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Given its availability and low price, glycerol has become an ideal feedstock for the production of fuels and
chemicals. We recently reported the pathways mediating the metabolism of glycerol in Escherichia coli under
anaerobic and microaerobic conditions. In this work, we engineer E. coli for the efficient conversion of glycerol
to p-lactic acid (p-lactate), a negligible product of glycerol metabolism in wild-type strains. A homofermentative
route for n-lactate production was engineered by overexpressing pathways involved in the conversion of glycerol
to this product and blocking those leading to the synthesis of competing by-products. The former included the
overexpression of the enzymes involved in the conversion of glycerol to glycolytic intermediates (GlpK-GlpD
and GIdA-DHAK pathways) and the synthesis of p-lactate from pyruvate (p-lactate dehydrogenase). On the
other hand, the synthesis of succinate, acetate, and ethanol was minimized through two strategies: (i) inacti-
vation of pyruvate-formate lyase (ApfiB) and fumarate reductase (Afrd4) (strain LAO1) and (ii) inactivation of
fumarate reductase (Afrd4), phosphate acetyltransferase (Apta), and alcohol/acetaldehyde dehydrogenase
(AadhE) (strain LA02). A mutation that blocked the aerobic p-lactate dehydrogenase (Adid) also was intro-
duced in both LAO1 and LAO2 to prevent the utilization of p-lactate. The most efficient strain (LA02Adld, with
GIpK-GIpD overexpressed) produced 32 g/liter of p-lactate from 40 g/liter of glycerol at a yield of 85% of the
theoretical maximum and with a chiral purity higher than 99.9%. This strain exhibited maximum volumetric
and specific productivities for p-lactate production of 1.5 g/liter/h and 1.25 g/g cell mass/h, respectively. The
engineered homolactic route generates 1 to 2 mol of ATP per mol of p-lactate and is redox balanced, thus

representing a viable metabolic pathway.

Lactic acid (lactate) and its derivatives have many applica-
tions in the food, pharmaceutical, and polymer industries (13,
30). An example is polylactic acid, a renewable, biodegradable,
and environmentally friendly polymer produced from p- and
L-lactate (19). In this context, biological processes have the
advantage of being able to produce chirally pure lactate from
inexpensive media containing only the carbon source and min-
eral salts (43). While lactic acid bacteria traditionally have
been used in the production of D-lactate from carbohydrate-
rich feedstocks, several laboratories recently have reported
alternative biocatalysts (13, 30), many of which are engineered
Escherichia coli strains that produce D- or L-lactate (4, 8, 50,
51, 52).

Unlike the aforementioned reports, which have dealt with
the use of carbohydrates, our work focuses on the use of
glycerol as a carbon source for the production of Dp-lactate.
Glycerol has become an inexpensive and abundant substrate
due to its generation in large amounts as a by-product of
biodiesel and bioethanol production (18, 32, 47). The conver-
sion of glycerol to higher-value products has been proposed as
a path to economic viability for the biofuels industry (47). One
such product is lactate, whose production could be readily
integrated into existing biodiesel and bioethanol facilities, thus
establishing true biorefineries.
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Although many microorganisms are able to metabolize glyc-
erol (25), the use of industrial microbes such as E. coli could
greatly accelerate the development of platforms to produce
fuels and chemicals from this carbon source. We recently re-
ported on the ability of E. coli to metabolize glycerol under
either anaerobic or microaerobic conditions and identified the
environmental and metabolic determinants of these processes
(9, 11, 28). In one of the studies, the pathways involved in the
microaerobic utilization of glycerol were elucidated, and they
are shown in Fig. 1 (9). A common characteristic of glycerol
metabolism under either anaerobic or microaerobic conditions
is the generation of ethanol as the primary product and the
negligible production of lactate (6, 9, 11, 28). In the work
reported here, the knowledge base created by the aforemen-
tioned studies was used to engineer E. coli for the efficient
conversion of glycerol to D-lactate in minimal medium. The
engineered strains hold great promise as potential biocatalysts
for the conversion of low-value glycerol streams to a higher-
value product like p-lactate.

MATERIALS AND METHODS

Strains, plasmids, and genetic methods. Wild-type E. coli K12 strain MG1655
(F~ N~ ilvG-negative rfb50 rphl) was obtained from the University of Wisconsin
E. coli Genome Project (16) and used as the host to engineer the production of
D-lactate. Specific details about the procedures used in gene knockout and
overexpression are provided below. All resulting strains, along with primers and
plasmids used in this study, are listed in Table 1.

Gene knockouts were introduced in MG1655 and its derivatives by P1 phage
transduction as described elsewhere (27). Single-gene knockout mutants from
the National BioResource Project (NIG; Japan) (1) were used as donors of
specific mutations. Details of the protocol used have been described elsewhere
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FIG. 1. Pathways involved in the microaerobic utilization of glycerol in E. coli (9). Genetic modifications supporting the metabolic engineering
strategies employed in this work are illustrated by thicker lines (overexpression of gldA-dhaKLM, glpK-glpD, and ldhA) or cross bars (disruption

of pflB, pta, adhE, frdA, and dld). Broken lines illustrate multiple steps.

Relevant reactions are represented by the names of the gene(s) coding for

the enzymes: aceEF-IpdA, pyruvate dehydrogenase complex; adhE, acetaldehyde/alcohol dehydrogenase; ackA, acetate kinase; dhaKLM, dihy-
droxyacetone kinase; dld, respiratory D-lactate dehydrogenase; fdhF, formate dehydrogenase, part of the formate hydrogenlyase complex;
frdABCD, tumarate reductase; gldA, glycerol dehydrogenase; glpD, aerobic glycerol-3-phosphate dehydrogenase; glpK, glycerol kinase; hycB-I,
hydrogenase 3, part of the formate hydrogenlyase complex; ldhA, fermentative D-lactate dehydrogenase; pfiB, pyruvate formate-lyase; pta,
phosphate acetyltransferase; pykF, pyruvate kinase. Abbreviations: DHA, dihydroxyacetone; DHAP, DHA phosphate; G-3-P, glycerol-3-phos-
phate; PEP, phosphoenolpyruvate; PYR, pyruvate; P/O, amount of ATP produced in the oxidative phosphorylation per pair of electrons
transferred through the electron transport system; QH,, reduced quinones.

(47a). All mutations created in the host cells were confirmed by PCR using the
verification primers listed in Table 1. The disruption of multiple genes in a
common host was achieved by sequentially implementing the procedure de-
scribed above and rechecking strains in all disruption sites by PCR at every step
where a new mutation was introduced.

Gene overexpression was achieved by cloning the desired gene(s) in a low-copy
vector as described in what follows. Plasmids pZSblank (control plasmid, empty
vector) and pZSKLMgldA were constructed as previously reported (47a). To
construct plasmid pZSIdhA, the /dhA gene was PCR amplified using genomic
DNA from strain MG1655 and c-ldhA primers (Table 1). The resulting PCR
product was cloned within the Kpnl and MIul sites of pZSKLM (2) using
In-Fusion PCR cloning (Clontech Laboratories, Inc., Mountain View, CA).
Plasmid pZSglpKglpD was constructed in two steps. First, glpK was PCR ampli-
fied using MG1655 genomic DNA and c-glpK primers (Table 1) and cloned into
the Kpnl and PstI sites of pZSKLcf, thus obtaining pZSglpK. glpD then was PCR
amplified using MG1655 genomic DNA and c-glpD primers (Table 1) and cloned
into the Pstl and BamHI sites of pZSglpK to obtain pZSglpKglpD. PCR was
performed using Pfu turbo DNA polymerase (Stratagene, CA) under standard
conditions described by the supplier. The ligated products described above were
used to transform E. coli DH5«T1 (Invitrogen, Carlsbad, CA). Positive clones
were screened by plasmid isolation and restriction digestion.

Standard recombinant DNA procedures were used for gene cloning, plasmid
isolation, and electroporation. Manufacturer protocols and standard methods
(27, 33) were followed for DNA purification (Qiagen, Valencia, CA), restriction
endonuclease digestion (New England Biolabs, Ipswich, MA), and DNA ampli-
fication (Stratagene, La Jolla, CA, and Invitrogen, Carlsbad, CA). The strains
were kept in 32.5% glycerol stocks at —80°C. Plates were prepared using LB
medium containing 1.5% agar, and appropriate antibiotics were included at the
following concentrations: ampicillin (50 pg/ml), kanamycin (50 wg/ml), chloram-
phenicol (12.5 pg/ml), and tetracycline (3.33 pg/ml).

Culture medium and cultivation conditions. Unless otherwise stated, all fer-
mentations were conducted using the minimal medium designed by Neidhardt et

al. (29) with Na,HPO, in place of K,HPO, and supplemented with 20 g/liter
glycerol, 5 uM sodium selenite, 3.96 mM Na,HPO,, 5 mM (NH,),SO,, and 30
mM NH,CI. Chemicals were obtained from Fisher Scientific (Pittsburgh, PA)
and Sigma-Aldrich Co. (St. Louis, MO), except crude glycerol (85%, wt/wt),
which was provided by Renewable Energy Group, Inc. (Ames, IA).

Fermentations in shake flasks were performed in 25-ml Pyrex Erlenmeyer
flasks (narrow mouth/heavy-duty rim; Corning Inc., Corning, NY) filled with 15
ml of 1X morpholinepropanesulfonic acid (MOPS) minimal medium supple-
mented with appropriate drugs or inducers when needed at the following con-
centrations: ampicillin (50 pg/ml), kanamycin (50 pg/ml), chloramphenicol (12.5
pg/ml), tetracycline (3.33 pg/ml), and anhydrotetracycline (100 ng/ml). Unless
otherwise stated, calcium carbonate (5% wt/wt) was used in all of the fermen-
tation flasks to help buffer the pH. The flasks (with foam plugs filling the necks)
were incubated at 37°C and 200 rpm in an NBS C24 benchtop incubator shaker
(New Brunswick Scientific Co., Inc., Edison, NJ). The fermentations were run for
36 h (unless otherwise stated), at which time the supernatant was collected, the
pH measured (UB-10; Denver Instruments Co., Arvada, CO), the optical density
taken (Genesys 20, 4001/4; Thermo Spectronic, MA), and when necessary, cell
pellets collected for enzyme activities. To determine the optical densities of the
cultures in the presence of calcium carbonate, the cultures were allowed to
briefly sit, in which time the calcium carbonate quickly settled to the bottom.

Prior to use, the cultures (stored as glycerol stocks at —80°C) were streaked
onto LB plates and incubated overnight at 37°C. Three colonies were used to
inoculate 25-ml flasks containing 5 ml of minimal medium supplemented with 10
glliter of glycerol, 10 g/liter tryptone, and 5 g/liter yeast extract. The flasks were
incubated at 37°C and 150 rpm in an NBS C24 benchtop incubator shaker until
an optical density at 550 nm (ODssy) of ~0.7 was reached. An appropriate
volume of this actively growing preculture was centrifuged, and the pellet was
washed and used to inoculate 15 ml of medium in shake flasks with a target initial
optical density at 550 nm of 0.05.

Analytical methods. Optical density was measured at 550 nm (Thermo Spec-
tronic Genesys 20; MA) and used as an estimate of cell mass (1 ODs5, = 0.34 g
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TABLE 1. Strains, plasmids, and primers used in this study

Strain/plasmid/

: Description Source or reference
primer
Strains®
MG1655 F~ N~ ilvG-negative rfb50 rphl 16
LAO1 MG1655 ApfiB::FRT AfrdA::FRT-Kan-FRT; sequential deletion of pfiB and frdA in MG1655 This study
LAO2 MG1655 Apta::FRT AadhE::FRT AfrdA::FRT-Kan-FRT; sequential deletion of pta, adhE, This study
and frd4 in MG1655
LAO1Adld MG1655 ApfiB::FRT AfrdA::FRT Adld::FRT-Kan-FRT; dld deletion in LAO1 This study
LAO02AdId MG1655 Apta::FRT AadhE::FRT AfrdA::FRT Adld::FRT-Kan-FRT; dld deletion in LA02 This study
Plasmids
pCP20 rep,scion’ Ap" Cm" cI857 1 Py fip™ 5
pZSblank Blank plasmid created by removing Citrobacter freundii dhaKL from pZSKLcf and self 47a
ligating the plasmid (tetR, oriR SC101*, cat)
pZSKLMgldA E. coli dhaKLM and gldA under the control of Py .., (tetR, oriR SC101%, cat) 47a
pZSKLcf C. freundii dhaKL under the control of Py ., (fetR, oriR SC101%, cat) 2
pZSglpK E. coli glpK gene control of Py .o, (tefR, oriR SC101*, cat) This study
pZSglpKglpD E. coli glpK and glpD under the control of Py .o, (fetR, oriR SC101%, cat) This study
pZSIldhA E. coli IdhA under the control of Py .., (tetR, oriR SC101%, cat) This study
Primers”
v-pfiB AAATCCACTTAAGAAGGTAGGTG This study
TCGTGGAGCCTTTATTGTAC
v-frdA ACCCTGAAGTACGTGGCTG This study
GCACCACCTCAATTTTCAGG
v-pta GCTGTTTTGTAACCCGCC This study
GCAGCGCAAAGCTGCGG
v-adhE CAAATCATCACCGCACTGAC This study
CCTTAACTGATCGGCATTG
v-dld TGATATTTTTTCGCCACCACAAG This study
AAACAAAAAGCCGCCCAAATG
c-glpK ACTGCAGGTACCATGACTGAAAAAAAATATATCGTTG This study
TGCTACCTGCAGTTATTCGTCGTGTTCTTCCCAC
c-glpD TCGATCCTGCAGGAAAGTGAATGAGGGCAGCATG This study
ACTTGTGGATCCTTACGACGCCAGCGATAACC
c-1dhA CATTAAAGAGGAGAAAGGTACCATGAAACTCGCCG This study

GATGCCTCTAGCACGCGTTTAAACCAGTTCGTT

“ Deletions were moved into each strain in the order they appear in the description column.
by and c indicate the primer sequences (5’ to 3') that were used for verification purposes during the creation of disruption mutants and cloning purposes, respectively.
p q purp g p g purp! P Y,
The forward sequence follows the reverse sequence in each case. Genes or operons deleted or cloned are apparent from primer names.

dry weight/liter) (6). After centrifugation, the supernatant was stored at —20°C
for HPLC (high-performance liquid chromatography) and NMR (nuclear mag-
netic resonance) analysis. Glycerol, organic acids, and ethanol were measured via
HPLC (6, 7), and the identity of fermentation products was verified via one-
dimension '"H NMR (6, 28).

The enantiomeric purity of lactate was determined enzymatically as previously
described (37). The reaction mixture (3 ml) for L-lactate determination con-
tained 0.92 ml hydrazine/glycine buffer (0.6 M glycine and 0.5 M hydrazine; pH
9.2), 55 U L-lactate dehydrogenase, 5 mg NAD, and 200 pl of the fermentation
sample of interest. p-Lactate was measured in a similar mixture by replacing
L-lactate dehydrogenase with 15 U of p-lactate dehydrogenase. After the addi-
tion of the sample, the reaction mixture was incubated at 25°C for 3 h, after
which the absorbance at 340 nm was used as a measure of the concentration of
D- or L-lactate present.

The oxygen transfer rate was characterized by estimating the volumetric oxy-
gen transfer coefficient (k,a, in h™') from previous reports on gas-liquid mass
transfer in shake flask systems (26, 44) and further confirmed by in-vessel mea-
surements conducted by a conventional dynamic gassing-out technique as pre-
viously described (9).

Enzyme activities. Cells from microaerobic cultures were harvested by cen-
trifugation (2 min, 10,000 X g), washed twice with 9 g/liter NaCl, and stored as
cell pellets at —20°C. Cell pellets were resuspended in 0.1 M potassium phos-
phate buffer to obtain ~3.4 mg dry cell weight/ml and were permeabilized with
chloroform (28).

Glycerol kinase activity was assayed in a manner similar to that described by
Hayashi and Lin (12) by measuring the change in absorbance at 340 nm and 25°C
in a 1-ml reaction mixture containing 0.15 M glycine (pH 9), 11 mM MgCl,, 0.27
M hydrazine, 1.2 mM NAD™", 5 mM ATP, 2 mM glycerol, 20 U of a-glycerol-

phosphate dehydrogenase, and 50 pl crude cell extract prepared as described
above. Aerobic-glycerol-3-phosphate dehydrogenase was assayed by the phena-
zine methosulfate (PMS)-mediated reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), which was monitored spectrophotometri-
cally at 570 nm (20). The 1-ml reaction mixture contained 75 uM MTT, 600 pM
PMS, 10 mM br-glycerol 3-phosphate, 0.2% Triton X-100, 10 pM sodium cya-
nide, and 50 pl crude cell extract. An extinction coefficient of 17 mM ! cm ™! for
reduced MTT was used for the calculation of activities. The activity of glycerol
dehydrogenase in the oxidation of glycerol was measured as previously described
(11, 41) with potassium carbonate at pH 9.5 as the buffer. Phosphoenolpyruvate
(PEP)-dependent dihydroxyacetone kinase activity was assayed using the method
reported by Kornberg and Reeves (22), with minor modifications as previously
described (47a). p-Lactate dehydrogenase activity was determined by monitored
the NADH-dependent reduction of pyruvate at 340 nm and 25°C in a 1-ml
reaction mixture containing 0.1 M potassium phosphate buffer (pH 7.5), 30 mM
sodium pyruvate, 0.33 mM NADH, and 50 pl crude cell extract (39).

The linearity of the reactions (protein concentration and time) was established
for all preparations. All spectrophotometric measurements were conducted in a
BioMate 5 spectrophotometer (Thermo Scientific, MA). The nonenzymatic rates
were subtracted from the observed initial reaction rates. Enzyme activities are
reported as pmol of substrate/min/mg of cell protein and represent averages for
at least three cell preparations. A protein content of 50% (wt/wt) was assumed
in these calculations.

Calculation of fermentation parameters. Data from cell growth, glycerol con-
sumption, and product synthesis were used to calculate volumetric (mmol/liter/h)
and specific rates (mmol/g cell mass/h) and product yields as previously described
(9, 47a).
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FIG. 2. Cell growth, glycerol utilization, and product synthesis in
MG1655 with amplified glycerol utilization and D-lactate synthesis
pathways. Gene overexpressions are indicated by a plus sign next to the
corresponding gene(s) or operon(s). (A) D-Lactate produced, cell
growth, and glycerol consumed in shake flask cultures grown for 36 h.
(B) Product yield for the cultures represented in panel A. Error bars
represent standard deviations from triplicate measurements.

RESULTS

Rational design of a homolactic pathway for the production
of p-lactate from glycerol. In previous studies of glycerol me-
tabolism under anaerobic and microaerobic conditions, wild-
type E. coli exhibited a heterofermentative behavior that re-
sulted in the synthesis of significant amounts of ethanol,
acetate, succinate, and formate but only negligible production
of p-lactate (9, 11, 28). Although ATP generating, the synthesis
of p-lactate from glycerol also represents a redox-generating
pathway (Fig. 1) and therefore is not favored under conditions
of the limited availability of external electron acceptors (e.g.,
anaerobic or microaerobic conditions). Despite the use of a
higher k, a than that in our previous reports (a k,a of 14.5 h™*
compared to 2.5 h™! in Durnin et al. [9]), wild-type strain
MG1655 produced only very small amounts of p-lactate (Fig.
2A). Therefore, several metabolic engineering strategies were
used to increase the production of p-lactate from glycerol, as
briefly described below.

Metabolic targets to improve the synthesis of p-lactate from
glycerol are apparent from an inspection of the three meta-
bolic blocks composing the overall pathway involved in this
conversion (Fig. 1): (i) the generation of glycolytic intermedi-
ate dihydroxyacetone phosphate (DHAP) from glycerol, (ii)
the conversion of DHAP to pyruvate via the Embden-Meyer-
hof-Parnas (EMP) pathway, and (iii) the reduction of pyruvate
to D-lactate by D-lactate dehydrogenase (LDH). Since the en-
zymes of the EMP are known to support high fluxes and are
not uniquely involved in glycerol utilization or lactate synthe-

APPL. ENVIRON. MICROBIOL.

sis, it was postulated that efficient p-lactate production from
glycerol can be realized by improving the conversion of glyc-
erol to glycolytic intermediate DHAP and/or the conversion of
pyruvate to D-lactate. Since two different pathways, one fer-
mentative and one respiratory, are involved in glycerol utiliza-
tion (Fig. 1), the impact of their amplification on D-lactate
synthesis might differ. On the other hand, the low levels of
D-lactate produced by wild-type MG1655 may result from the
inability of LDH to compete with enzymes involved in pyruvate
dissimilation, such as pyruvate-formate lyase and pyruvate de-
hydrogenase (Fig. 1). Moreover, LDH is fully activated allos-
terically only in the presence of ~5 mM pyruvate (35), and thus
D-lactate synthesis may require a relatively large pyruvate pool.

In addition to the approach described above, channeling
carbon toward the synthesis of p-lactate could be realized by
blocking the synthesis of ethanol, acetate, and succinate. Since
the disruption of pyruvate-formate lyase (PFL; pfIB gene) or
phosphoacetyltransferase (PTA; pta gene) (Fig. 1) has been
reported to lead to p-lactate accumulation (9), two platforms
for p-lactate production are proposed by using base strains that
contain deletions in either the pfIB or the pta gene. In the
former case, the simultaneous inactivation of pyruvate-formate
lyase (ApfiB) and fumarate reductase (AfrdA) is proposed (Fig.
1). For the platform based on the pta deletion, the inactivation
of fumarate reductase (AfidA) and alcohol/acetaldehyde dehy-
drogenase (AadhE) also is proposed (Fig. 1). These manipu-
lations are anticipated to impact ATP synthesis (acetate path-
way) and the consumption of reducing equivalents (succinate
and ethanol pathways) (Fig. 1).

Effect of amplifying the pathways involved in the conversion
of glycerol to DHA phosphate. Two primary routes mediate the
conversion of glycerol to DHAP under microaerobic condi-
tions (9) (Fig. 1). A fermentative pathway converts glycerol to
dihydroxyacteone (DHA) (glycerol dehydrogenase, GDH; en-
coded by gld4) and then DHA to DHAP (DHA kinase,
DHAK; encoded by dhaKLLM). On the other hand, a respira-
tory pathway composed of the enzymes glycerol kinase (GK;
encoded by glpK) and aerobic glycerol-3-phosphate (G3P) de-
hydrogenase (G3PDH; encoded by glpD) mediates the conver-
sion of glycerol to G3P and G3P to DHAP, respectively. Plas-
mids encoding each of these pathways were constructed (Table
1) and functionally characterized (Table 2). While the overex-
pression of neither one of these pathways affected glycerol
utilization or cell growth, significant changes in product syn-
thesis, including D-lactate production, were observed (Fig. 2
and Table 3).

The amplification of the fermentative pathway caused a
modest increase in D-lactate concentration and yield but also
increased ethanol yield and decreased acetate yield. These
changes reflect the fact that glycerol utilization through the
gldA-dhaKLM pathway generates reducing equivalents in the
form of NADH (Fig. 1). The accumulation of NADH has been
shown to increase the levels of alcohol/acetaldehyde dehydro-
genase (23, 24), thus explaining the observed increase in eth-
anol synthesis. Since both ethanol and acetate are synthesized
from acetyl-coenzyme A (AcCoA), the increase in ethanol
synthesis would, in turn, lead to lower acetate production.
Moreover, the potential decrease in the PEP pool and increase
of the pyruvate pool upon the overexpression of the enzyme
DHAK (DHAK uses PEP as a phosphate donor in the phos-
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respiratory pathway for glycerol utilization led to a major in-
crease in D-lactate production (an approximately 5-fold in-
crease in concentration and yield) and a significant reduction
in ethanol synthesis (Fig. 2 and Table 3). This pathway involves

- b

Wild type Overexpressed a respiratory glycerol-3-phosphate dehydrogenase (GlpD) that
Glycerol kinase 18 =12 420 =10 donates electrons directly to quinones (36, 45), which ulti-
Aedr;l:;g l%ggigzts'phOSphate 3=l 2=l mately are transferred to oxygen. Due to this coupling between
Glycerol dehydrogenase 77+5 475 + 30 glycerol-3-phosphate oxidation and oxygen reduction, the
Dihydroxyacetone kinase 11+1 41 +10 overall conversion of glycerol to p-lactate becomes a redox-
D-Lactate dehydrogenase 82+5 960 * 60 balanced pathway that also generates ATP via substrate-level

“ All activities were measured as described in Materials and Methods, and
values are reported as averages * standard deviations from triplicate assays.
Reported values are from shake flask cultures grown for 36 h.

b Activities measured in wild-type strain MG1655 containing a plasmid over-
expressing the specified enzyme; i.e., pZSKLMgldA for glycerol dehydrogenase
and dihydroxyacetone kinase, pZSglpKglpD for glycerol kinase and aerobic
glycerol-3-phosphate dehydrogenase, and pZSIdhA for lactate dehydrogenase.

phorylation of DHA [2] and therefore converts PEP to pyru-
vate) could be contributing to the observed decrease in succi-
nate yield and increase in D-lactate yield (Fig. 2B and Table 3).

Unlike the fermentative pathway, the overexpression of the

phosphorylation (Fig. 1). This explains why p-lactate produc-
tion is preferred when the GlpD-mediated respiratory pathway
is the primary route for glycerol utilization.

Overall, the overexpression of the respiratory pathway
seems to be a better alternative for p-lactate production, while
the fermentative pathway leads to an increase in the produc-
tion of highly reduced product ethanol.

Effect of overexpressing n-lactate dehydrogenase. D-Lactate
dehydrogenase overexpression (LDH; encoded by IdhA) could
lead to an increase in the fraction of carbon diverted toward

TABLE 3. Carbon recovery in cell mass and fermentation products during the microaerobic utilization of glycerol in minimal medium by
wild-type and engineered strains

Carbon recovery”

Strain
Acetate Succinate Ethanol Lactate Formate Biomass Products Overall
Wild type
MG1655 23.4(0.5)  10.0(0.1) 22.7(1.3) 8.5 (1.6) 29 (1.1) 8.0(0.2) 67.4 (1.4) 75.4 (1.6)
Wild type overexpressing
genes in glycerol
utilization and lactate
synthesis pathway
MG1655(pZSKLMgldA) 16.1 (1.9) 8.3(0.3) 40.5 (1.7) 9.2 (2.0) 4.1 (0.6) 8.6 (1.3) 78.3 (2.4) 86.9 (1.1)
MG1655(pZSglpKglpD) 23.2(24) 9.5(0.5) 14.1 (2.3) 30.0 (3.8) 1.1(1.4) 7.6 (0.8) 78.4 (2.8) 86.0 (2.3)
MG1655(pZSldhA) 21.8 (0.3) 3.9(0.1) 13.7 (0.7) 28.7(3.3) 0.0 (0.0) 11.1 (0.3) 68.0 (4.0) 79.1 (4.2)
Engineered with deletions
in enzymes involved in
by-product synthesis
LAO1 5.4(0.9) 0.2(0.1) 0.0 (0.0) 69.3 (3.8) 0.0 (0.0) 9.3 (0.6) 749 (3.4) 84.3 (3.7)
LAO2 5.6 (0.8) 0.3(0.2) 0.0 (0.0) 71.8 (2.6) 0.0 (0.0) 9.7 (0.7) 77.6 (2.8) 87.4 (3.4)
Engineered with
amplification of
desired pathways and
elimination of
competing by-products
LAO1(pZSKLMgldA) 2.1(0.0) 0.0 (0.0) 2.4(0.3) 82.0 (1.8) 0.0 (0.0) 11.5 (0.4) 86.6 (1.5) 98.0 (1.1)
LAO1(pZSglpKglpD) 5.8(0.8) 0.1 (0.0) 0.0 (0.0) 77.8 (5.7) 0.0 (0.0) 7.0 (0.6) 84.0 (5.1) 91.0 (5.5)
LAO01(pZSldhA) 4.9 (1.0) 0.2(0.1) 0.0 (0.0) 79.5 (1.3) 0.0 (0.0) 10.9 (1.8) 84.5(0.3) 95.4 (2.0)
LA02(pZSKLMgldA) 3.8(0.3) 0.5 (0.1) 0.0 (0.0) 80.3 (3.7) 0.0 (0.0) 8.2(0.3) 84.5 (4.1) 92.8 (4.4)
LAO02(pZSglpKglpD) 4.4 (0.9) 0.8 (0.2) 0.0 (0.0) 81.2 (3.8) 0.0 (0.0) 6.5 (0.8) 86.6 (3.8) 93.1 (4.3)
LA02(pZSIdhA) 3.6 (0.4) 0.3(0.1) 0.0 (0.0) 76.3 (3.7) 0.0 (0.0) 9.6 (1.6) 80.2 (3.4) 89.8 (3.2)
LAO1AdIld(pZSglpKglpD)® 8.3 (2.0) 0.3(0.1) 3.2(0.2) 80.2 (2.5) 0.0 (0.0) 43(0.1) 92.1(0.2) 96.4 (0.2)
LA02AdId(pZSglpKglpD)” 4.8 (0.6) 0.76 (0.1) 0.0 (0.0) 83.3(0.1) 0.0 (0.0) 3.4(0.4) 89.1 (0.7) 924 (1.1)
LAO02AdId(pZSglpKglpD)© 45(0.1) 0.8 (0.1) 0.0 (0.0) 85.9(0.1) 0.6 (0.1) 45(0.1) 92.4(0.2) 96.9 (0.2)
LA02AdId(pZSglpKglpD)* 4.6 (0.1) 0.95 (0.2) 0.0 (0.0) 93.4 (1.3) 0.0 (0.0) 5.0 (0.1) 99.2 (1.1) 104.2 (1.2)

“ Data represent the averages from three samples (standard deviations are shown in parentheses) taken from shake flask cultures grown for 36 h on minimal medium
supplemented with 20 g/liter of glycerol, unless otherwise specified. Carbon recovery is expressed as the percent moles of carbon in the product, including biomass, per mole
of carbon in glycerol consumed. The column labeled product shows the total recovery of carbon in products, assuming that moles of acetate plus moles of ethanol equals moles
of 1-C compounds (formate plus CO,) generated by the dissimilation of pyruvate. The column overall shows the overall carbon recovery, including products and biomass.

b Cultures in which 40 g/liter of glycerol was used; samples were taken at 72 h (all glycerol was consumed).

¢ A culture in which 40 g/liter of crude glycerol derived from biodiesel production was used; samples were taken at 72 h (all glycerol was consumed).

4 A culture in which 60 g/liter of crude glycerol (40 g/liter initially present and 20 g/liter added at 48 h) was used; samples were taken at 84 h (~54 g/liter of glycerol
was consumed).
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the synthesis of b-lactate (increasing D-lactate yield) and/or the
flux of the glycerol-to-D-lactate pathway (increasing the rate of
D-lactate production). However, given the allosteric properties
of the enzyme (i.e., allosterically activated by pyruvate), this is
likely to happen only if the pyruvate levels are high enough to
support LDH activity (10, 35, 51). Figure 2 and Table 3 show
the impact of amplifying the LDH pathway on cell growth,
product synthesis, and glycerol utilization. Both the concentra-
tion and yield of p-lactate significantly increased (3.5- and
5-fold, respectively), with the concomitant reduction in the
synthesis of competing by-products (Fig. 2 and Table 3). Glyc-
erol consumption, however, decreased significantly (Fig. 2A),
and the yield of competing by-products, especially acetate, still
was high (Fig. 2B and Table 3). The observed increases in
D-lactate yield and concentration arguably were caused by the
12-fold increase in the activity of LDH (Table 2). The pyruvate
node thus appears to respond similarly during the microaero-
bic utilization of glycerol and the anaerobic fermentation of
glucose, as a 10-fold overproduction of LDH doubled p-lactate
synthesis during glucose fermentation (46).

Effect of eliminating by-product pathways on p-lactate pro-
duction from glycerol. An alternative approach to divert car-
bon toward the synthesis of D-lactate is eliminating the path-
ways to the undesired products ethanol, acetate, and succinate.
In our previous studies of glycerol metabolism in E. coli under
microaerobic conditions, two mutations that led to D-lactate
accumulation were reported (9) (Fig. 1): (i) the disruption of
pyruvate-formate lyase (PFL; pfIB gene), which catalyzes the
conversion of pyruvate to acetyl-CoA and formate, and (ii) the
disruption of phosphoacetyltransferase (PTA; pta gene), which
converts acetyl-CoA to acetyl-phosphate (first step in acetate
production from AcCoA). The increase in lactate accumula-
tion upon the introduction of these mutations appears to be
mediated by an increase in the pyruvate pool, as the introduc-
tion of defects in pta and pfIB do not affect IdhA expression
(15).

Based on the evidence described above, two platforms for
D-lactate production were engineered by using base strains that
contain deletions in either the pfiB or the pta gene. Since PFL
is the primary route for pyruvate conversion to AcCoA during
the microaerobic utilization of glycerol (9), the pflB mutation
should effectively minimize both acetate and ethanol produc-
tion from AcCoA (Fig. 1). A double mutant, ApfiB AfrdA
(named LAO1), then was constructed in which succinate pro-
duction was minimized by blocking the enzyme fumarate re-
ductase (AfrdA) (Fig. 1). Strain LAO1 produced p-lactate as the
primary product of glycerol metabolism at high concentration
(12.4 g/liter) and yield (0.69 g lactate/g glycerol) and with
minimum by-product formation (Fig. 3 and Table 3).

A second platform, based on the pfa mutant, was con-
structed by adding mutations that minimized the synthesis of
ethanol (AadhE, blocking alcohol/acetaldehyde dehydroge-
nase) and succinate (AfrdA). The resulting triple mutant (Apta
AadhE AfrdA) was named LAO2 and exhibited a performance
very similar to that of LAO1 (Fig. 3 and Table 3), although with
slightly lower concentrations of p-lactate produced (10.9 g/
liter). The production of D-lactate in both strains presumably is
triggered by an increase in the pyruvate pool, which is known
to allosterically activate LDH (15, 35).
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FIG. 3. Cell growth, glycerol utilization, and product synthesis in
strains LAO1 and LAO2 containing mutations in the pathways that lead
to the synthesis of competing by-products. LAO1 is a double mutant
(ApfiB AfrdA) and LAOQ2 a triple mutant (AadhE Apta AfrdA). (A) p-
Lactate production, cell growth, and glycerol consumption in shake
flask cultures grown for 36 h. (B) Product yield for the cultures rep-
resented in panel A. Error bars represent standard deviations from
triplicate measurements.

Combined effect of amplification of desired pathways and
elimination of competing by-products. In previous sections, the
beneficial effect of separately overexpressing LDH or the glyc-
erol utilization pathways as well as the reduction in the syn-
thesis of by-products acetate, ethanol, and succinate has been
demonstrated. In this section, the combined effect of those
modifications is evaluated. As shown in Fig. 4 and Table 3, the
overexpression of glycerol utilization and p-lactate synthesis
pathways in mutants LAO1 and LA02 had a beneficial effect on
D-lactate titer and yield. Overall, the overexpression of the
respiratory glycerol utilization pathway (GlpK-GlpD) in either
the LAO1 or LA02 background led to the highest production of
p-lactate (Fig. 4 and Table 3). A sample chromatogram from
the fermentation conducted using strain LA02(pZSglpKglpD)
is shown in Fig. 5, clearly demonstrating the chemical purity of
the product. To establish its chiral purity, the fermentation
broth was assayed with L- and D-lactate dehydrogenase, and the
results are shown in the inset of Fig. 5. Based on these analyses,
the lactate produced by strain LA02(pZSglpKglpD) was found
to be 99.9% p-lactate. Similar results were found for strain
LAO1(pZSglpKglpD) (data not shown).

A more detailed characterization of strain LA(O2 carrying the
amplified GlpK-GlpD pathway was conducted by investigating
the dynamics of cell growth, glycerol consumption, and prod-
uct synthesis in the presence of higher concentrations of glyc-
erol (Fig. 6A and Table 2). This strain consumed about 40
g/liter of glycerol and produced about 30 g/liter of p-lactate in
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FIG. 4. Effect of amplifying the glycerol utilization and D-lactate
synthesis pathways in engineered strains LAO1 (A) and LA02 (B). Bars
indicate D-lactate produced, cell growth, and glycerol consumed, and
lines indicate D-lactate yield for shake flask cultures grown for 36 h.
Overexpressed genes are indicated by a plus sign next to the corre-
sponding gene(s) or operon(s). Error bars represent standard devia-
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less than 72 h at a yield of 0.80 g p-lactate/g glycerol. Besides
D-lactate, only small amounts of acetate were found in the
culture medium, demonstrating the homolactic nature of the
fermentation. However, a closer examination of the data re-
vealed that the cultures never reached stationary phase (Fig.
6A and B), which indicates the consumption of a second car-
bon source after glycerol has been exhausted. More impor-
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FIG. 5. Chromatogram of 36-h fermentation samples taken from
cultures of wild-type MG1655 (gray line) and LA02(pZSglpKglpD)
(black line) demonstrating the chemical purity of lactate produced in
the engineered strain. The inset shows the quantification of D- and
L-lactate in the LA02(pZSglpKglpD) sample to assess chiral purity: the
concentration (bars; g/liter) and percentage (number in parenthesis;
wt/wt) of each enantiomer are shown.
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tion profile for strain LA02(pZSglpKglpD): data are shown for the
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The Dp-lactate yield also is shown (A). (B) High-resolution fermenta-
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tantly, in the final hours of the fermentation, a clear decrease
in lactate concentration and yield was observed (Fig. 6B).
Based on these observations, it was hypothesized that the ac-
cumulation of large amounts of lactate in the medium triggers
its consumption by the respiratory D-lactate dehydrogenase,
which catalyzes the oxidation of Dp-lactate to pyruvate (31).
Since this enzyme is encoded by dld (34), that gene was
knocked out in strain LAO2 (new strain named LA02AdId).
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When the GIpK-GlpD pathway was amplified in strain
LAO02AdId, a clear stationary phase followed glycerol depletion
from the medium, and no decrease in lactate yield or concen-
tration was observed (Fig. 6C). This strain produced 32.3 g/
liter from 39.5 g/liter of glycerol in about 60 h. The overall
product yield was 0.83 g p-lactate/g of glycerol. In the final 12 h
of the culture (Fig. 6C), p-lactate was produced at maximum
volumetric and specific rates of 1.5 g/liter/h and 1.25 g/g cell
mass/h, respectively.

Production of p-lactate at high concentrations from crude
glycerol. The use of an industrial medium containing crude
glycerol generated as a by-product in the biodiesel industry is
of great relevance for the biocatalysts developed in this work.
Engineered strains performed very well when crude glycerol
was used as a carbon source. Glycerol consumption and p-
lactate synthesis by strain LA02AdId(pZSglpKglpD) using 40
g/liter crude glycerol were similar to those reported for the
consumption of pure glycerol (Table 3). In fact, p-lactate con-
centration (~34 g/liter) and yield (0.845 g/g glycerol) were
slightly higher when the crude glycerol was used. Maximum
specific and volumetric rates for p-lactate production also were
similar to those from the experiments with pure glycerol. In
another experiment using higher concentrations of crude glyc-
erol, strain LA02AdId(pZSglpKglpD) produced 45 g/liter of
D-lactate in 84 h at a yield of 0.83 g/g glycerol (Table 3).

DISCUSSION

Current processes for b-lactate production based on native
lactic acid bacteria use sugars as the carbon source and suffer
from requirements of complex nutrients for cell growth and
limited product selectivity and enantiomeric purity (13, 30). To
address these issues, E. coli and other bacteria have been
engineered to produce D-lactate from sugars as the primary
fermentation product (4, 8, 50, 51, 52). Unlike sugars, when
glycerol is used as a carbon source under anaerobic or mi-
croaerobic conditions by wild-type E. coli, only very small
amounts of D-lactate are found in the fermentation broth (9,
28). p-Lactate also has been reported to be a by-product of
1,3-propanediol (1,3-PDO) production in an E. coli strain en-
gineered to produce 1,3-PDO from glycerol in rich medium
(40). This strain was constructed by importing the glycerol
utilization and 1,3-PDO-producing pathways from Klebsiella
pneumoniae, an organism that synthesizes lactate as a by-prod-
uct of glycerol fermentation. However, E. coli has not been
engineered for the homofermentative production of p-lactate
from glycerol. The work reported here focused on the meta-
bolic engineering of E. coli for the production of chemically
(>96%) and optically (>99.9%) pure D-lactic acid from glyc-
erol in minimal salts medium. The engineered biocatalysts
offer several advantages, such as the use of minimal medium
without rich supplements, high yields and productivities, and
the use of crude glycerol as the carbon source, which is an
abundant and inexpensive feedstock (47).

The three metabolic engineering strategies designed and
implemented in this work led to significant changes in the
partition of carbon at the pyruvate node and favored p-lactate
synthesis to different extents. First, the amplification of the
respiratory pathway for glycerol utilization brought about a
significant increase in D-lactate yield and titer. The direct cou-
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pling of glycerol-3-phosphate oxidation and oxygen reduction
made the glycerol-to-p-lactate pathway redox balanced, thus
favoring its functioning. A second strategy based on the over-
expression of LDH, the enzyme responsible for the synthesis of
D-lactate from pyruvate, also led to significant increases in
D-lactate yield and titer. However, this strategy is limited by the
higher K,,, of LDH for pyruvate (K, = 7.0 to 7.2 mM [39])
compared to those of pyruvate-dissimilating enzymes PFL
(K,,, = 2 mM [21]) and PDH (X,,, = 0.2 to 0.4 mM [3]). Since
none of the strategies described above was effective in mini-
mizing the accumulation of ethanol, acetate, and succinate, a
third approach based on blocking the pathways leading to the
synthesis of these competing by-products was implemented.
Two platforms were explored based on the previous finding
that pta and pfiB knockouts lead to the accumulation of lactate
(9). Of the two, the strain based on the pfa mutation, LA02
(also containing frdA and adhE mutations), yielded better re-
sults. The amplification of the respiratory GlpK-GlpD pathway
in LAO2 resulted in the production of 30 g/liter of p-lactate in
less than 72 h at a yield of 0.80 g p-lactate/g glycerol and with
a chiral purity higher than 99.9%. This strain was further im-
proved by introducing a dld mutation (strain LA02AdId), which
prevented the utilization of D-lactate as a carbon source. When
the GlpK-GlpD pathway was amplified in LA02AdId, 32 g/liter
of p-lactate was produced in about 60 h at a yield of 0.83 g
D-lactate/g glycerol. Maximum volumetric and specific rates of
D-lactate production in this strain reached 1.5 g/liter/h and 1.25
g/g cell/h, respectively.

In the strain describe above, i.e., LA02AdId(pZSglpKglpD),
the oxidation of glycerol-3-phosphate by GlpD is coupled to
oxygen reduction, and therefore only one molecule of NADH
is generated in the glycolytic pathway (Fig. 1). The synthesis of
D-lactate from pyruvate also consumes an NADH, and thus the
overall conversion of glycerol to D-lactate in this strain is redox
balanced. In terms of energy, the synthesis of one molecule of
D-lactate from glycerol is accompanied by the net generation of
one molecule of ATP via substrate-level phosphorylation (Fig.
1). Additional ATP is generated by the coupling between the
transfer of electrons from glycerol-3-phosphate to oxygen and
oxidative phosphorylation. Although GlpD does not conserve
the redox energy in a proton potential, the overall transfer of
electrons from glycerol-3-phosphate to oxygen (a combination
of GlpD and CyoABCD) results in a proton translocation ratio
of four H"/2e™ (42). With an average H"/ATP ratio of 3.5 for
E. coli F)F, ATP synthetase, it follows that the oxidation of
one molecule of glycerol-3-phosphate theoretically can gener-
ate 1.14 molecules of ATP. However, given the lower experi-
mental values typically observed (17), the synthesis of 1 ATP
molecule per glycerol-3-phosphate molecule oxidized is prob-
ably a more reasonable assumption. The overall stoichiometry
for the conversion of glycerol to bD-lactate in strain
LA02AdIld(pZSglpKglpD) then can be represented by the
equation

C:H 05 + 1/2 0, + 2ADP — C;H,0; + H,0 + 2ATP

From this equation it also is apparent that the maximum the-
oretical yield for the conversion of glycerol to D-lactate is 100%
on a mole or carbon basis and 98% on a weight basis. The
engineered strain LA02AdId(pZSglpKglpD) exhibited a p-lac-
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tate yield of 0.83 g/g glycerol, which is 85% of the theoretical
maximum. It also is noteworthy that p-lactate yields and spe-
cific productivities reported here are similar to those achieved
with the use of glucose. Moreover, the production of p-lactate
from glycerol generates up to twice the amount of ATP syn-
thesized in the glucose-based fermentation (see the analysis
above). This higher ATP yield will be advantageous in main-
taining high cell viability and productivity at high concentra-
tions of D-lactate or during prolonged cultivations (e.g., fed-
batch or continuous operation). Finally, the engineered strains
performed very well in an industrial medium based on inex-
pensive glycerol generated as the by-product in the production
of biodiesel supplemented only with mineral salts.

Additional improvements of the engineered strains are en-
visioned through the use of metabolic evolution techniques
like those successfully implemented in E. coli for the efficient
production of biofuels and other products (14, 48, 49). Our
engineered strains are likely to evolve more productive phe-
notypes given the link between cell growth and their ability to
produce D-lactate due to the redox-balanced and ATP-gener-
ating nature of the overall conversion of glycerol to p-lactate.
Process-based modifications, including fed-batch cultivations
and high-density cultures, also are envisioned to further im-
prove the volumetric rates of D-lactate production.
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