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protein transport from the cytosol across the inner cell membrane. After cleavage of the signal 
peptide by a signal peptidase, the premature protein is folded in the periplasm and transferred 
over the outer cell membrane (Leonhartsberger et al., 2009). 

About the physiological role of the racemase secretion into the medium can only be 
speculated, as no further investigations have been done and no literature concerning the 
secretion of amino acid racemase EC 5.1.1.10 is available. However, it is well known that 
other racemases (e.g. alanine racemase) play an important role in the bacterial growth by 
providing D-Ala and D-Glu, which are central compounds of the murein layer (Figure 5) of all 
bacterial cell walls (Yoshimura et al., 2003), as was already described in the introduction. 
Therefore, it is likely that periplasmic amino acid racemase is involved in the isomerization of 
the respective proteinogenic L-AA in the periplasmic space. 

 

Figure 5: Schematic drawing of murein layer (E. coli). GlcNAc (N-acetylglucosamine) and MurNAc (N-
acetylmuramic acid) are cross-linked by AA-tetramers. Besides DAP (diaminopimelic acid), D-Ala and D-Glu 
are main components of these tetramers. 
 

 

4.1.2 Purification from cell extract and medium 

Enzyme purification was performed using two different methods starting from either cell 
extract or medium. Figure 6 gives an overview about the enzyme sources, the purity of the 
enzyme samples and their applications. Different purity grades were necessary due to side 
reactions that occurred using the crude cell extract. While this unpurified enzyme sample was 
sufficient for Met racemization, it led to enzymatic degradation processes of Asn and Thr that 
were identified by decreasing overall concentrations of Asn and Thr, respectively. 
Degradation of Asn and Thr was not characterized any further, but could be avoided by 
purification of the applied enzyme sample. 
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4.4 Production of chiral allo-threonine 

As was already mentioned in the introduction, various chemical multi-step reactions have 
been described for the production of racemic and chiral allo-Thr. Their complexity and 
usually low yields render these processes very cost-intensive, whereas enzymatic approaches 
are rather rare (Pons et al., 1990; Beaulieu, 1991; Blaskovich et al., 1993; Lloyd-Williams et 
al., 1997; Cardillo et al., 1998). 

In the course of this project, valuable chiral L- and D-allo-Thr was produced by enzymatic 
isomerization of the cheap starting material Thr with AArac12996 (PL) in combination with 
simple product crystallization from aqueous solutions. AArac12996 was preferred for the 
application as a process enzyme, since it exhibits an excellent stability at 30 °C (chapter 
4.1.3). 

Two different process strategies for the production of chiral allo-Thr were investigated, which 
will be discussed in chapter 4.4.2. 

 

4.4.1 Identification of threonine isomers 

Enzymatic isomerization (epimerization) of diastereomeric Thr by amino acid racemases does 
not yield the respective counter-enantiomers, as it is the case during isomerization of AA with 
only one chiral center. Since only the stereoconformation of the α-amino group is affected by 
the isomerization reaction while the β-hydroxy group remains unchanged, Thr is 
interconverted to allo-Thr (publication 4, Figure 1). 

The identity of the reaction products of D- and L-Thr was verified by chiral HPLC and 1H-
NMR spectroscopy in D2O. Chiral HPLC was able to separate three peaks, which could be 
assigned to D-Thr/D-allo-Thr, L-allo-Thr and L-Thr (Figure 24). Since it was not possible to 
distinguish D-Thr and D-allo-Thr by HPLC, only the ratio a between D- and L-isomers could 
be determined. 

a =
[D − Thr] + [D − 𝑎𝑙𝑙𝑜 − Thr]
[L − Thr] + [L − 𝑎𝑙𝑙𝑜 − Thr]  

Equation 3 

Due to the different chemical environments in diastereomeric molecules, epimers can be 
distinguished from each other by 1H-NMR spectroscopy, while enantiomers show the same 
peak pattern (Figure 25). The ratio b between Thr and allo-Thr could be determined from the 
peak areas by Equation 4. 
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b =
[D − Thr] + [L − Thr]

[D − 𝑎𝑙𝑙𝑜 − Thr] + [L − 𝑎𝑙𝑙𝑜 − Thr] 

Equation 4 

 

The absolute concentrations [D-Thr] and [D-allo-Thr] could then be calculated from Equation 
3 and Equation 4. [L-Thr] and [L-allo-Thr] can be determined in an equivalent way. 

 

[D − 𝑎𝑙𝑙𝑜 − Thr] =
[L − Thr](a + 1) + [L − allo − Thr](a − b)

b + 1
 

Equation 5 

 

[D − Thr] = a([L − Thr] + [L − 𝑎𝑙𝑙𝑜 − Thr]) − [D − 𝑎𝑙𝑙𝑜 − Thr] 

Equation 6 

 

 

 
Figure 24: HPLC chromatograms of threonine isomers (column: Crownpak CR(+), mobile phase: HClO4 (pH1), 
flow: 0.8 mL/min, T=5 °C). Retention times tr: tr(D-Thr) =1.85 min, tr(D-allo-Thr)=1.88 min, tr(L-allo-Thr)=2.04 
min and tr(L-Thr)=2.89 min. 
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Figure 25: 1H-NMR-spectra (Bruker, Avance DR X 600, 600 MHz) of Thr (top), allo-Thr (middle) and the 
reaction product of Thr isomerization (bottom) in D2O showing peaks for α-, β- and γ-protons (Thr: 600 MHz, 
ppm: δ= 1.23-1.24 (d, 3H, J=6.42, CH3), 3.49-3.50 (d, 1H, J=4.91, CH), 4.14-4.18 (m, 1H, CH); allo-Thr: 600 
MHz, ppm: δ= 1.14-1.15 (d, 3H, J=6.42, CH3), 3.77-3.78 (d, 1H, J=3.77, CH), 4.28-4.32 (m, 1H, CH)). 
 

4.4.2 Process modes 

Both enantiomers of allo-Thr have been produced by enzymatic isomerization of Thr and 
simultaneous crystallization. For a better understanding, this process may be separated into 
three individual physical and biocatalytic reaction steps, which all take place simultaneously 
in one reaction vessel and result in a dynamic interaction (Figure 26): 

• “removal” of Thr from the saturated solution by isomerization to allo-Thr 
• solution of excess (solid) D- or L-Thr 
• crystallization of accumulating D- or L-allo-Thr upon exceeding the solubility limit 

D- and L-threonine 

D- and L-allo-threonine 

reaction product of threonine isomerization 

α 

β 

γ 

β 

α 

γ 
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The dynamic interaction of these three steps yields a constant solution composition of about 
42 % D- or L-allo-Thr and 58 % L- or D-Thr, respectively. 

 
Figure 26: Production of chiral allo-Thr by enzymatic 
isomerization and crystallization. The dynamic process consists of 
three steps: isomerization (Thr  allo-Thr), crystallization (allo-
Thr) and solution of excess Thr. 

 

In contrast to enzyme-assisted PC of Asn, where the reaction process could be monitored 
polarimetrically, here the solution composition as well as the optical purity of the crystals 
were determined by chiral HPLC and 1H-NMR (chapter 4.4.1). 

The production of D- and L-allo-Thr was investigated in a repetitive batch ans in a 
continuously operated reactor. 

 

a) Repetitive batch production in one single reaction vessel 
Both enantiomers of allo-Thr were produced separately starting from either D- or L-Thr as a 
substrate. Enzymatic isomerization of Thr to the respective allo-Thr enantiomer using 
AArac12996 was performed in a tempered 30 mL reaction vessel as described in publication 
4. Therefore, the reaction solution was saturated with the respective chiral Thr until a 
sediment was formed (Figure 27, I). Crystallization of the accumulating enantiomer of allo-
Thr occurred in the same reaction vessel and started upon exceeding its solubility limit, which 
is lower compared to the one of Thr in water (Figure 16). As a result, an equilibrium 
concentration of ca. 42 % allo-Thr and 58 % Thr was formed in the solution (Figure 27, II). 
Upon complete solution of the excess Thr, the described dynamic process was interrupted and 
only allo-Thr remained in crystalline form (Figure 27, III). The crystals were separated by 
filtration and dried at 60 °C. By the addition of fresh Thr the next batch was started. Steps II 
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and III were repeated for a repetitive batch crystallization. Figure 27 depicts a repetitive batch 
process for the production of D-allo-Thr starting from a saturated L-Thr solution. 

 
Figure 27: Repetitive batch crystallization of D-allo-Thr in one single reaction vessel. I: AArac12996 is added 
to a saturated L-Thr solution (starting condition) II: dynamic process of crystallization (D-allo-Thr), solution (L-
Thr) and isomerization (L-Thr  D-allo-Thr) III: addition of fresh L-Thr when excess has depleted. Steps II and 
III are repeated for repetitive batch crystallization. 
 

Repetitive batch processes (20 mL scale) were performed for the production of D- and L-allo-
Thr, respectively. The process data and yields for both enantiomers are summarized in 
publication 4. The production of D-allo-Thr was performed over 55 days and consisted of 12 
batches with yields of 1.6 to 4.4 g D-allo-Thr per batch and a deallo between 96.9 and 100 %. 
A space time yield (STY) of 28 g/(L·d) and a final yield of 30.8 g D-allo-Thr (deallo > 99.2 %) 
were achieved. The production of L-allo-Thr was performed over 56 days and consisted of 12 
batches with yields of 1.5 to 4.0 g L-allo-Thr per batch and a deallo between 94.6 and 100 %. 
A STY of 28.8 g/(L·d) and a final yield of 32.2 g L-allo-Thr (deallo > 98.4 %) were obtained 
using a total amount of 20 mg AArac12996. The enzyme showed a remarkable high stability 
(t1/2=32 d) under process conditions yielding 2.56 g D-allo-Thr and 1.62 g L-allo-Thr per mg 
AArac12996, respectively. 

 

b) Continuous production with separate crystallization vessel 
Another process concept was investigated where crystallization of allo-Thr and solution of 
excess Thr were performed in two separate reaction vessels. Thereby, a continuous product 
separation should be enabled. Figure 28 depicts the reactor setup, which consisted of two 
tempered 150 mL reaction vessels (25 °C and 30 °C, connected by silicon tubings), each 
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Pseudomonas putida ATCC 17642 with a threonine-α-epimerase activity (EC 5.1.1.6), which 
is the only reference of an enzymatic isomerization of Thr in the literature. γ-halogenated 
derivatives of Thr were synthesized using L- and D-threonine aldolases from Pseudomonas 
putida starting from glycine and the corresponding halogenated aldehydes yielding a de up to 
97 % (Steinreiber et al., 2007). Nevertheless, chemical methods clearly outnumber the 
described enzymatic approaches. For example Blaskovich (Blaskovich et al., 1993) described 
an 8-step synthesis of D- and L-allo-Thr starting from the respective cis-isomers with a total 
yield of 38 %. 

The repetitive batch process, which has been developed in this thesis, offers an extraordinary 
simple method for the production of optically pure allo-Thr using the same amino acid 
racemase for both enantiomers. Compared to chemical synthesis methods for allo-Thr this 
process consists of only one enzyme catalyzed reaction (isomerization of bulk Thr) and 
simultaneous crystallization of allo-Thr in one single reaction vessel. The process is carried 
out at moderate temperatures in water and avoids any toxic or harmful compounds, thus being 
environmentally friendly. The product recovery is performed by simple filtration and 
subsequent crystal drying, which makes downstream processing very comfortable. In contrast 
to other biocatalytic production and separation methods for allo-Thr (Makart et al., 2008), 
very high product purities with deallo>99% can be achieved. The excellent stability of the 
biocatalyst AArac12996 in the process easily allows for several batches with the same 
enzyme sample, and thus makes complete conversion of the substrate possible. As 
demonstrated in chapter 4.4.2, a repetitive batch mode is advantageous over a continuous 
process due to the simple and robust process control. 

 

4.4.4 Added value by threonine isomerization 

Valuable chiral allo-Thr can be produced by the described simple process from low-priced 
Thr. In case of D-allo-Thr, cheap bulk L-Thr (ca. 1 €/g, catalogue price VWR 2010), which is 
mainly produced by fermentation with optimized strains of Escherichia coli and Serratia 
marcescens (Hermann, 2003; Leuchtenberger et al., 2005), is the starting material. The high 
enzyme stability, as well as low maintenance of the running repetitive batch process, result in 
a profitable added value. Easy purification of AArac12996 from the culture medium yielded 
ca. 160 mg purified enzyme preparation per liter cultivation medium (chapter 4.1.2). The 
enzyme consumption during D-allo-Thr production was ca. 0.39 mg/gD-allo-Thr (publication 4). 
Therefore, one batch of AArac12996 (160 mg) purified from 1 liter cultivation medium is 
sufficient for the production of ca. 410 g D-allo-Thr with a market value of more than 
150000 € (catalogue price Jan. 2011, IRIS Biotech GmbH, Germany). Besides D- and L-allo-
Thr, there are several derivatives commercially available (Table 7) ranging between 110 and 
575 €/g. 
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Table 7: Commercially available derivatives of allo-Thr (catalogue prices Jan. 2011, IRIS Biotech GmbH, 
Germany). 
Derivative D-enantiomer  L-enantiomer 

D/L-allo-Thr 

  390 €/g 

 

  225 €/g 
    

D/L-allo-Thr(Et)-OH 

 575 €/g 

 

 550 €/g 
    

D/L-allo-Thr(Me)-OH 

 575 €/g 

 

 550 €/g 
    

L-allo-Thr(tBu)-OH 

  

  250 €/g 
    

Boc-D/L-allo-Thr-OH*DCHA 
 

      250 €/g 

 

 
      200 €/g 

    

Fmoc-D/L-allo-Thr-OH 

 
      110 €/g 

 

 
      200 €/g 

    

Fmoc-L-allo-Thr(tBu)-OH 

  

 
      200 €/g 
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5 Conclusions 
Two different approaches for enzyme-assisted crystallization of chiral amino acids have been 
investigated in this thesis. Both approaches use purified amino acid racemases from 
Pseudomonas putida, which have been characterized in detail. While in approach 1 the 
racemase is applied for racemization of the proteinogenic amino acid Asn, approach 2 uses 
the enzyme for the isomerization of Thr to allo-Thr. 

Approach 1: Enzyme-assisted preferential crystallization of L-Asn from a racemic 
solution 
A new method, based on the combination of enzymatic racemization and preferential 
crystallization of single enantiomers from racemic solutions, was investigated. The ternary 
system DL-Asn in water was found to form conglomerates upon crystallization from racemic 
solutions and thus to allow enantioseparation by preferential crystallization. Purified 
AArac2440 was used for in situ racemization of the crystallization solution, thus keeping the 
solution ee close to racemic and thereby prolonging preferential crystallization. This process 
is the first successful demonstration of enzyme-assisted preferential crystallization. However, 
further optimization of the reactor setup as well as of the process parameters (e.g. degree of 
supersaturation, type and velocity of stirring, reactor volume, and product recovery) are 
necessary to achieve satisfying results in terms of optical product purity. 

Approach 2: Enzymatic production of chiral allo-Thr by isomerization of Thr and 
crystallization 
Valuable chiral D- and L-allo-Thr were produced by isomerization of the respective Thr 
enantiomers with AArac12996 and simultaneous crystallization from aqueous solutions. The 
repetitive batch process, which integrates isomerization and crystallization in one single 
reaction vessel, was superior to a continuous process with two separate isomerization and 
crystallization vessels. Both enantiomers of the produced allo-Thr were obtained with very 
good diastereomeric excess (deallo>98 %). The high stability of AArac12996 under process 
conditions (t1/2=32 d) as well as low process maintenance effort, offer a simple and 
economically interesting method for the production of high-priced allo-Thr for synthetic 
applications in the pharmaceutical industry. 

To expand the general scope of application of the presented processes, enzymatic 
racemization, which is the process’ bottleneck, must be the focus of intensive research. By the 
use of improved catalysts the possible substrate spectrum might not be limited to natural 
amino acids but also non-proteinogenic amino acids or even other substance groups may 
become available. Especially modern evolutionary methods or rational protein design for 
altered substrate spectra of wild type racemases (Kino et al., 2007) might lead to new 
production processes for chiral compounds. 



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 
 

REFERENCES 

 



 References 95 

 

 

6 References 
 

Alexander, F. W., Sandmeier, E., Mehta, P. K., Christen, P., Evolutionary relationships 
among pyridoxal-5'-phosphate-dependent enzymes - Regio-specific alpha-family, 
beta-family, and gamma-family. Eur. J. Biochem. (1994) 219: 953-960. 

Archer, I. V., Arnold, A. A., Carr, R., Fotheringham, I. G., Speight, R. E., Taylor, P. P., 
Chemo-enzymatic synthesis of unnatural amino acids in Asymmetric synthesis and 
application of alpha-amino acids. Soloshonok, V. A., Izawa, K. (2009) Washington 
D. C, American Chemical Society. 1009: 322-336. 

Bäckvall, J.-E., Asymmetric catalysis via dynamic kinetic resolution in359 Asymmetric 
synthesis - The essentials. Christmann, M., Bräse, S. (2008) Weinheim, Wiley-VCH: 
169-178. 

Beaulieu, P. L., Diastereospecific synthesis of D- and L-allo-threonines and trichlorinated 
derivatives suitable for the preparation of tritium labelled material. Tetrahedron Lett. 
(1991) 32: 1031-1034. 

Bechtold, M., Heinemann, M., Panke, S., Suitability of teicoplanin-aglycone bonded 
stationary phase for simulated moving bed enantioseparation of racemic amino acids 
employing composition-constrained eluents. J. Chromatogr. A (2006) 1113: 167-176. 

Bendtsen, J. D., Nielsen, H., von Heijne, G., Brunak, S., Improved prediction of signal 
peptides: SignalP 3.0. J. Mol. Biol. (2004) 340: 783-795. 

Bercovici, D., Fuller, M. F., Industrial amino acids in nonruminant animal nutrition in372 
Biotechnology in Animal Feeds and Animal Feeding. Wallace, R. J., Chesson, A. 
(1995) Weinheim, VCH Press: 93-113. 

Blaskovich, M. A., Lajoie, G. A., Stereoselective synthesis of allo-threonine and beta-2H-
allo-threonine from threonine. Tetrahedron Lett. (1993) 34: 3837-3840. 

Bommarius, A. S., Schwarm, M., Drauz, K., Biocatalysis to amino acid-based chiral 
pharmaceuticals - examples and perspectives J. Mol. Catal. B: Enzym. (1998) 5: 1-11. 

Breslow, R., Cheng, z.-L., On the origin of terrestrial homochirality for nucleosides and 
amino acids. Proc. Natl. Acad. Sci. U. S. A. (PNAS) (2009) 106: 9144-9146. 

Brown, K., BIO024B, Amino acids: Highlighting synthesis applications; available online: 
http://www.Bccresearch.Com/report/bio024b.html." (2005). 

Buchholz, K., Poulsen, P. B., Applied Biocatalysis. (2000) Amsterdam, Harwood Academic 
Publishers. 

Buchner, E., Alkoholische Gärung ohne Hefezellen (Vorläufige Mitteilung). Ber. Dtsch. 
Chem. Ges. (1897) 30: 117-124. 

Burke, J., Terrence R., Knight, M., Chandrasekhar, B., Solid phase synthesis of viscosin, 
a cyclic depsipeptide with antibacterial and antiviral poperties. Tetrahedron Lett. 
(1989) 30: 519-522. 

Cardillo, G., Gentilucci, L., Tolomelli, A., Tomasini, C., Formation of aziridine-2-amides 
through 5-Halo-6-methylperhydropyrimidin-4-ones. A route to enantiopure L- and D-
threonine and allo-threonine. J. Org. Chem. (1998) 63: 3458-3462. 

http://www.bccresearch.com/report/bio024b.html.�


96 References  

 

 

Chassagnole, C., Rais, B., Quentin, E., Fell, D. A., Mazat, J. P., An integrated study of 
threonine-pathway enzyme kinetics in Escherichia coli. Biochem. J. (2001) 356: 415-
423. 

CLIB2021, CLIB 2021: Cluster Industrielle Biotechnologie: 
http://www.bmbf.de/pub/clib2021_nrw.pdf (2007). 

Collet, A., Separation and purification of enantiomers by crystallisation methods. Enantiomer 
(1999) 4: 157-172. 

Drauz, K., Chiral amino acids: A versatile tool in the synthesis of pharmaceuticals and fine 
chemicals. Chimia (1997) 51: 310-314. 

Driessen, A. J. M., Fekkes, P., van der Wolk, J. P. W., The Sec system. Curr. Opin. 
Microbiol. (1998) 1: 216-222. 

Ebbers, E. J., Ariaans, G. J. A., Houbiers, J. P. M., Bruggink, A., Zwanenburg, B., 
Controlled racemization of optically active organic compounds: Prospects for 
asymmetric transformation. Tetrahedron (1997) 53: 9417-9476. 

Eggeling, L., Pfefferle, W., Sahm, H., Amino acids in362 Biotechnology. Ratledge, C., 
Kristiansen, B. (2006) Cambridge, Cambridge University Press: 335-357. 

Eliel, E. L., Wilen, S. H., Doyle, M. P., Basic Organic Stereochemistry. (2001) New York, 
Wiley. 

Eliot, A. C., Kirsch, J. F., Pyridoxal phosphate enzymes: Mechanistic, structural, and 
evolutionary considerations. Annu. Rev. Biochem. (2004) 73: 383-415. 

Elsner, M. P., Menendez, D. F., Muslera, E. A., Seidel-Morgenstern, A., Experimental 
study and simplified mathematical description of preferential crystallization. Chirality 
(2005) 17: 183-195. 

Elsner, M. P., Ziomek, G., Seidel-Morgenstern, A., Simultaneous preferential 
crystallization in a coupled, batch operation mode - Part 1: Theoretical analysis and 
optimization. Chem. Eng. Sci. (2007) 62: 4760-4769. 

Enright, A., Alexandre, F. R., Roff, G., Fotheringham, I. G., Dawson, M. J., Turner, N. 
J., Stereoinversion of beta- and gamma-substituted alpha-amino acids using a chemo-
enzymatic oxidation-reduction procedure. Chem. Commun. (2003) 2636-2637. 

FDA, FDA'S policy statement for the development of new stereoisomeric drugs. Chirality 
(1992) 4: 338-340. 

Festel, G., Knoll, J., Gotz, H., Zinke, H., Der Einfluss der Biotechnologie auf 
Produktionsverfahren in der Chemieindustrie. Chem. Ing. Tech. (2004) 76: 307-312. 

Fischer, E., Einfluss der Conformation auf die Wirkung der Enzyme. Chem. Ber. (1894) 27: 
2985-2993. 

Flippin, L. A., Jalali-Araghi, K., Brown, P. A., Burmeister, H. R., Vesonder, R. F., 
Structure of the fatty acid component of an antibiotic cyclodepsipeptide complex from 
the genus fusarium. J. Org. Chem. (1989) 54: 3006-3007. 

Fogassy, E., Nógrádi, M., Kozma, D., Egri, G., Palovics, E., Kiss, V., Optical resolution 
methods. Org. Biomol. Chem. (2006) 4: 3011-3030. 

Francotte, E. R., Enantioselective chromatography as a powerful alternative for the 
preparation of drug enantiomers. J. Chromatogr. A (2001) 906: 379-397. 

http://www.bmbf.de/pub/clib2021_nrw.pdf�


 References 97 

 

 

Frey, P., Hegeman, A. D., Enzymatic reaction mechanisms. (2006) Oxford, Oxford 
University Press Inc. 

Goldberg, K., Schroer, K., Lütz, S., Liese, A., Biocatalytic ketone reduction - a powerful 
tool for the production of chiral alcohols - part I: processes with isolated enzymes. 
Appl. Microbiol. Biotechnol. (2007) 76: 237-248. 

Grishin, N. V., Phillips, M. A., Goldsmith, E. J., Modeling of the spatial structure of 
eukaryotic ornithine decarboxylases. Protein Sci. (1995) 4: 1291-1304. 

Gröger, H., Dietz, F. R., Biocatalytic synthesis of natural and non-natural alpha-amino acids 
in334 Wiley Encyclopedia of Chemical Biology (2009), John Wiley & Sons: 191-204. 

Hermann, T., Industrial production of amino acids by coryneform bacteria. J. Biotechnol. 
(2003) 104: 155-172. 

Hoffritz, J., Faible für Vampire; Vom Pionier zum Resteverwerter: Die Biotech-Branche lebt 
von alten Patenten der Pharmakonzerne - mit wechselndem Erfolg in Die Zeit 
(Wirtschaft) (2007) 9th of Nov. 2007. 

Ikeda, H., Yonetani, Y., Hashimoto, S.-i., Yagasaki, M., Soda, K., Amino acid racemase 
having low substrate specifity and process for producing racemic amino acid (2003) 
Japan, WO 03/074690 A1. 

Ishiwata, K. I., Fukuhara, N., Shimada, M., Makiguchi, N., Soda, K., Enzymatic 
production of L-tryptophan from DL-serine and indole by a coupled reaction of 
tryptophan synthase and amino-acid racemase. Biotechnol. Appl. Biochem. (1990) 12: 
141-149. 

Jacques, J., Collet, A., Wilen, S. H., Enantiomers, Racemates, and Resolutions. (1994) 
Malabar (USA), Krieger. 

Kataoka, M., Wada, M., Ikemi, M., Morikawa, T., Miyoshi, T., Shimizu, S., Novel 
threonine aldolases and their application to stereospecific synthesis of beta-hydroxy-
alpha-amino acids. Ann. N. Y. Acad. Sci. (1998) 864: 318-322. 

Kino, K., Sato, M., Yoneyama, M., Kirimura, K., Synthesis of DL-tryptophan by modified 
broad specifity amino acid racemase from Pseudomonas putida IFO 12996. Appl. 
Microbiol. Biotechnol. (2007) 73: 1299-1309. 

Klussmann, M., Iwamura, H., Mathew, S. P., Wells, D. H., Pandya, U., Armstrong, A., 
Blackmond, D. G., Thermodynamic control of asymmetric amplification in amino 
acid catalysis. Nature (2006) 441: 621-623. 

Kühne, W., Über das Verhalten verschiedener organisierter und sog. ungeformter Fermente 
in351 Verhandlungen des naturhistorisch-medizinischen Vereins zu Heidelberg 
(1877), Nabu Press. 1: 190-193. 

Lambert, C., Leonard, N., De Bolle, X., Depiereux, E., ESyPred3D: Prediction of proteins 
3D structures. Bioinformatics (2002) 18: 1250-1256. 

Lee, T., Lin, Y. K., The origin of life and the crystallization of aspartic acid in water. Cryst. 
Growth Des. (2010) 10: 1652-1660. 

Leonhartsberger, S., Mucke, M., Therapeutic proteins due E. coli secretion technology. 
Nachr. Chem. (2009) 57: 1012-1014. 

Leuchtenberger, W., Huthmacher, K., Drauz, K., Biotechnological production of amino 
acids and derivatives: current status and prospects. Appl. Microbiol. Biotechnol. 
(2005) 69: 1-8. 



98 References  

 

 

Lim, Y.-H., Yokoigawa, K., Esaki, N., Soda, K., A new amino acid racemase with threonine 
alpha-epimerase activity from Pseudomonas putida: Purification and characterization. 
J. Bacteriol. (1993) 175: 4213-4217. 

Lloyd-Williams, P., Carulla, N., Giralt, E., Simple methods for the preparation of protected 
derivatives of D-allo- and L-allo-threonine. Tetrahedron Lett. (1997) 38: 299-302. 

Lorenz, H., Perlberg, A., Sapoundjiev, D., Elsner, M. P., Seidel-Morgenstern, A., 
Crystallization of enantiomers. Chem. Eng. Process. (2006) 45: 863-873. 

Lorenz, H., Capla, F., Polenske, D., Elsner, M. P., Seidel-Morgenstern, A., Crystallization 
based separation of enantiomers. J. UCTM (2007) 42: 5-16. 

Makart, S., Bechtold, M., Panke, S., Towards preparative asymmetric synthesis of beta-
hydroxy-alpha-amino acids: L-allo-threonine formation from glycine and acetaldehyde 
using recombinant GlyA. J. Biotechnol. (2007) 130: 402-410. 

Makart, S., Bechthold, M., Panke, S., Separation of amino acids by simulated moving bed 
under solvent constrained conditions for the integration of continuous chromatography 
and biotransformation. Chem. Eng. Sci. (2008) 63: 5347-5355. 

Matsui, D., Oikawa, T., Arakawa, N., Osumi, S., Lausberg, F., Stäbler, N., Freudl, R., 
Eggeling, L., A periplasmic, pyridoxal-5'-phosphate-dependent amino acid racemase 
in Pseudomonas taetrolens. Appl. Microbiol. Biotechnol. (2009) 83: 1045-1054. 

May, O., Verseck, S., Bommarius, A., Drauz, K., Development of dynamic kinetic 
resolution processes for biocatalytic production of natural and nonnatural L-amino 
acids. Org. Process Res. Dev. (2002) 6: 452-457. 

Meyerhoffer, W., Stereochemical notices. Ber. Dtsch. Chem. Ges. (1904) 37: 2604-2610. 

Miyazaki, H., Morita, H., Shiraiwa, T., Kurokawa, H., Optical resolution by preferential 
crystallization and replacing crystallization of DL-allothreonine. Bull. Chem. Soc. Jpn. 
(1994) 67: 1899-1903. 

Muecke, M., Leonhartsberger, S., Increasing production process efficiency. Genetic 
Engineering & Biotechnology News (2009) 29: 56-57. 

Nielsen, H., Krogh, A., Prediction of signal peptides and signal anchors by a hidden Markov 
model. Proc. 6th int. conf. ISMB (1998) 6: 122-130. 

Pasteur, L., Researches on the molecular asymmetry of natural organic products. Alembic 
Club Reprints (1897) Edinburgh, Livingstone. 

Patel, R. N., Biocatalysis: Synthesis of chiral intermediates for drugs. Curr. Opin. Drug 
Discovery Dev. (2006) 9: 741-764. 

Patel, R. N., Chemo-enzymatic synthesis of pharmaceutical intermediates. Expert. Opin. 
Drug Discov. (2008) 3: 187-245. 

Payen, A., Persoz, J.-F., Memoir on diastase, the principal products of its reactions and their 
applications to the industrial arts in337 Annales de Chimie et de Physique, 2nd series 
(1833) Paris. 53: 73-92. 

Pons, D., Savignac, M., Genet, J.-P., Efficient syntheses of enantiomerically pure L and D-
allothreonines and (S) and (R) isoserines. Tetrahedron Lett. (1990) 31: 5023-5026. 

QIAGEN, QIAquick® PCR Purification Kit - Instruction Manual.  (2002)  



 References 99 

 

 

Ran, N. Q., Zhao, L. S., Chen, Z. M., Tao, J. H., Recent applications of biocatalysis in 
developing green chemistry for chemical synthesis at the industrial scale. Green 
Chem. (2008) 10: 361-372. 

Reynolds, K., Martin, J., Shen, S.-J., Esaki, N., Soda, K., Floss, H. G., Mechanistic studies 
of two amino acid racemases of broad substrate specificity from Pseudomonas striata 
and Aeromonas caviae. J. Basic Microbiol. (1991) 31: 177-188. 

Rodrigo, A. A., Lorenz, H., Seidel-Morgenstern, A., Online monitoring of preferential 
crystallization of enantiomers. Chirality (2004) 16: 499-508. 

Sapoundjiev, D., Lorenz, H., Seidel-Morgenstern, A., Solubility of chiral threonine species 
in water/ethanol mixtures. J. Chem. Eng. Data (2006) 51: 1562-1566. 

Schmid, A., Dordick, J. S., Hauer, B., Kiener, A., Wubbolts, M., Witholt, B., Industrial 
biocatalysis today and tomorrow. Nature (2001) 409: 258-268. 

Schneider, G., Kack, H., Lindqvist, Y., The manifold of vitamin B-6 dependent enzymes. 
Structure (2000) 8: R1-R6. 

Schnell, B., Faber, K., Kroutil, W., Enzymatic racemisation and its application to synthetic 
biotransformations. Adv. Synth. Catal. (2003) 345: 653-666. 

Schoemaker, H. E., Mink, D., Wubbolds, M. G., Dispelling the myths - Biocatalysis in 
industrial synthesis. Science (2003) 299: 1694-1697. 

Schulze, B., Wubbolts, M. G., Biocatalysis for industrial production of fine chemicals. Curr. 
Opin. Biotechnol. (1999) 10: 609-615. 

Sheldon, R. A., Consider the environmental quotient. Chem. Tech. (1994) 38-47. 

Soloshonok, V. A., Izawa, K., Eds. Asymmetric synthesis and application of alpha-amino 
acids, ACS Symposium Series 1009  (2009) Washington, American Chemical Society. 

Stecher, H., Faber, K., Biocatalytic deracemization techniques: Dynamic resolutions and 
stereoinversions. Synthesis (1997) 1-16. 

Steinreiber, J., Fesko, K., Mayer, C., Reisinger, C., Schürmann, M., Griengl, H., 
Synthesis of gamma-halogenated and long-chain beta-hydroxy-alpha-amino acids and 
2-amino-1,3-diols using threonine aldolases. Tetrahedron (2007) 63: 8088-8093. 

Straathof, A. J. J., Panke, S., Schmid, A., The production of fine chemicals by 
biotransformations. Curr. Opin. Biotechnol. (2002) 13: 548-556. 

Stratagene, QuikChange® Site-Directed Mutagenesis Kit - Instruction Manual.  (2004)  

Stryer, L., Biochemie. (2007) Heidelberg, Spektrum Akademischer Verlag. 

Sturmer, R., Breuer, M., Enzymes as catalysts - Chemistry and biology hand in hand. Chem. 
unserer Zeit (2006) 40: 104-111. 

Sumner, J. B., Myrbäck, K., The Enzymes Vol. 1. (1950) New York, Academic Press. 

Suominen, I., Karp, M., Lahde, M., Kopio, A., Glumoff, T., Meyer, P., Mantsala, P., 
Extracellular production of cloned alpha-amylase by Escherichia coli. Gene (1987) 
61: 165-176. 

Tauber, H., The Chemistry and Technology of Enzymes. (1949) New York, Wiley. 

Thayer, A. M., Enzymes at work. Chem. Eng. News (2006) 84: 15-25. 

Turner, M. K., Perspectives in biotransformations in340 Biotechnology: Biotranformations I. 
Kelly, D. R. (1998) Weinheim, Wiley VCH. 8a: 5-23. 



100 References  

 

 

Turner, N. J., Enzyme catalysed deracemisation and dynamic kinetic resolution reactions. 
Curr. Opin. Chem. Biol. (2004) 8: 114-119. 

Walsh, J. J., Louis Pasteur. Catholic Encyclopedia (1913) New York, Robert Appleton 
Company. 

Watson, J. D., Crick, F. H. C., Molecular structure of nucleic acids - a structure for 
deoxyribose nucleic acid. Nature (1953) 171: 737-738. 

Wipf, P., Miller, C. P., Stereospecific synthesis of peptide analogs with allo-threonine and 
D-allo-threonine residues. J. Org. Chem. (1993) 58: 1575-1578. 

Woodley, J. M., New opportunities for biocatalysis: making pharmaceutical processes 
greener. Trends Biotechnol. (2008) 26: 321-327. 

Würges, K., Pfromm, P. H., Rezac, M. E., Czermak, P., Activation of subtilisin Carlsberg 
in hexane by lyophilization in the presence of fumed silica. J. Mol. Catal. B: Enzym. 
(2005) 34: 18-24. 

Yoshimura, T., Esaki, N., Amino acid racemases: Functions and mechanisms. J. Biosci. 
Bioeng. (2003) 96: 103-109. 

Yoshimura, T., Mihara, H., Ohshima, T., Tanizawa, K., Kenji Soda - researching enzymes 
with the spirit of an alpinist. J. Biochem. (2010) 148: 371-379. 

Yuryev, R., Liese, A., Biocatalysis: The outcast. ChemCatChem (2010) 2: 103-107. 





XII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 
 

 



  Appendix XIII  

 

 

APPENDIX 

 

I DNA sequences 

AArac2440 
1 ATGCCCTTTCGCCGTACCCTTCTGGCTGCATCCCTGGCACTTCTGATCACCGGACAGGCC 
61 CCCCTGTATGCGGCACCACCGTTGTCGATGGACAACGGCACCAACACCCTGACCGTGCAA 
121 AACAGCAATGCCTGGGTCGAAGTCAGCGCCAGCGCCCTGCAGCACAACATCCGCACGCTG 
181 CAGGCCGAGCTGGCCGGCAAGTCCAAGCTGTGCGCCGTGCTCAAGGCCGATGCCTATGGC 
241 CACGGTATCGGCCTGGTAATGCCATCGATCATCGCCCAAGGCGTGCCCTGCGTGGCGGTG 
301 GCCAGCAACGAGGAGGCCCGCGTGGTCCGCGCCAGTGGCTTCACCGGGCAACTGGTGCGG 
361 GTACGCCTGGCCAGCCTCAGCGAGCTGGAAGATGGCTTGCAGTACGACATGGAAGAGCTG 
421 GTGGGCAGCGCGGAATTTGCCCGCCAGGCCGATGCCATCGCCGCGCGCCATGGCAAGACC 
481 TTGCGCATTCACATGGCGCTCAACTCCAGCGGCATGAGCCGCAACGGGGTGGAGATGGCC 
541 ACCTGGTCCGGCCGTGGCGAAGCGCTGCAGATCACCGACCAGAAGCACCTCAAGCTGGTC 
601 GCGCTGATGACCCACTTCGCCGTGGAAGACAAGGACGATGTACGCAAGGGCCTGGCGGCA 
661 TTCAACGAGCAGACCGACTGGTTGATCAAGCACGCCAGGCTGGACCGCAGCAAGCTCACC 
721 CTGCACGCCGCCAACTCGTTCGCTACGCTGGAAGTGCCGGAAGCGCGCCTGGACATGGTA 
781 CGAACGGGTGGCGCGCTGTTCGGCGACACCGTGCCGGCGCGCACCGAGTACAAACGTGCG 
841 ATGCAGTTCAAATCGCACGTGGCGGCGGTGCACAGCTATCCGGCCGGCAACACCGTGGGC 
901 TATGACCGCACCTTCACCCTGGCCCGTGATTCGCGGCTGGCCAACATTACGGTCGGGTAC 
961 TCCGATGGCTACCGCCGGGTATTCACCAACAAGGGCCATGTGCTGATCAACGGCCACCGT 
1021 GTGCCGGTCGTGGGCAAGGTGTCGATGAACACGCTGATGGTCGATGTCACCGACTTCCCT 
1081 GATGTGAAGGGGGGTAACGAAGTGGTGCTGTTCGGCAAGCAGGCCGGGGGCGAAATCACC 
1141 CAGGCCGAGATGGAAGAAATCAACGGCGCGTTGCTCGCCGATTTGTACACCGTATGGGGC 
1201 AATTCCAACCCGAAGATACTCGTCGACTGA 

 

AArac12996 
1 ATGCAATTTAGCCGTACCCTCCTGGCTGCATCCCTCGCTCTGCTGATCACTGGCCAGGCC 
61 CCGCTGTACGCCGCACCGCCCCTGTCGATGGACAACGGCACCACCGCCCTGACCGCGCAG 
121 AACAGCAACGCCTGGGTCGAAATCAGTGCCGGCGCACTGCAACACAACATCCGTACCTTG 
181 CAGGCCGAGTTGGGCGGCAAGTCCAAGCTGTGCGCCGTGCTCAAGGCCGACGCCTATGGC 
241 CACGGTATCGGCCTGGTGATGCCGTCGATCATCGCCCAGGGCGTGCCCTGCGTGGCGGTG 
301 GCCAGCAACGAGGAGGCACGCGTGGTCCGCGCCAGTGGCTTCACCGGGCAACTGGTGCGG 
361 GTACGCCTGGCCAGCCTCGGCGAAGTGGAAGATGCCTTGCAGTACGACATGGAAGAGCTG 
421 GTTGGCAGCGCCGAGTTCGCCCGCCAGCTCGATGCCATCGCCGAACGCCACGGCAAGACC 
481 CTGCGCATTCACATGGCGCTCAATTCCAGCGGCATGAGCCGCAACGGCGTGGAAATGACC 
541 ACCTGGTCCGGCCGGGGTGAAGCGCTGCAGATCACTGACCAGAAGCACCTCCAGCTGGTC 
601 GCGCTGATGACTCACTTCGCCGTGGAAGACAAGGACGATGTGCGCAAAGGCCTGGCAGCG 
661 TTCAACGAACAGACCGACTGGCTGATCAAGCACGCGAAGCTTGATCGCAGCAAGCTCACC 
721 CTGCATGCCGCCAACTCCTTCGCTACGCTGGAAGTGCCGGAAGCGCACCTGGACATGGTG 
781 CGTACCGGTGGCGCGCTGTTCGGCGACACCGTGCCGACGCGCACCGAATACCAACGTGTC 
841 ATGCAGTTCAAGTCGCACGTGGCGGCGGTGCACAGCTACCCGGCAGGCAACACCGTCGGC 
901 TACGACCGCACCTTCACCCTGGCGCGTGATTCGCGCCTGGCCAACATCACCGTGGGTTAC 
961 TCCGATGGCTACCGCCGGGTGTTCACCAACAAGGGCCATGTGCTGATCAACGGCCACCGA 
1021 GTGCCAGTGGTGGGCAAGGTGTCGATGAACACCTTGATGGTCGATGTCACCGATTTCCCC 
1081 GATGTGAAGGGGGGCAACGAAGTGGTGCTGTTCGGCAAACAGGCCGGGAGGGAGATCACC 
1141 CAGGCCGAGATAGAAGAAATCAACGGCGCGCTGCTCGCCGACCTCTACACCGTATGGGGC 
1201 AGTTCCAACCCGAAGATTCTCGTCGACTGA 
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II AA sequences 

AArac2440 
1 MPFRRTLLAASLALLITGQAPLYAAPPLSMDNGTNTLTVQNSNAWVEVSASALQHNIRTL 
61 QAELAGKSKLCAVLKADAYGHGIGLVMPSIIAQGVPCVAVASNEEARVVRASGFTGQLVR 
121 VRLASLSELEDGLQYDMEELVGSAEFARQADAIAARHGKTLRIHMALNSSGMSRNGVEMA 
181 TWSGRGEALQITDQKHLKLVALMTHFAVEDKDDVRKGLAAFNEQTDWLIKHARLDRSKLT 
241 LHAANSFATLEVPEARLDMVRTGGALFGDTVPARTEYKRAMQFKSHVAAVHSYPAGNTVG 
301 YDRTFTLARDSRLANITVGYSDGYRRVFTNKGHVLINGHRVPVVGKVSMNTLMVDVTDFP 
361 DVKGGNEVVLFGKQAGGEITQAEMEEINGALLADLYTVWGNSNPKILVD 

 
AArac12996 
1 MQFSRTLLAASLALLITGQAPLYAAPPLSMDNGTTALTAQNSNAWVEISA 
51 GALQHNIRTLQAELGGKSKLCAVLKADAYGHGIGLVMPSIIAQGVPCVAV 
101 ASNEEARVVRASGFTGQLVRVRLASLGEVEDALQYDMEELVGSAEFARQL 
151 DAIAERHGKTLRIHMALNSSGMSRNGVEMTTWSGRGEALQITDQKHLQLV 
201 ALMTHFAVEDKDDVRKGLAAFNEQTDWLIKHAKLDRSKLTLHAANSFATL 
251 EVPEAHLDMVRTGGALFGDTVPTRTEYQRVMQFKSHVAAVHSYPAGNTVG 
301 YDRTFTLARDSRLANITVGYSDGYRRVFTNKGHVLINGHRVPVVGKVSMN 
351 TLMVDVTDFPDVKGGNEVVLFGKQAGREITQAEIEEINGALLADLYTVWG 
401 SSNPKILVD 

 

N-terminal signal peptides are highlighted in red. 
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