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Superiority of the PCR-based approach for cloning the acetate
kinase gene of Clostridium thermocellum
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Cloning of Clostridium thermocellum acetate kinase ( ack) and/or phosphotransacetylase ( pta) genes in Escherichia
coli by functional complementation of ack and/or pta mutants was complicated by an alternative acetate assimilation
pathway involving acetyl-CoA synthetase (ACS). In addition to the problems encountered with the complementation
approach, cloning of these genes was not readily achieved using heterologous probing with corresponding genes
from Escherichia coli and Methanosarcina thermophila due to the lack of sufficient homology. The use of a PCR-
based approach, on the other hand, yielded a specific C. thermocellum gene fragment which showed significant
sequence identity to the ack gene for which primers were designed. The subcloned ack fragment was then success-
fully used as a probe for the isolation of the corresponding gene and restriction analysis of that region.
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Introduction

The cellulolytic ethanol-producing thermophilic bacterium
Clostridium thermocellumhas potential for the direct
microbial conversion of cellulosic biomass to ethanol by
combining cellulase production, hydrolysis and fermen-
tation in a single bioreactor [23]. However, coproduction
of organic acids (eg acetate and lactate) by the organism
imposes an important barrier since high ethanol selectivity
is an absolute requirement for a practical process. Strain
development has been undertaken to increase selectivity in
Clostridiumspecies by mutagenesis combined with screen-
ing [1,22] or selection [26,29,34]. However, the failure of
this type of approach to yield stable high-yielding strains
[17,18,29] suggests that the probem can better be handled
using a directed genetic approach.

In Escherichia coliand many anaerobic bacteria, acetate
formation provides a major source of ATP during anaerobic
growth [35]. Acetyl CoA is converted to acetyl phosphate
by phosphotransacetylase (PTA) followed by hydrolysis to
acetate by acetate kinase (AK). For the aim of developing
genetic tools required for pathway engineering inC. therm-
ocellum, the cloning andin vitro manipulation ofackand/or
pta genes appear to be a logical first priority since the
organism typically produces more acetate than lactate
[5,37]. Both genes have been cloned and characterized from
E. coli [13,24,25,41] andMethanosarcina thermophila
[19,33]. TheBacillus subtilis ackgene was also identified
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on the basis of sequence similarity to theE. coli ackgene
[12]. Recently these genes have also been cloned fromClo-
stridium acetobutylicum[3,39]. In this organism, acid for-
mation pathways were genetically manipulated with the aim
of increasing solvent production [11]. PTA has been pur-
ified from Clostridium thermoaceticum[7], Clostridium
acidiurici [28] andClostridium kluyveri[15], and the puri-
fication of AK from C. thermoaceticum[32] andC. aceto-
butylicum [6,39] as well as the properties of AK in cell
extracts ofC. thermocellum[21] have been reported.

In an attempt to cloneackand/orpta genes fromC. ther-
mocellumin E. coli, we have been investigating three dif-
ferent strategies: (i) heterologous complementation; (ii) het-
erologous probing; and (iii) PCR-based amplification of a
C. thermocellum ackfragment and homologous probing.
We now describe amplification of anack fragment as well
as its use as a probe in the isolation of the corresponding
gene, and restriction analysis of that region.

Materials and methods

Materials
Restriction endonucleases were purchased from New
England Biolabs (Beverly, MA, USA). The pGEM-T vector
system was from Promega Corp (Madison, WI, USA).
Recombinant plasmids pML702 [19], pML703 [19] and
pAK222 [41] were furnished by J Ferry and E Nakano,
respectively. Isopropyl-b-d-thiogalactopyranoside (IPTG),
5-bromo-4-chloro-3-indolyl-b-galactoside (X-gal), ampicil-
lin, acetyl phosphate and lithium CoA were obtained from
Sigma Chemical Co (St Louis, MO, USA). The nonradioac-
tive labeling and detection kit was obtained from Boeh-
ringer Mannheim Biochemicals (Indianapolis, IN, USA).
Oligonucleotide primers were synthesized in a Perkin
Elmer Applied Biosystems (Norwalk, CT, USA) Model
392 DNA synthesizer. The target DNA was amplified using
the PCR core kit supplied by Boehringer Mannheim, in a
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programmable thermocycler (PTC-100, MJ Research, Wat-
ertown, MA, USA). PCR products were purified using a
QIAquick PCR purification kit (Qiagen, Chatsworth, CA,
USA) and sequenced using an ABI PRISM dye terminator
cycle sequencing ready reaction kit from Perkin Elmer
Cetus Corp. Nytran positively charge-modified membranes
were from Schleicher and Schuell (Keene, NH, USA). The
Bradford protein dye reagent was obtained from Biorad
(Hercules, CA, USA). All other materials were of reagent
grade.

Bacterial strains and growth media
C. thermocellumATCC 27405 [10] was grown in batch
culture in MTC medium [38].E. coli DH5a (F− recA1 hsd
R17(rk

− mk
−) supE44 thi-1 gryA relA1) was grown in LB

medium at 37°C with shaking (250 rpm). Ampicillin
(100mg ml−1) was added when necessary.E. coli TA 3472
(wild-type) and its mutants (TA 3514,pta; TA 3515, ack;
and TA 3516,D(pta-ack-hisQ-hisP) which were kindly pro-
vided by G Ferro-Luzzi Ames [20] were grown by shaking
in minimal salts medium [27] containing glucose and/or
acetate at the concentrations indicated in the text plus histi-
dine (40 mg L−1). Media contained 1.5% agar when the
cells were grown on agar plates.

Preparation of cell-free extracts and enzyme assays
Cells were grown overnight at 37°C in 30 ml of minimal
salts medium containing 25 mM acetate and 1% glucose.
Harvested cells were washed with 50 mM Tris buffer (pH
7.4) and resuspended in 1.5 ml of the same buffer contain-
ing 20 mM potassium chloride, 2 mM dithiothreitol and
0.1 mM phenylmethylsulfonyl fluoride. Cells were dis-
rupted by sonication for 1.5 min and crude extracts were
obtained by centrifugation (30 000× g, 1 h). AK and PTA
activities were measured by the methods described by
Schaupp and Ljungdahl [32] and LeVineet al [20], respect-
ively.

DNA techniques
Genomic DNA was isolated using the method described
by Klapatchet al [14]. Small-scale plasmid isolation from
E. coli, restriction endonuclease digestion, agarose gel
electrophoresis, Southern blotting and bacterial transform-
ation were carried out by standard methods [30]. Digoxy-
genin-labeling of DNA and detection were done according
to the manufacturer’s instructions. Homologous probing
was performed under high stringency conditions which
involved the use of tetramethylammonium chloride
(Me4NCl) to equalize the strength of binding of ATvs GC
base pairs [40]. After prehybridization for 3 h and hybridiz-
ation for 16–20 h at 68°C, the membranes were rinsed twice
with 6× saturated saline citrate (SSC) solution at 4°C for
30 min. This was followed by washing twice at 37°C in 2×
washing solution (2× SSC+ 0.1% sodium dodecyl sulfate
(SDS)), each for 15 min, and then twice in 0.1× washing
solution (0.1× SSC + 0.1% SDS) each for 1 h at 68°C.
The membranes were then rinsed in Me4NCl solution (3 M
Me4NCl + 50 mM Tris HCl, pH 8.0+ 2 mM EDTA + 0.1%
SDS) at 37°C for 20 min and at 55°C for 20 min, respect-
ively.

Polymerase chain reaction and sequencing
Reaction mixtures (50ml) contained PCR buffer (100 mM
Tris HCl, pH 8.3, 500 mM KCl and 2.5 mM MgCl2),
0.2 mM of each of dATP, dCTP, dTTP and dGTP, 1.4 mM
of each primer, 2.5 U Taq polymerase and 0.25mg template
DNA. The cycle program involved an initial denaturation
for 4 min at 94°C, followed by 35 cycles of denaturation
(1 min at 94°C), annealing (1 min at 50°C) and extension
(1 min at 72°C). Gel-purified PCR products were
sequenced using the dideoxy chain termination method [31]
and the data were analyzed using SeqEd 1.0.3 analysis
software. The sequence data were compared to those
obtained from the Experimental GENINFO BLAST Net-
work Service of the National Center for Biotechnology
Information.

Results

Complementation-based approach
E. coli TA 3516 was transformed with pAK222 (pUC19
plasmid containingack and pta genes ofE. coli). The
resulting strain, TA 3516 (pAK222), overexpressed both
genes as revealed by specific enzyme activities (data not
shown) and was used as a positive control for testing the
utility of the complementation approach. Theack mutants
showed no AK activity whereas thepta strains showed
diminished PTA activity. When growth of these mutants
on minimal acetate (25 mM) plates with or without glucose
(0.1%) was compared to that of the wild-type (TA 3472),
no difference could be detected. With acetate as the sole
carbon source, the colonies always formed at 48–72 h incu-
bation and the size and number of colonies of wild-type
and mutants were very similar. Kumariet al [16] reported
that wild-typeE. coli cells grow well on acetate across a
wide range of concentrations (2.5–50 mM) whilepta and
ack mutants grow poorly on high concentrations
(.25 mM). TA mutants and the wild-type were therefore
compared for their ability to grow on increasing concen-
trations of acetate with the hope of finding a concentration
which could be used in a reliable complementation system.
However, such a concentration was not found, as
described below.

Heterologous probing
M. thermophila pta, M. thermophila ackand E. coli ack,
pta genes were isolated as a 1.0-kbBamHI-NdeI fragment
and as 1.2-kb and 6-kbEcoRI-HindIII fragments from the
plasmids pML702, pML703 and pAK222, respectively.
Each fragment was gel-purified, labeled and tested as a
probe for hybridization under low-stringency conditions
with restrictedC. thermocellumchromosomal DNA. No
positive signals were obtained althoughM. thermophilaand
E. coli ack genes (but notpta genes) gave weak cross-
hybridization when tested against each other as heterolog-
ous probes. Thus, the cloning ofC. thermocellum ack
and/orpta genes was not readily achieved using heterolog-
ous probing with corresponding genes fromE. coli and
M. thermophila.
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PCR-based approach
Degenerate oligonucleotide primers were designed to amp-
lify fragments of genes coding forack and pta. Primer
design involved selection of 20–25 bp sequences that exhi-
bit a high degree of conservation among different species
while minimizing degenerate codons. The codon prefer-
ences ofC. thermocellumwere also taken into consider-
ation. Using the primers 5′-TGC CAT TT(A/G) GGA AAT
GG(A/T) GT(A/T) AG-3′(forward: 8-fold degeneracy) and
5′-CC TAT TCC TCC (A/T)GT (A/G)AA (A/T)AC-
3′(reverse; 8-fold degeneracy), corresponding to the
sequences CHLGNGVS and VFTGGIG of AK, respect-
ively, a 320-bp PCR product of predicted size was obtained
which showed significant sequence identity for both amino
acids and nucleotides of the conserved region of theack
gene for which primers were designed (Table 1). On the
other hand, none of the primer pairs designed forpta could
successfully amplify the corresponding gene sequences.
The design forpta has involved the amino acid sequences,
IAQAVLVG, GIDVPRVA, and AGKADFIF.

The 320-bpack fragment was then subcloned inE. coli
DH5a using the pGEM-T vector. A 242-bpKpnI-BglI ack
fragment (bases 59–301 in the amplification product) reco-
vered from the resulting recombinant plasmid gave a strong
signal when probed to the original PCR product, and its
identity to the amplified fragment was further confirmed by
restriction analysis (data not shown).

C. thermocellumgenomic DNA was completely digested
with different endonucleases, blotted and analyzed for sig-
nals with theack-PCR probe (Figure 1). Hybridizing single
fragments were:SmaI, 11.2 kb; ClaI, 10.6 kb; SacII, 9.1
kb; HindIII, 7.9 kb; NcoI, 5.2 kb; SphI, 5.2 kb; SacII-Hind
III, 1.8 kb, BamHI 1.3 kb andPstI, ca 0.3 kb. Also, each
of the SalI, SacI, XhoI, andXbaI digestions yielded single
fragments of.12 kb.

Discussion

Our results indicate that the complementation-based
approach employing AK-PTA pathway mutants does not
provide an effective screening system for cloning ofC.
thermocellum ackand/orptagenes inE. coli. An alternative
acetate assimilation pathway mediated by acetyl CoA syn-
thetase (ACS) [2] probably accounts for the ability of
mutant strains to grow effectively on acetate as the sole
carbon source. The AK-PTA pathway has been thought to
be the major route for acetate utilization, with ACS provid-
ing activation of only a small amount of acetate [4]. It has
also been argued that a low-affinity AK-PTA pathway acti-

Table 1 Sequence identity of an amplified 320-bpack fragment to
known ack genes

Amino acid Nucleotide Organism [Reference] for
identity (%) identity (%) sequence comparison

61 60 Methanosarcina thermophilia[41]
57 59 Escherichia coli[25]
58 — Bacillus subtilis[12]
61 — Mycoplasma genitalium[9]

Figure 1 Hybridization of restriction endonuclease-digestedC. thermo-
cellumgenomic DNA with digoxygenin-labeled 242-bp putativeackPCR
fragment as the probe. In (a) and (b), the left panel shows agarose gel (1%;
w/v) stained with ethidium bromide; the right panel shows hybridization of
DNA in the left panel with the probe. Numbers are kilobases. (a) Lane
1, probe DNA (positive control); lanes 2–4, genomic DNA digested with
BamHI (lane 2),HindIII (lane 3) or NcoI (lane 4). (b) Lane 1, uncut gen-
omic DNA; lanes 2–6 are genomic DNA digested withSalI (lane 2),SacI
(lane 3),SacII (lane 4), PstI (lane 5), orSphI (lane 6).
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vates acetate only when that molecule is present extracellu-
larly at a high concentration ($25 mM) while a high affin-
ity ACS system scavenges extracellular acetate present at
relatively low concentrations, ie# 10 mM [4,16]. We
observed no difference with respect to acetate utilization
between the wild strain and its AK-PTA pathway mutants.
Moreover, the mutant strains grew even more efficiently on
high acetate concentrations, ie 25 and 60 mM. This sug-
gests that in spite of its much higher affinity for acetate,
ACS can process acetate sufficiently fast to reduce the tox-
icity of high concentrations [4,8].

A comparison of the DNA sequences ofE. coli and
M. thermophila ack genes showed 53% identity [19],
accounting for their weak cross-hybridization obtained in
our study. The lack of any signals withC. thermocellum
DNA indicated that the homology betweenackgenes from
the above-mentioned species is higher than their homology
to the corresponding gene fromC. thermocellum. In the
literature, there are examples of success with heterologous
probing for cloning genes from clostridia [42], but this
approach was not successful in our study.

The size of the 320-bpack-PCR product was as expected
from the size of the amplified gene region. This fragment
showed significant sequence identity to the knownack
genes. Furthermore, it hybridized to a specific sequence in
C. thermocellum DNA in Southern blot experiments,
strongly suggesting that a part of theackgene was correctly
amplified in the reaction. This fragment may be particularly
useful to clonepta as well, sinceack and pta genes are
adjacent in most organisms in which they have been located
[13,33,36]. The present study identified the genomic frag-
ments encompassing the sequences hybridizing to theack
gene probe, and studies are in progress to construct subgen-
omic libraries for cloning of the gene.
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