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The OpuA system of Bacillus subtilis is a member of the substrate-binding-
protein-dependent ABC transporter superfamily and serves for the uptake
of the compatible solute glycine betaine under hyperosmotic growth
conditions. Here, we have characterized the nucleotide-binding protein
(OpuAA) of the B. subtilis OpuA transporter in vitro. OpuAA was over-
expressed heterologously in Escherichia coli as a hexahistidine tag fusion
protein and purified to homogeneity by affinity and size exclusion
chromatography (SEC). Dynamic monomer/dimer equilibrium was
observed for OpuAA, and the KD value was determined to be 6 mM.
Under high ionic strength assay conditions, the monomer/dimer inter-
conversion was diminished, which enabled separation of both species by
SEC and separate analysis of both monomeric and dimeric OpuAA. In
the presence of 1 M NaCl, monomeric OpuAA showed a basal ATPase
activity (KM ¼ 0.45 mM; k2 ¼ 2.3 min21), whereas dimeric OpuAA showed
little ATPase activity under this condition. The addition of nucleotides
influenced the monomer/dimer ratio of OpuAA, demonstrating different
oligomeric states during its catalytic cycle. The monomer was the
preferred species under post-hydrolysis conditions (e.g. ADP/Mg2þ),
whereas the dimer dominated the nucleotide-free and ATP-bound states.
The affinity and stoichiometry of monomeric or dimeric OpuAA/ATP
complexes were determined by means of the fluorescent ATP-analog
TNP–ATP. One molecule of TNP–ATP was bound in the monomeric
state and two TNP–ATP molecules were detected in the dimeric state of
OpuAA. Binding of TNP–ADP/Mg2þ to dimeric OpuAA induced a con-
formational change that led to the decay of the dimer. On the basis of
our data, we propose a model that couples changes in the oligomeric
state of OpuAA with ATP hydrolysis.
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Introduction

Many microorganisms such as the Gram-positive
soil bacterium Bacillus subtilis (B. subtilis) are
exposed frequently to drastic and sometimes
rapid changes in the availability of water in their
natural habitat.1 – 3 The concomitant alterations in
the osmotic gradient between the osmolarity of
the environment and the interior of the cell
threatens the bacteria with rupture under hypo-
tonic conditions and dehydration under hypertonic
circumstances as water moves passively through
the cytoplasmic membrane.4,5 Studies with the
enteric Gram-negative bacteria Escherichia coli
(E. coli) and Salmonella typhimurium (S. typhimurium)
revealed that large amounts of Kþ ions (up to
0.4 M) are rapidly taken up from the environment
under high osmolarity growth conditions to
counteract the efflux of water from the cell and
the resulting reduction in cell turgor.6 – 8

Since the cellular machinery of non-halotolerant
bacteria is not adapted to conditions of permanent
high ionic strength, these bacteria replace rapidly
potassium ions with osmotically active organic
osmolytes.1 These so-called “compatible solutes”
are highly congruous with cellular functions, and
their high-level accumulation is used by the cell as
second line of defense to increase cellular water
content and to maintain cell turgor within physio-
logically acceptable boundaries under hypertonic
growth conditions.9 One of the compatible solutes
most widely used by prokaryotic and eukaryotic
cells is the trimethylammonium compound
N,N,N-trimethyl glycine (glycine betaine (GB)).

B. subtilis possesses five osmoprotectant uptake
(Opu) systems for compatible solutes. Three of
these are involved in GB import (OpuA, OpuC
and OpuD).10 – 12 OpuD consists of a single poly-
peptide and belongs to the BCCT family of second-
ary transporters; OpuA and OpuC have multiple
components and are members of the substrate-
binding-protein (SBP)-dependent subfamily of the
superfamily of ATP-binding cassette (ABC) trans-
porters. The OpuA system consists of three
components: the ATPase OpuAA, the integral
membrane protein OpuAB and the extracellular
SBP OpuAC. This latter protein binds GB with
high affinity and specificity and delivers it to the
OpuAA/OpuAB protein complex. To prevent its
loss into the growth medium, OpuAC is tethered
to the cytoplasmic membrane with a lipid modifi-
cation at its amino terminus.13 Transcription of the
opuA operon is under osmotic control, and the
accumulation of GB by B. subtilis under hyper-
osmotic conditions allows growth of the cells over
a wide range of environmental salinities.1,2

ABC transporters are found in all three
kingdoms of life.14,15 These membrane proteins
couple ATP hydrolysis with substrate translocation
across biological membranes in a vectorial manner.
ABC transporters may serve as import or export
machineries of an extremely broad set of non-
structurally related compounds ranging from

small ions, amino acids, sugars and drugs to
peptides and even large proteins. Some human
members of the ABC superfamily are accountable
for diseases or pathophysiological processes, such
as bare lymphocyte syndrome, adrenoleuko-
dystrophy, Stargardt macular dystrophy, Tangier
syndrome, virus escape and many more.16 Other
examples of human ABC transporters are P-glyco-
protein (MDR1),17 which is responsible for multi-
drug resistance in cancer therapy, and the gated
chloride channel cystic fibrosis transmembrane
contuctance regulator (CFTR).18 Mutations in the
CFTR gene are liable for cystic fibrosis, one of the
most common deadly inherited diseases among
Caucasians.

As a general blueprint, all ABC transporters con-
sist of two nucleotide-binding domains or subunits
(NBDs) and two transmembrane domains or sub-
units (TMDs).19 The domain organization within
ABC transporters is extremely variable. In most of
the eukaryotic ABC transporters all four domains
are fused into a single polypeptide chain. In con-
trast, the TMD and NBD of prokaryotic ABC
transporters are normally not fused and are
encoded by separate genes. Many prokaryotic
ABC transporters possess a fifth subunit, the SBP,
which per definition does not belong to the ABC
transporter.20 The SBP is located in the periplasm
of Gram-negative bacteria or is anchored in the
cytoplasmic membrane by a lipid modification of
the amino-terminal Cys residue in Gram-positive
bacteria. The SBP binds its ligand(s) selectively
and with high affinity and delivers it to the sub-
strate translocation complex embedded in the cyto-
plasmic membrane; the ligand is then pumped into
the cell upon ATP hydrolysis.

Biochemical and genetic studies indicate that the
TMDs form a dimer as the functional unit in the
translocation pathway.21 These data are supported
by the recently solved structures of the ABC trans-
porters BtuCD22 and MsbA,23 although the TMDs
of these proteins exhibit a different architecture.
The TMDs show limited sequence homology as
they interact with the transport substrate. The
opposite is true for the NBDs, which energize the
transport process and, at least in one case, interact
with the substrate.24 At least three highly con-
served motifs are generally found in the NBDs:
the Walker A and B motifs25 and the C loop, also
known as “signature motif”, which is the hallmark
of all ABC transporters (bacterial consensus
sequence LSGGQ).14 The first reported crystal
structure of an NBD, HisP, the NBD of the histidine
permease, revealed an L-shaped two-domain
structure.26 The catalytic domain adopts an a/b
fold similar to the RecA protein or the F1-ATPase.25

It contains the Walker A and B motifs which are
involved in ATP binding and hydrolysis. The
helical or signaling domain harbors the C loop at
its periphery.19

Only limited information is available for the
functional oligomerization status of the NBDs.
From a biochemical point of view, a transient
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dimer formation during the catalytic cycle has been
observed for the NBD of the histidine permease
HisP27 and the mutant NBDs of MJ0796 (E171Q)
and MJ1267 (E179Q)28 and the NBD of Mdl1p.29

Besides MsbA and BtuCD, several structures of
isolated NBDs have been solved such as HisP,26

MalK,30 MJ0796 (E171Q),31,32 MJ1267 (E179Q),33

TAP1-NBD,34 HlyB-NBD,35 GlcV36 and the ABC-
related proteins Rad5037 and ArsA.38 All these
proteins have been crystallized in different func-
tional states. Nevertheless, a relation between
functional and oligomeric state of the NBD has
still not been elucidated.

In this study we have characterized OpuAA, the
NBD of the osmotically regulated ABC transporter
OpuA11,13 from B. subtilis. In addition to the
characteristic sequence motifs of NBDs of ABC
transporters, it contains a roughly 200 amino acid
extension at its carboxy terminus. Sequence com-
parison revealed a high degree of amino acid
sequence identity of the B. subtilis OpuAA to
OpuAA from Lactococcus lactis (L. lactis)39,40 (58%
identity) and to ProV, the NBD of the ProU ABC
transporter from E. coli41 (50% identity). Here, we
have overexpressed heterologously OpuAA in
E. coli and purified it to homogeneity. We observed
a concentration-dependent interconversion of
monomeric and dimeric (M/D) OpuAA in the
nucleotide-free state. Separate isolation of both the
OpuAA monomer and the OpuAA dimer was
possible under high ionic strength, since M/D
interconversion was slowed under these assay con-
ditions. The monomer showed detectable ATPase
activity at high ionic strength, whereas the dimer
exhibited only a marginal activity. A dissociation
constant (KD) of 6 mM for the M/D equilibrium
was determined at 150 mM NaCl. Addition of
nucleotides such as ADP/Mg2þ or AMP-PNP/
Mg2þ (a non-hydrolysable ATP analogue) resulted
in a shift of the apparent KD to higher values. The
fluorescent ATP analogue TNP–ATP was used to
determine affinity and stoichiometry of monomeric
and dimeric OpuAA/ATP complexes, respectively.
Two TNP–ATPs per dimeric OpuAA and one
TNP-molecule per monomeric OpuAA were
bound at 150 mM NaCl. Additionally, TNP–ADP
was used as a reporter to sense conformational
changes of dimeric OpuAA. Taken together, our
data indicated a functional coupling of changes in
the oligomeric state of OpuAA with ATP
hydrolysis.

Results and Discussion

Purification of OpuAA

OpuAA, the NBD of the osmotically regulated
ABC transporter OpuA from B. subtilis was over-
expressed heterologously using the L(þ )-arabi-
nose-inducible expression vector pBAD33 (see
Material and Methods) in E. coli as an N or
C-terminal hexahistidine-tagged fusion protein,

which allowed its subsequent purification by
immobilized metal-ion affinity chromatography
(IMAC). Both proteins were eluted from a Zn2þ/
IDA column by a linear imidazole gradient (see
Material and Methods). Purity after the IMAC
step was around 95% as judged by SDS-PAGE
(Figure 1) with a yield of approximately 15 mg/l
cell culture for both fusion proteins. To obtain
homogeneous OpuAA, aggregates were removed
by size exclusion chromatography (SEC). Besides
a peak at the void volume and a high molecular
mass peak (.250 kDa), two protein peaks with
apparent masses of 150 kDa and 65 kDa were
observed. These peaks corresponded to dimeric
(calculated mass: 95.4 kDa) and monomeric (calcu-
lated mass: 47.7 kDa) OpuAA. A comparison of
the sequence of OpuAA with those of other NBDs
revealed that OpuAA contains an additional
extension at the carboxy terminus of roughly 200
amino acids.11 Such an extension is also found in
MalK of S. typhimurium or E. coli, where it is
thought to interact with MalT, a specific gene
activator of the mal operon.42,43 However, such a
gene activator for the opuA operon in B. subtilis
has not yet been identified. The crystal structure
of dimeric MalK reveals a more stick-like shape
due to this C-terminal regulatory domain,30 which
might serve as an explanation for the apparent
higher molecular mass of monomeric or dimeric
OpuAA in SEC. Biochemically both hexahistidine-
tagged fusion proteins proved to be identical.
Therefore, the N-terminal hexahistidine-tagged
version of OpuAA was employed in all subsequent
experiments.

Analysis of M/D OpuAA

Purified OpuAA was analyzed in buffer B

Figure 1. Coomassie-stained SDS-15% PAGE. Lane M,
standard molecular masses in kDa; lane 1, total protein
of E. coli BL21(DE3) harboring pBAD33/OpuAA-His6

before induction; lane 2, three hours after induction
with 0.01% (w/v) L(þ )-arabinose; lane 3, 5 mg His6-
OpuAA of pooled elution fractions after IMAC; and
lane 4, 5 mg OpuAA-His6 of pooled elution fractions
after IMAC.
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supplemented with 150 mM NaCl by SEC. A
change in the monomer/dimer (M/D) peak ratio
was observed at two different OpuAA concen-
trations (Figure 2(A)). The amount of monomeric
OpuAA decreased, while the amount of dimeric
OpuAA increased with increasing protein concen-
tration. This implied a dynamic M/D
interconversion.

To understand this phenomenon in more detail,
the time dependence of M/D interconversion was
investigated. A concentrated OpuAA sample was
diluted into buffer B supplemented with either
150 mM NaCl or 1 M NaCl and stored at 4 8C. The
M/D ratio was analyzed after different incubation
times by SEC. At 150 mM NaCl, OpuAA showed
a dynamic interconversion of both oligomeric
species within the experimental time frame
(Figure 2(B)). This corresponded to a bimolecular
equilibrium reaction. In the early time period
(0–12 h) the dimer decayed monoexponentially
into monomer, and as the concentration of mono-
mer increased the re-association to the dimer
became more dominant. After roughly 4 d the
equilibrium value for the M/D ratio was reached
and an apparent dissociation constant of
5(^3) mM was calculated according to equation
(3a). This value is in agreement with the one deter-
mined by analyzing the M/D ratio of OpuAA at
different concentrations by SEC.

In order to analyze both oligomeric species
separately, conditions had to be established that
slowed the dynamic M/D interconversion. The
energy-providing module OpuAA of the OpuA
transporter faces the cytosol, and M/D inter-
conversion might be influenced by changes of cyto-
solic osmolarity or ionic strength in vivo. Indeed,
M/D interconversion of OpuAA was influenced
by ionic strength in vitro. At 1 M NaCl, dimeric
OpuAA showed a much slower decay and equi-
librium was not reached within the experimental
time frame. This decay was fitted by a mono-
exponential decay function, and a half-time of
interconversion t ¼ 16(^0.5) d was calculated
(Figure 2(B)). In agreement with the OpuAA
dimer, the monomer was also stabilized at 1 M

Figure 2. (A) OpuAA was applied onto a Superdex 200
HR column at 2.5 mM (continuous line) or 10 mM (broken

line) and protein elution was monitored at 216 nm.
Arrows indicate elution volumes of used marker
proteins with the corresponding molecular mass. (B)
OpuAA was diluted to 3.4 mM in buffer B supplemented
with 1 M NaCl (A) or 150 mM NaCl (W) and incubated at
4 8C. Samples were applied onto a Superdex 200 HR
column at the indicated time points. The M/D ratio was
calculated according to equation (1) and plotted versus
the time of incubation. The decay was analyzed accord-
ing to equations (3a) and (3b). (C) OpuAA was diluted
to 3 mM in NaCl (A), KCl (W) or GB (X) at the indicated
concentrations and incubated for 2 d at 4 8C. Samples
were applied to SEC, and the M/D ratio was determined
as described in Material and Methods. M/D ratio was
plotted versus salt concentration of the incubation buffer.
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NaCl (data not shown). These observations imply
that association and dissociation rates of the M/D
equilibrium were slowed at high ionic strength.
As a consequence, both oligomeric species could
be isolated and analyzed separately at 1 M NaCl.

How does ionic strength or osmolarity influence
M/D interconversion? To address this issue, a con-
centrated OpuAA sample was incubated for 2 d at
4 8C in buffer B supplemented with different salts.
To analyze whether the nature of salt had any
influence, we analyzed both NaCl and KCl, since
the intracellular accumulation of Kþ ions plays an
important role in the bacterial defense against
hyperosmotic stress.1 To investigate possible effects
of the substrate of the OpuA transporter, GB was
also tested. Since GB does not have a net charge at
physiological pH, it contributes to osmolarity but
not to ionic strength. After a two-day incubation
at 4 8C, the M/D ratio was analyzed by SEC.
Increasing the salt concentration resulted in an
increase in time necessary to reach equilibrium of
M/D interconversion (Figure 2(C)). The nature of
the cation had hereby no influence. Interestingly,
at 0.4 M NaCl or KCl a minimum was observed.
In contrast to NaCl or KCl, the compatible solute
GB had no influence on the rate of dimer decay
over the investigated concentration range. These
observations implied that M/D interconversion
and equilibrium were influenced by ionic strength
but not by osmolarity. This suggests a potential
significance of electrostatic interactions in associ-
ation/dissociation processes of OpuAA. In support
of our interpretation, a critical role of subtle
balanced electrostatic effects was reported for
dimer association of the NBD MJ0796, which
contains the E171Q mutation.28

Influence of salt on basal ATPase activity

For several isolated NBDs of ABC transporters
such as HisP,27 MalK44,45 and MJ0796,28 a basal
ATPase activity had been demonstrated. Despite
the fact that substrate-stimulated ATPase activity
of fully assembled ABC transporters in reconsti-
tuted systems is higher than the basal ATPase
activity of the isolated NBD,46 these data might
contribute to understand the function and
regulation of these domains.

To investigate whether the OpuAA monomer
and/or the OpuAA dimer display a basal ATPase
activity, both species were isolated separately.

Figure 3. ATPase activity of OpuAA. (A) Monomeric
(broken line) and dimeric (continuous line) OpuAA
were prepared as described in Results and Discussion
and separately applied to a Superdex 200 HR 16/60

SEC column. (B) ATP consumption of monomeric or
dimeric OpuAA was analyzed at different ATP concen-
trations (monomer, 1 M NaCl (W); monomer, 1 M KCl
(A); dimer, 1 M NaCl (X)). Reaction velocities were
analyzed according to equation (5). (C) ATPase activity
of OpuAA M/D was analyzed at 5 mM ATP/Mg2þ in
KCl (A), KPi (B), NaCl (W), NaPi (X), GB (K) at the indi-
cated ionic strength or concentration in the case of GB.
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After a first SEC step under high ionic strength,
monomer and dimer fractions were pooled separ-
ately and applied to a second SEC step in buffer B
supplemented with 1 M NaCl or 1 M KCl. Through
this purification scheme both species of OpuAA
were enriched to more than 90% (Figure 3(A)).
ATP consumption of monomeric or dimeric
OpuAA was measured at different ATP concen-
trations in the presence of 1 M NaCl or 1 M KCl.
ATP consumption was normalized to the protein
concentration and analyzed by standard
Michaelis–Menten kinetics (Figure 3(B)).
Parameters are summarized in Table 1.

Monomeric OpuAA revealed a basal ATPase
activity with a KM value of 0.45(^0.06) mM and a
turnover number of 2.3(^0.1) min21 at 1 M NaCl
(Table 1). These values are similar to those of
other isolated NBDs.27,44 Testing basal ATPase
activity of the monomer in presence of 1 M KCl
revealed an increase in both KM value and
turnover number (KM ¼ 5.4(^0.6) mM,
k2 ¼ 15.5(^1.1) min21). However, the catalytic
efficiency of monomeric OpuAA at 1 M NaCl or
KCl was similar (Table 1). It is thought that
evolutionary pressure increases the KM value
while keeping catalytic efficiency constant.47 As a
first reaction in osmotic stress situations,
potassium ions are accumulated to a sub-molar
concentration.1 Therefore, the detected changes
might serve as a mechanism to modulate ATPase
activity of OpuAA by the interplay of KM and turn-
over number; at 1 M KCl, the KM of the monomer is
in the range of the cytosolic ATP concentration,
meaning that approximately 50% of the proteins
are in the ATP-bound state.

Compared to the monomer, dimeric OpuAA
revealed a tenfold lower basal ATPase activity at
1 M NaCl (Table 1). This observation was surpris-
ing, since several studies demonstrated that the
dimeric NBD was the active oligomeric species.
Ames and coworkers measured an exponential
increase in ATPase activity of HisP with a linear
increment of the protein concentration.27 This
observation suggested a dynamic M/D equi-
librium, with the dimer being the active species.
Detailed analysis of basal ATPase activity of the
NBD MJ0796 revealed cooperative ATP hydrolysis
(Hill coefficient for MJ0796 ¼ 1.728). In analogy to
HisP, these data propose that the dimer acts as
active species in ATP hydrolysis. On the other
hand, investigations of the oligomeric state of the
nucleotide-free state of NBDs suggested that the
monomer is the preferred species. Therefore, a

dynamic M/D interconversion between different
states of the hydrolysis cycle may be essential for
basal ATPase activity. As demonstrated above, this
dynamic M/D interconversion of OpuAA was
reduced at high ionic strength.

Following another line of argumentation, the
interrupted cross-talk between the NBD dimer
and the TMDs, which enables substrate transloca-
tion in a well-regulated fashion, could disrupt
signal(s) from the TMDs, restricting the ATP
hydrolysis by the NBD dimer. Preliminary data
(unpublished results) indicate that ATPase activity
of dimeric OpuAA is restored upon addition of
the two other components of the transporter,
OpuAB and OpuAC. Alternatively, ATP or ATP/
Mg2þ binding might be restricted at high ionic
strength as described for the HisP dimer.27

In the case of the reconstituted OpuA transporter
from L. lactis, an increase in intravesicular ionic
strength stimulated ATPase activity.48 We com-
pared these observations for the isolated NBD of
the B. subtilis transporter OpuA. Since OpuAA
from B. subtilis is a cytosolic protein and interacts
with TMDs, it might be exposed directly to altera-
tions of the cytosolic salt environment. In addition,
the sequence homology between both transporters
implies a conserved mode of action.

Effects of different salts and their ionic strength
on the basal ATPase activity of M/D OpuAA were
analyzed in presence of 5 mM ATP/Mg2þ. As a
general observation, basal ATPase activity was
stimulated with increasing salt concentrations in a
linear fashion. The compatible solute GB had no
detectable effect on basal ATPase activity
(Figure 3(C)). Interestingly, the nature of the cation
(Naþ or Kþ) had a stronger influence on the stimu-
lation of the basal ATPase activity than the nature
of the anion (Cl2 or Pi

2). In contrast to our data,
Poolman and coworkers observed a stimulating
effect of Pi

2 salts and acidic phospholipids on the
ATPase activity of the OpuA transporter of
L. lactis.48 In their model, osmotic stress is trans-
mitted via mechanical tension of the membrane,
which activates OpuA.39,48 However, other mechan-
isms for the osmotical activation of compatible
solute transporters have been proposed.49

Proteins such as ProP50 from E. coli or BetP51 from
Corneybacterium glutamicum have C-terminal exten-
sions that are likely to sense ionic strength. Here,
we observe a modulation of M/D interconversion
and basal ATPase activity of OpuAA by ionic
strength. Potassium ions drastically increase the
turnover number as well as the KM value. This

Table 1. Michaelis–Menten parameters of monomeric or dimeric OpuAA at 1 M NaCl or 1 M KCl at 22(^2) 8C

Oligomeric species/salt KM (mM) Turnover number (min21) Catalytic efficiency (M21 min21)

Monomer/1 M KCl 5.4 ^ 0.6 15.5 ^ 1.10 2900
Monomer/1 M NaCl 0.45 ^ 0.06 2.3 ^ 0.1 5100
Dimer/1 M NaCl 1.3 ^ 0.5 0.24 ^ 0.04 190
Monomer and dimer/0.15 M NaCl 0.25 ^ 0.1 0.25 ^ 0.01 1000
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might imply the presence of a Kþ-binding site
within OpuAA that is activated in hyperosmotic
stress situations. Such a Kþ sensor has been
identified in the osmoreactive betaine carrier
BetP52 and in the signal kinase KdpD of E. coli.53

Effect of nucleotides on the M/D ratio

NBDs energize the substrate translocation and
thereby undergo different steps in their catalytic
cycle: (1) ATP binding, (2) ATP hydrolysis, (3)
release of ADP and Pi to enter (4) a nucleotide-free
state. The addition of different nucleotides such as
AMP-PNP, ATP or ADP to the NBD might be
used to mimic these catalytic steps.

OpuAA (4 mM) was maintained in buffer B
supplemented with 150 mM NaCl and 10 mM
nucleotides in the absence or presence of 10 mM
MgCl2 for 4 d at 4 8C. The M/D ratio was deter-
mined as described in Material and Methods to
analyze the oligomerization state of OpuAA within
its catalytic cycle. In the nucleotide-free state,
17(^2) mol% (here, the [D]/c0 ratio is defined as
mol%) of dimeric OpuAA was detected with or
without MgCl2 (Figure 4(A)). Roughly the same
amount of dimeric OpuAA was observed after
addition of AMP-PNP (14(^2) mol%). This
indicates similar affinities of AMP-PNP to
monomeric and dimeric OpuAA, respectively.
Incubation with AMP-PNP in the presence of
MgCl2 reduced the amount of dimeric OpuAA by
about 40%. In the presence of ADP and ADP/
Mg2þ, the amount of dimeric OpuAA decreased to
3(^0.5) mol% and 1(^0.2) mol%, respectively. As
a consequence, monomeric OpuAA was the
dominant species under post-hydrolysis conditions
(e.g. ADP/Mg2þ). When ATP/Mg2þ was added to
OpuAA the amount of detected dimeric OpuAA
was marginal (1(^0.2) mol%). This implies
complete hydrolysis of ATP to ADP during the
incubation time and represents therefore post-
hydrolysis conditions, since the amount of dimeric
OpuAA corresponds to the amount detected in
presence of ADP/Mg2þ but not AMP-PNP/Mg2þ.

To quantify the M/D equilibrium of OpuAA
within the different steps of the catalytic cycle, the
individual KD values were determined. OpuAA at
different concentrations was incubated with
10 mM AMP-PNP/Mg2þ or 10 mM ADP/Mg2þ or
without nucleotide. Protein concentration was
determined spectroscopically and by the
bicinchoninic acid assay. OpuAA showed a con-
centration-dependent change of the M/D peak
ratio. A KD value of 6(^1) mM was calculated for
the M/D equilibrium of OpuAA in the nucleotide-
free state according to equation (2) (Figure 5(B)).
The addition of 10 mM AMP-PNP/Mg2þ or
10 mM ADP/Mg2þ to OpuAA resulted in a shift
of the apparent KD value to 50(^4) mM and more
than 200 mM (data not shown), respectively.

For two other NBDs (HisP and MJ0796 (E171Q))
KD values of the M/D equilibrium in the
nucleotide-free state have been determined.27,28 In

contrast to OpuAA, these KD values are greater by
a factor of 15–30 than the one reported here
(HisP: 85 mM; MJ0796 (E171Q): 208 mM). Thus for
HisP and MJ0796 (E171Q), the monomer is the
preferred species for the nucleotide-free state in
solution. In contrast, OpuAA formed a stable
dimer in the nucleotide-free state even in the
absence of the cognate TMDs. In agreement with
our data, a dimerization of MalK was demon-
strated and proposed as intial step in the assembly
of the maltose transport complex.54

In the mutant NBDs MJ0796 (E171Q), MJ1267
(E179Q)28 and Mdl1p (E599Q)29 a highly conserved

Figure 4. Influence of nucleotides on M/D ratio of
OpuAA. (A) 4 mM OpuAA was incubated for 4 d at 4 8C
with 10 mM nucleotide in buffer B supplemented with
150 mM NaCl in the absence or presence of 10 mM
MgCl2. The M/D ratio was determined as described in
Material and Methods. (B) Different concentrations ðc0Þ
of OpuAA were incubated for 4 d at 4 8C without nucleo-
tides (A) or with 10 mM AMP-PNP/Mg2þ (X). The M/D
ratio was determined as described in Material and
Methods and plotted versus c0: The KD value was
analyzed according to equation (2).
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glutamic acid residue, adjacent to the Walker B
aspartic acid residue was mutated to a glutamine
residue. These mutants showed stable ATP bind-
ing, but were either unable to hydrolyze ATP28 or
displayed drastically reduced ATPase activity.29

Stable formation of a homodimeric mutant MJ0796
(E171Q) or MJ1267 (E179Q) had been observed in
the presence of 2 mM ATP (but not in the presence
of AMP-PNP), with KD values of around 70 nM.
Interestingly, wild-type MJ0796/ATP complexes

could not be detected, although there was no
Mg2þ to prevent ATP hydrolysis. Supporting these
biochemical data, the recently solved structure of
MJ0796 (E171Q) in complex with ATP showed a
dimer with two ATP molecules bound to the
complex. The addition of Mg2þ diminished dimer
formation of MJ0796 (E171Q),28 which is in agree-
ment with our data. Possibly, subsequent Mg2þ

binding to the NBD/ATP complex induces confor-
mational changes, which destabilize the dimer
interface of the NBD. The ABC-related protein
Rad50 is the only example for a stable dimeric
NBD/AMP-PNP/Mg2þ complex.37 The addition of
ADP or ADP/Mg2þ to OpuAA strongly inhibited
dimer formation, and the apparent KD value was
shifted to values of more than 200 mM. Similar
observations have been reported for MJ0796,
MJ0796 (E171Q),28 and the NBD of Mdl1p29 in the
presence of ADP. Under these post-hydrolysis con-
ditions, the monomer was the preferred species. In
contrast to the data reported here, the NBD of
Mdl1p displayed no detectable steady-state
ATPase activity in the monomeric state,29 while
the dimeric species was the catalytic active one.
Here, both monomer and dimer species displayed
basal ATPase activity. Furthermore, no dimeric
state was observed for the nucleotide-free state of
the Mdl1p-NBD. Dimerization was clearly induced
by ATP. However, one has to keep in mind that
OpuAA contains a C-terminal extension, which is
absent in the Mdl1p-NBD and might play an
important role in the dimerization of the nucleo-
tide-free state.

Affinity and stoichiometry of monomeric and
dimeric OpuAA/ATP complexes

To understand the effects of nucleotides on M/D
equilibrium of OpuAA in more detail, affinity and
stoichiometry of TNP–ATP to monomeric or
dimeric OpuAA was determined. Competition
experiments with ATP or ADP were performed to
demonstrate specificity of nucleotide binding and
to determine KD values for OpuAA/ATP or
OpuAA/ADP complexes.

As described above, NaCl and MgCl2 have an
important influence on M/D interconversion and
on the ATPase activity of OpuAA (Figure 2(B),
Table 1). Binding of TNP–ATP to OpuAA was,
therefore, analyzed at low or high NaCl concen-
tration (150 mM or 1 M, respectively) and in the
absence or presence of 5 mM MgCl2. First, TNP–
ATP binding to monomeric or dimeric OpuAA in
buffer B supplemented with 150 mM NaCl was
analyzed. The specific fluorescence constants Q1

and Q2 for these assay conditions were calculated
as described in Material and Methods
(Figure 5(A)). Monomeric or dimeric OpuAA was
diluted into assay buffer and immediately titrated
with TNP–ATP. Compared to the TNP–ATP
fluorescence in the absence of protein, the TNP–
ATP fluorescence in the presence of OpuAA was
increased several fold, indicating the formation of

 

Figure 5. Equilibrium binding of TNP–ATP to
OpuAA. (A) TNP–ATP was stepwise added to buffer B
supplemented with 150 mM NaCl (A). The fluorescence
was followed at 540 nm and analyzed according to
equation (7). The same experiment was performed in
the presence of 6.2 mM monomeric OpuAA (X) and the
fluorescence data were analyzed according to equation
(8). (B) Equilibrium binding of TNP–ATP to monomeric
(W) or dimeric (B) OpuAA was performed as described
in Material and Methods. The fluorescence data were
analyzed according to equation (9).
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an OpuAA/TNP–ATP complex (Figure 5(A)). The
fluorescence data for monomeric and dimeric
OpuAA were analyzed according to equations (8)
and (9) (Figure 5(B)). The KD values for monomeric
and dimeric OpuAA were similar (monomer:
9.5(^0.1) mM; dimer: 5.1(^0.1) mM) (Table 2). The
stoichiometry of bound ligands to OpuAA was in
agreement with the oligomerization state of the
protein (monomer: 0.95 ^ 0.01; dimer: 1.91 ^ 0.01)
(Table 2). These results demonstrated that both
monomeric and dimeric OpuAA bound TNP–
ATP under the assay conditions. Addition of
5 mM Mg2þ did not alter the KD value and ligand
number (N) of monomeric OpuAA complexes
significantly (KD: 7.8(^0.5) mM; N : 0.96 ^ 0.03)
(Table 2). However, for dimeric OpuAA the KD

value increased to 34(^5) mM (Table 2), suggesting
that Mg2þ destabilizes a dimeric OpuAA/TNP–
ATP complex. TNP–ATP binding to monomeric or
dimeric OpuAA in buffer B supplemented with
1 M NaCl and 5 mM Mg2þ was also tested. KD

values and stoichiometry of OpuAA/TNP–ATP
complexes for these assay conditions are
summarized in Table 2.

Competition experiments of OpuAA/TNP–
ATP complexes

To demonstrate specificity of TNP–ATP binding
to OpuAA, non-labeled adenine nucleotides (ATP
or ADP) were added to pre-formed OpuAA/
TNP–ATP complexes in a stepwise fashion. These
competition experiments were performed at two
different salt conditions (150 mM NaCl and 1 M
NaCl, respectively) in the absence or presence of
MgCl2.

In the first experiments, buffer B was sup-
plemented with 150 mM NaCl. The fluorescence
of pre-formed monomeric or dimeric OpuAA/
TNP–ATP complexes decreased with increasing
concentrations of ATP (Figure 6(A)). This indicated
a competition of ATP for the nucleotide-binding
pocket of OpuAA. Identical experiments were
performed in the absence of OpuAA and used for
background subtraction (see Material and
Methods). Fluorescence data were subsequently
normalized. Using the KD of OpuAA/TNP–ATP
complexes (see Table 2) and the concentration of

OpuAA and TNP–ATP, KD values of OpuAA/
ATP complexes were calculated according to
equation (10). The KD was calculated to be
2.8(^0.3) mM for monomeric OpuAA/ATP and
3.5(^0.5) mM for dimeric OpuAA/ATP (Table 3).
These results clearly demonstrate that TNP–ATP
binding to monomeric or dimeric OpuAA is
specific. However, the affinity of OpuAA to ATP
is lower than to TNP–ATP, roughly by a factor of

Table 2. Dissociation constants and stoichiometry of
OpuAA/TNP–ATP complexes at 20(^1) 8C determined
by equilibrium-binding experiments (see Material and
Methods)

Oligomeric
species

NaCl
(M) MgCl2 KD (mM)

Ligand
number

Monomer 0.15 2 9.5 ^ 0.1 0.95 ^ 0.01
Dimer 0.15 2 5.1 ^ 0.1 1.91 ^ 0.01
Monomer 0.15 þ 7.8 ^ 0.5 0.96 ^ 0.03
Dimer 0.15 þ 34 ^ 5 2.1 ^ 0.3
Monomer 1 þ 6.8 ^ 0.7 1.01 ^ 0.05
Dimer 1 þ 22 ^ 4 2.1 ^ 0.2

Figure 6. Competition experiments of OpuAA/TNP–
ATP complexes. (A) OpuAA monomer (W) and dimer
(B) were pre-incubated with TNP–ATP (10 mM) in
buffer B supplemented with 150 mM NaCl, and ATP
was added stepwise. Normalised fluorescence at 540 nm
was analyzed according to equation (10). (B) OpuAA
monomer or dimer were pre-incubated with TNP–ATP
(10 mM) in buffer B supplemented with 1 M NaCl. AXP
was added stepwise and normalised fluorescence was
analyzed according to equation (10). Monomer, X ¼ T
(A); monomer, X ¼ D (X); dimer, X ¼ T (B).
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1000. This is in agreement with the reported data of
Thoenges et al.55 KD values of OpuAA/ATP or ADP
complexes in the presence of Mg2þ are summarized
in Table 3.

In the second group of experiments, buffer B was
supplemented with 1 M NaCl and 5 mM MgCl2.
The experiments were performed as described
above using ATP or ADP as competitor for TNP–
ATP (Figure 6(B)). After background subtraction
and normalization, KD values were calculated
according to equation (10). In case of monomeric
OpuAA, KD values were 54(^4) mM (OpuAA/
ATP) and 20(^2) mM (OpuAA/ADP) (Table 3). In
case of dimeric OpuAA the fluorescence of
OpuAA/TNP–ATP could not be decreased sub-
stantially by addition of ATP. This implies a low
affinity of ATP to dimeric OpuAA (larger than
10 mM) or a non-exchangeability of TNP–ATP in
this functional state. Such non-exchangeability has
been described, for example, for the NBD/ATP
complex of Mdl1p.29

Time-course of fluorescence of OpuAA/TNP–
ADP complexes

When a fluorescence titration of dimeric OpuAA
with TNP–ADP/Mg2þ was performed, the fluor-
escence signal did not remain constant (as it did
with TNP–ATP/Mg2þ), but increased over the
time. To investigate this in more detail, we diluted
monomeric or dimeric OpuAA in buffer B
supplemented with 150 mM NaCl and 10 mM
TNP–ADP in the absence or presence of 5 mM
MgCl2 and monitored the fluorescence over time.
One should consider that under these buffer con-
ditions the M/D interconversion of OpuAA was
possible. In the absence of MgCl2, addition of
monomeric or dimeric OpuAA to assay buffer
showed a similar immediate increase in fluor-
escence (about 4 £ 104 cps) and the fluorescence
signal remained constant over the whole period of
measurement, indicating a stable binding event
(Figure 7(c) and (d)). An approximately tenfold
immediate increase in fluorescence was detected
upon addition of monomeric OpuAA to assay
buffer containing 5 mM Mg2þ. The fluorescence
signal remained constant during the measurement

(Figure 7(a)). Addition of dimeric OpuAA to
Mg2þ-supplemented assay buffer resulted in the
same final value of fluorescence (Figure 7(b)).
However, fluorescence increased gradually over
time, which allowed an analysis of the data accord-
ing to equation (11). The half-time was determined
to be 50(^1) min.

This drastic increase in fluorescence of the
OpuAA/TNP–ADP/Mg2þ complex (compared to
OpuAA/TNP–ADP complexes) was caused by a
roughly tenfold higher g value. In agreement with
this observation, g was determined independently
(see Material and Methods) for OpuAA/TNP–
ADP/Mg2þ complex to be 40. Since the enhance-
ment factor reflects the sensing of the TNP
fluorophor to the protein environment within the
nucleotide-binding site of OpuAA, this result
implies that drastic rearrangements or confor-
mational changes of OpuAA upon binding of
TNP–ADP/Mg2þ were responsible for the increase
in g. For the maltose transport system the incorpor-
ation of ADP/Mg2þ/vanadate, as a transition state
analogue, caused a shift in the emission wave-
length of fluorescently labeled complexes. This
shift was associated with a conformational change
from the ground state to the transition state of
MalK upon activation of ATPase activity.56 In
support of this explanation, partial proteolytic
digestion of HlyB-NBD in presence or absence of
ADP/Mg2þ suggested a nucleotide induced
conformational change of HlyB-NBD.57

The increase in fluorescence showed a

Table 3. Dissociation constants of OpuAA/AXP
complexes at 20(^2) 8C determined by competition
experiments (see Material and Methods)

Oligomeric species
NaCl
(M) MgCl2 Ligand

KD

(mM)

Monomer 0.15 2 ATP 2.8 ^ 0.3
Dimer 0.15 2 ATP 3.5 ^ 0.5
Monomer 0.15 þ ATP 0.45 ^ 0.05
Dimer 0.15 þ ATP 1.8 ^ 0.3
Monomer 0.15 þ ADP 0.09 ^ 0.01
Monomer 1 þ ATP 0.054 ^ 0.004
Dimer 1 þ ATP . 10
Monomer 1 þ ADP 0.02 ^ 0.002

Figure 7. Time-course of TNP–ADP fluorescence at
540 nm of samples containing buffer B supplemented
with 150 mM NaCl and 10 mM TNP–ADP. The arrow
indicates the time point of addition of 3 mM monomeric
(a and c) or 1.5 mM dimeric (b and d) OpuAA. Samples
a and b were additionally supplemented with 5 mM
MgCl2. Fluorescence was analyzed according to equation
(11).
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monoexponential time-course with a half time of
50(^10) min. However, TNP–ADP/Mg2þ binding
to dimeric OpuAA might be kinetically disfavored.
In vivo, when OpuAA/ADP/Mg2þ complexes are
formed immediately as in the post-hydrolysis
state of the catalytic cycle, the half-time might be
decreased several fold. Furthermore, in the
presence of the TMDs, the kinetics might be
altered, resulting in an accelerated rate.58 However,
our observation implies that observed thermo-
dynamic pathways are already present in the
isolated NBD. In previous experiments it had been
demonstrated that ADP/Mg2þ caused a decay of
dimeric OpuAA and that monomeric OpuAA was
the preferred oligomeric species under these con-
ditions. Taken together, these results led to the
conclusion that addition of ADP/Mg2þ, as a
mimic for the post-hydrolysis state of OpuAA
within the ATP hydrolysis cycle, induced a confor-
mational change within the dimer interface of
OpuAA. This may lead to a decay of dimeric
OpuAA due to a loss of affinity within the two
OpuAA monomers.

Model of the ATP hydrolysis cycle of OpuAA

The change in oligomerization state of NBDs
within the catalytic cycle represents a feasible
mechanism for the transfer of the chemical energy
of ATP hydrolysis to the TMDs. Especially the for-
mation of an NBD/ATP “sandwich dimer”, as
described by Smith et al.,32 would enable substrate
translocation in a well-coordinated fashion. In
addition to the cross-talk of NBDs among each
other, the NBDs also interact with their cognate
TMDs. The TMDs are dimerized and form the
translocation pathway for the substrate. This
implies a close proximity of the NBDs at the mem-
brane surface, as observed in the crystal structure
of the BtuCD complex.22

On the basis of our data we propose a model that
couple ATP hydrolysis with a change in oligomeric
state of OpuAA (Figure 8). In this study, we
observed a dynamic M/D interconversion of
isolated OpuAA in the nucleotide-free state. A KD

value of 6 mM was calculated for the M/D equi-
librium. We suggest that in vivo when OpuAA is
interacting with its cognate TMD, dimeric OpuAB,
the functional oligomeric species is an NBD dimer.
M/D equilibrium might be regulated with a KD

value in the low micromolar range. Another
example of subunit interaction at a membrane is
the recognition of T-cell receptor and MHC class II
molecules.59 In this case, the KD value of the sub-
unit complex is also in the low micromolar range
and is sufficient to ensure interaction of the
components and subsequently trigger signal
transduction.

Dimeric OpuAA binds two ATP molecules, as
demonstrated by equilibrium-binding experiments
with TNP–ATP. This implies that dimeric OpuAA
represents a functional state in the catalytic cycle.
The dissociation constants of monomeric OpuAA/
ATP and dimeric OpuAA/ATP complexes are
similar (monomer: 2.8 mM; dimer: 3.5 mM). These
data enabled us to calculate a KD value of 10 mM
for the M/D equilibrium of OpuAA in its ATP-
bound form according to the principle of micro-
scopic reversibility. This KD value is 100 times
greater than the KD value of MJ0796 (E171Q) in its
ATP-bound form. However, the wild-type MJ0796
does not show any dimer formation in presence of
ATP. We propose that ATP binds to the pre-formed
dimeric NBDs, which interact with their cognate
TMDs. As in case of MJ0796 (E171Q) the addition
of Mg2þ influenced the M/D equilibrium of
OpuAA. The addition of 10 mM AMP-PNP/Mg2þ

to OpuAA shifted the apparent KD value
from 6(^1) mM to 50(^4) mM. In agreement
with the shifted apparent KD value, the dissociation

Figure 8. Model of OpuAA
hydrolysis cycle. Cubes and barrels
depict the NBD (OpuAA) and
TMD (OpuAB), respectively. For
simplicity, the substrate-binding
protein (OpuAC) has been omitted.
The flash indicates ATP hydrolysis
and subsequent conformational
change of OpuAA. Orientation of
OpuAB is deduced from the X-ray
structure of BtuCD.22 The move-
ment of the TMDs is of course
speculative and only intended to
highlight speculative changes
occurring within the TMDs upon
dissociation of the NBDs, which is
used to shuttle the transport
substrate.
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constants of monomeric OpuAA/ATP/Mg2þ and
dimeric OpuAA/ATP/Mg2þ complexes differ by a
factor of almost 3 (monomer: 0.45 mM; dimer:
1.8 mM). If we calculate the dissociation constant
of M/D equilibrium of OpuAA in its ATP/Mg2þ-
bound form according to the principle of micro-
scopic reversibility, a KD value of 96 mM is derived.
This is in agreement with the apparent KD value for
the M/D equilibrium of OpuAA in presence of
10 mM AMP-PNP/Mg2þ. We suggest, that the
shift in KD value of M/D equilibrium of OpuAA
in vivo simply reflects a loss of attractive forces of
the two OpuAA monomers within the interface
of dimeric OpuAA. This may be a consequence of
the rearrangement or conformational change in
OpuAA upon binding ATP/Mg2þ.

In case of ADP/Mg2þ binding to OpuAA, we
have clearly detected a conformational change
using TNP–ADP as a reporter. The fluorescence of
OpuAA/TNP–ADP/Mg2þ complexes is enhanced
several fold compared to OpuAA/TNP–ADP or
OpuAA/TNP–ATP complexes. Changes in the g
value reflect alterations of the protein environment
within the nucleotide-binding pocket of OpuAA.
Furthermore, the addition of ADP/Mg2þ leads to a
dissociation of dimeric OpuAA. In agreement
with this observation, the apparent KD value for
M/D equilibrium in presence of ADP/Mg2þ is
greater than 200 mM. As a result, monomeric
OpuAA is the preferred oligomeric species under
these conditions. We speculate that this dramatic
loss of attractive forces for the two monomers
within dimeric OpuAA is transmitted to the
TMDs, since OpuAA is bound to its cognate TMD
(OpuAB)2. The reorganization of the TMDs could
then represent the signal on the membrane surface
to import the substrate. The release of ADP/Mg2þ

from OpuAA would then lead to a re-dimerization
of nucleotide-free OpuAA and closure of the trans-
location pathway.

Material and Methods

Cloning of the opuAA gene

The opuAA gene of B. subtilis was amplified by PCR
using the opuAþ plasmid pBKB111 as template. Either 50

or 30 extensions encoding a hexahistidine tag as well as
50 Nde I and a 30 HindIII restriction sites were introduced
using the following combinations of primers. N-His for-
ward: 50GGAATTCCATATGCATCACCATCACCATCA
CAGTGTAGATGAGAAACCAATTAAG30; N-His
reverse: 30TAGGAAGACGTGTCCTCCACTTTATTATT
CGAAATATATA50 and C-His forward: 50GGAATTCCA
TATGAGTGTAGATGAGAAACCAATTA-30, C-His
reverse: 30GTTCTAGGAAGACGTGTCCTCCACTTTGT
AGTGGTAGTGGTAGTGATTATTCGAAATATATA5 0.
The PCR products were digested with Nde I/HindIII
(NEB, Frankfurt/Main, Germany) and cloned into the
L(þ)-arabinose-inducible expression vector pBAD33.60

Both gene inserts were sequenced according to the
dideoxynucleotid method and were found to be free of
mutations. The E. coli strain BL21(DE3) was transformed

with the plasmids pBAD33/His6-OpuAA or pBAD33/
OpuAA-His6.

Overproduction of the OpuAA protein in E. coli and
its purification

Fifty-millilitre Luria-Bertani media (LB) supplemented
with 30 mg/ml chloramphenicol (LB/cam) were
inoculated with a single bacterial colony of BL21(DE3)
containing either plasmid pBAD33/His6-OpuAA or
pBAD33/OpuAA-His6. The cultures were incubated
overnight on a shaker at 220 rpm and 30 8C. One litre
LB/cam medium in a two-litre flask was inoculated
with 20 ml of an overnight culture and incubated at
220 rpm and 25 8C. Production of the His6-tagged
OpuAA proteins was induced at an A550 nm ¼ 1:5 with
0.01% (w/v) L(þ)-arabinose. After three hours of
incubation, the E. coli cells were harvested (4000g, 15
minutes, 4 8C), resuspended in 15 ml buffer A (50 mM
NaPi, 100 mM NaCl, 10 mM imidazole, pH 8.0), treated
with lysozyme (1 mg/ml in buffer A) for 30 minutes at
4 8C and lysed by ultra sonication. The cytosolic protein
fraction was isolated by high-speed centrifugation
(37,000g, 30 minutes, 4 8C) and the supernatant was
loaded onto a Zn2þ/IDA column (5 ml bed volume,
Pharmacia, Freiburg, Germany). Unspecific bound
proteins were eluted with 15 column volumes of buffer
A and subsequently a linear imidazole gradient
(10–300 mM in buffer A) was applied. Recombinant
His6-OpuAA or OpuAA-His6 was eluted around
200 mM imidazole. The OpuAA-containing fractions
were pooled and analyzed by SDS-PAGE, concentrated
with an Amicon concentration cell (Millipore, Eschborn,
Germany; 10 kDa MWCO) to the appropriate volume
and applied onto a Superdex 200 HR column (320 ml
bed volume, Pharmacia, Freiburg, Germany) to separate
aggregates from the soluble OpuAA protein. Fractions
containing OpuAA M/D were pooled and stored at 4 8C
until further use at a concentration of approximately
1 mg/ml.

Determination of protein concentration

Protein concentration was determined spectroscopi-
cally at 280 nm. The theoretical extinction coefficient 1
of monomeric OpuAA was calculated using the expasy
server† to be 11,520 M21 cm21. Alternatively, protein con-
centration was determined by the bicinchoninic acid
assay (Interchim, Monluçon Cedex, France) according to
the protocol of the manufacturer. Total OpuAA concen-
tration always referred to monomeric OpuAA.

Determination of OpuAA M/D ratio

The M/D ratio of OpuAA was analyzed by SEC.
Protein solution (1–30 mM), 100–500 ml was loaded onto
a Superdex 200 HR column (24 ml bed volume,
Pharmacia, Freiburg, Germany) equilibrated in buffer B
(10 mM NaPi, 0.1 mM EDTA, pH 7.5) supplemented
with 1 M NaCl. For molecular weight (MW) determi-
nation, the column was calibrated using the following
proteins: carboanhydrase (29 kDa), bovine serum
albumin (66 kDa), alcohol dehydrogenase (150 kDa),
amylase (200 kDa) and apoferritin (440 kDa) dissolved
in buffer B supplemented with 1 M NaCl. High ionic

† http://www.expasy.ch
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strength was chosen to freeze the dynamic M/D equi-
librium of OpuAA in order to avoid dilution-dependent
changes in the M/D ratio (see Results and Discussion).
Protein elution was monitored at 216 nm and the M/D
ratio was calculated according to equation (1):

½M�

c0
¼
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;
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Here, A216;monomer and A216;dimer correspond to the
maximum absorbance of monomeric and dimeric
OpuAA at 216 nm. c0; [M] and [D] are the concentration
of total, monomeric and dimeric OpuAA, respectively.

Kinetic and thermodynamic evaluation of M/D ratio

The KD of the M/D equilibrium was calculated by the
law of mass action according to equation (2):
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Here, c0 and [M] denote the concentration of total and
monomeric OpuAA, respectively. KD is the dissociation
constant.

The time-dependent decay of dimeric OpuAA at
150 mM NaCl and 1 M NaCl was analyzed according to
equations (3a) and (3b), respectively (see Supplementary
Material):
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Here, c0 and [D] denote the concentration of total and
dimeric OpuAA, respectively. KD and koff are the dis-
sociation constant and the off rate of M/D equilibrium,
respectively. t and t denote the time of sample incu-
bation and the half-time of the decay, respectively. k1

and k2 are fitting parameters.

ATPase activity assay

ATPase activity of OpuAA was analyzed by a
pyruvate kinase/lactate dehydrogenase (PK/LDH)
enzyme assay, which uses NADH oxidation to regener-
ate consumed ATP. The decrease in NADH concentration
as a direct measure for ATP consumption was followed
spectroscopically at 340 nm with an ELISA reader (GMB
Labtechnologies, Jena, Germany) in a 96-well plate
(Greiner, Kremsmünster, Germany). The assay was
calibrated with different NADH concentrations to give a
molar extinction coefficient of NADH of 2590 M21.

To each well, 0.2 mM NADH, 1.5 mM phosphoenol-
pyruvate, 45 mM Tris–HCl (pH 8.0), 5 mM MgCl2, five
units PK, seven units LDH and 50 ml OpuAA (in buffer
B supplemented with the appropriate salt; final concen-
tration 5–10 mM) were added. ATP was added from a
Na2ATP stock solution, pH 6.8. After selecting the
desired salt concentration, the final volume of each
assay was adjusted with water to 200 ml. After two
minutes of incubation, absorbance at 340 nm was
monitored at one-minute time intervals over a period of

15 minutes at 22(^2) 8C. Data points of the whole
measuring period or until all NADH was consumed (at
least over a period of seven minutes) were used to calcu-
late linear slopes DA=DtOpuAA: To account for ATP auto-
hydrolysis, identical assays were performed in the
absence of OpuAA. After background subtraction
(DDA=DDt ¼ ðDA=DtOpuAAÞ2 ðDA=DtbufferÞ) reaction
velocities were calculated according to equation (4):

v ¼
DDA

DDt

1

2590 M21c0
ð4Þ

Here, v is the reaction velocity, DDA=DDt denote the
linear slopes of the time dependent decay of NADH
absorbance at 340 nm of OpuAA samples after back-
ground subtraction and c0 is the final concentration of
OpuAA.

Reaction velocities represent the average value of two
independent measurements. Reaction velocities at
different ATP concentrations were analyzed according
to equation (5) to determine the individual kinetic
parameters:

v ¼
½ATP�k2

½ATP� þ KM
ð5Þ

Here, v is the reaction velocity. KM and k2 denote the
Michaelis–Menten constant and the turnover number,
respectively.

TNP–ATP-binding studies

To assess the binding affinity and stoichiometry of
ATP to OpuAA, we used the fluorescent ATP analogue
TNP–ATP (20,30-O (2,4,6-trinitrophenylcyclo-hexadienyl-
idene)-adenosine triphoshate (Molecular Probes, Leiden,
Netherlands)). Binding studies were generally per-
formed as described.61,62 Fluorescence of the TNP nucleo-
tides was monitored at 540 nm using a Fluorolog,
(Horiba, Edison, NJ, USA). The excitation wavelength
was set at 409 nm, the slit width at 4 nm; temperature
was maintained at 20(^1) 8C by a circulating water
bath. For all experiments, buffer B supplemented with
the appropriate salt and MgCl2 was used as assay buffer.

Typically, a 15-nm blue shift of the maximum emission
wavelength from 550 nm to 535 nm was observed after
binding of TNP–ATP or TNP–ADP/Mg2þ to OpuAA.
Furthermore, fluorescence intensity was enhanced
several-fold. The absolute magnitude depends on the
specific protein environment within the nucleotide-
binding pocket. The fluorescent enhancement factor (g)
is the ratio of fluorescence intensity at infinite protein
concentration with all dye bound ðFmaxÞ to buffer alone
at a fixed TNP–ATP concentration ðg ¼ Fmax=FbufferÞ: g
was independently determined by measuring fluor-
escence intensity with increasing OpuAA concentrations
at 4 mM TNP–ATP. Fmax was determined by fitting the
data with a single exponential equation (equation (6)). g
was calculated to be 5.7 ^ 0.3 in buffer B supplemented
with 150 mM NaCl and 3.0 ^ 0.2 in buffer B sup-
plemented with 1 M NaCl and 5 mM MgCl2:

Ftotal ¼ Fbuffer þ Fmaxð1 2 e2k2c0 Þ ð6Þ

Here, Ftotal and Fbuffer are the measured fluorescence in the
presence or absence of OpuAA. c0 denotes the concen-
tration of OpuAA. Fmax and k2 are specific fitting
parameters.

Fluorescence intensity of TNP–ATP in buffer is low in
the absence of OpuAA and can be described by
equation (7), taking inner filter effects into account. The
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fluorescence constants Q1 and Q2 were determined by
stepwise addition of TNP–ATP (0.5 mM steps for
0–4 mM and 1.0 mM steps for 4–14 mM) from a 1 mM
stock solution to assay buffer. Maximal dilution was
below 1% (v/v). Fluorescence was measured 30 seconds
after addition and mixing to allow for equilibration. All
data were corrected for fluorescence in the absence of
TNP–ATP and were averaged by at least two indepen-
dent measurements. Q1 and Q2 were calculated to be
7403(^85) mM21 and 2207(^8) mM22, respectively, in
buffer B supplemented with 150 mM NaCl. Q1 and Q2

were calculated to be 6429(^51) mM21 and
2148(^4) mM22, respectively, in buffer B supplemented
with 1 M NaCl and 5 mM MgCl2:

Fbuffer ¼ Q1L0 þ Q2L2
0 ð7Þ

Here, Q1 and Q2 denote the specific fluorescence
constants of TNP–ATP and L0 is the concentration of
TNP–ATP.

Protein was diluted into buffer B supplemented with
NaCl (final protein concentration 3–6 mM) and titrated
immediately as described above or even to higher
TNP–ATP concentrations. The dissociation constant
(KDL

) and the corresponding ligand number (N) of
OpuAA/TNP–ATP complexes were determined accord-
ing to equation (8). For explicit derivation of equation
(8) see Supplementary Material:

Ftotal ¼ Q1L0 þ Q2L2
0 þ ðg2 1Þ

Q1

2
2 L0Q2

� �

�½A 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 2 4L0NP0

p
� ð8Þ

A ¼ ðKDL
þ L0 þ NP0Þ

Here, Q1 and Q2 denote specific fluorescence constants
and g is the enhancement factor. KDL

and N are the dis-
sociation constant and the ligand number of OpuAA/
TNP–ATP complexes, respectively. L0 and P0 are the
total concentration of TNP–ATP and OpuAA, respect-
ively. OpuAA concentrations were calculated taking the
oligomerization status of the protein into account. Ftotal

defines the measured fluorescence.
For alternative analysis of the equilibrium-binding

fluorescence data, we applied a Scatchard analysis
according to equation (9):

Lbound

P0
¼ N 2 KDL

Lbound

LfreeP0
ð9Þ

Here, Lbound and Lfree denote concentration of bound and
free TNP–ATP, respectively (see equations (IV) and (Ia)
in the Supplementary Material). KDL

and N are the dis-
sociation constant and the corresponding ligand number
of OpuAA/TNP–ATP complexes, respectively. P0 is the
total concentration of monomeric or dimeric OpuAA,
taking the oligomerization status of the protein into
account.

Competitive binding studies of OpuAA/TNP–
ATP complexes

OpuAA (2–4 mM) were pre-incubated with 10 mM
TNP–ATP for five minutes at 20(^2) 8C. Subsequently,
AXP (X ¼ T or D) was added in a stepwise fashion from
a 1, 10, 100 or 500 mM stock solution at pH 6.8 to a final
ATP concentration of maximal 50 mM. Maximal dilution
was less than 5% (v/v). Identical experiments were per-
formed in the absence of OpuAA. Fluorescence data in

the presence and absence of OpuAA were subtracted
and analyzed according to equation (10). For explicit
derivation of equation (10) see Supplementary Material:

FPLN;AXP–0

FPLN;AXP¼0

¼

A þ AXP0
KDL

KDAXP

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A þ AXP0

KDL

KDAXP

� �2

24NP0L0

s

A 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 2 4NP0L0

p
ð10Þ

A ¼ ðKDL
þ L0 þ NP0Þ

Here, FPLN;AXP–0
=FPLN;AXP¼0

defines the normalized fluor-
escence at different AXP concentrations (AXP0, X ¼ T,
D). KDL

and N are the dissociation constant and the corre-
sponding ligand number of OpuAA/TNP–ATP com-
plexes, respectively. L0 and P0 are the total
concentrations of TNP–ATP and OpuAA, respectively.
OpuAA concentrations were calculated taking the oligo-
merization status of the protein into account. KDAXP

is the
dissociation constant of OpuAA/AXP complexes.

KD values of OpuAA/AXP complexes are the average
value of at least two independent titration experiments.

Time-course of TNP–ADP fluorescence

Monomeric (3 mM) or dimeric (1.5 mM) OpuAA were
added at the indicated time to buffer B supplemented
with 150 mM NaCl and 10 mM TNP–ADP (20,30-O (2,4,6-
trinitrophenylcyclo-hexadienylidene)-adenosine diphos-
phate, (Molecular Probes, Leiden, Netherlands)) in the
absence or presence of 5 mM MgCl2. The fluorescence at
540 nm was monitored at ten-second time points over a
period of 200 minutes at 20(^2) 8C. The time-dependent
increase in fluorescence was analyzed according to
equation (11):

Ftotal ¼ k1 þ k2ð1 2 e2t=tÞ ð11Þ

Here, k1 and k2 are constants. t and t denote time of fluor-
escence measurement and half-time of fluorescence
increase, respectively. Ftotal is the measured fluorescence
at 540 nm.

All chemicals were purchased from Sigma,
Taufkirchen, Germany unless otherwise indicated.
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