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Abstract 

Trehalose  monomycolate  (TMM)  represents  an  essential  element  of the mycobacterial

envelope. While synthesized in the cytoplasm, TMM is transported across the inner membrane by

MmpL3 but, little is known regarding the MmpL3 partners involved in this process. Recently, the

TMM transport factor A (TtfA) was found to form a complex with MmpL3 and to participate in

TMM transport, although its biological role remains to be established. Herein, we  report the crystal

structure of the Mycobacterium smegmatis TtfA core domain. The phylogenetic distribution of TtfA

homologues in non-mycolate containing bacteria suggests that TtfA may exert additional functions.
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1 Introduction

With 10 million new cases and 1.6 million deaths in 2017, tuberculosis  (TB) remains a

major global threat worldwide. Mycobacterium tuberculosis, the etiologic agent of TB , is a resilient

microorganism which  can  persist  through long  courses  of  antibiotics.  The  emergence  of  drug-

resistant bacteria largely contributes to the difficulty in curing TB patients. This involves  acquired

resistance mechanisms occurring during lengthy antibiotherapy and intrinsic resistance mechanisms

that  are  linked  to  the  atypical  mycomembrane,  which  is  impermeable  to  small  hydrophilic

molecules, such as antibiotics.

The  thick  and waxy mycobacterial  cell  envelope  consists  of  an  outermost  layer  named

capsule  and  composed  of  (glyco)lipids  and  polysaccharides1.  The  mycomembrane  comprises
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essentially  mycolic acids,  which are very long-chain fatty  acids (C80-C90) as well  as free and

extractable (glyco)lipids, such as dimycolyltrehaloses2, that are interspersed between mycolic acids

and play a key role in the host-pathogen interactions. An arabinogalactan layer is bridging together

the  mycolic  acids  and  the  peptidoglycan3.The  arabinogalactan-mycolyl-peptidoglycan  skeleton

represents the core structure of the cell wall, beneath of which is found the plasma membrane. 

Many enzymes involved in cell wall biosynthesis are unique to the  Mycobacterium genus

and absent in mammals and are thereby, recognized as valuable chemotherapeutic targets1. Mycolic

acids for  instance are essential  cell  wall  components  and contribute also to this  high cell  wall

hydrophobicity4.  First,  synthesized  in  the  cytoplasm  in  the  form  of  trehalose  monomycolates

(TMM), which are subsequently acetylated, mycolic acids are then transported across the plasma

membrane by a specific and atypical lipid transporter, MmpL35. The Ag85ABC complex catalyses

the conversion of TMM into trehalose dimycolate (TDM) as well as the transfer of mycolic acids to

the  arabinogalactan  of  the  mAGP  complex,  thereby  contributing  to  the  elaboration  of  the

mycobacterial membrane.

During  the  last  few years,  several  independent  studies  demonstrated  that  MmpL3 is  an

essential transporter belonging to the superfamily of the Resistance Nodulation Division (RND)

permeases and represents also an attractive drug target6. Currently, MmpL3 represents one of the

most promising antimycobacterial pharmacological target and a wide panel of chemical scaffolds

have  been  shown to  inhibit  MmpL37 not  only  in  M. tuberculosis but  also  in  non-tuberculous

mycobacteria,  such as  Mycobacterium abscessus,  thus opening a  new field in  the inhibition of

mycolic acid transport.

 Two recent  studies  reported the crystal  structure of  Mycobacterium smegmatis MmpL3

revealing  the  mode  of  action  of  some of  these  inhibitors  and  providing  a  first  glance  on  our

understanding of TMM transport8,9.  A contrario to other well studied RND pumps, such as AcrB

from  Escherichia  coli that  is  part  of  a  tripartite  complex,  the  existence  of  MmpL3  accessory

proteins was questioned. This has been partly delineated through the establishment of the MmpL3

interactome that comprises many proteins, thus supporting the occurrence of a very complex cross-

talk between the cell envelope biosynthesis and cell division10. Additionally, the LpqN lipoprotein

was demonstrated to bind to a lipid mimicking TMM and capable to interact with the periplasmic

domains of MmpL3 and MmpL11 on the one hand as well as with members of Ag85 complex on

the other hand 11. Importantly, in an  elegant study12, an essential protein MSMEG_0736 interacting

with  MmpL3  both  in  M.  smegmatis and  M.  tuberculosis  was discovered. The  MSMEG_0736

protein co-eluted in pull-down experiments using MmpL3 as a bait and its essential character for

mycobacterial  viability  was demonstrated.  The protein is  associated with the plasma membrane

where it  participates in TMM transport  as evidence by genetic studies based on a knock-down



MSMEG_0736 mutant that accumulates TMM while the synthesis of TDM decreases, mirrorring

the phenotypes observed in either  mmpL3 conditional mutants13 or when using specific MmpL3

inhibitors14. Additionally, albeit non-essential for bacterial viability the MSMEG_5308 protein was

also  found  in  the  MSMEG_0736/MmpL3  complex12.  Collectively,  these  results  indicate  that

MSMEG_0736/Rv0383c is a key player in TMM transport, hence was named TMM transport factor

A, TtfA.  

As the exact role and function of TtfA in the TMM transport is not clearly understood and as

TtfA does  not  share  any  homology  to  any other  known protein,  we decided  to  investigate  its

structural  characterization.  Herein,  we describe  the  high-resolution  crystal  structure of  the  core

domain of TtfA from M. smegmatis. 

2 Materials and Methods

2.1 Cloning, expression and purification of MSMEG_0736 (TtfA)

The coding sequence for TtfA residues 24-205 was amplified by PCR using Mycobacterium

smegmatis mc2155 genomic DNA as a template and the following forward and reverse primers: fw:

5’-atcggtaccgagaacctgtacttccagggtcatatgatcgaccgccgacgagggctgggac-3’  ;  rv:  5’-

gcagctcgagaagcttaattaattactagctagcgttctgcggcaccggcggcagcacc-3’.   The  PCR product  was  cloned

into pET-30a between the KpnI and XhoI restriction sites, to generate an in-frame fusion with the

N-terminal 6xHis-tag and S-tag and designed so that it contains also a Tobacco Etch Virus (TEV)

protease cleavage site. The pET30:MSMEG_0736_(24-205) was transformed into the E. coli B834

(DE3) methionine auxotroph strain (Merck-Millipore), used for the production of both the native

and the seleno-methionine proteins. 

For the native protein expression, cells were grown under agitation at 180 r.p.m in LB media

(6  L)  at  37oC supplemented  with  50  μg/mL kanamycin  (KAN) until  OD600  reached  ~0.8.  The

cultures  were  cooled  down  on  ice  for  30  min  and  induced  with  1  mM  of  isopropyl-β-D-

thiogalactoside (IPTG) (Euromedex) for 16 h at 16 °C. Bacteria were collected by centrifugation at

6,000  g for 20 min, resuspended in buffer A (50 mM Tris-HCl pH 8, 0.4 M NaCl, 0.5 mM β-

mercaptoethanol, and 1 mM benzamidine) and disrupted by sonication prior to removal of the cell

debris by centrifugation at 28,000 g at 4oC for 1 h. The clarified supernatant was then supplemented

with 10 mM of imidazole pH8, incubated with Ni-Nitrilotriacetic acid sepharose beads for 15 min

and loaded onto a gravity column. Extensive washes with sixteen column volumes of buffer B (50

mM  Tris-HCl  pH  8,  0.4  M  NaCl,  20  mM  imidazole  and  0.5  mM  β-mercaptoethanol)  were

performed prior to protein elution with buffer C (50 mM Tris-HCl pH 8, 0.4 M NaCl, 300 mM



imidazole and 0.5 mM β-mercaptoethanol). The eluate was then incubated with TEV protease (1 mg

of TEV protease per 40 mg of TtfA) and dialyzed overnight at 4oC against buffer D (50 mM Tris-

HCl pH 8, 0.6 M NaCl, 0.5 mM β-mercaptoethanol and 5% (v/v) glycerol). A Ni-Nitrilotriacetic

acid sepharose column was used to remove the uncleaved-tagged protein as well as the His-tagged

TEV protease. The tag-free protein was collected in the flow-through fractions and concentrated by

ultrafiltration using a 10 kDa cut-off (Centricon; Sartorius). The protein was further purified by

size-exclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare)

and eluted  with  buffer  D.  The purity  of  the  protein  was estimated  by Coomassie  Blue-stained

SDS/PAGE. 

The same E. coli strain was also used for labelling the protein with selenomethionine. Cells

were first grown in 2 L of LB broth containing 50 μg/mL KAN at 37°C under agitation at 180 r.p.m.

for 24 h. This starter culture was then pelleted, washed thrice with 1x PBS buffer and resuspended

with pre-warmed medium A containing M9 medium, trace elements, 20% glucose, 1 M MgSO4, 1

M CaCl2, 1mg/L biotin, 1mg/L thiamine, and 50 μg/mL KAN to a final OD600 = ~ 0.8. The culture

was incubated at 37°C for 1.5 h prior to addition of a mix D/L SeMet at a final concentration of 50

μg/mL (Sigma-Aldrich) and further incubated for 30 min. Finally, protein induction was done by

adding 1 mM of IPTG and incubation for  2 days at 16°C. The purification procedure was identical

to the one used for native TtfA, as described above, with the exception that the NaCl concentration

of buffer B and C was increased to 0.6 M. Protein concentration was determined using a Nanodrop

2000c spectrophotometer (Thermo Fisher Scientific).

2.2 Determination of molecular weight by size-exclusion chromatography  

The  oligomeric  state  of  TtfA core  domain  (24-205) in  solution  was  assessed  using  a

Superdex 200 10/300 GL column (GE Healthcare)  and elution performed with  buffer  D.   The

molecular weight was calculated based on a calibration curve obtained by the elution profile of

proteins  standard  with  molecular  weight  ranging  from  12, 400  to  200, 000 Da  (Gel  Filtration

Markers Kit, Sigma-Aldrich). Dextran blue was used to determine the void volume of the column.

The apparent mass was determined by plotting the partition coefficient Kav against the logarithm of

the molecular weight of the standard proteins. 

2.3 Crystallization 

The MSMEG_0736 native crystals were grown in sitting drops in the Swissci 48-well MRC

Maxi  Optimization  plates  (Molecular  Dimension)  at  18°C by  mixing  2 µL of  protein  solution



concentrated to 8 mg/mL with 2 µL of reservoir solution consisting of 28% PEG 4000 and 0.2 M

(NH4)2SO4.  The MSMEG_0736 protein labelled with selenomethionine was crystallized using the

microseeding  technique  and  the  crystals  of  the  native  protein  as  seeds.  The  selenomethionine

substituted protein was crystallized at 18°C by mixing 2 µL of protein solution concentrated to 8 

mg/mL with 2 µL of a reservoir solution made of 0.1 M Bis-Tris pH 5.5, 27% PEG 3350 and 0.2 M

Li2SO4.  All the crystals were cryo-cooled in liquid nitrogen without any cryoprotection. 

2.3 Data processing, structure solution and refinement 

Data  collection  was  performed  at  the  Swiss-Light  Source,  Villigen,  Switzerland  on  the

PXIII-X06DA beamline. Data were processed with XDS and scaled and merged with XSCALE15.

Phasing was done by the single anomalous dispersion (SAD) method using the  AutoSol module

from the Phenix package16.  Five out of the six potential selenium sites in the asymmetric unit were

found using a resolution cut-off of 2 Å for the search of the Se atoms. After density modification,

the electron density map was of high quality allowing almost automatic complete model building

with autobuild. The resulting model was then used to performed molecular replacement with the 1.4

Å native dataset using Phaser17 from the Phenix package16. Coot18 was used for manual rebuilding

while structure refinement and validation were performed with the Phenix package16. The statistics

for data collection and structure refinement are displayed in Table 1. Figures were prepared with

PyMOL (www.pymol.org).  

3 Results and discussion

3.1 Protein expression and purification 

Our cloning strategy was based on bioinformatic analysis, secondary structure prediction as

well  as on previous biological data  whereby residues 1-205 were shown to be essential  for the

function of the protein12. The secondary structure prediction also attests that the C-terminal part of

the protein that is not well conserved among other species is predicted to be highly disordered

(Figure  1A).  Furthermore,  the  TtfA residues  206-278  are  dispensable  for  TMM  transport  in

mycobacteria and for the interaction with MmpL312. We attempted to express several constructs

carrying the N-terminal transmembrane helix residues 1-23 but all these proteins were not soluble

and found in inclusion  bodies.  However,  discarding residues  1  to  23  allowed us  to  produce  a

truncated TtfA containing residues 24 to 205 in a soluble form. Of note, the introduction of a TEV

cleavage site and our cloning strategy added three extra residues (GHM) at the N-terminus after

TEV cleavage and two extra residues (AS) at the C-terminus . However, due to the propensity of

this protein to aggregate, high concentration of NaCl (0.6 M) and 5% glycerol were added in all



buffers  to  maintain  its  solubility.  Overall,  this  allowed  to  purify  large  amounts  of  pure  and

homogeneous TtfA (Figure 2A) following a three-step purification procedure as described in the

Materials and Methods section. 

3.2 Structural analysis 

 TftA was crystallized and high-resolution datasets were collected for both the native and the

seleno-methionine-substituted protein. The structure was solved by SAD using a dataset collected at

the Se peak. Further, the structure of the native protein was solved by molecular replacement and

refined to 1.4Å (Table 1). The asymmetric unit contains one protein monomer and two sulfate ions.

Most  of  the  residues  are  well  ordered  and  could  be  modelled,  excepted  the  first  6  residues

GHMIDR  with  R  corresponding  to  residue  26  of  the M.  smegmatis TtfA protein  and  GHM

corresponding to the additional residues added by our cloning strategy. In the C-terminal of the

protein, we could not build N205.

Analysis of the crystal packing with the PISA server (https://www.ebi.ac.uk/pdbe/pisa/) fails

to predict the existence of stable oligomers. To confirm or infirm this hypothesis, the molecular

weight  of  the  protein  in  solution  was  assessed  by  size-exclusion  chromatography.  While  the

theoretical mass of TtfA (25-205) is 21.3 kDa, we estimated to 14.4 kDa the apparent molecular

weight of the protein (Figure 2A). Overall, these  results strongly suggest that the truncated TtfA

protein is a monomer in solution.

The overall structure of TtfA is made of a central antiparallel β-sheet flanked by α-helices.

The β-sheet is made of nine β-strands formed by the following residues : β1 (residues: 44-47), β2

(71-77),  β3 (80-87),  β4 (90-97),  β5 (106-110),  β6 (120-125),  β7 (130-134),  β8 (161-165) and,  β9

(168-173). The central core of the structure is surrounded by four α-helices:  α1 (30-41),  α2 (137-

143),  α3 (146-1154) and α4 (179-197). The fold is finally completed by three 310 helices:  η1 (52-

56), η2 (60-63), η3 (157-160) (Figure 1A and 2B). 

We next searched for structures similar to TtfA using the DALI server19 but failed to retrieve

significant  hits.  Only structures displaying a  central  antiparallel  β-sheet  but  sharing a very low

primary sequence identity matched the TtfA structure. The best Z-score obtained corresponds to the

structure of tAvrPphF, the chaperone for the Type III Effector AvrPphF from Pseudomonas syringae

(PDB entry1s28), which shares only 4% of primary sequence identity and an r.m.s.d. of 3.3 Å. This

analysis attests for a hitherto unseen and atypical fold that characterizes TtfA.  

We next searched for the presence of a potential cavity which could eventually host TMM

but  we  could  neither  identify  any  obvious  pocket  able  to  accommodate  this  glycolipid  nor  a

particular hydrophobic area that could bind the long mycolic acid chains of TMM. In the absence of

biochemical experiment we cannot totally exclude that TtfA binds lipids ; but the structural analysis



suggesting that TtfA does not bind lipids is supported by the observation of the protein surface that

is mainly positively charged on one side, especially towards the N-terminus region and negatively

charged on the opposite side  (Figure 2C).  However this prompted us to investigate the surface

charge on the MmpL3 crystal structure which appears to be highly negative and more particularly

its periplasmic domains (not shown)8. It is tempting to speculate that the TtfA positively-charged

area may interact with these MmpL3 extracellular domains. However,  it was reported that the C-

terminal domain of TtfA (25-205) is cytoplasmic12,  therefore excluding the possibility that TtfA

interacts with the MmpL3 periplasmic domains. This suggests that TtfA may not be necessarily a

direct binding partner of MmpL3. Another possibility would be that TtfA interacts with the flexible

C-terminal  part  of MmpL3 but  we could not  explore this  hypothesis  since the MmpL3 crystal

structures available do not comprise the C-terminal domain.  However,  in other TtfA-containing

bacteria such as corynebacteria, MmpL3 homologues do not possess this C-terminal extension. It

remains  also  possible  that  TtfA  interacts  via its  N-terminal  transmembrane  helix  with  the

transmembrane domains of MmpL3, but this could not be experimentally assayed as we failed to

purify a soluble TtfA protein with its complete N-terminal helix. 

3.3 Distribution of TtfA among Actinobacteria

The search for homologues of TtfA was performed using the HMMER server. TtfA was only

found in bacteria belonging to the Actinobacteria phylum as seen on the simplified phylogenetic

tree in Figure 1B. As expected, the highest sequence identity was found with homologues from the

mycobacterial genus (Figure 1A). Additionally, TtfA homologues were found as reported earlier12

in  other  mycolic  acid-producing  bacteria  such  as  corynebacteria,  nocardia  or  rhodococcus.

Unexpectidely, although less conserved, TtfA homologues were also identified in non-producing

mycolic acid bacteria, such as pseudonocardia or streptomyces. Primary sequence alignments show

for example that in the Amycolatopsis methanolica a homologue (UniProtKB – A0A076MZQ3) of

TtfA shares  21%/36%  of  primary  sequence  identity/similarity  with  TtfA from  M.  smegmatis

(Figure 1A).  Noteworthingly, in silico predictions attest for the presence of a transmembrane helix

in the N-terminus of this protein. The genome of Amycolatopsis methanolica was next analysed for

the presence of genes encoding the two binding partners reported so far for TtfA, i.e. homologues of

MmpL3 and  MSMEG_530812.  This  revealed  the  presence  of  a  homologue  of  MmpL3 sharing

29%/48%  identity/similarity  but  no  homologue  for  MSMEG_5308  was  found.  A  similar

observation was made in  Streptomyces regensis.  Conversely,  other genomes such as the one of

Pseudonocardia  dioxanivorans  encode  for  TtfA homologues  but  are  lacking  MmpL3-encoding

genes. This strongly suggests that TtfA might not be solely dedicated to TMM transport and/or that



TtfA orthologues may exert additional biological functions notably in bacteria that neither produce

mycolic acids nor possess MmpL3 homologues. 
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Figures legends

Figure 1: Primary sequence conservation of TtfA. (A) Multiple sequence alignment of TtfA from

different  species.  The  figure  was  generated  with  the  ESPript  server

(http://espript.ibcp.fr/ESPript/ESPript/).  Secondary  structure  corresponding  to  the  M.  smegmatis

TtfA crystal structure is displayed on top of the alignment. Red colour indicates strict conservation

while yellow is for semi-conserved amino acids. The TtfA homologues primary sequences are from

the  following  species:  Mycobacterium smegmatis,  Mycobacterium  tuberculosis,  Mycobacterium

marinum, Mycobacterium leprae, Mycobacterium abscessus, Nocardia terpenica, Corynebacterium

diphtheriae,  Amycolatopsis  methanolic,  Saccharomonospora  marina,  Streptomyces  regensis,

Saccharomonospora viridis  and Rhodococcus  kyotonensis.  (B) Phylogenetic  repartition of TtfA

homologues  in  250  species.  Sequences  were  retrieved  from a  TtfA homologues  search  on  the

HMMER server (https://www.ebi.ac.uk/Tools/hmmer/) using the TtfA sequence from M. smegmatis

as a search request. ClustalX was used to performed multiple sequence alignment and the iTOL

server (https://itol.embl.de/) was used to generate the unrooted tree, which was further manually

edited using the Inkscape software. 

Figure  2:  Biochemical  and  structural  characterization  of  TtfA.  (A) Determination  of  the

oligomeric  state  of  TtfA in  solution. The elution profile  of  the proteins  used for  calibration is

displayed as a black line and the elution profile of TtfA is in red. Calibration was established using

β-amylase (1) (200 kDa), bovine serum albumin (2) (66 kDa), carbonic anhydrase (3) (29 kDa), and

cytochrome C (4) (12.4 kDa) as standards and eluted with estimated volumes of 10.9, 13.1, 15.7 and

17.1 mL, respectively. The void volume was estimated at 8.2 mL. TtfA elutes at 16.9 mL which

corresponds to an apparent molecular weight of 14.4 kDa. The purity of TtfA after a three-step

purification  procedure  is  shown  on  the  Coomassie  Blue-stained  SDS  polyacrylamide  gel

electrophoresis, 10 μg of protein were loaded. (B) Overall cartoon representation of the TtfA crystal

structure. Beta-strands colored in magenta are indicated with the β sign followed by a number, alpha

and 310 helices are in slate color and are labeled with the α and η signs respectively. Nt and Ct stand

for N-terminal and C-terminal. (C) Surface representation of TtfA. The electrostatic potential of the

protein was calculated with the PDB2PQR Server,  and displayed with the APBS module from

Pymol. Red and blue color indicate negative and positive charges respectively. 

https://itol.embl.de/
https://www.ebi.ac.uk/Tools/hmmer/
http://espript.ibcp.fr/ESPript/ESPript/


Table 1: Data collection and Refinement statistics

Data collection statistics TtfA_native TtfA_SeMet

Beamline X06DA-PXIII X06DA-PXIII

Wavelength (Å)              0.979  0.979

Resolution range (Å)    46.54-1.4 (1.45-1.4) 46.59-1.45 (1.5-1.45)

Space group                 I 2 2 2 I 2 2 2

Unit cell (Å,°) 62.24 70.09 86.01
90 90 90

62.15 70.39 85.69
90 90 90

Total reflections           168405 (15945) 440624 (42702)

Multiplicity                4.5 (4.3) 13.3 (13.3)

Completeness (%)            99.7 (99.4) 98.3 (96.7)

Mean I/sigma(I)             14.7 (1.3) 22.9 (1.9)

Wilson B-factor (Å2)        17.93 20.1

R-meas                 0.057 (1.1) 0.087 (1.4)

CC1/2                    0.99 (0.59) 0.99 (0.69)

Data refinement statistics

Reflections used in 
refinement                  

37303 (3670)

R-work                  0.1739 (0.2885)

R-free                   0.1984 (0.3149)

Number of non-H atoms       1734

macromolecules              1541

ligands                     10

solvent                     183

Protein residues            178

RMS bonds (Å)               0.013

RMS angles (°)              1.23

Ramachandran favored (%)    97.73

Ramachandran allowed (%)    2.27

Ramachandran outliers(%)    0.00

Rotamer outliers (%)        0.00

Average B-factor (Å2)       28.14

macromolecules              27.37

ligands                     33.71

solvent                     34.29

Clashscore 4.15

PDB accession number 6T84






