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Abstract: To exploit the enzymatic method for the synthesigdfydroxy-a-amino acids, the genes coding for the
Escherichia coli-threonine aldolase (LTA; EC 2.1.2.1) akénthomonus oryzag-threonine aldolase (DTA) were

cloned and overexpressedHhn coli through primer-directed polymerase chain reactions. The purified recombinant
enzymes were studied with respect to kinetics, specificity, stability, additive requirement, temperature profile, and
pH dependency. DTA requires magnesium ion as a cofactor, while LTA needs no metal ions. These enzymes work
well in the presence of DMSO with concentration up to 40%, and DMSO-induced rate acceleration of LTA-catalyzed
reaction was observed. Both enzymes use pyridoxal phosphate coenzyme to activate glycine to react with a wide
range of aldehydes. LTA gawerythro-hydroxy-o-L-amino acids with aliphatic aldehydes and theso isomer

with aromatic aldehydes as kinetically controlled products. On the other hand, DTA fdahress5-hydroxy-a-

D-amino acids as kinetically controlled products with aliphatic and aromatic aldehydes but the diastereoselectivity
was lower than that of LTA. Under optimal conditions, sevefahydroxy-a-amino acid derivatives (3-
hydroxyleucinesy-benzyloxythreonines;-benzyloxymethylthreonines, and polyoxamic acids) have been stereose-
lectively synthesized on preparative scales using these enzymes. Also, the tandem use of DTA and phosphatases
has made possible the synthesis and separatioratib-threonine phosphate amdthreonine.

A number of methods have been reported for the chemical
synthesis ofi-hydroxy-o-amino acids; of particular interest are

B-Hydroxy-a-amino acids constitute an important class of those based on chiral glycine enol&aylycine Shiff basé?
compounds as naturally occurring amino acids (threonine, serine,asymmetric dihydroxylatiofS and aminohydroxylaticld of

and 3-hydroxyproline) and as components of many complex olefins.

On the other hand, enzymatic synthesis of these

natural products possessing a wide range of biological activities compounds from glycine and aldehydes may complement the
such as antibiotics and immunosuppressants (e.g., vancomycingexisting chemical methods as the enzymatic synthesis is a one-
echinocardin D, cyclosporin, katanosin, polyoxin D, empe- step process with minimal protection for substrates under mild

dopeptin, and other peptide conjugates)2S,3S)-3-Hydroxy-

leucine, for example, is a key component of several natural using serine hydroxymethyl transferases (SHMTS) or threonine

peptide antibiotics, while the$3R isomer is found to be a
constituent of lysobactif! a macrocyclic peptide lactone
antibiotic. Recently, a novel neurotrophic agefit)-{actacystin,

was synthesized from 23S)-3-hydroxyleucine, and a multistep

conditions. In fact, the syntheses/@hydroxy-a-amino acids

aldolases have been reportéddbut the SHMT from pig livel?
andp-threonine aldolase (DTA) fromrthrobacter sgP¢ pro-

(3) See, for example: (a) Evans, D. A.; Weber, AJEAm. Chem. Soc.

1987 109, 7151. (b) Dondoni, A.; Franco, S.; Junquera, F.; Merchan, F.

procedure for the synthesis of all four stereoisomers has beenk:; Merino, P.; Tejero, TJ. Org. Chem1997 62, 5497. (c) Lotz, B. T.;

developed® The p-isomers are also biologically significant,
as they have been recently found in mature mamshals.

addition, these amino acids are useful building blocks in

synthetic, combinatorial (e.g., for making librariesffactam

Miller, M. J. J. Org. Chem1993 58, 618. (d) Vassilev, V. P.; Uchiyama,
T.; Kajimoto, T.; Wong, C.-HTetrahedron Lett1995 36, 5063. (e) Shibata,

K.; Shingu, K.; Vassilev, V.P.; Nishide, K.; Fujita, T.; Node, M.; Kajimoto,
T.; Wong, C.-H.Tetrahedron Lett1996 37, 2791. (f) Drueckhammer, D.

G.; Barbas, D. G., lll; Nozaki, K.; Wong, C.-H. Org. Chem1988 53,

1607. (g) Manchand, P. S.; Luk, K.-C.; Belica, P. S.; Choundry, S. C,;

and vancomycin antibiotics analogues, Scheme 1), and medicinaWei, C. C.;J. Org. Chem1988 53, 5507. (h) Bols, M.; Lundt, |Acta

chemistry?
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vided B-hydroxy-o-amino acids with virtually no stereoselec-
tivity at the 8-carbon. L-Threonine aldolase (LTA) isolated from
Candida humicolg? andStreptomyces amakusaeribowever,
stereoselectively gayghydroxy-a-amino acids with a limited
number of substrates. To further exploit the synthetic utility
of threonine aldolases, we have overproducetscherichia
coli the recombinanb- andL-threonine aldolases frodanth-
omonus oryzaand E. coli, respectively. Both enzymes use
pyridoxal phosphate cofactor to activate glycine for the aldol
addition reaction (Scheme 2).

Results and Discussion

Overexpression and Properties of_-Threonine Aldolase
(LTA) and p-Threonine Aldolase (DTA). Since the genes
coding for LTA fromE. coli® and DTA fromX. oryzaé have
been cloned and sequenced, they were selected for overexpre
sion of the corresponding enzymes.

On the basis of the retro-aldol cleavage reaction of threonine
andallo-threonine, the specific activities and kinetic constants

(5) (@) Vassilev, V. P.; Uchiyama, T.; Kajimoto, T.; Wong, C.-H.
Tetrahedron Lett1995 36, 4081. (b) Herbert, R. B.; Wilkinson, B.; Ellames,
G. J.; Kunec, E. KJ. Chem. Soc., Chem. Comma®93 205. (c) Ikemi,
M.; Morikawa, T.; Miyoshi, T.; Shimizu, S.; Kataoka, M.; Yamada, H.
Biochem. Eng. 2001, Proc. Asia-Pac. Biochem. Eng. Cb®92 96. (d)
Lotz, B. T.; Gasparski, C. M.; Peterson, K.; Miller, M. J. Chem. Soc.,
Chem. Commuril99Q 107.

(6) Plamann, M. D.; Stauffer, L. T.; Urbanowski, M. L.; Stauffer, G. V.
Nucleic Acids Resl983 11, 2065.

(7) lkemi, M.; Morikawa, T.; Sayama, N.; Miyoshi, TThem. Abstr.
CA119:219199.

of these two enzymes were determined. Recombinant LTA was
overproduced approximately 100 units (U, 1 usitl umol of
L-allo-threonine cleaved per min) fno 1 L of cell culture. The
crude enzyme prepared after cell disruption and centrifugation
has a specific activity of 0.7 U/mg. Further purification was
carried out with affinity chromatography (using HisTrap) to
obtain the enzyme with a specific activity of 3.5 U/mg and
>95% purity as judged by SDS-polyacrylamide gel electro-
phoresis (Figure 1). Thi, value forL-allo-threonine is 0.62
mM, but that forL-threonine has not been determined, as the
rate is too slow and thk, value would be too high. The LTA
has no activity foro-threonine and-allo-threonine. On the
basis of the results, perhaps LTA should be nameallo-
threonine aldolase. On the other hand, recombinant DTA was
overexpressed at the level approximately 2800 U (based on

sD'-threonine) fron 1 L of cell culture. The crude and purified

enzymes ¥ 95% purity) prepared by the aforementioned method
have specific activities of 88 and 153 U/mg, respectively. The
Km value for b-threonine was 0.94 mM and that forallo-
threonine was 0.99 mML-Threonine and-allo-threonine are
not substrates for the DTA. The crude enzyme extraction was
thus used directly for synthesis.

Enzyme Stability. During the initial experiments, the
stability problem was encountered. In the absence of the
reducing agent dithiothreitol (DTT), greater than 70% of LTA
and DTA activities were lost after storing the cell free extracts
overnight at 4°C. This result is consistent with the report by
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Figure 1. SDS gel electrophoresis: (A) molecular weight markers;
(B) LTA after purification with His-Trap; (C) LTA, total protein from
the recombinant cells; (D) DTA after purification with His-Trap; (E)
DTA, total protein from the recombinant cells.
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Figure 2. Stability of LTA and DTA.

Schirch et aP that the LTA has one exposed sulfhydryl group.
Both enzymes were, however, more stable-&8 °C for over
3 months in the presence of DTT. The enzyme stability was
thus studied at room temperature for 1 week (Figure 2) in the
presence of 10 mM DTT, and it was found that LTA (8 U/mL)
retained more than 80% activity after 1 week, but DTA (5
U/mL) lost about one-half of its activity in approximately 1
day. However, when stored at 4C or at higher enzyme
concentration (150 U/mL) at room temperature, DTA was stable
and no significant loss of acvtivity was observed after 1 week.
Additive Requirement. It is well-known that a group of

serine hydroxymethyl transferase and/or threonine aldolase

requires pyridoxal-5-phosphate (PLP) as a cofattbr.addition

Kimura et al.
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Table 1. Effect of Additives on LTA- or DTA-catalyzed Aldol
Condesation of Acetaldehyde and Glycine

H QH
COzH “_CO2H
CH3CHO + HoN"COH ~———
1ULTA NHz NHp
100 mM 100 mM (l)%gnnMMDgEP L-threonine L-allo-threonine
additive
37°C,pH 7.5
3h 24 h
thred thred
additives yield (%)  erythro yield (%) erythro
none 18.0 <1/99 38.6 7/93
30% DMSO 34.5 <1/99 39.7 8/92
QH OH
- . A _COH CO,H
CHiCHO + HoN"COH ———— el /k/ ?
1UDTA NH» NH,
10 mM DTT . .
100 mM 100 mM 0.05mM PLp  D-threonine D-allo-threonine
additive
37°C,pH 7.5
3h 24 h
thred thred
additives yield (%) erythro yield (%) erythro
none 10.2 63/37 2.3 61/39
10 mM MgChk 54.7 53/47 53.0 51/49
10 mM MgCh+ 63.3 53/47 55.5 54/46
30% DMSO

Although the addition of DMSO increased the rate for both

to the study of PLP dependency, we also investigated the LTA- and DTA-catalyzed aldol reaction, the product yields in

requirement of metal ions (NaK*, Mg?*, Ca&*, Cot). DTA
demands magnesium i&hwhile LTA needs no metal cofactor.
Other divalent metal ions (e.g., Ni Zn?*, Mn2*, ClL2+) were

the presence and absence of DMSO were basically the same
when the reaction reached equilibrium. Regarding the stereo-
selectivity on g-carbon, LTA gave predominantly-allo-

not tested, as both enzymes contain a polyhistidine tag which threonine and DTA produced almost a 1:1 mixturepethre-

would form a complex with the divalent cations.
To know which solvent can be used to help dissolve the

onine andb-allo-threonine.
Temperature Profile. The rate of retro-aldol reaction was

substrates, several water-miscible organic solvents were usedstudied from room temperature to 7C. The reaction rate

as cosolvent in the retro-aldol reactions. Surprisingly, DMSO
(up to 30% concentration) accelerated the LTA-catalyzed
reaction. In the case of DTA, although addition of DMSO does
not drastically change the activity compared with LTA, the

strongly depends on the reaction temperature. The LTA is not
active at 25°C, and the reaction rate at 3G is approximately

8 times faster than that at 37C. However, raising the
temperature to 70C results in rapid enzyme inactivation. In

enzyme remained active in the presence of 40% DMSO (Figurethe presence or absence of DMSO, the optimal reaction

3). On the other hand, addition of 30% acetonitrile or DMF
inactivated both enzymes.
The aldol reactions catalyzed by LTA and DTA were also

studied in the absence and presence of additives (Table 1).

Magnesium ions enhance the DTA-catalyzed aldol reaction.

(8) Schirch, V.; Hopkins, S.; Villar, E.; Angelaccio, &.Bacteriol. 1985
163 1.
(9) Schirch, V.Adv. Enzymol.1982 53, 83.

temperature for LTA is 50C and that for DTA is 37C. At
50°C, DTA is rapidly inactivated. Botb-threonine ana-allo-
threonine are equally good substrates for DTA.

The aldol reactions were further investigated at several
temperatures. To obtain a kinetically controlled product, the
reactions were terminated aft8 h in thepresence bl U of
enzyme, 100 mM of glycine, and 100 mM of aldehyde. In the
case of LTA, increasing reaction temperature also increased the
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304 — U), DTT (10 mM), PLP (0.05 mM), and required additives was
® D-allo-threonine adjusted to pH 7.5 by 0.1 N NaOH. After incubation at°g&7
for 3 or 24 h, the yield and diastereoselectivity were calculated
by integration of the corresponding protons for glycine and
products (Table 4). The assignment fhreo- and erythro-
diastereomers was based on the coupling constant between the
o- andg-protons which is usually slightly larger for thlereo-
than for theerythroisomer:19 In the case of LTA (Table 2),
several alkyl aldehydes (entries-%) and an aroalkyl aldehyde
(entry 7) gaveerythro-5-hydroxy+-amino acids. Extending the
0 1 2 reaction time from 3 to 24 h increased the yield but reduced
Time (h) the diastereoselectivity, presumably due to the reverse reaction.
Figure 4. Time course ob-threonine ana-allo-threonine producted ~ EXtending the alkyl chain or introducing a branch reduced the

by DTA-catalyzed aldol reaction at 2&. The reaction mixture contains ~ activity. The unsaturated alkyl aldehyde (entry 6) was not a

Yield (%)
[ )
(=]

—_
o
P

1 U of DTA, 100 mM glycine, and 100 mM acetaldehyde. substrate for the enzymes. Benzaldehyde was a weak substrate
and was transformed tihreo-phenylserine as a major isomer
0.04 80 by LTA. Addition of DMSO to butyraldehyde or hydrocinna-
maldehyde slightly increased the yield (entry 2A vs 2B and 7A
g 0.03- 6o gj vs 7B), but the effect was not as significant compared to
3 ;: acetaldehyde. The increased yield in the case of hydrocinna-
s E > maldehyde might be due to the acceleration effect and the
5 g = . - . .
T3S 0021 Lag £ increase of substrate solubility. Since isobutyraldehyde was a
§ 2 sz poor substrate, the amount of enzyme was increased (entry 5,
5 £ condition c) to improve the yield, but the diastereoselectivity
5 0.01 20 ,:é was dramatically decreased. Use of excess amount of glycine
~ (condition D), however, increased the yield without loss of the
o diastereoselectivity. Aromatic aldehydes usually gave relatively

high yields but low diastereoselectivity.

The DTA gavethreo-8-hydroxyb-amino acids as a major
Figure 5. pH dependency of LTA- and DTA-catalyzed reactioms) ( isomer in a kinetic mode of reaction regardless what aldehyde
LTA (retro-aldol): The reaction was carried out at 8D for 5 min in W_as used (entr_'e_s__ls’ 7, and 8 in Table 3). However, Fhe
the presence of 30% DMSOB] DTA (retro-aldol): The reactionwas  diastereoselectivities are lower than that of LTA reactions.
carried out at 37C for 5 min in the presence of 10 mM MgCla) Although extension of the reaction time to 24 h did not
LTA (aldol): The reaction was carried out at 3 for 5 h in the significantly increase the yield, the diastereoselectivities of some
presence of 30% DMSOQ|) DTA (aldol): The reaction was carried  products obtained (entries 2, 4, and 7) were decreased, indicating
out at 37°C for 5 h in thepresence of 10 mM Mggl that, like LTA, these DTA-catalyzed aldol reactions may have
reached the equilibrium state after 24 h. Lengthening the alkyl
chain reduces the reactivity, but aldehydes with less than six
carbon length are still good substrates. Branching of the alkyl
chain, however, did not affect the substrate reactivity for DTA,
except that an unsaturated aldehyde was found not a substrate
for DTA. Aromatic aldehydes are substrates (except
hydroxybenzaldehyde), but their disastereoselectivities are
relatively low. In general, DTA exhibited a wider substrate
specificity than LTA.

We have also investigated the specificity of the aldolase
reaction with chiral aldehydes. We selected@aendSisomers
of isopropylidene glyceraldehyde (Tables 2 and 3, entries 16
and 17) for study as the products are stereoisomers of polyox-
amic acid (Scheme 4);H)-(2S3S49)-2-amino-3,4,5-trihydroxy-
reactions. The proposed mechanism indicates that the reactiorP€ntanoic acid, which is a key constituent of polyoxiisclass
is sensitive to pH as a general base catalysis is invdlvaa. of peptidyl nucleoside antibiotics. They have substantial
find an optimal pH for the synthesis direction, the pH depend- activity against phytopathogenic fungi, and one representative,
encies of the synthetic and cleavage reactions were studiedP®yoxin J, is also effective against human pathogenic fungi
(Figure 5). In the cleavage reaction, both LTA and DTA Candida alblca}ns_by inhibiting chitin synthaséd an essential
exhibited the maximal activity over pH 8.0; however, both the €nZyme for building fungal cell wall.
LTA- and DTA-catalyzed aldol addition reactions gave the The results show that neither LTA nor DTA is stereospecific
maximal yield at pH 7.5. All the synthetic reactions were thus in reaction with the chiral aldehydes. Since bd#-(and §)-
carried out at pH 7.5. glyceraldehydes are readily availablell possible isomers of
Substrate Specificity. Both aldolases were found to accept polyoxamic acid are obtained in good yields (not optimized),
a wide range of aldehydes as acceptors and only glycine asproviding an opportunity for making new stereoanalogues of
donorl5 A systematic study of the substrate specificity for polyoxins.
LTA- and DTA-catalyzed aldol reactions was carried out (Tables
2 and 3). The reaction yield and diastereoselectivity were __(10) Futagawa, S.; Inui, T.; Shiba, Bull. Chem. Soc. Jpril973 46,
monitored by NMR. In the addition reaction, a mixture (11) (a) Hubschwerlen, C.; Specklin, J.-L.; HigelinQrg. Synth1995
containing glycine (0.1 M), an aldehyde (0.1 M), enzyme (1 72 1. (b) Schmid C. R.: Bryant, J. DDrg. Synth.1995 72, 6.

yield without affecting the diastereoselectivity. On the other
hand, although raising the reaction temperature for DTA
improved the yield, the diastereoselectivity decreased. This
result indicates that DTA-catalyzed retroaldol reactions taken
place withn 3 h at 37°C. In fact, when the reaction at 3C
was terminated after 30 min, a higher diastereoselectivity was
observed. To test if reducing the reaction temperature will
minimize the formation of undesired isomer and give a better
diastereoselectivity gt-carbon, enzymatic reactions at 1@
were studied (Figure 4). Under the kinetically controlled
approach at low temperature, the selectivitySatarbon was
improved and a 2:1 mixture of products in favor of teeo
isomer was obtained.

pH Dependency. LTA and DTA reversibly catalyze aldol




11738 J. Am. Chem. Soc., Vol. 119, No. 49, 1997 Kimura et al.

Table 2. Substrate Specificity of LTA-Catalyzed Aldol Reactions

o [} OH O QH O
oy + HJ\OH R o *t g oH
NH, NH; NH,
L-threo isomer L-erythro isomer
Reaction Yield® ... Reaction Yield®
Entry Aldehyde Product Condition® (ime (hr) ¢  Threo: Erythro Entry Aldehyde Product Condition® time (hr) ¢,  Threo: Erythro
o OH O A 3 18 <1:99 NO; O NO, OH O -
1 P A 2 39 7:93 A Jor2d TR
H OH B 3 35 <1:99 10 H OH E 3 46 32:68
NH, B 24 40 9:91 NH, E 24 93 58:42
0 OH O A 3 15 <1:99 o OH O A 3or24 TR .
A 24 NT NT HO. HO.
z ~H /\/H)LOH B 3018 3:97 1 \©)LH oH  E 338 S6:44
NH, B 24 21 24:76 NH, E 24 43 73:27
[ OH O
3 o~y /V\/K(‘koﬂ B 3 7 8:92 o oH O A o2 0 -
B 24 16 37:63
NH; 12 H OH E 3 0 -
o o © HO HO' NH, E 24 0
4 /\/\/\)L /\/\/\/KHJ\ B 3 0 A
< .
H T OH B 24 2 28:72 o OH O A Jor24 TR -
: 3 H oH E 3 17 40: 60
B 3 o . e He NH, E 24 17 55:45
o B 24 1 <1:99
5 o} 3 9 44 :56
H H R
W)L c 2 15 46:53 oH 0 A 3o TR
D 3 10 12:88 14 N\j/go NNOH E 3 32 62:38
D 24 NT NT Q\,NH \_NH NH, E 24 40 66:34
H
M
[o]

15 H OH E 3 19 25:75
3 5 19:81 F F NH, E 24 21 30:70

24 5¢ 17:83

W

2% 10° 28:72
16 o oH H 16 35 4:9

3 3 71:29 CH, CHs
60: 40

ww
[N
£
o

Nona o nan
o

17 o’\)LH Owkon H 16 70 50:50

A 3or24 TR - ;5

CH3+
c

6
Hj CH,

E 3 35 36:64
E 24 53 47:53

OH O
oo
NH,

OH O

0 WOH B 3or24 0 ] OH O A 3or24 TR
NH,
OH O
OH
NH,
OH O
OH
NH,
OH O
O]
NH,

LT TR
ON O;N

a Condition A: The reaction mixture containing 100 mM glycine, 100 mM aldehyde, 10 mM DTT, 0.05 mM PR, Brof enzyme in 1 mL
of H,O (pH 7.5) was incubated at 3. Condition B: The same as A except that the reaction was carried out in 30% DMSO. Condition C: The
same as B except thé U of LTA were used. Condition D: The reaction was carried out under the same condidtions as those of B except that 10
equiv of glycine was used. Condition E: The same as B except that 10 U of LTA and 5 equiv of glycine were applied. Condiditon H: Preparative
scale synthesis (see the Expermental Section for details)=Nbt tested® The yield andthrederythroratio were determined by measuring the
IH NMR and DO unless otherwise indicatetiBased ontH NMR measured in a 3:1 mixture of,D and CROD.

Kinetically Controlled Synthesis of Chiral -Hydroxy- - mimetics!® sphingosiné? monobactam antibiotic® and my-
amino Acids on a Preparative Scale. The aforementioned  cestericin D*® Our previous report indicates that the¢hreonine
studies suggest that LTA givesythro-5-hydroxy-a-L-amino aldolase fronC. humicolagaves-hydroxy-a-amino acids with

acid and DTA giveshreo5-hydroxy-o-p-amino acids as kinetic  good yield and high diastereoselectivity when an oxygen or
products. Using an excess amount of glycine and shorteningnitrogen atom exists at the-position of the substrate aldehyktle.
the reaction time to avoid the cleavage reaction of product was Although the enzyme fror. humicolaprovidedy-benzyloxy-
thus performed as a kinetically controlled reaction to improve L-allo-threonine fromo-benzyloxyacetaldehyde in good yield,
the diastereoselectivity on a preparative scale (Table 5). First,it produced almost a 1:1 mixture of-benzyloxymethyk-
isobutyraldehyde was selected as a substrate for the reactionthreonine ang-benzyloxymethyk-allo-threonine frong-(ben-
since the product 3-hydroxyleucine is an amino acid component zyloxy)propionaldehyde. The LTA frork. coli gave y-ben-
of many antibiotics. One hundred units of LTA and 1 mmol zyloxy-L-allo-threonine (88% de, 36% yield) angbenzyl-
of the aldehyde were used in this reaction because of the low oxymethyl+-allo-threonine (88% de, 10% yield) with higher
affinity of isobutyraldehyde for LTA, while 10 U of DTA were  diastereoselectivity. The DTA gayebenzyloxyt-allo-threo-
used in the synthesis of thieisomer. The reactions under the nine or y-benzyloxymethyle-threonine (80% vyield, 40% de;
kinetically controlled condition provided £3S)-3-hydroxy- 45% yield, 29% de) in good yield but low diastereoselectivity
leucine with 92% de and 17% yield from LTA andR3S)-3- under the condition. However, shortening the reaction time
hydroxyleucine with 86% de and 49% yield from DTA. dramatically increased the diastereoselectivity. In addition,
Crystallization of the obtained products gave pure diastereoi- crystallization of the obtained products improved the diastere-
somers. Thus the one-step enzymatic synthesis of chiralomeric excess to more than 80%.
3-hydroxyleucines proved to be effective on preparative scales  Synthesis and Separation of Thermodynamic Products
compared with their chemical synthe&fs. The kinetically controlled reaction using the LTA or DTA was
Hydroxythreonine derivatives were chosen as the next targets,used to obtain the products stereoselectively. However, in
as the amino acids were used in the synthesis of sialyl Lewis x certain cases, since the recombinant LTA or DTA provided a

(12) (a) Sunazuka, T.; Nagamitsu, T.; Tanaka, H.; OmurdeBahedron (13) Uchiyama, T.; Vassilev, V. P.; Kajimoto, T.; Wong, W.; Huang,
Lett. 1993 34, 4447. (b) Corey, E. J.; Lee, D.-H.; Choi, $etrahedron H.; Lin, C.-C.; Wong, C.-HJ. Am. Chem. S0d.995 117, 5395.
Lett. 1992 33, 6735. (c) Caldwell, C. G.; Bondy, S. Synthesid€99Q 34. (14) Bertozzi, C. R.; Cook, D. G.; Kobertz, W. R.; Gonzalez-Scarano,

(d) Jung, M. E.; Jung, Y. HTetrahedron Lett1989 30, 6637. F.; Bednarski, M. DJ. Am. Chem. S0d.992 114 10639.
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Table 3. Substrate Specificity of DTA-Catalyzed Aldol Reactions  threoanderythromixture of products under the thermodynamic
condition, separation of the products would be necessary, if a

1 i M ™D single isomer is desirable. Similar to the resolutioroefand
A : + . .
R o+ ﬁOH R T oH R)\léJ/HU\OH L-phosphothreonine by acid phosphatésee have attempted
’ D-threo 1:omer Dee rythmzisomcr the kinetic resolution oérythro-andthreo-5-hydroxy-c-amino
acid using phosphatase. As a resutallo-threonine was

Reaction  Yield® predominantly cleaved by acid phosphatasemtitreonine was
Entry  Aldehyde (R)  Condition® time (nr) ¢,  1hreo: Erythro cleaved by alkaline phosphatase. On the other hatitteonine
was cleaved by acid and alkaline phosphatase faster tafo-
threonine (Table 6).

1 CH; F 36 33:47 On the basis of this finding, the synthesisehllo-threonine,
F . %0 33:47 which is the most expensive of the four isomers, was performed
, nCH, F 3 37 67:33 by the coupled enzymatic react_ion of DTA and acid phosphatgse
F 24 36 55:45 (Scheme 3). Aldol condensation of acetaldehyde and glycine
F 3 3 6139 by DTA_gave abou_t a 1:1 mixture ozb-gl_lo-threonine and
3 n-CsHy; p-threonine (determined by NMR). Addition of EtOH to the
E #B 64:36 reaction mixture removed about 95% of excess glycine. The
F 3 5 69 : 31 mixture containing both isomers af-threonine andb-allo-
4 n-Citis c ) threonine and glycine was directly phosphorylated according
F 24 3 50: 50
to the method of Neuhaus and KorkésWhen the reaction
F 3 26 84:16 mixture was passed through an ion exchange column, both
5 (CHy),CH F 24 25 85:15 isomers ofO-phosphoe-threonine and-phosphoe-allo-threo-
. nine were easily separated from glycine (70% yield for two
6 CH3CH=CH F 3 0 steps). The resolution by acid phosphatase was carried out at
F 2 0 - pH 5.3 in citric buffer at 37C for 5 days. Purification of the
F 3 16 8713 reaction mixture on Dowex 50W-X8 (H afforded diastereo-
7 Ph(CH;),; F 2 16¢ 66: 34 merically purep-allo-threonine in 45% yield. Compared to the
other known methodg!’ (e.g., via epoxidation/Nopening!’2
F 3 11 74:26 dihydroxylation/cyclic sulfate/ azide openifdgand p-hydan-
8 Ph F 24 10 73:27 toinase hydrolysigh) for the synthesis ab-allo-threonine, this
F 3orod TR ; method seems not to have a clear advantage. However, it
o p-NOPh G 3 7 5842 provides two separable diastereoisomers in a straightforward
G o4 88 55:45 manner and may be useful for the synthesis of isotopically
labeled products, as the labeled substrates are readily available.
F  3or24 TR -
10 0-NO,-Ph G 3 89 72:28 Conclusion
G 24 71 64:36 In summary, the LTA fromE. coli and the DTA fromX.
oryzaewere overexpressed B coliand their synthetic utilities
F  3or24 TR - X ; .
" n-OH-Ph s 5 54 7426 were investigated. These enzymes accept a W|de_ range of
G 21 ss 73127 aldehydes as acceptors, providing a useful route to either
L-a-amino acids containing an epimeric mixture of fhearbinol
3 center as thermodynamic products. LTA gave maéarithro-
F 3or24 0 K . . .
2 p-OH-Ph G 3 0 ) ﬂ-hydroxya-L-am.mo aqlds from allphe}tlc aldehydes athcbo
G 24 0 - B-hydroxy-a-L-amino acid from aromatic aldehydes, while DTA
gave threo-S-hydroxy-a-p-amino acids as main kinetically
F  3or24 TR - controlled products. The stereoselective synthesis of some
13 p-CH;-Ph G 3 17 47:53 valuable -hydroxy-a-amino acids with high yield and high
G 24 25 43:57 diastereoselectivity has been achieved. In addition, a chemoen-
zymatic procedure with the tandem use of DTA and acid
F 3or24 TR - phosphatase has been developed for the synthesisali-
14 2Im G 3 34 35:45 threonine from the 1:1 mixture of diastereomeric products. It
G 24 60 61:39 appears that this simple enzymatic approach to the synthesis of
Eo3 ) o-aminof-hydroxy acids (albeit in certain cases the selectivity
or 24 TR R L . . .
5 @EmNO)Ph G 3 42 76 24 at theS-carbon is relatively low) may find use in the combi-
G 24 49 65:35 natorial (or rational) synthesis of various antibiotics analogues
and enzyme inhibitors for new drug discovery.
16 ° H 16 73 70:30
CHH—O Experimental Section
CH;

General. All chemicals were purchased from commercial sources
17 O/Y H 16 84 88:12 as reagent grades. Histidine-tag protein affinity chromatography was
CHsA—O performed on a HisTrap (Pharmacia biotech). lon-exchange chroma-

(15) Scaollar, M. P,; Sigal, G.; Klibanov, A. MBiotechnol. Bioengl985
. . . - . 27, 247.
2 Condition F: The reaction mixture containing 100 mM glycine, (16) Neuhaus, F. C.; Korkers, 8iochem. Prep1958 6, 75.

100 mM aldehyde, 10 mM DTT, 0.05 mM PLP, 10 mM MgCand (17) (a) Pons, D.; Savignac, M.; Genet, J.JRtrahedron Lett199Q
10 U of DTA in 1 mL of HO (ph 7.5) was incubated at 3C. 31, 5023. (b) Keil, O.; Schneider, M. P.; Rasor, J. Fetrahedron:
Condition G: The same as F except the 5 equiv of glycine was applied Asymmetry1995 6, 1257. (c) Genet, J.-P.; Juge, S.; MallartTstrahedron
and the reaction was carried out in 30% DMSO. Condition H: Lett. 1988 29, 6765; Beaulieu, P. LTetrahedron Lett1991 32, 1031;
Preparative scale synthesis (see the Experimental Section for details)Morell, J. L.; Fleckenstein, P.; Gross, E.J.0Org. Chem1977, 42, 355.

CH,
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Table 4. Chemical Shifts and Coupling Constants/bHydroxy-o-amino Acids

Threo Erythro Threo Erythro
H, (ppm) Jop3 (Hz) H, (ppm) Jop (Hz) H, (ppm) Jop (Hz) Hy (ppm) Jop (H2)
OH O OH O
)ﬁ"/u\on 354 49 379 39 OH 391 44 409 38
NH, ON NH,
OH O NO, OH O
/\/KHLOH 364 44 383 35 OH 4.12 40 416 30
NH, NH,
OH O OH O
/\/\)\/U\on 355 48 374 40 HO OH 386 40 401 397
NH, NH,
OH O OH O
OH 358 5.0 378 44 OH 385 44 401 42
NH, H,C NH,
OH O OH O
\h/u\on 380 35 392 31 N OH 406 54 415 30
NH, \_NH NH,
OH O OH O
OH 358 48 377 38 OH 388 47 406 3.7
NH, F NH,
OH O NO,
OH 391 45 407 41
NH,
Scheme 3Phosphatase-Catalyzed Synthesis aflld- Table 5. Kinetically Controlled Preparative Enzymatic Synthesis
Threonine of Chiral 8-Hydroxy-a-amino Acids
NH
OPO3H, Phosphatase OH OPO;H, R . 2 . \‘/N\Hz
CO,H CO,H A CO,H R-CHO + HN™ "COH — COH  or COH
- 2 ; 2 + /\/ 2 OH OH
NH, NH, NH,
45% 43% R Enzyme Reaction Time®  Yield (%) diastereoselectivity (% de)
D-allo-threonine
(CHg)oCH LTA 5h 17 92
Scheme 4 .Structure of 2-Amino-3-hydroxy-4,B-isopro-
pylidenepentanioc Acids Synthesized on a Preparative Scale  BnoCH; LTA 4h 36 88

OH O OH O

BnO(CHy), LTA 3h 10 88
0" OH O OH
o NH, o NH,
(CHg)oCH DTA 3h 49 86

BnOCH, DTA 4h 80 40

/\)\/”\ 3h 45 29
o Y > on owj\on
/5\—6 NH, /lro NH, BrOCH),  DTA 1h a7 58

25min 35 64
3 4
BnOCH, LTA® 16h 78 84
tography was conducted on Dowex-1,-5000 mesh (Sigma), and BnO(CHy)z LTA® 16h 53 6

Dowex 50W-X8, 26-50 mesh (Bio-Rad). UWvisible spectrum was
recorded on a Beckman DU 650. SDS-PAGE was carried out on
Pharmacia Phast Systerti NMR spectra were recorded at 250, 400,
and 500 MHz on Bruker AMX-250, AMX-400, and AMX-500,
respectively. Column chromatography was conducted on silica gel 60
230-240 mesh (Mallinckrodt), and ODS Lichroprep RP-1843
um (EM Science).

Plasmids for LTA and DTA. TheE. coliK12 andX. oryzad AM
1657 DNAs were isolated according to the method described by
Maniatis et ak® PCR amplification was performed in a 1@0-reaction

2 See the Experimental SectidhFrom C. humicola

E. coli and B-ATATTGGATTCCCAGGAAGTCATACGC and 5
" GCTTTAGATCTTTAGCGCGAAAAGCCGCGCGC foiX. oryzag,

200 uM of dNTPs, 5uL of DMSO, 50 mM KCI, 10 mM Tris-HCI

(pH 8.3), 2 mM MgC}, 0.01% gelatin, 0.1% Triton X-100, dr? U of
Thermus aquaticuBNA polymerase (Stratagene Co.). The reaction
mixture was overlaid with mineral oil and subjected to 36 cycles of
mixture containing JL (L5 mg) of DNA template, 200 nmol of the amplifications. The cycle conditions were set as follows: denaturation

corresponding primers (BTATTGGATCCTTAAAGCGTAAAT- at 94°C for 1 min, annealing at 60C for 1.5 min, and elongation at

72 °C for 1.5 min. The PCR products were purified by phenol
GAAC and 5-GCTTTGAATTCTTATGCGT. CCGGGTAACG for extraction. The DNA inserts obtained from PCR amplification were

(18) Maniatis, T.; Fritsh, E. F.; Sanbrook, Molecular Cloning: A purified on 0.8% agarose gel. These DNA bands corresponding to 1.2
Laboratory Manual Cold Spring Harbor: Plainview, NY, 1989. kb were cut and purified with QIAEX gel extraction kit (Qiagen Co.)




Enzymatic Synthesis gfHydroxy-e-amino Acids

Table 6. Hydrolysis of O-phosphothreonines by Phosphatase

OPOG;‘;zH Phosphatase j;o/a:égH . ™ CO,H
NHz NH, NH2
hydrolysis (%) after 24 h
acid alkaline
phosphatase  phosphatage
O-phospho:-threonine 19.0 6.2
O-phosphoc-allo-threonine 15 1.6
O-phosphoe-threonine 15 8.0
O-phosphoe-allo-threonine 14.3 0.3

20.1 U of acid phosphatase in 100 mM citrate buffer (pH 5.6) at 37
°C for 22 h.?0.1 U of alkaline phosphatase in 1 mM ZnCl mM
MgCl,, and 100 mM glycine buffer (pH 10.4) at 3T for 22 h.

and eluted with TE buffer (10 mM Tris-HCI and 1 mM EDTA, pH
7.5). The LTA-DNA and DTA-DNA were twice digested with BamH

| and EcoR | (for theE. coli gene), and with BamH | and Bgl Il (for
the X. oryzaegene) (Boehringer Mannheim Biochemical Co.) for 2 h
at 37°C, respectively. The digested DNAs were then recovered by
phenol extraction and ethanol precipitation (70% of final ethanol
concentration containing 10% 8 N NaOAc, pH 5.2) and purified by

J. Am. Chem. Soc., Vol. 119, No. 49, 19017741

AD, 100 mM KCI, 10 mM DTT, 0.05 mM PLP, and 100 mM Tris
buffer (pH 8.5) were added the enzyme solution and additives. The
reaction was initiated by the addition of substrate (threoninallor
threonine). The initial velocity was estimated during the first 5 min.
The background was calculated by measuring thg,e the reaction
mixture before adding the substrate. One unit of the enzyme activity
is defined as the amount of enzyme required to produgendl of
NADH per minute. Unless otherwise indicated, the assay for LTA
and DTA was performed in 30% DMSO at 3C and with 10 mM
MgCl, at 37°C.

For kinetic studies, initial velocities were measured at various
concentrations of threonine atlo-threonine (0.1253 mM). In the
case of LTA, 0.06 U of LTA were added to the reaction mixture
containing 1 mM NAD 1 U of AD, 100 mMKCI, 10 mM DTT, and
0.05 mM PLP in 100 mM Tris buffer containing 30% DMSO (pH 8.5).
After preincubation of the mixture at 5UC for 5 min, the reaction
was initiated by adding kmol of substrate L(-threonine or.-allo-
threonine) and monitored by measuring theg@t 50°C for 5 min.

In the case of DTA, 0.04 U of DTA was added to the reaction mixture
containing 1 mM NAD 1 U of AD, 100 mMKCI, 10 mM DTT, 0.05
mM PLP, and 10 mM MgGlin 100 mM Tris buffer (pH 8.5). After
preincubation of the mixture at 37C for 5 min, the reaction was
initiated by adding tmol of substrate{-threonine op-allo-threonine)
and monitored by measuring the @pat 37 °C for 5 min. The

agarose (0.8%) gel electrophoresis as described above. These DNAgiccumulated data were fitted into Lineweav&urk plot to calculate
were used as inserts. The vectors (pRSETA, Invitrogen Co.) were alsothe Ky values. Specific activities were calculated by dividing the

digested and recovered with ethanol precipitation after phenol extraction.

enzyme activity by the protein concentration which was determined

The restriction-enzyme digested vectors were further purified on agaroseby the Protein-Assay kit (Pharmacia Biotec).

gel (0.8%) as described above. The insert was then ligated with the

corresponding vector with T4 DNA ligase. The expression plasmids
constructed in this way were then transformed into BL 21 strain
(Stratagen Co.) for LTA andE. coli Sure strain (Stratagen Co.) for
DTA and plated on LB agar plates containing 280mL~* ampiciline.

A part of the grown colony was picked and dissolved with:&00f
colony lysing solution (20 mM Tris-HCI, 1% Triton, 2 mM EDTA,
pH 8.5). The solution was heated at 95 for 5 min. By using IuL

Enzyme Assay for the Aldol Reaction. The LTA- and DTA-
catalyzed aldol condensation of glycine and the aldehyde acceptor to
provide the produgt-hydroxy-o-amino acid was monitored by NMR.

A reaction mixture containgp 1 U of enzyme, 100 mM glycine, 100
mM aldehyde, 0.05 mM PLP, 10 mM DTT, and optional additives in
1 mL of H,O was adjusted to pH 7.5 with 0.1 N NaOH. After the
reaction mixture was incubated at 3T for a period of time, the
reaction mixture was directly applied to Dowex-1 (OFbrm; 3 mL)

of the resultant solution as the template, PCR amplification was carried and washed with 50 mL of water. Elution with 20% acetic acid in
out as described above. After analysis of 0.8% agarose gel to confirm H,O gave the aldol product and unreacted glycine. The yield was
the presence of the gene insert, the positive colony was selected. Forcalculated by measuring the ratio of the remaining glycine and the

LTA, the selected colony was directly used for protein expression. For
DTA, the plasmids were isolated from the selected colony using the
QIlAprep-spin Plasmid Kit (Qiagen Inc.), transformed irffo coli

product, and the ratio of thiareo to erythro product was determined
by integration of the correspondingproton intensities of the product.
Unless otherwise indicated, LTA- and DTA-catalyzed reactions were

AD494 (DES3; Stratagen Co.), and plated on LB agar plates containing performed in 30% DMSO at 37C or with 10 mM MgC} at 37°C,

250 ug mL~* ampiciline. One colony, which was reconfirmed to be

respectively.

positive by PCR and 0.8% agarose gel analysis, was randomly selected Enzyme Stability Study. LTA and DTA were incubated at room

and used for protein expression.

Preparation of LTA and DTA. To express the desired proteins,
the positive clone was grown in 100 mL of LB medium containing
250ug mL™* ampiciline at 37°C with shaking (220 rpm). After the
cell growth reached a point where the turbidity was about 0.5 as
measured by the absorbance at 600 nm¢fgP20 mL of this culture
was transferred to fresh LB medium (1 L) containing 269 mL™?*
ampiciline and incubated with shaking until @@= 0.4—0.5, then 50
uL of 0.5 M IPTG was added to induce the expression of the target
protein. The cultures were shakerr & h atroom temperature for
LTA and at 30°C for DTA. The cells were harvested by centrifugation
(1000@, 30 min, 4°C). The cell pellets were suspended in Tris buffer
(20 mM, pH 8.0) containing 10 mM dithiothreitol (DTT) and disrupted
by a French pressure cell at 16 000 I¥/iThe cell debris were removed
by centrifugation at 230@Pfor 30 min, and the supernatant (cell-free
extraction) was used for enzymatic synthesis without further purifica-
tion. For kinetic studies, the enzymes were purified on prepacked
histidine-tag affinity chromatograph (HisTrap) according to the manual.
The active fractions, which were eluted with 300 mM imidazole, were
pooled and dialyzechi4 L of 20 mM Tris buffer (pH 8.0) containing
10 mM DTT and stored at-78 °C.

Enzyme Assay for Retro-Aldol Reaction and Kinetics. The LTA-
and DTA-catalyzed retro-aldol reaction of threonineatio-threonine

temperature or 4C in a 20 mM Tris buffer (pH 8.0) containing 10
mM DTT. At different period of time, 1Q:L aliquots were removed
and assayed for the remaining activity as described above.

pH Dependency. For the retro-aldol reactions, both enzymes were
assayed in a 500 mM Tris-maleic acid buffer from pH 5.5 to pH 8.5 as
described above. For LTA-catalyzed aldol reactions, the reaction
mixture containig 1 U of LTA, 100 mM glycine, 100 mM acetalde-
hyde, 0.05 mM PLP, and 10 mM DTT in 50 mM phosphate buffer
with 30% DMSO from pH 5.5 to pH 8.5 was incubated at°&7for 5
h. For DTA-catalyzed aldol reactions, the reaction mixture containing
1 U of DTA, 100 mM glycine, 100 mM acetaldehyde, 0.05 mM PLP,
10 mM DTT, and 10 mM MgGlin 100 mM citric acid buffer from
pH 5.5 to pH 6.5 and in 100 mM Tris buffer from pH 7.0 to pH 8.5
was incubated at 37C for 5 h.

Hydrolysis of O-Phosphothreonines. Four isomers ofO-phos-
phothreonines @-phospho:-threonine, O-phosphoe-allo-threonine,
O-phosphoe-threonine, andD-phosphoe-allo-threonine) were indi-
vidually prepared according the method of Neuhaus & dlhe 1-mL
solution containing xmol of O-phosphothreonine and 0.1 U of wheat
germ acid phosphatase in 100 mM citric acid (pH 5.6), emiol of
O-phosphothreonine and 0.1 U of calf intestine alkaline phosphatase
in 100 mM glycine, 1 mM ZnGl and 1 mM MgC} (pH 10.4), was
incubated at 37C. After 22 h, 50uL aliquots were withdrawn from

to produce glycine and acetaldehyde was spectrophotometrically the reaction mixture and assayed for inorganic phosphate according to

monitored by the increase of NADH absorption at 340 mmail cm
light path cuvette using a coupled enzymatic reaction in which

acetaldehyde was oxidized to acetic acid by NAD-aldehyde dehydro-

genase (AD). To the reaction mixture containing 1 mM NADU of

the method of Lanzetta et &.

(19) Lanzetta, P. A.; Alvarez, L. J.; Reinach, P. S.; Candia, CAral.
Biochem.1979 100, 95.
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General Procedure for the Synthesis oérythro--Hydroxy-L-a-
amino Acid by LTA. To a 50-mL solution 61 M glycine, 10 mM
DTT, and 0.05 mM PLP containing 30% DMSO (pH 7.5) was added
1 mmol of an aldehyde and 100 U of LTA. The reaction mixture was
gently shaken at 37C for a period of time. After the mixture was
boiled at 100°C for 10 min to terminate the reaction, 200 mL of EtOH

Kimura et al.

200 mL of EtOH and the mixture left at4C for 3 h. The precipitate

was collected and washed with 50 mL of EtOH to recover glycine
(87.6%). The filtrate was concentrated and applied to Dowex 1 (OH
form; 50 mL). After washing with 200 mL of kD, the product
containing glycine was eluted with 20% acetic acid. The fraction was
collected and evaporated in vacuo. The residue was suspended with

was added to the reaction mixture and the mixture was incubated at 4toluene and evaporated in vacuo. This procedure was repeated three
°C for 10 h. The precipitate was collected and washed with 50 mL of times to remove kD. To the residue containing a 7:1:1 mixture of

EtOH to recover glycine (9582%). The filtrate was concentrated in
vacuo and applied to Dowex-1 (OHorm, 50 mL). After being washed
with 200 mL of HO, the product containing glycine was eluted with

glycine, p-threonine, and-allo-threonine (based on NMR analysis)
(185 mg) was added chlorophosphoric aidind the mixture was
heated at 60C for 2 h. To the solution was added 0.5 mL ofH

20% acetic acid. The collected fractions were concentrated in vacuo, and 1.5 mL of 1 N HCI, and the mixture was heated at 10Gor 15

and the residue was purified on ODS,(® to give the desired product.

(2S,3R)-3-Hydroxyleucine: 17% vyield, 92% de before crystalliza-
tion; *H NMR (D20, 500 MHz)é 0.93 (3 H, dJ = 6.5 Hz, CH;), 0.94
(3 H,d,J=6.5 Hz, CH), 1.90 (1 H, dsepJ = 9.1 and 6.5 Hz,
CH(CHs)2), 3.49 (1 H, ddJ = 9.1 and 3.1 Hz$-H), 3.87 (1 H, d,J
= 3.1 Hz,0-H).

(2S,3R)-2-Amino-4-(benzyloxy)-3-hydroxybutyric Acid (y-Ben-
zyloxy-L-allo-threonine): 36% yield, 88% de before crystallization;
H NMR (CDsOD/D,0 = 65/35, 500 MHz)6 3.70 (2 H, d,J = 4.0
Hz, CH,0BN), 3.84 (1 H, d,J = 4.3 Hz,a-H), 4.26 (1 H, ddJ = 4.3
and 4.0 Hz8-H), 4.55 (2 H, s, @H,Ph), 7.29-7.38 (5 H, m, Ph).

(2S,3R)-2-Amino-5-(benzyloxy)-3-hydroxypentanoic Acid -Ben-
zyloxymethyl-L-allo-threonine): 10% vyield, 88% de before crystal-
lization; *H NMR (D;0, 400 MHz)6 1.74-1.89 (2 H, m,CH,CH,-
OBn), 3.68-3.73 (2 H, m, CHCH,OBn), 3.81 (1 H, dJ = 3.7 Hz,
o-H), 4.26 (1 H, dtJ=9.5 and 3.7 Hz3-H), 455 (1 H,dJ=11.4
Hz, CH,0OBn), 4.58 (1 H, dJ = 11.4 Hz,CH,OBn), 7.377.46 (5 H,
m, Ph).

Crystallization of the above three products from EtoHL,O gave
diastereomerically pure products (based on the NMR signattdj in
~62—65% yield.

General Procedure for the Synthesis othreo--Hydroxy-p-o-
amino Acid by DTA. To a 50-mL solution 61 M glycine, 10 mM
DTT, 0.05 mM PLP, and 10 mM Mggliin H,O (pH 7.5) was added
1 mmol of an aldehyde and 10 U of DTA. The reaction mixture was
gently shaken at 37C for a period of time. After the reaction mixture
was boiled at 100C for 10 min to terminate the reaction, 200 mL of
EtOH was added and the mixture left at@ for 10 h. The precipitate
was collected and washed with 50 mL of EtOH to recover glycine-(95
89%). The filtrate was purified on ODS {B) to give the desired
product.

(2R,3R)-3-Hydroxyleucine: 49% yield, 86% de before crystalliza-
tion; *H NMR (D20, 500 MHz)¢ 0.89 (3 H, dJ= 6.8 Hz, CH;), 0.94
(3 H,d,J=6.8Hz, CH), 1.69 (1 H, octJ = 6.8 Hz, (H(CHa)y),
3.65 (1 H, dd,J = 6.8 and 3.5 Hzp-H), 3.66 (1 H, d,J = 3.5 Hz,
o-H).

(2R,3R)-2-Amino-4-(benzyloxy)-3-hydroxybutyric Acid (y-Ben-
zyloxy-p-threonine): 80% yield, 40.0% de before crystallizatiot
NMR (D20, 500 MHz)d 3.65-3.70 (2 H, m,CH,OBn), 3.70 (1 H, d,
J=3.6 Hz,a-H), 4.26 (1 H, dddJ) = 8.9, 4.4, and 3.6 HZ}-H), 4.65
(2 H, s, @CH,Ph), 7.34-45 (5 H, m, Ph).

(2R,3R)-2-Amino-5-(benzyloxy)-3-hydroxypentanoic Acid §-
Benzyloxymethyl-o-threonine): 35% yield, 64% de!H NMR (D20,
400 MHz) 6 1.77-1.85 (1 H, m,CH,CH,0OBn), 1.92-2.01 (1 H, m,
CH.CH;0Bn), 3.62 (1 H, dJ = 4.5 Hz,a-H), 3.68-3.73 (2 H, m,
CH,CH,0Bn), 4.23 (1 H, dtJ = 9.6 and 4.5 Hzp-H), 4.57 (2 H, t,
J = 11.6 Hz,CH,OBn), 7.38-7.46 (5 H, m, Ph).

Crystallization of the above three products from Etoh,O gave
diastereomerically pure products (ir60—65% yield), based on the
NMR signal ofa-H.

p-allo-Threonine. To a 50 mM solution 61 M glycine, 10 mM
DTT, 0.05 mM PLP, and 10 mM Mggin H,O (pH 7.5) were added

min. The mixture was then directly applied to Dowex 1 (OH-form;
50 mL) and washed wit1 L of H;O. Glycine and unreacted threonine
were eluted with 0.5 M formic acid, and the crude phosphorylated
products were eluted with 0-71.0 M formic acid. The fractions were
collected and evaporated in vacuo to give a 1:1 mixtur@-phospho-
p-threonine andd-phosphoe-allo-threonine (74.9 mg).

O-Phosphop-allo-threonine: *H NMR (500 MHz, D,O) 6 1.43 (3
H, d,J = 6.5 Hz, CH), 4.12 (1 H, brs,a-H), 4.81-4.88 (1 H, m,
p-H).

O-Phosphob-threonine: *H NMR (500 MHz, D,O) 6 1.35 (3 H,
d,J= 6.5 Hz, CH), 4.28 (1 H, brsp-H), 4.71-4.78 (1 H, m 3-H).

Wheat germ acid phosphatase (10 U) was added to a 10-mL solution
of the crude phosphorylated product (45 mg, 0.226 mmol) in 200 mM
citrate buffer (pH 5.6). The reaction mixture was shaken at@for
5 days and then applied to Dowex 50W-X8 f(Horm; 50 mL).
UnreactedD-phosphoe-threonine was recovered by washing witfCH
(11.6 mg, 43%), ana-allo-threonine was eluted wit3 N NH,OH.
The desired fraction was evaporated in vacuo and recrystallized with
H,O—MeOH to give purep-allo-threonine (12.1 mg, 45%), which had
anH NMR spectrum identical to that of the authentic sample.

General Procedure for the Synthesis of 4,%-Isopropylidene-
Protected Polyoxamic Acids. To a solution of the enzyme (ap-
proximately 500 U of LTA or 11 000 U of DTAYin 50 mM potassium
phosphate buffer (LTA) or 50 mM Tris (DTA), pH 7.5 (25 mL),
was added 3.8 g (51 mM) of glycine, 10 mg (4M) of PLP, 50 mg
(0.3 mM) of DTT, and 500 mg of MgGi6H,O (for DTA).

To this solution (DTA) was added 1.14 g (8.76 mM) dR){
isopropylideneglyceraldehydé. After sonication for about 10 s, the
mixture became homogeneous and was shakend 33r 16 h. After
precipitation of excess glycine with ethanol (125 mL), filtration, and
evaporation of the solvent, the total crude product was suspended in
water and applied to a reverse phasedtBlumn. Elution with water
gave 1.5 g (84% yield) of the desired prod&tScheme 4) as a
diastereomeric mixture (see Tables 2 and 3).

(2S,3R,49)-2-Amino-3-hydroxy-4,5-O-isopropylidenepentanoic Acid.

To prepare the diastereomeric product, compai(@249 g) (Scheme

4) was recrystallized from EtOHH,0 (2:1 v/v) to give 0.12 g of the
titte compound in a diastereomerically pure form: mp 2@96 °C
(dec) (EtOH-H,0); [a]p = + 18° (¢ 1.17 HO); *H NMR (D0, 400
MHz) 6 4.41 (1H, dddJ = 7.8, 6.5, and 4.7 Hz, C4H), 4.18 (1H, dd,
J=19.0 and 6.5 Hz, C3H), 3.98 (1H, dd= 9.0 and 4.7 Hz, C4H),
3.98 (1H, dd,J = 7.8 and 3.0 Hz, C4H), 3.94 (1H, d,J = 3.0 Hz,
C2H), 1.43 (3H, s, Ch), 1.36 (3H, s, CH); 3C NMR J (D0, 400
MHz) 173.3, 112.7, 77.65, 73.4, 68.7, 59.1, 28.0, 26.3; FAB HRMS
calcd for GH1sNOs 206.1028 (MH), found 206.1035.
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(20) The amount of the enzyme units is increased to obtain a reasonable

1 mmol of acetaldehyde and 10 U of DTA. The reaction mixture was yield because isopropylideneglyceraldehyde is unstable at room temperature

gently shaken at 37C for 21 h. To the reaction mixture was added

(tiz = 24 h). The product is, however, quite stable.



