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Summary

3-Hydroxypropionic acid (3-HP) is a novel antimicrobial agent against foodborne
pathogens like Salmonella and Staphylococcus species. Lactobacillus reuteri converts glycerol
into 3-HP using a coenzyme A-dependent pathway, which is encoded by propanediol utili-
zation operon (pdu) subjected to catabolite repression. In a catabolite-repression-deregulat-
ed L. reuteri RPRB3007, quantitative PCR revealed a 2.5-fold increase in the transcripts of
the genes pduP, pduW and pduL during the mid-log phase of growth. The production of
3-HP was tested in resting cells in phosphate buffer and growing batch cultures in MRS
broth of various glucose/glycerol ratios. Due to the upregulation of pathway genes, specif-
ic formation rate of 3-HP in the mutant strain was found to be enhanced from 0.167 to
0.257 g per g of cell dry mass per h. Furthermore, formation of 3-HP in resting cells was
limited due to the substrate inhibition by reuterin at a concentration of (30£5) mM. In batch
cultures, the formation of 3-HP was not observed during the logarithmic and stationary
phases of growth of wild-type and mutant strains, which was confirmed by NMR spectros-
copy. However, the cells collected in these phases were found to produce 3-HP after wash-
ing and converting them to resting cells. Lactate and acetate, the primary end products of
glucose catabolism, might be the inhibiting elements for 3-HP formation in batch cultures.
This was confirmed when lactate (25+5 mM) or acetate (205 mM) were added to biotrans-
formation medium, which prevented the 3-HP formation. Moreover, the removal of sodi-
um acetate and glucose (carbon source for lactic acid production) was found to restore
3-HP formation in the MRS broth in a similar manner to that of the phosphate buffer. Even
though the genetic repression was circumvented by the up-regulation of pathway genes
using a mutant strain, 3-HP formation was further limited by the substrate and catabolite
inhibition.
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Introduction

3-Hydroxypropionic acid (3-HP) is a C3 p-hydroxy
carboxylic acid and a structural isomer of lactic acid. It is
one of the novel antimicrobial compounds against food-
borne pathogens like Salmonella and Staphylococcus spe-
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cies (1). Apart from direct food preservative applications,
it has got appreciable nematicidal activity against para-
sites and saprophytes of staple food crops (2). Currently,
biological production of 3-HP is under research and is
largely focused on the production of green chemicals like
acrylic acid (3). For food and unique biomedical applica-
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tions, GRAS (Generally Regarded as Safe) production of
3-HP is more suitable and acceptable for regulatory clear-
ances unlike the current methods employed in C3 chemi-
cal synthesis (4). Lactobacillus reuteri is an attractive host
for 3-HP synthesis as it is known for the production of its
precursor molecule, 3-hydroxypropanaldehdye (3-HPA/
reuterin), from glycerol. Metabolic pathway of 3-HP in L.
reuteri is provided with an ATP-producing step (5) which
is necessary for export of weak acids like 3-HP out of the
cell (6).

A detailed metabolic pathway (5) is outlined in Fig.
1la and its genetic arrangement is shown in Fig. 1b (7). The
previously conducted metabolite characterisation studies
on L. reuteri using batch cultures and chemostat cultiva-
tions have confirmed the absence of B-hydroxy acid dur-
ing fermentation (8). The lack of 3-HP formation in the
earlier reports might be due to the catabolite repression
element (CRE) (9) in the upstream of 3-HP pathway
genes. The recombineering approaches in L. reuteri have
led to the development of CRE mutants (7) and had not
been studied for 3-HP formation, until the recent flux
analysis was reported in resting cells (10).

Overexpression of the pathway genes either by tran-
scriptional deregulation or a plasmid-borne expression of
homologous genes is a widely employed technique to en-
hance the feasibility of producing a compound in natural
hosts. In this study, the 3-HP metabolic pathway of CRE
mutant RPRB3007 was analysed quantitatively at tran-
script levels and the effect of mutation over 3-HP forma-
tion was studied in the resting cells and growing batch
cultures.

Materials and Methods

Strains and media

Lactobacillus reuteri strain ATCC PTA 6475 (wild-type)
and its CRE mutant strain RPRB3007, obtained from Prof.

Robert A. Britton (Michigan State University, East Lan-
sing, MI, USA), were propagated anaerobically in MRS
complex medium containing 20 g/L of glucose (11). The
growth was monitored by measuring the absorbance at
600 nm, where Ay =1 was equivalent to 0.33 g of cell
dry mass per L of medium.

Transcript analysis using quantitative PCR

The transcript analysis of genes involved in 3-HP
metabolic pathway (Fig. 1a), namely pduP, pdul and
pduW, was done using a quantitative PCR approach. Once
the cells were sampled, they were treated with RNApro-
tect Bacteria Reagent (Qiagen, Valencia, CA, USA) and
stored at —80 °C until the RNA extraction was done using
on-column DNase digestion with RNase-free DNase. As
it is a Gram-positive bacterium, its cell lysis was supple-
mented using 50 units of mutanolysin and 25 mg/mL of
lysozyme at 37 °C for 20 min during RNA extraction. The
synthesis of cDNA using M-MuLV reverse transcriptase
and the real-time PCR analysis with SYBR® Green Master
Mix (Life Technologies, Carlsbad, CA, USA) were carried
out further as described previously (12). For ACT calcula-
tions, 16S ribosomal RNA was used as reference gene and
AACT was calculated based on the difference between the
ACT of a gene in the mutant and in the wild-type strains.
Transcripts were compared using the fold change, 244,

Propanaldehyde dehydrogenase activity in the
wild-type and mutant strains

In order to ascertain the effect of CRE mutation on
the enzyme activities, one of the pathway enzymes, pduP
(Coenzyme A- and NAD(P)*-dependent propionaldehyde
dehydrogenase) was assayed using the method described
by Leal et al. (13) with certain modifications as follows.
Briefly, the enzyme assay reaction mixture in 50 mM po-
tassium phosphate buffer (pH=8) comprised 5 mM NAD?,
100 uM coenzyme A (CoA), 3 mM propanaldehyde, and
the total cell lysate (55 ug/mL of total protein). After 10
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3-HPA
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NAD(P)H
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13-PD
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Fig. 1. Bioconversion pathway of glycerol to 3-hydroxypropionic acid (3-HP): a) pduCDE=vitamin B12-dependent glycerol dehydra-
tase, pduP=coenzyme A- and NAD(P)'-dependent propanaldehyde dehydrogenase, pduL=phosphotransacylase, pduW=propionate
kinase and pduQ=NAD(P)H-dependent 1,3-propanediol (1,3-PD) dehydrogenase genes; b) an overview of 1,2-propanediol utiliza-
tion operon (pdu) showing upstream transcriptional regulatory element, a catabolite repression site. In the catabolite repression ele-
ment (CRE) mutant, CRE site was modified into TGAATTCCGATTTCT using recombineering approach (7). The black dot indicates

the transcriptional start site
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min of incubation at 37 °C, the amount of produced
NADH was measured by checking the absorbance at 340
nm. One unit (U) of enzyme activity was defined as the
amount of enzyme producing 1 pmol of NADH per min.

Biotransformation of glycerol in resting cells and
supernatant analysis

MRS broth containing 100 mM glycerol was inoculat-
ed with 5 % cells grown overnight and was cultivated at
37 °C and 100 rpm. Anaerobic conditions were main-
tained by flushing sterile nitrogen in rubber stopper vials
at the beginning of cultivation. In the mid-log phase (6 h),
resting cells were prepared as described earlier (14) with
following modifications. Cells were washed twice at room
temperature using 50 mM phosphate buffer (pH=7.4) and
resuspended in the same buffer containing 150 mM glyc-
erol until Ay ,.,=20 was obtained. Biotransformation was
carried out at 37 °C under static conditions and subse-
quently 3-HP synthesis was monitored using a HPLC
(Shimadzu LC-10AT VP, Tokyo, Japan) that was equipped
with a refractive index detector (RID) and an Aminex
HPX-87H column (300 mmx78 mm, Bio-Rad, Hercules, CA,
USA). The mobile phase was 35 % acetonitrile in 5 mM
sulphuric acid. Elution was carried out at room tempera-
ture with RID kept at 50 °C. Other metabolites like lactate,
acetate, glycerol, 1,3-propanediol (1,3-PD), and 3-hy-
droxypropanaldehyde (3-HPA) were also quantified us-
ing HPLC as described in our earlier study (11).

Cofermentation and two-stage fermentation of glycerol

Cofermentation was done anaerobically in 5-mL vials
containing different initial glucose/glycerol ratios (in g/g),
namely 20:5, 20:10, 20:15, 20:20 and 20:25. Batch cultures
were inoculated with 5 % inoculum in multiple vials, and
every 3 h a vial was used for 3-HP detection. A two-stage
fermentation was carried out in a 1.4-litre working vol-
ume fermentor (Bioengineering AG, Wald, Switzerland)
sparged with nitrogen, in which glycerol was added in
the second step after the exhaustion of glucose or sucrose,
resulting in biomass formation in the first stage. A feed
solution of 40 % glycerol was used at a feed rate of 10-30
mL/h. Every two hours, samples were prepared for HPLC
analysis as described in an earlier study (11).

NMR analysis using *C,-glycerol in batch cultures

To ensure the absence of 3-HP in batch cultures, unla-
belled glycerol was replaced by *C,-glycerol in cofermen-
tation studies for NMR analysis, which was performed in
duplicates. In the mid-log and late exponential phases of
growth, cells were discarded and the supernatants were
concentrated by lyophilization. The residue was redis-
solved in 500 pL of deuterated water to record the NMR
spectra at 125.77 MHz on a Bruker AV III 500 MHz FT
spectrometer (Bremen, Germany) with a broadband gradi-
ent probe head (5 mm) maintained at room temperature.
Chemical shifts were assigned with the aid of previously
published data available at Spectral Database for Organic
Compounds (SDBS), National Institute of Advanced In-
dustrial Science and Technology (AIST), Tokyo, Japan. A
unique carboxylic acid signal for 3-HP was searched using
previously published 3-HP NMR spectra (1).

Effect of 3-HPA and glycolytic end products on
biotransformation of glycerol

To understand the inhibitory effect of the substrate,
3-HPA, and end products of glucose metabolism on 3-HP
formation, biotransformation medium was supplemented
with 3-HPA and primary end products of glycolysis. The
addition of glucose, lactic acid, acetic acid and reuterin to
biotransformation medium of resting cells was carried
out up to a final concentration of 50 mM individually by
the use of appropriate stock solutions in duplicates. Since
reuterin was not commercially available, it was prepared
using previous methods (8,11). HPLC analysis was car-
ried out to track the metabolism of the added compounds.

Results and Discussion

Transcript analysis and enzyme activity of pduP

The deregulation of catabolite repression of pdu op-
eron has resulted in enhancement of transcripts when
grown in MRS broth with 100 mM glycerol. A compara-
tive transcript analysis between the wild-type and mutant
strains relevant for 3-HP pathway is shown in Fig. 2. The
observed 2.5-fold increase in the mRNA levels from single
transcription unit (15) was found to be consistent when
the residual glucose concentration was between 60 and 80
mM. The enhancement in the levels of the transcript was
revealed in the measurable in vitro enzyme activities. For
instance, propanaldehdye dehydrogenase activity was
marked to be upregulated from 0.42 to 0.87 U/mg.

Production of 3-HP in the resting cells

A comparison of the glycerol biotransformation in
the wild-type and mutant strains is shown in Fig. 3. Spe-
cific productivity of 3-HP by the mutant increased from
0.167 to 0.257 g per g of cell dry mass per h. Furthermore,
52 % more glycerol was consumed. Increase in the oxida-
tion rate of glycerol to 3-HP was supported by simultane-
ous increase in the glycerol to 1,3-PD reduction rate from
0.7 to 1.12 g/(L-h). The observed upregulation in glycerol
bioconversion was corroborated in a recent metabolic flux
analysis (10). In the wild-type and mutant resting cells,
addition of (30+5) mM 3-HPA at 0 h has shown to com-
pletely inhibit 3-HP synthesis, similar to the previous en-
zyme assays (5). Hence, after the accumulation of reuterin
to nearly inhibitory concentration, there was no further
3-HP production in the biotransformation medium.

The yield of 3-HP from glycerol was smaller due to
the accumulation of coproducts like 3-HPA and 1,3-PD.
Since it was an unaerated process, 1,3-PD formation re-
generated the NAD(P)' required for 3-HP synthesis. For
high-value and low-volume production, a single purifica-
tion step such as preparative chromatography is required
to get rid of the residual glycerol and co-products. A
trade-off between the purification costs and surplus raw
material is an essential factor to be considered during
scaling up of this process. Nevertheless, the process is su-
perior to that of resting cells of Klebsiella species where
glycerol was found to produce additional by-products
like lactic acid and ethanol due to parallel oxidation reac-
tion mediated through dihydroxyacetone pathway (16).
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Fig. 2. Comparison of transcripts of 3-hydroxypropionic acid
(3-HP) pathway genes between the wild-type and catabolite re-
pression element (CRE) mutant in mid-log phase of growth, when
resting cells were prepared. GACGGTGGGATGGTTATGTATG
and AGGGTGAGCACCAAAGTAAAG, CGTTCACACTCACA-
GGTAGAAA and GCCATCAAGATCACCAGACA, GGAACG-
CGATGTGGAGATATT and AAGCCCTGAGTCTTCATTCATT
were used as forward and reverse primers in Q-PCR for the am-
plification of pduP, pduL and pduW genes, respectively
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Fig. 3. Comparison of biotransformation of 150 mM glycerol
into 3-HPA, 3-HP and 1,3-PD in the resting cells of wild-type
(Wt) and CRE mutant (Mt) in two different biotransformation
media, namely phosphate buffer and MRS broth without glu-
cose and sodium acetate. Bioconversion proceeded up to 3 h
only, due to the accumulation of inhibitory reuterin

This sort of biotransformation would become economical
if biomass of L. reuteri were obtained from the cast-off of
other processes such as large scale mannitol (17) and 1,3-
-PD production (4).

Batch cultures in glucose did not produce 3-HP

Lactobacillus reuteri does not grow on glycerol as a
sole carbon source. Hence, 3-HP formation from glycerol
was analysed in the presence of other cofermentable car-
bon sources like glucose and sucrose. For the various glu-
cose (or sucrose)/glycerol ratios tested in the batch culti-

vation of both wild-type and mutant, 3-HP formation
remained undetected by HPLC. NMR studies confirmed
that neither the wild-type nor the mutant strains had
chemical shifts between 160 and 185 ppm, corresponding
to the carboxylic acid functional group (at position 1) (Fig.
4) at any of the tested sugar/glycerol ratios. Unlike the ab-
sence of 3-HP even after the enhanced expression of the
pdu genes in mutant strain, both 1,3-PD and 3-HPA for-
mation increased in the batch cultures. For instance, when
using the glucose/glycerol ratio of 20:10, 1,3-PD and 3-HPA
fractions were found to be 16.54 and 18.72 %, respectively,
more than in the wild-type after 12 h of cofermentation.
Lactic acid and acetic acid were found to be the common
end products of glucose and sucrose catabolism. The
main differences between the glucose and sucrose meta-
bolism were the formation of mannitol in sucrose-grown
cultures and enhanced ethanol formation in the glucose-
-grown cultures.

31.821
31.524
31.228

p=0

< ""OH
160-185

T T T T T T T
180 160 140 120 100 80 60 40 20 0
Chemical shift/ppm

Fig. 4. °C13 NMR spectrum of the supernatant from cofermen-
tation of glucose and glycerol. Dashed line (------ ) indicates the
expected carboxylic acid chemical shift for 3-HP and was found
to be absent from cofermenting samples of growing batch cul-
tures in various glucose/glycerol ratios

In two-stage fermentation, none of the feeding rates
of glycerol was found to produce 3-HP. In contrast, when
the cells obtained from the two-stage or cofermentation
were washed and resuspended as resting cells in phos-
phate buffer with 150 mM glycerol, synthesis of 3-HPA,
1,3-PD and 3-HP was observed. It is noteworthy to men-
tion that the expression of pdu genes was ubiquitous and
did not require the presence of glycerol or other inducers
like 1,2-propanediol (18). Despite this expression, 3-HP
was not formed in the batch cultures unless the cells were
washed and converted to resting cells.

Since the washing process was found to elicit the for-
mation of 3-HP, components in the fermentation broth
might be inhibitory to 3-HP formation. With this regard,
when lactate (25+5) mM or acetate (20+5) mM was added
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to biotransformation medium of the resting cells under
buffered conditions separately, 3-HP production was ab-
sent. However, 3-HPA and 1,3-PD were formed at 41 and
32 %, respectively, at a lower amount in comparison with
the control. Addition of lactate resulted in the formation
of ethanol and acetic acid. In the samples treated with
acetic acid, traces of ethanol were seen. Acetate is a poten-
tial substrate for pduW activity because of its conserved
motif region (19) and hence a substrate competition be-
tween the acetic acid and 3-hydroxypropyonyl phosphate
can occur. With regard to lactic acid, the inhibitory mech-
anism was not clear. In the cofermentation and two-stage
fermentation there might be catabolite inhibition due to
the presence of end products of glycolysis, especially lac-
tate and acetate, affecting the formation of 3-HP. Ensuring
this hypothesis, MRS broth devoid of glucose (carbon
source for lactic acid production) and sodium acetate was
found to have similar biotransformation profile in com-
parison with the phosphate buffer (Fig. 3).

The resting cells obtained with glucose to glycerol
molar ratio (R) greater than 0.42 did not produce 3-HP
(Table 1). Below the molar ratio of 0.42, equimolar forma-
tion of 1,3-PD and 3-HP was absent in comparison with
the control without glucose. It is well known that L. re-
uteri uses glycerol as an electron acceptor (20) and hence
at higher glucose/glycerol ratios, reduction of glycerol to
1,3-PD is more favourable than oxidation to 3-HP. At low-
er molar ratios of glucose/glycerol, even though the ther-
modynamic feasibility of 3-HP formation was greater, it
might be prevented by 3-HPA accumulation and glyco-
lytic end products.

Table 1. Effect of glucose on 3-hydroxypropionic acid (3-HP)
formation in resting cells of wild-type strain after 3 h of bio-
transformation. Similar trend was obtained in the catabolite re-
pression element (CRE) mutant also (data not shown)

R grucoseglycerol) )

3-HPA 1,3-PD 3-HP
0 1.10 2.23 3.50
0.12 1.60 1.44 0.72
0.33 6.20 0.90 0.57
0.42 5.58 1.78 0
0.66 291 3.15 0
1.33 0.95 422 0
2.66 0.47 6.50 0

In the batch culture, preference of glycolysis over
3-HP pathway for regeneration of NAD(P)H might be re-
lated to higher affinity of enzymes towards NAD(P)", as
observed in glucose-6-phosphate dehydrogenase (K=
0.0075 mM) in E. coli (21). In our earlier study on L. reuteri
(11), cellular NAD(P)" level was increased through en-
hanced 1,3-PD production by means of overexpression of
NAD(P)H-dependent alcohol dehydrogenase. During
such redox-related imbalance within the glycerol biocon-
version pathway, glycolysis remained as an electron sink
for NAD(P)H regeneration and absence of cooxidation of

glycerol to 3-HP (data not shown). Apart from that, the
affinity of an aldehyde dehydrogenase towards 3-HPA
was reported to be high (22), which makes it interesting
for further studies.

Conclusion

The deregulation of the catabolite repression was
quantified at the transcript level, and the enhancement in
metabolic activity of glycerol bioconversion to 3-HP and
other end products was observed in resting cells. From
the NMR profiles in different physiologic states, it was
clear that batch cultures did not produce 3-HP, even after
the enhanced expression of pathway genes. The underly-
ing reason was hypothesised to be catabolite inhibition
due to the end products of glycolysis like acetic acid,
apart from the previously reported substrate inhibition in
enzyme assays. The conversion of 3-HPA to 3-HP under
cofermentation conditions could be done possibly
through e.g. enhancement of the affinity of oxidising en-
zyme for the substrate 3-HPA, rather than mere increase
in the expression levels of pathway enzymes. In future,
3-HP production in L. reuteri would be worth exploring
by means of overexpression of the gene encoding for an
aldehyde dehydrogenase like puuC, whose catabolite reg-
ulation and substrate inhibition are still not known.
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