
JOURNAL OF BACTERIOLOGY,
0021-9193/98/$04.0010

Mar. 1998, p. 1347–1353 Vol. 180, No. 6

Copyright © 1998, American Society for Microbiology

When an ATPase Is Not an ATPase: at Low Temperatures the
C-Terminal Domain of the ABC Transporter CvaB Is a GTPase

XIAOTIAN ZHONG AND PHANG C. TAI*

Department of Biology, Georgia State University, Atlanta, Georgia 30303

Received 23 October 1997/Accepted 5 January 1998

The ATP-binding cassette (ABC) transporters belong to a large superfamily of proteins which share a
common function and a common nucleotide-binding domain. The CvaB protein from Escherichia coli is a
member of the bacterial ABC exporter subfamily and is essential for the export of the peptide antibiotic colicin
V. Here we report that, surprisingly, the CvaB carboxyl-terminal nucleotide-binding domain (BCTD) can be
preferentially cross-linked to GTP but not to ATP at low temperatures. The cross-linking is Mg21 and Mn21

dependent. However, BCTD possesses similar GTPase and ATPase activities at 37°C, with the same kinetic
parameters and with similar responses to inhibitors. Moreover, a point mutation (D654H) in CvaB that
completely abolishes colicin V secretion severely impairs both GTPase and ATPase activities in the corre-
sponding BCTD, indicating that the two activities are from the same enzyme. Interestingly, hydrolysis activity
of ATP is much more cold sensitive than that of GTP: BCTD possesses mainly GTP hydrolysis activity at 10°C,
consistent with the cross-linking results. These findings suggest a novel mechanism for an ABC protein-
mediated transport with specificity for GTP hydrolysis.

The CvaB transporter protein of Escherichia coli, together
with CvaA and TolC proteins, mediates export of the 88-
amino-acid bacteriocin, colicin V (ColV), across the bacterial
cytoplasmic and outer membranes into the surrounding me-
dium (14, 19). ColV is taken up by the target cells and kills
these sensitive cells by disrupting their membrane potential
(57). The export is dependent on an N-terminal double-gly-
cine-type signal of the toxin precursor which is cleaved con-
comitant with secretion (9, 16, 20). The CvaB protein has been
shown to play a pivotal role in this processing event (59, 60).

Previous sequence analysis revealed that CvaB is a 698-
residue cytoplasmic membrane protein and belongs to the
ATP-binding cassette (ABC) superfamily of prokaryotic and
eukaryotic transporters (3, 14, 15, 19, 22). Eukaryotic ABC
members like cystic fibrosis transmembrane conductance reg-
ulator (CFTR) and multidrug resistance P glycoprotein con-
tain two copies of a nucleotide-binding domain (NBD), which
suggests that two binding sites may also be needed in other
transporters (15, 22). For bacterial ABC importers, the NBDs
are autonomous as part of transporter complexes. Like most
other bacterial ABC exporters, the NBD sequence of CvaB
together with an N-terminal integral membrane domain forms
a single polypeptide.

The NBDs of ABC transporters retain a significant degree of
homology spanning approximately 200 amino acids (3, 15, 22)
and contain several common features, including a Walker A
motif (a glycine-rich domain) and a Walker B motif including
an aspartate for Mg21 coordination. These two conserved sites
form a nucleotide-binding pocket also known as a Rossman
fold (47) or Doolittle motif (13). The binding site occurs at the
end of an alpha helix; the residues GXXGXGKST form a turn,
bringing the lysine residue in close proximity to the phosphates
in the Mg21-ATP. The aspartic acid residue within the B site
is in close proximity in space to the A site, and its negative
charge may interact with the Mg21 molecule (55). The NBD

sequence also contains a third consensus element, a linker
peptide LSGGQ (or C motif) which has been suggested to act
as a signal transducer between the hydrophobic domain and
the NBD (3, 9, 15, 22, 31). It is widely accepted that ATPase
activity contributes energy to all active ABC protein-depen-
dent transport processes. Several ABC transporters have been
shown to bind ATP analogs (21, 23), and mutations within the
cassette affect ATP binding and hydrolysis of some ABC trans-
porters (5, 7, 10, 29, 30, 40, 54). Moreover, in vitro ATP
binding and hydrolysis have been demonstrated by either iso-
lated purified component (56) or fusions with a carrier protein
(31).

Although intensive research has been focused on ABC pro-
tein-mediated transports, the underlying mechanism has yet to
be worked out. Large variations exist within the superfamily. In
the ColV system, there is no direct evidence yet that the pu-
tative ATP-binding domain of CvaB binds or hydrolyzes ATP.
Recently it has been shown that GTP is as good as or better
than ATP as an energy source for in vitro processing of ColV
(60). To determine whether CvaB is involved in both nucleo-
tide hydrolysis activities, we characterized the C-terminal NBD
of CvaB (BCTD). Two types of fusion constructs demonstrate
that this domain can bind and be cross-linked to GTP and to
ATP with different efficiencies at different temperatures. Sim-
ilar differences were found for their ATPase and GTPase hy-
drolysis activities, indicating that BCTD is a specific GTPase at
low temperatures. Moreover, the nucleotide binding and hy-
drolysis of a Walker B site mutation (D654H) were impaired,
which corresponds to the secretion defect of ColV in cells,
indicating the activity of BCTD correlates with its export func-
tion.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The E. coli strain and plasmid used in
this study, DH5aF9{F9/endA1 hsdR17 (rK

2 mK
1) supE44 thi-1 recA1 gyrA (Nalr)

relA1 D(lacZYA-argF)U169 deoR [f80 D(lacZ)M15} and pHK11-4 (pBR322 with
cvaAC and cvi, cvaB::Tn5), were laboratory stocks (18, 60). LinA (48) and TB
(19) media were used as both liquid and solid (with 1.5% agar) growth media
except when noted otherwise. The antibiotics ampicillin, chloramphenicol, and
kanamycin were used at final concentrations of 200, 30, and 50 mg/ml, respec-
tively.
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DNA techniques and plasmid construction. DNA manipulations were gener-
ally carried out as described by Sambrook et al. (48). Site-directed oligonucleo-
tide mutagenesis of the cvaB gene was performed by PCR, using essentially an
overlapping extension method (32). The mutagenic oligonucleotides used as
primers in the PCRs were P301 (59-ATTATTTATGCATGAGGCAACCA-39)
and P302 (59-TGGTTGCCTCATGCATAAATAAT-39) to convert Asp654 to
His654 (Asp654 is a conserved residue of CvaB Walker B site), as well as P303
(59-CCTCGTCGACTTAAATAGAAATAACTCTATCAAC-39) and P304 (59-C
GCGGATCCTGTTGACCTATAAGGGAGCACCTC-39) (italicized letters in-
dicate restriction sites for BamHI and SalI, respectively), two outside primers,
using plasmid pHK11 (18) as the template. The PCR products were cloned into
pACYC184 with BamHI and SalI to yield plasmid pXZ14. The mutation was
verified by DNA sequencing in an ABI model 373A DNA sequencer in the
Biology Department core facility.

For glutathione S-transferase (GST) fusion constructs, primer P307 (59-CTC
GAATTCGTGGGCAGTTTTCGGAAAGAGTT-39 (italicized letters indicate
an EcoRI restriction site), primer P303, and pHK11 template generated a 0.78-
kbp PCR fragment encoding the sequence of a 260-residue C-terminal domain of
CvaB. This fragment was cloned into the expression vector pGEX5x-2 (Pharma-
cia) with EcoRI and SalI, creating plasmid pXZ7. With primer P305 (CGCGA
ATTCTAAGAATAATGAGTCTGCACAATGAGCGCATT-39; italicized let-
ters indicate an EcoRI restriction site), primer P303, and pHK11, a PCR frag-
ment encoding the 240-residue C-terminal domain of CvaB was generated and
cloned into pGEX-5x-2 to yield plasmid pXZ8.

For the construction of His6 fusions, primer P305 primer P306 (59-CGCGAA
TTCTTATTAAATAGAAATAACTCTATCAACAGT-39), and pHK11 gener-
ated a 0.78-kbp PCR fragment which was cloned into pTrcHisB (Invitrogen) with
PstI and EcoRI sites, yielding plasmid pXZ28. Using pXZ14 as a template, a
PCR fragment encoding mutated BCTD (D654H) was also generated and cloned
into pTrcHisB to yield plasmid pXZ29.

Overproduction and purification of GST-BCTD and His6-BCTD fusion pro-
teins. For the overproduction of GST-BCTD fusion protein, 1 liter of E. coli
[DH5a(pXZ7), DH5a(pXZ8), and DH5a(pXZ27)] was grown at 37°C to an
optical density at 600 nm of 0.5 in LinA medium supplemented with 1% glucose
and ampicillin (200 mg/ml). Isopropylthiogalactopyranoside (IPTG; 1 mM) was
added for 4 h to induce expression of GST-BCTD. Cells were pelleted and
suspended in 50 mM Tris-HCl (pH 7.6)–500 mM NaCl buffer and then passed
through a French pressure cell twice at 17,000 lb/in2. The cell lysate was centri-
fuged at 30,000 3 g for 10 min, and the pellet containing GST-BCTD inclusion
body was washed twice with 20 ml of 50 mM Tris-HCl (pH 7.6)–500 mM NaCl
buffer. Then GST-BCTD inclusion body was extracted with 2 ml of 6 M urea–50
mM Tris-HCl (pH 7.6). By using the procedures described previously (27),
except that glutathione was replaced with dithiothreitol (DTT), the urea-ex-
tracted GST-BCTD was renatured by dialysis in 50 mM Tris-acetate (pH 7.6)–
20% glycerol–2 mM DTT. Then the GST-BCTD was affinity purified by gluta-
thione-agarose chromatography in parallel with GST protein [in IPTG-induced
DH5a(pGEX-5x-2) cells] as described previously (31).

For overproduction and purification of His6-BCTD, a 1-liter culture of E. coli
DH5a(pXZ28) or DH5a(pXZ29) was grown and induced with IPTG, and the
lysates were prepared as described above. The pellet after centrifugation was
washed with 20 mM sodium phosphate buffer (pH 7.6) twice and extracted with
10 ml of 6 M guanidine-HCl–20 mM sodium phosphate buffer (pH 7.6)–500 mM
NaCl. The extract was mixed with 2 ml of a 50% slurry of nickel metal Probond
resin (Invitrogen), which had previously been equilibrated in the same buffer.
After stirring for 30 min, the resin was loaded into a column. The column was
washed at least 10 bed volumes with 20 mM sodium phosphate buffer (pH 7.6)
containing 6 M urea and 500 mM NaCl until the A280 of the flowthrough was less
than 0.03. The column was further washed with 5 bed volumes of 20 mM sodium
phosphate buffer (pH 4.0) containing 6 M urea and 500 mM NaCl. The His6-
BCTD was eluted with 6 ml of same buffer containing 300 mM imidazole. By
using the procedure described above, the His6-BCTD was renatured in 50 mM
Tris-acetate (pH 7.6)–20% glycerol–2 mM DTT.

UV cross-linking of protein to GTP or ATP. Cross-linking was performed as
described by Yue and Schimmel (58). Samples (20 ml) containing 1 to 2 mg of
protein and 1 mM a- or g-32P-labeled nucleoside triphosphate (NTP; 30 Ci
mmol21; NEN) in buffer (20 mM Tris-acetate [pH 8.0], 5% glycerol, 5 mM
MgCl2, 0.5 mM DTT) were irradiated on ice for 30 min or at other temperatures
for 20 min in a UV cross-linker (Stratagene Stratalinker 2400; 254-nm-wave-
length bulbs). Proteins were precipitated with 10% trichloroacetic acid. The
pellets were washed with acetone, and photoadducts were analyzed by sodium
dodecyl sulfate (SDS)–10% polyacrylamide gel electrophoresis and autoradiog-
raphy.

GTPase and ATPase activity measurements. For GTPase and ATPase assays,
the complete reaction mixture (20 ml) contained 5 mM magnesium chloride, 100
mM potassium acetate, 40 mM Tris-acetate (pH 7.5), 0.1 mg of ovalbumin per
ml, 1 mM DTT, and 0.5 mg of His6-BCTD. [g-32P]GTP or [g-32P]ATP (1 mCi;
Amersham) was added at various concentrations. The assay was carried out as
described previously (37). Briefly, after a 10-min incubation at the temperatures
indicated, the reaction mixtures were mixed with 800 ml of a 5% suspension of
activated charcoal (Sigma) in 20 mM phosphoric acid, incubated on ice for 10
min, and then centrifuged for 10 min to pellet the charcoal and bound nucleo-
tide. A 200-ml aliquot of supernatant fraction containing the liberated radioac-

tive phosphate was analyzed by a scintillation counter and corrected for back-
ground counts from reactions performed with buffer only. The rate of nucleotide
hydrolysis at 5 mM is linear up to 20 min at 37°C.

ColV assay. A plate assay as previously described (16, 24) was used to quan-
titate the levels of active ColV secreted from the wild-type or mutant CvaB.
Briefly, a 0.5-ml suspension of ColV-sensitive cells (E. coli 71-18) was mixed with
3 ml of H-top agar (38) and spread on an agar plate of TB medium (10 g of
tryptone and 8 g of NaCl/liter). A single colony of the strain to be assayed was
picked onto a lawn of sensitive cells. After overnight growth at 37°C, a circular
halo of growth inhibition, resulting from the radial diffusion of active ColV,
formed around the ColV-producing cells.

Chemicals and reagents. All chemicals and reagents were of reagent grade and
obtained from Sigma unless otherwise specified.

RESULTS

Overproduction and purification of GST-BCTD fusion pro-
teins. Like other ABC transporters, the CvaB protein has been
very difficult to characterize biochemically because of its low
abundance and extreme hydrophobicity (14, 19). To test
whether BCTD is indeed an ATPase, we fused the coding
sequence of NBD in frame to the Schistosoma japonicum GST
gene in the expression vector pGEX-5x-2, creating plasmid
pXZ7. The resulting fusion protein (GST-BCTD) has a de-
duced molecular mass of 57.6 kDa comprising the 218-amino-
acid GST, a 12-residue linker (SDLIEGRGIPGI), and the 260
C-terminal amino acids of CvaB. E. coli DH5a(pXZ7) cells
with IPTG induction generated abundant inclusion body of
GST-BCTD. (Even when growth conditions were varied or a
new fusion construct with 240 residues [pXZ8] was used, little
soluble GST-BCTD could be obtained.) The GST-BCTD was
extracted from the inclusion body with 6 M urea, and the
urea-extracted GST-BCTD was renatured in solution such that
it could be purified by glutathione-agarose affinity chromatog-
raphy (Fig. 1A, left, lanes 3, 4, 7, and 8), in parallel with GST
(lanes 1, 2, 5, and 6). The low-molecular-weight protein bands
below GST-BCTD were probably degradation products, since
they reacted with CvaB antibodies (data not shown).

GST-BCTD fusion protein can be cross-linked to GTP in
much higher affinity than to ATP. To determine whether GST-
BCTD can specifically bind nucleotides, cross-linking with
[a-32P]ATP or [a-32P]GTP by UV irradiation was carried out.
Surprisingly, SDS-gel electrophoresis revealed a band labeled
with [a-32P]GTP whose position corresponded to that of GST-
BCTD (Fig. 1A, right, lanes 7 and 8), but little photoadduct
was detected for the [a-32P]ATP reaction (lanes 3 and 4).
Similar findings were observed with [g-32P]ATP or -GTP, and
no phosphorylation was observed (data not shown). Cross-
linking with both nucleotides was equally efficient since a 70-
kDa band (probably DnaK) in the crude protein sample could
also be labeled with both nucleotides (data not shown). GST
protein itself did not cross-link with either nucleotide (lanes 1,
2, 5, and 6), indicating that the GTP cross-linking of GST-
BCTD is specifically due to NBD of CvaB. Moreover, the GTP
cross-linking of GST-BCTD was greatly enhanced with Mg21

(compare lane 7 to lane 8). The Mg21-dependent GTP binding
is distinct from that for other GTP-binding proteins (11, 44).

To determine the specificity of GTP-cross-linking, 100-fold
molar excesses of various nucleotides were added as compet-
itors during UV irradiation. As shown in Fig. 1B, GDP, GTP,
and dGTP had the strongest competition effect, while GMP-
PCP competed less well. Interestingly, ATP and ADP could
also compete though to lesser extents, whereas GMP, CTP,
UTP, and cGMP competed poorly. The dGTP competition is
consistent with results for other GTP-binding proteins, such as
Ha-Ras p21 (36) or YPT1 (51), but differs from results for
FtsZ (11, 44). On the other hand, the ATP competition is quite
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unique for the GTP cross-linking of GST-BCTD in comparison
to other G proteins.

His6-BCTD also preferentially cross-links to GTP. Since it is
generally believed that ABC transporters are ATP-binding
proteins (12, 28, 31, 34, 46, 53, 56), we considered the possi-
bility that the GST fusion had altered the conformation of the
NBD such that it changed its binding specificity from ATP to
GTP. Therefore, we made another, much smaller gene fusion
without an additional defined functional domain, i.e., 260-res-
idue BCTD with an N-terminal six-histidine tag. His6-BCTD
could be affinity purified through an Ni21-agarose column
(Fig. 1C, left, lane 1). The purified His6-BCTD fusion protein
also cross-linked to GTP to a much greater extent than to ATP
(Fig. 1C, right). The lower band, which can also be cross-linked
with nucleotides, is probably a minor degradation product of
His6-BCTD since it also reacted with CvaB antibody (data not
shown).

GTPase and ATPase activities of His6-BCTD. The ability of
BCTD to cross-link GTP specifically but not ATP is quite

surprising, given that ATP has always been assumed to be the
reacting nucleotide. To determine whether BCTD can hydro-
lyze GTP or ATP, we measured GTPase and ATPase activities
of His6-BCTD. The purified His6-BCTD preparation was fur-
ther fractionated over a calibrated FPLC Superdex-200 col-
umn. His6-BCTD corresponded to one protein peak which was
consistent with the position of a tetramer of His6-BCTD (Fig.
2A), similar to those reported for the NBD of P glycoprotein
(53). The GTPase activity was indeed copurified with His6-
BCTD. However, in contrast to its cross-linking activity, the
ATP hydrolysis activity of His6-BCTD was almost as high as
that for GTP at 37°C (Fig. 2A and B).

Kinetic parameters of the GTPase and ATPase activities of
His6-BCTD. The kinetic parameters of the reactions were es-
timated from Lineweaver-Burk plots (Fig. 2B and C). The Vmax
values for GTPase and ATPase are approximately 0.29 and
0.27 nmol of nucleotide hydrolyzed/min/mg of protein, respec-
tively, and the estimated Kms are 5.0 and 7.0 mM, respectively.

The His6-BCTD-associated GTPase and ATPase activities
were strongly dependent on the presence of Mg21 ions in the
assay buffer; little activity was detected in its absence (Table 1).
When Mg21 was replaced by Mn21, the activities were even
higher. Co21 could partially substitute for Mg21. In contrast,
both Ca21 and Zn21 failed to support GTP or ATP hydrolysis.

The His6-BCTD-associated GTPase and ATPase activities
were further characterized with respect to sensitivity toward
typical inhibitors of F-, P-, and V-type ATPases (41). The
results are summarized in Table 2. None of these inhibitors has
significant effect on either GTP or ATP hydrolysis. However,
the sulfhydryl reagent N-ethylmaleimide (NEM) strongly in-
hibited both activities (Table 2).

Walker B mutation (D654H) impairs both nucleotide bind-
ing and hydrolysis of BCTD. To further ascertain that both
GTPase and ATPase activities are from BCTD and to test
whether such nucleotide binding and hydrolysis of BCTD are
relevant to CvaB transport function, we introduced one muta-
tion into the nucleotide-binding motif (D654H, a Walker B
mutation). As a result, this mutation completely abolished
ColV secretion (Fig. 3A) and the CvaB protein with this mu-
tation was stable within the cells (data not shown), indicating
that this conserved residue in the nucleotide-binding motif is
important for CvaB function. We also constructed the corre-
sponding D654H mutation in BCTD, purified the His6-BCTD,
and tested its nucleotide-binding and hydrolysis activities. In
comparison to the wild type, nucleotide cross-linking and both
GTPase and ATPase activities of His6-BCTD (D654H) were
severely impaired (Fig. 3B and C), indicating that the same
mutation affects both enzymatic activities. These results also
rule out the possibility that either of the nucleotide hydrolysis
activities is due to the contamination with some other E. coli
NTPase.

GTP is the best substrate for His6-BCTD at low tempera-
tures. Ironically, cross-linking data showed that BCTD cross-
linked to GTP with much higher affinity than to ATP, whereas
enzymatic data indicated that GTPase and ATPase activities
were similar. We reasoned that the difference may be due to
the temperature effect, since cross-linking was done on ice
while enzymatic activities were assayed at 37°C. Therefore, to
determine whether the substrate specificity of His6-BCTD is
temperature dependent, we carried out the hydrolysis and UV
cross-linking at different temperatures. As shown in Fig. 4A,
the efficiency of cross-linking to both nucleotides decreased
with increasing temperatures under the conditions used. In-
deed, the high cross-linking affinity of His6-BCTD for GTP at
0°C decreased much more drastically than that for ATP with
increasing temperatures to such an extent that levels of cross-

FIG. 1. BCTD can be cross-linked to [a-32P]GTP in much higher affinity than
to [a-32P]ATP. (A) Left, Coomassie blue-stained SDS-gel showing protein pro-
files used in the cross-linking. The molecular size markers are bovine serum
albumin (66 kDa [66K]), ovalbumin (45 kDa), and carbonic anhydrase (29 kDa).
Right, autoradiogram of UV cross-linking with [a-32P]ATP and [a-32P]GTP at
0°C. (B) Competitive binding of GTP to GST-BCTD. GST-BCTD was irradiated
with UV (254 nm) in the presence of [a-32P]GTP and Mg21. The unlabeled
nucleotides as indicated (100 mM) were added to the complete reaction mixtures
before cross-linking. (C) Left, Coomassie blue-stained gel of His6-BCTD; right,
autoradiogram of UV cross-linking with [a-32P]GTP (lane 1) and [a-32P]ATP
(lane 2).
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linking of GTP and ATP were similar at 37°C. On the other
hand, as shown in Fig. 4B, at 37°C ATP and GTP are similar
with respect to nucleotide hydrolysis efficiency. As the assayed
temperatures were lowered, the activities, especially that of
ATPase, decreased. Remarkably, it appeared that the ATPase
activity of BCTD was much more cold sensitive; GTPase ac-

tivity was about 10 times higher than ATPase activity at 10°C
(Fig. 4B, insert), consistent with the previous cross-linking
results (Fig. 1C). The Kms of GTPase and ATPase at 10°C are
similar, but the Vmax values of GTPase and ATPase at 10°C are
around 0.12 and 0.01 nmol of nucleotide hydrolyzed/min/mg,
respectively, corresponding approximately to the difference in
activities.

DISCUSSION

In this study, the C-terminal NBD of CvaB is characterized
in a GST-BCTD fusion and a His6-BCTD version, from which
large amounts of purified proteins can be readily obtained. We
have shown that, surprisingly, BCTD preferably binds (as man-
ifested by cross-linking) and hydrolyzes GTP at low tempera-
tures, whereas it hydrolyzes ATP almost as efficiently as GTP
at 37°C. Moreover, a Walker B mutant (D654H) of CvaB
completely abolishes ColV secretion. The nucleotide-binding
and hydrolysis activities of the corresponding His6-BCTD
(D654H) fusion are impaired. These results indicate that the
GTP-binding and hydrolysis activities of BCTD are correlated
with secretion activity and that CvaB may be a specific GTPase
at low temperatures. These findings are unexpected, since it is
generally believed that ATP is the preferred nucleotide sub-
strate for the ABC transporter to function.

The GTPase and ATPase activities of CvaBCTD are in the
range of those for the NBDs of P glycoprotein (53) and puri-
fied CFTR protein (34) and close to the intrinsic rate reported
for the low-molecular-weight GTPases such as Ras (17). On
the other hand, the activities are lower than those for other
NTPases (6, 31, 33, 49). It is possible that the N-terminal

FIG. 2. GTPase and ATPase activities of His6-BCTD at 37°C. (A) Copuri-
fication of His6-BCTD with nucleotide hydrolysis activities. The His6-BCTD
preparation was fractionated on a calibrated FPLC Superdex-200 gel filtration
column (Pharmacia; 0.5 ml min21) in 50 mM Tris-HCl (pH 7.6)–20 mM KCl–20
mM NH4Cl–1 mM DTT, and fractions of 40 ml were assayed for activity. Size
standards included carbonic anhydrase (29 kDa [29KD]), bovine serum albumin
(66 kDa), and alcohol dehydrogenase (150 kDa). (B) Substrate concentration
titration of GTP and ATP hydrolysis of His6-BCTD at 37°C. (C) Lineweaver-
Burk plot of the GTPase and ATPase activities.

TABLE 1. Effects of divalent cations on His6-BCTD GTPase and
ATPase activitiesa

Cation
% Activity (mean 6 SE; n 5 6)

GTPase ATPase

None 0 0
Mg21 100 100
Mn21 165 6 14.5 125 6 9.8
Ca21 0 0
Zn21 0 0
Co21 15 6 1.8 20 6 2.8

a GTPase and ATPase activities were measured with a nucleotide concentra-
tion of 10 mM as described in Materials and Methods; cations (5 mM) in their
chloride form were used. Activities are standardized to that of the reaction
mixture containing Mg21.

TABLE 2. Effects of ATPase inhibitors on His6-BCTD GTPase and
ATPase activitiesa

Compound

% Activity (mean 6 SE; n 5 6)

GTPase ATPase Inhibitor
forb:

None 100 100
Vanadate (100 mM) 74 6 8 90 6 11 P
NaN3 (50 mM) 80 6 7.6 90 6 5.8 F
KNO3 (2 mM) 76 6 12.3 84 6 10.9 V
NEM (1 mM) 10 6 2 18 6 3.5

a Reaction mixtures contained the same protein and nucleotides as those for
Table 1. His6-BCTD was preincubated with the compounds for 10 min on ice
before addition of nucleotides to initiate the reaction at 37°C.

b P, phosphorylation-type ATPase; F, F0F1-type ATPase; V, vacuolar-type
ATPase.

1350 ZHONG AND TAI J. BACTERIOL.



transmembrane domains of CvaB are required for full activity
of nucleotide hydrolysis when CvaB in the membrane is asso-
ciated with other accessory proteins or in the presence of ColV
precursor. SecA ATPase is known to be enhanced greatly in
the presence of membrane lipid and precursor (35). Moreover,
the enzymatic activity may be enhanced by other protein fac-
tors; some nucleotide-binding protein can bind nucleotides but
fail to hydrolyze them in the absence of an activating factor
(42, 52).

The ATPase activities of several ABC transporters, e.g., P
glycoprotein, HlyB, PrtD, and MalK, are resistant to many
specific inhibitors of F-, P-, and V-type ATPases but sensitive
to vanadate (1, 12, 31). The enzymatic activity of mammalian
CFTR transporter is resistant to vanadate but inhibited by
sodium azide (4, 34). BCTD is resistant to all of these inhibi-
tors. The difference in sensitivity to the inhibitors reflects the
variations within the superfamily. BCTD contains four cysteine
residues (Cys-540, Cys-571, Cys-588, and Cys-602) as putative
targets for modification by NEM, which strongly inhibits the
enzymatic activity. P glycoprotein and MalK both have a cys-
teine residue in Walker A motif, and their ATPase activities

are also sensitive to NEM (1, 39). However, the ATPase ac-
tivities of HlyB and PrtD (although they all contain cysteine
residues) are not inhibited by 1 mM NEM (12, 31). The
GTPase of CvaBCTD has exactly the same pattern for the
inhibitors as its ATPase, which is consistent with the notion
that the two activities come from the same enzyme. It is worth
noting that processing of ColV-1 in vitro utilizes GTP and can
be completely inhibited by NEM (60). Blocking the GTPase
and ATPase activities of CvaB may be one explanation for the
inhibition of processing of the precursors. The divalent cation
specificity of CvaBCTD shows significant differences from
those of most F-type ATPases, which hydrolyze ATP in the
presence of any one of the divalent cations tested in this study
(26). On the other hand, the divalent results are quite similar
to the results for HlyB ATPase (31). In all, the CvaB ATPase

FIG. 3. Effects of point mutation D654H. (A) Effect on ColV secretion.
Wild-type (Wt) cvaB strain DH5a(pHK11-4, pXZ11) and D654H mutant
DH5a(pHK11-4, pXZ15) were spotted for the ColV assay. (B) Effect on the
GTP binding of His6-BCTD. His6-BCTD (wild type and D654H) was subjected
to UV cross-linking with [a-32P]ATP and [a-32P]GTP. (C) Effects on GTPase
and ATPase activities of His6-BCTD. His6-BCTD (wild type and D654H) was
assayed for nucleotide hydrolysis activities in the presence of Mg21 or Mn21.

FIG. 4. Temperature effects of nucleotide cross-linking and hydrolysis. (A)
The upper panel is the Coomassie blue-stained gel of protein samples used for
the lower panel, which is the autoradiogram of [a-32P]ATP and [a-32P]GTP
cross-linkings at different temperatures. (B) Nucleotide hydrolysis activities at
different temperatures. Data are means 6 standard errors (bars) (n 5 4). The
GTPase/ATPase ratio at each temperature is shown in the insert.
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and GTPase activities appear to be quite unique among the
ABC transporters but to share various characteristics with a
number of other ATPases.

The finding that BCTD is a specific GTPase is quite unex-
pected. However, it has been shown that ATP- and GTP-
binding proteins share some common nucleotide-binding mo-
tifs (50). The phosphate-binding loop (G1 motif) of many
GTP-binding proteins is similar to the Walker A motif (50).
Certain GTP-binding proteins such as tubulin, FtsZ, and FstY,
which deviate significantly from certain consensus motifs of
canonical GTPases (8), have additional Mg21-binding motifs
similar to the nucleotide-binding motifs of ATP-binding pro-
tein (45). Substrate specificity of these nucleotide protein is
probably quite subtle. Even though it has a potential GTP-
binding domain, the Hrs-2 protein is in fact an ATPase (6). A
point mutation in the P loop converts E. coli FtsZ GTPase to
an ATPase (45). Moreover, ATP is the best substrate for sev-
eral ABC transporters, but GTP as well as some other nucle-
otides can also be utilized effectively (2, 4, 31, 39); some ABC
transporters can bind GTP as well as ATP (28), indicating that
this type of ATPase displays rather broad substrate specificity.
Indeed, it has been reported that the NBD2 of CFTR is a G
protein that binds GTP as well as ATP (43). Thus, it is possible
that as the nucleotide-binding loops of GTPase and ATPase
differ slightly, the NBD of an ABC transporter may become
more restricted to ATP at low temperatures, as is the case of
CvaB here.

Under physiological conditions, the intracellular concentra-
tion of ATP is higher than that of GTP, which suggests that at
37°C, BCTD functions as an ATPase; at low temperatures,
however, it likely acts as a GTPase. The feature of this soluble
domain presumably is representative of the whole CvaB trans-
porter, in conjunction with accessory protein CvaA and TolC,
in the membrane. If this is true, the result also suggests that the
physiological effect of nucleotide hydrolysis for CvaB-mediated
transport at low temperatures may be different from that at
37°C. It is worth noting that GTP may directly provide energy
to the ABC transporter. It is not clear whether this reflects a
common feature for other ABC transporters, including multi-
drug-resistant P glycoprotein and CFTR. On the other hand, it
is also possible that CvaB represents a new subset of ABC
transporters, as significant variations in the NBD are observed
among the ABC transporters (3, 15, 22). In this context, CvaB
may be a unique GTPase that can also function as an ATPase
at 37°C but not at low temperatures. Although the physiolog-
ical consequences are not yet clear, it is tempting to speculate
that the GTPase may be related to the regulatory functions in
the ColV secretory complex, in a manner similar to the roles of
GTP hydrolysis on G proteins.
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