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Abstract

ATP hydrolysis by the maltose transporter (MalFGKS) is regulated by maltose binding protein
(MBP). Binding of maltose to MBP brings about a conformational change from “open” to “closed”
that leads to a strong stimulation of the MalFGK, ATPase. In this study we address the long-standing
but enigmatic observation that unliganded MBP is also able to stimulate MalFGK5. Although the
mechanism of this stimulation is not understood, it is sometimes attributed to a small amount of
closed (but unliganded) MBP that may exist in solution. To gain insight into how MBP regulates the
MalFGK, ATPase, we have investigated whether the open or the closed conformation of MBP is
responsible for MalFGKj stimulation in the absence of maltose. The effect of MBP concentration
on the stimulation of MalFGK was assessed: for unliganded MBP, the apparent Ky, for stimulation
of MalFGKj was below 1 4M, while for maltose-bound MBP, the Ky, was approximately 15 xM.
We show that engineered MBP molecules in which the open-closed equilibrium has been shifted
towards the closed conformation have a decreased ability to stimulate MalFGK5. These results
indicate that stimulation of the MalFGK, ATPase by unliganded MBP does not proceed through a
closed conformation and instead must operate through a different mechanism than stimulation by
liganded MBP. One possible explanation is that the open conformation is able to activate the
MalFGK, ATPase directly.

ATP Binding Cassette (ABC) transporters use the chemical energy of ATP hydrolysis to
transport solutes across a membrane. ABC transporters can be divided into export systems and
import systems, and a key question in both cases is the mechanism by which ATP binding and
hydrolysis are regulated and coupled to substrate translocation. For ABC export systems, the
substrate itself regulates the ATPase (1-3). ABC import systems, on the other hand, include a
peripheral substrate binding protein, and the ATPase activity is regulated by interactions
between the binding protein and the transmembrane components (4-6).

The E. coli maltose transporter is a tractable and well-studied ABC import system consisting
of the membrane associated complex MalFGK5 and peripheral extracellular maltose binding
protein (MBP). MalF and MalG are integral membrane proteins; MalK5 is a dimer of ABC
subunits bound to MalFG on the cytoplasmic side of the membrane. Structures of isolated
MalK, have been solved and from these it is known that ATP binds in the dimer interface and
promotes a tight association of the subunits, bringing each ATP molecule in contact with
catalytic residues from the opposite subunit (7). Once ATP hydrolysis takes place, the subunits
dissociate, allowing release of ADP and inorganic phosphate (8). In the intact MalFGK,
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complex, these conformational changes are coupled to changes in MalFG (9-12) so that the
maltose binding site in MalFG opens alternately to the periplasm or cytoplasm (12).

Stimulation of ATP hydrolysis by the binding protein must involve conformational changes
that are transmitted from the extracellular surface through the transmembrane domains to the
ATP binding cassettes on the cytoplasmic side. MBP and other Class | or Il binding proteins
consist of two domains connected by a flexible hinge, and ligand binding brings about a large
structural change of the protein (13). This conformational change, from the “open” unliganded
structure, to the “closed” liganded form, is critical for transport since only the ligand-bound
conformation can fully stimulate the membrane ATPase (4,14). On this basis, the ligand-
induced conformational change serves to ensure that futile cycles of ATP hydrolysis are
avoided.

This picture is complicated by the enigmatic observation, in both the maltose and histidine
transport systems, that ATP hydrolysis is stimulated, to a limited degree, by the unliganded
binding protein (4,5). While there is no obvious physiological function for the ability of the
unliganded binding protein to stimulate the membrane ATPase, it does raise questions about
the mechanism of the stimulation. Specifically, it is not clear what conformation of MBP is
responsible for the activation of the MalFGK, ATPase in the absence of maltose. On the one
hand, unliganded MBP exists predominantly in an open conformation in solution (15,16), and
therefore the open conformation represents a logical candidate for the activation. In support of
this idea, during maltose transport and at the point where ATP is poised for hydrolysis, the
open unliganded form is found tightly bound to MalFGK5 (11,17). On the other hand, maltose
transport requires an initial interaction with closed, maltose-bound MBP prior to opening and
progression to the transition state for ATP hydrolysis. Therefore, the activation of the
MalFGK; ATPase by unliganded MBP could be due to a small amount of a closed, unliganded
form of MBP which exists in solution (18); the presence of such a solution conformation is
supported by the crystallization of two other binding proteins in a closed, unliganded state
(19,20). On this basis, a closed unliganded conformation might effect the same changes brought
about by the closed liganded conformation. This model for stimulation of the ATPase by the
binding protein could be termed “lock-and-key” since it is solely the conformation and the
surface complementarity of the binding protein that is important for the interaction.

However, substrate binding affects not only the conformation, but also the stability and
molecular dynamics of the binding protein. In the case of MBP, intrinsic tryptophan
fluorescence and molecular dynamics simulations indicate that unliganded MBP has a
somewhat dynamic structure, with the two domains moving relative to each other, in contrast
to the ligand-bound form in which the relative positions of the domains appears to be fixed
(21,22). Furthermore, the closed unliganded conformation has a much higher energy and lower
stability than the closed, liganded form due to the absence of stabilizing non-covalent bonds
between maltose and MBP (23). Thus, although a closed, unliganded conformation of MBP
could, in principle, resemble the closed liganded form, it will be more dynamic and much less
stable. On this basis, stimulation of the MalFGK, ATPase by a closed, unliganded
conformation of MBP implies that the conformational stability of the binding protein is not
critical for a productive interaction, and this has significant mechanistic implications for how
conformational changes are brought about by the interaction between MBP and MalFGKj,

To address the question of whether the closed, unliganded form of the binding protein can
stimulate ATP hydrolysis by the transporter, we engineered maltose binding protein so that
the open conformation is destabilized relative to the closed conformation, and assayed the
ability of these forms of the protein to activate the membrane-bound ATPase. In addition, we
have carried out a careful analysis of the ability of unliganded MBP to stimulate the membrane
ATPase, and demonstrate that the characteristics of this stimulation are completely different
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from what is observed for ligand-bound MBP. The results we have obtained make it highly
unlikely that, in the absence of maltose, a closed conformation of MBP is responsible for
stimulation of MalFGK5, and we suggest instead that it is the more stable and abundant open
conformation.

MATERIALS AND METHODS

Bacterial strains and plasmids

The bacterial strain HS3399 was used for expression for all transport complexes, and was
originally derived from the parental strain of Escherichia coli K12 (24). This strain contains
the AmalB101 allele, a deletion of the entire mal operon, and the Aatp allele, a deletion of the
gene for F1-ATPase. E. coli strain HS3309 (25) was used for expression of periplasmic MBP
and MBP-DM from pLH1 (26) and pLH1-DM (27); HS3309 does not produce chromosomally
encoded MBP and has constitutive expression of the maltose operon activator, MalT to drive
expression from pLH1. In the MBP-DM mutant, residues 172, 173, 175, and 176 are deleted,
resulting in a truncated surface loop, and M321 and Q325 are both mutated to alanine. The
plasmid pNTSK+ contains malF and malG genes preceded by the IPTG-inducible pTac
promoter. pNTSK+ was produced by digesting the plasmid pCP8 (24) with EcoR1 to remove
the tethered MBP expression cassette. Since this cassette also contained the ampicillin
resistance marker, pBluescript 1| SK+ (Fermentas) was cloned into the EcoR1 site to restore
ampicillin resistance. pMR11, which is replicative-compatible with pNTSK+, harbors the
malK gene preceded by the pTac promoter sequence, and contains a chloramphenicol resistance
marker. pMal-96W329W contains the coding sequence for cytoplasmic MBP with the
balancing interface mutations A96W and 1329W (23).

Construction of hexahistidine-tagged MBP—To increase the efficiency of purification
and the yield of MBP, the MBP coding sequence was cloned into pProEX-HTa (Invitrogen)
for intracellular expression of a hexahistidine-tagged version of MBP connected by a TEV
protease cleavable linker. Restriction sites for cutting and inserting Ehel and HindlIl were
introduced into the pLH1 vectors by mutagenic PCR, with primers: 5’
CGCCTCGGCTGGCGCCAAAATCGAAG-3’ (forward) and 5
CGCCGCATCCGGCATTTAAGCTTATTACTTGGTGATACGAG-3’ (reverse).

The entire MBP coding sequence was verified.

Expression and purification of MBP

Wild-Type MBP and MBP-DM—AII chromatographic media were purchased from GE
Healthcare. Plasmids containing wild-type (pLH1) or mutant (pLH1-DM) malE coding regions
were transformed into E. coli strain HS3309. Cultures were grown with vigorous shaking at
30 °C in LB broth containing 100 pg/mL ampicillin for 16 to 18 h. Periplasmic proteins were
extracted by osmotic shock and dialyzed against 50 mM Tris-HCI, pH 8.5 in preparation for
anion exchange chromatography. The extract was applied onto a 2.6 x 15 cm column packed
with Q-Sepharose Fast Flow and eluted with a linear gradient from 0 to 1 M NacCl, with a base
buffer of 50 mM Tris-HCI, pH 8.5. Fractions containing MBP were pooled and dialyzed against
50 mM Tris-HCI, pH 8.5. Depending on the purity of MBP containing fractions at this step, a
further ion-exchange step using a Mono-Q column was sometimes necessary before moving
on to the next step.

To effect further purification and remove contaminating maltose from preparations of MBP,
protein from the ion exchange column(s) was diluted in 50 mM Tris-HCI, and dialyzed against
two changes of a 100-fold excess 2 M guanidine hydrochloride. Guanidine hydrochloride was
then slowly removed by dialysis against a four changes of a 100-fold excess of 50 mM Tris-
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HCI pH 8.5. The refolded MBP was concentrated by ion-exchange chromatography using a 1-
mL HiTrap Q column. Concentrated protein was loaded onto a 2.6 x 60 cm column of Superdex
200 Prep Grade gel filtration resin, which had been equilibrated with 20 mM Hepes, 100 mM
KCI, pH 7.4. The column was developed with this same buffer at a flow rate of 0.5 mL/min.
Fractions containing pure MBP were pooled and dialysed against 2 changes of a 100-fold
excess of 50 mM Tris pH 8.0. MBP was concentrated on a 1 mL HiTrap Q column, and then
dialyzed against a 100-fold excess of 50 mM Tris-HCI pH 7.0, 100 mM KCI, 10 mM MgCl,.

MBP-A96W/I329W—To express and purify the cytoplasmic MBP-A96W/1329W, HS3309
cells were transformed with pMal-A96W/1329W, and a single colony was used to inoculate
100 mL LB-Amp. This culture was grown with vigorous shaking to an optical density of 0.1
and 100 xL was added to 1 L of LB-Amp. The culture was grown to an ODgqq of 0.4 and
expression of MBPA96W/1329W was induced by addition of 100 pg/mL IPTG and the culture
grown for a further 6 hours at 37°C. Cells were ruptured by passage through a French Pressure
cell at 20,000 p.s.i, and pure MBP was obtained by anion-exchange and gel filtration
chromatography as described above.

Histidine-Tagged MBP—TFor later experiments involving stimulation of MalFGK, with
high concentrations of MBP, the protein was expressed intracellularly in a BL21(DE3)
background, as a fusion protein with a TEV protease cleavable hexahistidine tag. After growth,
induction, and harvesting (as described for MBP-A96W/1329W, above) the cell pellet was
resuspended in 50mL of Ni2*-NTA buffer (20mM Hepes, 500 mM KCI, 10 mM imidazole,
10% glycerol, pH 8.0) and supplemented with 1 mM PMSF before lysis by 3 passes through
a French pressure cell at 20,000 psi. Cell debris was pelleted at 100,000 g and the supernatant
applied to Ni2*-loaded Chelating Sepharose FF and proteins eluted using an imidazole gradient
from 10 to 250 mM. High purity fractions containing MBP were pooled and a 1:20 mass ratio
of TEV protease was added; the solution was dialyzed overnight at 4°C against 4L of Ni2*-
NTA buffer to remove excess imidazole. The TEV protease treated protein was loaded onto
clean NiZ*-NTA resin and MBP, with the histidine tag removed, was collected from the flow
through. The cleaved MBP was dialyzed overnight against 4L of 50 mM Tris-HCI, pH 8.5, in
preparation for anion exchange chromatography.

Denaturation and refolding of MBP—Fractions from the anion exchange column
containing pure MBP were pooled and denatured by overnight dialysis against a 5-fold excess
of 6 M guanidine-HCI. The denatured protein was subsequently dialyzed against 5 changes of
a 10-fold excess of 6 M guanidine-HCI at 4°C, resulting in a ligand dilution of 500,000-fold;
5mM EDTA was included in the final 2 dialysis buffers. Protein was refolded by dialysis
against 1 M guanidine-HCI, 5mM EDTA, and then dialyzed twice against a 50-fold excess of
50 mM Tris-HCI pH 8.5.

Note that the proper refolding and function of all MBP preparations was tested by fluorescence
titrations with maltose and/or maltotriose: the refolded MBP preparations typically yielded a
higher degree of fluorescence quenching due to complete removal of ligand. To maintain
consistency between ATPase assays in both the absence and presence of maltose, all MBP
preparations were subjected to the same unfolding and refolding procedure.

Proteoliposomes

Over-expression of MalFGK»,—HS3399 cells were co-transformed with plasmids carrying
the malF and malG genes (pNTSK+), and the malK gene (pMR11). A single colony was
inoculated into 100 mL of LB (containing 100 pg/mL ampicillin, and 50 pg/mL
chloramphenicol), and grown to a ODggg 0f 0.1; 100 L of this culture was added to each liter
of the same media, and cells were grown with vigorous shaking at 37°C, to an ODgqg of 0.4;
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expression of MalFGK, was induced by the addition of 100 pg/mL IPTG and grown for 8
hours at 37°C. The cell pellet from each liter was washed twice with 50 mL of 20 mM Hepes
pH 7.0, and crude membranes were prepared as follows: each gram of washed cells was re-
suspended in 10 mL of 20 mM Hepes 7.0, 5mM MgCl,, with 10% glycerol, and passed twice
through a French pressure cell at 15,000 psi. Cell debris was removed by centrifugation at
7,000 g for 10 minutes. The supernatant was then subjected to ultracentrifugation at 100,000
g to recover membranes. Membranes were washed twice in 10 mM MOPS pH 7.5, 5mM
MgCl,, 200 mM sucrose, and resuspended in 10 mM MOPS pH 7.5, 5mM MgCl,, 200 mM
sucrose, with 10% methanol.

Solubilization of membrane protein—Washed membrane vesicles were recovered by
centrifugation at 100,000 g and re-suspended at a protein concentration of 5 mg/mL in 50 mM
Tris-HCI, pH 7.0, 1.2% B-octylglucoside, and 10 mM MgCls. This solution was kept on ice
with occasional agitation for 60 minutes, and was subsequently subjected to ultracentrifugation
at 100,000 g for 45 minutes to pellet the insoluble material. The remaining supernatant
containing the solubilized protein fraction was kept at 4°C until use.

Preparation of PLS—Crude E. coli phospholipids (Avanti Polar Lipids) were dissolved at
a concentration of 50 mg/mL in chloroform. The chloroform was removed using a rotary
evaporator, leaving a lipid film on the round bottom flask, and the lipids were re-hydrated with
50 mM Tris-HCI, pH 7.0, and 1 mM DTT at a concentration of 50 mg/mL. Lipid aliquots of
200 uL were quick-frozen, and stored under argon at —80°C until use. Lipid suspensions were
thawed and sonicated to clarity using a microtip sonicator before the next step. To reconstitute
the intact transporter into PLS, 450 uL of solubilized transporter (5 mg/mL) was mixed with
100 uL (50 mg/mL) of sonicated lipids, and kept on ice 30 minutes. PLS were then formed
using the detergent dilution procedure (28) as follows: the protein/lipid solution was diluted
slowly using a peristaltic pump with 50 mM Tris-HCI, pH 7.0, and 1 mM DTT to a volume of
20 mL. PLS were recovered by ultracentrifugation at 100,000 g for 45 minutes. PLS were then
washed once using this same buffer and re-suspended in 500 xL. Total protein determination
was done using the Lowry method. Typically PLS solutions were at a final protein
concentration of approximately 2 mg/mL.

Assay of ATPase activity

PLS were added to yield a final concentration of 0.1 mg/mL in 50 mM Tris-HCI pH 8.0, 100
mM KCI, 10 mM MgCl, in a total volume of 750 L. Purified MBP was added with and without
5 mM maltose. The reaction was started by the addition of 750 uL of 50 mM Tris-HCI, 8 mM
ATP, 10 mM MgCl,, pH 8.0. Aligouts of 300 xL were removed at 0, 5, 10, 20 and 30 minute
time intervals and added to 150 uL of 10% SDS to stop the reaction and disrupt the PLS. The
amount of free phosphate liberated during the reaction was then monitored by adding 250 uL
color reagent (10 mM ammonium molybdate and 1 mM FeSO,4 in 1 N H»SO4) and measuring
the absorbance at 740 nM. Standard solutions of potassium phosphate were measured using
the same reagents to produce a standard phosphate curve. To conserve binding proteins and
liposomes, we also used a 5-fold scaled-down version of the assay with a final volume of 360
uL rather than the 1.5 mL described above. In this case, PLS and MBP were mixed in a volume
of 342 uL, and the reaction was initiated with 18 uL of 80 mM ATP, 50 mM Tris-HCI, 100
mM KCI, pH 8.0. Aliquots of 60 uL were removed at 0, 5, 10, 20, and 30 minutes and mixed
with 30 uL 10% SDS, followed by 50 xL of color reagent.

CD Spectroscopy

Thermal denaturation of wild-type and mutant MBP molecules was monitored using a JASCO
J715A spectropolarimeter. Proteins were dialyzed against 10 mM sodium phosphate, pH 7.4,
with or without 500 xM maltose. Buffer scans were acquired under similar conditions. A
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thermal melt was carried out with the refolded proteins in a 0.1 cm path length quartz cuvette
by monitoring the CD signal at 222 nm. The sample was heated from 20 to 95 °C with a heating
rate of 75 °C/h using a JASCO PTC-348WI Peltier device. A bandwidth of 0.2 nm and a
response time of 4 s were used. Transition points were determined by linear extrapolation of
the plateau regions using the following equation (29):

3 (YntmnX)+(Yutmyx)exp [ AR# (Tl_m - lx)]

y_
vexp| %= (7~ 3] )

In this expression x is the temperature in degrees Kelvin; y, and y,, refer to the molar ellipticity
of the folded and unfolded plateaus, respectively; m, and m, are the slopes of the plateaus; R
is the universal gas constant in units of kcalemol™teK™1; T, is the melting temperature in
degrees Kelvin; and AHy, is the enthalpy of unfolding at T, in kcalemol™. Thermal
denaturation of MBP is largely irreversible and therefore the fitted T, and AH,, values lack
quantitative thermodynamic significance, but are useful for a semi-quantitative comparison of
thermal denaturation in the presence and absence of maltose.

Small Angle X-ray Scattering

SAXS experiments were carried out at BioCAT beamline ID18 at the Advanced Photon Source
(Argonne Illinois, U.S.A.) essentially as described previously (30). Radii of gyration were
calculated with the program GNOM (31) and CRYSOL (32) was used for matching crystal
structures to SAXS data.

Modelling of MBP-Dependent ATPase Kinetics

Steady state and mass balance equations were created based on the kinetic models illustrated
in Figure 4. In these schemes, BPo and BPc represent open and closed MBP, respectively, and
BPoM and BPcM are the corresponding complexes between MBP and MalFGKj. For each of
the kinetic models, the equations were solved analytically, providing the steady state
concentration of the “active” complex in terms of the total amount of binding protein and
membrane complex, plus the rate constants. The rate constants are only relative values: they
were initially set at 1 and then adjusted to reflect the observed properties of the system.

For the case where only the closed form of MBP stimulates ATP hydrolysis (Figure 4A),
equations 2 to 6 were used:

[M, ]=[M]+[BPoM]+[BPcM] @)
[BP;]=[BPo]+[BPc] ®)

k3[BPo]=k_3[ BPc] €

wzozkl [ BPo][ M]+[ BPcM|(k_4+kcqr) — [ BPOM](k_; +k4) )
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@:O:kz[BPﬂ[MHkﬂBPOM] — [BPcM](k_p +k_g+kcqr) ©

For simplicity, the equations incorporate the following assumptions: first, the membrane-
bound binding protein represents a relatively small proportion of the total, and therefore
membrane-bound forms are not included in the mass balance equation for total binding protein
(equation 3); second, the open and closed forms of the free binding protein are assumed to be
in equilibrium (equation 4).

For the case that includes the presence of an alternate conformation of the membrane complex
(denoted by M*) and activation by open MBP (Figure 4B), equations 6 to 10 were used. Here
we assumed that the proportion of the activated form of the membrane complex (M* and
BPoM*) was relatively small, and was therefore not included in the mass balance equation for
the membrane complex (equation 7). Furthermore, all of the binding protein is assumed to be
in the open, free form (equation 8).

[M; ]=[M]+[BPoM] )

[BP,]=[BPo] ®

i =0=k;[ BPo][ M]+[ BPoOM" |(k_g+k¢s) — [BPOM](k_; +k4) (10)

7 =0=ky[ BPo][ M*]+k4[ BPoOM] — [ BPOM* |(k_p+k_g4+kca) (an

Stimulation of the MalFGK, ATPase by MBP

We investigated the roles of MBP and maltose in stimulation of the MalFGK, ATPase using
a proteoliposome (PLS) system. MalFGK, was over-expressed and PLS were formed from
cell membranes by a detergent dilution procedure. After detergent dilution, MalFGK, will be
present in both orientations in the PLS bilayer. A high concentration of Mg2* was used to
promote membrane fusion and mixing; therefore, fixed, closed vesicles do not exist in this
system, allowing for bi-directional maltose transport (33). Importantly, the same PLS
preparation can be reconstituted with varying concentrations of MBP or MBP mutants, thereby
controlling for differences in the amount and specific activity of MalFGK5 in the membranes.

The presence of MalF, MalG, and MalK in the PLS was confirmed by Western blotting (not
shown). The PLS on their own had a basal ATPase that represents uncoupled activity from
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MalFGK5 and/or other soluble or membrane-bound ATPases. Regarding the preparation of
MBP, we found that when MBP is purified from a periplasmic extract, it co-purifies with a
contaminating ATPase; in addition, MBP tends to retain some maltose, even after several
purification steps. Contamination of MBP with an ATPase and/or maltose can confound the
ATPase measurements and preclude accurate comparisons between the effect of unliganded
and maltose-bound MBP on the MalFGK, ATPase. We addressed these problems by
intracellular expression of MBP as a hexa-histidine tagged fusion protein. After initial
purification by Ni2*-NTA chromatography and cleavage of the tag, leaving only two extra
residues (glycine and alanine) at the N-terminus, MBP was purified by ion-exchange
chromatography yielding a single band by SDS-PAGE with no significant contaminating
ATPase activity. To ensure that it was totally free of maltodextrins, the MBP was fully
denatured, dialyzed exhaustively against 6 M guanidine-HCI, and then refolded. Proper
refolding and function of MBP preparations was confirmed by fluorescence titration with
maltose and/or maltotriose.

Unliganded MBP prepared in this manner was used for all assays, with or without maltose.
Unliganded MBP (2 uM) stimulated the ATPase activity by approximately 50% at 20°C and
100% at 37°C (Figure 1). As discussed, the MBP preparation that was added to the PLS had
no significant ATPase activity on its own, and had been fully denatured, dialyzed, and refolded
to ensure that absolutely no maltose was present. Therefore the stimulation was due solely to
an interaction between unliganded MBP and MalFGKj. These results, including the ability of
unliganded MBP to stimulate MalFGK,, are similar to what was observed previously for the
maltose transport system (4), and a significant stimulation by the unliganded binding protein
has also been documented for the histidine transporter (5).

Concentration dependence of MBP-mediated MalFGK5 stimulation

To further characterize the activation of the MalFGK, ATPase by both unliganded and liganded
MBP, we studied the effect of changing the MBP concentration at both 20° and 37°C. In the
presence of maltose, increases in MBP concentration led to almost proportional increases in
ATPase activity that began to reach a plateau at 10 «M, presumably as membrane-bound
MalFGK5 became saturated with maltose-MBP. In this respect the system resembles a single
substrate enzyme, where MalFGKj is the enzyme and MBP-maltose is the substrate. The
ATPase rate versus MBP concentration data were fit to a simple Michaelis-Menten equation,
yielding a Ky, of approximately 15 xM (defined as the concentration of MBP-maltose that
yields one half Vyax) at both 20° and 37°, and Vpax values of 1400 and 5500
nmolemg~temin~1 at 20° and 37°C respectively (Table 1 and Figure 2).

The same experiments were carried out with MBP that was completely free of maltose. At 20°
C, addition of unliganded MBP at concentrations of 2 uM and 20 uM produced exactly the
same modest increase in ATPase activity (Figure 3A). This is in contrast to the situation for
maltose-bound MBP, in which a similar 10-fold increase in concentration produced close to a
10-fold increase in activity (Figure 2A). Increasing unliganded MBP concentration from 1 to
100 M produced no significant increase in the stimulation of MalFGK, ATPase (Figure 3B).
When these data were fit to a Michaelis-Menten equation, the calculated Ky, was 0.6 uM, over
20-fold lower than the Ky, for liganded MBP. We also carried out the assays at 37°C where
the stimulation by unliganded MBP was greater, allowing us to obtain rate data at
concentrations of unliganded MBP lower than 1 uM. At 37°C, increasing the unliganded MBP
concentration from 0.1 through to 100 «M produced only a modest increase in the activation
of MalFGKj, with a calculated Ky, of 0.8 uM (Figure 2C and Table 1), almost 20-fold lower
than the Ky, obtained for maltose-bound MBP at 37°C.
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Kinetic models for stimulation of the MalFGK, ATPase by unliganded MBP

Unliganded MBP must stimulate the MalFGK, ATPase through either its closed or open
conformation. To investigate in more detail the expected MBP concentration dependence for
these two possibilities, we modeled the kinetics of the activation process. A potential
complicating factor is the “passive” (i.e. non-activating) interaction between unliganded MBP
and MalFGK5 which was first postulated on a theoretical basis and then observed
experimentally (34,35). We incorporated this interaction into two models for the stimulation
of the MalFGK, ATPase by unliganded MBP. The relative affinity of the open conformation
is approximately 3-fold less than the closed form (Figure 4A and Table 2; k_1/kq = 50, k_o/k
= 15), which is based on mathematical modeling of the system as well as the measured affinities
of open and closed MBP for the isolated MalF P2 loop (16,35,36).

In the first model (Figure 4A), MBP alternates between open and closed conformations with
both forms binding to MalFGK5, but only the closed form stimulating ATP hydrolysis. To test
the model, we used it to predict what would be observed in the presence of saturating maltose.
For this, MBP will be present only in the closed, liganded form, which can be accomplished
in the model by making the rate constants for the closed to open transition of MBP (k_3 and
k_4) very small (Figure 4A and Table 2). With this set of rate constants, the system produces
the observed Ky, of 15 uM (Figure 5A); from the modeling, we obtain a relative concentration
of the “active” species (in this case, liganded MBP bound to MalFGKS5), which can vary from
0 to 1; we applied a factor to obtain a Vpay close to the 5500 nmolemin~temg~1 we observed
experimentally. The situation in the absence of maltose is similar, except that k_3 and k_, are
made larger to reflect the shift towards the open conformation of binding protein (Table 2);
the value of 10 was chosen for both k_3 and k_, so that the rate of ATP hydrolysis at 1 or 2
#M unliganded MBP compared well with what was observed experimentally. If the system
operated through this mechanism in the absence of maltose, then the apparent Ky, for MBP
would be just over 40 «M, and there would be a 15-fold increase in the MalFGK, ATPase
activity as the MBP concentration was raised from 1 xM to 25 uM (Figure 5B). We attempted
to improve the agreement with experimental data by using different parameter sets, but found
that the only way to lower the Ky, for MBP was to increase the affinity of the interaction
between MalFGK5 and open MBP (i.e. decrease k1) such that it is at least 20-fold higher than
the affinity of the interaction between MalFGK5 and closed MBP. Such parameters are at odds
with the relatively weak ability of unliganded MBP to inhibit transport by liganded MBP
(35) as well as direct binding measurements between MBP and the isolated P2 loop of MalF
(36).

The alternative mechanism in which the open conformation of MBP stimulates the
MalFGK, ATPase provides a better fit to the observed data. In this model (Figure 4B and Table
2 for parameter values), only open unliganded MBP is present and it has the same passive
interaction with MalFGKj5 as in the previous model. However, there is a second form of
MalFGKy, “M*”, which is able to bind open unliganded MBP with high affinity (note the low
value of k., in Table 2), producing the transition state complex, leading to ATP hydrolysis and
regeneration of MalFGKj to its “resting” conformation. In addition to the low rate of
dissociation of the transition state complex, there is a low rate of formation of M*, which limits
the maximum rate of catalysis. The low rate constants for the formation of M* (k3 and ky), as
well as the low rate constant for dissociation of the transition state complex (k_) lead to
behaviour that is close to what was observed, namely a Ky, of ~1 «M and low Vpax. The
Km can be lowered further, to sub-micromolar levels, by slowing the rate of conversion of M*
to M (decreasing constants k_3 and k_4; Table 2 and Figure 5B).

In summary, unliganded MBP stimulates the MalFGK, ATPase with a Ky, below 1 xM, and
the nature of the stimulation is not consistent with a mechanism in which a minor species adopts
a closed, unliganded conformation to mimic the effect of closed, liganded MBP. Instead, the
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stimulation is consistent with a small amount of MalFGK5 crossing an energetic barrier to
adopt an alternate conformation to which open MBP binds with high affinity, leading to ATP
hydrolysis in the absence of maltose.

Conformational engineering of MBP

To further address the roles of the open and closed conformations of MBP, we used
“conformationally-engineered” MBP molecules in which the open conformation is selectively
destabilized relative to the closed conformation. Selective destabilization of the open
conformation will shift the open-closed equilibrium of unliganded MBP towards the closed
conformation. On this basis, if it is the closed conformation of unliganded MBP that stimulates
MalFGKj, then the shift in the open-closed equilibrium should result in a greater stimulation
of MalFGKj5 in the absence of maltose.

Selective destabilization of the open conformation was accomplished by altering residues in a
region we have called the “balancing interface”. MBP is composed of two globular domains
connected by a flexible hinge: the maltose binding cleft is on one side of the hinge, and the
balancing interface is on the opposite side, where it balances or counteracts closing of the
maltose-binding cleft. One of the conformationally-engineered MBP molecules, MBP-DM,
had been mutated to remove favorable interactions in the balancing interface that stabilize the
open conformation (27). Crystal structures and small angle X-ray scattering (SAXS) of MBP-
DM indicated that it adopts exactly the same open and closed conformations as wild-type MBP;
however, its maltose affinity is approximately 100 times higher than wild-type due to selective
destabilization of the open, unliganded conformation.

Other groups have destabilized the open conformation by replacement of balancing interface
residues with bulkier substituents (23,37). One such mutant, MBP-A96W/1329W, has an
average solution conformation corresponding to a domain closure of 28° (23), which is close
to the 35° domain closure in maltose-bound MBP. We used SAXS to further verify the
perturbed solution conformation of MBP-A96W/I329W. Addition of maltose to ligand-free
MBP-A96W/1329W resulted in a barely detectable change in the radius of gyration from 22.2
A for the unliganded protein, to 22.1 A for the maltose-bound protein (Figure 6A). When
compared to crystal structures for wild-type MBP, the solution conformation of MBP-A96W/
1329W most closely resembles the closed maltose-bound structure of MBP (Figure 6B). As
with MBP-DM, the affinity of MBP-A96W/I1329W for maltose is much higher than that of
wild-type MBP, consistent with selective destabilization of the open conformation. On this
basis, and assuming that the wild-type protein exists to some degree in a closed, unliganded
conformation in solution, both of the mutant MBPs are expected to sample a closed unliganded
conformation more frequently than wild-type MBP.

The selective destabilization of the open, unliganded conformations of MBP-DM and MBP-
A96W/I1329W can be seen from thermal denaturation curves (Figure 7): in the presence of
maltose the T, values for wild-type MBP, MBP-DM, and MBP-A96W/1329W were similar
(65°C for wild-type versus approximately 64°C for the two mutants) whereas in the absence
of maltose the T, values for MBP-DM and MBP-A96W/1329W were both significantly
decreased (to 53 °C) compared to unliganded wild-type MBP (63 °C). The mutations in MBP-
DM and MBP-A96W/1329W are not directly involved in ligand binding; furthermore, since
they are on the opposite side of the protein from where MBP and MalFGKj interact, they will
not directly interfere with binding to MalFGKj (11,25,26) and the mutations should not affect
the structure of any closed, unliganded conformations that may exist in solution. A productive
interaction between these mutants and MalFGKj, is demonstrated by the fact that they both
support growth on maltose minimal media in an MBP-deficient strain (not shown). For the
purposes of these experiments, therefore, the closed, maltose-bound forms of MBP-DM and
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MBP-A96W/1329W are identical to wild-type, but the open conformations have been
destabilized.

To explore the importance of the open and closed conformations of MBP in maltose transport,
we compared the ability of wild-type MBP and MBP-DM to stimulate the MalFGK, ATPase
in both the presence and absence of maltose (Figure 8). In the absence of maltose, MBP-DM
stimulated ATP hydrolysis to the same degree as wild-type. Therefore, shifting the open-closed
equilibrium of MBP towards the closed conformation does not enhance the ability of MBP to
stimulate MalFGKj in the absence of maltose, as would be expected if it were the closed
conformation that is responsible for the stimulation. Surprisingly, in the presence of maltose
MBP-DM was significantly impaired its ability to stimulate MalFGK5 compared to wild-type
MBP. This was an unexpected result because the mutations only affect the stability, and not
the structure, of the open conformation. Open MBP forms a tight transition state complex with
MalFGK5 (11,17) and these kinetics results show that the balancing interface of MBP
contributes to ATP hydrolysis, probably by enhancing the stability of the transition state
complex.

The results obtained with MBP-DM were reinforced by experiments with MBP-A96W/1329W
(Figure 8). In the absence of maltose, stimulation of MalFGK, by MBP-A96W/1329W was
not significant, and in fact the mutations have decreased and possibly abrogated its ability to
stimulate MalFGKj5, in the absence of maltose. Given that unliganded MBP-A96W/1329W
adopts an average conformation that is almost closed, the inability of unliganded MBP-A96W/
1329W to stimulate MalFGK; is not consistent with the idea that the closed conformation alone
is responsible for stimulation in the absence of maltose. Addition of maltose to MBP-A96W/
1329W brought about a significant stimulation of the MalFGK, ATPase, although it was much
less than stimulation by wild-type MBP. These measurements were made at an MBP
concentration of 2 M, but the same results were obtained at 1 «M and 5 uM MBP
concentrations (not shown): in the presence of maltose, increases in the concentration of all
three proteins produced increases in stimulation of the MalFGK, ATPase, but MBP-DM
consistently exhibited a modestly compromised ability to stimulate MalFGK, compared to
wild-type MBP, while MBP-A96W/I329W was severely compromised.

Thus, mutations destabilizing the open conformation do not enhance the ability of the proteins
to stimulate the MalFGK, ATPase in the absence of maltose, and in fact reduce the maltose-
stimulated MalFGK, ATPase activity. In this regard, we have considered the possibility that
decreases in the ability of the mutants to stabilize the transition state might have offset increased
stimulation by higher proportions of the closed conformation. We believe this is highly
unlikely. Both of the mutants have ligand binding affinities that are at least 2 orders of
magnitude higher than wild type, and on this basis the open-closed equilibrium has been
severely perturbed. Assuming the destabilizing mutations have the same effect on the
unliganded protein as they do on the ligand-bound protein, then one would expect a significant
(up to 2 orders of magnitude) increase in the fraction of closed unliganded MBP in solution.
In contrast, destabilization of the open conformation produces only a modest 20% decrease in
maltose-stimulated ATPase activity for MBP-DM, and a 5-fold decrease for MBP-A96W/
1329W. Therefore it is unlikely that increases in the proportion of the closed conformation of
these mutants - and associated increases in MalFGK5 stimulation - are being completely
masked or offset by their decreased ability to stabilize the transition state.

In summary, the closed conformation is most likely not responsible for stimulation of the
ATPase in the absence of maltose. In addition, the results with the conformationally engineered
MBP mutants show that the energetics of domain opening, and the stability of the open
conformation, are important for ATP hydrolysis.
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DISCUSSION

The mechanism of substrate import by ABC import systems involves binding of ligand to the
peripheral binding protein to exert a conformational change that signals to the integral
membrane subunits to initiate ATP hydrolysis. The shape complementarity of the interacting
surfaces - closed MBP and an undefined conformation of MalFGKj5 - is critical, and this has
been demonstrated through mutagenic studies (25,26). Along with many other peripheral
binding proteins, unliganded MBP exists in an open conformation in solution (15,38-40), and
therefore it has always been difficult to understand how the unliganded binding protein is able
to stimulate ATP hydrolysis by the transporter, an effect documented for the two systems that
have been tested in this regard - the maltose and histidine transporters (4,5). One possible
explanation is that the unliganded binding protein is able to mimic the closed conformation of
the protein. In other words, the system follows a “lock and key” model: as long as the binding
protein has the correct shape, it should be able to activate the MalFGK, ATPase. Evidence for
a closed, unliganded conformation includes crystallization of the glucose/galactose binding
protein in an unliganded, closed conformation (19), and, more recently, the ChoX protein from
S. meliloti (20). In addition, an alternate solution conformation for the maltose binding protein
(MBP) has been documented by NMR (18) and in solution the overall conformation of
unliganded MBP appears to be slightly more closed than the unliganded crystal structure (15,
27) hinting that MBP may exist, to some degree, in closed conformation(s) in solution. Apart
from these results, which are consistent with the existence of a small fraction of a closed,
unliganded form of the binding protein in solution, there is no experimental evidence for the
stimulation of the membrane ATPase by a closed, unliganded conformation of the binding
protein. The idea is based solely on the fact that the closed, liganded form is responsible for
stimulation in the presence of ligand.

This study was initiated to test whether activation of the MalFGK, ATPase by unliganded
MBP was due to a closed unliganded conformation. Our hope was that this information would
help us to understand the molecular mechanics of the system, and, more specifically, to address
the role of maltose itself in the transport process. Our results argue against the idea that
unliganded MBP stimulates the transporter through a closed conformation. The dependence
of the stimulation on MBP concentration does not follow what would be expected if this were
the mechanism. Specifically, the unliganded form of the protein stimulates MalFGK, with a
much lower Ky, value than maltose-bound MBP, indicating that the species responsible is not
mimicking the closed conformation of MBP. Furthermore, destabilization of the open
conformation - and consequent increase in the proportion of the closed conformation - had no
positive effect on the ability of unliganded MBP to stimulate the MalFGK, ATPase.

We conclude that a closed, unliganded conformation of MBP is not responsible for MBP-
dependent MalFGK5 stimulation in the absence of maltose. One explanation for why this is
the case is that ligand is required to stabilize the closed conformation of the binding protein.
Much of the experimental work on the maltose transporter is consistent with the existence of
energetic barriers to conformational changes in MalFGK5 (41). These would represent higher
energy intermediates of MalFGK5, that prevent futile cycling and ATP hydrolysis in the absence
of maltose. MBP may function to stabilize such intermediates, thereby promoting
conformational changes in the system. However, to stabilize a high-energy MalFGK,
intermediate, MBP would not only have to be in the correct conformation, but it would also
have to be in a low energy state; that is, a high energy form of MBP would not contribute to
the stabilization of a high energy form of MalFGK,. While the closed, liganded conformation
represents a stable, low energy form of MBP, a closed unliganded conformation is an unstable
high energy form (23), and on this basis, only ligand-bound MBP would be a good candidate
for stabilizing a high energy form of MalFGK,.
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The activation of the MalFGK, ATPase by unliganded MBP is most likely due to a high affinity
interaction between the open conformation of MBP and a sparsely populated MalFGKj
conformation. The maximum rate of ATP hydrolysis in the absence of maltose would be limited
by the population of MalFGKj that is in the required conformation. MalFGK has been
crystallized in two conformational states (11,12), and in the membrane there may be other
intermediates. At equilibrium the proportion of these different conformations will be
determined by their relative energies, and there may also be kinetic barriers to interconversion
between conformations. In either case, given finite limits on the energies of the conformations
and kinetic barriers, a small proportion of the MalFGK population will find itself in higher
energy states, and these are the molecules to which open MBP could bind, promoting the
ATPase activity by stabilizing the transition state or something close to it. The open, unliganded
conformation is the second “low energy” form of MBP (after the closed, liganded
conformation), and therefore would be able to stabilize a higher energy conformation of
MalFGKj,. We have demonstrated that destabilization of the open MBP conformation results
in a decreased ability of MBP to stimulate the MalFGK, ATPase, consistent with the idea that
the open conformation of MBP contributes to the stability of the transition state complex
(12).

In addition to being consistent with the observations in this study, the idea of direct kinetic
stabilization of a high energy form of MalFGK, by open MBP explains an observation made
by Merino and Shuman (42). In this study, a MalFGK, mutant was isolated that was able to
transport lactose, but only in the presence of MBP, which does not bind lactose. This work
confirmed the importance of the interaction between unliganded MBP and the membrane
components. Furthermore, given its robust stimulation of lactose transport and the fact that the
vast majority of unliganded MBP is in an open conformation, it is almost certainly the open
conformation of MBP that is required for lactose transport in this system.
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Figure 1. Stimulation of the MalFGK, ATPase by unliganded MBP

ATP hydrolsis was measured for proteoliposomes on their own (solid grey bars) as well as
with 2 uM MBP (stippled bars) at 20° and 37°. The addition of MBP resulted in an 50% increase
in ATPase activity at 20°, and a 100% increase at 37°C. Shown are the mean + S.D.; a paired
t-test was used to calculate the likelihood that the differences arose by chance.

- +

Biochemistry. Author manuscript; available in PMC 2010 January 21.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gould et al.

Page 18
__ 1200+ o
£ 1000+
s °
£ 800-
.E .
) -
2 600
E
400 =
§ °
o 200-
<
O | | 1 | 1
0 25 50 75 100
MBP concentration (pM)
= 5000~ _3‘
2
< 4000 -
£
£ 3000+
)
€
£ 2000~
O
(2]
@ 1000~
<
O | 1 | 1
0 25 50 75 100

MBP concentration (uM)

Figure 2. Kinetic analysis of MBP-MalFGK, ATPase stimulation in the presence of maltose

The ability of wild-type MBP to stimulate the MalFGK, ATPase, at MBP concentrations from
2 to 100 M, was measured in the presence of 5 mM maltose at (A) 20°C, filled circles, and
(B) 37°C, crosses. The solid curves show the non-linear least-squares fits to the Michaelis-
Menten equation, which yielded Ky, values (defined as the concentration of MBP that yields
half maximal ATPase) of approximately 15 uM and Vpax values of 1400 and 5500
nmolemin~lemg~1 at 20° and 37°, respectively (Table 1). Note that all MBP preparations
included an unfolding and refolding step, as described in Methods, to completely remove
ligand.
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Figure 3. Kinetic analysis of MBP-MalFGK, ATPase stimulation in the absence of maltose

(A) In the absence of maltose, MBP produces a small but significant stimulation of the
MalFGK, ATPase that is exactly the same for 2 uM and 20 uM concentrations of MBP at 20°
C. The bars show the mean £ S.D. for 6 to 9 determinations in each case. (B) At 20°C and in
the absence of maltose, increases in MBP concentration from 1 to 100 M produced no
significant increase in MalFGK, ATPase activity (filled circles). Note that activities below 1
#M MBP concentration could not be reliably determined at 20°C. (C) At 37°C and in the
absence of maltose, the higher activity levels allowed measurement of the MalFGK, ATPase
activity at MBP concentrations below 1 uM (crosses). The data in panels B and C yielded
K values of less than 1 xM and Vpax values of 5 and 50 nmolemin—temg ™ at 20° and 37°,
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respectively. For the analysis in panels B and C, the basal ATPase of the proteoliposomes (in
the absence of any MBP) was subtracted from all measurements.
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Figure 4. Kinetic models for stimulation of MalFGK> ATPase by open and closed MBP

(A) Stimulation by closed MBP. Both open and closed forms of MBP (BPo and BPc,
respectively) interact with MalFGK5 but only the closed form stimulates ATP hydrolysis. In
this model, the mechanism of ATPase stimulation is the same for both unliganded and liganded
MBP: the closed conformation interacts with MalFGKj5, leading to ATP hydrolysis. In the
absence of maltose, the relatively low rate of ATP hydrolysis is due to the limiting
concentration of closed, unliganded MBP. (B) Stimulation by open MBP. The stimulation is
due to a second conformation of MalFGK, (M*) that is separated from its more predominant
“resting” or ground state (M) by an energetic barrier. Open unliganded MBP binds with high
affinity to this form of MalFGK, which leads directly to formation of the transition state for
ATP hydrolysis. In this system, the low rate of ATP hydrolysis in the absence of maltose is
due to the slow rate of conversion between M and M*. Relative values for the rate constants
are provided in Table 2.
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Figure 5. Expected rate curves for MalFGKj stimulation by MBP

The kinetic models in Figure 4 along with rate constants in Table 2 were used to derive curves
for the rate of ATP hydrolysis as a function of MBP concentration. Panels A and B represent
the same graphs, but with expanded axes in Panel B. In the presence of saturating maltose
(solid curve), where all the binding protein is in a closed conformation (accomplished in the
model by making the closed to open rate constants very small) the system shows a Ky, for MBP
of 15 uM, corresponding to what was observed experimentally. In the absence of maltose, the
model where the closed, unliganded form is responsible for the stimulation leads to a Ky, of
just over 40 M (long dashes) and a significant increase in activity as the concentration of MBP
is raised in the region from 1 to 25 M. Activation by open unliganded MBP (short dashes),
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as illustrated in Figure 4B and outlined in the text, yields results that are similar to what is
observed experimentally.
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Figure 6. Unliganded MBP-A96W/1329W is in a closed conformation

(A) Small-angle X-ray scattering (SAXS) from MBP-A96W/I329W was measured in the
absence (thick grey curve) and presence (thin black curve) of maltose. The inset graph shows
the difference between the two curves, expressed as a percentage of the total signal. The two
curves are almost identical, indicating no observable effect of maltose on the solution
conformation of the protein. (B) The SAXS data from unliganded MBP-A96W/1329W (thick
grey curve) was matched to the open structure of MBP (PDB ID 10MP (43); dashed curve)
and the closed, ligand-bound structure (PDB ID 1ANF (44); solid curve). The inset shows the
difference between the models and the solution conformation of unliganded MBP-A96W/
I1329W as a percentage of the total signal. The closed conformation of MBP is a better model
for the solution conformation of unliganded MBP-A96W/1329W.
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Figure 7. Stability of conformationally engineered MBP molecules
Conformationally engineered MBP molecules, MBP-DM and MBP-A96W/1329W, were

produced by making changes in the “balancing interface” that controls opening and closing of
the maltose binding cleft 2021, The thermal stabilities of MBP-DM (short dashes) and MBP-
A96W/I1329W (long/short dashes) were compared to wild-type MBP (solid) in the (A) absence
of maltose, and (B) presence of 500 M maltose. The samples were heated at 75°K per hour
and mean residue ellipticity (0) at 222 nm was measured every 4 seconds (grey data points;
squares for wild-type MBP, circles for MBP-DM, and inverted triangles for MBP-A96W/
1329W). The curves are non-linear least-squares fits of the data to an equation describing
thermodynamic transitions in terms of the two plateau regions (see Methods). The balancing
interface mutations have decreased the stability of the unliganded conformation, but have no
significant effect on the stability of the maltose-bound closed conformation.
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Figure 8. Destabilization of the Open Conformation Decreases MalFGK, ATPase

The ability of wild-type MBP (MBP-WT), MBP-DM, and MBP-A96W/I329W to stimulate
the MalFGK, ATPase was measured in either the absence (hollow bars) or presence (filled
bars) of 5 mM maltose. An MBP concentration of 2 uM was used in each case, and
measurements were made in triplicate; the mean value is shown with error bars representing
the standard deviation. The PLS on their own (hollow bar, far left) show a low basal ATPase
that is doubled by addition of unliganded MBP and increased over 10-fold by addition of MBP
and maltose. In the presence of maltose, MBP-DM does not stimulate the MalFGK, ATPase
to the same degree as wild-type MBP. MBP-A96W/I329W shows a severely impaired ability
to stimulate MalFGKj in both the absence and presence of maltose.
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Kinetic Parameters for Activation of MalFGKj Liganded and Unliganded MBP

Conditions?® Km (nM) Vmax (nmolemin~temg™)
Maltose-bound, 20°C 15.7 (9.4 10 22.0)0 1400 (1200 to 1700)
Unliganded, 20°C 0.57 (0to 1.8) 49(3.7t06.1)
Maltose-bound, 37°C 14.3 (8.1 10 20.6) 5500 (4600 to 6500)
Unliganded, 37°C 0.81(0.17t0 1.4) 50 (43 to 58)

&I'he basal ATPase activity measured in the absence of MBP was subtracted from all measurements.

Values in parentheses indicate the 95% confidence interval, as provided by the Prism software.
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Rate Constants for Kinetic Models

Table 2

Stimulation by Closed MBP
Parameter Maltose Saturated Closed Unliganded Stimulation by Open Unliganded MBP

ke 1 1 1
kg 50 50 50
ky 1 1 1
ko 15 15 0.015
ks 1 1 0.01
k-3 0.01 10 0.1
Ky 1 1 0.01
K4 0.01 10 0.1
Keat 1 1 1
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