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In all kingdoms of life, ATP Binding Cassette (ABC) transporters
participate in many physiological and pathological processes. De-
spite the diversity of their functions, they have been considered to
operate by a largely conserved mechanism. One deviant is the
vitamin B12 transporter BtuCD that has been shown to operate by
a distinct mechanism. However, it is unknown if this deviation is an
exotic example, perhaps arising from the nature of the transported
moiety. Here we compared two ABC importers of identical substrate
specificity (molybdate/tungstate), and find that their interactions
with their substrate binding proteins are utterly different. One sys-
tem forms a high-affinity, slow-dissociating complex that is desta-
bilized by nucleotide and substrate binding. The other forms a low-
affinity, transient complex that is stabilized by ligands. The results
highlight significant mechanistic divergence among ABC transport-
ers, even when they share the same substrate specificity. We pro-
pose that these differences are correlated with the different folds of
the transmembrane domains of ABC transporters.
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Hydrolyzing ATP to drive transport, ATP Binding Cassette
(ABC) transporters shuttle cargo molecules to and from the

various cellular compartments. They participate in processes
such as multidrug resistance, antigen presentation, signal trans-
duction, DNA repair, translation, cell division, detoxification,
nutrient import, and antiviral defense (1–11). Despite their di-
versity of roles, ABC transporters have been long considered to
operate by a largely common mechanism, which has been most
extensively demonstrated for the maltose transporter (12–15).
However, recent reports suggest that the vitamin B12 trans-

porter BtuCD-F operates by a very different mechanism (16–20).
Unlike the maltose transporter, BtuCD has high basal rates of

ATP hydrolysis that are only mildly stimulated by the substrate
binding protein (SBP) (16). BtuCD (the transporter) and BtuF
(the vitamin B12 binding protein) form an extremely stable high-
affinity complex, while in the maltose system this complex is
transient and is of very low affinity (21). The BtuCD-F complex
is destabilized in the presence of nucleotides and substrate, and
the exact opposite is true for MalFGK-E (19). These findings
raise the question of whether BtuCD is a rare exception or rather
represents a broader phenomenon of mechanistic diversity among
ABC transporters. To address this question we have studied two
ABC transporters (importers) of identical substrate specificity
(tungstate/molybdate): hiMolBCA of Haemophilus influenzae
and afModBCA of Archaeoglobus fulgidus (22, 23). We focused
on the pivotal event of complex formation between the trans-
porter and its SBP. This is when substrate is transferred from the
binding protein to the transporter. Also, docking of the SBP to
the transporter triggers catalytic transformations such as ATP
hydrolysis and opening and closing of the transporter’s peri-
plasmic and cytosolic gates (17, 18, 21, 24–30). We find that
hiMolBC and afModBC interact very differently with their
cognate SBPs. The results presented here underline significant
mechanistic diversity among ABC transporters, even when they
are of identical substrate specificity. We present a possible corre-

lation between the observed differences and the structural fold
of each system.

Results
Substrate Affinity of afModA. The two import systems we chose to
study are of identical substrate specificity (tungstate/molybdtae)
but of different structural folds. afModBC has 12 transmembrane
α-helices that adopt the characteristic fold of type I ABC import-
ers. On the other hand, the 20 transmembrane α-helices of
hiMolBC present a type II fold, very similar to BtuCD and HmuUV
(15, 31–33). Correspondingly, the cognate SBPs are also of dif-
ferent structural subclasses (23, 34–36). Recently, Isothermal
Titration Calorimetry (ITC) experiments demonstrated that
hiMolA binds its substrates with low affinity (50–100 μM) (22).
Using a similar approach we found that afModA binds molybdate
with a 500–100-fold higher affinity (KD = 0.11 μM; Fig. S1A). With
tungstate the sharp Δp transition precludes an accurate de-
termination of the KD (Fig. S1B) but indicates that the affinity
toward tungstate is even higher. Interestingly, binding of mo-
lybdate by afModA was endothermic, while that of tungstate was
exothermic. We do not understand at this stage the source of this
difference. Taken together, these results suggest that afModBC–A
is a high-affinity transport system and hiMolBC–A a low-affinity
one (although we have not determined the Km of transport). The
complementary roles of high- and low-affinity transport systems
(37) are further discussed in SI Discussion.

Stability of the Transporter–SBP Interactions. afModBC and hiMolBC
were purified and reconstituted into liposomes, and to ensure
complete removal of the detergent, the liposomes were washed
in a detergent-free buffer. Flag-tagged SBPs (afModA or
hiMolA) were added to the proteoliposomes’ suspension, and
unbound material was removed by washing the liposomes with
buffer. As controls we used empty liposomes or liposomes recon-
stituted with BtuCD. When 10 nM hiMolA was incubated with
hiMolBC-liposomes, practically all of the added SBP was found in
the liposome-associated fraction. No nonspecific interactions were
observed between hiMolA and empty or BtuCD-liposomes (Fig. 1,
Upper). Very similar results were obtained by pull-down experi-
ments (see Materials and Methods for details) performed in de-
tergent solution (Fig. S2A).
In contrast, when afModA was incubated with liposomes

reconstituted with afModBC, no association between the SBP
and the transporter was detected (Fig. 1, Lower), even when the
SBP was added at 5 μM (500-fold higher concentration than the
one used with hiMolA). The same negative result was obtained
in pull-down experiments in detergent solution (Fig. S2B).
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These results indicate that afModBC does not form a stable
complex with its cognate SBP, while hiMolBC does.

Substrate Effects on the afModBC–A Interaction. We hypothesized
that perhaps in the presence of substrate, the afModBC–A in-
teraction will be enhanced to measurable levels. We thus re-
peated the above experiments in the presence of saturating
substrate concentrations but still could not detect complex for-
mation (Fig. S2C).
The pull-down and liposome experiments suffer from similar

drawbacks: both methods include a wash step that is necessary to
eliminate any nonspecific interactions and to remove unbound
material from the “dead-space.” Thus, any transient, fast-disso-
ciating interactions (fast koff) cannot be detected. In addition,
because of the extended incubation times, these assays are
largely insensitive to the kon (see also in later figures). To eval-
uate whether such interactions occur between afModBC and
afModA, we performed surface plasmon resonance (SPR)
experiments. SPR records the interaction in real time and is able
to measure a broad range of kon and koff. In these experiments,
a transporter is immobilized onto a flow cell of a biosensor chip,
and its SBP is injected into the buffer flowing over the flow cell.
A transporter-free flow cell or one immobilized with BtuCD
served as controls.

When substrate-free afModA was injected, a very low re-
sponse was measured, and this response marginally differed from
the one recorded in the two control flow cells. However, when
the same injection was repeated in the presence of increasing
substrate concentrations, a robust response was recorded. The
enhancing effect of substrate saturated at a substrate:SBP molar
ratio of ∼1, and no further stimulation was observed at higher
molar ratios (Fig. 1B). The sensogram recorded in the presence
of substrate reveals the basic characteristics of the afModBC–
afModA interaction. At time 0, the association phase is triggered
by the injection of the SBP. The interaction reaches equilibrium
after ∼5 s, and the association is maintained as long as afModA
is injected. At 20” the injection is terminated and the flow cells
are now washed with buffer triggering the dissociation phase.
The complex rapidly dissociates, the SBP is washed away from
the transporter, and baseline levels are reached within ∼10 s.
To determine the rate constants of the afModBC–A in-

teraction, we conducted experiments where a range of concen-
trations of the SBP is injected over a constant concentration of
the transporter. As shown in Fig. 1C, the afModBC–A in-
teraction has a moderately fast association phase (kon =
5.23 ×104 M−1·s−1) and a fast dissociation phase (koff = 0.2 s−1),
yielding an equilibrium affinity dissociation constant (KD) of
3.82 ×10−6 M. For comparison, Fig. 1D shows the result of a
similar experiment conducted with hiMolBC–A (here performed
in the absence of substrate). The association of hiMolBC–A
is ∼fivefold faster than that of afModBC–A (kon = 2.87 ×105

M−1·s−1). Notably, hiMolBC–A dissociate ∼230-fold more slowly
than afModBC–A, with koff = 8.6 ×10−4·s−1. Consequently, the
affinity of hiMolBC–A complex formation is ∼1,000-fold higher
than that of afModBC–A (3 ×10−9 M and 3.82 × 10−6 M, re-
spectively). The kinetic rate constants measured here for
hiMolBC–A are quite similar to those we reported in the past
(19) when using an hiMolA preparation that had partial sub-
strate occupancy (22).

Effects of Substrate on the hiMolBC–A Interaction. In contrast to its
effect on the afModBC–A interaction, substrate was inhibitory to
formation of the hiMolBC–A complex (Fig. 2, Fig. S3, and Table
1). Here, the maximal response is observed in the absence of
substrate. As substrate concentrations rise, less of the hiMolBC–
A complex is formed. This was observed in SPR experiments
(Fig. 2A), liposomes (Fig. 2B), and detergent solution (Fig. S3A).
A comparison of the dissociation phases in Fig. 2A suggests that
the rate of the complex dissociation is not greatly affected by
substrate, while the association phase clearly is. Determining the
rate constants in the presence of 1.5 mM tungstate demonstrated
that the affinity between hiMolA and hiMolBC dropped ∼20-
fold, mainly due to a slower kon (Fig. S3B and Table 1). We could
not measure the effects of higher substrate concentrations since
the SPR signal was too low.
A possible interpretation of these data is that substrate-bound

hiMolA docks to the transporter more slowly (and thus lowered
affinity). However, in all three experimental systems, significant
inhibition was only observed at substrate concentrations higher
than ∼0.5 mM, which is inconsistent with the reported substrate
affinity of hiMolA (22). Alternatively, high-substrate concen-
trations may inhibit the association by a mechanism that is un-
related to the substrate occupancy of the SBP. In this respect, we
observed a direct, SBP-independent, interaction between the
substrate(s) and the transporter (Fig. 2C). The KD of this in-
teraction (309 μM) better reflects the inhibition data presented in
Fig. 2 A and B. We next tested whether the hiMolBC–A com-
plex, once assembled, is affected by substrate. Fig. 2D shows an
SPR experiment where the complex was formed in the presence
of 0, 0.75, or 1.5 mM molybdate. Once the complex has formed
(and stabilized), an additional injection of molybdate (at 1.5
mM) was then applied. As shown, this second injection did not
dissociate the complex, regardless of whether the complex was
formed in the absence or presence of substrate. These results
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Fig. 1. (A) Interaction of the binding proteins with the membrane-
embedded transporters. hiMolBC (Upper) and afModBC (Lower) were puri-
fied and reconstituted into liposomes. Ten nM FLAG–hiMolA (Upper) or 5 μM
FLAG–afModA (Lower) were added to the liposome suspension. Empty lipo-
somes and liposomes reconstituted with BtuCD served as controls. The
amount of total added SBP and the liposome-bound fraction was visualized by
an α-FLAG antibody. Two repeats are shown. (B–D) SPR analysis of the in-
teraction between the transporters and their binding proteins. In all panels,
the end of injection and commencement of washing the biosensor chip with
buffer is indicated by an arrow. (B) Two μM afModA were injected over
immobilized afModBC in the absence or presence of the indicated sodium-
tungstate concentrations. (C) The indicated concentrations of afModA were
injected over immobilized afModBC in the presence of 75 μM sodium-tung-
state. Shown are duplicates injected at random order (colored curves); the
black lines are the fits using a simple 1:1 interaction model. (D) The indicated
concentrations of hiMolA were injected over immobilized hiMolBC in the
absence of substrate. Shown are duplicates injected at random order (colored
curves); the black lines are the fits using a simple 1:1 interaction model.
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indicate that once the complex has formed it is no longer sen-
sitive to the inhibitory effect of high-substrate concentrations.

Effects of the Nucleotides on the afModBC–A Interaction. During
ATP hydrolysis, an ABC transporter cycles through an ATP-
bound transition (ADP∼Pi), ADP-bound, and nucleotide-free
states. SPR experiments were used to test the effect of the nu-
cleotide state of the transporters on their interaction with their
SBPs. As shown above (Fig. 1A), in the absence of substrate,
afModBC and afModA hardly interact. In contrast, in the pres-
ence of nucleotides (even in the absence of substrate), formation

of an afModBC–A complex was readily detected. The highest
signal was measured when afModBC was in the transition state
(vanadate-trapped), the lowest in the ADP-bound state, and
an intermediate interaction was recorded at the ATP-bound
state (Fig. 3A). In the presence of vanadate, the afModBC–A
interaction was clearly biphasic, with a “fast on, fast off” phase
and another with a slower kon and a very slow koff. These two
phases probably represent the interaction of afModA with two
different transporter populations, one that was properly trapped
by vanadate and one that was not. Nevertheless, for the sake of
consistency and comparison with the other nucleotide states (and
to hiMolBC–A), the vanadate data were fitted using a simple 1:1
interaction model. Determination of the kinetic parameters of
each interaction (Fig. 3 B–D and Table 1) revealed that it is
mostly the koff that differs between the nucleotide-bound states.
The vanadate-trapped complex is the most stable and dissociates
the slowest, the ATP-bound state at an intermediate rate, and the
ADP-bound state dissociates the fastest (koff = 4.9 × 10−4·s−1,
2.9 × 10−3·s−1, and 3.4 × 10−2·s−1, respectively). Consequently,
the vanadate-trapped state has the highest affinity toward the
SBP (KD = 0.39 × 10−6 M).
When the above experiments were repeated in the presence

of both substrate and nucleotides, very different results were
obtained (Fig. 4A). Concomitant addition of 10 μM molybdate
and ATP–EDTA or ADP–Mg resulted in an interaction that
reverted back to “fast on, fast off” kinetics, similar to that ob-
served in the presence of substrate but absence of nucleotide
(Fig. 1 B and C). Only the vanadate-trapped state partially
maintained its stability despite the presence of substrate. The
results obtained from experiments conducted in liposomes were
in excellent agreement with the above kinetic constants (Fig. 4B).
In the absence of nucleotides, regardless of the presence of
substrate, no interaction between afModBC and afModA was
detected. Again, this is expected in light of the fast dissociation
rate (2 × 10−1·s−1) of the complex under these conditions. In the
presence of ADP (but absence of substrate), an extremely faint
band is observed, concomitant with the slower koff of this in-
teraction (2.1 × 10−2·s−1). In the ATP-bound state (in the ab-
sence of substrate), the interaction is clearly visible (koff = 3.8 ×
10−3·s−1). In the presence of substrate, this band disappears, as
the interaction is now shifted back to its “fast on, fast off” ki-
netics (compare Fig. 4A to Fig. 3 A and B). Finally, the highest
level of complex formation is observed when the transporter is
vanadate-trapped, and this interaction partially persists also in
the presence of substrate.

Effect of Nucleotides on the hiMolBC–A Interaction. In complete
contrast to their effect on the afModBC–A interaction, nucleo-
tides inhibited the interaction between hiMolBC and hiMolA. The
highest level of complex formation occurs when the transporter is
nucleotide-free, and the lowest when the transporter is in the
transition state (Fig. 5A). Determination of the rate constants in
each nucleotide state (Fig. S4 and Table 1) revealed that similar
to the effect of high-substrate concentrations, the nucleotide state

BA

DC

Fig. 2. Effects of substrate on the interaction between hiMolA and
hiMolBC. (A) Fifty nM hiMolA were injected over immobilized hiMolBC in
the absence or presence of the indicated concentrations of sodium-tung-
state. Arrow indicates the onset of dissociation. (B) Ten nM FLAG–hiMolA
were added to liposomes reconstituted with hiMolBC in the absence or
presence of the indicated sodium-tungstate concentrations. The amount of
liposome-bound FLAG–hiMolA was visualized with an α-FLAG antibody. (C)
Direct interaction between hiMolBC and its substrate. Serial concentrations
of sodium-tungstate concentrations (twofold dilutions, highest 3 mM) were
injected over a high density (4,000 Ru) of immobilized hiMolBC, in the ab-
sence of hiMolA. (D) Fifty nM hiMolA were injected over hiMolBC in the
absence or presence of the indicated sodium-molybdate concentrations. The
end of this injection is indicated by a single arrow. At 275 s (double arrow),
1.5 mM sodium-molybdate was injected over all flow cells for 120 s.

Table 1. Kinetic rate constants determined in SPR experiments for hiMolBC–A and afModBC–A

Additives ka (M–1·s−1) kd (s−1) KD (M)

hiMolBC None (28.7 ± 0.3) × 104 (8.62 ± 0.6) × 10−4 3 × 10−9

Substrate (1.5 mM) (2.3 ± 0.21) × 104 (13.6 ± 0.28) × 10−4 59 × 10−9

ATP–EDTA (6.3 ± 0.2) × 104 (9.13 ± 0.4) × 10−4 14.4 × 10−9

ATP–Mg–vanadate (3.57 ± 0.55) × 104 (9.08 ± 0.28) × 10−4 25.3 × 10−9

ADP–Mg (10.4 ± 0.15) × 104 (8.94 ± 0.19) × 10−4 8.6 × 10−9

afModBC None No association detected
Substrate (1:1 molar ratio) (5.23 ± 0.33) × 104 0.2 ± 0.07 3.82 × 10−6

ATP–EDTA (2.35 ± 0.06) × 103 (3.78 ± 0.11) × 10−3 1.61 × 10−6

ATP–Mg–vanadate (1.25 ± 0.15) × 103 (4.89 ± 0.26) × 10−4 0.39 × 10−6

ADP–Mg (2.98 ± 0.09) × 103 (2.1 ± 0.17) × 10−2 7 × 10−6

Errors shown are SD of the fitting.
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of the transporter mainly affected the KD via changes in the
kon. Relative to the nucleotide-free state, the affinity dropped
∼8.4-, 4.8-, and 2.8-fold in the presence of ATP–Mg–vanadate,
ATP–EDTA, or ADP–Mg, respectively (Fig. S4 and Table 1).
Pull-down assays in detergent solution yielded similar results

(Fig. 5B, Left), and these experiments were also used to in-
vestigate the combined effects of substrate and nucleotides on
the hiMolBC–A interaction. In the absence of nucleotides, sub-
stantial inhibition can only be observed at substrate concentrations
greater than 375 μM (Fig. 5B, Left, topmost bands). This pattern is
similar yet somewhat shifted toward lower substrate concentrations
in the presence of ADP. In the ATP-bound state, low levels of
complex formation were detected in the absence of substrate, but
not in the presence of even the lowest tested MoO4

2– concen-
tration. The interaction of hiMolA with the vanadate-trapped
transporter could hardly be visualized even in the absence of
substrate. Similar results were obtained in liposomes (Fig. 5B,
Right), where the highest level of complex formation was observed
in the absence of nucleotides. In the presence of nucleotides, ad-
dition of 100 μM MoO4

2– was sufficient to almost completely
abolish the interaction between the transporter and the SBP.
The combined effects of substrate and nucleotides on the

hiMolBC–A interaction were also studied by SPR experiments.
In the presence of 200 μM MoO4

2–, the formation of a stable
hiMolBC–A complex was readily detected (Fig. 5C). This sub-
strate concentration (by itself) does not greatly affect complex
formation (Fig. 2). However, combining 200 μM MoO4

2– with
either ATP–EDTA or ATP–Mg–vanadate led to a complete
inhibition of stable complex formation, much like that described
above in the liposomes and pull-down experiments.

Discussion
The results presented here point to significant mechanistic dif-
ferences between the two transport systems.
In the absence of nucleotides and substrate, the hiMolBC–A

complex is of highest affinity and stability. Under the same
conditions we could not detect formation of the afModBC–A
complex. When hiMolBC is vanadate trapped (transition state)
or ATP bound, its affinity to hiMolA is reduced. In contrast, the
ATP-bound state and especially the transition state of afModBC
have the highest affinity to afModA. In both systems, despite
having opposite effects on the stability of the complex, the
transition state shows the greatest effect.
In hiMolBC–A, high-substrate concentrations inhibit complex

formation mainly by reducing the kon. We do not think this in-
hibition is related to substrate occupancy of the SBP as it only
occurs at concentrations that are significantly higher than the KD
of hiMolA toward its substrates. This inhibition is more likely
related to an SBP-independent interaction between the substrate
and the transporter (Fig. 2C), perhaps providing allosteric
regulation. At concentrations that correlate to the substrate af-
finity of hiMolA, substrate affects the interaction only in the
presence of nucleotide. Under these conditions, the combined
effect of substrate binding (by the SBP) and nucleotide binding
(by the transporter) drives complex dissociation.
In afModBC–A, substrate seems to have a dual role, affecting

both complex formation and its dissociation. When the trans-
porter is nucleotide free, substrate clearly has a supporting effect
on complex formation. However, once the complex has formed
and is now pseudostable (i.e., in the transition state), substrate
contributes to its dissociation. Considering that a transport re-
action is cyclic, both these effects can be viewed as supporting
the progression of the transport cycle.

Mechanistic Models of Action. From a mechanistic perspective,
very little is known of hiMolBC–A and afModBC–A. Keeping
this in mind, by using the kinetic constants summarized in Table 1,
we propose the following tentative mechanistic models for each of
the transport systems.
hiMolBC–A. In the absence of substrate and SBP, the basal ATPase
activity of hiMolBC–A is very high (3.68 μmol min−1·mg−1; Fig.
S5A). Considering the apparent affinity of hiMolBC–A toward
ATP (Km = 39 μM; Fig. S5B) and the estimated in vivo in-
tracellular ATP concentrations, we assume at this point that the
transporter constantly hydrolyzes ATP.
The SBP has the highest affinity and fastest kon toward the

nucleotide-free transporter, so it is most likely that this is when
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Fig. 3. Effect of nucleotides on the afModBC–A interaction in the absence
of substrate. (A) Three μM afModA was injected in the absence of substrate
over immobilized afModBC in the absence or presence of the indicated
nucleotides. ATP, ADP, Mg, and vanadate were all added at 1 mM, EDTA at
50 μM. (B–D) Determination of the kinetic constants of the interaction be-
tween afModBC and afModA in the presence of nucleotides (but absence of
substrate). (B) ATP–EDTA, (C) ATP–Mg–vanadate, and (D) ADP–Mg. The
colored curves represent the experimental data, and the black lines are
the fits using a simple 1:1 interaction model. Also shown are the con-
centrations of afModA injected and the kinetic parameters determined
for each interaction.

A B

Fig. 4. Effect of nucleotides on the afModBC–A interaction in the presence
of substrate. (A) Three μM afModA was injected in the presence of 10 μM
sodium-molybdate over immobilized afModBC in the absence or presence of
the indicated nucleotides. ATP, ADP, Mg, and vanadate were all added at
1 mM, EDTA at 50 μM. (B) Five μM FLAG–afModA was added to liposomes
reconstituted with afModBC, in the absence or presence of the indicated
concentrations of sodium-molybdate and/or nucleotides, as indicated.
Shown is the amount of bound FLAG–afModA.
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the complex forms. As long as ATP is not bound and hydrolyzed,
this complex is stable (koff = 8.6 × 10−4·s−1) and is unperturbed
by a stoichiometric presence of substrate. Fig. 5C offers a snap-
shot of the transport cycle: In the presence of stoichiometric
substrate concentrations, the SBP readily docks to the transporter
and a very stable complex is formed. However, this complex falls
apart as soon as ATP is bound and hydrolyzed. As the hydrolysis
products are released, and the transporter is now nucleotide-free,
the system is reset for the next transport cycle. In the absence of
substrate, regardless of the nucleotide state of the transporter,
hiMolBC–A form a stable, slowly dissociating complex. This sug-
gests that unless substrate is around, hiMolBC–A will be found as
a complex.
afModBC–A. Unlike hiMolBC–A, yet similar to other type I ABC
transporters, afModBC–A has a very low basal ATPase activity
(∼25 nmol min−1·mg−1) (23). In type I ABC transporters, closure
of the nucleotide binding domains (NBDs) and stimulation of
ATP hydrolysis are triggered by docking of the SBP to the
transporter. Thus, considering cellular ATP concentrations, we
suggest that the resting state of afModBC is the nonhydrolyzing
ATP-bound transporter. Since the transporter will not shift to its
NBDs closed-dimer conformation unless the SBP docks, this state
is equivalent to the nucleotide-free state in our experiments. From
the data shown in Fig. 1, we propose that afModA associates with
the resting state of afModBC preferentially when it is substrate
loaded. This interaction has a fast kon but also a fast koff, meaning
that the SBP will fall off very quickly unless ATP hydrolysis is
triggered. Docking of substrate-loaded afModA to the resting
transporter will result in closure of the NBDs (i.e., ATP-bound
state) and ultimately ATP hydrolysis. In the ATP-bound (NBDs
closed) and in the transition states, the dissociation of the complex
is slowed ∼50- and ∼400-fold, respectively. Potentially, this
stalling allows time for substrate to be transferred from the SBP to
the transporter. Only after hydrolysis and release of ADP and Pi
does the complex resume its fast koff and dissociate. This sequence
of events favors coupling between ATP hydrolysis and transport,
which is a feature of type I ABC transporters.

Notably, the result of energy input by ATP binding and hy-
drolysis is very different between the two systems: destabilizing
an otherwise stable complex (hiMolBC–A) or stabilizing an in-
trinsically unstable complex (afModBC–A).

Implications for the Transport Mechanism of Other ATP Transporters.
The kon’s determined here for the two systems are in the same
range of those we have determined for other ABC transport
systems (19) and are typical for many protein–protein inter-
actions (38, 39). Equilibrium affinities (KD) of ∼10−5 M were
reported for the methionine, maltose, histidine, and oligopeptide
ABC import systems (19, 21, 25, 40, 41). Since koff = KD × kon,
unless the kon of these systems is extraordinarily slow (orders of
magnitude slower than typically measured), their koff is in the
range of 0.1–1 s−1 (i.e., fast dissociating like afModBC–A). Such
fast dissociation explains why complex formation was never
detected in these systems using equilibrium methods. Impor-
tantly, all five systems have been shown (23, 35, 42) or predicted
to adopt a type I membrane fold (Fig. S6). In contrast, BtuCD–F
and hiMolBC–A adopt a type II membrane fold (31, 43), form
stable complexes (slow koff), and in both cases substrate and
nucleotide reduce the affinity between the transporter and its
SBP. Two other ABC transporters (HmuUV and FhuBC) with
a type II fold (Fig. S6) seem to share at least some of these
characteristics (32) (figures 6 and 7 in ref. 44).
Thus, the emerging theme is that the small, type I ABC import

systems form low-affinity, fast-dissociating complexes. In con-
trast, their bigger counterparts, the type II systems form high-
affinity, slowly dissociating complexes.

Materials and Methods
Protein Expression and Purification. hiMolBC, afModBC, and BtuCD were
expressed and purified essentially as previously described (23, 31, 43). For
preparation of membrane fraction, cells were resuspended in 50 mM Tris·HCl
pH 7.5, 0.5 M NaCl, 30 μg/mL DNase (Worthington), one complete EDTA-free
protease inhibitor mixture tablet (Roche), 1 mM CaCl2, 1 mM MgCl2, and
ruptured by three passages in an EmulsiFlex-C3 homogenizer (Avestin).
Membranes were pelleted by ultracentrifugation at 120,000 × g for 45 min;
washed and resuspended in 50 mM Tris·HCl pH 7.5, 0.5 M NaCl, and 10%
(vol/vol) glycerol; and stored in –80 °C until use. hiMolA and afModA were
expressed as N-terminal FLAG-tag fusions in Escherichia coli BL21 (DE3) cells
(Novagen) grown at 37 °C in M9 minimal media. hiMolA and afModA were
purified by size exclusion and ion-exchange chromatography.

Reconstitution of Transporters into Liposomes. hiMolBC, afModBC, and BtuCD
were reconstituted into liposomes according to previously established pro-
tocols (19) except that 0.1% n-decyl-β-D-maltopyranoside (DM) was used for
hiMolBC reconstitution, and in all cases the lipid–protein ratio was 66 (W/W).

Association Assays in Proteoliposomes. Proteoliposomes were resuspended to
a final concentration of 30 mg/mL lipids in 25 mM Tris·HCl, 150 mM NaCl.
Following three cycles of freeze/thaw, the suspension was bath-sonicated
until clear. Flag-tagged hiMolA or Flag-tagged afModA was added at the
indicated concentrations and tilted for 30 min. The liposome-bound and
-unbound fractions were separated by ultracentrifugation at 150,000 × g for
15 min. The supernatant was removed and the pellets were rinsed and
resuspended with an equal volume of buffer. The amount of Flag-tagged
hiMolA or Flag-tagged afModA in each fraction was visualized by immu-
noblot detection, using an anti-Flag antibody (Sigma).

Association Assays in Detergent Solution. His-tagged transporters were
immobilized onto Ni-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) as pre-
viously described (19). After 10 min incubation with the indicated concen-
trations of Flag-tagged SBPs, two washing cycles were used to remove
unbound material. Bound proteins were eluted in a single step with buffer
containing 1 M imidazole. The amount of Flag-tagged protein in each
fraction was visualized by immunoblot detection, using an anti-Flag anti-
body (Sigma).

SPR Measurements. All measurements were performed using a Biacore T200
(GE). Before immobilization, transporters were subjected to size exclusion
chromatography to remove any trace of aggregation. Both hiMolBC
afModBC could be immobilized directly onto series-S Ni-NTA biosensor chips

B

A
µ

µ

µ

C

Fig. 5. Effect of the nucleotides on the hiMolBC–A interaction. (A) One
hundred nM hiMolA were injected over hiMolBC in the absence or presence
of nucleotides, as indicated. ATP, ADP, Mg, and vanadate were all added at
1 mM, EDTA at 50 μM. (B, Left) Pull-down assays in detergent solution.
(Right) Sedimentation assays in liposomes. We added 10 nM FLAG–hiMolA in
the absence or presence of a range of sodium-molybdate concentrations
and/or nucleotides as indicated. Shown is the amount of bound FLAG–
hiMolA following removal of unbound material. (C) Fifty nM hiMolA were
injected over hiMolBC in the presence of 200 μM of sodium-molybdate and
in the absence or presence of nucleotides, as indicated.
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or onto CM-5 chips using standard amine chemistry. Results from both
methods were highly similar. Biosensor chips were used only for 3–4
experiments as significant bulk responses quickly developed. The running
buffer contained 25 mM Tris·HCl pH 7.5, 150 mM NaCl, and 0.1% DM
(Affymetrix) for hiMolBC, or 0.05% n-dodecyl-β-D-maltopyranoside (DDM,
Affymetrix) for afModBC. To reduce nonspecific interactions (mostly
experiments with afModBC), 0.1 mg/mL BSA was added to the running
buffer and BtuCD was immobilized on the reference cell. Unless otherwise
stated, surface densities were ∼0.12–0.3 ng/mm2 (1200∼3000 Ru for a 150–
180 kDa mixed protein-detergent micelle). All injections were performed at
least as duplicates in random order and double-referenced. For re-
generation of hiMolBC, we used a 2-min injection of 1.25 M MgCl2, 0.3%
DM, 25 mM Tris·HCl pH 7.5, and 150 mM NaCl. Data analysis was performed
using Biacore’s standard evaluation software, and a simple 1:1 Langmuir
interaction model was used for fitting and for derivation of kinetic rate

constants. Mass transport effects were not observed in flow rates of up to
75 μL/min, and the reactions were thus concluded to follow pseudo–first-
order kinetics.

Three-Dimensional Structure Modeling. Modeling of the transmembrane
domains of HisM, OppB, and FhuB was performed using the SWISS-MODEL
server without specifying a template (automated mode).
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SI Discussion
hiMolA has been shown to have quite a low affinity to tungstate
and molybdate (50–100 μM) (1). In contrast, similar to its
Escherichia coli homolog (2), we have measured a KD of ∼10−7 M
for afModA toward molybdate, and the affinity to tungstate seems
even higher (Fig. S1). The data shown in Fig. 1B also suggest that
the substrate affinity of afModA is considerably higher than that of
hiMolA. We cautiously suggest that these findings imply that the
transport affinity of afModBC–A is considerably higher than that
of hiMolBC–A. Clearly, such a suggestion remains speculative until
the Km’s of transport will be determined.
What is the “biological logic” of having two transport systems

(for the same substrate), where the high affinity system is stim-
ulated by substrate and the low affinity one is inhibited by it?
The two systems we have studied are from different organisms,

but many organisms express both low- and high-affinity import
systems for the same substrate. This may seem redundant since
the high-affinity system can in principal cover the concentration
range transported by the low-affinity one (3–6). The advantage of
having two such systems of different affinities was elegantly de-
monstrated by Barkai and colleagues (7). Under normal con-
ditions, only the low-affinity system is expressed and expression
of the high-affinity system is repressed. When the external con-
centration of substrate drops, the system’s low affinity will lead to
depletion of internal pools that will be sensed by the cell. The
cell then turns on the expression of the high-affinity system along
with a battery of genes that will prepare it for the upcoming
substrate depravation. This buys the cell time to prepare for the
transition, as it extends the period between detection of sub-
strate depravation and the onset of actual depravation (7). The

different substrate effects in hiMolBC–A and afModBC–A fit
well within such a context: When substrate is overly abundant,
the low-affinity system will be inhibited by it. At concentrations
that are around its KD, the low-affinity system is free of inhibition
and functions normally. At yet lower concentrations, the high-
affinity system kicks in and is stimulated by substrate, as it is now
the organism’s interest to acquire the metabolite for as long as it
can. When internal pools are replenished, expression of this
system will shut down.

SI Materials and Methods
Isothermal Calorimetry Experiments. Calorimetric measurements
were performed with a VP-ITC calorimeter (Microcal). Flag-
tagged ModA was dialyzed overnight against 50 mM Tris·HCl
pH 7.5, 250 mM NaCl. Molybdate and tungstate stocks were
prepared using the dialysis buffer. All measurements were car-
ried out at 25 °C. Aliquots (10 μL) of molybdate or tungstate (0.2
mM) were added by a rotating syringe to the reaction well
containing 1.4 mL of 60 μM Flag-tagged ModA.
ORIGIN 7.0 software (MicroCal) was used for calorimetric

data analysis.

ATP Hydrolysis Assays. ATP hydrolysis was measured using
Molecular Probes EnzCheck kit, at 37 °C, in a 96-well format,
according to the manufacturer’s specifications. To initiate hy-
drolysis, 5 mM MgCl2 was injected to a solution containing
0.1 μM hiMolBC, 0.3 μM hiMolA, and 200 μM sodium-molybdate
(as indicated) in 50 mM Tris·HCl pH 7.5, 0.15 M NaCl, 0.1%
n-decyl-β-D-maltopyranoside, 50 μM EDTA, and the indicated
ATP concentration.
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Fig. S1. Isothermal calorimetric titration curves of the interaction of afModA with molybdate (A) and tungstate (B). The upper panel shows the calorimetric
titration and the lower panel displays the integrated injection heat derived from the titrations, corrected for control dilution heat. The solid line in A is the best
fit curve and was used to derive the KD.
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Fig. S2. Interaction of the binding proteins with the transporters in detergent solution (A and B) or in liposomes (C). (A) Ten nM FLAG–hiMolA were added to
empty Ni-nitrilotriacetic acid (Ni-NTA) beads, BtuCD-loaded Ni-NTA beads, or hiMolBC-loaded Ni-NTA beads. Unbound material was removed by washing and
the amount of hiMolA associated with the Ni-NTA beads was visualized by SDS/PAGE and immunoblotting with an α-FLAG antibody. Shown are three repeats.
(B) Five μM FLAG–afModA were added to empty Ni-NTA beads, BtuCD-loaded Ni-NTA beads, or afModBC-loaded Ni-NTA beads. Unbound material was re-
moved by washing and the amount of afModA associated with the Ni-NTA beads was visualized by SDS/PAGE and immunoblotting with an α-FLAG antibody.
Shown are three repeats. (C) Effects of substrate on afModBC–A complex formation: 5 μM FLAG-afModA were added to empty liposomes or to liposomes
reconstituted with afModBC, in the absence or presence of 1.5 mM sodium-tungstate, as indicated. Unbound material was removed by washing the liposomes.
The fractions corresponding to the total, unbound, and liposome-bound binding proteins were visualized by SDS/PAGE and immunoblotting with an α-FLAG
antibody. Shown are two repeats.
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Fig. S3. Effects of substrate on hiMolBC–A complex formation. (A) We added 10 nM FLAG–hiMolA to hiMolBC-loaded Ni-NTA beads, in the absence or
presence of 1.5 mM sodium-tungstate or 1.5 mM sodium-molybdate, as indicated. Unbound material was removed by washing and the amount of hiMolA
associated with the Ni-NTA beads was visualized by SDS/PAGE and immunoblotting with an α-FLAG antibody. Shown are three repeats. (B) The indicated
concentrations of hiMolA were injected over immobilized hiMolBC in the presence of 1.5 mM sodium-molybdate. Shown are duplicates injected at random
order (colored curves), and the black lines are the fits using a simple 1:1 interaction model.
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Fig. S4. Effects of nucleotides on the hiMolBC–A interaction in the absence of substrate. The indicated concentrations of hiMolA were injected over im-
mobilized hiMolBC in the presence of (A) 1 mM ATP, 50 μM EDTA; (B) 1 mM ATP, 1 mMMgCl2, 1 mM VO4

3–; and (C) 1 mM ADP, 1 mMMgCl2. The colored curves
represent the experimental data, and the black lines are the fits using a simple 1:1 interaction model. Also shown are the kinetic constants determined for
each state.
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Fig. S5. ATP hydrolysis by hiMolBC–A in detergent solution. (A) Time-dependent ATP hydrolysis by hiMolBC, hiMolBC–A, and hiMolBC–A in the presence of
200 μM sodium-molybdate, as indicated. One mM ATP was present from time 0, and to initiate hydrolysis, 5 mM MgCl2 was injected at the time indicated by an
arrow. (B) Dependence of the initial ATPase rates by hiMolBC (absence of SBP and substrate) on ATP concentrations. Blue circles are the experimental data, and
black dashed line is the Michaelis–Menten fit used to derive the indicated kinetic constants.
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Fig. S6. The transmembrane fold of ATP Binding Cassette transporters and their affinity toward their cognate binding proteins. Shown are the monomeric
forms of afModB (1), MetI (2), MalF (3), hiMolB (4), and BtuC (5). Models for HisM, OppB, and FhuB were generated using the SWISS-MODEL server. Helices are
rainbow colored from N terminus (blue) to C terminus (red). Also shown are the experimentally derived equilibrium affinities (KD) of complex formation.
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