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The glucitol (gut) operon has been identified in the colony bank of Clark and Carbon (A. Sancar and W. D.
Rupp, Proc. Natl. Acad. Sci. USA 76:3144-3148, 1979). We subcloned the gut operon by using pACYC184,
pACYC177, and pBR322. The operon, which is encoded in a 3.3-kilobase nucleotide fragment, consists of the
guIC, gutA, gutB, and gutD genes. The repressor of the gut operon seemed to be encoded in the region
downstream from the operon. The gene products of the gut operon were identified by using maicells. The
apparent molecular weights of the glucitol-specific enzyme II (product of the gut4 gene), enzyme HI (product
of the gutS gene), and glucitol-6-phosphate dehydrogenase (product of the gutD gene) were about 46,00W,
13,500, and 27,000, respectively, as estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

There are three hexitol transport systems in Escherichia
coli specific for D-glUcitol, D-mannitol, and D-galactitol.
These transport systems are known to function via the
phosphoenolpyruvate-dependent phosphotransferase sys-
tem (PTS) (10, 11, 21). These three systems have been the
subject of intensive study, and their characteristics haVe in
pat provided the basis for conclusions about the evolution
of the PTS as a whole (12, 13, 21, 23). Earlier work (10, 11)
suggested that all three hexitol transport systems consist-of
the samhe constituents, a sugar-specific enzyme II and the
general PTS constituents enzyme I (EC 2.7.3.9) and HPr
(23). These early studies were donfirmed by more recent
experiments on the mannitol PTS. Homogenous mannitol-
specific enzyme II (enzyme IIMt1) was reconstituted in an
artificial phospholipid membrane and shown to catalyze the
concomitant transport and phosph6rylation of its sugar
substtate (14). The mannitol operon has been cloned and
proved to consist of the mtlA gene, which encodes enzyme
1jMtl, as well as the mtlD gene, which encodes mannitol-1-
phosphate dehydrogenase (7).
More recently, it was found that the glucitol PTS includes

an additional protein, the glucitol-specific enzyme III (en-
zyme IIIGut) (5, 26). This observation as well as genetic
mapping studies led to the conclusion that the gene order to
the gut operon is gutC-gutA-gutB-gutD (12, 13, 26, 27). The
gut operon was mapped at 58 min on the E. coli chromosome
(10, 17). Additionally, hybrid ColEl plasmids carrying the
gut operon were identified in a colony bank of Clarke and
Carbon (3, 25).
Recent studies on the glucitol PTS (5; F. C. Grenier and

M. H. Saier, Jr., unpublished results) and the mannitol PTS
(6, 9, 14) revealed that the properties of the glucitol-enzyme
II-III pair are strikingly similar to those of the mannitol
enzyme II. The results appeared to lead to the hypothesis
that these two systems have a common evolutionary origin
(2i, 23). However, because the purified glucitol (sorbitol)-6-
phosphate (EC 1.1.1.140) and mannitol-l-phogphate dehydro-
genases were found to be very different in structure and
enzymatic properties (20) and because the glucitol operon
had not been subjected to the approach of the molecular
geneticist, the evolutionary relationships of the two operons
to each other remained uncertain.

* Corresponding author.

In the present work, we have subcloned the gut operon,
which encodes the structural genes gutA, gutB, and gutD,
and identified the products of these genes in maxicells. The
previously suggested gene order (26) has been confirmed,
and a restriction map of the operon has been determined.
This work represents the first phase of the molecular genetic
characterization of the glucitol operon.

MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli 236sr (Hfr leuB6

thi-l lacZ4 mtlA9 rpsL8 supE44 srl recA) (8) and JM1O3
[A(lac pro) thi rpsL supE endA sbcBlS hsdR4 F' traD36
proAB lacIqZAMJS] (18) were used as host strains for
cloning the gut operon. Salmonella typhimurium LJ530
(mtlA61 gutC151 gutB152) and LJ531 (mtlA61 gutC151
gutA153) (26) were used in complementation assays.
pLC18-42, which carries the gut operon, was from the
Clarke and Carbon colony bank (3, 25). CSR603 (24) was
used for maxicell experiments. pACYC184, pACYC177 (2),
pBR322 (1), and pUC18 (18) were used as cloning vectors.
DNA manipulations. Restriction endonuclease cleavage,

ligation, transformation, DNA isolation, and polyacrylamide
gel electrophoresis (PAGE) were performed as described
(16). Bal 31 deletion analysis was carried out according to
instructions provided by the suppliers of the enzymes. After
digestion of the plasmid DNA (8 gxg) with a restriction
endonuclease, the material was treated with phenol, precip-
itated with ethanol, and dried. The DNA was suspended in a
reaction mixture (50 pLl) containing 20 mM Tris hydrochlo-
ride (pH 8.0), 12 mM MgCl2, 12 mM CaCl2, 200 mM NaCl,
and 1 mM EDTA. The reaction was initiated by the addition
of Bal 31 endonuclease (1 U) at 37°C. At intervals of 5 min,
5 ,u of the mixture was removed, brought to 65°C for 10 min,
and kept at -20'C before the next step. The eXtent of the
deletion was monitored by agarose gel electrophoresis with
about half of each sample. Frameshift mutations were in-
duced essentially by the method described previously (28).
Growth media and selection conditions. Transformants

were selected on EMB plates (Difco Laboratories) contain-
ing 0.5% glucitol and ampicillin (50 ,ug/ml), kanamycin (25
,ug/ml), or chloramphenicol (20 pLg/ml). For enzyme assays,
cells were grown in LB medium (19) containing 0.5% glucitol
and the antibiotics mentioned above in the same concentra-
tions as used in the solid media.
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FIG. 1. Subcloning of the gut operon. The gut opern
pLC18-42 (3, 25) was cloned between the BamHI and Sall si
pACYC184, the BamHI and PstI sites ofpACYC177, and the
and Sall sites of pBR322. Left columns present the resi
plasmids and vectors used. Diagrams to the right represer
tentative locations of the gutCABD operon and illustrate ins
fragments (solid lines) of E. coli chromosomal DNA in the ve
The middle diagram is a restriction map of the 4-kb frai
between the BamHI and SalI sites. The Sail site is also digest
AccI and HincII. The bottom diagrams represent further subcl
of the 4-kb BamHI-SalI fragment. pMYS140 and pMYS139
insertions of the BamHI-EcoRV and KpnI-Sall fragments
pMYS24 between the BamHI and HincII sites and betwee
KpnI and Sall sites of pUC18, respectively. pMYS157 is a pMK
derivative in which the AccI-Sall fragment was deleted.

Enzyme assays. Cell cultures (250 ml) were grown t
late log phase and then harvested, washed, and suspend
5 ml of buffer (10 mM Tris hydrochloiide, 1 mM dithiol
tol, 0.1 mM phenylmethylsulfonyl fluoride, pH 7.5).
cells were broken by passage through a French pressur
(10,000 lb/in2), and unbroken cells were removed by ce
ugation. The crude extracts were used for assay.
Phosphoenolpyruvate-dependent glucitol phophoryl

activity was assayed as described previously (5). Phos
rylation was determined in a total volume of 0.2 ml cor

ing 50 mM Tris hydrochloride (pH 8.0), 12.5 mM MgC]
mM KF, 2.5 mM dithiothreitol, 5 mM phosphoenolpyru
and 0.01 mM ['4C]glucitol (5 ,uCi/,mol). A high-speed si
natant which contained excess quantities of enzyme ]

HPr was supplied to the assay mixture as described p
ously (22). For the complementation assays, extracts frc
typhimurium LJ530 and LJ531 were used as sourcc
enzyme lIGut and enzyme IjIGut, respectively. Glucil
phosphate dehydrogenase assays were performed a,
scribed previously (20). Protein was determined b)
method of Lowry et al. (15), with bovine serum album
the protein standard.

Identification of plasmid-encoded proteins in maxi
Maxicell experiments were performed by the methc
Sancar et al. (24) with E. coli CSR603 harboring the pla
of interest. Plasmid-encoded proteins were labeled w
14C-labeled protein hydrolysate (15 ,uCi/ml) in Hershe)
dium containing 0.5% glucitol (instead of glucose) and 1
cyclic AMP.
Enzymes and radionucleotides. Restriction enzymes

DNA polymerase, and T4 DNA ligase were obtained
Bethesda Research Laboratories. 14C-protein hydroli
(specific activity, 57 mCi/milliatom carbon) was a produ
Amersham Corp.

RESULTS

Cloning of the gut operon encoding the enzymie IIGut,
enzyme MIIgu, and glucitol-6-phosphate dehydrogenase. The

Kb gut operon has been reported to be included in pLC1842 (3,
25). With the combinations BamHI and Sall, BamHI and
PstI, and EcoRl and SalI, pLC18-42 was digested and ligated
with vectors pACYC177, pACYC184, ind pBR322, respec-
tively, which had been digested with the same combinations
of enzymes. The ligated materials were introduced into
strain 236sr, which contained gut and mtl mutations as
genetic markers. Among the transformants obtained on
EMB plates containing glucitol and the appropriate antibiot-
ics, colonies capable of fermentation were screened. The
sizes of the insertion fragments in pMYS5, pMYS24, and
pMYS28 (Fig. 1) were estimated to be about 4, 6, and 6
kilobases (kb), respectively, by agarose gel electrophoresis.

On in The restriction sites of the AccI, HincIJ, and KpnI
tes of endonucleases in pMYS5 were identified in the correspond-
ClORIt ing positions on plasmids pMYS24 and pMYS28 (Fig. 1).
ultaht From these results, it is clear that the gut operon was located,it the
ertion in the 4-kb region between the BamHI and SalI sites.
ctors. Phosphoenolpyruvate-dependent phosphotransferase and
gment glucitol-6-phosphate dehydrogenase activities. Cells harboring
ted by individual recombinant plasmids carrying the gut operon
loning expressed higher activities than cells harboring only the
have vector in both the PTS and dehydrogenase assays (Table 1).
from The cells harboring pMYS24 showed inducible expression of

(n1h3 both enzyme activities, while the cells harboring pMYS5 and
pMYS28 showed constitutive expression of both activities.
pMYS5 and pMYS28 lacked the SalI-PstI fragment which
was present in pMYS24. The latter two plasmids showed 9-

o the to 18-fold-higher activities of both enzymes than did the
le4 in former plasmid. These data suggested that the complete gut
threi- operon is localized between the BamHI and Sall sites apd
The that the gutR gene, encoding a repressor of the gut operon,

e cell is located either in the 2-kb region between the Sall and PstI
ntrif sites or close to the SalI site. This positional assignment of

the gutR gene relative to the gut operon agrees with the
Lation mapping results published by Csonka and Clark (4).
spho- Localization of the gut operon. To analyze the region of the
itain- gut operon between the BamHI and SalI sites, Bal 31
12, 25 deletion analysis was carried out (Fig. 2). pMYS5 was
vate, digested with BamHI or SalI, treated with Bal 31
uper- exonuclease, and ligated with T4 DNA ligase. Chloramphen-
I and icol-resistant transformants were checked for their fermen-
Irevi- tation responses on EMB plates containing glucitol, and the
)m S. approximate sizes of the plasmids were determined by
es of agarose gel electrophoresis. Deletion sizes were then esti-
tol-6-
s de-
h the
iin as

[cells.
d of
ismid
iith a
me-

L mM

s, T4
from
ysate
ict of

TABLE 1. Induction of the glucitol-specific enzymes

Glucitol PEP-dependenta
(0.5%) glucitol

Strain added phosphotransferase dehydrogenase
to LB (nmol/min per mg (limol/min per mg of
broth of protein) protein)

236sr(pACYC177) + 2.2 0.01
- 2,5 0.01

236sr(pMYS24) + 23 0.92
- 7.5 0.19

236sr(pMYS5) + 210 17
- 290 17

236sr(pMYS28) + 210 16
- 240 17

a PEP, Phosphoenolpyruvate.

Plasmid Vector

pLCI8-42
pMYS5

pMYS24
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mated by PAGE after digestion of the deletion plasmids with
the TaqI, Sau3A, or AluI endonucleases in which pMYS5
and the 4-kb fragment between BamHI and SalI digested
with the same endonucleases were used as controls.

Cells bearing the plasmid pMYS35, which contains an
internal deletion mutation, lost enzyme II"ut activity but still
possessed low activities of enzyme 1110ut and glucitol-6-
phosphate dehydrogenase compared with the parental plas-
mid pMYS5. The activities from pMYS35 were at least 5- to
10-fold higher than those of cells bearing the vector
pACYC184. These results indicate that pMYS35 lacked the
promoter of the gut operon and at least part of the enzyme
IIGut structural gene. The residual activities of the IIIGut and
glucitol-6-phosphate dehydrogenase might be due to read-
through from a promoter on the vector. Similar results were
obtained with the deletion mutant pMYS20, which lacked
the portion of the gut operon between BamHI and KpnI fromn
pMYS5 (Fig. 2). In cells harboring pMYS34, no activity of
enzyme 11Gut was detected, but low activities of IIII"t and
the glucitol-6-phosphate dehydrogenase were present.
pMYS31 and pMYS32 were capable of glucitol fermentation,
but pMYS35 and pMYS34 were not (Fig. 2). Therefore, the
promoter of the gut operon appears to be located about 0.5
to 1.0 kb to the right side of the I
fragment. Furthermore, there seem t
ers for the genes encoding IIIGut and
dehydrogenase.

Deletion mutants (pMYS46 and I
restriction at the Salt site and lackin
exhibited a positive glucitol ferme]
could not obtain deletion mutations
pMYS45 (indicated by a bracket
explanation for this might be that 1
gutD gene. Deletion mutants whir
possess the complete gutA and gutJ
vivo. From these considerations, it is

gpHI K9n I

pMYS5

p MYS31

pMYS32

pMYS35

pMYS34

pMYS46

pMYS47

pMYS45

pMYS44

pMYS43

t -- - - - - -_I__-------_-_-

pMYS20

FIG. 2. Deletion mutants of pMYS5.
31 deletion mutations from the BamH
diagrams show Bal 31 deletion mutati
pMYS5. The bottom diagram illustrates
tween the BamHI and KpnI sites which r
BamHl and KpnI, treatment with T4
presence of deoxynucleoside triphosphal
boxes indicate the insertion fragments
from the E. coli chromosome, and the sot
vector, pACY184. The deleted regions ar
A bracket shows the region in which it sel
deletions, possibly because this is the
gene.

TABLE 2. Complementation assays of clones carrying the gutA
and gutB genes and of a frameshift riutation at the Kpn site

PEP-dependenta
glucitol

phosphotransferase Glucitol-6-phosphate
Host Plasmid (nmol/nmin per mg dehydrogenaseof protein) in (&molImin per mg of

extract from: protein)

UJ530b L531C

JM103 pUC18 3.0 1.5 0.004
pMYS139 870 2.0 43
pMYS140 20.0 220 0.094
pMYS157 820 1.7 0.004

236sr None 3.0 2.0 0.004
pMYS170 310 3.0 14

a PEP, Phosphoenolpyruvate.
b This extract contained all enzymes essential for glucitol phosphorylation

except enzyme III'ul.
c This extract contained all enzymes essential for glucitol phosphorylation

except enzyme 1IGut.
d Elevated activities of IIIut and glucitol-6-phosphate dehydrogenase with

pMYS140 may be due to dilution of the gut promoter by the cloned promoter
and increased expression of the chromosomal gut operon.

RamHI site in the 4-kb order of the gut operon is gutC-gutA-gutB-gutD and that the
o be no distinct promot- operon is distal to the BamHI site. This gene order is
the glucitol-6-phosphate coincident with previously published transductional analy-

ses (12, 13, 26, 27). Furthermore, the gut operon appears to
pMYS47) generated by start about 0.5 kb to the right of the BamHI site and end
ig 0.1 to 0.2 kb of DNA about 0.2 kb to the left of the Sail site (Fig. 1). The operon
ntation phenotype. We is probably encoded in a 3.3-kb fragment.
between pMYS47 and Locaization of gut4, gutB, and gutD genes. To determine

in Fig. 2). A possible the precise localization of the gutA, gutB, and gutD genes,
this region includes the further subcloning was performed. The BamHI-EcoRV and
ch lack gutb but still KpnI-SalI fragments from pMYS24 were inserted by ligation
B genes are unstable in into the BamHI-HincII site and the KpnI-SalI site ofpUC18,
isuggested that the gene respectively (Fig. 1). The recombinants were selected as

white colonies on an LB plate containing 5-bromo-4-chloro-
3-indolyl-3-D-galactoside (30 ,ug/ml) and ampiciMlin after the

Sol I Fermentation ligated materials were introduced into JM103. The insertions
+ were analyzed by restriction mapping. The direction of the

lac promoter in the recombinants proved to be the same as
+ that of the gut operon. Complementation assays with S.
+ typhimurium LJ530 (gutA+ and gutB) and LJ531 (gutA and
Zi- gutB +) revealed that pMYS140, possessing the BamHI-
i_ EcoRV fragment, expressed enzyme IIGut activity (Table 2),

while pMYS139, possessing the KpnI-SalI fragment, ex-
5~+ pressed enzyme III'ut and glucitol-6phosphate dehydrogen-
- -~ + ase activities. The activities of the enzyme III and glucitol-~~~~~~- 6-phosphate dehydrogenase in cells harboring pMYS140
---- were slightly higher than in cells harboring pUC18. The

------- - explanation for this observation may be that the repressor of
the gut operon was diluted by the many copies of the
promoter, so that the chromosomal gut operon was partially

- ~ expressed.
The top diagrams show Bal pMYS157 was constructed by deletion of the fragment
[I site in pMYS5. Middle between the AccI and Sail restriction sites of pMYS139.
ons from the Sall site in Since the Sall site is also cleaved by AccI, the deletion was
the deletion mutation be- introduced by complete digestion with AccI, followed by

esulted from digestion with ligation. The presence of the deletion was ensured by
DNA polymerase in the restriction mapping analysis. Cells harboring pMYS157 re-

tes, and ligation. The open tained enzyme III activity but not glucitol-6-phosphate de-
containing the gut operon hydrogenase activity (Table 2). Therefore, it is clear that the

indicated by dottedlines. gutB gene is encoded in a 1.5-kb nucleotide fragment be-
emed to be difficult to make tween the KpnI and AccI sites, while the gutD gene is
region encoding the gutD encoded in the region around the AccI site, immediately

after the gutB gene.

. - I

J. BACTERIOL.
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a
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FIG. 3. Analysis of the gene products encoded by the gut op-
eron. Maxicells were irradiated and labeled with "4C-protein
hydrolysate, and the proteins were separated on a 13% polyacryl-
amide gel. An autoradiogram of the gel is presented. Lanes: 1,
CSR603 with no plasmid; 2, pMYS5; 3, pACYC184; 4, pMYS139; 5,
pMYS157; 6, pUC18. Molecular weight markers used were bovine
serum albumin (68,000), ovalbumin (43,000), a-chymotrypsinogen
(25,700), 3-lactoglobulin (18,400), lysozyme (14,300), and
cytochrome c (12,300). Sizes are indicated (in kilodaltons).

To confirm the region including the gutA gene, frameshift
mutations were introduced at the KpnI sites. pMYS5 was
digested with KpnI, treated wtih T4 DNA polymerase, and
ligated with T4 DNA ligase. With these procedures, four
nucleotides were deleted in each strand at the KpnI site (28)
so that the frame of one enzyme was changed when the KpnI
site was present in one of the coding sequences. The ligation
mixture was used for the transformation of strain 236sr,
nonfermentating colonies were selected, and the plasmids
from the colonies were checked for the missing KpnI site by
digestion with KpnI. One of the resultant frameshift mu-
tants, pMYS170, was used for the PTS complementation
assay (Table 2). The results clearly indicate that the cells
harboring plasmid pMYS170 lacked only enzyme IIGut activ-
ity. Thus, the KpnI site exists in the gutA gene. These results
confirm that the gene order of the gut operon is gutC-gutA-
gutB-gutD, as described above.

Identification of gene products of the gut operon with
maxicells. pMYS5 and its vector, pACYC184, were intro-
duced into CSR603 (24), and the gene products of the gut
operon were detected by sodium dodecyl sulfate-PAGE.
(Fig. 3). Protein bands of molecular weights 33,000 and
24,000 in the cells harboring pACYC184 (Fig. 3, lane 3)
appeared to correspond with the products of the tetracycline
and chloramphenicol resistance genes, respectively. In the
cells harboring pMYS5 (Fig. 3, lane 2), in which the 4-kb
fragment of the gut operon was inserted into the tetracycline
resistance gene (Fig. 1), the protein band of Mr 33,000
disappeared, and two protein bands of 46,000 and 27,000 Mr
appeared. The latter two proteins were lacking in cells
harboring its vector, pACYC184. The protein bands of
46,000 and 27,000 daltons had the same molecular weights as
the partially purified enzyme IIGut from S. typhimurium (F.
C. Grenier and M. H. Saier, Jr., unpublished results) and
homogenous glucitol-6-phosphate dehydrogenase from E.
coli (20), respectively. The band corresponding to enzyme
IIIGI may overlap those of the other proteins encoded on the
vector.

Since enzyme IlIGut could not be detected in the experi-
ment described above with cells harboring pMYS5, other
subclones were used for detection of this protein. pMYS139
and pMYS157 have insertions of the 2.4-kb fragment be-
tween the KpnI and Sall sites and of the 1.5-kb fragment
between the KpnI and AccI sites of the vector pUC18,
respectively (Fig. 1). The proteins ofMr 30,000 and 26,900 in
cells harboring pUC18 appeared to correspond to the pre-
cursor and mature forms of ,-lactamase derived from the

ampicillin resistance gene (Fig. 3, lane 6). In cells harboring
pMYS139, two protein bands of 27,000 and 13,500 Mr were
detected in addition to the bands detected in cells harboring
its vector, pUC18, In cells harboring pMYS157, which
lacked glucitol-6-phosphate dehydrogenase due to deletion
of the 0.8-kb AccI-SalI fragment from pMYS139, the protein
band of Mr 13,500 was detected but that of Mr 27,000 was
lacking. The protein of Mr 13,500 must be enzyme IjIGut,
since the molecular weight agreed with that of purified IIIgUt
from S. typhimurium (5). These results confirm that the
molecular weights of enzyme lIGut, IIIGut, and glucitol-6-
phosphate dehyrogenase are 46,000, 13,500, and 27,000,
respectively (5, 20).
We also identified the gene products of the gut operon in

experiments with cellular fractionation procedures, includ-
ing butanol-urea extraction (22) (data not shown). In these
experiments as well as in maxicell experiments, we noticed
that it was most difficult to detect enzyme lIGut and that the
glucitol-6-phosphate dehydrogenase was more easily de-
tected than the two PTS enzymes. Because it is not likely
that the individual genes of the gut operon have their own
promoters (as discussed above), the differences in the levels
of the gene products may be due to translational or post-
translational regulatory interactions.

DISCUSSION

In the work described in this communication, we sub-
cloned the gut operon and determined the approximate
locations of the gutC, gutA, gutB, and gutD genes in the
operon. We also identified the products of these genes in
experiments with maxicells. Evaluation of the sum of the
molecular weights of enzyme IIGut (46,000), IIIGut (13,500),
and glucitol-6-phosphate dehydrogenase (27,000) suggests
that at least 2.5 kb of DNA is required to encode these
structural genes. The gutC gene, the presumed promoter-
operator region, is likely to be very small. The total esti-
mated length of the gut operon is in accord with the length
(about 3.3 kb) which was estimated in the experiments with
deletion mutants done to determine the location of the
operon. The DNA sequence determination of the gut operon
will be valuable in comparative studies with the mtl operon.
Such information may provide clues to the evolutionary
relationship between these two operons.
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