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Abstract

Background

Due to its abundance and low-price, glycerol has become an a#raatbon source for the
industrial production of value-added fuels and chemicals. This work sefh@tengineering
of E. colifor the efficient conversion of glycerol into L-lactic acid (L-laedat

Results

Escherichia colistrains have previously been metabolically engineered famitiaerobig
production of D-lactic acid from glycerol in defined media by disngpgenes that minimize
the synthesis of succinate, acetate, and ethanol, and also oveliegpitessespiratory route
of glycerol dissimilation (GIpK/GlpD). Here, further rounds ofioatle design were
performed on these strains for the homofermentative production aftdtéa not normally
produced inE. coli. Specifically, L-lactate production was enabled by: 1), reptpthe
native D-lactate specific dehydrogenase witineptococcus bovik-lactate dehydrogenase
(L-LDH), 2) blocking the methylglyoxal bypass pathways to avb&dynthesis of a racenjic
mixture of D- and L-lactate and prevent the accumulation of toxiernrediate
methylglyoxal, and 3) the native aerobic L-lactate dehydraggmvas blocked to prevent the
undesired utilization of L-lactate. The engineered strain prodo@egL of L-lactate from 56
g/L of crude glycerol at a yield 93% of the theoretical maximand with high optical
(99.9%) and chemical (97%) purity.




Conclusions

This study demonstrates the efficient conversion of glycerollaxiate, a microbial process
that had not been reported in the literature prior to our work. The engthbiocatalysts
produced L-lactate from crude glycerol in defined minimal saksliom at high chemical
and optical purity.
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Background

Glycerol has recently become an inexpensive and abundant carbon doerte being a
byproduct of the biodiesel, oleo-chemical, and bioethanol industries, [1&]dItion, future
opportunities are available for even larger amounts of glycerol piiodudue to the
synthesis and intracellular accumulation of high glycerol concemisaby certain species of
algae [3]. Although many microorganisms are able to metabolizeergly the use of
industrial microbes such & coli could greatly accelerate the development of platforms to
produce fuels and chemicals from this carbon source [4]. We receptited on the ability
of E. coli to metabolize glycerol under anaerobic and microaerobic conditionsl@mtified
the pathways mediating these metabolic processes (Figure 1) TH&$e studies have
provided a platform to metabolically engindercoli for the efficient conversion of glycerol
into fuels and industrial chemicals such as ethanol [8-11], hydrogen [1fbdgic acid [11],
pyruvic acid [13] and succinic acid [14].

Figure 1 Pathways involved in the microaerobic utilization of glycerol and the syntbsis

of fermentation products in native and engineeredE. coli. Genetic modifications
supporting the metabolic engineering strategies employed in this wolluateied by

thicker lines (overexpression Bf coli gldA-dhaKLMandglpK-glpD andS. bovis Idhor

cross bars (disruption @fiB, pta, adhE frdA, IdhA mgsAandlldD). Broken lines illustrate
multiple steps. Relevant reactions are represented by the names of {{s¢ geaiag for the
corresponding enzymeE.(coli genes/enzymes unless otherwise specified in parenthesis):
aceEF-IpdA pyruvate dehydrogenase complasghE acetaldehyde/alcohol dehydrogenase;
ackA,acetate kinas&ldA, aldehyde dehydrogenase dfjaKLM, dihydroxyacetone kinase;
did, respiratory D-lactate dehydrogenafsiinF, formate dehydrogenase, part of fomate
hydrogenlyase complex; FrdABCD, fumarate reductgkl, glycerol dehydrogenasgioA,
glyoxalase IgloB, glyoxalase liglpD, aerobic glycerol-3-phosphate dehydrogenghs,
glycerol kinasehycB-| hydrogenase 3, part of formate hydrogenlyase comialex;
fermentative L-lactate dehydrogenaSe ljovi$, IdhA, fermentative D-lactate dehydrogenase;
lIdD, respiratory L-lactate dehydrogenaseysA methylglyoxal synthaseflB, pyruvate
formate-lyase; pta, phosphate acetyltransfeagd:;, pyruvate kinase. Abbreviations: DHA,
dihydroxyacetone; DHAP, DHA phosphate; G-3-P, glycerol-3-phosphate; PEP,
phosphoenolpyruvate;,Rnorganic phosphate; PYR, pyruvate; P/O, amount of ATP
produced in the oxidative phosphorylation per pair of electrons transferred through the
electron transport system; QHeduced quinones; S-LG, S-lactoylglutathione; *, glyoxalase
1.




A shared metabolic feature of the anaerobic and microaerobmatith of glycerol irE. coli
is the generation of ethanol as the primary product and the negligible productacticctid
(lactate) [5-7]. However, we have recently reported the engmgeef this bacterium for
microaerobic production of D-lactate from glycerol in a definedimmal medium [15].
Lactate and its derivatives have many applications in the food, pbautical, and polymer
industries [16,17]. An example is polylactic acid, a renewableddgradable, and
environmentally friendly polymer produced from controlled ratios ofbd L-lactate [18].
Because of the importance of using pure enantiomers in such appkc¢abiological
processes have the advantage over chemical means of producinly ghirallactate from
inexpensive media containing only the carbon source and minerdtl€4tgvhile lactic acid
bacteria have been traditionally used in the production of D- andctate from
carbohydrate-rich feedstocks, several studies have recentlye@@iternative biocatalysts
such ask. coli [16,17], many of which are engineered to produce L-lactate frogars
feedstocks [20-23].

Unlike the aforementioned reports (i.e. use of carbohydrates), mnatary has focused on
the use of glycerol as a carbon source for the production of chemwitlalligh optical and
chemical purity. As such, this manuscript focuses on the metalngiicezring ofe. coli for
the efficient conversion of glycerol to L-lactate, a microlpabcess that had not been
reported prior to our work. The engineered strains hold great prdorishe conversion of
low-value glycerol streams present in the current biofuels indasto a higher-valued
product, L-lactate.

Results

Replacement ofE. coli’'s D-lactate specific dehydrogenase witBtreptococcus
bovis L-lactate dehydrogenase and disruption of the metfiglyoxal bypass

E. coli strains LAO1 ApfIBAfrdA) and LAO2 (AptaAadhEAfrdA) are initial platforms
developed to demonstrate the microaerobic production of optically plaet@e in mineral
salts medium using glycerol [15]. LAO1 contains a deletiopfiB (pyruvate formate lyase,
PFL), which minimizes the production of ethanol and acetate due ta¢héhét PFL is the
primary route for pyruvate conversion to acetyl-CoA during theroa&robic utilization of
glycerol [5]. LAO1 also possess &dA deletion (component of fumarate reductase) to reduce
the synthesis of succinate (Figure 1). LA02, on the other handridearhutant in which the
synthesis of ethanolA@dhE), acetate Apta), and fumarate AfrdA) have been blocked
through respective gene deletions directly involved with their syntl{Egisire 1). Both
strains produced D-lactate as the primary product of glycertdbnksm (Figure 2A and
Table 1, rates of 0.34 and 0.30 g/L/h, respectively) under microaerobic conditionsoaldit
file 1 Figure S1).

Figure 2 Cell growth, glycerol utilization, and lactate synthesis in 36-hour shake flask
cultures of wild-type MG1655 and engineered straingA) LA01 (ApflIBAfrdA), LA02
(AptaaadhBEAfrdA), LA06 (ApflIBAfrdAAIdhA) and LAO7 AptaAadhEAfrdAAIdhA). (B)
LAO6 (pZSblank), LAO7 (pZSblank), LA06 (pZSldh), LAO7 (pZSldh), LA19
(ApflIBAfrdAAmgsAlldhAldht), and LA20 AptaAadhBEAfrdAAmgsAlldhAldht). Gene
expressions from either plasmid or chromosomal integration are indicatéd-bgext to
the corresponding gene(s) or operon(s). Error bars represent standard deviatipiséoe t
measurements.




Table 1 Glycerol consumption, product synthesis, and carbon recovery in cell mass afermentation products during the microaerobic
utilization of glycerol in minimal medium by wild-type and engineeredstrains®

Strain Product synthesized (g/L) Carbon recovery’
Glycerol consumed (g/L)Acetate SuccinateEthanol Lactate Pyruvate Biomass Products Overall
Wild-type strain
MG1655 19.1 (0.2) 2.9 (0.12.4 (0.0) 2.1 (0.1) 1.6 (0.3) 0.0 (0.0) 1.2 (0.0)67.4 (1.4)75.4 (1.6)
Strains engineered for the production of D-lactate
LAO1 18.2 (1.1) 0.6 (0.1)0.0 (0.0) 0.0 (0.0)12.3 (0.6)0.0 (0.0) 1.4 (0.0)74.9 (3.4)84.3 (3.7)
LAO2 15.6 (1.8) 0.6 (0.00.1 (0.0) 0.0 (0.0)10.9 (1.0)0.0 (0.0) 1.2 (0.1) 77.6 (2.8)87.4 (3.4)
Strains engineered for the production of L-lactate
LAO6 11.0 (0.2) 2.0 (0.1)0.1 (0.0) 0.0 (0.0) 0.1 (0.0) 0.0 (0.0) 1.2 (0.0)27.8 (0.5%67.2 (0.9)
LAO7 9.8 (0.7) 1.2 (0.4)0.2 (0.1) 0.0 (0.0) 0.1 (0.0) 0.0 (0.0)0.35 (0.1)20.7 (5.5)34.0 (2.2)
LAO6 (pZS) 9.8 (0.1) 1.8 (0.1p.1 (0.0) 0.0 (0.0)0.1 (0.0) 0.0 (0.0) 1.1 (0.1)29.2 (1.6)70.0 (0.1)
LAO7 (pZS) 9.9 (0.2) 1.5 (0.0p.3 (0.0) 0.0 (0.0)0.1 (0.0) 0.0 (0.0) 0.4 (0.0)30.1 (0.66.7 (2.0)
LAO6 (pzSldh) 11.8 (0.1) 0.6 (0.09.1 (0.0) 0.0 (0.0)6.4 (0.0) 0.0 (0.0) 1.3 (0.0)64.9 (0.2)78.6 (0.2)
LAO7 (pzSldh) 10.9 (0.5) 0.2 (0.09.1 (0.0) 0.0 (0.0)6.7 (0.4) 0.0 (0.0) 0.3(0.1)65.7 (2.9)70.4 (1.9)
LA19 16.2 (0.2) 1.0 (0.0)0.0 (0.0) 0.0 (0.0)9.1 (0.1) 0.0 (0.0) 0.9 (0.1)67.4 (0.2)74.5 (1.1)
LA20 15.4 (0.1) 0.4 (0.00.2 (0.0) 0.0 (0.0)9.4 (0.1) 0.0 (0.0) 1.0 (0.1)67.7 (0.2)75.8 (0.5)
LA19 (pZSKLMgldA) 16.6 (0.6) 1.0 (0.0)0.0 (0.0) 0.2 (0.0)10.9 (0.4)0.0 (0.0) 0.4 (0.0) 79.0 (0.4)82.1 (0.9)
LA19 (pZSglpKglpD) 16.8 (0.9) 0.7 (0.19.0 (0.0) 0.0 (0.0)11.7 (1.2)0.0 (0.0) 0.8 (0.0) 79.7 (3.985.9 (3.8)
LA19 (pzSldh) 13.2 (1.6) 0.6 (0.19.0 (0.0) 0.0 (0.0) 7.4 (1.3) 0.0 (0.0) 0.7 (0.1)65.6 (4.6)74.4 (3.4)
LA20 (pZSKLMgldA) 15.2 (0.3) 0.4 (0.1)0.1 (0.0) 0.0 (0.0)10.1 (0.5)0.0 (0.0) 0.9 (0.2) 72.9 (1.5)80.3 (3.1)
LA20 (pZSglpKglpD) 18.6 (0.4) 0.6 (0.09.2 (0.0) 0.0 (0.0)13.7 (0.7)0.0 (0.0) 0.8 (0.0)76.4 (1.7)82.8 (1.6)
LA20 (pZSldh) 15.3 (0.2) 0.2 (0.09.2 (0.1) 0.0 (0.0)10.0 (0.1)0.0 (0.0) 0.9 (0.0) 70.5 (1.6)77.6 (2.0)
LA20 (pZSglpK.glpD)° 41.0 (0.0) 1.0 (0.0)0.7 (0.0) 0.0 (0.0)32.6 (0.1)0.0 (0.0) 1.1 (0.0) 86.4 (0.3)89.6 (0.3)
LA20AIIdD (pZSglpKglpD)© 41.6 (0.0) 0.8 (0.0)0.6 (0.0) 0.0 (0.0)34.7 (0.0)0.0 (0.0) 1.6 (0.0)90.3 (0.0095.0 (0.1)
LA20AIIdD (pZSglpKglpD)*© 40.4 (0.0) 0.9 (0.00.9 (0.0) 0.0 (0.0)32.8 (0.1)0.0 (0.0) 1.1 (0.0)88.4 (0.291.9 (0.1)
LA20AIIdD (pZSglpKglpD)* 57.2 (0.0) 1.6 (0.0)1.2 (0.0) 0.0 (0.0)50.1 (0.0)0.0 (0.0) 2.0 (0.0)95.2 (0.1)9.4 (0.7)

% Data represent the average of three samples (standartiateviEhown in parenthesis) taken from 36-hour shake flask culjtmes on minimal medium
supplemented with 20 g/L of glycerol, unless otherwise specified.

® Carbon recovery is expressed as the percent mol of carbon in fpriodlumling biomass, per mol of carbon in glycerol consumed. The odlproduct”
shows the total recovery of carbon in products, assuming that ofoleetate plus moles of ethanol equals moles of 1-C compoumdsai{goplus CO2)
generated by the dissimilation of pyruvate. The column “overall” shows @iralbgarbon recovery, including products and biomass.

¢ Cultures in which 40 g/L of glycerol was used and samples were taken atrgZdibglycerol was consumed).

¢ A culture in which 40 g/L of crude glycerol derived from biodiesel productichusad and samples were taken at 72 hours (all glycerol was consumed).

© A culture in which 60 g/L of crude glycerol (40 g/L initially present and 20agilled at 48 hours) was used and samples were taken at 84 hours (~ 57 g/L of
glycerol were consumed).



To initiate the metabolic engineering of these previous LAO1 ak@RLplatforms for the
production of L-lactate, the fermentatie coli D-lactate dehydrogenase (D-LDH) was
eliminated, resulting in strains LA06 (LAAIdhA) and LAO7 (LAO2IdhA). As expected,
very small amounts of lactate (final titers of ~0.1 g/liteboth cases) were detected in the
fermentation broth of strains LA0O6 and LAO7 (Figure 2A), demonstratiagD-LDH (dhA)

is the primary route of lactate production in thEseoli platforms. The lactate produced was
a racemic mixture of D- and L-lactate (Figure 3), suggeshiag production through the MG
detoxification pathways [24-27] (Figure 1). The ability of straid®& and LAO7 to produce
large amounts of lactate was restored by the presence of @plpZ®Idh which expresses the
L-lactate dehydrogenase (L-LDH) frog bovigFigure 2B and Table 1, rates of ~0.19 g/L/h
for both). The enantiomeric purity of the produced L-lactate wasihigbth cases (~ 99.5%,
Figure 3).

Figure 3 Enantiomeric composition determined enzymatically of lactate prodced by
wild-type MG1655 and engineered strains LA06, LAO7, LA06 (pZSldh), LAO7 (pZSldh)
LA19, and LA20. The percentage of each enantiomer in the mixture is shown: D-lactate
(white bar) and L-lactate (gray bar).

Given the above results, thetfvis ldhgene was chromosomally integrated in strains LAO1
and LAO2 and thé&. coli mgsAgene was simultaneously deleted to avoid any production of
D-lactate through the MG bypass. TIdBA locus was chosen as the integration site because
the levels of expression of D-LDH from this promoter in LAO1 and)2Avere shown to
support efficient production of D-lactate [15] and could presumably supptattate
production as well. The resulting LA19AfIBAfrdAAmgsAlldhAldh+) and LA20
(AptaAadhEAfrdAAmgsAlldhAldht) strains performed well, producing ~ 9 g/liter of L-
lactate in 36 hours (~0.25 g/L/h) (Figure 2B). However, strain LAZtibéed a slightly
better lactate yield (0.61 g/g glycerol compared to 0.56 g/gegbl in LA19) and lower
acetate production (discussed below) (Figure 2B and Table 1). Asgtediuhe expression

of Idh from theldhA promoter resulted in L-LDH activity levels similar to thasported for
D-LDH in strains LAO1 and LAOZ2: i.e. 0.136+0.0Qmol/mg protein/min in LA20 (Table 2)
compared to 0.082+0.0Q@mol/mg protein/min in LAOL1 [15]. Finally, the lactate produced
by LA20 was 99.9% L-lactate, with similar enantiomeric purity fodod strain LA19
(Figure 3).



Table 2Functional characterization of constructs used in the overexpression ofyglerol
utilization and L-lactate synthesis enzymes. Reported values are froB6-hour shake
flask cultures

Activity (pmol/mg protein/min)?

Enzyme tested LA20 (Contr8l)LA20 (Overexpressetl)
Glycerol kinase 0.187 £ 0.005 0.669 = 0.004
Aerobic glycerol-3-phosphate dehydrogenase  0.017 £ 0.001 0.027 +0.002
Glyceroldehydrogenase 0.049 = 0.002 0.39 £0.02
Dihydroxyaceton&inase 0.005 =+ 0.001 0.019 + 0.002
L-Lactate dehydrogenase 0.136 = 0.005 0.68 + 0.06

& All activities were measured as described in Matedats Methods and values are reported
as average + standard deviation for triplicate assays.

P Activities measured in strain LA20 containing the blank vector.

¢ Activities measured in strain LA20 containing a plasmid overegjmgsthe specified
enzyme: i.e. pZSKLMgIdA for glycerol dehydrogenase and dihyghostone kinase,
pZSglpKglpD for glycerol kinase and aerobic glycerol-3-phosphate deggdase, and
pZSldh for S. bovis L-lactate dehydrogenase.

Overexpression of glycerol-utilization and L-lactae synthesis pathways and
elimination of the endogenous pathway for L-lactateitilization

Although strains LA19 and LA20 produced L-lactate at high chemidaaichiral purity, the
kinetics of glycerol utilization and lactate synthesis, includaxgate titer and yield, were
inferior to that of the LAO1 and LAO2 parental strains (compare paheand B in Figure 2;
Table 1). Since we have previously shown that the conversion of glyodbelactate can be
accelerated by amplifying either glycerol-utilization octéde-synthesis pathways [15], we
investigated whether similar strategies could be implemented in the pordofct-lactate.

Two primary routes can mediate the conversion of glycerol tocémemon intermediate,
dihydroxyacetone (DHAP) under microaerobic conditions [5] (FigureAljermentative
pathway converts glycerol to dihydroxyacetone (DHA) via glyceettydrogenasegldA)
and then to DHAP through the action of DHA kinadbaKLM). The alternative route is a
respiratory/aerobic pathway composed of the enzymes glycerskekiipK) and glycerol-3-
phosphate (G3P) dehydrogenag®D) which mediates the conversion of glycerol to G3P
and subsequently to DHAP, respectively. Overexpression of either aihe plathways in
LA19 (0.3 and 0.33 g/L/h for fermentative and respiratory routes, resggrtand LA20
(0.28 and 0.38 g/L/h for fermentative and respiratory routes, respgitieel to faster
utilization of glycerol and L-lactate synthesis, although tispiratory pathway led to higher
L-lactate titers and yields (Table 1, 2). Coupling of glycerph®sphate oxidation and
oxygen reduction via the quinine pools [28,29] likely results in the netiet synthesis of
L-lactate due to the fact that the overall conversion of glyderddctate becomes a redox
balanced pathway. In addition, ATP would be generated by both subetite-
phosphorylation and the respiratory chain (see Figure 1 and Discussion).

Another limiting factor for lactate synthesis in strains LAD® &A20 could be insufficient
levels of L-lactate dehydrogenase due to less expression froohrtti@osomal copy of.

bovis Idhas opposed to plasmid overexpression. Thus, expressitah dfom a plasmid
could alleviate this limitation and lead to an increase infthaetion of carbon diverted
towards the synthesis of L-lactate (increasing L-lactedkel) and/or the flux of the glycerol-



to- L-lactate pathway (increasing the rate of L-lactateduction). This strategy led to a
slight increase in the production of L-lactate in LA20 [pZSldh] (€ah), which was
arguably caused by the 5-fold increase in the activity of L-LOldble 2). In contrast,
overexpression of L-LDH had no beneficial effect on lactate pramluctir glycerol
utilization in strain LA19 [pZSldh] (Table 1). Thus, plasmid overeggi@n ofS. bovis Idh

was not deemed more beneficial than that of the chromosomal copy and not explored furthe

Of note, strain LA19ApfIBAfrdAAmgsAAldhAldht) and its parent and derivatives produced
much higher concentrations of acetate than that observed in the LA20
(AptaAadhEAfrdAAmgsAlldhAldht) strain and its parent and derivatives (Table 1). While
PFL is the primary route for pyruvate conversion to acetyl-CoAnduthe microaerobic
utilization of glycerol, low levels of acetyl-CoA and subsequesitgtate could still be
formed in the LA19 lineage via leakiness of the primarily aeroprayate dehydrogenase
complex @ceEFandIpdA, Figure 1) [5]. As acetate formation in the LA20 lineage isaiy
blocked by apta deletion, lower acetate levels would be expected. Increasedteaceta
formation in the LA19 lineage could also explain the differentialvgin observed between
LAO6 (i.e. ApfiB, pta” etc.) and LAO7 (i.epflB*, Apta). As these strains are deleted for
endogenouddhA, they cannot readily synthesize any common fermentative product to
achieve redox balance and allow continued ATP production. In this contextsnall
increases in acetate levels seen in the LAO6 would be cfiticgrowth as acetate formation
results in 2 ATP molecules per glycerol consumed via substrate level phdapbor{Figure

1). Only when the higher glycerol utilization and subsequent L-lacgtghesis were
achieved with the more optimal expressiorSobovis Idifrom the chromosome (as opposed
to from a plasmid) did the growth between the LA19 and LA20 and ddegvatives
become similar (Figure 2 and Table 1). As the LA20 lineage wamek better than that of
LA19 and previous work by us has shown no additional benefit of tiseyfIB deletion in
conjunction with just directly blocking the competing fermentative prsd{gata not shown)

we choose to use LA20 as our platform for further metabolic engineering.

Overall, the best performance was observed when the respiratoeyatutilization pathway
was overexpressed in the LA20 platform (Table 1, and see rated imbove). Using 20 g/L
of glycerol, LA20 (pZSglpKglpD) produced 13.7 g/L of L-lactate (0.38/lyy at a yield of
0.74 g L-lactate/g glycerol. Given these results, we furthamaxed the production of L-
lactate by LA20 (pZSglpKglpD) in the presence of a higher coretgom of glycerol.
Starting now with 40 g/L of glycerol, this strain produced about/B@mgof L-lactate in less
than 72 hours (0.46 g/L/h) at a yield of 0.82 g L-lactate/g glygéiigure 4 and Table 1).
Besides L-lactate, only small amounts of acetate were foundeanctlture medium,
demonstrating the homolactic nature of the fermentation (Table 1).eVwwwa closer
examination of the dynamics of cell growth, glycerol consumptiah @oduct synthesis at
the late stages of the fermentation revealed interesting behtehagocultures never reached
stationary phase, even when all glycerol was consumed, and asdeareldoth L-lactate
concentration and vyield occurred (Figure 4, Inset). Based on thesevatimses, the
accumulation of large amounts of L-lactate in the medium was hyppégeto trigger its
consumption by the respiratory L-lactate dehydrogenddB)( which can catalyze the
oxidation of L-lactate to pyruvate [30]. Deletion of tHdD gene in strain LA20 and
overexpression of the GIpK-GlpD pathway resulted in a clealostay phase following
glycerol depletion from the medium and no decrease in lactai@ gietoncentration was
observed (data not shown). This strain, named LANAD (pZSglpKglpD), produced
35.1g/liter of L-lactate from 41.6 g/liter of glycerol in about 64 hax85 g/L/h) with an



overall product yield of 0.86 g L-lactate/g of glycerol, which dieasurpasses the
performance of its parent LA20 (pZSglpKglpD) (Table 1).

Figure 4 Kinetics of lactate synthesis by strain LA20 (pZSglpKglpD) in shake flds
containing minimal medium with 40 g/L of glycerol Data for concentration of cellm],
glycerol @), lactate &) and acetates(), along with lactate yieldA), are shown. Coefficients
of variation (i.e. standard deviations/average x 100) were below 5% in all cheass@ét
shows a high-resolution data set for late stages of cultivation: symbolgiarities are as
specified for the main figure.

Production of L-lactate at high concentrations fromcrude glycerol

The use of an industrial medium containing crude glycerol generatadg-product in the
biodiesel industry is of great relevance for the biocatalyst dpedlin this work. Engineered
strains performed very well when crude glycerol was used amlerc source. Glycerol
consumption and L-lactate synthesis by strain LARAD (pZSglpKglpD) using 40 g/liter
crude glycerol were similar to those reported for the consumptiparefglycerol (Table 1).
To better assess the potential of this process, an experintargwen higher concentrations
of crude glycerol was conducted. Under these conditions, strain AR@D (pZSglpKglpD)
produced more than 50 g/liter of L-lactate in 84 hours at a gfedo0 g L-lactate/g glycerol
(Figure 5). Maximum and average volumetric rates of L-lactaidymtion of 1.3 g/L/h and
~0.6 g/liter/h were respectively, achieved.

Figure 5 Production of lactate by strain LA20AIIdD (pZSglpKglpD) in a minimal

medium containing crude glycerol A fermentation profile using 60 g/liter glycerol of crude
glycerol (40 g/liter in the initial medium followed by a 20 g/liter additibd&hours) is

shown. Data for concentration of celis)( glycerol @), lactate &), and acetates(), along

with lactate yield 4), are shown. Coefficients of variation (i.e. standard deviations/average x
100) were below 5% in all cases.

Discussion

L-lactate production from sugars can be achieved using native &mtl bacteria but are
constrained by the requirements for complex nutrients and exhiliétioms in both product
selectivity and enantiomeric purity [16,17]. To overcome these issuetgrinaand yeasts
have been engineered to produce L-lactate as the primary producarlmdhydrate
fermentations [16,17,20-23]. However, the production of L-lactate from glycesaidtdeen
reported. The work conducted here focuses on the metabolic enginetEn coli for the
microaerobic production of L-lactate, at high chemical (97%) anitadp99.9%) purities,
from glycerol in defined minimal salts medium. Using LAAAD [pZSglpKglpD], 50 g/liter
of L-lactate were produced in 84 hours at a yield of 0.90 g L-&Egtalycerol (Figure 5)
with a yield close to 93% of the theoretical maximum (0.967 Wwtiwten calculated from
equation 2 below. Besides providing a high yield and productivity,eb@ltmg biocatalyst
can also utilize crude glycerol as carbon source, which has beaomabundant and
inexpensive feedstock due to being a by-product of the current biofuel industries [31]

While L-lactate is not a native product of glycerol metabolisnk.i coli, its homologous
production could be achieved through a two-step pathway that convertdgtyetkal (MG,
an intermediate in the MG bypass) to L-lactaldehyde (L-LAnd then to L-lactate [24-27]



(Figure 1). However, the synthesis of L-lactate through thademays is not desirable due
the existence of several native MG detoxification pathwayi. iooli that can lead to the
production of both D- and L-lactate (Figure 1) [25-27], compromisingeth@ntiomeric
purity of the product (Figure 3). In addition, MG is a very toxictabelite whose
accumulation could severely impair metabolism and lead to ceth §2%,27]. Finally, the
synthesis of L-lactate through the MG route is energy inefficas no ATP is generated in
the conversion of dihydroxyacetone phosphate (DHAP) to L-lactageiré-1). Since the
generation of DHAP from glycerol consumes one ATP equivalanthé form of ATP or
PEP), the overall conversion of glycerol to L-lactate throughrthite would lead to the net
consumption of one ATP equivalent per each molecule of L-lactate ggddEigure 1). This
route, summarized in the equation 1 below by assuming glycerahdat®on through the
GIpK-GIpD pathway (Figure 1), would also generate one net rediemjgyvalent per L-
lactate synthesized:

Glycerol + ATP + Q — L — lactate + ADP + P + QH, (2)

A more attractive alternative to the above MG route that we dmogglize in this study is
the production of L-lactate utilizing enzymes from the lategetaof Embden-Meyerhof-
Parnas pathway which would avoid the aforementioned disadvantages. soeth#io (see
Figure 1), the overall conversion of glycerol to lactate wowdd e the net generation of one
ATP (via substrate-level phosphorylation) and one reducing equivaleetipermolecule of
L-lactate produced, as shown in the equation 2 below:..

Glycerol + ADP + P + Q — L — lactate + ATP + QH, (2)

Since the GIpK-GIpD pathway mediates glycerol dissimilatiothe engineered strain and
microaerobic conditions were used (see Supplemental Materialsdatitional File 1 Figure
S1), coupling the overall transfer of electrons from glycerol-3piat® to oxygen
(combination of GIpD and CyoABCD) [28,29] can be achieved. This coupling could
theoretically generate 1.14 ATPs via oxidative phosphorylation mdeaue of glycerol
dissimilated [32]. However, given the lower experimental valyedlly observed [33], the
synthesis of 1 ATP per glycerol-3-phosphate molecule oxidized is lgyok more
reasonable assumption and is detailed in equation Il below:

QH, + 0.50, - H,0 + ATP 3)

From equations 2 and 3 it then becomes apparent that the synthesectite from glycerol
can generate up to two molecules of ATP per molecule of btagroduced. Overall, this
high ATP yield explains why using the later stages of théden-Meyerhof-Parnas pathway
with overexpression of the respiratory GlpK-GlpD pathway in LA20 Wwaeseficial (as
opposed to the use of the MG route).

Given the beneficial nature of the engineered glycerol-to-ladacpathway (i.e. redox
balanced and ATP generating), we expect that the future useetabohlic evolution
approaches will lead to the selection of even more productive HistateSimilar techniques
have been successfully implementedEincoli for the efficient production of biofuels and
other products [34-36]. Process-based modifications such as fed-baieations and high-
density cultures are also envisioned to further improve the volunretes of L-lactate
production.



Conclusions

The present study demonstrates the conversion of glycerol tctdtdaa microbial process
that had not been reported to date prior to this study. The engirmecathlyst produced L-
lactate from glycerol in a defined minimal salts medium gh ldhemical and optical purity.
The high yields and productivities achieved with the use of crlydergl as carbon source,
which has become an abundant and inexpensive feedstock, demonstratmvitalue
glycerol streams from the current biofuels industries caeffigently converted to higher
value products such as L-lactate.

Methods

Strains, plasmids, and genetic methods

Strains LAO1 and LAO2 (see Table 3 for genotype) were used as two€ngineer the
production of L-lactate. Gene knockouts were introduced by P1 phagelucion [11,37].
Single gene knockout mutants from the National BioResource Pr®j¢Gt Japan) were
used as donors of specific mutations [38]. Replacement of rdtive(encoding D-lactate
dehydrogenase) wittStreptococcus bovis Iditencoding L-lactate dehydrogenase) was
achieved via a previously reported method for allele replacemerg thsisacBcontaining
pWM91 suicide vector [39]. Plasmid pVALDH1 [40], kindly provided by Dr. T. R
Whitehead (National Center for Agricultural Utilization Resbka U.S. Department of
Agriculture, Agricultural Research Service, Peoria, IL) wassihierce of thddh gene and
primers ckdh (Table 3) were used for cloning purposes. All chromosomal disngtnd
replacements were confirmed by polymerase chain reaction t&rigerification” primers
shown in Table 3. The disruption of multiple genes in a common hostaglasved as
previously described [11]. All resulting strains, along with prerend plasmids used in this
study, are listed in Table 3.



Table 3 Strains, plasmids and primers used in this study

Strain/ o
Plasmid/Primer Description/Genotype/Sequence Source
Strains
MG1655 F-\- ilvG- rfb-50 rph-1 [41]
LAO1 MG1655ApfiB::FRT AfrdA::FRTKan-FRT; sequential deletion pfIB andfrdA in MG1655 [15]
LAO2 MG1655Apta::FRT AadhE:FRT AfrdA::FRTKan-FRT; sequential deletion pta, adhEandfrdA in MG1655 [15]
LAO® LAO1 AldhA:FRTKanFRT This
study
LAO7 LAO2 AldhA:FRTKan-FRT This
study
LAL9 LAO1 AmgsA:FRT AldhA::Idh This
study
LA20 LAO2 AmgsA:FRT AldhA::Idh This
study
LAL9AIAD LAO1 AmgsA:FRT AldhA:Idh AlldD::FRT ;ﬁ'jy
LA20AlIdD LAO2 AmgsA:FRT AldhA:Idh AlldD::FRT ;rl'gy
Plasmids
pCP20 reppSC101ts ApR CmR cI857 | PR flp+ [42]
pZSblank Blank plasmid created by removibigfreundii dhaKLfrom pZSKLcf and self-ligating the plasmid (tetR, oriR SC1Gkt) [11]
pWM91 f1(+) orilacZo of pBluescript 1l (SK+) mobRP4, oriR68acBand AmpR [39]
pZSKLMgldA E. coli dhakKLMandgldA under control of PLtetO-1 (tetR, oriR SC10t&f) [11]
pZSglpKglpD E. coli glpKandglpD under control of Reo1 (tetR, oriR SC101*¢al) [15]
pZSldh S. bovis Idhunder control of Reo.; (tetR, oriR SC101*¢al) I{:;y
Primers”
v-pflB aaatccacttaagaaggtaggtgtcgtggagcctttattgtac This

study




v-frdA taccctgaagtacgtggctgaggtagttgcgtcataagge This

study
v-pta ccaaccaacgaagaactggttagcgcaaatattcccttge It?xizy
v-adhE cgagcagatgatttactaaaaaagatcggcattgcccagaagg I{S;y
v-lIldD cagtttcgatattctggaagcgacagattcatgctgcg ;TEy
v-ldhA gcttaaatgtgattcaacatcactggagaatagaggatgaaaggtcattg ;—tﬁizy
cddh gacggtaccatgactgcaactaaacaacacaaaaaaggtacggtiitgttaggcagaagcgaattc I{S;y
r1-ldh tgctgtacatgactgcaactaaacaacactcgtgtacattagtégagaagc ;TEy
r2-ldh cttacggtcaattgttgacgcgtcaacaattgaccgtaag ;—tﬁizy

& Deletions were moved into each strain in the order they appear in the “desciiptiomth.
by “c” and “r" indicate the primer sequences (5 to 3") thatreveised for verification purposes (“v”) during gene disruptions, clonicity ¢f

S. bovis Idh, and chromosomal replacement (“r’leotoli IdhAwith S. bovis IdH(“r”). “r1” and “r2” were used to confirm the presenSebovis
Idh in theE. colichromosome (“r1”) along wit its presence in tteA locus (“r2”). The forward sequence follows the reverse sequaneach

case. Genes or operons manipulated are apparent from primer names.



Gene overexpression was achieved by cloning the desired gen@($dw-copy vector as
previously reported [15] (Table 3). Plasmid pZSldh was constradéddllows. Thédh gene
from S. boviswas PCR amplified from plasmid pVALDHL1 [40] usinddt primers (Table
3). The resulting PCR product was cloned within kipal and Mlul sites of pZSKLMgIdA
[11] using In-Fusion PCR cloning (Clontech Laboratories, Inc., Mountaguw VVCA). PCR
was performed using Pfu turbo DNA polymerase (Stratagene, CA, W8der standard
conditions described by the supplier. The ligated products were usemhsfotmE. coli
DH5aT1 (Invitrogen, Carlsbad, CA). Positive clones were screeggadsmid isolation and
restriction digestion.

Standard recombinant DNA procedures were used for gene cloning, ¢lsstation, and
electroporation. Manufacturer protocols and standard methods [37,43] wereefblfor
DNA purification (Qiagen, Valencia, CA), restriction endonucleagestion (New England
Biolabs, Ipswich, MA), and DNA amplification (Stratagene, La Jo@& and Invitrogen,
Carlsbad, CA). The strains were kept in 32.5% glycerol stocks8afC. Plates were
prepared using LB medium containing 1.5% agar, and appropriate antibietiesngluded
at the following concentrations: ampicillin  (5Qg/ml), kanamycin (50 ug/ml),
chloramphenicol (12.5g/ml), and tetracycline (3.38/ml).

Culture medium and cultivation conditions

Unless otherwise stated, all fermentations were conducted tisengninimal medium
designed by Neidhardit al.[44] with NgHPQO, in place of KHPO, and supplemented with
20 gl/liter glycerol (unless otherwise specifiedyM sodium selenite, 3.96 mM MdAPOy, 5
mM (NH,).SOQy, and 30 mM NHCI. Chemicals were obtained from Fisher Scientific
(Pittsburgh, PA) and Sigma-Aldrich Co. (St Louis, MO), except cglgeerol, which was
provided by Renewable Energy Group, Inc. (Ames, IA). Crude gly¢edlthe following
composition (wt/wt%): glycerol (83.3), methanol (0.01), water (10.0ly fatids (0.04), salt
(6.63), and ash (6.6). The pH was 6.38 and the density was 1.26 g/ml.

Fermentations in shake flasks were performed in 25 ml Pyriexrgeyer flasks (narrow
mouth/heavy duty rim, Corning Inc., Corning, NY) filled with 15 ml of MOPS minimal
media supplemented with appropriate antibiotics or inducers when neetled fallowing
concentrations: ampicillin (5Qg/ml), kanamycin (5Qug/ml), chloramphenicol (12.pg/ml),
tetracycline (3.33ug/ml), and anhydrotetracycline (100 ng/ml). Unless otherwistedsta
calcium carbonate (5% wt/wt) was used in all the fermentdliésks to buffer the pH. The
flasks (with foam plugs filling the necks) were incubate@#t C and 200 rpm in an NBS
C24 Benchtop Incubator Shaker (New Brunswick Scientific Co., Inc., EdSadh, The
fermentations were run for 36 hours (unless otherwise stated) et tumie the supernatant
was collected, the pH measured (UB-10, Denver Instruments Co.darzO), the optical
density taken (Thermo Spectronic Genesys 20, 4001/4, MA, USA), and wbessagy cell
pellets collected for enzyme activity assays. To deterth@@ptical densities of the cultures
in the presence of calcium carbonate, the cultures were allmmMadefly sit in which time
the calcium carbonate quickly settled to the bottom.

Prior to use, the cultures (stored as glycerol stocks at —80°(@) streaked onto LB plates
and incubated overnight at 37°C. Three colonies were used to inoculaté fRisks
containing 5 ml of minimal medium supplemented with 10 g/liter gteaylol, 10 g/liter
tryptone, and 5 g/liter yeast extract. The flasks were incdbatt&7°C and 150 rpm in an
NBS C24 Benchtop Incubator Shaker until ansg@Df ~0.7 was reached. An appropriate



volume of this actively growing pre-culture was centrifuged, angéhet was washed and
used to inoculate 15 ml of medium in shake flasks (see above) waityet initial optical
density at 550 nm of 0.05.

Analytical methods

The concentration of cell mass, glycerol, organic acids, anchatheere measured as
previously described [45,46]. The enantiomeric purity of lactate waerndi@ed
enzymatically as previously reported [47]. The reaction mixturem(B for L-lactate
determination contained 0.92 ml hydrazine/glycine buffer (0.6 M mggycand 0.5 M
hydrazine; pH 9.2), 55 U L-lactate dehydrogenase, 5 mg NAD, andpuRO00f the
fermentation sample of interest. D-lactate was measuredimikar mixture by replacing L-
lactate dehydrogenase with 15 U of D-lactate dehydrogeAdtse. addition of the sample,
the reaction mixture was incubated at 25° C for 3 hours aftehviticabsorbance at 340 nm
was used as a measure of the concentration of D- or L-lactate present.

Enzyme activities

Cell harvesting and preparation of crude cell extractefmyme assays was conducted as
described elsewhere [5,7]. Absorbance changes for all assayshaeitered in a Biomate 5
spectrophotometer (Thermo Scientific, MA, USA). The linearity e&ctions (protein
concentration and time) was established for all assays and tle@ayomatic rates were
subtracted from the observed initial reaction rates. Enzymdtigties are reported gsmol

of substrate per minute per mg of cell protein and representgagefar at least three cell
preparations. A protein content of 55% (wt/wt) fér coli cells was assumed in these
calculations.

Glycerol kinase and aerobic-glycerol-3-phosphate dehydrogenag#iescivere assayed as
reported previously [15]. Details of the assay can be found elseigrerhe activity of
glycerol dehydrogenase in the oxidation of glycerol was measured as predessiyed [6]
with potassium carbonate at pH 9.5 as the buffer. PEP-dependent dilaaktmne kinase
activity was assayed as previously reported [11]. D-lactateydilegenase activity was
determined by following the NADH-dependent reduction of pyruvagtatnm and 25° C in
a 1 ml reaction mixture containing 0.1 M potassium phosphate buffer7 (P 30 mM
sodium pyruvate, 0.33 mM NADH, and %@ crude cell extract [48]. The activity of L-
lactate dehydrogenase (encodedSybovis ldh was determined as described above for D-
lactate dehydrogenase but adding fructose 1,6-bisphosphate, an altagteaior of S. bovis
L-LDH [40], to the mixture at a final concentration of 1.2 mM.

Calculation of fermentation parameters

Data from cell growth, glycerol consumption, and product synthesie wsad to calculate
volumetric (g/liter/h) and specific rates (g/g cell maysind product yields (g/g glycerol) as
previously described [5,11].
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Additional file 1 Figure S1. Percent dissolved oxygen (DO) and oxygen transfer rate (OTR)
vs. time of wild-type and the final L-lactate biocatalyst. Symbols denof@>%m) and OTR

(A). (A) Wild-type MG1655. (B) LA20IdD [pZS-glpK-glpD].
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Additional files provided with this submission:

Additional file 1: Supplemental Materials.pdf, 140K
http://www.microbialcellfactories.com/imedia/1828598711896780/supp1.pdf
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