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Background: A universal mechanism for the secretion ATPase superfamily has been proposed.
Results:Magnesium regulates the catalytic cycle of the type IV secretion ATPase TrwD.
Conclusion: Physiological magnesium concentrations maintain the enzyme at slow ATP turnover, preventing a futile ATP
hydrolysis cycle.
Significance: The regulatory role of magnesium provides new insights into the catalytic mechanism of the secretion ATPase
superfamily.

TrwD, the VirB11 homologue in conjugative plasmid R388, is
a member of the large secretion ATPase superfamily, which
includes ATPases from bacterial type II and type IV secretion
systems, type IV pilus, and archaeal flagellae assembly. Based on
structural studies of the VirB11 homologues in Helicobacter
pylori and Brucella suis and the archaeal type II secretion
ATPase GspE, a unified mechanism for the secretion ATPase
superfamily has been proposed. Here, we have found that the
ATP turnover of TrwD is down-regulated by physiological con-
centrations ofmagnesium.This regulation is exerted by increas-
ing the affinity for ADP, hence delaying product release. Circu-
lar dichroism and limited proteolysis analysis indicate that
magnesium induces conformational changes in the protein that
promote a more rigid, but less active, form of the enzyme. The
results shownhere provide new insights into the catalyticmech-
anism of the secretion ATPase superfamily.

Type IV secretion systems (T4SSs)6 are used by Gram-nega-
tive bacteria to transport DNA between bacteria and protein
effectors into host cells (1). T4SSs are macromolecular assem-
blies formed at least by 12 different proteins, named after their

homologues in Agrobacterium tumefaciens: VirB1–11 and
VirD4 (2). Three of these proteins (VirD4, VirB4, and VirB11)
are hexameric ATPases that provide the energy for substrate
transport and for T4SS biogenesis (3–6). VirB11 proteins are
thought to belong to a large family of AAA� hexameric traffic
ATPases, which also includes ATPases from type II secretion
systems, type IV pili and archaeal flagellar biogenesis systems
(7). The atomic structures of two nonconjugative VirB11
homologues, Helicobacter pylori HP0525 (8, 9) and Brucella
suis VirB11 (10), revealed that these proteins form hexameric
ring structures in which the N-terminal domain likely interacts
with the bacterial membrane, whereas the C-terminal domain,
containing a RecA-like domain, is involved in ATP hydrolysis.
Although there is not a crystal structure of TrwD, which is the
VirB11 homolog in plasmid R388, electronmicroscopy analysis
of this protein revealed that it also forms hexameric ring assem-
blies (11).
Despite the structural information, little is known about the

structure-function relationship and the biological function of
the different components of T4SSs. In an effort to gain a further
biological understanding of T4SSs, we have characterized the
biochemical and genetic properties of the conjugative ATPases
of the model plasmid R388 (3, 4, 6, 12, 13). VirB11 is thought to
play a chaperone role in the traffic of effectors through T4SSs,
using energy from ATP hydrolysis to assemble/disassemble
type IV components for biogenesis of the secretion system
and/or for substrate translocation across the membrane (14).
However, this role, inferred mainly through structural and
comparative genomics analysis, is not matched by biochemical
evidence. Therefore, the purpose of this work is to provide bio-
chemical evidence that supports the functional placement of
VirB11 proteins among the AAA� traffic ATPase superfamily.
To this end, we developed a new purification protocol that ren-
ders pure TrwD protein withmuch higher ATP hydrolase rates
than in any previously reported VirB11 analysis (6, 11, 15).
Interestingly, we found that the ATP turnover of the enzyme is
decreased in the presence of physiological concentrations of
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Mg2�. Inhibition is not coupled toATP concentration but to an
increase in the affinity for ADP, which in turn results in a delay
of product release. Thermal denaturation analysis by circular
dichroism spectroscopy showed that magnesium is able to
induce conformational changes to the apo-, nucleotide-free
form of the enzyme, resulting in a cooperative transition. Lim-
ited proteolysis with papain allowed us to discriminate a region
within the C terminus of the protein that could promote the
closing and aperture of the nucleotide binding pocket. Alto-
gether, these observations could help to gain a further under-
standing of the catalytic mechanism of this large secretion
ATPase superfamily.

EXPERIMENTAL PROCEDURES

Cloning—R388 trwD gen was cloned by PCR using plasmid
R388 as template and primers AAAATCATATGTCTA-
CAGTCTCGAAAGC and AAAATGGATCCTAAGCATCT-
TGGAC (forward and reverse, respectively). The resulting
1,076-bp fragment was digested with NdeI and BamHI and
inserted into the same sites of the pET3a expression vector
(Novagen, Madison, WI).
Overexpression and Purification—TrwD was expressed into

Escherichia coli C41(DE3) strain (16). Cells were isolated and
solubilized as reported (4). Lysates were precipitated in a satu-
rated ammonium sulfate solution (60% w/v) and centrifuged at
100,000 � g for 30 min at 4 °C. Pellets were resuspended in
bufferA (20mMHepes/NaOH, pH6.8, 0.1MNaCl, 10% glycerol
(w/v), 1 mM DTT, 1 mM PMSF), dialyzed, and applied to a
HiTrap Q-Sepharose (5-ml) column (GE Healthcare). The
flow-through was dialyzed in buffer A at pH 7.6 and applied to
a ResourceQ-Sepharose (6-ml) column. Protein was eluted in a
linear gradient of NaCl, concentrated, and loaded onto a
HiLoad 16/60 Superdex 200 column. Fractions were eluted in
20mMHepes/NaOH, pH7.6, 0.2mMNaCl, 1mMPMSF, and 5%
glycerol (w/v) and stored at �80 °C.
ATP Hydrolysis Assays—ATP hydrolysis activity was mea-

sured by using the EnzCheckTM kit (Invitrogen), in a buffer
consisting of 50mMTris-HCl, pH8.5, 75mMpotassiumacetate,
and 10% glycerol (w/v). The reactions were started by the addi-
tion of TrwD. ATP andMg2� were added at the concentrations
indicated in the text, prior to the initiation of the reaction by the
addition of TrwD.
Fluorescence Measurements—Nucleotide binding to TrwD

was characterized usingTNP-ATP, a fluorescent analog ofATP
(Molecular Probes, Inc.) (17). Fluorescence emission spectra
were recorded at 21 °C using a PerkinElmer Life Sciences
MPF-66 spectrofluorometer with the excitation wavelength set
at 407 nm and the emission wavelength scanned from 465 to
625 nm. TNP-ATP and TrwDwere added at the indicated con-
centrations in 20 mM Hepes (pH 7.6), 0.2 M NaCl, 5% glycerol
(w/v), and 10 �M or 2 mM magnesium acetate.
Circular Dichroism Measurements—Thermal stability exper-

iments were made in the presence or the absence of 2 mMmag-
nesium acetate. Ellipticity wasmeasured at 222 nmon a JASCO
(Tokyo, Japan) J-810 spectropolarimeter in the temperature
range 20–80 °C at a rate of 60 °C/h, using cells with a 0.1-cm
path length. TrwDwas added at 5 �M in 50mMHepes (pH 8.5),
75 mM potassium acetate, 5% glycerol (w/v) without added

magnesium.Magnesium acetate (2 mM) orMgADP (1mM) was
added to the buffer accordingly. Following the acquisition of
the measurements at 222 nm, the signal was subtracted from
the buffer, and the ellipticity � (millidegrees) was converted to a
residue molar ellipticity [�] (degree cm2 dmol�1).
Electron Microscopy and Image Analysis—Aliquots (5 �l) of

TrwD in the presence of 2 mM magnesium and in its absence
were applied to glow-discharged carbon-coated grids and
stained for 1min with 2% uranyl acetate. Images were recorded
on Kodak SO163 films at �60,000 nominal magnification in a
JEOL 1200EX-II electron microscope operated at 100 KV.
Micrographs were digitized in a Zeiss SCAI scanner with a final
sampling rate of 2.33Å/pixel. Individual particles of TrwDwere
selected and normalized using the XMIPP image processing
software (18). Alignment and classification were performed by
maximum likelihood multireference refinement methods.
Papain Proteolysis—Papain digestionwas performed at 25 °C

in 20mMTris (pH 8.5), 75mM potassium acetate. Papain stocks
were dissolved in the same buffer and activated by the addition
of 50 mM �-mercaptoethanol (37 °C, 30 min) just before use.
TrwD (25 �M) was incubated for 15 min at 25 °C with corre-
sponding concentrations of nucleotide andmagnesium accord-
ing to reaction. Proteolysis was initiated by the addition of
papain from the activated stocks at 1:100 papain:TrwD molar
ratios. The reaction was stopped after 90min by the addition of
100 �M E-64 inhibitor (Sigma). Proteolysis products were ana-
lyzed by SDS-PAGE (15% polyacrylamide gels) followed by
staining with Coomassie Brilliant Blue. Fragments were trans-
ferred to an Immobilon-Pmembrane (Millipore), andN-termi-
nal sequencing determination of proteolytic products was per-
formed by using a Procise 494 automated sequencer (Applied
Biosystems).
Molecular Modeling—An atomic model of TrwD was gener-

ated by molecular threading using the protein homology and
recognition engine Phyre (19) taking the atomic coordinates of
B. suis VirB11 (2gza.pdb) (10) as template. Based on the hexa-
meric structure of VirB11, a model of TrwD hexamer was built
using the UCSF Chimera package (20).

RESULTS

TrwD ATPase Activity Is Regulated by Magnesium—ATPase
activity of TrwD was previously reported using a GST-TrwD
fusion protein (6). However, because the reported ATP hydro-
lysis rates were low (4.5 nmol ATPmin�1 mg�1), we developed
a new purification protocol for wild type TrwD. This new pro-
tocol rendered a high yield of pure and homogeneous protein
(supplemental Fig. 1). The steady-state kinetic parameters of
ATP turnover by TrwD in the presence of 2 mM Mg2� were 76
nmol min�1 mg�1 (Vmax) and 9.6 �M (Km(app)

[ATP]) (Fig. 1A).
Surprisingly, at low Mg2� concentration (10 �M), the ATP
turnover was 3-fold higher (216 nmol min�1 mg�1) than that
at 2 mM Mg2� (Fig. 1B), with a significant increase in the
Km(app)

[ATP] value (45 �M). As expected, the addition of EDTA
resulted in a complete inhibition of TrwD ATPase activity.
Further analysis of the effect of Mg2� on TrwD ATP hydro-

lysis revealed that inhibition by Mg2� was not affected by ATP
concentration (Fig. 2A). The calculated Ki(app)

[Mg2�] values
were 42 and 35 �M for 1 mM and 100 �M ATP, respectively.
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Considering the affinity of Mg2� for ATP (Kd
[MgATP] � 20 �M)

(21), it would be expected that allMg2�was bound to the nucle-
otide at 1 mM ATP. However, this result indicates that Mg2�

binds the protein with high affinity, which suggests that free
Mg2�, rather thanMgATP, is responsible of the observed inhi-
bition. Evidence for tight binding of Mg2� or Mn2� at or near
catalytic sites in the absence of bound nucleotides has been
previously reported for other enzymes (22), yet no effect of
Mn2�and Zn2� on TrwD ATPase activity was observed (data
not shown).
Inhibition of TrwD byADP IsModulated byMagnesium—In-

hibition of ATP turnover by ADP was studied at low (10 �M)
andhigh (2mM)Mg2� concentrations. As expected, under both
conditions, ADP exhibited a clear inhibitory effect (Fig. 2B).
However, at the same concentration of ATP (100 �M), a 5-fold
decrease in the Ki(app)

[ADP] value was observed in the presence
of 2 mM Mg2�. Moreover, the affinity of TrwD for ADP,
Kd(app)

[ADP], calculated at different concentrations of ATP and
Mg2�, revealed that in the presence of 2 mM Mg2�, the affinity
for ADP was increased by �20-fold. Therefore, it is likely that
Mg2� inhibition is caused by stabilization of theMgADP inhib-
ited state.
Binding Affinity of TrwD for TNP-ATP Is Not Affected by

Magnesium—Nucleotide binding to TrwD was characterized
using TNP-ATP (Fig. 3), a fluorescent analog of ATP (17),

widely used to characterize binding interactions of ATP with
numerous nucleotide-binding proteins (23–25). TNP-ATP is
not hydrolyzable by TrwD under the same conditions used for
ATP (data not shown). Binding of TNP-ATP to TrwD (5�M) at
differentMg2� concentrations (Fig. 3B) revealed that the affin-
ity of TNP-ATP for TrwD was not significantly affected, the
Kd

TNP-ATP values being 11 and 9.7 �M in the presence of 2 mM

Mg2� and in the absence of addedMg2�, respectively. Interest-
ingly, the addition of Mg2� not only resulted in a reduction of
fluorescence emission intensity but also in a redshift of the
wavelength of maximal emission (Fig. 3A), suggesting that
binding of free Mg2� could induce a conformational change in
TrwD.
Magnesium Promotes a Conformational Change in TrwD,

Reflected in the Thermal Unfolding ProfilesMeasured by Circu-
lar Dichroism—To investigate whether magnesium was exert-
ing its inhibitory effect by inducing a conformational change in
TrwD, thermal denaturation curves were obtained by mea-
suring protein ellipticity at 222 nm at increasing temperatures.
The thermal unfolding profiles of the protein in the absence or
presence of magnesium were significantly different (Fig. 4). In
the absence of 2 mM Mg2�, a broad transition between 45 and
75 °C was observed, reflecting denaturation process with low

FIGURE 1. Effect of Mg2� on TrwD ATPase turnover. A and B, ATPase activity
of TrwD (1 �M as monomer) was measured at increasing concentrations of
ATP in the presence of 2 mM Mg2� (A) or 10 �M Mg2� (B). Data were fitted to
the Hill equation (Equation 1 in the supplemental material). Error bars in both
panels indicate S.D.

FIGURE 2. ATP turnover inhibition by Mg2� and ADP. A and B, the ATPase
activity of TrwD (1.9 �M as a monomer) was measured over a range of Mg2�

(A) and ADP (B) concentrations. A, 1 mM ATP (filled circles) and 100 �M ATP
(open circles). B, 1 mM ATP and 10 �M Mg2� (circles), 100 �M ATP and 10 �M

Mg2� (diamonds), and 100 �M ATP and 2 mM Mg2� (triangles). Data in A and B
were fitted to Equations 2 and 3, respectively (see supplemental material) to
determine values for the apparent Ki(app)

[Mg2�] in A and the Kd [ADP] and Ki(app)
[ADP] in B. Error bars in both panels indicate S.D.
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cooperativity. In contrast, binding of magnesium resulted in a
highly cooperative denaturation transition centered at 52 °C. In
the presence of MgADP, a stabilization of the protein is
observed, being the denaturation transition cooperative and
centered at 58 °C. These results suggest that both Mg2� and
MgADP induce a conformational change in TrwD that results
in a lower ATP turnover.
Electron Microscopy—Image analysis of TrwD by electron

microscopy revealed that TrwD is able to form hexameric ring
structures in the absence of addedmagnesium (Fig. 5A). A sim-
ilar proportion of ring structureswas also visible in the presence
of magnesium (Fig. 5B) and magnesium and nucleotides (data
not shown), which indicated that the conformational change
induced bymagnesiumwas not affecting the overall oligomeric
state of the protein. Interestingly, despite the low resolution, a
close inspection of the EM images shows that the inner diame-

ter of the ring is smaller in the presence of magnesium than in
its absence, suggesting that magnesium induces a closed con-
formation of the ring.
Partial Proteolysis of TrwD—The unspecific protease papain

is useful for delimiting structural domains in proteins because it
presents a low activity on stable secondary and tertiary struc-
tures (26). Therefore, we decided to investigate whether mag-
nesium and/or nucleotides stabilized TrwD conformation by
its susceptibility to papain digestion. Fig. 6 shows that in the
presence ofMgADP,TrwDwas protected of papain proteolysis.
In its absence, papain digestion resulted in twomain bandswith
molecularmasses of roughly 25 and 11 kDa, respectively. These
bandswere transferred to an Immobilon-Pmembrane and sub-
jected to N-terminal sequencing determination. The 25-kDa
band with an N terminus sequence 12SGNRV16 corresponded
to TrwD protein lacking the first 11 amino acid residues (prob-
ably by unspecific proteolytic degradation). Running just below

FIGURE 3. Effect of Mg2� on TNP-ATP binding to TrwD. A, fluorescent emis-
sion spectra of TNP-ATP (10 �M) in the absence (spectrum a) and in the pres-
ence of 5 �M TrwD (spectrum b). Consecutive addition of Mg2� (2 mM) and
EDTA (10 mM) is shown in spectra c and d, respectively. Dotted lines indicate
wavelength of maximal emission in each case. a. u., arbitrary units. B, titration
curve of TNP-ATP binding to 5 �M TrwD in the absence of Mg2� (filled trian-
gles) and in the presence of 10 �M (open circles) and 2 mM Mg2� (filled circles).
Titration curves at each magnesium concentrations were normalized to the
maximum value of fluorescence emission intensity for each case. (�ex � 407
nm).

FIGURE 4. Thermal denaturation of TrwD followed by CD. Temperature
dependence of the molar ellipticity at 222 nm of a sample containing 5 �M

TrwD in 50 mM Hepes buffer (pH 8.5) without added magnesium (dark gray)
and with 2 mM magnesium acetate (black) or 1 mM MgADP (gray), heated from
20 to 80 °C in a 0.1-cm path length cuvette at a rate of 60 °C/h, deg, degree.

FIGURE 5. Electron microscopy of TrwD oligomers. A and B, protein in 50
mM Hepes buffer (pH 8.5) without added Mg2� (A) and with 2 mM Mg2� (B)
was stained with uranyl acetate and analyzed by electron microscopy (scale
bar, 35 nm). Right panel, rotational power spectra of class averages (106 and
58 particles in A and B, respectively) obtained upon self-organizing neuronal
maps classification. a. u., arbitrary units.
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this 25-kDa band, another fragment with a N-terminal
sequence 18KDQAV22 could be identified. The 11-kDa band at
the bottom of the gel has a, N-terminal sequence 257MRQS260,
corresponding to the C-terminal end of the protein. This pro-
teolytic cleavage site is located in a loop connecting theWalker
A and Walker B domains (Fig. 6 and supplemental Fig. 2). On
the hexameric model of TrwD (Fig. 7), this 11-kDa fragment
corresponds to a region of the protein facing the interior of the
ring. Homologue sequences of this C-terminal region on
HP0525 and VirB11 crystal structures show similar disposition
within the hexameric rings (Fig. 7). Binding of ADP and mag-
nesium to the protein induces a reorganization of the C-termi-
nal domain (CTD) that impedes papain access to this protein
region. This observation is in good agreement with the cooper-
ativity and stabilization of the protein observed by CD. In the
absence of nucleotides, and in the presence of magnesium, a

weak signal for a bandof�14 kDa could be observed (marked in
Fig. 6 with *). N-terminal sequencing of this band, which was
not present in any of the other conditions, resulted in a
sequence consistent with a fragment of the protein starting at
210LIEK213, a few residues downstream of the Walker A motif
(Lys203). Papain shows very low activity at this site, but the
experiment clearly reflects that it is not accessible in the
absence ofmagnesium.This result is in accordancewith theCD
experiments in which Mg2� is able to induce conformational
changes in the absence of nucleotides.

DISCUSSION

Based on the crystal structures of the H. pylori and B. suis
VirB11 homologues from type IV secretion systems (HP0525
and VirB11, respectively) (8–10) and type II secretion GspE
protein of Archaeoglobus fulgidus (afGspE) (27), an universal
catalytic mechanism for the secretion ATPase superfamily has
been proposed (27). However, biochemical experiments to sup-
port this model were still lacking. In this work, we provide new
insights into the mode of action of this protein family, using
TrwD, a VirB11 homologue of the conjugative plasmid R388, as
a working model.
The kinetic parameters of ATP hydrolysis at steady-state

rates reveal that physiological concentrations of Mg2� (�1mM

in bacterial cells (28)) down-regulate the ATP turnover of the
enzyme by increasing the affinity for ADP. Inhibition by mag-
nesium has been reported for a large variety of ATPases (25,
29–32). Specially relevant to this work are the reports of ATP
hydrolysis inhibition by Mg2� of SecA (33, 34), a ubiquitous
traffic ATPase. Binding of Mg2� to an allosteric site has been
proposed to be a key regulatory step of the catalytic cycle of
SecA. Gold et al. (33) reached this conclusion based on the fact
that inhibition was not coupled to ATP concentration as the
inhibitory effect of Mg2� remained when ATP was more than
500 times in excess. Likewise, here we show that Mg2� inhibi-
tion of TrwDATPase activity is not coupled to ATP concentra-
tion. Therefore, our data also suggest the existence of a binding
site for free Mg2� different from the nucleotide binding site.
However, alternative models that do not require an allosteric
binding site could also be compatible with the data. A mecha-
nism inwhichMg2� stabilizes theMgADP form of the enzyme,
slowing down turnover, concomitant with a decrease in Km,
could also be envisaged.

FIGURE 6. Papain partial proteolysis of TrwD. Upper left panel, Coomassie
Brilliant Blue-stained SDS-PAGE of papain digestion products of TrwD (25 �M)
in the absence or presence of nucleotides and Mg2�. Papain:TrwD molar ratio
was 1:100, and digestion was performed for 90 min at 25 °C. Bottom panel,
papain digestion sites that give rise to P1, P2, and P3 fragments, identified by
N-terminal sequencing, are indicated at their corresponding positions. An
additional fragment could be appreciated in the condition with only Mg2�

and no nucleotides (marked with *). This peptide, with low signal, started 48
residues upstream of P3. Upper right panel, graphic representation of a TrwD
monomer (modeled as explained under “Experimental Procedures”). The P3
cleavage site separates the last 96 residues of the protein, containing the
Walker B motif (Glu270) from the rest of the CTD, which contains the Walker A
motif (Lys203).

FIGURE 7. Hexameric structures of VirB11 proteins. The hexameric structures of H. pylori HP0525 (1nlz.pdb), B. suis VirB11 (2gza.pdb), and R388 TrwD (see
“Experimental Procedures”) are shown. Each monomer consists of an NTD (cyan, orange, and wheat, respectively) and a CTD (blue, magenta, and pink,
respectively), connected by a flexible linker (gray). The region at the C-terminal end identified by papain proteolysis in TrwD (green) and the equivalent
positions in B. suis VirB11 (olive) and HP0525 (lime) is facing the interior of the hexameric rings.
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The effect of Mg2� and nucleotides on TrwD was further
investigated. The affinity of the enzyme for TNP-ATP, a fluo-
rescent analog of ATP, was not affected by the presence of
Mg2� in the buffer. However, the wavelength shift and the vari-
ations in fluorescence intensity suggested that Mg2� could be
inducing some kind of conformational change in the enzyme.
To confirm this, the effect of Mg2� and nucleotides on the
thermal stability of the enzymewas tested by circular dichroism
spectroscopy. We found an increase in the cooperativity of
TrwD thermal denaturation profile in the presence of physio-
logical concentrations ofMg2�. These results demonstrate that
freeMg2� is able to induce conformational changes on the pro-
tein in the absence of added nucleotides. The addition of nucle-
otides promotes a stabilization of the enzyme, with an increase
of 6 °C in theTm value. This is compatiblewith a lower exposure
of the C-terminal domain of the protein, which contains the
nucleotide binding site, as observed by papain proteolysis.
VirB11 proteins share a common domain organization con-

sisting of two domains, an N-terminal domain (NTD) and an
ATPase catalytic CTD, connected by a flexible linker. Compar-
ison of the crystal structures of HP0525 and VirB11 revealed a
large domain swap of the NTD pivoting about the linker region
over the CTD that does not affect the overall hexameric assem-
bly. Hence, a nucleotide-dependent domain swap has been pro-
posed to be part of the catalytic mechanism of the enzyme (10).
Here, we have found a region within the CTD suitable to partial
proteolysis in the absence of nucleotides and Mg2�. The
obtained fragment corresponds to the last 96 residues of the
protein. This region faces the internal channel of the hexameric
ring (Fig. 7). Because this band is not observed in the presence
of Mg2� and nucleotides, it is clear that the binding induces a
conformational change in the C terminus of the protein that
promotes a closed conformation of the enzyme, leaving the
proteolysis site inaccessible. This is a novel finding that has not
been reflected in any of the published models, providing new
insights into the regulatorymechanismof the secretionATPase
superfamily, especially regarding the role of Mg2� in the cata-
lytic cycle.
In summary, our data show the following. (i) At physiological

concentrations ofMg2�, similar to the freeMg2� found in bac-
teria (28), the ATP turnover and the Km of the reaction
decrease, and (ii) the affinity for ADP increases dramatically;
(iii) Mg2� is able to induce conformational changes in the pro-
tein in the absence of nucleotides; (iv) in the presence of Mg2�

and nucleotides, the protein undergoes further conformational
changes that make it more stable and less sensitive to papain
degradation; and (v) the C-terminal end of the protein, which
faces the inner channel in the ring, is a flexible domain that
moves upon binding of Mg2� and nucleotides.
In view of these results and the structural studies of HP0525

(8, 9), VirB11 (10), GspE (27), and other proteins of this family
(35, 36), we propose the model shown in Fig. 8. According to
this model, the enzyme in the apo state would have high flexi-
bility between the NTD and CTD around its linker (8, 27). At
low Mg2� concentrations, lower than the Kd of Mg2� for ATP
(Kd

[MgATP] � 20 �M (21)), the enzyme would bind ATP and
Mg2�. Upon ATP hydrolysis and ADP release, the enzyme
would return to its initial state. However, at physiological con-

centrations of Mg2�, the enzyme would be in a closed confor-
mation that would impede ADP release, thus promoting an
MgADP-inhibited state of the enzyme. This would imply that
under physiological conditions, the enzymewould be inhibited,
and only upon a specific signal (for example, substrate binding/
release), ADP would be released, thus completing the ATP
cycle.
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