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ABSTRACT: P-Type ATPases catalyze the transport of cations across the cell envelope via site-specific
hydrolysis of ATP. Modulation of enzyme activity by additional small subunits and/or a second regulatory
nucleotide binding site is still a subject of discussion. In the K+-transporting KdpFABC complex of
Escherichia coli, KdpB resembles the catalytic P-type ATPase subunit, but ATP binding also occurs in
the essential but noncatalytic subunit, KdpC. For further characterization, the soluble portion of KdpC
(KdpCsol, residues Asn39-Glu190) was synthesized separately and purified to homogeneity via affinity
and size exclusion chromatography. Protein integrity was confirmed by N-terminal sequencing, mass
spectrometry, and circular dichroism spectroscopy, which revealed anR-helical content of 44% together
with an 8%â-sheet conformation consistent with the values deduced from the primary sequence. The
overall protein structure was not affected by the addition of ATP to a concentration of up to 2 mM. In
contrast, labeling of KdpCsol with the photoreactive ATP analogue 8-azido-ATP resulted in the specific
incorporation of one molecule of 8-azido-ATP per peptide. No labeling could be observed upon denaturation
of the protein with 0.2% sodium dodecyl sulfate, which suggests the presence of a structured nucleotide
binding site. Labeling could be inhibited by preincubation with either ATP, ADP, AMP, GTP, or CTP,
thus demonstrating a low specificity for nucleotides. Following 8-azido-ATP labeling and tryptic digestion
of KdpCsol, mass spectrometry showed that ATP binding occurred within the Val144-Lys161 peptide
located within the C-terminal part of KdpC, thereby further demonstrating a defined nucleotide binding
site. On the basis of these findings, a cooperative model in which the soluble part of KdpC activates
catalysis of KdpB is suggested.

P-Type ATPases are ubiquitously abundant primary ion
pumps, which are capable of transporting cations across the
cell membrane at the expense of ATP (1). These ions com-
prise a large variety of biochemical functions, for example,
enzyme cofactors and cosubstrates for sym- and antiport, and
they are involved in the maintenance of cytoplasmic pH and
turgor. Thus, nature has developed rather sophisticated trans-
port machineries that ensure substrate supply even against
large concentration gradients. Due to the importance of these
enzymes, representatives of eukaryotic P-type ATPases and
especially the sarcoplasmic reticulum Ca2+-ATPase have
been studied intensively, resulting in detailed structural and
functional information about their mode of action (2-4).
During catalysis, P-type ATPases cycle between the so-called
E1 and E2 states, each of which comprises different structural
properties together with different binding affinities for both
ATP and the transport substrate. Crucial for catalysis is the
reversible phosphorylation of a conserved aspartate (1),
which is the main trigger for the conformational changes
within the protein.

In contrast to these well-studied and closely related
eukaryotic P-type ATPases, much less is known about their
homologues in bacteria. Whereas in eucarya there is pre-
dominantly only one subunit, which builds up the transport
system, in bacteria there are multiple polypeptides involved
in the formation of the active enzyme. Such a rather unusal
prokaryotic P-type ATPase is the KdpFABC complex of the
enterobacteriumEscherichia coli. This complex serves as a
highly specific K+ transporter, which is only synthesized in
case of K+ limitation when the cell’s constitutive K+

transport systems can no longer supply the cell with K+ (5).
An absolutely unique feature of this member of the P-type
ATPase group is that catalytic activity (i.e., ATP hydrolysis)
and substrate transport (i.e., K+ translocation) occur on two
different polypeptides, namely, KdpB and KdpA, respectively
(6). Whereas KdpB (72 kDa) comprises all features char-
acteristic of P-type ATPases, KdpA (59 kDa) is homologous
to K+ channels of the KcsA type (6, 7). For communication
between the sites of ATP hydrolysis and ion transport, two
conserved charged residues within a transmembrane helix
of KpdB where shown to be essential (8). Much less is
known about the smaller subunits KdpF (3 kDa) and KdpC
(20 kDa). Whereas the former has been shown to stabilize
the transport complex in vitro (9), the latter is reported to
be an essential part of the transport complex (10). On the
basis of sequence analysis, KdpC is supposed to contain just
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one transmembrane helix in the N-terminal region with the
rest of the polypeptide facing the cytoplasm. Together with
secondary structure prediction, hydropathy plot analysis, and
extensive sequence alignments, the polypeptide comprises
four domains, two of which are highly conserved among dif-
ferent organisms and located within the hydrophilic portion
of KdpC (10). Although this stretch of residues is the only
larger hydrophilic domain of the KdpFABC complex beside
the B, N, and A domains of the catalytic KdpB subunit, its
function is still unknown. An orthologous stabilizing role
has been discussed with respect to theâ-subunit of Na+,K+-
and H+,K+-ATPase (11). However, since the soluble exten-
sion of the â-subunit faces the extracellular space, a
corresponding function of KdpC seems unlikely due to an
opposing inward orientation of the hydrophilic part. On the
other hand, several small proteins exist within the P-type
ATPase superfamily like phospholamban or calmodulin in
the case of the Ca2+-ATPase (12) or theγ-subunit in case
of Na+,K+-ATPase (13), which exert a regulatory function
on enzyme activity via interactions with the large cytoplasmic
loop of the pump.Neurospora crassaH+-ATPase, which is
also a single-subunit P-type ATPase, contains an intrinsic
hydrophilic regulatory R domain at the C-terminus, which
is proposed to interact with the catalytic N and P domains
(14). Thus, modulation of P-type ATPase activity or ATP
affinity by small polypeptides comprising just one trans-
membrane span together with a hydrophilic extension, which
interacts with the catalytic domains of the pump, is likely to
be a common principle.

It has been demonstrated that when the KdpFABC com-
plex is labeled with the photoreactive ATP analogue 2-azido-
ATP, in addition to KdpB KdpC was labeled significantly
(S. Dröse and K. Altendorf, unpublished results). This argues
in favor of a regulatory function of KdpC either via inter-
action with the nucleotide binding pocket of KdpB or via
ATP binding itself. To further substantiate this view, we
expressed and purified the hydrophilic portion of the poly-
peptide (KdpCsol) corresponding to residues Asn39-Glu190.
The purified protein was analyzed with respect to its
biochemical characteristics, structural composition, and ATP
binding properties. KdpCsol was shown to specifically bind
one molecule of ATP per polypeptide but with rather low
nucleotide specificity. The site of ATP binding could be
located between residues Val144 and Lys161 near the
C-terminus of the polypeptide and most likely close to the
nucleotide binding domain of KdpB within the assembled
enzyme complex. These findings support the idea that
enzyme activity or ATP affinity in P-type ATPases is modu-
lated by interactions of hydrophilic portions of the enzyme
with the catalytic domain.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions. E. colistrain
BL21 (Novagen) was transformed with plasmid pET-kdpCsol
and grown on LB-rich medium (15) supplemented with
carbenicillin (50µg/mL) at 37°C until an optical density
(578 nm) of 0.7 was reached. Protein synthesis was induced
by the addition of 1 mM IPTG,1 and growth was allowed to
proceed until an optical density of∼2.0 was reached. Cells
were harvested by centrifugation (10000g for 10 min), frozen
in liquid nitrogen, and stored at-80 °C.

Construction of Plasmids.The methods used for handling
of recombinant DNA and for transformation ofE. coli cells
were as described previously (15). All sequence modifica-
tions were checked by sequencing. Plasmid pET-kdpCsol
comprises a pET-16b (Novagen) vector background together
with akdpCinsert, which was derived via PCR from plasmid
pGS4, which is, in turn, a pSM5 derivative carrying the
kdpFABCoperon (6). With respect to pSM5, pGS4 comprises
14 additional histidine codons [(CATCAC)7] at the 3′ end
of the kdpAgene, which have been introduced into pSM5
via a standard two-step PCR technique by use of mutant
primers andSacII and BstBI restriction sites flanking the
377 bp fragment of interest. Plasmid pGS4 was used as a
template to amplify the 3′ part of thekdpCgene, which was
then cloned into pET-16b as follows. The sequence ofkdpC
encoding C-terminal residues Asn39-Glu190 was amplified
via a standard PCR technique by use of primers 5′-
TCGTCATATGAATGGTTCGTTGATTCGTGAA-3′ (for-
ward) and 5′-AGCCGGATCCGTTATTCATCAAGTTTATC-
CAG-3′ (reverse), withNdeI and BamHI restriction sites
underlined and KdpC-coding sequences italicized. The result-
ing PCR product was then cleaved withNdeI and BamHI,
and the resulting 466 bp fragment was ligated into theNdeI-
BamHI-digested pET-16b vector, which finally resulted in
plasmid pET-kdpCsol.

Purification of KdpCsol. Frozen cells were thawed and
homogenized to 1 g/mL in 50 mM sodium phosphate (pH
7.4) and 0.5 mM PMSF. Cells were disrupted by sonication
at 0 °C in six intervals of 1 min each by use of a Branson
B15 cell disruptor at an output level of 6 with 50% pulsed.
Cell debris were removed by low-speed centrifugation
(20 min at 15000g), followed by a high-speed centrifugation
(1.5 h at 180000g) to remove the membrane fraction. The
supernatant was then provided with 100 mM NaCl and
10 mM imidazole and taken directly for affinity chroma-
tography. The affinity resin (Ni-Sepharose 6 Fast Flow,
Amersham Biosciences; 1 mL of slurry/10 mL of super-
natant) was pre-equilibrated with 50 mM sodium phosphate
(pH 7.4), 0.5 mM PMSF, 100 mM NaCl, and 10 mM
imidazole and incubated with the supernatant for 1 h on ice
with gentle shaking. The resin was then added to a glass
column until it was and the column connected to an A¨ kta
FPLC system (Amersham Biosciences) at a flow rate of
1 mL/min. Unbound protein was removed by washing with
buffer. Unspecifically bound proteins were removed by
increasing the imidazole concentration to 55 mM, whereas
KdpCsol was subsequently eluted with 170 mM imidazole.
Protein-containing fractions were pooled and concentrated
approximately 25-fold using Amicon Ultra-4 Ultracell 5k
centrifugal filter devices (Millipore) at 3000g. Proteolytic
cleavage of the polyhistidine tag and removal of the factor
Xa protease were carried out by using the Factor Xa Cleavage
Capture Kit as recommended by the supplier (Novagen), with
50 mM sodium phosphate (pH 7.4) instead of the supplied
factor Xa cleavage buffer, and the digestion was performed
at 30°C for 4 h. The cleaved affinity tag as well as residual
uncleaved protein was subsequently removed by passage of

1 Abbreviations: CD, circular dichroism; ESI-MS, electrospray injec-
tion mass spectrometry; ICD, ligand-induced circular dichroism; IPTG,
isopropylâ-D-thiogalactopyranoside; MS, mass spectrometry; PMSF,
phenylmethanesulfonyl fluoride; SDS, sodium dodecyl sulfate; TFA,
trifluoroacetic acid.
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the sample through 1 mL spin filters (10 s at 500g) filled
again with pre-equilibrated Ni-Sepharose. For size exclu-
sion chromatography, the sample was loaded on a 10/30
Superdex-75 gel filtration column (Amersham Biosciences),
which was run at 0.5 mL/min in 50 mM sodium phosphate
(pH 7.4) and 0.5 mM PMSF. Protein-containing fractions
were pooled and concentrated as described above. Size cali-
bration of the gel filtration column was conducted with a
mixture of standard proteins (aldolase, 158 kDa; ovalbumin,
43 kDa; chymotrypsinogen A, 25 kDa; ribonuclease A, 13.7
kDa; aprotinin, 6.5 kDa) in the same buffer and at the same
flow rate.

ESI-MS.Samples [50µL of KdpCsol at 0.2 mg/mL in
50 mM sodium phosphate (pH 7.4) and 0.5 mM PMSF] were
applied to a Vydac C4 HPLC column (4.6 mm× 25 mm)
equilibrated with 95% water, 5% acetonitrile, and 0.03%
TFA. Peptides were eluted with an increasing gradient of
80% acetonitrile, 20% water, and 0.03% TFA. One percent
of the elutates was used directly for electrospray ionization
(liquid chromatography-coupled MS). Detection of ions was
carried out with an ion source mass spectrometer equipped
with an ion trap (Esquire HCT, Bruker Daltonics) in the
positive mode under the following conditions: dry tempera-
ture of 300°C, capillary voltage of-4000 V, end plate offset
of -500 V, skimmer of 40 V, and cap exit of 166 V. The
determination of molecular weights and of protein sequence
from corresponding MS/MS2 data sets was performed by
deconvolution of the multiple charged peptide ions using
Bruker Daltonics Esquire 5.2 DataAnalysis, version 3.2.

CD Spectroscopy.Spectra were collected on a Jasco J-810
spectropolarimeter equipped with a 0.1 mm path length
quartz cell at room temperature, with the polarimeter cali-
brated by use of (+)-10-camphorsulfonic acid according to
ref 16. For each data set, 10 spectra were acquired at a scan
speed of 50 nm/min with a step resolution of 1 nm together
with a response time of 1 s and a bandwidth of 1 nm. Spectra
were co-added and corrected with the corresponding buffer
spectra collected the same way. To obtain a good signal-to-
noise ratio, especially in the case of added nucleotides,
samples were measured at a rather high protein concentration
of 1 mg/mL in 50 mM sodium phosphate (pH 7.4) and
0.5 mM PMSF. ICD analysis was performed by the addition
of increasing amounts of ATP dissolved in buffer directly
to the cuvette followed by a 5 min incubation period prior
to the measurements. Data sets were converted to mean
residue ellipticity using a mean residue weight of 115 and
deconvoluted by the self-consistent method with the SEL-
CON algorithm (17). Computational analysis of protein struc-
ture was performed by use of the JNET secondary structure
prediction algorithm (18).

8-Azido-ATP Labeling of KdpCsol. Labeling of KdpCsol was
performed in 50µL aliquots at a protein concentration of
0.2 mg/mL in 50 mM sodium phosphate (pH 7.4) and
0.5 mM PMSF. 8-Azido-ATP (100µM, MP Biomedicals)
with MgCl2 was added to the sample and the mixture incu-
bated on ice for 10 min prior to irradiation. Photoinduced
cross-linking of the probe was achieved with UV light
(312 nm) by use of a 15 W hand-held UV lamp (HL-15-M,
Bachofer) at a distance of 4 cm for 5 min on ice. In the case
of nucleotide competition assays, KdpCsol was incubated with
either ATP, ADP, AMP, GTP, or CTP together with MgCl2

in equimolar concentrations of 5, 20, and 50 mM for 10 min

on ice prior to the addition of the 8-azido-ATP. For tryp-
sinolysis, 50µL of KdpCsol at a protein concentration of
1 mg/mL was taken for the labeling procedure. Following
irradiation, the sample was provided with 1µg of trypsin
(recombinant, proteomics grade, Roche catalog number
03708985001) and incubated at 20°C for 14 h. All of the
samples were subsequently subjected to ESI-MS analysis as
described above.

Standard Procedures and Assays.Proteins were separated
by SDS-PAGE using 16.5% T/6% C separating gels
together with 4% T/3% C stacking gels (19) and stained with
Coomassie Brilliant Blue G250. Whole cells were incubated
for 5 min in sample application buffer prior to electrophore-
sis. Electroblotting was performed for 4 h at 0.6 A and 4°C
with 10 mM NaHCO3, 3 mM Na2CO3, and 20% methanol
as transfer buffer on either Protran nitrocellulose membranes
(Whatman) for immuno-etection or Immobilon-P polyvi-
nylidene difluoride (PVDF) membranes for N-terminal
sequencing. Immunoblots were developed according to the
method of ref20 by use of the penta-His monoclonal anti-
body (Qiagen) at a dilution of 1:10000. N-Terminal sequenc-
ing of KdpCsol was performed via Edman degradation on an
ABI 473 A pulsed liquid-phase protein sequencer (Applied
Biosystems). Protein concentrations were assayed with the
bicinchoninic acid (BCA) assay used as recommended by
the supplier (Pierce) with bovine serum albumin as the
standard.

RESULTS

Construction of KdpCsol.On the basis of protein topog-
raphy analyses and sequence comparisons (10), KdpC has
been divided into four segments (Figure 1), two of which
(namely, segments II and IV) are highly conserved among
bacterial species. Segment I contains the membrane-
anchoringR-helix of the protein, whereas the C-terminal part
(segment IV) is supposed to interact with KdpB. Especially
segment IV has been demonstrated to be functionally impor-
tant, since C-terminal deletions led to a nonfunctional pheno-
type (10). In addition, as already mentioned, KdpC has been
shown to react with radioactive 2-azido-ATP within this
stretch of residues (S. Dro¨se and K. Altendorf, unpublished
results). To further elucidate a possible regulatory function
of KdpC on enzyme activity and nucleotide interaction, the
soluble part of the polypeptide ranging from residue Asn39
to Glu190 was expressed separately. This facilitates further

FIGURE 1: Construction scheme of KdpCsol. Roman italics designate
the four segments of the polypeptide according to ref10. Numbers
indicate residues within the KdpC sequence. TM, transmembrane
helix; His10, polyhistidine affinity tag; Factor Xa, protease cleavage
site.
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analyses, especially by ESI-MS with respect to nucleotide
binding and phosphorylation, without the use of detergent.
To achieve high rates of protein synthesis, the corresponding
part of thekdpC gene was cloned into a pET-16b vector,
which enables IPTG-inducible gene expression. The resulting
gene product, pre-KdpCsol, comprises a His10 affinity tag,
enabling affinity chromatography, followed by a factor Xa
protease cleavage site to separate the His10 motif. Due to
the vector background, the final cleavage product, KdpCsol,
features two additional amino acid residues (His and Met)
preceding Asn39 of KdpC, which results in 154 amino acids
with a calculated molecular weight of 16 257.

Protein Synthesis.Following induction of the growing
E. coli BL21/pET-kdpCsol cells with IPTG, the growth rate
exhibited a temporary decrease, which is characteristic for
high rates of protein synthesis (Figure 2A). Concomitantly,
the cells started to produce large amounts of pre-KdpCsol,
resulting in a final yield of approximately 10% of the whole
cell protein as judged by densitometric comparison of the
gel bands. To check whether this high rate of protein synthe-
sis led to protein aggregation or to the formation of inclusion
bodies, a cell fractionation via differential centrifugation was
performed (Figure 2B). In subsequent SDS-PAGE, the iden-
tity of pre-KdpCsol was additionally proven by polyhistidine-
specific immunoblotting. The vast majority of the polypeptide
can be found in both the low-speed pellet and the high-speed
pellet, thus already indicating a strong tendency to aggre-
gate in the case of high concentrations. Nevertheless, large
amounts of soluble pre-KdpCsol can be found in the high-
speed supernatant, which was used for purification.

Isolation and Identification of KdpCsol. Pre-KdpCsol was
further purified from the high-speed supernatant fraction via
Ni2+ affinity chromatography. Incubation of the supernatant
with the affinity resin resulted in complete and specific
immobilization of the protein, since almost no pre-KdpCsol

was detectable in the elution steps with 10 and 55 mM imid-
azole (Figure 3). The shift to 170 mM imidazole led to a
complete elution of pure protein with an expected apparent
size of approximately 20 kDa. So that protein structure would
not be biased during further analysis, the affinity tag was
subsequently removed from pre-KdpCsol by factor Xa
protease treatment with a rate of approximately 95%. Both
uncleaved protein and separated His tag could be immo-
bilized with a final additional Ni2+ affinity resin, with pure

16 kDa KdpCsol cleavage product remaining in the flow-
through. N-Terminal sequencing of the first 20 residues of
KdpCsol revealed that protease treatment was uniform and
specific, with the expected sequence (H-M-N-G-S-L-I-R-E-
G-D-T-V-R-G-S-A-L-I-G).

Despite homogeneity, two protein peaks could be observed
in the following nondenaturing size exclusion chromatog-
raphy of KdpCsol (Figure 4). Size calibration of the column
revealed that the second peak exactly corresponds to the
expected size of KdpCsol, whereas the first peak, which is
much broader, represents a size corresponding to KdpCsol

oligomers. When analyzed via denaturing SDS-PAGE, both
peaks represent KdpCsol (data not shown). The two peaks in
the gel filtration analysis were only observed at higher protein
concentrations (>0.4 mg/mL). In the case of low concentra-
tions of KdpCsol, only the second peak corresponding to the
monomer was observed (data not shown). Together with the
tendency to form aggregates, which was already observed
in the overexpression assay, this points toward an unspecific
oligomerization of KdpCsol at high protein concentrations.
Since the oligomerization status is crucial for further analysis,

FIGURE 2: Synthesis of pre-KdpCsol and cell fractionation. (A) Growth curve ofE. coli BL21/pET-kdpCsol and induction of protein synthesis.
Cells were grown on rich medium, and gene expression was induced by the addition of 1 mM IPTG at an OD578 of 0.7. Insets demonstrate
overexpression of pre-KdpCsol after induction (30µg/lane of whole cells loaded on a SDS-PAGE gel). (B) Cell fractionation of induced
BL21/pET-kdpCsol cells in Coomassie staining (left) and immunodetection (right). Ten micrograms of protein was applied per lane for
SDS-PAGE. HSS, high-speed supernatant; HSP, high-speed pellet; LSS, low-speed supernatant; LSP, low-speed pellet.

FIGURE 3: Isolation of KdpCsol. Samples were loaded on a SDS-
PAGE gel and stained with Coomassie Brilliant Blue. Elution steps
(10 µL per lane) from Ni2+ affinity chromatography with 10, 55,
and 170 mM imidazole:+Xa, purified pre-KdpCsol treated with
factor Xa protease (3µg/lane); Ni-S, isolated KdpCsol (2 µg/lane)
after immobilization of the cleaved His tag and uncleaved pre-
KdpCsol on Ni-Sepharose; MW, molecular weight standards (sizes
indicated).
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the stability of the monomeric fraction was tested by con-
centrating and reapplying the monomer sample to gel
filtration. The monomeric form of KdpCsol appeared to be
stable, since only the monomer peak could be observed in
the case of protein concentrations of up to 20 mg/mL suitable
for NMR analysis (data not shown). Thus, only the mono-
meric fraction of the isolated KdpCsol was taken for further
investigations.

To eventually test the integrity of the isolated KdpCsol with
respect to potential modifications, the polypeptide was taken
for denaturing ESI-MS analysis. Since the mass spectrometer
was coupled to liquid chromatography (hydrophobic inter-
action HPLC), the resulting HPLC/ESI-MS profiles provide
information about both the biochemical properties and the
molecular mass of the peptides analyzed. The HPLC chro-
matogram again showed just one protein peak without any
contaminating signals (Figure 5). Accordingly, only a single
mass peak was observed simultaneously in the ESI-MS
analysis. The molecular weight determined from the peptide
ion pattern was 16 257, which exactly matches the expected
molecular weight as calculated from the primary sequence.
Thus, the isolated KdpCsol contains no further modifications.

Secondary Structure Analysis.Structural properties of
KdpCsol were investigated with CD spectroscopy [Figure 6
(b)]. The isolated polypeptide exhibited a highlyR-helical
ellipticity spectrum, with a characteristic maximum at 190 nm
combined with two minima at 207 and 221 nm and the
isoelliptic point at 198 nm. The spectrum was subsequently
deconvoluted to consist of 44%R-helices together with 8%
â-sheet conformation. Since the predicted secondary structure
calculated from the primary sequence comprises 39%

R-helices and 7%â-sheets, these data strongly indicate that
the isolated KdpCsol adopts its native conformation.

To elucidate whether an additional regulatory high-affinty
ATP binding site exists within the protein, KdpCsol was also
investigated via ICD spectroscopy. When a ligand binds to
a peptide or protein, it acquires an induced CD spectrum by
chiral pertubation or electron rearrangements (21). The
intensity of the resulting ICD spectrum is, thus, proportional
to the affinity and geometry of ligand interaction. KdpCsol

was, therefore, titrated with increasing amounts of nucleotide
directly in the cuvette, resulting in ATP concentrations of
10, 100, 500, 1000, and 2000µM. None of the resulting
ICD spectra showed significant changes with respect to the
control without added nucleotide. The spectral characteristics
(i.e., the position of the maximum and the two minima) as
well as the amplitude and the isoelliptic point were identical
in every case. The small differences, which were obtained
only at the high concentration of 2 mM ATP [Figure 6 (O)],
are most likely more due to the increasing spectroscopic
disturbance of the nucleotide itself rather than to alterations
in protein structure. Although all spectra were corrected for

FIGURE 4: Size exclusion chromatography of isolated KdpCsol. In
the top panel is purified KdpCsol (5 mg/mL). The peaks corre-
sponding to monomeric and oligomeric KdpCsol are indicated. In
the bottom panel is the molecular weight calibration (standard
protein sizes indicated). The dotted line indicates the position of
monomeric KdpCsol with an expected molecular weight of 16 257.

FIGURE 5: Liquid chromatography-coupled ESI-MS profile of
KdpCsol. Isolated KdpCsol (0.2 mg/mL) was subjected to HPLC
separation with the eluates directly subjected to ESI-MS analysis.
Both the HPLC elution profile (measured at 211 nm) and the total
ion chromatogram of the mass spectrometer are presented. Molec-
ular mass calculation was performed from ions eluted with retention
times between 19.7 and 20.1 min (as indicated by the dumbbell),
resulting in a molecular weight of 16 257. The corresponding mass
spectrum is depicted in the inset.

FIGURE 6: Circular dichroism spectroscopy of KdpCsol. Isolated
KdpCsol was measured at a concentration of 1 mg/mL in 50 mM
sodium phosphate (pH 7.4) and 0.5 mM PMSF (b). For ICD
analysis, 2 mM ATP was added to the cuvette (O). Spectra were
converted to mean residue weight (MRW) ellipticity assuming a
mean residue weight of 115.
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the presence of nucleotide by subtraction of the correspond-
ing buffer/ligand spectra, the strong chirality of the ligand
covers the signals of interest at high ATP concentrations.
Thus, a high-affinity ATP binding site within KdpCsol could
not be detected.

Labeling of KdpCsol with 8-Azido-ATP.ICD spectroscopy
revealed that there was no binding of ATP to KdpCsol with
high affinity. However, since the peptide represents only the
soluble portion of KdpC, which is normally supposed to
interact with KdpB, an increase in binding affinity might
occur in the case of protein interaction. As a prerequisite,
there should be a defined low-affinity nucleotide binding site
in KdpCsol. In previous work, it was shown that KdpC can
be labeled with radioactive [32P]-2-azido-ATP within the
assembled KdpFABC complex. These experiments did not
further elucidate whether azido-ATP binding occurred specif-
ically to a defined binding site within the protein or if KdpC
just caught an ATP molecule from the neighboring catalytic
nucleotide binding domain of KdpB. Thus, KdpCsol was
treated with the nonradioactive photoactivatable 8-azido-ATP
to trap the nucleotide also within a potential low-affinity
binding site and to analyze the labeling specificity with ESI-
MS. The free acid of 8-azido-ATP has a molecular weight
of 548. During the photoreaction, N2 is released due to the
formation of the reactive nitrene, resulting in a molecular
weight of 520 for the bound ATP analogue. Thus, a corre-
sponding increase in molecular weight should be detectable
with mass spectrometry.

KdpCsol was reacted with 100µM 8-azido-ATP and sub-
sequently subjected to liquid chromatography-coupled ESI-
MS (Figure 7). In the resulting chromatogram, two peaks
could be detected, one of which represents the unlabeled
polypeptide together with an additional tripartite protein peak
representing the labeled fraction of KdpCsol. A labeling ratio
of ∼45% was calculated by integration of the two peaks.
Deconvolution of the corresponding mass spectra resulted
again in a molecular weight of 16 257 for the unlabeled
KdpCsol, thereby indicating that no damage occurred to the
protein by the UV irradiation. Surprisingly, there was only
one mass spectrum that could be detected within the tripartite
peak, corresponding to a molecular weight of 16 777, which

exactly matches the expected value if just one molecule of
8-azido-ATP is bound to KdpCsol. Thus, the tripartite shape
of the protein peak does not resemble that of multiple-
nucleotide incorporation but just one molecule of 8-azido-
ATP possibly bound to different sites within the peptide,
thereby slightly altering its elution properties determined via
HPLC. Accordingly, mass spectra representing the incorpo-
ration of two or more molecules of 8-azido-ATP could not
be detected anywhere in the data set. Together with the high
labeling efficiency of almost 50%, this already strongly sup-
ported the notion that the labeling was specific, since in the
case of unspecific binding of the nucleotide at least doubly
labeled KdpCsol should have occurred with a probability of
20-25%. Incorporation of two molecules of 8-azido-ATP
could only be observed at a rate of merely 10% with respect
to the single labeled fraction when the nucleotide was used
at high concentrations of 1 mM in the photoreaction (data
not shown). Furthermore, 8-azido-ATP labeling was com-
pletely abolished in the presence of 0.2% SDS in the samples.
The corresponding ESI-MS analysis only revealed the
molecular weight of the unlabeled KdpCsol together with a
proper well-defined peak in the UV chromatogram (data not
shown). Taken together, these experiments clearly indicate
the presence of a structurally well-defined nucleotide binding
site within KdpCsol.

To test for nucleotide specificity in the ATP binding of
KdpCsol, 8-azido-ATP competed with different nucleotides
at varying concentrations. First, the protein was preincubated
with increasing amounts of ATP (5, 20, and 50 mM) prior
to the addition of the photoactivatable nucleotide, which is
in the range known to prevent the labeling with 8-azido-
ATP (22) (Figure 8). The preincubation with 5 mM ATP
had no competing effect on the binding of 8-azido-ATP,
whereas the tripartite shape of the peak was slightly shifted
with respect to the amplitude of the single components.
Again, also the fine evaluation of the corresponding mass
spectra of each component revealed only one proper molec-
ular weight of 16 777, resembling one molecule of 8-azido-
ATP bound to KdpCsol. Thus, in the presence of 5 mM ATP,
the nucleotide binding is only slightly influenced but not
abolished. In contrast, the presence of 20 and 50 mM ATP
led to a quench of∼75 and∼98%, respectively, in the label-
ing efficiency. The shape of the corresponding chromato-
grams again resembled that of the noncompeted sample,

FIGURE 7: Liquid chromatography-coupled ESI-MS analysis of
8-azido-ATP-labeled KdpCsol. Isolated KdpCsol (0.2 mg/mL) was
labeled with 100µM 8-azido-ATP and analyzed by HPLC-coupled
ESI-MS. The HPLC elution profiles (measured at 211 nm) of both
labeled (s) and unlabeled KdpCsol (- - -) are presented. Molecular
weight calculations were performed from ions eluted between the
indicated retention times (depicted by the dumbbells), resulting in
values of 16 777 and 16 257, respectively. The corresponding mass
spectra are shown as insets, with the spectrum for unlabeled KdpCsol
on top.

FIGURE 8: ATP quenching of 8-azido-ATP labeling of KdpCsol.
Isolated KdpCsol (0.2 mg/mL) was preincubated with increasing
amounts of ATP (5, 20, and 50 mM) prior to the addition of 8-azido-
ATP (100µM) and photoactivation. Samples were then analyzed
by HPLC-coupled ESI-MS. Only the UV chromatogram corre-
sponding to the 8-azido-ATP-labeled fraction of KdpCsol is
presented for clarity. ATP concentrations are given.
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thereby indicating that now the binding is completely
blocked. These shifts in the tripartite peak pattern again
indicate that there is only one nucleotide binding site, which
is gradually affected by the competing ATP. Furthermore,
even in the presence of 50 mM ATP, no phosphorylation
product of KdpCsol could be observed with ESI-MS, thereby
excluding any possible regulatory mechanism involving
autophosphorylation.

Surprisingly, a set of experiments with 5, 20, and 50 mM
ADP, AMP, GTP, and CTP resulted in the same quenching
rates of the 8-azido-ATP labeling (data not shown), thus
revealing an apparantly low specificity for the nucleotide.
However, the shifts in the peak pattern in the presence of
5 mM competing nucleotide were significantly different, with
ADP and AMP more promoting the formation of the first
component at the expense of the second. In contrast, this
first component was completely absent in the case of 5 mM
GTP. Thus, although there is a rather low overall nucleotide
specificity of KdpCsol, the differential competition pattern
in the presence of 5 mM competing nucleotide suggests
discriminative preferences of 8-azido-ATP for different sites
of cross-linking within the binding site under conditions of
weak competition.

Location of the 8-Azido-ATP Binding Site within KdpCsol.
To finally confirm the presence of just one specific binding
site for ATP within KdpCsol, the protein was digested with
trypsin and subsequently analyzed by ESI-MS. Tryptic
digestion resulted in complete peptide fragmentation as
judged by the preceding MS-coupled HPLC run (data not
shown). With the exception of a single six-residue fragment
at the N-terminus of KdpCsol (Glu45-Arg50, KdpC nomen-
clature), all of the fragments could be recovered and
identified in the corresponding MS/MS2 data sets. Thus,
unlabeled and 8-azido-ATP-labeled KdpCsol were taken for
comparative analysis. The mass spectra of the labeled sample
revealed only one cleavage product with an increase in the
monoisotopic molecular weight corresponding to a bound
8-azido-ATP, namely, from 1981.16 for unlabeled KdpCsol

to 2501.95 in the sample taken for the ATP labeling, which
exactly matches the expected increment of 520. No other
labeling products could be detected throughout the whole
data set, although the labeling rate was again nearly 50%.
By its molecular weight (MS data) and by simultaneous MS2
sequence analysis, the corresponding peptide was clearly
identified as the Val144-Lys161 fragment. Thus, the binding
of ATP could be demonstrated to occur at a well-defined
binding site, although the tripartite shape of the corresponding
HPLC profile supports the notion that the 8-azido-ATP could
be cross-linked to different sites within this stretch of
residues.

DISCUSSION

P-Type ATPases usually consist of a single catalytic sub-
unit, which is responsible for both substrate transport and
ATP hydrolysis. There are several examples of additional
regulatory subunits affecting protein activity like phospho-
lamban and calmodulin in the case of the Ca2+-ATPase or
the γ-subunit of Na+,K+-ATPase. Regulatory function is
exerted either via steric interactions with the dynamically
moving catalytic domains (14) or by directly affecting the
affinity of the nucleotide binding site for ATP (13). All of

these additional subunits consist of a single transmembrane
span, which anchors the polypeptide in the membrane,
together with a cytoplasmic extension with regulatory
properties.

The KdpFABC complex resembles a unique form of
P-type ATPases, since catalytic activity and sites of substrate
transport are located on different subunits. However, by
comparative structural analysis of the nucleotide binding
domain of the ATP-hydrolyzing KdpB subunit, the overall
catalytical features of P-type ATPases are also present within
the KdpFABC complex (23). Among the four subunits of
the complex, KdpC also comprises a single transmembrane
span together with a rather long hydrophilic domain, which
is oriented toward the cytoplasm. Although the protein has
not yet been characterized extensively, it was shown that it
is absolutely essential for the activity of the transport complex
(10). Especially the highly conserved C-terminal portion of
the polypeptide was found to be important, since deletion
mutagenesis revealed that the truncation of 11 residues led
to the inactivation of the complex (10). Furthermore, KdpC
was shown to significantly react with the radioactive probe
[32P]-2-azido-ATP, thereby suggesting at least nucleotide
interaction if not binding. However, it was not shown whether
the radiolabel was incorporated due to specific interactions
or in just a passive, unspecific manner due to its spatial prox-
imity to the catalytic domain of the complex. Here, we clearly
demonstrate that KdpCsol does bind ATP, although with a
rather low affinity and specificity, and that nucleotide binding
occurs specifically within a structurally well defined binding
site within the polypeptide.

Two putative mechanisms of regulation existing in other
P-type ATPases could be excluded in this study. First, a
possible (auto)phosphorylation could not be observed in the
ESI-MS analysis even in the presence of 50 mM ATP.
Second, a putative inhibitory function seems rather unlikely,
since the presence of even a 10-fold excess of isolated
KdpCsol did not affect the rates of ATP hydrolysis of the
KdpFABC complex (data not shown). For theN. crassa
plasma membrane H+-ATPase, similar experiments revealed
an inhibitory function of the intrinsic regulatory domain, if
a corresponding synthetic peptide was co-added to a standard
ATPase assay (14). Thus, KdpC most likely exerts an acti-
vating effect, which cannot be observed in a corresponding
experiment with KdpCsol together with completely assembled
KdpFABC complexes, which already comprise the full-
length KdpC subunit. An activating function is further sup-
ported by the above-mentioned truncation analysis, which
resulted in inactive transport complexes if the C-terminal
region of KdpC is affected. Nevertheless, an ATP-dependent
regulatory function cannot merely be attributed to interactions
with the nucleotide, since the affinity of KdpCsol is rather
low. In ICD spectroscopy, the ATP binding site could not
be titrated with ATP concentrations of up to 2 mM, which
is in accord with the 8-azido-ATP competition assay, in
which a quench of the photoactivatable probe occurred only
in the presence of 20 and 50 mM ATP, which is far from
the physiological concentration of 3 mM ATP in the
cytoplasm. However, the peak shift pattern in the competition
also revealed that there is a fine-tuning of nucleotide binding
with multiple possible reaction sites for the activated nitrene
within the binding site, which are variably preferred depend-
ing on the competing nucleotide. However, both the low
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nucleotide affinity and specificity render a cooperative
regulatory mechanism likely. The site of ATP binding could
be located within conserved C-terminal segment IV of KdpC.
This stretch of residues can easily come into contact with
the catalytic domains of the KdpB subunit. Such an inter-
action could already be abolished by C-terminal truncations
of the peptide. Thus, the formation of a ternary complex of
the hydrophilic domain of KdpC together with KdpBN (the
nucleotide binding domain of KdpB) and the nucleotide is,
although speculative, quite reasonable for the following
reasons. Isolated KdpBN has a rather high binding constant
for ATP of 1.4 mM (23). In contrast, the other well-
characterized nucleotide binding domains feature a much
betterKd for ATP, i.e., 10-100µM in the case of the Ca2+-
ATPase (24) or 70µM for the Wilson disease protein, which
is reported to be within the typical range of simple protein/
ligand systems (25). Another special feature of KdpBN with
respect to Wilson disease protein is that in the former there
are no interactions between the ribose moiety of the nucleo-
tide and the protein (23) whereas in the latter the ribose is
well coordinated within a proper ribose binding pocket (25),
which might explain the low ATP affinity of KdpBN.
Furthermore, in KdpBN, the nucleotide has to be oriented
to enter the binding site properly together with a precisely
balanced equilibrium of nucleotide uptake and release (23).
Together with the low nucleotide affinity and the lack of
additional coordination sites targeting the ribose moiety, this
renders an additional regulatory process likely. At least in
the case of Wilson disease protein, there is no additional
subunit or regulatory domain. Although phospholamban or
calmodulin is present in the Ca2+-ATPase as already men-
tioned, the mode of regulation most likely differs from that
of KdpFABC due to an evolutionary early divergence of
mammalian and bacterial P-type ion pumps. Since the Wilson
disease protein is more closely related to KdpB than to the
Ca2+-ATPase, these two mechanisms of nucleotide inter-
actions can be directly compared (25). Interestingly, in our
experiments, neither the phosphate moiety (i.e., the com-
parison of ATP, ADP, and AMP) nor the base (ATP vs GTP
and CTP) of the competing nucleotide had any influence on
the overall 8-azido-ATP labeling ratio. In addition, within
the 8-azido-ATP, the reactive nitrene is located right next
to the ribose, which altogether argues in favor of a rather
untypical interaction between KdpCsol and ATP via the ribose
moiety of the nucleotide, although there is yet no direct
experimental evidence for such an interaction. However, this
view is further supported by sequence analysis of the ATP-
binding stretch of residues in KdpCsol, in which no typical
consensus motif could be found. This ribose-mediated inter-
action would also explain the rather low nucleotide affinity
with respect to a well-coordinated high-affinity binding,
which involves both the base and the phosphates. Taken
together, the soluble part of KdpC might aid the nucleotide
via ribose interaction to enter the low-affinity catalytic
binding site in KdpBN. This view of an essential role of
KdpC during catalysis is further strongly supported by the
fact that isolated KdpB exhibits no hydrolytic activity.
Activity could, however, not be restored by the addition of
KdpCsol (data not shown), which is most likely due to the
lack of the membrane part, which orients the proteins in a
proper way.

An interaction of KdpCsol with KdpBN around the catalytic
nucleotide binding site has most recently been demonstrated
doubtlessly by NMR analysis (to be published elsewhere).
However, the exact mechanism of this novel regulatory
feature within the KdpFABC complex must be further eluci-
dated by, for example, mutagenesis of the putative ribose
binding motif or NMR analysis of the solution structure of
KdpCsol, which is under way in our laboratory.
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