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Supplementary Figure 1. Sequence alignment of EmbB from M. smegmatis versus M. 
tuberculosis. 

The sequence alignment between M. smegmatis EmbB (MSMEG_6389) and M. tuberculosis EmbB 
(Rv3795) was generated using ClustalO1 and displayed using ESPript2. Secondary structure 
annotation based on the EmbB structure is displayed above the sequences. Identical residues are 
depicted in a red-filled box with white font, whereas residues with more than 70% similarity are 
marked in a blue bordered box with red font. Blue dots indicate the two catalytic aspartic acid 
residues, and green dots indicate the residues that when mutated retain enzymatic activity in the 
enzyme yet reduce incorporation of arabinose. 
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Supplementary Figure 2. Sequence alignment of M. smegmatis EmbA, EmbB and EmbC 

The sequence alignment between M. smegmatis EmbB (MSMEG_6389), EmbA (MSMEG_6388) 
and EmbC (MSMEG_6387), was generated using ClustalO1 and displayed using ESPript2. 
Secondary structure annotation from the EmbB structure is displayed above the sequences. Identical 
residues are marked in a red filled box with white font, while residues above 70% similarity are 
depicted in a blue bordered box with red font. Blue dots indicate the two catalytic aspartic acid 
residues, and green dots indicate the residues that when mutated retain enzymatic activity in the 
enzyme yet reduce incorporation of arabinose. 
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Supplementary Figure 3. Purification and Negative Stain Electron Microscopy of EmbB 

(A) Representative size-exclusion chromatography trace of EmbB incorporated into MSP-1E3D1 
nanodiscs. Fractions corresponding to the peak were used for cryo-EM analysis. (B) SDS-PAGE of 
concentrated sample from the peak fractions stained with Coomassie blue. EmbB has a predicted 
molecular weight of 117 kDa and MSP-1E3D1 of 32 kDa. (C) Representative negative stain 
micrograph of EmbB. (D) 2D negative stain class averages of EmbB. 
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Supplementary Figure 4. Single-particle cryo-EM structural determination of EmbB 

(A) Representative micrograph from the first session of imaging using a Falcon III camera. The 
exposure image had a defocus of –1.9 μm (estimated by CTFFind4) and pixel size of 0.665 Å/pixel. 
Particles that went into the final reconstructions are circled in green. (B) Representative 2D class 
averages. (C) Euler angle distribution plot of the final 3D reconstruction. (D) Processing workflow 
for both cryo-EM datasets. (E) Local resolution display of EmbB reconstructions in orthogonal 
views. (F) Fourier shell correlation (FSC) curves for EmbB describing the half-map (blue) and map-
to-model (purple) resolutions (at 0.143 and 0.5 cut-offs respectively), as well as histogram of 
directional resolutions sampled evenly over the 3DFSC (yellow). The corresponding sphericity 
value is also indicated. 
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Supplementary Figure 5. EM Density of EmbB 

The atomic model for the structure of EmbB is colored in rainbow and rendered as a cartoon, with 
the side chains rendered as sticks. The map density is displayed as a mesh. The residues for each 
segment of the atomic model are indicated below the name of the segment. For all the segments 
except the PG lipids, the sigma value for display was 0.05, while for the PG lipids, it was 0.02. 
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Supplementary Figure 6. Stereoscopic View of EmbB 

(A) Walleye representation of EmbB architecture as depicted in Fig. 1c. (B) Walleye representation 
of EmbB’s active site as depicted in Fig. 2b. 
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Supplementary Figure 7. Comparison of TM helices of EmbB with other GT-C Structures 

(A) Structural conservation of EmbB (GT53 family) against representative GT-C 
glycosyltransferases AftD (GT53 family, PDB ID: 6W98), Pmt1-Pmt2 (GT39 family, PDB ID: 
6P2R), PglB (GT66 family, PDB ID: 5OGL) and ArnT (GT83 family, PDB ID: 5EZM). The 
protein is shown in cartoon, and the two PG lipids are shown in the last diagram as green spheres. 
Structural alignment was performed by the Dali server. Topology of the TM helices of EmbB with 
reference to the disordered loop is shown in (B). The other glycosyltransferase structures, 
mycobacterial AftD (C), eukaryotic Pmt1-Pmt2 (D), bacterial PglB (E) and archaeal ArnT (F), were 
superimposed onto full-length EmbB and a slice through the transmembrane helices are shown as 
cartoon and colored in orange, grey, yellow and purple, respectively. Locations of the flexible loop 
that becomes ordered upon substrate binding are indicated by the dotted lines. Pmt1-Pmt2’s HH3 is 
already ordered as a helix without any substrate binding, and hence is shown as a solid line. 
Locations of lipidic sugar donor substrate are indicated by pink boxes. (G) LigPlot+3 rendering of 
the tightly bound PG with Ca2+. 
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Supplementary Figure 8. Mass Spectrometry of EmbB 

Native (A) and denatured (B) mass spectra of EmbB in C12E8 and DDM detergent, respectively. 
Insets show the regions shaded in blue, and key peaks for EmbB monomer, dimer, and adducts are 
annotated. Peaks in (A) marked with an asterisk likely have two or three bound lipids.  
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Supplementary Figure 9. Glycan Array Analysis of EmbB 

Glycan array analysis of EmbB, with top glycan motif hit indicated, where green star represents 
arabinofuranose. The classes of glycans used are: lipoarabinomannan (LAM), trehalose mycolates 
and lipooligosaccharides (LOS), capsular α glucans, phenolic glycolipids (PGL), phosphatidyl-myo-
inositol mannoside (PIM), glycopeptidolipid and bovine serum albumin (BSA) control. For 
structures of all of the glycans on the array see 4. 
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Supplementary Figure 10. Comparison with Structures of Dimeric EmbB 

Structures of M. smegmatis EmbB solved as a hetero-dimer with EmbA with either ethambutol 
inhibitor (PDB ID: 7BVC) (A) or di-arabinofuranose ligand (PDB ID: 7BVG) (B) are colored in 
salmon and superimposed with the monomeric apo-EmbB solved in this paper, colored in pale blue. 
The bound AcpM is colored in grey, and the ligands colored in gold. Zoom in of the two PG lipids 
in the monomeric apo-EmbB in brown is shown as an insert in (B). (C) Structural conservation of 
monomeric EmbB against the two aforementioned dimeric EmbB, mapped onto the structure of the 
dimeric EmbB (PDB ID: 7BVC). Structural alignment was performed by the Dali server.  
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Organism 
Found in 

Residue 
Number in 

Mtb 

Residue in 
Mtb 

Residue 
Number in 

Msm 

Residue in 
Msm 

Mutated to 

M. tuberculosis 
(Mtb) 

297 S 283 S A5 

306 M 292 M 
I5-7 
L5,7 
V5-7 

319 Y 305 Y C8 

328 D 314 D 
G5 
Y5 

330 F 316 F V5,7 
334 Y 320 Y H5 
354 D 340 D A6 

406 G 392 G 

A5 
C5,6 
D5,6 
S5,6 

445 Q 431 Q R6 
497 Q 483 Q K5 
506 T 492 T R5,6 
745 G 729 G D5 
959 D 942 G A5 

1000 M 984 M R5 
1024 D 1008 S N5 
1082 T 1066 S A5 

M. smegmatis 
(Msm) 

303 I 289 I 
F9 
M9 

306 M 292 M T9 
 

Supplementary Table 1. Ethambutol Resistance Mutations Found in EmbB 

Residues that are not conserved between EmbBs from M. tuberculosis (Mtb) and M. smegmatis 
(Msm) are colored in red. 
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Residue 
Number in 
Mtb EmbC 

Residue in 
Mtb EmbC 

Residue 
Number in 

Msm 
EmbC 

Residue in 
Msm 

EmbC 

Residue 
Number in 

Msm 
EmbB 

Residue in 
Msm 

EmbB 
Mutated to 

294 D 280 D 286 D G10 
300 M 286 M 292 M L10 

V10 
394 N 380 N 386 N D5 
398 P 384 P 390 P S6

491 Q 477 Q 483 Q R6 
502 L 488 F 494 I P6 
738 R 719 R 721 W Q5 

 

Supplementary Table 2. Ethambutol Resistance Mutations Found in the M. tuberculosis 
EmbC 

Residues that are not conserved among M. tuberculosis (Mtb) EmbC and M. smegmatis (Msm) 
EmbB and EmbC are colored in red.  
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