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Abstract

More and more, aldolases are being recognized as useful catalysts that carry out the reversible addition of a ketone
donor to an aldehyde acceptor in achieving high stereoselectivity. Threonine aldolases catalyze the synthesis of variable
[B-hydroxy-w-amino acids, which are important structural units of various antibiotics and immunosuppressants. However, the
enzymatic properties need to be improved to support a broader application to synthetic chemistry. Although directed-evolution
is a powerful tool forimproving enzymatic properties, the successful outcome depends on the efficiency of screening systems.
We designed and proposed two high-throughput screening schemes for seldbtiegnine aldolase mutants with improved
properties. These schemes utilized the toxicity of aldehyde, which acts as an acceptor in the aldol condensation. In these
schemes, the following occurs: (1) the highethreonine aldolase activity reduces the toxic effect of aldehyde, which leads
to the survival of the corresponding clone (the positive-selection scheme), and (2) theihtheonine aldolase activity
produces more toxic aldehyde, which causes the death of the corresponding clone (the negative-selection scheme). According to
the positive-selection scheme, we successfully selecthobonine aldolase mutants with higher activities than the wild-type,
from a randomly generated LTA library.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction aldol reaction because of the mild reaction conditions,

the high stereoselectivity of the enzymatic reaction,
Aldolases are a group of enzymes responsible for and the minimal use of protective-group chemistry

the reversible-stereoselective C—C bond formation. [5-7].

Aldolases have attracted many researchers’ attention Threonine aldolase is a pyridoxal 5-phosphate-

because they can catalyze the asymmetric C—C bonddependent enzymi8], which catalyzes the cleavage

formation[1-5], which is one of the most-challenging of threonine to glycine and acetaldehyde, as well as

themes in synthetic organic chemistry. Thus, the use the reverse reaction, aldol condensatiGel{eme L

of aldolase is an interesting alternative to the chemical Threonine aldolase stereospecifically catalyzes this
interconversion and accepts a broad range of sub-
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Scheme 1. LTA-catalyzed reaction.
antibiotics and immunosuppressarjgs-16]. In ad- coli. Based on this observation, we designed and

dition, threonine aldolase takes non-phosphorylated proposed high-throughput selection schemes for
compounds as substrates, unlike other aldolases thatscreening aldolase mutants with modified activi-
need phosphorylated substrates. The preparation ofties. For this purpose, we usedthreonine aldolase
phosphorylated compounds is usually laborious, and (LTA) from Pseudomonas aeruginasiTA can re-
most of the synthetically useful products are not move and generate acetaldehyde by aldol conden-
phosphorylated. Therefore, threonine aldolase is re- sation and aldol cleavage, respectively. Therefore,
garded as a potentially useful catalyst in synthetic it is possible that higher LTA activities alleviate the
chemistry. However, the use of enzymes in synthetic toxic effect of acetaldehyde oB. coli cell growth
chemistry has been limited due to their low activity in the presence of high concentrations of acetalde-
towards non-natural substrates and their low stability hyde. This phenomenon can be used for design-
in organic solvents. Furthermore, enzymes have noting a positive-selection scheme to screen mutant
evolved to gain the highest activity even towards nat- clones with higher LTA activities. On the other
ural substrates. For broader applications of threonine hand, clones with higher LTA activities can generate
aldolase in synthetic chemistry, we need to improve more acetaldehyde in the presenceiethreonine,
the enzyme properties, mainly the enzyme activity, and thereby increase the toxic effect of acetalde-
the altered substrate specificity, and the high stability hyde. Likewise, this phenomenon can be used for
in organic solvents. Recently, the directed-evolution designing a negative-selection scheme to screen
approach has proved to be a powerful tool for mod- clones that show growth defects in the presence of
ifying natural enzymes regardless of structural in- r-threonine due to their higher LTA activities. Here,
formation or the detailed information about their we show that the two selection methods are possible.
catalytic mechanism[17-20] Directed-evolution In addition, and according to the positive-selection
is an iterative process of random mutagenesis andscheme, we have successfully selected clones with
screening/selection to accumulate beneficial muta- higher LTA activities from a randomly generated LTA
tions until a desired property is attainftl—23] The library.
successful outcome of directed-evolution is largely
dependent on the efficiency of screening methods. A
coupled-enzyme assay has been used as a screening- Experimental
method for KDPG aldolase mutants with modified
activities through directed-evolutiof24,25] How- 2.1. Plasmids and bacterial strains
ever, the coupled-enzyme assay requires expensive
NADH, and it is laborious because each clone should Plasmid, pSS6-1 was used as a vector for cloning,
be tested separately. Furthermore, NADH could be sequencing, and the library constructif6]. Plas-
consumed by contaminated enzymes when unpurified mid, pET-22b, purchased from Novagen, was used for
aldolases such as cell extracts are used. If this wereexpression. For the construction and propagation of
to happen, the specified activities of screening clones plasmids, the bacterial host w&s coli IM109 [28].
could be misjudged. For protein-purification using the pET expression vec-
In this study, we observed that high concentra- tor system, we use#. coli BL21(DE3)[29]. E. coli
tions of aldehyde, which acts as an acceptor in the TOP10, purchased from Invitrogen, was used as the
aldol condensation reaction, are toxicEscherichia host for the construction of random library.
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2.2. Materials, enzymes, and chemicals ACCAG-3) flanking the gene with restriction sites
Ndd and Xhd, respectively (underlined). The am-
Genomic DNA of P. aeruginosa(ATCC 47085) plified fragments were purified from agarose gel and
was purchased from American Type Culture Col- then digested witiNdd andXhd. The resulting frag-
lection. Pwo DNA polymerase was purchased from ments were cloned into thedd-Xhd sites of pET-
Roche.Tag polymerase, T4 DNA ligase, and all re- 22b.
striction enzymes were purchased from Promega.

Ni-NTA agarose resin for His-tagged protein purifica- 2 4. Determination of relative colony appearance
tion was purchased from QIAGEN. The yeast alcohol

dehydrogenase and all other chemical reagents were We examined the effects of the overexpression

purchased from Sigma. of LTA on bacterial growth in the presence of
L-threonine. To accomplish this, we did the follow-
ing: (1) we transformed JM109 cells with plasmid
pSS6-LTA and (2) we plated them on M9 minimal agar
plates containing 0.2% glucose, 0.28threonine,
50pg/ml of ampicillin, and variable concentrations
of IPTG. Then, we incubated the plates at°87for
30h. We calculated the relative colony appearance
(RCA) as a ratio of the number of colonies appear-
ing on a selective plate to the number of colonies on
the control M9 minimal agar plate containing 0.2%
glucose and ampicillin (5Qg/ml). We assessed the
toxicity of acetaldehyde by plating JIM109 cells trans-
formed with pSS6-LTA on LB agar plates containing
50.g/ml of ampicillin along with variable concentra-
tions of acetaldehyde. The RCA was calculated using
the same LB plate without acetaldehyde as a con-
trol plate. We also assessed the removal of the toxic
acetaldehyde by the overexpressed LTA in the fol-
lowing way: we plated JM109 cells transformed with
pSS6-LTA on LB agar plates containing ampicillin
(50wg/ml), 16 mM acetaldehyde, along with variable
concentrations of IPTG. The RCA was calculated us-
ing the same LB agar plate without acetaldehyde as a
control plate.

2.3. Plasmid construction

A 1038 bp LTA-coding sequeng27] was amplified
from genomic DNA ofP. aeruginosaby a standard
polymerase chain reaction (PCR) with primers LTA-F
(5-TAGAATTCATGACCGATCACACCCAACAG-
TTC-3) and LTA-R (B-TAGGATCCTCAGGCGCC-
CATCACCAGGCG-3) flanking the gene with
restriction site€EcaRl and BanHI, respectively (un-
derlined). PCR amplification was performed using
Pwo polymerase, a high fidelity proofreading poly-
merase. The amplified fragment was purified from
agarose gel, digested wittcaRl andBanHI and in-
serted into the&ecoRI-BanH]I site of the pSS6-1 vec-
tor, yielding the plasmid pSS6-LTA. The LTA-coding
sequence in pSS6-LTA was used as a template in
error-prone PCR to generate random mutations.

Random mutagenesis was carried out using
error-prone PCR with primers LTA-F and LTA{RA4].
The reaction conditions were: 20 ng template/10 mM
Tris-HCI, pH 8.3/50mM KCI/1.5mM MgGl/0.5pl
DMSO0/0.2 mM MnC}/0.2 mM dNTP/5 UTaq poly-
merase/40 pmol of each of the primers, in a total
volume of 10Qul. The mixture was thermocycled for
30 rounds at 94C, 1 min; 55°C, 1 min; 72°C, 1 min,
and then one round at 7Z for 7min. The mutated  2.5. Selection of improved LTA activities
fragments were purified from agarose gel and then

digested withEcaRl andBanHI. The resulting frag- We screened the mutant library by plating JM109
ment was cloned into pSS6-1 and transformed Eito  cells transformed with the plasmid library on LB agar
coli TOP10. plates containing ampicillin (5@g/ml), 20 mM ac-

For protein purification, the LTA-coding sequence etaldehyde, and 0.5mM IPTG. Plasmid DNA from
in vector pSS6-1 was moved to pET22b. For this pur- the survived clones was prepared and reintroduced
pose, the coding sequence was amplified by PCR, us-into JM109 cells. We rescreened the resulting trans-
ing primers pETLTA-F (5CACAGGAAACAGAA- formed cells on the same selective agar plates to con-
CATATGACCGATCACAC-3) and pETLTA-R (5 firm that the selected clones carried improved LTA
CTGCAGGTCGACGGACTCGAGGCGCCCATC- activities.
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2.6. Purification of recombinant LTA proteins

BL21(DES3) cells were transformed with the pET
expression plasmids, which carried the wild-type or
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20pl of 1M NaOH and then diluted to 1 ml with
100 mM HEPES buffer, pH 8.0, containing 3QM
NADH and 30U yeast alcohol dehydrogenase. The
acetaldehyde concentration was calculated from the

mutant LTA-coding sequence. These pET expression disappearance of NADH measured by the absorbance
plasmids were used to express the hexahistidine-taggediecrease at 340 nm.

(His-tagged) LTA proteins. The cells were grown in
250 ml of LB broth and induced by adding 0.5 mM
IPTG when the absorbance at 600 nm reack€db.
The cells were further grown for 2h before being
harvested. We resuspended the cell pellet with a ly-
sis buffer [50 MM NaHPQOy, pH 8.0, 300 mM NacCl,
10 mM imidazole, 10 mM3-mercaptoethanol, oM
pyridoxal 5-phosphate (PLP)], and then it was dis-

2.8. Aldolase assay far-threonine cleavage

Threonine aldolase activity was measured spec-
trophotometrically at 340nm by a coupled-enzyme
assay with alcohol dehydrogenaf#l]. The assay
mixture contained 100 mM HEPES buffer, pH 8.0,
300uM NADH, 50 wuM PLP, 30U yeast alcohol de-

rupted by sonication. After sonication, the supernatant hydrogenase, 1 mM DTT, and appropriate amounts of

fraction was subjected to Rii-chelating affinity chro-
matography containing Ni-NTA agarose (Qiagen)
equilibrated with the lysis buffer. Unbound proteins
were washed off the column with the lysis buffer
and then with a binding buffer (50 MM NaRO;,

pH 8.0, 300mM NaCl, 20mM imidazole, 10 mM
B-mercaptoethanol, 40M PLP). Bound proteins
were eluted with an elution buffer (50 mM NaPOy,

pH 8.0, 300 mM NacCl, 250 mM imidazole, 10 mM
B-mercaptoethanol, 0M PLP). The recombinant
protein-containing fractions were dialyzed against a
storage buffer (50 mM NayPOy, pH 8.0, 1 mM DTT
and 10uM PLP), followed by concentration with a
Centricon YM-30 (Amicon). The protein concentra-
tion of each purified enzyme was measured by the
Bradford method using a Bio-Rad Protein Assay Kit
[30].

2.7. Aldolase assay for aldol condensation

The aldol condensation activity was determined by

the rate of depletion of acetaldehyde. The acetalde-

hyde concentration was determined by a method
similar to that reported by Fong et §4]. The assay
mixture contained 100 mM HEPES buffer, pH 8.0,
10mM glycine, 10mM acetaldehyde, p®1 PLP,
1mM DTT, and 5ug of enzyme, in a final volume
of 1 ml. The reaction mixture was preincubated at
30°C for 10min. Then, the reaction was initiated
by adding LTA into the assay mixture. Aliquots of
25ul were withdrawn from the reaction mixture at
different time points and quenched with 3Dof 7%
perchloric acid. The samples were neutralized with

the enzyme and-threonine, in a final volume of 1 ml.
We preincubated the mixture at 30 for 10 min.
Then, the reaction was initiated by adding LTA into
the assay mixture and the disappearance of NADH
was monitored for 10 min by the absorbance decrease
at 340 nm. Kinetic parameters were determined from
double reciprocal plots of the initial velocity and the
substrate concentration. One unit (1 U) of the aldolase
activity was defined as the amount of enzyme that
catalyzed the formation of dmol of acetaldehyde
per minute at 30C.

3. Results and discussion
3.1. Overexpression of LTA in E. coli

TheL-threonine aldolase gene was amplified flem
aeruginosagenomic DNA by PCR. The gene contains
an open-reading frame consisting of 1038 nucleotides
corresponding to 346 amino-acid residues. It displays
a 94% sequence similarity with a low specificity LTA
from Pseudomonasp. NCIMB1055831]. The ampli-
fied fragment was cloned into a pSS6-1 vector, yield-
ing pSS6-LTA Fig. 1A). This construct contained the
tac promoter and the Lacl repressor, which control the
protein-expression level. When LTA expression was
induced by 0.5mM IPTG in ak. coli strain JM109
containing pSS6-LTA, most of the induced protein
was soluble Fig. 1B). The induced protein migrated
as a 36kDa protein on a SDS-polyacrylamide gel,
which matches the 38 kDa calculated from the deduced
amino-acid sequence of LTA.
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Fig. 1. Overexpression of the recombinant LTA B coli. (A)

The map of plasmid pSS6-LTA. The LTA expression is under the
control of thetac promoter and théac repressor. (B) SDS-PAGE
analysis of the LTA expressiorkE. coli JM109 cells containing
pSS6-LTA were grown and induced with 0.5 mM IPTG. The cells
were sonicated and then centrifuged to divide into two fractions,
soluble and insoluble fractions. The proteins were fractionated on
a 10% SDS-polyacrylamide gel and stained with Coomassie Blue.
Lane 1, size markers; Lane 2, total proteins of the uninduced cells;
Lane 3, total proteins of the IPTG-induced cells; Lane 4, soluble
fractions of the IPTG-induced cells; Lane 5, insoluble fractions of
the IPTG-induced cells.

——

3.2. Selection scheme

3.2.1. Effects of overexpression of LTA on E. coli
cell growth

To test the effect of LTA activity ork. coliin the
presence ofi-threonine,E. coli JIM109 was trans-
formed with pSS6-LTA and then plated on M9/ampi-
cillin/0.5mM IPTG/0.2% L-threonine/0.2% glucose
agar plates Kig. 2A). We found that the relative
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Fig. 2. The toxic effect of LTA overexpression da. coli cell
growth. (A) E. coli IM109 cells transformed with pSS6-LTA or
the control pSS6-1 plasmid were plated on M9/ampicillin/0.2%
L-threonine/0.2% glucose agar plates containing variable concen-
trations of IPTG. They were incubated at 37 for 30 h, and the
relative colony appearance (RCA) was calculated as a ratio of the
number of cells being plated on the selective plates to that on the
same plate without IPTG. Symbol€Dj pSS6-LTA; @) pSS6-1.

(B) E. coli IM109 cells transformed with pSS6-LTA or pSS6-1
plasmid were plated on M9/ampicillin/0.5 mM IPTG/0.2% glucose
agar plates without-threonine. The RCA was calculated as a ra-
tio of the number of cells being plated on the selective plates to
the number of cells on the same plate without IPTG. Symbols:
(O) pSS6-LTA; @) pSS6-1.

colony appearance (RCA) decreased as the concentra-

tion of IPTG increased. However, the RCA of IM109
cells that were transformed with the control pSS6-1

the same M9 plates withoutthreonine. The addition
of IPTG did not affect the RCA of IM109 cells trans-

plasmid remained unchanged. We also examined theformed with pSS6-LTA Fig. 2B), although the size

RCA of JM109 cells transformed with pSS6-LTA on

of the colonies decreased slightly (data not shown).
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These results suggest that the product(s) generated

from L-threonine by the overexpressed LTA is toxic
to E. coli. It is likely that the toxic product is ac-
etaldehyde since the other LTA product is glycine, an
amino acid.

3.2.2. Proposed scheme for negative selection

The generation of the toxic product frarrthreonine,
by the overexpressed LTA, can be used to screen LTA
mutant derivatives with improved properties from a
randomly generated LTA library. For example, the
growth of cells overexpressing LTA mutants with
higher activities is affected by 0.5 mM IPTG so that
those clones will disappear on M9 media containing
0.2%1-threonine from the mutant library. Therefore,
the negative selection is possible by picking the cor-
responding clones on the replica plates without IPTG
or L-threonine.

3.2.3. Effects of high concentrations of acetaldehyde
on E. coli cell growth

To confirm that high concentrations of acetalde-
hyde are toxic toE. coli, we examined the RCA
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Fig. 3. The effect of acetaldehyde @ coli cell growth. IM109
cells were transformed with pSS6-LTA or pSS6-1 on LB agar plates
containing 5Qug/ml of ampicillin and variable concentrations of
acetaldehyde with or without 0.5mM IPTG. The relative colony
appearance (RCA) was calculated using the same LB plate without
acetaldehyde as a control plate. Symbo(s) SS6-LTA without
IPTG; (@) pSS6-1 without IPTG;Y) pSS6-LTA with IPTG.

tant library, because no cells containing pSS6-LTA

of JM109/pSS6-1 or IJM109/pSS6-LTA cells on survived in the presence of 20 mM acetaldehyde and
LB/ampicillin agar plates containing acetaldehyde. 0.5mM IPTG Fig. 3). This positive-selection scheme
As the concentration of acetaldehyde increased, theis very efficient because the whole library can be

RCA decreasedHFig. 3), indicating that high con-
centrations £16 mM) of acetaldehyde are toxic to
E. coli.

3.2.4. Proposed scheme for positive selection
Since LTA can convert acetaldehydertahreonine
with glycine, overexpression of LTA could lower

the concentration of acetaldehyde. Thus, we tested X

whether overexpression of LTA increased the relative
colony appearance (RCA) or not. IM109/pSS6-LTA
cells were plated on LB/16 mM acetaldehyde agar
plates containing variable concentrations of IPTG
where JM109/pSS6-1 control cells did not grow

(Fig. 4. We found that the RCA increased as the
concentration of IPTG increased, indicating that
overexpression of LTA reduces the toxic effect of

acetaldehyde. About 90% of the cells survived in the
presence of 0.5mM IPTG. This result can offer a
positive screening scheme for LTA mutants having
higher activities. This screening scheme includes the
selection of survival colonies on selection agar plates
containing 20mM acetaldehyde from an LTA mu-

tested in a couple of days.
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Fig. 4. Resistance to acetaldehyde in LTA-overexpressed &ells.
coli IM109 cells containing pSS6-LTA or pSS6-1 were plated on
LB containing 16 mM acetaldehyde and variable concentrations
of IPTG. The relative colony appearance (RCA) was calculated
using the same LB plate without acetaldehyde as a control plate.
Symbols: O) pSS6-LTA; @) pSS6-1.
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3.3. Positive selection from a random LTA-mutant Table 1

library Steady-state kinetic parameters of LTA mutants fethreonine
cleavage

We constructed an LTA-mutant library by cloning LTA  Vmax(Umg™)  Kn (mM) Vmax/Kn:E .
the randomly mutagenized LTA-coding sequence with (Umg =mM~7)
error-prone PCR into pSS6-1. Sequencing 10 clones, Wt 3031 (1.72) 5.55£0.34) 547 £0.16)
which were randomly chosen from the library, re- ;ggi ig'gg; gég ié'gg; ?Zc?) ig'gg;
vealed an error rate of 0.33% (3—4bp of the 1038-bp 53 42.10 £1.05) 633 £0.33)  6.65 £0.27)
LTA coding sequence). This condition causes two or s7 35.62 £-0.05) 6.69 £0.14)  5.32 £0.06)

three amino-acid changes within each LTA mutant. S8 40.18 £2.26) 15.47 £2.84)  2.66 £0.35)

We teSt_efj_ approximately_Z0,000 c_Iones for impm\_/ed The steady-state kinetic parameters of the wild-type and mutant

LTA activities by the positive selection. Cells contain- LTA enzymes forL-threonine cleavage were measured by means

ing the randomly generated LTA mutant library were of a coupled enzyme assay as describecéction 2.8 Kinetic

plated on LB/20 mM acetaldehyde/ampicillin/0.5 mM parameters were determined from Lineweaver-Burk plots. The

PTG lat T | d th ) lecti values of the kinetic parameters are given as the meaSsO()
agar plates. 1en clones appéared on the S_e ECUVEt three different determinations.

plates, and then they were further tested. Plasmid DNA

was prepared from each clone and used for retrans- . o

formation into JM109. When the transformed cells ity- We also determined kinetic parameters of the mu-

were plated on the same selective plates, five clonest@ntenzymes for-threonine cleavage using a standard

showed colony appearance, but the wild-type did not. coupled-enzyme assayable ). Most of the mutant

Sequence analysis confirmed that the five clones had®nzymes had increas&thax values fori-threonine.

two or three amino acid changes within each LTA We tested whether the five clones could be screened

were purified in His-tagged forms and analyzed for did not produce enough acetaldehyde for its toxic

their ability to catalyze the aldol condensation reaction €ffect on cell growth. This suggests that the positive

with glycine and acetaldehyde as substrafég. (5). selection may be the more sensitive screening method

Among the five mutant enzymes, LTA-S2 showed the than the negative selection. However, it is noteworthy

highest specific activity. Compared with the wild-type, 0 mention that our selection methods could generate

LTA-S2 exhibited a 2.1-fold increase in catalytic activ- ' false-positives” because the total cellular enzyme
activity, not the specific enzyme activity, would be

related with the cell growth at high concentrations

250 of acetaldehyd¢32]. For example, clones producing
- more enzymes without the elevated activity may be
£ 200 [ selected although these clones can be excluded by
Py i L comparing their expression to that of wild type.
>
.é
;2: T 4. Conclusions
2 50 o .
For the development of industrially useful biocat-
0 : : : : alysts, several properties of natural enzymes need

wt SI S2 S3 ST S8 to be improved. For example, the activity of natural
enzymes towards both natural and non-natural sub-

Fig. 5. Relative specific activity of LTA mutants for aldol con-  strates, and the stability of natural enzymes at high
densation. Assays for the aldol condensation reaction were carried temperatures and in organic solvents should be in-

out with 10mM acetaldehyde and 10 mM glycine. The relative d. O th directed uti dt
activity represents the specific activity of LTA mutants relative to creased. Lver the years, directed-evolution proved to

that of the wild-type LTA. Data shown are the average of three D€ @ powerful approach for improving the properties
independent determinations. of enzymes. AlthoughL-threonine aldolase is also
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a potentially useful biocatalyst, there is no efficient

screening system. This lack of a screening system

S.-J. Lee et al./Journal of Molecular Catalysis B: Enzymatic 26 (2003) 265-272

[9] J.-Q. Liu, T. Dairi, N. Itoh, M. Kataoka, S. Shimizu, H.
Yamada, J. Mol. Catal. B 10 (2000) 107.

slowed-down the directed-evolution approach toward [19] T- Miura, T. Kajimoto, Chirality 13 (2001) 577.

improving this enzyme.
This paper provides two potential selection meth-
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cell growth. These methods can be used for screening

L-threonine aldolase derivatives with modified prop-

erties. We successfully used the positive-selection

methods to screen the-threonine aldolase mu-
tants that carry higher catalytic activities than the
wild-type. Although we did not practically test, the

negative-selection scheme we designed and proposed
could be used as an alternative or complementary

tool for screeningr-threonine aldolase. These two

selection methods may also be applied to other al-

Appl. Microbiol. Biotechnol. 51 (1999) 586.

[13] T. Kimura, V.P. Vassilev, G.-J. Shen, C.-H. Wong, J. Am.
Chem. Soc. 119 (1997) 11734.

[14] K. Shibata, K. Shingu, V.P. Vassilev, K. Nishide, T. Fuijita,
M. Node, T. Kajimoto, C.-H. Wong, Tetrahedron Lett. 37
(1996) 2791.

[15] V.P. Vassilev, T. Uchiyama, T. Kajimoto, C.-H. Wong,

Tetrahedron Lett. 36 (1995) 4081.

[16] V.P. Vassilev, T. Uchiyama, T. Kajimoto, C.-H. Wong,
Tetrahedron Lett. 36 (1995) 5063.

[17] H. Zhao, K. Chockalingam, Z. Chen, Curr. Opin. Biotechnol.
13 (2002) 104.

dolases, which utilize toxic aldehydes as substrates, [18] F.H. Arnold, Nature 409 (2001) 253.

for a directed-evolution approach.

Acknowledgements

This article is dedicated to Professor Joon Shick
Rhee at KAIST on the occasion of his 65th birthday.
This work was supported by the Center for Molecu-
lar Design and Synthesis at KAIST and by the 21C
Frontier Microbial Genomics and Application Cen-
ter Program, Ministry of Sciences and Technology
(MG02-0201-003).

References

[1] K.M. Koeller, C.-H. Wong, Nature 409 (2001) 232.

[2] T.D. Machajewski, C.-H. Wong, Angew. Chem. Int. Ed. Engl.
39 (2000) 1352.

[3] S. Takayama, G.J. McGarvey, C.-H. Wong, Chem. Soc. Rev.
26 (1997) 407.

[4] C.-H. Wong, R.L. Halcomb, Y. Ichikawa, T. Kajimoto, Angew.
Chem. Int. Ed. Engl. 34 (1995) 412.

[5] K. Faber, Biotransformations in Organic Chemistry: A
Textbook, third ed., Springer, Berlin, 1997.

[6] H.J.M. Gijsen, L. Qiao, W. Fitz, C.-H. Wong, Chem. Rev.
96 (1996) 443.

[7] G.C. Look, C.H. Fotsch, C.-H. Wong, Acc. Chem. Res. 26
(1993) 182.

[8] R. Contestabile, A. Paiardini, S. Pascarella, M.L. Di Salvo,
S. D’'Aguanno, F. Bossa, Eur. J. Biochem. 268 (2001) 6508.

[19] R.R. Chirumamilla, R. Muralidhar, R. Marchant, P. Nigam,
Mol. Cell. Biochem. 224 (2001) 159.

[20] K.A. Powell, S.W. Ramer, S.B. Del Cardayre, W.P.C.
Stemmer, M.B. Tobin, P.F. Longchamp, G.W. Huisman,
Angew. Chem. Int. Ed. Engl. 40 (2001) 3948.

[21] I.P. Petrounia, F.H. Arnold, Curr. Opin. Biotechnol. 16 (2000)
325.

[22] F.H. Arnold, Acc. Chem. Res. 31 (1998) 125.

[23] O. Kuchner, F.H. Arnold, Trends Biotechnol.
523.

[24] S. Fong, T.D. Machajewski, C.C. Mak, C.-H. Wong, Chem.

Biol. 7 (2000) 873.

N. Wymer, L.V. Buchanan, D. Henderson, N. Mehta,

C.H. Botting, L. Pocivavsek, C.A. Fierke, E.J. Toone, J.H.

Naismith, Structure 9 (2001) 1.

[26] B.H. Park, Y.N. Choi, J.W. Park, S. Sim, M.C. Gil, S. Kim,
M. Kim, Y. Lee, Mol. Cells 8 (1998) 96.

[27] C.K. Stover, X.Q. Pham, A.L. Erwin, S.D. Mizoguchi, P.
Warrener, M.J. Hickey, F.S.L. Brinkman, W.O. Hufnagle, D.J.
Kowalik, M. Lagrou, R.L. Garber, L. Goltry, E. Tolentino, S.
Westbrock-Wadman, Y. Yuan, L.L. Brody, S.N. Coulter, K.R.
Folger, A. Kas, K. Larbig, R. Lim, K. Smith, D. Spencer,
G.K.-S. Wong, Z. Wu, L.T. Paulsen, J. Reizer, M.H. Saier,
R.E.W. Hancock, S. Lory, M.V. Olson, Nature 406 (2000)
959.

[28] C. Yanisch-Perron, J. Vieira, J. Messing, Gene 33 (1985)
103.

[29] F.W. Studier, A.H. Rosenberg, J.J. Dunn, J.W. Dubendorff,
Methods Enzymol. 185 (1990) 60.

[30] M. Bradford, Anal. Biochem. 64 (1976) 509.

[31] J.-Q. Liu, S. Ito, T. Dairi, N. Itoh, M. Kataoka, S. Shimizu,
H. Yamada, Appl. Environ. Microbiol. 64 (1998) 549.

[32] S.V. Taylor, P. Kast, D. Hilvert, Angew. Chem. Int. Ed. 40
(2001) 3311.

15 (1997)

[25]



	High-throughput screening methods for selecting l-threonine aldolases with improved activity
	Introduction
	Experimental
	Plasmids and bacterial strains
	Materials, enzymes, and chemicals
	Plasmid construction
	Determination of relative colony appearance
	Selection of improved LTA activities
	Purification of recombinant LTA proteins
	Aldolase assay for aldol condensation
	Aldolase assay for l-threonine cleavage

	Results and discussion
	Overexpression of LTA in E. coli
	Selection scheme
	Effects of overexpression of LTA on E. coli cell growth
	Proposed scheme for negative selection
	Effects of high concentrations of acetaldehyde on E. coli cell growth
	Proposed scheme for positive selection

	Positive selection from a random LTA-mutant library

	Conclusions
	Acknowledgements
	References


