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To metabolize the uncommon pentose p-arabinose, enteric bacteria often recruit the enzymes of the L-fucose
pathway by a regulatory mutation. However, Escherichia coli B can grow on D-arabinose without the
requirement of a mutation, using some of the L-fucose enzymes and a p-ribulokinase that is distinct from the
L-fuculokinase of the L-fucose pathway. To study this naturally occurring p-arabinose pathway, we cloned and
partially characterized the E. coli B L-fucose-D-arabinose gene cluster and compared it with the L-fucose gene
cluster of E. coli K-12. The order of the fucA, -P, -I, and -K genes was the same in the two E. coli strains.
However, the E. coli B gene cluster contained a 5.2-kb segment located between the fuc4 and fucP genes that
was not present in E. coli K-12. This segment carried the darK gene, which encodes the p-ribulokinase needed
for growth on p-arabinose by E. coli B. The darK gene was not homologous with any of the L-fucose genes or
with chromosomal DNA from other p-arabinose-utilizing bacteria. p-Ribulokinase and L-fuculokinase were
purified to apparent homogeneity and partially characterized. The molecular weights, substrate specificities,
and kinetic parameters of these two enzymes were very dissimilar, which together with DNA hybridization
analysis, suggested that these enzymes are not related. D-Arabinose metabolism by E. coli B appears to be the

result of acquisitive evolution, but the source of the darK gene has not been determined.

Bacteria possess a broad metabolic potential and can use
this potential for growth on uncommon substrates by gaining
new enzyme activities and pathways through mutation. Estab-
lishing the metabolic capacity for growth on the uncommon
pentose D-arabinose often involves recruitment of the L-fucose
pathway enzymes through a regulatory mutation. L-Fucose is a
naturally occurring methyl pentose that is metabolized in
enteric bacteria by the inducible enzymes L-fucose permease,
L-fucose isomerase, L-fuculokinase (EC 2.7.1.51), and L-fucu-
lose-1-phosphate aldolase (EC 4.1.2.17) to form L-lactaldehyde
and dihydroxyacetone phosphate (Fig. 1). Aerobically, L-lact-
aldehyde is oxidized to L-lactate by an NAD-linked dehydro-
genase (EC 1.2.1.22) (45). Anaerobically, L-1,2-propanediol
oxidoreductase (EC 1.1.1.77) reduces L-lactaldehyde to L-1,2-
propanediol, which is excreted from the cells (16). The L-
fucose structurat genes of Escherichia coli K-12 are organized
as a regulon of at least two operons: the fucPIK operon
encodes the permease, isomerase, and kinase, respectively; and
the fucAO operon encodes the aldolase and oxidoreductase,
respectively (13). The E. coli K-12 L-fucose regulon appears to
be under positive control (14, 15), with L-fuculose-1-phosphate
as the apparent inducer (5).

Although p-arabinose is not usually metabolized by enteric
bacteria, mutants that can use this novel pentose as a sole
carbon and energy source can be isolated (4, 29, 30, 39). In
D-arabinose-positive mutants of E. coli K-12, p-ribulose-1-
phosphate is recognized as an alternate inducer of the L-fucose
regulon (5), and metabolism of D-arabinose occurs via the
L-fucose enzymes, yielding dihydroxyacetone phosphate and
L-glycoaldehyde (29). p-Arabinose-positive mutants of Kleb-
siella pneumoniae PRLR3 constitutively synthesize the L-fucose
enzymes and metabolize D-arabinose via the L-fucose and
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ribitol pathways in the following manner (6, 39): p-arabinose is
transported by L-fucose permease and isomerized to D-ribulose
by L-fucose isomerase. p-Ribulose is an intermediate in the
ribitol pathway and the apparent inducer of the ribitol cata-
bolic enzymes, which include a p-ribulokinase (EC 2.7.1.47)
that phosphorylates p-ribulose at the C-5 position. Further
metabolism occurs through the pentose phosphate pathway.

Experiments studying the evolution of an efficient D-arabi-
nose pathway indicate that strains capable of phosphorylating
p-ribulose at the C-5 position have a significant competitive
advantage over strains that phosphorylate p-ribulose at the C-1
position (4). Additionally, it was shown that continued selec-
tion for improved growth on D-arabinose could result in the
loss of L-fuculose-1-phosphate aldolase activity (4). Interest-
ingly, E. coli B contains a naturally occurring D-arabinose
pathway and can metabolize this pentose without the require-
ment of a mutation. Although E. coli B does not contain a
ribitol pathway (40), it does possess a D-ribulokinase that
phosphorylates p-ribulose at the C-5 position. This D-ribuloki-
nase activity is the product of the darK gene, which has been
mapped by P1 transduction to within the E. coli B L-fucose
gene cluster (24). Additionally, E. coli B cannot use L-fucose
because of the lack of L-fuculose-1-phosphate aldolase activity,
but aldolase-positive revertants can grow on L-fucose as a sole
carbon and energy source (24). Therefore, the course taken
during the evolution of the E. coli B p-arabinose pathway
appears to follow the steps predicted experimentally.

We are interested in studying this naturally occurring p-
arabinose catabolic pathway, with particular interest in the
p-ribulokinase activity encoded by the darK gene. In this
report, we describe the isolation of the genes coding for the E.
coli B L-fucose-D-arabinose pathway enzymes, including the
darK gene. Additionally, we purified and partially character-
ized the E. coli B p-ribulokinase. These experiments suggest
that the E. coli B L-fucose-D-arabinose pathway may have
evolved from an E. coli K-12-like ancestor by the acquisition of
the darK gene from an unknown source.
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FIG. 1. Metabolic pathWays for L-fucose and D-arabinose.

MATERIALS AND METHODS

Bacterial strains, bacteriophage, plasmids, and culture con-
ditions. The bacterial strains, bacteriophage, and plasmids
used in this study are listed in Table 1. Except for WA837, all
E. coli B strains were derived from the wild-type strain
EM2000. recA56 derivatives of E. coli B strains were con-
structed by the two-step procedure described by Csonka and
Clark (18).

Cultures were grown in LB broth (36) or minimal salts
medium (38) with aeration. Solid media contained 1.5% agar.
E. coli cultures were routinely grown at 37°C; Klebsiella and
Erwinia strains were grown at 30°C. Antibiotics were added to
media to the following final concentrations: ampicillin, 200
pg/ml; kanamycin, 50 pg/ml; and tetracycline, 15 pg/ml. Iso-
propyl-B-p-thiogalactoside (IPTG) and 5-bromo-4-chloro-3-
indolyl-B-D-galactosid¢ (X-Gal) were added to solid media at
final concentrations of 1 and 0.12 mM, respectively, as indi-
cated. E. coli strains were made competent by CaCl, treatment
as described by Maniatis et al. (34).

Construction of libraries. Chromosomal DNA from strain
EM2022 was partially digested with Sau3A1 to give an average
fragment size of 10 to 14 kb and then ligated into BamHI-cut,
alkaline phosphatase-treated pBR322. To select for comple-
mentation of the darK gene, the ligation mixture was used to
transform E. coli B strain EM5524 (fucK28 darK110 Fuc™
Dar~). Transformed cells were washed with minimal salts
solution and spread on 0.5% D-arabinose minimal salts plates
containing ampicillin.

A second library was constructed in lambda vector A\2001.
EM2022 chromosomal DNA was digested with Xhol, treated
with alkaline phosphatase, and then ligated into Xhol- and
EcoRlI-digested N\2001. Ligation mixtures were packaged in
vitro (41) and used to infect E. coli Q359. Approximately
22,000 independent plaques were screened by plaque hybrid-
ization (34) for sequences homologous to *?P-labeled pfucl6.
Hybridizing plaques were purified by four rounds of plaque
hybridization.

DNA hybridizations. Purified plasmid DNA was labeled
with [32P]JdCTP (Amersham Corp.) by using a nick translation
kit (Bethesda Research Laboratories). DNA was electropho-
resed through agarose gels and then transferred to nitrocellu-
lose (Schleicher & Schuell, Inc.) by the method of Southern
(44). Filters were prehybridized for 4 h at 37°C in a hybridiza-
tion buffer containing 30 mM Tris (pH 7.5), 1 mM EDTA,

0.1% sodium dodecyl sulfate (SDS), 50% formamide, 5X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10X
Denhardt solution (21), and 50 pg of denatured salmon sperm
DNA (Sigma Chemical Co.) per ml. After prehybridization, 1
X 107 to 3 X 107 cpm of denatured probe DNA was added to
the prehybridization solution, and incubation was continued
until 2 X C,t,,, to 3 X C,t,,, was achieved (34). Filters were
washed in a 0.1 X SSC-0.1% SDS buffer at 55°C. During
homology studies between the darK gene and genomic DNA,
the filters were washed in a 2X SSC-0.1% SDS buffer at 30°C.
This less stringent condition allowed for 35% base pair mis-
match (35). ‘

Tn5 mutagenesis. Strain EM3001 containing the plasmid to
be mutagenized was infected with the Tn5 vector ANK467 by
the procedure of deBruijn and Lupski (20). Plasmids from
kanamycin-resistant colonies were purified and used to trans-
form the indicated E. coli B strains to ampicillin and kanamy-
cin resistance. Inactivation of L-fucose-D-arabinose genes was
determined by enzyme assay or by the inability to complement
chromosomal mutations. The position of Tn5 insertions was
determined by EcoRI, Sall, Pstl, and HindlIII restriction map-
ping.

In vitro transcription-translation analysis. Plasmid-en-
coded proteins synthesized in vitro were radiolabeled with
L-[4,5-*H]leucine, using a prokaryotic DNA-directed transla-
tion kit (Amersham Corp). Cesium chloride-ethidium bromide
equilibrium gradient-purified plasmids (34) were used as tem-
plates in each analg'sis. Each 12.5-pl reaction mixture con-
tained 30 nCi of [’H]leucine and 1.25 pg of the indicated
plasmid. Samples (8 pl) from each reaction mixture were
electrophoresed under denaturing conditions through SDS-
7.5% polyacrylamide gels by the method of Laemmli (27). The
gels were processed for fluorography by using En*Hance (New
England Nuclear Corp.).

Enzyme assays. The growth of cultures for enzyme specific
activity measurements and the preparation of cell extracts by
sonication and centrifugation have been previously described
(24). Data shown in the tables are from single extracts or
preparations and are representative of values obtained from
replicate extracts or preparations. L-Fucose isomerase activity
was measured by determining the rate of NADH oxidation in
a coupled assay system using purified ribitol dehydrogenase
(39). L-Fuculose-1-phosphate aldolase activity was determined
by measuring the formation of dihydroxyacetone phosphate in
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TABLE 1. Bacteria, bacteriophage, and plasmids used in this study

Bacterial strain,

bacteriophage, or plasmid Description® Reference or source
Bacterial strains
Escherichia coli B
EM2000 Wild-type E. coli B (fucAl) 24
EM2022 araB rhaD rha-4 fucA* derivative of EM2000 24
EM2402 fucl6 derivative of EM2022 24
EM2524 fucK28 darK110 derivative of EM2022 24
EM2543 fucI203 fucK28 derivative of EM2022 24
EM3001 recA56 derivative of WA837 This study
EMS5000 recA56 derivative of EM2000 (fucAI) This study
EMS5524 recA56 derivative of EM2524 (fucK28 darK110) This study
EMS5543 recA56 derivative of EM2543 (fucI203 fucK28) This study
WAS837 met-100 hsdR11 gal-151 N* 47
E. coli K-12
Q359 hsdRy ™ hsdMg™* supE P2 25
IM109 recAl Alac-pro endA1 gyrA96 thi-1 hsdR17 supE44 relA1 F'traD36 proAB* lacI"ZAMIS5 48
C600 F~ thi-1 thr-1 leuB6 lacY1 tonA21 supE44 N~ 3
JM1000 Fuc™ Dar~ pro rif 4
Klebsiella pneumoniae Fuc* Dar~ Ura~ 39
PRLR3
Erwinia chrysanthemi Fuc™ Dar* Rtl™ pro-1 28
LM8200
Bacteriophages
Plcam P1::Tn9 cir-100 43
ANK467 \b221 rex::Tn5 cI857 Oam29 Pam80 20
22001 \ cloning vector 26
A19A2 E. coli B fucl and fucK on an 18.2-kbp Xhol insert in N 2001 This study
AdAR \ carrying the ribitol and D-arabitol catabolic loci 42
Plasmids
pBR322 Plasmid cloning vector 7
pHG165 pBR322 copy number derivative of pUCS8 46
pfuclé E. coli K-12 fucA, fucO, fucP, fucl, and part of fucK on a 7.6-kbp insert in pBR322 15
p21-193 araB on a 6.5-kbp Pstl insert in pPBR322 N. Lee
pEM101 E. coli B darK and fucP on a 13.1-kbp insert in pBR322 This study
pEM201 E. coli B darK and fucA on an 11.4-kbp insert in pBR322 This study
pEM231 Subclone of pEM201 in pBR322 This study
pEM1911 Subclone of N19A2 in pHG165 This study

4 rha-4, loss of L-thamnose isomerase and L-rhamnulokinase activities; fucK28, lack of L-fuculokinase activity (fucK); darK110, lack of p-ribulokinase activity (darK);
fucP, L-fucose permease; fucl203, lack of L-fucose isomerase activity (fucl); fucAl, lack of L-fuculose-1-phosphate aldolase activity (fucA); Fuc™, L-fucose negative;
Dar*, p-arabinose positive; Rt1*, ribitol positive; Stl, sorbitol; Ura™, uracil requirement.

a coupled assay with a-glycerol phosphate dehydrogenase (EC
1.1.1.8) and NADH (29). L-Fucose permease activity was
measured by determining the rate of L-[1-*C]fucose uptake
(24). Kinase activities were measured by determining the rate
of NADH oxidation in a coupled assay system employing
pyruvate kinase and lactate dehydrogenase (1), with dithio-
threitol replacing glutathione in the reaction mixtures. In
kinase assays, the sugar substrates were added to a final
concentration of 6.6 mM. For the determination of kinetic
parameters, the activity of a fixed concentration of each
purified enzyme was measured at various substrate concentra-
tions. For each substrate concentration, activity was calculated
after the reaction had reached a steady state. The linked kinase
assay could be used for the determination of kinetic parame-
ters since the overall reaction is thermodynamically irrevers-
ible because of the very large positive equilibrium constants
and low K, values of the linking enzymes. In determining
substrate specificities of the kinases, the final concentration of
substrate was increased to 100 mM.

Protein purifications. All steps in the protein purifications
were performed at 4°C or in ice water baths unless otherwise
indicated. Protein concentrations were determined by the
method of Bradford (10). The buffer routinely used in the
purifications was TME buffer (50 mM Tris-HCI [pH 7.6] at

4°C, 8 mM magnesium acetate, 1 mM EDTA, 10 mM 2-mer-
captoethanol) or TMGE buffer (50 mM Tris-HCl, 8 mM
magnesium chloride, 0.5 mM EDTA, 1 mM 2-mercaptoetha-
nol, 5% glycerol). The pH of TMGE buffer was adjusted to 7.4
or 8.2, at room temperature, as indicated.

D-Ribulokinase and L-fuculokinase were purified from
strains EM2543 and EM2402, respectively. Each strain was
grown at 37°C with aeration to late exponential phase in 10
liters of minimal salts medium containing 1.0% casein hydro-
lysate and 0.2% D-arabinose. Cells were harvested by centrif-
ugation, washed in TME buffer, and then broken by sonication.
Nucleic acids were removed by precipitation with protamine
sulfate (30). Each extract was brought to 30% saturation of
ammonium sulfate (1.60 M), with the resulting precipitate
removed by centrifugation. The subsequent supernatants were
brought to 50% saturation of ammonium sulfate (2.67 M) and
then recentrifuged. The supernatants were discarded, and each
precipitate was slowly resuspended in 55 ml of TME buffer and
then dialyzed against three 1-liter volumes of TME buffer.
After dialysis, each extract was loaded onto a DEAE-cellulose
column (3.7 by 22 cm) previously equilibrated with TME
buffer. Each column was washed with 2 column volumes of
TME buffer containing 100 mM NaCl and then eluted with a
step gradient from 100 to 200 mM NaCl, in 5 mM NaCl
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increments of 100 ml each, at a flow rate of 3 ml/min. Fractions
were collected and assayed for kinase activity.

D-Ribulokinase-active DEAE-cellulose fractions were
pooled, and proteins were adsorbed with 9 g of hydroxylapatite
that had been rehydrated in TME buffer. The hydroxylapatite
slurry was poured into a column, allowed to settle, and then
packed at a constant flow rate of 12 ml/h until it reached a
stable volume (1.8 by 8.8 cm; 22.4-ml bed volume). Proteins
were eluted with a 125-ml linear gradient of 0 to 20 mM
potassium phosphate (pH 7.6) in TME buffer at a flow rate of
12 ml/h. p-Ribulokinase-active fractions were pooled and
concentrated to 0.25 ml by vacuum dialysis (Bio-Molecular
Dynamics) against 1 liter of TME buffer. The concentrate was
further purified by high-pressure liquid chromatography
(HPLC) using a TSK DEAE-5PW anion-exchange column (7.5
by 75 mm; Bio-Rad Laboratories). Proteins were eluted with
TMGE buffer (pH 7.4) containing a 0 to 200 mM NaCl linear
gradient at a flow rate of 1 ml/min over 60 min. p-Ribuloki-
nase-active fractions were pooled, concentrated by vacuum
dialysis, and then passed through the TSK DEAE-5PW col-
umn under the conditions described above but with TMGE
buffer at pH 8.2. p-Ribulokinase-active fractions were pooled
and concentrated by vacuum dialysis. The concentrate was
injected onto a Zorbax GF-250 gel filtration column (9.4 mm
by 25 cm; Dupont) and eluted with TMGE buffer (pH 7.4)
containing 200 mM NaCl at a flow rate of 0.5 ml/min.
p-Ribulokinase-active fractions were pooled and stored at
—20°C in TME buffer containing 20% glycerol.

L-Fuculokinase-active = DEAE-cellulose fractions were
pooled, and proteins were adsorbed with 5.8 g of hydroxylapa-
tite that had been rehydrated in TME buffer. The slurry was
poured, settled, and packed as described above. The packed
bed (1.5 by 8.0 cm, 14.4-ml bed volume) was eluted with a
70-ml linear gradient of 0 to 20 mM KPO, (pH 7.6) in TME
buffer at a flow rate of 6 ml/h. L-Fuculokinase-active fractions
were pooled and concentrated to 0.25 ml by vacuum dialysis
against 1 liter of TME buffer. The concentrate was loaded into
a preparative electrophoresis unit (Bethesda Research Labo-
ratories) with a 4-cm 5% native polyacrylamide gel and a
1.5-cm stacking gel. Electrophoresis and elution conditions
were as previously described (22) except that TME buffer was
used for elution. L-Fuculokinase-active fractions were pooled,
concentrated by vacuum dialysis, and stored at —20°C in TME
buffer containing 20% glycerol.

Electrophoresis and molecular weight determinations. Sub-
unit molecular weight was determined by electrophoresis
under denaturing conditions by the method of Laemmli (27).
Electrophoresis under nondenaturing conditions and determi-
nation of native molecular weight were performed as described
by Davis (19) and Bryan (11), using slab gels. MgCl, (2 mM)
was added to stacking and separating gels and lower tank
buffers used during nondenaturing electrophoresis. For the
determination of native molecular weights, purified kinases
were electrophoresed in 6, 7, 8, 9, and 10% native polyacryl-
amide gels. Gels were stained for protein with Coomassie blue.

Reagents and chemicals. 1-[1-*C]fucose was from New
England Nuclear Corp. Enzyme-grade ultrapure ammonium
sulfate was from Schwarz-Mann. HPLC-grade water and mag-
nesium acetate were purchased from J. T. Baker Chemical Co.
Hydroxylapatite (Bio-Gel HTP hydroxylapatite, DNA grade)
was obtained from Bio-Rad Laboratories.

L-Ribulose was prepared by the biological isomerization of
L-arabinose by strain EM2524. EM2524 was grown to late
exponential phase in minimal salts medium containing 0.5%
casein hydrolysate and 0.5% L-arabinose. Cells were harvested
and washed by centrifugation, resuspended in an equal volume
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of 250 mM potassium borate buffer (pH 7.6) containing 0.5%
L-arabinose, and incubated at 37°C with aeration for 24 h. The
cells were removed by centrifugation, and the supernatant was
filtered through a 0.45-pm-pore-size membrane filter. The
L-ribulose was purified according to the L-fuculose purification
procedure of Bartkus and Mortlock (5). Thin-layer chroma-
tography in 5:7:1 butanol-ethanol-water showed the L-ribulose
to be free of residual L-arabinose.

L-Fuculose was prepared from L-fucose by using whole cells
as previously described (5). p-Ribulose was prepared from
ribitol as previously described (40), and contaminating ribitol
was removed by passage through a column of Dowex 50W-X4
(200/400 mesh) resin in the Ca®>* form (2). p- and L-xylulose
were previously prepared (23).

RESULTS

Isolation of the darK, fucP, and fucA genes. In a first
approach to cloning the E. coli B L-fucose-D-arabinose gene
cluster, a library was constructed in pBR322 by using a Sau3A1
partial digest of chromosomal DNA from strain EM2022 (a
fucA™ revertant). The library was screened for recombinants
that could complement the chromosomal darK (p-ribuloki-
nase) mutation in strain EM5524, and two clones, pEM101 and
pEM201, were isolated. These plasmids contained inserts of
approximately 13.1 and 11.4 kb, respectively, and had identical
restriction sites over a region of about 6.3 kb (Fig. 2).

Plasmid pEM101 directed the constitutive synthesis of D-
ribulokinase and L-fucose permease activities but could not
complement L-fucose isomerase-, L-fuculokinase-, or L-fucu-
lose-1-phosphate aldolase-negative mutations. p-Ribulokinase
specific activities greater than the constitutive level could be
induced from pEM101 by the addition of L-fucose or D-
arabinose to the growth medium (Table 2). Since an L-fucose
permease mutant was not available, it was not determined if
L-fucose or p-arabinose could induce higher levels of permease
activity from pEM101.

Plasmid pEM201 directed the constitutive synthesis of D-
ribulokinase and L-fuculose-1-phosphate aldolase activities but
could not complement L-fuculokinase- or L-fucose isomerase-
negative mutations and did not appear to direct the synthesis
of L-fucose permease (Table 2). L-Fucose or D-arabinose did
not induce D-ribulokinase specific activities greater than the
constitutive level from pEM201. However, addition of L-fucose
slightly increased L-fuculose-1-phosphate aldolase activity
above the constitutive level (Table 2).

Isolation of the fucl and fucK genes. Plasmids pEM101 and
pEM201 could not complement fuc! or fucK mutations. Other
attempts to isolate these genes by complementation of fucl or
fucK mutations by using plasmid-based libraries constructed
with partial or complete digests of E. coli B DNA were
unsuccessful. Therefore, in another approach to isolate the
fucl and fucK genes, EM2022 DNA was digested completely
with Xhol and then cloned into the bacteriophage A\ cloning
vector, A2001. Recombinant phage were screened for E. coli B
fuc gene sequences by plaque hybridizations with 32P-labeled
pfucl6. Three hybridizing plaques were isolated, and each
contained an identical 18.2-kb insert. One of these phage,
A19A2, was selected for subsequent experiments. Based on a
similarity in the positions of some restriction sites between one
end of the A19A2 insert and the E. coli K-12 fuc genes (15)
(Fig. 2), a 5.8-kb BamHI fragment was subcloned into pHG165
to generate plasmid pEM1911.

Plasmid pEM1911 complemented the fucl and fucK muta-
tions of strain EM5543 and constitutively synthesized L-fucose
isomerase and L-fuculokinase. Addition of IPTG to the growth
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FIG. 2. Restriction maps of L-fucose-D-arabinose clones. The thick lines represent vector sequences, and the thin lines represent insert
sequences. For N19A2, the part of the phage containing fuc sequences and the junction with the left arm (l.a.) of the vector is shown. The symbols
above the plasmid maps indicate the positions of Tn5 insertions, which are identified by number. For pEM101 and pEM201, the open circles
represent D-ribulokinase-negative insertions, and the closed circles represent L-fucose permease-negative insertions. For pEM1911, the open
circles represent insertions lacking both L-fucose isomerase and L-fuculokinase activity, and the closed circles represent insertions lacking only
L-fuculokinase activity. In pEM1911, lac p indicates the direction of transcription from the lac promoter. The composite E. coli B
L-fucose-D-arabinose region is shown at the top, with the positions and directions of transcription of the fucl, fucK, and darK genes indicated. The
E. coli K-12 L-fucose region (15) is show at the bottom and has been separated into two segments for comparison with the E. coli B region.
Restriction enzymes: B, BamHI; Bg, Bglll; E, EcoRI; H, HindIIl; P, Pstl; S, Sall; X, Xhol.

medium induced these activities further, but L-fucose could not
induce them above the levels found in casein hydrolysate-
grown cells (Table 2). IPTG-induced pEM1911 directed the
synthesis of L-fuculokinase at a level that was 5-fold higher
than that for L-fucose-induced EM2022 yet synthesized L-
fucose isomerase at a specific activity that was 10-fold less than
that for induced EM2022 (Table 2). The positions of Tn5
insertions that abolished isomerase activity indicated that the
fucl gene is near the end of the pEM1911 insert (see below).
The lower specific activity of the isomerase than of the kinase
might be due to the loss of some N-terminal amino acids of the
isomerase during subcloning and/or to a fusion of the isomer-
ase gene to the lacZ fragment in pHG165. Such alterations
might reduce the activity of the isomerase, and therefore,
specific activity measurements would not accurately reflect the
transcription of the gene.

Transposon mutagenesis. To localize the darK gene, plas-

mids pEM101 and pEM201 were mutagenized with transposon
Tn5 and then used to transform strain EM5524 (fucK28
darK110). Transformants were scored for the ability to grow on
D-arabinose minimal medium. Four independent Tn5 inser-
tions resulting in a D-arabinose-negative phenotype were iden-
tified in each plasmid. These insertions mapped to the same
area within the region of identity between pEM101 and
pEM201 (Fig. 2). The pEM101::Tn5 insertion mutants were
still capable of synthesizing L-fucose permease, and the
pEM201::Tn5 mutants could still complement the fucA muta-
tion of EMS5000.

The inability of pEM201 and pEM1911 to direct the synthe-
sis of L-fucose permease suggested that the fucP gene was
located in a 1.2-kb segment of pEM101 that was not shared by
either of the former plasmids. To localize the fucP gene, the
pEM101::Tn5 pool was screened for mutants that did not
synthesize L-fucose permease activity in casein hydrolysate-
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TABLE 2. Enzyme specific activities encoded by plasmids

Sp act?

Strain or plasmid Growth substrate®

;I::‘m p-Ribulokinase L'F:f;(lfl’:::'l) i:;l:r:l::ai L-Fuculokinase
Strain EM2022 CH <0.1 <5 <5 <5 <5
(Fuc* Dar")
CH + L-fucose 6.52 222 83 460 120
CH + p-arabinose 5.25 304 64 400 100
Plasmids
pEM101 CH 10.72¢ 1,060¢ ND*/ ND# <5k
CH + L-fucose ND 1955 ND ND <5
CH + p-arabinose ND 2150 ND ND <5
pEM201 CH <0.1¢ 1444 507¢ ND# <5*
CH + L-fucose ND 153 676 ND <5
CH + D-arabinose ND 140 ND ND <5
pEM1911 CH <0.1¢ 2074 ND* 18 302¢
CH + L-fucose ND 204 ND 17 296
CH + IPTG ND 471 ND 40 672

@ All cultures were grown in minimal salts broth containing 0.5% casein hydrolysate (CH). Where indicated, L-fucose or p-arabinose was added to a final
concentration of 0.5%, and IPTG was added to a final concentration of 1 mM.

b Expressed in the following units: L-fucose permease, nanomoles of L-[1-**C]fucose transported per minute per milligram of cell dry weight; L-fucose isomerase,
nanomoles of L-fucose isomerized per minute per milligram of protein; L-fuculokinase, nanomoles of L-fuculose phosphorylated per minute per milligram of protein;
D-ribulokinase, nanomoles of p-ribulose phosphorylated per minute per milligram of protein; aldolase, nanomoles of dihydroxyacetone phosphate formed per minute
per milligram of protein.

¢ L-Fucose permease activity was determined in uninduced strain EM5524, which has <0.1 U of permease per mg of cell dry weight when grown on casein hydrolysate.

< p-Ribulokinase activity was determined in strain EM5524 (fucK28 darK110; <5 U/mg of protein).

¢ L-Fuculose-1-phosphate aldolase activity was determined in strain EM5000 (fuc41; <5 U/mg of protein). Plasmids pEM101 and pET1911 could not complement

the aldolase-negative mutation of this strain.
fND, not determined.

# L-Fucose isomerase activity was measured in strain EM5543 (fucl203 fucK28; <5 U/mg of protein). Plasmids pEM101 and pEM201 could not complement the

isomerase mutation in this strain.

* L-Fuculokinase activities of plasmids pET101 and pET102 were determined in strain EM5524 (fucK28 darK110; <5 U/mg of protein).
‘ L-Fuculokinase activity of plasmid pET1911 was determined in strain EM5543 (fucI203 fucK28; <5 U/mg of protein).

grown EM5524. Two independent permease-negative insertion
mutants were isolated. These plasmids could still complement
the darK mutation of EM5524. The TnS insertions mapped
within the region of pEM101 that was not shared by either
pEM201 or pEM1911 (Fig. 2).

To localize the fucl and fucK genes, plasmid pEM1911 was LTI F I (R 6 7
mutagenized with Tn5 and used to transform strain EM5543 ~ — — =~ ~ ——
(fucl203 fucK28). Transformants were scored for the ability to
grow on L-fucose minimal medium, and IPTG-induced levels 9=
of L-fucose isomerase and L-fuculokinase were measured in e ~=D lane3 ~=-D lane 6

L-fucose-negative insertion mutants. All insertions that abol-
ished L-fucose isomerase activity also abolished L-fuculokinase
activity. Several L-fucose-negative mutants that lacked kinase
activity but still retained isomerase activity were isolated (Fig.
2). This polarity suggests that the fucl and fucK genes are part

~=-D' lane 7

1 —=-D' lane 4

m ~=-D' lane 5 ;“

36 —

of an operon, with the fucl gene transcribed before the fuck " -y ala
gene. .

The position of the fuc4 gene was identified by Tn5 mu- s w
tagenesis of additional clones not described here. These inser- i 1 b - ’\
tions mapped to a region carried by pPEM201 not shared with 12 & § 7
pEM101 and allowed for the placement of the fucA gene as "o

indicated in Fig. 2. This placement was in agreement with the
E. coli K-12 map (12, 15).

In vitro transcription-translation analysis of pEM101 and
pEM201. The polypeptides encoded by pEM101, pEM201, and
their darK::Tn5 insertion mutants were identified by in vitro
transcription-translation. Plasmid pEM101 directed the syn-
thesis of three polypeptides with apparent molecular weights
of 59,500, 44,000, and 36,000, in addition to the precursor of
B-lactamase from pBR322 (30,500; Fig. 3). Plasmid pEM201
directed the synthesis of five novel polypeptides with apparent
molecular weights of 59,500, 44,000, 40,000, 36,000, and
26,000, in addition to B-lactamase (Fig. 3). The darK::Tn5

24 —

FIG. 3. In vitro transcription-translation analysis of pEM101 and
pEM201. Shown is a fluorograph of an SDS-7.5% polyacrylamide gel
showing polypeptides encoded by pBR322::Tn5 (lane 2), pEM101
(lane 3), pEM101::Tn5-5B (lane 4), pEM101::Tn5-5A (lane 5),
pEM201 (lane 6), and pEM201::Tn5-1A (lane 7). Lane 1 is a no-DNA
control for the in vitro reaction, and lane 2 is a control for the
polypeptides synthesized by pBR322 and TnS. Gene products of
interest are indicated by arrows: D is the darK gene product (D-
ribulokinase) in lanes 3 and 6, and D’ indicates a truncated form of
D-ribulokinase due to TnS insertion. The migration of protein stan-
dards is indicated in kilodaltons to the left.
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insertion mutants did not produce the 59.5-kDa peptide.
However, three insertion mutants, pEM101::Tn5-5A and -5B
and pEM201::Tn5-1A, produced truncated peptides of 42.5,
45.0, and 51.0 kDa, respectively (Fig. 3). These results indi-
cated that the 59.5-kDa polypeptide was responsible for the
p-ribulokinase activity. Transposon Tn5 contains stop codons
in all three reading frames near the ends of its inverted repeats.
Therefore, the size of the truncated proteins produced by the
insertion mutants, together with the points of Tn5 insertion,
identified the position and direction of transcription of the
darK gene (Fig. 2). The apparent molecular weight for p-
ribulokinase was in agreement with purification studies that
showed this protein to have a subunit molecular weight of
60,000 (see below).

The E. coli B gene cluster contains sequences not shared
with E. coli K-12. Taken together, the three plasmids, pEM101,
pEM201, and pET1911 contained the fucPIKA and darK
L-fucose-D-arabinose gene cluster from E. coli B. Although
isolated on three plasmids, the inserts represented a contigu-
ous region of the chromosome. The contiguous nature of the
inserts contained in plasmids pEM101 and pEM201 was made
apparent by the region of restriction site identity. The relation-
ship between the inserts of pEM101 and pEM1911 was not
apparent because of the divergent restriction sites between
these plasmids. However, DNA hybridization experiments
have shown that these plasmids have homologous sequences in
the region of pEM1911 containing the fucl gene (data not
shown). This region of homology did not extend through the
entire fucl gene, a result that was in agreement with the
inability of pEM101 to direct the synthesis of isomerase
activity. This result suggests that DNA scrambling had oc-
curred during the formation of pEM101 and that the insert
downstream of the ficl homologous region was not part of the
L-fucose-D-arabinose gene cluster. The region upstream of the
fucl homologous region was not scrambled, as shown by the
restriction site identity between plasmids pEM101 and
pEM201. The homology between pEM101 and pEM1911
allowed for the alignment of the E. coli B fuc gene sequences
contained in these plasmids (Fig. 2). The validity of this
alignment was strengthened by the presence of common Xhol
and BamHI sites in pEM101 and A19A2 (Fig. 2).

An alignment of the restriction sites found in the E. coli K-12
L-fucose gene cluster (15) with those of the E. coli B L-fucose-
D-arabinose gene cluster required the K-12 restriction map to
be separated (Fig. 2). The E. coli B L-fucose-D-arabinose gene
cluster contained a 5.2-kb region that was not shared with the
K-12 L-fucose genes. This segment was located between the
fucP and fucA genes and contained the darK gene (Fig. 2).
Hybridization experiments showed that this 5.2-kb sequence
was not homologous to plasmids containing the K-12 L-fucose
genes. Between the darK and ficA genes was an approximately
3.5-kb segment with no known function. This segment may
direct the synthesis of at least one polypeptide; pEM101 and
pEM201 each directs the synthesis of a polypeptide with a
molecular mass of about 36 kDa, and qualitatively, it is
produced to the same extent by both plasmids (Fig. 3). In
consideration of this similarity, the 36-kDa peptide may be
encoded within the 3.5-kb segment.

A 3.6-kb BamHI fragment carrying the darK gene was
subcloned from pEM201 to generate plasmid pEM231 (Fig. 2).
This plasmid was used as a hybridization probe to determine if
the darK gene could be found in other organisms capable of
growth on D-arabinose. Chromosomal DNA was isolated from
E. coli K-12, Klebsiella pneumoniae PRLR3, and Erwinia
chrysanthemi 1. M8200, digested completely with BamHI, and
probed with *?P-labeled pEM231 under conditions that would
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FIG. 4. Hybridization of the darK gene to enteric bacteria.
Genomic DNAs were completely digested with BamHI, electropho-
resed through a 0.5% gel, transferred to nitrocellulose, and then
probed with 3?P-labeled pEM231 (see Fig. 2). Lane 1, A\ HindIII DNA
standards; lane 2, E. coli B; lane 3, E. coli K-12; lane 4, K. pneumoniae
PRLR3; lane 5, Erwinia chrysanthemi 1LM8200. (A) Electrophoretic
pattern prior to transfer; (B) autoradiograph of probed filter.

allow 35% base pair mismatch. Erwinia chrysanthemi LM8200
is phenotypically similar to wild-type E. coli B; it can grow on
D-arabinose without the requirement of a mutation, but cannot
grow on L-fucose (28). Only E. coli B chromosomal DNA
showed homology to pEM231 (Fig. 4). A single band was
observed, indicating that only a single copy of this sequence
could be found in the E. coli B chromosome. ,

The darK gene also was examined for homology to genes
coding for other pentulokinases. Plasmid p21-193 carries the
araB gene coding for the L-ribulokinase of the L-arabinose
pathway. The lambda phage AdAR carries the 7K gene coding
for the D-ribulokinase of the ribitol pathway. Under low
stringency, pEM231 did not hybridize with p21-193 or AdAR
(data not shown).

p-Ribulokinase and L-fuculokinase. We were interested in
characterizing the D-ribulokinase encoded by the darK gene
and comparing it with the L-fuculokinase encoded by the fucK
gene. We therefore purified and partially characterized these
two enzymes. Summaries of the p-ribulokinase and L-fuculoki-
nase purifications are shown in Tables 3 and 4, respectively.
The purification achieved at some of the steps is shown in Fig.
5. Both enzymes were homogeneous, as judged by SDS-
polyacrylamide gel electrophoresis (Fig. 5) and native poly-
acrylamide gels. The native and subunit molecular weights of
D-ribulokinase were estimated to be 124,000 and 60,000,
respectively. The native and subunit molecular weights of
L-fuculokinase were estimated to be 82,000 and 45,000, respec-
tively. Each purified enzyme produced a single band in both
native and SDS-polyacrylamide gels and therefore appeared to
be a dimer composed of a single subunit type.

The purified proteins were studied for substrate specificities
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TABLE 3. Purification of D-ribulokinase from E. coli B

strain EM2543
Total
Total . Fold %
Step 6) protein  Sp act” purification Recovery
(ng)
Crude extract 587.5 941.6 0.62 1 100
Protamine sulfate  581.1 908.6 0.64 1 99
Ammonium sulfate 470.0 416.4 1.13 1.8 80
DEAE-cellulose 4338  70.0 6.20 10.0 74
Hydroxylapatite 289.2 443 6.53 10.5 49
HPLC-DEAE :
pH 7.4 257.3 148 1739 279 44
pH 8.2 205.8 0.656 313.7 506 35
HPLC-gel filtration 164.5 0371 4434 715 28

2 Expressed as micromoles of p-ribulose phosphorylated per minute per
milligram of protein.

and kinetic parameters. Table 5 lists the K,,,, V.., and relative
activity for each of the sugars found to be a substrate for each
enzyme. The measurements were made at constant ATP (3.3
mM) and MgCl, (6.5 mM) concentrations. Initial rates of
reaction (micromoles of substrate phosphorylated per minute
per milligram of protein) were determined at various substrate
concentrations, and kinetic parameters were estimated by the
direct linear plot method of Cornish-Bowden and Eisenthal
(17). In addition to the sugars indicated in Table 5, others were
tested for the ability to act as a substrate. No activity was found
on 100 mM p-xylulose, xylitol, L-arabitol, D-mannitol, b-sorbi-
tol, L-arabinose, D-arabinose, D-xylose, D-lyxose, L-lyxose, L-
fucose, D-glucose, D-mannose, L-sorbose, D-fructose, glycerol,
or 2-deoxy-D-ribose for either of the enzymes.

DISCUSSION

E. coli B can metabolize p-arabinose without mutation, and
its L-fucose-D-arabinose regulon appears to be evolved toward
D-arabinose metabolism and away from L-fucose metabolism.
Since physiological evidence has suggested that the E. coli B
regulon evolved from a K-12-like ancestor (24), the differences
observed between the two regulons should indicate the steps
taken by nature in the evolution of a true p-arabinose pathway.
The proposed organization of the E. coli B L-fucose-D-arabi-
nose gene cluster is summarized in Fig. 2. The positions and
lengths of the genes were determined from cloning, Tn5
mutagenesis, and protein purifications as described in these
experiments and from published subunit molecular weights of
L-fucose enzymes (9). The E. coli B L-fucose-D-arabinose
regulon appears to be composed of at least three operons. One

TABLE 4. Purification of L-fuculokinase from E. coli B

strain EM2402
Total
Step o sz:g)m Sp act® pun'i;i(::l:tion Rec?very
Crude extract 4220 1,767.0 0.24 1 100
Protamine sulfate  274.6 1,668.7 0.16 1 65
Ammonium sulfate 213.0  349.7 0.61 2.5 50
DEAE-cellulose 1424 235 6.06 253 34
Hydroxylapatite 138.2 316 432 180 33
Preparative 15.7 0.098 160.2 668 3.7
electrophoresis

2 Expressed as mictomoles of L-fuculose phosphorylated per minute per
milligram of protein.
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FIG. 5. Purification of kinases. Samples taken from steps in the
purification of D-ribulokinase and L-fuculokinase were separated on
SDS-7.5% polyacrylamide gels and stained with Coomassie blue. (A)
D-Ribulokinase purification steps. Lane 1, crude extract (100 pg); lane
2, DEAE-cellulose eluate (100 pg); lane 3, hydroxylapatite eluate (50
ng); lane 4, HPLC-DEAE pH 7.4 eluate (50 pg); lane 5, HPLC-gel
filtration eluate (10 pg); lane 6, molecular weight standards (bovine
albumin [66,000], egg albumin [45,000], glyceraldehyde-3-phosphate
dehydrogenase [36,000], carbonic anhydrase [29,000], trypsinogen
[20,100], and trypsin inhibitor [20,100]). (B) L-Fuculokinase purifica-
tion steps. Lane 1, crude extract (100 pg); lane 2, DEAE-cellulose
eluate (100 pg); lane 3, hydroxylapatite eluate (25 pg); lane 4,
preparative electrophoresis (10 pg); lane 5, molecular weight stan-
dards as in panel A.

operon contains the fucl and fucK genes and is transcribed
from left to right. A second operon contains the darK gene and
is transcribed from right to left. A third operon contains the
fucA gene. The directions of fucA and fucP transcription were
not determined, but these genes do not appear to be part of an
operon with the darK gene since transposon insertions in darK
do not affect aldolase activity, and transposon insertions in
fucP do not affect p-ribulokinase activity. In E. coli K-12, the
fucP gene is part of an operon with the fucl and fucK genes,
and this could also be the case in E. coli B. The position of the
fucO gene in E. coli B has not been determined.

The relative order of the E. coli B fucP, -1, -K, and -A genes
was the same as that in E. coli K-12 (12, 15, 49) and verified the
E. coli B gene order as previously determined in two- and
three-factor transductional crosses (24). The major difference
between the K-12 and B regulons was the presence of the darK

TABLE 5. Substrate specificities and kinetic parameters

of pentulokinases
Enzyme Substrate (rIerl/I) Voa % Relative activity?

D-Ribulokinase D-Ribulose 1.8 434.6 100
D-Ribose 0.26 71.4 34.6
Ribitol 65 279.8 121
L-Ribulose 76 351.3 11.3
D-Arabitol 53 23.8 10.3

L-Fuculokinase L-Fuculose 0.16 178.3 100
D-Ribulose 53 90.4 73.2
L-Xylulose ND* ND 54

2 Expressed as micromoles of substrate phosphorylated per minute per
milligram of protein.

b In determining relative activity, the final concentration of all substrates was
100 mM.

¢ND, not determined. L-Fuculokinase was not saturated at the highest
L-xylulose concentration available (100 mM); therefore, the kinetic parameters
were not determined for that substrate.
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gene in E. coli B. The darK gene was found within a 5.2-kb
DNA segment located between the fucA and fucP genes. Other
than D-ribulokinase, this segment did not encode any known
enzymatic activities. The darK segment was not found in E. coli
K-12 or in other p-arabinose-positive organisms examined.
Acquisition of the darK gene represents a major step in the
evolution of a true p-arabinose pathway in E. coli B, since the
D-ribulokinase activity that it encodes provides a route for
efficient metabolism of p-arabinose.

Additional steps taken in the evolution of a true p-arabinose
pathway may have involved regulatory mutations. The E. coli
K-12 L-fucose regulon appears to be under positive control (14,
15), with L-fuculose-1-phosphate as the apparent inducer (5).
In contrast, the apparent inducers of the E. coli B regulon are
L-fucose and p-arabinose (24). The fucR gene, which encodes
the positive regulatory protein of the K-12 regulon, is located
just downstream from the fucK gene (14, 15). Mutations in E.
coli B that result in the constitutive synthesis of the fucP, fucl,
fuckK, fucA, and darK genes also map downstream of the fuck
gene and may be in a regulatory protein (24). Plasmids
pEM101 and pEM201 would not contain this putative regula-
tor, and the endogenous promoters contained in these clones
would titrate the chromosomally encoded regulatory protein.
Under this condition, the constitutive synthesis of p-ribuloki-
nase, L-fucose permease, and L-fuculose-1-phosphate aldolase
directed by pEM101 and pEM201 would be indicative of a
negative control mechanism. The observed increase in specific
activity when the clones are grown in the presence of inducer
supports this hypothesis. If E. coli B did evolve from a
K-12-like ancestor, then mutations must have occurred to
account for these changes in regulation. Additionally, the darK
gene responds to L-fucose regulation signals. After insertion of
the darK gene, mutations may have been required to establish
this level of control.

We are interested in the origins of the E. coli B p-
ribulokinase. Given the dissimilarities in molecular weight,
kinetic parameters, substrate specificities, and mode of action
of D-ribulokinase and L-fuculokinase, it appears unlikely that
these proteins are related. This conclusion is supported by the
lack of DNA hybridization between the darK and fucK genes.
The molecular weight and kinetic parameters of the E. coli B
D-ribulokinase suggest that this protein may be related to the
L-ribulokinase of the L-arabinose pathway or the D-ribuloki-
nase of the ribitol pathway. Each of these enzymes is a dimer
of 60-kDa subunits, phosphorylates D-ribulose at the C-5
position, and can provide an alternate route for p-arabinose
metabolism in E. coli (8, 31-33, 37). However, our low-
stringency hybridization experiments showed that the darK
gene is not homologous with either the araB or rilK gene,
encoding L-ribulokinase or p-ribulokinase, respectively. Anal-
ysis of the darK DNA sequence may reveal a similarity between
these genes or their protein products.

The experimentally evolved D-arabinose metabolic pathways
identified in ribitol-positive E. coli K-12 are very similar to the
naturally evolved D-arabinose pathway found in E. coli B. This
similarity indicates that the experimental approach to under-
standing evolutionary mechanisms provides an accurate pre-
diction of the steps taken by nature during the development of
a pathway for a novel compound. Further molecular analysis of
the E. coli B L-fucose-D-arabinose regulon will provide a
greater understanding of the events shaping the evolution of
this naturally occurring D-arabinose pathway.
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