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ABSTRACT Interaction between the glucose-specific enzyme
III (enzyme UIgic) of the phosphoenolpyruvate:sugar phospho-
transferase system and the lactose permease was studied with
membrane fragments from an Escherichia coli strain that over-
produces the lactose permease. Substrates of the permease mark-
edly and specifically stimulated binding of enzyme ffgle to the
membranes. The sugar-stimulated binding of enzyme IIIg was
concluded to be specific to the lactose permease because it (i) was
dependent on the amount of the permease, (ii) was promoted only
bysugar substrates of the permease, and (iii) was completely elim-
inated by treatment of the membranes with N-ethylmaleimide in
the absence (but not the presence) of thio-3-D-digalactoside. The
pH dependence of binding was similar to that reported for the
binding of thio-(3-D-digalactoside to the permease. Phosphoenol-
pyruvate prevented the binding of enzyme 110c to the lactose
permease in the presence (but not the absence) of the other phos-
phate transfer components of the phosphotransferase system.
These results support the hypothesis that enzyme IIP¢, in its de-
phosphorylated form, modulates the activity of the lactose per-
mease by a direct protein-protein interaction.

In the 1940s, it was established that bacteria possess regulatory
mechanisms that allow them to select preferred carbon sources
when several are present in the growth medium simultaneously
(1, 2). Thus, glucose is utilized by Escherichia coli or Salmonella
typhimurium in preference to lactose, maltose, or glycerol. This
phenomenon and its manifestations have been termed "the glu-
cose effect," "catabolite repression," and "diauxic growth" by
different investigators (3, 4). It is generally believed that these
phenomena are attributable in large part to the lowering of the
intracellular concentrations ofcyclic AMP and inducer. The for-
mer process results primarily from the inhibition of the cyclic
AMP synthetic enzyme, adenylate cyclase, but also from the
stimulation of cyclic AMP efflux (5, 6), whereas the latter usu-
ally results from inhibition of permease function (inducer ex-
clusion) (3, 7).

For over a decade our research efforts have been concerned
with the mechanisms by which the rates ofcarbohydrate uptake
are regulated. Extensive genetic evidence for the direct cata-
lytic participation of the proteins of the phosphoenolpy-
ruvate:sugar phosphotransferase system (PTS) in the regulation
of the uptake of certain carbohydrates such as maltose, lactose,
and glycerol has been published (7-20). In 1975, we proposed
a unifying mechanism explaining how the proteins of the PTS
might control the activities ofadenylate cyclase and several non-
PTS carbohydrate permeases (10, 18, 20). By this mechanism

a regulatory protein, termed RPr and thought to be the glucose-
specific enzyme III (enzyme IIIgC) of the PTS (8, 9, 12, 16, 18,
19, 21), was considered to bind to allosteric regulatory sites on
the permeases. Such binding was thought to influence the con-
formation of the permease so that it exhibited decreased cata-
lytic activity. It was further proposed that phosphorylation of
enzyme III1" by the PTS cascade [phosphoenolpyruvate (P-
ePrv) -* phosphorylated enzyme I -- phosphorylated heat-sta-
ble protein (HPr) -- phosphorylated enzyme III9iC] prevented
binding to the allosteric site. Substrates of the PTS were pre-
sumed to decrease the phosphorylation level of enzyme III91c
by removing phosphate groups from the PTS protein cascade
and hence cause inhibition of permease activity.

Recently, we showed that lactose uptake into membrane ves-
icles prepared from E. coli strain ML308-225 was inhibited
when partially purified enzyme III91' was introduced into them
by osmotic shock (22). Intravesicular P-ePrv relieved this in-
hibition. These results provided biochemical evidence that the
regulatory protein controlling lactose permease activity is, in
fact, identical with enzyme III91c, as suggested by the earlier
genetic data (7-20, 23).
To further characterize the regulatory interaction biochem-

ically, we attempted to detect direct binding of enzyme III9'c
to the permease. With the membrane fraction from an E. coli
strain with enhanced lacY gene expression (24), we could dem-
onstrate a cooperative binding relationship between the sub-
strates of the lactose permease and enzyme III1"c. The results
of these experiments are summarized in this communication.

MATERIALS AND METHODS
Purification of PTS Components. Enzyme IIIg1c, enzyme I,

and HPr were purified from S. typhimurium strain LJ144,
which contained increased amounts ofthese proteins due to the
presence of the E. coli episome F' 198 (10). Enzyme II19C was
purified by column chromatography on DEAE-cellulose, Seph-
adex G-75, and calcium phosphate-gel cellulose (25), and by
isoelectric focusing. The purity of the final preparation was
more than 90% on the basis of the result of polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate. In
the present study the preparation before the isoelectric focusing
step was used. It was about 50% pure on the basis of specific
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activity measurements relative to the highly purified enzyme

and was free of detectable enzyme I or HPr activity. Enzyme
I and HPr were partially purified as described (26). In some

experiments highly purified HPr, which was kindly supplied
by G. T. Robillard, was used.

Assays for PTS Components. Enzyme IIIS1C was assayed by
following the P-ePrv-dependent phosphorylation of methyl a-

glucoside for 30 min at 370C in the presence of a crude extract
of a crrA mutant strain (LJ138; cpd401 crrA3) (10, 27) as a

source of other PTS components. The reaction mixture con-

tained, in a total volume of 0.1 ml: 0.1 mM [14C]methyl a-glu-
coside (2.5 mCi/mmol; 1 Ci = 3.7 X 1010 becquerels), 5 mM
P-ePrv, 1 mM dithiothreitol, 18 mM KF, 9 mM MgCl2, 50 mM
potassium phosphate (pH 7.6), crude extract of LJ138 (75 Ag
of protein), and enzyme III91'. In each experiment the activity
of enzyme III91' was determined relative to calibration curves

obtained with standard enzyme III01 solutions. The calibration
curve usually gave an approximately linear pattern up to about
0.5 ,ug ofenzyme III10', giving about 18,000 cpm of radioactive
sugar phosphate with 2000 cpm ofbackground. Duplicate mea-

surements were made for each sample and averaged. Enzyme
I and HPr were determined in the presence of excess HPr and
enzyme I, respectively, using the membrane fraction of an E.
coli strain that contained a plasmid coding for the mannitol op-
eron (28). [14C]Mannitol was used as the sugar substrate. One
enzyme unit was defined as the amount of enzyme that gave 1
nmol of sugar phosphate in 30 min under standard conditions
at 370C.

Preparation ofMembrane Fractions. Lactose permease-rich
membranes were prepared from an E. coli strain, T52RT, which
was generously supplied by P. Overath (24). This strain contains
a hybrid plasmid, pTE18, carrying the lacY gene. It has been
reported to synthesize the lactose permease to a level of12-16%
of the total cytoplasmic membrane protein in the fully induced
state (24). The presenee of enhanced lactose permease activity
in strain T52RT was verified by showing that lactose uptake
activity in this strain was enhanced 9- to 10-fold relative to a

lac- constitutive E. coli strain, ML308-225. Cultivation of the
bacteria and induction of the lactose permease were carried out
as described (24). The harvested cells were stored frozen at
-700C until used. For the preparation of the membranes, the
frozen bacteria were suspended in 50 mM Tris HCl (pH 7.5)
containing 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl
fluoride, and deoxyribonuclease at 10 ,g/ml, and the cells
were broken by two passages through a French pressure cell
[11,000 pounds/inch (76 MPa)]. Cell debris was removed by
centrifugation at 10,000 x g for 5 min, and the membranes were

collected by centrifugation at 100,000 x g for 90 min. They were
washed once with 50 mM Tris HCl (pH 7.5) containing 1 mM
dithiothreitol, resuspended in the same solution at a protein
concentration of 10-13 mg/ml, and used immediately for the
experiments. Protein was estimated by the method of Lowry
et aL (29).

Binding Experiments. Incubations were carried out at room
temperature in cellulose nitrate tubes (5 X 20 mm) designed
for use in the Beckman Airfuge ultracentrifuge. In a typical ex-

periment, the incubation mixture contained, in a total volume
of 120 ,ul, 30 mM Tris HCl (pH 7.5), 0.6 mM dithiothreitol, 0.8
mg of membrane protein from strain T52RT, 125 units (20 ,g)
of enzyme II19", 50 units of HPr, 40 units of enzyme I, 5 mM
MgCl2, and other substances as needed. After 10 min of incu-
bation, the membranes were collected by centrifugation at
100,000 X g for 10 min in an Airfuge. The supernatants were

discarded, tubes were rinsed with 100 1ul of ice-cold 20 mM
Tris HCl (pH.7.5) containing 1 mM dithiothreitol, and the. pel-
lets were resuspended in 100 ul of 50 mM Tris HCl (pH 7.5)

containing 1 M NaCl and 1 mM dithiothreitol. After centrifu-
gation at 100,000 X g for 10 min, the supernatants were col-
lected and assayed for the activities of the PTS components,
usually using 10 k.l for each measurement. Components that
were bound to the membranes during the first incubation were
almost quantitatively recovered in the final supernatants, and
the final pellets were essentially lacking in these activities. Con-
tamination of the final supernatants by the initial incubation
mixtures was checked by adding ['4C]sucrose to the mixture at
the beginning ofthe incubation and measuring the radioactivity
in the final supernatant. This value was fairly constant at 2.7
± 0.2% (12 measurements) and was -subtracted from all the data
obtained. Most experiments were run in duplicate, and the
average values are presented below. Different membrane prep-
arations of strain T52RT gave different (2.5-fold) basal (sugar-
independent) enzyme III91' binding activities. Consequently
absolute binding values should be compared only within an
experiment in which a single membrane preparation was used.

RESULTS
When the soluble PTS components were incubated with the
membranes of the lactose permease-overproducing strain,
T52RT, a small amount ofenzyme IIIgI pelleted with the mem-
branes by centrifugation and was recovered in the final super-
natant, which contained a high concentration of salt (1 M NaCl).
When a substrate of the lactose permease was added, the as-
sociation of-enzyme III9'c to the membranes was markedly in-
creased (Table 1). About 25% of the enzyme IIIgc added was
bound in the presence of thio-f3-D-digalactoside (SGal2) or me-
libiose, the two sugars that gave the largest stimulatory effects.
Maltose, which is not a substrate of the lactose permease, had
no effect. HPr was also bound to the membranes to some extent,
but the amount of binding was much less than that of enzyme
III1c (less than 6%, which corresponds to 0.25 ,ug as calculated
on the basis of the specific activity of highly purified HPr). The
effects of sugar substrates of the lactose permease on HPr bind-
ing were variable. Enzyme I was not bound significantly. There-
fore, only the binding ofenzyme IIIg1c was measured in the later
studies.
Enzyme III9c binding was examined as a function of SGal2

concentration (Fig. 1). The SGal2 concentration that half-max-
imally promoted enzyme III9c binding was about 15 tLM. A
similar experiment was carried out with lactose, and the half-
saturating concentration was estimated to be about 1.5 mM
(data not shown). It is noteworthy that the dissociation constant
reported-for lactose is much higher than that forTDG [9-18mM
for lactose (30) compared with 50-80 ,uM for SGal2 (30-32)].

Table 1. Enzyme II11gc binding to the membranes in the presence
of various substrates of the lactose permease

Enzyme 111glc
Addition bound,,g

None 1.3
Lactose 3.4
Thio-,-D-digalactoside 4.9
Isopropyl 3-D-thiogalactoside 4.7
Melibiose 5.0
Methyl p3D-thiogalactoside 3.9
Maltose 1.1

The binding experiments were carried out in the presence of the in-
dicated sugars at 10 mM. The amount of enzyme 111g'c bound to the
membranes was determined by enzyme assays and expressed in mi-
crogramsas calculated on thebasis of the specific activity of the highly
purified preparation of the enzyme obtained after the isoelectric fo-
cusing step (6.3 kumol/30 min per mg of protein under the standard
conditions).
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Inactivation of the lactose permease by modification of an
essential sulfhydryl group with N-ethylmaleimide (MalNEt)
and protection of the permease against derivatization by SGal2
have been demonstrated (31). Accordingly, the effect ofMalNEt
on enzyme III91' binding was studied in the presence or absence
of SGal2 (Table 2). MalNEt virtually abolished the SGal2-de-
pendent enzyme III91c binding. When, however, SGal2 was
added prior to treatment with MalNEt, the binding capacity was
largely retained. In separate experiments, we found that lactose
(10 mM) had no protective effect (data not shown). These results
agree well with the reported results (32, 33) that SGal2, but not
lactose (at 5 mM), protects the lactose permease from modifi-
cation by MalNEt. Basal binding of enzyme III1'c was also di-
minished by MalNEt, and SGal2 showed a slight protective
effect.

0.1 0.3 1.0 The dependence of enzyme III9c binding on pH is shown in
M Fig. 3. The optimal pH was about 6.0 for the SGal2-dependent

binding, and the curve obtained was very similar to that for
unction of SGal2 concentra- SGal2 binding reported by Kennedy et aL (31). Basal binding
ried out in the presence of did not show appreciable pH dependence.
1 according to the procedure In our model for the regulatory action of Enzyme IIIg1c in

inducer exclusion, only the dephosphorylated form of the en-

inding on the lactose per- zyme inhibits the non-PTS permeases, and inhibition is elim-
s experiment, an E. coli inated by the phosphorylation of enzyme IIIH by the PTS cas-
A. This strain is lacY de- cade (10, 18, 19). Accordingly, the effect of P-ePrv on the
e plasmid pTE18, but it binding ofenzyme III1'l was examined (Table 3). In experiment
Membranes from T28RT I, in which KF was added to the reaction mixture, P-ePrv almost
Proportions, and enzyme completely inhibited the binding of enzyme III1gc. 2-Phos-
ction of the binding that phoglycerate, which is a structural analogue and a metabolic
lear correlation with the precursor of P-ePrv, had essentially no effect. On the other
he basal binding activity hand, in the absence offluoride, 2-phosphoglycerate decreased
increase in T52RT mem- the binding ofenzyme III to nearly the same extent as P-ePrv
was largely nonspecific. (data not shown). This is probably due to the conversion of 2-
3RT bearing the plasmid phosphoglycerate to P-ePrv by endogenous enolase (2-phospho-
3acY gene, did not show D-glycerate hydro-lyase, EC 4.2. 1. 11), which is strongly inhib-
g (data not shown). ited by fluoride. In the absence of enzyme I and HPr, enzymeIIIO' bound normally to the lactose permease, but P-e-Prv had

no effect on the binding (Exp. II). These results suggest that
phosphorylated enzyme III91' does not interact with the mem-
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FIG. 2. Dependence of the enzyme III1gc binding on lactose per-
mease. Membrane preparations from isogeneic strains T28RT (lacY-)
and T52RT (strain T28RT containing the lacY plasmid pTE18) were
mixed in the proportions indicated, keeping the total amount of the
protein in the incubation mixture at 0.9 mg. They were sonicated in
the presence (W) or absence (0) of 1 mM SGal2 for 15 s in a bath son-
icator to facilitate the equilibration of SGal2 across the membranes.
The final SGal2 concentration was 0.6 mM.

Table 2. Effect of MalNEt treatment of the membranes in the
presence or absence of SGal2 on enzyme III1gc binding

SGaI2 Enzyme IIIg'c bound, ,ug
MalNEt during Without With
treatment treatment SGa12 SGal2

-- 0.5 2.4
+ 0.5 2.2

+ - 0.2 0.4
+ + 0.4 1.7

Membranes (prepared without dithiothreitol) were incubated at
room temperature for 10 min in-the presence or absence of SGal2 in
45mM sodium phosphate (pH 7.0). They were then exposed to MalNEt,
or an equivalent amount of water was added. Samples were then in-
cubated at room temperature for 15 min. The final concentrations of
SGal2 and MalNEt were 5mM and 0.2 mM, respectively, and the total
incubation volume was 180 AL. After the incubation, dithiothreitol was
added to each tube to a final concentration of 2 mM, and SGal2 (final
concentration 5 mM) was added to those samples that had not previ-
ously received this compound. Membranes were collected by centrif-
ugation in an Airfuge and washed twice with 50mM Tris-HCl (pH 7.5)
containing 1 mM dithiothreitol. Resuspension and equilibration of
SGal2 across the membranes were facilitated by sonication for 15 s in
a bath sonicator. Each pelleted membrane fraction was finally sus-
pended in 160 Al of the above solution and divided into two portions,
and either a solution of SGal2 or water was added. After sonication as
described above, the membranes were used for the binding experi-
ments. The final concentration of SGal2 was 0.7 mM.

Biochemistry: Osumi and Saier
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FIG. 3. Dependence of enzyme 111g'c binding on pH. Membranes
were first prepared in 50 mM Tris-HCl (pH 7.5) containing 1 mM di-
thiothreitol as described in Materials and Methods, except that they
were washed and finally suspended in 10 mM Tris-HCl (pH 7.5) con-
taining 1 mM dithiothreitol. Before the experiments, the membranes
were divided into five equal aliquots and collected by centrifugation
in an Airfuge. They were resuspended in the buffers, which consisted
of 40 mM each of phosphoric, acetic, and boric acids, adjusted with
NaOH to the pH values indicated. The final incubation mixtures con-
tained all anions at 27 mM. Enzyme IgWc binding was carried out in
the presence (e) or absence (o) of 1 mM SGal2.

branes and that enzyme 111g9c binding to the permease occurs
independently of the other soluble PTS enzymes.

DISCUSSION
We have shown that enzyme III91c can bind to membranes that
contain an abnormally large amount of the lactose permease,
provided that a substrate ofthe permease is present. We suggest
that the sugar-dependent binding is specific to the lactose per-
mease on the basis of (i) sugar specificity for the stimulatory
effect (Table 1), (ii) its dependence on the amount of lactose
permease (Fig. 2), and (iii) the effects ofMalNEt treatment with
and without SGal2 (Table 2). The simplest interpretation of
these observations is that enzyme II10gc directly interacts with
the lactose permease by a mechanism that is dependent on the
binding ofa sugar substrate to the permease. The apparent half-
saturating concentrations of SGal2 and lactose for the stimula-
tion of the enzyme III91' binding were significantly lower than
the reported dissociation constants (30-33). A possible expla-
nation for this apparent discrepancy is provided by the coop-
erative effects of sugar and enzyme III9c binding. The affinity

Table 3. Effect of P-ePrv on enzyme 19g1c binding
Enzyme IIglc

Exp. Addition bound, Aig
I None 4.1

P-ePrv 0.4
2-Phosphoglycerate 3.6

II None 4.4
P-ePrv 4.5

Experiments were carried out in the presence of 150 units of HPr,
80 units of enzyme I, 1 mM SGal2, 2.5 mM NADH, and 2 international
units of lactate dehydrogenase (L-lactate:NAD oxidoreductase, EC
1.1.1.27). In Exp. I, 10 mM IKF was added. HPr and enzyme I were
omitted in Exp. II. Sodium phosphate buffer (pH 7.0) was used instead
of Tris HCl (pH 7.5), and the incubation temperature was 30TC. Other
conditions were as described in Materials and Methods.

of the permease for the sugar substrates .should be enhanced
by the binding of enzyme III91' and vice versa.

Phosphorylated enzyme III91' appears not to bind to the lac-
tose permease. When enzyme IIIglC was incubated with excess
quantities of P-ePrv, enzyme I, and HPr, no binding ofenzyme
III1gC to the membranes could be demonstrated. This obser-
vation is in agreement with the suggestion, based on genetic
analyses, that binding offree enzyme III1'l is responsible for the
regulation of the lactose permease. Our model for the mecha-
nism of lactose permease regulation is illustrated in Fig. 4.
When the intracellular pool of enzyme IIIgc is largely dephos-
phorylated, binding of a substrate (lactose in the figure) to the
permease induces the binding ofenzyme III91', and the ternary
complex (lactose-lactose permease-enzyme IIISIC) exhibits low
transport activity relative to the binary complex (lactose-lactose
permease). When phosphorylated by the sequential reactions
ofthe PTS, enzyme III1gCdissociates from the lactose permease,
and hence the permease assumes its active conformation. It is
possible, of course, that some other protein(s) is (are) required
for, involved in, or influences the regulatory interaction. Fur-
ther studies with highly purified proteins-enzyme III9"c, lac-
tose permease, enzyme I, and HPr-in a reconstituted trans-
port system will be required before a definitive conclusion
regarding the number of components can be reached.
A dissociation constant between enzyme III1"' and the lactose

permease in the presence of saturating concentrations of SGal2
was calculated roughly on the basis of data in Fig. 2, assuming
the molecular weight of enzyme III91c to be 20,000 (21) and the
content of the lactose permease protein in the total membrane
fraction (inner plus outer membranes) to be 1-2 nmoVmg of
protein (2.5-3.5 nmoVmg of cytoplasmic membrane protein
according to ref. 24). The average value calculated from the
available data was 20-45 uM. The true dissociation constant
may be even smaller because a significant proportion ofthe lac-
tose permease in the membrane vesicle fraction is probably in
an orientation inaccessible to enzyme III91c. Most of the mem-

Lactose ( <

Lactose M I>
(Less Active)

11I

FIG. 4. Proposed mechanism of the regulatory interaction be-
tween enzyme igic and the lactose permease. M and Im indicate lac-
tose permease (M protein) and enzyme Ml"g, respectively. Lactose and
enzyme IIIgc are shown to bind to the lactose permease on opposite
sides (outer surface for lactose and inner surface for enzyme 11Mgl") of
the plasma membrane (the area between the two vertical lines).

Proc. Natl. Acad. Sci. USA 79 (1982)
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brane fragments, however, are expected to be in the form of
inside-out vesicles (34). It is worth noting that our enzyme III91c
purification data indicate that this protein represents as much
as 0.5% of the total soluble protein in the E. coli cell (unpub-
lished result). This value corresponds approximately to an in-
tracellular concentration of 20 ,gM. In view of these approxi-
mate values, it seems reasonable to assess physiological
significance to the protein-protein interaction between enzyme
IIglC and the lactose permease.

In this connection we have found that the inhibition of the
uptake of glycerol by methyl a-glucoside in T52RT cells was
relieved by adding SGal2 to the incubation mixture (unpub-
lished result). Inhibition of the glycerol permease also requires
free enzyme III91c, and this protein would be expected to bind
to the lactose permease when SGal2 is added to the cell sus-
pension. These results indicate that the above regulatory mech-
anism may indeed operate in vivo to control the activities ofnon-
PTS permeases.
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