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Abstract

A gene encoding a new butyrate kinase isozyme (BKII)
was identified from the C. acetobutylicum ATCC 824
DNA database. The enzyme was expressed in
Escherichia coli, purified, and characterized. The
purified enzyme exhibited a subunit molecular mass
of 43 kDa by SDS-PAGE, and a native molecular mass
of 80 kDa by gel filtration suggesting it functions as a
dimer. In the butyryl phosphate-forming direction the
optimal pH of BKII was 8.5. The enzyme had a Km of
0.62 M and a turn over rate of 2.2 × 105/sec (Vmax of 165
units/mg). The presence of a mRNA encoding the BKII
was demonstrated using a reverse transcription PCR
reaction. The expression of the BKII in Clostridium
acetobutylicum ATCC 824 was further examined by
Western blot analysis using a polyclonal antibody
prepared against recombinant BKII.

Introduction

Clostridium acetobutylicum has a long history of industrial
interest because of its biphasic fermentation of sugars to
produce acetic and butyric acids in the acidogenic phase,
and then acetone, butanol and ethanol in the solvent phase
(Jones and Woods, 1989). The recent availability of the
genomic sequence for C. acetobutylicum ATCC 824 has
allowed a more complete analysis of major metabolic
enzymes in the organism. Two enzymes,
phosphotransbutyrylase (PTB) (EC 2.3.1.8) (Valentine and
Wolf, 1960) and butyrate kinase (BK) (EC 2.7.2.7)
(Hartmanis, 1987) play a key role in the production of
butyrate and in the energy metabolism of the organism
(Valentine and Wolf, 1960). BK also catalyzes the reversible
formation of butyryl phosphate from butyrate with
dephosphorylation of ATP, which is an important step in
utilization of butyrate to form butanol during the
solventogenic phase of fermentation. We have previously
cloned the buk gene encoding butyrate kinase (BKI) (Cary
et al., 1988), that clusters with the gene expressing PTB.
The functional cloning of this operon from C. acetobutylicum
ATCC 824 was accomplished by complementing the E.
coli atoD32 mutant LJ32 which lacks butyrate kinase activity
(Jenkins and Nunn, 1987). The buk gene identified from

C. beijerinckii NCIMB 8052 (Oultram et al., 1993) also
clusters with the corresponding ptb gene in a similar
arrangement. In addition, butyrate kinase activity has been
detected in crude extracts of other clostridia, such as
Clostridium tetanomorphum and Clostridium pasteurianum
(Twarog and Wolfe, 1963).

In previous work, disruption of the buk gene in
Clostridium acetobutylicum ATCC 824 significantly reduced
butyrate kinase activity but did not completely eliminate
enzyme activity or butyrate formation (Green et al., 1996).
This result prompted us to search for another putative gene
encoding for butyrate kinase. Here we report the
identification and characterization of a second butyrate
kinase from C. acetobutylicum ATCC 824.

Results and Discussion

Sequence Analysis
The newly available C. acetobutylicum DNA sequence
database (http://www.ncbi.nlm.nih.gov/BLAST/
unfinishedgenome.html) made possible the identification
of an additional gene putatively encoding a butyrate kinase
activity. We performed a blast analysis on the C.
acetobutylicum DNA sequence database and found an
open reading frame that showed high homology with the
previously cloned butyrate kinase from the same strain
(Cary et al., 1998) (similarity 79%, identity 63%), the
butyrate kinase from C. beijerinckii NCIMB 8502 (Oultram
et al., 1993) (similarity 78%, identity 61%) and Bacillus
subtilis branched chain fatty acid kinase (accession number
P54532) (similarity 75%, identity 54%) (Figure 1). The
previously cloned butyrate kinase gene clusters with PTB,
which is an essential gene for biosynthesis of butyrate.
This newly identified butyrate kinase gene does not cluster
with any other identified acid- or solvent-related genes.

Expression and Purification of BKII
In an initial attempt to express the butyrate kinase gene in
E. coli, the full-length butyrate kinase gene was amplified
by PCR from C. acetobutylicum DNA. A NdeI and XhoI
fragment from the initial plasmid clone, pCRBK, was
inserted into the commonly used expression plasmid,
pET28a, which carries a T7 promoter. Significant quantities
of butyrate kinase were detected in extracts of E. coli
BL21(DE3)/pET28BK (data not shown). Unfortunately, the
expressed protein formed insoluble inclusion bodies even
when the concentration of IPTG and temperature of
induction and the host strain were varied. To overcome
this problem, we turned to the expression vector
pET32a(+),also carrying a T7 promoter and producing a
thioredoxin fusion protein, which enhances the solubility
of the expressed protein in E. coli (Lunn et al., 1984; Lavallie
et al., 1993; Huang et al., 1998a; Huang et al., 1998b). A
histidine tag is also present to allow simple purification.
The constructed plasmid pET32BK was transformed into
E. coli BL21(DE3). IPTG induction of the E. coli BL21(DE3)/
pET32BK resulted exclusively in inclusion body formation
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Figure  1. Alignment of amino acid sequence of butyrate kinase proteins. The amino acid sequence from C. acetobutylicum ATCC 824 BKI (Accession
number L14744), C. beijerinckii NCIMB 8052 butyrate kinase (Accession number L04468); B. subtilis putative branched-chain-fatty-acid kinase (Accession
number P54532) are aligned. Positions with 100% identical amino acids are shaded and boxed.
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when the induction temperature was 37°C, but significant
levels of soluble butyrate kinase protein and enzyme activity
were detected in the extracts of E. coli BL21(DE3)/
pET32BK when the induction temperature was lowered to
20°C (Figure 2). The protein extract from E. coli BL21(DE3)/
pET32BK was loaded onto a His-binding metal affinity
column. Following elution from metal affinity resin, a single
protein band at about 60 kDa was observed on 12.5% SDS-
PAGE (Figure 2). The predicted molecular mass from the
amino acid composition is 43 kDa. The fusion protein
produced from E. coli BL21(DE3)/pET32BK displays a
mass of ca. 17 kDa greater than estimated for the native
protein due to the size of the thioredoxin module (12 kDa).
The recombinant butyrate kinase from a 50-ml culture was
readily purified to homogeneity (>90%) in a single step
(Table 1). The overall yield of the purification procedure
was 35%, corresponding to 0.17 mg of purified recombinant
BKII.

Characterization of BKII
To test the substrate specificity of this BKII, other substrates
including sodium acetate and sodium propionate were used
for the reaction in the butyryl-phosphate forming direction.
Both substrates showed less than 1% of activity compared
to the activity observed for sodium butyrate. With BKI the
relative activity for acetate was 6% and for propionate was
43% (Hartmanis, 1987). The dependence of the butyrate
BKII activity on pH is shown in Figure 3, suggesting an
optimal pH of 8.5. The optimal pH for the butyrate kinase
isolated from wild type Clostridium acetobutylicum ATCC
824 (Hartmanis, 1987) was reported as pH 7.5. The Km of

BKII for sodium butyrate was determined as 0.62 M, Vmax
was 165 units/mg. Compared to the Km (14 mM), Vmax (402
units/mg) of the butyrate kinase isolated from wild type
Clostridium acetobutylicum (Hartmanis, 1987), the higher
Km and lower Vmax of this enzyme may be due to the fused
thioredoxin protein included in the construct of pET32BK
or may reflect the metabolic role of the enzyme. We tried
to remove the fused thioredoxin using the Enterokinase
Cleavage Capture Kit (Novagen). Unfortunately, the BKII
activity became very unstable.

Reverse Transcription and PCR Analysis of mRNA
Because there are two apparent butyrate kinase genes in
C. acetobutylicum ATCC 824, analysis of enzyme activity
does not indicate whether the second butyrate kinase is
expressed or what its role might be. To demonstrate the
presence of a mRNA encoding this butyrate kinase, primers
corresponding to specific regions of the butyrate kinase
(BKII-R and BK-2) were synthesized, and RNA template
was isolated from C. acetobutylicum ATCC 824 cells. After
reverse transcription and PCR amplification, a fragment of
approximately 0.75 kb was observed (Figure 4, lane 2 and
3), which corresponded to the expected size based on the
DNA sequence (754 bp). This RNA was expressed at
highest levels in the acid phase (Figure 4, lane 2). A control
PCR reaction in which the RNA-dependent reverse

Figure 2. SDS-PAGE analysis of fractions of each purification step of BKII
at 20 °C.  Samples were analyzed by electrophoresis on a 12%
polyacrylamide gel. The resulting gel was stained with Coommassie blue
R-250. Lanes 1 and 4, Purified BKII-thioredoxin fusion protein (1.5 µg and
0.5 µg); lane 2, soluble protein from E. coli BL21(DE3)/pET32BK (12 µg) ;
lane 3, total protein from induced E. coli BL21(DE3)/pET32BK (15 µg);
lane M, molecular mass standard in kDa.

Table 1. Purification of BKII from a 50 ml culture of
E.coli BL21(DE3)/pET32BK

        Step Total Protein Total Activity Specific Activity Recovery
(mg) (units) (units/mg) (%)

  Supernatant 8.7 20.7 2.4 100
Affinity Column 0.17 7.1 41.7 35

Figure 3. BKII activity as a function of pH.  BKII activity was measured by
the standard assay in which 0.15 M MES buffer was used from pH 5.5 to 6
and 0.15 M Bis-Tris propane was used from pH 6.5 to 9.5.

pH
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transcriptase was not added showed no PCR product
(Figure 4, lane 1), indicating the PCR product did not arise
from amplification of contaminating chromosomal DNA in
the RNA template preparation.

Western Blot Analysis of Crude Lysates from Wild Type
C. acetobutylicum, buk Mutant C. acetobutylicum
(PJC4BK), and E. coli DH10B/pJC6
The Western blot analysis of BKII is shown in Figure 5.
The rabbit anti-BKII serum produced from purified BKII was
used to react with the crude lysates from wild type C.
acetobutylicum , recombinant E.coli DH10B overexpressing
butyrate kinase I of C. acetobutylicum, and the mutant strain
C. acetobutylicum (PJC4BK) in which the butyrate kinase
I gene (buk) is inactivated. As a positive control, the anti-
BKII serum was reacted with 0.37 µg protein extract of
E.coli DH10B/pET32BK overexpressing the recombinant
BKII containing a fused protein, shown from the band at
about 60 kDa (lane 1). The anti-BKII serum was also able
to react with 0.3 µg protein extract ofE.coliDH10B/pET28BK
which produces a significant amount of insoluble BKII,
shown from the band of molecular mass of about 43 kDa
(lane 2). The strong band shown in lane 3 confirmed the
expression of butyrate kinase in wild type of C.

acetobutylicum. Since BKI is highly homologous with BKII,
BKI was also found to cross react with anti-BKII serum
when a large amount of protein (19 µg) was used (lane 4).
Lane 5 showed that there is no detected cross-reaction of
BKI with anti-BKII serum when a small amount of BKI (0.7
µg) was used. Lane 6 showed that there is no detected
butyrate kinase expression in the buk mutant strain C.
acetobutylicum (PJC4BK) (Green et al., 1996) even large
amount of protein extract (71 µg) was used. The result
suggested that expression of butyrate kinase found in wild
type clostridium acetobutylicum (shown as the strong band
in lane 3) presumably corresponds to cross-reacting BKI.
It is possible that BKII expressed in C. acetobutylicum might
be unstable and degraded upon cell lysis under our
experimental conditions but given the kinetic properties of
the enzyme it may not be functional in butyrate formation
under the conditions of this study. The remaining 20% of
butyrate kinase activity found in the mutant strain with BKI
deleted poses an intriguing question as to where that
activity arises.

The results presented here showed that there are at
least two butyrate kinases that exist in C. acetobutylicum
ATCC 824. The existence of two or more different enzymes
that catalyze the same reaction to meet different metabolic
needs is not uncommon. For example, Clostridium
cylindrosporum (Sly and Stadtman, 1963) possesses two
different formate kinases, which function in the formate-
phosphorylating direction. One catalyzes the reversible
reaction allowing phosphorylation of ADP. The previously
cloned butyrate kinase (BKI) also catalyzes the reversible

Figure  4. RT-PCR analysis of mRNA from C. acetobutylicum ATCC 824
cells. The RNA was isolated and subjected to RT-PCR analysis with BKII-
R and BK-2 primers  as described under Experimental Procedures. Lane
1, with no MuLV reverse transcriptase; lane 2, RNA isolated from 15 h
cells; lane 3, RNA isolated from 25 h cells; lane M, λ HindIII / EcoRI size
marker.

Figure  5. Western blot analysis of protein from C. acetobutylicum  strains.
The crude lysate from wild type C. acetobutylicum  (solvent phase), mutant
strain C. acetobutylicum (PJC4BK) (solvent phase), and E. coli DH10B/
pJC6 are shown.  Lane 1, protein extract (0.37 µg) from E.coli DH10B/
pET32BK; lane 2, protein extract (0.3µg) from E. coli DH10B/pET28BK;
lane 3, protein extract (60 µg) from wild type C. acetobutylicum  ATCC 824;
lane 4, protein extract (19 µg) from E.coli DH10B/pJC6; lane 5, protein
extract (0.14 µg) from E.coli DH10B/pJC6, and lane 6, protein extract (71
µg) from mutant C. acetobutylicum  (PJC4BK) were separated by 12%
SDS acrylamide gel and  transferred to nitrocellulose membranes as
described under Experimental Procedures. Membranes were then probed
with anti-BKII serum (1:3000), followed by detection with peroxidase-coupled
goat anti-rabbit  immunoglobin G (1:30000) and visualized by enhanced
chemiluminescence (ECL). The molecular weights deduced from protein
standard (Fisher Scientific) are indicated on the left.
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formation of butyryl phosphate, and can phosphorylate
valerate, isobutyrate and propionate (Hartmanis, 1987).
The second butyrate kinase (BKII) does not have kinetic
properties consistent with a role in butyrate formation. It
might be involved in butyrate uptake but the lack of protein
expression suggests that it may not function in the pathway.
The origin of the observed butyrate kinase activity in the
BKI deleted strain may be due to other kinases with
overlapping specificity or to another butyrate kinase with
less sequence homology than that observed with BKI and
BKII.

Experimental Procedures

Materials and General Procedures
C. acetobutylicum ATCC 824 was cultivated in liquid medium as described
by Cary et al. (1988). The mutant strain PJC4BK in which the butyrate
kinase I gene is inactivated was cultivated in liquid medium as described
by Green et al. (1996). The E. coli strain DH10B/pJC6 carrying the previously
cloned butyrate kinase (BKI) gene of C. acetobutylicum was obtained by
transformation of E.coli DH10B with plasmid pJC6 (Cary et al., 1988). E.
coli was grown in LB medium containing the appropriate antibiotic. To obtain
the crude lysates used for Western blotting, cells were grown to solvent
phase and pelleted by centrifugation and then incubated with lysozyme
(0.5 mg/ml) in 0.1 M Tris-HCl buffer (pH 7.6) at 37°C for one hour. Protein
was analyzed by SDS-PAGE according to the procedure described by
Laemmli (1970). The gels were stained with Coommassie brilliant blue R-
250. Protein concentration was determined by the method of Bradfold (1976)
using a Bio-Rad assay kit with bovine serum albumin as a standard.

Sequence Analysis and Recombinant DNA Methods
The nucleotide and amino sequence of the deduced butyrate kinase gene
were analyzed using BLAST programs (Altschul et al., 1997) and the
complete non-redundant protein sequence database (NCBI). Restriction
enzyme digestion, plasmid minipreps, DNA ligation, and other manipulations
were carried out by standard procedures as described by Maniatis et al.
(1982).

Cloning, Expression and Purification of Butyrate Kinase
C. acetobutylicum ATCC 824 genomic DNA prepared as previously
described (Green et al., 1996) was used as template for PCR. Two primers,
BKII-F, 5'- GAATTCGCATATGAAATTTAAACTATTAAC- 3' containing an
EcoRI and a NdeI site, and BKII-R, 5'-CTCGAGTTATTTATATTT
TTTAGCTTCTTC-3' containing a XhoI site, were used to amplify the butyrate
kinase coding region using Pfu polymerase (Stratagene). The amplified
PCR product (1087 bp) was gel purified and subcloned into pCR2.1
(Invitrogen) first to form pCRBK. The EcoRI and Xho1 fragment from pCRBK
was then subcloned into the corresponding sites of pET32a carrying a T7
promoter and a thioredoxin fusion protein (Novagen) to form pET32BK.
The construct pET32BK was transformed into E. coli BL21(DE3).

E. coli BL21(DE3)/pET32BK was grown at 37°C in 50 ml LB medium.
When the optical density of the culture (OD580nm) reached 0.8, the cells
were induced with 0.4 mM isopropyl-β-thiogalactoside (IPTG) and grown
for a further period of 6 h at 20°C. The final OD580nm was approximately
2.5. The sonicated cell extract was clarified by centrifugation at 10,000 × g
for 30 min. The expression level and molecular weight of butyrate kinase
were determined by SDS-PAGE.

The purification of recombinant butyrate kinase was performed using
a His-binding metal affinity column according to the procedure described
previously (Huang et al., 1998a). The protein was eluted using elution buffer
containing 250 mM imidazole.

Butyrate Kinase Assay
The enzyme was routinely assayed in the butyryl phosphate-forming
direction with 750 mM sodium butyrate and 10 mM ATP and 9.3 mM
magnesium chloride in 48 mM Tris-HCl pH 7.6 buffer according to the
methods of Rose (1955). One unit of enzyme catalyzes the ATP-dependent
conversion of 1 µmol of butyrate to butyryl phosphate per min in a 1 ml
assay.

RT-PCR Analysis
Total RNA ( about 2 µg) was isolated from a 10 ml acid phase or solvent
phase culture of C. acetobutylicum ATCC 824 with RNA STAT-60 (Tel-Test
Inc. Friendswood, TX) according to the manufacturer’s instructions. cDNA
was generated by reverse transcription with an RNA PCR kit (Perkin-Elmer,
Branchburg, NJ) following the manufacturer’s protocol with random
hexamers and a wax bead hot start. After heat inactivation of the MuLV

reverse transcriptase, PCR was performed with primers BKII-R and BK-2,
5’ –GTAGATGAAATGGAGGATATAGC- 3’. The PCR reaction was
conducted according to the kit’s instructions with a 55°C anneal-extension
step. MuLV reverse transcriptase was omitted from the control sample to
evaluate for DNA contamination in the RNA preparation used as template.

Km and Vmax Determination
Km and Vmax values were determined using sodium butyrate (100 to 820
mM ) as substrate with 10 mM ATP and 9.3 mM magnesium chloride with
48 mM Tris-HCl as buffer at the optimal pH (8.5). Data were analyzed on a
Lineweaver-Burk plot, and the slope and intercept were determined using
a linear regression computer program.

Western Blotting of Crude Lysates from Wild Type C. acetobutylicum,
Mutant C. acetobutylicum (PJC4BK), and E. coli DH10B/pJC6
Electrophoresis was performed as described in Materials and general
procedures. Variable amounts of protein from each sample were loaded
onto 12% SDS-polyacrylamide electrophoresis gels and separated at 200
V. After gel electrophoresis, proteins were transferred to a nitrocellulose
membrane for 1 h at 2.5 mA/cm2 in transfer buffer using electrophoresis
apparatus (Bio-Rad). Western blots were developed using the polyclonal
anti-BKII serum purchased from Alpha Diagnostic Intl. Inc. (San Antonio,
TX) at a dilution of 3000 fold. The antibody reaction bands were visualized
using the ECL reagent (Pierce Inc.). Goat anti-rabbit HRP conjugate was
purchased from Pierce Inc. (Rockford, IL) and used at a concentration of 1/
30000 mg/ml.
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