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In Escherichia coli, L-fucose is dissimilated via an inducible pathway me-
diated by L-fucose permease, L-fucose isomerase, L-fucUlose kinase, and L-
fuculose 1-phosphate aldolase. The last enzyme cleaves the six-carbon substrate
into dihydroxyacetone phosphate and L-lactaldehyde. Aerobically, lactaldehyde
is oxidized to L-lactate by a nicotinamide adenine dinucleotide (NAD)-linked
dehydrogenase. Anaerobically, lactaldehyde is reduced by an NADH-coupled
reductase to L-1,2-propanediol, which is lost into the medium irretrievably, even
when oxygen is subsequently introduced. Propanediol excretion is thus the end
result of a dismutation that permits further anaerobic metabolism of dihydroxy-
acetone phosphate. A mutant selected for its ability to grow aerobically on
propanediol as a carbon and energy source was reported to produce lactaldehyde
reductase constitutively and at high levels, even aerobically. Under the new
situation, this enzyme serves as a propanediol dehydrogenase. It was also
reported that the mutant had lost the ability to grow on fucose. In the present
study, it is shown that in wild-type cells the full synthesis of lactaldehyde
dehydrogenase requires the presence of both molecular oxygen and a small
molecule effector, and the full synthesis of lactaldehyde reductase requires
anaerobiosis and the presence ofa small molecule effector. The failure ofmutant
cells to grow on fucose reflects the impairment of a regulatory element in the
fucose system that prevents the induction of the permease, the isomerase, and
the kinase. The aldolase, on the other hand, is constitutively synthesized. Three
independent fucose-utilizing revertants of the mutant all produce the permease,
the isomerase, the kinase, as well as the aldolase, constitutively. These strains
grow less well than the parental mutant on propanediol.

Strain 3, a mutant of Escherichia coli strain
1 which had acquired the ability to grow on L-
1,2-propanediol as the sole source of carbon and
energy, produces constitutively a propane-
diol:nicotinamide adenine dinucleotide (NAD)
oxidoreductase, which converts the substrate to
L-lactaldehyde. L-Lactaldehyde is further me-
tabolized to L-lactate under the influence of
another NAD-linked oxidoreductase produced
by both wild-type and mutant cells (11). L-Lac-
tate then induces internally yet another dehy-
drogenase, but of the flavo-protein class, which
converts the substrate to pyruvate (2), thus
feeding the carbons of propanediol into the cen-
tral metabolic network.
A connection between the metabolism of pro-

panediol and fucose was first suggested by the
observation that the genetic locus that confers
the new catabolic capability can be cotrans-
duced by phage P1 with genes for the utiliza-
tion of fucose. It was also found that wild-type

strain 1 growing anaerobically on fucose ex-
cretes propanediol and exhibits induced levels
of a propanediol:NAD oxidoreductase. This en-
zyme migrated together with the constitutive
enzyme of the mutant during column chroma-
tography on diethylaminoethyl-cellulose. In ad-
dition, it was noticed that strain 3 no longer
grows on fucose, either aerobically or anaero-
bically (2).
L-Fucose is metabolized in E. coli (Fig. 1) by

the sequential action of L-fucose isomerase (6),
L-fuculose kinase (7), and L-fuculose 1-phos-
phate aldolase (4). The products of the last reac-
tion are dihydroxyacetone phosphate and L-lac-
taldehyde. Evidently, under anaerobic condi-
tions, all of the lactaldehyde is reduced to pro-
panediol and excreted into the medium, but
under aerobic conditions the aldehyde is fully
catabolized by oxidation (2). In strain 3, the
propanediol:NAD oxidoreductase is produced
constitutively not only anaerobically, but aero-
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FIG. 1. Scheme for propanediol and fucose metabolism in E. coli. The enzyme catalyzing the interconver-
sion ofpropanediol and lactaldehyde is referred to as propanediol oxidoreductase in this study, instead of
propanediol dehydrogenase (which had been used previously), since the actual role of this protein depends
upon the strain in which it is found. ATP, Adenosine 5'-triphosphate; ADP, adenosine 5'-diphosphate; FAD,
flavin adenine dinucleotide.

bically as well, a necessary regulatory change
permitting the reversal ofthe physiological role
of this enzyme from a reductase to a dehydro-
genase.
The primary objectives of the present study

have been to characterize the biochemical basis
for the inability of strain 3 to grow on fucose
and to determine whether or not the L-lactalde-
hyde dehydrogenase described previously as a
constitutive enzyme indeed belongs to the fu-
cose system by a more careful examination of
its levels in strains 1 and 3 grown under various
physiological conditions.

MATERIALS AND METHODS
Chemicals. L-Fuculose was obtained by using a

mutant strain of Klebsiella aerogenes that excretes
this compound into the medium when supplied with
L-fucose (E. St. Martin, Ph.D. thesis, Univ. of Mas-
sachusetts, Amherst, 1975). Fuculose production
was monitored by the cysteine-carbazole method for
detection of keto sugars (3). When production of
fuculose was maximal, the medium was passed
through membrane filters (0.45-,um pore diameter;
Millipore Corp., Bedford, Mass.), and the filtrates
were used without further treatment.

L-Fuculose 1-phosphate was prepared by an enzy-

matic procedure (7) with the following modifica-
tions. A strain ofK. aerogenes that lacked fuculose
1-phosphate aldolase (St. Martin, Ph.D. thesis) was
used as source of fuculose kinase. Cell extracts were
used without further purification. After deproteini-
zation and removal of nucleotides by adsorption on
activated charcoal, the solution was concentrated to
50 ml by rotary evaporation and was applied to a
column (40 by 1.5 cm) of AG1-X1O resin (50 to 100
mesh, formate form; Bio-Rad Laboratories, Rich-
mond, Calif.), which had been equilibrated with
water. The column was washed with 50 ml of water,
and a linear gradient of 0 to 1 M sodium formate and
0.4 M formic acid in a total volume of 800 ml was
applied. The effluent was collected in 10-ml fractions
and was assayed for cysteine-carbazole-reacting ma-
terial. Free fuculose was eluted in the void volume.
Fractions containing fuculose 1-phosphate were
pooled and brought to pH 6.4 with 0.3 M barium
hydroxide, and 4 volumes of ethanol were added.
The precipitate collected by centrifugation after
overnight storage at 0 C was washed in 80% ethanol
and redissolved in 10 mM acetic acid.

L-Lactaldehyde was prepared by the reaction of
ninhydrin with D-threonine (13). Since preparations
thus obtained caused, at high concentrations, inhibi-
tion of L-lactaldehyde dehydrogenase, further puri-
fication was carried out by precipitation and wash-
ing the product with absolute ethanol and collecting
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the precipitated lactaldehyde dimer by centrifuga-
tion. The dimers were cleaved by heating the prep-
aration at 80 C in 0.1 M HCl for 10 min (8), and
the preparation was characterized by thin-layer
chromatography in ethyl acetate-acetic acid-water
(3:1:3, vol/vol/vol) and methanol-NH4OH-water
(6:1:3 vol/vol/vol) (13). The concentration of lactal-
dehyde was estimated by bisulfite binding (1).

DL-1,2-Propanediol was purchased from Fisher
Scientific Co., Pittsburgh, Pa., and redistilled. L-
Fucose was obtained from Pfanstiehl Laboratories,
Inc., Waukegan, Ill.; L-[1-14C]fucose was from Amer-
sham/Searle, Arlington Heights, Ill.; casein acid hy-
drolysate (vitamin free) was from Nutritional Bio-
chemicals Corp., Cleveland, Ohio; and purified en-
zymes were from Boehringer Mannheim Biochemi-
cals, New York, N.Y.

Bacteria. Strain 3, able to grow on propanediol,
but no longer able to grow on fucose, was isolated
from E. coli K-12 strain 1 (12). Independent revert-
ants of strain 3, capable of growth on fucose, strains
54, 55, and 56, were selected on 10 mM fucose mini-
mal agar. Colonies that appeared after several days
of incubation at 37 C were suspended in 10 ml of
,sterile saline, and single cells were replated on fu-
cose minimal agar.
Growth of cells. Carbon sources were added to a

basal inorganic medium (12) in the following con-
centrations (either alone or as mixtures): hexoses,
0.01 M for aerobic growth, 0.02 M for anaerobic
growth; pyruvate, 0.02 M; DL-1,2-propanediol, 0.04
M; and casein acid hydrolysate, 0.5%. Other growth
conditions were described before (2).

Preparation of extracts. Cells were harvested in
mid- to late exponential phase by centrifugation,
washed in 0.1 M sodium phosphate buffer (pH 7.0),
and suspended in four times their wet weight in the
same buffer containing 2.5 mM glutathione. The
cells were sonically disrupted by two 1-min pulses
(20 kcycles/s) in a tube chilled at 0 C. The superna-
tant fluids were used for enzyme assays after cen-
trifugation at 100,000 x g for 45 min at 0 C (to
remove NADH oxidase).

Enzyme assays. LFucose isomerase activity was
determined from the rate of L-fuculose formation by
the cysteine-carbazole method (3). Reaction mix-
tures (1.0 ml) contained u.fucose (10 Mumol), tris(hy-
droxymethyl)aminomethane (Tris)-hydrochloride
buffer at pH 7.0 (20 igmol), and MnCl2 (2 Mmol).
Assays were started by the addition of bacterial
extract (50 to 100 gug of protein). The blank mixture
lacked i-fucose.
The assay of i-fuculose kinase (EC 2.7.1.51) was

based on the fuculose-stimulated production of
adenosine 5'-diphosphate in a coupled system with
pyruvate kinase and lactate dehydrogenase (7). Re-
action mixtures (1 ml) contained Tris-hydrochloride
buffer at pH 7.8 (50 ,umol), MgC12 (5 gLmol), adeno-
sine 5'-triphosphate (10 ,umol), phosphoenolpyru-
vate (2.5 ,mol), glutathione (1 Amol), x-fuculose (2
Amol), NADH (0.25 jtmol), NaF (5 Amol), lactate
dehydrogenase (50 ;Lg), and pyruvate kinase (50
Mg). The blank mixture lacked r-fuculose. Assays
were started by the addition of bacterial extract (50
to 100 iLg of protein) and changes in the extinction
coefficient at 340 rnm (E.,.) were recorded.

The assay of i-fuculose 1-phosphate aldolase (EC
4.1.2.17) was dependent upon the formation of dihy-
droxyacetone phosphate (4).

Propanediol oxidoreductase (EC 1.1.1.55) (12) and
lactaldehyde dehydrogenase (EC 1.2.1.22) (11) activ-
ities were measured spectrophotometrically by the
formation of NADH in a final total volume of 1 ml.
Propanediol oxidoreductase was also measured by
using ilactaldehyde as substrate when high levels
of glycerol dehydrogenase were expected to be pres-
ent in extracts. This latter enzyme catalyzes the
interconversion of propanediol and acetol but not of
propanediol and lactaldehyde (12). Assay mixtures
(1 ml) contained sodium carbonate buffer (pH 9.5;
100 ,umol), L-lactaldehyde (5 jumol), and NADH2
(0.15 Amol). The blank reaction mixture lacked L-
lactaldehyde. Assays were started by the addition of
bacterial extract (50 to 100 MAg of protein), and
changes in E340 were recorded.

All reaction rates were measured in a Gilford
recording spectrophotometer. Protein concentra-
tions were measured with the biuret reagent (5).

Transport assay. L-Fucose permease activity was
determined by the rate of L-[1-_4C]fucose uptake by
whole cells. Cells were harvested in the late expo-
nential phase of growth, washed with mineral me-
dium, and suspended at approximately 109 cells per
ml of mineral medium containing chloramphenicol
(100 mg/ml). The assay was started by adding 0.5 ml
of the cell suspension to 0.5 ml of mineral medium
containing L-[1-_4C]fucose (0.2 ,mol, 0.16 MCi).
Samples (0.1 ml) were withdrawn at 30-s intervals,
and the uptake reaction was terminated by delivery
onto a membrane filter (0.45 ,m) previously wetted
with mineral medium. The filter was immediately
washed with 5 ml ofmineral medium and dried, and
the radioactivity was determined by scintillation
counting. Uptake of radioactivity by the cells was
found to be linear over a 4-min period.

RESULTS
Fucose enzymes in the wild-type organism.

In cells of strain 1 growing on fucose as the sole
source of carbon and energy, or on fucose plus
casein hydrolysate, the specific activities of fu-
cose permease, fucose isomerase, fuculose ki-
nase, and fuculose 1-phosphate aldolase were
induced to 10-fold greater levels than those in
cells grown on casein hydrolysate. Induction
was independent of the aeration of the cultures
(Table 1).
Propanediol oxidoreductase was most highly

induced in cells grown on fucose anaerobically.
Intermediate levels were found in cells grown
on fucose aerobically with or without casein
hydrolysate and in cells grown on casein hy-
drolysate whether aerobically or anaerobically.
A very low level of this enzyme was found in
cells grown on glucose aerobically. However,
assay of this enzyme in cells grown on glucose
anaerobically requires special caution because,
in a previous study, cells grown anaerobically
on glucose and fumarate were shown to contain
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TABLE 1. Activities offucose pathway enzymes in crude extracts of wild-type E. coli as a
function ofgrowth conditions

Sp acta

Carbon source 02 Fucose per- Fucose isom- Fuculose ki- Fuculose 1- Propanediol Lactalde-
mease° erase nase phosphate oxidoreduc- hyde dehy-aldolase tase drogenase

CAAc + 0 36 27 0 20 93
CAA + fucose + 55 500 440 240 80 100
Fucose + 58 520 420 130 42 280
Glucose + 6 15

CAA + pyruvate - 89 0
Fucose - 64 750 310 270 240d 32
Glucose - 120( 0
a Nanomoles per minute per milligram of protein at 25 C.
b Nanomoles per minute per milligram of dry weight at 37 C.
c Casein hydrolysate.
d Measurement in reverse by lactaldehyde reduction gave 360 units.
I Measurement in reverse by lactaldehyde reduction gave zero activity. See text.

a high level of glycerol dehydrogenase, which
also attacks propanediol, but at C2 (12). By
measuring both the dehydrogenation of propa-
nediol and the reduction of lactaldehyde, it was
shown in the present study that cells grown
anaerobically on glucose alone did contain a
significant level of glycerol dehydrogenase but
did not contain a detectable level ofpropanediol
oxidoreductase. We therefore conclude that full
induction of propanediol enzyme requires both
the presence ofan inducer and anaerobiosis and
that glucose exerts a strong repression both
aerobically and anaerobically.
Lactaldehyde dehydrogenase was most

highly induced in cells grown aerobically on
fucose as the sole source of carbon. During an-
aerobic growth on fucose or aerobic growth on
fucose in the presence of casein hydrolysate,
only partial induction was evident. The enzyme
was strongly repressed in cells grown anaerobi-
cally on casein hydrolysate plus pyruvate, and
on glucose whether 02 was present or not.
Fucose enzymes in strain 3. The lack of

induction of fucose permease, fucose isomerase,
and fuculose kinase evidently accounts for the
inability of strain 3 to grow on fucose since their
basal activities were not elevated in cells grown
on casein hydrolysate in the presence of the
substrate. On the other hand, fuculose 1-phos-
phate aldolase, with no apparent function in
cells blocked in the initial portion of the path-
way, was found to be synthesized at high con-
stitutive levels (Table 2).

Propanediol oxidoreductase, as expected
from the results of early studies, was produced
at high constitutive levels, especially under
aerobic conditions. Its synthesis, however, was
repressed during growth on glucose, apparently
more so in aerobic cultures, but not to the very
low level observed in strain 1.

Lactaldehyde dehydrogenase was most
highly induced in cells grown aerobically on
propanediol. During aerobic growth on casein
hydrolysate in the presence or absence of fu-
cose, only partial induction was evident. The
enzyme was strongly repressed in cells grown
on casein hydrolysate plus pyruvate anaero-
bically or on glucose alone whether O., was
present or not.
Fucose revertants of strain 3. Fucose-posi-

tive revertants occur at a frequency of about 5
X 10-7 among cells of strain 3 (J. Aguilar,
unpublished data). Growth on fucose of three
such independent revertants, strains 54, 55,
and 56, in each case was slower than that of
strain 1. On the other hand, growth of these
revertants on propanediol was slower than that
of strain 3, although the differences were
slight. A competitive growth experiment on
propanediol between cells of strain 3 and those
of revertant 56 (with the fastest growth rate,
both on fucose and on propanediol) was there-
fore carried out to ascertain whether the gain of
one function had to be at some expense of the
other. Cells of strain 56 (1.4 x 108) and cells of
strain 3 (1.1 x 108) were inoculated into 500 ml
of propanediol mineral medium. When the pop-
ulation reached a density of about 109 cells per
ml, 0.1 ml of the culture was used to inoculate
250 ml of fresh propanediol medium. After two
further similar transfers (about 45 generations
in total), an analysis revealed that fucose-nega-
tive cells (strain 3) outnumbered fucose-posi-
tive cells (revertant 56) by more than 100:1.
An enzymatic examination was then carried

out to determine the basis of the restored abil-
ity of strains 54, 55, and 56 to grow on fucose:
Fucose permease, fucose isomerase, fuculose ki-
nase, and fuculose 1-phosphate aldolase were
all found to be synthesized constitutively (Ta-
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TABLE 2. Activities offucose pathway enzymes in crude extracts ofstrain 3 as a function ofgrowth conditions

Sp act

Carbon source 02 F Fucose Fle ki- Fuculose 1- Propanediol Lactalde-
mease6 erase nase phosphate oxidoreduc- hyde dehy-

aldolase tase drogenase
CAAc + 0 43 80 490 410 130
CAA + fucose + 0.08 30 46 490 390 110
Propanediol + 43 57 490 420 260
Glucose + 50 36

CAA + pyruvate - 260 9
Glucose - 92 7

a Nanomoles per minute per milligram of protein.
b Nanomoles per minute per milligram of dry weight.
c Casein acid hydrolysate.

TABLE 3. Activities offucose pathway enzymes in crude extracts of revertants of strain 3 grown aerobically

Sp act
Strain no. Carbon source Fucose per- Fucose isomer- Fuculose 1-phos-

measepe ase Fuculose kinase phate aldolase

54 CAAc 0.3 110 110 470
CAA + fucose 0.3 100 120 500

55 CAA 8.0 230 160 500
CAA + fucose 7.0 240 160 440

56 CAA 15.0 600 550 370
CAA + fucose 15.0 630 400 420

a Nanomoles per minute per milligram of protein.
b Nanomoles per minute per milligram of dry weight.
e Casein acid hydrolysate.

ble 3). In no case did the recovery of the fucose
permease activity approach the levels found in
the wild-type strain. The isomerase and the
kinase specific activities were similar within
each revertant, although they differed between
revertants. The specific activities of the aldol-
ase remain similar to that in strain 3. The
levels to which the permease, the isomerase,
and the kinase were restored correspond in or-
der to the growth rates of the revertants on
fucose (Table 4).

DISCUSSION

The pathway of fucose dissimilation diverges
at the aldolase step, which yields dihydroxyace-
tone phosphate and lactaldehyde. Dihydroxyac-
etone phosphate is destined to supply the glyco-
lytic pool irrespective of the redox condition.
The fate of lactaldehyde, however, is critically
dependent upon the aeration of the cells.
Under anaerobic conditions, propanediol oxi-

doreductase (acting as lactaldehyde reductase)
is fully induced, and the propanediol formed by
this enzyme is excreted into the medium. The
disposal of two hydrogens in this manner al-

lows the further metabolism of dihydroxyace-
tone phosphate without the need for an exoge-
nous hydrogen acceptor. For each mole of fu-
cose consumed anaerobically, approximately 1
mol of propanediol is released into the medium
(2).
*Under aerobic conditions, lactaldehyde dehy-

drogenase is fully induced, and the lactate
formed by this enzyme is oxidized to pyruvate
by an inducible dehydrogenase (2). The availa-
bility of molecular oxygen thus obviates the
need of internal dismutation and permits all
the carbons of fucose to be consumed.

TABLE 4. Aerobic growth rates of wild-type, mutant,
and revertant cells on fucose and propanediol

Doubling time (min) on:
Strain no. Propanediol (10

Fucose (10 mM) mm)
1 90 a

3 _a 140
54 420 170
55 270 170
56 110 160

a No growth.
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A previous observation that a derivative of
strain 3 missing lactaldehyde dehydrogenase
activity can no longer grow on propanediol (11)
and the demonstration in the present study
that this enzyme is inducible aerobically by
propanediol in strain 3 and is inducible aerobi-
cally by fucose in the wild-type strain 1 lead us
to conclude that lactaldehyde is indeed the
physiological substrate. There is no evidence
pointing to a genetic alteration of the control of
lactaldehyde dehydrogenase synthesis in strain
3. The observation that aerobic growth of this
mutant on propanediol results in the induction
of this enzyme to a level close to that in the
wild-type strain grown aerobically on fucose as
the sole source of carbon and energy suggests
that an intermediate in the fucose pathway,
possibly lactaldehyde itself, is the inducer. In
the wild-type strain, the provision of casein
hydrolysate diminishes or obscures the induc-
ing effect of fucose, possibly by decreasing the
intracellular concentration of the inducer de-
rived from fucose.

It was reported that the ability of strain 3 to
grow aerobically on propanediol at a rate ap-
proaching that of aerobic growth on glycerol
required several mutational steps (12). It has
since been shown that some early-stage mu-
tants were able to grow on propanediol without
noticeable impairment of the capacity to grow
on fucose. Continued selection of propanediol,
however, favors mutants that have a block in
the fucose pathway (J. Aguilar and A. Hack-
ing, unpublished data).
Two possibilities can be suggested for the

failure of strain 3 to synthesize fucose per-
mease, fucose isomerase, and fuculose kinase:
(i) a change in a common regulatory, mecha-
nism for the three enzymes; (ii) the structural
conversion of fucose permease to a propanediol
transport protein, resulting in either the inabil-
ity of the inducer to enter the cell or a severe
polar mutation preventing expression of the
genes coding for the isomerase and kinase. Un-
der the second alternative, one would expect
the fucose-positive revertants of strain 3 either
to regain inducibility of that pathway or be-
come fully constitutive in it. In fact, two out of
three revertants were partially constitutive in
the synthesis of the isomerase and kinase. A
comparison of the levels of fucose permease
activity in cells of strain 1 and cells of revertant
strains 55 and 56 grown at 30 and 42 C (but
assayed under standard conditions) did not un-
cover any evidence for altered thermal stabil-
ity.

If a specific transport system were required
to overcome poor permeability of the cell mem-
brane to propanediol, a prime candidate would

be the system required to facilitate the exit of
propanediol during nonnal fermentation of fu-
cose. Ifthe control ofthis system is not linked to
that for propanediol oxidoreductase, a constitu-
tive mutation should suffice.

In the case of glycerol transport by E. coli,
loss of the protein capable of catalyzing the
facilitated diffusion of the substrate prevented
normal growth only when the concentration of
glycerol in the medium fell below 5 mM (9). The
half-time of equilibration of 400 mM glycerol
across such penneation-defective cells was ap-
proximately 18 s, as determined by an optical
assay based on plasmolysis (10). The propane-
diol permeability of wild-type cells grown even
under conditions not causing the induction of
the anaerobic fucose pathway was too rapid to
be recorded by this method (half-time less than
2 s) (J. Aguilar and F. E. Ruch, unpublished
data).
On the basis of these observations, we there-

fore favor the regulatory model at present, but
further experimental confirmation is required.

It is not clear whether the derepression of
fuculose 1-phosphate aldolase is mechanisti-
cally connected with the non-inducibility of the
other proteins of the fucose system or is the
partial and indirect result of another genetic
change leading to improved propanediol utiliza-
tion.

It is becoming increasingly evident that the
construction of an effective metabolic pathway
involves considerably more than introducing
and increasing the desired biochemical activi-
ties through the duplication and/or modifica-
tion of genes coding for certain catabolic pro-
teins. Proper balance of the rate of production
of each intermediate must be assured to avoid
both growth-restricting bottlenecks and toxic
accumulation of metabolites. The process may
be further complicated by the necessity of re-
modeling other cellular components not di-
rectly involved in the evolving system, but
which happen to share with it, for instance,
regulatory mechanisms or common protein sub-
units. Finally, wasteful synthesis of the pro-
teins of the new pathway must be minimized by
the establishment of new controls. Numerous
kinds of mutations may therefore be essential
before a developing system can be harmoni-
ously integrated within the organism. The
evolving propanediol system may prove to be a
productive and challenging model to study the
coadaptation of genes.
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