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Rv3197 (MABP-1), a non-canonical ABC protein in Mycobacterium tuberculosis, has
ATPase activity and confers inducible resistance to the macrolide family of antibiotics.
Here we have shown that MSMEG_1954, the homolog of Rv3197 in M. smegmatis,
has a similar function of conferring macrolide resistance. Crystal structures of apo-
MSMEG_1954 (form1 and form 2) and MSMEG_1954 in complex with ADP have been
determined. These three structures show that MSMEG_1954 has at least two different
conformations we identify as closed state (MSMEG_1954-form 1) and open state
(MSMEG_1954-form 2 and MSMEG_1954-ADP). Structural superimposition shows that
the MSMEG_1954-form 2 and MSMEG_1954-ADP complex have similar conformation
to that observed for MABP-1 and MABP-1-erythromicin complex structure. However,
the antibiotic binding pocket in MSMEG_1954-form 1 is completely blocked by the
N-terminal accessory domain. When bound by ADP, the N-terminal accessory domain
undergoes conformational change, which results in the open of the antibiotic binding
pocket. Because of the degradation of N terminal accessory domain in MSMSG_1954-
form 2, it is likely to represent a transitional state between MSMEG_1954-form 1 and
MSMEG_1954-ADP complex structure.

Keywords: crystal structure, conformational change, macrolide antibiotic binding protein (MABP), non-canonical
ABC transporter, macrolide antibiotic, erythromycin

INTRODUCTION

Tuberculosis (TB) is an infectious disease that is one of the top 10 causes of death worldwide
(World Health Organization (WHO), 2018). Globally, an estimated 1.7 billion people are thought
to be infected with Mycobacterium tuberculosis (MTB) (World Health Organization (WHO),
2019). Of great concern is the increasing prevalence of multidrug-resistant tuberculosis (MDR-TB)
and extensively drug-resistant tuberculosis (XDR-TB), rendering many of the current treatments
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ineffective (World Health Organization (WHO), 2014, 2016).
To begin to overcome this problem it is essential to have a
comprehensive understanding as to how drug resistance has been
developed. Genetic resistance to an anti-tuberculosis drug arises
from spontaneous chromosomal mutations at low frequency
(Zhang and Yew, 2009, 2015). Clinical drug-resistant TB largely
occurs as a result of man-made selection during the treatment
of these genetic alterations. Mycobacteria has developed diverse
strategies to acquire resistance to the most widely used antibiotics
(Alekshun and Levy, 2007; Goldberg et al., 2012; Blair et al., 2015),
including antibiotic target protection by site-of-action mutations
(Vilcheze and Jacobs, 2014) or by chemical modification of
the target; the direct modification or inactivation of antibiotics
by specific enzymes (e.g., hydrolases, phosphotransferases); the
reduced cell-wall permeability (Goude and Parish, 2008) or
increased efflux of the drugs (Braibant et al., 2000; De Rossi et al.,
2006; da Silva et al., 2011; Black et al., 2014), which prevents
the drug from gaining access to the target. ATP-binding cassette
(ABC) families are important mediators of drug resistance in
micro-organisms. Their function is to pump drugs out of the cell,
thereby rendering them ineffective.

In our previous study, we have shown MTB has evolved
a non-canonical ABC protein (type-II ABC proteins), Rv3197,
identified as macrolide antibiotic binding protein-1 (MABP-
1), which confers inducible resistance to the macrolide family
of antibiotics (Zhang et al., 2018). This protein family is
widely prevalent in other Mycobacteria (e.g., Mycobacterium
bovis and Mycobacterium smegmatis, Mycobacterium kansasii,
and Mycobacterium avium). Here, we show that MSMEG_1954,
which has 79% sequence identity with MABP-1 (Supplementary
Figure 1), is responsible for macrolide antibiotic resistance
in M. smegmatis. Structures reported here, reveal substrate
bound and apo-states of the protein, possibly associated that
conformational changes upon substrate binding.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
As previously described (Zhang et al., 2018), cultures of
M. smegmatis strains were grown in Middlebrook 7H9 medium
(Becton Dickinson) supplemented with 0.5% (v/v) glycerol,
0.05% (v/v) Tween 80 (Sigma) and 10% ADS enrichment (5%
(w/v) bovine serum albumin fraction V, 2% (w/v) dextrose and
8.1% (w/v) NaCl). Single bacterial colonies of M. smegmatis
mc2155 strain were cultured on Middlebrook 7H10 medium
(Becton Dickinson) containing 10% ADS, and 0.5% (v/v)
glycerol. Kanamycin, erythromycin and clarithromycin were
purchased from Sigma.

Generation of MSMEG_1954
Overexpressing Strain in M. smegmatis
To overexpress MSMEG_1954 in mycobacteria, the full-length
coding gene of msmeg_1954 was amplified from M. smegmatis
genomic DNA and cloned into the mycobacteria overexpression
vector pMV261 (Stover et al., 1991) to yield pMV261-1954

for transformation into M. smegmatis (identified as pMV261-
1954-mc2155). For a control, the empty pMV261 vector
was also transformed into M. smegmatis and referred to as
pMV261-mc2155.

Antibiotic Resistance Testing
The inhibition curves under erythromycin treatment were
determined in 50 ml 7H9 medium culture of recombinant
M. smegmatis strains in 100 ml flasks, by monitoring OD600, as
described previously (Li et al., 2015). Briefly, logarithmic phase
M. smegmatis cultures (OD600 of 0.5) of tested strains were
diluted to an OD600 of 0.1 and then allowed to grow in the
presence or absence of 3 mg/L erythromycin at 37◦C with shaking
at 200 rpm. Cultures were monitored by measurement of OD600.
The growth of recombinant M. smegmatis in the presence of
0.75 mg/L clarithromycin was measured after 24 h incubation.
All antibiotic resistant tests were repeated at least three times.
Statistical analyses were performed using t-tests. ∗∗∗ p < 0.001,
∗∗ p < 0.01, and ∗p < 0.05.

Survival under erythromycin treatment was determined as
indicated. Logarithmic phase cultures (OD600 ∼ 0.3) were
treated with 25 mg/L erythromycin for 3 h, serially diluted (1:10)
and spotted (3 µL) onto 7H10 medium. Photographs were taken
after 3 days of incubation at 37◦C. Experiments were repeated at
least three times.

Quantitative Real-Time Polymerase
Chain Reaction Analysis
Logarithmic phase cultures (OD600 of 0.8) of M. smegmatis
strains were treated with different concentrations of
erythromycin for 30 min and collected for RNA isolation,
while untreated stains were set up as control groups. The
corresponding cell pellets were resuspended into TRIzol
(Invitrogen, United States) and RNA was purified according to
the manufacturer’s instructions. SuperScriptTM III First-Strand
Synthesis System (Invitrogen, United States) was used for
cDNA synthesized. Quantitative real-time PCR (qRT-PCR) was
performed using 2 × SYBR real-time PCR pre-mix (Takara
Biotechnology Inc., Japan) on a Bio-Rad iCycler. M. smegmatis
rpoD (the coding sequencing of RNA polymerase sigma factor
SigA) was used to normalize the gene expression of msmeg_1954.
The relative gene expression was calculated using the 2−11CT

method (Livak and Schmittgen, 2001). Experiments were
repeated at least three times. Levels of mRNA expression of
msmeg_1954 under clarithromycin treatment was carried out in
the logarithmic phase cultures (OD600 of 1.8) of M. smegmatis as
described above.

Cloning, Expression and Purification of
MSMEG_1954 in E. coli
The gene encoding the full length msmeg_1954 was amplified by
polymerase chain reaction (PCR) from M. smegmatis genomic
DNA and sub-cloned into prokaryotic expression vector pGEX-
6p-1 with an N-terminal GST tag. Recombinant plasmid was
transformed into E. coli BL21-Codon Plus (DE3) RIL for
protein expression.
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Cells were grown in Luria Bertani medium supplemented
with 100 mg/L ampicillin at 37◦C until OD600 reached 0.8 and
then induced with 0.5 mM isopropyl-β-d-thiogalactopyranoside
(IPTG) for 18 h at 16◦C. Cells were harvested by centrifugation
and lysed in 1 x PBS, pH 7.4 by ultrasonication. After
centrifugation of cell lysates, supernatants containing
soluble recombinant protein were loaded onto a GST-
affinity chromatography (GE Healthcare) and then washed
with 1 × PBS to remove non-specifically bound proteins.

The proteolytic cleavage of the GST-tag was performed with
PreScission Protease overnight in cold room, and the tagless
MSMEG_1954 was further purified with a Superdex 200 (10/300)
gel filtration column (GE Healthcare) pre-equilibrated with
a buffer containing 25 mM Tris-HCl, pH 8.0, and 150 mM
NaCl. Fractions containing target protein were then pooled and
concentrated for crystallization. The expression and purification
of MSMEG_1954 mutants used in the ATPase assay were carried
out similarly as described above.

FIGURE 1 | MSMEG_1954 is responsible for macrolide resistance in M. smegmatis. The mRNA levels of MSMEG_1954 were increased in response to treatment
with erythromycin (A) and clarithromycin (B). (C) The growth of pMV261-mc2155 and pMV261-msmeg1954-mc2155 in 7H9 medium with or without 0.75 mg/L
clarithromycin. (D) The erythromycin resistance phenotype of pMV261-mc2155 and pMV261-msmeg1954-mc2155. The pictures shown are representative of three
independent experiments. (E) Growth curves of pMV261-mc2155 and pMV261- msmeg1954-mc2155 in 7H9 medium without erythromycin. (F) Growth curves of
pMV261-mc2155 and pMV261- msmeg1954-mc2155 in 7H9 medium in the presence of 3 mg/L erythromycin (mean ± SD of three individual experiments,
**P < 0.01, ***P < 0.001).
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Crystallization and Structure
Determination
For crystallization, the purified MSMEG_1954 was concentrated
to 20 mg/mL in 25 mM Tris-HCl (pH 8.0), 150 mM
NaCl. The protein solution for Apo structure contained
20 mg/ml MSMEG_1954. To prepare the protein-ligand complex,
MSMEG_1954 (20 mg/ml) and each ligand (protein: ligand
molar ratio of 1: 5) were incubated overnight at 4◦C before
co-crystallization.

Initial crystallization screening was performed using sitting-
drop vapor-diffusion at 293K and crystal screening kits from
Hampton Research and Wizard from Rigaku. After about 1
month, crystals of apo-MSMEG_1954 (form 1) were obtained
with reservoir solutions containing 0.2 M Ammonium acetate,
0.1 M Hepes (pH7.5), 25% w/v PEG3350. Crystals of apo-
MSMEG_1954 (form 2) were obtained with a reservoir solution
containing 0.2 M ammonium sulfate, 0.1 M Tris (pH8.5), 25%
w/v PEG3350 after about 2 weeks. Crystals in complex with ADP
grew in a solution containing 0.2 M calcium acetate hydrate,
0.1 M sodium cacodylate trihydrate (pH6.5), 18% PEG 8000. All
crystals were soaked in the reservoir solution supplemented with
25% (v/v) glycerol before being flash-cooled in liquid nitrogen.

Diffraction data for form 1 crystals were collected on Beamline
17U of Shanghai Synchrotron Radiation Facility (SSRF) at 100K.
Diffraction data for MSMEG_1954-ADP complex were collected
on Beamline 18U of SSRF. Data were processed with the
HKL2000 suite of programs (Otwinowski and Minor, 1997).
Diffraction data for form 2 crystals were collected on beamline
19U of SSRF at 100 K and were integrated, scaled and merged
using the HKL3000 (Minor et al., 2006).

The structure of form 1 and form 2 crystals was solved by
molecular replacement (MR) with Phaser (McCoy et al., 2007)
in CCP4 (Potterton et al., 2003) using the kinase domain of
MABP-1 as a search template. The initial model was rebuilt by
Phenix.AutoBuild (Adams et al., 2002). Manual adjustment of the
model with Coot (Emsley et al., 2010) and refinement with Phenix
located 395 residues and 293 waters in the model of form 1. In
form 2, the electron density map of residues 1–97; 182–184, and
376–392 were not visible, and were therefore not included in the
final structure. The MSMEG_1954-ADP complex structure was
solved by molecular replacement (MR) using the form 2 crystal
structure as a search template.

All structures were validated by MolProbity (Chen
et al., 2010). The statistics of the phasing and refinement
are summarized in Supplementary Table 1. The figures
were prepared using PyMOL (DeLano Scientific) unless
otherwise stated.

Construction of MSMEG_1954 Point
Mutants and an N-Terminal Truncation
Site-directed mutagenesis was performed using Fast Mutagenesis
System (Trans Gen Biotech) following the manufacturer’s
instructions. The plasmids pMV261- msmeg_1954 and pGEX-
6p-1-msmeg_1954 were used as the corresponding template
for constructing a series of mutants for overexpression in
M. smegmatis and for protein purification in E. coli, respectively.

The pMV261-msmeg_1954 mutants were transformed into
M. smegmatis mc2155, and pGEX-6P-1-msmeg_1954 mutants
were transformed into E. coli BL21-Codon Plus (DE3) RIL. The
N-terminal truncation of 98 residues (MSMEG_1954NM 98) was
constructed into pMV261 and transformed into M. smegmatis
mc2155 to obtain pMV261- msmeg_1954N1 98-mc2155.

ATPase Assay
ATPase activity was estimated using QuantiChromTM

ATPase/GTPase Assay Kit (BioAssay Systems). Reactions
were performed in 96-well plates in a 40 µL volume with 20
µL of 2 × assay buffer (40 mM Hepes, 80 mM NaCl, 8 mM
MgAc2, 1 mM EDTA, pH 7.5), 10 µg of purified MSMEG_1954
protein, or the indicated mutants. Reactions were initiated by
the addition of 1 mM ATP. All measurements were performed
at 25◦C for 20 min for at least three repeats. To test the
endogenous ATPase activity, a control with no enzyme was
set up under identical conditions. In total, 200 µL of reagent
was added to stop the reaction after incubation for 30 min at
room temperature. The absorbance at 620 nm was measured
using a microplate reader (BioTek, Synergy 4). The rate of ATP
hydrolysis was then determined by assaying the liberated Pi and
compared with a standard curve. Data were fitted to the standard
Michaelis–Menten equation.

RESULTS

MSMEG_1954 Is Responsible for
Macrolide Resistance in M. smegmatis
To investigate whether MSMEG_1954 is associated with
macrolide resistance, we measured changes in the mRNA levels
of MSMEG_1954 in response to macrolide treatment in mc2155.
Quantitative reverse transcription PCR (qRT–PCR) analysis
showed that the transcription level of MSMEG_1954 increases
upon exposure to different concentrations of erythromycin or
clarithromycin (Figures 1A,B).

Next, we constructed strains overexpressing MSMEG_1954
for antibiotic resistance testing. The MSMEG_1954
overexpressing strains (pMV261-1954-mc2155) have a growth
advantage over M. smegmatis that has an empty pMV261
vector (pMV261-mc2155) when treated with 0.75 mg/L of
clarithromycin (Figure 1C). Likewise, the pMV261-1954-
mc2155 construct also showed an erythromycin resistant
phenotype when compared with pMV261-mc2155 strains upon
exposure to erythromycin (Figures 1D–F).

Taken together, these results indicate that MSMEG_1954
is induced in response to macrolide exposure and under the
overexpression scenario tested here, appears to provide resistance
in M. smegmatis just like MABP-1 in Mycobacterium tuberculosis.

Two Different Conformations of
Apo-MSMEG_1954
Two crystal structures (form 1 and form 2) of apo-MSMEG_1954
were initially determined (Supplementary Table 1). No electron
density for the N-terminal 97 residues (α1-α3 helices) in
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MSMEG_1954-form 2 was detected. Similar to MABP-1,
MSMEG_1954-form 1 and MSMEG_1954-form 2 are both
composed of two domains (Figure 2A), the kinase-like
domain with a phosphate-binding loop (P-loop), and the N
terminal accessory domain that consists of six α-helices: α1–
α4 helices (residues 1–114) and α6–α7 helices (residues 158–
199) (Figure 2B). The kinase-like domain is conserved in
both structures. However, the N terminal accessory domain in
MSMEG_1954-form 1 and MSMEG_1954-form 2 have different

conformations. More specifically, the N terminal accessory
domain (especially helices α1-α3 and α6-α7) of MSMEG_1954-
form 1 has a very compact arrangement such that the domain
is in direct contact with the kinase-like domain, which block
the formation of substrate binding site (Figure 2C). In contrast,
the remaining α6 and α7 helices of the N terminal accessory
domain in MSMEG_1954-form 2 are positioned far away from
the kinase-like domain (Figure 2D), in a way similar to
MABP-1 (Figure 2E), which leave the substrate binding pocket

FIGURE 2 | The “closed” and “open” conformations of apo-MSMEG_1954 structure. (A) Domain organization of the MSMEG_1954. (B) Topology diagram of
MSMEG_1954 with the N terminal accessory domain highlighted in limon. The P loop is shown in red. (C) The overall structure of MSMEG_1954-form 1. The α

helices of N terminal accessory domain in MSMEG_1954-form 1 are tightly packed, which resulted in the closed conformation. (D) The overall structure of
MSMEG_1954-form 2. The remaining α6 and α7 helices of the accessory domain (olive) are positioned far away from the kinase-like domain, in a way similar to
MABP-1. (E) The overall structure of MABP-1 with N terminal accessory domain highlighted in slate.
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open. The SDS-PAGE results of form 2 crystals showed four
bands (Supplementary Figure 2), suggesting that the missing
N-terminal 97 residues in MSMEG_1954-form 2 were probably
degraded during crystallization.

ADP Induced Conformational Change of
MSMEG_1954
To gain further insights into how MSMEG_1954 recognizes ATP,
we solved the crystal structure of MSMEG_1954 in complex
with ADP. The electron density for ADP was unequivocal
(Figure 3A). The density of N-terminal 99 residues was still
invisible in this structure. Moreover, structural superimpose
show that MSMEG_1954-ADP is similar to MSMEG_1954-form
2 in an open state conformation (Figure 3B). The α6 and α7

helices of the N-terminal accessory domain are positioned far
away from the kinase-like domain and fall in a position between
the MSMEG_1954-form 2 and MABP-1 (Figure 3B).

Structural analysis confirmed that the ATP binding pocket
of MSMEG_1954 is similar to that observed for MABP-1
(Figure 4A). The adenyl group is held in place by a π-stacking
arrangement with the side chain of W239; the N1 atom of
the adenyl group forms a hydrogen bond with the carbonyl
nitrogen of M240. Hydrogen bonds are also formed between the
exocyclic N6 atom of the adenyl group and the carbonyl oxygen
of E238. Meanwhile, the side chain of K152 forms hydrogen
bonds with the α and β-phosphate group of ADP, the backbone
amide of S134 from the P-loop and its side chain form hydrogen
bonds with β-phosphate group. The remaining interactions are
mediated through the calcium ions which were introduced in the

FIGURE 3 | ADP induced conformational change of MSMEG_1954. (A) Left, The overall structure of MSMEG_1954 in complex with ADP. The remaining α6 and α7
helices of the accessory domain are positioned far away from the kinase-like domain, in a way similar to MABP-1. Right, the Fo-Fc omit map for ADP, contoured at
3.0 σ. (B) The structural alignment of MSMEG_1954-form 1(green), MSMEG_1954-form 2 (orange), MSMEG_1954-ADP (pink) and MABP-1(blue). The α6 and α7
helices of the accessory domain undergoes a conformational change in these structures.
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FIGURE 4 | MSMEG_1954 has ATPase activity. (A) Residues involved in ADP binding in MSMEG_1954. The ADP molecule is shown as cyan stick, the calcium ions
are shown as yellow spheres, the water molecules are shown as red spheres. (B) The Lineweaver-Burk plot of ATPase activity of MSMEG_1954. MSMEG_1954
hydrolyzes ATP with a Michaelis constant (Km) of 0.231 mM and kcat of 0.00864 s-1 for ATP. (C) Relative ATPase activities of variants with mutations in the
nucleotide binding site (mean ± SD of three individual experiments).

crystallization buffer. One calcium ion bridges the α-phosphate
oxygen and the side chain of D299 and Q286, and is also linked
to three adjacent water molecules. The second calcium ion is
coordinated by the β-phosphate oxygen and D299, along with
four adjacent water molecules.

As demonstrated in MABP-1, MSMEG_1954 also has ATPase
activity with a kcat of 0.00864 s−1 and Km of 0.231 mM
(Figure 4B), values that are comparable to that for MABP-
1 (kcat = 0.0137 s−1, Km = 0.285 mM). The typical ABC
transporters hydrolyses ATP with a Michaelis constant (Km)
for ATP of 0.23 mM (Lin et al., 2015), which is similar to
MSMEG_1954 and MABP-1. Compared with the wild-type
enzyme, the K152A, E199A, E205A and W239A mutants lost
73, 74, 81, and 52% activity, respectively, emphasizing their
importance in nucleotide binding and catalysis (Figure 4C).
Importantly, all these mutants also have a significantly
decreased erythromycin resistant phenotype in M. smegmatis,
(Supplementary Figure 3), suggesting that antibiotic resistance
also depends on the ATPase activity of MSMEG_1954.

The Macrolide Binding Pocket of
MSMEG_1954
Although the sequence alignment studies showed that the
substrate binding pocket is conserved between MSMEG_1954
and MABP-1 (Supplementary Figure 1), we have not been able to
obtain the structure of MSMEG_1954 bound with erythromycin.
Previously, we have described the structure of MABP-1 bound
with erythromycin (Figure 5A). The structural alignment of

MABP-1- erythromycin and MSMEG_1954 provide details in
substrate binding pocket (Figures 5B,C). The substate binding
pocket in MSMEG_1954-form 1 is completely blocked by the
N-terminal accessory domain. Meanwhile, the antibiotic binding
pocket appears to be open in MSMEG_1954-ADP.

A series of mutants containing point mutations in the
substrate binding pocket of MSMEG_1954 were made
to test their ability to confer resistance to erythromycin.
The K67A, E191A, R195A, M198G, D281A, I402A, R405A
mutants all significantly reduced the ability of MSMEG_1954
to confer erythromycin resistance when compared with
M. smegmatis strains overexpressing wild type MSMEG_1954
(Figure 5D), emphasizing their critical roles in binding and in
erythromycin resistance.

In order to verify the physiological function of N-terminal
domain, the construct with N-terminal 98 residues deleted
(MSMEG_1954NM 98) was made. The antibiotic resistance
testing showed MSMEG_1954NM 98 completely abolished
erythromycin resistance in M. smegmatis (Figure 5D), which
demonstrates the indispensable function of the accessory domain
in substrate binding.

DISCUSSION

In the previous study, we firstly identified a new macrolide
antibiotic binding protein-1 (MABP-1) in the Mycobacterium
tuberculosis, and verified that it confers inducible resistance
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FIGURE 5 | The substrate binding pocketFigure of MSMEG_1954. (A) The erythromycin binding pocket in MABP-1 (blue). (B) The structural alignment of
MABP-1-erythromycin with MSMEG_1954-fom1 (green), the α6 and α7 helices of the N terminal accessory domain are colored as limon. (C) The structural
alignment of MABP-1-erythromycin with MSMEG_1954-ADP (pink), the α6 and α7 helices of the N terminal accessory domain are colored as hotpink. In order to
better display the details of antibiotic binding pocket, all these three structures are flipped compare with Figure 2. (D) The growth of mc2155 wild type and strains
with point mutations in the erythromycin binding site in the presence (+) or absence (–) of 6.25 mg/L erythromycin. [mean ± SD of three individual experiments,
∗P < 0.05, ∗∗P < 0.01)].

to the macrolide family of antibiotics. In this work, we show
that MSMEG_1954, the homolog of MABP-1, is responsible
for macrolide resistance in M. smegmatis strains. The structural
studies verified that MSMEG_1954 can assume two different
conformations, the closed state (MSMEG_1954-form 1) and the
open state (MSMEG_1954_form 2 and MSMEG_1954-ADP). For
MSMEG_1954-form 2, the degradation of N terminal 97 residues
may decrease the steric hindrance, which release the compact
arrangement of N terminal accessory domain. It is likely to
represent a transitional state between MSMEG_1954-form 1 and
MSMEG_1954-ADP complex structure.

Remarkably, both native MABP-1 and complex structure with
ADP or erythromycin have identical conformation, which is
similar to MSMEG_1954-ADP, the open state. However, we
captured the closed state of MSMEG_1954 (form 1) in this study.
As shown in many other works (Rabiller et al., 2010), the crystal

structure should always be considered to be a snapshot which
depicts the protein at a particular point of a conformational
equilibrium rather than be taken as a sole state. It is possible
that we failed to capture the closed state of MABP-1, through this
protein may have different conformations in physiology.

It should be noted that the inactivation of macrolide has
been reported in clinical isolates of S. aureus, which can
produce macrolide phosphotransferases encoded by mph(C)
(Leclercq, 2002). However, the kinase activity was not identified
in MABP-1 and MSMEG_1954 despite both of them have
conserved kinase domain.

The classical organization of ABC transporters requires
interaction between two transmembrane domains (TMDs) which
usually impart substrate specificity, and two nucleotide-binding
domains (NBDs) which couple ATP hydrolysis to drug efflux,
such as MacB (Souabni et al., 2021). However, not all NBD
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FIGURE 6 | The hypothesis for conformational changes and antibiotic resistance mechanism in MSMEG_1954. (A) The structure of MSMEG_1954-form 1 (green),
MSMEG_1954-form 2 (orange), MSMEG_1954-ADP (pink) and MABP-1-EM (blue). All these four structures are flipped 180◦ compare with Figure 2 to better display
the antibiotic binding pocket. The diagrams in (B,C) show the sponge hypothesis and the ABC transporter hypothesis.

containing protein (NP) harbored a predicted TMD partner(s)
in the same transcriptional unit or in the vicinity, such as
NPs belong to sub-family 3 in Clostridioides difficile (Pipatthana
et al., 2021). Interestingly, these NPs exhibited diverse functions
from protection against drug targets to the regulation of protein
translation (Chen et al., 2014; Murina et al., 2019). Many studies
find these proteins are involved in antibiotic resistance, such
as methionine sulfoxide reductase [Msr (A)] in Staphylococci
(Reynolds, 2003) and Msr (D) in Escherichia coli (Nunez-
Samudio and Chesneau, 2013). The mechanism of antibiotic
resistance remains controversial for this kind of ABC proteins,
with two competing hypotheses each having gained considerable
support: ribosomal protection (Sharkey et al., 2016; Su et al., 2018;
de Block et al., 2021) vs. active transport (Nunez-Samudio and
Chesneau, 2013; Iannelli et al., 2018).

In our studies, we identify MABP-1and MSMEG_1954
are non-canonical ABC proteins that harbor the nucleotide-
binding domains but with no membrane-spanning domains
in Mycobacteria, which is similar to sub-family 3 of ABC
proteins. There are at least two reasonable possibilities for the
mechanism of antibiotic resistance: (i) MSMEG_1954 could bind
and dissociate erythromycin from the ribosome in an ATP-
dependent manner, reducing the concentration of erythromycin
in the cytoplasm that is able to inhibit ribosomal activity. It
is like a “sponge” that bind antibiotics to achieve ribosomal

protection. We hence name it as sponge hypothesis. However, we
have to point out that this suicide action is not an economical
method for organisms; (ii) ABC transport hypothesis: It appears
possible that they may couple with other efflux pumps to expel the
antibiotics from bacterial cells. However, the direct involvement
of MSMEG_1954 in the efflux of macrolides remains to be
demonstrated. The identification of hypothetical transmembrane
proteins that cooperate with MSMEG_1954 is still on going.

We propose two hypotheses about the relationship between
conformational changes and ATP hydrolysis (Figure 6). (i)
MSMEG_1954 appears to be the closed state in its apo-
form (Figure 6A). Upon ATP binding and hydrolysis, the
conformational change occurs from closed state to open state,
which enables the binding of antibiotics. The formation of
MSMEG_1954-ADP-EM complex reduce the concentration of
antibiotics in the cytoplasm and then protect the ribosome
from antibiotics binding (Figure 6B). This corresponds to the
sponge hypothesis; ii) The conformational change occurs when
ATP binding but not hydrolyzing. Hence, ATP hydrolysis is
not required for the change from the closed to the open
conformations. After antibiotics binding, the MSMEG_1954-
ATP-EM complex form. The structural comparison between
MSMEG_1954-ADP and MABP-1-erythromycin show that
the two ligands are separated from each by only 10 Å
(Supplementary Figure 4), with the phosphate moiety pointing
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directly to the erythromycin. The scenario that ATP-hydrolysis
could cause changes in antibiotic binding pocket associated
with the release of antibiotics is reasonable. The export of
antibiotics likely relies on other ABC transporters that may
cooperate with MSMEG_1954 (Figure 6C), which support the
ABC transport hypothesis.
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