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Escherichia coli K-12 converts L-fucose to dihydroxyacetone phosphate (C-1 to C-3) and L-lactaldehyde (C-4
to C-6) by a pathway specified by thefuc regulon. Aerobically, L-lactaldehyde serves as a carbon and energy
source by the action of an aldehyde dehydrogenase of broad specificity; the product, L-lactate, is then converted
to pyruvate. Anaerobically, L-lactaldehyde serves as an electron acceptor to regenerate NAD from NADH by
the action of an oxidoreductase; the reduced product, L-1,2-propanediol, is excreted. A strain selected for
growth on L-galactose (a structural analog of L-fucose) acquired a broadened inducer specificity because of an
alteredfucR gene encoding the activator protein for thefuc regulon (Y. Zhu and E. C. C. Lin, J. Mol. Evol.
23:259-266, 1986). In this study, a second mutation that abolished aldehyde dehydrogenase activity was
discovered. The L-fucose pathway converts L-galactose to dihydroxyacetone phosphate and L-glyceraldehyde.
Aldehyde dehydrogenase then converts L-glyceraldehyde to L-glycerate, which is toxic. Loss of the dehydro-
genase averts the toxicity during growth on L-galactose, but reduces by one-half the aerobic growth yield on
L-fucose. When mutant cells induced in the L-fucose system were incubated with radioactive L-fucose,
accumulation of radioactivity occurred if the substrate was labeled at C-1 but not if it was labeled C-6.
Complete aerobic utilization of carbons 4 through 6 of L-fucose depends not only on an adequate activity of
aldehyde dehydrogenase to trap L-lactaldehyde as its anionic acid but also on the lack of L-1,2-propanediol
oxidoreductase activity, which converts L-lactaldehyde to a readily excreted alcohol.

Escherichia coli K-12 grows on L-fucose as the sole
carbon and energy source via an inducible pathway mediated
by the sequential action of L-fucose permease (12), L-fucose
isomerase (10), L-fuculose kinase (14), and L-fuculose 1-
phosphate aldolase (9). The aldolase cleaves the six-carbon
substrate into dihydroxyacetone phosphate and L-
lactaldehyde. Aerobically, L-lactaldehyde is oxidized by an
NAD-linked dehydrogenase to L-lactate, which is converted
to pyruvate by a dehydrogenase of the flavoprotein class.
Anaerobically, L-lactaldehyde is reduced by an NADH-
linked oxidoreductase to L-1,2-propanediol, which is then
excreted (7, 22, 23). The sacrifice of one-half of the carbon
skeleton of L-fucose permits more dihydroxyacetone phos-
phate to be used as a carbon source (Fig. 1). The structural
genes fucP (encoding the permease), fucI (encoding the
isomerase), fucK (encoding the kinase), fucA (encoding the
aldolase), andfucO (encoding L-1,2-propanediol oxidoreduc-
tase) are organized into three operons clustered at min 60.2
(3, 5, 6, 11-13). They are under the control of the fucR
product, a positive regulator (21; Y. Zhu and Y.-M. Chen,
unpublished data) which interacts with L-fuculose 1-
phosphate as the effector (J. M. Bartkus and R. P. Mortlock,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, K238, p.
216). The gene ald, encoding aldehyde dehydrogenase, is not
linked to the fuc gene cluster (Y.-M. Chen and Y. Zhu,
unpublished data).

L-Galactose and D-arabinose, structural analogs of L-
fucose, cannot be utilized by wild-type E. coli K-12. Mutants
capable of growing on D-arabinose as the sole carbon and
energy source have been selected. In these strains, the fuc
regulon is induced in the presence of either L-fucose or
D-arabinose (15). A mutant capable of growing on D-
arabinose and on L-galactose, strain ECL469, has recently
been partially characterized. A mutation in the fucR regula-
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tor gene altered the inducer specificity in such a way that the
fuc regulon became triply inducible by L-galactose, D-
arabinose, or L-fucose. However, it was noticed that growth
of the mutant on L-fucose agar gave colonies of subnormal
size. Moreover, the introduction of fucR+ on a multicopy
plasmid diminished growth on L-galactose and D-arabinose
without improving the growth yield on L-fucose. This result
would suggest that a mutation other than that in fucR was
responsible for the growth defect on L-fucose (27). The
nature of that mutation is the subject of the present study.

MATERIALS AND METHODS

Chemicals. Crystalline L-glycerate was a generous gift of
L. N. Ornston. L-Lactaldehyde, synthesized by the reaction
of ninhydrin with D-threonine (26), was obtained from Y.-M.
Chen. L-Galactose, L-glyceraldehyde, L-fucose, and D-
arabinose were purchased from Sigma Chemical Co., St.
Louis, Mo. L-[6-3H]fucose (specific activity, 27 Ci/mmol)
was purchased from ICN Pharmaceuticals, Inc., Irvine,
Calif. L-[1-14C]fucose (specific activity, 59.2 mCi/mmol) was
obtained from New England Nuclear Corp., Boston, Mass.
Vitamin-free casein acid hydrolysate was from ICN Nutri-
tional Biochemicals, Cleveland, Ohio. Nobel agar was from
Difco Laboratories, Detroit, Mich. All other reagents used
were commercial products of the highest grade available.

Bacterial strains. The lineages and genotypes of the vari-
ous strains used are given in Table 1. Strain ECL709, lacking
aldehyde dehydrogenase, was identified as a pink (instead of
red) colony on MacConkey-L-fucose agar. Strain ECL710,
lacking L-fucose isomerase activity, was identified as a pale
colony on the same agar. Both mutants were derived from
strain ECL708 after mutagenesis with ethyl methanesulfon-
ate.
Growth of cells and preparation of extracts. Liquid cultures

were grown at 37°C in a 300-ml flask containing 100 ml of
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FIG. 1. Pathways for aerobic and anaerobic dissimilation of L-fucose by E. coli.

mineral medium (24) with appropriate supplements and
agitated on a rotary shaker. Noninducing medium contained
10 mM D-xylose as the carbon and energy source. Inducing
media contained 10 mM L-fucose, L-galactose, or D-
arabinose as the sole source of carbon and energy.
Anaerobic cultures were supplemented additionally with
0.1% casein amino acids and 20 mM pyruvate and grown in
150-ml tightly capped bottles (6).
For the assay of L-fucose uptake, cells in an exponentially

growing culture at about 150 Klett units (no. 42 filter) were
harvested by centrifugation, washed, and diluted to 100
Klett units with mineral medium. For enzyme assays, cells
in an exponentially growing culture at 130 to 190 Klett units
were harvested, washed, and suspended in 0.1 M potassium
phosphate (pH 7.0). The pellet was weighed and dispersed in
4 volumes of the phosphate buffer. The dispersed cells were
disrupted by sonication (6). The cell extract was centrifuged

at 100,000 x g for 2 h at 4°C, and the supernatant fraction
was used.

Substrate uptake and enzyme assays. Uptake and retention
of the aldehyde end of L-fucose were determined with the
cells suspended in 0.02 mM L-[1-14C]fucose at 32°C by the
procedure described for the assay of L-fucose permease
activity (4). Retention of the methyl end of L-fucose was
assayed by incubation of the cells with L-[6-3H]fucose.
Aldehyde dehydrogenase activity was measured spectro-

photometrically (E340) by the rate of NADH formation at
25°C with either 0.05 mM L-lactaldehyde or 0.2 mM L-
glyceraldehyde as the substrate (6). Specific enzyme activi-
ties are expressed as nanomoles of product formed per
minute per milligram of protein. Protein concentration was
determined with bovine serum albumin as the standard (18).

Tests for growth and inhibition. Overnight cultures were
diluted to contain about 2.5 x 104 cells per ml in mineral

TABLE 1. E. coli strains

Strain Source Relevant genotype' Source orStrain reference

ECL1 K-12 a1d+ fucO+ fucA+ fucP+ fucI+ fucK+ fucR+ 16
ECL40 ECL3 ald-i fucO(Con) fucA(Con) fucP(Non) fucI(Non) fucK(Non) 22
ECL469 ECL466 ald-201 fucO+ fucA+ fucP+ fucI+ fucK+ fucR* 27
ECL708 ECL459 ald+fucO(Con) fucA(Con) fucP(Con) fucI(Con) fucK(Con) 4; Y.-M Chen
ECL709 ECL708 ald-2 fucO(Con) fucA(Con) fucP(Con) fucI(Con) fucK(Con) This study
ECL710 ECL708 a1d+ fucO(Con) fucA(Con) fucP(Con) fucIfucK(Con) This study

a Genetic symbols: fucO, structural gene for L-1,2-propanediol oxidoreductase;fucA, structural gene for L-fuculose 1-phosphate aldolase;fucP, structural gene
for L-fucose permease;fucl, structural gene for L-fucose isomerase;fucK, structural gene for L-fUculose kinase;fucR, structural gene for the activator protein;
fucR*, structural gene for an activator protein with altered effector specificity; ald, gene specifying aldehyde dehydrogenase. Con, Constitutivity; Non,
noninducibility.
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medium, and 10 ,ul of the diluted culture was spread onto one

trisection of the appropriate agar plate. As the carbon source

for growth, L-lactaldehyde or L-glyceraldehyde (10 ,umol)
was added to a sterilized filter disk placed at the center of the
agar without other carbon and energy sources. To test for
inhibition of growth, L-lactaldehyde or L-glycerate (10 ,umol)
was added to a disk and placed on agar containing 30 mM
acetate. The plates were incubated at 37°C for 3 days. A
minimal agar with no added carbon and energy source gave

no visible colonies.

RESULTS
Impaired growth ability of the L-galactose-positive mutant

on L-fucose. With 10 mM L-fucose as the sole source of
carbon and energy in liquid medium, the mutant was normal
in its growth rate but gave only one-half of the expected
growth yield (Fig. 2). It might also be noted that, per atom of
carbon, the mutant gave a higher growth yield on L-galactose
and D-arabinose than on L-fucose. After stationary phase
was reached, cultures of the mutant grown in L-fucose and
L-galactose media declined slightly in density. This decline
did not occur with cells grown on D-arabinose. The signifi-
cance of the drop in culture density is unclear.

Loss of aldehyde dehydrogenase. Full aerobic utilization of
L-fucose depends on complete exploitation of both
dihydroxyacetone phosphate and L-lactaldehyde. That the
mutant suffered no impairment in the metabolism of
dihydroxyacetone phosphate was indicated by its normal
growth on glycerol, the catabolism of which requires its prior
conversion to the same triose phosphate. Further tests
showed that the mutant retained the ability to grow on

L-lactate but lost the ability to grow on L-lactaldehyde. This
finding suggested that the metabolic defect was caused by
the loss of aldehyde dehydrogenase activity. Enzymic anal-
ysis confirmed and extended this deduction. Whereas ex-

tracts of wild-type cells (strain ECL1) contained dehydroge-
nase activities when assayed with either L-lactaldehyde or

L-glyceraldehyde as a substrate, extracts of mutant cells
(ECL469) grown on L-fucose, D-arabinose, or L-galactose
lacked activity with both of these substrates (Table 2).
Moreover, extracts of strain ECL40, isolated as an L-
lactaldehyde dehydrogenase-negative mutant (22), also
lacked L-glyceraldehyde dehydrogenating activity. The iden-

HOURS

FIG. 2. Growth curves of wild-type strain ECL1 and mutant
strain ECL469. (A) Both strains with L-fucose as the sole source of
carbon and energy; (B) strain ECL469 with D-arabinose or L-

galactose as the sole source of carbon and energy.

TABLE 2. Activity levels of aldehyde dehydrogenase in different
strains

Sp act of aldehyde dehydrogenase as-
Strain Growth sayed withb:medium'

L-Lactaldehyde L-Glyceraldehyde

ECL1 D-Xylose 91 52
L-Fucose 190 200

ECL469 D-Xylose 0 0
L-Fucose 0 0
D-Arabinose 0 3
L-Galactose 0 7

ECL40 D-Xylose 0 0
a Cells were grown under aerobic conditions.
b Specific activities are expressed in nanomoles per minute per milligram of

cells (dry weight) at 25C.

tities of the enzymes active on L-lactaldehyde and on L-
glyceraldehyde were further indicated by transduction of the
ald+ gene from the wild-type strain into the L-galactose-
positive mutant ECL469 (selection for tetracycline resist-
ance conferred by a nearby transposon, TnJO). Transduc-
tants acquiring the enzyme active on L-lactaldehyde also
acquired the enzyme active on L-glyceraldehyde (data not
shown). The absence of aldehyde dehydrogenase activity in
the L-galactose-positive mutant not only explained the im-
paired growth of the mutant on L-fucose, but also pointed to
the basis of selection agaihst cells possessing the enzyme;
i.e., during growth on L-galactose, L-glyceraldehyde was
probably converted to L-glycerate, which was detrimental to
the cell.

Toxicity of L-glycerate. To test the hypothesis, growth
responses to L-lactaldehyde, L-glyceraldehyde, and L-
glycerate were analyzed as a function of the presence or
absence of aldehyde dehydrogenase. It was found that
L-lactaldehyde served as a sole source of carbon and energy
for the wild-type parent (strain ECLi), but not for the
L-galactose-positive mutant (ECL469) or for an aldehyde
dehydrogenase-negative mutant (ECL40). L-Glyceraldehyde
did not support the growth of the wild-type strain and
prevented its growth on acetate. The two mutants lacking
aldehyde dehydrogenase, however, actually grew on the
compound. This finding would suggest that a catabolic
pathway existed for L-glyceraldehyde but that its exploita-
tion for growth was prevented by the toxic production of
L-glycerate (note the higher growth yield of strain ECL469
on L-galactose than on L-fucose [Fig. 1]). L-Glycerate inhib-
ited the growth of all three test strains on acetate, regardless
of whether they possessed aldehyde dehydrogenase activity.
Among several carbon and energy sources screened, acetate
was found to be the most sensitive test compound, presum-
ably because its poor nutritional value made the cells highly
vulnerable. Why L-glycerate should be toxic remains un-
clear.

Inability of the L-galactose-positive mutant to retain the
methyl group of L-fucose. Failure of the L-galactose-positive
mutant to utilize the three-carbon fragment derived from the
methyl end of the L-fucose molecule was confirmed by
testing the radioactivity retained by the cells after incubation
with L-fucose labeled at C-1 or C-6. When wild-type cells
induced in the fuc regulon were incubated with L-fucose
labeled at C-6, the amount of radioactivity retained was
about 60% of that observed with L-fucose labeled at C-1
(Table 3). (The discrepancy suggests that a metabolite of
L-lactaldehyde or a portion of the compound itself was lost
to the medium under the experimental condition.) When a
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TABLE 3. Accumulation of radioactivity by cells incubated with
L-fucose labeled at different positionsa

Amt of radioactivity' after incubation
Strain Growth with:medium

L-[1-`4CJfucose L-[6-3H]fucose
ECL1 D-Xylose 0.2 0

L-Fucose 64 40
ECL469 D-Xylose 0.2 0.8

L-Fucose 32 0.6
D-Arabinose 34 0
L-Galactose 46 1.4

a Cells grown aerobically on various carbon and energy sources were
incubated with the labeled substrate for 1 min at 32°C, and the radioactivity
retained was determined.

b Expressed in nanomoles of L-fucose equivalent retained per milligram of
cells (dry weight).

similar comparison was made with the mutant cells
preinduced with L-fucose, L-arabinose, or L-galactose, the
amount of radioactivity retained after incubation with the
compound labeled at C-1 was 30 to 50% lower than that
observed with wild-type cells. This suggests that L-fucose
permease was not fully inducible because of thefucR muta-
tion (see also reference 27). More important, the retention of
the C-6 label by the mutant cells was practically nil.

Interference with aerobic assimilation of L-lactaldehyde by
L-1,2-propanediol oxidoreductase. The availability of L-
fucose labeled at different carbons also permitted an analysis
of the influence of L-1,2-propanediol oxidoreductase activity
on the retention of carbons 4 through 6 of L-fucose. When
strain ECL708, a mutant with a high aerobic constitutive
level of activity of this enzyme (4), was incubated under
aerobic conditions with L-fucose labeled at C-1 or C-6,
retention of the C-6 label was about 30% of that of the C-1
label (Fig. 3A). This percentage is in contrast to the 60%
retention of the C-6 label observed with aerobically grown
wild-type cells (Table 3), which contained a low activity of
L-1,2-propanediol oxidoreductase (12). The presence of an
ald mutatioh in strain ECL709 lowered the retention of the
C-6 label to 15% (Fig. 3B). A derivative of strain ECL708,
strain ECL710 lacking L-fucose isomerase activity and there-
fore unable to form L-lactaldehyde from L-fucose, was used
as a cdntrol for this comparison (Fig. 3C). It thus appears
that, even under aerobic conditions, the presence of
aldehyde dehydrogenase is not by itself sufficient to ensure
complete metabolite retention. Diversion of L-lactaldehyde
to L-1,2-propanediol, another small uncharged molecule,
must be minimized.

This view is also consistent with the results from wild-type
cells grown under different physiological conditions. When
aerobically grown cells containing a low activity of L-1,2-
propanediol oxidoreductase but a high activity of aldehyde
dehydrogenase (12) were incubated under aerobic conditions
with L-fucose labeled at C-1 or C-6, retention of the C-6 label
was about 60% of that of the C-1 label (Fig. 4A). When a
parallel set of incubations were carried out with anaerobi-
cally grown cells containing a high activity of L-1,2-
propanediol oxidoreductase but a low activity of aldehyde
dehydrogenase (12), retention of the C-6 label was <1% of
that of the C-1 label (Fig. 3B).

DISCUSSION

The E. coli enzyme first described as L-lactaldehyde
dehydrogenase (22) was subsequently found to play an

0 30 60 900 30 60 90 0 30 60 90
SECONDS

FIG. 3. Effects of metabolic blocks in the L-fucose pathway on
the ability of cells to retain the aldehyde or methyl end of L-fucose.
Cells grown aerobically in 0.5% casein hydrolysate medium were
assayed for retention of radioactivity when incubated with L-fucose
labeled at C-1 (0) or C-6 (0) as described in Materials and Methods.
(A) Strain ECL708 (elevated aerobic constitutive level of L-1,2-
propanediol oxidoreductase activity); (B) strain ECL709 (elevated
aerobic constitutive level of L-1,2-propanediol oxidoreductase ac-
tivity; defective aldehyde dehydrogenase); (C) strain ECL710 (con-
stitutive L-fucose pathway but lacking L-fucose isomerase).

essential role in the growth of cells on ethylene glycol by
catalyzing the oxidation of glycoaldehyde to glycolate (1, 2).
Our study showed that this dehydrogenase is also capable of
converting L-glyceraldehyde to L-glycerate. Because of its
broad substrate specificity and the lack of evidence that its
function is limited to the utilization of L-lactaldehyde, the
enzyme is more appropriately designated simply as aldehyde
dehydrogenase.

SECONDS
FIG. 4. Effect of respiratory condition of growth on the ability of

wild-type strain ECL1 to retain the aldehyde or methyl end of
L-fucose. Cells were assayed for retention of radioactivity after
incubation with L-fucose labeled at C-1 (*) or C-6 (0) as described
in Materials and Methods, (A) Aerobic growth on L-fucose (high
aldehyde dehydrogenase specific activity and low L-1,2-propanediol
specific activity [12]); (B) anaerobic growth on L-fucose (low
aldehyde dehydrogenase specific activity and high L-1,2-propanediol
oxidoreductase activity [12]).
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The loss of aldehyde dehydrogenase unmasked a pathway
for L-glyceraldehyde utilization which enabled strains
ECL469 and ECL40 to grow on the compound as the sole
source of carbon and energy and enabled strain ECL469 to
grow more effectively on L-galactose than on L-fucose. The
biochemical steps in the L-glyceraldehyde pathway have yet
to be characterized. Phosphorylation to L-glyceraldehyde
phosphate, however, can be excluded as a possibility, since
L-glyceraldehyde 3-phosphate was shown to be bactericidal
(25).
The loss of aldehyde dehydrogenase activity also demon-

strated the importance of converting uncharged L-lactalde-
hyde to anionic L-lactate for effective metabolite retention
by the cell (8).
The loss of the enzyme in strain ECL469 provided another

example of the acquisition of one futction at the expense of
another. In previous studies, it was shown that selection for
growth on L-1,2-propanediol resulted in the loss of the ability
to grow on L-fucose. In that case, the functional loss was a

secondary consequence of an alteration of gene expression
(17). In the present case, the functional loss was the result of
a direct selection against the harmful activity of an enzyme.

The L-galactose-positive mutant of E. coli is highly anal-
ogous to a mutant of Klebsiella pneumoniae (previously
classified as Aerobacter aerogenes) that acquired the ability
to grow on L-mannose, a structural analog of L-rhamnose. It
was found that the enzytnes encoded by the rha genes

converted L-mannose to dihydroxyacetone phosphate and
L-glyceraldehyde. Moreover, the pathways were inducible
by L-mannose. Growth of wild-type cells on the novel
carbon source was not possible, because its metabolism gave

rise to a toxic compound thought to be either L-glyceralde-
hyde itself or one of its metabolites (19, 20). In view of what
is now known, it seems very likely that the K. pneumoniae
mutant lost aldehyde dehydrogenase activity.
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