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Supplemental 1 

Some key enzymes affecting lactic acid production 

Lactic acid bacteria are grouped into homo- and hetero-fermentative strains based on their ability to ferment 

sugars. Homo-fermentative bacteria ferment C5 and C6 sugars by the pentose phosphate pathway (PP pathway) to 

produce LA as the major product. Hetero-fermentative bacteria ferment C5 and C6 sugars by the phosphoketolase 

pathway (PK pathway) to produce LA along with acetic acid or ethanol. The metabolic pathways for the 

conversion of glucose (C6), xylose (C5) and arabinose (C5) to LA are shown in Figure 1 (main manuscript). There 

are many enzymes involved in the metabolisms of sugars to LA. Among them, xylose isomerase is the key enzyme 

that decides whether the bacteria strains are able to utilize xylose, the major component of hemicellulose sugars, to 
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produce LA. Transketolase is the key enzyme that shifts the metabolic flux from xylulose-5-phosphate to lactic 

acid homo-fermentatively. Conversely, phosphoketolase is the key enzyme that shifts the metabolic flux from 

xylulose-5-phosphate to lactic acid along with ethanol and/or acetic acid in a hetero-fermentative way. D- and L-

lactate dehydrogenases are the key enzymes that decide the production of D- or L- LA from pyruvate.    

Xylose isomerase 

D-xylose isomerase converts aldose sugars (D-xylose, D-glucose) to ketose sugars (D-xylulose, D-fructose).  The 

structure of xylose isomerase is explained taking the crystal structure of the enzyme (PDB ID: 5XIA) from 

Arthobacter B3728 (Figure 1). The 1188 base pair long coding sequence encodes a 395 amino acid long peptide 

with a molecular mass of 43.3kDa. The enzyme is soluble and cytoplasmic with an optimal pH of 8 and requires 

Mg+2 as cofactor for its activity. The enzyme exists as a tetramer in solutions. The secondary structure of the xylose 

isomerase shows two structural domains. The NH2 (1-327 amino acid residues) terminus of the peptide chain forms 

a (α/β)8 barrel with a central catalytic core. The C-terminus (328-394 residues) arm consists of five helices linked 

by a random coil to form a loop away from the (α/β)8 domain of the monomer. Tetramer is formed by two dimers 

linked by 2-fold symmetry, the active sites being composed of residues from both subunits. The enzyme is 
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dependent on a divalent cation for catalytic activity. Two metal ions are required per monomer, and the high-

affinity magnesium (II) site has been identified from the structural results. The metal ion is complexed at the high-

affinity site by four carboxylate side-chains of the conserved residues, Glu180, Glu216, Asp244 and Asp292. 

Detailed analysis of the crystal structure revealed the presence of multiple internal salt-bridges stabilizing the 

tertiary and quaternary structure of the enzyme. One of these, between Asp23 and Arg139, appears to play a 

pivotal role in stabilizing the active dimer and is highly conserved in the known sequences of this enzyme. A 

significant number of buried water molecules are present within the tetramer and play an important role in the 

structural integrity of the molecule, particularly in compensating for the paucity of hydrogen bonding within the β-

barrel structure by main-chain and side-chain hydrogen bonding to these water molecules (Henrick et al., 1998). 

Phosphoketolase 

Phosphoketolase is a key enzyme in the hetero-fermentative bacteria and in the metabolism of pentose sugars in 

various bacteria. The crystal structure of phosphoketolase (BbXFPK) (PDB ID: 3AHD) is explained taking the 

enzyme from Bifidobacterium as it is the only available structure for phosphoketolase in the protein data base 

(http://rcsb.org/pdb/home/home.do). This enzyme shows dual substrate specificity both for xylose-5-phosphate and 
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fructose-6-phosphate. A 2478 bp long coding sequence encodes 825 long peptide chain with a molecular mass of 

92.6 kDa. After complete post-translational modifications, BbXFPK exists as a dimer in the native state. Each 

monomer consists of three α/β fold domains consisting of N-terminal PP domain (blue color, 5- 378 amino acid 

residues), middle Pyr domain (yellow color, 379-611 amino acid residues) and C-terminal domain (purple color, 

612-806 amino acid residues) as shown in Figure 2. This enzyme requires thiamine diphosphate (ThDP) as the 

cofactor, which binds to the enzyme in a V confirmation as determined in various crystal structures. The 

pyrimidine and thiazolium rings are held to the hydrophobic residues of the PP and Pyr domains. The diphosphate 

group of ThDP and hexa-coordinated Mg+2 ion are anchored to the PP domain by various interactions. Active site 

His and other residues are important for catalytic activity of the enzyme and these residues are well conserved. 

Mode of BbXFPK over fructose-6/xylose-5-phosphate is similar to transketolase of E. coli. His64, His142, His320, 

Gln321, Ser440, His548, Asn549 and His553 are found to be important in substrate recognition and catalysis. 

His64, His142, His320 and His553 residues near to the sugar-derived hydroxyl groups are completely conserved, 

and mutation of these residues significantly impaired the enzyme function (Suzuki et al., 2010). 

Transketolase 
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Transketolase serves the function of connecting PP pathway to EMP pathway at the junction of xylulose-5-

phosphate (Figure 1 of main manuscript). The structure of transketolase is explained taking the crystal structure of 

a transketolase from E. coli (PDB ID: 1QGD). A 1992 bp long enzyme coding sequence encodes 663 amino acid 

long peptide with a molecular mass of 72.2 kDa (http://www.uniprot.org/uniprot/P27302). The enzyme exists as a 

dimer and requires bivalent (Ca+2, Mg+2 or Mn+2) cations and thiamine diphosphate (ThDP) as co-factors (Figure 

3). This enzyme can take up both xylulose-5-phosphate (X5P) and fructose-6-phosphate (F6P) as substrates. In the 

presence of sugars, the enzyme active site is occupied by a covalent sugar cofactor addect (X5P-ThDP/ F6P-

ThDP). The C2−C3 bond of the sugar moiety in the X5P-ThDP intermediate in transketolase, the bond that will be 

cleaved in the next step of catalysis, is almost perpendicularly directed relative to the aromatic thiazolium ring and 

has a bond length (1.54 Å) typical of C−C single bond. The surface view of the enzyme (down the substrate 

channel) showed that glyceraldehyde-3-phosphate (G3P) leaving group is directed outside the active site. After 

C2−C3 bond cleavage in the X5P-ThDP intermediate, the resulting product G3P can diffuse out easily from the 

enzyme active site without any steric hindrance (Asztalos et al., 2007).  

L-lactate dehydrogenase (L-LDH) 
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The structure of L-LDH is explained taking the crystal structure of L-LDH from Thermotoga maritima (TmLDH) 

(PDB ID: 1A5Z). A 960 bp long nucleotide sequence encodes 319 amino acid long peptide chain. Each peptide 

chain moulds into an enzyme subunit comprising twisted N-terminal six stranded β-sheet forming a nucleotide 

binding domain (amino acids 9-37) and C-terminal half of the polypeptide chain containing the catalytic domain 

(amino acids 38-319). Active site of the enzyme is highly conserved containing His195 acting as a proton 

donor/acceptor, Arg109 interacting with the transition state structure in the reaction; Asp168 is close to the 

catalytic His195 stabilizing the carbonyl binding form. Since active site is not completely closed Cd+2 is bound to 

Asp168 and His195 side chain residues. When compared to the other LDHs, 46% of the residues are found in the 

α-helical confirmation and 23% in β-strand confirmation. A significant increase in the α-helical content of the 

TmLDH is due to the presence of additional helix between strand βJ and helix αh1G. Electron microscopy of the 

recombinant TmLDH showed that enzyme can exist both as a globular homo tetramer (Figure 4) and dumbbell 

shaped homo octamer (Auerbach et al., 1998).  

D-Lactate dehydrogenase (D-LDH) 
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The structure of D-LDH enzyme is explained taking the crystal structure of D-LDH from Lactobacillus bulgaricus 

(PDB ID: 1J49). A 1002 bp long nucleotide coding sequence encodes 332 amino acid long peptide chain. After 

posttranslational modification peptide chain moulds into a functional protein with a molecular mass of ~ 37 kDa, 

comprising both coenzyme binding domain and catalytic domain. Each monomer forms a dimer, consisting of 664 

amino acid residues, two NADH molecules, one sulphate ion and 279 water molecules (Figure 5). Structural 

studies on D-LDH confirmed that His296 acting as a proton donor/acceptor, similar to L-LDH His195. Glu64 is 

close to His296, stabilizing the protonated form of His296 increasing its pKa from 6.7-7.2 to 7.5. Arg235 protrudes 

into the active site and is stabilized by H-bonds to the sulphate ion located in front of nicotinamide moiety. Dimeric 

D-LDH shows clear asymmetry between the two subunits. This deviation arises from the catalytic domains 

indicating the presence of two subunits in different confirmations (Razeto et al., 2002). 

Genomics of B. coagulans and Lactobacillus 

Genomic data of B. coagulans 

The entire genomes of B. coagulans strains have been sequenced (Xu et al., 2013; Su and Xu 2014) owing to their 

excellent performances in producing lactic acid and potential applications in probiotics industry. 
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Genomes of five strains of B. coagulans H1, XZL4, XZL9, DSM1 and 2-6 were completely sequenced and 

analyzed. The genomic DNA information of all 5 sequenced strains is listed in Table 4.  The analysis of genomic 

DNA data provides a comprehensive insight into the genetic characteristics of B. coagulans. Using pan genomic 

analysis, two orthologous groups of xylose isomerases are discovered, both belonging to xylose isomerase TIM 

barrel family. One orthologous group have 85% homology with xylA of B. subtilis. The second orthologous group 

are novel and do not show any resemblance with B. subtilis or Clostridium acetobutylicum xylose isomerase and 

are named as xylA III. In the genome of 36D1 and XZL9, xylA III is not clustered within the xylose utilization 

genes. It is presumed that xylA III is a part of mobile genetic material that is obtained by horizontal gene transfer. 

Additionally, a pseudo xylA III gene is recognized in the genome of H1, XZL4 and DSM1, which is resulted due to 

the premature stop codon. These genes are likely interrupted during integration into the chromosome. The amino 

acid metabolism explains the thermophilic feature of these strains. Resistance of these bacterial strains to 

bacteriophages and mobile genetic elements is due to two lines of defense systems, the restriction-modification and 

CRISPR-Cas systems (Xu et al., 2013; Su and Xu 2014).  

B. coagulans strain 36D1 genome consists of 3,552,226 bp long chromosome with 46.5% GC content. The 

3.6 Mb genomic DNA was predicted with 3,420 genes, among them 3,306 genes encode proteins and 114 genes 
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encode RNAs. Among the 114 RNA genes, 10 genes code for 5S, 10 genes for 16S and 10 genes for 23S rRNAs, 

respectively. The remaining 84 genes code for tRNAs. The genome sequence shows the glycosyl hydrolase genes 

that code xylanase, xylosidase and α-amylase (Rhee et al., 2011) 

The B. coagulans strain 2-6 genome contains 3,073,079 bp long circular chromosome with 47.3 % GC 

content. An extra chromosomal 9,910 bp long plasmid DNA is also present in the cell. The genomic DNA contains 

2,975 and plasmid DNA contains 10 protein coding sequences (CDS). 79.9 % of the genomic DNA constitutes the 

protein CDS, putative biological functions are assigned to 2,332 protein CDS (73 %) based on the blast search. 

Only a single fragment of pyrophosphokinase in the phosphoketolase pathway is predicted, suggesting that pentose 

is mainly lost in the transaldolase/transketolase pathway. When compared with phosphoketolase pathway, the 

transaldolase/transketolase pathway can produce 1.67 mole of lactic acid for every 1 mole of pentose, while the 

phosphoketolase pathway produces 1 mole of lactic acid along with 1 mole of acetate (Su et al., 2011). 

All the B. coagulans strains discovered so far produce only optically pure L-lactic acid, although their 

genome sequences contain D-lactate dehydrogenases, which are impaired by a frame shift base present at the start 

of genes in all these strains. 

Genomic information of Lactobacillus 
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Lactobacilli are conventional strains used for lactic acid production. Twenty Lactobacillus genomes have been  

completely sequenced, annotated and published in NCBI and 154 Lactobacillus sequencing projects are ongoing 

(Forde et al., 2011; Kant et al., 2011).  

L. ruminis ATCC 27782 has a 2.06 Mb long circular genome with a GC content of 44.4%. In silico analysis 

identified 1901 CDS, including genes for a pediocin-like bacteriocin, one single large exopolysaccharide-related 

cluster, 2 sortase enzymes, 2 CRISPR loci and numerous IS elements and pseudogenes. A cluster of genes related 

to a putative pilin was identified and shown to be transcribed in vitro. A high quality draft assembly of the genome 

of a second L. ruminis strain, ATCC 25644 isolated from humans, suggests a slightly larger genome of 2.138 Mb 

that exhibits a high degree of synteny with the ATCC 27782 genome (Forde et al., 2011). 

    The comparative analysis of 20 completely reported sequences of Lactobacillus has been reported. The average 

genome sequence of these strains is 1.8-3.3 Mb with GC contents of 33-51%. The genome consists of 14,000 

protein encoding genes while all the genes sharing 383 sets of orthologous genes that become part of the 

Lactobacillus core genome (Kant et al., 2011). 

L. acidophilus has been designated safe for human consumption and use. To understand its genetic diversity, 

the whole genome sequences of 34 strains have been verified.  No extra chromosomal DNAs such as plasmids 



11 

 

11 

 

have been found in these strains. Whole genome sequences from the various L. acidophilus strains were compared 

with the published L. acidophilus NCFM, a 2 Mbp circular genomic DNA sequence, as the reference. Genomic 

sequences from all the strains showed 98% sequence similarity, indicating the high genetic stability and resistance 

to bacteriophage infections for commercial applications (Bull et al., 2014).   

 

 

Strategies for gene transformation  

Transformation of lactic acid bacteria 

Manipulation of microbes at the genome level requires good DNA transformation protocols. Lactic acid bacteria 

are usually reluctant to gene transformation. The transformation rate of lactic acid bacteria was improved by 

protoplasting by McKays laboratory at the University of Minnesota. Later with the development of electroporation 

technology, the plasmids specific for the LABs made transformation protocols of LABs more users friendly 

(OSullivan et al., 2011). Plasmids used for the transformation of one species of LAB can also be used for other 

species of LAB.  Plasmids used for protein expression are grouped into 3 types: (1) plasmids for intracellular 
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protein expression, (2) plasmids for secretory expression and (3) plasmids for recombinant proteins for cell surface 

display. Table 5 lists the plasmids developed for the transformation of various LABs. Plasmids used for the 

recombinant protein expression contain antibiotic resistance marker, whereas plasmids used for applications in 

food industry have food-grade selection markers for complementing the missing genes in the auxotrophic strains 

(OSullivan et al., 2011).  

Transformation of B. coagulans 

B. coagulans strains are genetically recalcitrant bacteria and hard to be transformed. Development of genetic tools 

for B. coagulans has just been started. Electroporation protocols that produce small number of transformants have 

been reported, and an integration system based on the thermo-sensitive Lactococcal pSH71/pWV01 replicons that 

works in combination with low transformation efficiencies is available. Metabolic engineering of B. coagulans is 

hampered by the availability of a limited number of selection markers and would be greatly benefited if having a 

convenient marker-less integration system (Kovács et al., 2010). 

A shuttle vector pMSR10 (E. coli- B. coagulans) was constructed taking origin of replication from its native 

plasmid pMSR0, E. coli origin of replication ColEI from the plasmid pUC19 and a promoter-less chloramphenicol-

resistance gene from pNW33N. The constructed plasmid showed resistance to 7.5 µg ml-1 chloramphenicol upon 
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transformation into E. coli and B. coagulans. Additionally, plasmid pNW33N specific for Geobacillus 

stearothermophilus was also transformed into B. coagulans P4-102B. Conditions used for the electroporation were: 

voltage 15 kV cm-1, capacitance 25 µF, resistance 600 Ω, pulse duration (time constant) with exponential decay 10 

ms. The transformation efficiency of B. coagulans P4-102B using the plasmids pNW33N or pMSR10 was about 

1.5×1016 per mole of DNA (Rhee et al., 2007). 

Targeted gene disruption in the thermophilic B. coagulans DSM 1 strain was successfully performed using 

the Cre-Lox system. This system has an advantage of performing multiple genomic modifications and reuse and 

removal of selectable markers in a single host. By applying this system, a site-specific gene knockout strain (∆ 

sigF) was created to generate sporulation-deficient strain. This ∆sigF strain did not show any visible spores when 

examined under confocal microscopy and gave no colonies in spore test. To test the effect of sigF knockout on the 

protein expression, promoter studies were conducted using the lacZ reporter system. To enable the use of lacZ 

reporter system, the native lacZ gene was deleted in the ∆sigF ending in a double knockout strain ∆sigF ∆lacZ. 

Native lacZ enzyme coding sequence along with its ribosomal binding site (without native promoter) was 

transformed into sigF locus for site specific recombination under the sigF promoter for protein expression. The β-

galactosidase activity showed no significant change in the promoter of ∆sigF strain compared to the ∆lacZ control 
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strain. This is in alignment with the promoter regulation studies reported for B. subtilis. To produce optically pure 

D-LA, native L-LDH gene on the genome was replaced with L. delbrucekii D-LDH gene for the enzyme 

expression. Fermentation studies with the D-LDH expression strain produced optically pure D-LA. No significant 

differences were seen in LA concentration and byproduct formation when compared to parental strain (Kovács et 

al., 2010; Van et al., 2010). 

Molecular mechanism behind gene uptake in Bacillus sps 

Natural competence of the bacterial cells to take up foreign DNAs is well characterized in various Bacillus sps. 

Five different genes, Com C, E, F, G and nucA-nin, have been recognized as being important for foreign gene 

transfer into the bacterial cells. Com G operon encodes proteins forming a pilin-like structure to fulfill the uptake 

of foreign DNAs, Com C appears to involve in the correct assembly of the pilin lie structure, Com E encodes 

polytopic transmembrane protein (Com EC) which forms a pore-like structure that allows DNAs to enter the cells, 

here it may associate with the DNA-helicase-like proteins encoded by Com F and nuc A. Additionally, Com K 

recognizes and activates 100 more late competence genes. Com K homologous gene was isolated from B. 

coagulans DSM 1 strain. Overexpression of Com K gene in B. coagulans increased expression of Com G protein, 

but there was no visible uptake of DNA under these conditions. Genome analysis of late competence genes in B. 
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coagulans indicates the absence of nucA-nin genes, which might indicate that the activation and transcription of 

genes coding for DNA uptake factors in B. coagulans are different with those in B. subtilis (Hamoen et al., 2003; 

Kovacs et al., 2013; Su and Xu, 2014). 

Metabolic and genetic engineering of lactic acid bacteria 

Thermoanaerobacterium aotearoense SCUT27 is a thermophilic and obligate anaerobic bacterium. Due to its 

broad substrate specificity, it is a promising platform strain for lactic acid production using lignocellulose sugars. It 

can metabolize xylose to lactic acid through the phosphoketolase pathway in hetero-fermentative mode producing 

lactic acid and acetic acid. The acetate activating enzymes acetate kinase (ack) and phosphotransacetylase (Pta) 

genes were knocked out from this bacterium to engineer the strain to a homo-fermentative strain named as 

LA1002, whose lactic acid yields were improved 1.8 and 2.07 fold on glucose and xylose, respectively, when 

compared to SCUT27. It produced L-LA at an optical purity of 99.8% (Yang et al., 2013). 

L. plantarum, a native amylase-deficient L-LA producing bacterium, was engineered to produce optically 

pure D-LA from corn starch. The L-ldh gene was knocked out using pG+ host plasmid-based double-crossover 

homologous integration system creating a ∆L-ldh mutant strain. The recombinant plasmid pCUSαA containing 

Streptococcus bovis α-amylase gene was transformed into the ∆L-ldh to construct a mutant strain for simultaneous 
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saccharification and D-LA fermentation using raw corn starch. The D-LA concentration reached 73.2 g/l with a 

high yield (0.85 g per g sugar consumed) and an optical purity of 99.6 % after 48 h. Another mutant strain 

(ldhL1::amyA) was also constructed by replacing the native L-ldh gene with α-amylase expression cassette, 

producing functional amylase. After 72 h the ldhL1::amyA strain consumed 72.2 g/l of sugar producing 61.9 g/l D-

LA with an optical purity of 99.2%. No addition of antibiotics was required during the fermentation  owing to the 

stable integration of the expression cassette into the genome (Okano et al., 2009).  

B. coagulans is an excellent bacterium to produce L-LA from both C5 and C6 sugars at high optical purity. 

Unfortunately, until now, there is no report on the availability of native D-LA producing strain from the same 

species. A derivative of B. coagulans was developed by constructing, gene knock out, mutagenesis and adaptive 

evolution to produce D- LA at 55°C.  A mutant strain QZ4 was generated by deleting the l-ldh (L-lactate 

dehydrogenase). Acetolactate synthase gene (als) was deleted in the strain QZ4 generating QZ5 strain. QZ5 strain 

had higher D-LDH activity and a corresponding increase in ldhA mRNA as compared to strain QZ4. However, the 

D(-) lactate titer was only about 10 mM in the QZ5 broth irrespective of the culture pH with yields of <0.15 lactate 

per glucose metabolized (theoretical yield of 2 per glucose). 
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The double mutant strain QZ5 by continuous metabolic evolution (via QZ13 and QZ14 strains, respectively) 

ended in a mutant strain QZ19 that could grow at pH5 and produce D-LA. Strain QZ19 produced about 90 g l-1 of 

D-LA in less than 48 h in batch fermentations at 50°C (Wang et al., 2012). Genetic analysis of strain QZ19 

indicated that three changes in the DNA has led to the evolution of QZ5 to QZ19 strain. They are (1) two mutations 

(Asp 121 Asn and Phe 245 Ser) in glycerol dehydrogenase (GDH) gene making the enzyme to acquire D-LDH 

activity, and (2) increase in the transcription of mutant GDH. The reason for the increase in transcription of GDH 

is the insertion of 1,821 bp long transposon in the upstream region of -35 sequence, developing a strong promoter 

increasing the expression level of mutant GDH (Wang et al., 2011).  

Hetero-fermentative Lactobacilli NRRL B-30568 (ADM B6-4) was mutated to a mutant producing 100% 

optically pure L-LA by using 100 µg ml-1 N-methyl-N-nitro-N-nitrosoguanidine (NTG) for 40 min at 43°C. 

Screening the mutants losing the native ability to produce D-LA was done using 2, 6-dichloroindophenol in liquid 

phase. Two mutants NRRL B-30574 (ADM LC49.25) and NRRL B-30575 (ADM LC 54.62) produced 100% 

optically pure L-LA (Eddington et al., 2007).  

Separation of lactic acid from fermentation broth 
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With the increasing demand for LA to produce biodegradable polymers, several agriculture processing and 

chemical companies such as Archer Daniels Midland, Cargill Dow LLC, and PURAC have entered lactic acid 

production by microbial fermentation technology. The major bottleneck in downstream processing of lLA 

production is the development of a cost-efficient process for product separation and purification (Pal et al., 2009).   

Membrane separation 

The membranes that play pivotal role in separation of LA are microfiltration, ultrafiltration, nanofiltration and 

reverse osmosis membranes. Membrane fermentation is suitable for separating LA during continuous mode of 

fermentation. Separation of LA from fermentation media includes removal of microbes, enzymes, organic nutrients 

such as yeast extract and lactate salt. Microbial cells and proteins can foul membranes. The extent of fouling is 

lower in microfiltration membranes than in nanofiltration or reverse osmosis membranes. Microfiltration 

membranes have the average pore size of 0.1–0.2 µm which can efficiently separate microbial cells for their 

subsequent recycling to the bioreactor to ensure high cell density and thus high productivity. Ultrafiltration 

membranes have pore sizes much lower than those of microfiltration membranes and can retain cells and proteins. 

Separation using both micro and ultrafiltration membranes are based on size exclusion.  For efficient cell 

harvesting, membranes with at least 100-300 kDa molecular weight cut-off have to be used. Nanofiltration 
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membranes are categorized between reverse osmosis and ultrafiltration membranes with an average pore size of 1 

nm that can separate cells, proteins, nutrients, salts and unutilized carbon sources from lactic acid. Reverse osmosis 

is considered as a nonporous membrane separation process and is based on solution diffusion mechanism. This 

process separates similar components from the fermentation broth as nanofiltration membranes do, but at a much 

higher operating pressure than what is needed for nanofiltration (Pal et al., 2009). 

Electrodialysis 

Electrodialysis is a process where ion exchange membranes are used to separate ions from the aqueous solution 

under the driving force of electric field. Generally, electrodialysis is applied to remove salts from solutions or to 

concentrate ionic substances. A special type of electrodialysis called water splitting dialysis is used for separation 

of LA from fermentation broth, where water-soluble salts are converted to their corresponding acids and bases. 

This process uses bipolar ion exchange membranes in conjunction with conventional cation/anion exchange 

membranes. The separation and rearrangement of ions are affected by the driving force. Separation of LA from 

ammonium/sodium lactate is a two-step process. In the first desalting step, ammonium/sodium lactate present in 

the broth is concentrated. In the successive water-splitting step, pure LA is recovered and purified. Economic 
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evaluation studies indicate that this process is costly both in investment capital (membranes) and operating costs 

(electrical power), and may not be ideal in commodity chemical production (Hong et al., 2012). 

Solvent extraction 

 Conventional solvent extraction was developed for separation of LA. In this process, LA is first extracted from the 

fermentation broth by the extractant and then recovered from the solvent by back extraction into another solvent. 

Amines have been found to be prospective solvents for extracting carboxylic acids from aqueous solutions. LA can 

be readily extracted into different organic solvents containing high molecular mass aliphatic amines and 

phosphorous bonded oxygen donor solvents with good selectivity. The advantages of this method are the 

robustness of the process, high selectivity, economic viability and no formation of toxic compounds. Along with 

the above advantages, three important criteria have been established for solvent selection: (1) high distribution 

coefficient for LA, (2) easy back extraction and regeneration and (3) low tendency of emulsion formation 

(Wasewar, 2005).  

Adsorption 

 A new polar macroporous adsorption resin (AX-1), with its phenolic hydroxyl functional groups on its skeleton, 

was used to separate D- LA from the aqueous solution in a fixed-bed chromatographic column. The advantage of 
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this resin is that the adsorption is independent of sulphate ions present in the aqueous solution. LA adsorbed on the 

resin was completely eluted using 80°C hot water. Using this type of resin, a clean and green process for the 

separation of LA could be set up since the whole separation process utilizes only water (Wu et al., 2012).  
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Figure Captions (supplementary materials) 

Figure 1. Tetrameric structure of a xylose isomerase from (PDB ID: 5XIA) Arthrobacter B3728.  Each monomer 

of the enzyme is colored separately. The cofactor Mn+2 is represented in spheres (grey) (Henrick et al., 1989). 

Figure 2. Crystal structure of BbXFPK phosphoketolase (PDB ID: 3AHD). Enzyme exists as a homodimer. Each 

monomer has a α/β fold. The N-terminal PP (blue), middle Pyr (yellow), and C-terminal (Purple) domains are 



31 

 

31 

 

colored differently. The subunit located at the distant side is shown in gray. ThDP molecules are shown as spheres 

(Suzuki et al., 2010).  

Figure 3. Dimeric structure of a transketolase (PDB ID: 1QGD) from E. coli. Each subunit of the enzyme is 

colored separately. The cofactors thiamine diphosphate and Ca+2 (green) are represented in spheres (Asztalos et al., 

2007).  

Figure 4. Crystal structure of L-LDH from T. maritima (PDB ID: 1A5Z). TmLDH is a tetramer ribbon diagram of 

the protein tetramer is represented. Each subunit has been represented in red, blue, green and yellow colors 

respectively. The ligands bound to the enzyme subunits are represented in ball-and-stick representation (Oxamate 

in red, NADH in yellow and FBP in white) (Auerbach et al., 1998).  

Figure 5. Crystal structure of D-LDH from L. bulgaricus (PDB ID:1J49). Ribbon diagram of the dimeric D-LDH 

is represented. Protein chains are colored from the N-terminal to the C-terminal using a rainbow (spectral) color 

gradient. The ligands bound to the enzyme subunits are represented in ball-and-stick representation (NADH and 

pyruvate) (Razeto et al., 2002). 
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