
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Defense strategies for removing a highly toxic intermediate   
of glycerol reductive metabolism in Klebsiella pneumoniae 
 

ABSTRACT 
Klebsiella pneumoniae is known to have evolved 
two mechanisms for preventing accumulation of 
the highly toxic intermediate 3-hydroxypropion 
aldehyde during reductive glycerol metabolism 
in which the toxic intermediate is converted to 
3-hydroxypropionic acid (3-HP). One metabolic 
pathway, which involves a propanediol-utilization 
protein (PduP), is important under late-stage 
growth conditions at which concentrations of 1,3-
propanediol are high. The other is a non-specific 
mechanism that removes intracellular toxic 
aldehyde molecules by reactions catalyzed by 
various aldehyde dehydrogenases. These microbial 
metabolic pathways could find application in 
industry for the synthesis of 3-HP, which is a 
useful platform chemical.  
 
KEYWORDS: 3-hydroxypropionic acid, 
3-hydroxypropion aldehyde, propanediol-utilization 
protein 
 
INTRODUCTION 
Glycerol is a typical non-fermentative carbohydrate 
that can be readily utilized aerobically by 
microorganisms such as Escherichia coli. Some 
microorganisms are known to have evolved 
a fermentative glycerol metabolism [1-6]. A 
representative example is Klebsiella pneumoniae, 
whose fermentative glycerol metabolism has been
 

extensively studied (Figure 1) [7-9]. Glycerol-
fermenting microorganisms have evolved a common 
glycerol reductive pathway that balances the 
intracellular redox potential during fermentative 
metabolism. In this pathway, glycerol is first 
converted to 3-hydroxypropion aldehyde (3-HPA) 
through the action of glycerol dehydratase, and 
then to 1,3-propanediol (1,3-PD) through the 
action of 1,3-PD oxidoreductase using reduced 
nicotinamide adenine dinucleotide (NADH) as a 
cofactor, which controls the cytosolic ratio of 
reduced and oxidized nicotinamide adenine 
dinucleotide (NADH/NAD+) [10-12]. 
3-HPA, the intermediate metabolite of the 
glycerol reductive pathway, is highly toxic, and 
hence its accumulation must be tightly controlled. 
Moreover 1,3-PD oxidoreductase catalyzes a 
reversible reaction that converts 1,3-PD to 3-HPA 
under conditions of high 1,3-PD concentration, 
increasing the cellular amount of toxic 3-HPA. 
Glycerol-fermenting microorganisms have evolved 
a defense mechanism that prevents accumulation 
of this toxic material by converting it to 3-
hydroxypropionic acid (3-HP) [13-17]. 
This mini-review introduces the microbial 
strategy for removing the toxic intermediate of 
reductive glycerol metabolism recently identified 
in K. pneumoniae. 
 
Propanediol utilization protein-catalyzed        
3-HPA-specific pathway 
Recently, Luo et al. reported that overexpression 
of a propanediol utilization protein (PduP) from 
 
 

Industrial Microbiology and Bioprocess Research Center, Integrated Biorefinery Research Institute, 
Korea Research Institute of Bioscience and Biotechnology, Jeongeup City, Jeonbuk 580-185, Korea. 
 

Jeong-Woo Seo, Lian Hua Luo, Baek-Rock Oh, Sun-Yeon Heo, Won-Kyung Hong,                              
Ji-Young Kang and Chul Ho Kim* 
 

*Corresponding author: kim3641@kribb.re.kr 
 

Current  Topics  in 
Biotechnology

Vol. 8, 2014 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lactobacillus reuteri increased the production of 
3-HP in K. pneumonia [18]. A homolog of PduP 
identified in K. pneumoniae similarly induced  
the synthesis of 3-HP, indicating the probable 
involvement of the propanediol utilization pathway 
in the conversion of 1,3-PD to 3-HP via 3-HPA 
(Figure 2). In agreement with this prediction, the 
synthesis of 3-HP diminished in a pduP-deficient 
mutant of K. pneumoniae specifically at late 
stages of growth when concentrations of 1,3-PD 
are high, resulting in accumulation of 3-HP and 
cell death [19]. This indicates that the propanediol 
utilization pathway is an important defense 
mechanism for preventing accumulation of the 
toxic intermediate metabolite during reductive 
glycerol metabolism. A further analysis at the 
molecular level could help elucidate the
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relationship between the PduP-dependent defense 
mechanism and the level of 1,3-PD. 
 
Aldehyde dehydrogenase-catalyzed                
non-specific pathway 
Interestingly, the synthesis of 3-HP in the pduP-
deficient mutant was retained specifically at early 
stages of growth, indicating the involvement of 
another metabolic pathway in the reduction of 
3-HPA in K. pneumoniae [19]. Luo et al. reported 
that at least three aldehyde dehydrogenases (AldHk, 
YdcW, and YneI) induce the reaction (Figure 2) 
[20]. However, deletion of each gene had no 
effect on the synthesis of 3-HP, indicating that the 
reaction converting 3-HPA into 3-HP might be a 
non-specific cellular defense mechanism to eliminate 
toxic metabolites. 
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Figure 1. Glycerol oxidative and reductive metabolic pathways in K. pneumoniae. 
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K. pneumoniae and an aldehyde dehydrogenase 
(E. coli aldH or α-ketoglutaric semialdehyde 
dehydrogenase from Azospirillum brasilense) [22]. 
However, the recombinant pathways required 
coenzyme B12 as a cofactor for the glycerol 
dehydratase reaction, which is expensive, thus 
compromising the cost-effectiveness of scale-up. 
K. pneumoniae might be applicable for the industrial 
production of 3-HP because the glycerol-fermenting 
strain has co-evolved a complex de novo biosynthetic 
pathway for coenzyme B12 [23]. 
 
CONCLUSION 
K. pneumoniae is a prototypical glycerol-fermenting 
microorganism. To achieve this metabolic capability, 
the microorganism has evolved a reductive pathway 
that balances the cellular redox potential during 
fermentative metabolism and the accompanying 
synthesis of a highly toxic intermediate metabolite. 
Therefore, together with the metabolic pathway, 
two defense mechanisms have also evolved to 
prevent accumulation of the toxic intermediate in 
the microorganism. These delicate microbial strategies 
could be exploited industrially for the production 
of valuable platform chemicals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of microbial metabolic pathways 
3-HP is a valuable C3 building block, and is used 
as an intermediate in the synthesis of many 
commercially valuable chemicals employed in  
the production of adhesives, fibers, and resins 
(Figure 3) [21]. Raj et al. recently reported 3-HP 
production in recombinant E. coli through the 
expression of a glycerol dehydratase from  
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Figure 2. Proposed metabolic pathways for converting 3-hydroxypropione aldehyde 
to 3-hydroxypropionic acid. 

Figure 3. Industrial applications of 3-hydroxypropionic 
acid. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

38 Jeong-Woo Seo et al.

12. Zhang, Y., Li, Y., Du, C., Liu, M. and Cao, 
Z. 2006, Metab. Eng., 8, 578. 

13. Stevens, M. J., Vollenweider, S., Meile, L. 
and Lacroix, C. 2011, Microb. Cell Fact., 
10, 61. 

14. Dishisha, T., Pereyra, L. P., Pyo, S. H., 
Britton, R. A. and Hatti-Kaul, R. 2014, 
Microb. Cell Fact., 13, 76. 

15. Luo, L. H., Seo, J. W., Heo, S. Y., Oh, B. 
R., Kim, D. H. and Kim, C. H. 2013, 
Bioproc. Biosyst. Eng., 36, 1319. 

16. Hao, J., Wang, W., Tian, J., Li, J. and Liu, 
D. 2008, J. Ind. Microbiol. Biotechnol., 35, 
735. 

17. Barbirato, F., Grivet, J. P., Soucaille, P. and 
Bories, A. 1996, Appl. Environ. Microbiol., 
62, 1448. 

18. Luo, L. H., Seo, J. W., Baek, J. O., Oh, B. 
R., Heo, S. Y., Hong, W. K., Kim, D. H. and 
Kim, C. H. 2011, Appl. Microbiol. Biotechnol., 
89, 697. 

19. Luo, L. H., Kim, C. H. Heo, S. Y., Oh, B. 
R., Hong, W. K., Kim, S. H., Kim, D. H. 
and Seo, J. W. 2012, Bioresource Tech., 
103, 1. 

20. Luo, L. H., Seo, J. W., Heo, S. Y., Oh, B. 
R., Kim, D. H. and Kim, C. H. 2013, 
Bioproc. Biosyst. Eng., 36, 1319. 

21. van Maris, A. J. A., Konings, W. N. and 
van Djiken, J. P. and Pronk J. T. 2004, 
Metab. Eng., 6, 245. 

22. Raj, S. M., Rathnasingh, C., Jo, J. E. 
and Park, S. 2008, Process Biochem., 43, 
1440. 

23. Valdehuesa, K. N., Liu, H., Nisola, G. M., 
Chung, W. J., Lee, S. H. and Park, S. J. 
2013, Appl. Microbiol. Biotechnol., 97, 
3309. 

 
 
 
 
 
 
 
 
 
 
 
 

ACKNOWLEDGMENTS 
This work was supported by the Joint Degree and 
Research Center for Biorefinery and the KRIBB 
Research Initiative Program of Korea Research 
Council of Fundamental Science & Technology. 
 
CONFLICT OF INTEREST STATEMENT 
There are no conflicts of interest. 
 
REFERENCES 
1. Abbad-Andaloussi, S., Manginot-Dürr, C., 

Amine, J., Petitdemange, E. and Petitdemange, 
H. 1995, Appl. Env. Microbiol., 61, 4413. 

2. Barbirato, F. and Bories, A. 1997, Res. 
Microbiol., 148, 475. 

3. Forage, R. G. and Foster, A. M. 1982, 
J. Bacteriol., 149, 413.  

4. Homann, T., Tag, C., Biebl, H., Deckwer, 
W. D. and Schink, B. 1990, Appl. Microbiol. 
Biotech., 33, 121. 

5. Ito, T., Nakashimada, Y., Senba, K., Matsui, 
T. and Nishio, N. 2005, J. Biosci. Bioeng., 
100, 260. 

6. Luers, F., Seyfried, M., Daniel, R. and 
Gottschalk, G. 1997, FEMS Microbiol. 
Lett., 154, 337.   

7. Ahrens, K., Menzel, K., Zeng, A. P. and 
Deckwer, W. D. 1998, Biotechnol. Bioeng., 
59, 544.  

8. Menzel, K., Ahrens, K., Zeng, A. P. and 
Deckwer, W. D. 1998, Biotechnol. Bioeng., 
60, 617. 

9. Zhang, Q. and Xiu, Z. 2009, Biotechnol. 
Prog., 25, 103. 

10. Forage, R. G. and Foster, A. M. 1982, J. 
Bacteriol., 149, 413. 

11. Forage, R. G. and Lin, C. C. 1982, J. 
Bacteriol., 151, 591. 

 


