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Abstract—Three DHAP-dependent aldolases, rhamnulose-1-phosphate aldolase (Rham-1PA), fuculose-1-phosphate aldolase
(Fuc-1PA) and tagatose-1,6-diphosphate aldolase (TDPA) have been cloned and overexpressed in Escherichia coli using two
different expression vectors: pTrcHis for the expression of Rham-1PA and Fuc-1PA and pRSET for the expression of TDPA. In
each case the recombinant enzyme is synthesized as a fusion protein with a hexahistidine tag on the N-terminus. The three
enzymes have been purified in only one step by chelation affinity chromatography. The effects of cultivation temperature and
concentration of inducer have been studied in order to optimize the expression of the recombinant proteins and to avoid the
formation of inclusion bodies.

Introduction aldolase (FDPA) use dihydroxyacetone phosphate
(DHAP) as donor substrate.!! FDPA and TDPA use D-
Rhamnulose-1-phosphate aldolase (Rham-1PA) from  glyceraldehyde-3-phosphate (D-G3P) as an acceptor
Escherichia coli is involved in the metabolism of L-  substrate to give respectively  D-fructose-1,6-
rhamnose? and the gene is located in the L-rhamnose  diphosphate and D-tagatose-1,6-diphosphate (Fig. 1).
regulon. Four structural genes related to rhamnose Rham-1PA and Fuc-1PA catalyze the reversible
metabolism have been described: rhaA, encoding  condensation of DHAP and L-lactaldehyde to give L-
rhamnose isomerase; rhaB, encoding rhamnulose kin-  rhamnulose-1-phosphate and L-fuculose-1-phosphate
ase; rhaD, encoding rhamnulose-1-phosphate aldolase;®>  respectively (Fig. 1). As can be observed in Figure 1,
and rhaT, encoding the rhamnose transport system.* The  each one of these aldolase reactions yields a product
sequences of these structural genes have recently been = whose stereochemistry at C3 and C4 is complementary
elucidated.® Fuculose-1-phosphate aldolase (Fuc-1PA, to the other products. It has been found that in a Kinetic
encoded by fucA) is involved in the dissimilation of L-  process the selectivity of the reaction is completely
fucose by E coli through an inducible pathway that  controlled by the enzyme instead of the substrates. This
requires the sequential action of fucose permease  implies that any one of the C3/C4 stereoisomers can be
(encoded by fucP), fucoisomerase (encoded by fucl), obtained from a variety of non-natural aldehydes using
fucokinase (encoded by fucK) and Fuc-1PA. The  these enzymes. However, as with other aldolases these
sequence of the entire fuc region, including the enzymes are quite specific for the donor substrate
regulatory gene fucR, has been also elucidated.®” These  though they show a broad acceptor specificity.!" In
two enzymes belong to the class II aldolases that  addition, TDPA has not been synthetically useful due to
require a Zn* cofactor acting as a Lewis acid in the the lack of stereoselectivity.'>'* In order to further
active site. Tagatose-1,6-diphosphate aldolase (TDPA)  investigate the synthetic utility of these aldolases and
is involved in the galactose metabolism of cocci.*® In  to alter their specificity, cloning and overexpression of
Lactococcus lactis ssp. lactis MG1820 the gene that  these enzymes are required as FDPA from rabbit
encodes TDPA (lacD) is located in the gene cluster  muscle is the only DHAP-dependent aldolase available
(lacABCD) of the lactose-PTS operon,'® where lacAB  to date. It is, however, noted that although the FDPA
encodes galactose-6-phosphate isomerase and lacC  from rabbit muscle' and E coli,'® and the Rham-1PA"
encodes tagatose-6-phosphate kinase. Different from the  and Fuc-1PA'""® from E coli, have been recently
other two aldolases, TDPA from L. lactis belongs to the  cloned and overexpressed in E coli, only the
class 1 aldolases, which catalyze aldol reactions recombinant E. coli FDPA is commercially available
through a Schiff-base intermediate formed between a (ATCC # 77472).
lysine residue in the active site and the donor substrate
which in turn adds stereospecifically to the acceptor. Here we present a new strategy for the cloning and
overexpression in E coli of the Rham-1PA, Fuc-1PA
These three aldolases and fructose-1,6-diphosphate  and TDPA. The expression vectors used in this work
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Figure 1. Reactions catalyzed in vivo by FDPA, TDPA, Rham-1PA and Fuc-1PA. The stereoselectivities of the products generated by the four
DHAP-dependent aldolases are shown.

produce the recombinant enzyme fused with a
hexahistidine tag, allowing purification of the enzymes
by a single step. This work also illustrates that the
formation of inclusion bodies can be avoided and the
expression level can be optimized by controlling the
culture conditions.

Results and Discussion
Cloning of Rham-1PA, Fuc-1PA and TDPA

For each target gene two primers were designed to
specifically complement the C-terminal and N-terminal
gene sequences of rhaD,’ fucA” and lacD.!® Each primer
included the recognition sequence for the restriction
enzymes chosen to clone the insert. The sequences of
the primers and the cleavage sites for restriction
enzymes used for each gene are shown in Table 1. The
PCR’s amplifications were quite specific, and only one
band with a molecular weight consistent with that
previously reported (820 bp, 650 bp and 10 kb
respectively for rhaD, fucA and lacD) was observed.

The strategy for the cloning of these enzymes and the
main characteristics of the plasmids constructed are
shown in Figure 2. After ligation of the digested vector
and inserts, the DNA’s were transformed into E coli
XL1-Blue MRF' strain and plated on LB-ampicillin
plates. Qut of 20-25 colonies selected for each gene, 7—
10 colonies carried the desired insert. The transcriptions
of the Rham-1PA and Fuc-1PA are controlled by Trc
promoter and can be induced by IPTG. On the other
hand, TDPA expression is controlled by the T7
promoter and is induced by MI13/T7 phage. In both
expression systems used in this work (pTrcHis and
pRSET), the recombinant protein is expressed with a
polyhistidine tag on the N-terminus.

Expression of cloned Rham-1PA and Fuc-1PA

The expressions of Rham-1PA and Fuc-1PA, with both
enzymes cloned in the same expression vector, were
studied in parallel. The clones were grown on LB
medium containing 250 pg mL™ ampicillin and induced
with IPTG as described in the Experimental. The
expression level of the enzyme was followed with time

Table 1. Primers and restriction sites used for the cloning of Rham-1PA, Fuc-1PA and TDPA

Aldolase  Restriction enzyme  Restriction enzyme N-Terminal Primer C-Terminal Primer
at§' at 3 (5= 3) 5'—=3)
Rham-1PA BamHI Hind Il ATATTGGATCCCAAAACAT TATTAAAGCTTTTACAGCG
TACTCAG CCAGCGCACTGGC
Fuc-1PA Pst I EcoRI ATATTCTGCAGGAACGAAA  GCGCGAATTCTTACTCTTC
TAAACTT AATTCGTAACCC
TDPA Xhol EcoRI ATATTCTCGAGGTACTTAC GCGCGAATTCTTATTATAT
AGAACAGAAA ACTTTATCAGTCCATGGA
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Figure 2. Strategies for the cloning of Rham-1PA, Fuc-1PA and TDPA. The main characteristics of the expression vectors are shown.

and examined with SDS-PAGE. In a typical
experiment, the cells were grown at 37 °C after
induction and only a light stained band of the expected
molecular weight could be detected when the
supernatants were analyzed. We examined the pellets
from different samples to test if the enzymes were
expressed as inclusion bodies. In both cases a main
band matching the expected molecular weight was
observed (data not shown), indicating that Rham-1PA
and Fuc-1PA were indeed expressed as inclusion
bodies. In order to obtain the enzymes in soluble form,
the culture temperature was dropped to 19 °C after
induction with IPTG. After 7 days of culture the
transformed cells had grown to a final O.D. of about
1.75 and the enzyme was detected only in the soluble
form. Increasing the temperature to 30 °C reduced the
culture time required to reach the same O.D. to 8-10 h.
Under these conditions, the recombinant proteins are
expressed as soluble form, and in SDS-PAGE appear as
major bands after 2 h of induction (Fig. 3). Also, we
have observed that the proteins were stable in the cells
even after 20 h of cultivation (Fig. 3). The influence of
IPTG concentration on the expression level of the
recombinant proteins and the viability of cells have
also been studied. In the case of Rham-1PA the
viability of the cells is strongly affected by the
concentration of the IPTG. Thus, after 16 h of
cultivation with 250 uM of IPTG the cells grow to
reach an O.D. of 1.08. The final O.D. was doubled when
the concentration of IPTG was decreased to 5 uM (Fig.

4). On the other hand, the amount of Rham-1PA
obtained per gram of cells (about 36 U g™') remained
constant for all the IPTG concentrations assayed;
therefore, a 2.5-fold increase of the productivity per
liter of the recombinant cell was observed by reducing
the concentration of IPTG from 250 pM to 5 uM (Fig.
4). In a similar study the optimal concentration of IPTG
for the expression of Fuc-1P was determined to be 50
UM, with a productivity of about 430 U L.

This strong correlation between cultivation temperature
and IPTG concentration with the expression level and
solubility of the recombinant protein has also been
found in the study of the heterologous expression of the
mannosyltransferase from Saccharomyces cerevisiae in
E. coli.®™ These results indicate that a slow expression
of the desired protein could lead to a productive folding
to form the active soluble enzyme.

Expression of cloned TDPA

The expression of TDPA was studied in a 1-L culture
containing 250 pg mL™' ampicillin and induced by
infection with phage MI13/T7 which contains a T7
polymerase gene, as described in the Experimental. The
accumulation of recombinant enzyme reached the
highest level 3 h after the infection (Fig. 5). However,
in contrast to the cases of Rham-1PA and Fuc-1PA,
TDPA was degraded in the cell if the culture was
incubated overnight (Fig. 5). Since TDPA from L. lactis
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Figure 3. Monitoring of the Rham-1PA and Fuc-1PA expression during the culture time. Aliquots were taken at different times after induction
and the soluble fraction of the cells was analyzed by SDS-PAGE.
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Figure 4. Influence of the IPTG concentration on the cell viability
and productivity of Rham 1PA.

is a class I aldolase,'” the enzyme does not require a
divalent metal ion for its activity. One can therefore
measure the recombinant enzyme activity without
interference from the wild-type class I aldolases present
in E coli which can be inhibited by EDTA. The cells
harvested 3 h after the infection showed an activity of

more than 3,600 U L', with a productivity of about 850
U per gram of cells. Unlike other aldolases the
stereoselectivity of TDPA is lower than that of the other
DHAP dependent aldolases.>** TDPA from E coli
showed a very high stereoselectivity (TDP/FDP
aldolase ratio 100:1) at least in the cleavage pathway,?!
but when the enzyme was used in synthesis with
unnatural acceptor substrates, it was found that more
than 90% of products contained the D-threo config-
uration (FDP type) at C-3/C-4." In the case of the
enzyme from Staphylococcus aureus,” the ratio of TDP
to FDP aldolase activity is 2.1:1 and is similar to the
ratio (1.99:1) found for the enzyme from L lactis ssp.
cremoris E8."” Interestingly, although the enzyme from
L lactis ssp. lactis MG1820 reported here is virtually
identical to the TDPA purified from L lactis E8'
regarding the amino acid composition, and very similar
to the E8 enzyme with regard to K, V,,, and optimum
pHY, it shows a higher stereoselectivity with a 48:1
ratio of TDP to FDP aldolase activities. Work is in
progress to test the specificity and stereoselectivity of
this enzyme in synthetic reactions.

One step purification of Rham-1PA, Fuc-1PA and TDPA

The vectors pTrcHis and pRSET used in this work
contain a hexahistidine tag that is expressed in the N-
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Figure 5. Monitoring of the TDPA expression during the culture time. The expression of the enzyme is at maximum 3 h after the induction and
its accumulation decreases dramatically if the cell culture is prolonged overnight.

terminal region of the cloned protein. This His tag
allows purification of the recombinant protein using a
Ni**-column. For the one step purification, the crude
extract obtained from 100 mL culture was concentrated
to 2 mL, in order to exchange the Tris—HCI buffer with
the native binding buffer, and loaded on a 2 mL
column. The column was then washed 20 times with 7
mL each of the low stringency buffer and then 20 times
with 7 mL each of the high stringency buffer. The
recombinant proteins were recovered from the column
by elution with the low pH buffer. However, in the
cases of Rham-1PA and Fuc-1PA, the yield of the
activity recovered in this step was much lower than that
obtained in the case of the TDPA. This result may
indicate that the class II aldolases may form an
additional interaction with Ni** through the active
center. Interestingly, an additional elution step with low
pH buffer containing S0 mM of EDTA results in a more
than 50% increase of the activity. The purity of the
proteins after the metal affinity chromatography was
analyzed by SDS-PAGE. In each of the three cases only
one band could be detected when the gel was stained
with Coomasie Blue (Fig. 6). This procedure of
purification can be scaled up with similar results when
keeping the same ratios between crude extract, column
and washing volumes. The specific activities
calculated from these preparations were 6.9 U mg™' for
Rham-1PA, 6.5 U mg™' for Fuc-1PA and 16.4 U mg™" for
TDPA. The values obtained for TDPA and Fuc-1P are
in the same range as those previously reported for the
TDPA purified from L. lactis E8 and the wild type Fuc-
IPA from E coli (23.2 and 4 U mg' of protein
respectively).'>? On the other hand, the value obtained
for the Rham-1PA was significantly lower than that
reported for the wild type enzyme® (17.2 U mg™ of
protein). However, it is not clear if this difference is

due to the presence of the His tag or the different
methods used to measure the protein concentration.

Influence of Zn** on the Rham-1PA and Fuc-1PA
activities

The class II aldolases exist in an equilibrium between
the apoenzyme and the holoenzyme formed by the
complex of the protein and the zinc ion. We have
attempted to find the optimal concentration of Zn™ to
shift this equilibrium to the formation of the
holoenzyme. The enzymes purified as described above,
were incubated in 100 mM of EDTA for 1 h in order to
chelate all the divalent cation present in the extracts.
The EDTA was then removed using Centricon tubes and
the sample equilibrated with Tris—-HCl buffer (50 mM
pH 7.6). Aliquots (0.1 mL) of the solution were then
incubated for 15 min with increasing concentrations of
Zn** from 2.0 nM to 10.0 mM. The profiles of the
activity change at different concentrations of Zn* for
both enzymes are shown in Figure 7. The Rham-1PA
activity reached its maximum after incubation with 0.5
mM of Zn* (Figure 7A) and reduced as the
concentration of zinc increased. Fuc-1PA showed a
similar behavior (Figure 7B), but the maximum activity
is reached with only 10 pM of zinc. It is not clear why
higher concentrations of Zn?* reduced the activity of the
enzyme.

Conclusion

In summary we have developed an efficient expression
system for overproduction of the three not readily
available DHAP-dependent aldolases (Rham-1PA, Fuc-
1PA and TDPA). In addition, we have optimized the
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Figure 6. SDS-PAGE of the three DHAP dependent aldolases after one-step purification. Lane S, molecular weight markers. Lane 1,
rhamnulose- 1-phosphate aldolase. Lane 2, fuculose-1-phosphate aldolase. Lane 3, tagatose-1,6-diphosphate aldolase.
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Figure 7. Effect of Zn?* on the activity of (A) rhamnulose-1-phosphate aldolase and (B) fuculose-1-phosphate aldolase.

procedure for the one-step purification by chelation
affinity chromatography of the enzymes. Optimization
of the culture conditions allows us to obtain the
recombinant proteins in a soluble form, avoiding
tedious procedures for the resolubilization of the
inclusion bodies. In the case of the TDPA the recom-
binant enzyme shows a high degree of stereoselectivity
that may make this enzyme useful for organic synthesis.

Experimental
Vectors

The vectors used throughout this work, pTrcHis and
pPRSET, were obtained from Invitrogen Co. (San Diego,

CA). The vector pTrcHis contains Trc promotor to allow
a high expression of the required protein. The Trc
promotor has the 35 region of the Trp promotor and the
—10 region of the lac promotor. The Trc promotor is
repressed by the lac repressor, which is encoded by the
lacI? gene in the vector. The vector pRSET contains the
T7 promotor. In addition, both vectors have a sequence
that encodes an N-terminal peptide containing a
hexahistidine tag to function as a metal binding domain
in the recombinant protein, and an enterokinase
cleavage recognition sequence. Three different versions
of these vectors were used in this study in order to
maintain the proper coding frame between the 5' end of
the fusion sequence and the DNA insert. The pTrc His
A vector was used to clone the Rham-1PA and pTrcHis
C was used in the case of the Fuc-1PA. TDPA was
cloned using the vector pRSET B.
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Microorganism

Escherichia coli K12 (ATCC 10798) and Lactococcus
lactis ssp. lactis (ATCC 11454) were obtained from
American Type Culture Collection. The host strain E
coli XL1-Blue MRF' was purchased from Stratagene
Co. (San Diego, CA). The microorganisms were
maintained on LB (Luria-Bertani) medium. When host
strains harbored with plasmids, LB medium containing
250 pg mL™' of ampicillin was used. Stock cultures
were kept as cell suspension at -70 °C in 30% glycerol
solution.

PCR amplification

The DNA's of E. coli K12 and L lactis were extracted
according to the method described by Maniatis et al.”
PCR amplification was performed in a 100 pL reaction
mixture containing 1 pL (1.5 pg) of DNA template, 300
nmol of the corresponding primers, 200 pM of dNTPs,
50 mM KCl, 10 mM Tris-HCI (pH 8.3), 2 mM MgCl,,
0.01% gelatin, 0.1% Triton X-100, and 2 units of
Thermus aquaticus DNA polymerase (Stratagene Co.).
The reaction mixture was overlayed with mineral oil
and subjected to 30 cycles of amplifications. The cycle
conditions were set as follows: denaturation at 94 °C for
1 min, annealing at 60 °C for 1.5 min and elongation at
72 °C for 1.5 min.

Construction of the expression vectors

The DNA insert obtained from PCR amplification was
purified on 0.8% agarose gel. The DNA band
corresponding to the target gene was cut and purified
with QIAEX gel extraction kit (Qiagen Co., Chatworth,
CA) and eluted with TE buffer (10 mM Tris—HCI and 1
mM EDTA, pH 7.5). The DNA was twice digested with
the corresponding restriction enzymes (Boehringer
Mannheim Biochemical Co.) for 2 h at 37 °C. The
digested DNA was then recovered by phenol/chloroform
extraction and ethanol precipitation (70% of final
ethanol concentration containing 10% of 3 N Na-
acetate, pH 5.2) and purified by agarose (0.8%) gel
electrophoresis as above. This DNA was used as insert.
The vectors were also digested and recovered with
ethanol precipitation after extraction with phenol/
chloroform. The restriction enzyme-digested vector was
further purified on agarose gel as described above. The
insert was then ligated with the vector with T4 DNA
ligase. The expression plasmids constructed in this way
were then transformed into E coli XL1-Blue MRF'
strain and plated on LB agar plates containing 250 pg
mL™" ampicillin.

Screening for positive clones

Twenty to twenty five colonies were randomly selected
for each gene. The plasmids were isolated using the
QIAprep-spin Plasmid Kit (Qiagen Inc.). The isolated
plasmids were digested with the corresponding
restriction enzymes (see Table 1) and analyzed on
agarose gel to confirm the presence of the gene insert.

The positive clones were selected and used for protein
expression.

Expression of the recombinant proteins

To express the desired protein, the positive clone was
grown on 100 mL of LB medium containing 250 g mL™"'
ampicillin at 37 °C with shaking (300 rpm). After the
cell growth reached a point where the turbidity was
about 0.5 as measured by the absorbance at 600 nm
(ODgyp), this culture was transferred to fresh LB
medium (1 L) containing 250 pg mL™ ampicillin and
incubated until ODgy = 0.4-0.5 then IPTG was added to
induce the expression of the target protein. In the case
of TDPA, the T7 RNA polymerase was introduced after
1 h of shaking by coinfection of 10 mL of MI13/T7
phage solution (5-10 pfu/cell, supplied by Invitrogen
Co.) containing the T7 RNA polymerase gene.?* After
induction the expression level of the targeted protein
was analyzed at different times (until a total of 20 h of
culture) by SDS-PAGE in a Phastsystem (Pharmacia
Co.) using precast gels with a 8-25% gradient of
polyacrylamide in the separation zone. Different
concentrations of IPTG were used in the cultivation of
cells containing the Rham-1PA and Fuc-1PA, and
different temperatures of culture after induction were
applied in order to optimize the conditions for the
expression of the recombinant proteins.

Preparation of cell free extract

The culture broth was centrifuged (10,000 g, 30 min, 4
°C), and the cell pellets were suspended in Tris~HCI
buffer (50 mM pH 7.5). The cells were disrupted by a
French press cell at 16,000 Ib in and centrifuged at
16,000 g for 30 min.

TDPA stereoselectivity study

The stereoselectivity of TDPA was studied by
measuring its activity against tagatose-1,6-diphosphate
and fructose-1,6-diphosphate (for details on the
enzymatic assay see below). TDPA from L lactis is a
class I aldolase but the naturally occurring TDPA and
FDPA in E coli are class II aldolases, which can be
inhibited by adding 10 mM of EDTA to the reaction
mixture. This allows us to perform this study directly
using the crude extract, without crossreaction from the
enzyme naturally present in E. coli.

Purification of the tagged proteins

The cells obtained from 100-mL cultures were
resuspended in Tris~HCI buffer (50 mM, pH 7.6). The
cell free extract was prepared as described above. The
extracts were concentrated to 2 mL and the buffer
exchanged with the native-binding buffer (20 mM
sodium phosphate, pH 7.8, containing 500 mM of NaCl)
using Centicons tubes (Amicon Co.) with a M, cut off
of 10,000. The samples were loaded on a 2-mL column
filed with ProBond resin (Invitrogen Co.) and
equilibrated with the same buffer. The column was
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washed with native-binding buffer until the O.D. at 280
nm dropped to 0.01. After that, a second wash was
performed with the high stringency buffer (20 mM
sodium phosphate, pH 6.0, containing S00 mM of NaCl)
until the O.D at 280 nm dropped again to 0.01. Finally
elution of the proteins was performed with the low pH
elution buffer (20 mM sodium phosphate, pH 4.0,
containing 500 mM of NaCl), and fractions of 1 mL
were collected and analyzed by SDS-PAGE. For the
purification of Rham-1PA and Fuc-1PA an additional
elution step was necessary. This was performed with the
low pH elution buffer containing 50 mM of EDTA. The
enzyme purity was determined by SDS-PAGE using
precast gels with a gradient of polyacrylamide in the
separation zone of 10-15%.

Influence of Zn®™* concentration on the Rham-1PA and
Fuc-1PA activities

The influence of Zn* on the Rham-1PA and Fuc-1PA
activities was studied using the pure enzyme. First the
enzymes were incubated in 100 mM of EDTA for 1 h at
4 °C, then the EDTA was removed using Centricon
tubes (Amicon Co.) with a M, cut off of 10,000. The
samples were washed three times with Tris-HCl (50
mM, pH 7.6). Finally aliquots of 100 pL. were incubated
for 15 min with different concentrations of Zn** (from
2.0 nM to 10.0 mM), and the activity was assayed as
described below.

Synthesis of rhamnulose-1-phosphate, fuculose-1-

phosphate and tagatose-1,6-diphosphate

The two ketose-1-phosphates were synthesized by aldol
condensation of DHAP and L-lactaldehyde according to
the procedure previously reported,” except that the
recombinant enzyme was used. L-Lactaldehyde was
prepared from D-threonine by reaction with ninhydrin.?
Tagatose-1,6-diphosphate was synthesized following the
chemoenzymatic strategy described by Eyrisch er al.?'

Enzyme activity assay

The three enzymatic activities were assayed with a
coupled enzymatic system where 2 mM of the
corresponding  substrate  (rhamnulose-1-phosphate,
fuculose-1-phosphate,  tagatose-1,6-diphosphate  and
fructose-1,6-diphosphate), 0.12 mM NADH, and a
mixture of glycerolphosphate dehydrogenase and triose
phosphate dehydrogenase were incubated in 50 mM
triethanolamine buffer, pH 7.5 at 25 °C. The assay was
initiated upon addition of the corresponding aldolase,
and the decrease in the absorbance at 340 nm was
monitored. When the crude extract of TDPA was
assayed, 10 mM of EDTA was added. One unit of
enzyme activity is defined as the quantity that
catalyzes the formation of 1 pmol of DHAP per minute
under the assay conditions. The protein concentration
was determined using the BCA kit from Pierce. The
samples were incubated during 30 min at 60 °C and the
absorbance measured at 562 nm. The calibration curve
was obtained for concentrations of BSA between 5 and
200 pg mL™".

Acknowledgment

We thank Professor Juan Aguilar for providing us the
sequence of the gen rhaD before its publication. Also
we thank Dr Ramén Alajarin, Ms Mui-Mui Sim and Mr
Wen-Chih Chou for the synthesis of the rhamnulose-1-
phosphate, fuculose-1-phosphate and tagatose-1,6-
diphosphate respectively. E. G.-J. was supported by a
fellowship from C.S.I.C. (Spain). This work was
supported by the NIH (GM 44145).

References and Notes

1. The recombinant strains of E coli encoding for these
enzymes have been deposited with the ATCC with the
following numbers: 86983 for Rham-1PA, 86984 for Fuc-1PA
and 87025 for TDPA

2. Chiu, T.-H.; Feingold, D. S. Biochemistry 1962, 8, 9.
3. Power, J. Genetics 1967, 55, 557.

4. Garcia-Martin, C.; Baldom4, L.; Badia, J.; Aguilar, J. [
Gen. Microbiol. 1992, 138, 1109.

5. (a) For the sequence of rhaA, B and D see Moralejo, P.;
Egan, S. M.; Hidalgo, H.; Aguilar, J. J. Bacteriol. 1993, 175,
5585; (b) for the sequence of rhaT see Tate, C. G.; Muiry, J.
A. R.; Henderson, P. J.F. J. Biol. Chem. 1992, 196, 789.

6. Lu, Z; Lin, E. C. C. Nucleic Acid Res. 1989, 17, 4883.

7. Chen, Y.-M.; Lu, Z.; Lin, E C. C. J Bacteriol. 1989, 171,
6097.

8 Bisset, D. L; Anderson, R. L. Biochem. Biophys. Res.
Commun. 1973, 52, 641.

9. Bisset, D. L.; Anderson, R. L. J. Bacteriol. 1974, 117, 318.

10. van Rooijen, R. J.; van Schalkwijk, S.; de Vos, W. M. J
Biol. Chem. 1991, 266, 7176.

11. For a recent review on the synthetic use of these enzymes
see Wong, C.-H.; Whitesides, G. M. Enzymes in Synthetic
Organic Chemistry, pp. 195-251, Elsevier; New York, 1994.

12.Crow, V. L., Thomas, T. D. J. Bacteriol. 1982, 151, 600.

13. Bisset, D. L.; Anderson, R. L. J Biol Chem. 1980, 255,
8750.

14. Fessner, W.-D.; Eyrisch, O. Angew. Chem. Int. Ed Engl
1992, 31, 56.

15. Morris, A. J.; Tolan, D. R. J. Biol. Chem. 1993, 268, 1095.

16. Henderson, L; Garcia-Junceda, E.; Liu, K K.-C.; Chen, Y-
L.; Shen, G.-J.; Wong, C.-H. Bioorg. Med. Chem. 1994, 2, 837.

17. Fessner, W.-D.; Sinerius, G.; Schneider, A.; Dreyer, M;
Schulz, G. E.; Badia, J.; Aguilar, J. Angew. Chem. Int. Ed. Engl.
1991, 30, 555.

18. Ozaki, A.; Toone, E. J.; von der Osten, C. H.; Sinskey, A.
J.; Whitesides, G. M. J. Am. Chem. Soc. 1990, 112, 4970.

19. Wang, P.; Shen, G.-J;; Ichikawa, Y.; Wong, C.-H. J Org.
Chem. 1993, 58, 3985.

20. Herrmann, G. F.; Wang, P.; Shen, G.-J;; Garcia-Junceda,
E.; Khan, S. H,; Matta, K. L.; Wong, C-H. J. Org. Chem. 1994,
59, 6356.

21. Eyrisch, O.; Sinerius, G.; Fessner, W.-D. Carbohydr. Res.
1993, 238, 287.



Three DHAP-dependent aldolases 953

22. Ghalambor, M. A.; Heath, E. C. J Biol. Chem. 1962, 237,  24. Studier, F. W.; Moffatt, B. A. J. MoL Biol. 1986, 189, 113,
2421. 25. Liu, K.-C.; Kajimoto, T.; Chen, L.; Zhong, Z.; Ichikawa,
23. Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Y+ Wong, C-H.J Org. Chem. 1991, 56, 6280.

Cloning: A Laboratory Manual, Cold Spring Harbor 26. Zagalak, B.; Frey, P. A.; Karabatsos, G. L.; Abeles, R. H.
Laboratory; Cold Spring Harbor, NY, 1989. J. Biol. Chem. 1966, 241, 3028.

(Received in U.S.A. 12 January 1995; accepted 28 February 1995)



