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bstract

Four types of threonine aldolases (TAs) with different stereospecificities were tested on the aldol synthesis of phenylserine (PS) starting from
enzaldehyde and glycine under kinetic and thermodynamic control. At short time of reaction the chosen enzymes show different stereoselectivities

l-syn, l-anti, d-syn) compared to the reaction at equilibrium where syn-PS is obtained as the major product (d.e. ∼20%) for all types of TAs. A
ew aspect of the catalytic mechanism involved and a sight on the relative energy barriers for the possible rate-determining steps were obtained,
ased on data from the 13C-label distribution between components at the conditions close to equilibrium.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The potential outcome of a chemical reaction is usually
nfluenced by two factors: the relative stability of the prod-
cts (thermodynamic factors) and the rate of product formations
kinetic factors). The productivity of the enzymatic aldol reac-
ion, when two stereocentres are formed, is limited by the
osition of the equilibrium and by the reaction rates leading
o the formation of the enantiomers [1]. Herein, these factors
nd their influence on product distribution in threonine aldolase
TA) catalyzed reactions will be discussed.

TAs (EC 4.1.2.5) are pyridoxal-5′-phosphate (PLP) depen-
ent enzymes, which physiologically catalyze the reversible
leavage of threonine into glycine and acetaldehyde [2–4]. In
he reverse reaction, threonine derivatives can be formed from
lycine with different acceptor aldehydes. A large variety of
liphatic and aromatic aldehydes are converted with complete

tereocontrol at the �-carbon, but low specificity at the �-carbon
5–7].

∗ Corresponding author Tel.: +43 316 873 8240.
E-mail address: herfried.griengl@a-b.at (H. Griengl).
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The synthesis of optically pure �-hydroxy-�-amino acids,
hich are potential chiral building blocks for the synthesis of
iologically active molecules (e.g. antibiotics [8,9] and oth-
rs [10,11]), has for many years been an important synthetic
arget and several approaches were made [12–14]. The TA-
atalyzed synthesis of �-hydroxy-�-amino acids has recently
ttracted great attention [15–18]. Products were obtained with
igh enantio-, but low diastereoselectivities. It was noticed
hat a high diastereomeric ratio can be obtained in a kineti-
ally controlled reaction under conditions far from equilibrium,
owever, yield is limited [5]. Recently we have reported that
ield and selectivity strongly depend on the reaction condi-
ions and an enzymatic procedure was established using dTA
rom Alcaligenes xylosoxidans. This lead to high enantio- and
iastereoselectivity in a kinetically controlled reaction, whereas
TA from Pseudomonas putida gave only moderate selectivity
19].

Threonine aldolases are divided into two types according to
heir specificity at the �-carbon in the cleavage reaction of threo-
ine: l- and d-specific threonine aldolases (Fig. 1) [20,21]. With

espect to the �-carbon, l-specific threonine aldolases can fur-
her be divided into three sub-types: l-threonine aldolase (lTA),
hich preferably cleaves l-threonine (l-Thr); l-allo-threonine

ldolase (lalloTA), which cleaves l-allo-threonine (l-allo-Thr);

mailto:herfried.griengl@a-b.at
dx.doi.org/10.1016/j.molcatb.2007.10.010
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Fig. 1. Threonine aldolase catalysed synthesis of l- and d-threonine.

nd l-low specificity threonine aldolase (llowTA) which accepts
oth l-Thr and l-allo-Thr as substrates. Regarding the D-series
nly d-low specificity threonine aldolase (dTA) could so far be
ound in nature.

Threonine aldolases are ubiquitous in nature. Genes encod-
ng TA have been found in plants [22], vertebrates [23], several
acteria, yeast [24] and fungi. Comparatively few of them have
een overexpressed and tested as catalysts for biotransforma-
ions [25–32]. We cloned and overexpressed members of all four
nown types of threonine aldolases. The recombinant enzymes
ere examined for the aldol synthesis and retro-aldol cleavage
f PS. In this manuscript the similarities and differences in the
ehavior of all TAs in the kinetically and thermodynamically

ontrolled reactions as well as the reasons for the low diastere-
selectivities are discussed. New aspects about the mechanism
nvolved in TA-catalysis are proposed based on the data from
3C distribution experiments.

m
n

able 1
acterial and yeast strains, type of expressed proteins, construction primers, gene siz

nzyme NCBI accession Organism

alloTA AE000512 Thermatoga maritima 3109

alloTA D87890 Aeromonas jandaei 7311

alloTA AF011922 Pseudomonas aeruginosa BT530, BT1510, BT153

TA AE004953 P. aeruginosa BT530, BT1510, BT1531

lowTA L28739 Saccharomyces cerevisiae

lowTA CP000031 Silicibacter pomeroyi 15171

lowTA BX640433 Bordetella parapertussis 13415

lowTA BX640448 Bordetella bronchiseptica 13414

Saldolase – Pseudomonas fluorescencs

HAA AB075600 Paracoccus denitrificans 413

lowTA NC006569 S. pomeroyi 15171
sis B: Enzymatic 52–53 (2008) 19–26

. Experimental

.1. General

All reagents and solvents were obtained from commer-
ial sources and appropriately purified, if necessary. 1H
nd 13C NMR spectra were recorded on a Varian INOVA
00 (1H 499.82 MHz, 13C 125.69 MHz) using the resid-
al peaks of D2O (1H: δ 4.79) or DMSO*d6 (1H: δ 2.5,
3C δ 40.2) as references. H2O/D2O-NMR samples were
irectly taken from the aqueous solution, diluted with D2O
1:1) and recorded using H2O presaturation [33]. Analytical
PLC was carried out with a Hewlett Packard Series 1100
PLC using a G1315A diode array detector. A Purospher®

TAR RP18 (250 mm, 5 �m) column was used for analy-
is. Phenylserine isomers were determined by HPLC after
erivatization with ortho-phthaldialdehyde/2-mercaptoethanol
OPA/MCE, achiral derivatization, d.e. determination) and
rtho-phthaldialdehyde/N-acetyl cysteine (OPA/NAC, chiral
erivatization, e.e. determination) [34,35]. dl-anti-PS and dl-
yn-1,2-13C-PS were synthesized as reference materials using
ublished methods starting from 1,2-13C-glycine [36].

.2. Bacterial strains and expression constructs
The strains were obtained from the German collection of
icroorganisms and cell cultures (DSMZ) or isolated from

ature and cultivation conditions were used as recommended.

e and protein molecular weight

Construction primers Gene size (bp) Protein MW (Da)

5′-atgatcgatctcaggtccgacac-3′ 1032 37,574
5′-tcaggagaattttctgaagagtttttcg-3′

5′-atgcgctatatcgatttacgaag-3′ 1017 36,290
5′-tcacgccccgagatactcggtaaag-3′

1 5′-atgcctgtcatcgacctgcgcagcg-3′ 1005 35,470
5′-ttatgagcgacgaaaggccgcgaag-3′

5′-atgaccgatcacacccaacagttcg-3′ 1041 38,200
5′-tcaggcgcccatcaccaggcggctgt-3′

5′-atgactgaattcgaattgcctcc-3′ 1164 42,800
5′-tcagtatttgtaggtttttatttcgcgg-3′

5′-atgttctttgcctctgacaactc-3′ 1038 37,348
5′-tcagagcagtgacaggaagcggtc-3′

5′-atgatcgatctgcgcagcgatac-3′ 1020 35,662
5′-tcagcgcgcggccgcgcaatg-3′

5′-atgatcgatctgcgcagcgatac-3′ 1020 35,662
5′-tcagcgcgcggccgcgcaat-3′

5′-atgaacggtgaaacaagcagacc-3′ 1074 38,320
5′-ctatcgttcttgtgtgcggtcag-3′

5′-atgaatgcgaaaacggatttctccgg-3′ 1164 41,633
5′-tcagtagccctttccgcgcgccgag-3′

5′-atgaaagacatgaccaatctgga-3′ 1164 41,810
5′-tcaataggccttgccgcgggccg-3′
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he genomic DNAs from bacteria and yeast were isolated
ccording to the established protocols [37]. The threonine
ldolase genes were cloned by PCR from the genomic DNA with
rimers according to Table 1. PCR amplification was performed
n a 50 �L reaction mixture, containing 1 �L of DNA template,
.5 �M of the corresponding forward and reverse primers, 2 mM
f each dNTPs, 10 �L 5× HF Phusion buffer, 0.5 �L Phusion
olymerase (Finnzyme) and rest is double distilled H2O. For
he amplification an initial denaturation step at 98 ◦C for 30 s
as followed by 30 cycles of 98 ◦C, 10 s; 65 ◦C, 20 s; and 72 ◦C

or 1 min 45 s for denaturing, annealing and elongation, respec-
ively. After the final elongation step reaction proceeded for
min at 72 ◦C. The products of the expected size were puri-
ed on gel and cloned into the pEamTA plasmid [38]. NdeI and
indIII digestion was used to confirm the correct gene insert, the
ositive colonies were selected. Correct plasmids of each type
ere retransformed into Escherichia coli BL21AI (Invitrogen)

or protein expression.

.3. Overexpression of TAs

E. coli BL21AI cells containing pEamTA-TA plasmids
ere cultivated on 2xTY media supplemented with 0.1 mg/mL

mpicilline. 100 mL overnight cultures in 300 mL flasks were
noculated with single colonies and grown at 37 ◦C with shak-
ng. The 330 mL main cultures in baffled 1000 mL flasks were
noculated with 3 mL of the preculture and grown at 37 ◦C for
pproximately 4 h to an OD600 of 1.5. Temperature was then
owered to 28 ◦C and cultures were induced with 0.1 mM of
PTG. Cultivation was continued over night and cells harvested
he next day by the centrifugation for 15 min at 4500 × g. After
esuspension of the pellets in 0.1 M sodium phosphate buffer (pH
) the cells were disrupted by ultrasonic treatment. The crude
ysate was cleared by centrifugation at 20,000 × g for 1 h and
he supernatant (cell free extract, CFE) was used for enzymatic
ynthesis without further purification.

.4. Molecular mass determination

The molecular mass of the expressed proteins was determined
y SDS-PAGE (12%) electrophoresis with the low molecular
eight standard LMW (Fermentas) as reference.

.5. Activity assay

The TA-catalyzed retro-aldol reaction of threonine or
llo-threonine to produce glycine and acetaldehyde was spec-
rophotometrically monitored by the decrease of NADH
bsorbance at 340 nm in a 1 cm light path cuvette using a coupled
nzymatic reaction where acetaldehyde was reduced to ethanol
y yeast alcohol dehydrogenase (ADH). The assay mixture con-
ained d- or l-threonine, d-allo- or l-allo-threonine (50 mM),
H2PO4 (50 mM, pH 8), PLP (50 �M), MnCl2 (only for dTA,

0 �M), NADH (200 �M), ADH (30 U, Sigma) and 50 �L of
iluted cell-free extract in a final volume of 1.5 mL. The reac-
ions were started by the addition of the diluted cell-free extract.
ne unit of the enzyme is the amount of enzyme that causes

A
m
S
b

sis B: Enzymatic 52–53 (2008) 19–26 21

he formation 1 �mol of NAD+ per minute at room temperature
24 ◦C) under above described conditions. The activity of TA
ith respect to cleavage of syn- and anti-PS was measured with
enzaldehyde dehydrogenase (BALD). The amount of released
S was monitored on behalf of increased NADH absorbance at
40 nm.

.6. General procedure for the aldol synthesis of PS

To a solution of TA CFE (0.6 U/�mol for Thr), PLP
13 ng, 50 nmol) and MnCl2 (for DTA, 6 ng, 50 nmol)
n 1 mL buffer (KH2PO4 50 mM, pH 8.0) benzaldehyde
10 �L, 0.1 mmol) and glycine (75 mg, 1.0 mmol) were
dded. The reaction mixture was stirred at room tempera-
ure till reaction reached equilibrium. Samples were taken
uring the course of reaction, diluted 50 times and analyzed
y HPLC and NMR. HPLC: OPA/MCE: buffer KH2PO4
50 mM, pH 8.0)/CH3CN = 71/29, 0.75 mL/min, tsyn = 11 min,
anti = 14.5 min; OPA/NAC: buffer KH2PO4 (50 mM, pH 8.0)/
H3CN = 79/21, 0.75 mL/min, tD-syn = 11.5 min,

L-syn = 15.4 min, tD-anti = 15.5 min, tL-syn = 21.4 min; NMR
ata was consistent with those reported [39].

.7. General procedure for the retro-aldol cleavage of
nti-PS

To a solution of TA CFE (0.6 U/�mol Thr), PLP (13 ng,
0 nmol) and MnCl2 (for dTA, 6 ng, 50 nmol) in 1 mL buffer
KH2PO4, 50 mM, pH 8.0) l/d-anti-PS (40 mg, 0.2 mmol) and
lycine (67 mg, 0.9 mmol) were added. The reaction mixture
as stirred at rt till reaction reached equilibrium. Samples were

aken during course of reaction, diluted in 50 times and analyzed
y HPLC.

.8. General procedure for the retro-aldol cleavage of
yn-13C-PS

To a solution of l/d-syn-13C-PS (8.7 mg, 48 �mol), l/d-anti-
S (5.8 mg, 32 �mol), PLP (13 ng, 50 nmol), MnCl2 (for dTA,
ng, 50 nmol), benzaldehyde (1.2 �L, 10 �mol) and glycine

35 mg, 0.46 mmol) in 1 mL buffer (KH2PO4 in D2O, 50 mM,
H 8.0) TA CFE (0.3 U/�mol Thr) was added. Reactions were
arried out in a NMR tube. NMR data was consistent with those
eported for unlabeled compounds [39]. 13C-syn-PS, 13C-anti-
S and 13C-glycine appeared as satellites from both side of the
ncoupled signal.

. Results and discussion

.1. Cloning and overexpression of TAs

Four types of threonine aldolase were found in the Genebank
NCBI) by sequence comparison. Genes of lalloTA from

eromonas jandaei, Pseudomonas aeruginosa and Thermotoga
aritima, lTA from P. aeruginosa, low specificity lTA from
accharomyces cerevisiae, Bordetella parapertussis, Bordetella
ronchiseptica, Silicibacter pomeroyi, l-phenylserine aldolase
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Scheme 1. l-Threonine aldolase-catalyzed (A) aldol synthesis starting

rom Pseudomonas fluorescence, d-hydroxyaspartate aldolase
rom Paraccocus dinitrificans; low specificity dTA from S.
omeroyi were cloned by PCR, A-tailed and ligated into the
am1105I site of pEamTA vector.

The pEamTA-plasmids contain the TA-genes under con-
rol of a tac promoter and the LacI repressor, which control
he protein expression level. TA expression was induced by
.1 mM isopropyl �-d-1-thiogalactopyranoside (IPTG) in E.
oli BL21AI cells containing the plasmid. Upon induction the

ecombinant cells produced moderate to large amount of TA.
he induced proteins migrated as a 36–42 kDa bands on a SDS-
olyacrylamide gel, in accordance with the predicted amino acid
equence.

T
r
o
t

ig. 2. Change of diastereomeric excess for aldol (�) and retro-aldol (�, anti; �, sy
onditions of the aldol reaction: 1-mL solution containing glycine (1 M), benzaldeh

0.9 M), l/d-anti-PS (0.2 M), PLP (50 �M), TA (0.6 U/�mol Thr) at 25 ◦C, pH 8;
andaei; (C) Type III, l low specificity TA Saccharomyces cerevisiae; (D) Type IV, d
eactions; all results obtained by HPLC. To make the time course clearly visible the t
benzaldehyde and glycine and (B) retro-aldol cleavage of l-anti-PS.

.2. Kinetics and thermodynamics in the TA-catalyzed
eactions

TAs were found to accept a wide range of aldehydes as
cceptors and only glycine as a donor [5,19]. We chose the
ynthesis of PS starting from glycine and benzaldehyde as a
odel reaction to investigate the ability of the new overex-

ressed aldolases to catalyze the aldol condensation. As it was
hown before, extending the time of the reaction catalyzed by

As increases yields but reduces diastereoselectivity due to the
everse reaction [5,17]. Thus, stereo-enriched products can be
btained in a kinetic mode of reaction (short reaction time). Par-
ial overcoming of the thermodynamic limitation was achieved

n) reactions and yields in aldol reactions (�) for different threonine aldolases.
yde (100 mM), PLP (50 �M) at 25 ◦C, pH 8; the retro-aldol reaction: glycine

(A) Type I, lTA Pseudomonas aeruginosa; (B) Type II, lalloTA Aeromonas
low specificity TA Alcaligenes xylosoxidans, MnCl2 (50 �M); e.e. >99% for all
ime scale was chosen arbitrarily.
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y using an excess of glycine to shift the equilibrium to the
ldol side. Detailed investigations of the aldol reactions for all
our types of TAs might give answers to important questions
bout the mechanism of catalysis and elucidate the peculiarity
f each type of enzyme. Following the time course of the reac-
ions we monitored the changes of diastereomeric excess versus
ield and determined the equilibrium point for the interconver-
ion of both diastereoisomers. Two recombinant TAs of each
ype from different organisms were tested on the aldol reac-
ion starting from benzaldehyde and glycine (Scheme 1A) and
wo retro-aldol reactions starting from anti-PS (Scheme 1B) or
yn-PS. The point where aldol and retro-aldol reactions reached
he same ratio of diastereomers was defined as equilibrium
oint.

The detailed analysis of both reactions showed that the four
ypes of threonine aldolases catalyze the interconversion in
ifferent ways. Reactions with lTA give higher d.e. (>30%)
ith syn-PS as the major isomer under kinetic control (reac-

ion time 1 min) compared to thermodynamic control (reaction
ime > 30 min) and at the equilibrium d.e. is 21% (syn) (Fig. 2A,
able 2, Type I). For reactions catalyzed by lalloTA epimeriza-

ion proceeds very fast and PS was obtained with a d.e. of 20%
syn) after equilibrium was reached (Fig. 2B, Table 2, Type II).
n the other hand, for reactions catalyzed by l low specificity
A equilibrium was reached only after 5 h (Fig. 2C, Table 2,
ype III). Surprisingly, rather high anti-selectivity – however

ow yield – was obtained in a kinetically controlled reaction for
alloTA and llowTA. All investigated types of l-specific TA
ave the same mixture of diastereomers (d.e. ≈20%, syn) when
he reactions are under thermodynamic control. High syn selec-
ivity was obtained for the reaction catalyzed by d low specificity
A from A. xylosoxidans (optimized conditions: d.e. ∼98%, syn;
ield 79%) [19]. Detailed investigation of this reaction showed
hat d-syn-PS is obtained with d.e. more then 95% and good
ield in a kinetically controlled fashion. Thermodynamic equi-
ibrium for the reaction was reached after 5 days with 17% d.e.
syn) (Fig. 2D, Table 2, Type IV).

Thus, syn-PS as a thermodynamically more stable product

s formed under equilibrium conditions with a 60:40 (syn:anti)
atio for all types of TA. Reaction rates for the formation of
yn-PS and anti-PS depend on the catalyst used and therefore dif-
erent specificities are obtained in a kinetic mode of the reaction.

t
o
r
m

able 2
our types of threonine aldolases in the synthesis of phenylserine under kinetic and t

ype Enzyme Kinetically control

Time d.e. (

lTA Pseudomonas putida 1 min >30(
lTA P. aeruginosa 1 min >30(

I
lalloTA A. jandaei <1 min anti
lalloTA Thermotoga maritima <1 min anti

II
llowTA Saccharomyces serevisiae 1 min 40 (a
llowTA B. bronchiseptica 5 min 70 (a

V
dlowTA Alcaligenes xylosoxidans 1 h 85 (s
dlowTA S. pomeroyi 5 min 20 (s
sis B: Enzymatic 52–53 (2008) 19–26 23

here are two possibilities to affect the diastereoselectivity and
ield of the product of the aldol reaction. One method involves
he shifting of the thermodynamic equilibrium to the aldol side,
hich might need additional steps and reagents [1]. Another
ay is to find a catalyst which has a high energy barrier for the

yn/anti epimerization and was able to produce optically pure
ompounds with high yield under kinetically controlled con-
itions. dTA from A. xylosoxidans is a good example for this
ossibility.

.3. Energy profile of the TA catalyzed aldol/retro-aldol
eactions

The mechanism for the retro-aldol reactions catalyzed by
A has already been formulated [40,41]. Based on this knowl-
dge, the aldol synthesis of PS should include several steps
Scheme 2): (1) binding of glycine to the PLP in the active site
f the enzyme with formation of an external aldimine (EG);
2) deprotonation of the �-carbon of glycine and formation of
LP–glycine quinonoid complex (E-Quin); (3) binding of ben-
aldehyde and formation of the C–C bond; (4) release of PS from
he active site and regeneration of the internal aldimine form of
he enzyme.

For serine hydroxymethyltransferase (SHMT) with a similar
echanism of catalysis as compared to TAs [41,42] it was shown

hat the equilibrium steps 1 and 4 are very rapid, and the rate
imiting step could be either cleavage/formation of C–C bond
r protonation/deprotonation of the glycine–enzyme complex
43,44].

The diastereomeric ratio of the product in the kinetically con-
rolled reaction depends on the difference between the barriers
or the synthesis of each isomer, while under thermodynamic
ontrol the d.e. depends on the thermodynamic stability of the
roducts. On the basis of the suggested mechanism, we propose
general energy diagram for the aldol synthesis of PS, which

ncludes the steps described above (Fig. 3).
To determine the rate-limiting step and to elucidate the rela-
ive heights of the energy barriers we investigated the distribution
f a 13C-label in the reaction under conditions close to equilib-
ium (d.e. ∼20%, syn). Amounts of labeled compounds were
easured by 1H NMR.

hermodynamic control

led Thermodynamically controlled

%) Yield (%) Time d.e. (%) Yield (%)

syn) 40 30 min 21 (syn) 80
syn) 10 30 min 21 (syn) 80

<20 5 min 27 (syn) 30
<20 5 min 20 (syn) 25

nti) 4 5 h 22 (syn) 60
nti) 10 n.d. n.d. n.d.

yn) 70 5 days 17 (syn) 80
yn) 10 5 days 21 (syn) 80
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cheme 2. NMR-studies of the 13C distribution in the retro-aldol reaction ca
omplex; EPSa: enzyme/anti-PS complex; PSs*: 13C-syn-PS; PSa: anti-PS. C
50 �M), dl-13C-syn-PS (48 mM), l/d-anti-PS (32 mM), TA (3 U), D2O at 25 ◦

The reaction mixture contained dl-syn-13C-PS (48 mM),
l-anti-PS (32 mM), glycine (0.46 M), benzaldehyde (10 mM),
LP and TA (0.6 U/�mol for Thr) in compliance with Scheme 2.
eactions were carried out in deuterated phosphate buffer pH
.0 at 25 ◦C in a NMR tube and the mixture composition was
easured every 5 min. The assignment of labeled compounds
as based on the protons bond to 13C which give a doublet

n the 1H spectrum. The coupled signals appear as satellites of
he main uncoupled signal. Thus, labeled compounds display as
oublet, while unlabeled as singlet. The rate of distribution of
3C between all components within the time course of the reac-
ion gives information on the relative size of the energy barrier
or the corresponding transition. Balance of labeled compounds

n the reaction shows the relative mistake of the experiment.

According to the data obtained (Fig. 4), for the reaction catal-
sed by lTA from P. aeruginosa (Type I) anti-13C-PS is initially
ormed 20 times faster then 13C-glycine (Fig. 4A). This indi-

l
S
t

ig. 3. Possible energy diagram for TA-catalyzed aldol and retro-aldol reactions of P
PSa: enzyme/anti-PS complex; PSs: syn-phenylserine; PSa: anti-phenylserine). For

) curve to the lTAs investigated.
d by lTA. G: glycine; EG: enzyme glycine complex; EPSs: enzyme/syn-PS
ons: 1 mL solution containing glycine (0.46 M), benzaldehyde (10 mM), PLP
8.

ates that comparably higher activation energy is needed for the
inding of glycine to the active site of TA, which makes it the
ate-determining step. Thus, benzaldehyde is released during
he aldol cleavage whereas glycine mainly stays at the active
ite and syn-PS can equilibrate with anti-PS without the release
f glycine. These data might explain the reason for the low d.e.
f PS obtained for lTA-catalyzed reaction under kinetic con-
rol. While the binding of glycine is the rate-limiting step, in
he synthetic reaction the influence of the difference between
nergy barriers for the formation of syn- and anti-PS is of
ow significance (��GGly > ��Ganti, ��Gsyn). Due to the
nterconversion of diastereoisomers the more stable syn-PS is
btained as the major product.
Similar results were obtained for the reactions catalyzed by
alloTA from A. jandaei (Fig. 4B) and l-low specificity TA from
. cerevisiae (Fig. 4C) where the anti-13C-PS was formed nine
imes faster than and twice as fast as 13C-glycine, respectively.

S (G: glycine; EG: enzyme glycine complex; EPSs: enzyme/syn-PS complex;
��GGly the dotted curve ( ) corresponds to the dTA, the dotdashed
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ig. 4. Accumulation of anti-13C-PS (�, PSa*), 13C-glycine (�, G*) and unl
l-syn-13C-PS catalysed by four types of TAs. Conditions: dl-syn-13C-PS (48
nd TA. [a] PSa*/G*—ratio of the initial rates for the formation of anti-13C-PS

A different behavior was observed for d-low specificity TA
rom A. xylosoxidans where direct epimerisation is very slow
nd, therefore, 13C-glycine is the more rapidly formed prod-
ct (Fig. 4D). This indicates a high difference between energy
arriers for two diastereomers. According to these NMR exper-
ments release of glycine from the active site of TA is not the
ate-limiting step for this type of enzyme. Similar observations
ere made for d low specificity TA from S. pomeroyi.
The diastereomeric ratio of the aldol product in the thermo-

ynamic equilibrium depends on the �H values of the syn- and
nti-products and cannot be altered by the enzyme. However,
he value of the energy barrier for each stage depends on the
atalyst used and determines the rate of formation/cleavage of
ne or another diastereomer. For diastereoselective synthesis the
ifferent activation energies ��Ganti and ��Gsyn are rate lim-
ting within the reaction sequence as found for dTA catalysis. In
he contrary, for the lTA investigated only low diastereoselec-
ivities are encountered if this is not the case and the formation
f the glycine/enzyme complex becomes rate determining.

. Conclusion

In summary, four known types of threonine aldolases – lTA,
alloTA, l low specificity TA and d low specificity TA – were
ested in the aldol and retro-aldol reactions starting from ben-
aldehyde/glycine or phenylserine, respectively. Their behavior
n kinetically versus thermodynamically controlled reactions

as compared. In the kinetically controlled reaction lTA and
TA gave syn-PS as the major product with moderate and
igh selectivity, respectively, whereas anti-PS was obtained for
alloTA and l low specificity TA. Under thermodynamic control

(
o
(
A

d syn-PS (�, PSs) and 13C balance control (�) during the aldol cleavage of
dl-anti-PS (32 mM), glycine (0.46 M), benzaldehyde (10 mM), PLP (50 �M)

3C-glycine (for lTA: t = 5 min; for dTA: t = 5 h).

ratio of syn:anti-product of 60:40 (d.e. ≈20%) was obtained
or all tested enzymes.

On the basis of 13C distribution in the retro-aldol reaction
e conclude that the rate-determining step for the l-specific
As is the binding of glycine to the active site of the enzyme
ith the formation of the glycine–PLP quinonoid complex and

ts deprotonation. The higher the activation energy is for this
tep compared to the difference between the energy barriers for
he formation of both diastereomers the smaller is the influence
f the latter on the composition of the obtained product. This
s in contrast to the observations made with dTA, where for-

ation of a C–C bond seems to be the rate-limiting step. In
his case the product composition is governed by competing
he rates for the formation of syn- and anti-PS. As a conse-
uence high selectivity (d.e. >95%) can be also obtained at
igh yields. Thus, the lowering of the activation energy bar-
ier for the formation of the enzyme–glycine complex by means
f enzyme engineering might be necessary to increase the selec-
ivity for the lTA-catalyzed reactions and prolong the kinetic
ontrol to higher yield states. Further evaluation of the mecha-
ism involved in the catalysis and its correlation with a crystal
tructure of enzymes could reveal more details of TA-catalyzed
eactions.
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