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ABSTRACT. Nucleotide-binding domains (NBD) are highly conserved constituents of ATP-binding cassette
(ABC) transporters. Members of this family couple ATP hydrolysis to the transfer of various molecules
across cell membranes. The NBD of the HlyB transporter, HlyB-NBD, was characterized with respect to
its uncoupled ATPase activity, oligomeric state, and stability in solution. Experimental data showed that
both the nature and pH of an assay buffer influenced the level of protein activity. Comparative analysis
of protein stability and ATPase activity in various buffers suggests an inverse relationship between the
two. The highest ATPase activity was detected in HEPES, pH 7.0. A kinetic analysis of the ATPase
activity in this buffer revealed an enzyme concentration dependence and ATP-induced protein oligomer-
ization. Assuming that the dimer is the active form of enzyme, at least half of the purified HlyB-NBD
was estimated to be a dimer at Bl under the most optimal conditions for ATP hydrolysis. This is
about 2 orders of magnitude lower than reported for other canonical ABC-ATPases. The maximum reaction
velocity of 0.6umol/mgmin at 22°C and the apparent kinetic const&@e?, s of 0.26 mM for ATP were
determined for the dimerized HlyB-NBD. Gel filtration experiments with the wild-type protein and HlyB-
NBD mutated in a key catalytic residue, H662A, provided further evidence for ATP-induced protein
dimerization. ATPase activity experiments with protein mixtures composed of wild-type and the ATPase-
deficient H662A mutant demonstrated that one intact NBD within a dimer is sufficient for ATP hydrolysis.
This single site turnover might suggest a sequential mechanism of ATP hydrolysis in the intact HlyB
transporter.

Pathogenic strains dEscherichia colisecrete virulence HlyB belongs to the family of ATP-binding cassette
factors into the media to influence the metabolism of the (ABC)! transporters4). Members of this family participate
host cells. The secretion process of haemolysin A (HIyA) in in a variety of cell processes, including secretion of proteins
Gram-negative bacteria involves crossing both the inner andout of a cell §), efflux of drugs 6), antigen presentation on
outer membrane in one stef)( To accomplish this task, the cell surface 1), and uptake of nutrients8). ABC-
three protein components, the outer membrane protein TolCmachineries utilize the energy of ATP to drive the transport
and two inner membrane proteins, HlyB and HlyD, form a of substrates, the so-called allocrites, across the membranes.
continuous channel through both membranes and the peri-Typically, a complete ABC-transporter is represented by
plasmic space . coli. TolC represents a “channel-tunnel” various combinations of four modules: two cytoplasmic
over 140 A long that spans the outer membrane and protrudesiucleotide-binding cassettes or domains (NBDs) and two
into the periplasmic space)( HlyD, which has a small  hydrophobic membrane-spanning components, the trans-
cytoplasmic and a large periplasmic domain connected viamembrane domains (TMDJJ. All four substituents can be
a single transmembrane helix, apparently serves as anarranged in one single polypeptide or assembled from two
accessory inner membrane protein completing the secretion+o four separate protein subunits into a membrane-associated
tunnel for the 107 kDa HIyA3). HlyB is believed to form complex. In some ABC-transporters, however, domains can
a substrate-specific pore in the inner membrane and to couplebe fused to each other in a different manner. InEheoli
ATP hydrolysis to the unidirectional transport of HIyA. ribose transporter, two fused NBDs form the energizing part

of the complex 10); in Lactococcus lactidmrA and in
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a functional ABC complex. Each HIlyB protein has an
N-terminal hydrophilic portion (amino acid residues 150),
followed by a hydrophobic membrane domain and a con-
served 28 kDa cytoplasmic NBLLY,

NBDs of different ABC-transporters share significant
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ATP stock solution was adjusted to #8.0). Reaction buffer
was added immediately before the start of the reaction. The
assay was initiated by addition of MgCl

ATPase activity as a function of enzyme concentration
was assayed in 100 mM HEPES, pH 7.0, 20% glycerol, 1

sequence identity. Recent studies of various isolated NBDsmM ATP, and 10 mM Mg with protein concentrations

have also revealed their overall structural conservation
despite the huge diversity of allocritekj. This allows one

to postulate a common mechanism of ATP-binding/hydroly-
sis for ABC-transporters with different functions. Neverthe-
less, although TMDs generally determine allocrite specificity,
small but important differences in structure and biochemical
properties of different NBDs exist, which are probably linked
to allocrite recognition 13, 14. Although many intensive
studies of whole ABC-complexes and their isolated NBD
components have been completdd 15, 16, we are still

far from understanding their mechanism of action.

varying from 72 nM to 3.6«M. Protein in storage buffer
was prediluted in 20% glycerol and 1 mM ATP solution.
The reaction was started by the addition of 100 MM HEPES,
pH 7.0, 10 mM MgC}, 1 mM ATP, and 20% glycerol (final
concentrations).

To collect data for ATP hydrolysis at varying ATP
concentrations, the protein solution was first prediluted into
20% glycerol and aliquoted. After the addition of the
corresponding amounts of ATP (0.01 mM ATP), the
reaction was initiated with 100 mM HEPES, pH 7.0, 10 mM
MgCl,, and 20% glycerol (final concentrations). The level

Our studies are focused on the characterization of the Of ATPase activity was found to be inversely related to the

purified NBD portion of HlyB and its H662Aderivative,
defective in ATP hydrolysis. In this article, we present the
enzymatic properties of the wt HlyB-NBD that reveal protein
dimerization in the course of the catalytic cycle upon
increasing the concentration of enzyme. Analytical gel-
filtration provided further evidence for ATP-induced protein
dimerization. Detailed analysis of HIlyB-NBD in various

concentration of MgGlin the range of £10 mM. For
convenience, the highest concentration of 10 mM Mg@ls
used to maintain the same concentration of freeMg all
assays.

ATP hydrolysis reactions were run at 22 for a time
period ranging from 1 min to 2 h, depending on the detected
level of ATPase activity. Aliquots (5@L) were taken at

buffers detected an inverse relationship between activity andappropriate time points, and the reaction was stopped by

stability of the enzyme in solution. Such interdependence
demanded the employment of different buffers to monitor
activity and gel-filtration behavior of the protein. We also

addition of 350uL of 20 mM H,SQ,. The concentration of
inorganic phosphate in the final solution was determined by
a colorimetric method20). Absorbance was measured at

present experimental data consistent with the potential for a620 nm, in 96 well plates, 15 min after the addition of 100

sequential mechanism of ATP hydrolysis within the dimeric
HlyB-NBD.

MATERIALS AND METHODS

Generation of the Y477W Mutant of HlyB-NBDo
generate the Y477W mutant of HlyB-NBD, plasmid pPSG122

uL dye [0.096% (w/v) malachite green, 1.48% (w/v) am-
monium molybdate, and 0.173% (w/v) Tween-20in 2.36 M
sulfuric acid]. All measurements were made under conditions
giving a linear rate of product formation ;{FPover time.
Calibration of free phosphate concentration was performed
with NaHPQ, in the working assay solution. All appropriate
controls were taken into account and subtracted, if necessary.

(17) was used as template. The mutation was introduced ot were analyzed according to Michaelidenten
using the ligase chain reaction (LCR) according to the kinetics (eq 1) or the Hill equation (eq 2).

protocol of the manufacturer (Stratagene). Therefore, the

primer 3-tatccggtttcgtygaagcctgactctcct3 where the in-
troduced mutation is highlighted in bold, was employed.
After successful amplification, DHbcells were transformed
with a plasmid encoding HIyB-NBD Y477W using standard
methods and sequenced to confirm the correct mutation.

Protein Purification. The genes encoding HlyB-NBD,
comprising residues 467707, as well as the mutant proteins
H662A (13) and Y477W were overexpressed and purified
as an N-terminal hexahistidine-tagged fusion protein as
described 18). Pure 26-50 mg/mL protein in 100 mM
CAPS, pH 10.4, and 20% glycerol (storage buffer) was
routinely stored on ice for 23 weeks, without loss of
activity.

ATPase Actiity. The ATPase assay was performed as
described 19) with the following modifications. The de-
pendence of ATP hydrolysis on the nature of buffer and pH
was measured at 2Z in 100 mM of the respective buffering
component, plus 20% glycerol, 1 mM ATP, 10 mM MgCl
and 3.6uM protein. The protein was first prediluted from
storage buffer into a solution of glycerol and ATP (pH of

2Single and triple letter codes were used for amino acids.
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Here,v denotes reaction velocitymax the maximal reaction
velocity, S the substrate or protein concentration (either ATP
or HlyB-NBD), Ky the Michaelis-Menten constank, s the
substrate concentration at which 50% of binding sites of
enzyme are occupied, afdthe Hill coefficient.

Mixing ExperimentsSteady-state and time-resolved AT-
Pase activity in the presence of various molar ratios of wt
HlyB-NBD and HlyB-NBD H662A were carried out in 100
mM HEPES, pH 7.0, 10 mM MgG| 1 mM ATP, and 20%
glycerol at a total protein concentration of 1. Steady-
state experiments were performed for 90 s or 3 min. To
access the initial time course of the ATPase activity, reactions
with a 1:1 molar ratio of wt and H662A HIyB-NBD (total
protein concentration, 1,4M) were performed in the above
buffer, and liberated inorganic phosphate was determined at
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the time points indicated. Using the malachite green assay,
we could determine the first time point only after 10 s due
to the experimental handling procedure. Data were analyzed
according to eq 3 after background correction.

v=at+b 3)
Here,v denotes the reaction velocitgthe slope of the linear
equation, that is, the change of ATPase activity over time,
the time of reaction, anH the y-intercept, for example, the
reaction velocity at the infinite reaction time.

Intrinsic Trp-Fluorescence Measuremenitstrinsic Trp-
fluorescence measurements of the HlyB-NBD Y477W were
performed at 22+ 1 °C in a Cary Eclipse spectrometer
(Varian Instruments) at a protein concentration QfM in
100 mM HEPES, pH 7.0, and 100 mM NaCl. Spectra in the
presence of varying concentrations of nucleotidesy@nM)
were obtained by exciting the sample at 295 nm (slit width

10 nm). Emission spectra were recorded between 305 and
400 nm. To ensure steady-state conditions, spectra were

recorded a second time followgra 5 min incubation of the
protein with the corresponding nucleotides. Under these
conditions, less than 10% of the ATP might be hydrolyzed
in the presence of Mg. Intensities at the peak maximum
were determined using the routine provided by the manu-
facturer. All spectra were background-corrected with spectra
recorded for wt HlyB-NBD, which contains a unique Trp
(W540), and were adjusted for dilution effects. Background-
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Ficure 1: Effect of buffer and pH on ATPase activity of the wild-
type HlyB—NBD. (A) Buffers used were malonate, pH 4.2.0
(closed squares); ADA, pH 6:07.0 (closed triangles); HEPES, pH
6.2—8.0 (inverted, closed triangles); Tris, pH #2.0 (closed
diamonds); CHES, pH 9:310.0 (closed circles); and CAPS, pH
10.4-11.0 (open squares). ATPase activity al€2was determined
from the average of at least three independent experiments with
deviations of data points from the mean given as errors. The dashed
line shows the fit of the experimental data using a Gaussian

corrected intensities were analyzed according to eq 4. Here function. (B) Structural model explaining the observed pH-

_Fmin
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F denotes the background-corrected fluorescergg,the
background-corrected minimal fluorescence at infinite nucleo-
tide concentration, S the nucleotide concentration, ldpd
the dissociation constant. Inner filter effec&l) of nucleo-
tides were not detected up to nucleotide concentrations of 3
mM and therefore not taken into account in our data analysis.

TNP-Nucleotide Affinity Measurementteady-state af-
finities of TNP-ATP and TNP-ADP to HlyB-NBD were
determined at a protein concentration of L at room
temperature as described in detail in 1

Analytical Size Exclusion Chromatography (SEER0—
50 mg/mL stock solution of HlyB-NBD (wt or H662A) in
storage buffer was diluted to—11.9 mg/mL (36-68 uM)

dependence. The model was derived from the crystal structure of
HlyB-NBD H662A in complex with ATP/M@" (26). Arrows
indicate the molecular steps of the proposed ATP/Mdriven
proton abstraction and the nucleophilic attack of the catalytic water.

(14.6 kDa). All experimental buffers contained 20% glycerol
to protect the protein from precipitation.

RESULTS AND DISCUSSION

ATPase Actiity of HlyB-NBD in Different Buffers at
Various pHsThe majority of studies of isolated ABC-NBDs
failed to demonstrate complete functional dimerization of
the enzyme in the course of ATPase reactibg, (22, 23,
thus, hindering a characterization of protein in the fully active
state. Although a fully active state of an ABC-NBD might
require the presence of the cognate TMD, we suspected that
difficulties in obtaining complete functional dimerization of
isolated NBDs might reflect non-optimal conditions in which

into the buffer of interest and incubated in the presence of the NBDs were analyzed. Our extensive search for conditions
additives (salts or nucleotides) where necessary. After providing HlyB-NBD stability in solution showed that 100
incubation fo 1 h onice, 50uL samples were subjected to mM CAPS, pH 10.4, and 20% glycerol is the best storage
SEC to assess the stability and/or oligomeric state of the buffer (18). Although the protein was functionally inactive
protein. The samples were injected onto a Superdex 75 PCin that buffer, the capacity of the enzyme to cleave ATP
3.2/30 gel-filtration column (Amersham Pharmacia) equili- was easily restored upon dilution of the concentrated protein
brated with the appropriate buffer at°® and were run at  from storage buffer into various assay buffers. To reveal the
50—75uL/min. Protein elution was monitored by measuring most optimal functional buffer, the pH-dependence of HlyB-
the absorbance at 280, 290, and 295 nm. Data at 290 andNBD ATPase activity was investigated using a broad
295 nm were collected to reduce background absorption by spectrum of pH values and different buffers: malonate (pH
the nucleotides, if any. Fractions (30.) were collected, 4.2—7.0), ADA (pH 6.0-7.0), HEPES (pH 6.28.0), Tris

and protein content was estimated by SIPAGE, if (pH 7.1-9.0), CHES (pH 9.3-10.0), and CAPS (pH 104
necessary. Elution volumes (in mL) were compared with 11.0) (Figure 1A). Hydrolysis of ATP by HlyB-NBD was
those of molecular weight standards: BSA (66 kDa), tested in 100 mM buffer in the presence of 20% glycerol. A
carbonic anhydrase (29 kDa), and hen egg white lysozymehigh buffer concentration was chosen to maintain a constant
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Table 1: Metal lon Dependent ATPase Activity for Wild-Type HlyB-NBD

cation Mg+ Mn2+ Co?t
Kp TNP-ATP/Mé&t [uM] 7.23+1.09 6.50+ 1.07 6.77+ 0.62
Kp TNP-ADP/M&* [uM] 2.34+0.31 1.85+ 0.41 2.6240.79
Kos [uM] 332+ 36 368+ 28 298+ 39
keat[s™Y] 0.199+ 0.004 0.17% 0.003 0.056+ 0.002
Kb app.dimerizatio 4M] 1.2+0.2 1.3+ 0.3 1.4+ 0.3
[ 11.4 10.6 8.9
ion radius [AP 0.78 0.91 0.82

aKinetic parameters of the ATP hydrolysis reaction were determined using the Hill equstiaken from ref 59. Steady-state dissociation
constants for the TNP-ATP/M&/HIyB-NBD and TNP-ADP/Mé&'/HIyB-NBD were determined as described in Materials and Methods. Since we
were only interested in relative changes in steady-state affinities in the presence of different metal ions, the fluorophore TNP, covaleqdtly attach
to the corresponding nucleotides, was used as a reporter. Not&gthdd.a, andKp app dimerizaionvalues were determined for ATP.

pH upon generation of free phosphate during the assay.the transition state of the enzyme. ATP, following the
Glycerol was used for protein stabilization in assay solutions. principle of substrate-assisted catalys&8)( abstracts a
Normally, a predilution of HlyB-NBD was necessary for proton from the attacking water molecule, which cleaves
assays in different buffers because of the high protein ATP after nucleophilic attack. Direct interaction of the His
concentration and the presence of CAPS in the storagewith substrate might explain the elevateldapvalue of 8.2
solution. However, some buffers, such as HEPES, for over the intrinsic K, of 6.0. Further support for substrate-
example, promoted protein aggregation and precipitation, andassisted catalysis (SAC) stems from the fact that modulation
efforts were taken to limit the time that the protein was of ATPase activity by divalent metal ions (Table 1) is
exposed to assay buffers. Thus, the HlyB-NBD was usually observed. Thus, and in contrast td-fATPase 29), turnover
first prediluted into a buffer-free solution of 20% glycerol numbers for ATPase activity with Mg > Mn?" > Co*,
and 1 mM ATP. The buffering components were finally as well as the catalytic efficienck&/Kos) (30), correlate
added to the assay mixture immediately before starting thewith the K, values of the metal ionaqua complexes and
reaction with MgC} (see below). their strength to act as a Lewis acid but not with their atomic
Interestingly, the level of ATP hydrolysis was significantly radius. This modulation of activity, which is qualitatively
dependent not only upon pH but also upon the buffer itself, identical to that of P-gp31), implies that a proton abstraction
with a more than 4-fold variation immax (Figure 1A). At step is influenced by the presence of different metal ions.
pH 7.0, the highest ATPase activity for HlyB-NBD was Moreover, analysis of the dissociation constants of TNP-
observed in 100 mM HEPES and 20% glycergd = 0.6 ATP and TNP-ADP and the dimerization of the HlyB-NBD
umol ATP/minrmg); the activity was reduced 2-fold in 100 (see below) revealed that metal ions neither influenced
mM ADA and 20% glycerol, or 100 mM Tris and 20% nhucleotide affinities nor dimerization of the NBD (Table 1).
glycerol (Umax close to 0.3umol ATP/mirrmg). The lowest  This is consistent with the idea that the rate-limiting step of
enzyme activity was obtained in 100 mM malonate and 20% the catalytic cycle of the HlyB-NBD is ATP-hydrolysis, that
glycerol max = 0.14 umol ATP/mirrmg). The notion of is, a chemical reaction rather than a binding step. In these
the inverse relationship between protein stability and level experiments, for convenience, we employed TNP-fluoro-
of ATP hydrolysis, for example, was displayed by comparing phores, which have much higher affinities than unmodified
the properties of CAPS versus HEPES buffer (see also refnucleotides. However, since we are only concerned with
18) and was supported by further protein analysis (see relative differences in affinity due to the presence of different
below). metal ions, TNP-derivatized nucleotides are justifiably used
Despite the specific effect of each buffer on the functional @S & valuable reporter. In summary, the data for the pH-
activity of the protein, the pH optimum for ATP hydrolysis dependence of HlyB-NBD activity and the modulation of
stayed close to neutral, regardless of the buffer. ATPaseATPase activity by divalent metal ions support our recent
activity sharply declined to an undetectable level below pH Proposal 26) that HlyB-NBD and perhaps other ABC-NBDs
5 and above pH 10. This pH-dependence of the ATPaseUtilize SAC during their catalytic cycle.
reaction is reminiscent of other ABC-proteins, such as HisP  Positive Cooperatiity of ATP HydrolysisAs shown in

(24) or P-gp @5). Using a Gaussian peak distribution, the
Umax 50% Values were determined to be 6.1 and 8.2.
Knowledge of the crystal structure of the HIlyB-NBD
H662A in complex with ATP/M§" (26) and the derived
“linchpin” model can be used to explain thgax sosvValues.
This model is summarized schematically in Figure 1B, with
H662 playing a key role in catalysis. A pH of 6.2 might
correspond to thel, values of the side chain of glutamate
or aspartate or thg-phosphate group of ATP, while the pH
of 8.2 might reflect the K, value of a histidine fixed in a
salt bridge 27). In the scheme presented in Figure 1B, arrows
show the potential pathway of ATP hydrolysis. According

Figure 2A, the HlyB-NBD demonstrated a nonlinear depen-
dence of ATPase activity on enzyme concentration over a
range of 0.071 uM, changing to a constant activity rate at
protein concentrations above:®1. The relationship between
ATPase actiity versus protein concentrationan be de-
scribed with the Hill equation (eq 2), which is normally used
for substrate dependent activity. According to this equation,
which describes protein behavior in a statistically relevant
manner, the maximal velocity of the reactioViya, was
calculated to be 690 nmol/mimg at 22°C, a Hill coefficient

h = 1.9+ 0.1, and kinetic constarifos = 1.2 + 0.2 uM
HIlyB-NBD. Although these parameters have different mean-

to the proposed model, the side chain of His662 forms a ings compared to the standard definition of the Hill equation,

salt bridge with the/-phosphate group of ATP and stabilizes

we found them very convenient for the description of the
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0.75 The greater than first-order dependence of ATPase activity
- on enzyme concentration over the range of 8:0%M of
HlyB-NBD (Figure 2A) suggested that the active form of
the enzyme is an oligomer, although the equilibrium favors
the monomer within this protein range. Formation of the
e active oligomeric species might therefore be the rate-limiting
TRy agvearan step at low enzyme concentrationsl(«M) with the rate of
o e the reaction increasing with protein concentration. A similar
- = dependence of activity on protein concentration was detected
000 ; ? 7 A for HisP (22) and the NBD of the yeast peptide transporter
HlyB-NBD [:M] MdI1p (23). In contrast to the aforgmentloned NBD com-
ponents, the rate of HlyB-NBD activity became constant at
protein concentrations aboveiM (Figure 2A). In fact, a
linear dependence of activity on enzyme concentration was
0.50- observed only in some special cases of NBDs, such as the
=l independent NBDs, MalK and OpuAA2), or full-length
2 transporters, such as MRB3). MalK, the ABC-component
: a of the E. coli maltose transporte4), forms stable homo-
B dimers by virtue of its additional 15 kDa C-terminal
g r-_:;'----”"i-mr regulatory domain, even in the absence of nucleotides in
2 solution @35). Stable homodimers are very likely organized
0 055 e Py o0 similarly in OpuAA (32), the ABC-NBD of the osmotically
ATP [mM] re_gulatgd A_BCTtransporter Opu_A_f_rorBacHIus subtilis
Since dimerization is not a rate-limiting step of the ATPase
reaction of MalK, OpuAA, and MRP, a linear relationship
between ATPase activity and protein concentration is
observed. Apparently, the same reason explains the constant
’ activity rate for HlyB-NBD, assuming that an active oligo-
meric form of HIyB-NBD is also a dimer.

The shape of the curve (Figure 2A) is quite different from
a standard hyperbolic function describing protein dimeriza-
tion. Although several hypotheses can account for the
7 o i ol sigmoidal shape of velocity against protein concentration,
0.00 T T T T 1 we favor the existence of spatially separate active sites
000 025 050 075 100 125 . . R . )
involved in enzyme dimerization together with a possible
ATP [mM] interdependence between ATP-binding and dimerization.
FiGURE 2: (A) ATPase activity of wt-HlyB-NBD at 22C. ATPase  Thjs notion is further supported by our gel-filtration studies,

activity as a function of enzyme concentration in the buffer : i . . -
containing 100 mM HEPES, pH 7.0, 20% glycerol, 10 mM MgCl demonstrating an ATP-induced protein dimerization (see

and 1 mM ATP. ATPase activity was determined from the average D€lOW), and our structural investigations of the HlyB-NBD
of at least two independent experiments with the average of the H662A with ATP/Mg* (26). Accordingly, we set the
absqlute deviations Qf data points from the mean given as errors.apparent dimerization constaitp app €qual toKos (1.2 +

The inset shows a Hill plot of the data. Data were fitted according o 2 ;M) as calculated from the experimental data. To the
to Michaelis-Menten eq 1, dashed lines, or Hill eq 2, solid lines. b N K led his is the fi . h I

(B) ATPase activity as a function of ATP concentration at a 3.6 P€St Of our knowledge, this is the first ime that@mplete

uM enzyme concentration in 100 mM HEPES, pH 7.0, 20% functional dimerization of the isolated, monomeric ABC-
glycerol, 10 mM MgC}, and varying ATP concentrations. ATPase  subunits in the absence of regulatory domains or TMDs was
activity was determined from the average of at least two independentyhserved in the course of the HlyB-NBD ATPase reaction.
experiments with deviations of data points from the mean given as : : :

errors. The inset shows the corresponding Hill plot. Data were fitted On the other hand, one has to keep in mlnd thgt this number
with a fixed Hill coefficient of 1 (dashed line) or with a variable ~ 'eflects the rate of monomemonomer interaction for the
Hill coefficient (solid line). (C) ATPase activity as a function of isolated NBDs of HlyB under the assay conditions. There-
ATP concentration at a 1,4M enzyme concentration ir} 100 mM  fore, one should expect thés 4pp to be even lower for the
HEPES, pH 7.0, 20% glycerol, 10 mM Mg&land varying ATP 1y agsembled HIlyB transporter, where strong intermo-
concentration. ATPase activity was determined from the averageI lar i . b full-| h HIVB. HIVD. Tol

of at least two independent experiments with deviations of data €Cular interactions between full-length HlyB, HIyD, TolC,
points from the mean given as errors. The inset shows the and substrate are observed 86—38). Despite this reserva-
corresponding Hill plot. Data were fitted with a fixed Hill coefficient  tion, the protein dimerization constant obtained for the
of 1 (dashed line) or with a variable Hill coefficient (solid line). jsglated HIyB-NBD under our conditions is about 2 orders
functional activity of HIlyB-NBD at various protein concen- of magnitude lower than those calculated for other wild-
trations. Thus, the Hill coefficient reflects a measure of the type NBDs, such as HisP and the MdI1p-NB22( 23, and
degree of cooperativity between monomeric protein subunits, 1 order of magnitude lower than the experimentally deter-
while Kqs indicates the concentration of the monomeric minedKp value for OpuAA (32). In our opinion, the much
HIyB-NBD required to attain 50% of the saturating reaction lower Kp app0f 1.2uM for HlyB-NBD is a result of both the
activity. optimized conditions for ATPase assay and the particular
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Table 2: Kinetic Parameters of the Wild-Type HlyB-NBD,
HlyB-NBD Y477W, and HlyB-NBD H662A

Table 3: Dissociation Constants of the HlyB-NBD Y477W/ATP,
AMPPNP, or ADP Complexes in the Presence or Absence 6f"Mg
in 100 mM HEPES, pH 7.0, and 100 mM NaCl at 222

Kos Umax Ifcat
[mM] [nmol/mgmin]  [min~—Y] h Ko [uM] Brmax [au]

wt (1.1uM) 0.36+ 0.05 202+ 16 5.6+0.7 1.31+0.13 ATP 98.3+ 115 0.261+ 0.005

wt (3.6uM) 0.26+0.03 600+ 34 171 1.35+0.14 2+
Y477TW (1.1uM) 0.634+0.36 46+ 8.2 1.3+ 0.2 1.42+0.34 ﬁgﬂgyﬂp %g%i éls'z 8§$ﬁ 8'883
Hegﬁo 0.1 mM) NM NM NM NM AMPPNP/M@* 138.0+ 18.4 0.189+ 0.006
- ADP 89.7+ 8.8 0.270+ 0.005
2 Parameters were determined according to eq 2. NM, no measurable ~ ADP/Mg?* 77.1+£13.2 0.2444 0.008

ATPase activity. Parameters are the average of at least two independent

experiments with standard deviations given as errors. a Experiments were performed at a protein concentration @il

and nucleotide concentrations ranging from 0 to 3 ril¥lvalues were
determined as described in Materials and Methods using a “single
storage buffer for the enzyme, which minimizes protein nucleotide-binding site” model as fit function (eq &) values are the
denaturation. average of at least three independent experiments with standard
We also examined the activity of the HlyB-NBD as a deviations given as error8max represents the maximal quenching
function of ATP concentration at two enzyme concentrations, values.
1.1 and 3.uM. The experimental data can be fitted either
to the Michaelis-Menten (eq 1) or the Hill (eq 2) equation ATP, the nonhydrolyzable ATP analogue AMP-PNP, or ADP
(Figure 2B,C). At both protein concentrations, the values for (but not AMP), in the presence or absence of the cofactor
the Hill coefficient were indicative of positive cooperativity ~Mg?*, resulted in nucleotide concentration-dependent quench-
of ATP hydrolysis and were rather similar, 1.310.13 at ing of the intrinsic Trp-fluorescence (spectra not shown).
1.1 uM and 1.35+ 0.14 at 3.6uM (Table 2). The other  After background correction, the data were analyzed accord-
kinetic parameters significantly depended on the HlyB-NBD ing to eq 4 (see Materials and Methods). As summarized in
concentration (Table 2) and, consequently, on the oligomeric Table 3, the dissociation constants for ADP and ATP are
state of the protein (Figure 2A). The apparent affinity of the identical within experimental error. This is in clear contrast

substrate, Mg/ATP, for HlyB-NBD increased by 10M as
a result of the monomerdimer equilibrium (at 1.1uM),
shifting to the predominantly active dimeric state (at/a\).
This change in the oligomeric/functional protein state also

to data for P-gp, where dissociation constants for ATP and
ADP differ by an order of a magnituddT). However, the
affinities for both ATP and ADP reported for the isolated
N-terminal NBD of MRP-1 48) are in a reasonably close

affected the ATPase reaction rate, which increased 3-fold agreement with the results of our studies. In the case of the

attaining akea of 17 & 1 min~t at 3.6uM NBD.

Thus, the observed activity plots (Figure 2) of teaction
velocity versus substrate concentraticas well asversus
enzyme concentratidndicate that ATP hydrolysis does not
follow Michaelis—Menten kinetics and suggest positive
cooperativity between two HIlyB-NBD subunits. In conclu-

HIyB-NBD, the presence or absence of the cofactorMg
in the nucleotide/HlyB-NBD complexes had no effect on the
Kp values (according to our calculations, less than 10% of
ATP should be hydrolyzed under the tested conditions).
Similarly, Mg?" had little effect on the value of maximal
guenching, which depends on the relative orientation of the

sion, our results here and previously reported studies of theTrp and the adenine ring (Table 3). This implies that cofactor

HlyB-NBD activity (13) support the notion of the ATP-
induced protein dimerization for isolated ABC-NBD23(
39-41).

Steady-State Affinity of Nucleotides for the HlyB-NBD
Y477WIn all published crystal structures of NBDs of ABC-
transporters containing bound nucleoti®s,(40-46), the

binding does not induce large conformational changes within
the nucleotide-binding site that could influence overall
affinity. Nevertheless, one has to be cautious, since the
affinity of an NBD toward nucleotides might be modulated
by the presence of TMDs. Whether this is true or not in the
case of HlyB has to await further functional studies on full-

adenine ring moiety interacts with a conserved aromatic length HlyB.

amino acid viar— stacking. The function of this aromatic
amino acid in HlyB is performed by Y477L4), which is

Interestingly, the nearly identical ADP and ATP affinities
for the HIyB-NBD also implies that undén vizo conditions,

located in a loop connecting strand 1 and strand 2 of the where the ratio of ATP to ADP concentration is ap-

ABC-subdomain of the catalytic domain. Replacement of
Tyr by Trp in the corresponding position of the protein
represents a useful tool to directly monitor nucleotide binding

proximately 10 49), preferential binding of ATP should be
ensured, thus, creating directionality in the catalytic cycle
of the NBD. In contrast to the absence of a Vegffect on

under a wide range of conditions. This procedure avoids the the ADP and ATP complexes, the cation changed the affinity
problems associated with the use of fluorescent nucleotides,of the nonhydrolysable ATP analogue AMP-PNP for HlyB-

which normally show increased affinity3®) or covalent

NBD Y477W by a factor of 2. Whether this is functionally

cross-linking to target proteins. Therefore, we took advantagerelevant remains questionable, especially since ihe/alue

of this approach for a more detailed characterization of ADP
and ATP binding to NBD through engineering of the Y477W
mutant. Although the ATPase activity of the purified HlyB-
NBD Y477W was about 4-fold lower than that of the wild-
type protein (Table 2), the mutant protein displayed quite

adequate kinetic characteristics, including positive cooper-

ativity (h = 1.42 £ 0.34) at varying ATP concentrations
(Table 2). As expected, titration of HIlyB-NBD Y477W with

of the y-phosphate moiety of AMP-PNP is changed upon
the introduction of the imino group.

Dimerization, Actiity, and Stability of HlyB-NBD and Its
H662A Mutant in Various Buffer®espite the indication of
the possible interaction of the HlyB-NBD subunits in the
course of ATP hydrolysis, SEC experiments showed that the
HIlyB-NBD exists predominantly as a monomer in solution
(data not shown). HIyB-NBD was typically eluted from the
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column at the position corresponding to the 29 kDa protein
standard (carbonic anhydrase) in nucleotide-free buffers.
Variations in pH, buffers, addition of ATP/ADP up to 1mM,
and elevation of protein concentrations up toui did not
induce formation of the dimeric HlyB-NBD species detect-
able by SEC.

The lack of evidence of oligomerization in SEC experi-
ments for HIlyB-NBD is consistent with prior studies of other
isolated wild-type ABC-component89, 41), with the only
exception of MalK fromE. coli (50) and OpuAA fromB.
subtilis (32), both of which contain C-terminal domains
assisting protein dimerization. On the other hand, MalK from
Thermococcus litoralig51) or GlcV (41) did not display

stable dimer formation despite the fact that both proteins also

contain a C-terminal extension. However, the notion of NBD
dimerization was supported by studies of many ABC-

Zaitseva et al.

10.04

ATPase activity
[#mol P;/mg]

Time [min]
FIGURE 3: ATPase activity of the wild-type HlyB-NBD (squares)
and HlyB-NBD H662A (triangles) at 3,6M enzyme concentration
in 100 mM Tris, pH 8.0, 20% glycerol, 10 mM Mgg&land 1 mM
ATP. Deviations of data points from the mean are given as errors.

ATPases and fully assembled ABC-transporters. Thus, thesufficiently long period (data not shown), we therefore used

isolated nucleotide-binding subunits of a histidine importer,
HisP, a peptide exporter, MdI1p-NBD, and also HlyB-NBD

malonate (50 mM malonate, pH 5.8, 100 mM sodium acetate,
and 20% glycerol) or CAPS storage buffer (100 mM CAPS,

(see above) showed nonlinear dependence of ATP hydrolysispH 10.4, and 20% glycerol) to monitor protein characteristics

on enzyme concentratio2Z%, 23. Analysis of reconstituted

by gel-filtration. Note that the ATPase activity of the HlyB-

and detergent-solubilized complete transporters for maltoseNBD is reduced 45-fold in malonate compared to the most

and histidine demonstrated non-Michaelidenten kinetics
of ATPase activity at various ATP concentratio2el(52).
Functional interaction of two MalK monomers was also

optimal HEPES buffer, while the protein exists in a reversibly
inactive form in CAPS buffer.
The presence of ADP in malonate or CAPS buffers did

detected with vanadate-catalyzed photocleavage experimentsiot alter the mobility of either wt or H662A proteins in gel-

following ATP hydrolysis 63). In contrast to the wild-type
NBDs, employment of isolated ABC-subunits with a single
amino acid substitution allowed the detection of protein
dimerization in the presence of ATP by means of gel-
filtration (23, 39, 4}, fluorescence-binding experimentg),

or analytical centrifugatior39). The above protein mutations
involved either a conservative glutamate or serine within the
Walker B or the ABC-signature motif, respectively. Although

filtration experiments (data not shown). However, SEC
analysis in the continuous presence of ATP demonstrated a
reproducible difference between the wild-type protein and
the H662A mutant. Figure 4 shows SEC chromatograms of
the proteins in two different buffers: malonate (Figure 4A)
and CAPS (Figure 4B). In both buffers, a shift of the
monomeric 28 kDa peak of H662A mutant toward a higher
molecular mass was observed upon ATP addition. For

the above amino acids were postulated to play an importantmalonate buffer, at least ImM ATP was required to observe

role in the enzymatic catalysis, some ABC-proteins with such
substitutions still displayed a significant residual level of
ATPase activity41, 59. In the hope of stabilizing a dimeric
state of the HlyB-NBD by complete switch-off of ATPase
activity, we chose to replace a highly conserved histidine
662 of the H-loop 12) with an alanine. Modification of this
histidine residue in various ABC-proteins completely abol-
ishes ATPase activity and transport of the allocrite across
the membrane by the corresponding transporter, while still
preserving protein ATP-binding capabilitypF—58). As
anticipated, the H662A mutant of HlyB-NBD displayed no
ATP hydrolysis under conditions tested for the wild-type
protein (Table 2 and Figure 3). Yet, in the nucleotide-free

that shift. The higher the ATP concentration, the more
significant was the shift toward the dimer (Figure 4A),
approaching an apparent molecular weight of around 50 kDa
at 5 mM ATP. The eluted position of the wild-type HlyB-
NBD in malonate buffer also showed a small but reproduc-
ible shift toward a higher molecular weight, detectable only
at 5 mM ATP (Figure 4A). The effect of Mggin addition

to ATP or ATP/EDTA was also examined in SEC experi-
ments for both proteins. No detectable differences compared
to ATP alone were observed (data not shown). These results
are consistent with the notion that ATP induces a rapid
equilibrium between dimeric and monomeric forms of HlyB-
NBD, while replacement of the conservative histidine with

buffers, H662 demonstrated essentially the same behavioralanine stabilizes the dimeric form of the enzyme in the

as wt HlyB-NBD, being eluted as a single monomeric peak
from a gel-filtration column (data not shown).

In SEC experiments, an attempt to employ HEPES bulffer,
which supported the highest enzyme activity, failed due to

presence of ATP.

When the wild-type and H662A mutant of the HIyB-NBD
were analyzed by SEC in CAPS buffer in the presence of 5
mM ATP (Figure 4B), two peaks were detected. The

the obvious precipitation of the sample over time at the testedappearance of the major peak resembled the elution pattern

protein concentrations. While addition of Mg@r NaCl to

the HEPES buffer promoted protein stability in the solution,
the ATPase activity of the HIyB-NBD in the presence of
100 mM NacCl was only 10% of that in the salt-free buffer
(13). Thus, an inverse correlation between HIyB-NBD
stability and activity was found in HEPES buffer upon salt
addition. Since other buffers, although permitting only low
or no ATPase activity, maintained protein solubility over a

observed in malonate with ATP, while the position of the
minor peak or shoulder presumably corresponded to the
dimeric protein species of 60 kDa. The presence of two peaks
in this elution profile suggested the existence of a slow
equilibrium between two species of the enzyme. The shift
of the major peak for HlyB-NBD H662A in the ATP-
supplemented CAPS could be an indication of either a rapid
monomer-dimer equilibrium or ATP binding to the mutant
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FIGURE 4: Analytical SEC of HIyB-NBD or HlyB-NBD H662A activity of wi/H662A HlyB-NBD mixture at the indicated molar

at 504M protein concentration. Elution profiles were recorded at [atios at 22°C. Data points represent the average of three
290 nm. (A) Protein mobility in 50 mM malonate, pH 5.8, 100 independent experiments with the standard deviation given as error
mM sodium acetate, and 20% glycerol with or without ATP in the Pars- Mixtures were prepared as described in Materials and Methods.
running buffer. Note that, for the H662A mutant without ATP, the 1 N€ ¢max Values were determined after 3 min using the malachite
same protein mobility was observed for the wild-type HlyB-NBD ~ J'S€n assay, evaluated according to eq 2, and plotted versus percent
without ATP or for both proteins with ADP (not shown). Note that (%) ©f wt HIyB-NBD. The fit was obtained by using a linear
the protein mobility observed for the wild-type HIyB-NBD without ~ '€dression fit function. (B) Time resolved, initial ATPase activity
ATP and for both proteins with ADP (not shown) was the same as ©f & 1'& molar ng typ(ej/ HGG%A dHI.yB;\IA\lBD 'mllxtured Dl\;slttahp(élnts d
for the H662A mutant without ATP. (B) Protein mobility in 100  Were determined as described in Materials and Methods an
mM CAPS, pH 10.4, and 20% glycerol with or without ATP in represent the average of two independent experiments with standard
the running buffer. Note that the same protein mobility as for the deviations given as errors.

H662A mutant without ATP was observed for the wild-type HlyB-

NBD without ATP and for both proteins with ADP. )
protein without inducing dimerization. The latter seems vy el e 10 b
unlikely since binding of ATP causes a major conformation ¢ —— - — T ¥ '
change in the NBD leading to the extensive interaction el iRbnRstit

between the two protein monomers, as we observed in the 6 T

crystal structure of H662A protein in complex with AP

Mg (26). Moreover, the presence of ADP, which does not o
Ficure 6: Proposed model for dimerization of HlyB-NBD. The

m.duce dimer formation In crystal Strucu.”e@'( 43-45), model assumes the presence of the two symmetrical ATP-binding
did not cause any change in the SEC profile. Thus, we would gjtes p3, 2§. For further details see text.

like to propose the hypothesis that the coexistence of slow

and rapid types of equilibria, detected by SEC in CAPS  Our studies also demonstrated the significance of the buffer
buffer, could be explained by two different dimeric forms component for protein stability and supported the idea of an
of the protein: a form D rapidly equilibrating with the inverse relationship between the level of functional activity
monomeric form (M) and a more stable form D* incapable and stability of HlyB-NBD. Thus, molecules of the buffering
of the rapid equilibration (Figure 6). The rapid equilibrium component, together with pH, seem to participate actively
seems to be favored by malonate with ATP, the buffer which in the structural rearrangement of HlyB-NBD, altering protein
allows catalysis, while the slow equilibrium and accumulation stability and its functional activity.

of D* is supported by CAPS with ATP, the buffer where ATPase Actiity of Heterodimers Composed of Wild-Type
the protein exists in a latent form lacking activity. It is and H662A HIlyB-NBD.To extend further the functional
important to note that changes in protein mobility, including analysis of HlyB-NBD, mixing experiments similar to the
dimer peaks in CAPS, disappeared upon ATP removal from ones pioneered for HisB%) were designed. Assuming that
the column buffers (data not shown). This reversible forma- the NBD dimer with two ATP-binding sites is a catalytically
tion of the dimeric species implies that we have observed active species23, 26, 35, 39, 40), various molar ratios of
native conformational/oligomeric changes of the protein state the ATPase-deficient H662A mutant and the wild-type HlyB-
and not a result of protein denaturation/aggregation. NBD were combined, and steady-state ATPase activity of
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the dimers was measured. As shown in Figure 5A, at a monomer communications. Introduction of an aspartate
constant protein concentration and different molar ratios (3: would severely influence this cross-talk and perhaps prevent
1, 1:1, and 1:3), a linear relationship of activity versus ATP-hydrolysis even in a single site. However, further
amount of the wild-type proteiwas observed. Thus, at a experimental evidence is necessary to determine the precise
1:1 molar ratio, the steady-state ATPase activity was 50% influence of an aspartate at the position of the conserved

of the wild-type level. This is consistent with formation of
25% H662A/H662A dimers, 50% H662A/wt, and 25wt %
wt/wt dimers, where H662A/H662A homodimers are inac-
tive, wt/wt homodimers are fully active, while H662A/wt

histidine.

A Model for ATP-Induced Dimerization and Agty of
HlyB-NBD. Functional and gel-filtration studies of both the
HlyB-NBD and the H662A mutant, together with the crystal

heterodimers show half of the wt/wt activity. This result structure of the Mg/ATP-bound H662A dimer 26),
indicates that ATP hydrolysis takes places in one ATP- demonstrate that the HlyB-NBD is capable of specifically
binding site independent of the other site of the NBD binding two ATP molecules per dimer and that the dimer
heterodimer. Such a scenario is reminiscent of the model of serves as the active species for ATP hydrolysis. Binding of
ATPase activity proposed for MdI1p-NB2), which states ~ ATP but not Mg"/ATP or ADP promotes dimerization of
that the hydrolysis of each ATP molecule in MdI1p-NBD the isolated NBD subunits. The NBD-dimer can function at
occurs in a sequential fashion. a half of its power with one hydrolytically active site even

The above conclusions are based on the assumption of arwhen the other site is defective, although still able to bind
unrestricted random association of monomers upon mixing. ATP. A similar situation is observed for some natural ABC-
One can argue that subunits can be associated in a prefertransporters, where one NBD carries a partially degenerated
ential manner, resulting in a favorable formation of the conserved motif, for example, Pdr5p, RbsA, CFTR, and TAP.
homodimers in the ATP-supplemented solution. In that case, In these cases, ATP hydrolysis also occurs independently in
only wt/wt homodimers would be responsible for the detected one of the active sites of the NBD-dimer.

ATPase activity. However, this scenario seems unlikely in
view of a nonlinear dependence of ATPase activity on protein
concentration observed in the protein range ofLQ«M for

the wt HIyB-NBD (Figure 2A). Thus, at a 1:1 molar protein
ratio of wt and mutant tested at 14M total protein

The combination of activity data and SEC analysis
described here suggests that while ATP-induced formation
of NBD dimers is a necessary condition for ATP hydrolysis,
this may not be sufficient. Thus, two types of ATP-induced
dimeric forms of the HlyB-NBD were detected: a hydro-

concentration, the final level of ATP hydrolysis should then Iytically active D and reversibly inactive D* state. The former
be less than 50%, assuming the existence of only ho-was observed in malonate buffer, while the latter one was
modimers in the solution. The same logic applies to the the prevailing dimeric state in CAPS buffer.

experiments performed at 25% or 75% of wt proteins in a

mixture with H662A mutant. Importantly, the initial ATPase CONCLUSIONS

activity of a 1:1 mixture did not change over time. As evident
from the data presented in Figure 5B, the initial ATPase
activity remained constant during the first 90 s following
substrate addition. The first data point was acquired after
the first ATPase cyclekfx is 0.1 ATP s! under the
conditions of the assay). If heterodimers have no ATPase
activity, the detected activity would be 25% of that with wt

Proper storage conditions and adjustment of the preassay
procedure for isolated HlyB-NBD significantly optimized the
kinetic characteristics of the enzyme by maximally excluding
the precipitated and inactive protein from the assay. HlyB-
NBD activity and stability were shown to be inversely
related. Analysis of protein ATPase activity and SEC
L experiments provided evidence that a functional form of the
only. After the second ATPase cycle (20 s), an act|y ity of HlyB-NBD in catalysis is a dimer. Mutation of the conserved
33.5% would be observed, and so on. However, since no,.” . T . ) )

. - . histidine to alanine in the His-loop abolished enzymatic
such change in ATPase activity was detectable (Figure SB)'ATPase activity. vet. preserved the ATP-binding capabilit
we conclude that the H662A/wt heterodimers must possessmc the protein y"l'r{e ,e?nployment of the H662Agmutpant 0%’

) e . .

50% of the ATPase activity of the wt/wt homodimer. Thus, HIyB-NBD allowed us to conclude that one ATP-binding

we conclude that the linear relationship between activity and site of the dimer is able to function independently of the

increasing the concentration of the mutant NBD (Figure 5A) . - : : P .
indicates that both wt/H662A heterodimers and wt/wt ho- hydrolytic capaplllty of the neighboring ATP blqdlng_ S't?'
Moreover, we discovered that ATP-promoted dimerization

modimers contribute to the detected ATPAse activity. of HlyB-NBD might involve formation of two interconvert-

In HiS.P’ mutations of the corrgsponding histidine (H211) ible forms: a readily dissociable active dimer and a more
to arginine or aspartat®&%) gave different results with respect stable. r ev. ersibly inactive form of the dimer

to ATPase activity of the heterodimers. While the H221R
mutation displayed similar results to those described for ockNOWLEDGMENT

HlyB-NBD H662A, heterodimers of HisP containing the

H221D mutation were ATPase-deficient. On the basis of the We thank Carsten Horn, Nils Hanekop, Robert Ernst,

recently determined crystal structure of the HlyB-NBD H662 Rupert Abele, and Chris van der Does for valuable and

in complex with ATP/Md* (26), two possible explanations ~ stimulating discussions. L.S. thanks R. Tanfipeconstant

for the latter mutant arise. First, the electrostatic repulsion encouragement and support. J.Z. thanks Larisa Avramova

between the side chain of aspartate andytfghosphate of
ATP might disrupt the formation of stable heterodimers.
However, in our model, H662 of HlyB-NBD forms vital
interactions with the D-loop of the trans monomer in the
sandwich dimer, which are necessary for monomer

and Marina Kovina for useful insights.
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