATAGGCTACGTA0A-AGC--GAGAC GTATTATTT 400

uGluLysVolGlyl lProAspLyMAtaAboTyrProSrG tuLLuSrGlyGtyGbnGlnGtnArgVatAtal LeAtArgGbyL aboMetLys
401 GA ATccGCATTCCTGAT Act A CCCTGATGGGTGGCCAGC CTTAGCGACGGAGCTTGCATGAG 500

ProLysl toNetLeuPhoAptluProThrSe@AtOLouAPProGtuThrI teGtyGuV LLpA elNtLysLnLltLyCLuGLytT
501 CCCAAAATTATGCTCTTTACGAGCCMACGATCAGCGCTTGACCCGAACGATCGCGACAGTGCTCGACGTCATGAACAATTAGCAAAAGAAGGCATGA 600.

hrW.tV tVolVltThrHNgsGti.tGLyPh.AtOrgGtuVatALaAspAI LeVotPhotAspGtnGbyArgl lLeAtuGt1uAboProProGt
601 CCATGGTTGTTGT ACACACOAMATGGGATTTGCCCGTGAAGTAGCTGATCOTATCGTCTTTATGGATCAAGGCCGCATTTTAGAAGAAGCGCCGCCGGA 700

uGCtPh*PhSerA roLysGti uGtuArgSA1L yVlPh*LduSerAr93I teLou nisEniEnd
701 ACAGTTTTTCTCCAATCcAAAAGAAGAAcMAGcAAAAGTATTTTTGAGCCGCATTCTUAAcCATTAATAAGCAAAAAATATTTCGA.TCAAT ACc h 800

R.B.
MetLvsAraLysThrVobTroLysltlTro!teThrLutbLeuIteAtoLeuLeuSer1leThrAoteat tGtyCysSerSrGLu

801 TATGGTC TTTT TGCT GCCGAA 900
S. ORF2->
SerSerThrThrAsnLyGtluAspGlyAlLysS.rThrGtuThrSerAtoGLyThrAonThrLeGtuLySI teLysLysArgGlyLy*Leul LeVoiG

901 TAMtAAGA-csS rGGGCAAc TC CGGCTGGGACGAACAC A TTAACGCGGrAAArTGTCG 1000

lyVolLysTyrAspLeuAsnLdPheGLyLeLsAsnroGLuThrGbyLysVatGluGlyPhASpIt eAspil AolLysGLyLLeLysLyul1
1001 GCGTrAA TATCTTAA CCT CTCAACCGGAAA CC CGACTTGATCATATCGCr GGATtGGC CT 1100

*LotyAsp1uAmnLysltGluLuLyGltuV&lThrSerLysThrArgtloProNtLtyGulyIAspAtltl 1.1 oGlyThrNet
1101 TCtCG C TCAAtT_tC AAAA UACGCATCCCAATGCtGAATAATCGAAATCGACGCATTATCGGC ATG 1200

ThrlteThrGluGluArgLysLy GLuVoltAsheSrAspValTyrPho4etAltGlyGlnSerLuLeuVaLLysLyoAspSorLyulL AsnSerV
1201 ACCAtCACGGAAGAGCGGAAAAAAGAAGTGGATTCTCCGATGTCTATTTATGGCCGGCCAATCGCTGCTCGT UAAAATAGCAAGATTAACAGCG 1300

oLLysAspLeuLysLysGlyNetThrValLeuThrAltLysGtySorThrSerALoGLnAsnl eArgLysVolAbaProGluVoLAsnVtlLs.GbuPh
1301 TA14AG0TTTGAAAAAAGGCATGACCTATTACCGCU^AAATCAACTCCGC AAAATTCGCAAAGTAGCACCGAAGTCAATGTATTAGAATT 1400

GLubsnTyrAloluAtoPhoThrAtaLoLyAoGtyGlnGtyAspAboLLuThrThrAspAsn1LeuLeuTrpGbL#tAboLysGltnspPro
1401 TACTAC GAACATT MCMAAAAGCMG TGATGCCCTCACGA GGACAATGCTGTTGGG TGGCAAACAAGATCCA 1500

AsnTyrArgVolLeuAspluThrPh*SrLysGluProTyrGtylbeGlySerAloLysGluThrLysnTyrCysLysSerLouThrAsnThrEnd
1501 AACTACCGCGTCCTTGACGAAACGTTTACGCAAAGAACCATACGGCATCGGCTCCG CGACAAAGAATTATTGCAAGTCATTAACGAATACTTAAA 1600

1601 AGAATTAAA TACMAX-AACM TGGATC ACG CA A^ATATACT CGGAQC G CM 1700

1701 GCTCATCTGTTTCATCTTCAGACCGGAAACGAGTGAAACCCGCCATGTTACGATATTCGATTTTGTTTGACCATTGGGATATGTATATGCAAGGGTTTG 1800

1801 CC10CACATTGCCAGTGTTC0TCCCTATCGGAGCTACCATCGGCATCATTATCGCCATTTTCGATTGCGCCGATCCCCGTTCTG1900

1901 GCTTGGAGCCCTATGTCGAATTCrG 1927
FIG. 4. Nucleotide sequence of the chromosomal region that contains the gene encoding protein H2. The likely ribosome-binding sites

(R.B.S.) and promoter -35 and -10 sequences are underlined. Potential terminator sequences are underlined with arrows. The transcription
start site is indicated with an asterisk and numbered as position 1. The predicted amino acid sequences of ORF1 and ORF2 are given in the
three-letter code. A probable signal peptide sequence for the protein encoded by ORF2 is underlined with a heavy bar.
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FIG. 5. Primer extension analyses ofORF1 and ORF2 transcrip-
tion. RNA was isolated from exponential-phase cultures of B.
stearothermophilus NUB36105 rfm-1 met-2 grown in MGCA me-
dium at 65°C (lane 1, 5, ,ug of RNA; lane 2, 10 1lg of RNA; lane 3,
20 ,ug ofRNA) or 45°C (lane 4, 20 F±g of RNA). Controls were yeast
RNA (lane 5, 20 ,ug) and no RNA (lane 6). Hybridization was as
described in Materials and Methods. Also shown are dideoxynucle-
otide sequence reactions (lanes G, A, T, and C) carried out with the
same primer that was used for the reverse transcriptase reaction and
with plasmid pH2-HCI.3 as the template. The position of the
transcription start site is indicated with an asterisk on the inferred
sequence (Fig. 4). The position of the extended primer is indicated
by an arrowhead.

The sequence of the region 339 bp upstream from the
UUG start codon ofORF1 was determined. Three UAA stop
codons are located at positions -107, -124, and -133. In
vitro transcription-translation experiments, to be described
later, revealed that a third ORF is located upstream of
ORF1. Thus, one of the stop codons may be the termination
of this ORF.

Features of the noncoding regions. Probable ribosome-
binding sites are 9 and 7 bp upstream from the start codons
of ORF1 and ORF2, respectively. These sites, consisting of
8 (ORF1) or 9 (ORF2) nucleotides complementary to the 3'
end of B. stearothermophilus 16S rRNA (9), have predicted
AG0 of -19 and -21.2 kcal/mol (1 cal = 4.164 J), respec-
tively (54). Strong complementarity between the mRNA and
the 16S rRNA was in the range (-14 to -22 kcal/mol)
reported for genes of mesophilic bacilli (12). Duplex stabili-
ties, calculated by use of the improved free-energy parame-
ters described by Freier et al. (11), were -13.3 and -15.4
kcal/mol for the ribosome-binding sites of ORF1 and ORF2,
respectively.
Primer extension analyses were used to identify the tran-

scription start site for ORF1 and ORF2. Total RNA, isolated
from cultures of B. stearothermophilus grown in MGCA
medium at 45 and 65°C, was hybridized with the 32P-labeled
oligonucleotide that was complementary to the sequences
encoding the amino acid sequence at positions 1 through 8 of
ORF1. A single transcription start site was mapped at the
position of a guanine (Fig. 5) that is 38 bp upstream from the
translation start site of ORF1 (Fig. 4). Examination of the
DNA sequence upstream from this site revealed the -35
(positions -38 through -33) and -10 sequences (positions
-13 through -8) of the probable promoter: TCGGTA-19
bp-TACGAT. An extended product was not detected in the

1 2 3 4 5 6 kb

- 4.4

- 2.4

- 1.7
- 1.4

- 0.24

FIG. 6. Northern blot analysis of RNA from ORF1 and ORF2.
RNAs from cells of B. stearothermophilus NUB36105 rfm-1 met-2
grown in MG (lanes 1 and 2), MGCA (lanes 3 and 4), and LB (lanes
5 and 6) media at 45°C (lanes 1, 3, and 5) and 65°C (lanes 2, 4, and
6) were fractionated on a denaturing agarose gel, blotted to nitro-
cellulose filters, and probed with 32P-labeled 1.1-kb EcoRl-ClaI
fragment. Each lane came from the same agarose gel. Sizes of the
RNA standards in kilobase pairs (KB) and the ORF1-ORF2 tran-
script (arrowhead) are indicated on the right.

hybridization mixture with total RNA isolated from cells
grown at 45°C.
A 16-bp-long palindrome, hyphenated by 3 bp and located

78 bp downstream from the UAA stop codon of ORF2, could
act as a transcription terminator (44).

Transcription of ORF1 and ORF2. RNA isolated from cells
of B. stearothermophilus grown in MG, MGCA, or LB
medium at low and high temperatures was fractionated on a
denaturing agarose gel and probed with the 1.1-kb EcoRI-
ClaI fragment that contains all of ORF1 and part of ORF2
(Fig. 6) or the 0.9-kb ClaI-EcoRI fragment that contains only
part of ORF2 (data not shown). A single 1.7-kb RNA species
was detected in RNA isolated from cells grown in MGCA
and LB media at 65C but not in RNA from cells grown at
45°C (Fig. 6). The size of the mRNA transcript is about the
size of the mRNA expected if ORF1 and ORF2 are tran-
scribed as a polycistronic message, beginning at the tran-
scription start site and ending at the potential transcription
terminator (1.7 kb). A 1.1-kb RNA species was detected in
the same RNA samples when they were probed with the
1.2-kb ClaI-HindIII fragment that contains the probable
ORF upstream from ORF1 (data not shown). The 1.1-kb
RNA species was detected in cells grown in MG, MGCA,
and LB media at 45 and 65°C. These results indicate that
temperature and the composition of the medium do not affect
the transcription of this ORF. Thus, this ORF serves as a
convenient internal control for the Northern (RNA) analyses
shown in Fig. 6. These results, along with those obtained
with primer extension experiments, indicate that ORF1 and
ORF2 constitute an operon that is transcriptionally activated
in a nitrogen-rich medium at high temperature and inhibited
under the same conditions at low temperature.
The 1.7-kb mRNA species was detected in RNA isolated

from cells grown in MG medium at 45 and 65°C. However,
the amount of the 1.7-kb mRNA detected at 45°C was less
than the amount detected at 65°C. The significance of these
results will be discussed below.

In vitro transcription-translation analyses of the gene prod-
ucts of ORF1 and ORF2. In vitro DNA-directed protein
synthesis experiments were carried out using the plasmids
pH2-C2.5, pH2-HCl.3, and pH2-E2.0. The proteins were
resolved by one-dimensional SDS-polyacrylamide gel elec-
trophoresis. The results are shown in Fig. 7. A polypeptide
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FIG. 7. In vitro transcription-translation of ORF1-ORF2. Plas-
mids pH2-HCl.3, pH2-E2.0, and pH2-C2.5 were used to direct
polypeptide synthesis in a coupled transcription-translation system.
Proteins from cells of an exponential-phase culture of B. stearother-
mophilus NUB36105 rfm-1 met-2 grown in MGCA medium at 65°C
were labeled with [35S]methionine as described by Wu and Welker
(59). Cellular proteins were separated into membrane and cytosol
fractions (59). The 35S-labeled proteins, isolated from cells (lanes 1
to 4) and from transcription-translation reaction mixtures (lanes 5 to
9), were resolved by one-dimensional SDS-polyacrylamide gel elec-
trophoresis, and the gel was subjected to fluorography and autora-
diography. Lane 1, total cellular proteins; lane 2, membrane wash
fluids; lane 3, cytosol fraction; lane 4, membrane fraction; lane 5,
plasmid pH2-HCl.3 containing the 1.3-kb HindIII-EcoRI fragment
(ORF1); lane 6, plasmid pH2-E2.0 containing the 2.0-kb EcoRI
fragment (ORF1 and ORF2); lane 7, plasmid pH2-C2.5 containing
the 2.5-kb ClaI fragment (ORF1 and the ORF upstream from ORF1);
lane 8, pAT153 vector; lane 9, DNA control. The lettered lines on
the left and right sides indicate the positions of the 32-kDa protein
(A), the 30-kDa protein (protein HX) (B), P-lactamase (C), and
protein H2 (D). Each lane came from the same polyacrylamide gel.
The positions of the molecular mass protein standards in kilodaltons
are indicated on the right.

having a molecular mass of about 27 kDa (position D) was
detected when the 1.3-kb HindIII-ClaI fragment (contains
ORF1 and part of ORF2) was the template (lane 5). The
27-kDa protein was detected in the total-cellular-protein
sample (lane 1) and in the membrane protein fraction (lane
4). In addition, two-dimensional gel electrophoresis analyses
revealed that the 27-kDa protein comigrated with the H2
protein that was detected in an in vivo-35S-labeled mem-
brane fraction (data not shown). Protein H2 (position D) and
a 30-kDa protein (position B) were detected when the 2.0-kb
EcoRI fragment (contains ORFi and ORF2) was the tem-
plate (lane 6). No polypeptide with a molecular mass of
about 30 kDa was detected in the total-cellular-protein
sample (lane 1), the membrane wash fraction (lane 2), the
cytosol fraction (lane 3), or the membrane protein fraction
(lane 4). The experiments described in the following section
revealed that the 30-kDa protein is processed in vivo,
resulting in a 26-kDa protein.
A 32-kDa protein (position A) and protein H2 (position D)

were detected when the 2.5-kb ClaI fragment (contains
ORFi and the probable ORF upstream from ORF1) was
used as the template (lane 7). We were not able to locate the
32-kDa protein in the cytosol fraction (lane 3) or in the
membrane fraction (lane 4). However, two-dimensional gel
electrophoresis revealed that the 32-kDa protein synthesized

in the in vitro system comigrated with a protein present in
the cytosol fraction of an in vivo-35S-labeled protein fraction
of cells grown at 45 and 65°C. These results along with those
obtained with Northern analyses indicate that the ORF that
encodes the 32-kDa protein is transcribed at low and high
temperatures.
The combined results indicate that ORFi and ORF2 are

transcribed as a polycistronic message and thus constitute an
operon. ORFi encodes protein H2, and ORF2 encodes a
protein that we designate HX.

Nature of the ORF1 and ORF2 gene products. The most
recent GenBank and GenEMBL data bases were searched
for sequence similarities between the H2 and HX proteins
and other protein sequences. The H2 protein exhibited
significant identity to the Q protein of the E. coli glnHPQ
operon (58% identity in a 239-amino-acid overlap) and to the
P protein of the hisJQMP operon of E. coli and Salmonella
typhimurium (52% identity in a 248-amino-acid overlap). If
conservative substitutions are allowed, the similarity in-
creases to 84 to 87% in this alignment. The HX protein
exhibited some identity to the H protein of the E. coli
glnHPQ operon (28% identity in a 198-amino-acid overlap),
the J protein of the S. typhimurium hisJQMP operon (27%
identity in a 215-amino-acid overlap), and the lysine-argin-
ine-ornithine-binding protein encoded by the S. typhimurium
argT gene (29% identity in a 154-amino-acid overlap). Con-
servative substitutions increase the similarity to 73 to 84%.

In enteric bacteria, the H protein is a periplasmic glu-
tamine-binding protein and the Q protein is a membrane-
bound protein. Both are essential for glutamine transport
(glnHPQ operon) (35). Periplasmic binding proteins J (hisJ)
and LAO (argT) are involved in histidine transport (17) and
lysine-arginine-ornithine transport, respectively, and both
proteins interact with the membrane-bound P protein en-
coded by hisP (16). Thus, the H2 protein and the HX protein
may have similar functions in B. stearothermophilus, as do
the Q and H proteins of the glutamine permease operon, the
P and J proteins of the histidine permease operon, and the P
protein of the histidine permease operon and the LAO
protein active in arginine transport in enteric bacteria. The
periplasmic glutamine-binding (protein H) and histidine-
binding (protein J) proteins contain an NH2-terminal 22-
amino-acid leader peptide that is removed by the signal
peptidase during transport into the periplasmic space (17,
35). The HX protein contains a characteristic NH2-terminal
25-amino-acid signal peptide (Fig. 4; several positively
charged amino acid residues followed by a hydrophobic
amino acid core and a COOH-terminal alanine [45]) that may
be removed during transport to the exterior side of the
membrane. Thus, a processed HX protein would be com-
posed of 237 amino acids giving a molecular mass of approx-
imately 26 kDa. However, a 26-kDa protein was not detected
in an in vivo-35S-labeled cellular protein sample isolated
from cells grown at 65°C that was analyzed by two-dimen-
sional gel electrophoresis (59). The predicted pl for a proc-
essed HX protein would be approximately 8.6. Since stan-
dard two-dimensional gel electrophoresis does not resolve
basic proteins (36), the basic proteins in a 35S-labeled cellular
protein sample isolated from cells grown at 45 and 65°C were
resolved by using two-dimensional nonequilibrium pH gra-
dient electrophoresis (37). A visual comparison of the two
autoradiograms revealed a 26-kDa protein spot in cells
grown at 65°C but not in cells grown at 45°C (data not
shown). The results of these studies indicate that the signal
peptide of the 29- to 30-kDa HX protein is removed in vivo
during transport across the membrane.

J. BACTERIOL.
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To determine whether proteins H2 and HX are active in
amino acid transport, the ability of prototrophic strain
NUB3621 to utilize glutamine, histidine, or arginine as a sole
nitrogen source was determined. Cells of cultures grown in
MGCA medium were collected by centrifugation, washed
once, and suspended in nitrogen-free MG medium. A sample
was spread over the surface of a nitrogen-free MG plate.
After being dried, filter paper disks that contained glutamine,
histidine, or arginine were placed on the surface of the
seeded plate. The plates were incubated for 48 h at 45 or
65°C. Growth was detected around the glutamine disk at
65°C but not at 45°C. Growth was detected around the
histidine disk at 45 and 65°C, and no growth was detected
around the arginine disk at either temperature. Parental
strain NUB3621 did not respond to any of the other amino
acids tested in a manner identical to that observed with
glutamine. Thus, the utilization of glutamine as a sole
nitrogen source and the transcription of the ORF1-ORF2
operon occur at 65°C but not at 45°C.

In enteric bacteria, transcription of the glnHPQ operon is
activated by nitrogen-limiting conditions (24, 57). When B.
stearothermophilus was grown in a nitrogen-rich medium,
transcription of the ORF1-ORF2 operon was inhibited at
45°C and activated at 65°C. To determine whether cells
grown in a nitrogen-rich medium at high temperature were
actually starved for nitrogen, RNA was isolated from cells
grown in MGCA medium supplemented with 100 p,g of
glutamine per ml or in MG medium supplemented with 1%
Bacto-Casamino Acids. A single 1.7-kb ORF1-ORF2 tran-
script was detected in the RNAs of cells grown in supple-
mented media at 65°C (data not shown). These results indicate
that the transcription of the ORF1-ORF2 operon was not
inhibited under conditions of nitrogen and glutamine excess at
high temperature.

Interruption of ORF1. To demonstrate that the ORFl-
ORF2 operon is active in glutamine transport, we isolated a
mutant (NUB36500) in which ORF1 was interrupted with a
DNA segment that contained the cat gene. To confirm that
the cat gene was inserted by a double-crossover recombina-
tion event into the ORF1 coding region in mutant strain
NUB36500, the chromosomal DNA of this strain was
cleaved with EcoRI, Hindlll, and ClaI. The DNA fragments
were separated by agarose gel electrophoresis, and Southern
blot hybridizations were performed with the 0.9-kb ClaI-
EcoRI fragment (contains 0.5 kb of ORF2) as a probe. The
results are shown in Fig. 8. The probe hybridized to a 2.1-kb
HindIll fragment in parental strain NUB3621 (lane 1) and to
a 3.6-kb HindlIl fragment in NUB36500 (lane 2). The probe
hybridized to a 2.0-kb EcoRI fragment in the parental strain
(lane 3) and to a 1.6-kb fragment in NUB36500 (lane 4).
These latter results were expected, since a new EcoRI site
had been introduced on each side of the DNA fragment that
contains the cat gene. After digestion with HindlIl and
EcoRI, the probe hybridized to a 1.9-kb fragment in the
parental strain (lane 5) and to a 1.4-kb fragment in
NUB36500 (lane 6). The probe hybridized to a 0.9-kb frag-
ment (lanes 7 and 8) and a 0.8-kb fragment (lanes 9 and 10) in
both the parental strain and NUB36500 when their DNAs
were digested with EcoRI and ClaI and with HindlIl and
ClaI, respectively. These hybridization analyses confirmed
that the DNA fragment containing the cat gene had inserted
into the BalI site of ORF1 in the chromosome. The location
of the cat gene in ORF1 was also verified by Southern blot
analyses with a 1.1-kb EcoRI-ClaI fragment (contains ORF1
and 0.3 kb of ORF2) and a 1.4-kb EcoRI fragment that
contained the cat gene as probes (data not shown).
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FIG. 8. Southern blot analysis of the cat gene insertion into
ORFL. (A) Partial restriction map of the chromosomal region that
contains ORF1-ORF2 in parental strain NUB3621 and mutant strain
NUB36500. Relevant restriction sites are indicated, and the map
positions (in kilobase pairs [kb]) are from Fig. 3. (B) Chromosomal
DNAs from the parental strain (lanes 1, 3, 5, 7, and 9) and NUB36500
(lanes 2, 4, 6, 8, and 10) were digested with HindlIl (lanes 1 and 2),
EcoRI (lanes 3 and 4), HindIII and EcoRP (lanes 5 and 6), EcoRI and
ClaI (lanes 7 and 8), and HindlIl and ClaI (lanes 9 and 10), and the
fragments were separated by agarose gel electrophoresis. Southern
blot hybridizations were performed using 32P-labeled 0.9-kb ClaI-
EcoRl as a probe. Each lane came from the same agarose gel.
Fragment sizes in kilobase pairs (kb) are shown on the right.

Strain NUB36500, which contains the cat gene inserted
into ORF1, did not utilize L-glutamine as a sole nitrogen
source and was resistant to the toxic glutamine analog y-GH
(28) at 65°C, whereas the parental strain utilized L-glutamine
and was sensitive to -y-GH under the same conditions (Table
2). As expected, the parental strain did not utilize L-glU-
tamine as a sole nitrogen source at 45°C. The parental strain
in media that contained alternative sources of nitrogen at
65°C was resistant to -y-GH. The parental strain grown in MG
medium at 65°C was sensitive to y-GH, whereas NUB36500
was resistant to y-GH under the same conditions. Finally,
the sensitivity of the parental strain to -y-GH was signifi-
cantly decreased when 50 pug of L-glutamine per ml was
added to MG medium. These combined results indicate that
y-GH competes with glutamine for the proteins of the
glutamine transport system.
The parental strain grown in MG medium at 45°C was

slightly sensitive to -y-GH. The results of these studies and of
the Northern analyses indicate that the ORF1-ORF2 operon
is weakly transcribed in minimal medium at low tempera-
ture.

VOL. 173, 1991



4886 WU AND WELKER

TABLE 2. Growth characteristics of parental strain NUB3621
and mutant straih NUB36500 to L-glutamine and y-GH

Response by straina:

Characteristics Medium NUB3621 NUB36500

45°C 65°C 45°C 65°C

Utilization of L-gluta- Nitrogen-free MG NG G NG NG
mine as sole source
of nitrogenb

Sensitivity to -y-GHc Nitrogen-free MG _d S __d _d
MG SS S R R

a NG, no growth around L-glutamine disk; G, growth around L-glutamine
disk.

b Cultures were grown in MGCA medium for 3 h at 50°C. The cells were
washed, suspended, and diluted in nitrogen-free MG medium to a cell density
of 3 x 107 CFU/ml. A sample (0.1 ml) was spread over the surface of a
nitrogen-free MG plate, and a filter paper disk containing L-glutamine was
placed on the surface of the seeded plate. The plate was incubated for 48 and
24 h at 45 and 65°C, respectively.

c Cells were prepared as described in footnote b. Samples of a diluted cell
suspension were spread over the surface of nitrogen-free MG and MG plates.
A filter paper disk containing y-GH was placed on the surface of the plates. A
filter paper disk containing L-glutamine was placed adjacent to the disk
containing -y-GH. The plates were incubated as described in footnote b.
Growth around the y-GH disk was scored as resistance (R; no zone of growth
inhibition), sensitive (S; 10- to 15-mm zone of growth inhibition), or slightly
sensitive (SS; 0.3- to 0.5-mm zone of growth inhibition).

d _, L-Glutamine was not utilized as a nitrogen source.

To verify that ORF1-ORF2 plays a direct role in glutamine
transport, the active transport of glutamine in the parental
and mutant strains was measured. The results are shown in
Table 3. Strain NUB36500 was defective in the transport of
glutamine. Cells of the parental strain grown at 65°C effi-
ciently transported glutamine at 45 and 65°C. However, cells
of the parental strain grown at 45°C did not transport
glutamine at 45 or 65°C. The combined results indicate that
the ORF1-ORF2 operon encodes a glutamine transport sys-
tem.
To determine the role of glnQH in the physiology of

growth at high temperature, mutant strain NUB36500 was
subjected to temperature shifts from 45 to 65°C and from 65
to 45°C (59). After a temperature shift-up, the lag period
before exponential growth at 65°C was 2.0 to 2.5 times longer
than the lag period observed with the parental strain (56). In
a temperature shift-down experiment, the mutant responded
in the same manner as the parental strain under the same
conditions. Cultures of mutant strain NUB36500 grown in
LB medium at 65°C exhibited a final cell density of 7 x 109
to 9 x 10' CFU/ml. A culture of the parental strain grown
under the same conditions exhibited a cell density of 2 x 108
to 4 x 108 CFU/ml. The mutant strain and the parental strain
grown in LB medium at 45°C exhibited final cell densities of
7 x 108 to 9 x 108 CFU/ml. The rate of growth of the mutant

TABLE 3. Transport of glutamine by parental strain NUB3621
and mutant strain NUB36500

Glutamine transport (nmol/109 CFU)a by strain:
Growth NUB3621 NUB36500
temp

45°C 65°C 45°C 65°C

450C <0.01 <0.01 <0.01 <0.01
650C 3.9 + 0.2 5.1 + 0.1 <0.01 <0.01
a Values are the averages ± standard deviations for three experiments.

strain at 45 and 65°C was identical to the rate ofgrowth of the
parental strain under the same conditions. These results
indicate that the glnQH operon plays an important role in the
physiology of growth at high temperature.

DISCUSSION

We cloned and sequenced a fragment of B. stearothermo-
philus NUB36 chromosomal DNA that contains two ORFs.
ORF1 and ORF2 encode membrane proteins H2 and HX,
respectively. The two genes are transcribed as a polycis-
tronic message and thus constitute an operon. The ORFl-
ORF2 operon is transcribed in cells grown in complex media
at 65°C but not in cells grown at 45°C under the same
conditions. The H2 and HX proteins exhibit significant
identity to membrane proteins of enteric bacteria that are
active in glutamine transport. In addition, growth response
to glutamine, sensitivity to the toxic glutamine analog -y-GH,
and glutamine transport assays with the parental strain
NUB3621 and mutant strain NUB36500, in which the ORF1
coding segment in the chromosome was interrupted with the
cat gene, demonstrated that proteins H2 and HX were active
in glutamine transport. Thus, we tentatively designate pro-
tein H2 as the membrane-bound protein (glnQ) and protein
HX as the glutamine-binding protein (ginH). However, the
identities of these proteins and the presence of other proteins
that are active in the transport of glutamine must be estab-
lished by biochemical and genetic techniques.
The glnQH transcript originated downstream from a se-

quence (TCGGTA-19 bp-TACGAT) that had a 3- of 6-base
match at the -35 region and a 4- of 6-base match at the -10
region of a consensus promoter sequence (-35 region,
TTGACA; -10 region, TATAAT) recognized by the o(r
holoenzyme form ofB. subtilis RNA polymerase (14, 31) and
of E. coli genes (13, 14). There were 19 bp between the -35
and -10 regions, which is in good agreement with the 17- to
19- and 15- to 20-bp spacers of B. subtilis and E. coli
promoters, respectively. In addition, there was no significant
homology to the promoters recognized by the minor sigma
holoenzyme forms of the B. subtilis and E. coli RNA
polymerases (8). A computer program (MacTargsearch) de-
scribed by Mulligan et al. (32) was used to search the E. coli
promoter file provided with the program for the occurrence
of sites with a sequence and spacing similar to those of the
glnQH promoter. A relatively low similarity score (30.8%)
indicates that the glnQH promoter has a poor homology to
the consensus promoter sequence of E. coli.
A consensus promoter sequence, deduced from the nucle-

otide sequences of the promoters of nine different genes
from B. stearothermophilus (1, 18, 21-23, 26, 33, 52, 53), is
TTGACt/c-17 to 20 bp-TATTa/cT. The highly conserved
positions (occurring in more than 75% of the cases) are
indicated by boldface capital letters, well-conserved posi-
tions (occurring in 50 to 75% of the cases) are indicated by
capital letters, and weakly conserved positions (occurring in
less than 50% of the cases) are indicated by lowercase
letters. A diagonal line indicates that the position can contain
either residue in 50% of the cases. The glnQH promoter
sequence has a 2- of 6-bp match at the - 35 region and a 4- of
6-bp match at the -10 region of the consensus promoter
sequence. In conclusion, the glnQH promoter has a low
degree of homology with the consensus promoter sequences
of other prokaryote genes. Perhaps a unique form of RNA
polymerase holoenzyme of B. stearothermophilus would
recognize the glnQH promoter.

Enteric bacteria respond to nitrogen deprivation by in-
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creasing the expression of a number of operons that function
in the utilization of ammonia and alternative sources of
nitrogen (27). Promoters of these nitrogen-regulated (Ntr)
operons have a consensus sequence, CTGGC/TAC/TA/G
[N4] TTGCA, that is between 6 and 11 bp upstream from the
transcription start site. The sensitivity of Ntr promoters to
activation by the nitrogen regulator I (NR,) protein depends
on the presence of binding sites for NRI, usually located
more than 100 bp upstream from the transcription start site
(27). NR,-binding sites have the sequence GCAC [N5] TG
GTGC.
The E. coli glnHPQ operon has two different types of

promoter in the 5'-flanking region of glnH (34). The up-
stream and downstream promoters have a sequence that is
similar to the consensus promoter sequence of other E. coli
genes. The downstream promoter also has identity to Ntr
promoters. This promoter (CTGGCACG [N4] TTTCA) has a
12- of 13-bp match with the consensus Ntr promoter that is
11 bp from the transcription start site. The upstream pro-
moter plays a role in the constitutive expression of the
glnHPQ operon, and the downstream promoter plays a role
in the inducible expression of the glnHPQ operon under
glutamine-deprived, nitrogen-limiting conditions. The se-
quence of the NR,-binding site, located 115 bp upstream
from the glnH transcription start site, is identical to the
consensus NRI sequence. Promoters of other Ntr genes
generally lack the -35 and -10 regions characteristic of
genes of enteric bacteria (27).

In a nitrogen-poor medium (MG medium), transcription of
the glnQH operon of B. stearothermophilus is partially
activated at low temperature. These results suggest that the
glnQH operon is driven by a weak Ntr promoter. The glnQH
operon of B. stearothermophilus has one promoter, but the
-10 region (positions -11 to -27) contains the sequence
CTGTAGTT [N4] TTTlAC, which has a 6- of 13-bp match
with the consensus Ntr promoter. This sequence is located
10 bp upstream from the transcription start site. This se-
quence does not contain the elements GG-10 bp-GC, which
are the most conserved in Ntr promoters (27). In addition,
the region from positions -246 to -236 (GCTA [N5] TG
GCCT) has a 5- of 10-bp match with the consensus NR,-
binding site that is 231 bp upstream from the transcription
start site.
The glutamine transport systems of E. coli (57) and S.

typhimurium (24) are regulated by nitrogen availability.
Transcription of the glnHPQ operon is activated in cultures
grown in a nitrogen-poor medium and inhibited in cultures
grown in a nitrogen-rich medium. In contrast, transcription
of the glnQH operon of B. stearothermophilus was activated
in a nitrogen-rich medium at high temperature and inhibited
under the same conditions at low temperature. This indicates
that the glnQH operon is transcriptionally regulated by
temperature. However, since the glnQH promoter contains
a sequence that has a low degree of homology with the
consensus Ntr promoter of enteric bacteria, the operon may
be weakly driven from this promoter under conditions of
nutrient depletion and low temperature. Specific nutrients
may act as activators or inhibitors of the transcription of the
glnQH operon, and the levels of these nutrients may change
with changes in temperature.
The regulation of the glutamine transport system of bacilli

may be very different from the regulatory scheme reported
for enteric bacteria (24, 57). Although there are no published
studies on the glutamine transport system of B. subtilis, the
regulation of nitrogen metabolism in this organism (48)
differs from that reported for enteric bacteria (41).

Studies are now under way to investigate the regulation of
expression from the glnQH promoter and the relationship
between the inability to transport glutamine, the modified
thermoadaptation response, and the increased cell yield
exhibited by the mutant strain at high temperature.

ACKNOWLEDGMENTS

This investigation was supported by grant DE-FG02-84ER13204
from the U.S. Department of Energy.
We thank M. Hinkle for help with the analyses of 35S-labeled

proteins by using one-dimensional SDS-polyacrylamide electropho-
resis, I. Fotheringham for the synthesis of the oligonucleotide used
in primer extension analyses and the construction of pIF711, and D.
Zimmerman for help with the DNA sequencing.

REFERENCES
1. Barstow, D. A., A. F. Sharman, T. Atkinson, and N. P. Minton.

1986. Cloning and complete nucleotide sequence of the Bacillus
stearothermophilus tryptophanyl tRNA synthetase gene. Gene
46:37-45.

2. Bott, K., and G. A. Wilson. 1967. Development of competence
in the Bacillus subtilis transformation system. J. Bacteriol.
94:562-570.

3. Brush, D., J. B. Dodgson, O.-R. Choi, P. W. Stevens, and J. D.
Engel. 1985. Replacement variant histone genes contain inter-
vening sequences. Mol. Cell. Biol. 5:1307-1317.

4. Chen, Z.-F., S. F. Wojcik, and N. E. Welker. 1986. Genetic
analysis of Bacillus stearothermophilus by protoplast fusion. J.
Bacteriol. 165:994-1001.

5. Coultate, T. P., and T. K. Sundaram. 1975. Energetics ofBacillus
stearothermophilus growth: molar growth yield and temperature
effects on growth efficiency. J. Bacteriol. 121:55-64.

6. Davis, R. W., D. W. Botstein, and J. R. Roth (ed.). 1980.
Advanced bacterial genetics, p. 201. Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, N.Y.

7. de VrU, W., G. Speehmans, R. I. R. Heyne, and W. N. Konings.
1990. Energy transduction and amino acid transport in thermo-
philic aerobic and fermentative bacteria. FEMS Microbiol. Rev.
75:183-200.

8. Doe, R. H., and L.-F. Wang. 1986. Multiple procaryotic ribonu-
cleic acid polymerase sigma factors. Microbiol. Rev. 50:227-243.

9. Douthwaite, S., A. Christensen, and R. A. Garrett. 1983. Higher
order structure in the 3'-minor domain of small subunit ribo-
somal RNAs from a gram negative bacterium, a gram positive
bacterium and a eukaryote. J. Mol. Biol. 169:249-279.

10. Duvall, E. J., D. M. Williams, S. Mongkolsuk, and P. S. Lovett.
1984. Regulatory regions that control expression of two chlo-
ramphenicol-inducible cat gene clones in Bacillus subtilis. J.
Bacteriol. 158:784-790.

11. Freier, S. M., R. Kierzek, J. A. Jaeger, N. Sugimoto, M. H.
Caruthers, T. Neilson, and D. H. Turner. 1986. Improved
free-energy parameters for predictions ofRNA duplex stability.
Proc. Natl. Acad. Sci. USA 83:9373-9377.

12. Hager, P. W., and J. C. Rabinowitz. 1985. Translational speci-
ficity in Bacillus subtilis, p. 1-32. In D. A. Dubnau, Molecular
biology of the bacilli, vol. 2. Academic Press, Inc., New York.

13. Hawley, D. K., and W. R. McClure. 1983. Compilation and
analysis of Escherichia coli promoter DNA sequences. Nucleic
Acids Res. 11:2237-2255.

14. Helmann, J. D., and M. J. Chamberlin. 1988. Structure and
function of bacterial sigma factors. Annu. Rev. Biochem. 57:
839-872.

15. Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:351-
359.

16. Higgins, C. F., and G. F.-L. Ames. 1981. Two periplasmic
transport proteins which interact with a common membrane
receptor show extensive homology: complete nucleotide se-
quences. Proc. Natl. Acad. Sci. USA 78:6038-6042.

17. Higgins, C. F., P. D. Haag, K. Nikaido, F. Ardeshir, G. Garcia,
and G. F.-L. Ames. 1982. Complete nucleotide sequence and
identification of membrane components of the histidine trans-

VOL. 173, 1991



4888 WU AND WELKER

port operon of S. typhimurium. Nature (London) 298:723-727.
18. Hirata, H., T. Fukazawa, S. Negoro, and H. Okada. 1986.

Structure of a P-galactosidase gene of Bacillus stearothermo-
philus. J. Bacteriol. 166:722-727.

19. Jung, L., R. Jost, E. Stoll, and H. Zuber. 1974. Metabolic
differences in Bacillus stearothermophilus grown at 55°C and
37°C. Arch. Microbiol. 95:125-138.

20. Kalkdnen, N. 1986. Radio-sequence analysis; an ultra-sensitive
method to align protein and nucleotide sequences, p. 194-206.
In B. Wittmann-Liebold, J. Salnikow, and V. A. Erdmann (ed.),
Advanced methods in protein microsequence analysis. Spring-
er-Verlag, Berlin.

21. Kubo, M., and T. Imanaka. 1988. Cloning and nucleotide
sequence of the highly thermostable neutral protease gene from
Bacillus stearothermophilus. J. Gen. Microbiol. 134:1883-1892.

22. Kuriki, T., and T. Imanaka. 1989. Nucleotide sequence of the
neopullulanase gene from Bacillus stearothermophilus. J. Gen.
Microbiol. 135:1521-1528.

23. Kuriki, T., J.-H. Park, and T. Imanaka. 1990. Characteristics of
thermostable pullulanase from Bacillus stearothermophilus and
the nucleotide sequence of the gene. J. Ferment. Bioeng.
69:204-210.

24. Kustu, S. G., N. C. McFarland, S. P. Hui, B. Esmon, and
G. F.-L. Ames. 1979. Nitrogen control in Salmonella typhimu-
rium: co-regulation of synthesis of glutamine synthetase and
amino acid transport systems. J. Bacteriol. 138:218-234.

25. Laemnli, U. K.; and M. Favre. 1973. Maturation of the head of
bacteriophage T4. I. DNA packaging events. J. Mol. Biol.
80:575-599.

26. Loprasert, S., S. Negoro, and H. Okada. 1989. Cloning, nucle-
otide sequence, and expression in Escherichia coli of the
Bacillus stearothermophilus peroxidase gene (perA). J. Bacte-
riol. 171:4871-4875.

27. Magasanik, B., and F. C. Neidhardt. 1987. Regulation of carbon
and nitrogen utilization, p. 1318-1325. In F. C. Neidhardt, J. L.
Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 2. American Society for
Microbiology, Washington, D.C.

28. Masters, P. S., and J.-S. Hong. 1981. Genetics of the glutamine
transport system in Escherichia coli. J. Bacteriol. 147:805-819.

29. Matsudaira, P. 1987. Sequence from picomole quantities of
proteins electroblotted onto polyvinylidene difluoride mem-
branes. J. Biol. Chem. 262:10035-10038.

30. Meinkoth, J., and G. Wahl. 1984. Hybridization of nucleic acids
immobilized on solid supports. Anal. Biochem. 138:267-284.

31. Moran, C. P., Jr., N. Lang, S. F. J. LeGrice, G. Lee, M. Stephens,
A. L. Sonenshein, J. Pero, and R. Losick. 1982. Nucleotide
sequences that signal the initiation of transcription and transla-
tion in Bacillus subtilis. Mol. Gen. Genet. 186:339-346.

32. Mulligan, M. E., D. K. Hawley, R. Entriken, and W. R. McClure.
1984. Escherichia coli promoter sequences predict in vitro RNA
polymerase selectivity. Nucleic Acids Res. 12:789-800.

33. Nakajima, R., T. Imanaka, and S. Aiba. 1985. Nucleotide
sequence of the Bacillus stearothermophilus a-amylase gene. J.
Bacteriol. 163:401-406.

34. Nohno, T., and T. Saito. 1987. Two transcriptional start sites
found in the promoter region of Escherichia coli glutamine
permease operon, gInHPQ. Nucleic Acids Res. 15:2777.

35. Nohno, T., T. Saito, and J.-S. Hong. 1986. Cloning and complete
nucleotide sequence of the Escherichia coli glutamine permease
operon (glnHPQ). Mol. Gen. Genet. 205:260-269.

36. O'Farreil, P. H. 1975. High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250:4007-4021.

37. O'Farreil, P. Z., H. M. Goodman, and P. H. O'Farrell. 1977.
High resolution two-dimensional electrophoresis of basic as
well as acidic proteins. Cell 12:1133-1142.

38. Parker, J. 1989. Errors and alternatives in reading the universal
genetic code. Microbiol. Rev. 53:273-298.

39. Pearson, W. R., and D. J. Lipman. 1988. Improved tools for the
biological sequence analysis. Proc. Natl. Acad. Sci. USA 85:
2444-2448.

40. Perbal, B. 1988. A practical guide to molecular cloning, 2nd ed.

John Wiley & Sons, Inc., New York.
41. Reitzer, L. J., and B. Magasanik. 1987. Ammonia assimilation

and biosynthesis of glutamine, glutamate, aspartate, asparagine,
L-alanine, and D-alanine, p. 302-320. In F. C. Neidhardt, J. L.
Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, vol. 1. American Society for
Microbiology, Washington, D.C.

42. Reizer, J., I. Epstein, and N. Grossowicz. 1977. Temperature-
induced metabolic alterations in a thermophilic bacillus. Eur. J.
Biochem. 77:463-470.

43. Rodriguez, R. L., and R. C. Tait. 1983. Recombinant DNA
techniques: an introduction. Addison-Wesley, Reading, Mass.

44. Rosenberg, M., and D. Court. 1979. Regulatory sequences
involved in the promotion and termination of RNA transcrip-
tion. Annu. Rev. Genet. 13:319-353.

45. Saier, M. H., Jr., P. K. Werner, and M. Muller. 1989. Insertion
of proteins into bacterial membranes: mechanism, characteris-
tics, and comparisons with the eucaryotic process. Microbiol.
Rev. 53:333-366.

46. Sambrook, J., T. Maniatis, and E. F. Fritsch. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

47. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

48. Schreier, H. J., S. W. Brown, K. D. Hirschi, J. F. Nomellini, and
A. L. Sonenshein. 1989. Regulation ofBacillus subtilis glutamine
synthetase gene expression by the product of the glnR gene. J.
Mol. Biol. 210:51-63.

49. Sonnleitner, B. 1983. Biotechnology of thermophilic bacteria-
growth, products, and application. Adv. Biochem. Eng. Bio-
technol. 28:69-138.

50. Southern, E. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol. 98:
503-506.

51. Sulivan, M. A., R. E. Yasbin, and F. E. Young. 1984. New
shuttle vectors for Bacillus subtilis and Escherichia coli which
allow rapid detection of inserted fragments. Gene 29:21-26.

52. Takagi, M., T. Imanaka, and S. Aiba. 1985. Nucleotide se-
quence and promoter region for the neutral protease gene from
Bacillus stearothermophilus. J. Bacteriol. 163:824-831.

53. Tanizawa, K., A. Ohshima, A. Scheidegger, K. Inagaki, H.
Tanaka, and K. Soda. 1988. Thermostable alanine racemase
from Bacillus stearothermophilus: DNA and protein sequence
determination and secondary structure prediction. Biochemis-
try 27:1311-1316.

54. Tinoco, I., Jr., P. N. Borer, B. Dengler, and M. D. Levine. 1973.
Improved estimation of secondary structure in ribonucleic ac-
ids. Nature (London) New Biol. 245:40 41.

55. Vallier, H., and N. E. Welker. 1990. Genetic map of the Bacillus
stearothermophilus NUB36 chromosome. J. Bacteriol. 172:793-
801.

56. Welker, N. E. Unpublished data.
57. Willis, R. C., K. K. Iwata, and C. E. Furlong. 1975. Regulation

of glutamine transport in Escherichia coli. J. Bacteriol. 122:
1032-1037.

58. Wu, L., and N. E. Welker. 1989. Protoplast transformation of
Bacillus stearothermophilus NUB36 by plasmid DNA. J. Gen.
Microbiol. 135:1315-1324.

59. Wu, L., and N. E. Welker. 1991. Temperature-induced protein
synthesis in Bacillus stearothermophilus NUB36. J. Bacteriol.
173:4889-4892.

60. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

61. Yasbin, R. E., G. A. Wilson, and F. E. Young. 1973. Transfor-
mation and transfection in lysogenic strains of Bacillus subtilis
168. J. Bacteriol. 113:540-548.

62. Zhang, M., H. Nakai, and T. Imanaka. 1988. Useful host-vector
systems in Bacillus stearothermophilus. Appl. Environ. Micro-
biol. 54:3162-3164.

J. BACTERIOL.


