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ABSTRACT: The KdpFABC complex ofEscherichia coli, which belongs to the P-type ATPase family, has
a unique structure, since catalytic activity (KdpB) and the capacity to transport potassium ions (KdpA)
are located on different subunits. We found that fluorescein 5-isothiocyanate (FITC) inhibits ATPase
activity, probably by covalently modifying lysine 395 in KdpB. In addition, we observed that the KdpFABC
complex is able to hydrolyzep-nitrophenyl phosphate (pNPP) in a Mg2+-dependent reaction. The pNPPase
activity is inhibited by FITC ando-vanadate. Low concentrations of ATP (1-30µM) stimulate the pNPPase
activity, while concentrations of>500 µM are inhibitory. This behavior can be explained either by a
regulatory ATP binding site, where ATP hydrolysis is required, or by proposing an interactive dimer.
The notion that FITC inhibits pNPPase and ATPase activity supports the idea that the catalytic domain
of KdpB is much more compact than other P-type ATPases, like Na+,K+-ATPase, H+,K+-ATPase, and
Ca2+-ATPase.

P-Type ATPases comprise a superfamily of enzymes
involved in the transport of charged substrates across
biological membranes. Members of the P-type ATPases are
found in all kingdoms of life. This family of enzymes can
be divided into different groups related to their substrate
specificity (1, 67). The heavy metal-transporting P-type
ATPases belong to the type I class, while the mono- and
divalent cation-transporting P-type ATPases were grouped
into the type II class with different subgroups. This clas-
sification is mainly due to the size of the different domains
and their organization. The Kdp-ATPases1 found in a variety
of prokaryotes, bacteria as well as archaea, share homologies
with both groups and were therefore classified as type Ia
(1). Besides several heavy metal-transporting ATPases, the
Kdp-ATPase (KdpFABC complex) ofEscherichia coliis the
best studied bacterial P-type ATPase. This complex, syn-
thesized under potassium starvation or high osmolality in
the medium, is an emergency system that transports potas-
sium ions with a remarkably high affinity (Km ) 2 µM) but
moderate rates (Vmax ) 150 µmol g-1 min-1) (2). The
expression of thekdpFABCoperon is under the control of
the KdpD-KdpE two-component system (3-5). The Kdp-
FABC complex is the only member of the large family of
P-type ATPases where the catalysis of ATP, and hence the

phosphorylation, and the binding and transport of the
substrate occur on different subunits. The membrane-bound
enzyme consists of four subunits (6, 7). The largest subunit,
KdpB (72 kDa), shares with other members of the family
all conserved regions of a classical P-type ATPase. KdpA
(59 kDa) is responsible for potassium binding and transport
and is homologous with potassium channels (8, 9). KdpC
(21 kDa) might be involved in the assembly of the complex
(10), and the small hydrophobic peptide, KdpF (3 kDa), was
shown to stabilize the complex at leastin Vitro (7).

The transport process of P-type ATPases is driven by ATP
hydrolysis in a reaction cycle that includes the transition of
the enzyme from the E1 to the E2 conformation. The
distinctive feature of P-type ATPases is the formation of a
phosphoenzyme as an intermediate. The phosphorylation site
is a conserved aspartate residue, which is located in a highly
conserved DKTGT motif. All P-type ATPases share at least
eight regions of homology first described by Serrano (11).
These domains are believed to play essential roles in
catalysis. Extensive studies on the biochemistry and structure-
function relationship have been performed in the past several
years, especially on the eukaryotic Na+,K+-ATPase and the
Ca2+-ATPase. Recently, the structures of the Ca2+-ATPase
(SERCA pump) at 2.6 Å resolution (E1 state) (12) and at
3.1 Å resolution [E2(TG) state] (13) were published. These
first high-resolution structures of a P-type ATPase allow a
first glimpse into the molecular architecture of P-type
ATPases and confirm the modular character of this class of
enzymes. The most prominent module is the phosphorylation
domain, the architecture of which represents a classical
Rossman fold. This motif is found in a variety of enzymes,
recently grouped together into the HAD superfamily of
enzymes, named after the L-2 haloacid dehalogenase (14).
Since structural similarity exists between the different
members of the P-type ATPase family, the structure of the
SERCA pump provides a unique opportunity to model other
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P-type ATPases.
However, compared with eukaryotic P-type ATPases, only

little is known about the biochemical features of prokaryotic
representatives. For the KdpFABC complex, it was previ-
ously shown that FITC is a potent inhibitor of the ATPase
activity, but the binding site was not identified (15). It is
well-established for the Ca2+-ATPase (16) and for the
Na+,K+-ATPase (17) that FITC binds in or near the ATP
binding site. Therefore, FITC binding is often used as a tool
for measuring effects related to this high-affinity ATP site
(18-23). Sequence comparisons revealed that the KGSVD
motif in the large cytoplasmic loop of KdpB is homologous
to the KGAPE motif of other P-type ATPases and might
therefore constitute the binding site for FITC. KdpB shares
this motif with members of the type II-V classes of P-type
ATPases.

In this report, we provide evidence that the conserved
lysine residue in the KGSVD motif of the nucleotide-binding
domain is the FITC binding site. Furthermore, we report for
the first time that the KdpFABC complex exhibits pNPPase
activity, which is a common feature of other enzymes of
the same class.

EXPERIMENTAL PROCEDURES

Materials.All chemicals were analytical grade. All nucleo-
tides and FITC were purchased from Sigma. pNPP was from
ICN Biomedical Research Products. Protein molecular mass
standards were purchased from NOVEX.

Bacterial Strains and Plasmids. E. colistrain TKW3205
(∆kdpFABC5, ∆atp, thi, rha, lacZ, nagA, trkA405 trkD1)
(24) was transformed with plasmid pSR4 (25) carrying the
wild-type kdpFABCoperon under the control of its natural
promoter. The resulting transformants were grown in minimal
medium containing 0.5 mM K+ and 50µg/mL ampicillin as
described by Siebers and Altendorf (26).

Protein Purification.The KdpFABC complex was pre-
pared as described by Sieberset al. (27). The final elution
fraction from the TSK AF-Red affinity column contained
50 mM Tris-HCl (pH 7.5), 20 mM MgCl2, 10% (v/v)
glycerol, 750 mM NH4Cl, and 0.2% (v/v) aminoxid. The
protein-containing fractions were pooled, dialyzed against
50 mM Hepes-Tris (pH 7.5) and 0.035% (v/v) aminoxid,
further treated as described in ref28, concentrated in an
amicon cell, and stored in liquid nitrogen until they were
used.

Phosphatase ActiVity. The phosphatase activity of the
purified KdpFABC complex was measured in microtiter
plates at 37°C using a total reaction volume of 100µL
containing 20 mM Hepes-Tris (pH 7.8), 15 mM MgCl2, and
50 µg/mL protein. After preincubation for 5 min at 37°C,
the reaction was started by adding 15 mM pNPP and stopped
after 15 min with 0.1 M NaOH. The absorbance of the
reaction productp-nitrophenolate was measured immediately
at 410 nm, calibrating the microplate reader with water to
give true extinction values. The total amount of released
p-nitrophenolate was calculated using an extinction coef-
ficient (ε) of 18.5 × 10-3 M-1 cm-1 or a p-nitrophenol
standard curve. Each data point was an average of duplicate
measurements. As controls, duplicates of the nonenzyme
control were subtracted from each data point. The effect of
nucleotides (1 min), ions, or inhibitors (5 min) was deter-

mined after preincubation at 37°C for the indicated amount
of time.

FITC Modification.Modification of the KdpFABC com-
plex with FITC was carried out for 30 min at 37°C in the
dark (black microreaction tubes) in buffer containing 25 mM
Tris-HCl (pH 9.2), 150 mM choline chloride, 12.5 mM
histidine, and 1 mM MgCl2 using an FITC concentration of
15 µM, unless stated otherwise. FITC was dissolved in
dimethyl sulfoxide as a 10 mM stock solution prepared
freshly before being used. To test the influence of nucleo-
tides, the enzyme was preincubated with the corresponding
nucleotide (5 mM) for 5 min at room temperature.

The FITC-labeled KdpFABC complex used for time
course experiments was incubated with various FITC con-
centrations as described above. To remove unbound FITC,
the samples were purified using NAP-5 columns (Amersham
Pharmacia Bioscience, Freiburg, Germany) equilibrated with
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, and 0.2%
aminoxide. To check for residual free dye, SDS-PAGE was
performed, and the gels were examined under UV light for
FITC fluorescence. The actual labeling ratio was determined
spectrophotometrically by using the molar extinction coef-
ficient for FITC at 495 nm (ε ) 68 000 M-1 cm-1) and by
determining the protein concentration using the BCA assay
from Pierce.

CNBr CleaVage and Amino Acid Sequencing.For cleavage
with cyanogen bromide, Coomassie blue-stained protein
bands of KdpB were cut from an SDS-polyacrylamide gel
and shaken overnight with 0.75 M CNBr dissolved in 80%
(v/v) formic acid. After removal of CNBr by washing with
80% formic acid, evaporation, and neutralization, the peptides
were separated by SDS-PAGE, transferred onto a poly-
vinylidenefluoride membrane, and stained with amido black.
Peptide bands were cut out, and N-terminal microsequencing
of protein fragments was carried out as described previously
(29) with modifications described in ref30using an Applied
Biosystems A473a protein sequencer.

Assays.Protein concentrations were determined by using
the BCA assay from Pierce using bovine serum albumin as
a standard. For protein samples containing detergent, like
aminoxid, the method of Hartree (31) was used. The ATPase
activity was determined after preincubation of the purified
KdpFABC complex with different effectors using the
automatic assay of Arnoldet al. (32) or applying the
microtiter assay described by Henkelet al. (68) with the
modifications described by Altendorfet al. (69). Separation
of proteins was achieved by SDS-PAGE according to the
method of Laemmli (33) using a standard polyacrylamide
concentration of 11% (w/v). The gels were stained with silver
according to the procedure of Blum (34) or with Coomassie
brilliant blue G250 (35).

RESULTS

Modification of the KdpFABC Complex with FITC.For
other P-type ATPases, like Na+,K+-ATPase (36) and Ca2+-
ATPase (18), it was shown that incubation with stoichio-
metric amounts of FITC leads to complete inactivation of
ATP hydrolysis. The conserved lysine residues (K501 and
K515) in the Na+,K+-pump and Ca2+-ATPase, respectively,
were found to be the modified residues (16, 37). These lysine
residues belong to a conserved KGAPE motif that is found
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in many P-type ATPases (for a review, see ref1). The KdpB
subunit ofE. coli shares this motif, but it is important to
mention that only the first two amino acids of the 395-
KGSVD-399 sequence are conserved (see Figure 1). There-
fore, it was unclear whether the FITC molecule exclusively
modifies lysine 395 in KdpB. Previous labeling studies
showed that FITC binds to all three large Kdp subunits (A.
Siebers and K. Altendorf, unpublished results). However, we
could demonstrate that the binding of FITC to subunits KdpA
and KdpC is unspecific, probably due to hydrophobic
interactions between the fluorescent dye and the proteins.
Addition of salts, like NaCl or choline chloride, to maintain
a high ionic strength, prevented unspecific labeling. With
150 mM choline chloride in labeling buffer, only KdpB was
modified by FITC (compare Figure 3). The FITC-labeled
KdpB band was cleaved with CNBr, and after blotting had
been carried out, two bands exhibited characteristic FITC
fluorescence (Figure 2). Amino acid sequencing revealed that
lysine 395 was present in both peptides. The larger fragment
resulted from cleavage after methionine 383 (see Figure 2
for the sequence). Sequencing of the smaller peptide showed
that the cleavage site was located after methionine 392. Both
peptides contain the KGSVD motif, making it likely that
lysine 395 of KdpB is modified by FITC, although there
are some other lysine residues in the C-terminal part of both
peptides.

Influence of Nucleotides on FITC Modification.The
fluorescent dye FITC binds predominantly in the high-affinity
nucleotide-binding site of P-type ATPases to a conserved
lysine residue (17, 18, 36-38). However, replacement of
this conserved lysine residue in the plasma membrane Ca2+-
ATPase did not result in a loss of FITC binding (39). For
the Na+,K+-ATPase, it was also shown that any of several

lysine residues can react with FITC, leading to inhibition of
ion-stimulated ATPase activity (40). Nevertheless, the struc-
tures of the Ca2+-ATPase (12) and of the N-domain of the
Na+,K+-ATPase (41) revealed that the conserved lysine
residue, to which FITC predominantly binds in the wild-
type enzyme, is located in the depth of the nucleotide-binding
domain, making contact with the adenosine moiety of ATP.
Consequently, FITC modification of the KdpB subunit could
be prevented by preincubation with adenine nucleotides (see
Figure 3). Interestingly, ATP, ADP, and AMP protected the
solubilized enzyme. However, there was always a very small
but distinct difference between ATP on the one side and ADP
and AMP on the other. In the case of the Na+,K+-ATPase
(42) and the Ca2+-ATPase (16, 43), only ATP and ADP,
but not AMP, mediated protection against FITC modification.
Other nucleotides such as GTP or ITP had no effect. The
SDS-denatured enzyme was found to be no longer modified
by FITC, indicating the necessity of a properly folded
nucleotide-binding domain for FITC binding (compare with
Figure 3). Similar protective effects were previously reported
for the Na+,K+-ATPase (42). As can be seen in Figure 3,
degradation products of KdpB (KdpB*) are also labeled. It
was previously reported that FITC is a potent inhibitor of
the ATPase activity of the KdpFABC complex (26). This
irreversible inhibition was obviously pH-dependent. We
determined half-maximal (K0.5) inhibition of the ATPase
activity at pH 9.2 with 3µM FITC, which is largely shifted
to a K0.5 of 32 µM at pH 7.5.

p-Nitrophenyl Phosphatase ActiVity of the Kdp-ATPase.
Eukaryotic P-type ATPases lack a stringent substrate speci-
ficity for both substrate hydrolysis and phosphorylation.
Compounds such as acyl phosphate, carbamyl phosphate,
p-nitrophenyl phosphate, and purine nucleotides were shown
to be suitable phosphate donors for the Ca2+-ATPase, for
example (44-48). For the Kdp-ATPase, for the first time,
we could measure the Mg2+-dependent pNPPase activity with
the purified enzyme. Mg2+ ions are essential for the pNPP
hydrolysis, as is the case for all the other P-type ATPases.
It was shown that Mg2+ plays a role in the coordination of
the substrate into the binding pocket (49, 50). The kinetics
of hydrolysis follow a classical Michaelis-Menten scheme
(see Figure 4). TheKm for the purified wild-type enzyme
was 5.2 mM, and theVmax was 110 nmol mg-1 min-1. The
pH optimum of this reaction (pH 8.0, data not shown) was
found to be in the same range as that determined for the
ATPase activity (pH 7.8) (A. Siebers and K. Altendorf,
unpublished results). In the case of the Na+,K+-pump (51),
pNPPase is stimulated by potassium ions, and the KdpFABC
complex has been proposed to have a similar reaction cycle
(52). However, none of the ions that were tested, including

FIGURE 1: Alignment of the KGAPE motifs of different P-type ATPases. Chosen were ATPases representing different subgroups according
to the nomenclature of Axelsen and Palmgren (1). Abbreviations: ATKB ECOLI, potassium-transporting ATPase B chain ofE. coli (EC
3.6.3.12); ATA1 HUMAN, sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (EC 3.6.3.8, SERCA1) ofHomo sapiens; A1A1_HUMAN,
sodium/potassium-transporting ATPaseR-1 chain precursor (EC 3.6.3.9) ofH. sapiens; ATB1 Human, plasma membrane calcium-transporting
ATPase 1 (EC 3.6.3.8, PMCA1) ofH. sapiens; PMA1 ARATH, plasma membrane proton pump (EC 3.6.3.6) ofArabidopsis thaliana.
Sequence information is derived from Swiss-Prot. The alignment was constructed using ClustalW with the default setting and edited using
BioEdit. Conserved residues are on a black background, and similar residues are boxed.

FIGURE 2: CNBr cleavage of the FITC-modified KdpB subunit.
After being labeled with 15µM FITC, the subunits of the
KdpFABC complex were separated by SDS-PAGE. KdpB was
digested with CNBr; the generated fragments were separated by
SDS-PAGE, transferred onto a polyvenylidene fluoride membrane,
and examined under UV light. The amino acid sequence of the
two labeled peptides is given. The KGSVD motif is shown in bold
letters, and other lysine residues are in italics.
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potassium ions, had a stimulating effect on pNPP hydrolysis.
In contrast, at concentrations of 50 mM, potassium, am-
monium, and rubidium ions inhibited (45-50%) pNPP
hydrolysis (data not shown). Addition of the same amount
of sucrose had almost no effect (10% inhibition) on pNPP
hydrolysis (data not shown), suggesting that osmolality
effects can be ruled out.

Influence of o-Vanadate on ATPase and pNPPase ActiVity.
The phosphate analogueo-vanadate was previously shown
to inhibit the ATPase activity of the KdpFABC complex (15).
A comparison of the inhibitory effect ofo-vanadate on
ATPase and pNPPase activity revealed that the inhibition
kinetics of o-vanadate on ATP hydrolysis are different
compared to those on pNPPase activity. TheKi values for
the ATPase activity were determined to be 19.9µM in the
presence and 21.6µM in the absence of potassium ions (1
mM). Like other P-type ATPases, the Kdp-ATPase exhibits
nonlinear kinetics in a double-reciprocal plot of ATP
hydrolysis, indicating non-Michaelis-Menten kinetics. The
Michaelis-Menten plot of the ATP hydrolysis of the Kdp-
ATPase is sigmoid (data not shown) with a corresponding
Hill coefficient of 1.4, indicating allosteric or cooperative
effects of the ATP-binding sites. Theo-vanadate inhibition

of the ATPase activity follows obviously a more complex
mechanism (for reasons of clarity, only the data in the
absence of potassium ions are shown), as indicated by the
nonlinear relation in the double-reciprocal plot in Figure 5B.
The double-reciprocal plot was fitted with a second-order
ratio of polynomials, suggesting the influence of at least two
cooperative sites.

The o-vanadate inhibition of the pNPPase is not as
complex (Figure 6A). AKi value of 2.2 µM for the
o-vanadate inhibition was determined. Figure 6B shows that
the inhibition kinetics of the pNPP hydrolysis are competi-
tive.

Influence of Adenine Nucleotides on pNPPase ActiVity.
Previously, for the Na+,K+-ATPase, it was reported (53) that

FIGURE 3: Influence of nucleotides on FITC modification of KdpB. The KdpFABC complex was incubated for 5 min with the indicated
nucleotides (5 mM) and labeled with 15µM FITC, and the proteins were separated by SDS-PAGE. Abbreviations: KdpB*, degradation
product of KdpB; Std, molecular mass standard; Ctr, protein without FITC added; Ctr+ FITC, protein incubated with FITC without added
nucleotides; ATP, ADP, AMP, GTP, and ITP, enzyme complex incubated with the indicated nucleotide prior to FITC labeling; SDS,
KdpFABC complex denatured with 1% (w/v) SDS prior to FITC addition. The left panel shows a Coomassie blue stain of the polyacrylamide
gel, while the right panel shows the same gel under UV light before staining.

FIGURE 4: Hydrolysis of pNPP by the KdpFABC complex. Shown
is a Michaelis-Menten diagram of the pNPP hydrolysis mediated
by the Kdp-ATPase. The enzyme concentration was 50µg/mL. The
pNPP hydrolysis was assessed for 30 min and stopped with 100
µL of 0.1 M NaOH. The specific activity was calculated with a
p-nitrophenol standard curve. All data points are mean values out
of three independent experiments, and the mean values of three
nonenzyme controls were subtracted. The buffer conditions were
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, and 0.2% aminoxide.
A double-reciprocal plot is shown in the inset.

FIGURE 5: Inhibition kinetics ofo-vanadate toward ATP hydrolysis
of the KdpFABC complex. ATP hydrolysis by the KdpFABC
complex was assessed at varying ATP concentrations. The enzyme
was preincubated with the inhibitor for 5 min at 37°C. The reaction
was started by addition of ATP. A double-reciprocal plot is shown
in panel B. The data were fitted using a second-order polynomial:
(b) 0, (9) 1, (2) 5, and (0) 20 µM o-vanadate.
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low concentrations of ATP (e100 µM) stimulate the hy-
drolysis of pNPP while concentrations above 100µM inhibit
the reaction. In case of the sarcoplasmic reticulum Ca2+-
ATPase, the fluorescein derivatives eosin and erythrosin were
able to stimulate pNPP hydrolysis, however, only in the
presence of Ca2+ (54). The enhanced turnover was not due
to a change in the apparent affinity for the substrate, but is
indeed due to an acceleration of the turnover of the enzyme.
The pNPP hydrolysis of the KdpFABC complex was shown
to be stimulated 3.5-fold (see Figure 7) at ATP concentrations
below 100µM, reaching a maximum around 30µM ATP,
whereas inhibition of the pNPPase activity was observed at
ATP concentrations above 500µM. ADP had only a slight
stimulatory effect, while other nucleotides such as AMP

showed no stimulation. Even the uncleavable ATP analogue
AMP-PNP had no stimulatory effect, indicating that ATP
hydrolysis is necessary for this stimulation. GTP was found
to have a slight stimulatory effect at higher concentrations
(3 mM) (see Figure 8). At millimolar concentrations, ATP,
ADP, and inorganic phosphate exhibited an inhibitory effect
with Ki values of 2.7 mM for ATP, 4.5 mM for ADP, and
25.6 mM for Pi. In contrast, a remarkable inhibition of the
pNPPase activity by AMP with an observedKi of ∼500µM
was observed.

Effect of FITC on pNPPase ActiVity. Labeling with FITC
has been extensively used as a tool to study effects related
to the nucleotide-binding site of various P-type ATPases
(17-20, 55). It was reported that the covalently bound FITC
inhibits ATP hydrolysis in a submillimolar range. However,
it is well-known that FITC-labeled Ca2+-ATPase, H+-
ATPase, and Na+,K+-ATPase are still able to hydrolyze
pNPP. The inhibition by FITC is obviously based on the
sterical hindrance of the nucleotide binding, while smaller
substrates such as acyl phosphate and pNPP are still
hydrolyzed. We studied the effect of the FITC modification
of the KdpFABC complex on ATPase and pNPPase activity.
In contrast to the larger eukaryotic ATPases mentioned
above, we observed inhibitory kinetics of FITC for ATPase
and pNPPase activity (Figure 9). FITC labeling was carried
out at pH 9.2 as described in Experimental Procedures, and
the same enzyme preparations were used for pNPPase and
ATPase activity assays. To test whether one or more
molecules of FITC were covalently bound to the Kdp-
ATPase, the labeling ratio was determined spectrophoto-
metrically using the molar extinction coefficient of FITC at
495 nm (pH 8.0). The labeling ratios were always close to
1 (0.7), indicating that only one molecule of FITC was bound
to a KdpFABC complex. The kinetics of FITC inhibition
were time- and concentration-dependent (Figure 9). The
calculated rate constants for the FITC inactivation of ATPase
(Figure 9A) and pNPPase (Figure 9A) activity were in the
same range, when a single-exponential fit was applied. This
indicates that the inhibition kinetics are similar in both cases
and that a covalent modification of a single site by FITC is
responsible for the loss of activity. Our results show that
the inhibitory effect of FITC is found even with very small
substrates such asp-nitrophenyl phosphate.

FIGURE 6: Inhibition kinetics ofo-vanadate toward pNPP hydrolysis
of the KdpFABC complex. (A) Classical Michaelis-Menten plot
of o-vanadate inhibition of the pNPP hydrolysis. The enzyme (5
µg) was preincubated with the inhibitor for 5 min at 37°C. The
reaction was started by addition of pNPP: (b) 0, (9) 2.5, (2) 5,
(0) 10 µM o-vanadate. (B) Inhibition kinetics.

FIGURE 7: Effect of nucleotides on the pNPP hydrolysis of the
KdpFABC complex. Prior to pNPP addition, the KdpFABC
complex (5 µg) was incubated for 1 min with the different
nucleotides in Hepes-Tris (pH 7.8) and 15 mM MgCl2. The
pNPPase reaction was started with 15 mM pNPP and stopped by
addition of 0.1 M NaOH after 15 min. The activities are indicated
as percent values with an activity of 71µmol g-1 min-1 as the
100% value: (b) ATP, (9) ADP, (2) AMP, (0) GTP, and (4)
AMP-PNP.

FIGURE 8: Effect of high effector concentrations on the pNPP
hydrolysis of the KdpFABC complex. Prior to pNPP addition, the
KdpFABC complex (5µg) was incubated for 1 min with the
different nucleotides (or Pi) in Hepes-Tris (pH 7.8) and 15 mM
MgCl2. The pNPPase reaction was started with 15 mM pNPP and
stopped by addition of 0.1 M NaOH after 15 min. The activities
are indicated as percent values with an activity of 71µmol g-1

min-1 as the 100% value: (b) ATP, (9) ADP, (2) AMP, (0) GTP,
and (4) Pi.
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DISCUSSION

FITC modification at a lysine residue in the KGAPE motif
of the Ca2+-ATPase (SERCA1) (16), the Na+,K+-ATPase
(37), the plasma membrane Ca2+-ATPase (56), and the
plasma membrane H+-ATPase (57) abolishes the hydrolysis
of ATP by these enzymes, but pNPP hydrolysis is retained.
In contrast, both activities are affected by FITC modification
in the case of the Kdp-ATPase. Sequence comparisons
revealed that KdpB has a similar motif (395-KGSVD-399),
and labeling of the KdpFABC complex with FITC in the
presence of sodium or choline chloride revealed that of the
four subunits only KdpB is labeled. Although the sequence
analysis of the CNBr fragments does not prove that the
KGSVD motif in KdpB is the binding site for FITC, the
results at least confirm that the labeled fragments are part
of the nucleotide-binding region of KdpB. These findings
corroborate that FITC binds within the N-domain as found
for other P-type ATPases. It is noteworthy that the Kdp-
ATPase shares the FITC binding motif with the P-type

ATPases of the type II-V classes (1), while the heavy metal-
transporting ATPases lack this motif.

For the Na+,K+-ATPase, it was shown that ATP and ADP
prevent FITC modification, while other nucleotides such as
AMP and GTP had no effect (42). For the KdpFABC
complex, we were able to demonstrate that not only ATP
and ADP but, in contrast to the Na+,K+-ATPase, also AMP
prevents FITC modification. Previously, it was reported that
AMP is not or only binding with low affinity to recombinant
nucleotide-binding domains of the Na+,K+-ATPase (42) and
the Ca2+-ATPase (58). However, it was reported that AMP
binds with an apparent affinity of∼79 µM to the recombi-
nant catalytic loop of the Wilson’s disease protein (59). Since
the size of the catalytic domains of the heavy metal-
transporting ATPases and the Kdp-ATPase are similar, it
seems that these smaller catalytic domains are less selective
than their larger type II-V class counterparts. Furthermore,
there is still discussion about the number of nucleotide-
binding sites in a single polypeptide chain in P-type ATPases.
Ward and Cavieres (55) proposed that a catalytic ATP
binding site and a regulatory ATP binding site exist in the
same molecule, while others believe that the two ATP
binding sites are located on different subunits of a dimeric
unit (23). Stokes and Green (60) suggested two possible
cavities for ATP binding in the large cytoplasmic loop of
the Ca2+-ATPase by analyzing the 8 Å density map of the
enzyme. Recently, experiments in which ADP was docked
into a modeled nucleotide-binding domain of the Wilson’s
disease protein suggested the possibility of more than one
nucleotide-binding site per protein chain (61). However, the
binding of TNP-ATP to the Ca2+-ATPase (12) and the
solution structure of the N-domain of the Na+,K+-ATPase
(41) make it most likely that only one binding site per
catalytic subunit exists in P-type ATPases. The different
behavior of the KdpFABC complex toward the protection
of FITC labeling by nucleotides, namely, the prevention of
FITC modification by AMP, might be due to high-affinity
binding of AMP by the KdpFABC complex and the lack of
discrimination between the different adenosine nucleotide
phosphates. This high affinity for AMP is also reflected by
the strong inhibition of pNPP hydrolysis by AMP. FITC-
labeled enzymes of the Ca2+-ATPase and the Na+,K+-
ATPase still exhibit 80% of their pNPPase activity, while
phosphorylation by ATP is completely abolished. FITC
modifies the E1 and E2 conformations of the Ca2+-ATPase
(18). However, FITC inhibits only ATP-dependent partial
reactions, whereas phosphorylation by Pi or Ca2+ uptake
energized by acyl phosphate or pNPP was mainly retained
(18). In the case of the KdpFABC complex, we could show
that FITC labeling inhibits pNPPase activity with the same
kinetics as the ATPase activity. Since sterical hindrance
[access of larger substrates (e.g., ATP) is prevented, while
hydrolysis of smaller ones (e.g., pNPP) is possible] is the
basis for FITC inhibition, it seems most likely that in case
of the KdpFABC complex the inhibition of the pNPP
hydrolysis by FITC is due to the fact that this smaller
substrate has no access to the nucleotide-binding site. This
is strong evidence in favor of a much more compact structure
of the catalytic loop (P- and N-domain) in the case of KdpB,
compared to other P-type ATPases containing the FITC
binding motif. Lysine 395, where FITC labeling most likely
occurs, is so close to aspartate 307, the proposed phospho-

FIGURE 9: Inactivation of the ATPase (A) and pNPPase (B) activity
of the Kdp-ATPase by FITC. The enzyme was incubated with
various FITC concentrations at pH 9.2 and 37°C. Samples were
taken at different time points and subjected to gel filtration using
NAP-5 columns equilibrated with 50 mM Tris-HCl (pH 8.0), 10
mM MgCl2, and 0.2% aminoxide. The protein concentration of the
eluate was determined. The same samples were used for the ATPase
assay (A) with 10µg/mL protein and for the pNPPase assay (B)
with 50 µg/mL protein per reaction. The activities are indicated as
percent values with an ATPase activity of 1350µmol g-1 min-1

and a pNPPase activity of 51µmol g-1 min-1 as 100% values.
Data were fitted using a first-order exponential decay: (b) 0, (9)
50, (2) 100, and (0) 250 µM FITC.
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rylation site in KdpB (25), that even small substrates such
as pNPP are sterically unable to bind after FITC binding.
However, the FITC-modified KdpFABC complex exhibits
differences compared to other P-type ATPases. Labeling of
the complex inhibits the ATPase and pNPPase activity, which
is termed the E1 ATP site and the E2 ATP site, respectively
(22, 62). Therefore, a simple explanation could be that FITC
binds to both conformations of the ATP site. The existence
of at least two nucleotide-binding sites in the active Kdp-
FABC complex is also supported by the fact that ATP at
lower concentrations stimulates the hydrolysis of pNPP. In
conclusion, the KdpFABC complex could function as a
dimer, where some ATP is needed to phosphorylate one
monomer, which is then able to stimulate pNPP hydrolysis
in the adjacent subunit. For the Na+,K+-ATPase, the oligo-
meric state is still a matter of controversy. However, evidence
of a dimeric form (23, 63) and evidence of the existence of
more than one nucleotide-binding site per catalytic unit (20,
55) have been presented. For the KdpFABC complex, the
oligomeric state remains unclear. There are genetic data from
cystronic complementation experiments which suggest at
least a dimer as the functional unit of the KdpFABC complex
(64). If this were the case, it would explain why higher ATP
concentrations (>500 µM) inhibit pNPPase activity. At
higher ATP concentrations, all ATP binding sites are
occupied, and hence, pNPP is no longer hydrolyzed by the
E2 site of the enzyme. If it is assumed that ATP binding
accelerates the E2-E1 transition in the KdpFABC complex,
it would explain the inhibition of pNPP hydrolysis. A similar
conclusion has previously been reported for the Na+,K+-
ATPase, where low concentrations of ATP also have a
stimulating effect on pNPP hydrolysis while higher ATP
concentrations were inhibitory (70). Indeed, there is some
evidence that pNPP is only hydrolyzed in the E2 conforma-
tion. This is supported by the fact thato-vanadate is a strong
inhibitor of this reaction. Vanadate is supposed to bind to
the E2 conformation of P-type ATPases (18). The fact that
the inhibition by vanadate is competitive with respect to
pNPP strongly favors this view. The different inhibition
kinetics of the ATPase activity might be related to the
existence of two ATP binding sites. If it is assumed that the
KdpFABC complex and other P-type ATPases possess two
ATP binding sites, the biphasic behavior of both, ATP
hydrolysis and its inhibition byo-vanadate, could easily be
explained. On the basis of the assumption that the enzyme
has a high-affinity ATP binding site that is accessible in the
E1 state and a low-affinity ATP binding site that is exposed
in the E2 state, different conditions for vanadate would exist.
At low ATP concentrations, ATP will be bound predomi-
nantly to the high-affinity sites. The enzyme needs to be
phosphorylated by ATP hydrolysis. The bottleneck of the
reaction cycle may be the transition between E2 and E1
which means that most of the enzyme is in the E2-P form.
After dephosphorylation, the binding of vanadate locks the
enzyme in the E2 form. This cycle appears as uncompetitive
inhibition since the substrate ATP has first to be bound and
hydrolyzed and hence going along with increasingKm and
Vmax values. Vashchenkoet al. (65) reported an uncompetitive
inhibition of the ATPase activity of the Ca2+-ATPase by
o-vanadate at high ATP concentrations ranging from 250
µM to 2 mM. At low ATP concentrations, the uncompetitive
inhibition dominates with respect to the substrate ATP. At

high ATP concentrations, the high-affinity binding site is
saturated and the enzyme is in the steady state. The ATP is
now competing competitively with vanadate since both the
low-affinity ATP binding site and the binding of vanadate
may occur in the E2 state. At this stage, the observed
inhibition kinetics of vanadate are competitive with respect
to substrates ATP and pNPP, sinceo-vanadate probably binds
in the catalytic center and is, therefore, competing with pNPP
as well. However, the nonlinear double-reciprocal plot in
case of the Kdp-ATPase indicates the existence of more than
one ATP site. A similar nonlinear effect of ATP hydrolysis
is reported not only for P-type ATPases but also for the
multidrug resistance transporter Mdr1, where a Lineweaver-
Burk transformation of ATPase activity results in a nonlinear
relation (66). For Mdr1, a cooperativity of at least four
interacting sites was described (66).

It is interesting to note that in all cases reported so far,
the transported ion has a severe effect on the pNPP hydrolysis
and vanadate inhibition of P-type ATPases. This behavior
is due to the fact that the transported ion binds to a specific
conformational state and accelerates a change in conforma-
tion. In contrast to all P-type ATPases that have been
identified, in the case of the Kdp-ATPase the potassium ion
is transported by KdpA. Therefore, the “P-type” ATPase-
like subunit KdpB might have no direct contact with the
potassium ion while it is transported through KdpA. Another
difference compared with other P-type ATPases is the
relatively high basal ATPase activity of the Kdp-ATPase in
the absence of potassium.

Finally, it can be concluded that the Kdp-ATPase shares
similarities with the type II-V classes of P-type ATPases,
as well as with the heavy metal-transporting ATPases. One
can speculate whether the Kdp-ATPase is evolutionarily
derived from the type II-V classes of P-type ATPases or if
KdpB may be a kind of ancestor of the heavy metal-
transporting ATPases. However, the existence of the FITC
binding motif, and of seven putative transmembrane helices,
and the size and sequence of the KdpB N-domain suggest
that the Kdp-ATPase is more closely related to the H+-
ATPases (type III, according to ref1) and is therefore
misgrouped as type Ia ATPase.
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