JOURNAL OF BACTERIOLOGY, Oct. 1996, p. 6082–6086
0021-9193/96/$04.0010
Copyright q 1996, American Society for Microbiology

Vol. 178, No. 20

Involvement of the Central Loop of the Lactose Permease of
Escherichia coli in Its Allosteric Regulation by the Glucose-Specific
Enzyme IIA of the Phosphoenolpyruvate-Dependent
Phosphotransferase System
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Allosteric regulation of several sugar transport systems such as those specific for lactose, maltose and
melibiose in Escherichia coli (inducer exclusion) is mediated by the glucose-specific enzyme IIA (IIAGlc) of the
phosphoenolpyruvate:sugar phosphotransferase system (PTS). Deletion mutations in the cytoplasmic N and C
termini of the lactose permease protein, LacY, and replacement of all cysteine residues in LacY with other
residues did not prevent IIAGlc-mediated inhibition of lactose uptake, but several point and insertional
mutations in the central cytoplasmic loop of this permease abolished transport regulation and IIAGlc binding.
The results substantiate the conclusion that regulation of the lactose permease in E. coli by the PTS is mediated
by a primary interaction of IIAGlc with the central cytoplasmic loop of the permease.
mids. In the absence of a plasmid, strain T184 lacks b-galactosidase, lactose transport activity, and LacY immuno-cross-reactivity (76). Plasmids pGM21 [lacD(I)O1P1D(Z)Y1D(A)Tetr]
(31) and pT7-5 [Ampr, T7 f10 promoter J] (30) were both
used for overproduction of the wild-type lactose permease and
its various mutated forms (1, 12, 13). These plasmids are described in Table 1. Strain JLV86 (nagE crr) (35) was used for
IIAGlc complementation assays.
Transport assays were performed with cells harboring the
plasmids described in Table 1. Cells were grown at 378C to an
A600 of 0.6 to 0.8 (3 to 4 h) in Luria-Bertani medium, and at
various times, synthesis of the lactose permease was induced
for 120 min by the addition of isopropyl b-thiogalactoside
(IPTG) to a final concentration of 1 mM. These cells express
fairly high levels of lactose permease activity in the absence of
IPTG because of the presence of multiple copies of the plasmid-expressed lacY gene. The glucose PTS was induced by
addition of glucose to a final concentration of 0.4% 90 min
before the cells were harvested by centrifugation (6,000 3 g for
10 min at 48C). After three washes in 100 mM potassium
phosphate (pH 7.5) containing 10 mM MgCl2 (KM buffer),
cells were resuspended in a minimal volume of the same buffer
and stored on ice. Transport assays were performed within 3 h
of harvesting.
Transport was initiated by addition of [1-14C]lactose (0.4
mM final concentration; approximately 850 cpm nmol21) to
cells incubated for 10 min (378C) in KM buffer (final volume,
1 ml; A600 5 5 optical density units) and was assayed at 378C in
induced and uninduced cells by modification of a rapid filtration procedure described previously (13, 29). Aliquots (100 ml
each) were removed at various intervals and filtered rapidly
through nitrocellulose filters (Millipore HA; pore size of 0.45
mm). The filters were immediately washed with two 15-ml
aliquots of KM buffer and dried with a heat lamp. Radioactivity on the dry filters was measured by liquid scintillation counting. Experiments were performed simultaneously with and
without methyl a-glucoside (aMG) (0.1%) preincubated for 10
min at 378C. This nonmetabolizable glucose analog causes

In Escherichia coli, the phosphoenolpyruvate:sugar phosphotransferase system (PTS) regulates the uptake of various
non-PTS sugars such as lactose, maltose, melibiose, galactose,
raffinose, and glycerol (inhibition of non-PTS inducer uptake
by PTS sugars; inducer exclusion) as well as the synthesis of
cyclic AMP (catabolite repression) (19, 22, 24, 28, 32). It has
been shown that the lactose permease (LacY) is allosterically
regulated by the PTS employing a mechanism that involves the
direct binding of the glucose-specific enzyme IIA (IIAGlc) to
the permease (14–16).
Nelson et al. (14) and Overath et al. (17) described a lactose
permease triple mutant defective in its N terminus (carrying a
T-to-I mutation at position 7 [T7I], M11I, and G24R) and a
partial revertant (T7I and M11I), which were reported to lack
IIAGlc binding. These results suggested that the N-terminal 11
residues of LacY might be involved in IIAGlc binding. Wilson
et al. (36) sequenced two mutations in the lactose permease
that abolished inhibition of lactose uptake by IIAGlc. Both
mutants showed single amino acid substitutions in that part of
the protein which, according to the topology of LacY described
by Calamia and Manoil (3), must be in the central cytoplasmic
loop of the permease (S209I and A198V). These observations
provided evidence that the central loop of LacY may be involved in IIAGlc binding. However, direct binding experiments
were not performed.
The experiments presented here provide both in vivo and in
vitro evidence that the binding site in the lactose permease for
IIAGlc is localized primarily in its central cytoplasmic loop.
Insertional and point mutations in the central loop are shown
to abolish regulation and binding, while deletion mutations in
the C terminus or the N terminus of the protein have little
effect.
IIAGlc binding and lactose uptake experiments were executed with strain T184 [lacI1O1 ZYA1 rpsL met thr recA hsdM
hsdR/F9 lacIqO1ZU118(Y1A1)] (31) harboring various plas* Corresponding author. Phone: (619) 534-4084. Fax: (619) 5347108. Electronic mail address: msaier@ucsd.edu.
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TABLE 1. Plasmids used in this study
Plasmid

pACYC184
pGM21
pGM21/P192A
pT7-5
pT7-5/lacY
pT7-5/2His
pT7-5/6His
pT7-5/HisP
pT7-5/KpOAD

lacY gene or phenotype

4
31
5
30

pACYC
pGM21

Wild type
P192A

pT7-5
pT7-5
pT7-5
pT7-5
pT7-5

Wild type
Insertion of two His after S-194
Insertion of six His after S-194
Insertion of HisP gene after S-194 (about 800 bp)
Insertion of the biotinylation domain of oxalacetate decarboxylase from K. pneumoniae
after S-194 (about 300 bp)
Stop codon for S-401
Deletion of N-terminal amino acids 2 through 7
Deletion of N-terminal amino acids 2 through 8
C-less: C117S, C148S, C154V, C176S, C234S, C333S, C353S, C355S

pT7-5
pT7-5
pT7-5
pT7-5

dephosphorylation of IIAGlc and consequent binding of IIAGlc
to the cytoplasmic surface of the lactose permease in intact
cells. Binding and allosteric regulation of the permease can be
monitored by measurement of the inhibition of lactose uptake
(15, 16, 29).
The overproduction of the wild-type lactose permease or
one of its mutant derivatives was carried out essentially as
described above with prior induction of lacY expression with
IPTG, except that synthesis of the glucose enzyme II complex
was not induced. Cells were harvested by centrifugation
(6,000 3 g for 10 min at 48C), washed three times in 20 mM
Tris-HCl buffer (pH 7.2) containing 5 mM MgCl2, 3 mM dithiothreitol (DTT), and 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) (TM buffer) and either stored at 2708C until used or
used directly. Intact cells were checked for lactose uptake
activity prior to freezing or preparation of membranes. Cells
resuspended in a minimal volume of TM buffer were lysed by
two passages through an Aminco French pressure cell at
10,000 lb/in2. To remove cell debris and unbroken cells, the
resulting suspensions were centrifuged for 10 min at 10,000 3
g. Membranes were prepared by centrifugation for 90 min at
100,000 3 g, rinsed three times in 30 mM Tris-HCl (pH 7.5)
containing 3 mM DTT and 0.1 mM PMSF, resuspended in the
same buffer, and used for binding assays (15, 16).
Binding experiments (120-ml final volume) were performed
at room temperature in 30 mM Tris-HCl (pH 7.5) containing
5 mM MgCl2, 3 mM DTT, and 0.1 mM PMSF. A 1-mg aliquot
of membrane protein, 15 mg of IIAGlc (purified from Bacillus
subtilis as described and characterized previously with respect
to regulation in E. coli [21]), and 10 mM melibiose as the
substrate of the lactose permease were added as indicated for
the figures and tables. These procedures were performed essentially as outlined by Osumi and Saier (16). After a 10-min
incubation period at room temperature, the membranes were
pelleted by centrifugation at 90,000 3 g (20 min) in a Beckman
Airfuge ultracentrifuge. After the supernatants were discarded, the membranes were rinsed three times with 140 ml of
ice cold 20 mM Tris-HCl (pH 7.5) containing 3 mM DTT and
0.1 mM PMSF. Subsequently the membranes were resuspended in 100 ml of 20 mM Tris-HCl (pH 7.5) containing 1 M
NaCl, 3 mM DTT, and 0.1 mM PMSF and centrifuged for 20
min at 90,000 3 g. The supernatants were assayed for the
phosphoryl transfer activity of IIAGlc. The amount of IIAGlc
specifically bound to the membranes was determined by PTS
complementation assays by using a crr mutant (strain JLV86).
As a control for the determination of nonspecific IIAGlc bind-

Reference

12
12
7c
7c
13
2
2
33, 34

ing, strain T184 harboring plasmid pACYC184 or pT7-5 (lacking the lacY gene) was used.
PTS assays were performed essentially as described previously (23, 25). Assay mixtures (100-ml final volume) contained
50 mM potassium phosphate buffer (pH 7.4), 2.5 mM MgCl2,
25 mM KF, 2.5 mM DTT, 10 mM [14C]glucose (5 mCi mmol21),
and 5 mM phosphoenolpyruvate. IIAGlc activity was determined by complementation assays in the presence of crude
extracts of the crr mutant strain JLV86 (38 mg of protein per
assay). In each binding or control experiment, the amount of
membrane-bound IIAGlc was determined by employing calibration curves obtained with standard IIAGlc solutions. Each
sample was assayed in duplicate, and the two values obtained
(the variation was usually within 20%) were averaged. Reactions were initiated by addition of IIAGlc and were terminated
after 20 min (378C) by rapid dilution in 1 ml of ice-cold water.
[14C]glucose-phosphate was separated from the free sugar by
ion-exchange chromatography (Bio-Rad AG1-X2 anion-exchange resin [analytical grade, 50/100 mesh, chloride form]),
and the amount was determined by liquid scintillation counting
as described previously (9).
Protein was measured by the method of Bradford (2).
[U-14C]glucose was from ICN Radiochemicals (Irvine, Calif.).
[1-14C]lactose was from Amersham, Arlington Heights, Ill.
Sugars and other chemicals, obtained from Sigma Chemical
Co. (St. Louis, Mo.) or Boehringer (Mannheim, Germany),
were of analytical grade or the highest purity available.
Representative time courses for [14C]lactose uptake in
IPTG-induced and uninduced cells are shown in Fig. 1A and B,
respectively. Induction with IPTG enhanced the rate and extent of [14C]lactose uptake in these lacZ deletion-containing
cells approximately threefold. In cells bearing the plasmidencoded wild-type lacY gene, 2-fold inhibition by aMG was
observed under inducing conditions but 4.5-fold inhibition was
observed under noninducing conditions. Diminished inhibition
under conditions of induction is due to the desensitization
phenomenon described previously (26). The lacY mutant 2His
(Table 1) exhibited normal rates of lactose uptake (12) but was
insensitive to inhibition by aMG regardless of whether the cells
were induced (Fig. 1). These results establish that a small
insertion in the central loop of the lactose permease between
residues S-194 and A-195 abolishes transport regulation.
Table 2 summarizes corresponding data for a number of
different lacY mutants as listed in Table 1. As can be seen, the
N-terminal-deletion mutants D7 and D8 exhibited reduced lactose uptake activities but normal sensitivities to PTS-mediated
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inhibition. The cysteine-less (C-less) mutant exhibited somewhat reduced transport activity and somewhat reduced sensitivity to PTS-mediated inhibition (38% compared with 54% for
induced cells; 43% compared with 77% for uninduced cells).
The central loop mutation P192A resulted in almost complete
abolition of transport regulation without substantially reducing
lactose uptake. Various insertional mutations between residues S-194 and A-195 all abolished PTS-mediated regulation
while reducing lactose uptake to various degrees (Table 2).
Finally, the S401t mutation, which caused early C-terminal
termination (at position 401), was without effect on lactose
uptake but reduced PTS-mediated regulation significantly.
Table 3 presents representative data on the binding of
IIAGlc to the lactose permease obtained by using the assay of
Osumi and Saier (15, 16). IIAGlc binding to membranes expressing high LacY levels was greatly stimulated by the presence of a lactose permease substrate such as melibiose, as
reported previously (15, 16). By contrast, each of the central
loop insertional mutations essentially abolished IIAGlc binding
(compare values obtained for these mutants with those obtained for the strain which lacks the lactose permease altogether). It is therefore probable that loss of PTS-mediated transport regulation in these mutants (Table 2) resulted from

TABLE 2. Allosteric inhibition of the activities of the wild type and
mutant derivatives of the lactose permease by IIAGlc in vivo
Cell
phenotypea

Wild type
LacY2
D7
D8
C-less
P192A
2H
6H
KpOAD
HisP1
S401t

Lactose uptake in
uninduced cellsb
2aMG

1aMG
(0.1%)

20
1.1
—c
—
16
21
17
9
20
5.4
27

4.5
1.0
—
—
9
18
16
9
19
5
17

Inhibition
(%)

77
9
—
—
43
13
6
0
5
7
37

Lactose uptake in
induced cellsb
2aMG

1aMG
(0.1%)

67
1.2
24
9
42
51
61
41
56
49
61

31
1.2
11
4.5
26
43
60
40
57
51
38

Inhibition
(%)

54
0
54
50
38
16
2
2
0
0
38

a
Cells harbored the plasmid-encoded wild-type lactose permease, one of its
mutant forms, or the plasmid without a lacY gene insert (LacY2). Mutations are
defined in the text, Table 1, and the legend to Fig. 2.
b
Nanomoles per milligram of protein after 2 min of uptake.
c
—, not determined.

decreased affinity of the mutant permease proteins for the
IIAGlc protein (Table 3).
The results presented above show that deletion of N-terminal residues 2 through 8 in LacY had no effect on the potency
of IIAGlc regulation. This fact was not expected since Nelson et
al. (14) and Overath et al. (17) have reported that an Nterminal triple mutant (T7I, M11I, and G24R) as well as an
R24G revertant with mutations only at positions 7 and 11
abolished IIAGlc binding. It is possible that the mutationally
altered N-terminal peptide can interact with and block IIAGlc
binding even though the N-terminal deletion is without effect.
Deletion of the C-terminal 17 residues, which include almost
all of the hydrophilic tail of LacY following the putative transmembrane spanner 12 (Fig. 2), as a result of the S401t mutation, diminished, but did not abolish, IIAGlc-mediated inhibition of lactose permease activity. In this regard it is of interest
that site-specific mutations in the melibiose permease of E. coli
(MelB) that abolished IIAGlc-mediated inhibition of this permease were localized in the C-terminal tail (10). In view of this
fact, it is worth noting that LacY and MelB are not demonstrably homologous (11, 18, 20). Furthermore, the consensus
sequence for the LacY, MalK, and RafB proteins could not be
found in MelB (32) and is present in GlpK only to a limited
extent (unpublished observations). It is therefore possible that
the melibiose permease (and glycerol kinase) binds IIAGlc in a
fashion quite different from that observed for the other mentioned proteins which do exhibit this consensus sequence. The

TABLE 3. Binding of IIAGlc to the wild type and representative
mutant derivatives of the lactose permease in the
presence and absence of substrate

LacY forma

Wild type
LacY2
2His
6His
KpOAD
HisP

Binding of IIAGlc
(mg/mg of membrane protein)b
1Melibiose
(10 mM)

2Melibiose

2.3 (0.15)
0.9 (0.2)
1.0 (0.2)
1.3 (0.15)
1.0 (0.15)
0.9 (0.2)

1.1 (0.1)
0.9 (0.15)
1.0 (0.15)
1.0 (0.2)
0.9 (0.25)
0.8 (0.1)

a
The mutation resulting from the form of the lacY gene present on the
plasmid is indicated as in Table 2.
b
Values are the averages of three or four experiments performed with different membrane preparations. Standard deviations are in parentheses.

Downloaded from http://jb.asm.org/ on October 21, 2019 by guest

FIG. 1. Regulation of lactose uptake by the PTS in LacY-induced cells (A) and in uninduced cells (B). Uptake rates are compared for the wild-type permease
(squares) and a mutant with a 2H insertional mutation of the central loop (diamonds) (Table 1). Uptake in the presence of aMG (0.1%) is indicated by open symbols,
while that in the absence of the glucose analog is indicated by closed symbols.
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fact that the C-terminal deletion mutation S401t in LacY reduces regulation of LacY by the PTS suggests a potential,
secondary role for this region. It is possible that the melibiose
and lactose permeases both use their central loops and their
C-terminal hydrophilic tails to bind IIAGlc but that the former
region of LacY and the latter region of MelB are of greater
importance for binding.
A series of insertional mutations of various sizes at a single
position (between residues S-194 and A-195) in the central
loop of LacY abolished both IIAGlc-mediated regulation of
lactose uptake in vivo and IIAGlc binding to LacY in vitro
(Tables 2 and 3). Even the insertion of just two histidyl residues (the smallest of the insertions studied) abolished this
allosteric interaction. Moreover, the nearby point mutation
P192A similarly abolished LacY transport regulation by the
PTS. These results clearly point to the central loop of LacY as
the primary binding site for IIAGlc. They are in full agreement
with the results and conclusions of Wilson et al. (36).
Our results also show that the C-less mutant of LacY, in
which all cysteyl residues are replaced with serine (and in
one case with valine) (33, 34), retains partial PTS-mediated
regulation. This observation shows that these cysteyl residues
do not play an important or specific role in IIAGlc binding or
in mediation of the functionally significant conformational

changes that presumably accompany binding of IIAGlc to
LacY. The transmembrane signaling noted previously (15, 16,
27) is evidently not strongly dependent on the acid-base or
oxidation-reduction properties of cysteine. It is worth noting,
however, that the C-less LacY protein was somewhat less sensitive to IIAGlc-mediated regulation than the wild-type protein
(Table 2).
In addition to published reports (6, 8, 36), the work reported
here supports the notion of a bona fide consensus sequence for
IIAGlc binding (32). Screening of the protein sequence database by using this sequence revealed two potentially IIAGlcregulated proteins, the raffinose permease (RafB) and arabinose isomerase (AraA), both of E. coli. Examination of these
two proteins for allosteric regulation by IIAGlc in in vivo and in
vitro experiments, respectively, revealed inhibition of the activities of both proteins (references 32 and 7a, respectively).
These results substantiate the utility of the consensus sequence
for the identification of novel transport proteins and enzymes
which may be subject to PTS-mediated regulation.
ACKNOWLEDGMENTS
We thank Ethan Bibi, Miklosh Toth, Edward McKenna, and H.
Ronald Kaback for bacterial strains and plasmids, Alan Peterkofsky

Downloaded from http://jb.asm.org/ on October 21, 2019 by guest

FIG. 2. Secondary structural model of the lactose permease (7). Mutations examined in this study and in other related studies which favor the central loop as the
site of interaction with IIAGlc are indicated by lowercase letters (Table 1). D7 and D8, deletion of N-terminal amino acids 2 through 7 and 2 through 8; C, replacement
of all cysteines; 2H and 6H, insertion of two and 6 histidines between residue S-194 and A-195; KpOAD, insertion of the Klebsiella pneumoniae oxaloacetate
decarboxylase (;300 bp) between S-194 and A-195; HisP, insertion of HisP (;800 bp) between S-194 and A-195.

6086

NOTES

J. BACTERIOL.

and H. Ronald Kaback for useful discussions, and Mary Beth Hiller for
expert assistance in the preparation of the manuscript.
Work in our laboratory was supported by Public Health Service
grants 5RO1AI21702 and 2RO1AI14176 from the National Institute
of Allergy and Infectious Diseases. C.H. was supported by a FeodorLynen Fellowship of the Alexander von Humboldt Foundation of
Germany.
REFERENCES

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Downloaded from http://jb.asm.org/ on October 21, 2019 by guest

1. Bibi, E., S. M. Stearns, and H. R. Kaback. 1992. The N-terminal 22 amino
acid residues in the lactose permease of Escherichia coli are not obligatory
for membrane insertion or transport activity. Proc. Natl. Acad. Sci. USA
89:3180–3184.
2. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72:248–254.
3. Calamia, J., and C. Manoil. 1990. lac permease of Escherichia coli: topology
and sequence elements promoting membrane insertion. Proc. Natl. Acad.
Sci. USA 87:4937–4941.
4. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and characterization of
amplifiable multicopy DNA cloning vehicles derived from the P15A cryptic
miniplasmid. J. Bacteriol. 134:1141–1156.
5. Consler, T. G., O. Tsolas, and H. R. Kaback. 1991. Role of proline residues
in the structure and function of a membrane transport protein. Biochemistry
30:1291–1298.
6. Dean, D. A., J. Reizer, H. Nikaido, and M. H. Saier, Jr. 1990. Regulation of
the maltose transport system of Escherichia coli by the glucose-specific Enzyme III of the phosphoenolpyruvate-sugar phosphotransferase system.
Characterization of inducer exclusion-resistant mutants and reconstitution
of inducer exclusion in proteoliposomes. J. Biol. Chem. 265:21005–21010.
7. Foster, D. L., M. Boublik, and H. R. Kaback. 1983. Structure of the lac
carrier protein of Escherichia coli. J. Biol. Chem. 258:31–34.
7a.Hoischen, C., S. Pitaknarongphorn, D. Bricker, and M. H. Saier, Jr. Unpublished results.
7b.Kaback, H. R. Personal communication.
7c.Kaback, H. R., et al. Unpublished results.
8. Kühnau, S., M. Reyes, A. Sievertsen, H. A. Shuman, and W. Boos. 1991. The
activities of the Escherichia coli MalK protein in maltose transport, regulation, and inducer exclusion can be separated by mutations. J. Bacteriol.
173:2180–2186.
9. Kundig, W., and S. Roseman. 1971. Sugar transport. II. Characterization of
constitutive membrane-bound Enzymes II of the Escherichia coli phosphotransferase system. J. Biol. Chem. 246:1407–1418.
10. Kuroda, M., S. de Waard, K. Mizushima, M. Tsuda, P. Postma, and T.
Tsuchiya. 1992. Resistance of the melibiose carrier to inhibition by the
phosphotransferase system due to substitutions of amino acid residues in the
carrier of Salmonella typhimurium. J. Biol. Chem. 267:18336–18341.
11. Marger, M. D., and M. H. Saier, Jr. 1993. A major superfamily of transmembrane facilitators catalyzing uniport, symport and antiport. Trends Biochem. Sci. 18:13–20.
12. McKenna, E., D. Hardy, and H. R. Kaback. 1992. Insertional mutagenesis of
hydrophilic domains in the lactose permease of Escherichia coli. Proc. Natl.
Acad. Sci. USA 89:11954–11958.
13. McKenna, E., D. Hardy, J. C. Pastore, and H. R. Kaback. 1991. Sequential
truncation of the lactose permease over a three-amino acid sequence near
the carboxyl terminus leads to progressive loss of activity and stability. Proc.
Natl. Acad. Sci. USA 88:2969–2973.
14. Nelson, S. O., J. Wright, and P. W. Postma. 1983. The mechanism of inducer
exclusion. Direct interaction between purified IIIglc of the phosphoenolpyruvate:sugar phosphotransferase system and the lactose carrier of Escherichia
coli. EMBO J. 2:715–720.
15. Osumi, T., and M. H. Saier, Jr. 1982. Regulation of lactose permease activity
by the phosphoenolpyruvate:sugar phosphotransferase system: evidence for
direct binding of the glucose-specific enzyme III to the lactose permease.
Proc. Natl. Acad. Sci. USA 79:1457–1461.
16. Osumi, T., and M. H. Saier, Jr. 1982. Mechanism of regulation of the lactose
permease by the phosphotransferase system in Escherichia coli: evidence for
protein-protein interaction. Ann. Microbiol. (Inst. Pasteur) 133A:269–273.
17. Overath, P., U. Weigel, J.-M. Neuhaus, J. Soppa, R. Seckler, I. Riede, H.
Bocklage, B. Müller-Hill, G. Aichele, and J. K. Wright. 1987. Lactose permease of Escherichia coli: properties of mutants defective in substrate translocation. Proc. Natl. Acad. Sci. USA 84:5535–5539.
18. Poolman, B., J. Knol, C. van der Does, P. J. F. Henderson, W.-J. Liang, G.

19.

Leblanc, T. Pourcher, and I. Mus-Veteau. 1996. Cation and sugar selectivity
determinants in a novel family of transport proteins. Mol. Microbiol. 19:911–
922.
Postma, P. W., J. W. Lengeler, and G. R. Jacobson. 1993. Phosphoenolpyruvate:carbohydrate phosphotransferase systems of bacteria. Microbiol. Rev.
57:543–594.
Reizer, J., A. Reizer, and M. H. Saier, Jr. 1994. A functional superfamily of
sodium/solute symporters. Biochim. Biophys. Acta 1197:133–166.
Reizer, J., S. L. Sutrina, L.-F. Wu, J. Deutscher, P. Reddy, and M. H. Saier,
Jr. 1992. Functional interaction between proteins of the phosphoenolpyruvate:sugar phosphotransferase systems of Bacillus subtilis and Escherichia
coli. J. Biol. Chem. 267:9158–9169.
Saier, M. H., Jr. 1989. Protein phosphorylation and allosteric control of
inducer exclusion and catabolite repression by the bacterial phosphoenolpyruvate:sugar phosphotransferase system. Microbiol. Rev. 53:109–120.
Saier, M. H., Jr., D. F. Cox, and E. G. Moczydlowsky. 1977. Sugar phosphate:
sugar transphosphorylation coupled to exchange group translocation catalyzed by the Enzyme II complexes of the phosphoenolpyruvate:sugar phosphotransferase system in membrane vesicles of Escherichia coli. J. Biol.
Chem. 252:8908–8916.
Saier, M. H., Jr., and B. U. Feucht. 1975. Coordinate regulation of adenylate
cyclase and carbohydrate permeases by the phosphoenolpyruvate:sugar
phosphotransferase system in Salmonella typhimurium. J. Biol. Chem. 250:
7078–7080.
Saier, M. H., Jr., B. U. Feucht, and W. K. Mora. 1977. Sugar phosphate:sugar
transphosphorylation and exchange group translocation catalyzed by the
Enzyme II complexes of the bacterial phosphoenolpyruvate:sugar phosphotransferase system. J. Biol. Chem. 252:8899–8907.
Saier, M. H., Jr., D. K. Keller, and B. U. Feucht. 1982. Physiological desensitization of carbohydrate permeases and adenylate cyclase to regulation by
the phosphoenolpyruvate:sugar phosphotransferase system in Escherichia
coli and Salmonella typhimurium: involvement of adenosine 39,59-phosphate
and inducer. J. Biol. Chem. 257:2509–2517.
Saier, M. H., Jr., M. J. Novotny, D. Comeau-Fuhrman, T. Osumi, and J. D.
Desai. 1983. Cooperative binding of the sugar substrates and allosteric regulatory protein (enzyme IIIGlc of the phosphotransferase system) to the
lactose and melibiose permeases in Escherichia coli and Salmonella typhimurium. J. Bacteriol. 155:1351–1357.
Saier, M. H., Jr., T. M. Ramseier, and J. Reizer. 1996. Regulation of carbon
utilization, p. 1325–1343. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham,
E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella:
cellular and molecular biology, 2nd ed. American Society for Microbiology,
Washington, D.C.
Saier, M. H., Jr., H. Straud, L. S. Massman, J. J. Judice, M. J. Newman, and
B. U. Feucht. 1978. Permease-specific mutations in Salmonella typhimurium
and Escherichia coli that release the glycerol, maltose, melibiose, and lactose
transport systems from regulation by the phosphoenolpyruvate:sugar phosphotransferase system. J. Bacteriol. 133:1358–1367.
Tabor, S., and C. C. Richardson. 1985. A bacteriophage T7 RNA polymerase/promotor system for controlled exclusive expression of specific genes.
Proc. Natl. Acad. Sci. USA 82:1074–1078.
Teather, R. M., J. Bramhall, I. Riede, J. K. Wright, M. Furst, G. Aichele, U.
Wilhelm, and P. Overath. 1980. Lactose carrier protein of Escherichia coli:
structure and expression of plasmids carrying the Y gene of the lac operon.
Eur. J. Biochem. 108:223–231.
Titgemeyer, F., R. E. Mason, and M. H. Saier, Jr. 1994. Regulation of the
raffinose permease of Escherichia coli by the glucose-specific enzyme IIA of
the phosphoenolpyruvate:sugar phosphotransferase system. J. Bacteriol.
176:543–546.
van Inwaarden, P. R., A. J. M. Driessen, D. R. Menick, H. R. Kaback, and
W. N. Konings. 1991. Characterization of purified, reconstituted site-directed cysteine mutants of the lactose permease of Escherichia coli. J. Biol.
Chem. 266:15688–15692.
van Inwaarden, P. R., J. C. Pastore, W. N. Konings, and H. R. Kaback. 1991.
Construction of a functional lactose permease devoid of cysteine residues.
Biochemistry 30:9595–9600.
Vogler, A. P., and J. W. Lengeler. 1988. Complementation of a truncated
membrane-bound Enzyme IInag from Klebsiella pneumoniae with a soluble
Enzyme III in Escherichia coli K12. Mol. Gen. Genet. 213:175–178.
Wilson, T. H., P. L. Yunker, and C. L. Hansen. 1990. Lactose transport of
Escherichia coli resistant to inhibition by the phosphotransferase system.
Biochim. Biophys. Acta 1029:113–116.

