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Expression of the Zymomonas mobilis gyf (glucose facilitator protein) and glk (glucokinase) genes in
Escherichia coli ZSC113 (glucose negative) provided a new functional pathway for glucose uptake and
phosphorylation. Both genes were essential for the restoration of growth in glucose minimal medium and for
acid production on glucose-MacConkey agar plates.

In Escherichia coli, the primary route for glucose uptake is
the phosphoenolpyruvate-dependent phosphotransferase sys-
tem (PTS) (16). Glucose is concomitantly phosphorylated
during transport to produce intracellular glucose 6-phosphate.
E. coli also contains redundant systems for glucose transport,
which include an overlap in specificity, allowing glucose uptake
also by the mannose-PTS system (10), as well as a pyrrolo-
quinoline quinone-dependent glucose dehydrogenase system
which oxidizes glucose to gluconate prior to uptake (14, 21).
For this latter system to function in E. coli, pyrroloquinoline
quinone must be added as a supplement (12, 15).

In contrast to E. coli, Zymomonas mobilis (5, 17) and
Saccharomyces cerevisiae (6) utilize a facilitated diffusion sys-
tem with a glucose facilitator protein (GLF). After entry,
glucose is intracellularly phosphorylated by glucokinase (GLK)
(Z. mobilis) or hexokinase (S. cerevisiae) to produce glucose
6-phosphate. Genes encoding GLF (glf) and GLK (glk) have
recently been cloned from Z. mobilis on separate DNA frag-
ments (pTC111 and pTC120) (3, 4). In the present study, we
have investigated the abilities of these two genes to provide a
functional heterologous system for glucose transport and phos-
phorylation in a glucose-negative mutant of E. coli, strain
ZSC113 (10).

Plasmid constructions. Plasmids were constructed by stan-
dard methods (19) with E. coli DH5ot (thi lacZAM15 recA Nalr)
as the host. The full Z. mobilis glf-zwf-edd-glk operon was
assembled from the original clones, pTC111 and pTC120 (3,
4), to produce pLOI740 as shown in Fig. 1. Two derivatives in
which frameshift mutations were inserted into either glf or glk
(by digestion with EagI or MluI, treatment with DNA poly-
merase I, or self-ligation) were constructed to produce
pLOI744 and pLOI746 (data not shown). A third derivative in
which large parts ofzwf and edd were deleted by digestion with
BglII and NsiI (after conversion to blunt ends) was constructed
to produce pLOI790. Z. mobilis DNA fragments (Sacl to XbaI)
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from these plasmids were used to replace pUC18 in
pLOI707EH (SacI-XbaI), an RSF1010-based (broad-host-
range) expression vector containing the tac promoter and a
lacIq repressor gene (2). The resulting plasmids were desig-
nated pLOI742 (glf zwf edd glk), pLOI763 (zwf edd glk),
pLOI767 (glf zwf edd), and pLOI792 (glf glk), respectively.
PCR was used to construct a derivative of pLOI142 (pUC18
containing a NotI linker in the SmaI site) which contained only
the coding region and ribosome-binding site for glf. The
resulting plasmid has been designated pLOI670. The primers
used to construct pLOI670, 5' GCG AGC TCA AGG CGG
GAG AGG AAT 3' (5' end of the glf gene) and 5' GTG GCG
GCC GCC TAC TTC TGG GAG CG 3' (3' end of the glf
gene), included Sacl and NotI sites, respectively.

Restoration of growth and acid production in ZSC113 by
expression of gif and glk. E. coli ZSC113 (lacZ82 ptsMJ2
ptsG22glk-7 rha-4 rpsL223) is a glucose-negative strain which
contains mutations in glucose-specific and mannose-specific

TABLE 1. Growth rates and expression of Z. mobilis glk in
recombinants of glucose-negative E. coli ZSC113 mutant"

Amt of GLK Specific Acid
Plasmid Active genes IPTG activity growth rate produc-

(mM)b (IU mg-l)c (h- l) tiond

None 0 <0.01 0.01
pLOI742 glfzwf edd glk 0 1.2 0.30 +

1 1.7 0.53 +
pLOI763 zwf edd glk 0 1.4 0.05 -

1 1.4 0.03 -
pLOI767 glfzwf edd 0 <0.01 0.02 -

1 <0.01 0.02 -
pLOI792 glf glk 0 0.2 0.16 +

1 1.1 0.53 +

"Cells were grown overnight in M9 minimal medium containing trace metals
(13) and 10 g liter-' of gluconate to prepare inocula and for biochemical
analyses. Gluconate-grown cells were diluted (optical density at 550 nm of 0.1)
into glucose minimal medium to measure growth rates. Values are averages from
two experiments.

b IPTG, isopropyl P-D-thiogalactoside.
c GLK activity was determined as described by Doelle (11); the amount of

protein was estimated by the Bradford method (7).
d Acid production on glucose-MacConkey agar plates is indicated by + for

growth as dark red colonies; -, white colonies scored as negative.
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FIG. 1. Construction of plasmids. DNA from Z. mobilis is indicated
by stippling. Solid regions represent DNA derived from pUC18. Open
regions represent DNA derived from pLOI706EH. Triangles within
plasmids indicate the directions of transcription. t, the terminator for
the glf operon; Pz, Ptac, and Plac, the Z. mobilis glf promoter, the tac
promoter, and the lac promoter, respectively. Primes are used to
indicate incomplete genes.

phosphotransferase genes and in GLK (10). As summarized in
Table 1, growth on glucose minimal medium and acid produc-
tion on glucose-MacConkey agar were restored only by
pLOI742 and pLOI792. Both recombinants contained GLK
activity and the native genes for glf and glk. Although expres-
sion was not fully controlled by the tac promoter and lacIq, the
addition of inducer increased the growth rates of these recom-
binants.
GLF was not observed in denaturing gels containing mem-

branes or soluble proteins from RSF1010-based constructs.
However, this protein was clearly evident as an overexpressed
band (apparent Mr of 51,300) when membrane fractions from
DH5ox(pLOI670) were compared (Fig. 2). Other low-molecu-
lar-weight bands were also present and may represent degra-
dation products. The addition of pLOI670 containing only glf
was sufficient to restore glucose utilization in ZSC1 13
(pLOI763) but not in ZSC113(pLOI767), confirming that glf
had been selectively inactivated (not shown).

Conclusions. The glucose uptake (glJ) and phosphorylation
genes (glk) from Z. mobilis functioned well in E. coli and
provide an alternative to the native glucose-PTS system. This is
somewhat surprising when one considers the differences in
plasma membrane lipids between these two organisms. Z.
mobilis contains large amounts of phosphatidylcholine and an

extremely high proportion of vaccenic acid (8, 20). Large
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FIG. 2. Sodium dodecyl sulfate-polyacrylamide (8%) gel of pro-

teins from the membrane fraction of E. coli. Protein gels were
prepared essentially as described elsewhere (1). Positions of molecular
weight markers (in thousands) are indicated on the left. Arrow
indicates the region containing GLF. Lanes: 1, E. co/i DH5ot(pUC18);
2, E. coli DH5ot(pLOI1670).

amounts of hopanoids which may be needed for ethanol
tolerance are also present (18). In contrast, E. co/i contains a
balanced mixture of 16- and 18-carbon fatty acids, lacks
phosphatidylcholine (9), and lacks hopanoids. Thus, it appears
that the insertion and functioning of Z. mobilis GLF are
tolerant of variations in membrane lipid composition. Portable
operons encoding this permease together with gik may prove
useful for the genetic engineering of other organisms by
providing an alternative or supplemental route for glucose
entry into glycolysis.
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