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Abstract Development of sustainable technologies for the
production of 3-hydroxypropionic acid (3HP) as a platform
chemical has recently been gaining much attention owing to
its versatility in applications for the synthesis of other spe-
cialty chemicals. Several proposed biological synthesis
routes and strategies for producing 3HP from glucose and
glycerol are reviewed presently. Ten proposed routes for
3HP production from glucose are described and one of
which was recently constructed successfully in Escherichia
coli with malonyl-Coenzyme A as a precursor. This resulted
in a yield still far from the required level for industrial
application. On the other hand, strategies employing
engineered E. coli and Klebsiella pneumoniae capable of
producing 3HP from glycerol are also evaluated. The titers
produced by these recombinant strains reached around 3 %.
At its current state, it is evident that a bulk of engineering
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works is yet to be done to acquire a biosynthesis route for
3HP that is acceptable for industrial-scale production.
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Introduction

The balance between environmental and economic aspects
has been one of the primary considerations in developing
alternative cleaner technologies. This includes the develop-
ment of bio-based production processes that utilize cheaper
and renewable biomass feedstocks (Saxena et al. 2009).
Herein biomass is converted to desired products such as
platform chemicals and biofuels. This conversion makes
use of novel chemical or biological transformation technol-
ogies such as green synthesis of platform chemicals from
biomass-derived sugars and conversion of C5 and C6 sugars
to fuels, platform chemicals, and biopolymers using meta-
bolically engineered microorganisms (Malihan et al. 2012;
Lee et al. 2012; Liu et al. 2012a,b; Jang et al. 2012; Park et
al. 2012, 2013). In 2004, the US Department of Energy
created a priority list containing the names of the platform
chemicals suitable for the development of alternative renew-
able production methods with cheap and viable processes.
These compounds were selected based on the involved
processes, economics, industrial viability, market size, and
their versatility as bridge molecules for the production of
more industrially relevant chemicals. The final list provides
a guideline for product identification in research, which
includes a range of C2—C6 platform chemicals, one of which
is 3-hydroxypropionic acid (3HP) (Werpy et al. 2004).
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3-Hydroxypropionic acid is a C3 non-chiral hydroxy
carboxylic acid. It is a structural isomer of 2-hydroxy
propionic acid (lactic acid), which contains a hydroxyl
and carboxyl functional groups. This bifunctionality gives
3HP the versatility in several chemical transformations to
produce other specialty chemicals (Della Pina et al. 2011)
(Fig. 1). For example, reduction of the carboxyl func-
tional group produces 1,3-propanediol (13PDO), a pre-
cursor for the production of polyesters such as
polytrimethylene terephthalate. On the other hand, dehy-
dration of the hydroxyl functional group leads to the
formation of acrylic acid, while its oxidation product is
malonic acid. Condensation of 3HP will also produce
biopolymers such as poly(3-hydroxypropionate). Other
derivatives of 3HP can be obtained through lactonization,
amination, and esterification (Della Pina et al. 2011).

Currently, no viable process is available for the produc-
tion of 3HP at industrial scale. However, several studies
have investigated the development of green synthesis routes
for the production of 3HP as discussed in a recent review by

Della Pina et al. (2011) (Fig. 1). The review discussed seven
known chemical conversion routes for the synthesis of 3HP
using different starting materials such as ketene, acrylic
acid, -hydroxypropionitrile, 13PDO, 3-hydroxypro
pionaldehyde (3HPA), vinyl acetate, and allyl alcohol.
These routes must overcome the constraints of starting ma-
terial, reaction intermediate formation and catalyst toxicity,
substrate cost and process selectivity. Such limitations can
be addressed through biosynthetic means of producing 3HP
(Della Pina et al. 2011). Development of efficient 3HP
biosynthesis using cheap renewable substrates such as car-
bohydrates has been a challenge during the past years.
This review discusses recent progress in the development
of engineered microorganisms for 3HP production. First, the
presence of 3HP as a metabolic intermediate in some mi-
croorganisms is discussed, and several potential key en-
zymes are identified for biotechnological applications.
Next, several pathways for the conversion of glucose and
other unrelated carbon source to 3HP are evaluated,
highlighting their potentials and constraints. The conversion
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Fig. 1 3-Hydroxypropionic acid as a platform chemical for the syn-
thesis of other specialty compounds. Dehydration, lactonization,
amination, oxidation-reduction, esterification, or condensation
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of glycerol to 3HP is also thoroughly reviewed with empha-
sis on the metabolic engineering efforts done to improve the
host strain. At its current state, it is evident that a bulk of
engineering works is yet to be done to acquire a biosynthesis
route for 3HP that is acceptable for industrial-scale produc-
tion. More efforts must be given on the development of
economically feasible processes employing metabolically
engineered microorganisms for the synthesis of 3HP from
abundant and cheap substrates.

3-Hydroxypropionate as a metabolic pathway
intermediate

Several microorganisms have been identified to have 3HP as
an intermediate in certain metabolic pathways. 3HP as a
metabolic intermediate was first observed in thermophilic
phototrophic eubacterium Chloroflexus aurantiacus. It is
secreted into the culture medium at levels of 1.5 pM to
0.35 mM and was suggested to be an intermediate in the
autotrophic assimilation of CO, (Holo 1989). This was later
proven through '*C-NMR studies and enzyme assays, from
which the term “3-hydroxypropionate cycle” (3HP cycle)
for this CO, fixation mechanism was derived (Strauss et al.
1992). This cycle was reported to exist in several microor-
ganisms such as Acidianus brierleyi, Metallosphaera
sedula, Acidianus ambivalens, Sulfolobus sp. strain VE6,
and Sulfolobus metallicus (Hiigler et al. 2003a).

After two decades of studies on 3HP cycle, the bicyclic
3HP cycle in C. aurantiacus was completely elucidated
(Zarzycki et al. 2009) along with the 3-hydroxy
propionate/4-hydroxybutyrate (4HB) cycle in M. sedula
(Berg et al. 2007) (Fig. 2a, b). The first cycle of the bicyclic
3HP cycle in C. aurantiacus starts with acetyl-Coenzyme A
(acetyl-CoA) and the fixation of two bicarbonate molecules
to form glyoxalate. The secondcycle starts with propionyl—
CoA and glyoxalate, forming pyruvate and acetyl-CoA
without any redox step or any CoA dissociation (Zarzycki
et al. 2009). On the other hand, the 3HP/4HB cycle in M.
sedula fixes CO, using a promiscuous acetyl-CoA/pro
pionyl-CoA carboxylase. Through this enzyme, two mole-
cules of bicarbonate are reductively converted to succinyl—
CoA and then to 4HB. Two acetyl-CoA molecules are
derived from 4HB after several transformation steps (Berg
et al. 2007). The key feature in these two cycles is the
formation of 3HP from acetyl-CoA via a two-step enzymat-
ic reaction: carboxylation of acetyl-CoA by the acetyl-CoA
carboxylase to form malonyl-CoA (Menendez et al. 1999;
Hiigler et al. 2003b) and then further reduction of malonyl—
CoA to 3HP via NADPH-dependent malonyl-CoA reduc-
tase (Hiigler et al. 2002; Alber et al. 2006).

3HP is also known to be a product in the degradation of
dimethylsulfoniopropionate by Alcaligenes faecalis M3A

(Ansede et al. 1999) and the degradation of uracil in yeast
and bacteria (Loh et al. 2006; Kim et al. 2010) (Fig. 2c¢, d).

Certain key enzymes involved in the pathways enumerated
have high potential for biotechnological applications (Ishii et al.
2004). These include the acetyl-CoA carboxylase (with
propionyl-CoA carboxylase activity) from M. sedula,
malonyl-CoA reductase from C. aurantiacus, L-malyl-CoA
lyase (with 3-methylmalyl-CoA lyase activity), and the
trifunctional propionyl-CoA synthase. The multi-functionality
of some of these enzymes might find their way into biorefinery
applications, wherein a single enzyme is designed to carry out
several reactions. Recently, a portion of the 3HP cycle has been
constructed in Escherichia coli for the synthesis of polyketides
by recruiting five enzymes from M. sedula and Sulfolobus
tokadii (Yuzawa et al. 2012). These heterologous enzymes
convert malonyl-CoA to propionyl-CoA, which is then further
converted to (2S)-methylmalonyl-CoA by the propionyl-CoA
carboxylase from Streptomyces coelicolor. A portion of the
3HP cycle was also used in E. coli or Ralstonia eutropha for
the production of biopolymers (Wang et al. 2012; Fukui et al.
2009). Malonyl-CoA reductase, with or without the 3HP—CoA
synthase domain, was used for the development of a host strain
capable of producing polyhydroxyalkanoate (PHA) containing
3HP monomer (Wang et al. 2012; Fukui et al. 2009).

Metabolic engineering of microorganisms
for the production of 3HP from glucose

Metabolic engineering of host strains for the production of
target products usually aims one of the following aspects:
improving the titer, productivity and yield of the product
and the overall performance of the host strain; enabling
consumption of a wider substrate range; deletion or reduc-
tion of undesired by-product accumulation; and introduction
of new pathways to produce new products. To achieve this,
metabolic engineers have utilized strategies employing sys-
tems metabolic engineering (Kern et al. 2007; Lee et al.
2012). This enabled engineers to improve the production of
natural metabolites as well as to design microorganisms
capable of producing any desired molecules (Lee et al.
2012). Novel pathways have been proposed (both in patents
and scientific reports) for the production of important
bioproducts including 3HP using a combination of synthetic
biology, systems/computational biology, evolutionary engi-
neering, and metabolic engineering (Henry et al. 2010;
Brunk et al. 2011; Lee et al. 2012).

Suggested novel 3HP production pathways from glucose
and other unrelated carbon sources

Several patents (Gokarn et al. 2002; Lynch 2011; Burk and
Osterhout 2010) and pathway prediction methods (Brunk et
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Fig. 2 3-Hydroxypropionic acid as an intermediate in several metabolic pathways in yeasts and bacteria. C. aurantiacus (a), M. sedula (b), A.
faecalis (¢), pyrimidine degradation pathway found in yeasts and bacteria (d)

al. 2011; Bar-Even et al. 2012; Cho et al. 2010; Henry et al.
2010) have proposed novel biosynthetic pathways for the pro-
duction of 3HP. These designed pathways are based on an
extension of an existing metabolic pathway (e.g., lactate and
succinate production), the diversion of a glycolysis or a tricar-
boxylic acid (TCA) cycle intermediate (e.g., acetyl-CoA, oxa-
loacetate), or further conversion of an amino acid (e.g., 3-/L-
alanine). Ten proposed pathways are summarized in Table 1.
Pathway 1 requires further conversion of lactate from any
lactate-producing microorganisms (Gokarn et al. 2002; Cho et
al. 2010; Henry et al. 2010; Bar-Even et al. 2012). This
pathway involves the attachment of CoA to lactate to produce
lactoyl-CoA which is then further converted to acryloyl-CoA
and finally to 3HP. The enzymes recruited for this route in-
cludes a CoA transferase, two CoA dehydratases, and a CoA
hydrolase. A major obstacle for this pathway is the thermo-
dynamics of the dehydration reaction employed (formation of
acryloyl-CoA), wherein the AG® for the reaction’ is about +

! From here on, all the Gibbs free energies mentioned in the text are
calculated using the eQuilibrator online program (http://milolab.web
factional.com/) as described in the report by Flamholz et al. (2011).
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9.9 kimol ", In addition, the dehydration of lactoyl-CoA to
acryloyl-CoA is similar to the known dehydration reaction of
(R)-2-hydroxyglutaryl-CoA to glutaconyl-CoA (Buckel
1996). This type of dehydration reaction is not activated by
any electron-withdrawing group. It instead follows an
oxygen-sensitive and reversible reaction mechanism (Bar-
Even et al. 2012; Buckel 1996).

The second pathway makes use of the conversion of the
TCA cycle intermediate succinate to propionyl-CoA
(Table 1; Bar-Even et al. 2012; Cho et al. 2010; Gokarn et
al. 2002). Here, the overexpression of phosphoenolpyruvate
carboxylase (encoded by pcc gene) in a pfl and ldhA double
mutant E. coli strain greatly improved succinic acid produc-
tion at the expense of reduced cell growth and excess
pyruvate secretion. Succinic acid can be converted to
propionic acid by expression of the scpC (ygfH) gene from
E. coli, coding for succinate—CoA transferase (Haller et al.
2000). The E. coli prpE, gene encoding for propionyl-CoA
synthase, may be used to attach CoA to propionic acid
(Zhang et al. 2010). Further conversion of propionyl-CoA
to acryloyl-CoA is challenging in this proposed pathway.
The reduction potential of the acryloyl-CoA/propionyl—
CoA couple is reported to be unusually high (E°=+
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Table 1 Proposed synthetic pathways for the production of 3HP from glucose
AG°
No. Proposed pathway for 3HP production (kJ mol ) References
o OH Bar-Even et al. (2012)
L +19.9  Choetal. (2010)
o] o

OH
/K[(SCOA SCoA . HO SCoA ~ HO OH
e Y
g I Y Y

o Gokarn et al. (2002)

Pyruvate Lactate Lactoyl-CoA Acryloyl-CoA i 0A Henry et al. (2010)
o o
Bar-Even et al. (2012)
OH oH OH SCoA SCoA __ .
2 )Hg — How - /Y - /i( A /T © HO\/TSCQA HO\/TOH +79.6 Cho et al. (2010)
Pyruvate pi yI-CoA Acryloyl-CoA i oA 3 i Gokarn et al. (2002)
3 OJH(OH — 1o — o . HZN OH > H,N SCOA __, -~ SCoA . HO SCoA _» HO. OH +10.6 Gokarn et al. (2002)
Ho M J\ﬂ Y Y Y Y Cho et al. (2010)
Aspartate B-Alanine B-Alanyl-CoA Acryloyl-CoA jonyl-CoA 3 i
H,
4 OH_ OH = HN OH —» H,N SCoA __o o~ SCoA __» HO. SCOA __» HO. OH +28.6 Henry et al. (2010)
)So( /Hg_ \/jc])/ VT /T \/\ro( \/T_ Cho et al. (2010)
Pyruvate L-Alanine B-Alanine B-Alanyl-CoA Acryloyl-CoA ionyl-CoA 3
Bar-Even et al. (2012)
OH _ . . — > Oy —— -
5 o Olgr HOJ\)H( Hom “Z"Vﬁ(o” \/\r HO~ O 323 Henryetal. (2010)
Aspartate fMlanine  Malonate somi SHydroxypropi Gokarn et al. (2002)
H, Bar-Even et al. (2012)
oH OH —» H,N OH __» Oy OH . HO. oH —
6 *or — )\g 't Y Y 143 Brunk, etal. 2011)
Pyruvate L-Alanine B-Alanine Malonate 3 i Henry et al. (2010)
o Bar-Even et al. (2012)
7 )H(OH . isc - U . Ho\/\erH - 145 Henry et al. (2010)
0 g Ho SCoA o Gokarn et al. (2002)
Pyruvate Acetyl-CoA Malonyl-CoA 3-Hydroxypropionate Lynch (2011)
8 OJH(OH o N OH __ , Ho oH - 378 Lynch (2011)
Ho W Y Y ] Henry et al. (2010)
Malonate 3
Oy o o Brunk et al. (2011)
P oH __, OH __, __ . Ho oH _
9 e OJ}O( HOW HOMSCOA \/T 34.6 Burk et al. (2010)
3 i Henry et al. (2010)
Brunk, et al. (2011)
P OH __, . HO — >
10 JY HOW J\/S(O” 539 Burketal. (2010)

Malate 3-Hydroxypropionate

Henry et al. (2010)

# Calculated using the eQulllbmtor online program at http://equilibrator.weizmann.ac.il/. (Flamholz et al. 2011). This is the cumulative value of
Gibbs free energy change for the whole pathway as shown above. For every pathway, the Gibbs free energy change of each step is calculated and

the sum of all the reaction steps is determined

0.069 V) as compared with other enoyl-CoA/acyl-CoA redox
couples, which has £°<0 (Sato et al. 1999). By virtue of
thermodynamic principles, a higher reduction potential is
needed for the oxidizing agent (in this case, NAD(P)"/
NAD(P)H) in order to form propionyl-CoA from acryloyl—
CoA. However, the NAD(P)'/NAD(P)H couple has a rela-
tively lower reduction potential than the acryloyl—
CoA/propionyl-CoA couple (E°=—0.32 V) (Unden and
Bongaerts 1997). This implies that the reaction is not energet-
ically feasible. In addition, the only known enzyme that can
catalyze this reaction is the acryloyl-CoA reductase (recruited
either from Clostridium propionicum or C. aurantiacus) and is
known to be irreversible and prefers the formation of
propionyl-CoA (Kuchta and Abeles 1985; Hetzel et al.
2003; Teufel et al. 2009).

The limitations of the first and second pathways may also
apply to pathways 3 and 4, where acryloyl-CoA is a com-
mon intermediate. The moderate toxicity of acryloyl-CoA
should also be considered (Bar-Even et al. 2012) as well as
the thermodynamic favorability of the whole pathway
(Table 1). All four pathways give a positive net Gibbs free
energy change indicating an inhibited forward flow of reac-
tion and are therefore thermodynamically unfavorable.
Specific reaction steps found in each pathway have positive

Gibbs free energy change of reaction, such as the transfer of
the amino group from (3-alanine to «-ketoglutarate in path-
way 3 with AG® of +9.8 kJmol ™" and the conversion of f-
alanyl-CoA to acryloyl-CoA in pathways 3 and 4 with AG®°
of +19 kimol™' (AG®° values were calculated using
eQuilibrator; Flamholz et al. 2011). In addition, a particular
trait of pathways 4 and 6 is the use of a novel amino mutase
enzyme, which converts L-alanine to [3-alanine. This en-
zyme was screened and engineered to mediate the conver-
sion of L-alanine to (3-alanine as described by Cargill, Inc.
(Liao et al. 2003). However, no relevant biochemical data
were disclosed in the patent.

Pathways 5 and 6 both have a similar downstream reac-
tion: the conversion of (3-alanine to malonate semialdehyde
and then to 3HP. This distinctive reaction step uses a [3-
alanine aminotransferase, which has been found in
Saccharomyces kluyveri (Schnackerz et al. 2008). If this
enzyme is recruited along with an engineered amino mutase
enzyme (construction of pathway 6), the bacterial host can
be expected to produce high titers of 3HP from glucose
(Henry et al. 2010). With regards to the reaction thermody-
namics, both pathways are feasible, having net AG°<
0 (Table 1). However, cellular energetic considerations will
result in a zero net NADH for both pathways (Jiang et al.
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2009). Employing these two pathways for 3HP production
may cause some cellular redox imbalance in the cell since
there are also other redox reactions occurring within the cell
for growth and maintenance.

The last four pathways use malonyl-CoA or oxaloac-
etate as a precursor for 3HP. Pathway 7 is based on the
3HP cycle found in several archaeal bacteria (Hiigler et
al. 2003a). The key steps of this route are the formation
of malonyl-CoA by the acetyl-CoA carboxylase and the
reduction of malonyl-CoA to 3HP catalyzed by the
malonyl-CoA reductase. The thermodynamics of this
pathway is favorable due to the individual carboxylation
and the reduction reaction with AG°® values of —5.7
and —8.8 kJmol ™', respectively (AG° values calculated
using eQuilibrator; Flamholz et al. 2011). One of the
bottlenecks for this pathway is probably the reductase
step since the recruitable enzymes known to catalyze this
reaction are likely to have optimum activities at temper-
atures>50 °C. It can be expected that these enzymes
would have lower activities at lower temperature culture
conditions. When the mcr gene encoding for the
malonyl-CoA reductase from C. aurantiacus was cloned,
highest purified enzyme activity of 10-11 U mg ™' pro-
tein was obtained at 55-60 °C (Hiigler et al. 2002;
Kroeger et al. 2011). When this pathway was constructed
in recombinant E. coli BL21 strain, 3HP concentration
reached up to 0.193 gL' in a shake flask culture and the
reductase activity of the crude enzyme extract was only
at 0.008 U mg ' protein (Rathnasingh et al. 2012). On
the other hand, pathway 8 involves the recruitment of a
2-keto acid decarboxylase that is active on oxaloacetate
to produce malonate semialdehyde. There is no known
enzyme which catalyzes this reaction and therefore en-
zyme engineering of a 2-ketoglutarate decarboxylase is
necessary. The reaction catalyzed by this enzyme is fa-
vorable considering that the AG® for this single reaction
is —14.1 kImol ' (values calculated using eQuilibrator;
Flamholz et al. 2011). Pathway 9 involves recruiting an
engineered CoA-dependent oxaloacetate dehydrogenase,
which catalyzes the conversion of oxaloacetate to
malonyl-CoA. No known microorganism has been
reported to naturally involve this unique reaction step,
which means that enzyme engineering should be
employed to develop novel enzymes. Subsequently,
malonyl-CoA 1is further converted to 3HP by employing
malonyl-CoA reductase from C. aurantiacus or M.
sedula, similar to pathway 7. This designed synthetic
pathway is thermodynamically favorable with net AG®°
of —34.6 kJmol ' (Table 1). The strategy for pathway 10
is to employ a malate decarboxylase enzyme which can
catalyze the decarboxylation of malate at the carbon
adjacent to the hydroxyl-functionalized carbon to pro-
duce 3HP. Similar to the CoA-dependent oxaloacetate

@ Springer

dehydrogenase from pathway 9, this malate decarboxyl-
ase has not yet been reported to exist, thereby also
necessitating enzyme engineering. On the other hand,
this pathway is the most thermodynamically promising
among the pathways described (Table 1) as it has a net
AG® of =53.9 kImol .

Pathway potential and engineering strategies

Among the ten pathways reviewed earlier, pathway 7 has
been implemented in E. coli BL21 strain (Rathnasingh et
al. 2012). So far, the highest titer was achieved using
recombinant E. coli BL21 strain expressing C. auran
tiacus malonyl-CoA reductase, E. coli acetyl-CoA car-
boxylase encoded by the accADBC genes, E. coli
biotinilase encoded by the bird gene, and E. coli nicotin-
amide nucleotide transhydrogenase encoded by the pnt4B
genes. Further improvement of this strain was made by
removing reactions that compete for the available acetyl—
CoA and diverting the carbon flow towards malonyl-CoA
formation. The strategy involved the disruption of lactate
and acetate formations by deleting the ldhA and pta-ackA
genes in the E. coli host chromosome, respectively
(Fig. 3a). The resulting mutant strain exhibited a drastic
decrease in lactate and acetate formations without any
significant change in the 3HP titer. The improvement of
intracellular malonyl-CoA concentration might not be
enough to drive the formation of 3HP. This may have
been caused by its usual low intracellular concentration of
0.01-0.23 nmolmg ' dry cell weight (DCW) or 4-90 uM
and by the direct participation of malonyl-CoA interme-
diate in the biomass formation (Takamura and Nomura
1988). Several metabolic engineering strategies are avail-
able to increase the intracellular levels of malonyl-CoA.
In a study by Fowler et al. (2009), an in silico metabolic
engineering approach that integrates an evolutionary algo-
rithm within constraint-based modeling (termed CiED)
was applied to identify gene deletion strategies to improve
malonyl-CoA pools. Results of the CiED showed that a
single deletion of the sdhCDAB (encoding succinate de-
hydrogenase) gene which is involved in the conversion of
succinate to fumarate in the TCA cycle is expected to
increase acetyl-CoA pools. Compared with other deletions
in the TCA cycle, this deletion has the lower impact on
cellular growth. However, disruption of the sdhCDAB
genes in the chromosome of E. coli resulted in a lower
3HP concentration along with decreased biomass yield
(Rathnasingh et al. 2012). This approach may not be
enough owing to the complexity of the metabolic net-
works related with the acetyl-CoA and malonyl-CoA
synthesis and consumption. Other additional gene dis-
ruptions predicted by the CiED applicable to 3HP pro-
duction included mutation of the adhE (acetaldehyde
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SNADP* NADqu ackAE® Acetate glpK glycerol kinase
T co, pr e glp glycerol-3-phosphate dehydrogenase
2ccADBCES dhakKLM |dihydroxyacetone kinase
3 Hydro::fl[:jropomc Malonyl-CoA Acﬂyl-COA o Superscripts
ATP + HCO, Ca Chioroflexus aurantiacus
ADP + P, 2NADH Ethanol Ec Escherichia coli
Kp Klebsiella pneumoniae
2NAD" + CoA Lr Lactobacillus reuten
Ab Azospinllum brasilense
b Glycerol
1
)
Glycerol gdrAB'®
. ATP NAD" NAD" glycerol dehydrarass
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Fig. 3 a, b Genetic manipulation strategies for engineering bacteria to
genes, and X symbols indicate gene disruption

dehydrogenase), citE (citrate lyase), and brnQ (branched-chain
amino acid transporter) genes (Fig. 3a). Employment of all
four mutations along with the overexpression of the acetyl—
CoA carboxylase and biotinilase has resulted in an intracellular
malonyl-CoA concentration of 2.6 nmolmg ' DCW (Fowler
etal., 2009). In a different study by Xu et al. (2011), OptForce
in silico metabolic engineering was performed to predict gene
manipulations that would lead to an increase in malonyl-CoA
pools. This software was designed to identify the relevant
changes in the metabolic flux by comparing the maximum

produce 3-hydroxypropionate. Bold lines indicate the overexpression of

range of flux variability of the wild-type strain against a strain
having a pre-specified overproduction target (Xu et al. 2011).
Mutations in the fumC (fumarase) and sucC (succinate dehy-
drogenase) genes involved in the TCA cycle, along with the
overexpression of the pgk (phosphoglycerate kinase), pdh
(pyruvate dehydrogenase), and accADBC (acetyl-CoA car-
boxylase) genes, led to an increase of intracellular malonyl—
CoA concentration up to 10.5 nmolmg ' DCW (Xu et al.
2011). Using this approach in 3HP production will probably
increase the product titer and yield.
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Metabolic engineering of microorganisms for 3HP
production from glycerol

Glycerol has been intensively examined as a promising
alternative substrate for the production of 3HP. Since both
glycerol and 3HP are three-carbon compounds, the reaction
steps involved in the 3HP production from glycerol are
expected to be shorter compared with the six-carbon sub-
strate glucose. Conversion of glycerol into 3HP only takes
two reactions: dehydration of glycerol to 3-hydroxy
propionaldehyde followed by the further reduction of the
terminal aldehyde group into a hydroxyl group to produce
3HP (Fig. 3b). The first step is catalyzed by a coenzyme
B,-dependent glycerol dehydratase found in several gram-
positive and gram-negative microorganisms including
Klebsiella and Citrobacter (Daniel et al. 1999). The second
step is catalyzed by an NAD(P)"-dependent aldehyde dehy-
drogenase, which can be recruited from E. coli, Azospirillum
brasilense, and Klebsiella pneumoniae (Jo et al. 2008;
Rathnasingh et al. 2009; Ashok et al. 2011). Recently,
coenzyme B,-independent glycerol dehydratase that is only
functional in complete anaerobic condition has also been
identified in Clostridium butyricum and used for the con-
struction of recombinant microorganisms for the production
of 1,3-propanediol (13PDO) and PHA containing 3HP
monomer (Andreessen et al. 2010; Raynaud et al. 2003;
Tang et al. 2009)

3HP production from glycerol employing K. pneumoniae
as host strain

The glycerol metabolism of K. pneumoniae consists of two
branches. The oxidative branch begins with the conversion
of glycerol to dihydroxyacetone (DHA) along with the
formation of NADH. This is catalyzed by the glycerol
dehydrogenase (DhaD) encoded by the dhaD gene. The
dihydroxyacetone kinase (DhaK) encoded by the dhaK gene
further phosphorylates DHA while consuming one ATP. The
product dihydroxyacetone-phosphate (DHAP) is then
converted to other necessary metabolic intermediates for
cell growth and for the formation of other metabolites. The
ATP consumed is regenerated upon conversion of DHAP to
phosphoenolpyruvate. Meanwhile, the reductive branch
starts with the dehydration of glycerol to 3HPA catalyzed
by glycerol dehydratase (DhaB), which is encoded by the
dhaB gene. This step requires the participation of coenzyme
By, (Forage and Foster 1982). 3HPA is further converted to
13PDO by an NADH-dependent 1,3-propanediol dehydro-
genase encoded by the dhaT gene. This step is responsible
for immediate regeneration of the NAD " generated from the
first step of the oxidative branch.

Since 3HP is not a natural metabolite of K. pneumoniae,
an aldehyde dehydrogenase efficient in converting 3HPA to
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3HP has not been extensively examined until recently. An
NAD-dependent aldehyde dehydrogenase (AldH) in K.
pneumoniae was identified to be active on 3HPA (Luo et al.
2011b). When AldH was overexpressed in a K. pneumoniae
strain with mutations in its oxidative branch, 17 gL' 13PDO
and 6.8 gL' 3HP were produced. Although the results in this
study suggested that AIdH plays a role in 3HP formation,
chromosomal deletion of this gene in K. pneumoniae did not
completely eliminate 3HP formation. This supports the hy-
pothesis that other aldehyde dehydrogenases are also present
and have activity towards 3HPA (Luo et al. 2011b). In a more
recent study, the propanediol utilization protein (PduP),
encoded by the pduP gene from Lactobacillus reuteri, was
characterized and confirmed to be active towards 3HPA (Luo
et al. 2011a). This enzyme showed broad substrate specificity
for aliphatic aldehydes and uses both NAD" and NADP" as
coenzymes. The role of PduP in 3HP formation was further
investigated and showed that this enzyme converts 3HPA to
3HP through a CoA-dependent mechanism (Luo et al. 2012).
A separate investigation of other known aldehyde dehydroge-
nases was done by recruiting dehydrogenases from Zymo
monas mobilis, Lactobacillus collinoides, E. coli, and K.
pneumoniae (Huang et al. 2012). Among the 14 different
aldehyde dehydrogenases cloned and overexpressed, the
AldH from E. coli expressed in K pneumoniae exhibited the
highest 3HP accumulation of 1.13 gL' (Huang et al. 2012).

Another aldehyde dehydrogenase, the NAD*-dependent
y-glutamyl-y-aminobutyraldehyde dehydrogenase (PuuC),
encoded by the puuC gene of K. pneumoniae was suggested
to have considerable activity towards 3HPA despite the
undetectable 3HP accumulation in K. pneumoniae (Raj et
al. 2010). Overexpression of PuuC in K. pneumoniae under
microaerobic conditions resulted in the production of 1.1 g
L ! 3HP, which is at about half of the 13PDO concentration.
Disruption of the dhaT in K. pneumoniae is expected to
support the balanced formation of 3HP and 13PDO. This
resulted in the production of equal amounts of 3HP and
13PDO at 3.6 gL' (Raj et al. 2010). Even though this
mutation improved the titer and yield of 3HP from glycerol,
an increase in NADH level might have inhibited the carbon
flux through the oxidative branch. This in turn lowered the
growth of the mutant strain (Ashok et al. 2011). To over-
come the unfavorable effects of the overexpression of PuuC
and dhaT mutation, nitrate was used as an electron acceptor
to regenerate NAD". Oxygen cannot be used as the terminal
electron acceptor due to its inhibitory effect on certain
enzymes involved in the synthesis of coenzyme Bj,. This
strategy, along with the mutation of the g/pK to divert more
glycerol to 3HP production, resulted in the final concentra-
tion of 22.5 gL' 3HP (Ashok et al. 2013a). Other strategies
to increase 3HP and decrease 13PDO formation involve the
disruption of both of the dhaT and yghD genes and the
overexpression of PuuC and DhaB. A fed-batch culture of
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recombinant K. pneumoniae strain developed with this strat-
egy resulted in the highest titer of 3HP at 28.0 gL' (Ashok
et al. 2013b). Although the elimination of 13PDO formation
is expected upon disruption of both the dhaTl and yqhD
genes, a considerable amount of 13PDO was still detected.
Aeration also is determined to be the critical factor in
minimizing 13PDO accumulation, noting that its formation
is favored under anaerobic conditions. Complete aeration
may minimize 13PDO accumulation but will result in
growth inhibition due to low flux towards coenzyme B,
synthesis (Ashok et al. 2013b).

A different bioconversion technique has been reported by
Kumar et al. (2012), wherein resting cells of recombinant K.
pneumoniae expressing the «-ketoglutaric semialdehyde dehy-
drogenase (KgsadH, encoded by kgsadH gene) from A.
brasilense were used for the co-production of 3HP and
13PDO from glycerol. This system achieved 11.3 gL' 3HP.
When KgsadH was overexpressed in a dhaT mutant K.
pneumoniae, 16 gL' of 3HP was produced, higher than that
obtained by the overexpression of PuuC (Ko et al. 2012).
However, impeded cell growth and glycerol assimilation found
in the recombinant K. pneumoniae strain should be overcome
to improve 3HP production. The growth inhibition and glycerol
assimilation might have been caused by an increase in intracel-
lular NADH concentration as it was previously reported that a
high NADH ratio inhibited some metabolic pathways involved
in biomass precursor synthesis (Ashok et al. 2011).

The 3HP production obtained by the different recombinant
K. pneumoniae strains is summarized in Table 2. Currently,
the highest 3HP titer achieved is 28 gL' with a yield 0f 0.39 g
3HP g' glycerol consumed and a productivity of 0.58 gL’
h™! obtained from a dhaT and yghD mutant K. pneumoniae
strain overexpressing the DhaB and PuuC (Ashok et al.
2013b). On the other hand, highest 3HP productivity of
1.02 gL 'h ! was attained by overexpression of AldH from
E. coli in K. pneumoniae under anaerobic culture conditions
(Huang et al. 2012). By combining these two strategies, a high
3HP titer and yield can be expected.

3HP production from glycerol employing E. coli as host
strain

A two-step pathway for 3HP production was constructed in
recombinant E. coli by recruiting the necessary genes
(Table 2; Fig. 3). The first prototype strain capable of
producing 3HP from glycerol was constructed by recruiting
the K. pneumoniae DhaB and the E. coli AldH (Raj et al.
2008). This strain accumulated 0.58 gL ™' 3HP in aerobic
culture conditions using a medium containing glycerol as
carbon source. The 3HP formation is attributed to the high
activity of the AldH towards 3HPA at 38.1 U mg ™' protein
(Jo et al. 2008). Process parameters such as pH, inducer
concentration, aeration, and substrate concentration were

further optimized using this strain and resulted in a 3HP
concentration of 31 gL' (Raj et al. 2009). Despite the
improved 3HP titer, the enzyme activities of DhaB and
AldH were unbalanced and unstable. This instability is more
pronounced on DhaB and may have been a result of oxygen-
rich environment and intracellular 3HPA accumulation (Raj
et al. 2009). The instability problem is attributed to its
coenzyme Bj, dependency (Maervoet et al. 2011) and its
mechanism-based inactivation during catalysis (Toraya et al.
1976). These factors make this step appear to be rate-
limiting. Therefore, additional expression of a glycerol
dehydratase reactivase (Gdr) enzyme complex encoded by
the gdrAB gene was employed (Tobimatsu et al. 1999;
Toraya and Mori 1999; Rathnasingh et al. 2009). This
approach, combined with the usage of two compatible
isopropyl-thio-(3-galactoside (IPTG)-inducible plasmid sys-
tems, allowed a balanced expression of both enzymes. This
also prevented the accumulation of the toxic intermediate
3HPA. The final recombinant E. coli strain expressing
KgsadH from A. brasilense along with Gdr and DhaB from
K. pneumoniae resulted in a final 3HP concentration of
38.73 gL' (Rathnasingh et al. 2009). This value is so far
the highest concentration obtained for 3HP. However, fur-
ther improvements are still needed to address the issues on
low productivity, enzyme activity loss, and redox balance,
all of which significantly affect 3HP production using re-
combinant E. coli as host strain.

Host comparison for 3HP production: E. coli vs. K.
pneumoniae

There are several limiting factors unique to each host
strain used for 3HP production specifically from glycerol
(Table 3). The inability of E. coli to synthesize its own
coenzyme Bj, is a major disadvantage; expensive coen-
zyme B, must be added to the culture medium to pro-
duce 3HP. On the other hand, K. pneumoniae is able to
make its own coenzyme B;,. However, recruitment of the
coenzyme B, synthesis pathway from K. pneumoniae and
its construction in E. coli can make E. coli a more competitive
strain for 3HP production. Alternatively, a B;,-independent
glycerol dehydratase from C. butyricum may be employed
(Raynaud et al. 2003; O’Brien et al. 2004), but this enzyme is
oxygen sensitive; hence, strict anaerobic condition is needed
for 3HP production. The issue of the stability of DhaB from K.
pneumoniae is also encountered when expressed in E. coli. As
described earlier, this instability is caused by an instantaneous
deactivation of the DhaB upon dehydration of glycerol. In K.
pneumoniae, the dehydratase is reactivated by the Gdr en-
zyme complex endogenous to the strain. When this enzyme
complex is recruited to E. coli along with the glycerol
dehydratase, the stability is improved but only to a certain
extent.
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Table 2 Production of 3HP by different recombinant microorganisms using glycerol as a substrate

Host Amplified and 3HP titer Yield® Productivity Culture Remarks Reference
deleted genes (gL ")  (gg") (gL 'h")  conditions
Escherichia coli BL21  dhaB, aldH 0.58 0.47 0.012 Shake flask, yeast Prototype strain Raj et al.
extract as nitrogen (2008)
source
dhaB, aldH 4.40 0.33 0.090 Shake flask, optimized DO >20 % saturation, Raj et al.
culture conditions pH controlled at 8.0, (2009)
31.0 0.34 0.43 Fed-batch induced with 0.1
mM IPTG
dhaB, kgsadH, 2.80 0.39 0.12 Shake flask Utilized two compatible Rathnasingh
gdrAB 38.7 0.35 0.54 Fed-batch IPTG-inducible plasmids, et al. (2009)
gdrAB allows reactivation
of glycerol dehydratase
Klebsiella pneumoniae AdhaT, puuC 3.60 0.39 0.15 Shake flask Co-produced 1,3-propanediol Ashok et al.
DSMZ 2026 16.0 0.22 0.67 Fed-batch in equal amounts (2011)
AdhaT AyghD, 3.80 0.41 0.32 Shake flask Aeration conditions Ashok et al.
dhaB, puuC 28.0 0.39 0.58 Fed-batch maintained at 5 % (2013b)
saturation
AglpK AdhAT, 3.60 0.49 0.33 Shake flask Anaerobic conditions Ashok et al.
puuC 22.5 0.29 0.47 Fed-batch (2013a)
Klebsiella pneumoniae AdhaT, kgsadH 5.80 0.64 0.24 Shake flask Comparison of different Ko et al.
2B 16.3 0.39 0.33 Fed-Batch aldehyde dehydrogenase (2012)
activities
kgsadH 3.80 0.40 0.32 Shake Flask Used resting cells, anaerobic  Kumar et al.
11.3 0.26 0.94 Fed-batch (2012)
Klebsiella pneumoniae aldH 1.13 0.15 0.047 Shake flask Comparison of different Huang et al.
ATCC10280 24.4 0.18 1.02 Fed-batch aldehyde dehydrogenases, (2012)

anaerobic

# Calculated as gram 3HP produced per gram of glycerol consumed

The by-products formed during 3HP production in K.
pneumoniae are mainly 13PDO, lactic acid, and acetic acid,
along with traces of ethanol and 2,3-butanediol. The accu-
mulation of 13PDO in K. pneumoniae is difficult to prevent
since 13PDO is originally the main product of glycerol
metabolism (Maervoet et al. 2011). Most of the glycerol is
usually diverted to 13PDO formation and has become a
competing pathway in 3HP production. Although genetic
manipulations have been done to lower the 13PDO accu-
mulation, substantial amount of 13PDO is still observed,
probably due to some other unknown 13PDO dehydroge-
nases present (Ashok et al. 2011, 2013a, b; Ko et al. 2012).
In contrast, acetic acid and lactic acid are the only major by-
products of 3HP production in E. coli, with trace amounts of

Table 3 Comparison of 3HP production hosts

ethanol. Synthesis of these by-products can be easily
prevented through simple standard genetic manipulations
in E. coli. The availability of these genetic manipulation
tools makes E. coli simpler and easier to handle.

Future perspectives

Currently, all the proposed metabolic routes for the produc-
tion of 3HP utilize glucose or glycerol as starting materials.
The highest and only reported 3HP titer from glucose is
from an engineered E. coli constructed by recruiting several
key enzymes from the 3HP cycle found in carbon-fixating
bacteria. Further genetic manipulation and engineering is

Klebsiella pneumoniae

Escherichia coli

Coenzyme B, Capable of synthesizing coenzyme B,

Glycerol dehydratase activity

By-products
2,3-butanediol
Versatility and availability of Rather low compared with E. coli

genetic manipulation tools

Stable, owing to availability of coenzyme B, and
glycerol dehydratase reactivase enzyme complex

1,3-Propanediol, lactic acid, acetic acid, ethanol,

Incapable of synthesizing coenzyme B,

Unstable, requires expression of glycerol dehydratase
reactivase enzyme complex and addition of coenzyme B,

Acetic acid, lactic acid, ethanol

Well-established standards available
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needed to increase 3HP titer to a level acceptable for
industrial-scale production. The other proposed plausible
pathways using glucose as a carbon source have not yet
been explored thoroughly. On the other hand, 3HP bio-
synthesis using glycerol as the substrate is still at its
optimization stage and its highest titer and yield are
approaching the level of industrial viability. Between
the two hosts compared for this route, E. coli is preferred
since it is widely accepted for industrial use, unlike K.
pneumoniae. Other industrial hosts may also be explored
using this route.

Several challenges should be addressed in order to in-
crease the titer and yield of 3HP derived from glucose.
Thermodynamic favorability, enzyme availability, and inter-
mediate toxicity must all be considered in selecting the best
pathway to be constructed in a prototype microbial platform.
Among the discussed pathways, the most promising route is
through the malonyl-CoA and oxaloacetate intermediate if
the thermodynamics of each pathway is considered.
However, the enzymatic activity and availability will be its
next challenge since some of the enzymes proposed for
these pathways either have low activity or are yet to be
discovered.

A different set of challenges is present when 3HP pro-
duction via glycerol is employed. First, the co-factor depen-
dence of the first enzymatic step must be dealt with,
including its instability. Second, the use of an appropriate
and industrially viable host must be selected. Lastly, a
balance in the expression of the key enzymes to prevent
accumulation of the toxic intermediate, 3HPA, must be
achieved. These limitations have been addressed as de-
scribed above. However, further optimizations of the strain
and the process are needed in order to raise the titer and
yield to an industrial scale.

The next step after achieving this is to broaden the
substrate specificity of the host, wherein aside from glucose
and glycerol, other carbohydrates from biomass can also be
used as substrates. Utilization of the engineered strains in
biorefinery applications is another challenge and will be
dealt with in the near future.

It is now possible to produce 3HP from renewable re-
sources by microbial fermentation. However, the bulk of
engineering works is yet to be done in order to reach the
full potential of commercial 3HP production. Several engi-
neering tools are available and are continually advancing,
allowing engineers and scientists to hasten the pace of
developing the most efficient and robust microbial platform
for 3HP production.
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