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Coenzyme limitation is one of the most important issues for 1,3-propanediol (PDO) production. Elemen-
tary mode analysis indicated that pentose phosphate pathway and TCA cycle were the most efficient
pathways for generating reducing equivalent NADPH and NADH. Under the optimal condition for PDO
production, 0.542 mol NADPH/(mol glycerol), accounting for 61.7% of the total reducing equivalent would
be produced, which requires the fast conversion of NADPH for PDO synthesis. Based on the above anal-
Metabolic pathway analysis ysis, an endogenogs NADPH-dependen.t alcohol dehydrogenasg Q—[OR) was cloned and overexpressgd
Elementary mode analysis for NADPH usage in Klebsiella pneumoniae ACCC10082. The activities of HOR and total 1,3-propanediol
HOR dehydrogenase (PDOR) increased 5.8-fold and 1.1-fold than that of the wild type strain. In the fed-batch
fermentation, the PDO concentration and yield of the constructed strain increased 10.4% and 9.4% while
the highest 3-hydroxypropionaldehyde accumulation reduced 35.1% compared with that of the wild type
strain. Metabolic flux analysis suggested that the increase of PDO yield was due to the enhanced carbon
flux flowed to pentose phosphate pathway which provided coenzyme for HOR utilization. This work is
helpful for the further understanding of PDO metabolism in K. pneumoniae and also useful for the strain
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improvement of PDO production.
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1. Introduction

The biological conversion of glycerol to 1, 3-propanediol (PDO),
a promising chemical as the monomer of the novel polymer poly-
trimethylene terephathalate (PTT), has been refocused in recent
years as a result of the surplus of glycerol that is being produced
as a major by-product in biodiesel industry [1,2]. The mecha-
nism for the glycerol conversion by Klebsiella pneumoniae has been
extensively studied [3,4]. The metabolic pathway can be divided
into two branches: the reductive branch and the oxidative branch
(Fig. 1). In the reductive branch, glycerol is first converted to 3-
hydroxypropionaldehyde (3-HPA) by a coenzyme B12-dependent
glycerol dehydratase (GDHt) and the latter is further reduced
to PDO by a NADH-dependent 1,3-propanediol oxidoreductase
(PDOR)[5].On the other hand, glycerol is oxidized to dihydroxyace-
tone (DHA) by a NAD*-dependent glycerol dehydrogenase (GDH) or
phosphorylated into glycerol-3-phosphate (G3P) by glycerol kinase
and both DHA and G3P can be further transferred into DHA phos-
phate (DHAP) which will enter glycolysis [6].
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It has been generally recognized that the conversion of 3-HPA to
PDO is mainly catalyzed by PDOR with the association of coenzyme
NADH. Recent years, an NADPH-dependent alcohol dehydrogenase
was found more effective than NADH-dependent 1,3-propanediol
dehydrogenase for PDO production. A substitution of dhaT gene to
yghD gene encoding a NADPH-dependent alcohol dehydrogenase
in recombinant Escherichia coli resulted in high titers of approxi-
mately 130 g/L PDO production, which have never been obtained in
the identical strain utilizing dhaT gene [7]. The proteomic analysis
of K. pneumoniae from glycerol fermentation identified an endoge-
nous NADPH-dependent oxidoreductase (HOR) in K. pneumoniae
[8]. HOR was supposed to play important role in the conversion
of 3-HPA to PDO and showed high activity at the late phase of the
fermentation [8]. In the latest report, Seo et al. confirmed that HOR
was the isoenzyme of PDOR and was responsible for the biotrans-
formation of PDO production [9]. However, the effect of HOR on the
metabolism of K. pneumoniae was still not clear.

Elementary mode analysis is one of the most powerful tools for
metabolic pathway analysis which calculate the solution space that
contains all possible steady-state flux distributions of a network
by considering the stoichiometry of carbon and cofactor [10]. The
stoichiometry of the metabolic network, including carbon as well
as cofactor requirements, is fully considered in elementary mode
analysis. On the other hand, elementary mode analysis also allows


dx.doi.org/10.1016/j.bej.2011.02.005
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
mailto:dhliu@tsinghua.edu.cn
mailto:liuhongjuan@tsinghua.edu.cn
dx.doi.org/10.1016/j.bej.2011.02.005

152

Z. Chen et al. / Biochemical Engineering Journal 54 (2011) 151-157

Glycerol ext

3-HPA ext
A I
( R [2iF N
RS3 CO,  2NADPH
1,3-propaned101 3- HPA{— Glycerol Glucose-6-P TR3O } » Ribulose-5-P
1dA
NADH ¢ RI3 R31 32
R4k NADH
Fructrose-6-P <€~ Xylulose-5-P Ribose-5-P
Glycerol-3-P R12 R33
——GA-3-P
— PG glpD dhak Fructrose-1,6-P R35
——Pyruvate ructrose- Sed-7-P GA-3-P
—— PEP NADH R34
Oxaloacetate
Acetyl-CoA DHAP 4_> GA-3-P “—3 Eryth 4-P  Fructrose-6-P|
Biomass €—— a-Ketoglutarate R10 «— rythrose-4-
R60 Glucose-6-P
—— Erythrose-4-P NADH4IR14
— Ribose-5-P ATP
\—— Glucose-6-P PG
R15

ATP —RI0_5 ADP
NADPH €22 NaDH

RT2 R40
NADH+2ADP+02—————» NAD+2ATP

CO, \

\

/— PEP

pykA

Rl % Ni]{)/ 2,3-butanediol
NADH

ATP

ATP
R54

dh)
RZOP ldhA Lactate
/L NADPH NADH Formate
R4z €0 Acetate
Acetyl-CoA pta, ackd R53
dhE Ethanol
NADH v 2NADH  adh a0
Oxaloacetate
R22
mdh R29
Citrate
Malate
R28 acnB R23
fumABC
Fumarate Glyo ylate R43 Isocitrate
aceA . 4
ic
NADH:
it sdhABCD CO, NADPH
Succinate a-Ketoglutarate

Succinyl-CoA NADH

R25 CO,

!

Succinate_ext

Fig. 1. The representative metabolic pathway of glycerol. Abbreviations: 3-HPA, 3-hydro

xypropionaldehyde; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate;

GA-3-P, glyceraldehyde-3-phosphate; PG, phosphoglycerate; PEP, phosphoenolpyruvate.

determining the overall capacity, i.e., theoretical maximum yield,
of a cellular system and studying the effects of any genetic modifi-
cation [11]. Based on such studies, rational design can be obtained
for the efficient production and genetic modification. Recently, ele-
mentary mode analysis have been used for genome scale metabolic
studies dealing with, e.g., the rational design of methionine produc-

tion in E. coli and Corynebacterium glutamicum [12], the production
of polyhydroxybutanoate in yeast [13], the growth-related aspects
in Saccharomyces cerevisiae [14,15] and E. coli [16,17].

To discuss the function of the endogenous HOR on the PDO
synthesis by K. pneumoniae, an endogenous HOR gene was cloned
and overexpressed in K. pneumoniae ACCC10082 in this study.
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