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A previously recognized open reading frame (T. Yura, H. Mori, H. Nagai, T. Nagata, A. Ishihama, N. Fujita,
K. Isono, K. Mizobuchi, and A. Nakata, Nucleic Acids Res. 20:3305–3308) from the 0.2-min region of the
Escherichia coli K-12 chromosome is shown to encode a functional transaldolase activity. After cloning of the
gene onto high-copy-number vectors, transaldolase B (D-sedoheptulose-7-phosphate:D-glyceraldehyde-3-phos-
phate dihydroxyacetone transferase; EC 2.2.1.2) was overexpressed up to 12.7 U mg of protein21 compared with
less than 0.1 U mg of protein21 in wild-type homogenates. The enzyme was purified from recombinant E. coli
K-12 cells by successive ammonium sulfate precipitations (45 to 80% and subsequently 55 to 70%) and two
anion-exchange chromatography steps (Q-Sepharose FF, Fractogel EMD-DEAE tentacle column; yield, 130 mg
of protein from 12 g of cell wet weight) and afforded an apparently homogeneous protein band on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with a subunit size of 35,0006 1,000 Da. As the enzyme had
a molecular mass of 70,000 Da by gel filtration, transaldolase B is likely to form a homodimer. N-terminal
amino acid sequencing of the protein verified its identity with the product of the cloned gene talB. The specific
activity of the purified enzyme determined at 30&C with the substrates fructose-6-phosphate (donor of C3
compound) and erythrose-4-phosphate (acceptor) at an optimal pH (50 mM glycylglycine [pH 8.5]) was 60 U
mg21. Km values for the substrates fructose-6-phosphate and erythrose-4-phosphate were determined at 1,200
and 90 mM, respectively. Kinetic constants for the other two physiological reactants, D,L-glyceraldehyde
3-phosphate (Km, 38 mM; relative activity [Vrel], 8%) and sedoheptulose-7-phosphate (Km, 285 mM; Vrel, 5%)
were also determined. Fructose acted as a C3 donor at a high apparent Km (>2 M) and with a Vrel of 12%. The
enzyme was inhibited by Tris-HCl, phosphate, or sugars with the L configuration at C2 (L-glyceraldehyde,
D-arabinose-5-phosphate).

Transaldolase (TAL; D-sedoheptulose-7-phosphate:D-glyc-
eraldehyde-3-phosphate dihydroxyacetonetransferase [EC 2.2.
1.2]) is an enzyme of the nonoxidative pentose phosphate cycle
(34) which was originally isolated from brewer’s yeast cells (9,
10). The enzyme catalyzes the reversible transfer of a dihy-
droxyacetone moiety derived from fructose-6-phosphate (Fru-
6-P) to erythrose-4-phosphate (Ery-4-P), forming sedoheptu-
lose-7-phosphate (Sed-7-P) and releasing glyceraldehyde-3-
phosphate (Ga-3-P). The enzyme requires no known cofactors
and performs a base-catalyzed aldol cleavage reaction in which
a Schiff base intermediate is formed, similar to class I aldola-
ses. The reaction involves an active-site ε-amino group of ly-
sine, as shown for the enzyme from Candida utilis (for a review,
see reference 31). In bacteria, the enzyme is recruited for the
catabolism of pentose sugars (e.g., D-xylose, D-ribose, and L-
arabinose) and in the provision of Ery-4-P, a precursor of the
shikimic acid and pyridoxine pathways, leading eventually to
the aromatic amino acids and vitamins and to pyridoxine (7,
37). Escherichia colimutants which lack TAL have not yet been
reported, nor has a purification of the enzyme been reported
for this organism. TAL-deficient mutants of Saccharomyces
cerevisiae accumulated Sed-7-P but showed no auxotrophic
traits (27). During the systematic sequencing of the E. coliK-12
genome region from 0 to 2.4 min (35), two open reading
frames (ORFs) at 0.2 min (the first one starting at bp 7827)

which showed significant amino acid identities (54.4 and 51.9%
respectively) to the TAL1-derived sequence from S. cerevisiae
were identified (27). Later, as a result of corrections in the
sequence, a single ORF of 317 amino acids was established
with overall similarity to the yeast protein (DDBJ accession
number 10483). This led us to the assumption that this ORF
might encode E. coli transaldolase, whose gene had not been
previously identified. In a preliminary study, TAL A had been
identified, after enrichment from crude extracts of E. coli K-12,
by its reaction with TAL antibodies raised against the S. cer-
evisiae enzyme (29). Forty N-terminal amino acid residues
(TAL A [29]) showing significant homology to the yeast en-
zyme were determined. TAL A, however, differed in several
areas from the derived N-terminal sequence of the ORF at 0.2
min (hereafter termed talB [29]). A recent report on the clon-
ing of the minor transketolase activity (tktB) of E. coli revealed
the C-terminal end of an ORF just 59 of tktB (mapping at 51.5
min on the linkage map [11]) which also showed amino acid
identities with the yeast protein sequence. It was not clear,
however, which of these two presumed tal genes encoded a
functional TAL or whether they both contributed as isoen-
zymes to the overall TAL activity, as in the case of transketo-
lase (11, 28). While the present study was being finished, an-
other group showed that the ORF at bp 7827 of the E. colimap
encoded a functional TAL both in E. coli and in Zymomonas
mobilis (36), the latter being a bacterium which is thought to
lack a genuine TAL activity (6).
We cloned the presumed talB gene from the 0.2-min region

of the E. coli K-12 chromosome by a PCR approach and
present evidence here that it encodes a TAL activity.
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(Some of the present results were previously published as an
abstract [28a].)

MATERIALS AND METHODS

Materials. Sugar phosphates were purchased from Sigma, Deisenhofen, Ger-
many. Aldehydes and erythrose were supplied by Fluka. Auxiliary enzymes
(triosephosphate isomerase/glycerol-3-phosphate dehydrogenase, phosphoglu-
cose isomerase, and glucose-6-phosphate dehydrogenase), restriction endonucle-
ases, Taq DNA polymerase, and T4 DNA ligase were obtained from Boehringer,
Mannheim, Germany. Sodium dodecyl sulfate (SDS) was purchased from Serva,
acrylamide/bisacrylamide was purchased from Bio-Rad, chromatographic stan-
dards (Combithek) were purchased from Boehringer, and Q Sepharose FF was
purchased from Pharmacia, Freiburg, Germany. Fractogel EMD-DEAE-650
(‘‘tentacle columns’’) was obtained from Merck, Darnstadt, Germany; glycylgly-
cine, NADH, and NADP(H) were purchased from Biomol, Hamburg, Germany.
Antibiotics, other fine chemicals, and the enzymes transketolase and TAL (both
from yeast cells) were supplied by Sigma. The gene-mapping membrane con-
taining the ordered l-DNA bank of E. coli was purchased from Tahara Shuzo
Co., Kyoto, Japan, and bacterial media were from Difco. Other reagents were
commercial products of the highest-purity grade available.
Bacterial strains, growth conditions, and recombinant DNA techniques. E.

coli K-12 strains were grown under aeration at 378C in Luria-Bertani (LB)
medium (26) containing 100 mg of ampicillin liter21 (LB-Amp). Techniques
involving manipulation of DNA, such as amplification, restriction endonuclease
analysis, cloning, and transformation, were performed by standard techniques (8,
21, 27). On the basis of the published sequence (35), two oligonucleotide prim-
ers, 59 TGGCGAATT CCCGTC TTG TCGGCGGT 39 (59 of presumable talB
sequence) and 59 TTC GAA TTC TGA TAC ACT GCG AAG GGA GT 39 (39
of talB), including EcoRI restriction sites were synthesized and used together
with chromosomal DNA from wild-type strain CA8000 (5) to amplify the re-
spective portion of the chromosome. By using Taq DNA polymerase and a
standard PCR protocol (20), a 1,133-bp fragment (see Fig. 1) was amplified. The
PCR fragment was cleaved with EcoRI and subcloned on the high-copy-number
vector pUC19 (32). Strain DH5 (8) was used as a recipient in transformations.
Clones were analyzed for the correct insert by restriction analysis and by DNA
sequencing by the nonradioactive fluorescent technique in conjunction with the
automated A.L.F. sequencer and the protocol of the supplier (Pharmacia).
Purification of TAL from recombinant strains. TAL from recombinant strain

DH5/pGSJ451 was purified by the following procedure, with all operations car-
ried out at 48C in 50 mM glycylglycine buffer (pH 8.5) containing 1 mM dithio-
threitol. A single colony of strain DH5/pGSJ451 was inoculated into 50 ml of LB
1 Amp and incubated overnight at 378C. This culture served as a starter for the
main culture, which was grown in five Erlenmeyer flasks (2-liter volume each,
filled with 400 ml of medium) with shaking at 378C but without isopropyl-b-D-
thiogalactopyranoside (IPTG) addition, because we learned that cells soon
stopped growing when TAL activity was further induced. Cells were collected by
centrifugation (12 g [wet weight]). After being washed with glycylglycine buffer,
the pellets were broken by ultrasonic treatment (Branson Sonifier, Danbury,
Conn.) consisting of eight 30-s bursts at 40 W with cooling in an ethanol-ice bath.
After centrifugation at 20,0003 g, the supernatant was used as a cell extract. The
protein solution was diluted to 100 ml (10 mg of protein ml21), and crystalline
ammonium sulfate was added slowly with constant stirring until a salt concen-
tration of 277 g liter21 (45%) was reached. The mixture was stirred for an
additional 1 h and centrifuged at 20,000 3 g for 45 min. The precipitate was
discarded, and ammonium sulfate was added to give a final concentration of 561
g liter21 (80% saturation). After stirring and centrifugation, the precipitate was
dissolved in 100 ml of buffer (8 mg of protein ml21) and subjected to a second
round of ammonium sulfate precipitation. This time, steps were performed from
0 to 351 and 351 to 472 g liter21 (about 0 to 55% and 55 to 70% salt saturation,
respectively). The precipitate of the 55 to 70% step, containing about 75% of the
enzyme activity, was dissolved in 100 ml of glycylglycine buffer and desalted with
an ultrafiltration cell. The protein solution was applied to a Q-Sepharose FF
anion-exchange column (XK 26/20; 26 by 200 mm; Pharmacia). At a flow rate of
0.5 ml min21, TAL was eluted in a linear NaCl gradient (100 to 150 mM NaCl).
At this point, the enzyme was already nearly homogeneous as judged by SDS-
polyacrylamide gel electrophoresis (PAGE) (see Fig. 2). Fractions with enzyme
activity were pooled, dialyzed against buffer, and passed over a column (XK
26/20; 26 by 200 mm) packed with Fractogel EMD-DEAE-650 tentacle material
(anion-exchange). The protein was eluted in a linear NaCl gradient in buffer at
a flow rate of 0.5 ml min21.
SDS-PAGE. SDS-PAGE was carried out in the presence of 1% SDS on 12%

vertical polyacrylamide gels with the buffer system of Laemmli (17). Gels were
run at room temperature in an HSI model SE 400 apparatus with an LKB 2297
Macrodrive 5 power supply at a constant voltage of 100 V. Protein bands were
visualized by staining with Coomassie brilliant blue G-250. By using different
reference marker proteins, the subunit mass of the E. coli TAL B was calculated
from a plot of the log of the molecular mass versus the relative mobility on
SDS-polyacrylamide gels.
TAL assays. To determine the affinities of TAL toward its various substrates,

two different assays for TAL activity were used. In assay I, the appearance of

Ga-3-P from Fru-6-P and an acceptor substrate was monitored by the decrease
in A340 of NADH, using triosephosphate isomerase and glycerol-3-phosphate
dehydrogenase as auxiliary enzymes, essentially as described previously (31) with
the modification that the buffer was at pH 8.5 and incubation was carried out at
308C. In assay II, the formation of Fru-6-P from Ga-3-P and a donor was
monitored by measuring the increase in NADPH concentration in the presence
of phosphoglucose isomerase and glucose-6-phosphate dehydrogenase. A Shi-
madzu 160A UV spectrophotometer with a thermostated cuvette holder was
used to detect the changes in UV absorption in both assays. Protein contents
were determined by a dye-binding method (4).

RESULTS

Cloning of the talB gene. The talB gene was cloned as out-
lined in Materials and Methods. Both orientations of an EcoRI
1,133-bp DNA fragment (Fig. 1) were obtained and resulted in
augmented TAL activities in crude extracts. The DNA se-
quence was determined and found to be identical to the one
deposited in GenBank (one ORF; DDBJ no. 10483). Both
types of inserts (pGSJ451 and pGSJ452) led to increased TAL
activities in the crude extracts of recombinant E. coli DH5 (12
versus 4 U mg21), which could be further augmented by the
addition, in the exponential phase, of the inducer IPTG to
recombinant cells of DH5/pGSJ451 only (talB in the same
orientation as lac promoter). We take this as evidence for the
presence of an active promoter 59 upstream of talB on the
cloned EcoRI fragment. A typical ribosome-binding site was
detected 10 bp upstream of the start codon (Fig. 1). The cloned
EcoRI fragment was digoxigenin labeled and hybridized
against an ordered l-gene bank containing membrane-bound
DNA of the whole E. coli chromosome (Tahara Shuzo Co.)
(16). The first clone (l101 or 9E4 of the Kohara bank) gave a
strong hybridization signal, confirming the correct origin of the
PCR-cloned fragment (data not shown).
Expression and purification of the plasmid-encoded TAL.

Wild-type cells of E. coliK-12 displayed TAL activities in crude
extracts ranging from 0.05 to 0.1 U mg of protein21. These
activities were found after growth on LB or on minimal media
with different carbon sources (glycerol, xylose, or glucose [data
not shown]). The values are lower than those published previ-
ously (14), but accurate measurement in crude extracts is ham-
pered by the coexistence of other enzymes reacting with either
Fru-6-P or Ga-3-P. In crude extracts from DH5/pGSJ451, an
extra protein band at 35,000 6 1,000 Da appeared on SDS-
PAGE (Fig. 2). We estimated that this prominent band con-
stitutes up to 20% of the total soluble protein content (Fig. 2),
thus being a suitable source for a rapid and high-yield enzyme
purification. The purification started from strain DH5/
pGSJ451, and the procedure is described in Materials and
Methods. A total of about 130 mg of pure enzyme was ob-
tained with an overall yield of 50%, corresponding to a puri-
fication factor of 4.7 (Table 1). Neither native PAGE nor
SDS-PAGE displayed any protein contaminants in the DEAE
tentacle fractions. No activity of other enzymes from the pen-
tose phosphate pathway was detected in these fractions (data
not shown).
N-terminal amino acid sequence. The purified enzyme was

subjected to SDS-PAGE and blotted onto a polyvinylidene
difluoride membrane (Immobilon-P; Millipore) in a semidry
blot apparatus. Staining was done with amido black. The first
10 amino acid residues were determined by an automated
Edman degradation on an Applied Biosystems 470A gas liquid
sequencer and analyzed by reversed-phase high-performance
liquid chromatography. The sequence was determined as H2N-
Thr-Asp-Lys-Leu-Thr-Ser-Leu-Xaa-Gln-Tyr-. The N-terminal
amino acid sequence was in agreement with the sequence
deduced from the ORF at 0.2 min (35), except at position 8,
where no unequivocal amino acid residue could be attributed
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(Xaa). The formyl-methionine was cleaved off, thereby reduc-
ing the deduced protein subunit mass to 35,092.
Native and subunit molecular masses of TAL B. Examina-

tion of the comparative SDS-PAGE mobility of E. coli recom-
binant TAL with those of a number of known reference pro-
teins indicated a subunit mass for the purified protein of 35,000
6 1,000 Da. This was in good agreement with the mass calcu-
lated from the deduced protein sequence (without the initial
f-Met) of 35,092 Da (see above). The molecular mass of native
TAL B was determined by gel filtration on a Superdex 200
FPLC column (Pharmacia) calibrated with reference proteins

with known molecular masses ranging from 12 to 400 kDa.
Active TAL was eluted in 50 mM glycylglycine buffer (pH 8.5)
containing 1 mM dithiothreitol. The enzyme eluted at a vol-
ume of 74.4 ml of buffer. In a logarithmic plot of elution
volume versus molecular mass, an average mass of 70,000 6
5,000 Da was calculated. This makes a homodimeric structure
very likely.
Properties of TAL B. The influence of different buffer sub-

stances, pH, and temperature on the activity of the enzyme
were analyzed by enzyme assay I (see Materials and Methods).
Auxiliary enzymes were first checked for activity under the

FIG. 1. Restriction map of the EcoRI fragment containing talB and its DNA sequence (including both EcoRI sites [35; also see the text]). Ec, EcoRI; Ev, EcoRV;
Dr, DraI; Ss, SspI; Ps, PstI; Pv, PvuII; Sc, ScaI; Hi, HindIII; Ba, BamHI; talP, putative promoter region; RBS (double-underlined sequence), putative ribosome-binding
site; __zzzzz, putative rho-independent terminator (DGE9 5 220 kcal/mol [283 kJ/mol]) p, stop codon. The deduced amino acid sequence (boldface letters) is given below
the DNA sequence.
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different reaction conditions and were then added to the reac-
tion mixture in a great excess. As buffer substances, we tested
glycylglycine, N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid (HEPES), and imidazole. TAL activity in the organic
buffers was almost independent of the buffer concentration in
the reaction mixture. TAL B was active in a rather broad pH
range, with an optimum between pH 8.5 and 9.5 (Fig. 3). A
significant loss of activity was found, however, in the presence
of 50 mM Tris (at various pH values [Fig. 3]). At pH 9.0, 81%
of relative activity (compared with that in glycylglycine buffer)
was lost during 10 min of incubation (data not shown). This
points to a reaction of Tris with residues of the catalytic center
of TAL B. The enzyme was inhibited in a competitive manner
by phosphate buffer. The mean Ki value at pH 8.5 determined
from five different phosphate concentrations (between 4 and
100 mM) was 19 6 3 mM. The phosphate ions may interact
with the amino acids, which are necessary for fixing the phos-
phate groups of the substrates from the pentose phosphate
pathway.
The enzyme displayed a narrow temperature optimum in the

range of 15 to 408C; with an increase in temperature of 108C

the activity was doubled. At temperatures above 508C, activity
was lost rapidly, and at 558C, the enzyme was totally inacti-
vated. The isoelectric point of the enzyme was determined by
isoelectric focusing on precast Phast gels (pH range 3 to 9;
broad pI-marker kit [Pharmacia]) and was found to be 4.6. This
compares well with the calculated pI of 4.96 deduced from the
protein sequence.
Kinetic studies on TAL B. TALs of both eukaryotic and

prokaryotic origins are known to accept only a narrow range of
acceptor and donor substrates other than their physiological
substrates (34). The kinetic constants Km and Vmax were de-
termined for a spectrum of sugars and sugar phosphates as
possible substrates for TAL B from E. coli (Table 2). To com-
pare TAL activity with different donor and acceptor com-
pounds, the Vmax values of the standard reaction pair Fru-6-P

FIG. 4. Inhibitory effect of Ara-5-P and L-glyceraldehyde on TAL activity.
(A) Inhibitory effect of Ara-5-P at various inhibitor concentrations, shown as a
double-reciprocal Lineweaver-Burk plot. p, without inhibitor; å, 100 mM Ara-
5-P; F, 1 mM Ara-5-P; ■, 10 mM Ara-5-P (final concentrations). (B) Inhibition
by L-glyceraldehyde at final concentrations of 10 mM (å) and 50 mM (■),
compared with the reaction without inhibitor (p). Ery-4-P and Fru-6-P were used
as substrates. The concentration of Fru-6-P was varied and Ery-4-P was added at
1 mM (10-fold higher than the Km). At high concentrations of Fru-6-P, the
competitive inhibition of Ara-5-P on Ery-4-P results in intercepts on the y axis
that do not coincide.

FIG. 2. SDS-PAGE analysis of the E. coli TAL B purification. The gel was
run as described in Materials and Methods with the reference marker proteins in
lane A (1, b-galactosidase, 116,400 Da; 2, phosphofructokinase, 85,200 Da; 3,
glutamate dehydrogenase, 55,600 Da; 4, aldolase, 39,200 Da; 5, triosephosphate
isomerase, 26,600 Da; 6, lysozyme, 14,300 Da). In lanes B to F, samples of the
different purification steps (50 mg of protein each) were applied. TAL appears in
all lanes at a molecular mass of 35,000 Da. Lane B contains crude extract after
ultrasonication and centrifugation; lanes C and D contain samples of the am-
monium sulfate precipitations as in Table 1; lane E contains extract after chro-
matography on Q-Sepharose FF; lane F contains extract after chromatography
on DEAE tentacle column.

FIG. 3. pH optimum of TAL B and inhibitory effect of Tris. The TAL B
activity in optimal organic buffers at different pH values (■) is given. The loss of
activity per 10 min at different pH in Tris (50 mM; F) is given below, showing a
correlation of percent inhibition and activity at different pH values.
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and Ery-4-P (average, 60 U mg21) were determined each time
as a control and were set at 100%. The pair Ery-4-P and
Fru-6-P led to the highest reaction rates by far. The other two
physiological substrates (Ga-3-P and Sed-7-P) gave less than
10% of relative activity, although the respective Km values
were below 1 mM. Relative rates (Vrel) of other compounds
are given in Table 2.
A comparison of the properties of E. coli TAL B with the

enzymes from S. cerevisiae and the slime mold Dictyostelium
discoideum and with E. coli transketolase A is presented in
Table 2. Km values for the physiological substrates are in the
same order of magnitude for all three TALs.
TAL B was inhibited competitively by sugars with L-con-

figuration at Cb, as shown for D-arabinose-5-phosphate (Ara-
5-P) and L-glyceraldehyde (Fig. 4). Inhibitor studies were per-
formed with the substrate pair Fru-6-P and Ery-4-P, with the
Fru-6-P concentrations being varied. Inhibition of TAL B by
Ara-5-P was more than 100-fold stronger (mean Ki, about 47
mM) than that exerted by L-glyceraldehyde (mean Ki about 5.6
mM [Fig. 4]). Ara-5-P at high concentrations (1 or 10 mM) also
inhibited reaction with Ery-4-P, which was added in excess (1
mM or about 10-fold over Km), in a competitive manner. Be-
cause of this inhibition of Ery-4-P, the Vmax of TAL could not
be reached even at saturating Fru-6-P concentrations. This
double inhibition is reflected by the intercepts with the y axis
(1/Vmax) of a Lineweaver-Burk diagram (Fig. 4A) that do not
coincide at different inhibitor concentrations, as would be ex-
pected if only one substrate is outcompeted.
Comparisons of the TAL B sequence with TALs of other

origins. As the ORF on the cloned EcoRI fragment encoded

an active TAL, namely, TAL B, a comparison of its derived
amino acid sequence with other known TAL sequences was
performed and is given in Fig. 5. TAL B shows 53% identical
amino acid residues to the S. cerevisiae sequence (27), 55%
identical to Kluyveromyces lactis (12), and a remarkable 55%
identical to a human cDNA clone (2). A database search
(TBLASTN program of EMBL HUSAR, Heidelberg, Ger-
many) gave significant scores with these three sequences and
additional partial homology with a cDNA clone from the plant
Arabidopsis thaliana (21) displaying the typical peptide PGRx
STEVDRAL (Fig. 5). Whether this Arabidopsis clone indeed
encodes TAL remains to be shown (22).
A secondary-structure determination was performed by a

system of neural networks, where a multiple sequence align-
ment is given as input for the prediction (24, 25). The se-
quences from S. cerevisiae, K. lactis, and the human clone
showed an almost complete structural homology to the E. coli
sequence. Only a less conserved region (amino acids 266 to
285) in the E. coli sequence differed in the secondary-structure
prediction (Fig. 5). The sequences show over 60% helical ar-
eas, which are all highly conserved. All gaps in the sequence
alignment are located within predicted loop regions, which
should allow higher variability without inducing large struc-
tural differences. As TAL has a similar action to class I aldo-
lases, the sequence of the Staphylococcus carnosus fructose
bisphosphate aldolase (33) was also compared. As can be seen
from Fig. 5, conserved amino acid residues occur in both al-
dolase types but the reactive lysine residue (19) of TAL is not
conserved in the class I aldolase (see also reference 36).

TABLE 1. Purification scheme for E. coli TAL B

Sample Total activity
(U)

Total protein
(mg)

Spec act
(U/mg)

Purification
factor

Yield
(%)

Crude extract 12,700 1,000 12.7 1.0 100
1.(NH4)2SO4-prec. 40 to 80%

a 9,500 800 13.3 1.05 75
2.(NH4)2SO4-prec. 55 to 75%

a 8,900 370 24.0 1.9 70
Q-Sepharose FF fractions 7,000 170 46.9 3.7 55
EMD-DEAE fractions 6,400 130 60.0 4.7 50

a prec., precipitate. Percentages indicate saturation (see the text).

TABLE 2. Kinetic constants for TAL B in comparison with yeast TAL and with E. coli transketolase Aa

Substrate
TAL B Transketolase A Yeastb Km

(mM)
D. discoideum
Km (mM)Km (mM) Vrel (%) Km (mM) Vrel (%)

C3 acceptor compounds
D,L-Glyceraldehyde-3-phosphate 0.038 8 2.1 200 0.22 0.072
D-Erythrose-4-phosphate 0.090 100c 0.09 $200 0.018 0.10
D-Ribose-5-phosphated 31 0.8 1.4 100e NAe NA

D-Glyceraldehyde 28 7 10f 50f NA NA
C3 donor compounds
D-Xylulose-5-phosphate NDg ND 0.16 $100e NA NA
D-Fructose-6-phosphate 1.2 100c 1.1 60 0.32 1.6
D-Sedoheptulose-7-phosphate 0.285 5 4.0 5 0.18 0.46
D-Fructose .2000 12 ND ND NA NA

a The kinetic constants for TAL were determined by enzyme assay I or II (see Materials and Methods). Lineweaver-Burk plots were used to determine the Km values,
and the cosubstrate was present in a great excess. Because of differences in reaction using the respective enzyme assays, the Vmax of the reaction pair Fru-6-P and
Ery-4-P is set as 100%. Data for transketolase A are taken from reference 30.
b Data for yeast (S. cerevisiae) are from compilations in reference 31.
c Ery-4-P, 80 U mg21; Fru-6-P, 60 U mg21.
d The product expected would be D-glycero-D-altro-octulose 8-phosphate (23).
e Rib-5-P, 55 U mg21; Xul-5-P, 110 U mg21. NA, not available.
f The D,L-racemate was used.
g ND, no donor compound.
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DISCUSSION

In this paper, we present evidence that a previously se-
quenced DNA fragment from the 0.2-min region of the E. coli
chromosome (35) encodes a functional TAL. To our knowl-
edge, talB constitutes the first complete gene encoding a TAL
from a bacterial source. The cloned gene, in both orientations
of a PCR-derived EcoRI fragment, led to a significant increase
in the TAL activity of recombinant E. coli strains. This points
to the existence of a promoter region between the first EcoRI
site and the start codon on the cloned fragment. From cell
extracts of a recombinant strain, TAL B activity was purified to
apparent homogeneity with a yield of about 130 mg (50% of
the initial total activity). The purification was accelerated by
the availability of the cloned talB gene from this organism on
a high-copy-number vector, leading to elevated activities even
in the absence of IPTG. Two rounds of ammonium sulfate
precipitation and two anion-exchange chromatography steps
led to an apparently homogeneous protein. Evidence for the
purity was provided (i) by visual inspection of Coomassie blue-
stained SDS-PAGE gels and (ii) by the unambiguous determi-
nation of the N-terminal amino acid residues. The preparation
was suitable for crystallization (13), underlining its purity. The
enzyme most probably forms a dimer of identical subunits with
molecular mass 35,000 6 1,000 Da.
This is the first report on the detailed kinetics of a purified

TAL from E. coli and verifies the existence of at least two

genes encoding this enzyme. The gene for TAL A from E. coli
(29) has not been found yet. It may be identical, however, to an
ORF upstream of the tktB gene (11). It will be necessary to
knock out both genes to study their relative contributions to
the pentose phosphate pathway of E. coli. The substrate spec-
ificity of E. coli TAL B appeared to be as narrow as is also
known for enzymes of other origin such as yeasts or the slime
mold D. discoideum (1, 37). With regard to its physiological
substrates, TAL competes with transketolase for the common
intermediates Ga-3-P, Sed-7-P, Fru-6-P, and Ery-4-P. The af-
finities of both TAL B and transketolase A for Fru-6-P and
Ery-4-P are about equal (Table 2). However, Ga-3-P and Sed-
7-P (the products of transketolase A action on ribose-5-phos-
phate [Rib-5-P] and xylulose-5-phosphate) are better sub-
strates for TAL than for transketolase (38 mM versus 2.1 mM
and 285 mM versus 4.1 mM). This higher affinity may play a
role in the regulation of carbon flux through the pentose phos-
phate pathway as the reactive advantage of transaldolase could
favor the formation of Ery-4-P, an essential metabolite for the
biosynthesis of aromatic amino acids, aromatic vitamins, and
pyridoxine (37).
Inhibition by D-arabinose-5-phosphate (Ara-5-P) occurs

with a relatively low Ki of about 50 mM. Ara-5-P is derived
from ribulose-5-phosphate by isomerization and is a precursor
for KDO-8-P in gram-negative bacteria (18). Its intracellular
accumulation and inhibition exerted on TAL could constitute

FIG. 5. Alignment of partial and complete TAL sequences from different organisms. The sequence of TAL B (EcoB [35], DDBJ 10483 [this study]), partial
sequences from TAL A (EcoA [29]), and C-terminal-derived sequence of E. coli (ORF1) preceding gene tktB [11] are shown. Sequences of TAL from S. cerevisiae (Sce
[27]), K. lactis (Klac [12]), and humans (Hum [2]) and the sequence of an as yet unidentified cDNA clone from A. thaliana (Ath [22, 23]) are given. For comparison
with bacterial class I aldolases, the sequence of fructose-1,6-bisphosphate aldolase (ScFda of Staphylococcus carnosus [33]) is aligned but not included in the
determination of conserved residues. Boldface letters indicate highly conserved residues in all sequences, and an asterisk below the alignment marks unaltered residues
in all transaldolases. 1, end of known sequence; #, catalytic lysine residue involved in Schiff-base reaction of S. cerevisiae TAL (19), and @@ denote the His-Cys
residues of the S. cerevisiae sequence discussed in the text. The amino acid residues are numbered according to the TAL B sequence. Above the amino acid numbering,
a secondary-structure prediction (24, 25) for the TAL B sequence is given (H, a-helix; S, b-sheet; 2, loop regions). All boldface letters denote conserved
secondary-structure regions when compared with structure predictions for the S. cerevisiae, K. lactis, and human sequences.
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a regulatory junction between cell growth and central metab-
olism. To assess whether Ara-5-P plays a significant regulatory
role in vivo, the free intracellular Ara-5-P concentrations must
be known, however.
TAL B from E. coli accepts unphosphorylated substrates,

e.g., fructose, albeit with lower affinity and activity. Besides the
four intermediates of the pentose phosphate cycle, an early
report on a Torula TAL had shown fructose (no Km value
provided) and D-glyceraldehyde (Km 7 mM) as substrates for
the enzyme (3). TAL B could be used in COC bonding and in
enantiospecific enzymatic syntheses of novel sugars, as has
previously been demonstrated for transketolase or aldolase
from yeast cells (15). With the present report on a talB recom-
binant E. coli strain which overproduces the enzyme 100-fold
and from which the enzyme could be purified with rather
simple chromatography steps, an inexpensive source is now
available.
The reactive lysine residue of the S. cerevisiae enzyme has

recently been determined by mutagenesis (19); this lysine res-
idue is conserved in all sequences shown in Fig. 5. An earlier
report stated that a His-Cys dipeptide from Candida TAL was
involved in the catalytic activity (31). Site-directed mutagenesis
of the two residues on the S. cerevisiae gene led to drastically
reduced enzyme activities but also to a nearly total loss of TAL
protein; this was taken as evidence that the Cys residue is
required for enzyme stability but not necessarily for catalytic
activity (19). In this context, it is noteworthy that in the E. coli
TAL B sequence the respective His residue is altered to an Asn
residue and, moreover, there are no His residues conserved
between the different sequences. Knowledge of the structure of
TAL would certainly help us to understand whether a His
residue is actually involved in the catalytic mechanism. The
high phylogenetic conservation and the similarity in secondary
structure between the proteins obtained from organisms rang-
ing from a bacterium to humans suggest a high pressure to
retain this structure. Structure analysis of the crystallized TAL
B is under way (13).
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