Downloaded by [Qingdao Institute of Biomass Energy and Bioprocess Technology], [guang zhao] at 18:41 11 August 2017

CRITICAL REVIEWS IN BIOTECHNOLOGY, 2017
VOL. 37, NO. 7, 933-941
http://dx.doi.org/10.1080/07388551.2016.1272093

Taylor & Francis
Taylor &Francis Group

REVIEW ARTICLE

Malonyl-CoA pathway: a promising route for 3-hydroxypropionate

biosynthesis

Changshui Liu™®, Yamei Ding®, Mo Xian®, Min Liu®, Huizhou Liu®, Qingjun Ma® and Guang Zhao®

CAS Key Lab of Biobased Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences,
Qingdao, China; "Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China

ABSTRACT

3-Hydroxypropionate (3HP) is an attractive platform chemical, serving as a precursor to a variety
of commodity chemicals like acrylate and acrylamide, as well as a monomer of a biodegradable
plastic. To establish a sustainable way to produce these commercially important chemicals and
materials, fermentative production of 3HP is widely investigated in recent years. It is reported
that 3HP can be produced from several intermediates, such as glycerol, malonyl-CoA, and B-ala-
nine. Among all these biosynthetic routes, the malonyl-CoA pathway has some distinct advan-
tages, including a broad feedstock spectrum, thermodynamic feasibility, and redox neutrality. To
date, this pathway has been successfully constructed in various species including Escherichia coli,
yeast and cyanobacteria, and optimized through carbon flux redirection, enzyme screening and
engineering, and an increasing supply of energy and cofactors, resulting in significantly enhanced
3HP titer up to 40g/L. These results show the feasibility of commercial manufacturing of 3HP
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and its derivatives in the future.

Introduction

3-Hydroxypropionate (3HP) is one of the top 12 value-
added chemicals from biomass released by the US
Department of Energy [1]. It naturally exists in a small
number of thermophile archaea and bacteria, and par-
ticipates in autotrophic carbon fixation cycles [2-5]. 3HP
is a precursor in synthesis of various compounds,
including 1,3-propanediol, acrylic acid, B-propiolactone
and biodegradable polyhydroxyalkanoates containing
3HP monomer [6-10]. However, commercial application
of 3HP was restrained due to its high production cost
[11,12]. In recent years, much effort has been made to
produce 3HP from an inexpensive renewable feedstock
in a metabolic engineered microorganism [12-14].
There are three 3HP-producing pathways reported
which are as shown in Figure 1. Although the glycerol
pathway achieves the highest 3HP titer, it still has little
market competitiveness because of an exogenous sup-
ply of coenzyme B12 [15,16], which is required for the
activity of glycerol dehydratase [17]. Furthermore, the
reducing power imbalance was also a burden for cellu-
lar metabolism [17]. In both B-alanine and malonyl-CoA
pathways, 3HP is derived from common microbial

engineering; supply of
energy and cofactor; 3HP
tolerance

metabolic intermediate, so that various sugars from
lignocellulosic biomass can be used as a raw material
for 3HP production. Additionally, the production of 3HP
from glucose is redox neutral. Unfortunately, all recom-
binant strains harboring the B-alanine pathway presents
a low 3HP yield, and the highest 3HP titer was 13.7 mg/
L [18]. In contrast, the 3HP production via malonyl-CoA
pathway has been dramatically improved in the past
few years [19,20].

The malonyl-CoA pathway has been successfully
reconstructed in Escherichia coli [15], Saccharomyces cer-
evisiae [21], and cyanobacteria [22]. It employs acetyl-
CoA carboxylase (ACC) for the conversion of acetyl-CoA
into malonyl-CoA, which is converted into 3HP with a
two-step reduction catalyzed by malonyl-CoA reductase
(MCR) (Figure 2). The genes encoding ACC widely reside
in various organisms and participate in the synthesis of
fatty acids [23,24], and the gene encoding MCR is
derived from autotrophic thermophile Chloroflexus aur-
antiacus as part of its 3HP cycle for carbon fixation
[3,25-27].

In order to improve 3HP production, malonyl-CoA
pathway was optimized using the following four strat-
egies: (1) redirecting carbon flux toward 3HP
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Figure 1. Three pathways for 3-hydroxypropionate production. (A) Different metabolic routes for 3HP biosynthesis from glycerol
or glucose. The enzymes involved are as follows: 1, glycerol dehydratase; 2, aldehyde dehydrogenase; 3, acetyl-CoA carboxylase;
4, malonyl-CoA reductase; 5, aspartate-1-decarboxylase; 6, B-alanine aminotransferase; 7, malonate semialdehyde reductase. (B)
Comparison of those pathways for 3HP biosynthesis. MSA: malonate semialdehyde.
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Figure 2. 3-Hydroxypropionate biosynthesis from glucose or CO, via malonyl-CoA pathway in recombinant microorganisms. The
acetyl-CoA carboxylase (ACC, @) is responsible for formation of malonyl-CoA from acetyl-CoA, and the malonyl-CoA reductase
from C. aurantiacus (MCR, @) catalyzes the two-step reduction of malonyl-CoA with NADPH to 3HP.
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biosynthesis, (2) improving the catalysis of key enzymes,
(3) enhancing cofactor and energy supply, and (4)
selecting specific host strain.

Redirecting carbon flux toward 3HP
biosynthesis

In metabolic engineering, redirecting carbon flux to the
desired product is considered as an effective approach.
In the malonyl-CoA pathway, acetyl-CoA and malonyl-
CoA are two core intermediates, and are also involved
in the formation of other metabolites (Figure 2). To
enhance 3HP yield, a common approach is to manipu-
late the competing pathways to channel carbon flux to
3HP biosynthesis [28].

Redirecting carbon flux from pyruvate to malonyl-
CoA

Under aerobic conditions, generation of acetyl-CoA
from pyruvate is mainly catalyzed by the pyruvate
dehydrogenase (PDH) complex in microbes. As a central
metabolite, acetyl-CoA is shunted to multiple
metabolic pathways such as the TCA cycle, acetate
metabolism, glyoxylate cycle and malonyl-CoA forma-
tion (Figure 2) [29].

In E. coli, acetate metabolism is the second largest
way of ATP supply after oxidative phosphorylation [30].
Therefore, acetate is commonly regarded as one of the
representative byproducts [31]. There are two particular
routes of acetate production from pyruvate in E. coli
(Figure 2): in the phosphate acetyltransferase/acetate
kinase (PTA-ACK) route, acetyl-CoA produced from pyru-
vate is further converted into acetate with acetyl-P as
an intermediate. This route is initiated in the logarithmic
phase to regulate the carbon flux balance and generate
ATP for cell growth. In the pyruvate oxidase (POX)
route, pyruvate is decarboxylated into acetate. This
route probably plays a role in the late logarithmic phase
and the stationary phase to maintain the balance of
free CoA metabolic pool [32]. The 3HP production
should be enhanced by the knockout of genes related
with the above pathways. However, blocking the PTA-
ACK route hardly showed any effect on the 3HP titer in
the recombinant E. coli strain [15]. In accordance with
this result, the production of an ester from acetyl-CoA
remained largely unchanged, even though both PTA-
ACK and POX pathways were deleted [33].

Actually, acetate reuse has been proved to be an
effective strategy on reducing carbon loss during fer-
mentation. Overexpression of acetyl-CoA synthetase
(ACS), which regenerates acetyl-CoA from acetate, helps
to channel carbon flux to acetyl-CoA and improve 3HP
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biosynthesis [34-36]. In S. cerevisiae, there is an add-
itional acetyl-CoA anaplerotic route from pyruvate. PDH
converts pyruvate into acetaldehyde, and the latter can
be further oxidized to acetate by aldehyde dehydrogen-
ase (ALDH). Eventually, ACS catalyzes acetate to
improve cytosolic acetyl-CoA pool (Figure 2) [29,37]. In
S. cerevisiae, the 3HP titer was increased by 80% by
overexpression of the above three enzymes [38].

To block the glyoxylate cycle, Chen et al. deleted the
MLST gene in S. cerevisiae, encoding cytosolic malate
synthase. In parallel, they overexpressed two enzymes
in the acetyl-CoA anaplerotic route, including ALDH and
a modified ACS. The 3HP titer was three times higher
when compared with the control strain [21].

Moreover, there are various regulation factors con-
trolling central carbon metabolism [39], such as CsrB,
SgrS and ArcA [40-42]. Manipulation of those regulating
systems is also an effective way to channel carbon flux
into 3HP biosynthesis. For example, deletion of the arcA
gene significantly repressed the acetate accumulation
and improved the 3HP production 2-fold [43].

Redirecting carbon flux from malonyl-CoA to 3HP

Malonyl-CoA is an important precursor in the biosyn-
thesis of fatty acids and some other compounds like
flavonoids [44,45]. To redirect more malonyl-CoA into
3HP production, the antibiotic cerulenin, which can
inhibit the activity of 3-oxoacyl-ACP synthase | and Il
[46,47], was used to suppress fatty acids biosynthesis
[48].

In this study, the 3HP sensor was designed and
applied to monitor real-time 3HP concentration in the
culture by directing the dosage of cerulenin. Finally,
under the optimal conditions, the 3HP titer was more
than 20 times higher than that in previous report.
However, 3HP scale production could hardly rely on the
cerulenin because of a high expense [48]. Fortunately,
there are some other methods such as antisense RNAs
[49] and temperature sensitive mutants [50,51], which
can also repress fatty acids biosynthesis conditionally
and will help to increase carbon flow to 3HP biosyn-
thesis in the future.

Improving catalysis of key enzymes

The properties and expression of the enzyme involved
in a metabolic pathway have a direct impact on prod-
uctivity of the engineering strains. To enhance chemical
production, catalysis of key enzymes should be
improved for decreased mass transfer limitations,
disinhibition of precursors or products and increased
activity [52].
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Overcoming malonyl-CoA restriction

The generation of malonyl-CoA is catalyzed from acetyl-
CoA by ACC which is a rate-limiting enzyme in fatty
acid synthesis [53]. Generally, the malonyl-CoA is main-
tained at a low level in wild-type cells [45,54-56], which
becomes a barrier in the 3HP production.

The endogenous ACC was firstly overexpressed during
the fatty acid biosynthesis in recombinant E. coli [53]. Also,
this approach was used in the malonyl-CoA pathway of
3HP with the addition of biotin and HCO5;™ during the fer-
mentation to improve the catalysis of ACC [15,19,21,22,57].
However, cell viability could be suppressed by overexpres-
sion of the native ACC with unclear mechanism [45,53], so
Cheng et al. expressed ACC from Corynebacterium glutami-
cum in E. coli, resulting in tremendously increased 3HP
titer [58]. In S. cerevisiae, the activity of cytosolic ACC could
be inhibited by phosphorylation, and this inhibition can
be eliminated by site-directed mutagenesis of the accl
gene, leading to significant enhancement of malonyl-CoA
supply and 3HP titer [38,59]. Recently, a spectrophotomet-
ric assay was described for ACC activity determination,
eliminating the radioactive substrate in the previous ACC
assay, and can be easily used in high-throughput screen-
ing of ACC mutants [60].

Promoting catalytic efficiency of MCR

MCR derived from C. aurantiacus was used in most con-
structions of the malonyl-CoA pathway. It catalyzes a
two-step reduction from malonyl-CoA to 3HP with mal-
onate semialdehyde as an intermediate (Figure 2) [19,25],
and is most active in autotrophically grown C. aurantia-
cus at 57°C. When expressed in E. coli or yeast, MCR
enzymatic activity was significantly impaired by the
change of temperature and physiological environments,
making it a rate-limiting factor of 3HP biosynthesis [8,19].
Functional domain analysis revealed that the N-ter-
minal region of MCR (MCR-N; amino acids 1-549) and
the C-terminal region of MCR (MCR-C; amino acids
550-1219) are functionally distinct. The malonyl-CoA is
reduced into malonate semialdehyde with NADPH by
MCR-C, and further reduced to 3HP by MCR-N.
Unexpectedly, dissection of MCR resulted in a higher
substrate affinity and catalytic efficiency as well as the
increased 3HP titer in E. coli [19]. Moreover, separating
MCR into two fragments made it possible to figure out
the serious enzyme activity imbalance between MCR-N
and MCR-C as MCR-C showed much lower activity and
expression level than MCR-N in recombinant E. coli
strain [19]. Then, the activity imbalance was minimized
by directed evolution of the rate-limiting enzyme MCR-
C and fine tuning of MCR-N expression level. Combined

with culture conditions optimization, these engineering
approaches increased the 3HP titer from 0.15 to 40.6g/
L, representing the highest 3HP production via malonyl-
CoA pathway so far [20].

As distinguished from the bi-functional MCR involved
in the 3HP cycle of C. aurantiacus, two separate
enzymes, malonyl-CoA reductase and malonate semial-
dehyde reductase, are used from the 3HP-4HB carbon
fixation cycle found in certain archaea [61-64]. These
two pathways shared some chemical intermediates, but
the enzymes were distinctly different, suggesting they
evolved independently [65]. Recently, malonyl-CoA
reductase from Sulfolobus tokodaii and malonate semial-
dehyde reductase from Metallosphaera sedula, were
overexpressed in cyanobacteria. This strain also pre-
sented higher 3HP production than the strain carrying
whole-length mcr gene from C. aurantiacus [66]. In add-
ition, a few studies attempted to develop MCR activity
optimized by other means, such as expressing the
genes in a hyperthermophilic host [61-64].

All the above results indicated that the activity of
MCR is an essential factor for 3HP yield via the malonyl-
CoA pathway, and it is necessary to carry out further
development to achieve higher activity of MCR.

Enhancing cofactor and energy supply

Cofactors and energy are essential for many enzymatic
reactions. In the malonyl-CoA pathway, ACC requires
biotin and ATP for its activity [24] and MCR utilizes
NADPH as an electron donor [25]. A plentiful supply of
cofactors and energy has previously been proven help-
ful for 3HP accumulation in the engineered strains.

Enhancing biotin and ATP supply for ACC

The enzyme activity of ACC is dependent on its biotiny-
lation [53,59], and supplementation of biotin during the
fermentation can maximize the strength of ACC. Also,
overexpression of a biotinylating enzyme can improve
carboxylase activity of ACC in a heterologous host,
because the enzyme is responsible for ligating biotin to
ACC [64]. In Pyrococcus furiosus, the biotin protein ligase
from M. sedula was co-expressed with ACC, which
resulted in significantly improved 3HP titer [63].
Additionally, increasing energy supply is also condu-
cive to this ATP-driven reaction. In S. cerevisiae, it was
identified that two genes contributed to the raise in
intracellular malonyl-CoA level. The TPIT gene was
involved in the production of glyceraldehyde-3-phos-
phate via glycolysis, which resulted in ATP generation.
The PMP1 gene encoded a subunit of the proton-
ATPase PMAT, which helped to form a proton gradient
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and accelerate biotin transportation. Overexpression of
each gene could enhance the 3HP concentration by
over 100% [57].

Enhancing cofactor NADPH supply for MCR

Generation of one mole of 3HP from malonyl-CoA
requires two moles of NADPH, and the enhanced pro-
duction of 3HP in the cell will obviously increase the
demand for reducing power. The cofactor NADPH is
usually produced by the pentose phosphate pathway
(PPP) or the TCA cycle employing NADP-specific isoci-
trate dehydrogenase (IDH) [67,68]. Meanwhile, the
transformation of NADPH from NADH can be mediated
by transhydrogenases and NADH kinases to enhance
the level of NADPH [69,70]. In E. coli, the major source
of NADPH lies in the PPP and the catalysis of pyridine
nucleotide transhydrogenase (PNT), each of which cov-
ers 35-45%, respectively; and IDH provides most of the
rest of the supply [71,72]. The malonyl-CoA pathway
was ever constructed in combination with overexpres-
sion of PNT in E. coli, which led to a 34% higher titer of
3HP than the control [15]. Also, the NADPH supply
could be raised via PPP by deleting the genes encoding
6-phosphofructokinase and NAD-dependent glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) in the
Embden-Meyerhof-Parnas pathway [73]. In another
way, by overexpressing the NADP-dependent GAPDH,
3HP concentration could be increased by 30-70% in S.
cerevisiae [21,38]. Such similar approaches have been
confirmed to increase intracellular NADPH as introduc-
ing a heterogeneous NADP-dependent dehydrogenase
in place of the native NAD-dependent one [74,75].

Selecting specific host strain

An ideal host strain for chemical production should
have the following characteristics: Firstly, the strain
should grow rapidly in simple culture media with inex-
pensive feedstock and accumulate products with high
efficiency. Secondly, the host is supposed to be nonpa-
thogenic, with clear genetic backgrounds, genetically
stable, easy to engineer, and highly adaptable to differ-
ent conditions. According to these criteria, E. coli, the
most widely used model bacteria, was selected as the
host strain for 3HP production via the malonyl-CoA
pathway by many research groups [15,19,20,58].
However, E. coli has some drawbacks such as low tol-
erance to acidic extracellular pH. It results in the use of
large amounts of base titrant to maintain the neutral
medium pH as well as requirement for strong acid in
the subsequent process of converting the salt into the
acid form. To reduce the cost of fermentation and
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downstream recovery process, S. cerevisiae becomes an
attractive alternative host for 3HP production as it toler-
ates relatively low pH [21].

On the other hand, the E. coli and S. cerevisiae sys-
tems need organic carbon as substrates, which may
compete with world food supply. To develop more sus-
tainable alternative carbon source for 3HP, photosyn-
thetic cyanobacteria have attracted significant recent
attention due to their ability to absorb carbon dioxide
as the sole carbon source. Consequently, malonyl-CoA
pathway genes were introduced into cyanobacterium
Synechocystis, leading to 3HP production directly from
sunlight and CO, [22,66]. Although the 3HP titer is rela-
tively low, these studies illustrated the feasibility of
photosynthetic production as a promising alternative to
the traditionally biomass-based 3HP production.

Conclusion and prospects

Here, we summarize the up-to-date progress in 3HP bio-
synthesis via the malonyl-CoA pathway (Table 1). In
recent years, this pathway has been successfully con-
structed in various species including E. coli, yeast and
cyanobacteria, and optimized through carbon flux redir-
ection, enzyme screening and engineering, and the
increased supply of energy and cofactors, resulting in sig-
nificantly enhanced 3HP titer up to 40g/L and showing
the feasibility of low-cost biosynthesis of 3HP or its deriv-
atives and polymers at the industrial level in future.

Despite progress, the pathway performance is still
unsatisfactory and there are some obstacles to be over-
come in technical and commercial viability. Low yield
still remains a bottleneck in the industrialization of
microbial 3HP production via the malonyl-CoA pathway.
To solve this problem, efforts should be addressed in
the following areas: Firstly, ACC and MCR are essential
in 3HP production, and it is necessary to continue the
screening and engineering of ACC and MCR to achieve
higher activity. Besides directed evolution, rational
design is also a powerful vehicle for the proteins with
available structure information. The structures of ACCs
from various species and malonyl-CoA reductase from
S. tokodaii have been reported recently [78-81]. With
the advance in structural biology, crystal structure of
more proteins involved in the malonyl-CoA pathway
will be determined and help to design enzymes with
desirable properties.

Secondly, acetyl-CoA and malonyl-CoA are precursors
of 3HP and a large amount of other metabolites, and it is
plausible that their availability is limiting for 3HP produc-
tion. Several strategies have been reported to balance
the precursor supply for enhanced biosynthesis of vari-
ous chemicals, such as regulating malonyl-CoA
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Table 1. 3-Hydroxypropionate production via malonyl-CoA pathway with different strategies.

Titer Yield Productivity Carbon

Engineering strategy® Host® (g/L) (9/9) (g/L/h) Reactor Source Refs.

Increasing reducing equivalent Ec 0.19 - 8.03E-3 Shake flask Glucose [15]

Dissecting MCR into two fragments with improved overall Ec 0.15 - 3.13E-3 Shake flask Glucose [19]
enzyme activity

Modifying cytosolic ACC activity Sc 0.28 - 5.58E-3 1L Bioreactor Glucose [59]

Increasing reducing equivalent and carbon flux toward Sc 0.46 - 6.43E-3 Shake flask Glucose [21]
acetyl-CoA

Expressing two independent enzymes to convert Pf 0.28 - 5.40E-3 3L Bioreactor Maltose [64]
malonyl-CoA into 3HP, and heterologous biotin protein
ligase and carbonic anhydrase to increasing ACC activ-
ity in a hyperthermophile strain

Increasing the intracellular concentrations of ATP and bio- Sc >1 - >0.01 Shake flask Glucose [57]
tin to promote malonyl-CoA synthesis

Expressing two independent enzymes from different spe- Se 0.66 - 1.72E-3 Shake flask c0o2 [66]
cies to convert malonyl-CoA into 3HP

Optimizing protein expression and increasing reducing Ss 0.84 - 5.81E-3 Shake flask C02 [22]
equivalent and carbon flux

Developing a dynamic regulation system between carbon Sc 0.80 0.05 0.03 Bioreactor Glucose [76]
flux and enzyme expression, based on a malonyl-CoA
biosensor and a glucose concentration sensitive
promoter

Expressing heterologous ACC and optimizing host strains Ec 1.80 0.18 0.04 Shake flask Glucose [58]
and IPTG addition 10.08 - 0.40 5L Bioreactor

Tuning activity level of MCR-N and MCR-C to achieve Ec 3.72 - 0.08 Shake flask Glucose [20]
functional balance between enzymes 40.60 0.19 0.56 5L Bioreactor

Developing a 3HP biosensor to optimize concentration of Ec 4.20 - 0.26 96-well plate Glucose [48]
cerulenin and IPTG

Expressing a modified ACC1 in the genetically stable Sc 3.60 - 0.05 96-well plate Glucose [38]
strains and increasing reducing equivalent and carbon 9.80 0.07 0.10 1L Bioreactor
flux toward acetyl-CoA

Expressing heterologous biotin protein ligase without car- Pf 0.37 - - 3L Bioreactor Maltose [63]
bonic anhydrase in a hyperthermophile strain

Optimizing protein expression and fermentation process, Ec 484 0.53 0.23 Bioreactor Glucose [77]
and increasing reducing equivalent and carbon flux

2All the engineering strategies are based on overexpression of acetyl-CoA carboxylase and malonyl-CoA reductase.

PEc: Escherichia coli; Sc: Saccharomyces cerevisiae; Pf: Pyrococcus furiosus; Se: Synechococcus elongatus; Ss: Synechocystis sp.

metabolism via synthetic antisense RNA [49], construc- (No. TSPD20150210), and National Natural Science

tion of malonyl-CoA responsive sensor [82], and a
dynamically regulated pathway [76]. These strategies will
greatly facilitate high-yield 3HP production in the future.

3HP toxicity also serves as a key barrier to commer-
cialization, and the mechanism remains largely unchar-
acterized [83]. A titer of 50-100g/L is expected for the
economical fermentative production of most building
block acids, and 3HP, at that concentration would lead
to a pH reduction to around 2.0 [84]. Furthermore,
undissociated 3HP can pass freely through the cellular
membranes, and would dissociate in the slightly alka-
line cytoplasm resulting in release of protons which
lower internal pH and anions that repress some aspects
of the metabolism specifically [85]. In recent years,
more genes associated with 3HP tolerance were identi-
fied [85-88], and this will principally promote the devel-
opment of 3HP-resistant strains.

Acknowledgements

This research was financially supported by the 100-Talent
Project of CAS (for GZ), CAS Key Program (ZDRW-ZS-
2016-3M), Taishan Scholars Climbing Program of Shandong

Foundation of China (31670089).

Disclosure statement

The authors report no declarations of interest. The authors
alone are responsible for the content and writing of the

paper.

Funding

This research was financially supported by the 100-Talent
Project of CAS (for GZ), CAS Key Program (ZDRW-ZS-
2016-3M), Taishan Scholars Climbing Program of Shandong
(No. TSPD20150210), and National Natural Science
Foundation of China (31670089).

ORCID

Guang Zhao http://orcid.org/0000-0003-0002-5972

References

[11  Werpy T, Petersen G. Top value added chemicals from
biomass. Washington (DC): Office of Energy Efficiency
and Renewable Energy, US Department of Energy; 2004.



Downloaded by [Qingdao Institute of Biomass Energy and Bioprocess Technology], [guang zhao] at 18:41 11 August 2017

(2]

3]

(4]

[5]

(6]

(7]

(8l

)

[10]

(11l

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Holo H. Chloroflexus aurantiacus secretes 3-hydroxy-
propionate, a possible intermediate in the assimilation
of CO, and acetate. Arch Microbiol. 1989;151:252-256.
Alber B, Olinger M, Rieder A, et al. Malonyl-coenzyme
A reductase in the modified 3-hydroxypropionate
cycle for autotrophic carbon fixation in archaeal
Metallosphaera and  Sulfolobus spp. J Bacteriol.
2006;188:8551-8559.

Tabita FR. The hydroxypropionate pathway of CO, fix-
ation: fait accompli. Proc Natl Acad Sci USA.
2009;106:21015-21016.

Hugler M, Huber H, Stetter KO, et al. Autotrophic CO,
fixation pathways in archaea (Crenarchaeota). Arch
Microbiol. 2003;179:160-173.

Datta R, Tsai SP, Bonsignore P, et al. Technological
and economic potential of poly (lactic acid) and lactic
acid derivatives. FEMS Microbiol Rev. 1995;16:221-231.
Zhang D, Hillmyer MA, Tolman WB. A new synthetic
route to poly [3-hydroxypropionic acid](P [3-HP]): ring-
opening polymerization of 3-HP macrocyclic esters.
Macromolecules. 2004;37:8198-8200.

Wang Q, Liu C, Xian M, et al. Biosynthetic pathway for
poly(3-hydroxypropionate) in recombinant Escherichia
coli. J Microbiol. 2012;50:693-697.

Hiramitsu M, Doi Y. Microbial synthesis and character-
ization of poly (3-hydroxybutyrate-co-3-hydroxypropio-
nate). Polymer. 1993;34:4782-4786.

Della Pina C, Falletta E, Rossi M. A green approach to
chemical building blocks. The case of 3-hydroxypropa-
noic acid. Green Chem. 2011;13:1624-1632.

Della Pina C, Falletta E, Rossi M. Oxidation of allyl alco-
hol in the presence of a gold catalyst: a route to 3-
hydroxypropionic acid. ChemSusChem. 2009;2:57-58.
Jiang X, Meng X, Xian M. Biosynthetic pathways for 3-
hydroxypropionic acid production. Appl Microbiol
Biotechnol. 2009;82:995-1003.

Saxena R, Adhikari D, Goyal H. Biomass-based energy
fuel through biochemical routes: a review. Renew Sust
Energ Rev. 2009;13:167-178.

Hermann B, Blok K, Patel MK. Producing bio-based
bulk chemicals using industrial biotechnology saves
energy and combats climate change. Environ Sci
Technol. 2007;41:7915-7921.

Rathnasingh C, Raj SM, Lee Y, et al. Production of 3-
hydroxypropionic acid via malonyl-CoA pathway using
recombinant Escherichia coli strains. J Biotechnol.
2012;157:633-640.

Andreeflen B, Taylor N, Steinbuchel A. Poly(3-hydroxy-
propionate): a promising alternative to fossil fuel-
based materials. Appl Environ Microbiol.
2014;80:6574-6582.

Kumar V, Ashok S, Park S. Recent advances in bio-
logical production of 3-hydroxypropionic acid.
Biotechnol Adv. 2013;31:945-961.

Borodina |, Kildegaard KR, Jensen NB, et al.
Establishing a synthetic pathway for high-level pro-
duction of 3-hydroxypropionic acid in Saccharomyces
cerevisiae via B-alanine. Metab Eng. 2015;27:57-64.

Liu C, Wang Q, Xian M, et al. Dissection of malonyl-
coenzyme A reductase of Chloroflexus aurantiacus
results in enzyme activity improvement. PLoS One.
2013;8:e75554.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

CRITICAL REVIEWS IN BIOTECHNOLOGY 939

Liu C, Ding Y, Zhang R, et al. Functional balance
between enzymes in malonyl-CoA pathway for
3-hydroxypropionate  biosynthesis.  Metab  Eng.
20162;34:104-111.

Chen Y, Bao J, Kim IK, et al. Coupled incremental pre-
cursor and co-factor supply improves 3-hydroxypro-
pionic acid production in Saccharomyces cerevisiae.
Metab Eng. 2014;22:104-109.

Wang Y, Sun T, Gao X, et al. Biosynthesis of platform
chemical 3-hydroxypropionic acid (3-HP) directly from
CO, in cyanobacterium Synechocystis sp. PCC 6803.
Metab Eng. 2016;34:60-70.

Tong L. Acetyl-coenzyme A carboxylase: crucial meta-
bolic enzyme and attractive target for drug discovery.
Cell Mol Life Sci. 2005;62:1784-1803.

Podkowinski J, Tworak A. Acetyl-coenzyme A carboxy-
lase-an attractive enzyme for biotechnology. BTA.
2011;92:321-325.

Hugler M, Menendez C, Schagger H, et al. Malonyl-
coenzyme A reductase from Chloroflexus aurantiacus, a
key enzyme of the 3-hydroxypropionate cycle for
autotrophic CO(2) fixation. J Bacteriol.
2002;184:2404-2410.

Berg IA, Kockelkorn D, Buckel W, et al. A 3-hydroxy-
propionate/4-hydroxybutyrate  autotrophic  carbon
dioxide assimilation pathway in Archaea. Science.
2007;318:1782-1786.

Zarzycki J, Brecht V, Muller M, et al. Identifying the
missing steps of the autotrophic 3-hydroxypropionate
CO, fixation cycle in Chloroflexus aurantiacus. Proc
Natl Acad Sci USA. 2009;106:21317-21322.

Celinska E. Debottlenecking the 1,3-propanediol path-
way by metabolic engineering. Biotechnol Adv.
2010;28:519-530.

Krivoruchko A, Zhang Y, Siewers V, et al. Microbial
acetyl-CoA metabolism and metabolic engineering.
Metab Eng. 2015;28:28-42.

Majewski R, Domach M. Simple constrained-optimiza-
tion view of acetate overflow in E. coli. Biotechnol
Bioeng. 1990;35:732-738.

El-Mansi M. Flux to acetate and lactate excretions in
industrial fermentations: physiological and biochem-
ical implications. J Ind Microbiol Biotechnol.
2004;31:295-300.

Dittrich CR, Bennett GN, San KY. Characterization of
the acetate-producing pathways in Escherichia coli.
Biotechnol Prog. 2005;21:1062-1067.

Dittrich CR, Vadali RV, Bennett GN, et al. Redistribution
of metabolic fluxes in the central aerobic metabolic
pathway of E. coli mutant strains with deletion of the
ackA-pta and poxB pathways for the synthesis of iso-
amyl acetate. Biotechnol Prog. 2005;21:627-631.

Lin H, Castro NM, Bennett GN, et al. Acetyl-CoA syn-
thetase overexpression in Escherichia coli demon-
strates more efficient acetate assimilation and lower
acetate accumulation: a potential tool in metabolic
engineering. Appl Microbiol Biotechnol.
2006;71:870-874.

Tao Y, Cheng Q, Kopatsis AD. Metabolic engineering
for acetate control in large scale fermentation.
Methods Mol Biol. 2012;834:283-303.



Downloaded by [Qingdao Institute of Biomass Energy and Bioprocess Technology], [guang zhao] at 18:41 11 August 2017

940 @ C.LIU ET AL.

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Peebo K, Valgepea K, Nahku R, et al. Coordinated acti-
vation of PTA-ACS and TCA cycles strongly reduces
overflow metabolism of acetate in Escherichia coli.
Appl Microbiol Biotechnol. 2014;98:5131-5143.

Van Rossum HM, Kozak BU, Pronk JT, et al
Engineering cytosolic acetyl-coenzyme A supply in
Saccharomyces cerevisiae: pathway stoichiometry, free-
energy conservation and redox-cofactor balancing.
Metab Eng. 2016;36:99-115.

Kildegaard KR, Jensen NB, Schneider K, et al.
Engineering and systems-level analysis  of
Saccharomyces cerevisiae for production of 3-hydroxy-
propionic acid via malonyl-CoA reductase-dependent
pathway. Microb Cell Fact. 2016;15:53.

Liu M, Feng X, Ding Y, et al. Metabolic engineering
of Escherichia coli to improve recombinant protein
production. Appl Microbiol Biotechnol. 2015;99:
10367-10377.

Liu MY, Gui G, Wei B, et al. The RNA molecule CsrB
binds to the global regulatory protein CsrA and antag-
onizes its activity in Escherichia coli. J Biol Chem.
1997;272:17502-17510.

Negrete A, Majdalani N, Phue JN, et al. Reducing acet-
ate excretion from E. coli K-12 by over-expressing the
small RNA SgrS. N Biotechnol. 2013;30:269-273.
Perrenoud A, Sauer U. Impact of global transcriptional
regulation by ArcA, ArcB, Cra, Crp, Cya, Fnr, and Mic
on glucose catabolism in Escherichia coli. J Bacteriol.
2005;187:3171-3179.

Liu M, Yao L, Xian M, et al. Deletion of arcA increased
the production of acetyl-CoA-derived chemicals in
recombinant  Escherichia  coli.  Biotechnol Lett.
2016;38:97-101.

JanBen HJ, Steinbuchel A. Fatty acid synthesis in
Escherichia coli and its applications towards the pro-
duction of fatty acid based biofuels. Biotechnol
Biofuels. 2014;7:7.

Zha W, Rubin-Pitel SB, Shao Z, et al. Improving cellular
malonyl-CoA level in Escherichia coli via metabolic
engineering. Metab Eng. 2009;11:192-198.

Porrini L, Cybulski LE, Altabe SG, et al. Cerulenin inhib-
its unsaturated fatty acids synthesis in Bacillus subtilis
by modifying the input signal of DesK thermosensor.
Microbiologyopen. 2014;3:213-224.

Trajtenberg F, Altabe S, Larrieux N, et al. Structural
insights into bacterial resistance to cerulenin. FEBS J.
2014;281:2324-2338.

Rogers JK, Church GM. Genetically encoded sensors
enable real-time observation of metabolite production.
Proc Natl Acad Sci USA. 2016;113:2388-2393.

Yang Y, Lin Y, Li L, et al. Regulating malonyl-CoA
metabolism via synthetic antisense RNAs for enhanced
biosynthesis of natural products. Metab Eng.
2015;29:217-226.

Gelmann EP, Cronan JE. Mutant of Escherichia coli defi-
cient in the synthesis of cis-vaccenic acid. J Bacteriol.
1972;112:381-387.

Garwin JL, Klages AL, Cronan JE. Beta-ketoacyl-acyl
carrier protein synthase Il of Escherichia coli. Evidence
for function in the thermal regulation of fatty acid
synthesis. J Biol Chem. 1980;255:3263-3265.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Pirie CM, De Mey M, Prather KLJ, et al. Integrating
the protein and metabolic engineering toolkits for
next-generation chemical biosynthesis. ACS Chem Biol.
2013;8:662-672.

Davis MS, Solbiati J, Cronan JE. Overproduction of ace-
tyl-CoA carboxylase activity increases the rate of fatty
acid biosynthesis in Escherichia coli. J Biol Chem.
2000;275:28593-28598.

Lu X, Vora H, Khosla C. Overproduction of free fatty
acids in E. coli: implications for biodiesel production.
Metab Eng. 2008;10:333-339.

Liu T, Vora H, Khosla C. Quantitative analysis and
engineering of fatty acid biosynthesis in E. coli. Metab
Eng. 2010;12:378-386.

Takamura Y, Nomura G. Changes in the intracellular
concentration of acetyl-CoA and malonyl-CoA in rela-
tion to the carbon and energy metabolism of
Escherichia coli K12. Microbiology.
1988;134:2249-2253.

Li S, Si T, Wang M, et al. Development of a synthetic
malonyl-CoA sensor in Saccharomyces cerevisiae for
intracellular metabolite monitoring and genetic
screening. ACS Synth Biol. 2015;4:1308-1315.

Cheng Z, Jiang J, Wu H, et al. Enhanced production of
3-hydroxypropionic acid from glucose via malonyl-
CoA pathway by engineered Escherichia coli. Bioresour
Technol. 2016;200:897-904.

Shi S, Chen Y, Siewers V, et al. Improving production
of malonyl coenzyme A-derived metabolites by abol-
ishing Snfl-dependent regulation of Accl. MBio.
2014;5:e01130-e01114.

Kroeger JK, Zarzycki J, Fuchs G. A spectrophotometric
assay for measuring acetyl-coenzyme A carboxylase.
Anal Biochem. 2011;411:100-105.

Keller MW, Schut GJ, Lipscomb GL, et al. Exploiting
microbial hyperthermophilicity to produce an indus-
trial chemical, using hydrogen and carbon dioxide.
Proc Natl Acad Sci USA. 2013;110:5840-5845.
Thorgersen MP, Lipscomb GL, Schut GJ, et al. Deletion
of acetyl-CoA synthetases | and Il increases production
of 3-hydroxypropionate by the metabolically-engi-
neered hyperthermophile Pyrococcus furiosus. Metab
Eng. 2014;22:83-88.

Lian H, Zeldes BM, Lipscomb GL, et al. Ancillary contri-
butions of heterologous biotin protein ligase and car-
bonic anhydrase for CO, incorporation into 3-
hydroxypropionate by metabolically engineered
Pyrococcus furiosus. Biotechnol Bioeng.
2016;113:2652-2660.

Hawkins AB, Lian H, Zeldes BM, et al. Bioprocessing
analysis of Pyrococcus furiosus strains engineered for
CO,-based 3-hydroxypropionate production.
Biotechnol Bioeng. 2015;112:1533-1543.

Berg IA, Kockelkorn D, Ramosvera WH, et al.
Autotrophic carbon fixation in archaea. Nat Rev
Microbiol. 2010;8:447-460.

Lan El, Chuang DS, Shen CR, et al. Metabolic engineer-
ing of cyanobacteria for photosynthetic 3-hydroxypro-
pionic acid production from CO, using Synechococcus
elongatus PCC 7942. Metab Eng. 2015;31:163-170.
Edwards J, Palsson B. The Escherichia coli MG1655 in
silico metabolic genotype: its definition, characteristics,



Downloaded by [Qingdao Institute of Biomass Energy and Bioprocess Technology], [guang zhao] at 18:41 11 August 2017

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

and capabilities. Proc Natl Acad Sci USA.
2000;97:5528-5533.

Fraenkel DG. Glycolysis. Escherichia coli and
Salmonella: cellular and molecular biology. 2nd ed.
Washington (DC): ASM Press; 1996.

Shi A, Zhu X, Lu J, et al. Activating transhydrogenase
and NAD kinase in combination for improving isobuta-
nol production. Metab Eng. 2013;16:1-10.

Lee HC, Kim JS, Jang W, et al. High NADPH/NADP"
ratio improves thymidine production by a metabolic-
ally engineered Escherichia coli strain. J Biotechnol.
2010;149:24-32.

Kabus A, Georgi T, Wendisch VF, et al. Expression of
the Escherichia coli pntAB genes encoding a mem-
brane-bound transhydrogenase in Corynebacterium
glutamicum  improves L-lysine  formation. Appl
Microbiol Biotechnol. 2007;75:47-53.

Sauer U, Canonaco F, Heri S, et al. The soluble and
membrane-bound  transhydrogenases UdhA and
PntAB have divergent functions in NADPH metabolism
of Escherichia coli. J Biol Chem. 2004;279:6613-6619.
Siedler S, Lindner SN, Bringer S, et al. Reductive
whole-cell biotransformation with Corynebacterium
glutamicum: improvement of NADPH generation from
glucose by a cyclized pentose phosphate pathway
using pfkA and gapA deletion mutants. Appl Microbiol
Biotechnol. 2013;97:143-152.

Lee WH, Kim MD, Jin YS, et al. Engineering of NADPH
regenerators in Escherichia coli for enhanced biotrans-
formation. Appl Microbiol Biotechnol. 2013;97:2761-2772.
Martinez |, Zhu J, Lin H, et al. Replacing Escherichia coli
NAD-dependent glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) with a NADP-dependent enzyme from
Clostridium acetobutylicum facilitates NADPH dependent
pathways. Metab Eng. 2008;10:352-359.

David F, Nielsen J, Siewers V. Flux control at the
malonyl-CoA node through hierarchical dynamic path-
way regulation in Saccharomyces cerevisiae. ACS Synth
Biol. 2016;5:224-233.

Lynch MD, Gill RT, Warnecke-Lipscomb T. Method for
producing 3-hydroxypropionic acid and other prod-
ucts. PCT Patent. 2011;038:364 Al.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

CRITICAL REVIEWS IN BIOTECHNOLOGY 941

Wei J, Tong L. Crystal structure of the 500-kDa yeast
acetyl-CoA carboxylase holoenzyme dimer. Nature.
2015;526:723-727.

Tran TH, Hsiao YS, Jo J, et al. Structure and function
of a single-chain, multi-domain long-chain acyl-CoA
carboxylase. Nature. 2015;518:120-124.

Broussard TC, Kobe MJ, Pakhomova S, et al. The
three-dimensional structure of the biotin carboxyl-
ase-biotin  carboxyl carrier protein complex of
E. coli acetyl-CoA carboxylase. Structure. 2013;21:
650-657.

Demmer U, Warkentin E, Srivastava A, et al. Structural
basis for a bispecific NADP™ and CoA binding site in
an archaeal malonyl-coenzyme A reductase. J Biol
Chem. 2013;288:6363-6370.

Xu P, Wang W, Li L, et al. Design and kinetic analysis
of a hybrid promoter-regulator system for malonyl-
CoA sensing in Escherichia coli. ACS Chem Biol.
2013;9:451-458.

Van Maris AJ, Konings WN, Van Dijken JP, et al.
Microbial export of lactic and 3-hydroxypropanoic
acid: implications for industrial fermentation proc-
esses. Metab Eng. 2004;6:245-255.

Warnecke T, Gill RT. Organic acid toxicity, tolerance,
and production in Escherichia coli biorefining applica-
tions. Microb Cell Fact. 2005;4:25.

Warnecke T, Lynch M, Karimpour-Fard A, et al. Rapid
dissection of a complex phenotype through genomic-
scale mapping of fitness altering genes. Metab Eng.
2010;12:241-250.

Liu M, Han X, Xian M, et al. Development of a 3-
hydroxypropionate resistant Escherichia coli strain.
Bioengineered. 2016;7:21-27.

Warnecke T, Lynch M, Karimpour-Fard A, et al. A
genomics approach to improve the analysis and
design of strain selections. Metab Eng. 2008;10:
154-165.

Warnecke T, Lynch M, Lipscomb M, et al. Identification
of a 21 amino acid peptide conferring 3-hydroxypro-
pionic acid stress-tolerance to Escherichia coli.
Biotechnol Bioeng. 2012;109:1347-1352.



	Malonyl-CoA pathway: a promising route for 3-hydroxypropionate biosynthesis
	Introduction
	Redirecting carbon flux toward 3HP biosynthesis
	Redirecting carbon flux from pyruvate to malonyl-CoA
	Redirecting carbon flux from malonyl-CoA to 3HP

	Improving catalysis of key enzymes
	Overcoming malonyl-CoA restriction
	Promoting catalytic efficiency of MCR

	Enhancing cofactor and energy supply
	Enhancing biotin and ATP supply for ACC
	Enhancing cofactor NADPH supply for MCR

	Selecting specific host strain
	Conclusion and prospects
	Acknowledgements
	Disclosure statement
	References




