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Abstract—Dihydroxyacetone phosphate (DHAP)-dependent aldolases have been widely used for organic synthesis. The major
drawback of DHAP-dependent aldolases is their strict donor substrate specificity toward DHAP, which is expensive and unstable.
Here we report the development of an in vivo selection system for the directed evolution of the DHAP-dependent aldolase,
LL-rhamnulose-1-phosphate aldolase (RhaD), to alter its donor substrate specificity from DHAP to dihydroxyacetone (DHA). We
also report preliminary results on mutants that were discovered with this screen. A strain deficient in the LL-rhamnose metabolic
pathway in Escherichia coli (DrhaDAB, DE3) was constructed and used as a selection host strain. Co-expression of LL-rhamnose
isomerase (rhaA) and rhaD in the selection host did not restore its growth on minimal plate supplemented with LL-rhamnose as a
sole carbon source, because of the lack of LL-rhamnulose kinase (RhaB) activity and the inability of WT RhaD aldolase to use
unphosphorylated LL-rhamnulose as a substrate. Use of this selection host and co-expression vector system gives us an in vivo selec-
tion for the desired mutant RhaD which can cleave unphosphorylated LL-rhamnulose and allow the mutant to grow in the minimal
media. An error-prone PCR (ep-PCR) library of rhaD gene on the co-expression vector was constructed and introduced into the
rha-mutant, and survivors were selected in minimal media with LL-rhamnose (MMRha media). An initial round of screening gave
mutants allowing the selection strain to grow on MMRha plates. This in vivo selection system allows rapid screening of mutated
aldolases that can utilize dihydroxyacetone as a donor substrate.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Aldolases have been attractive and widely used catalysts
for organic synthesis due to their ability to catalyze the
formation of new carbon–carbon bonds with high regio-
and stereo-selectivities. Dihydroxyacetone phosphate
(DHAP)-dependent aldolases catalyze aldol condensa-
tion with DHAP as a nucleophilic donor substrate,
and have been used successfully for syntheses of many
interesting unnatural monosaccharides and related com-
pounds.1–6 The unnatural monosaccharide LL-fructose
has many potential applications such as non-caloric
sweetener, inhibition of various glycosidases, or as a use-
ful chiral building block for pharmaceutical intermedi-
ates.7,8 Several chemical9–11 or chemoenzymatic
methods12–14 have been reported for the syntheses of
LL-fructose. Recently, we reported a one-pot synthesis
of LL-fructose from DHA and DLDL-glyceraldehyde using
0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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LL-rhamnulose 1-phosphate aldolase (RhaD) and borate
buffer.15

The major drawback of DHAP-dependent aldolases is
their strict donor substrate specificity toward DHAP.
Wild-type DHAP-dependent aldolases do not accept
DHA as a substrate. The crystal structure of RhaD in
binary complex with a DHAP analogue shows the phos-
phate moiety forms strong hydrogen bonds with four
residues in the active site, which is the major source of
binding affinity between the aldolase and DHAP.16

The requirement for DHAP as a donor substrate limits
practical synthetic application because of the high cost
of DHAP and its instability. However, several chemi-
cal17–19 or chemo-enzymatic20–24 syntheses of DHAP
have been described. In many cases, phosphorylated
substrates or products are unstable and difficult to
manipulate, and the phosphate moiety of the product
usually needs to be removed to obtain the desired prod-
uct. Thus aldolases utilizing dihydroxyacetone (without
phosphate) as the donor substrate are desired, and our
strategy is to alter the donor substrate specificity of
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RhaD by means of directed evolution to be capable of
accepting DHA (Fig. 1).

Directed evolution25 has been successfully employed to
improve the properties of biocatalysts by altering activ-
ity, substrate specificity, enantioselectivity, or enzyme
stability.26–29 Aldolases have also been subjected to
directed evolution to alter their substrate specificity
or enantioselectivity,30 invert the stereoselectivity,31,32 or
improve the stability.33,34 Directed evolution can be di-
vided into two steps. The first is construction of mutated
libraries by error-prone PCR, DNA shuffling, saturation
mutagenesis, or other methods.35 The second step is
screening/selection for the desired mutants. In vitro
screening is a commonly used strategy. However, each
individual mutated enzyme is assayed separately for
the desired activities. Therefore, the number of mutated
enzymes that can be tested may be limited in the absence
of automation systems, or making the process of screen-
ing a very large library is very time consuming. In vivo
selection is an alternative method to allow high through-
put screening for desired enzyme activity.36–40 In the
in vivo selection strategy, the desired enzymatic activi-
ties should be linked to the survival of host strains to
allow an activity-based assay evaluating large library sizes
of up to 107 to 1010. In vivo selection systems for the di-
rected evolution of a pyruvate-dependent aldolase,39

and an acetaldehyde-dependent aldolase,40 have been re-
ported. However there has been no report describing
in vivo selection for DHAP-dependent aldolases.

Here, we report the development of an in vivo selection
system for the directed evolution of RhaD to alter its
donor substrate specificity from DHAP to DHA. Use
of an Escherichia coli deletion mutant of LL-rhamnose
metabolic genes as a selection host gives us an in vivo
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Figure 1. Directed evolution of RhaD to alter its donor substrate specificity
selection for the desired mutated RhaD which can cleave
unphosphorylated LL-rhamnulose, allowing rapid screen-
ing of mutated aldolases utilizing dihydroxyacetone as a
donor substrate.
2. Results and discussion

2.1. Development of in vivo selection system in E. coli

Our strategy for the in vivo selection involved the meta-
bolic engineering of the endogenous E. coli LL-rhamnose
pathway as shown in Fig. 2.41

LL-Rhamnose, which is ac-
tively incorporated into E. coli cells, is first isomerized to
the corresponding ketose, LL-rhamnulose, by LL-rhamnose
isomerase (RhaA). Next, LL-rhamnulose is phosphory-
lated by rhamnulose kinase (RhaB) to give the natural
substrate of RhaD, LL-rhamnulose-1-phosphate. RhaD
splits rhamnulose-1-P by a retroaldol reaction into two
three-carbon carbohydrates, DHAP and LL-lactaldehyde,
which are then metabolized through glycolysis or the
TCA cycle. Since the wild type RhaD cannot cleave
LL-rhamnulose, the disruption of the rhamnulose kinase
gene (rhaB-) leads to inability to grow on minimal media
supplemented with LL-rhamnose as a carbon source. Use
of the disruptant as a selection host allowed us to screen
for mutated RhaD which is capable of accepting
unphosphorylated LL-rhamnulose by selecting the survi-
vors in MMRha.

As an initial trial, we disrupted the rhamnulose kinase
gene (rhaB) of E. coli BL21 (DE3) by homologous
recombination, and the resulting disruptant showed sig-
nificantly slower growth on MMRha plate than the wild
type strain. However, background growth of the disrup-
tants on MMRha due to the appearance of revertants,
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Figure 2. Metabolic engineering of E. coli rhamnose pathway for in vivo selection development.
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Figure 4. Co-expression of RhaA and RhaD in E. coli BW25113

(DE3). Lanes 1, MW marker; 2, pETDRhaD; 3, pETDRhaA; 4,

pETDRhaAD; 5, pETDuet (control).

Table 1. Co-expression of RhaA and RhaD in E. coli BW25113 (DE3)

Plasmids RhaD activitya (U/mg) RhaA activityb (U/mg)

pETRhaAD 0.90 14

pETRhaA ND 66

pETRhaD 1.3 ND

pET ND ND
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and a lowered expression level of rhamnose isomerase
probably because of disorder of the rha operon caused
by the gene disruption, made the rhaB-disruptant a less
than ideal selection host, yielding a high rate of false po-
sitive clones. Therefore, we changed the host strain to
E. coli BW25113 which lacks all of the rhaBAD genes,
and RhaA and RhaD were co-expressed on a plasmid.
In order to facilitate the T7 expression system in this
strain, kDE3 lysogene was introduced into BW25113
to afford BW25113 (DE3). E. coli BW25113 (DE3)
was confirmed not to grow on MMRha plate after
1-week incubation. Thus this strain can be used as a selec-
tion host strain without appearance of revertants. Next,
RhaA and RhaD were co-expressed in E. coli harboring
pETDRhaAD (Fig. 3). Both the RhaA and RhaD were
overexpressed in the soluble fraction (Fig. 4 and Table
1), allowing us to utilize commercially available LL-rham-
nose as a sole carbon source. This was desirable because
LL-rhamnulose is not commercially available.

2.2. In vivo selection for mutated RhaD using MMRha
liquid media

An ep-PCR library of rhaD gene was constructed on the
co-expression vector pETDRhaAD and introduced into
the selection strain. E. coli BW25113 (DE3) harboring
the wild type pETDRhaAD cannot grow in the
MMRha media. In contrast, transformants from the
ep-PCR library grew in MMRha media after 3-days
incubation, suggesting that some mutants within the
Figure 3. Co-expression vector of rhaA and rhaD.

ND, Not detected.
a Five millimolar of LL-rhamnulose-1-P as a substrate.
b Fifty millimolar of LL-rhamnose as a substrate.
ep-PCR library allowed the selection host to survive in
MMRha. In order to enrich the fast-growing cells which
may possess the desired RhaD mutants, broth was
seeded into a fresh MMRha media and cultivated again.
The enrichment was performed twice and plasmids were
extracted from each round of enrichment and named as
selected library 1 and 2 (see Section 4). Next, the effec-
tiveness of the selection and enrichment experiments
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Figure 5. Growth of E. coli BW25113 (DE3) harboring the selected

library and the wild type plasmid pETDRhaAD in minimal media

containing LL-rhamnose as a sole carbon source. SL1, selected library 1;

SL2, selected library 2; WT (control), pETDRhaAD.

Table 2. Mutations in the evolved RhaD

Mutants Amino acid substitution (nucleotide substitution)

Mutant 9 C142Y (TGC! TAC), T158S (ACC! AGC)

Mutant 10 C142Y (TGC! TAC), T158S (ACC! AGC),

V10 (GTC!GTG)1

Mutant 10 harbored a silent mutation.1
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was assessed by transformation of fresh selection E. coli
cells with either the non-mutated control DNA or the
selected library DNA. As a result, transformants with
selected library 2 grew first, and transformants with
selected library 1 grew on the next day, while strains har-
boring the non-mutated control plasmid pETDRhaAD
did not grow after one week cultivation (Fig. 5). These
results suggested that the selected library DNA restored
the growth of the rhaBAD disruptant in MMRha media
and the desired mutants could be concentrated through
the enrichment process.

2.3. In vitro assay for LL-rhamnulose aldolase activity

The selected library 2 plasmids were introduced into the
selection host again, and survivors on MMRha plates
were selected. Transformants with the selected library
2 plasmids appeared after 3-days incubation, while
transformants with the control plasmid (pETDuet) did
not grow on the MMRha, even after 7-days incubation,
suggesting that in vivo selection also works on MMRha
plates.

Next, each individual colony was picked, cultivated in
96-well plates containing LB media supplemented with
10 lM IPTG to allow the overexpression of RhaA and
mutated RhaD. LL-Rhamnulose aldolase activity was
evaluated using cell-free extracts as enzyme sources.
Co-expression of RhaA with mutated RhaD allowed
us to use LL-rhamnose as the starting substrate for this as-
say, instead of LL-rhamnulose which is not commercially
available. Formation of LL-rhamnulose from LL-rhamnose
under the assay conditions has been confirmed by the
detection of ketose formation using the cysteine-carba-
zole method42 (see Section 4). In the initial round of
in vitro screening, several colonies showed LL-rhamnulose
aldolase activity. In order to exclude the possibility of
mutations on the genomic DNA of the E. coli host
strain, plasmids were extracted from these colonies,
and the selection host strain was transformed again by
each mutated plasmid. The re-transformants also grew
on the MMRha plate (Fig. 6), confirming that the resto-
ration of growth is derived from their plasmids. The
RhaD genes of these mutated plasmids were sequenced,
showing both plasmids possessed the same two amino
acid substitutions (C142Y, T158S) in the protein se-
quence (Table 2 and Fig. 7). Characterization of these
mutants and further rounds of screening are in progress.
3. Conclusions

In this paper, we report the development of an in vivo
selection system for the directed evolution of a
DHAP-dependent aldolase, RhaD. This cell-survival
based selection enabled us to screen large library of mu-
tated enzymes. Further work on evolution of RhaD is in
progress to develop a DHA-dependent aldolase, and to
understand how we can alter the donor substrate speci-
ficity of aldolases in general. Although, altering the
donor substrate specificity of aldolases is desirable for
the advancement of these enzymes as biocatalysts for
organic synthesis, there has been no report thus far
describing the alteration of donor substrate specificity
of aldolases by directed evolution. The selection strategy
demonstrated here could be applied for directed evolu-
tion of other DHAP-dependent aldolases. Moreover,
we are currently applying this selection host for the di-
rected evolution of another aldolase, DD-fructose-6-phos-
phate aldolase, to invert its stereoselectivity (from
DD-fructose configuration to LL-fructose configuration),
which is another important challenge in the directed
evolution of aldolases.



Figure 7. Mutation sites in the evolved RhaD mapped onto the crystal structure of WT RhaD.16 Phosphate and dihydroxyacetone bound to RhaD

are present in the DHAP binding site. Mutations observed in the evolved RhaD are shown in yellow. Both mutation sites are remote from the DHAP

binding site.
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4. Materials and methods

4.1. Strains and culture media

Escherichia coli BW25113 (rhaDAB-) was obtained from
the E. coli genetic stock center in Yale university. kDE3
lysogene was introduced into this strain using T7 (DE3)
lysogenization kit (Novagen). The E. coli BW25113
(DE3) strain was used as a selection host strain. Rham-
nose minimal media (MMRha) contained 1· M9 salt
(Sigma), 0.5% LL-rhamnose, 0.5 g/l MgSO4-7H2O,
0.01 g/l CaCl2-2H2O, 0.01 g/l FeSO4-7H2O, 0.001 g/l
ZnSO4-7H2O, 0.004 g/l MnCl2-4H2O, 0.005 g/l thia-
mine–HCl, 0.01 g/l Ca DD-pantothenic acid, and 30 lg/l
biotin. For the expression of RhaA and RhaD, 100 lg/l
carbenicillin and 0.01 mM IPTG were added, and
1.5% Bacto agar was used for agar plates. MacConkey
agar plates with LL-rhamnose (40 g/l MacConkey base
(Difco), 10 g/l LL-rhamnose, and 1.5% agar) were used
for the plate-based in vivo selection.

4.2. Construction of co-expression vector pETRhaAD

The rhaA gene was amplified from chromosomal DNA
of E. coli W3110 by PCR with following two primers;
RhaA5Nco, 5 0-ggcgccatggccactcaactggaacagg-3 0, and
RhaA3Hind, 5 0-ccgaagcttttacccgcggcgactcaaaatttc-3 0.
The amplified fragment was cloned into the NcoI and
HindIII site of pETDuet vector (Novagene) to give
pETDRhaA. The rhaD gene was also amplified from
chromosomal DNA of E. coli W3110 by PCR with the
following two primers; RhaD5Nde, 5 0-cgcgcatatgcaaaac
attactcagtcctgg-3 0, and RhaD3Xho, 5 0-cggctcgagttaca
gcgccagcgcactggcgag-3 0. The amplified 650 bp fragment
was cloned into the NdeI and XhoI site of pETDuet vec-
tor to give pETDRhaD, or cloned into the same sites of
pETDRhaA to afford the co-expression vector
pETDRhaAD. E. coli BL21 (DE3) was transformed
by pETDRhaAD, pETDRhaA, pETDRhaD or pETD-
uet, and transformants were cultivated in LB medium
containing 50 lg/ml carbenicillin, 10 lM IPTG at
37 �C for 16 h. The recombinant RhaA and RhaD were
expressed in the soluble fraction, and appeared as major
bands on SDS–PAGE.

4.3. Construction of ep-PCR library

The template DNA fragment of the rhaD gene was
amplified from pETDRhaAD using primers Duet5, 5 0-
agttaagtataagaaggagatatacatatg-3 0, and Duet3, cgcagc
agcggtttctttaccagactcgagtta-3 0. Ep-PCR was performed
using GeneMorph II random mutagenesis kit (Strata-
gene) with primers Duet5 and Duet3, following the
manual. Typically, 300-ng template DNA was used for
50-ll PCR mix to introduce 1–3 mutations per entire
coding region of rhaD gene except for ATG encoding
the first Met. The ep-PCR fragments were ligated into
the NdeI/XhoI site of pETDRhaA and ElectroTen-Blue
Electroporation competent cells (Strategene) were trans-
formed after ethanol precipitation, and transformants
were selected on LB-carbenicillin plates. Approximately
1.2 · 108 colonies were collected from the plates and
cultivated in 500 ml LB-carbenicillin media for 4 h.
Plasmids were extracted from the harvested cells and
used as the ep-PCR library.

4.4. In vivo selection in MMRha media

Electro-competent cells of BW25113 (DE3) were pre-
pared from early exponential culture (OD600 = 0.4).
Cells harvested from 500-ml culture broth were washed
with water (2 times) and 10% glycerol, and suspended in
0.5 ml of 10% glycerol. Fifty microliters of the electro-
cells was transformed by 1 lg of the library plasmid,
and after expression and saline wash, cultivated in
500 ml MMRha media containing 1% LL-rhamnose as a
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sole carbon source at 37 �C with shaking. A total of
1.4 · 106 transformants were added. After 72-h cultiva-
tion, OD600 reached 2.1 and plasmids were extracted
from 100-ml culture, producing selected library 1. In or-
der to enrich the desired mutants, 0.5 ml of the broth
was added into 50 ml (1% seed) fresh MMRha media
containing 0.5% LL-rhamnose and cultivated for 24 h
(OD600 reached 3.0). Again 100 ll of the broth was
added into 50 ml (0.2% seed) fresh MMRha media
and cultivated for 22 h (OD600 reached 5.5). Plasmids
were extracted from the harvested cells, producing se-
lected library 2.

4.5. In vivo selection on MMRha plates

Escherichia coli BW25113 (DE3) was transformed by
1 lg of Selected Library 2 or pETDuet, to give
1.3 · 108 and 1.4 · 108 CFU, respectively, and plated
onto MMRha plates containing 100 lg/l carbenicillin
and 0.01 mM IPTG. After 48-h incubation at 37 �C,
over 104 colonies appeared with the selected library 2,
while no colony was observed with the control plasmid
pETDuet. Colonies were picked from selected library 2
plates onto LB-carbenicillin plates and subjected to the
in vitro assay for rhamnulose aldolase activity.

4.6. Expression and purification of DHA kinase

For an enzyme-coupled assay of DHA, His-tagged
DHA kinase was prepared as follows. The dhaK gene
was amplified from chromosomal DNA of Citrobacter
braakii ATCC 6750 (formerly named as Citrobacter
freundii) by PCR with the following two primers; pET-
DhaK-SNde, 5 0-ggcccatatgtctcaattcttttttaaccaacgc-3 0,
and pETDhaK-ASXho, 5 0-cgcctcgaggcccagctcactctccgc
tagcgctttaaacacc-3 0. The amplified 1.6-kbp fragment
was cloned into NdeI and XhoI site of pET26 vector
(Novagene) to give pETDhaK. E. coli BL21 (DE3)
was transformed by pETDhak, and transformants were
cultivated in LB medium containing 50 lg/ml kanamy-
cin at 37 �C overnight. One milliliter of the broth was
seeded into 100 ml of LB-kanamycin medium and culti-
vated at 30 �C. ITPG (final concentration of 1 mM) was
added when OD600 reached 0.5–0.7 and cultivated for
another 4 h. The recombinant DhaK was expressed in
the soluble fraction, and appeared as a major band on
SDS–PAGE. His-tagged DhaK was purified by Ni2+

affinity column chromatography. Cells were suspended
in Binding buffer (50 mM Hepes–NaOH (pH 8.0),
500 mM NaCl, 20 mM imidazole, and 1 mM b-mercap-
toethanol) and disrupted by sonication. After removing
the debris by centrifuge, the soluble fraction was applied
onto a Ni2+ affinity column, washed with binding buffer,
and His-tagged DhaK was eluted with elution buffer
(binding buffer containing 250 mM imidazole). The
elutant was collected and dialyzed against buffer
containing 10 mM Hepes–NaOH (pH 7.5), 100 mM
NaCl, and 2 mM b-mercaptoethanol.

DhaK activity was determined spectrophotometrically
at 30 �C by monitoring the decrease of NADH absor-
bance at 340 nm under the following conditions.
50 mM Tris–HCl (pH 8.0), 1 mM DHA, 1 mM ATP,
0.25 mM NADH, 1 mM dithiothreitol, 2.5 mM
MgCl2, 6.4 U/ml, a-glycerophosphate dehydrogenase
(Sigma), and 11 U/ml triosephosphate isomerase
(Sigma).

4.7. In vitro screening for LL-rhamnulose aldolase activity
using enzyme-coupled assay

Each colony was inoculated into 1 ml LB media con-
taining 100 lg/ml carbenicillin and 0.01 mM IPTG in
96-well plates, and cultivated for 16 h. Cells were har-
vested by centrifuge and supernatants were discarded
carefully by decantation. Cells were suspended in
400 ll lysis buffer containing 50 mM Tris–HCl (pH
8.0), 50 mM KCl, and 0.5 mg/ml lysozyme. The sus-
pensions were frozen with liquid nitrogen and incu-
bated at room temperature for 20 min followed by
incubation at 37 �C for another 20 min. After sonica-
tion at 4 �C for 20 min and centrifuge, the supernatants
were used as cell-free extract. For the aldolase reaction,
10 ll of cell-free extracts was transferred to 96-well
plates and 90 ll of reaction mixture (50 mM Tris–
HCl (pH 8.0), 100 mM LL-rhamnose, 6.4 U/ml a-glycero-
phosphate dehydrogenase (Sigma), 11 U/ml triosephos-
phate isomerase (Sigma), 0.75 U/ml DhaK, 0.5 mM
NADH, 1 mM ATP, and 5 mM MgCl2, at final
concentrations, respectively) was dispensed. Absor-
bance at 340 nm was determined by plate reader, and
plates were incubated at 37 �C for 3 h. Control reac-
tions were performed without LL-rhamnose, and
LL-rhamnulose aldolase activities were calculated based
on the difference of the absorbance.

4.8. RhaD activity assays

Retroaldol activity for LL-rhamnulose 1-phosphate was
determined spectrophotometrically at 37 �C by monitor-
ing the decrease of an absorbance at 340 nm under the
following conditions. 50 mM Tris–HCl (pH 7.5),
50 mM KCl, LL-rhamnulose 1-phosphate, 0.25 mM
NADH, 6.4 U/ml a-glycerophosphate dehydrogenase
(Sigma), and 11 U/ml triosephosphate isomerase
(Sigma).

4.9. RhaA activity assays

The activity of the isomerase was assayed using LL-rham-
nose as substrate and measuring the formation of
LL-rhamnulose by the cysteine-carbazol method.42 The
reaction mixture contained 50 mM Tris–HCl buffer
(pH 7.5), 0.1 mM MnCl2, 50 mM LL-rhamnose and the
enzyme in a total volume of 100 ll. The mixture was
incubated at 37 �C, and reactions were quenched by
the addition of 10 ll of 10% trichloroacetic acid.
LL-Rhamnulose concentrations were determined by the
cysteine-carbazol method using DD-fructose as a ketose
standard.
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