
https://doi.org/10.1038/s41467-024-46917-1
https://research.rug.nl/en/publications/da8c68ed-973b-488e-bafe-c5e92268e2d2
https://doi.org/10.1038/s41467-024-46917-1


Article https://doi.org/10.1038/s41467-024-46917-1

Bidirectional ATP-driven transport of
cobalamin by the mycobacterial ABC
transporter BacA

Mark Nijland1, Solène N. Lefebvre1,3, Chancievan Thangaratnarajah 1,2,3 &
Dirk J. Slotboom 1

BacA is a mycobacterial ATP-binding cassette (ABC) transporter involved in the
translocation of water-soluble compounds across the lipid bilayer. Whole-cell-
based assays have shown that BacA imports cobalamin as well as unrelated
hydrophilic compounds such as the antibiotic bleomycin and the anti-
microbial peptide Bac7 into the cytoplasm. Surprisingly, there are indications
that BacA also mediates the export of different antibacterial compounds,
which is dif�cult to reconcile with the notion that ABC transporters generally
operate in a strictly unidirectional manner. Here we resolve this conundrum by
developing a �uorescence-based transport assay to monitor the transport of
cobalamin across liposomal membranes. We �nd that BacA transports coba-
lamin in both the import and export direction. This highly unusual bidir-
ectionality suggests that BacA is mechanistically distinct from other ABC
transporters and facilitates ATP-driven diffusion, a function that may be
important for the evolvability of speci�c transporters, and may bring com-
petitive advantages to microbial communities.

ATP-binding cassette (ABC) transporters comprise a large family of
primary active transporters found in all domains of life that mediate
the ATP-driven translocation of a wide range of substrates into or out
of the cell or organelles. They are generally considered to be uni-
directional transporters in physiological conditions, acting as either
importer or exporter1–7, with the notable exception of CFTR that
functions as an ATP-gated chloride channel8. The cytosolic nucleotide-
binding domains (NBDs) of ABC transporters are highly conserved and
represent the hallmark of the transporter family, whereas transmem-
brane domains (TMDs) that form the translocation pathway are more
diverse among the members. A recent classi�cation of ABC transpor-
ters based on the folding of these more variable TMDs placed all
known members into seven distinct groups (type I�VII)2. Type I�III ABC
transporters act strictly as importers and are found exclusively in
prokaryotes, while the type IV�VII mostly include export systems2.
Type IV ABC transporters represent an interesting class in which most

members have an export function, but some transporters have
recently been shown to be importers, including Rv1819c from Myco-
bacterium tuberculosis (also referred to as BacAMt)9,10.

A genetic screen using random transposon insertions revealed
that BacAMt is the sole transporter responsible for the import of
cobalamin (vitamin B12) in M. tuberculosis11. This import may be
essential, because unlike other mycobacteria, M. tuberculosis does not
appear to have the ability to synthesize the micronutrient de novo12.
The protein is important to maintain chronic infections in mice13.
Additionally, BacAMt has been implicated in the import of other
structurally unrelated hydrophilic compounds, including several anti-
microbial compounds, such as the proline-rich peptide Bac7(1-16)

13,14
,

bleomycin9,11,13, evybactin15 and aminoglycosides such as
streptomycin16. As it is unlikely that BacAMt has evolved for the speci�c
import of these toxic compounds, it is assumed that they are taken up
into the cell as part of a moonlighting activity of the protein. The
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relevance of the observed polyspeci�city or promiscuity is poorly
understood. A recently solved cryo-EM structure of BacAMt in the
nucleotide-bound occluded state has shed some light on its
polyspeci�city9. The protein possesses a large internal cavity of
~7700 Å3 that spans the bilayer thickness. The cavity’s surface is lined
with negatively charged and polar residues, and appears to lack an
obvious high-af�nity binding site for its substrates. The cavity instead
provides a generally favorable environment for the accommodation of
hydrophilic compounds, which may explain how structurally unrelated
compounds can be transported.

Although it is generally viewed that ABC transporters act as uni-
directional transporters, it has also been speculated that BacAMt not
only imports substrates, but may also function as an exporter for other
substrates. Several whole-cell-based studies have shown that the
treatment of drug-resistant clinical isolates of M. tuberculosis with
rifampicin and isoniazid is associated with mutations or increased
expression levels of BacAMt

17–23, which is a common observation for
drug-ef�ux pumps24. Accordingly, heterologous expression of BacAMt

in M. smegmatis increases its resistance to rifampicin, further sup-
porting its potential role in the export of the drugs from the cell23.
BacAMt is also essential for M. tuberculosis to protect itself against the
cysteine-rich host peptide human � -defensin (HBD2), as the bacterium
becomes more susceptible to the peptide upon the deletion of
bacAMt

14. At the same time, its heterologous expression increases the
resistance of Sinorhizobium meliloti to HBD2 and another cysteine-rich
peptide NCR24714, suggesting that BacAMt may also actively transports
these peptides out of the cell. It is noteworthy that the characterization
of the substrate transport processes mediated by BacAMt has so far
been limited to whole-cell-based assays, which are indirect, sometimes
dif�cult to interpret, and complicate mechanistic interpretation of the
import and export functions.

In this work, we establish a robust in vitro �uorescence-based
transport assay for cobalamin to measure the transport activity of
puri�ed and liposome-reconstituted protein. Using BacA from Myco-
bacterium marinum (BacAMm, or MMAR2696, 88.2% sequence identity
with BacAMt, Supplementary Fig. 5), we demonstrate that the transport
system indeed operates in the import direction for the substrate
cobalamin, as it had been shown previously in whole-cell assays9,11.
Unexpectedly, we show that BacAMm also mediates ATP-driven trans-
port of cobalamin in the export direction, demonstrating that a
member of the ABC transport family acts as a bidirectional transporter
for a single physiological substrate. This work shows that the
mechanistic diversity of ABC transporters is larger than previously
thought, and that functions typically associated with secondary
transporters can also be incorporated in an ABC transporter.

Results
Fluorescence-based transport assay for cobalamin
We used the previously engineered single-cysteine variant D141C of the
cobalamin-speci�c substrate binding protein (SBP) BtuF from Escher-
ichia coli to generate a �uorescent sensor for cobalamin25. We puri�ed
the protein and labelled the cysteine with a maleimide version of
�uorophore Alexa Fluor 488 yielding the chemically modi�ed protein
BtuF488 (Supplementary Fig. 1a). Binding of cobalamin to BtuF488

brings the ligand in close proximity to the conjugated �uorophore,
which has previously been shown to quench the �uorescence signal by
76%25. To establish the usefulness of the sensor for high-throughput
transport measurements in a 96-well plate format, we titrated coba-
lamin to the sensor in solution and monitored the �uorescence
change. We observed a substrate concentration dependent quenching
to a maximum of nearly 75% and calculated a dissociation constant (Kd)
of BtuF488 for cobalamin of 11.5 nM (Fig. 1a), which is similar to the
value reported previously26,27.

Next, we envisaged that BtuF488 could be used as sensor to
monitor transport of cobalamin across liposomal membranes

(Supplementary Fig. 4). To develop a transport assay, we puri�ed and
reconstituted the energy-coupling factor (ECF) transporter ECF-CbrT
from Lactobacillus delbrueckii into liposomes (Supplementary Fig. 1b).
ECF-CbrT is a Type III ABC transporter that mediates ATP-dependent
import of cobalamin in bacteria28,29. We de�ne the side of the mem-
brane where the NBDs are located as cis-side, and the opposite side the
trans-side. ECF-CbrT functions as an importer and therefore transports
cobalamin from the trans to the cis side. The reconstitution procedure
of ECF transporters has been shown to result in both inside-out and
right-side-out oriented protein complexes in the liposomal
membrane30, where the transporters expose their cytosolic NBDs to
the external buffer or to the aqueous solution within the liposomal
lumen, respectively. To monitor the transport activity of only one of
these two populations of ECF-CbrT, we added Mg-ATP and cobalamin
to the buffers on opposite sides of the membrane, and the sensor to
the same compartment as Mg-ATP (Fig. 1b). To probe the activity of the
population exposing their NBDs (cis-side) to the external buffer, we
encapsulated cobalamin in the lumen of the proteoliposomes (trans-
side), and added the sensor to the external buffer. The transport
reaction was subsequently started by adding Mg-ATP to the external
buffer and we followed the �uorescence over time in a 96-well plate.
While trans-to-cis transport physiologically leads to import of cobala-
min, in our liposome set-up it leads to release of the substrate from the
lumen (physiological import direction). A time-dependent quenching
of the sensor �uorescence was observed in the presence of Mg-ATP,
indicating that cobalamin is actively transported out of the proteoli-
posomes (yellow circles, Fig. 1b). The �uorescence remained unaf-
fected when Mg-ATP was replaced by Mg-ADP (white triangles, Fig. 1b),
or when liposomes were reconstituted with the folate-speci�c ECF
transporter ECF-FolT2 (yellow and grey triangles, Fig. 1b, Supplemen-
tary Fig. 1c), con�rming that the observed quenching is derived from
ATP-dependent transport of cobalamin across the membrane by ECF-
CbrT. Next, we co-encapsulated Mg-ATP together with cobalamin in
the lumen of the proteoliposomes, while keeping the sensor on the
outside. In this con�guration, potential transport from the cis to the
trans side can be detected (physiological export direction) by the
population of ECF-CbrT exposing their NBDs within the lumen of the
liposomes. As expected for an importer, we did not observe quenching
of the sensor (blue circles, Fig. 1b), con�rming that ECF-CbrT lacks the
ability to transport cobalamin in the export direction. To con�rm that
ECF-CbrT only transports cobalamin in the import direction, we
reversed the transport setup and examined the transport activity by
monitoring the accumulation of cobalamin into the lumen of proteo-
liposomes (Supplementary Fig. 4). To do so, we encapsulated the
sensor within the lumen of the proteoliposomes, added cobalamin to
the external buffer, and had Mg-ATP present either in the lumen, or in
the external solution. Although this set-up leads to slightly noisier
traces (since the amount of sensor molecules that can be incorporated
in the lumen is limited), the results are clear (Fig. 1c). Quenching of the
sensor was observed only when Mg-ATP was co-encapsulated in the
lumen of the liposomes (yellow circles, Fig. 1c). In contrast, when Mg-
ATP was added to the external buffer (blue circles, Fig. 1c), no
quenching was observed con�rming that ECF-CbrT transports coba-
lamin only in the import direction.

Bidirectional transport of cobalamin by BacA Mm

We then turned to the mycobacterial type IV ABC transporter BacA.
Previously, it was shown that the cobalamin auxotrophic strain E. coli
� FEC requires the expression of a functional cobalamin transporter for
growth28,31. By monitoring its growth, it was concluded that BacAMt

mediates the import of cobalamin9. We used the same assay to show
that expression of the closely-related homologue BacA from M. mar-
inum (BacAMm, 88.2% sequence identity with BacAMt) also rescues
growth of the E. coli � FEC strain (Supplementary Fig. 2a), showing that
BacAMm is also a functional cobalamin importer. For experiments with
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puri�ed transporters, reconstituted in liposomes, we chose to con-
tinue with the protein from M. marinum, because the wild-type protein
is less prone to aggregation upon puri�cation in detergent solution
than its M. tuberculosis counterpart. To conclusively demonstrate that
the BacAMm is indeed responsible for the import of cobalamin, we
puri�ed and reconstituted BacAMm into liposomes (Supplementary
Fig. 1d). We then assessed its ability to release cobalamin from the
liposomes from the trans-to-the cis side of the protein (physiological
import direction) using the �uorescence-based transport assay pre-
sented above. For experiments with BacAMm we initially encapsulated a
5-fold higher concentration (65 µM) of cobalamin inside the lumen of
the proteoliposomes than used with ECF-CbrT, as the BacA proteins
seem to lack a high-af�nity binding site for the substrate. In later
experiments (see below) we used concentrations ranging from 0.5 µM
to 100 µM cobalamin. Similar to ECF-CbrT, we also observed an ATP-
dependent quenching of the �uorescence signal over time in the
presence of externally added nucleotides for BacAMm (yellow circles,
Fig. 2a). We did not observe quenching of the sensor in the presence of
external Mg-ADP (white triangles, Fig. 2a) or the non-hydrolysable ATP
analogue AMP-PNP (grey circles, Fig. 2a), demonstrating that the
transport of cobalamin is strictly coupled to the hydrolysis of ATP. This

experiment shows that a puri�ed member of the BacA family alone is
suf�cient for transport of cobalamin in the physiological import
direction.

It has been speculated that in addition to its import function,
BacAMt may also mediate the export of some antibiotics and anti-
microbial peptides from the cell14,17–23. This suggests that the protein
may use different transport directions for different substrates. We
then looked into the possibility that BacAMm might be able to transport
a single substrate (cobalamin) not only in the import direction (trans-
to-cis side), but also in the export direction (cis-to-trans side). To test
this, we monitored the release of cobalamin into the external buffer
in the presence of lumenal cobalamin and Mg-ATP. Strikingly, we
observed a time-dependent quenching of the �uorescence signal in
the presence of lumenal Mg-ATP (but not in the presence of Mg-ADP),
indicating that BacAMm is also able to transport cobalamin in the
export direction (blue circles, Fig. 2a), albeit with a 2-3-fold lower
transport rate than observed for the import direction. This is in stark
contrast to the strict importer ECF-CbrT, for which export activity
could not be demonstrated even at higher concentrations of lumenal
cobalamin (blue circles, Fig. 1b and Supplementary Fig. 3). Extensive
washing during sample preparation makes it unlikely that suf�cient
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Fig. 1 | Fluorescence-based transport assay for cobalamin. a Fluorescence
quenching of 25 nM BtuF488 in solution in the presence of various concentrations of
cobalamin. The Kd value is 11.5 nM. b Release of cobalamin from proteoliposomes
reconstituted with the cobalamin transporter ECF-CbrT or the folate transporter
ECF-FolT2. Proteoliposomes were loaded with 13 µM cobalamin and 25 nM of the
sensor BtuF488 was added to the external buffer. The release of cobalamin was
monitored for liposomes reconstituted with the cobalamin-speci�c transporter
ECF-CbrT in the presence of 10 mM external Mg-ATP (yellow circles), 10 mM
external Mg-ADP (white triangles) or 10 mM luminal Mg-ATP (blue circles). The
folate-speci�c transporter ECF-FolT2, which is closely related to ECF-CbrT, was
used as negative control in the presence of 10 mM external Mg-ATP (yellow trian-
gles) or 10 mM external Mg-ADP (grey triangles). Cartoons on the right side of the
graph explain the experimental setup. The liposome membrane is shown as grey

circle, the sensor in the external buffer in yellow, cobalamin as red dots, the active
ECF-CbrT population in colours, and the inactive population in grey. Export and
import directions are indicated by blue and yellow arrows, respectively. The black
cross indicates that export is not catalyzed by ECF-CbrT. c Accumulation of coba-
lamin into liposomes reconstituted with ECF-CbrT. Proteoliposomes were loaded
with 2 µM BtuF488 inside the lumen and 65 µM cobalamin was added externally.
Transport activity was measured in the presence of 10 mM internal Mg-ATP (yellow
circles), 10 mM external Mg-ATP (blue circles) or 10 mM external Mg-ADP (white
triangles). Cartoons on the right side of the graph explain the experimental setup,
as in (b). a�c The data were obtained from biological duplicates each containing
technical triplicates. The data is presented as the mean with error bars indicating
the standard deviation calculated from all individual data points (n = 6).
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external ATP was available for the inside-out oriented BacA population
to transport cobalamin in the trans-to-cis direction. The lack of trans-
port observed for ECF-CbrT using the same washing procedure (Fig. 1b
and Supplementary Fig. 3) con�rms that external ATP is suf�ciently
removed during sample preparation. This con�rms that the release of
cobalamin from the proteoliposomes resulted from actual transport
activity of BacAMm. Finally, we prepared proteoliposomes in the pre-
sence of Mg-ATP on both sides of the membrane, loaded them with
cobalamin in the lumen and monitored the �ux of cobalamin to the
external solution where the sensor was present. For BacAMm, a faster
quenching of the sensor was observed compared to the quenching
derived from the import or export activity alone (purple circles,
Fig. 2a). This shows that both oriented protein complexes within the
liposome simultaneously contribute to the release of cobalamin, which
is consistent with the notion that BacAMm can transport in the import
and export directions. We compared this result to that of the same
experiment using ECF-CbrT. Since ECF-CbrT can only transport in the
import direction, we expected that the presence of ATP on both sides
of the membrane would not increase the �ux of cobalamin out of the
liposomes, in contrast to what we observed for BacAMm. Indeed, there
was no additive �ux of cobalamin from the liposome lumen in this
case, but surprisingly we found that additional lumenal Mg-ATP had
the opposite effect for ECF-CbrT, as we observed a decrease in the
degree of quenching of the �uorescence signal (purple circles, Sup-
plementary Fig. 3). This effect is attributed to the re-transport of
cobalamin into the proteoliposomes by import activity of the other
orientation, which is possible due to the low-nanomolar binding af�-
nity of CbrT28. In this case, ATP-dependent cycling of cobalamin
between the compartments may lead to a steady state �ux in which the
level of sensor quenching is reduced, compared to unidirectional
ef�ux only. Altogether, we show that a wild-type ABC transport system
drives bidirectional transport of a single substrate.

The apparent transport rates suggest that BacAMm transports
cobalamin 2-3-fold more ef�ciently in the import direction than the
export direction, but this conclusion only holds if the populations of
BacAMm reconstituted in the right-side-out and inside-out orientations
are equal. Any deviation from the 1:1 orientation will affect the
observed rates of transport. In addition, the membrane curvature
could also affect the proteins oriented for transport in the import and

export directions differently. To test the effect of the protein orien-
tation on the observed activity, we reversed the transport setup
(similar to what we had done for ECF-CbrT, Fig. 1c) and examined the
transport activity of BacAMm by monitoring the accumulation of
cobalamin into the lumen of proteoliposomes. We encapsulated the
sensor within the lumen of the proteoliposomes, added cobalamin to
the external buffer, and had Mg-ATP present either in the lumen, or in
the external solution, or on both sides. Quenching of the sensor was
observed both when Mg-ATP was co-encapsulated in the lumen of the
liposomes (yellow circles, Fig. 2b), and when Mg-ATP was added to the
external buffer (blue circles, Fig. 2b) con�rming that BacAMm trans-
ports cobalamin both in the import and export direction. Again, a 2-3-
fold higher transport rate was found in the import direction compared
to the export direction, indicating that transport in the trans-to-cis
(import) direction is somewhat more ef�cient than in the trans-to-cis
(export) direction, and that the transporter had been reconstituted in
equal proportions in the right-side-out and inside-out orientation.
When Mg-ATP was added to both the internal and external solutions,
there was again an additive effect on the transport rate (purple cir-
cles, Fig. 2b).

Transport kinetics of cobalamin in the export and import
direction
To gain more insight into the unusual bidirectionality of BacAMm, we
assessed the transport kinetics of cobalamin in both transport direc-
tions. We monitored the import of cobalamin into proteoliposomes
and triggered the transport activity in the presence of increasing
concentrations of cobalamin in the external buffer. A �xed con-
centration of Mg-ATP was present either in the lumen (trans-to-cis or
import reaction) or in the external buffer (cis-to-trans or export reac-
tion). The initial transport rates depended on the substrate con-
centrations for both transport directions (Fig. 3a). Remarkably, the
apparent KM for cobalamin for transport in the import direction of
3.9 µM was lower than the apparent KM for transport in the export
direction (40 µM, but it is noteworthy that this value may be less
accurate than the one for the import direction, because we could not
saturate the transport rates). The absolute Vmax values are dif�cult to
determine from these experiments, because only a fraction of the
sensors encapsulated within the liposomes is accessible to transported
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Fig. 2 | Bidirectional transport of cobalamin by BacA Mm. a Release of cobalamin
from proteoliposomes reconstituted with BacAMm. Proteoliposomes were loaded
with 65 µM cobalamin and the sensor BtuF488 was added to the external buffer with
a concentration of 25 nM. Transport was monitored in the presence of 10 mM
external Mg-ATP (yellow circles), 10 mM internal Mg-ATP (blue circles), 10 mM Mg-
ATP on both sides (purple circles), 10 mM Mg-AMP-PNP (grey circles) or 10 mM
external Mg-ADP (white triangles). Cartoons on the right side of the graph explain
the experimental setup. The liposome membrane is shown as grey circle, the sensor
in the external buffer in yellow, cobalamin as red dots, the active BacAMm popu-
lation in green-orange, and the inactive population in grey. Export and import

directions are indicated by blue and yellow arrows, respectively. b Accumulation of
cobalamin into liposomes reconstituted with BacAMm. Proteoliposomes were loa-
ded with 2 µM BtuF488 inside the lumen and 65 µM cobalamin was added externally.
Transport activity was measured in the presence of 10 mM internal Mg-ATP (yellow
circles), 10 mM external Mg-ATP (blue circles), 10 mM Mg-ATP on both sides
(purple circles) or 10 mM internal Mg-ADP (white triangles). Cartoons on the right
side of the graph explain the experimental setup, as in (a). a, b The data were
obtained from biological duplicates each containing technical triplicates. The data
is presented as the mean with error bars indicating the standard deviation calcu-
lated from all individual data points (n = 6).
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