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ABSTRACT: The kinetics of binding of mannitol to enzyme II™! embedded in the membrane of vesicles with
an inside-out or a right-side-out orientation were analyzed at 4 °C in the absence of the phosphoryl group
donor, P-HPr. The binding to the right-side-out oriented vesicles equilibrated too fast to be monitored by
the flow dialysis technique. On the other hand, with the inside-out oriented membrane vesicles two con-
formational changes of the enzyme could be detected kinetically. One change involved a recruitment of
binding sites from a state of the enzyme where the binding sites were inaccessible from the cytoplasmic
volume. The second change involved a conformational change of the enzyme that followed upon the initial
binding to the cytoplasmic-facing binding site leading to a state with a higher affinity for mannitol.
Equilibrium binding to the inside-out and right-side-out oriented membrane vesicles at 4 °C indicated that
the two transitions did not represent the translocation of the binding site, free and with mannitol bound
to it, to the other side of the membrane. Instead, a model is proposed in which the conformational changes
represent transitions from states with the binding pocket opened to the cytoplasmic side of the membrane
to occluded states of the enzyme in which the binding sites, with or without mannitol bound, are not accessible
to either side of the membrane.

Bacterial solute transporters may be classified according to
the way energy is provided for the accumulation of the sub-
strate. Accumulation may be achieved through the coupling
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of the transport to the downhill movement of an ion (H* or
Nat) in the secondary transport proteins, to the hydrolysis of
ATP in the carriers that use periplasmic binding proteins or
the ATPase type carriers, and finally, to the concomitant
phosphorylation of the substrate in the case of the P-enol-
pyruvate-dependent phosphotransferase system. Though these
different types of energy coupling to the transport may result
in significantly different enzymes, they all have one particular

© 1992 American Chemical Society
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step in common: the translocation of the solute. Nature may
have developed different molecular mechanisms for the
translocation steps along with the different ways of energy
coupling, but it is more likely that they, at least to some extent,
resemble one another. As a minimum requirement, a binding
site for the solute has to be opened up to one side of the
membrane at one point in the catalytic cycle and to the other
side of the membrane at some other point. Little is known
about the mechanical movements of the protein or the
movement of the solute in between these two states.

In general, steady-state kinetics is not very informative about
isomeric transitions within the whole set of other transitions
that determine the kinetic behavior. Individual transitions have
to be isolated from the rest of the kinetic scheme through
single-turnover or transient kinetics. This is often difficult
because of the rate of these single steps unless one can make
use of the specifics of the coupled reaction to trap the enzyme
in intermediate states. Our recent understanding of the
mechanism of the coupling between transport and phospho-
rylation catalyzed by the mannitol transport protein of Es-
cherichia coli allows us to study transitions related to the
translocation of mannitol at a time scale of minutes (Lolkema
et al., 1991a, 1990).

The mannitol transport protein of E. coli is a member of
the P-enolpyruvate-dependent phosphotransferase system
(Robillard & Lolkema, 1988). It is termed enzyme II™.! In
the overall reaction, the transport of mannitol into the cell is
coupled to its phosphorylation. The phosphoryl group origi-
nates from P-enolpyruvate and is donated to the incoming
sugar through the sequential phosphorylation and dephos-
phorylation of a number of proteins, the last one being the
carrier protein itself. The direct phosphoryl group donor to
enzyme II™ is a small protein termed P-HPr. Enzyme I1™!
is a 68-kDa polypeptide that is believed to function as a dimer
(Roossien & Robillard, 1984; Stephan & Jacobson, 1986;
Roossien et al., 1986; Pas et al., 1987; Robillard & Blaauw,
1987; Khandekar & Jacobson, 1989; Lolkema & Robillard,
1990). It consists of three domains which according to the
nomenclature of Saier and Reizer (1991) are termed I1A, IIB,
and IIC (Grisafi et al., 1989; White & Jacobson, 1990; van
Weeghel et al., 1991a,b). The former two protrude into the
cytoplasm whereas the latter constitutes the transmembrane
part of the enzyme. The most C-terminal A domain is
phosphorylated by P-Hpr, after which the phosphoryl group
is transferred to the B domain. Mannitol accepts the phos-
phoryl group directly from the B domain.

Recently we have proposed a model for the mechanism by
which phosphorylation of the sugar is coupled to the transport
of the sugar (Lolkema et al., 1991a). In the model, coupling
between phosphorylation and translocation of mannitol is not
obligatory, but both partial activities use the inwardly directed
mannitol binding site on the translocator C domain. Never-
theless, phosphorylation plays an important role in the
transport of mannitol in the sense that phosphorylation of the
B domain highly activates the translocation activity of the C
domain. Independent evidence has been presented for the
functional interaction between the B and C domains involving
the phosphorylation site on the former (Lolkema et al., 1991b)
and for the translocation activity of the C domain (Lolkema
et al,, 1990). In this view enzyme II™ is a facilitated diffusion
enzyme whose activity is regulated by the state of phospho-
rylation of the B domain. This offers the opportunity to study

! Abbreviations: ISO, inside out; RSO, right side out; DTT, dithio-
threitol; decylPEG, decylpoly(ethylene glycol) 300; mtl, mannitol; pts,
phosphotransferase system.
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the properties of the translocator domain in the deactivated
state.

In a previous study, performed at room temperature, dis-
sociation of mannitol from the translocator domain in the
absence of P-HPr was shown to occur on a time scale of
minutes (Lolkema et al., 1990). In the present study we will
analyze the association kinetics of the binding of mannitol to
enzyme II™! embedded in membrane vesicles under the same
conditions but at 4 °C, which slows down the processes even
more. The study shows that isomeric transitions of the
translocator domain, both with and without mannitol bound
to it, can be detected kinetically.

MATERIALS AND METHODS

Materials. [1-*H(N)]-p-Mannitol (706.7 GBq/mmol) was
purchased from NEN Research Products. Decylpoly(ethylene
glycol) 300 (decylPEG) was synthesized by B. Kwant in our
laboratory.

Cell Growth and Membrane Preparation. E. coli strain
ML308-225 was grown at 37 °C in medium 63 (Saier et al.,
1976) containing 0.5% mannitol as the carbon source. Cells
were grown as described (Lolkema et al.,, 199ta). ISO
membrane vesicles and RSO membrane vesicles were prepared
according to Reenstra et al. (1980) and Kaback (1971), re-
spectively. RSO membranes were purified on a sucrose gra-
dient (Lolkema & Walz, 1990; Lolkema et al., 1990).
Membranes were stored in 25 mM Tris, pH 7.6, 1 mM DTT,
and 1 mM NaN; in liquid nitrogen. Membrane protein was
measured according to Bradford (1976). Aliquots were thawed
rapidly before use, and each sample was used only one time.

Flow Dialysis. Binding of [*H]mannitol to enzyme IT™ was
measured with the flow dialysis technique (Colowick &
Womack, 1969) as described (Lolkema et al., 1990). All
experiments were performed in a buffer containing 25 mM
Tris, pH 7.6, 5 mM DTT, and 5 mM MgCl, and at 4 °C
unless otherwise indicated. For the experiments at 4 °C the
whole setup was placed in the cold room and the buffer flowing
through the lower compartment was preequilibrated at 4 °C
as well. The volume of the sample was 400 uL unless otherwise
stated. The half-time of the system response was 18 s at 4
°C and 10 s at room temperature and was determined as
described (Lolkema et al., 1990). The leak of label from the
upper compartment to the dialysate amounted to 1% every 9
min. Since no sample was left in the upper compartment for
longer than 7 min, the reduction of the concentration of
mannitol due to this leak was neglected. Bound [*H]mannitol
was displaced from the binding sites by addition of 100 uM
unlabeled mannitol. The exchange rate was analyzed as de-
scribed (Lolkema et al., 1990).

RESULTS

Kinetics of Binding to Inside-Out (ISO) and Right-Side-Out
(RSO) Membrane Vesicles. Binding of mannitol to enzyme
II™! embedded in cytoplasmic membrane vesicles derived from
cells that were induced for the mannitol transport system was
measured with the flow dialysis technique (Colowick &
Womack, 1969; Lolkema et al., 1990). This technique mea-
sures, after equilibration, the free substrate concentration in
the upper compartment by the radioactivity in the dialysate.
Throughout this paper the latter is expressed as the equivalent
of the free concentration of mannitol in the upper compartment
when the flow dialysis system is at equilibrium. The response
of the system to a stepwise change in the free concentration
is rather slow with a half-time of about 10 s, at best. Con-
sequently, the time course of the binding of substrate to the
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FIGURE 1: Kinetics of binding of [*H]mannitol to ISO and RSO
membranes at 4 °C. The response of the flow dialysis system was
monitored after addition of 100 nM [*H]mannitol to suspensions of
ISO or RSO membrane vesicles. Membrane protein concentrations
were 0.38 and 0.56 mg/mL for the ISO and RSO vesicles, respectively.

enzyme should not be much faster than this response in order
to be monitored by the system.

Panels A and B of Figure 1 show the response of the system
when 100 nM [*H]mannitol is added to ISO and RSO mem-
brane vesicles, respectively, equilibrated at 4 °C. The free
concentration in the upper compartment is 100 nM, initially,
and subsequently drops to the equilibrium concentration, which
is 49 nM with the RSO vesicles (Figure 1B). Upon the ad-
dition of the labeled mannitol to the upper compartment the
radioactivity in the dialysate will increase and respond with
a certain sluggishness to the changing free concentration during
the binding process. In fact, with the RSO vesicles (Figure
1B) the same overall response would have been seen if 49 nM
[*H]mannitol had been added in the absence of membranes.
This indicates that the binding of mannitol to enzyme I1™!
embedded in membrane vesicles with a right-side-out orien-
tation is a process that is much faster than the response time
of the flow dialysis system. In contrast, with the ISO mem-
branes the system senses for a significant period of time a
higher free concentration than the equilibrium concentration
(Figure 1A). Apparently, binding of mannitol to enzyme I1™
embedded in membrane vesicles with an inside-out orientation
is a process that is slow enough to be picked up by the flow
dialysis system.

The analytical function describing the response with the ISO
vesicles would be a combination of the response function of
the system (see Materials and Methods) and the second-order
binding kinetics. This, in combination with the scatter in the
data, does not allow for a quantitative analysis of the data in
terms of the rate constants for the binding equilibrium. In
the following treatment the rate of the binding process will
be qualitatively evaluated by the relative height of the over-
shoot in the response of the system.

Analysis of the Kinetics of Binding to ISO Membranes. A
number of different mechanisms pointed out in Scheme I may
contribute to the slow time course of the binding of mannitol
to ISO membranes.

(A) Slow Association/ Dissociation Equilibrium. The on
and off rate constants of the binding equilibrium would be

Lolkema et al.

Scheme I: Mechanisms To Explain the Slow Binding Kinetics of
Mannitol to Enzyme I1I™! Embedded in the Membrane of an ISO
Vesicle?

A. Slow association/dissociation

Ecyt
IMt]
slow || - mu dependent :
MELE ¢,
B. Two step binding
E ot [Mt1]
dependent
‘V Mt —
slow
MtLE oyt MtLE equi
C. Recruitment of sites
Ecyt Eequi
slow
[~ mo Mt
independent
MtIE eyt I —

@ Capital E indicates enzyme 1I™., The subscripts to E indicate the
orientation of the mannitol binding site on the enzyme. This notation
for the states of the enzyme will be used throughout this paper. In
state E,, the binding site is accessible from the cytoplasmic phase of
the membrane. In state E,q; the precise orientation of the binding site
is not known, but it is not directly accessible from the cytoplasmic
volume. In the boxes on the right is indicated whether or not the rate
of equilibration of the binding would depend on the mannitol concen-
tration.

small numbers. Since the approach to equilibrium depends
upon the product of k, and the free mannitol concentration,
increasing the [3H]mannitol concentration increases the rate
of binding and, consequently, the overshoot would be reduced.

(B) Two-Step Binding. Initially, the binding would be to
a state with a lower affinity than the equilibrium affinity. The
transition of this state (MtLE,,,) to a second state with higher
affinity (Mtl:Eg,;) would be the slow step. The latter would
only be accessible through the former. The overshoot would
depend on the [*H]mannitol concentration since, eventually,
higher concentrations would saturate the lower affinity site
(Ey). The transition to the high-affinity site would be silent
once all sites are occupied.

(C) Recruitment of Sites. A fraction of the binding sites
would be in a state where they would not be accessible to
mannitol at the cytoplasmic side of the membrane. In Scheme
I this state (E.;) is labeled with the subscript “equi” in analogy
with state Mtl:E,,; under mechanism B. These empty sites
would slowly recruit to a state were binding can take place
(Eey). The transient would be independent of the [*H]-
mannitol concentration.

The first two mechanisms would predict a reduction of the
overshoot at higher mannitol concentrations, whereas the third
mechanism predicts no effect of the mannitol concentration.
A number of experiments were performed to analyze the re-
sponse in this respect. Different concentrations of [*H]-
mannitol were added to ISO membranes equilibrated at 4 °C
at such a membrane protein concentration that the bound
concentration of mannitol was more or less a constant fraction
of the total concentration of mannitol after equilibration
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FIGURE 2: Kinetics of binding of [*H]mannitol to ISO membranes
at different mannitol concentrations. ISO membranes at membrane
protein concentrations of 0.38 mg/mL (A), 0.5 mg/mL (B), or 0.75
mg/mL (C) were equilibrated either at 4 °C (®) or at room tem-
perature (X). At = 0 the suspensions were made 100 nM (A), 200
nM (B), or 400 nM (C) in [*H]mannitol. The dead time of the system
response is left out of the figure.

(Figure 2, ®). Clearly, the pronounced overshoot of the re-
sponse with 100 nM [*H]mannitol is diminished significantly
when the total concentration is raised to 200 nM [*H]mannitol
and has almost disappeared at 400 nM [*H]mannitol (filled
symbols in Figure 2, panels A, B, and C, respectively). Ex-
periments in which the response was followed for more than
1 h showed, however, that after this mannitol-dependent ov-
ershoot had relaxed, there was still a slow increase in binding
until equilibrium was reached. The plateau marked by (X)
in Figure 2A,B is the final equilibrium level. The time course
of this second phase turned out to be independent of the
mannitol concentration (see below). Therefore, the kinetics
of binding of mannitol to ISO membranes is characterized by
a mannitol concentration-dependent component that relaxes
within a couple of minutes and a mannitol concentration-in-
dependent component that takes much longer to equilibrate.

The experiments with 100 and 200 ntM [*H]mannitol were
repeated at room temperature (Figure 2, X). The overshoot
seen at 100 nM [*H]mannitol relaxes more rapidly than ob-
served at 4 °C and has almost disappeared when the con-
centration is raised to 200 nM. The binding has equilibrated
after only 2 min. No second slower component could be
detected.

The Mannitol Concentration-Dependent Overshoot. The
mannitol-dependent overshoot in the binding kinetics to ISO
membranes is a manifestation of either the slow binding step
to the cytoplasmic binding site or a two-step binding process
{Scheme I, parts A and B, respectively). We can discriminate
between these two possibilities by analyzing the dissociation
process rather than the association process. Addition of a large
excess of unlabeled mannitol after complete equilibration of
[*H])mannitol and ISO membranes at 4 °C is followed by a
slow displacement of labeled mannitol from the binding sites
(Figure 3, ©). This exchange of free [!H]mannitol and bound
[*H])mannitol measures the dissociation rate of the latter pool
from the binding sites (Lolkema et al., 1990). In the case that
the mannitol-dependent overshoot would be caused by a slow
association/dissociation equilibrium, bound mannitol would
dissociate with this rate constant even when the excess of
unlabeled mannitol would be added at any time before
equilibration of the binding. On the other hand, in the case
that the binding would proceed through a lower affinity state
(MtLE,,) to a second higher affinity state (MtLE.), a
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FIGURE 3: The rate of exchange of free ['H)mannitol and [*H]-
mannitol bound to ISO membranes before and after equilibration of
the binding. The flow dialysis cell equilibrated at 4 °C was loaded
with 840 uL of ISO membranes (0.75 mg/mL) and made 200 nM
in [*H]mannitol at time zero. Immediately, 440 L was removed and
kept outside the cell at 4 °C. To the remaining 400-uL suspension
was added 100 uM unlabeled mannitol at # = 48 s to start the exchange
reaction. Samples were collected for 5 min (®). The membranes
removed before were left at 4 °C for 90 min to allow the binding to
equilibrate. After this period 400 uL of the mixture was reloaded
in the flow dialysis cell. Unlabeled mannitol was added (at the arrow)
after enough samples were collected to determine the free concentration
of mannitol in equilibrium with the bound concentration (©). In the
figure the tract indicated by the open symbols is back-shifted 90 min
with respect to the track indicated by the closed symbols. In both
cases the final concentration of [*H]mannitol was determined by
addition of 0.5% of the detergent decylPEG 4 min after the start of
the exchange process. This released essentially all label immediately.
The data are analyzed in the insert. Plotted is the residual binding
after addition of unlabeled mannitol on a logarithmic scale. The
amount of binding at the start of the exchange process was calculated
from the free concentration of [*H]mannitol at 24 s (or two data
points) after the addition of unlabeled mannitol. The half-times of
the exchange processes after correction for the response time of the
system were 39 s (@) and 191 s (Q).

fraction of the bound mannitol molecules may still be present
in the low-affinity state and dissociate much more rapidly (see
Scheme IB). Addition of excess [!H]mannitol at the top of
the overshoot showed a significantly faster exchange, indicating
that the step leading to the slow exchange had yet to take place
(Figure 3, ®). This experiment shows that the binding of
mannitol to ISO vesicles is a two-step phenomenon.

The displacement of bound mannitol after complete
equilibration follows a single exponential, indicating that,
eventually, all bound mannitol molecules end up in state
MtLE;. The half-time for dissociation from this state to the
cytoplasm equals 191 s (insert of Figure 3, O). The exchange
rate observed after addition of unlabeled mannitol at the top
of the overshoot would represent the dissociation rate constant
of mannitol bound to the cytoplasmic-facing binding site. The
residual binding versus time gives a reasonable fit to an ex-
ponential in the first 2 min, indicating that the fraction of
bound mannitol molecules in the MtLE,; state in this period
is still small (insert of Figure 3, ®). The dissociation rate
constant equals 39 s. The rapid decrease of the overshoot in
going from 100 to 400 nM [*H]mannitol (Figure 2, panels
A-C) indicates that the binding constant of mannitol to the
cytoplasm-facing site on E,,, is well below 400 nM. Therefore,
at the concentrations of mannitol used in these experiments,
the pseudo-first-order association rate constant, k., [Mtl], will
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Table I Analysis of the Kinetics of Binding of Mannitol to ISO
Membranes at High Mannitol Concentrations®

[[*H]mannitol] 4

800 nM 2.4 uM
[[*H]mannitol]yung (¢ = 0) (pmol/mg) 253 265
[[*H]mannitol]poyng (# = ) (pmol/mg) 357 392
k (min™) 0.147 0.122

?Experiments were performed as described in the legend to Figure 4
and analyzed as explained in the text. The membrane protein concen-
trations in the experiments with 800 nM and 2.4 uM mannitol were 1
and 2.8 mg/mL, respectively.

be in the same order of magnitude as the dissociation constant.
Consequently, the overshoot in the free concentration is caused
both by the slow association of mannitol to state Ey, and by
the slow transition to state MtLE,;.

The two steps in the binding of mannitol to ISO membranes
were also demonstrated at room temperature. The exchange
of mannitol bound to ISO vesicles with free mannitol at room
temperature has been analyzed before and was shown to have
a half-time of about 60 s (Lolkema et al., 1990). Addition
of excess unlabeled mannitol at the top of the overshoot at
room temperature (see Figure 2A, X) resulted in a biphasic
dissociation behavior, indicating that a smaller fraction of the
bound mannitol molecules could be trapped in state MtLE,,
(not shown).

The Mannitol Concentration-Independent Overshoot. The
recruitment of binding sites to the cytoplasmic face of the
membrane at 4 °C is analyzed in Figure 4 and Table I. At
a total mannitol concentration of 800 nM the mannitol-de-
pendent contribution to the equilibration of the binding is
invisible. Nevertheless, after addition of 800 nM [*H]mannitol
to the ISO membranes, the initial rise of the response of the
flow dialysis system is followed by a slow decrease in the free
concentration (Figure 4, ®). Samples were taken during the
first 7 min, after which the mixture was removed from the cell
and left on the bench at 4 °C for 90 min. This was done to
minimize the leak of mannitol out of the flow dialysis system
(see Materials and Methods). Sampling was resumed after
reloading of the sample after 90 min. No change in the free
concentration was observed, indicating a concentration of
bound mannitol of 441 nM at equilibrium (Figure 4, ©). The
data were analyzed by plotting the difference between the free
concentration at the indicated time points and the free con-
centration after equilibration in a semilogarithmic plot (Figure
4, insert), The data fit a single exponential with a slope of
0.139 min"!. This exponential is a good approximation of the
kinetics of the recruitment of sites since it is considerably
slower than the response time of the flow dialysis system and
the binding of mannitol to the recruited site. Back-extrapo-
lation of the exponential to time ¢ = 0 indicates that at the
beginning of the experiment 274 nM or 62% of the sites were
accessible from the cytoplasmic side of the membrane.

Two similar experiments were performed with a different
membrane preparation at total concentrations of mannitol of
800 nM and 2.4 uM. Both the increase in binding over a
period of 90 min and the rate constant for the increase were
not significantly different in the two experiments (Table I).
Therefore, the increase of binding is consistent with a re-
cruitment of binding sites to the cytoplasmic phase of the
membrane. The level of binding represents the total concen-
tration of binding sites since the binding is essentially saturated.

The equilibrium constant between the two unloaded states
of the enzyme may be calculated from the increase in the
binding in these experiments. Averaging over the three shown
experiments results in a value for K(E; <> Ey,) of 2.1 £0.5.
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FIGURE 4: Kinetics of binding of [*H]mannitol at high concentration
to ISO membranes at 4 °C. A suspension of ISO membranes at a
protein concentration of 1.0 mg/mL was made 800 nM in [*H]-
mannitol at time zero. Samples were collected for 7 min. Then the
membranes were removed from the cell and left for 90 min at 4 °C.
After this time the membranes were loaded again and additional
samples were collected. Main plot. The response of the flow dialysis
system during the first 3 min (@) and after 90 min (Q). The dead
time of the system response is left out of the figure. Insert. The decline
in the free concentration during the first 7 min on a logarithmic scale.
The data points indicate the difference between the free concentration
of mannito! (@, main plot) minus the constant free concentration
measured alfter 90 min (O, main plot). The slope of the line equals
0.139 min".

The back and forward rate constants would be k(Eg,; — E.,,)
= 0.136 £ 0.012 min™ and k (E.y, — Eg) = 0.06 & 0.02
min~!, respectively.

Equilibrium Binding to RSO and ISO Vesicles. A plausible
explanation for the physical meaning of states E.,; and
MtLE.,; would be that they represent those states of the
enzyme with the binding site accessible from the periplasmic
side of the membrane which is inside the ISO vesicle (see
Scheme IIB). The transitions between E, and E,; on the
one hand and MtLE,,, and MtL:E on the other hand would
represent the translocation of the unloaded and loaded binding
site, respectively. Consequently, binding of mannitol to ISO
or RSO membrane vesicles would end up in exactly the same
situation once the binding has equilibrated. Furthermore, the
equilibrium distribution of states E,; and E.g; together with
the rate constant for the transition E., — E,q,; of 0.087 min™!
would predict a slow increase (¢,, = 8 min) in the binding
to RSO vesicles after the immediate binding to 38% of the sites
that would be accessible from the periplasmic volume at ¢ =
0. The experiment in Figure 5 compares the binding of
mannitol to ISO and RSO vesicles.

The membrane protein concentration of the RSO and ISO
vesicles used in the experiments described in Figure 5 was
chosen such that the enzyme II™ concentration was about the
same. This was checked by solubilization of the membranes
which resulted in approximately the same level of binding in
the two preparations (Figure 5, open symbols). Before the
addition of decylPEG to the ISO vesicles the response of the
flow dialysis system went through all the stages described in
the previous paragraphs to end up at an equilibrium distri-
bution of 45 nM free and 155 nM bound [*H]}mannitol (Figure
5, ®@). The decrease in the binding upon addition of the de-
tergent decylPEG is due to a change in the affinity constant

equi
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Scheme II: The Physical Meaning of State Eo,¢
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9(A) Induced fit. Ey; has been replaced with *E.,. The binding
site on both E and *E are accessible from the cytoplasmic volume. (B)
Translocation. E,g; has been replaced by E?,,. The binding site on the
latter is only accessible from the periplasmic volume. (C) Occlusion.
E.qui is replaced by E.,. The binding site on the latter is not accessible
from either side of the membrane, and states E . and MtL:E . do not
interconvert.
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FIGURE 5: Equilibrium binding to RSO and ISO vesicles at 4 °C.
Suspensions of RSO and ISO membrane vesicles (0.39 and 0.5
mg/mL, respectively) were made 200 nM in [*H]mannitol. The
response of the flow dialysis system was followed for 7 min. The
mixtures were then removed from the cell and left for 90 min at 4
°C after which the samples were reloaded and the recording was
continued. The plot shows the equilibrium concentration of free
mannitol after 90 min for the RSO (@) and the ISO (@). Subse-
quently, 0.5% of the detergent decylPEG was added to the RSO (O)
and ISO (O) membranes, and the free concentration was measured
after equilibration of the system.

(Lolkema et al., 1990). The binding to the RSO vesicles that
contained the same amount of enzyme II™ was much less at
4 °C, only 58 nM (Figure 5, ). This level of binding does
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not change within 90 min after addition of the [*H]mannitol
to the membranes. Therefore, binding of mannitol to enzyme
II™! embedded in the membrane of RSO or ISO vesicles does
not result in the same situation at 4 °C, and no recruitment
of sites from the cytoplasmic to the periplasmic side of the
membrane could be detected. The implication of this result
will be treated in the Discussion.

DiscussioN

Transitions of the Enzyme versus Passive Diffusion. Two
transients in the kinetics of mannitol binding to ISO vesicles
were attributed to transitions between states of enzyme II™4,
The mannitol concentration-independent transient was at-
tributed to the recruitment of binding sites to the cytoplasmic
phase of the membrane (E,; — E.y, see Scheme I) and part
of the mannitol concentration-dependent transient was at-
tributed to a transition that followed upon the initial binding
event (MtLE;, — MtLE;). It is important to show that both
transients really are related to the enzyme and not due to
passive diffusion of mannitol across the membrane and sub-
sequent binding to binding sites at the inner face of the ISO
vesicle. In the latter case the passive diffusion would determine
the rate of equilibration of the binding since binding to RSO
vesicles showed kinetics that was fast relative to the response
time of the system (Figure 1B). The best indication that
passive diffusion of mannitol across the membrane at 4 °C
is too slow to play a role comes from the experiment described
in Figure 5. The level of binding to ISO and RSO vesicles
was compared under conditions where the total concentrations
of enzyme II™ in the two preparations were identical. The
ISO membranes bound 155 nM mannitol, whereas the RSO
vesicles bound only 58 nM mannitol. The latter level of
binding was stable over a 90-min period. Therefore, even
though there is a pool of binding sites of at least 155 nM, most
of these are not accessible within 90 min in RSO vesicles,
indicating no significant leaking of mannitol into the vesicles.
Apparently, the cytoplasmic membrane is highly impermeable
to mannitol at 4 °C.

Further evidence for the enzymatic transitions comes from
the asymmetry in the kinetics and the size of the transients
in the opposite directions. For instance, it could be argued
that the slow increase in binding from 274 to 441 nM after
addition of a high concentration of mannitol demonstrated in
Figure 4 might be due to a slow leaking of mannitol into the
vesicle (¢, = 5 min) and subsequent binding to internal
binding sites. However, if this were the case, addition of excess
unlabeled mannitol after equilibration should result in the rapid
release of 274 nM of mannitol followed by a release of the
other 167 nM with a half-time of 5 min. In contrast, the whole
population of bound mannitol is released with a half-time of
about 3 min (Figure 3, insert). The same argument holds for
the mannitol-dependent transient (compare Figures 2A and
3).

Analogy between States E,,,, and MtL.E, ;. Analysis of
the mannitol concentration-dependent phase of the kinetics
of binding of mannitol to enzyme II™ embedded in the
membrane of ISO vesicles indicated that the binding to the
cytoplasmic-facing binding site was followed by a transition
to a state that we denoted as MtLE,,; (see Scheme I). On
the other hand, for a fraction of the binding sites, there was
a transition preceding binding, E.qy; — E.y, giving rise to a
mannitol concentration-independent component in the binding
kinetics. It is likely that states Eq,; and MtLE; represent
the same states with respect to the nature of the binding site
on enzyme II™, the only difference being that a molecule of

mannitol is bound to MtL:E,,,; and not to E We have

equi equi*
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anticipated this by using the same subscript for the two states.
Transitions E,,; < E,, and MtlE,; & MtLE,, would rep-
resent the same change of the unloaded and loaded carrier,
respectively, The very fact that analogous transitions exist
for the unloaded and loaded carrier implies that the transitions
represent conformational changes of the protein, rather than
the physical movement of the substrate from one binding site
to another. Evidence has also been presented earlier against
the movement of substrate from one binding site to another.
We showed that, after equilibration, the rate of exchange
between [*H]mannitol bound to ISO membranes and free
['H]mannitol was independent of the concentration of the
latter up to 1 mM, indicating that a vacant binding site on
the MtLE,,; complex is not very likely (Lolkema et al., 1990).
Using the same kind of reasoning, the same conclusion was
reached in the case of the lactose carrier of E. coli (Lolkema
et al., 1991¢).

Therefore, the states E,, and E.g,; seem to represent dif-
ferent conformations of the protein with a single binding site.

Accessibility of the Binding Site on E,,,; from the Cyto-
plasmic Side of the Membrane. It was stated in the results
that the state MtL:E.,; was only accessible through the state
MtLE,,. A possible explanation for the transition MtLE,
— MtLE,,; would be an “induced fit” type of mechanism; i.e.,
binding of mannitol to the enzyme would induce a confor-
mational change in the protein leading to a stronger binding,
but leaving the substrate in contact with the cytoplasmic
volume. A kinetic scheme according to such a mechanism,
including the two conformations for the unioaded carrier, is
depicted in Scheme IIA (subscript “equi” has been substituted
for “cyt”). Under the experimental conditions described in
this paper, states *E,,, and Mtl:*E,, would only communicate
with the cytoplasmic volume through states E ., and MtLE,,,
respectively. Therefore, for the scheme to properly describe
our results, either the affinity of mannitol for state *E,, would
have to be lower than for state E,y, or the rate constants for
the corresponding association/dissociation equilibrium would
have to be much smaller. Our data indicate that the latter
is the case. The difference in free energy between states E.y,
and E.; could be quite accurately estimated from the ex-
periment shown in Figure 4 and turned out to be very small.
On the other hand, the difference in free energy between states
MtLE,,, and Mtl:E,; could only be evaluated qualitatively.
The single exponential for the exchange, after equilibration
of the binding, between mannitol bound to the ISO vesicles
and excess unlabeled mannitol suggests that the free energy
of state MtL:E, is significantly lower than the free energy
of state MtL:E,,,. At least qualitatively, this is confirmed by
the kinetic data. The mannitol concentration-dependent phase
of the binding kinetics, which is determined by the association
step itself and the transition to state MtLE,;, was completed
in about 2 min (e.g., see Figure 2A) whereas the same steps
in the reverse direction as measured by the exchange between
bound and free mannitol (Figure 3, O) resulted in a half-time
of over 3 min.

In conclusion, the relative free energies of the states requires
that the affinity of state *E, for mannitol is higher than the
affinity of state E,,, for mannitol, and therefore, for the ex-
planation given in Scheme ITA to comply with the experi-
mental data, the accessibility of the binding site on state *E,,,
from the cytoplasmic volume ought to be kinetically restricted.
Direct access of state *E,, should still be possible by increasing
the mannitol concentration in a binding experiment like the
one described in Figure 4. We did not see any effect up to
a concentration of 2.4 uM mannitol (Table I), and though this
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does not exclude that Scheme ITA might be the correct one,
it does allow for the more general conclusion that the acces-
sibility of the binding site in state E.g,; from the cytoplasmic
volume is very low.

The Physical Meaning of States E,,,; and MtL.E, ;.. We
tend to believe that the transitions that we have detected in
the kinetics of binding of mannitol to ISO membranes are
related to the function of enzyme II™ to transport mannitol
across the membrane. For this purpose we will extrapolate
the general conclusion stated above to its extreme: the binding
site in states E,; and MtLE,,; is not accessible from the
cytoplasmic volume at all. Physically this would mean that
the protein itself would form a barrier between the binding
site and the cytoplasmic water phase. Upon binding of
mannitol to the cytoplasmic-facing binding site, the protein
would fold around the substrate as a first step in the trans-
location of the substrate to the other side of the membrane.
The closing of the protein at the cytoplasmic side of the
membrane could leave the substrate or the empty binding site
hidden in the protein. On the other hand, the closing at one
side could be in concert with the opening of the binding site
to the other side of the membrane (see Scheme IIB,C). In
the former case (Scheme IIB) equilibrium binding to ISO and
RSO membranes would be the same, a conclusion that we
reached in a previous report based upon experiments performed
at room temperature (Lolkema et al., 1990). However, the
present results indicate clearly that equilibrium binding to RSO
and ISO vesicles did not result in the same situation when the
experiments were performed in the cold room (Figure 5).
Therefore, Scheme IIC is more likely to be the correct one.

Mechanics of Mannitol Translocation. The discrimination
between translocation and occlusion of the substrate is fully
based upon a comparison of the characteristics of the binding
of mannitol to enzyme II™ embedded in the membrane of ISO
and RSO vesicles. These membrane preparations are prepared
according to considerably different procedures (see Materials
and Methods) which could cause enzyme II™ to behave
slightly differently in the two types of membranes and, po-
tentially, lead us to the wrong conclusion. Provided that this
is not the case, the present results suggest the model depicted
in Figure 6 for the mechanics involved in the translocation of
mannitol by enzyme II™!, Translocation would involve two
major conformational changes in the protein: (i) closing of
the binding pocket to one side of the membrane and (ii)
opening of the binding pocket to the other side of the mem-
brane. In between these two changes are, for both the loaded
and unloaded binding site, well-defined states in which the
binding site is not accessible from either side of the membrane.
The enzyme works like a sluice, thereby preventing leakage
from one compartment to the other. Both the transitions from
the states with the binding sites opened up to the cytoplasmic
side of the membrane to the two occluded states could be
demonstrated by lowering the temperature to 4 °C. At this
temperature the binding pocket does not seem to open to the
periplasmic side of the membrane.

The Binding Sites and Subunit Structure of Enzyme I,
Binding of mannitol to ISO membranes behaves like binding
to a single population of binding sites, and we have treated
it accordingly. The binding to RSO vesicles seems to represent
a physically distinct population of sites. It is not a surprise
that two distinct sites seem to exist since enzyme II™! is be-
lieved to function as a dimer. Scatchard analysis of the binding
of mannitol to purified enzyme [1™ solubilized in detergent
revealed two different binding sites per dimer, indicating some
interaction between the binding sites on the monomeric sub-
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FIGURE 6: Model for the mechanics of mannitol translocation catalyzed
by enzyme II™. The mannitol “loaded” or “unloaded” binding site
can be opened to either side of the membrane, but never at the same
time. In between these two states is a well-defined state where the
binding site is closed. This leads to occlusion of the mannitol molecule.
With the cytoplasm and periplasm on the left- and right-hand side,
respectively, the transitions indicated by solid arrows were demon-
strated in this study. The pentangle symbolizes the mannitol molecule.
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units (Pas et al., 1988). In combination with the present results
this seems to suggest that the binding site on one subunit is
oriented in one direction whereas the site on the other subunit
is oriented in the opposite direction. At 4 °C binding of
mannitol to ISO membranes would be to the binding site on
just one of the subunits, leaving the site on the other subunit
unoccupied because it would be oriented to the interior of the
vesicle. With RSO vesicles this would just be the other way
around. Binding to the subunit with the binding site oriented
to the periplasm would equilibrate rapidly on the time scale
of the present experiments (Figure 1B) whereas the confor-
mational changes described in this paper would be in the
subunit with the binding site oriented to the cytoplasm.
From this suggestion it is only a small step to propose a
functional coupling between the orientation of the binding sites
on the two subunits within the dimer during turnover of the
enzyme. The cooperativity between the two subunits may be
such that the catalytic cycle of the individual subunits is
coupled at the level of the translocation step. The activation
energy for the translocation of the binding site on one subunit
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would be much lower if at the same time the binding site on
the other subunit would translocate in the opposite direction.
At present we are trying to get more experimental evidence
both for the opposite orientations of the binding sites on the
dimer and for the conformational coupling between the sites
during turnover.
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