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Abstract 

The arabinosyltransferases EmbA, EmbB, and EmbC are involved in Mycobacterium 

tuberculosis cell wall synthesis and are recognized as the targets for the 

anti-tuberculosis drug ethambutol. We have determined cryo-electron microscopy and 

x-ray crystal structures of mycobacterial EmbA-EmbB and EmbC-EmbC complexes, 35 

in the presence of their glycosyl donor and acceptor substrates and with ethambutol. 

These structures show how the donor and acceptor substrates bind in the active site 

and how ethambutol inhibits by binding to the same site as both substrates in EmbB 

and EmbC. The majority of drug-resistant mutations are located nearby to the 

ethambutol-binding site. Collectively, our work provides a structural basis for 40 

understanding the biochemical function and inhibition of arabinosyltransferases and 

development of new anti-tuberculosis agents. 

 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the oldest 

known diseases to infect humans, but remains a major cause of morbidity and 45 

mortality resulting in more than 1.5 million deaths each year (1). Ethambutol is one of 

the five first line anti-TB drugs that are currently in clinical use to treat TB (1). It is 

particularly effective in combination therapy against multidrug-resistant forms of this 

infectious disease (1). The membrane-embedded Emb proteins, EmbA, EmbB and 
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EmbC, which are involved in cell wall biosynthesis are regarded as the targets of 50 

ethambutol, since mutations to these proteins result in TB strains that are clinically 

resistant to this drug, noting that the majority of these resistance sites occur within 

EmbB (2-5). 

Mtb has a complex cell wall compared to Gram-negative and Gram-positive bacteria. 

Its core structure, mycolyl-arabinogalactan-peptidoglycan (mAGP), is composed of 55 

three highly unusual elements covalently linked together: (i) long-chain mycolic acids 

(MA), (ii) a highly branched arabinogalactan (AG), and (iii) a cross-linked network of 

peptidoglycan (PG). The other key component of the cell wall, lipoarabinomannan 

(LAM), is a species of phosphatidyl-myo-inositol derived glycolipids containing 

mannan and arabinan domains and is an important virulence factor playing a key role 60 

in host-pathogen interactions, and in modulating the host immune response during 

infection (6-10). The composition of AG and LAM suggests at least seven different 

arabinosyltransferases (AraTs) are involved in the assembly of the arabinan domain 

(6). As belonging to the same family of AraTs, the Emb proteins have a high 

similarity in amino acid sequences (sharing ~40% identity). Both EmbA and EmbB 65 

have been shown to play key roles in the formation of the α(1→3) linkage on the 

terminal hexaarabinofuranosyl motif of AG (11) (Fig. 1A). Furthermore, these 

proteins are suggested to function in a coordinating way by forming a heterodimer 

within cells (12), while the terminal β(1→2) linkage at the AG non-reducing end is 

catalyzed by AftB (13) (Fig. 1A). The product of the EmbA/EmbB and AftB 70 

catalyzed reactions plays a key role by serving as the mycolic acid attachment site for 

AG (14). EmbC functions by forming α(1→5) glycosidic linkages leading to the 

linear elongation of the arabinan chain of LAM (Fig. 1B) (15). 

Decaprenyl-phosphate-arabinose (DPA) is the only known arabinose donor for these 

AraTs in mycobacterial species (16). In Mtb the embABC genes are clustered in the 75 

genome and have all been shown to be essential for in vitro growth of H37Rv by 

analysis of saturated Himar1 transposon libraries (17), and embA and embC have also 



 

 4 

been shown to be essential in Mtb under normal growth conditions through the 

generation of deletion mutants (18, 19). 

The Emb proteins belong to the glycosyltransferase C (GT-C) superfamily (15, 20). 80 

Despite their importance in cell wall synthesis, the three-dimensional structure for any 

component of an Emb protein is yet to be determined, with the exception being the 

C-terminal soluble domain of EmbC (21). Thus, it remains poorly understood how 

these enzymes function, how ethambutol exerts its mode of action, and how emb 

mutations lead to ethambutol resistance. To provide a foundation for understanding 85 

these phenomena, we have determined the three-dimensional structures of Mtb and 

Mycobacterium smegmatis (Msm) EmbA-EmbB, and Msm EmbC-EmbC (EmbC2), 

with each in complex with ethambutol. Ethambutol is observed bound in the 

conserved active sites of both EmbB and EmbC. In addition, we have also solved the 

three-dimensional structures of Msm EmbA-EmbB and EmbC2 in complex with the 90 

donor and acceptor substrates, DPA and di-arabinose, respectively. Unexpectedly, 

these structures also show that each Emb protomer has an acyl-carrier-protein, AcpM, 

bound to their cytoplasmic surface. These studies provide new molecular insights as 

to how arabinose is transferred by these enzymes and how ethambutol binds at 

location that overlaps with the region where the donor and acceptor substrates bind. 95 

Results 

Characterization and structure determination of EmbA-EmbB and EmbC2 

complexes 

Mtb and Msm EmbA-EmbB complexes were expressed in Msm cultures and then 

purified to homogeneity (figs. S1A and S2E). Unexpectedly, the endogenous Msm 100 

acyl-carrier-protein AcpM (MSMEG_4326, 99 aa, ~11 kDa), involved in the 

biosynthesis of mycolic acids (6, 22), was identified to be co-purified with each of 

these samples by SDS-PAGE silver staining and mass spectrometry (figs. S1C, S1D, 
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S2B and S2J). SDS-PAGE showed the EmbA and EmbB have a 1:1 stoichiometry in 

EmbA-EmbB complexes (fig. S1B), whose composition was further confirmed by 105 

mass spectrometry (figs. S1E-H). Msm EmbC is shown as a single band of ~120 kDa 

by SDS-PAGE (fig. S2A), and a single band between 242 kDa and 480 kDa by 

BN-PAGE (fig. S2F). Taking into account the fact that detergents wrap around this 

complex and the existence of AcpM, the molecular weight determined by BN-PAGE 

is consistent with dimer formation of Msm EmbC observed from our solved structures 110 

(see below).  

All EmbA-EmbB and EmbC2 samples were shown to be active in cell-free activity 

assays. The established arabinosyltransferase activity assay of purified Mtb and Msm 

EmbA-EmbB complexes (Fig. 1C and fig. S1J), together with 2D heteronuclear single 

quantum correlation (HSQC) NMR analysis of EmbA and EmbB deletion mutants (23) 115 

(fig. S1K), confirmed they function as arabinosyltransferases, which catalyze the 

formation of an α(1→3)-arabinofuranosyl linkage, in accordance with previous 

studies (11, 12, 16). The Msm EmbC2 sample was confirmed to catalyze the formation 

of an α(1→5)-arabinofuranosyl linkage (16) (Fig. 1D and fig. S2G). More 

importantly, the cell-free arabinosyltransferase activity of both EmbA-EmbB and 120 

EmbC2 is inhibited by ethambutol, confirming that ethambutol targets these proteins 

(Figs. 1C, 1D and figs. S1J, S2G). 

Single particle cryo-EM was used to determine four structures of Emb proteins at 

2.81~3.10 Å resolution: Mtb EmbA-EmbB-AcpM2 bound with ethambutol, Msm 

EmbA-EmbB-AcpM2 bound with ethambutol, Msm EmbA-EmbB-AcpM2 bound with 125 

di-arabinose, and Msm EmbC2-AcpM2 bound with ethambutol (Fig. 1E, figs. S3-S7 

and Table S1). For the Emb protomers, most regions of the polypeptide for EmbA, 

EmbB and EmbC could be traced except for the cytoplasmic loop CL1 (residue range 

248-268) in Mtb EmbB and a periplasmic segment (residue range 780-810) of Msm 

EmbC. The density for AcpM bound to the Msm EmbB or to the Mtb EmbA surface 130 
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has a resolution in the 3~5 Å range, whereas the map for AcpM bound to the Msm 

EmbA or Mtb EmbB protomer was less clear, and was not built (Fig. 1E and figs. S3F, 

S4F, S5F).  

For the crystallographic study of EmbC, homologs from Mtb, Msm, M. marinum and 

M. xenopi were all expressed and purified (fig. S2A). However, only the crystal 135 

structure of Msm EmbC in complex with di-arabinose could be determined at 3.3 Å 

resolution (Fig. 1E, fig. S8 and Table S2). Based on the electron density, the structure 

of two molecules of AcpM (residues 3~86) could be built (Fig. 1E and fig. S8A).  

Overall structures of the EmbA-EmbB-AcpM2 and EmbC2-AcpM2 complexes 

In our cryo-EM and crystal structures, EmbA-EmbB form a heterodimeric complex, 140 

whilst EmbC is a symmetric homodimer (Fig. 1E). In the EmbC dimer, two EmbC 

protomers are nearly identical which could well superimpose on each other (fig. S9A). 

The mode of dimerization is similar in the two complexes and is achieved by forming 

hydrophobic clusters between transmembrane (TM) domains close to the cytoplasmic 

side and periplasmic side (figs. S10A and S10B). The individual EmbA, EmbB and 145 

EmbC proteins all have a similar fold (Figs. 1F, 1G and fig. S10C) and contain 

common features including a 15-helix TM domain, N-/C-terminal periplasmic 

domains (PDs) identified as PN and PC (Figs. 1F, 1G and figs. S9D, S9E, S9G) and 

periplasmic and cytoplasmic loops connecting the TM helices, some of which are of 

structural and physiological important. Periplasmic loop 2 (PL2) contains two crossed 150 

helices (EH1 and EH2) and harbors the highly conserved catalytically relevant DDx 

motif (24) (Figs. 1F, 1G and fig. S13A); PL5 forms two tandem helices (EH3 and 

EH4) and contributes to the gating of DPA and dimerization of the complex (Figs. 1F, 

1G and fig. S10B). The positively charged cytoplasmic loop 1 (CL1) forms extensive 

interactions with AcpM (Fig. 1G and fig. S11).  155 
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In each structure the PN domain (also PL1 linking TM1 and TM2) adopts a 

jelly-roll-fold (fig. S9D), which is typical for polysaccharide binding units, such as 

plant lectins or where carbohydrates act as enzyme substrates (25). The PC domain 

can be divided into two subdomains, with subdomain-I displaying a mixed α/β 

structure and subdomain-II exhibiting a jelly-roll-fold (fig. S9E). This fold is similar 160 

to the previously reported C-terminal structure of Mtb EmbC (PDB code 3PTY), both 

containing a bound Ca2+ responsible for structural stability (21) (figs. S9C and S9F). 

The last 30 amino acids in the PC domain embrace the PN domain, which contributes 

to the stabilization of the entire PDs (Figs. 1F and 1G). The active site is located in a 

pocket at the junction between the TM domain and the periplasmic domains (Fig. 1F), 165 

composed by PL2-6, helix α6 in PC domain and residue Trp965 in PC domain 

(represented by Msm EmbC) (fig. S9H). Substrates (di-arabinose analogue and DPA) 

or ethambutol are observed in this site (Fig. 1E), providing crucial information for 

understanding catalysis, drug inhibition and resistance. 

By providing structural information that is distinct from other known 170 

glycosyltransferases, the structures of the Emb proteins, substantially broadens our 

understanding of the GT-C superfamily. A structural comparison with Archaeoglobus 

fulgidus AglB (26), Campylobacter lari PglB (27), Cupriavidus metallidurans ArnT 

(28), yeast STT3 in OST complex (29), yeast PMT1 in PMT1-PMT2 complex (30) 

and yeast ALG6 (31) show that the Emb proteins possess periplasmic architectures 175 

that are distinct in size and shape from other GT-C proteins (fig. S12), Common 

features to other GT-C members include: (1) TM regions sharing a common core of 

11 TM helices with a similar fold (fig. S12); (2) and crossed helices resembling EH1 

and EH2 in Emb proteins, bearing the conserved catalytically relevant D[N]D[E]x 

motif (fig. S12).  180 

The Msm AcpM binds to the cytoplasmic face of both EmbA-EmbB and EmbC2 

complexes, thus forming the EmbA-EmbB-AcpM2 complexes and EmbC2-AcpM2 
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complexes, respectively (Fig. 1E). It has a four-helix topology arranged in a 

right-handed bundle (figs. S11A and S11H), which is similar to that of Mtb AcpM 

(PDB code: 1KLP) (32) (fig. S9B). The AcpMs bind to each Emb protomer through 185 

extensive electrostatic interactions (figs. S11B, S11C and S11I). This type of 

assembly has not been observed in any other glycosyltransferase. The binding mode 

of AcpM to EmbA-EmbB and to EmbC2 is similar, whereby Helix α2 of AcpM and 

the connecting loops at its N-/C-terminus are intimately engaged with the CLs of the 

Emb proteins (figs. S11A and S11H). This is consistent with the known role of α2 in 190 

AcpM as a contact site with its target proteins (e.g. AcpS (33)). 

4′-Phosphopantetheine (Ppant), is also observed covalently attached to the conserved 

Ser41AcpM located on α2 of AcpM and inserts into the gap between TM6-7 and CL1 

of the Emb protein in the cryo-EM structures of both EmbA-EmbB and EmbC2 

complexes (figs. S11E, S11H and S11I). In contrast, in the crystal structure of EmbC, 195 

the side chain of Ser41 of AcpM interacts with the main chain of Arg247 of EmbC, 

on the CL1 with no Ppant observed (fig. S11D). Mutagenesis and functional studies 

showed that when the interactions between EmbC and AcpM are disrupted, the 

produced LAM species becomes smaller (except for R352A) (fig. S11G), although 

the formation of the EmbC2-AcpM2 complex with these mutants and cell-free 200 

arabinosyltransferase activity are largely preserved (figs. S2C, S2D and S11F). A 

likely explanation is that the mode of AcpM binding changes in the complex and this, 

in turn, affects the ability of AcpM to modulate LAM synthesis in vivo. Sequence 

alignment demonstrates that this region is not conserved across species (fig. S13A), 

indicating the variable binding abilities within the different Emb proteins. Since, 205 

AcpM plays an important role in the biosynthesis of fatty acid and cell wall (34), the 

association with proteins involved in AG assembly or LAM synthesis could imply 

some clues for the physiological function of this pattern. Further investigation into the 

exact function of AcpM in the Emb complexes is needed. 



 

 9 

Several functionally important lipids are also observed in these cryo-EM structures. 210 

The substrate, DPA, is observed endogenously bound to EmbA in the conserved 

donor binding cavity in the Msm EmbA-EmbB complexes (Figs. 1E, 2B and fig. S7E); 

the reaction byproduct DP (the leaving group of DPA) is observed in a similar 

position in EmbB in the Mtb EmbA-EmbB complex (Fig. 1E and fig. S7F). The 

identity of DPA and DP was subsequently confirmed by mass spectrometry (fig. S1I). 215 

In all the EmbA-EmbB complexes, native cardiolipins were observed binding in a 

similar manner (i.e. in the TM domain at the dimer interface) (Fig. 1E and figs. S7G, 

S10A). Thus, it plays an important role in helping stabilize the heterodimeric 

complex.  

Substrate binding in the active sites of EmbA-EmbB and EmbC2 complexes 220 

The Emb proteins have two substrates, an arabinose donor DPA, and an acceptor 

arabinan. To understand how substrates bind, we determined the crystal structure of 

di-arabinose-bound Msm EmbC2 and the cryo-EM structure of the di-arabinose-bound 

Msm EmbA-EmbB complex (Fig. 1E). These structures show that there are two 

substrate entrances leading to the active site, henceforth denoted as the donor entrance 225 

and the acceptor entrance (see below) (Fig. 2A). In the cryo-EM structure of Msm 

EmbA-EmbB, an endogenous donor substrate DPA is observed in the EmbA subunit. 

Its head part, the arabinose moiety and the phosphate group, binds in the active site, 

while the long decaprenyl tail extends out through the donor entrance and fits in a 

hydrophobic cavity created by TM7-9 (Fig. 2B). The arabinose moiety forms polar 230 

interactions with surrounding residues Asp261, Asn265, Glu289 on PL2, while the 

phosphate group is stabilized by polar bonds to Arg365, Gln409, Thr553, Trp555 and 

Gln558 (Fig. 2C). Asp261, the catalytic residue on the DDx motif conserved in GT-C 

family (fig. S13A and S13B), is 3.3 Å from the C1 atom of DPA (Fig. 2C). Note that 

a periplasmic Loop766-806 (loop harbors residues 766-806) hangs down from the PC 235 

domain of Msm EmbA and blocks the acceptor entrance (fig. S14C). The Asn780 on 
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this loop inserts into the active site and interacts with the Asp261 and is also close to 

the arabinose group of DPA (Fig. 2F). Whilst in EmbB and EmbC, the corresponding 

loop is either shorter and folded on the PC domain of EmbB, or flexible in the solvent 

for EmbC (fig. S14C). 240 

Consistent with the above observations, in the crystal structure of di-arabinose-bound 

Msm EmbC2, an endogenous phosphate ion appears to be trapped in the active site by 

di-arabinose (part of Ara2OC8) and maltose (part of detergent DDM) (Fig. 2D and 

figs. S8B, S8C). It is bound to a positively charged region that includes Arg383, 

His574 and His575 and is near Thr570, Trp572 and the catalytic Asp279 (Fig. 2E). 245 

We propose that this phosphate represents the phosphate group of DPA, as it is 

superimposable with the phosphate group of DPA we observe in Msm EmbA (Fig. 2F 

and fig. S14B). To verify this proposal, we measured the Kd values of DPA for the 

wild-type and mutant Msm EmbC proteins. The Kd for wild-type EmbC is 3.0 µM, 

while for the EmbC mutants, the affinity is greatly reduced to 122 µM and 137 µM 250 

for H574A and H575A mutants, or undetectable for R383A and T570S mutants 

(Table S3). Furthermore, enzymatic activity is completely lost for these phosphate 

binding site mutants (Fig. 2G). Consistent with this, the in vivo LAM synthesis was 

almost completely inhibited when the embC knock-out strain was complemented with 

the corresponding mutant alleles (for the W572A mutant, the LAM species become 255 

smaller) (Fig. 2H). This phosphate binding site for DPA is thus crucial for EmbC 

function.  

The diarabinoside group, which is identified as part of the substrate analogue 

Ara2OC8 that was added during crystallization, binds between Asp279 and the 

phosphate (Fig. 2D and figs. S8B, S8C). For clarity, we denote the positions of the 260 

two-arabinofuranose rings as D site (arabinose from donor) and A0 site (arabinose 

from the terminal residue of acceptor), with the D-site being deeper in the pocket 

while the A0-site is close to the acceptor entrance (Fig. 2D). The arabinofuranose in 
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the D-site is sandwiched by Tyr282 and the phosphate group. Its hydroxyl groups 

interact with Asn298, Glu307 and Tyr314 through hydrogen bonds (Fig. 2I). The 265 

A0-site arabinofuranose is clamped by Trp572 and Trp965 (Fig. 2I). Additionally, 

Trp302 and Val1004 form van der Waals interactions with the D-site and A0-site 

arabinofuranoses, respectively (Fig. 2I). The side-chain of the catalytic Asp279 points 

towards the α(1→5) glycosidic bond between the two arabinofuranose groups (Figs. 

2D and 2I). The Kd value of Ara2OC8 with Msm EmbC is 36.7 µM (fig. S2H). When 270 

these residues are mutated to Ala or Asn, the enzymatic activity of Msm EmbC is 

reduced significantly or cannot be detected (Fig. 2J), confirming that they are 

essential for the function of EmbC. Consistent with this, these mutations almost 

completely abolish production of LAM species in the Msm EmbC knock-out strain 

complemented with the same alleles (for the Y314A mutant, the LAM species 275 

become smaller) (Fig. 2K). This is in accord with a previous report that showed the 

D279A mutant could not produce LAM (24). Considering that the two arabinoside 

groups are located on different sites of the catalytic site Asp279, the diarabinoside 

appears to represent the reaction product after Asp279 catalyzes the formation of the 

α(1→5) linkage between the two arabinofuranose rings. The arabinofuranose in the 280 

D-site is most likely mimicking the newly added residue in the product, which is 

superimposable with the arabinose group of DPA in Msm EmbA (Fig. 2F) thus 

originated from donor DPA, while arabinofuranose in the A0-site resembles an 

arabinose from the terminal residue in the acceptor.  

Based on the above structural and functional data, the arabinose transfer mechanism 285 

that completes one cycle of elongation can be proposed for EmbC (Fig. 2L): (i) Firstly, 

the terminal arabinofuranose of a LAM precursor from a previous round of reaction 

stays in the catalytic pocket and binds at the A0-site. The hydrophilic head group of 

DPA inserts into the pocket from the donor entrance, with its phosphate group and the 

donor arabinofuranose binds at the phosphate binding site and the D-site, respectively. 290 

(ii) Next, the catalytic Asp activated the transfer of donor arabinofuranose to the 
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arabinofuranose residue in the A0-site by forming an α(1→5) linkage. As a result, the 

donor arabinofuranose becomes the new terminal residue of the elongated product, 

which binds to the D-site. The di-arabinose binding mode in the crystal structure of 

EmbC represents the terminal di-arabinose of the elongated product. (iii) The 295 

byproduct of the reaction, DP, leaves the catalytic pocket. (iv) In the final step, the 

elongated product is re-loaded, or re-positioned by an unknown mechanism, to the 

active site that the terminal arabinofuranose occupy the A0-site again, ready for the 

next elongation reaction.  

In the cyro-EM map of Msm EmbA-EmbB complex, the density of the di-arabinose 300 

(part of the incubated tetra-arabinose) was found within the active site of EmbB 

subunit (fig. S14D), a location similar to the di-arabinose observed in the crystal 

structure of Msm EmbC2 (fig. S14C). The di-arabinose bound in Msm EmbB is due to 

interactions with Trp578, His580, Trp972 and Trp1012 with the A0-site group and 

Tyr288, Asn304, Glu313 and Arg495 with the D-site group, the catalytic residue 305 

Asp285 forms polar interaction with the oxygen atom on the glycosidic bond (fig. 

S14D). These residues are conserved amongst the EmbB and EmbC family of 

proteins (fig. S13A). Similar to the di-arabinose in the crystal structure of Msm EmbC, 

the D-site arabinose group in Msm EmbB is proposed to be provided by the donor 

DPA (i.e. the arabinose has been cleaved from the donor DPA) upon superimposing 310 

with DPA of Msm EmbA (fig. S14A). It could be concluded that the A0-site arabinose 

represents the sugar moiety from the acceptor substrate so that the di-saccharide 

mimics the product in the reaction center. Given the donor substrate DPA is observed 

in its pre-catalytic state in EmbA, it is plausible that the binding of substrates is a 

sequentially coupled process with DPA binding followed by acceptor binding. 315 

Furthermore, the likely one-step reaction catalyzed by the EmbA-EmbB complex 

suggests that the newly formed glycosidic bond occurs followed by release of all of 

the products. The next cycle needs to be initiated by the binding of a new molecule of 

DPA. Future investigations will be needed to elucidate how the entire catalytic cycle 



 

 13 

works.  320 

Structural basis for ethambutol inhibition on EmbB and EmbC 

Our functional data confirmed that ethambutol inhibits the enzymatic transferase 

activity of both the EmbA-EmbB and EmbC2 complexes in vitro (Figs. 1C, 1D and 

figs. S1J, S2G). These results are in agreement with the observation that branching of 

the terminal hexa-arabinan motif in AG, as well as synthesis of LAM, can be inhibited 325 

by ethambutol (23, 35). The Kd for ethambutol binding was measured to be 0.42 µM 

for Mtb EmbA-EmbB (Fig. 3B and Table S3) and 0.31 µM for Msm EmbA-EmbB 

(Fig. 4C and Table S3), thus strong binding is observed in both cases. For Msm EmbC, 

the Kd value was measured to be 11.1 µM (fig. S2I and Table S3), thus a relatively 

weaker binding affinity for this class of Emb protein. 330 

In order to elucidate how ethambutol binds, cryo-EM structures of the Mtb and Msm 

EmbA-EmbB complexes, as well as Msm EmbC2, all in complex with ethambutol, 

were determined at 2.97 Å, 2.90 Å and 2.81 Å resolution, respectively (Fig. 1E). 

Analysis of these three maps showed that density consistent with that of ethambutol is 

located within the active site of the EmbB and EmbC subunits (Figs. 3A, 3C and fig. 335 

S15D). In contrast, no density for ethambutol was observed in the EmbA subunit. 

However, there is density for the endogenous donor substrate, DPA, whose 

hydrophilic moiety bound to Msm EmbA is in a similar location as ethambutol when 

bound to EmbB (Figs. 3F and 3G). We thus suggest that ethambutol preferentially 

binds to EmbB and EmbC rather than to EmbA, a conclusion in line with clinical drug 340 

resistance studies (3-5, 36-40). Considering the similarity in ethambutol binding in all 

the determined complexes (fig. S15F), we focus our analysis of its binding mode 

based on the Mtb EmbA-EmbB complex. In this case, the two charged imino groups 

of ethambutol, NH1 and NH2, play key roles in binding. They form three electrostatic 

interactions with EmbB (the distances of NH1-Asp299, NH2-Asp299 and NH2-DP 345 
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are 3.2 Å, 3.3 Å and 3.4 Å, respectively) by positioning themselves between Asp299 

and the phosphate group of the DP (leaving group from donor DPA) (Figs. 3C and 

3D). In addition, 𝝿-cation interactions are formed by NH1 with Trp988 and NH2 with 

Tyr302 (Figs. 3C and 3D). The two hydroxyl groups of ethambutol form hydrogen 

bonds with His594 and Glu327, respectively, while the two hydroxybutanyl groups 350 

form van der Waals interactions with Ile303, Met306 on PL2, with Trp592 on PL6 

and with Trp1028 on the PC domain (Figs. 3C and 3D). 

When superimposing the EmbB (or EmbC) subunits in complex with ethambutol and 

disaccharide, we found that they overlapped within a high degree of similarity (Fig. 

3E and fig. S15E). Since the di-saccharide represents the arabinose group from both 355 

donor and acceptor, we infer that ethambutol inhibits the arabinose transfer reaction 

by competing with the binding of both substrates in the active site, in accordance with 

the hypothesis that ethambutol interferes with transfer of arabinose as evidenced by 

the rapid accumulation of DPA in ethambutol treated Msm cells (41). 

Superimposing the structure of Msm EmbA onto Msm EmbB reveals the 360 

conformation of the Loop766-806 of Msm EmbA not only locks DPA in the active site, 

but also hinders ethambutol from binding in the active site (Figs. 3F and 3G). 

Considering structural similarity between Msm and Mtb and sequence homology (fig. 

S13A) amongst mycobacterial EmbA proteins, this long loop is identified as a 

conserved and unique feature of EmbA that not only responsible for substrate trapping, 365 

but also prevents it from being targeted by ethambutol. 

Structural interpretation for ethambutol resistance  

Numerous mutations in the embCAB locus have been reported in ethambutol resistant 

Mtb strains by showing increased minimal inhibitory concentration (MIC) to that of 

wild-type strain, which are likely due to stress under ethambutol exposure. The 370 

majority are changes to the embB gene. Mutations to three sites, Met306, Gly406, and 
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Gln497 in Mtb EmbB (3-5, 36) (Fig. 4A) are regarded as resistance hotspots, with 

Met306, which is conserved in all EmbB proteins (fig. S13A), being the most 

frequently observed of all mutants (2, 3, 42). In the ethambutol-bound Mtb EmbB 

structure, the side chain of Met306 is directly involved in ethambutol binding through 375 

van der Waals contacts with the hydroxybutanyl group on NH2 of ethambutol (Fig. 

4B). Any changes in this site could affect drug binding. Clinical resistant isolates have 

favored mutations, such as M306V and M306I to Mtb EmbB (3, 4, 35). Mutation of 

the equivalent methionine in Msm EmbB (Met292) to Val results in a ~13-fold 

decrease in binding affinity to ethambutol (Fig. 4C), whereas arabinosyltransferase 380 

activity of the mutants (equivalent Msm M292V and M292I) remains unaffected and 

resistant to ethambutol (Fig. 4D). Met306 is also involved in nonpolar interaction with 

the surrounding residues Tyr302 and Glu327 (Fig. 4B), the latter residue also interacts 

with ethambutol (Fig. 3C). Mutations on Met306 would thus likely also change the 

interaction network to affect ethambutol binding. Two other mutant hotspot residues, 385 

Gly406 and Gln497, are both more than 10 Å from ethambutol, thus have no direct 

interaction with the drug. Mutation of Gln497 will no longer permit an interaction 

with Glu328, as a result may lead to a disruption of the Glu327-ethambutol interaction 

(Fig. 4F). It is unclear how mutation to Gly406 leads to drug resistance, given its 

location at the junction of PL3 and TM6 (Fig. 4A), it is likely a bulkier side chain 390 

mutation could result in steric hindrance that transmits to conformational change at 

the ethambutol binding site. Mutations on Ile289 of Msm EmbB (i.e. I289M and 

I289F), which is conserved in ethambutol-sensitive mycobacterial organisms (i.e. 

Msm and M. bovis (43)) (fig. S13A), are also known to be responsible for ethambutol 

resistance in Msm (44). Analysis of the structure show that the I289M and I289F 395 

mutations would sterically hinder ethambutol binding whilst not affecting enzymatic 

activity (Fig. 4D and 4E), and therefore result in resistance.  

To further investigate the resistance to EmbB, a collection of 1,814 resistant sites 

from 61 studies documented in MycoResistance database (Database URL: 
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http://www.hmulinglab.org/MycoResistance/) (42) were manually picked with the top 400 

16 mutation sites mapped onto the Mtb EmbB (fig. S15A). Among these resistance 

mutations (including hotspots mentioned above), approximately 73.7% mutations 

occur to residues on PL2, which has been shown to be pivotal to both drug binding 

and catalysis, thus further emphasizing the significance of PL2 as a hotspot for the 

binding of new drug candidates. PL3 and PL5 harbor 8.7% and 8.1% mutations, 405 

respectively, with the remainder found on TM4, CL2 and TM5 (fig. S15B). Amongst 

the mutation sites on PL2, four D299E mutated strains, were found to be related to 

ethambutol resistance. In some GTs, it has been reported that the corresponding Glu 

can serve as the catalytic residue (20, 45-47), thus this change can occur and at the 

same time the longer side-chain can continue to act as a catalytic nucleophile.  410 

The clinically relevant ethambutol resistance mutation sites in Mtb EmbC (3, 4, 

36-40), are also highly conserved (fig. S15C) in the Msm EmbC2 structure. The results 

showed that major clustering occurs within PL2. These sites are close to the 

ethambutol-binding site (fig. S15C). Thus, the resistance data maps well to the 

structure of Msm EmbC and consists with resistance analysis on Mtb EmbB. 415 

Conclusion  

We have demonstrated that a heterodimeric EmbA-EmbB and a homodimeric EmbC 

form functional arabinosyltransferase complexes both associated with two copies of 

AcpM and that ethambutol targets to the active site of EmbB and EmbC. The DPA 

and di-arabinose bound structure of the EmbA-EmbB and EmbC2 complexes allow us 420 

to understand the structural features required for catalysis. Contrastingly, the 

EmbA-EmbB complex catalyzes a branching reaction, whereas EmbC2 catalyzes a 

multi-circle elongation reaction (Figs. 1A and 1B). Based on these structures and 

supporting data, we are able to propose that ethambutol functions by competing with 

the substrates for binding to the EmbB and EmbC subunits. Its binding mode almost 425 
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precisely overlaps with the di-saccharide product analogue, and as a result Mtb may 

have limited opportunity to develop resistance without compromising its own ability 

to successfully construct its elaborate cell wall. This property is attractive since it is 

well known that co-administration of multiple drugs that have different targets is an 

effective way to slow development of resistance. Understanding how ethambutol 430 

interacts with other possible targets will allow the complete definition of the 

mode-of-action of ethambutol. Since EmbB/EmbC and its orthologs are well 

conserved across mycobacteria, the development of drugs that are broadly effective 

against these and other human pathogenic infectious diseases, including leprosy 

(caused by Mycobacterium leprae), is feasible.  435 
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Fig. 1. Activity and overall structure of EmbA-EmbB-AcpM2 and EmbC2-AcpM2 

complexes. 

 

(A) Schematic representation of the enzyme reaction catalyzed by the 645 

EmbA-EmbB-AcpM2 complex, which transfers an arabinose residue from DPA in an 

α(1→3)-linkage to an arabinan acceptor e.g. NV1. The extended product then serves 

as a precursor for subsequent extension by a β(1→2)-arabinosyltransferase catalyzed 

by AftB, resulting in the synthesis of the terminal branching hexaarabinofuranosyl 

motif found in AG. DPA, decaprenyl-phosphate-arabinose; DP, decaprenyl-phosphate; 650 

AG, arabinogalactan. 

(B) Schematic representation of the α(1→5) arabinosyltransferase reaction catalyzed 

by EmbC2-AcpM2 complex, leading to elongation of the arabinan chain in the LAM 

precursor. The structure of LAM precursor may contain several mannose groups and 

arabinose groups, simplified here for clarity. LAM, lipoarabinomannan. 655 

(C) (up) The designed reaction scheme illustrating α(1→3) arabinosyltransferase 

(EmbA-EmbB) and β(1→2) arabinosyltransferase (AftB) activity assays. (down) 

Cell-free α(1→3)-arabinosyltransferase activity of the purified wild-type 

EmbA-EmbB complexes and catalytic site mutations in the presence and absence of 

ethambutol (see also fig. S1J). NV1 was used as the acceptor and DP[14C]A as the 660 

donor as described in previous studies (11, 12, 16). Msm membrane contains 

ethambutol-resistant arabinosyltransferase AftB. EMB, ethambutol. Data presented 

are the mean values +SD calculated from three independent experiments.  

(D) (up) The designed reaction scheme illustrating an α(1→5) arabinosyltransferase 

activity assay to characterize EmbC2 activity. (down) Cell-free 665 

α(1→5)-arabinosyltransferase activity of the purified EmbC2 complex in the presence 

and absence of ethambutol (see also fig. S2G). NV6 was used as the acceptor and 

DP[14C]A as the donor as described in previous studies (13, 16). Msm membrane 

contains ethambutol-resistant arabinosyltransferase AftB. EMB, ethambutol. Data 
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presented are the mean values +SD calculated from three independent experiments.  670 

(E) Overall view of cryo-EM structures of Mtb and Msm EmbA-EmbB-AcpM2 

complexes in complex with ethambutol or di-arabinose, and cryo-EM and crystal 

structures of Msm EmbC2-AcpM2 complexes in complex with ethambutol or 

di-arabinose. The AcpM protomer binds to each Emb protein in all the complexes, 

un-modeled AcpM protomer bound to Mtb EmbB or Msm EmbA are colored in grey. 675 

The drug EMB, the substrate DPA and Ara2, the lipids are shown as spheres. Ara2, 

di-arabinose. 

(F) The overall fold of Emb proteins represented by Mtb EmbB. The PN, PC and TM 

domains are colored differently. The functional important PL2 and PL5 are also 

highlighted. The location of active site is marked by a dashed circle. PN/PC, 680 

N-/C-terminal periplasmic domain; TM transmembrane domain; PL, periplasmic loop 

connecting two transmembrane helices. 

(G) Topological diagram of Emb proteins colored as in (F), DDx motif is shown as 

three red spheres. CL, cytoplasmic loop connecting two transmembrane helices; EH, 

extra-cellular helix. 685 
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Fig. 2. Substrate binding in the active sites of EmbA-EmbB and EmbC2 690 
complexes. 
 
(A) An overview of the substrate entrances to the active site in Emb proteins 

represented by Msm EmbC. Msm EmbC is shown as electrostatic surface 

representation. The arrows indicate two entrances to the active site, one for donor and 695 

one for acceptor. The dashed line indicates the clipping position for (D). 

(B) An overview of Msm EmbA complexed with donor substrate DPA. DPA is shown 

as spheres. The head groups (arabinose and phosphate) bind in the active site through 

the donor entrance, while the tail groups bind to the TM region. 

(C) Zoom-in view of DPA binding in the active site of Msm EmbA. Polar interactions 700 

are indicated by black dashed lines. The distance between the catalytic Asp261 and 

C1 atom of DPA is marked by a salmon dashed line. 

(D) A clipped view of the active site with acceptor entrance and donor entrance in 

Msm EmbC. Ara2 (part of Ara2OC8), maltose (part of detergent DDM) and Pi as well 

as the catalytic residue, Asp279, are shown as sticks. Ara2 could mimic the terminal 705 

two arabinose groups of the reaction elongated product by EmbC. The red box and 

green box indicate the binding position (D-site) for arabinose from donor and binding 

position (A0-site) for arabinose from the terminal residue of acceptor, respectively. 

(E) The phosphate binding site of Msm EmbC. Pi and surrounding residues are shown 

as sticks. Polar interactions are indicated by dashed lines. 710 

(F) Superposition between Msm EmbC (yellow) and Msm EmbA (magenta) in the 

active site. The D-site arabinose group of Ara2 in Msm EmbC binds in a same position 

as that of DPA in Msm EmbA. The phosphate in Msm EmbC binds a similar position 

as the phosphate group of DPA in Msm EmbA. In Msm EmbA, the Asn780 on 

Loop766-806 interacts with the catalytic Asp261 and is close to the arabinose group of 715 

DPA. 

(G) Effect of mutated residues in the phosphate binding site on 

α(1→5)-arabinosyltransferase activity of Msm EmbC2 (13, 16). Data presented are the 
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mean values +SD calculated from three independent experiments. 

(H) Effect of mutated residues in the phosphate binding site of Msm EmbC on LAM 720 

synthesis. LAM was extracted from recombinant Msm strains and was analyzed by 

SDS-PAGE (on a denaturing, 16% acrylamide gel) and periodic acid-Schiff staining. 

embCΔ, the Msm embC knock-out mutant; embC / embC_R383A et al., the Msm 

embC knock-out mutant complemented with plasmid carrying embC wild-type 

wild-type / R383A et al. mutant alleles. 725 

(I) Close-up view of the Ara2 binding site of Msm EmbC. Ara2 and interacting 

residues are shown as sticks. Polar interactions are indicated by dashed lines. 

(J) Effect of mutated residues in the Ara2 binding site on 

α(1→5)-arabinosyltransferase activity of Msm EmbC2 (13, 16). Data presented are the 

mean values +SD calculated from three independent experiments. 730 

(K) Effect of mutated residues in the Ara2 binding site of Msm EmbC on LAM 

synthesis. LAM was extracted from recombinant Msm strains and was analyzed by 

SDS-PAGE (on a denaturing, 16% acrylamide gel) and periodic acid-Schiff staining. 

embCΔ, the Msm embC knock-out mutant; embC / embC_D279N et al., the Msm 

embC knock-out mutant complemented with plasmid carrying embC wild-type 735 

wild-type / D279N et al. mutant alleles. 

(L) Proposed mechanism of arabinose transfer and chain elongation for EmbC. Helix 

EH1 and EH3 are indicated as cylinders. The catalytic Asp residue (Asp279 in Msm 

EmbC) is represented as blue sticks. Arabinose and phosphate groups are shown as a 

pentagon and circle, respectively. 740 
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 745 
 
 
Fig. 3. Structural basis for ethambutol inhibition of EmbB and EmbC. 
 
(A) Cartoon representations of ethambutol-bound Msm EmbB (left), Mtb EmbB 750 

(middle) and Msm EmbC (right). Ethambutol (EMB) is shown as cyan spheres. 

(B) Binding affinity of ethambutol with the Mtb EmbA-EmbB complex measured by 

the MST assay. The Kd value is provided and the data are representative mean values 

+ SD calculated from three independent experiments. 

(C) Structural details of ethambutol binding to Mtb EmbB, PL2, PL6 and the PC 755 

domain are colored in purple, blue and red, respectively. Interacting residues are 

shown as sticks. Polar interactions are indicated by dashed lines. The cryo-EM map 

density for ethambutol (threshold 0.4) is shown as grey mesh. 
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(D) Schematic diagram of the interaction between ethambutol and Mtb EmbB.  

(E) Superposition of the active site region of the ethambutol (cyan) bound Msm 760 

EmbB to the di-saccharide (yellow) bound Msm EmbB. 

(F) Superposition of Msm EmbA (salmon) to Msm EmbB (blue) on their periplasmic 

regions. Loop766-806 in Msm EmbA which is longer, blocks the acceptor entrance to 

the active site. Whilst, the corresponding Loop776-806 in Msm EmbB is folded inside 

the PC domain.  765 

(G) Zoom-in view of the active site upon superposition in (F). The ethambutol (cyan) 

in Msm EmbB clashes with the arabinose group in DPA and Asn780 in Msm EmbA. 
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Fig. 4. Structural interpretation for ethambutol resistance. 
 775 

(A) Cartoon representation of ethambutol binding pocket in Mtb EmbB. Ethambutol 

(EMB) is shown as sticks. Residue sites bearing the drug resistant hotspot mutants are 

labeled with dark red spheres. 

(B) Structural details of the Met306 interaction environment in Mtb EmbB. The 

dashed lines indicate the distance of surrounding residues or ethambutol to Met306. 780 

(C) Binding affinity of ethambutol to Msm EmbA-EmbB or its ethambutol resistance 

associated mutants equivalent to that of Mtb EmbB, measured by the MST assay. The 

Kd values are provided and the data are representative mean values + SD calculated 

from three independent experiments.  

(D) Cell-free α(1→3)-arabinosyltransferase activity of the ethambutol resistant 785 

mutations on EmbB (Msm M292V, M292I and I289F) in the absence and presence of 

ethambutol (11, 12, 16). The wild type Msm and Mtb EmbA-EmbB complexes are 

used as controls. Data presented are mean values +SD calculated from three 

independent experiments. 

(E) Mutations I289M (grey color) and I289F (dark grey color) affect ethambutol 790 

binding by forming steric clashes that ultimately lead to ethambutol resistance. The 

cryo-EM map for ethambutol (threshold 0.3) is shown as cyan mesh. 

(F) The drug resistant hotspot Gln497, surround the drug-binding pocket. 
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Materials and Methods 

Protein expression and membrane preparation 

The cluster of embA-embB genes (Rv3794-3795) from Mtb strain H37Rv genome and 830 

(MSMEG 6388-6389) from Msm strain mc2155 genome were cloned into the 

engineered pMV261 vector fused with a flag tag attached to the N-terminus of EmbA 

and a 10 × His tag to the C-terminus of EmbB, under the control of an acetamide 

promoter. The embC gene (MSMEG_6387) from Msm strain mc2155 genome was 

cloned into the same vector fused with a 10 × His tag attached to the C-terminus of 835 

EmbC. Recombinant plasmid was introduced into Msm mc2155 competent cells by 

electroporation. For large scale production, cells were cultured in 1 L Luria-Broth 

(LB) medium supplemented with 50 µg/mL kanamycin, 20 µg/mL carbenicillin, and 

0.1% (v/v) Tween80 (to avoid cell aggregation) at 37 °C with shaking at 220 rpm 

until the OD600 reached 1.0. The EmbA-EmbB-ethambutol complexes were prepared 840 

by adding ethambutol at twice minimum inhibitory concentration (MIC) whilst the 

target protein was overexpressed in Msm cells. Four days after induction with 0.2% 

(w/v) acetamide at 16 °C, the cells were collected in Buffer A containing 20 mM 

HEPES,150 mM NaCl and 5% (v/v) glycerol, pH 7.4 for EmbA-EmbB complex, or 

buffer B containing 20 mM Tris-HCl, 150 mM NaCl, and 5% (v/v) glycerol, pH 8.0 845 

for EmbC. Cells were lysed by French Press at 1,200 bar and 4 °C. Cell debris was 

cleared by centrifugation at 10,000 g for 10 min at 4 °C. The membrane pellet was 

collected by ultracentrifugation (150,000 g, 1 h) at 4 °C then resuspended in Buffer A 

for EmbA-EmbB complex, or buffer C containing 20 mM Tris-HCl, 150 mM NaCl, 5 

mM MgCl2, 5% (v/v) glycerol, pH 8.0 for EmbC and stored at -80 °C until use. All 850 

mutants were expressed using the same protocol as the wild-type protein. 

Protein purification 
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Thawed membrane fractions were solubilized with 1% (w/v) 

n-dodecyl-β-D-maltopyranoside (DDM; Anatrace) by gently agitating for 1.5 h at 4 

°C. Detergent-insoluble material was removed by ultracentrifugation (18,000 rpm, 30 855 

min). For EmbA-EmbB complex (Mtb EmbA: 1094 aa, ~116 kDa; Mtb EmbB: 1098 

aa, ~118 kDa; Msm EmbA: 1080 aa, ~115 kDa; Msm EmbB: 1082 aa, ~117 kDa), 

supernatant was purified by nickel affinity resin (Qiagen) and then anti-FLAG 

(Sigma) affinity followed by size-exclusion chromatography using a Superose 6 

Increase column (GE Healthcare) pre-equilibrated with Buffer D containing 20 mM 860 

HEPES, 150 mM NaCl, pH 7.4, and 0.04% (w/v) glyco-diosgenin (GDN, Anatrace). 

The peak fraction corresponding to the EmbA-EmbB complex was concentrated to 5 

mg/mL for cryo grid preparation. For Msm EmbC (1074 aa, ~115 kDa), supernatant 

was purified by Co-NTA agarose beads and then applied to a size exclusion 

chromatography column (Superose-6 increase, GE Healthcare) pre-equilibrated with 865 

Buffer E containing 10 mM Tris-HCl, 100 mM NaCl, 1 mM MgCl2 1% (v/v) 

glycerol, pH 8.0 supplemented with 0.02% (w/v) DDM for crystallization or 0.04% 

(w/v) GDN for Cryo-EM study. 

Protein for activity assays was purified using the same protocol except the gel 

filtration buffer was exchanged to an assay buffer (Buffer F) containing 50 mM 870 

MOPS, 10 mM MgCl2, pH 7.9, 5 mM β-mercaptoethanol, 5% (v/v) glycerol and 

DDM at twice critical micelle concentration (CMC). 

Grid preparation and data collection 

For the ethambutol-bound EmbC2 complex and di-arabinose-bound EmbA-EmbB 

complex, drug/ligand were added to concentrated target proteins just prior to 875 

transferring to the cryo-grid. Aliquots of the freshly purified sample were applied to 

glow-discharged holey carbon grids (Quantifoil Cu R0.6/1.0, Solarus Gatan Plasma 

System H2/O2 for 25 s). Grids were blotted for either 2.5 s for EmbA-EmbB or 3 s for 
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EmbC2, flash-frozen in liquid ethane and cooled in liquid nitrogen using an FEI Mark 

IV Vitrobot (humidity 100%, temperature 281 K, blotting paper TED PELLA 595 880 

filter paper). Images were taken using an FEI Titan Krios electron microscope 

operating at 300 kV with a Gatan K3 Summit direct electron detector at a nominal 

magnification of 29,000. Images were recorded in super-resolution mode and binned 

to a pixel size of 0.82 Å. Automated single-particle data acquisition was performed 

with SerialEM data collection software (1). Defocus values varied from 0.8 to 2.5 µm 885 

for EmbA-EmbB or 1.5 to 2.5 µm for EmbC2. Each stack was exposed for 2 s with a 

total dose of 50 e-/Å2, with 40 frames per stack. The details of electron microscopy 

data collection parameters for each batch of EmbA-EmbB or EmbC2 complexes are 

listed (Table S1). 

EM image processing 890 

All dose-fractioned images were motion-corrected and dose-weighted by 

MotionCorr2 software (2) and their contrast transfer functions were estimated by Gctf 

(resolution range: 4~25 Å; search defocus: 0.1~4 µm) (3). For the Msm 

EmbA-EmbB-AcpM2 in complex with ethambutol dataset, 1,855,947 particles were 

picked automatically from 5,100 images (Particle diameter: 220 Å; Minimum 895 

sepration distance: 110 Å) and extracted with a box size of 384 pixels using 

cryoSPARC (4). The subsequent 2D, 3D classification and refinement steps were all 

performed in cryoSPARC. The instructions of data processing and refinement 

protocols are available at https://cryosparc.com/docs/reference/jobs. 256,328 particles 

were selected after two rounds of 2D classification (Number of 2D classes: 100; 900 

Window inner radius: 0.85; Maximum resolution: 6 Å; Iterations: 20). 100,000 

particles were used to do ab-initio reconstruction in two classes (Classes: 4; 

Maximum resolution: 12 Å; Initial resolution: 35 Å; Class similarity: 0.1), which were 

used as 3D volume templates for heterogeneous refinement with all selected particles 

(Refinement box size: 128 pixels). 227,206 particles were converged into one class, 905 
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yielding a 5.04 Å initial map. Next, this particle set was used to perform 

homogeneous refinement, yielding 2.99 Å. After non-uniform (NU) refinement, the 

final resolution reached 2.90 Å (fig. S4 and Table S1). The datasets for Msm 

EmbA-EmbB-AcpM2 in complex with di-arabinose, Mtb EmbA-EmbB-AcpM2 in 

complex with ethambutol and Msm EmbC2-AcpM2 in complex with ethambutol were 910 

processed in the same way (figs. S3, S5, S6 and Table S1). 

Model building and refinement 

For Mtb EmbA-EmbB-AcpM2 in complex with ethambutol, all residues in each 

subunit were modelled as alanine in the initial building and assigned subsequently 

with the guidance of secondary structure prediction of Phyre2 (5). Manual adjustment 915 

of the complete model was first performed in COOT 0.8.8 (6), followed by iterative 

rounds of real-space refinement in PHENIX 1.12 (7) and manual adjustment in 

COOT. Structures for the Msm EmbA-EmbB-AcpM2 in complex with ethambutol or 

di-saccharides, and for Msm EmbC2-AcpM2 in complex with ethambutol were built 

and refined in the same way (Table S1). Refinement strategies used included, 920 

"minimization_global", "local_grid_search" and "atomic displacement parameters 

(ADP)". Restraints included rotamer restraints, Ramachandran restraints and NCS 

(non-crystallographic symmetry) constraints. 

Crystallization 

Crystallization trials were performed by the hanging-drop vapor diffusion method at 925 

16 °C. The Msm EmbC protein solution in buffer E supplemented with 0.02% (w/v) 

DDM, diluted to 1-3 mg/mL, was mixed in a 1:1 (v/v) ratio with the reservoir 

solution. Crystals were grown from the condition containing 50 mM HEPES (pH 

6.8~7.5), 100 mM NaCl, 5~10% (v/v) polyethylene glycol 4000 (PEG4000) and 

20~30% (v/v) polyethylene glycol 200 (PEG 200). After optimization, crystals were 930 

harvested, flash-cooled and stored in liquid nitrogen for data collection. To obtain the 
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Terbium (Tb)-derivative crystals for phasing, proteins were incubated with Tb-Xo4 

from a Polyvalan Crystallophore No1 kit (Molecular Dimensions) prior to 

co-crystallization in the same reservoir condition. To obtain crystals with bound 

di-arabinose, proteins were incubated with 1 mM Ara2OC8 prior to co-crystallization 935 

in the same reservoir condition.  

X-ray data collection and structure determination 

X-ray data were collected on beamlines BL17U1, BL18U1 and BL19U1 at Shanghai 

Synchrotron Radiation Facility (SSRF), beamline I04-1 at Diamond Light Source 

(DLS), beamline PX at Swiss Light Source (SLS) and beamline BL41XU at SPring-8. 940 

Multiple data sets were processed, merged and scaled using XDS (8) and the CCP4 

suite (9) to obtain the final data set. The Tb-derivative anomalous data were collected 

at a wavelength of 1.6491 Å. Six Tb heavy-atom sites were found using the program 

SHELXD (10). The initial phases were determined by the single anomalous 

dispersion (SAD) method using phenix.autosol, with the figure of merit (FOM) and 945 

BEYES CC score to be 0.3 and 41, respectively. After density modification, densities 

of helices and strands could be clearly observed in the map and the initial protein 

model was successfully traced and manually built in COOT. The model was further 

completed and refined against the native data, which was processed by anisotropic 

correction in phenix.autosol. After several cycles of iterative manual building and 950 

refinement, the Rwork/Rfree of the final model is obtained to be 23.2%/26.5%, by 

refinement with autoBUSTER using default parameters (11). Data collection and 

structure refinement statistics are summarized in Table S2. 

Arabinosyltransferase activity assays 

Assays were essentially performed as described previously (12-14) using NV1 for 955 

EmbA-EmbB or NV6 for EmbC2 (1 mM in water), DP[14C]A (100,000 cpm, stored in 

1% IgePal), 1 mM ATP, 1 mM NADP, purified EmbA-EmbB / EmbC2 complexes (4 
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µM) in buffer F or Msm membrane and P60 fractions (1 mg each) and in some cases 

ethambutol, with the appropriate amounts of buffer F. All samples were made to a 

final volume of 80 µL. These were incubated at 37 oC for 1 h, quenched by the 960 

addition of 533 µL of chloroform/methanol (1:1, v/v) and mixed overnight at 4 oC. 

The supernatant was recovered following centrifugation and dried. The residue was 

resuspended in 2 mL of ethanol/water (1:1, v/v) and loaded onto a 1 mL SAX SepPak 

and washed with 2 mL of ethanol and the eluate collected and dried. The sample was 

resuspended in a mixture of water-saturated n-butanol (2 mL) and water (2 mL) and 965 

the organic phase recovered. The aqueous phase was re-extracted using 

water-saturated n-butanol (2 mL) and the organic phases pooled and re-washed with 

water (2 mL). The organic layer was dried and resuspended in n-butanol. The 

incorporation of [14C]arabinose from DP[14C]A was determined by scintillation 

counting and by subjecting samples to TLC using silica gel plates developed in 970 

chloroform/methanol/water/ammonium hydroxide (65:25:3.6:0.5, v/v/v/v) and 

visualized by autoradiography using Kodak BioMAx MR films. Each assay was 

repeated three times.  

Preparation of AG from the mAGP complex and two-dimensional 1H/13C-nuclear 

magnetic resonance (2D-NMR) spectroscopy 975 

Bacterial cells were resuspended in phosphate-buffered saline containing 2% (v/v) 

Triton X-100 (pH 7.2), disrupted by sonicaton and centrifuged. The pelleted material 

was extracted three times with 2% (w/v) SDS in phosphate-buffered saline at 95 °C 

for 1 h, washed with water, 80% (v/v) acetone in water, and acetone, and subsequently 

lyophilised to yield a highly purified mAGP preparation. This was then subjected to 980 

mild base hydrolysis for 4 days to remove mycolic acids using 5% (w/v) KOH in 

methanol at 37°C. The insoluble residue was recovered by centrifugation at 27,000 g. 

The sample was washed repeatedly with methanol, followed by diethyl-ether, and the 

resulting AGP treated with 2 M NaOH for 16 h at 80°C. The supernatant, which 
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contained base-solubilised AG, was recovered by centrifugation at 27,000 g for 30 985 

min. The crude AG preparation was neutralised with acetic acid and dialysed to 

remove salt (MWCO 3500). The supernatant was diluted in cold ethanol (80%, v/v) 

and left at −20 °C overnight to precipitate the base-solubilised AG, which was then 

recovered by centrifugation and lyophilised. 2D-NMR spectra of AG samples were 

recorded using a Bruker DMX-500 instrument as described previously (15). Samples 990 

were repeatedly exchanged in deuterium oxide (99.9 atom % D) with intermediate 

lyophilisation and analysed at 313 K. The 1H and 13C NMR chemical shifts were 

referenced relative to the solvent signal D2O at δ 4.79. 

Mass spectrometry 

For DPA and DP identification, 50 µL of DDM purified EmbA-EmbB complex from 995 

Mtb and Msm, with or without ethambutol was incubated with 350 µL 

chloroform/methanol (1:1, v/v) then left overnight on ice. The suspension was 

converted to a bilayer by adding 250 µL chloroform/water (7:3, v/v) the next day. The 

lower organic phase was pooled after centrifugation and then dried in a speed vacuum 

concentrator. The dried lipids were re-dissolved in 20 µL chloroform/methanol. 1 µL 1000 

of the sample was injected into QTOF (SCIEX 4600) MS coupled with UPLC 

(Shimadzu, 30A). After loading the sample onto the chromatography column (Waters 

Bioresolve Polyphenyl, 450 Å, 2.7 µm, 2.1 × 150 mm) the product was eluted by 

gradient as followed: Buffer G (0.1% (v/v) formic acid and 1% (v/v) acetonitrile) for 

1 min, then 5% to 95% Buffer H (0.1% (v/v) formic acid in acetonitrile) in 3 min, 1005 

then 95% Buffer H for 3.5 min. The flow rate was 50 µL/min. The mass spectrometer 

was operated in negative mode. The source voltage, the curtain gas, and the source 

temperature were set to 4500 V, 30 psi and 350 oC, respectively. A SIM scan (m/z: 

909.6, window width: 2 Da) followed by a MS2 scan was used to detect the targeted 

lipid. The collision energy was set to 35 eV. 1010 
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Extraction and analysis of LAM 

The experiment was carried out according to a method reported previously (16). In 

brief, Msm was grown in 7H9 liquid media supplemented with 50 µg/mL kanamycin 

and 20 µg/mL carbenicillin. Cells were harvested at mid-log phase and washed twice 

in phosphate buffered saline. Pellet was resuspended in 4 mL 50% ethanol (v/v in 1015 

water) and disrupted using probe sonication. The mixture was then refluxed at 85 °C 

for 6 h followed by centrifugation and recovery of the supernatant. The ethanol 

extraction process was repeated five times, and the combined supernatants dried. 

Crude lipoglycans were then subjected to 90% phenol treatment (w/v in water) at 65 

°C for 1 h. After cooling, the sample was centrifuged and the upper aqueous layer 1020 

recovered and dialyzed against water (MWCO 3,500 Da), dried and subjected to 10% 

Tricine SDS-PAGE and then visualized using a Pierce Glycoprotein Staining Kit 

(Thermo Scientific). 

Microscale thermophoresis assay 

The Microscale thermophoresis (MST) assay was accomplished according to a 1025 

previously reported method (17). The binding affinity of the detergent purified 

wild-type EmbA-EmbB complex or mutants from both Mtb and Msm to ethambutol 

was measured using a Monolith NT.115 (Nanotemper Technologies). The His-tagged 

protein was labeled with RED fluorescent dye NT-647 according to the 

manufacturer’s procedure. For each assay, the labeled protein at 200 nM was 1030 

incubated with the same volume of unlabeled ligands at 16 different concentrations in 

the same buffer as the protein at room temperature for 10 min. The samples were then 

loaded into capillaries (NanoTemper Technologies) and measured at 25 °C by using 

40% LED and medium MST power. Binding affinities of ethambutol, DPA, 

Ara2OC8, with the wild-type EmbC and mutants were measured under the same 1035 

parameter. Each assay was repeated three to five times. In DPA-protein MST 
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experiments, where additional detergent was required to solubilize the DPA substrate, 

the same concentration of detergent was added to both the protein and DPA substrate 

stocks (0.02% (w/v) n-dodecyl-β-D-maltoside). Initial DPA-protein samples were 

measured thrice with the sample thoroughly mixed prior to incubation by pipetting, 1040 

over a time course of approximately 50 min, to ensure that there was no change to the 

binding curve over time. Kd values were calculated using the MO. Affinity Analysis 

v.2.2.4 software. All of the final plots were made using GraphPad Prism 8.0. 

Electrophoresis 

In order to determine the native oligomerization state of the full-length EmbC in 1045 

solution, we used the Blue Native PAGE technique. The purified protein sample was 

mixed with 10 × loading buffer (0.1% (w/v) Ponceau S, 50% (w/v) glycerol) and 

loaded onto a 4-16% Blue Native PAGE mini gel (1.5 × 8.3 × 7.3 mm) at 4 °C. The 

gel was run at 100 V for 10 min. Cathode buffer B (50 mM Tricine, 7.5 mM 

imidazole, 0.02% (w/v) Coomassie brilliant blue G-250) was then changed to cathode 1050 

buffer B/10 (50 mM Tricine, 7.5 mM imidazole, 0.002% (w/v), Coomassie Brilliant 

Blue G-250). The run continued at 150 V for 1.5 h. All buffers and procedures are 

based on a standard Blue Native PAGE protocol (18). 

Creation of figures 

Figures of molecular structures were generated using PyMOL (The PyMOL 1055 

Molecular Graphics System, Schrödinger, LLC.) (19) and UCSF ChimeraX (20). 
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Fig. S1. Characterization of EmbA-EmbB-AcpM2 complex. 

 

(A) Size-exclusion chromatography on a Superose 6 gel filtration column (GE 

healthcare) for the EmbA-EmbB complex from Mtb (left) and Msm (right) purified 1065 

with detergent GDN.  

(B) SDS-PAGE of the main peak fraction from size-exclusion chromatography 

corresponding to (A) as imaged by Coomassie Brilliant Blue. The upper and lower 

bands correspond to EmbB and EmbA, respectively. 
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(C) Sample from (B) run on a Tricine gel and imaged by silver staining. The lower 1070 

band at around 10 kDa (marked as a red star) was identified by mass spectrometry 

analysis as Msm AcpM as shown in (D).  

(D) Mass spectrometry analysis identified the star labeled band in (C) as Msm AcpM 

(MSMEG_4326, ~10.7 kDa). The detected peptides of Msm AcpM are highlighted in 

different colors. 1075 

(E-H) Tryptic digestion mass spectrometry of purified Mtb EmbA(E)-EmbB(F) 

complex and Msm EmbA(G)-EmbB(H) complex. The detected peptides are 

highlighted in different colors. Darker shades indicate more overlaps of the peptides 

detected.  

(I) Mass spectrometry analysis of solvent extracted DPA (up) from purified Msm 1080 

EmbA-EmbB and DP (down) from purified Mtb EmbA-EmbB treated with 

ethambutol. 

(J) (up) The designed reaction scheme illustrating α(1→3) arabinosyltransferase 

(EmbA-EmbB) and β(1→2) arabinosyltransferase (AftB) activity assays (12, 13, 21). 

(down) Radiometric-TLC analysis of arabinosyltransferase activity using NV1. 1085 

Radiolabeled reaction products, containing DP[14C]A and the product NV10 catalyzed 

by EmbA-EmbB were resolved by TLC as shown, and NV11 catalyzed firstly by 

EmbA-EmbB, and then by AftB (resistant to ethambutol and sourced from 

of Msm membranes). 

(K) 2D-HSQC NMR spectra of purified cell wall AG preparations from (left) wild 1090 

type Msm (Msm-WT), (middle) Msm ΔembA and (right) Msm ΔembB. Both embA and 

embB knockouts lack the 3-arm branching at the terminus of AG (15). 
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 1095 
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Fig. S2. Characterization of EmbC2-AcpM2 complex. 

 

(A) Coomassie SDS-PAGE of the purified EmbC2 samples from Msm, Mtb, 

Mycobacterium marinum (Mm) and Mycobacterium xenopi (Mx) as imaged by 1100 

Coomassie Brilliant Blue. The band located between 100 kDa and 130 kDa for each 

lane corresponds to the EmbC protein.  

(B) SDS-PAGE of the same samples in (A) shows an additional band (labelled with a 

star) between 10 kDa and 15 kDa, imaged by silver staining. This was identified as 

Msm AcpM by mass spectrometry analysis shown in (J).   1105 

(C) SDS-PAGE of Msm EmbC mutants disrupting salt bridges with Msm AcpM as 

imaged by Coomassie Brilliant Blue.  

(D) SDS-PAGE of the same samples in (C) and imaged by silver staining shows 

association between Msm EmbC and Msm AcpM is preserved for these mutants. The 

band corresponding to Msm AcpM is labelled with a red star.  1110 

(E) Size-exclusion chromatography of Msm EmbC2-AcpM2 purified with DDM 

detergent by a Superose 6 gel filtration column (GE healthcare).  

(F) Blue Native PAGE (BN-PAGE, analysis shows a band between marker 242 kDa 

and 480 kDa, suggesting that the Msm EmbC-AcpM complex is wrapped in detergent 

and exists as an oligomer rather than a monomer in solution.  1115 

(G) (up) The designed reaction scheme illustrating an α(1→5) arabinosyltransferase 

activity assay to characterize EmbC2 activity. (down) The thin-layer chromatography 

(TLC) results show that Msm EmbC2 catalyzes arabinose transfer from DP[14C]A to 

Ara2OC8 (NV6), forming an α(1→5)-arabinofuranosyl linkage to produce 

[14C]AraAra2OC8 (NV4), which co-migrated with a NV4 synthetic standard (RF = 1120 

0.49). The synthesis of NV4 was inhibited by ethambutol. Whilst, the 

ethambutol-resistant AftB from a source of Msm membranes, which catalyzes a 

β(1→2)-arabinofuranosyl linkage, produced a slower-migrating [14C]AraAra2OC8 

(NV9) product (RF = 0.45) (12, 14) by TLC. RF, retention factor. The silica gel plates 
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on the left and right were exposed by autoradiography for 7 days and 3 days, 1125 

respectively. 

(H) MST curve of the binding affinity between Msm EmbC2 and Ara2OC8. Data 

presented are mean values +SD calculated from three independent experiments.  

(I) MST curve of binding affinity between Msm EmbC2 and ethambutol. Data 

presented are mean values +SD calculated from three independent experiments.  1130 

(J) Mass spectrometry analysis identified the star labeled band from Msm EmbC 

sample in (B) as Msm AcpM (MSMEG_4326, ~10.7 kDa), which contains at least the 

apo form (no covalent modification on Ser41).  
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  1135 
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Fig. S3. Cryo-EM data processing and validation of Mtb EmbA-EmbB-AcpM2 in 

complex with ethambutol. 1140 

 

(A) Flow chart for the processing of cryo-EM data. The density observed around the 

TM region of the final model is the signal of detergent that wraps around the 

membrane protein. 

(B) Representative electron micrograph. 1145 

(C) Selected reference-free 2D class averages.  

(D) Gold-standard fourier correlation curves of 3D reconstructions. 

(E) Posterior precision directional distributions of all particles used in the final 3D 

reconstruction reported by cryoSPARC. 

(F) Model to map fourier correlation curves reported by PHENIX. 1150 

(G) The density map colored according to the local resolution estimation using 

cryoSPARC.  
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Fig. S4. Cryo-EM data processing and validation of Msm EmbA-EmbB-AcpM2 

in complex with ethambutol. 

 

(A) Flow chart for the processing of cryo-EM data. The density observed around the 

TM region of the final model is the signal of detergent that wraps around the 1160 

membrane protein. 

(B) Representative electron micrograph. 

(C) Selected reference-free 2D class averages.  

(D) Gold-standard fourier correlation curves of 3D reconstructions. 

(E) Posterior precision directional distributions of all particles used in the final 3D 1165 

reconstruction reported by cryoSPARC. 

(F) Model to map fourier correlation curves reported by PHENIX. 

(G) The density map colored according to the local resolution estimation using 

cryoSPARC.  
  1170 
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Fig. S5. Cryo-EM data processing and validation of Msm EmbA-EmbB-AcpM2 

in complex with di-arabinose. 

 1175 

(A) Flow chart for the processing of cryo-EM data. The density observed around the 

TM region of the final model is the signal of detergent that wraps around the 

membrane protein. 

(B) Representative electron micrograph. 

(C) Selected reference-free 2D class averages.  1180 

(D) Gold-standard fourier correlation curves of 3D reconstructions. 

(E) Posterior precision directional distributions of all particles used in the final 3D 

reconstruction reported by cryoSPARC. 

(F) Model to map fourier correlation curves reported by PHENIX. 

(G) The density map colored according to the local resolution estimation using 1185 

cryoSPARC.  
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Fig. S6. Cryo-EM data processing and validation of Msm EmbC2-AcpM2 in 1190 

complex with ethambutol. 

 

(A) Flow chart for the processing of cryo-EM data.  

(B) Representative electron micrograph. 

(C) Selected reference-free 2D class averages.  1195 

(D) Gold-standard fourier correlation curves of 3D reconstructions. 

(E) Posterior precision directional distributions of all particles used in the final 3D 

reconstruction reported by cryoSPARC. 

(F) Model to map fourier correlation curves reported by PHENIX. 

(G) The density map colored according to the local resolution estimation using 1200 

cryoSPARC.  
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 1205 
Fig. S7. Example regions of cryo-EM maps of EmbA-EmbB complex and EmbC2 

complex. 

 

(A-B) The cryo-EM map (threshold 0.4) of TM1-5 and EH4 helix in dimer interface 

from the EmbA protomer of Msm EmbA-EmbB-AcpM2 in complex with ethambutol.  1210 

(C-D) The cryo-EM map (threshold 0.4) of TM9-13 and EH4 helix in dimer interface 

from the EmbB protomer of Mtb EmbA-EmbB-AcpM2 in complex with ethambutol. 

(E-F) Local resolution of cryo-EM map densities of DPA Msm in EmbA, DP in Mtb 

EmbB. The C1~C25 atoms of DPA and C1~C9 atoms of DP are missing in the 

cryo-EM maps possibly due to flexibility. 1215 

(G) The cryo-EM map (threshold 0.2) of cardiolipins in dimer interface Msm 

EmbA-EmbB-AcpM2 in complex with ethambutol. 
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(H-I) The cryo-EM map (threshold 0.3) of TM1-5, EH2 helix and ethambutol binding 

site in Msm EmbC2-AcpM2 in complex with ethambutol. 
  1220 
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Fig. S8. Electron densities for the proteins and ligands from crystal structure of 

Msm EmbC2-AcpM2.  

 1225 

(A) The 2Fo-Fc electron density (light blue mesh, contoured at 1σ) for the structure of 

Msm EmbC (dark blue ribbon) complexed with Msm AcpM (magenta ribbon). The 

density of AcpM is highlighted in the zoom-in insert.  

(B) The 2Fo-Fc annealing omit density map (light blue mesh, contoured at 1σ) and 

Fo-Fc annealing omit density map (light green mesh, contoured at 3σ) for Ara2, Pi and 1230 

maltose in the active site. Ara2, Pi, maltose and Asp279 of Msm EmbC are shown as 

sticks. 

(C) The molecular structures of Ara2OC8 and detergent DDM. The Ara2 and maltose 

in the active site in (B) correspond to the boxed regions of Ara2OC8 and DDM. 
  1235 
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Fig. S9. Structural domains of Emb proteins represented by the crystal structure 

of Msm EmbC. 

 1240 



 

 62 

(A) Structural superposition of the two EmbC-AcpM halves of the Msm 

EmbC2-AcpM2 complex.  

(B) Structural alignment between Msm AcpM in our structure (cyan) and Mtb AcpM 

(PDB code 1KLP) (yellow). N/C, N/C terminus. 

(C) The coordination of Ca2+ in the PC domain of Msm EmbC. Ca2+ and interacting 1245 

residues are shown as a sphere and sticks, respectively. The 2Fo-Fc annealing omit 

density map (contoured at 1σ) and Fo-Fc annealing omit density map (contoured at 3σ) 

are shown as blue and green meshes, respectively. 

(D) The structure of the PN domain.  

(E) The structure of the PC domain. The red dashed line represents the missing 1250 

flexible region of residue 780-810. 

(F) Structure superposition of the PC domain of Msm EmbC (magenta) and the 

C-terminal domain of Mtb EmbC (PDB code 3PTY) (grey).  

(G) Arrangement of the 15 TM helices in Msm EmbC shown as a slice through the 

TM domain. The distances between TM2 and TM3, and between TM9 and TM10 are 1255 

indicated.  

(H) Detailed view of the active site of Msm EmbC. The structural elements (PL2-6, 

α6 and Trp965) composing the active site are shown in different colors. Ara2, Pi and 

maltose are shown as ball and sticks. Trp965 and Asp279 are shown as sticks. 

 1260 
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Fig. S10. Structural comparison for Emb proteins. 

(A) Dimerization interfaces of Mtb EmbA-EmbB. The dimer interfaces (dashed boxes) 1265 

between EmbA and EmbB are located near the periplasmic and cytoplasmic sides of 

the TM region. The lower left and lower right zoomed-in inlets show details of the 

dimer interactions. Residues participating in dimer formation are shown as sticks. The 

upper right zoomed-in inlet shows cardiolipins (CDL, yellow) in the dimer interface 

viewed from EmbA side. cryo-EM map densities (threshold 0.2) of cardiolipins are 1270 

shown as yellow meshes. 

(B) Dimerization interfaces of Msm EmbC2. The dimer interfaces (dashed boxes) of 

EmbC2 are located near the periplasmic and cytoplasmic sides of the TM region. The 

cavity between the two TM regions is shown as a light orange surface. Zoomed-in 

inlets show details of the dimer interactions. The two EH4 helices are anti-parallel to 1275 

each other. Residues participating in dimer formation are shown as sticks. The 

hydrogen bond between the two serine residues is displayed as a dashed line.  

(C) Superposition of EmbA, EmbB and EmbC structures, represented by the cryo-EM 

structures of Mtb EmbA, Msm EmbB and Msm EmbC.  

 1280 
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Fig. S11. The interface between Emb proteins and AcpM. 

 1285 

(A) Msm AcpM (purple) binds to the cytoplasmic face of Msm EmbC (grey). The 

CL1, CL2, CL3 and CL5 of Msm EmbC at the interface are highlighted in green. The 



 

 66 

modification site Ser41AcpM and the interacting residue Arg247EmbC are shown in 

sticks. 

(B) The salt bridges between Msm EmbC and Msm AcpM. Interacting residues are 1290 

shown as stick models.  

(C) (up) Electrostatic surface representation of Msm EmbC from the cytoplasmic 

view. Interacting segments of Msm AcpM are shown as purple tubes with the 

side-chains as thin stick models. The dashed circle indicates a positively charged area 

interacting with Msm AcpM. (down) Electrostatic surface representation of Msm 1295 

AcpM. Interacting segments with Msm EmbC are shown as green tubes and 

side-chains as thin stick models. The dashed circle indicates a negatively charged area 

interacting with Msm EmbC. 

(D) Zoom-in view of the interaction between Ser41AcpM and Arg247EmbC in the crystal 

structure of the Msm EmbC2-AcpM2 complex. The side chain of Ser41AcpM and main 1300 

chain of Arg247EmbC are shown as sticks. The dashed line indicates the hydrogen 

bond.  

(E) Superposition between crystal structure of Msm EmbC2-AcpM2 (grey) in complex 

with di-arabinose and cryo-EM structure of Msm EmbC2-AcpM2 in complex (colored) 

with ethambutol at the EmbC-AcpM interface. In the cryo-EM structure, Ser41AcpM is 1305 

modified by the Ppant group, which inserts into TM region close to TM6-7. CL1 of 

EmbC shifts away from TM domain and encircles this group. Density for the Ppant 

group from the cryo-EM map (threshold 0.2) is shown in blue mesh. 

(F) Effect of mutated residues in the interface between EmbC and AcpM on 

arabinosyltransferase activity of Msm EmbC2. Data presented are means +SD 1310 

calculated from three independent experiments. 

(G) Effect of mutated residues of Msm EmbC in the interface interface between 

EmbC and AcpM on LAM synthesis. embCΔ, the Msm embC knock-out mutant; 

embC / embC_R243A et al., the Msm embC knock-out mutant complemented with 

plasmid carrying embC wild-type / R243A et al. mutant alleles. 1315 
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(H) The association between Msm AcpM and Msm EmbB. Msm AcpM interacts with 

CLs of Msm EmbB. A covalent lipid modification of a 4' phosphopantetheine (Ppant) 

moiety (sphere) on Msm AcpM also contributes to the association. 

(I) Zoom-in view from (H) shows the Msm EmbB and Msm AcpM interactions, three 

pairs of salt bridges between are shown as dashed lines. 1320 

. 
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 1325 

 

Fig. S12. Structural comparison of Emb proteins (represented by EmbC) with 

other glycosyltransferases in the GT-C family.  

 

(up) Cartoon representations of Emb proteins represented by Msm EmbC, PglB (PDB 1330 

code 3RCE), AglB (PDB code 3WAJ), ArnT (PDB code 5F15), STT3 (PDB code 

6EZN), ALG6 (PDB code 6P25) and PMT1 (PDB code 6SNH). For each structure, 

the transmembrane region is colored in rainbow style with the N- and C-termini 

colored blue and red, respectively; the periplasmic region is colored in magenta. 

Crossed helices, resembling EH1 and EH2 in EmbC and bearing the conserved 1335 

catalytically relevant D[N]D[E]x motif, is marked as a red circle. (down) 

Arrangement of the TM helices for the structures is shown as a slice through the TM 

domain. 11 TM helices inside the dashed circles have a common arrangement. TM9 

(grey) of STT3 is missing in the model. 
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 1345 
 

Fig. S13. Sequence alignment. 
 
(A) Sequence alignment of Emb proteins from Mycobacterium tuberculosis, 

Mycobacterium smegmatis, Mycobacterium bovis, Mycobacterium marinum and 1350 

Mycobacterium leprae. Ethambutol binding sites, di-arabinose binding sites, AcpM 

binding sites and clinical ethambutol resistant mutant hotspots are highlight as red p, 

�, Ì, ç, respectively below the aligned sequences. CL1 and Loop766-806 in Msm 

EmbA are labeled as red bars. 

(B) Sequence alignment of Emb catalytic site Asp in DDx motif with catalytic sites of 1355 

two GT-C family members, Cupriavidus metallidurans ArnT and Campylobacter lari 

PglB. 
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1360 

  

 

Fig. S14. Comparison of substrates binding on Emb proteins. 

 

(A) Superposition of the active site region of Msm EmbA (pink) in complex with 1365 

DPA and Msm EmbB (purple) in complex with di-saccharide. The D-site arabinose 

group of the di-saccharide in Msm EmbB overlaps with the arabinose moiety of DPA 

in Msm EmbA. 

(B) Superposition between Msm EmbC (orange) and Msm EmbA (magenta) shows the 

phosphate (ball-and-stick) in EmbC binds to a similar position to the phosphate 1370 

groups (sticks) of DPA in EmbA. The distance between two phosphorous atoms is 2.2 

Å upon superposition between two overall structures. 

(C) Superposition of Msm EmbA, Msm EmbB and Msm EmbC on periplasmic region. 

In Msm EmbA the characteristic Loop766-806 (cyan) inserts into the active site, whilst 
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in Msm EmbB, the corresponding Loop776-806 is shorter and folded on the PC domain, 1375 

and in Msm EmbC the corresponding fragment (residue range 780-810) is flexible and 

missing (dashed line). The di-arabinose groups in Msm EmbB and Msm EmbC bind in 

similar manner. 

(D) Di-saccharide binding in the active site of Msm EmbB. Contacting residues are 

shown as sticks. Cryo-EM map density of ligands (di-arabinose and phosphate) 1380 

(threshold 0.3) is shown as yellow meshes.   
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Fig. S15. Ethambutol binding and structural mapping of ethambutol resistance 

mutation sites. 1385 
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(A) Mapping of the top 16 clinical ethambutol (cyan and red spheres) resistance 

mutation sites on Mtb EmbB. The regions these mutations belong to are highlighted in 

different colors.  

(B) Statistics of the regions on Mtb EmbB where most frequent mutations occur in all 1390 

the 1,814 ethambutol resistant sites.  

(C) (left) Mapping of the ethambutol resistance mutation sites of Mtb EmbC on the 

Msm EmbC structure. Ethambutol is shown as sticks representation in light blue. 

ethambutol mutation sites are shown as pink spheres. The most frequently occurring 

mutation site, Met306 of Mtb EmbB (corresponding to Met286 of Msm EmbC), is 1395 

highlighted in magenta. The dashed circle shows that the mutation sites (within the 

EH1-EH2 region) are clustered inside or around the active site. (right) Table lists 

ethambutol mutants in Mtb EmbC and corresponding residues to Msm EmbC (22-28). 

The highlighted sites in the table represent those mapped inside the dashed circle on 

the EmbC structure.  1400 

(D) The ethambutol binding site of Msm EmbC. Ethambutol, Pi (likely from DP) and 

surrounding residues (within 4 Å distance) are shown as sticks. Densities of 

ethambutol and Pi from the cryo-EM map (threshold 0.2) are shown as meshes.  

(E) Structural superposition of ethambutol bound Msm EmbC and di-arabinose bound 

Msm EmbC2 shows ethambutol occupies both D-site and A0-site arabinose groups of 1405 

Ara2. Thus, ethambutol binding will block both donor and acceptor substrate binding 

near the catalytic residue. 

(F) Superposition of ethambutol binding site amongst Mtb EmbB, Msm EmbB and 

Msm EmbC. 
  1410 
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Table S1. Statistics of the cyro-EM structures presented in this study. 

 

Mtb 

EmbA-EmbB-AcpM2 

+ethambutol 

Msm 

EmbA-EmbB-AcpM2 

+ethambutol 

Msm 

EmbA-EmbB-AcpM2 

+di-arabinose 

Msm 

EmbC2-AcpM2 

+ethambutol 

EMDB ID 30218 30216 30219 30217 

PDB ID 7BVF 7BVC   7BVG   7BVE   

Cryo-electron microscopy data collection 
Microscope FEI Titan Krios 
Voltage (keV) 300 

Camera Gatan K3-Summit 
Automation software SerialEM 

Normal / Calibrated 
magnification 

29,000 / 60,976 

Exposure rate (e- /  
(pixel2·s)) 

16.8 

Exposure time (s) 2.0 
Number of frames 
collected 

40 

Defocus range (µm) 0.8-2.5 1.5-2.5 

Pixel size (Å/pixel) 0.82 
3D reconstruction 
Number of movies 7,612 5,100 2,608 3,711 

Symmetry imposed C1 C2 
Initial Particle 
Number 

2,186,192 1,855,947 408,623 707,538 

Final particle images 
(No.) 

521,803 227,206 209,894 217,550 

Resolution 
(unmasked, Å) 

3.5 3.7 3.7 3.4 

Resolution (masked, 
Å) 

2.97 2.90 3.10 2.81 

Sharpening B-factor 
(Å2) 

-113.6 -96.7 -106.7 -104.4 

Local resolution 
range (Å) 

1.8-7.5 1.8-7.4 1.8-8.0 1.8-7.2 

Coordinate and B-factor refinement 
Model composition 
 Atoms (non-H)  
 Protein residues 
 Ligands 

 
16,934 
2,221 

5 

 
17,206 
2,231 

8 

 
17,247 
2,234 

8 

 
17,144 
2,236 

8 

Mean B-factor protein 
atoms (Å2) 
Mean B-factor Ligand 
atoms (Å2)  

32.17 
 

41.87 

61.94 
 

61.27 

56.70 
 

51.56 

79.47 
 

86.76 

Rmsd  bonds (Å)  
Rmsd bond angles (°)  

0.005 
0.778 

0.003 
0.609 

0.004 
0.763 

0.010 
1.412 
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Model-to-map scores 
 CC (mask) 
 CC (volume) 
 CC (box) 
 Mean CC for 
ligands  

 
0.89 
0.84 
0.75 
0.81 

 
0.86 
0.83 
0.68 
0.74 

 
0.86 
0.84 
0.71 
0.76 

 
0.83 
0.79 
0.74 
0.59 

Validation 
MolProbity score 
Clash score 
Rotamer outliers (%)  
Cβ outliers (%) 
CaBLAM outliers (%) 
EMRinger score 

1.93 
5.70 
0.00 
0.00 
7.07 
3.48 

1.78 
5.21 
0.00 
0.00 
5.14 
3.17 

1.97 
8.48 
0.00 
0.00 
5.67 
3.18 

1.77 
5.31 
0.28 
0.24 
4.43 
4.58 

Ramachandran plot 
Favored (%) 
Allowed (%) 
Outliers (%) 

87.12 
12.83 
0.05 

91.28 
8.67 
0.04 

91.47 
8.48 
0.04 

92.18 
7.60 
0.22 
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Table S2. Data collection and refinement statistics of crystal structure of Msm 

EmbC2-AcpM2. 1415 

 
Msm EmbC2-AcpM2 

(Tb derivative) 
Msm EmbC2-AcpM2  

(di-arabinose) 

PDB code  7BVH 

Data collection   

Space group P212121 P212121 

Wavelength (Å) 1.6491 1.0000 

Cell dimensions   

   a, b, c (Å) 121.99, 176.48, 207.31 121.08, 176.33, 207.77 

   α, β, γ (°) 90, 90, 90 90, 90, 90 

Resolution (Å) 49.02-4.60 
(4.43-4.20) a 

49.60-3.30  
(3.48-3.30) 

No. of unique reflections 33,063 (4,727) 67,591 (9,775) 

Completeness (%) 99.9 (100.0) 99.9 (100.0) 

Rmerge (%) b 0.118 (1.576) 0.114 (5.176) 

Rpim (%) c 0.029 (0.391) 0.027 (1.184) 

CC1/2 
d 0.999 (0.903) 0.998 (0.417) 

Redundancy 33.3 (33.1) 19.9 (19.9) 

Mean I/σ(I) 18.0 (2.6) 12.2 (0.7) 

Wilson B factors (Å2) 190 147 

Phasing Statistics   

No. of heavy-atom sites 6  

Figure of merit 0.3  

BAYES-CC score 41  

Refinement   

Resolution (Å)  49.67-3.30 

No. of reflections used  67,568 

Rwork/Rfree (%) e  23.2 / 26.5 

No. of atoms   

   Protein  17,088 

   Ligand  228 

B factor (Å2)   

   Protein  78 

   Ligand  84 

R.m.s deviations   

   Bond lengths (Å)  0.010 

   Bond angles (°)  1.210 
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Ramachandran plot (%)   

   Favored  91.6 

   Allowed  7.0 

   Outliers  1.5 
a Values in parentheses are for highest-resolution shell. 
b Rmerge = ∑h∑i | Iih - <Ih>| / ∑h∑i <Ih>, where <Ih> is the mean intensity of the observations of Iih of reflection h. 
c Rpim: precision-indicating (multiplicity-weighted) Rmerge. 
d CC1/2: percentage of correlation between intensities from random half-datasets. 
e Rwork = ∑h | Fo-Fc | / ∑h Fo, where Fo and Fc are the observed and calculated structure factor amplitudes of 1420 
reflection h. Rfree is mathematically equivalent to Rwork, but was measured over 5% of the data. 
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Table S3. The binding affinity analyzed by MST assay. 
 1425 

Protein Ligand Binding affinity (Kd) 

Msm EmbC2 (WT) DPA 3.0 ± 1.1 µM 

Msm EmbC2 (R383A) DPA No binding up to 1.25 mM 

Msm EmbC2 (T570S) DPA No binding up to 1.25 mM 

Msm EmbC2 (H574A) DPA 122.0 ± 44.0 µM 

Msm EmbC2 (H575A) DPA 137.0 ± 63.0 µM 

Mtb EmbA-EmbB Ethambutol 0.42 ± 0.12 µM 

Msm EmbA-EmbB Ethambutol 0.31 ± 0.08 µM 

Msm EmbC2 Ethambutol 11.1 ± 1.2 µM 

 
 


