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Abstract Thermophilic bacteria are of great value for
industry and research communities. Unfortunately, the
cellular processes and mechanisms of these organisms
remain largely understudied. In the present study, we
investigate how the inactivation of adenylate kinase
(AK) affects the adenine nucleotide homeostasis of a
gram-positive moderate thermophile, Geobacillus ste-
arothermophilus strain NUB3621-R. AK plays a major
role in the adenine nucleotide homeostasis of living cells
and has been shown to be essential for the gram-negative
mesophile Escherichia coli. To study the role of AK in the
maintenance of adenylate energy charge (EC) and cell
viability of G. stearothermophilus, we generated a re-
combinant strain of this organism in which its endoge-
nous gene coding for the essential protein adenylate
kinase (AK) has been replaced with the adk gene from the
mesophile Bacillus subtilis. PCR, DNA sequencing and
Southern analysis were performed to confirm proper
gene replacement and preservation of neighboring genes.
The highest growing temperature for recombinant cells
was almost 20°C lower than for wild-type cells (56
vs. 75°C). This temperature-sensitive phenotype was
secondary to heat inactivation of B. subtilis AK, as evi-
denced by enzyme activity assays and EC measurements.
At higher temperatures (65°C), recombinant cells also
had lower EC values (0.09) compared to wild-type cells
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(0.45), which reflects a disruption of adenine nucleotide
homeostasis following AK inactivation.

Abbreviations adk: Adenylate kinase gene - AK:
Adenylate kinase protein - Ap5A: P!, P° -Di(adenosine-
5")pentaphosphate - cat: Chloramphenicol acetyl-
transferase gene - EC: Energy charge - infA: Initiation
factor IF-I gene - secY: Pre-protein translocase secY
subunit gene - map: Methionine aminopeptidase

gene - RBS: Ribosomal binding site

Introduction

Thermophilic bacillus species can be isolated from
a wide range of environments and are important
contaminants in the food industry (Sharp 1992) and a
precious source of temperature stable enzymes to bio-
technology companies (Vieille et al. 1996). The devel-
opment of a genetic system for members of this group
(Imanaka et al. 1982; Wu and Welker 1989; Vallier and
Welker 1990) will allow the study of key cellular pro-
cesses in gram-positive thermophilic organisms. Geoba-
cillus stearothermophilus NUB3621-R is a moderate
thermophilic bacillus with an optimal growth tempera-
ture of 65°C and a wide growth range of 45-73°C
(Wu and Welker 1989). Modification of Chang and
Cohen’s (1989) protoplast/polyethylene glycol protocol
developed for Bacillus subtilis enabled Welker and
coworkers to transform G. stearothermophilus strain
NUB3621-R with plasmid DNA (Wu and Welker 1989)
and build a chromosome map for this organism (Vallier
and Welker 1990).

We used G. stearothermophilus strain NUB3621-R as
a model organism to study the role of adenylate kinase
(AK) in adenine nucleotide homeostasis in gram-positive
thermophiles. Adenine nucleotide homeostasis dictates
the energy levels available to living cells and therefore
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tight control is crucial to cellular metabolism. Atkinson
defined adenylate energy charge (EC) in living cells as
EC = ([ATP] + 0.5[ADP]/([ATP] + [ADP] + [AMP])
(Atkinson 1968).

EC directly measures the amount of energy stored in
adenine nucleotide pools accessible for cellular metab-
olism (Atkinson 1968; Chapman et al. 1971). In gram-
negative bacteria, EC values in growing cells have been
shown to be regulated by adenylate kinase (AK — E.C.
2.7.4.3), a small, ubiquitous enzyme (Glembotski et al.
1981). AK catalyzes the reaction Mg "2 ATP + AMP —
Mg*? ADP + ADP.

AK is essential for the gram-negative bacteria Esc-
herichia coli (Cousin and Buttin 1969; Glembotski et al.
1981; Haase et al. 1989). E. coli strains expressing tem-
perature-sensitive AK mutations show deficient growth
and decreased cell viability at nonpermissive tempera-
tures (Cousin and Buttin 1969; Glembotski et al. 1981;
Haase et al. 1989). These phenotypes have been corre-
lated to decreased EC values, suggesting that AK regu-
lation of adenine nucleotide homeostasis is essential to
cellular growth and survival in E. coli.

Although adenylate kinase is ubiquitous and its
function is well conserved, its primary, tertiary and
quaternary structures can vary strikingly among
prokaryotes (Glaser et al. 1992; Ferber et al. 1997,
Vonrhein et al. 1998; Criswell et al. 2003; Munier-
Lehmann et al. 1999). Moreover, in prokaryotic
organisms the adk gene can be found in different
genomic loci (Kath et al. 1993; Suh et al. 1996;
Blattner et al. 1997, Hansmann and Martin 2000),
which suggests that adk gene expression may vary
among these organisms. The observed differences in
AK structure, activity and possibly expression suggest
that adenine nucleotide homeostasis is also controlled
differently in these organisms and is reflected by
widely varying values of EC (Chapman et al. 1971).

In this study, we describe the production of a genet-
ically modified strain of G. stearothermophilus, in which
the endogenous adk gene has been replaced with the
homolog from the mesophile B. subtilis. The gene
replacement was performed through homologous
recombination and produced a temperature-sensitive
strain of G. stearothermophilus NUB3621-R. The
observed temperature-sensitive phenotype was linked
to the inactivation of B. subtilis AK at increased tem-
peratures and subsequent failure to maintain high EC
levels necessary for growth.

Methods

Bacterial strains, growth conditions,
and DNA plasmids

Bacterial strains and DNA plasmids used in this work
are listed in Table 1. E. coli cultures were grown in LB
medium. G. stearothermophilus NUB3621-R (kind gift of
Dr. N. Welker, Northwestern University, Evanston, IL,

USA) cultures were grown in a modified LB medium
(mLB) (Chen et al. 1986). Alternatively, G. stearother-
mophilus NUB3621-R cells were cultivated in TS med-
ium (4% tryptone, 0.5% NaCl, supplemented with
0.6 mM MgSO,47H,0, 0.9 mM CaCl,-2H,0, 0.04 mM
FeSO47H,O and 1.1 mM nitrilotriacetic  acid)
(N. Welker, personal communication, Northwestern U.,
Evanston, IL, USA). Solid medium was prepared by the
addition of 15 g/l of agar (Sigma). Tryptone and yeast
extracts were purchased from Difco.

Transformation of bacteria with plasmid DNA
and NUB3621-R:ThEV selection

Chemically competent E. coli was transformed by the
heat shock method (Hanahan et al. 1991). Transfor-
mation of G. stearothermophilus NUB3621-R protop-
lasts with pI2ThEV plasmid DNA was performed
according to the protocol developed by Wu and Welker
(1989). To cure the plasmid from recombinant cells,
transformants were grown in liquid TS cultures without
antibiotics. Cell samples were diluted and spread on
solid TS media containing chloramphenicol (7 mg/l).
Cells growing on chloramphenicol were then replica-
plated to TS plates containing either tetracycline (5 mg/l)
or chloramphenicol. The tetracycline plates were incu-
bated at 65°C and the chloramphenicol plates at
50°C overnight. Colonies growing on chloramphenicol
but not on tetracycline containing media were selected
for PCR and Southern blot screening.

Highest growth temperature determination
for NUB3621-R:ThEV cells

NUB3621-R:ThEV cells were grown in solid TS media

complemented with chloramphenicol (7 mg/l). After
16 h at 50°C, cells were streaked onto solid TS media

Table 1 Bacterial strains and DNA plasmids

Strain/plasmid Relevant Source
genotype/
phenotype®
G. stearothermophilus ~ Rif" N. Welker (Northwestern
NUB3621-R University, Evanston, IL)
G. stearothermophilus ~ Rif" Cml" ts  This work
NUB3621-R:Thev
E. coli XL1-Blue lacI* ZAM15 New England BioLabs
pUC19 Ap" New England BioLabs
pPW15(7) Cml " Wei and Stewart (1993)
PSTE12 Ap" Tet' Riken (Japan)
PET adk®® Ap" adi®® G.N. Phillips, Jr.
(University of Wisconsin,
WI)
PthEV Ap" Tet" This work
adk®® Cml*

*Abbreviations: Rif* rifampin resistant; Cml" chloramphenicol
resistant; Ap" ampicillin resistant; Ter" tetracycline resistant; adk®s®,
B. subtilis adenylate kinase



complemented with chloramphenicol (7 mg/l) and
incubated at various temperatures in a Fisherbrand
Scientific Isotemp Forced Air Incubator 600 (+ 0.1°C).
Plates were screened for colony growth after 48 h.

DNA manipulation and sequencing

NUB3621-R genomic DNA was isolated using QIA-
GEN’s genomic-tip 20/G kit and used as template for
PCR reactions with degenerate primers for the ribosomal
genes rplO and rpmJ with primers L15_deg F
(5-CGGGATCCGGAGTTCGTCCGTGGTTYGARG-
GNGG-3") and L36_deg R (5-CGGGATCCTGTCG-
AATCACTTTGCAYTTNTCRC-3’). The PCR product
was sequenced by Lone Star Labs (Houston, TX, USA),
using primers SecYDEgF (5-CCGGAATTCATHC-
CNGTNATHTTYGCN-3") and MAPDEgR (5’-GGG-
AAGCTTRTTNACCATNGGYTCDAT-3’). The se-
quence information (gene bank # AY729037) was used to
design primers to amplify NUB3621-R secY, adk and
map genes. All PCR reactions were performed on a Pri-
mus PCR system (MWG Biotech) using the Expand
Long Template PCR System (Roche Applied Science).

Plasmid DNA was isolated with QUIAGEN’s Plas-
mid Maxi Kit. Restriction enzymes from Promega and
New England BioLabs were routinely used according to
the manufacturer’s instructions. DNA ligation reactions
were performed overnight at 20°C using Promega’s T4
DNA Ligase enzyme.

Southern blots

Approximately 5.0 ug of total DNA isolated from
NUB3621-R and NUB3621-R:ThEV cells was treated
with 10 units of EcoRI and HindIIl at 37°C overnight
and 2 ng of pl2ThEV was also similarly treated. The
DNA samples were then separated on a 0.6% agarose
gel. Transfer of DNA to Byodine B membrane (Pall Life
sciences) was performed according to the manufacturer’s
instructions. The same nylon membrane was used for
hybridization with different probes. Hybridization and
stripping procedures followed the membrane manufac-
turer’s protocol. DNA probes were generated using
the PCR DIG Probe synthesis kit and were detected
using the DIG Nucleic Acid Detection Kit (Roche
Applied Science), according to the manufacturer’s
instructions.

Southern blot probes

The probes used in the southern blots were amplified
from plasmid DNA with the following primers: B. subtilis
adk,adk_fand adk_r; G. stearothermophilus NUB3621-R
adk, Nub_ADK_F_Ndel and Nub_ADK_R_BamHI;
tet gene, Tet ATG_F_EcoRI and Tet STOP_R_EcoRI;
cat gene, dCATf and RC6.
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Oligonucleotide primers

The oligonucleotide primers used in this work were
purchased from Integrated DNA Technologies (Coral-
ville, IA, USA) and MWG Biotech (High Point, NC,
USA). Oligonucleotide primers used to amplify secY and
map genes from genomic DNA isolated from NUB3621-
R were NUB_LSecY_F_Sacl (5-CCG AGC TCG GTT
TTA ACA GCC GGA ACG-3’), Rec_SecY_R (CTG
CAG TTC GGG ATC CCC TCG CTC CCC CTC AG),
NUB_LMap R_Sphl (ACA TGC ATG CAG TGT
TAC GAA AAA CTG AAT GAA CAC C 3%, Re-
¢_Map_F (5-GGA TCC CGA ACT GCA TGA GCT
TCT CGG AGG-3’). Primers dCATf (5-GCT CTA
GAC ACT TTA GAT AAA AAT TTA GGA GGC-3")
and RC6 (5-TTT CTG CAG TTA TAA AAG CCA
GTC ATT AGG-3") were used to amplify the car gene
from plasmid pPW15(7) (39). Primers adk_F (5-CCG
CGG ATC CAT GAA CTT AGT CTT AAT GGG-3")
and adk_r (5-GCT CTA GAT CAT TTT TTT AAT
CCT CCA AG-3) were used to amplify the B. subtilis
adk gene from the pETADK vector. Primer WAC (5'-
GGT TTT ATT CAG GCG CTT GG-3") was used, in
combination with RC6, to confirm through PCR the
homologous recombination event. Primers for Southern
blots were Nub_ADK_F Ndel (5-GGA ATT CCA
TAT GAA TTT AGT ACT AAT GGG TTT GC-3');
Nub_ADK_R_BamHI (5-CGG GAT CCT TAT TGT
AAT CCT CCG AGA AGC-3’); Tet_ ATG_F_EcoRI
(5-CGA ATT CCC TAT TCA CAA TCG AAT TTA
CGA CAC AAC-3’); Tet STOP_R_EcoRI (5-GGA
ATT CCC CTT TGA GAA TGT TTA TAT ACA TTC
AAG G-3)).

Total adenine nucleotide extraction

Wild-type and recombinant NUB3621-R cells were
cultivated in liquid TS media containing rifamycin
(5 mg/l) in a New Brunswick Scientific BF3000 Bench-
top fermenter system. Cells were grown at 50°C up to an
0.D.599 of 0.5. A 50 ml aliquot of cell culture was then
transferred to a 250-ml Erlenmeyer and placed into a
New Brunswick Innova 4230 shaker set at 65°C and
255 rpm for the specified amount of time. For the
transient increase in temperature, cells were kept in the
fermenter throughout the duration of the experiment.
Cell culture samples (1.0 ml, in triplicates) were trans-
ferred to 9.0 ml of boiling Tris buffer (100 mM Tris
acetate pH 7.75, 4 mM EDTA). The samples were kept
at 100°C for 2 min. Samples were then chilled on ice,
centrifuged (2 min at 5,000 rpm at 4°C) and the super-
natant transferred to a new tube. Growth medium
samples were obtained by passing 10 ml of cell culture
through a 0.2-um filter (Millipore) and treated as de-
scribed above. Total adenine nucleotide samples were
kept on ice until assayed with the luciferase activity
assay. Two acid extraction methods (Swedes et al. 1975;
Kahru et al. 1990) were also employed.
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Total protein extraction

Total protein was extracted as described previously
(Swedes et al. 1975). An amount of 750 ul of cell culture
was added to 750 ul of an ice cold 10% HCIO, solution.
Samples were then centrifuged (10 min, 14,000 rpm) and
the pellet was brought back into solution with 100 pl of
50 mM phosphate buffer pH 7.3. Protein concentrations
were estimated using the Bio-Rad protein Assay
(Bio-Rad).

Sample preparation and the luciferase
activity assay

Sample preparation for the determination of ATP, ADP
and AMP concentrations was carried out as described by
Chapman and colleagues (1971). ATP concentrations
were determined by means of the luciferase reaction.
Firefly (Photinus pyralis) luciferase (1.13.12.7) and
luciferin (p-[-]-2-(6’-hydroxy-benzothiazolyl)-A ? -thiaz-
oline-4-carboxylic acid) were purchased from Roche
Applied Science. Sample preparation was performed
according to the manufacturer’s instructions. An ATP
sample of 50 ul was placed into a Greiner 96-well plate.
Fifty microliters of luciferase solution (50 mM Tris ace-
tate, pH 7.75, 2 mM EDTA, 60 mM DTT, 0.01% (w/v)
BSA, 10 mM magnesium acetate, 35 pM p-luciferin and
0.05 pg of luciferase) was added to the samples and the
plate was immediately placed on an Alpha Innotech
Fluorchem 5500. The signal was integrated from 1 to 60 s
and the ATP concentrations estimated through com-
parison with an ATP standard curve. AMP and ADP
were converted to ATP (Chapman et al. 1971) prior to
the luciferase experiments and their concentrations esti-
mated as follows: [AMP] = (J[ATP] + [ADP] + [AMP))
— ([ATP] + [ADP)); and [ADP] = ([ATP] + [ADP]) —
[ATP]. All measurements were performed in triplicate.

Purification of AK

Adenylate kinase was purified from natural abundance
as described in Barzu and Michelson (1983) (Barzu and
Michelson  1983). Wild-type and recombinant
NUB3621-R cells were grown for one night at 50°C and
200 rpm in 2 1 of mLB medium. Cells were harvested by
centrifugation (10 min at 5,000 rpm) and brought back
into solution by addition of 20 ml of buffer A (50 mM
Tris—HCI, pH 7.4, 1 mM MgCl,). Cells were kept on ice
and lysed by sonication on a Branson Sonifier 250
(5x30 s pulses at 70% duty cycle and an output control
of 7). Cell debris was removed by two rounds of cen-
trifugation at 20,000 rpm for 20 min. The crude extract
was filtered through a 0.2-um filter (Millipore) and then
applied in a Blue Sepharose 6 Fast Flow column
(9.0x1.2 cm) (Amersham Biosciences) equilibrated in
buffer A. The column was washed with buffer A until no
protein could be detected in the flow through. AK was
eluted by the addition of 0.5 mM of APsA. Fractions

containing ADK activity were concentrated using
Vivaspin concentrators (10,000 MWCO—Vivascience)
and applied to a HiLoad 16/60 Superdex 200 (Amer-
sham Biosciences) column equilibrated in buffer B
(Buffer A plus 100 mM NaCl). Fractions showing ADK
activity were concentrated using Vivaspin concentrators
(10,000 MWCO—Vivascience). Enzyme concentrations
were estimated using the Bio-Rad Protein Assay. The
enzyme was stored at —80°C.

AK activity assays

Adenylate kinase activity in the direction of ADP pro-
duction was determined by an end point coupled assay.
45 pl of reaction buffer (25 mM phosphate buffer,
pH 7.3, 5 mM MgCl,, 65 mM KCIl, | mM DTT, 2 mM
ATP) with 5 nM of NUB3621-R or NUB3621-R:ThEV
AK was kept at indicated temperatures for 3 min in a
Primus PCR system (MWG Biotech). The reaction was
started by addition of 5 pl of a 20 mM AMP solution
prepared in reaction buffer. A sample of reaction buffer
without addition of AK (blank) was treated in the same
manner as a control for AMP and ATP degradation at
various temperatures. After 2 min, the reaction was
stopped by adding 50 pl of an ice cold solution of 2 mM
P', P° -di(adenosine-5")pentaphosphate (ApsA). The
reaction mix was kept on ice. The secondary reaction
was started by transferring 90 pl of the primary reaction
to 710 ul of the NADH buffer (25 mM phosphate buf-
fer, pH 7.3, 5 mM MgCl,, 65 mM KCI, 1 mM DTT,
1.0 mM phosphoenolpyruvate, 10 pm/ml of lactate
dehydrogenase and 10 um/ml of pyruvate kinase). The
secondary reaction was allowed to proceed to comple-
tion at room temperature. ADP production by AK at
various temperatures was estimated by subtracting the
amount of NADH consumed from the NADH concen-
tration found for the blank reaction.

Results
Characterization of the adk gene in NUB3621-R genome

As the thermophilic Bacilli group is phylogenetically
diverse (Studholme et al. 1999), we determined the
location and sequence of the adk gene and its flanking
regions in the NUB3621-R genome. Based on the se-
quence information for strain S10 [Bacillus (Geobacil-
lus) stearothermophilus Genome Sequencing Project
http://www.genome.ou.edu/bstearo.html], we designed
degenerate primers (L15_deg F and L36 _deg R) to
amplify the region in between the rp/O and the rpmJ
genes from NUB3621-R genomic DNA. Sequencing the
region confirmed the location of adk between secY and
map in NUB3621-R (gene bank #AY729037) and that
the NUB3621-R adk gene is 73% identical to B. subtilis
strain 168 adk (79% at the protein level) and 77%



identical to G. stearothermophilus S10 adk (85% at the
protein level).

Construction of the homologous recombination plasmid

To study the impact of AK inactivation in the adenine
nucleotide homeostasis of a gram-positive thermophile,
we designed a homologous recombination plasmid
(Fig. 1a) to knock out NUB3621-R’s endogenous adk
gene and replace it with the B. subtilis adk gene, without
major disturbances to the S10- spc-alpha region. A
promoterless marker gene was also introduced, so that
true recombinants could be readily screened.

Based on the genome sequence of G. stearothermo-
philus NUB3621-R, we designed primers (NUB_LSe-
cy_F Sacl, Rec SecY R, NUB LMap R Sphl and
Rec_Map_F) to PCR amplify the last 1.0 kilobase pairs
(kb) of the secY gene and a 1.0-kb region downstream
from adk, consisting of the entire map gene and the 5
portion of the inf4 gene. The putative ribosome binding
sites found in this region (black boxes in Fig. 1a) were
kept to minimize perturbations of the original gene
organization and expression. We also designed primers
to PCR amplify the car gene (dCATf and RC6) from
pPWI15(7) (Wei and Stewart 1993) and the adk gene
(adk_f and adk_r) from pETADK plasmid. All PCR
fragments were sequentially cloned into pUCI19 (Ya-
nisch-Perron et al. 1985; Lin-Chao et al. 1992). The
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Fig. 1 Homologous recombination cassette and pl2ThEV con-
struct. a Schematic representation of the homologous recombina-
tion cassette showing its gene organization: secY pre-protein
translocase secY subunit; adk®® B. subtilis adenylate kinase; cat
chloramphenicol acetyl-transferase; map methionine aminopepti-
dase; infA initiation factor IF-I1. Relevant restriction sites are also
shown. b pl2ThEV construct showing the homologous recombi-
nation cassette (shown in a) and genes conferring antibiotic
resistance to ampicillin (amp) and tetracycline (zet). ¢ 1.0% agarose
gel showing PCR products amplified from pl12ThEV plasmid with
oligonucleotide primers for secY (lane 1), B. subtilis adk (lane 2), cat
(lane 3) and map/infA (lane 4) fragments found in the homologous
recombination cassette. Lane 5 Molecular weight marker (1.0 pg of
A DNA treated with Pst I). Genes are depicted as boxes and RBSs
as black bars. Approximate molecular weights are also shown
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homologous recombination cassette was also cloned into
an E. coli/G. stearothermophilus shuttle vector, pSTE12
(Narumi et al. 1992), resulting in the p12ThEV construct
(Fig. 1b). The pl2ThEV plasmid confers ampicillin
resistance in E. coli and tetracycline in G. stearother-
mophilus. It also carries a promoterless copy of the cat
gene.

Recombinant strain isolation
and characterization

In order to build a genetically stable recombinant strain,
we had to verify that the gene replacement had taken
place through a unique double homologous recombi-
nation event and that the pl2ThEV plasmid had been
lost. True recombinants were cells that underwent
homologous recombination and no longer carried the
pI2ThEV plasmid. In these cells, adk from B. subtilis
should be stably expressed. We also expected to observe
a temperature-sensitive phenotype for the recombinant
cells, since B. subtilis AK has a denaturation tempera-
ture (Tm) of 50.7°C (Glaser et al. 1992). Furthermore,
recombinant cells should be chloramphenicol resistant.
The stable introduction of the homologous recombina-
tion cassette allows expression of the promoterless cat
gene to be driven by the endogenous promoter sequences
found in the S10- spc-alpha region. Recombinant cells
cured for p12ThEV plasmid should also be tetracycline
sensitive.

Cells with the expected phenotype for a true re-
combinant were isolated after extensive selection using
replica plates complemented with tetracycline or chl-
oramphenicol and the incubation at different tempera-
tures. The temperature-sensitive, chloramphenicol-
resistant and tetracycline-sensitive cells were called
NUB3621-R:ThEV. We also determined the highest
growing temperature for NUB3621-R:ThEV cells to
be 56°C.

We performed PCR, DNA sequencing and Southern
blot analysis to confirm that the isolated recombinant
strain had, in fact, the correct genotype. NUB3621-R
genomic DNA sequencing revealed the presence of
HindIII and EcoRI recognition sites in the vicinity of the
homologous recombination cassette. We used these
enzymes to digest total DNA isolated from NUB3621-R
and NUB3621-R:ThEV cells. The same nylon
membrane containing NUB3621-R, NUB3621-R: ThEV
and plasmid pl12ThEV DNA treated with EcoRI and
HindlIl was probed for the presence of B. subtilis adk,
cat and tet genes. As shown in Fig. 3a, the adk probe
recognized a single DNA fragment in the recombinant
strain (lane 2) and a fragment of the same size in the
plasmid DNA control (lane 3). A similar result was
obtained when car was used as a probe (Fig. 3b, lanes 2
and 3). The tet probe recognized a fragment present in
the plasmid, but failed to recognize any fragments in the
recombinant strain sample, indicating that NUB3621-
R:ThEV cells do not carry the p12ThEV plasmid. Wild
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type NUB3621-R genomic DNA was not recognized by
any of the utilized probes.

DNA sequencing analysis of the region between secY
and map genes confirmed the insertion of the B. subtilis
adk and cat genes in the genome of NUB3621-R:ThEV
cells. It also showed that none of the genes in this region
had any mutations.

ADK activity in NUB3621-R:ThEV cells

Insertion of the recombination cassette into the genome
should drive the expression of B. subtilis AK at com-
parable levels found for NUB3621-R AK in wild-type
cells. Purification of AK from natural abundance in
wild-type and recombinant cells confirmed that both
bacterial strains express AK in similar amounts
(Table 2). Previous experiments have shown that
B. subtilis AK has a T, of 50.1°C, 25°C lower than its
counterpart from G. stearothermophilus (Glaser et al.
1992). So it was expected that the AK enzyme isolated
from NUB3621-R:ThEV should lose activity at a sig-
nificantly lower temperature than wild-type NUB3621-R
AK. Activity assays performed to estimate the rate of
ADP generation from ATP and AMP by AK at different
temperatures showed that, as expected, AK purified
from NUB3621-R:ThEV cells is more temperature sen-
sitive than AK isolated from NUB3621-R wild-type cells
(Fig. 4). NUB3621:ThEV AK reached its maximum
activity at 60°C and was dramatically reduced at higher
temperatures. In contrast, AK isolated from wild-type
NUB3621-R cells showed an activity maximum at 75°C
(Fig. 4).

Adenylate levels in NUB3621-R:ThEV cells

The physiological role of AK is to maintain the balance of
adenine nucleotide levels. The ratios between different
adenine nucleotides are directly reflected in the cell’s EC,
which can be used to measure a cell’s energy pool
(Atkinson 1968). Thus, in order to relate the observed
temperature-sensitive phenotype of NUB3621-R:ThEV
cells with the physiological role of AK, we measured the
adenylate EC of both wild-type and NUB3621-R:ThEV
cells under various growth conditions. In order to esti-

Table 2 Purification parameters for AK from NUB3621-R and
NUB3621-R:ThEV cells

Fraction NUB3621-R NUB3621-R:ThEV
Specific  Purification  Specific ~ Purification
activity  factor activity  factor
(U/mg)* (U/mg)*

Clarified lysate 338 1 369 1

Blue sepharose 1,432 4 1,562 5

Superdex 200 10,417 31 12,350 33

“Enzyme activities were measured at 20°C by the coupled reaction
method

mate EC, we had to extract total adenine nucleotide from
cells. Although two other extraction methods were at-
tempted, we found that for NUB3621-R cells the boiling
buffer method performed the best. As can be seen in
Table 3, both NUB3621-R:ThEV and wild-type cells had
similar energy charges at 50°C. EC values for wild-type
cells kept at 65°C for 30 min reached 0.45 and were
maintained at high levels even after 1 h at 65°C (EC =
0.41). Total protein levels also increased for wild-type
NUB3621-R cells kept at 65°C (Table 3). Total protein
levels found for NUB3621-R:ThEV cells kept at 65°C for
30 min were somewhat increased when compared to cells
growing at 50°C (1.40 mg/ml of culture vs. 1.07 mg/ml of
culture), but fell after 60 min at 65°C (0.61 mg/ml of
culture). High concentrations of adenine nucleotides
found in the media prohibited accurate EC measurements
for NUB3621-R:ThEV cells kept at 65°C for extended
periods of time. In contrast, these high background levels
were not observed for wild-type cells kept at 65°C.

To investigate the capacity of NUB3621-R:ThEV
cells to recover EC, we also investigated the changes in
EC after a transient increase in temperature. Cells
growing at 50°C were kept at 65°C for 20 min and the
temperature lowered to 50°C again. The EC for
NUB3621-R:ThEV and wild-type cells was measured
before temperature elevation, 20 min after the temper-
ature elevation to 65°C, and 20 min after the tempera-
ture was returned to 50°C. As can be seen in Table 3,
wild-type cells showed an increase in EC to 0.43 after
20 min at 65°C. Twenty minutes after the temperature
was returned to 50°C, EC values of the wild type cells
were similar (0.22) to its initial value of 0.20. Total
protein levels for wild-type cells also increased after the
temperature was raised to 65°C (1.91 mg/ml of culture),
and, after 20 min at 50°C, decreased to levels similar to
the initial ones. NUB3621-R:ThEV EC decrease from
0.16 at 50°C to 0.09 after 20 min at 65°C. EC values
could not be accurately measured after the cells were
returned to 50°C due to the high concentrations of
adenine nucleotides found in the media. Total protein
levels for NUB3621-R:ThEV cells remained constant
throughout the experiment (Table 3). NUB3621-
R:ThEV’s cell viability was also investigated after a
transient increase in temperature. NUB3621-R:ThEV
and wild-type NUB3621-R cell aliquots for every
experimental condition described above were serially
diluted and spread on solid media. The plates were then
incubated for 24 h at 50°C. For wild-type cells, no sig-
nificant decrease in cell viability could be observed after
incubation at the high temperatures. On the other hand,
only 0.001% of NUB3621-R:ThEV cells treated in
similar fashion were able to grow on solid media after
24 h at 50°C.

Discussion

We replaced the endogenous G. stearothermophilus adk
gene with that of B. subtilis adk using homologous
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Table 3 Energy charge and total protein levels for NUB3621-R and NUB3621-R:ThEV at different growth conditions

Growth condition NUB3621-R NUB3621-R:ThEV
EC Total protein EC Total protein
(mg/ml of culture) (mg/ml of culture)

Time at 65°C (min)* 0 0.22+0.003 1.43+£0.08 0.23+£0.031 1.07£0.06

30 0.45+0.015 2.45+0.34 ND 1.40+0.09

60 0.41£0.016 3.64+0.20 ND 0.61+0.09
Temperature 50 0.22+0.003 1.43+£0.08 0.16£0.006 1.29+0.04
shift (°C)®

50-65 0.43+£0.011 1.91+0.09 0.09£0.005 1.34+0.05

65-50 0.20£0.020 1.22+0.14 ND 1.26 £0.06

ND not determined (due to high media concentrations of adenylate
species)

4Cells were grown at 50°C in a benchtop fermenter, transferred to
flasks and kept in a shaker at 65°C for the indicated times

recombination. Recombinant NUB3621-R:ThEV cells
did not show any noticeable phenotype other than the
inability to grow at elevated temperatures (Fig. 2). This
suggests that the homologous recombination event did
not disturb the expression or organization of neighbor-
ing essential genes secY, map and infA (Shiba et al. 1984;
Chang et al. 1989; Breitling et al. 1994; Cummings
and Hershey 1994). Our results from PCR and Southern
blot analysis have shown that NUB3621-R:ThEV cells
carry a single, stable genomic copy of B. subtilis adk
(Fig. 3).

Expression of adk in gram-positive bacteria is driven
by two promoter regions found in the S10- spc-alpha
cluster (Suh et al. 1996; Li et al. 1997). Since the
B. subtilis adk gene in NUB3621:ThEV cells uses the
same promoter in the same operon context as wild-type
adk, we expected B. subtilis adk gene expression levels to
be comparable. Purification of AK from NUB3621-R
and NUB3621-R:ThEV cells showed that there is no
significant difference in the amount of enzyme expressed
by these two strains (Table 2). Furthermore, analysis of
chloramphenicol acetyl-transferase expression through
activity assays showed that the promoterless cat gene
found just downstream from B. subtilis adk in the
homologous recombination cassette was constitutively
expressed in NUB3621-R:ThEV cells and was not

Fig. 2 Temperature-sensitive
phenotype of NUB3621-
R:ThEV cells. Recombinant
NUB3621-R:ThEV and wild-
type NUB3621-R cells were
streaked on TS solid media
supplemented with the indicated
antibiotics. Plates were kept 24 h
at the indicated temperatures.
Wild-type NUB3621-R cells are
rifamycin resistant and grow

in the temperature range of
45-75°C. Following gene
replacement of its endogenous
adk gene with plasmid p12hEV
recombinant cells should be
rifamycin and chloramphenicol
resistant and have a temperature
sensitive phenotype

Antibiotic
Temperature

NUB3621-R
ThEV

NUB3621-R

Rifamycin
55°C

*Transient increase in temperature experiment. Cells were kept in
the fermenter for the entire experiment

influenced by the presence of chloramphenicol in the
media (results not shown). Thus, we are confident that
expression of the genes introduced by the homologous
recombination cassette was driven by the endogenous
promoter sequences found in the S10- spc-alpha region.

The maximum growing temperature tolerated by
NUB3621-R:ThEV cells was 56°C. In previous studies,
B. subtilis AK has been shown to have a T, of 50.7°C
(without substrate) (Glaser et al. 1992). The fact that
NUB3621-R:ThEV cells were able to grow at almost
5°C higher than the measured T,, for B. subtilis AK was
unexpected, but consistent with our enzyme activity re-
sults (Fig. 4). We also employed circular dichroism to
follow the temperature induced denaturation of AKs
isolated from wild-type and NUB3621-R:ThEV cells
(data not shown). The CD experiments show that
NUB3621-R:ThEV AK is, indeed, less stable than the
wild-type enzyme and corroborate our kinetics data. The
biochemical characterization of NUB3621-R AK will be
the subject of a following study.

Atkinson (1968) suggested using the adenylate energy
charge as a direct measurement of the metabolic state of
a cell (Atkinson 1968). EC has been shown to correlate
well with cell growth and protein production for several
organisms (Chapman et al. 1971; Swedes et al. 1975;
Glembotski et al. 1981; Kahru et al. 1982). In order to

Rifamycin +
Chloramphenicol
55°C

Rifamycin
65°C
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Fig. 3 Southern blot analysis of NUB3621-R:ThEV genomic
DNA. a Total DNA from NUB3621-R wild-type cells (WT); total
DNA from NUB3621-R:ThEV cells (Rec) and plasmid p12ThEV
control DNA (P/) were treated with HindIll and EcoRI, separated
on an 0.6% agarose gel and transferred to a nylon membrane. The
membrane was then hybridized with DIG labeled probes for B.
subtilis adk, cat or tet genes (depicted as boxes on top). b Schematic
representation of NUB3621-R:ThEV genome after gene replace-
ment. Genes are depicted as boxes and RBSs as black bars. The
approximate locations of relevant restriction sites are also shown
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Fig. 4 Temperature profiles for the activity of adenylate kinase
isolated from wild-type NUB3621-R (solid squares) and recombi-
nant NUB3621-R:ThEV (open circles) cells. AK was incubated at
indicated temperatures for 5 min. Substrates AMP and ATP were
added to the enzyme mixture and the reaction allowed to proceed
for 3 min at indicated temperatures. The reaction was stopped by
the addition of Ap5A. ADP production was estimated by the
degradation of NADH through a coupled assay containing
phosphoenolpyruvate, pyruvate kinase and lactate dehydrogenase.
Curves shown are the average of three independent experiments.
Error bars are shown for the standard deviations

investigate the metabolic attributes of NUB3621-
R:ThEV cells, we determined their EC values under
several growth conditions. Both wild-type and

NUB3621-R:ThEV cells had low EC values when grown
at 50°C (Table 3, footnote a). The low metabolic state
for both cell lines when grown at 50°C was reflected in
the slower doubling times and lower total protein con-
centrations (Table 3, footnote a). Wild-type cells at their
optimal growth temperature, 65°C, displayed an in-
crease in their energy charge values. More importantly,
higher EC values were accompanied by faster doubling
times and total protein concentrations (Table 3, foot-
note a). The transient increase in temperature experi-
ment also showed that, EC values for NUB3621-R
decreased 20 min after the cells were brought back from
65 to 50°C (Table 3, footnote b). Thus for G. stearo-
thermophilus NUB3621-R, energy charge values corre-
lated well with the metabolic state of the cells.

As AK have been shown to regulate cellular adenine
nucleotide homeostasis in other organisms (Glembotski
et al. 1981), we expected a decrease in EC values for
NUB3621-R:ThEV cells kept at nonpermissive temper-
atures when compared to wild-type cells. As expected, in
the transient increase in temperature experiment the
energy charge values were decreased in NUB3621-
R:ThEV after 20 min at 65°C (Table 3, footnote b).
Moreover, we could not rescue the original EC values
found at 50°C by returning the cells to permissive tem-
peratures  (Table 3, footnote b). Recombinant
NUB3621-R:ThEV cell viability was also dramatically
affected when cells were kept for 20 min at 65°C. Low
EC values and cell-viability found for NUB3621-
R:ThEV cells kept at 65°C were not accompanied by a
dramatic decrease in optical density or total protein
concentration, which seems to rule out cell lysis at high
temperatures. Rather, such low EC and cell viability
values may reflect a low metabolic state from which the
cells cannot be rescued, suggesting that once the aden-
ylate energy charge decreased beyond a critical threshold
value, viability cannot be restored. The low EC values
and cell viability found for NUB3621-R:ThEV at 65°C
correlated well with the temperature inactivation of AK



(Fig. 4). A similar result wass also observed for a tem-
perature-sensitive adenylate kinase mutant strain of
E. coli (Glembotski et al. 1981). These E. coli cells are
less viable and show lower EC values after having been
kept for 90 min at nonpermissive temperatures (Glem-
botski et al. 1981).

Unfortunately, high background levels of adenine
nucleotides found in the media did not allow accurate
determinations of EC values to be made on NUB3621-
R:ThEV cells kept at 65°C for extended periods of time
(Table 3). For E. coli cultures, up to 15% of the total
adenine nucleotides have been found in the media
(Glembotski et al. 1981) and this value is considerably
higher, up to 35%, for an adenine-requiring mutant of
E. coli growing under an adenine-starvation regime
(Swedes et al. 1975). This suggests that, when E. coli cells
are grown under stressful conditions, more adenine nu-
cleotides are found in the media. The optimal tempera-
ture for wild-type G. stearothermophilus NUB3621-R is
65°C. At 50°C, the cell doubling time and EC values are
significantly lower, while adenylate concentrations in the
media increase, suggesting cell stress. Recombinant
NUB3621-R:ThEV cells are also under stress at 50°C,
but for the opposite reason. For NUB3621-R:ThEV
cells, 50°C is fairly close to the nonpermissive tempera-
ture of 56°C, and thus doubling time and EC values
decrease and medium adenylate levels rise concomitantly
with rising temperature and stress.

At least one example exists of AK function being
complemented by the overexpression of a double mutant
mouse guanylate kinase in E. coli (Stolworthy and Black
2001). We are confident that no similar complementa-
tion mechanism is taking place in NUB3621-R:ThEV.
The low EC values observed for NUB3621-R:ThEV
cells growing at 65°C coincides with the temperature
inactivation of NUB3621-R:ThEV AK (Fig. 4) and the
strain’s observed temperature-sensitive phenotype
(Fig. 2). Collectively, these results suggest that in
NUB3621-R cells, AK is essential for maintaining the
high cellular ATP concentrations required for growth
and that no other enzyme complements AK’s function in
cellular adenine nucleotide homeostasis in NUB3621-R
cells.

Even though AK belongs to a diverse family of en-
zymes (Glaser et al. 1992; Ferber et al. 1997; Vonrhein
et al. 1998; Munier-Lehmann et al. 1999), its function
has been shown to be essential for cell viability in
organisms as diverse as E. coli (Glembotski et al. 1981),
a gram-negative, mesophilic organism and the eukary-
otic fission yeast Schizosaccharomyces pombe (Konrad
1993). The results described in this work demonstrate
that no other gene complements AK’s function in the
phosphotransfer network of the gram-positive thermo-
phile bacillus NUB3621-R. Moreover, an active AK is
essential for maintaining high adenylate energy charge
and cell viability in this organism.

To our knowledge, this is the first report of gene
replacement in moderate thermophilic bacilli. Replacing
the gene of interest with a mesophilic counterpart
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in NUB3621-R may prove useful in understanding
key cellular processes in this important group of
organisms.
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