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Abstract Previously, we constructed a glycerol oxidative
pathway-deficient mutant strain of Klebsiella pneumoniae
by inactivation of glycerol dehydrogenase (dhaD) to elimi-
nate by-product synthesis during production of 1,3-pro-
panediol (1,3-PD) from glycerol. Although by-product
formation was successfully blocked in the resultant strain,
the yield of 1,3-PD was not enhanced, probably because
dhaD disruption resulted in insufficient regeneration of the
cofactor NADH essential for the activity of 1,3-PD oxido-
reductase (DhaT). To improve cofactor regeneration, in the
present study we overexpressed an NAD*-dependent alde-
hyde dehydrogenase in the recombinant strain. To this end,
an aldehyde dehydrogenase AldHk homologous to E. coli
AldH but with NAD*-dependent propionaldehyde dehydro-
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genase activity was identified in K. pneumoniae. Functional
analysis revealed that the substrate specificity of AldHk
embraced various aldehydes including propionaldehyde,
and that NAD" was preferred over NADP* as a cofactor.
Overexpression of AldHk in the glycerol oxidative path-
way-deficient mutant AK/pVOTHKk resulted in a 3.6-fold
increase (0.57 g17! to 2.07 g17") in the production of
3-hydroxypropionic acid (3-HP), and a 1.1-fold enhancement
(843 g17! t0 9.65 g17!) of 1,3-PD synthesis, when glyc-
erol was provided as the carbon source, compared to the
levels synthesized by the control strain (AK/pVOT). Batch
fermentation using AK/pVOTHk showed a significant
increase (to 70%, w/w) in conversion of glycerol to the
reductive metabolites, 1,3-PD and 3-HP, with no production
of by-products except acetate.

Keywords Glycerol - Klebsiella pneumoniae -
Aldehyde dehydrogenase - 3-Hydroxypropionic acid -
1,3-Propanediol

Introduction

Currently, there is great demand for biodiesel production
from animal fat or plant oil. However, raw glycerol is a sig-
nificant by-product of biodiesel production, constituting as
much as 10% (w/w) of biodiesel generated [9]. This surplus
of raw glycerol has not only greatly disturbed the market for
glycerol, affecting both the utility of traditional production
methods and price, but is also a significant environmental
problem, because untreated glycerol cannot be discharged
[2]. Thus, considerable research effort has been devoted to
developing methods to refine glycerol (a low-cost feedstock)
into industrially valuable materials such as fuels, building
blocks for organic syntheses, and bioactive substances.
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The facultative anaerobic bacterium Klebsiella pneumo-
niae is typical of microbes capable of fermenting glycerol
as the sole source of carbon and energy, and both the
genetic and biochemical aspects of the relevant metabolic
pathways have been extensively studied (Fig. 1) [21, 22].
Glycerol is dehydrogenated to dihydroxyacetone (DHA)
by nicotinamide adenine dinucleotide (NAD")-dependent
glycerol dehydrogenase (DhaD), and DHA is next phos-
phorylated to dihydroxyacetone phosphate (DHAP) by an
ATP-dependent DHA kinase (DhaK). To assist in oxidative
metabolism, a reductive pathway has evolved, wherein
glycerol is first converted to 3-hydroxypropionaldehyde
(3-HPA) by the coenzyme-B,-dependent glycerol dehydra-
tase (DhaB), which is next reduced to 1,3-propanediol
(1,3-PD) by a reduced nicotinamide adenine dinucleotide
(NADH)-dependent 1,3-PD oxidoreductase (DhaT) [13].

The major product of glycerol metabolism, 1,3-PD, is a
valuable chemical that is used principally in polymerization
with terephthalates to form polymethylene terephthalates
[1, 17]. In turn, these chemicals are employed in the manu-
facture of textile fibers, films, and plastics. Because of the
commercial importance of these products, many metabolic
and process engineering endeavors have sought to enhance
production of 1,3-PD from glycerol by K. pneumoniae [19].
Large levels (approximately 70% of 1,3-PD concentration)
of by-products including acetate, ethanol, lactate, succinate,
and 2,3-butanediol (2,3-BD) are usually associated with
production of 1,3-PD from glycerol by K. pneumoniae
wild-type strains, because a glycerol oxidative pathway is
also operative. Indeed, the presence of 2,3-BD, a major by-
product, may render it difficult to obtain high-purity 1,3-PD
during downstream processing, because the boiling points
of the two materials are similar. Thus, enhancement of 1,3-PD
production and minimization of by-product levels are both
desirable goals of metabolic engineering [16].

Previously, we constructed and analyzed mutant strains
that did not form by-products during 1,3-PD synthesis. This
was achieved by inactivating dhaD, which is the first gene
in the oxidative branch of the K. pneumoniae glycerol met-
abolic pathway [20]. As expected, by-product formation,
with the exception of acetate, was completely eliminated in
our engineered K. pneumoniae strains. However, the yield
of 1,3-PD did not increase, but rather was slightly lower in
engineered strains compared to wild type. The most likely
explanation is a shortage of intracellular NADH crucially
required for DhaT activity when catalyzing synthesis of
1,3-PD. Inactivation of the oxidative pathway would inhibit
NADH synthesis (Fig. 1). Recently, Park and colleagues
[15] described an NAD"-dependent aldehyde dehydroge-
nase (AldH) catalyzing the synthesis of 3-hydroxyprop-
ionic acid (3-HP) from glycerol in a recombinant
Escherichia coli expressing the dhaB gene of K. pneumo-
niae. This encouraged us to further engineer K. pneumoniae
strains to overexpress an NAD-dependent propionaldehyde
dehydrogenase that might permit efficient regeneration of
NADH from NAD*. To this end, a homolog of AldH was
identified and overexpressed in a K. pneumoniae strain, and
the effect of this manipulation on reductive glycerol metab-
olism was examined in the present study.

Materials and methods
Strains, plasmids, and media

The K. pneumoniae AK strain (Fig. 2a; Cu AlorfY-dhaT-
orfW-orfX-dhaR-dhaD::Apr?]) has been previously
described [20]. E. coli DH5« was used for DNA manipu-
lation. The plasmid pGEM-T Easy was employed for
cloning, whereas pET28a and pBR322 were used for
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Fig. 1 The glycerol fermentative pathway in Klebsiella pneumoniae.
The metabolic pathway reconstituted in the present study, using Ald-
HK, is indicated by the dashed line. AldHk NAD"-dependent aldehyde
dehydrogenase, DHA dihydroxyacetone, DhaB glycerol dehydratase,
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3-HPA 3-hydroxypropionaldehyde
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Fig. 2 Schematic representa-
tion of the genetic organization
of the AK and Cu strains (a), and
the strategy used for construc-
tion of recombinant plasmid
pVOTHEk (b). Abbreviations for
restriction enzymes: B, BamHI;
Hd, HindllI; Hp, Hpal; N, Notl
(on pGEM-T-Easy); X, Xbal;
Xh, Xhol. Kle, Klenow fragment
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expression of the aldHk gene in E. coli and K. pneumo-
niae, respectively. Microbial cells were grown in LB
medium [yeast extract (Difco), 0.5%; Bactotryptone
(Difco), 1.0%; and NaCl, 1.0% (all w/v)] supplemented
with appropriate antibiotics [ampicillin (50 ug ml™');
and/or tetracycline (10 pg ml1~! for E. coli and 50 pg ml~!
for K. pneumoniae)].

Cloning and construction of a plasmid permitting
K. pneumoniae aldHk gene expression in E. coli

The 1.5-kb aldHk gene (GenBank accession no.
ABR76453) was obtained from chromosomal DNA of
K. pneumoniae by PCR amplification using the primers
P1 (5'-CCATGGATGATGAATTTTCAGCACCTGG-3'; the
italicized letters indicate the start codon of aldHk) and
P2 (5'-CTCGAGAGACTCCAGGGCAATCCAGA-3'; the
italicized letters indicate the Ser-495). The PCR product
was cloned into pGEM-T Easy, and clones were subjected
to nucleotide sequencing to confirm the absence of any
errors. AldHk DNA digested with EcoRI was ligated into
the corresponding restriction sites of pET28a, yielding
pET-aldHk.

Hd
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Construction of a plasmid permitting aldHk expression
in K. pneumoniae

A schematic representation of the strategy used to construct
the pBR-dhaT-aldHk-orfWX (pVOTHKk) plasmid is shown
in Fig. 2b. The aldHk gene was amplified from chromo-
somal DNA of K. pneumoniae using the following primers:
PaldHk-F (5'-TCTAGAATGATGAATTTTCAGCACC-3',
the underlined and italicized letters indicate an Xbal site
and the start codon of aldHk, respectively) and PaldHk-R
(5'-GGATCCGTTAACTCAAGACTCCAGGGCAATCC-3’,
italicized and underlined letters indicate the BamHI and
Hpal sites, respectively; the bold letters refer to a stop
codon). To introduce the lacZ promoter upstream of aldHk,
the gene was also amplified from pBluescript by PCR using
the following primers: PlacZ-aldHk-F (5'-CTCGAGGCGC
AACGCAATTAATG-3") and PlacZ-aldHk-R (5'-GGA
TCCTCTAGAAGCTGTTTCCTGTGT-3', italicized and
underlined letters indicate the BamHI and Xbal sites,
respectively). The DNA fragments were cloned into the
pGEM-T Easy vector, and clones were subjected to
sequencing to confirm the absence of any errors. The Xbal-
BamHI fragment including the aldHk gene was next
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inserted into the corresponding restriction sites downstream
of the lacZ promoter sequence. Subsequently, pVOT (pBR-
dhaT-orfWX) and pGEM-lacZ-aldHk were restricted by
Notl, followed by Klenow treatment and Hpal cleavage,
and ligated with pVOT digested with Xhol and treated with
the Klenow treatment, yielding plasmid pVOTHk. Plasmid
pVOT, described in a previous study [20], includes the
orfW gene encoding a reactivation factor of DhaB. All plas-
mids were transformed into K. pneumoniae strains by elec-
troporation.

Heterologous expression and purification
of K. pneumoniae AldHk in E. coli

An E. coli BL21 (DE3) pLysS clone harboring pET-aldHk
was grown to mid-exponential phase at 37°C with aeration
until the Ay, value attained 0.4-0.6. The expression of
aldHk was induced by addition of isopropyl--p-thiogalac-
toside (IPTG) to 0.1 mM followed by incubation for 3 h at
37°C. An E. coli clone harboring pET28a was used as a
control. Soluble and insoluble fractions were obtained by
centrifugation at 13,000g for 20 min, and AldHk was puri-
fied from the soluble fraction by Ni’*-nitrilotriacetic acid
(NTA) affinity chromatography.

Cultivation of recombinant K. pneumoniae strains

K. pneumoniae strains were cultivated in 250-ml round-bot-
tomed flasks in 50-ml amounts of defined medium contain-
ing 20 g17! glycerol, 0.1 M potassium phosphate buffer
(pH 7.0), 1 g 17! yeast extract, 2 g 17" (NH,),SO,, 0.2 g 17!
MgSO,, 0.02 g1~! CaCl,-2H,0, 1 ml Fe solution [5 g1~
FeSO,-7H,0 and 4 ml of HCI (37%, w/v)], and 1 ml of
trace element solution [70 mg1™' ZnCl, 100 mgl1™'
MnCl,-4H,0, 60 mg 1-! H;BO;, 200 mg 1=! CoCl,-4H,0,
20 mg 1”' CuCl,-2H,0, 25 mg 1I"' NiCl,-6H,0, 35 mg1~!
Na,Mo0,-2H,0, and 4 ml HC1 (37%, w/v)] at 37°C and
120 rpm for 36 h. To induce gene expression, IPTG was
added to 0.5 mM [6, 20].

To cultivate K. pneumoniae strains in a 5-1 bioreactor,
seed cells were prepared in a 250-ml flask containing 50 ml
preculture medium as described above, and inoculated into
the fermentor at 2% (v/v) concentration. Batch and fed-
batch fermentation was conducted at 37°C, 200 rpm, and pH
7.0, with 0.5 volume per min of air, in a 5-1 stirred fermentor
(Kobiotech. Co., Ltd, Korea) containing 2 1 of fermentation
medium. Tetracycline (10 pg ml~") and IPTG (0.5 mM)
were added in the beginning of the culture cultivation.

AldHk activity assay

AldHk activity was measured according to the method of
Leal etal. [11]. The reaction mixture contained 50 mM
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potassium phosphate buffer (pH 7.0), 1 mM dithiothreitol
(DTT), 4 mM NAD" (or NADP*), 2 mM of an aldehyde
substrate, and a protein source (80 pg ml~! for total cell
lysate and 8 pg ml~! for purified AldHk); incubation pro-
ceeded at 37°C for 10 min. Enzyme activity was deter-
mined by measuring the amount of NADH (or NADPH)
produced from NAD* (or NADP*), using absorbance read-
ings at 340 nm. One unit (U) of enzyme activity was defi-
ned as the amount of enzyme producing 1 umole NADH
per min. The substrate specificity of AldHk was examined
by using various aldehydes including propionaldehyde,
butyraldehyde, valeraldehyde, isovaleraldehyde, furalde-
hyde, and benzaldehyde.

Metabolite analysis

The concentrations of glycerol, 3-HP, 1,3-PD, and other
metabolites in culture broth were determined by high-per-
formance liquid chromatography (1200, Agilent, CA, USA)
equipped with a refractive index detector and an ion-
exchange column (300 x 78 mm; Aminex HPX-87H; Bio-
Rad, USA). The mobile phase was 0.005 mol 1" H,SO,
and the flow rate 0.8 ml min~! during elution. The column
and cell temperatures were 65 and 45°C, respectively [25].
A 3-HP standard was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan).

Gas chromatography—mass spectrometry (GC-MS) was
conducted by using an Agilent 6890 GC/5973 MSD fitted
with a capillary column (DB5; 0.32 mm x 30m; J & W
Scientific, USA). The temperature was programmed to
increase from 70 to 300°C at a rate of 10°C min~' and the
final temperature was held for 5 min. Helium was used as
the carrier gas, at a flow rate of 2 ml min~! [5, 10, 12].
Aliquots of culture supernatants were freeze-dried and
extracted in ethyl acetate. Subsequently, the fraction was
heated to 70°C for 30 min after suspension in 100-pl
amounts of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA;
Sigma—Aldrich, St. Louis, MO) and samples were next
analyzed by GC-MS [18].

Results

Cloning and sequencing of an aldH homolog
from Klebsiella pneumoniae

Sequence homology alignment analysis identified a homo-
log of E. coli aldH (an NAD"-dependent aldehyde dehydro-
genase catalyzing production of 3-HP from 3-HPA) in the
chromosomal DNA of a recombinant strain of K. pneumo-
niae expressing glycerol dehydratase (dhaB) [14]. The
AldH homolog consisted of 496 amino acids and showed
85, 83, 82, and 82% homology with Ald of Enterobacter
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Fig. 3 Homology alignment of Kp_AldHk MNFQHLAYWQEKAKNLAIETRLFINGEYCAAADNTTFETIDPAAQQTLAQVARGKKADVERAVKAARQAF 70
AldHk with aldehyde dehydro- Ec_Ald  MHFQHLTYWQDKAKNSAIETRLFINGAYCDAADNATFETVNPATQQTLANVARGKQADVDRAVQAAREVF 70
Ec_AldH VMNFHHLAYWQDKALSLAIENRLFINGEYTAAAENETFETVDPVTQAPLAKIARGKSVDIDRAMSAARGVF 70
genases. Kp_AldHk from Kleb- Cr_PuuC MNFHHLAYWQODKALNLALETRLFINGEYCAAADGTTFETIDPFSEVPLANIARGKSADIDFAVKGARAVE 70
siella pneumoniae (ABR76435); Sf_AldH MNFHHLAYWQDKALSLAIENRLFINGEYTAAAENETFETVDPVTQAPLAKIARGKSVDIDRAVSAARGVFE 70
Ec Ald from Enterobacter cloa- Kok kk KKK L KKk Kok kkkkAkk K kky | kkkk. .k s Kk..kkkk ko .k k. Kk %
cae (ADF61777); Ec_AldH
f Escherichia coli Kp_AldHk DNGDWSQASPAQRKAILTRFANLMEAHREELALLETLDTGKPIRHSLRDDIPGAARATRWYAEALDKVYG 140
rom Escherichia coil Ec_Ald ERGDWSQASPAQRKAVLNKLADLMERHGEELALLETLDTGKPIRHSLRDDIPGAARATRWYAEAADKVYG 140
(ACT43165); Cr_PuuC from Ec_AldH ERGDWSLSSPAKRKAVLNKLADLMEAHAEELALLETLDTGKPIRHSLRDDIPGAARATRWYAEAIDKVYG 140
Citrobacter rodentium Cr_PuuC ESGVWSNAAPAKRKAALNKLADLIEANAEELALLETLDTGKPIRHSLRDDVPGAARAIRWYAEALDKVYG 140
(CBG87141); and Sf_AldH Sf_AldH ERGDWSLSSPAKRKAVLNKLADLMEAHAEELALLETLDTGKPTIRHSLRDDIPGAARATRWYAEATDKVYG 140
Kk s akk o kkk ks sk sk ek s Kk kkkkkkokkokk ok k ok ko ko ko s kK k Kk Kk kK kK k kK kK
from Shigella flexneri o R :
(ABF03518). The putative Kp_AldHk EVAPTGSNELAMIVREPIGVIAAVVPWNFPLLLACWKLGPALAAGNSVILKPSEKSPLTALRLAGLAKEA 210
active sites (triangles) of Ec_Ald EVAPTGPGELAMIVREPIGVVAAIVPWNFPLLLACWKLGPALVAGNSVVLKPSEKSPLTALRLAGLAKEA 210
aldehyde hydrogenases, featur- Ec_AldH EVATTSSHELAMIVREPVGVIAAIVPWNFPLLLTCWKLGPALAAGNSVILKPSEKSPLSAIRLAGLAKEA 210
ing Asn-168, Glu-267, Gly-299, Cr_PuuC EVATTGSQELAMIVREPVGVVAAIVPWNFPLLLTCWKLGPALAAGNSVILKPSEKSPLTALRLAGLAKEA 210
: . Sf_AldH EVATTSSHELAMIVREPVGVIAAIVPWNFPLLLTCWKLGPALAAGNSVILKPSEKSPLSAIRLAGLAKEA 210
andCyS—302; and glyclne motifs Kokk ok KKKKKAKAK KK KK RKKR KKK AR R KR AR KKK KKK hh AR I *  h Ak KRR KKK
involved in binding of the GXGXXXG v
NAD(P)* cofactor, are indicated Kp_AldHk GLPDGVLNVVSGFGHEAGQALALHPDVEVITFTGSTRTGKQLLKDAGDSNMKRVWLEAGGKSANIVFADC 280
in bold Ec_Ald  GLPDGVLNVISGYGHEAGQALALHPEVEVLTFTGSTRTGKQLLKDAGESNMKRVWLEAGGKSANIIFADC 280
Ec_AldH GLPDGVLNVVTGFGHEAGQALSRHNDIDATIAFTGSTRTGKQLLKDAGDSNMKRVWLEAGGKSANIVFADC 280
Cr_PuuC GIPDGVLNVVSGFGHEAGQALSRHPDIDVIAFTGSTRTGKQLLKDAGDSNMKRVWLEAGGKSANIVFADC 280
Sf_AldH GLPDGVLNVVTGFGHEAGQALSRHNDIDATIAFTGSTRTGKQLLKDAGDSNMKRVWLEAGGKSANIVFADC 280
*:*******::*:********: * ..4‘.1**************** *****************:****
vy
Kp_AldHk PDLQQAVRATAGGIFYNQGQVCIAGTRLLLEESIADEFLARLKAEAQHWQPGNPLDPDTTMGMLIDNTHA 350
Ec_Ald  PDLDKAVSATAAGIFYNQGQVCIAGTRLLLEDSIADDFLAKLKAQARHWQPGDPLNPDSTMGMLIDAAHA 350
Ec_AldH PDLQQAASATAAGIFYNQGQVCIAGTRLLLEESIADEFLALLKQQAQNWQPGHPLDPATTMGTLIDCAHA 350
Cr_PuuC PDLQQAVSATASGIFYNQGQVCIAGTRLLLEDSIADEFLNLLQQQI SHWQPGHPLDPSTTMGTLIDSAHA 350
Sf_AldH PDLQKAASATAAGIFYNQGQVCIAGTRLLLEESIADEFLALLKQQAQNWQPGHPLDPATTMGTLIDSAHA 350
Kok s sk Ak KKk kKA KKk ARk kKA Kk Ak kK ks SkkAk Kk ok L KAE KKK kK
Kp_AldHk DNVHSFIRGGESQSTLFLDGRKNPWPAAVGPTIFVDVDPASTLSREEIFGPVLVVTRFKSEEEALKLAND 420
Ec_Ald  YTVHTFIREGTRKGTLLLDGREQAWPCAVGPTIFVDIDPASPLCREEIFGPVLVVTRFKTEEEALTLAND 420
Ec_AldH DSVHSFIREGESKGQLLLDGRNAGLAAAIGPTIFVDVDPNASLSREEIFGPVLVVTRFTSEEQALQLAND 420
Cr_PuuC DTVHSFIRDGEQKGQLLVDGRQTAWPAAIGPTIFVDVDPEDRLSQEEIFGPVLVVTRFTSEEQALALANN 420
Sf_AldH DSVHTFIREGEGKGQLLLDGRNAGLAAAIGPTIFVDVDPNASLSREEIFGPVLVVTRFTSEDQALQLAND 420
Ckk Rk % ik kkks B L
Kp_AldHk SDYGLGAAVWTRDLSRAHRMSRRLKAGSVFVNNYNDGDMTVPFGGYKQSGNGRDKSLHALEKFTELKTIW 490
Ec_Ald  SEYGLGAAVWTRDLSRAHRMSRRLKAGSVFVNNYNDGDMTVPFGGYKQSGNGRDKSLHALEKFTELKTIW 490
Ec_AldH SQYGLGAAVWTRDLSRAHRMSRRLKAGSVFVNNYNDGDMTVPFGGYKQSGNGRDKSLHALEKFTELKTIW 490
Cr_PuuC SQYGLGAAVWTRDLSRAHRLSRRLKAGSVFVNNYNDGDMTVPFGGYKQSGNGRDKSLHALDKFTEIKTIW 490
Sf_AldH SQYGLGAAVWTRDLSRAHRMSRRLKAGSVFVNNYNDGDMTVPFGGYKQSGNGRDKSLHALEKFTELKTIW 490
* : LR R R R R EEEEEEEEEE S : RS RS EEEEEEE SRR SRR R R EEEEEEEEEEESESSE] : * Kk Kk Kk : * ok Kk ok
Kp_AldHk IALES- 495
Ec_Ald IALESQS 497
Ec_AldH ISLEA-- 495
Cr_PuuC ISLEA-- 495
Sf_AldH ISLEA-- 495

*ookk .

cloacae (ADF61777), AldH of E. coli (ACT43165), PuuC
of Citrobacter rodentium (CBG87141), and AldH of Shi-
gella flexneri (ABF03518; Fig. 3). Residues putatively
forming the active site of an aldehyde dehydrogenase, Asn-
168, Glu-267, Gly-299, and Cys-302, and a glycine motif
involved in binding of the NAD(P)* cofactor, were well
preserved in the AldH homolog of K. pneumoniae, which
was termed AldHk.

Expression and purification of K. pneumoniae AldHk
in E. coli

SDS-PAGE analysis (Fig. 4a) of the cytoplasmic fraction
of recombinant E. coli harboring pET-aldHk confirmed the
prominent expression of a recombinant protein of approxi-
mately 55 kDa, in line with the expected molecular weight

of K. pneumoniae AldHk. No such band was found in the
cytoplasmic fraction of control cells harboring vector
pET28a. The His4-tagged recombinant AldHk from the
cytoplasmic fraction of E. coli harboring pET-aldHk was
purified by Ni-NTA affinity column chromatography (data
not shown).

Functional analysis of K. pneumoniae AldHk produced
in E. coli

Analysis of the cytoplasmic fraction of E. coli cells harbor-
ing pET-aldHk revealed an aldehyde dehydrogenase activ-
ity when propionaldehyde and NAD" were employed as
substrate and cofactor, respectively, but no activity was
detected when supernatant from E. coli harboring control
pET28a was examined (Table 1). When NADP* was
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Fig. 4 SDS-PAGE analysis of cell-free lysates of E. coli (a)and
K. pneumoniae with aldHk (b). I insoluble fractions, S soluble frac-
tions, T total cell lysates. Overproduced AldHk is indicated by arrows

Table 1 Enzyme activity of AldHk in recombinant E. coli and
K. pneumoniae strains

Strain

Activity (U mg™! protein)

E. coli/pET28a
E. colilpET-aldHk

ND
0.024 £ 0.0004

K. pneumoniae AK/pVOT ND

K. pneumoniae AK/pVOTHk 0.097 £ 0.0005
ND not detected
120 A = NAD
I NADP
_ 100 -
2
> 80
=
< 60 -
[
=
E 40 A
i
20 A
0
A S RO e\\‘! %
I I R
RN e““‘a NE 0 S S

Fig. 5 Substrate and cofactor specificity of AldHk

employed as a cofactor, dehydrogenase activity fell by
73.9%, indicating that AldHk prefers NAD" to NADP" as a
cofactor (Fig. 5). In addition to propionaldehyde, AldHk
was also active on butyraldehyde, valeraldehyde, isovaler-
aldehyde, furaldehyde, and benzaldehyde. NAD* was the
preferred cofactor for all substrates except benzaldehyde
and furaldehyde.
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Overexpression of AldHk in the K. pneumoniae AK strain

To examine the effect of AldHk overexpression on glyc-
erol metabolism, plasmid pVOTHLK, including the aldHk,
dhaT, and orfW genes, was prepared as shown in Fig. 2b
and introduced into K. pneumoniae AK. DhaT encodes
the 1,3-PD oxidoreductase of the reductive glycerol path-
way, whereas dhaD encodes the glycerol dehydrogenase
which is the first enzyme in the oxidative glycerol
pathway (Fig. 2b) [20]. SDS-PAGE analysis of the cyto-
plasmic fraction of recombinant K. pneumoniae AK har-
boring pVOTHKk confirmed the prominent expression of a
protein corresponding to AldHk (Fig. 4b). No such band
was found in the cytoplasmic fraction of control cells
harboring pVOT. Consistent with these results, the cyto-
plasmic protein fraction of K. pneumoniae AK strains
harboring pVOTHk showed much-enhanced aldehyde
dehydrogenase activity when propionaldehyde and
NAD" were used as substrate and cofactor, respectively,
but no activity was detected in the cytoplasmic protein of
a control K. pneumoniae AK strain harboring pVOT
(Table 1).

Metabolite analysis of culture broth from recombinant
K. pneumoniae AK harboring pVOTHk

Growth of the recombinant AK strain was not affected by
overexpression of aldHk when glycerol was used as the
sole carbon source (3.6 and 3.8 ODyj, of AK strain harbor-
ing pVOT and pVOTHEK, respectively). One HPLC peak
was significantly elevated when culture broth of the AK
strain harboring pVOTHk was analyzed (data not shown).
The peak was identified by GC-MS, and the mass spectrum
and proposed fragmentation mechanism are presented in
Fig. 1 in the electronic supplementary material. The
BSTFA derivatives displayed a common fragmentation pat-
tern, with ion fragments at m/z = 73 derived by substitution
of the active hydrogen atom with the —Si(CHj;); (trimethyl-
silyl) group. In addition, fragmentation yielded peaks at
m/z 147, 177, and 219, matching database characteristics of
3-HP. The yield of 3-HP was elevated 3.6-fold by overex-
pression of AldHk (Table 2). As with 3-HP, the yield of
1,3-PD was also enhanced upon AldHk overexpression,
from 8.43 to 9.65 g 1-!. However, no by-products, with the
exception of acetate, were detected in medium from the
recombinant AK strain.

Fermentation of the K. pneumoniae AK strain harboring
pVOTHKk using 5-1 bioreactor

The effect of AldHk expression on reductive glycerol
metabolism in the K. pneumoniae AK strain was examined
by batch fermentation using a 5-1 bioreactor. The recombinant
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Table 2 Analysis of the metabolites of recombinant K. pneumoniae
AK strains

Metabolite (g 17" pVvOT pVOTHk
Glycerol 1.48 0.15
1,3-PD 8.43 9.65
3-HP 0.57 2.07
2,3-BD ND ND
Ethanol ND ND
Lactate ND ND
Succinate ND ND
Acetate 2.21 2.06

Initial concentration of glycerol 20 g1~!. Representative values are
indicated

ND not detected

AK strain harboring pVOTHk consumed all added glycerol
20 ¢g l’l) after 20 h. Maximal 1,3-PD production was
obtained at higher level of 9.2 g1~! compared to 8.5 g 17!
by the control AK strain harboring pVOT until 18 h of
growth; further increase in the incubation period resulted in
slight decrease of 1,3-PD vyield (to 8.1 g1~'; Fig. 6). This
may reflect the fact that DhaT activity is reversible [8].
In line with this suggestion, 3-HP production increased
continuously to 6.0 g 17!, In contrast, the production of
3-HP reached 1.1 g 17! in the control strain. For both 1,3-PD
and 3-HP, the conversion yield from glycerol was dramat-
ically increased (to over 70%, w/w) in the AK strain
harboring pVOTHK, compared to the control strain with
pVOT (about 45%, w/w). Also, by-product formation,
except for acetate, was completely blocked in the recom-
binant strains.

Additionally, fed-batch fermentation using K. preumo-
niae AK strain harboring pVOTHk gave the maximal pro-
duction of 1,3-PD (22.7 g -t Fig. 7). Compared to 1,3-PD,
the maximal 3-HP production was slightly increased by
fed-batch fermentation (6.8 g 171), probably due to the seri-
ous toxicity of the compound.

Cell growth (ODg,)
Metabolite (g L)

Time (h)

Fig. 7 Fed-batch fermentation of K. pneumoniae AK strains harbor-
ing pVOHKk. Residual glycerol, closed circles; cell growth, open cir-
cles; 1,3-PD, closed squares; 3-HP, closed triangles; acetate, open
squares

Discussion

The fermentation of glycerol by the K. pneumoniae wild-
type strain yields the valuable chemical 1,3-PD, but also
generates large amounts of by-products, including lactate
and 2,3-BD (to a level approximately 70% that of 1,3-PD),
thus compromising efforts to obtain high-purity 1,3-PD
by downstream processing. Previously, we engineered
K. pneumoniae to inactivate the oxidative glycerol pathway
responsible for by-product production by substitution of the
glycerol dehydrogenase gene (dhaD) gene on chromosomal
DNA with a gene conveying resistance to the antibiotic
apramycin [20]. Although this K. pneumoniae strain (AK/
pVOT) did not produce by-products, the yield of 1,3-PD
was not elevated and the rate of glycerol consumption fell
somewhat [20]. A possible explanation is insufficient
regeneration of the cofactor NADH crucial for the activity
of DhaT (Fig. 1) of the recombinant strain (AK/pVOT),
because inactivation of DhaD may adversely affect the cel-
lular balance between the cofactors NAD* and NADH. To
stimulate regeneration of NADH in the AK strain harboring

Fig. 6 Batch fermentation of K. (a) (b)
pneumoniae AK strains harbor- o5 10 o5 10
ing pVOT (a) or pVOTHK (b). 5 s
Residual glycerol, closed. cir- = 20] 24 8 v’—: = 20{ 249 8 7,
cles; cell growth, open circles; - s > = s =
1,3-PD, closed squares; 3-HP, 2 5] 2,4 6 ‘o’ D 5] 2,4 6 ‘w’
closed triangles; acetate, open § '§ £ § '§ =
squares g 10 22 4 8 @ 107 25 4 8
(=2} © o (=2} ©
= 3 T = 5|3 ~;,
5
(O] o1 2 £ O o1 2 =
0 0 0 0 0 w—af >—o ° 0

o

5 10 15 20 25 30 35
Time (h)

o

5 10 15 20 25 30 35

Time (h)
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pVOT, we overexpressed an NAD"-dependent aldehyde
dehydrogenase in this strain. To this end, AldHk, exhibiting
a dehydrogenase activity on propionaldehyde as a substrate,
and preferring NAD* to NADP* as a cofactor, was identi-
fied and overexpressed in the AK strain, yielding strain AK/
pVOTHk. This manipulation significantly stimulated the
reductive glycerol pathway, enhancing synthesis of 1,3-PD
and 3-HP. The fermentation using AK/pVOTHk shows no
production of by-products except acetate. Thus, we have
further engineered the AK strain to increase the yield of
reductive metabolites, 1,3-PD and 3-HP, from glycerol.
The increased production of acetate was unrelated to
expression of aldHk because the high production was also
found in the control strain AK/pVOT. Although the molec-
ular basis for the increase of acetate level in the recombi-
nant strain defective of glycerol oxidative pathway is
unclear [20], it could be related to increased demand of
energy production (ATP) in the mutant strain.

As described above, overexpression of AldHk signifi-
cantly enhanced production of 3-HP in the AK strain. This
indicates that AldHk is active on 3-HPA as a substrate, sim-
ilar to its activity on propionaldehyde, although this was
not directly demonstrated because 3-HPA is not commer-
cially available. We also explored the effect of AldHk in a
wild-type strain of K. pneumoniae. However, no stimula-
tion of reductive glycerol metabolism was evident in that
strain (data not shown), indicating that inactivation of the
oxidative glycerol pathway is required before the effect of
AldHk overexpression is apparent. In other words, an
enzyme activity compensating the effect of AldHk is pro-
vided by oxidative metabolism in the wild-type strain.

To the best of our knowledge, this is the first report to
identify 3-HP in the culture broth of K. pneumoniae. We
also found 3-HP in the broth of a wild-type strain of
K. pneumoniae grown in glycerol- but not glucose-containing
medium (data not shown), suggesting that K. pneumoniae
has a de novo metabolic pathway synthesizing 3-HP from
glycerol. However, AldHk is unlikely to be involved in this
process, as shown by a gene inactivation experiment. An
aldHk mutant strain (AaldHk) of K. pneumoniae was con-
structed by substitution of the chromosomal aldHk gene
with a gene encoding resistance to the antibiotic apramycin
(data not shown). This mutant strain also produced 3-HP
(data not shown), indicating that the metabolic pathway
was still functional. It has been reported that some Lactoba-
cillus species, such as L. reuteri and L. collinoides, can pro-
duce 3-HP from glycerol [4, 23]. Although the catalytic
mechanism remains unclear, a propanediol utilization pro-
tein (PduP) has been suggested as an important component
of the metabolic pathway [26]. A homolog of Lactobacillus
pduP is present in chromosomal DNA of K. pneumoniae.

3-HP is regarded as a potential C3 building block and is
hence ranked, by the United States Department of Energy,

@ Springer

as one of the top 12 value-added chemicals produced from
biomass [24]. Although several chemical and biological
synthesis methods have been reported to date, 3-HP is pro-
duced commercially by only a few suppliers, as an aqueous
solution, because of high production costs and low yield [3,
7]. Therefore, an organism with a metabolic pathway
enabling the production of 3-HP via very low-cost fermen-
tation would be valuable. Recently, Mohan Raj et al. [14]
reported that a recombinant E. coli strain expressing glyc-
erol dehydratase and aldehyde dehydrogenase genes pro-
duced 3-HP to a maximum of 31gl™!' in fed-batch
fermentation [15]. However, fermentation using recombi-
nant E. coli requires supplementation of the medium with
high-cost coenzyme B, to activate glycerol dehydratase,
because E. coli does not possess the biosynthetic pathway
for coenzyme B,. By contrast, K. pneumoniae is a typical
glycerol-fermenting bacterium that biosynthesizes coen-
zyme Bj,. Thus, the recombinant K. pneumoniae strain
described in the present study will be useful in industrial
scale-up processes, to produce these valuable chemicals
from glycerol.
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