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Cloning and Expression of the Gene Encoding Glucose Permease

of the Phosphotransferase System from Brevibacterium
flavum in Escherichia coli
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A Brevibacteriym flavum gene coding for glucose permease of the phosphoenolpyruvate-dependent phos-
photransferase system (PTS) was cloned by complementing the Escherichia coli ZSC113 mutations affecting
a ptsG gene with the B. flavum genomic library. From the E£. coli clone grown as red colony on a Mac-
Conkey plate supplemented with glucose as an additional carbon source, a recombinant plasmid was iso-
fated and named pBFT93. The plasmid pBFT93 was identified as carrying a 3.6-kb fragment of B. flavumn
chromosomal DNA which enables the E. coli transformant to use glucose or mannose as a sole carbon
source in an M9 minimal medium. The non-metabolizable sugar analogues, 2-deoxy-D-glucose (2-DG) and
methyl-a-D-glucopyranoside {MeGlc) affected the growth of ZSC113 cells carrying the plasmid pBFT93 on
minimal medium supplemented with non-PTS carbohydrate, glycerol, as a sole cabon source, while the
analogues did not repress the growth of ZSC113 cells without pBFT93. It was also found that both 2-deoxy-
D-[U-"*Clglucose and methyl-a-D-[U-"*Ciglucopyranoside could be effectively transported into ZSC113
cells transformed with plasmid pBFT93. Several in vivo complementation studies suggested that the B. fla-

vum DNA in pBFT93 encodes a glucose permease specific for glucose and mannose.

In a variety of Gram-negative and Gram-positive
bacteria several carbohydrates are transported into
the cells and concomitantly phosphorylated by the
phosphoenolpyruvate:carbohydrate phos-
photransferase system (PTS, 12,17,18, 22, 25). The
system consists of four energy-coupling proteins, en-
zyme 1 (El), histidine-containing phosphocarrier pro-
tein (HPr}, enzyme 1l (Ell) and enzyme lIA (ElIA). The
general constitutive cytoplasmic phosphoproteins, El
and HPr, are commonly required for the transport of
PTS carbohydrates, while sugar-specific permeases,
Ell and EllA, determine the sugar specificity of cells (5,
6,12,18,22). The cytoplasmic phosphoproteins
sequentially transfer a phosphoryl group from phos-
phoenolpyruvate (PEP} to membrane-bound Eli,
which catalyzes the concomitant transport and phos-
phorylation of carbohydrates. In addition, the fruc-
tose-specific hybrid phosphotransfer protein (FPr) is
capable of replacing HPr in Escherichia coli and Sal-
monella typhimurium mutants lacking HPr (7). Many
genes encoding the carbohydrate-specific PTS pro-
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teins were recently cloned and sequenced. The vari-
ous Ells contain three or four structural domains A,
11B, IC and 11D, and are divided into four groups (17,
23). Among them, Ell proteins specific for glucose,
sucrose or B-glucoside belonging to the same group
contain three domains lIA, IIB and 1IC. The domain
lIA, that interacts with phosphorylated-HPr, exists as
a separate protein or as another domains-linked pro-
tein.

B. flavum, an industrial coryneform bacterium pro-
ducing various aromatic amino acids, can efficiently
utilize monosaccharides or disaccharides including
glucose, fructose, sucrose and maltose as carbon
sources (1). Amino acid production is greatly affected
by sugar metabolism in the organism. The presence
of two PTS systems specific for glucose or fructose
was reported in B. flavum (15,16) and Coryne-
bacterium glutamicum (11), respectively. It was also
reported that sucrose is transported into B. flavum
cells by PTS system (26). In B. flavum, glucose is
mainly transported by glucose-specific PTS and the
uptaken glucose is metabolized through the Embden-
Meyerhof Pathway (EMP, 16). ATP-dependent glu-
cokinase is also related to the uptake of glucose, but
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the relative activity of this enzyme is very low and
negligible as compared to that of PTS. Recently, the
gene encoding Ell specific for glucose and mannose
was cloned and sequenced from C. glutamicum (10).

In this work, we describe the molecular cloning of
the gene encoding a B. flavum glucose permease,
and investigate the physiological properties of E. coli
cells transformed with the cloned gene.

MATERIALS AND METHODS

Bacterial Strains, Plasmids and Media
The bacterial strains and plasmids used in this
work are listed in Table 1. B. flavum KCTC 1738 was
used as a source of the gene coding for glucose per-
mease of the PTS. For in vivo complementation stu-
dies, £. coli mutant strains ZSC113, JLV86 and KCTC
2300 were used. MacConkey indicator plates con-
taining glucose (1%) or fructose (1%) were used to in-
vestigate the sugar-fermenting capacities of E. coli
transformants. E. coli and B. flavum were cultured at
37°C in LB broth (10 g of tryptone, 5 g yeast extract,
10 g of NaCl per liter, pH 7.0). An M9 minimal medi-
um (6 g Na,HPO,, 3 g KH,PO,, 0.5 g NaCl, 1 g NH
«Cl, 0.5 g MgSO,, 0.01 g CaCl, per liter, pH 7.4) con-
“taining sugars was used for investigating the effect of
sugars on the growth of E. coli cells. The minimal
medium consisting of 7 g (NH,),50,, 2 g urea, 0.5 g
K,HPO,, 0.5 g KH,PO,, 0.5 g NaCl, 1 g casamino
acid, 0.5 g MgSO, 7H,0, 6 mg FeSQ,, 6 mg MnSO,
6H,0, 200 ug biotin, 200 pg thiamin HCl and 1%
carbon source per liter (pH 7.5) was used for B. fla-
vum.
Chemicals, Enzymes and Isotopes
Restriction endonucleases, calf intestinal alkaline
phosphatase, T4 DNA ligase and RNase were ob-
tained from Boehringer Mannheim, and were used as
recommended by the manufacturer. The 2-deoxy-D-
[U-"Clglucose (['“C}-2DG) and methyl-o-D-[U-"*C]
glucopyranoside (['*C1-MeGlc) were from Du Pont.
Glucose, fructose, sucrose and mannose were pur-
chased from Sigma Chemical Co.
DNA Preparations and Manipulations
For rapid isolation of plasmids from E. coli cells,
the alkaline lysis method described by Birnboim and
Doly (2) was employed. The chromosomal DNA was
isolated from the cells of B. flavum grown ex-
ponentially in LB medium supplemented with gly-
cine (2%) according to the preparative method des-
cribed by Rodriquez and Tait (19).
Construction of a B. flavurn Gene Library
Fifty micrograms of the purified B. flavum chromoso-
mal DNA was partially digested with Sau3Al, and DNA
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Table 1. Bacterial strains and plasmids.

Strains/Plasmids Relative properties Source/Ref-
erence

B. flavum KCTC 1738 Gene source KCTC

E. coliZSC113 ptsG, ptsM, glk 4

E. coli JLV86 crr, nagE, manl, manA 29

E. cofi KCTC 2300 HfrKL-16, ptsF KCTC

pUC9 Cloning vector 28

pBFT93 Glc*, Man® This study

fragments ranging from 2 to 10 kb were isolated by
sucrose gradient centrifugation for 20 h at 25,000 rpm
in a Beckman SW40 rotor. The Sau3Al-generated chro-
mosomal DNA fragments were ligated to BamHI-di-
gested, dephosphorylated pUC9. The ligation mixture
was used to transform F. coli ZSC113.

Transport Experiment

E. coli cells were grown to late logarithmic phase
in M9 minimal medium supplemented with 0.4%
non-PTS carbohydrate (glycerol) as a sole carbon
source. After centrifugation, cells were washed twice
with M9 minimal medium that does not contain the
carbon source, and were resuspended in the same
medium at 0.D.,=0.5 (0.3 mg dry weight/ml). To de-
crease the uptake rate of 2-DG in cells, the cell
suspension was incubated in ice for 30 min. To 5 ml
of the ice-cold cell suspension the ['*C]2-DG (0.15
uCi/umol) or [*Cl-MeGlc (0.15 uCi/umol) was added.
Samples of 0.5 ml were taken at 10 sec intervals, fil-
tered through membrane filters (0.45 um porosity),
and washed quickly with the ice-cold suspension
medium. Filters with cells were placed in 10 m| of
scintillation fluid and counted in a liquid scintillation
spectrometer (Beckman).

PTS-Mediated Repression Test

E. coli cells were grown overnight in M9 minimal
medium supplemented with 0.2% of glycerol as a
sole carbon source, and transferred into the same
medium. At the late-logarithmic phase, they were
transferred to the same medium, again. When the cul-
tures reached an optical density of approximately 0.
15 at 600 mm, and after adding MeGlc or 2-DG with
a final concentration of 10 mM, the cell growth was
investigated.

RESULTS AND DISCUSSION

Cloning of a Glucose Permease Gene from B. fla-
vum

We cloned a glucose permease gene of B. flavum
by in vivo complementation of a mutant strain, E.
coli Z5C113, lacking both glucose permease (EN)
and mannose permease (EII™). Identification of E.
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Fig. 1. Restriction endonuclease map of pBFT93.
The open bar represents the glucose permease gene of B. flavum.

coli ZSC113 transformants which expressed the EIN®*
enzyme was based on the ability of the cells to fet-
ment glucose on MacConkey plate supplemented
with glucose (1%) as an additional carbon source.
Colonies growing on these plates are expected to be-
come red when the Ell®“-deficient mutation of E. cofi
Z5C113 is functionally complemented by the glucose
permease gene of B. flavum, and are expected to be-
come white without the gene or when its com-
plementation is-ineffective.

A library of B. flavum Sau3Al DNA fragments was
constructed in the vector pUCY, and was introduced
into E. coli ZSC113. The transformed cells were plat-
ed on MacConkey-glucose plates containing 50 pg/
ml of ampicillin. Among approximately 8,000
transformants, one glucose-fermenting colony was ob-
tained as identified by its deep-red color.

From the glucose-fermenting clone, plasmid DNA
was found to carry the 3.6-kb DNA fragment of B, fla-
vum, and was named pBFT93. A physical map of the
plasmid was determined using several restriction en-
zymes as shown in Fig. 1. The restriction map of the
cloned gene in pBFT93 was different from that of the
gene encoding C. glutamicum Ell protein (10) for glu-
cose and mannose although both the B. flavum gene
of pBFT93 and C. glutamicum gene of pCTS3 could
transform E. coli ZSC113 on MacConkey plates to fer-
ment glucose and mannose, respectively.

Fermentability of E. coli ZSC113 Transformant

To investigate the sugar fermentability of the E. coli
transformant, E. coli ZSC113 (pBFT93) and E. coli
ZSC113 (pUCY) were streaked on MacConkey plates
containing various amounts o glucose or mannose
(0%~0.5%). After incubating the cells for one day,
the color of the colonies was observed as described
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Table. 2. Sugar fermentation of E. coli ZSC113 transfor-
mants.

Fermentability® of E. coli ZSC113

Con- .
Sugars  centration carrying

(%) puUCY pBF93

Glucose 0.05 L .
0.1 ; 4
0.2 - -
0.3 - -
0.4 - PR
0.5 - e+

Mannose 0.05 - .
0.1 - _
0.2 - N
0.3 . +
0.4 - ++
0.5 - A+

*Fermentabilities were determined by the color of colonies formed for
24 h on MacConkey agar plates suylemented with various con-
centration of sugars as an additional carbon source. -, white color by
the colonies. “+, intensity of red color by the colonies.

in Table 2. The strain ZSC113 carrying plasmid pBFT
93 fermented both glucose and mannose to grow red
colonies on MacConkey-glucose or MacConkey-man-
nose plates, while ZSC113 with pUC9 formed white
colonies. The intensity of red color produced by the
colony of ZSC113 (pBFT93) was increased with the
amount of sugars added to the MacConkey plate. The
color of colonies became deep-red on the plates con-
taining glucose over 0.3%, but their color was deep-
red on the plates containing mannose over 0.5%. Pre-
adapted E. coli ZSC113 (pBFT93) and E. coli ZSC113
(pUCY9) were inoculated in M9 minimal broth con-
taining glucose or mannose as a sole carbon source,
and followed by measuring their growth for 20 h (Fig.
2). E. coli ZSC113 (pBFT93) could grow in all kind of
media except the media lacking a carbon source, but
E. coli ZSC113 (pUCY) barely grew in any media. It
was also observed that the growth in the medium con-
taining 0.4% glucose was more effective than growth
in the medium containing 0.4% mannose with short-
er lag time. From thése results, it can be suggested
that the product of the cloned gene is more active on
glucose than on mannose.

To determine whether the cloned 3.6-kb DNA frag-
ment of B. flavum complements a crr mutation of E.
coli corresponding to the ElIA protein of the glucose-
PTS, pUC9 and pBFT93 was introduced into a crr mu-
tant strain, E. coli JLV86, respectively. The resulting
strain E. coli JLV86 (pBFT93) formed red colonies on
MacConkey-glucose plates while E. coli JLV86 (pUC
9) formed white colonies, indicating that the cloned
B. flavum gene of pBFT93 complements crr mutation
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Fig. 2. Growth of E. coli ZSC113 carrying pUCY (circle)
and pBFT93 (square).

The cells were grown on M9 minimal medium supplemented with
0.4% glucose (closed) or 0.4% mannose (open).

of E. coli (Data not shown.). It was, however, found
that pBFT93 could not complement a ptsF mutation of
E. coli KCTC 2300. From these results, it could be sug-
gested that the cloned 3.6-kb insert of pBFT93 carries
the gene encoding glucose permease of PTS specific
for glucose and mannose, which is capable of com-
plementing £. coli mutations affecting ptsG, ptsM and
crrgene.

Two PTSs, which are active on glucose and man-
nose, have been reported in enteric bacteria (12). One
is a glucose-PTS including EN, which interacts with
ElIA, more active on glucose than mannose. The other
is a mannose-PTS including EIl™" active both on man-
nose and glucose. In fact, it is known that B. flavum
grows fully on glucose as a sole carbon source, but
not on mannose (16). it is therefore assumed that the
B. flavum gene in pBFT93 corresponds to a ptsG gene
encoding EII°°, though it is not clear whether the gene
product is a single polypeptide or not

PTS-Mediated Repression by Non-metabolizable
Sugar Analogues

In many kinds of heterotrophic bacteria, PTS-medi-
ated repression by non-metabolizable sugar analo-
gues have been reported (3, 13). Phosphorylated
forms of sugar analogues, which are not metabolized
in cells, cause the cells grown on non-PTS car-
bohydrate to cease cell growth owing to their toxic ef-
fects on the living cells (11, 17).

When the non-metabolizable sugar analogue,
MeCGlc or 2-DG (10 mM of final concentration), was
added to E. coli ZSC113 (pBFT93) or E. coli ZSC113
(pUCY) growing in M3 minimal medium containing
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Fig. 3. Effect of non-metabolizable sugar analogues on the
growth of £. coli ZSC113 carrying pBFT93.

MeGlec (-0-) or 2-DG (-m -) was added to be a final concentration of
10 mM at the point indicated by arrows. Open circle represents the
growth of ZSC113 {pBFT93) without the addition of analogues.

non-PTS sugar, glycerol (0.2%), respectively, the
growth of E. coli ZSC113 (pBFT93) was seriously
repressed for 9~10 h (Fig. 3), but E. coli ZSC113
{(pUCY) showed normal growth on the same medium
{data not shown). This indicates that the Ell of B. fla-
vum is a kind of wide-range permease active on both
MeGlc and 2-DG. After MeGlc-mediated growth
repression for 9 h, E. coli ZSC113 (pBFT93) began to
grow, again. It is assumed that the growth is due to
the passive efflux of free MeGlc from the cells, in
which MeGlc-6-phosphate is hydrolyzed by the in-
tracellular phosphatase (12, 17).

Transport of non-metabolizable Analogues

In order to determine the activity of B. flavum Eli
for glucose transport, the sugar uptake of B. flavum
and E. coli cells carrying plasmids was tested using
the structural analogues of glucose, [*C]-MeGic and
[“C]-2DG. Beacuse the analogues were transported
and accumulated in the cells the intracellular amount
of the transported analogues could be determined by
measuring the redioactivities of the celis (9, 20, 21,
24). As shown in Fig. 4 the analogues were taken
more effective by ZSC113 (pBFT93) than ZSC113
(pUCY), confirming that a B. flavum glucose per-
mease gene of pBFT93 conferred the ability of sugar
uptake on E. coli cells. Uptake of ['“C]-MeGlc by E.
coli ZSC113 {pBFT93) reached saturation level within
20 sec of reaction time, and then the steady state of
intracelfular [“C]-MeGlc continued for 40 sec. In

Clc
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Fig. 4. Transport of [*CJ-MeGlc (square} and ["C]-2DG
(circle) by E. coli ZSC113 cells carrying pUC9 (open) or
pBFT93 (closed). )

E. cofi ZSC113 (pUCY) was grown on 0.4% glycerol and E. coli ZSC
113 (pBFT93) was grown on 0.4% glucose as a sole carbon source,
respectively.
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Fig. 5. Transport of [“C]-MeGlc (-o-) and [*Ci-2DG (-w-)
by B. flavum cells.

The cells were grown on minimal medium containing glucose (1%)
as a sole carbon source.

case of ["'C]-2DG uptake of ZSC113 (pBFT93), the
reaction time required to reach saturation level was
similar to those of [*C]-MeGlc but the steady state of
intracellular [*C]-2DG was rapidly destroyed, unlike
[“Cl-MeGlc. Also, the uptake rate of {“Cl-MeGlc
was about 1.8 times as high as that of ['‘C]-2DG.

J. Microbiol. Biotechnol

It was also found that the analogues were rapidly
transported into cells of B. flavum grown in minimal
medium supplemented with 1% sodium lactate or 1%
glucose (Fig. 5). The intracellular amount of [*C)-
2DG was continuously maintained, even as high as
that of the ['*C]-MeGlc in B. flavum cells. One pos-
sible explanation for the difference of 2-DG uptake
level between B. flavum and ZSC113 (pBFT93) may
be owing to conformational change of the B. flavum
glucose permease in the membrane of E. cofi be-
cause the enzyme is an integral protein.
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