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We show that a tktA tktB double mutant, which is devoid of the two known transketolase isoenzymes of
Escherichia coli K-12, requires pyridoxine (vitamin B6) as well as the aromatic amino acids and vitamins for
growth. This pyridoxine requirement can also be satisfied by 4-hydroxy-L-threonine or glycolaldehyde. These
results provide direct evidence that D-erythrose-4-phosphate is a precursor of the pyridine ring of pyridoxine.
In addition, they show that the two major E. coli transketolase isoenzymes are not required for the biosynthesis
of D-1-deoxyxylulose, which is thought to be another precursor of pyridoxine.

Pyridoxine (vitamin B6) is a direct biosynthetic precursor of
pyridoxal 5'-phosphate, an important coenzyme that plays
numerous roles in cellular metabolism, especially in pathways
of amino acid metabolism (1). Pyridoxine is thought to be
synthesized by a branched pathway that leads from the precur-
sors D-1-deoxyxylulose and 4-hydroxy-L-threonine (Fig. 1) (11,
11a, 17). The pathway leading to D-1-deoxyxylulose is not
known with certainty, but D-l-deoxyxylulose could result from
the condensation of pyruvate and glyceraldehyde-3-phosphate
(Fig. 1) by the activity of a transketolase or a pyruvate-
dehydrogenase complex-dependent enzyme (2, 11, 11a, 15a,
25). A specific pathway leading from D-erythrose-4-phosphate
to 4-hydroxy-L-threonine has been proposed (17, 22). Certain
predictions based on this pathway have been confirmed. Ge-
netic evidence showed that the products of pdxB and serC
genes must mediate steps in this branch of the pyridoxine
biosynthetic pathway (17). Enzymological experiments con-
firmed thatpdxB encodes a 2-hydroxy acid dehydrogenase that
uses 4-phosphoerythronate as its substrate (19, 22). The im-
mediate precursor, 4-hydroxy-L-threonine, was shown to meet
the pyridoxine requirement ofpdxB mutants in minimal-plus-
glucose medium (7).
One prediction that has not been confirmed directly is that

D-erythrose-4-phosphate is the first compound in this branch of
the pyridoxine biosynthetic pathway. D-Erythrose-4-phosphate
is a central metabolic intermediate in the pentose phosphate
pathway and is required for the synthesis of the three aromatic
amino acids, L-tryptophan, L-phenylalanine, and L-tyrosine, and
the three aromatic vitamins, p-aminobenzoate, p-hydroxyben-
zoate, and 2,3-dihydroxybenzoate (Fig. 1) (8, 9, 12, 20, 26).
D-Erythrose-4-phosphate is synthesized directly from D-glycer-
aldehyde-3-phosphate and D-fructose-6-phosphate by a tran-
sketolase (Fig. 1) (8, 9, 12). In addition, D-erythrose-4-phos-
phate is synthesized from sedoheptulose-7-phosphate and
D-glyceraldehyde-3-phosphate by a transaldolase (8, 9, 12).
However, the latter two substrates are products of a transke-
tolase reaction between D-xylulose-5-phosphate and D-ribose-
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5-phosphate (Fig. 1) (8, 9, 12). Therefore, the pathway in Fig.
1 predicts that Escherichia coli mutants lacking transketolase
activity should require pyridoxine as well as the aromatic
amino acids and vitamins.

E. coli K-12 contains two transketolase isoenzymes encoded
by the tktA and tktB genes (13, 14). tktA4 corresponds to the
original tkt transketolase locus of E. coli K-10 (13-15). The
tktA gene product is the major isoenzyme and accounts for
about 70 to 90% of transketolase activity in cells grown under
the limited number of physiological conditions examined to
date (13). tktB may be in an operon with talA, which encodes
the E. coli transaldolase (13) (Fig. 1). The cellular activity of
the TktB isoenzyme, which shows 74% amino acid identity with
the TktA protein, appears to be very low, at least in the few
growth conditions tested so far (13). Similarly, there are two
transketolase isoenzymes in Saccharomyces cerevisiae (21, 23).
We tested the validity of the pathway in Fig. 1 by examining

the growth properties of an isogenic set of tktA+ tktB+ (NU426
[W3110 sup(Am) prototroph (17)]), tktA::TnlO (TX3156),
tktB::kan (TX3157), and tktA::TnlO tktB::kan (TX3158) strains
(Table 1). The tktA::TnlO and tktB::kan mutations originally
derived from strains A180 and A11122, respectively (13), were
moved into the NU426W3110 prototrophic strain by general-
ized transduction with bacteriophage Plvir (17, 22). A11118,
which is the original tktA tktB double mutant described previ-
ously (13), is in the EJ500 (W3110 cfs) background and is not
isogenic with NU426.

In our first experiments, P1 transductants were selected on
Luria-Bertani (LB) medium supplemented with 1% glycerol,
0.4% vitamin assay Casamino Acids, 200 ,uM L-tryptophan, 1
,uM pyridoxine, 6 ,uM p-aminobenzoate, 6 ,uM p-hydroxyben-
zoate, 50 ,uM 2,3-dihydroxybenzoate, and antibiotic (10 ,Ig of
tetracycline per ml or 50 jig of kanamycin per ml or both). The
tktA::TnlO and the tktB::kan single mutants formed colonies of
the same size as those of the tktA + tktB+ parent when streaked
on this medium lacking antibiotic. However, the tktA::TnlO
tktA::kan double mutant grew very poorly on supplemented or
regular LB medium with or without antibiotics compared with
the other strains. In addition, the tktA tktB double mutant
rapidly accumulated fast-growing suppressor mutants on this
rich medium. In contrast, the parent and tktA::TnlO, tktB::kan,
and tktA::TnlO tktB::kan mutants readily formed colonies of
about the same size on enriched minimal salts (1 X E) medium
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TABLE 1. Growth of E. coli transketolase (tkt) mutants on different minimal media"
Colony diam (mm) of strain":

Carbon source Nutrient NU426+ TX3156 TX3157TX3158 AI1118supplement(s) (tIro tktBrp (tktA::TnlO) (tX3B:5an) (tktA::TnlO (tktA::TnlO
prototroph) tk,:TI)ttBka tktB:*kan) tktB:*an)

Glucose None 2.5 2.0 2.5 -c
Glucose 6 Aro 2.9 2.5 2.5
Glucose PN 3.2 2.5 2.5 - -
Glucose 6 Aro + PN 2.2 2.0 2.2 0.6 0.4
Glucose 6 Aro + PL 3.8 2.5 2.5 0.6 0.6
Glucose 6 Aro + Thi 3.1 2.5 3.0 - -

Glucose 6 Aro + Ribo 3.0 1.8 2.5 -

Glucose 6 Aro + Glyc 3.0 3.0 2.5 0.3 0.2
Glucose 6 Aro + 4HT 2.6 3.0 3.0 0.5 0.2
Glycerol 6 Aro 1.8 1.8 1.8 - -

Glycerol 6 Aro + PN 1.8 1.5 1.8 0.5 0.9
Glycerol 6 Aro + 4HT 1.6 1,5 1.8 0.5 0.1
Pyruvate 6 Aro 1.6 1.5 1.8 - -

Pyruvate 6 Aro + PN 1.8 2 2 - 0.6
Pyruvate 6 Aro + 4HT 0.5 1.5 1.6 0.1 0.12
Gluconate 6 Aro 3.0 2.0 2.5 - -

Gluconate 6 Aro + PN 3.0 2.5 2.5 -

a 6 Aro is composed of 500 FM L-phenylalanine, 250 RM L-tyrosine, 200 ,uM L-tryptophan, 6 ,uM p-aminobenzoate, 6 p.M p-hydroxybenzoate, and 50 IiM
2,3-dihydroxybenzoate. PN, pyridoxine; PL, pyridoxal; Thi, thiamine; Ribo, riboflavin; Glyc, glycolaldehyde; 4HT, 4-hydroxy-L-threonine.

b Final isolates of the strains were tested for growth on supplemented minimal medium on MacConkey medium containing L-arabinose or D-xylose. As expected,
growth of strains containing the tktA::TnlO but not the tktB:*kan mutation was impaired on these media (13, 14). Fast-growing pseudorevertants of the tktA tktB double
mutants, TX3158 and AI1118, were observed on media with glucose (but not glycerol) plus 6 Aro plus PN or PL but were not measured.

_, no growth.

supplemented with 0.4% at-D-glucose, 0.4% vitamin assay
Casamino Acids, 200 FLM tryptophan, the three aromatic
vitamins, and pyridoxine. On the enriched minimal medium,
no suppressor mutants were evident, even in the presence of
antibiotics. Apparently, some compound in rich LB medium
severely inhibits bacteria lacking an intact pentose phosphate
pathway. For this reason, all transduction and growth experi-
ments were performed with only enriched minimal medium
and minimal medium containing the supplements shown in
Table 1, respectively.

In final growth experiments, E. coli strains were streaked
from enriched minimal-plus-glucose medium onto plates con-
taining Difco Bacto agar (1.5%, wt/vol), Vogel-Bonner mini-
mal (lx E) salts (3), and one or more of the following
supplements: a-D-glucose (0.4%, wt/vol); glycerol (1%, vol/
vol); pyruvate (1%, wtlvol); gluconate (1%, wt/vol); 6 Aro (500
RM L-phenylalanine, 250 PM L-tyrosine, 200 pLM L-tryptophan,
6 puM p-aminobenzoate, 6 t±M p-hydroxybenzoate, 50 puM
2,3-dihydroxybenzoate); pyridoxine or pyridoxal (1 pM); thia-
mine (1.2 ,uM); riboflavin (13 ,uM); glycolaldehyde (100 ,uM);
and 4-hydroxy-L-threonine (3 ,uM). All plates lacked antibiot-
ics. Plates were incubated at 37°C for 2.5 days, and diameters
of about 20 well-separated single colonies were measured for
each strain. The entire experiment was done twice. Care was
taken not to subject the strains to conditions that inhibit
growth and allow the accumulation of pseudorevertants.
Growth of the tktA::TnlO (TX3156) and tktB::kan (TX3157)

single mutants was indistinguishable from that of the NU426
W3110 parent strain on most media tested (Table 1). The
tktA::TnlO mutant did grow slightly more slowly than the
NU426 parent and tktB::kan mutant on some media (e.g., with
glycerol as the carbon source [Table 1]), but the differences
were not large. By contrast, the tkt4::TnlO tktB::kan double
mutant (TX3158), which lacks both transketolase isoenzymes,
failed to grow on minimal-plus-glucose, minimal-plus-glycerol,
or minimal-plus-pyruvate medium, even when the six aromatic

amino acids and vitamins were supplied (Table 1). Yet the tktA
tktB double mutant did grow on minimal-plus-glucose me-
dium containing the six aromatic compounds and pyridoxine,
pyridoxal, 4-hydroxy-L-threonine, or glycolaldehyde (Table 1).
Glycolaldehyde is thought to act as a nonphysiological precur-
sor of 4-hydroxy-L-threonine when the pathway mediated by
pdxB and serC is blocked (Fig. 1) (4, 10, 17, 24). Other
vitamins, such as thiamine (vitamin B1) or riboflavin (vitamin
B2), did not allow growth (Table 1). Pyridoxine and 4-hydroxy-
L-threonine also supported growth of the tktA tktB double
mutant on minimal-plus-glycerol medium containing the six
aromatic compounds. Moreover, the original AI1118 (tktA::
Tn1O tktB::kan) double mutant, which is in a different gene-
tic background and was propagated on LB medium during
and after mailing, showed the same auxotrophy for pyridox-
ine, pyridoxal, 4-hydroxy-L-threonine, and glycolaldehyde as
TX3158 (Table 1). Together, these data are consistent with the
pathway in Fig. 1 and support the notion that D-erythrose-4-
phosphate is a direct precursor of 4-hydroxy-L-threonine, pyr-
idoxine (vitamin B6), and ultimately pyridoxal 5'-phosphate as
well as the six aromatic amino acids and vitamins. These data
also show that the major tktA and tktB transketolases are not
essential for the biosynthesis of D-1-deoxyxylulose (Fig. 1). If
this were the case, then the tktA tktB double mutant would
grow when supplemented with pyridoxine but not with 4-hy-
droxy-L-threonine or glycolaldehyde alone. However, it is still
possible that a new transketolase which is specific for D-1-
deoxyxylulose synthesis but is not part of the pentose phos-
phate pathway exists.

Table 1 contains data on several additional growth proper-
ties of tktA tktB transketolase mutants. The TX3158 tktA tktB
double mutant grew at about the same rate on supplemented
glucose as on the glyconeogenic carbon source, glycerol (Table
1). This finding does not support the idea that the major
transketolases are necessary for efficient glycolysis in E. coli, as
was suggested for yeast mutants lacking the major TKLJ
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transketolase (23). However, the growth characteristics of E.
coli tktA tktB double mutants were strongly strain dependent.
Unlike TX3158, the A11118 tktA tktB double mutant did grow
much faster on glycerol than on glucose minimal medium
(Table 1) and tended to accumulate faster-growing pseudo-
revertants on minimal-plus-glucose medium containing the six
aromatic compounds and pyridoxine (data not shown). As
noted above, the AI1118 double mutant was propagated on LB
medium and undoubtedly had accumulated additional sup-

pressor mutations before the start of these experiments. Curi-
ously, 4-hydroxy-L-threonine, but not pyridoxine, allowed
growth of the TX3158 tktA tktB mutant on minimal-plus-
pyruvate medium containing the six aromatic compounds
(Table 1); we do not have an explanation for this result. Again,
TX3158 and A11118 exhibited strain differences, since A11118
grew on minimal-plus-pyruvate medium containing either pyr-

idoxine or 4-hydroxy-L-threonine. Finally, neither tktA tktB
double mutant grew on supplemented gluconate medium
(Table 1). This result implies that a sufficient amount of
gluconate may be trapped in the pentose phosphate pathway of
the tktA tktB mutant to inhibit growth, despite the possibility of
gluconate utilization by the Entner-Doudoroff pathway (8).

In summary, the findings in this paper extend the well-
known central role of D-erythrose-4-phosphate as the precur-

sor to aromatic compounds in bacteria and yeast (Fig. 1) (5, 6,
8, 14, 15, 20, 21, 23, 26). The growth requirement for pyridox-
ine, pyridoxal, glycolaldehyde, or 4-hydroxy-L-threonine was

clearly demonstrated in E. coli tktA tktB double mutants
lacking all known transketolase activities (Fig. 1; Table 1). It
was not established whether D-erythrose-4-phosphate is a

precursor to pyridoxine in S. cerevisiae, because the culture
media used to grow the analogous TKL1 TKL2 yeast double
mutants were supplemented with a vitamin mixture (21). The
regulation and roles of the major and minor transketolases in
bacteria and S. cerevisiae are not well understood (8, 13-15, 21,
23). However, overexpression of a transketolase in E. coli led
to increased production of 3-deoxy-D-arabino-heptulosonate,
which is the product of the first step in the common aromatic
pathway (5, 6, 20). This result indicates that the in vivo
concentration of D-erythrose-4-phosphate might be limiting
and therefore might be a potential point of pathway regulation.
The results presented here also show that pyridoxine and

pyridoxal 5'-phosphate biosynthesis is linked by a common

intermediate to aromatic amino acid and aromatic vitamin
biosynthesis. In this regard, two other observations are note-
worthy. First, there is an additional genetic link between pyri-
doxine and aromatic biosynthesis. The aroA gene, which mediates
the penultimate step in the conversion of D-erythrose-4-phos-
phate to chorismate (20), is in a superoperon with serC, which
mediates both pyridoxine and serine biosynthesis (Fig. 1) (17).
Second, there appear to be two key shared metabolic interme-
diates that connect the biosynthesis of pyridoxine (vitamin B6)
and several other vitamins (Fig. 1). D-Erythrose-4-phosphate is
a direct precursor of pyridoxine and the three aromatic
vitamins, p-aminobenzoate, p-hydroxybenzoate, and 2,3-dihy-
droxybenzoate (20, 26) (Fig. 1). The other direct precursor of
the pyridine ring of pyridoxine, D-1-deoxyxylulose, is thought to

be an intermediate in thiamine (vitamin B1) and riboflavin
(vitamin B2) biosynthesis (2, 25). Continued genetic and
physiological analyses at the pathway and genetic levels should
elucidate the role of the two transketolase isoenzymes and the
interconnected regulation of vitamin biosynthesis in E. coli.
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