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Phosphoketolase Pathway for Xylose Catabolism in Clostridium
acetobutylicum Revealed by '>C Metabolic Flux Analysis
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Solvent-producing clostridia are capable of utilizing pentose sugars, including xylose and arabinose; however, little is known
about how pentose sugars are catabolized through the metabolic pathways in clostridia. In this study, we identified the xylose
catabolic pathways and quantified their fluxes in Clostridium acetobutylicum based on [1-'>C]xylose labeling experiments. The
phosphoketolase pathway was found to be active, which contributed up to 40% of the xylose catabolic flux in C. acetobutylicum.
The split ratio of the phosphoketolase pathway to the pentose phosphate pathway was markedly increased when the xylose con-
centration in the culture medium was increased from 10 to 20 g liter ™ ". To our knowledge, this is the first time that the in vivo
activity of the phosphoketolase pathway in clostridia has been revealed. A phosphoketolase from C. acetobutylicum was purified
and characterized, and its activity with xylulose-5-P was verified. The phosphoketolase was overexpressed in C. acetobutylicum,

which resulted in slightly increased xylose consumption rates during the exponential growth phase and a high level of acetate

accumulation.

ubstrate cost is a major factor impacting the economics of

fermentative solvent production by clostridia (7, 21). To re-
duce the substrate cost, abundant and inexpensive lignocellulosic
materials could be used, and one of their major components is
pentose-rich hemicellulose (15). Solventogenic clostridia, includ-
ing Clostridium acetobutylicurn and Clostridium beijerinckii, are
capable of utilizing the hemicellulosic pentoses xylose and arabi-
nose (25). However, knowledge of clostridial pentose metabolism
is very limited.

Recently, our group has characterized two key enzymes in the
xylose utilization pathway of C. acetobutylicum, xylose isomerase
and xylulokinase, which convert xylose to xylulose-5-P (14). In
many bacteria such as Escherichia coli, xylulose-5-P is further ca-
tabolized to form the central intermediate glyceraldehyde-3-P by
the pentose phosphate pathway enzymes, including transketolase
and transaldolase. Another xylose catabolic pathway through the
phosphoketolase is found to be present in heterofermentative and
facultative homofermentative lactic acid bacteria (19, 37). The
thiamine diphosphate-dependent phosphoketolases (EC
4.1.2.9) cleave xylulose-5-P into acetyl-P and glyceraldehyde-
3-P.In bifidobacteria, phosphoketolases are key enzymes of the
fructose-6-P shunt to convert fructose-6-P to acetyl-P and
erythrose-4-P (12, 34).

Little is known about how xylose is metabolized through the
metabolic pathways in solventogenic clostridia. Recent studies
have shown that genes of the pentose phosphate pathway and a
putative phosphoketolase-encoding gene in C. acetobutylicum are
induced by pentose sugars (13, 33). However, the contribution of
individual pathways to clostridial xylose catabolism has not been
analyzed. To manipulate clostridia for efficient xylose utilization,
itisimportant to gain insight into the responses of xylose catabolic
pathways to environmental and genetic manipulations.

Metabolic flux analysis can be used to assess the operation of
metabolic networks by quantifying intracellular fluxes through
individual pathways. However, if parallel or cyclic pathways are
present in bioreaction networks, their fluxes cannot be reliably
estimated based on only mass balances of intracellular metabo-
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lites. A powerful approach for accurately quantifying the fluxes in
a complex metabolic network is based on '*C tracer experiments
(30, 47). In this approach, the '>C labeling patterns in products of
metabolism, which reflect the in vivo activity of metabolic path-
ways and enzymes, are analyzed by nuclear magnetic resonance or
mass spectrometry (MS). Based on the balances of metabolites
and isotopomers, a mathematical model relating the intracellular
fluxes to the '*C labeling data is constructed (32, 41). Exchange
fluxes in reversible reactions are also quantitatively considered in
the model to account for their influence on "*C labeling patterns.
The intracellular flux distribution is then estimated by finding a
best fit for the '*C labeling data within the constructed model. In
addition to quantification of fluxes through the known biochem-
ical pathways, the >C metabolic flux analysis has also demon-
strated its value for identification of novel or unexpected meta-
bolic pathways (9, 17). This approach has recently been used to
elucidate the glucose metabolic pathways in C. acetobutylicum
(2,6).

The aim of this study was to quantitatively analyze xylose me-
tabolism in C. acetobutylicum. We grew C. acetobutylicum in batch
cultures with various initial concentrations of xylose and observed
different conversion yields of xylose into solvents. The *C-based
metabolic flux analysis was used to identify xylose catabolic path-
ways and quantify their fluxes. Our results elucidated the use of
the phosphoketolase pathway for xylose catabolism in C. acetobu-
tylicum, and its flux was changed when cells were grown at differ-
ent concentrations of xylose. Moreover, a phosphoketolase from
C. acetobutylicum was purified and characterized, and the effect of
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TABLE 1 C. acetobutylicum strains, plasmids, and primers used in this study

Strain, plasmid, or primer

Description or sequence” (5'—3")

Source or reference

C. acetobutylicum strains

ATCC 824 Wild type ATCC

xfp::intron xfp-inactivated mutant, Em" This study

824-pIMP1 Strain carrying pIMP1

824-pIMP1XFP xfp-overexpressed strain, Em" This study
Plasmids

pWIJ1 Group II intron 44

pWIJ1l-xfp pWIJI derivative for inserting intron into xfp This study

pIMP1 Amp" Em" 29

pIMP1-xfp pIMP1 derivative carrying CAC1343 gene This study

pET28a Novagen

pET28a-xfp pET28a derivative carrying CAC1343 gene This study
Primers

xfp-IBS AAAACTCGAGATAATTATCCTTACACTACAGGTTCGTGCGCCCAGATAGGGTG

xfp-EBS1d CAGATTGTACAAATGTGGTGATAACAGATAAGTCAGGTTCCATAACTTACCTTTCTTTGT

xfp-EBS2 TGAACGCAAGTTTCTAATTTCGGTTTAGTGTCGATAGAGGAAAGTGTCT

xfp-UNI CGAAATTAGAAACTTGCGTTCAGTAAAC

pIMP1-xfp_F CGGGATCCATGCAAAGTATAATAGGAAAAC

pIMPI1-xfp_R TCCCCCCGGGTTATACATGCCACTGCCAATTAG

pET28a-xfp_F AAGCTTATGCAAAGTATAATAGGAAAACATAAGG

pET28a-xfp_R GGATCCTTATACATGCCACTGCCAATTAGTT

“ The introduced restriction sites are underlined.

phosphoketolase overexpression on xylose fermentation of C. ace-
tobutylicum was investigated.

MATERIALS AND METHODS

Strains and growth conditions. The C. acetobutylicum strains and plas-
mids used in this study are given in Table 1. C. acetobutylicum strains were
precultured anaerobically on clostridial growth medium (CGM) (43) to
late exponential growth phase and washed twice using the P2 minimal
medium (4), which contains (per liter) 0.5 g of K,HPO,, 0.5 g of KH,PO,,
2.2 g of CH;COONH,, 0.2 g of MgSO, - 7H,,0, 0.01 g of MnSO, - H,O,
0.01 gofNaCl, 0.01 g of FeSO, - 7H,0, 1 mg of p-aminobenzoic acid, 1 mg
of vitamin B;, and 0.01 mg of biotin. The cultures were started with the
same optical density at 600 nm (ODy; ~0.04) and performed at 37°C in
triplicate in 100-ml sealed glass flasks with 60 ml of P2 minimal medium.
D-Xylose was supplied at concentrations of 10, 20, or 60 g liter ! as a
carbon source. For '°C labeling experiments, xylose was added in the form
of a mixture of 76% (wt/wt) 1-'>C-labeled xylose (99% pure; Sigma) and
24% (wt/wt) natural xylose.

Analytical methods. Cell growth was monitored spectrophotometri-
cally at 600 nm (ODy,). For analysis of extracellular metabolites, culture
samples were harvested by centrifugation at 15,000 X g for 10 min at 4°C.
Xylose concentrations were determined by high-pressure liquid chroma-
tography (HPLC) using an Agilent model 1200 instrument equipped with
a Waters Sugar Pak I column (6.5 by 300 mm) and a refractive index
detector (Agilent). Double-distilled water was used as the mobile phase at
a flow rate of 0.6 ml min !, and the column was operated at 60°C. Ace-
tone, ethanol, butanol, acetate, and butyrate in culture supernatants were
detected by a gas chromatograph (GC) (Agilent model 7890A) equipped
with a capillary column (Alltech EC-Wax; 30 m by 0.32 mm) and a flame
ionization detector (Agilent). The specific xylose uptake rate was deter-
mined during the exponential growth phase as the coefficient of a linear
regression of the rate of change in xylose concentration versus the average
ODggo-

Gene disruption in C. acetobutylicum. Gene disruption in C. aceto-
butylicum ATCC 824 was performed by using group II intron-based tar-
getron technology as described previously (35). Briefly, the 350-bp frag-
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ment for retargeting the intron to insert within the xfp (CAC1343) gene
was generated by one-step assembly PCR using the primers xfp-IBS, xfp-
EBS1d, xfp-EBS2, and xfp-UNI (Table 1), according to the protocol of the
TargeTron gene knockout system (Sigma). The PCR products were then
digested and ligated to targetron plasmid pWJ1 (44). The plasmid pWJ1-
xfp was methylated in vivo in E. coli ER2275(pAN1) (23) and electropo-
rated into C. acetobutylicumm ATCC 824 according to a previously pub-
lished method (24) by using a MicroPulser (Bio-Rad). The transformants
were selected on CGM plates supplemented with erythromycin. The re-
sulting mutant with an intron insertion in the xfp gene was confirmed
by PCR.

Gene overexpression in C. acetobutylicum. The xfp gene from C.
acetobutylicum was PCR amplified using the primers pIMP1-xfp_F and
pIMP1-xfp_R (Table 1). The PCR fragment was cloned into the pIMP1
vector (23), under the control of the promoter of the phosphotransbu-
tyrylase gene (ptb), which is an early-growth-associated promoter and
drives the gene expression throughout the exponential growth phase (40).
The obtained plasmid was electroporated into C. acetobutylicum, gener-
ating the strain 824-pIMP1XFP. The pIMP1 empty vector was also ex-
pressed in C. acetobutylicum as a negative control.

Protein overexpression and purification. The xfp (CAC1343) gene
was PCR amplified from C. acetobutylicurn ATCC 824 genomic DNA
using the primers pET28a-xfp_F and pET28a-xfp_R (Table 1). The PCR
fragment was ligated into the expression vector pET28a cleaved by BamHI
and HindIII. Selected clones were confirmed by DNA sequence analysis.
E. coli Rosetta(DE3) (Novagen) harboring the expression plasmid for the
N-terminal His,-tagged protein was grown on LB medium to an ODy, of
0.8 at 37°C, induced by 0.2 mM isopropyl-B-p-thiogalactopyranoside,
and harvested after 12 h of shaking at 16°C. Protein purification was
performed using a rapid nickel-nitrilotriacetic acid (Ni-NTA) agarose
minicolumn protocol as described previously (45). Briefly, harvested cells
were resuspended in 20 mM HEPES buffer (pH 7) containing 100 mM
NaCl, 0.03% Brij 35, 2 mM B-mercaptoethanol, and 2 mM phenylmeth-
ylsulfonyl fluoride. Lysozyme was added to a concentration of 1 mgml™",
and the cells were lysed by freezing-thawing followed by sonication. After
centrifugation, the supernatant was loaded onto a Ni-NTA agarose col-
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umn (0.2 ml). After the column was washed with the 50 mM Tris-HCl
buffer (pH 8) containing 1 M NaCl, 0.3% Brij 35, and 2 mM (-mercap-
toethanol, bound proteins were eluted with 0.3 ml of the same buffer
supplemented with 250 mM imidazole. The buffer was then changed to 10
mM Tris-HCI (pH 7.4) containing 0.3 mM dithiothreitol (DTT), I mM
EDTA, and 10% glycerol by using Bio-Spin columns (Bio-Rad). The pu-
rified protein was run on a sodium dodecyl sulfate-polyacrylamide gel to
monitor its size and purity.

Enzyme assays. The activity of phosphoketolase was assayed in crude
cell extracts of C. acetobutylicum or using the purified recombinant pro-
tein. The crude cell extracts were prepared from 10-ml aliquots of expo-
nentially growing cultures (ODgq,, ~1.5) in minimal medium with 60 g
liter ™" of xylose. Cell pellets were harvested by centrifugation, washed
twice, and resuspended in 20 mM HEPES buffer (pH 7.0) containing 100
mM NaCl and 2 mM B-mercaptoethanol. Cells were disrupted by two
passes through a French press at a pressure of 30 klb/in” before centrifu-
gation for 15 min at 4°C and 20,000 X g. The supernatant was used for
determination of the enzyme activity and protein concentration. Phos-
phoketolase activity of the purified protein was assayed using a previously
published colorimetric method based on formation of ferric acetyl hy-
droxamate from acetyl-P (22, 46). Briefly, the enzyme sample was added
to 75 pl of 150 mM potassium phosphate buffer (pH 6.5) containing 1.9
mM L-cysteine hydrochloride, 23 mM sodium fluoride, 8 mM sodium
iodoacetate, ] mM thiamine pyrophosphate, 5 mM magnesium chloride,
and either p-xylulose-5-P (Sigma) or p-fructose-6-P as a substrate (each at
a 25 mM concentration). After incubation at 37°C for 30 min, 75 pl of
hydroxylamine hydrochloride (2 M, pH 6.5) was added to stop the reac-
tion, and the reaction mixture was incubated at room temperature for 10
min. Then, 50 pl of 15% (wt/vol) trichloroacetic acid, 50 .l of 4 M HCI,
and 50 wl of FeCl; - 6H,0O (5% [wt/vol] in 0.1 M HCI) were added to the
reaction mixture. The formation of the ferric hydroxamate was moni-
tored at 505 nm with a Beckman DUS800 spectrophotometer by using a
series of acetyl-P standards for calibration. Phosphoketolase activity of the
crude cell extracts was assayed by measuring the acetyl-P formed after
addition of xylulose-5-P according to the method of Sonderegger et al.
(36) with minor modification. Briefly, acetyl-P was converted to acetate
by adding 1 pl of 1 M MgCl,, 1 pl of 30 mM ADP, and 0.2 U of acetate
kinase (Sigma) to 75 pl of the assay mixture, followed by incubation at
30°C for 30 min. The acetate produced was then determined by using an
enzymatic test kit (r-Biopharm, Darmstadt, Germany) and subtracting
the acetate that was formed in an assay mixture without xylulose-5-P from
that in the assay mixture containing xylulose-5-P. Specific phosphoketo-
lase activities were expressed as units per milligram of protein, where 1 U
is defined as formation of 1 pmol of acetyl-P per min. Protein concentra-
tions were measured by using the Bradford reagent (Sangong Corp.,
Shanghai, China) with bovine serum albumin (BSA) as a standard.

Determination of intracellular acetyl-P concentration. The intracel-
lular acetyl-P was extracted and assayed using the method of Zhao et al.
(49). Briefly, cell pellets were harvested by centrifuging 10-ml aliquots of
exponentially growing cultures (ODg,, ~1.5) in minimal medium with
60 gliter ' of xylose, treated with ice-cold 3 M HCIO,, and incubated for
30 min on ice. After neutralization with saturated KHCOj; and centrifu-
gation, the extract was incubated with activated charcoal (50 mgml~") for
15 min on ice to remove ATP and other small adenylated molecules.
Acetyl-P was converted to ATP by adding 1 wl of 1 M MgCl,, 1 ul of 30
mM ADP, and 0.2 U of acetate kinase (Sigma) to 1 ml of the extract,
followed by incubation at 30°C for 30 min. The concentration of the
formed ATP was then determined by using the ATP bioluminescent assay
kit (Sigma) and the Varioskan flash multimode reader (Thermo Scien-
tific). The sample without addition of acetate kinase was used as a negative
control. A series of acetyl-P standards were used to obtain a calibration
curve for determining acetyl phosphate concentration in the cell extracts.
The intracellular acetyl-P concentrations were then calculated by normal-
ization to cell density using a predetermined correlation factor of 0.26 g
(dry weight) of cells per ODy,.
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Sample preparation and GC-MS analysis. From the °C labeling ex-
periments, cell aliquots were harvested during late exponential growth
phase (ODy,, ~1.5) by centrifuging 3 ml of culture broth at 9,000 X gand
4°C for 10 min. The pellet was washed with 1 ml 0.9% (wt/vol) NaCl,
resuspended in 200 wl of 6 M HCI, and hydrolyzed at 105°C for 24 h in
sealed 2-ml glass vials. The hydrolysate was dried in a vacuum centrifuge
atroom temperature and derivatized at 85°C for 1 hin 120 pl pyridine and
30 wl N-methyl-N-[tert-butyldimethylsilyl]trifluoroacetamide (Sigma).
After filtration with an 0.2-pm-pore-size filter, 4 pl of derivatized sample
was injected into an Agilent 6890-5973 GC-MS system with an HP-5MS
column (30 m by 0.25 mm by 0.25 pm). GC oven temperature was pro-
grammed from 60°C to 180°C at 5°C per min and from 180°C to 260°C at
10°C per min. The flow rate of carrier gas (helium) was set at 1 ml min™".
The mass spectrometer was operated in the electron impact (EI) mode at
70 eV.

Metabolic flux analysis. The GC-MS data were analyzed as described
previously (26). Briefly, a mass isotopomer distribution vector (MDV) of
each fragment of alanine, glycine, valine, serine, phenylalanine, histidine,
and tyrosine was determined from the respective mass spectra and was
corrected for the natural abundance of all stable isotopes, including 3¢,
296i, 39Si, >N, and '#0. From the MDYV of the amino acids, the MDVs of
their respective precursor intermediates, including 3-P-glycerate, phos-
phoenolpyruvate (PEP), pyruvate, ribose-5-P, and erythrose-4-P, could
be easily derived. It should be noted thatan MDYV could be determined for
each metabolite fragment containing specific combinations of carbon at-
oms of the considered metabolite. For example, an MDV was determined
for each of the three 3-P-glycerate fragments, including the 3PG,_; frag-
ment containing all three carbon atoms of 3-P-glycerate, the 3PG, ; frag-
ment containing C-2 and C-3 atoms, and the 3PG, _, fragment containing
C-1and C-2 atoms. The summed fractional labeling (SFL) of a metabolite

n
fragment was calculated from the MDV according to SFL = 2, i-m;, in

which # represents the number of carbon atoms in the fragmelnt0 and m;
represents the relative abundance of different mass isotopomers (11). The
SFL data of intermediate metabolites were then used for quantification of
intracellular fluxes.

For intracellular flux analysis, a bioreaction network was constructed
based on the C. acetobutylicum ATCC 824 genome sequence and is shown
in Fig. 1. It included xylose uptake and transformation of xylose to xylu-
lose-5-P (v,), the reactions of nonoxidative pentose phosphate pathway
(v, v4 and v5), and the glycolytic reactions converting fructose-6-P to
3-P-glycerate (v4). The reaction catalyzed by phosphoketolase (v,) was
also included (see Results). Since the isomerase and epimerase reactions
between ribose-5-P, ribulose-5-P, and xylulose-5-P are highly reversible,
they were assumed to be in rapid equilibrium; hence, the three pentose-
5-P metabolites were treated as one pool. The reactions catalyzed by trans-
ketolase (v; and v5) and transaldolase (v,) were considered reversible,
while the phosphoketolase reaction was assumed to be physiologically
irreversible, based on the thermodynamic properties of these reactions
(38). For a reversible reaction, its net flux and extent of reaction revers-
ibility were represented by v"** and exch, respectively, which can be easily
transformed into the forward and backward fluxes of the reaction (42).
The intracellular metabolites pentose-5-P, sedoheptulose-7-P, erythrose-
4-P, fructose-6-P, and glyceraldehyde-3-P were assumed to be in isotopo-
meric steady state during the labeling experiments (see Results). Balances
on the isotopomers of each metabolite were constructed by using the atom
mapping matrices that describe the transfer of carbon atoms from reac-
tants to products in biochemical reactions (42). Based on the balances of
metabolites and isotopomers, the SFL measurements of intermediate me-
tabolites were simulated as a function of intracellular flux distributions.
The best-fit intracellular fluxes were then estimated by minimizing the
deviation between experimentally determined and simulated SFL data,
using a least-squares parameter-fitting approach (41). The flux calcula-
tion was achieved by developing a computer algorithm using MATLAB
6.0 (Mathworks).
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FIG 1 Pathways of xylose metabolism in C. acetobutylicum. Metabolites in boxes are extracellular substrates or products. Gray arrows indicate precursor
withdrawal for the amino acids analyzed by GC-MS. Double-headed arrows indicate reactions assumed to be reversible. TCA, tricarboxylic acid.

RESULTS

Fermentation of C. acetobutylicum at various xylose concentra-
tions. To study the xylose metabolism in C. acetobutylicum, we
grew C. acetobutylicum ATCC 824 with xylose as a carbon source
in batch cultures. The initial xylose concentration in the culture
medium was 10, 20, and 60 g liter ', respectively. Cell growth,
xylose consumption, and formation of acetone, butanol, ethanol,
acetate, and butyrate were measured during the fermentation. As
shown in Fig. 2, cultivation at different concentrations of xylose
resulted in a remarkable change in product profiles. At a low
xylose concentration (i.e., 10 g liter ~"), the primary products were
acetate and butyrate throughout the cultivation, whereas butanol
and acetone were the predominant final products at a high xylose
concentration (i.e., 60 g liter '). Compared to the culture on 10 g
liter " xylose, the solvents (acetone and butanol) produced per
gram xylose consumed were increased about 7-fold, while forma-
tion of acids (acetate and butyrate) was reduced substantially,
during the fermentation on 60 g liter ' xylose. The results suggest
a shift in xylose metabolism according to xylose concentration in
the medium. This prompted us to perform a quantitative analysis
of xylose metabolism in C. acetobutylicum.
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Quantification of intracellular fluxes in xylose metabolism.
The pathways of C. acetobutylicum xylose metabolism were stud-
ied based on the C. acetobutylicum ATCC 824 genome sequence
(27), which showed the presence of the genes encoding all the
enzymes of the nonoxidative pentose phosphate pathway, includ-
ing transketolase and transaldolase (Fig. 1). In addition, the pres-
ence of a phosphoketolase (i.e., CAC1343) was inferred according
to genome annotation and the encoding gene was shown to be
induced by xylose (13, 33). Using an in vitro enzyme assay, we
verified the xylulose-5-P phosphoketolase activity (8.3 mU mg ")
in C. acetobutylicum during growth on xylose (Table 2), which is
higher than the value reported for the phosphoketolase from Sac-
charomyces cerevisiae (2.5 mU mg ') (36). Thus, the bioreaction
network used for intracellular flux analysis included the reactions
of the nonoxidative pentose phosphate pathway, the glycolytic
reactions converting fructose-6-P to 3-P-glycerate, and the reac-
tion catalyzed by phosphoketolase (Fig. 1).

We performed '*C-based metabolic flux analysis that relies on
the [1-"°C]xylose tracer experiments and GC-MS analysis of mass
isotopomer patterns in cellular amino acids. Because C. acetobu-
tylicum batch cultures are typically biphasic and acids formed dur-
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FIG 2 C. acetobutylicum ATCC 824 fermentation at initial xylose concentra-
tions of 10 (A), 20 (B), and 60 (C) gliter . Cell growth (#), xylose consump-
tion (@), and formation of acetone (P), butanol (%), ethanol (*), acetate (),
and butyrate ([J) were measured during the cultivation. The data points rep-
resent the averages of three independent cultures.

ing exponential growth are reassimilated at the stationary growth
phase, cell aliquots were harvested from '*C-labeled experimental
cells at exponential growth phase during which xylose was the
primary carbon source for cells. To assess if the isotopic steady
state was achieved, samples were taken at different time points
during the exponential growth phase. The determined mass iso-
topomer distributions of key amino acids were almost unchanged
with the time of harvest, which is consistent with previous reports
that have showed that a (quasi-)steady state can be reached during
the exponential growth phase in batch cultures (8, 31).

From the GC-MS data of amino acids, the '*C labeling patterns
of the precursor metabolites, including 3-P-glycerate, PEP, pyru-
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vate, ribose-5-P, and erythrose-4-P, were identified, which re-
flected the in vivo activities of various pathways and enzymes in
xylose metabolism. The labeling data of 3-P-glycerate, PEP, and
pyruvate were found to be identical, indicating the full equilibra-
tion between these metabolite pools. As shown in Fig. 3A, the
pentose phosphate pathway generates 3-P-glycerate that is '>C
labeled at the C-1 and C-3 positions, while the use of phospho-
ketolase for xylose catabolism results in dilution of *C label in
3-P-glycerate. Therefore, the relative contributions of the phos-
phoketolase and pentose phosphate pathways to xylose catabolic
flux could be determined using [1-">C]xylose as the input sub-
strate and the labeling data of 3-P-glycerate at least in the situation
where all fluxes are unidirectional.

The °C label distribution through the pentose phosphate
pathway is very complicated due to the presence of highly revers-
ible reactions catalyzed by transketolase and transaldolase (10).
To investigate the flux distribution between the pentose phos-
phate pathway and the phosphoketolase pathway and its sensitiv-
ity with respect to measured fractional labeling data, a simulation
study was conducted. By using the balances of metabolites and
isotopomers in the bioreaction network, a mathematical frame-
work relating the intracellular fluxes to the available labeling data
was constructed. Figure 3B illustrates the simulation results of
fractional labeling of 3-P-glycerate, pentose-5-P, and erythrose-
4-P as a function of the phosphoketolase flux when the extents of
reversibility are the same for transketolase and transaldolase reac-
tions. The SFL of the 3-P-glycerate fragments 3PG,_; and 3PG, _; is
monotonically reduced with the increased flux through phospho-
ketolase and does not depend on the extent of reversibility of
transketolase and transaldolase reactions. On the other hand, the
SFL values of the pentose-5-P fragment (P5P,_5), erythrose-4-P
fragment (E4P,_,), and 3-P-glycerate fragment (3PG,_,) are no-
ticeably affected by the extent of reaction reversibility. When the
reversibility extent is low, these SFL values are insensitive to the
phosphoketolase flux. Therefore, the simulation results indicated
that the flux through phosphoketolase can be accurately deter-
mined from the SFL data of 3PG,_; and 3PG, ; fragments.

The *C-based metabolic flux analysis was performed for C.
acetobutylicum grown in the medium containing 10 or 20 g liter ~*
xylose. The use of the phosphoketolase pathway for xylose catab-
olism was revealed, because the measured fractional labeling of
3-P-glycerate was much lower than expected when the phospho-
ketolase was inactive (Fig. 3B). Furthermore, the measured SFL
values of 3PG,_; and 3PG,_; were higher at a low xylose concen-
tration (i.e., 10 g liter ') than at a high xylose concentration (i.e.,
20 g liter ). The intracellular carbon flux distribution was deter-
mined as the best fit to the SFL data by repeating a parameter-
fitting procedure from different random starting values of the

TABLE 2 Specific xylulose-5-P phosphoketolase activity in crude cell
extracts of C. acetobutylicum strains”

Strain Sp act (mU [mg protein ™ '])”
ATCC 824 83+ 15
xfp:intron 5.5+0.8
824-pIMP1 94 *24
824-pIMP1XFP 120 = 10

“ Samples were harvested during exponential growth on xylose.
b The average and the standard deviation were determined from three independent
experiments.
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FIG 4 In vivo carbon flux distribution in C. acetobutylicum ATCC 824 during
exponential growth on 10 g liter ' (A) and 20 g liter ' (B) of xylose. The net
flux values are expressed relative to the specific xylose uptake rate that is given
above the uptake arrow. Arrows indicate the directions of the net fluxes, and
their widths are scaled to the flux values. The 95% confidence intervals were
less than 10% for all the fluxes.

phosphoketolase flux and of reversibility extents of transketolase
and transaldolase reactions. As shown in Fig. 4, during growth ata
low xylose concentration, 85% of the xylose molecules were
routed through the pentose phosphate pathway and 15% entered
the phosphoketolase pathway. When cells were grown on 20 g
liter " xylose, the specific xylose uptake rate was 2.3-fold higher
and the split ratio of the phosphoketolase pathway to the pentose
phosphate pathway was increased to 40%. Thus, the flux through
phosphoketolase was increased from 0.02 to 0.12 mM~' OD™!
h™' when the xylose concentration in the medium was changed
from 10 to 20 g liter ™"

Characterization and overexpression of phosphoketolase in
C. acetobutylicum. We then characterized a phosphoketolase
from C. acetobutylicum. The CAC1343 gene product had a close
homology with the xylulose-5-P/fructose-6-P phosphoketolase
(XFP) from Bifidobacterium lactis (46% identity [22]). This puta-
tive XFP protein of C. acetobutylicum was overexpressed in E. coli
cells with the N-terminal His; tag and purified with a nickel-
chelating affinity column. The purified recombinant protein dis-
played a xylulose-5-P phosphoketolase activity, and the specific
activity value (2.01 U mg~ ') was comparable with those reported
for the enzymes from B. lactis (22) and Lactobacillus plantarum
(46). The fructose-6-P phosphoketolase activity (0.09 U mg™")
was also detected at 25 mM fructose-6-P.

Since the phosphoketolase played an important role in xylose
catabolism of C. acetobutylicum, the effect of phosphoketolase
overexpression on xylose fermentation was investigated. We con-
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structed a recombinant C. acefobutylicum strain, in which the xfp
gene from C. acetobutylicum (i.e., CAC1343) was expressed in a
plasmid by the promoter of phosphotransbutyrylase (ptb). Over-
expression of phosphoketolase in the recombinant strain was ver-
ified using an in vitro enzyme assay. The specific activity of xylu-
lose-5-P phosphoketolase in the recombinant strain was about
12-fold higher than that of the control strain carrying an empty-
vector plasmid (Table 2). We then compared the fermentation
performances of the phosphoketolase-overexpressing strain and
the control strain in a batch culture with 60 g liter ™' xylose. As
shown in Fig. 5, during the exponential growth phase, slightly
increased rates of cell growth and xylose consumption were ob-
served for the phosphoketolase-overexpressing strain compared
to the control strain. However, during the subsequent solvento-
genic phase, the phosphoketolase-overexpressing strain exhibited
a strongly reduced xylose uptake rate and solvent yields. The most
prominent effect of phosphoketolase overexpression was the high
level of accumulation of acetate (75 mM). Unlike the control
strain, the phosphoketolase-overexpressing strain did not reas-
similate acetate at the solventogenic phase. Nevertheless, no sig-
nificant decrease in the culture pH (i.e., 4.3) was observed for the
phosphoketolase-overexpressing strain compared to the control
strain (pH 4.5) throughout the solventogenic phase. In addition,
we determined the intracellular concentration of acetyl-P in ex-
ponentially growing cells using a previously published method.
The acetyl-P concentration in the phosphoketolase-overexpress-
ing strain was 685 pmol g (dry weight) of cells~', which was in-
creased over 7-fold compared to that in the control strain (91
pmol g [dry weight] of cells™"). This result indicated that the ac-
etate accumulation of the phosphoketolase-overexpressing strain
mostly likely originated from dephosphorylation of acetyl-P
formed through the phosphoketolase pathway.

To investigate the effect of xfp gene inactivation on xylose fer-
mentation of C. acetobutylicum, we disrupted the CAC1343 gene
by inserting an intron and confirmed it by PCR. The resulting
xfp-inactivated mutant still displayed a phosphoketolase activity,
although it was lower than that in the wild type, during growth on
xylose (Table 2). This result revealed that in addition to CAC1343,
C. acetobutylicum may have another, hitherto-unknown phos-
phoketolase for xylose catabolism. Moreover, the influence of
CAC1343 gene inactivation on xylose fermentation was assessed
by cultivating both wild-type and mutant strains on 20 g liter '
xylose. The CAC1343-inactivated mutant exhibited a xylose fer-
mentation rate and product yields similar to those of the wild type
(Table 3).

DISCUSSION

By using '>C-based metabolic flux analysis technique, this study
presented evidence that the phosphoketolase pathway played an
important role in xylose metabolism in C. acetobutylicum. Up to
40% of the xylose catabolic flux was contributed by the phospho-
ketolase pathway. To the best of our knowledge, this is the first
time that the in vivo activity of the phosphoketolase pathway in
clostridia has been revealed. So far, the existence of the phospho-
ketolase pathway has been described only for the lactic acid bac-
teria (3), bifidobacteria (22), and yeast and filamentous fungi
(28, 36).

The two xylose catabolic routes, the phosphoketolase pathway
and the pentose phosphate pathway, exhibit different stoichiom-
etries. Through 13 enzymatic reactions in the pentose phosphate
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FIG 5 Effect of phosphoketolase overexpression (filled symbols) on C. aceto-
butylicum cell growth and xylose consumption (A), solvent production (B),
and acid formation (C). The strain carrying an empty-vector plasmid was used
as a control (open symbols). Cells were grown in P2 minimal medium con-
taining 60 g liter "' of xylose as a carbon source. The data points represent the
averages of three independent cultures.

pathway, three xylulose-5-P molecules are converted to five acetyl
coenzyme A (CoA) molecules and eight ATP molecules are pro-
duced concomitantly. On the other hand, six ATP molecules are
formed in the conversion of three xylulose-5-P molecules to six
acetyl-CoA molecules through eight enzymatic reactions in the
phosphoketolase pathway. Thus, the phosphoketolase pathway
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could be taken as a shortcut route despite its poor energetic yields.
One explanation for the use of the phosphoketolase pathway for
xylose catabolism in C. acetobutylicum is the presence of rate-
limiting steps in the pentose phosphate pathway. This is sup-
ported by a previous study which showed that overexpression of
the transaldolase from E. coli in C. acetobutylicum led to a potent
increase in the xylose consumption rate (16). The limited capacity
of the pentose phosphate pathway may also explain the increase in
the fraction of xylose molecules catabolized through the phospho-
ketolase pathway when the xylose uptake rate was increased dur-
ing growth at a high xylose concentration. Our study provided the
initial insight into the xylose metabolism in C. acetobutylicum. To
elucidate the regulatory mechanisms of increased solvent yields at
high xylose concentrations compared to low xylose concentra-
tions, further studies are required, including dynamic 13C labeling
experiments and systematic analysis of intracellular metabolite
concentrations for the solventogenic phase (1).

The purified phosphoketolase from C. acetobutylicum dis-
played a much higher activity with xylulose-5-P than with fruc-
tose-6-P, which is similar to the previously reported dual-sub-
strate phosphoketolase from B. lactis or L. plantarum (22, 46).
Orthologs of the C. acetobutylicum phosphoketolase are pres-
ent in other clostridia, including Clostridium carboxidivorans
and Clostridium butyricum. However, no orthologs could be
found in another solvent-producing strain, C. beijerinckii,
which is capable of utilizing xylose. In C. acetobutylicum, the
xfp gene (CAC1343) clusters on the chromosome with arabi-
nose utilization genes. A DNA microarray analysis has shown
that this gene was strongly induced by arabinose (33). We have
found that expression of this xfp gene was regulated by the
transcriptional factor AraR, which controls arabinose utiliza-
tion in C. acetobutylicum (48). Moreover, we have detected the
xylulose-5-P phosphoketolase activity in C. acetobutylicum
grown on arabinose by using the in vitro enzyme assay (data not
shown). Therefore, besides xylose catabolism, the phosphoke-
tolase may participate in arabinose catabolism of C. acetobuty-
licum. In addition to the CAC1343 gene product, C. acetobuty-
licum may have another unknown phosphoketolase for xylose
catabolism, as shown by the phosphoketolase activity detected
in the CAC1343-inactivated mutant. Similarly, the gene encod-
ing xylulose-5-P phosphoketolase in S. cerevisiae has not been
identified, although this enzyme activity was detected (36). It
was speculated that transketolase could be responsible for the
phosphoketolase activity found in S. cerevisiae (39).

Overexpression of the phosphoketolase in C. acetobutylicum
resulted in a high level of acetate accumulation. Extracellular ac-
etate may diffuse passively across the cell membrane in its undis-
sociated form (5) and cause a marked drop in the intracellular pH

TABLE 3 Product yield in batch fermentation of wild-type C.
acetobutylicum and xfp-inactivated mutant”

Yield (mmol product formed per mol xylose

consumed)
Strain Acetone Butanol Ethanol Acetate Butyrate
Wild type 149+ 13 271 £13 61 £12 110*4 188 * 30

xfp-inactivated mutant 170 =17 278 £12 69 *5 94 *19 171 * 12

“ Fermentation was performed at an initial xylose concentration of 20 g liter ~'. Samples
were harvested during stationary growth phase (~149 h). Data shown are means =
standard deviations calculated from three independent experiments.
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(18). This may explain the strongly decreased xylose fermentation
rate in the phosphoketolase-overexpressing strain during the sol-
ventogenic phase. Acetate accumulation and a negative effect of
acetate on xylose fermentation were also observed for Saccharo-
myces cerevisiae into which a phosphoketolase pathway was intro-
duced (36). We found a remarkable increase in the intracellular
concentration of acetyl-P in the phosphoketolase-overexpressing
strain, indicating that the acetate accumulation mostly likely arises
from dephosphorylation of acetyl-P. To prevent phosphoketolase
pathway-based acetate formation in C. acetobutylicum, overex-
pression of phosphotransacetylase may be necessary to convert
acetyl-P to acetyl-CoA. In addition, inactivation of acetate kinase
is also expected to reduce the production of acetate from acetyl-P
(20) and thus increase the carbon flow from acetyl-P to acetyl-
CoA that could be used for solvent formation.
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