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Background: Nucleotide-binding domains (NBDs) of ABC proteins bind two ATPs, but it is unknown whether dissociation

follows hydrolysis of one or both ATPs.

Results: NBD dimers with one or two sites capable of ATP hydrolysis dissociate at the same rate.
Conclusion: NBD dimers dissociate following a single ATP hydrolysis event.
Significance: Understanding ABC proteins will help develop strategies to modify their function in disease.

The functional unit of ATP-binding cassette (ABC) transport-
ers consists of two transmembrane domains and two nucleo-
tide-binding domains (NBDs). ATP binding elicits association
of the two NBDs, forming a dimer in a head-to-tail arrangement,
with two nucleotides “sandwiched” at the dimer interface. Each
of the two nucleotide-binding sites is formed by residues from
the two NBDs. We recently found that the prototypical NBD
MJ0796 from Methanocaldococcus jannaschii dimerizes in
response to ATP binding and dissociates completely following
ATP hydrolysis. However, it is still unknown whether dissocia-
tion of NBD dimers follows ATP hydrolysis at one or both nucle-
otide-binding sites. Here, we used luminescence resonance
energy transfer to study heterodimers formed by one active
(donor-labeled) and one catalytically defective (acceptor-la-
beled) NBD. Rapid mixing experiments in a stop-flow chamber
showed that NBD heterodimers with one functional and one
inactive site dissociated at a rate indistinguishable from that of
dimers with two hydrolysis-competent sites. Comparison of the
rates of NBD dimer dissociation and ATP hydrolysis indicated
that dissociation followed hydrolysis of one ATP. We conclude
that ATP hydrolysis at one nucleotide-binding site drives NBD
dimer dissociation.

Typical ATP-binding cassette (ABC)? transporters are mem-
brane proteins that couple the energy from ATP hydrolysis to
the transport of a variety of substrates (1, 2); most them import
or export solutes, but some are ion channels and/or regulate ion
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channels (1-3). The basic ABC protein functional unit consists
of two transmembrane domains and two nucleotide-binding
domains (NBDs) (1, 2). ABC proteins exhibit considerable var-
iability in primary sequence, number of transmembrane
domains, quaternary structure, and functions; yet, the structure
of the NBDs is highly conserved (1, 2). NBDs are responsible for
nucleotide binding and hydrolysis and contain several con-
served sequences involved in interaction with the nucleotides
(2). The Walker A and B motifs are common to many ATPases
and are involved in binding of nucleotide phosphates and coor-
dination of Mg®" and water at the catalytic site, respectively
(see Fig. 1A); the Walker B motif contains a catalytic glutamate.
The NBDs also contain the ABC signature motif (motif C),
involved in ATP binding, which is unique to ABC proteins. The
two ATP-bound NBDs dimerize forming an ATP “sandwich” in
a head-to-tail arrangement (Fig. 14), where each of the two
nucleotide-binding sites (NBSs) is formed by contribution of
the Walker A and Walker B motifs of one NBD and the signa-
ture motif of the other NBD (2). In many ABC proteins, includ-
ing the multidrug-resistance protein P-glycoprotein (MDR1,
ABCBI1), both NBSs are capable of ATP hydrolysis; whereas in
others, one of the NBS is hydrolysis-defective due to substitu-
tions in residues critical for catalysis (1, 2). These ABC proteins
include the TAP1/TAP2 heterodimer (ABCB2/ABCB3) and
several proteins of the ABCC subfamily such as the cystic fibro-
sis transmembrane conductance regulator (CFTR, ABCC7?)
and multidrug-resistance proteins such as MRP1 (ABCC1).
We have recently shown dynamic association and dissocia-
tion of NBDs during the ATP catalytic cycle in both isolated
NBDs (MJ0796) and NBDs in the full-length transporter MsbA.
MJ0796 is homolog to the NBD of the Gram-negative bacterial
Lol complex that transports lipoprotein from the inner to the
outer membrane, whereas MsbA is a bacterial lipid flippase
homolog to P-glycoprotein (4, 5). Our kinetic studies support
monomer/dimer modes of operation (6—14), as opposed to
models where the NBDs remain in contact during the catalytic
cycle (15-18). In monomer/dimer models ATP hydrolysis is
followed by dissociation of the NBDs, and the energy that drives
the conformational changes that lead to substrate transport
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(power stroke) is provided by NBD association/dissociation. In
these models, NBD association/dissociation controls the alter-
nate accessibility of the drug-binding pocket to each side of the
membrane. One important unresolved issue is whether disso-
ciation of the ATP-bound NBD dimers follows hydrolysis of
one or both bound ATP molecules. Here, we addressed this
issue using luminescence resonance energy transfer (LRET), a
spectroscopic technique that allows for measurements of con-
formational changes in real time with Angstrom resolution.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Mutants of Methano-
caldococcus jannaschii MJ0796 were expressed in Escherichia
coli and purified by anion-exchange and gel-filtration chroma-
tography as described (5, 19). The properties of the Cys-less-
MJ0796-G174W (MJ-CL: Cys-53 and Cys-128 replaced with
Gly and Ile, respectively) and the two single-Cys mutants
MJ0796-G174W-G14C (M]) and MJ0796-G174W-E171Q-
G14C (MJI) have been published (5, 19). MJ is catalytically
active, whereas MJI is catalytically deficient due to the replace-
ment of the catalytic carboxylate Glu-171 with Gln (Fig. 1, A
and B). MJI has essentially no ATPase activity but still binds
ATP with high affinity (5, 19). All of the mutants employed have
an introduced Trp at position 174 (G174W, a good probe to
assess dimerization by Trp quenching), which was used to test
the quality of the preparations. The Trp-Trp interaction seems
to improve the stability of the dimer, which allowed us to detect
for the first time the association/dissociation of a hydrolytically
active NBD by size-exclusion chromatography (19). The
G174W mutation does not affect ATPase activity, but it does
increase the affinity for NaATP (5, 7, 14, 19).

LRET Studies—Single-Cys mutants in 1 mm EDTA, 50 mm
Tris-HCIL, pH 7.6, were labeled as described (5), with the thiol-
reactive Tb*" chelate DTPA-cs124-EMPH or fluorescein
maleimide (Invitrogen) for 2 h at room temperature, at a 2:1
molar excess. Unreacted probes were removed by gel filtration
(Zeba columns; Thermo Fisher Scientific), and donor-labeled
and acceptor-labeled NBDs were mixed at a 1:1 molar ratio
prior to LRET experiments. Emission was measured on an
Optical Building Blocks phosphorescence lifetime photometer
(EasyLife L; Optical Building Blocks, Birmingham, NJ), with a
200-us delay from the beginning of the excitation pulse (gated
mode). Excitation light from a xenon lamp was directed
through a narrow-band 335-nm filter, and emission was col-
lected through a 520-nm narrow-band filter. With this gated
protocol, the long lifetime fluorescein emission (sensitized
emission) arises from energy transfer from the Tb®* donor.
Data were typically collected at 100 Hz, at 20 °C, using 1 um
monomeric protein in 200 mm NaCl, 1 mm EDTA, 10% glycerol,
1 mm Tris-HCI, pH 7.6. Additional details, including a discus-
sion of the advantages of recording LRET in a gated mode, have
been published recently (4, 5).

Stop-flow LRET Studies—The kinetics of the dissociation of
ATP-bound NBD dimers following ATP hydrolysis was moni-
tored using a stop-flow mixing accessory (RX2000; Applied
Photophysics, Surrey, UK) with a 20-ul cell, placed into the
sample compartment of the OBB LRET system. The stop-flow
device was driven by pressurized N, and was set to mix equal
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volumes of two syringes in <10 ms. The first syringe contained
2 uM labeled proteins, dimerized by preincubation with 0.5 mm
ATP in the LRET buffer described above. The second syringe
contained LRET buffer with 0.5 mm ATP and 20 mm MgCl,.
Final concentrations after mixing were 1 uM protein, 0.5 mm
ATP, and 10 mm MgCl,. In most experiments, a 10-fold excess
(20 uMm) of the unlabeled, catalytically active M] was also present
in the second syringe (see “Results”). Changes in sensitized fluo-
rescein emission were recorded as described for the standard
LRET experiments, except for an increase in the data acquisi-
tion rate to 250 Hz.

ATPase Measurements—The rate of ATP hydrolysis was
determined by a variant of the linked-enzyme assay (20), in the
same buffer used for LRET experiments, with the addition of 1
uM protein, 10 mm MgCl,, and an ATP-regenerating system.
The latter consisted of 3 mm phosphoenolpyruvate, 50 ug/ml
pyruvate kinase, 25 ug/ml lactase dehydrogenase, and 0.7 mm
NADH. The hydrolysis of ATP was determined from the
decrease in NADH (absorbance measured at 340 nm) at room
temperature. In some experiments, the rate of ATP hydrolysis
was determined in the absence of an ATP-regenerating system,
using [y-**P]JATP (21), under conditions equivalent to those
used during the LRET experiments. The proteins, at a concen-
tration of 1 um in LRET buffer, were incubated at room tem-
perature and saturating ATP (0.5 mm). The reaction was initi-
ated by the addition of 10 mm MgCl, and allowed to proceed for
30 min.

Data Presentation and Statistics—Data are shown as
means * S.E. Statistical comparisons were performed by the
Student’s ¢ test for paired or unpaired data, as appropriate. p <
0.05 in a two-tail analysis was considered significant. The num-
ber of experiments, #, corresponds to independent measure-
ments from at least two different protein preparations. The
goodness of fit for the analysis of stop-flow LRET decays was
determined from the residual analysis scatter plots, which
showed random distribution, and x* values near unity.

RESULTS

ATP Hydrolysis Activity of M] and MJ[—The rate of ATP
hydrolysis by the single-Cys MJ (5) is similar to that of wild-type
MJ0796 (14), whereas the mutation of the catalytic carboxylate
Glu-171 to Gln essentially abolishes the ATPase activity of
MJ0796 (14). Fig. 1B confirmed the effect of the E171Q muta-
tion on the single-Cys mutant MJI used for the LRET studies
presented here (see “Protein Expression and Purification” for
details on the mutant). Under our experimental conditions, at a
saturating [ATP] of 0.5 mm and room temperature, MJ hydrol-
ysis rate was 0.11 * 0.01 ATP/s (n = 12), with a calculated K, of
4.6 um, whereas MJI showed basically undetectable activity
(0.003 = 0.001 ATP/s, n = 12). The ATPase activity measured
in the absence of an ATP-regenerating system (similar to the
LRET experiments presented below) was not different (0.15 =
0.04 ATP/s, n = 14) from that in the presence of the system (see
above). During the time course of the LRET stop-flow experi-
ments (60 s) the decrease in [ATP] is expected to be relatively
minor. For a hydrolysis rate of 0.11 ATP s™', [ATP] will
decrease by ~73 um; 1.21 um ATP/s by 11 um MJ (1 um labeled
plus 10 uMm unlabeled), and [ATP] is expected to decrease from
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FIGURE 1. Structure and function of the NBD dimer. A, structure of the NBD
dimer. Each monomer is represented in a different tone of gray. Walker motifs
Aand B are labeled and shown in purple and green, respectively. The two ATPs
(cyan, spheres), Cys-14 (red, sticks), and GIn-171 (green, sticks) are also labeled.
The figure displays the structure of the nucleotide-bound MJI based on PDB
1L2T. Glureplaces GIn-171in MJ. B, dependence of the ATPase activity on ATP
concentration. Data are means = S.E. of two independent measurements.
The line is a fit of the Hill equation to the data.

500 to ~430 uMm, remaining almost 100-fold above the K, for
dimerization (~5 uMm for MgATP) (19). In addition, because the
measured ATPase activities in the presence and absence of an
ATP-regenerating system were the same, no inhibitory effect of
ADP on MJ was detected under our experimental conditions.
Dynamic M] Monomer/Dimer Equilibrium during ATP
Hydrolysis—A mix of Tb**-labeled MJ (MJ-Tb*") and fluores-
cein-labeled MJ (MJ-F) displays a slow increase in fluorescence
(in the order of minutes) in response to the addition of a satu-
rating [ATP] (Fig. 2A). We have shown that the increase in
fluorescence is the result of ATP-induced dimerization that
occurs with an apparent K, for NaATP of approximately 50 um
(5). In the absence of ATP the monomers are far apart, and
essentially no energy transfer occurs between donor/acceptor
pairs; ATP addition promotes NBD dimerization that brings
the donor and acceptor closer, to a distance of ~50 A, which
can be followed from the increase in energy transfer between
Tbh3* and fluorescein (5). The observed fluorescence increase
originates from donor/acceptor dimers (expected to be ~50%
in a randomly distributed mix); donor/donor (~25%) or accep-
tor/acceptor (~25%) dimers do not display LRET. The addition
of Mg to ATP-bound dimers produces a rapid decrease in fluo-
rescence due to the dissociation of the dimers that results from
ATP hydrolysis (Fig. 24). The fluorescence in the presence of
MgATP reached a level intermediate between those in the
absence of ATP (nucleotide-free) and in the presence of ATP
alone (ATP-bound dimers). This intermediate LRET value rep-
resents a dynamic equilibrium between the monomeric and
dimeric NBDs: dimers dissociate after ATP hydrolysis, and the
monomers bind ATP and reassociate (5, 19). We have previ-
ously shown that when Mg is present (MgATP versus NaATP)
ATP-induced dimerization of MJ is ~30-fold faster, and the
apparent K, for ATP is at least 10 times lower (<5 um) (19).
Under continuous ATP hydrolysis, in the presence of saturating
[MgATP], neither association nor dissociation is favored, and
approximately half of the NBDs are monomers and half-form
dimers (5, 19). Further evidence of such dynamic equilibrium is
provided by the complete decrease in fluorescence observed
after addition of a 10-fold excess of unlabeled M]J (Fig. 2A4). In
the presence of excess unlabeled MJ, the labeled NBDs that
dissociate from dimers after ATP hydrolysis have a greater
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probability of associating with unlabeled NBD, and the newly
formed labeled/unlabeled dimers do not display LRET. This
experiment confirms our previous findings that there is com-
plete dissociation of NBD dimers during the catalytic cycle and
a dynamic monomer/dimer equilibrium during continuous
hydrolysis (5, 19). A similar experiment performed with the
hydrolysis-deficient MJI shows ATP-induced dimerization but
no significant effects of addition of Mg or excess unlabeled MJ
(Fig. 2B). This result confirms that ATP-bound catalytically
deficient MJI dimers are stable and do not dissociate during the
time course of our studies (5, 7, 19).

Dissociation of Dimers with Only One Hydrolysis-competent
NBS—The M] dimer contains two NBSs capable of hydrolysis,
but it is still unresolved whether one or two ATP molecules are
hydrolyzed during the monomer/dimer cycle. To address this
issue we studied heterodimers formed by one active (MJ) and
one hydrolysis-deficient (M]JI) NBD. These heterodimers have
two NBSs, but only one can hydrolyze ATP effectively because
the second site has a mutation in the catalytic glutamate
(E171Q). MJ labeled with donor (MJ-Tb*") and MJI labeled
with acceptor (MJI-fluorescein) were used to follow het-
erodimer association and dissociation. Ideally, an equimolar
mix of MJ and MJI will produce ~25% of MJ/MJ homodimers,
50% MJ/MJI heterodimers, and 25% of MJI/MJI homodimers.
However, only MJ/MJI dimers containing donor/acceptor pairs
are visible by LRET, allowing for selective measurements from
normal/mutant dimers within the complex population. When
ATP was added to a 1-to-1 mix of MJ-Tb*®* and MJI-fluorescein
the LRET signal increased in an [ATP]-dependent fashion
(black, pink, and red traces, Fig. 3A). The K, for ATP-induced
dimerization of the heterodimers, calculated from the changes
in LRET intensity, was ~25 um (Fig. 3B). This value falls
between those of 5 and 50 uM estimated for MJI and M]
homodimers, respectively (5, 19). The observed dimerization
rate (Fig. 3A) for the heterodimers at saturating [ATP] (red) also
showed an intermediate value between those of MJ (blue) and
MJI (green) homodimers. We have previously shown that in
absence of Mg, ATP-induced dimerization of MJI is ~2 times
faster than that of MJ (19). The higher affinity of MJI for ATP
and its faster dimerization are likely related to the changes in
electrostatics at the dimer interface in the E171Q mutant (7,
19). The heterodimers display characteristics intermediate
between those of M] and MJI (Fig. 34), where one E171Q muta-
tion per dimer produces smaller increases in the affinity for
ATP and dimerization rate than the two E171Q mutations in
MJI homodimers. It is important to note that the E171Q muta-
tion does not decrease the dimerization capability of MJI. Size-
exclusion chromatography analysis has demonstrated that
monomeric MJ or MJI is completely converted to dimers in the
presence of saturating [ATP] (19). The comparable maximal
LRET intensities at 0.5 mm NaATP in our experiments (green,
red, and blue traces in Fig. 3A) indicate that the extent of
MJ/MJI heterodimer formation is similar to those of MJ and
MJI homodimers.

Fig. 4A shows MJ/MJI heterodimer formation initiated by the
addition of saturating ATP and the subsequent dimer dissocia-
tion after addition of Mg. This MJ/M]JI heterodimer dissocia-
tion demonstrates that one ATP hydrolysis is sufficient to dis-
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FIGURE 2. Association/dissociation of MJ and MJI homodimers followed by changes in LRET. A, MJ. MJ concentration was 1 um. Half of the MJ was labeled
with Tb** and the other half with fluorescein. Effects of successive addition of 0.5 mm ATP, 10 mm MgCl,, and 10 um unlabeled MJ (arrow) are shown. The signal
was normalized to the ATP-induced change. B, MJI. The experiment was similar to that in A, but used 1 um MJI.
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FIGURE 3. Dependence of MJ/MJI heterodimer formation on ATP concentration. A, typical LRET intensity changes in response to different ATP concentra-
tions in the absence of hydrolysis (nominally divalent cation-free plus T mm EDTA). The sensitized fluorescein emission from MJ/MJI heterodimers was
measured at ATP concentrations ranging from 0 to 500 uM (red trace labeled as 500 um). Intermediate ATP concentrations were 5, 10, 30 (pink trace labeled as
30 um), 50, and 100 um. The time courses of MJ (blue) and MJI (green) homodimer formation in response to 500 um ATP are shown for comparison. For the
heterodimer formation experiments, Tb®**-labeled MJ and fluorescein-labeled MJI were mixed at a 1:1 molar ratio. For the homodimer formation experiments,
Tb**-labeled and fluorescein-labeled MJ or MJI was employed (1:1 molar ratio). Intensities are presented in arbitrary fluorescence units, without normalization.
The total concentration of NBDs was 1 um. B, summary of the dependence of MJ/MJI heterodimer formation on ATP concentration. Data are means = S.E. (n =
3). S.E. values smaller than the symbols are not shown. The K, and Hill coefficient calculated from the Hill equation were 27 = 3 umand 1.2 *+ 0.1, respectively.
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FIGURE 4. Association/dissociation of MJ/MJI heterodimers. A, changes in sensitized fluorescein emission from MJ/MJI heterodimers during the hydrolysis cycle.
Tb?"-labeled MJ and fluorescein-labeled MJI were mixed at a 1:1 molar ratio (0.5 um each), and the changes in LRET were measured in response to ATP and then in
MQgATP (i.e. during continuous ATP hydrolysis). MJ-F denotes the addition of 0.5 um MJ labeled with fluorescein, which formed homodimers with the To**-labeled MJ
already present. The trace was normalized to the peak sensitized-emission in 0.5 mm ATP. Before addition of ATP the solution was nominally divalent cation-free and
had 1 mm EDTA. B, time course of dissociation of MJ homodimers and MJ/MJI heterodimers. Tb** -labeled MJ and fluorescein-labeled MJI were mixed at a 1:1 molar
ratio for the heterodimer experiments, whereas Th**-labeled and fluorescein-labeled MJ were mixed at the same ratio for the homodimer experiments. ATP-bound
dimers were preformed by >10-min incubation in the presence of 0.5 mm ATP (in a nominally divalent cation-free solution with 1 mmEDTA). Data acquisition followed
the rapid mixing in the stop-flow cell of the labeled ATP-bound dimers with an equal volume of an identical buffer except for the presence of MgCl, and unlabeled MJ.
The final concentrations of labeled NBDs, ATP, MgCl,, and unlabeled MJ were 1 um, 0.5 mm, 10 mm, and 10 um, respectively.
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induced increase in LRET signal by Mg in MJ homodimers (Fig.  of MJI for reassociation with MJ. Before Mg addition, approxi-
2A), the reversal for the MJ/MJI heterodimers was almost com-  mately 25% of MJI is expected to form homodimers. Because
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M]JI homodimers do not dissociate after adding Mg (Fig. 2B),
that ~25% of MJI protein is “trapped” as stable homodimers. In
the presence of MgATP, newly dissociated MJI from MJ/M]JI
heterodimers forms additional MJI homodimers that increase
the MJIs trapped as homodimers, unavailable for reassociation
with MJ. Therefore the probability of heterodimer formation
decreases after each catalytic cycle. Consistent with this inter-
pretation, addition of MJ labeled with fluorescein in the pres-
ence of MgATP increases the LRET signal due to formation of
MJ-Tb?**/MJ-fluorescein dimers (Fig. 4A). From these results
we conclude that dimers with one catalytically active and one
catalytically deficient NBS can undergo complete dissociation
during the NBD hydrolysis cycle.

The Dissociation Rates of Dimers with One and Two Hydro-
lysis-competent NBSs Are the Same—The experiments above
showed that ATP hydrolysis results in dissociation of MJ/MJI
heterodimers that have only one hydrolysis-competent NBS
(Fig. 4B). However, it is possible that the rate of dimer dissoci-
ation following ATP hydrolysis is slower than that of MJ
homodimers that have two hydrolysis-competent NBSs. To
address this possibility, we compared the hydrolysis-induced
dissociation rates of MJ] homodimers and MJ/MJI het-
erodimers. Dimers were preformed by incubation of the
labeled NBDs with saturating [ATP], and rates were measured
under conditions that minimized the contribution of NBD
redimerization, which therefore represent true dissociation
rates. The ATP-bound dimers were mixed in a stop-flow cell
with magnesium and a 10-fold excess of unlabeled MJ. Under
these conditions, labeled/unlabeled dimers that do not produce
LRET are more likely to be formed after the first dissociation,
minimizing the contribution of reassociation of labeled MJ/M]JI
dimers. The results in Fig. 4B illustrate such experiments.
There was an essentially complete decrease in sensitized fluo-
rescein emission in the samples of MJ homodimers and MJ/MJI
heterodimers. The decreases in sensitized fluorescein emission
were well fitted by a single-exponential decay function with
indistinguishable rates for the MJ homodimers (0.15 = 0.03
s~ % n = 8) and the MJ/MJI heterodimers (0.13 + 0.02s™ '; n =
8). These rates indicate that dimers with one or two catalytically
active NBSs dissociate at the same speed. Although the E171Q
mutation affects the dimerization rate (19), our results indicate
that once the ATP-bound dimers are formed, their dissociation
rate is not affected by the mutation.

The dimer dissociation rates presented above were measured
in the presence of a reporter Trp introduced at the dimer inter-
face (G174W) (5, 19). As mentioned under “Experimental Pro-
cedures” (“Protein Expression and Purification”) the effects of
the Trp-Trp interaction are mild, producing only a minor
increase in dimer stability (19). Independently of the possibility
of small effects of the G174W mutation on the absolute disso-
ciation rate, our results indicate that dimers with two catalytic
carboxylates (M]J/M]) and those with one E171Q mutation (M]/
MJI) dissociate at the same speed.

The absence of a difference between the dissociation rates of
MJ homodimers and MJ/MJI heterodimers cannot rule out the
possibility that both ATPs in the MJ homodimers are hydro-
lyzed before dissociation. The hydrolysis rate of the MJ/M]JI
mix (0.05 = 0.01 ATP s™') was approximately half of the
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hydrolysis rate of MJ/MJ homodimers when the total [NBDs]
were the same. Assuming a random association pattern of the
MJ/MJI mix, ~25% of the NBDs will be MJ homodimers and
50% will be MJ/MJI heterodimers. Then, a 50% activity would
be compatible with MJ homodimers with twice the activity of
the heterodimers, as suggested in other studies (22, 23). How-
ever, under hydrolysis conditions (saturating [MgATP]), the
lifetime of the MJ/MJI heterodimer is brief (<20 s, Fig. 4B),
whereas MJI homodimers are very stable. Therefore, MJI avail-
able to form heterodimers decreases with each hydrolysis cycle
(see explanation of Fig. 2B). The result is that under steady-state
conditions the measured activity originates from the popula-
tion of 50% of the NBDs that form MJ] homodimers. Most
importantly, the similarity between the ATP hydrolysis rate of
MJ homodimers (averaging 0.13 = 0.02 ATP s~ ! from all meas-
urements) and their dissociation rate (0.15 = 0.03 s ') strongly
suggests that MJ] homodimers dissociate after one ATP hydrol-
ysis event. If both bound ATPs were hydrolyzed, the rate of
ATP hydrolysis would be twice the dissociation rate (~0.3 ATP
s 1.

DISCUSSION

We have recently shown the usefulness of LRET for the study
of NBD dimerization during the ATP hydrolysis cycle (4, 5, 19).
In LRET, the rare elements Th®" and Eu®" are used as donors.
LRET has many advantages for our experiments versus tradi-
tional fluorescence resonance energy transfer. These advan-
tages depend on the atomic-like and long-lifetime emission of
the lanthanides and result in a very low background, high sig-
nal-to-noise ratio and independence of the sensitized emission
lifetime from labeling stoichiometry (24). The LRET probes
(donor or acceptor) are attached to a single-Cys residue in the
protein, and alterations in the distance that separate the probes
can be followed by changes in the efficiency of energy transfer
and the resulting changes in sensitized-emission intensity. The
residue at position 14 of MJ0796 (G14C mutant) was chosen as
labeling target because it is exposed to the aqueous solvent
(facilitating labeling), it is not part of the active site or dimer
interface (Fig. 1A4), has no effect on the ATPase activity, and the
distance between the two Cys-14 residues in the ATP-bound
dimer is ~50 A (5). This distance is nearly ideal to follow
dimerization by the sensitized fluorescein emission using the
Tb?* /fluorescein LRET pair, which has a Forster distance of
~46 A. In addition, the steep dependence of LRET on the dis-
tance between the probes minimizes the intermolecular signal
between monomers in solution. In the present studies, we
found that in the presence of MgATP (during continuous
hydrolysis), the LRET signal that arises from ATP-bound
dimers disappears rapidly following addition of an excess of
catalytically active unlabeled NBDs. We interpret this as the
result of formation of dimers consisting of labeled and unla-
beled NBDs, which do not produce LRET; the ATP-bound
dimers dissociate following ATP hydrolysis, with reassociation
of the monomers with unlabeled NBDs. This is consistent with
our previous observations (5, 19) and strongly supports the
notion that NBD dimers dissociate completely during the
hydrolysis cycle.
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It is still unknown whether dissociation of ATP-bound NBD
dimers follows hydrolysis of one or both of the bound ATP
molecules. To address this question we used LRET on single-
Cys NBDs labeled with either LRET donor or acceptor probes.
We studied mixtures of “normal” donor-labeled NBDs and
“hydrolysis-defective” acceptor-labeled NBDs. Because only
the dimers containing donor/acceptor pairs are visible by LRET
(homodimers formed by normal or hydrolysis-deficient NBDs
are invisible to LRET), we selectively measured the behavior of
normal/mutant dimers within the complex population. Our
data show not only heterodimer dissociation under hydrolysis
conditions (in the presence of MgATP) of ATP-bound NBD
dimers with only one hydrolysis-competent NBS, but also that
dissociation occurs at the same rate as in dimers with two
hydrolysis-competent NBSs. Because the rate of dimer dissoci-
ation of the latter equals the rate of ATP hydrolysis under the
same conditions, our results support a model where one ATP
hydrolysis event occurs during the hydrolysis cycle. We con-
clude that hydrolysis at one of the NBSs dissociates the ATP-
bound dimers and that this is true even in the case of identical
NBDs.

Mutation of either of the equivalent catalytic Glu residues (to
Gln) in each of the P-glycoprotein NBDs produces a dramatic
decrease in ATPase activity (25). The severe decrease in
ATPase activity when only one NBS is mutated suggests that
hydrolysis by both NBDs is required for a normal cycle. There-
fore, it is possible that P-glycoprotein and other ABC transport-
ers behave differently from the simpler isolated NBDs studied
here. However, the mechanism of the mutations in P-glycopro-
tein is not entirely clear. Because the P-glycoprotein mutants
were able to reach the transition state (measured as vanadate-
induced ADP trapping) and went through multiple turnover
cycles, it was suggested that the reduced ATPase activity could
be the result of slower NBD dimer formation and/or distortion
of the dimer interface (25). In agreement with this interpreta-
tion, we have shown slower dimer formation in response to
MgATP and decreased magnesium selectivity (versus sodium)
in MJI (19), which can be explained by changes in the electro-
statics at the dimer interface (19). Molecular dynamic simula-
tions are consistent with our results showing that hydrolysis of
one ATP is enough to destabilize the dimer interface and pro-
mote NBD dimer dissociation. Some molecular dynamic simu-
lations suggest that ATP hydrolysis at one site is sufficient to
induce opening of the dimer (26) and can even induce loosening
of the nucleotide binding in the second site (27). In this context,
vanadate-induced nucleotide-trapping experiments showed a
maximal stoichiometry of 1 mol/mol of P-glycoprotein, sug-
gesting that after ATP binding the NBD dimer moves to an
asymmetric state where only one NBS binds ATP tightly, is
committed to hydrolysis, and can be trapped (3, 28, 29). Such
NBD asymmetry has been observed in other ABC transporters,
including the homodimeric MsbA (31). Although NBD asym-
metry may require the presence of the transmembrane
domains, we found that only one ATP is hydrolyzed before MJ
dimer dissociation. Therefore, asymmetry in isolated NBD
dimers cannot be ruled out. In summary, the observations
above are consistent with the model proposed by Tombline et
al., where only one ATP is committed to hydrolysis (28), and
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our data suggest that the power stroke requires hydrolysis of
only one ATP.

Another controversial question about the molecular mecha-
nism ABC transporters is whether NBDs dissociate completely
after ATP hydrolysis (monomer/dimer models) or whether
they remain in close proximity during the catalytic cycle (con-
stant-contact models). By measuring distances between LRET
probes attached to selected residues in MJ0796 we have shown
that isolated NBDs dimerize upon ATP binding and dissociate
completely following ATP hydrolysis, with the establishment of
a dynamic equilibrium where approximately half of the NBDs
are monomers and half-dimers (5, 19, this paper). Furthermore,
studies on the ABC exporter MsbA showed that the behavior of
this full-length protein was basically similar to that of the iso-
lated NBDs. However, instead of observing two conformations
(dimer and monomer), there were three dominant conforma-
tions in each state during the hydrolysis cycle: open-state con-
formation (distance of ~53 A, dominant in the nucleotide-free
state, equivalent to monomeric NBDs), and closed and partially
open NBD dimers (~30 A and ~ 36 A, dominant in the ATP-
bound and vanadate-inhibited states) (4). The proportion of
MsbA molecules in the three conformational states changed
among the apo, ATP-bound, continuous-hydrolysis, and vana-
date-inhibited states; i.e. specific conformations were popu-
lated, without distinct conformations specific to one state (4).
Additional support for large distance changes between MsbA
NBDs during the hydrolysis cycle has come from double elec-
tron-electron resonance experiments (32). However, cross-
linking experiments in P-glycoprotein suggest that hydrolysis
can proceed without large separation between the NBDs.
Cross-linking between a pair of Cys in the C-terminal ends of
the NBDs does not abolish drug-stimulated ATPase activity,
suggesting that these parts of the NBDs do not require a major
separation for hydrolysis (33). Moreover, cross-linking of two
introduced Cys that lie close to the signature motif of NBD1
(P517C) and the Walker A motif of NBD2 (11050C) with an 8-A
bifunctional cross-linker increased the ATPase activity, like
binding of drug substrates, suggesting that the increase in drug-
stimulated ATPase activity occurs with the NBDs closely asso-
ciated (30). It seems that the NBDs have the ability to dissociate
completely during the ATP hydrolysis cycle, but regulatory fac-
tors like information transmitted from the transmembrane
domains and presence of substrate drugs can restrict NBD sep-
aration, facilitating reassociation and increasing ATPase rates.

In summary, our results indicate that hydrolysis of one ATP
promotes dissociation of the MJ0796 homodimer. Therefore, it
is possible that ABC transporters with two hydrolysis-compe-
tent NBSs (like P-glycoprotein) and those with only one hydro-
lysis-competent NBS (like CFTR) have a comparable hydrolysis
cycle mechanism. Even in transporters where both NBSs are
identical, hydrolysis of one ATP would be sufficient to destabi-
lize the dimer. Additional studies will be needed to determine
whether the conformational change elicited by hydrolysis of
one ATP powers substrate transport.
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