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Abstract  

The tuberculosis drug candidate SQ109 targets the trehalose monomycolate transporter MmpL3 

in Mycobacterium tuberculosis and also has activity against other pathogens. We found related 

proteins in 22 protozoa, including Trypanosoma cruzi and Entamoeba histolytica, as well as in 

archaea and other bacteria, including the fatty acid transporter, FarE. We show these proteins, -

MMPL proteins, adopt similar structures to that of MsMmpL3 having two sets (P1 and P2) of 

conserved active site/H+-transporter Asp, Tyr and Phe residues in “pentad” motifs (DYxxF) that 

can bind to the SQ109 ethylenediamine and adamantyl moieties. Based on structural comparisons 

with MsMmpL3, we find that there are superimposable transmembrane and H+-transporter 

structures in much larger proteins, -MMPLs, found in apicomplexan parasites, fungi, plants and 

animals. They also contain double “pentad” motifs in which the P1 Asp is totally conserved, but 

the P2 Asp may also be a Glu, and the P2 Phe seen in the -MMPLs is a His that H-bonds to the 

P1 and P2 Asp/Glu residues. There are also 5 conserved Ser/Thr residues that extend the H-

bond/H+-transporter network with 2 interacting directly with the P1 Asp, and the His. We propose 

that all MMPL proteins are involved in proton motive force-mediated lipid (phospholipid, 

glycolipid, sterol, fatty acid) transport, and that SQ109 may target some pathogens directly, by 

binding to the P1/P2 motifs. Overall, the results are of general interest since they indicate that there 

are two major classes of lipid transporters: -MMPL proteins found in many bacteria and protozoa, 

and much larger, -MMPL proteins, found in fungi, apicomplexa, plants and animals and, in some 

cases, they are potential drug targets.  
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Introduction 

One path to the discovery of new drugs or drug-leads is to repurpose an old drug, used for a 

different disease. For example, in  the case of visceral leishmaniasis, amphotericin B (used to treat 

fungal infections) and miltefosine (originally developed as an anti-cancer drug) have been 

successfully repurposed1. Another example is ivermectin, originally developed to treat heartworm 

in dogs, that is now used extensively to treat onchocerciasis (river blindness2). In our work and in 

work with our collaborators, we reported that the anti-tubercular drug candidate3, 4 SQ109 [N-

adamantan-2-yl-N’-((E)-3,7-dimethyl-octa-2,6-dienyl)-ethane-1,2-diamine], 1 in Figure 1, has 

potent activity against kinetoplastid parasites in vitro5-8. In M. tuberculosis, the compound 

interferes with cell-wall assembly by inhibiting the essential enzyme MmpL3, Mycobacterium 

membrane protein Large 3, a trehalose monomycolate (TMM, 2) transporter9, and a crystal 

structure of SQ109 bound to MsMmpL3 has been reported10. SQ109 is also active against the fungi 

Candida albicans and Aspergillus fumigatus11 as well as the apicomplexan parasite Plasmodium 

falciparum12. 

     The wide range of activity of SQ109 raises the question as to whether there might be “MmpL3-

like” (MMPL) proteins in these and other organisms and here, we use a combination of sequence, 

structural as well as structure-prediction information, as outlined schematically in Figure 1b,  to 

probe for the presence of  MMPL proteins in archaea, bacteria, protozoa, fungi, plants as well as 

in animals, together with an in vivo investigation of the activity of SQ109 against T. cruzi, T. 

brucei, L. donovani and Toxoplasma gondii infected mice. The results were unexpected in that we 

find that there appear to be two very similar types of MMPL proteins, both involved in lipid 

transport: small ones that are involved in e.g. TMM,  fatty acid and phospholipid binding/transport 

and hereinafter called -MMPLs, and much larger proteins (-MMPLs) such as the Niemann-Pick 
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C1 (NPC1) or Niemann-Pick C1-like (NPC1L1) cholesterol (CHOL, 3)13 transporters, found in 

animals, in addition to structurally- related  transporters found in yeasts,14 apicomplexan 

parasites15 as well as in plants16 that appear to be involved in phospholipid—primarily sphingolipid 

(SL, there are many, one is shown in Figure 1a as 4)—transport. Both the -MMPLs and the -

MMPLs have a similar arrangement of 12-13 transmembrane (TM) helices as well as “active site” 

(as opposed to substrate-binding) residues involved in H+-transport in the TM domain, while the 

large extra-membranous regions, known to be involved in CHOL/ERGO uptake/trafficking or at 

least binding in yeasts and animals, are only found in the -MMPL proteins. Notably, it has 

recently been discovered17 that the antifungal azoles itraconazole 5 and posaconazole 6 potently 

inhibit the Niemann-Pick C1-like protein and a structure has been reported, results of interest here 

since we reported previously5 that SQ109 acts synergistically with posaconazole in T. cruzi. In 

other work,18 it has been found that, remarkably, the glycolipid trehalose dimycolate (TDM) as 

well as TMM formed by M. tuberculosis can inhibit NPC1 resulting in a NPC-disease phenotype 

in infected macrophages that contributes to Mtb persistence, so the NPC1 protein can bind both 

the sterol CHOL as well as a glycolipid (and as discussed more below, fatty acids), leading to the 

general idea that both -MMPLs as well as -MMPLs are rather promiscuous as to which lipids 

they transport, or at least, bind.   

     Here, we investigated potential targets for SQ109 in bacteria and protozoa finding that both - 

and -MMPLs were quite widespread, leading to more general proposals for the structures and 

functions of these proteins in which not only are the TM structures similar, but so are the H+-

translocating domains. In particular, we explore the concept that both - and -MMPLs contain 

superimposable dual “pentad” motifs that are involved in catalyzing proton-motive-force driven 

transport. In the -MMPLs the motifs are both DYxxF and the molecules that are transported are 
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e.g. TMM and fatty acids (and others, phospholipids, bind),19 while in the -MMPLs the motifs 

are generally DDxx(V/L/I) in P1 and (D/E)xxxH in P2 and the molecules that are transported can 

be sterols such as cholesterol, phospholipids and even a fatty acid. We explore to what extent the 

pentad motifs, containing the polar residues that are essential for catalysis and are involved in H-

bonding/H+-transport, align between the − and -MMPLs, and report the discovery of five highly 

conserved Ser/The residues in the -MMPLs systems that are proposed to be part of the H+-

transporter network. And finally, we report the first in vivo results for SQ109 against four 

pathogenic protozoa. 
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Figure 1. Structures of compounds discussed in the Text and a flow-chart for finding MMPL 

proteins. a) Structures of compounds. b) Flow-chart showing routes to identification of  and -
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MMPL sequences and structures using BLAST, PDBeFold/SSM, Phyre2, Clustal Omega and 

Pymol/VMD computer programs. MsMmpL3 (green) is the Mycobacterium smegmatis TMM 

transporter MmpL3 and serves as the query for both sequence as well as structure-based searches.  

 

Results and Discussion 

Discovery of MmpL3-like proteins in Trypanosoma cruzi and in other protozoa. When 

considering the possible mechanisms of action of SQ109 it seemed likely that there might be an 

MmpL3-like protein in one of more of the parasitic protozoa investigated here, since that could 

help explain parasite growth inhibition  
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 Figure 2. Proposed structure of the T. cruzi MmpL3-like protein (TcMMPL), not found in other 

trypanosomatid or apicomplexan parasites, and sequence alignment results. a) Sequence alignment 

of MsMmpL3, M. tuberculosis MmpL3 (MtMmpL3), TcMMPL and the Entamoeba histolytica 

MmpL3-like protein (EhMMPL). Full sequence alignments are shown in the Supporting 

Information, Figure S2. b) Phyre220 structure prediction for TcMMPL (green) superimposed on 

MsMmpL3 (cyan, PDB ID code 6AJG10). SQ109 is shown as pink sticks. c) Key Asp residues that 

are involved in binding to the SQ109 ethylenediamine moiety in the MsMmpL3 x-ray structure, 

together with the neighboring Tyr and Phe residues that are involved in hydrophobic interactions 

with the SQ109 adamantyl group, superimposed on the TcMMPL Phyre2 model. The model is of 

interest since all 6 residues (2 Asps, 2 Tyrs and 2 Phes) are very closely aligned and suggest why 

T. cruzi is inhibited by SQ109. d) Alignment of MsMmPL3 bound to SQ109 (cyan, PDB ID code 

6AJG) with that of apo-MsMmPL3 (green, PDB ID code 6AJF) showing hydrogen bond distances 

between active site residues in the presence and absence of SQ109. 

 

by SQ109. To test this hypothesis, we carried out a BLAST21 (a sequence-based) search of all 

eukaryotes using M. tuberculosis MmpL3 as a query, as shown in Figure 1b. Sequence results are 

shown in Supporting Information Table S1 and Figure S1. The results show that essentially all 

proteins that have similar sequences to the M. tuberculosis MmpL3 (MtMmpL3) are found in 

protozoa, and these include two human pathogens: T. cruzi, the causative agent of Chagas disease, 

and Entamoeba histolytica, the causative agent of amebic dysentery. Notably, there were no 

similar sequences in the other trypanosomatids or in any apicomplexan parasites, or indeed in fungi 

or humans—at least as revealed by the BLAST21 sequence-based search, although there was one 

hit in Arabidopsis thaliana, but not in any other plant.  A partial sequence alignment of the T. cruzi 
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protein (here called TcMMPL), the E. histolytica protein (EhMMPL), MtMmpL3 as well as the 

M. smegmatis protein (MsMmpL3), whose structure has been reported10, is shown in Figure 2a. A 

full sequence alignment of these four proteins is shown in Figure S2. There are two sets of Asp, 

Tyr and Phe residues (DYxxF) that interact with the SQ109 ethylenediamine and adamantyl 

moieties seen in the x-ray structure of SQ109 bound to MsMmpL3, and these are also present in 

the T. cruzi and E. histolytica protein, Figure 2a. We propose to call these motifs the first and 

second sets of “pentad” residues, P1 and P2, since this facilitates a discussion of similar sets of 

residues in other organisms. Due to the arrangement of amino-acid side-chains in an -helix, the 

first, second and fifth residues are relatively close and in many cases are conserved and are 

involved in catalysis. 

     Next, we used the Phyre2 program20 to predict the structure of the TcMMPL and  EhMMPL 

proteins, both of which we classify as -MMPLs. The full predicted structure of TcMMPL is 

shown in Figure 2b, superimposed on that of the MsMmpL3/SQ109 complex (PDB ID code 

6AJG), and a zoomed-in version is shown in Figure 2c. As can be seen in Figure 2c, SQ109 is 

likely to bind to TcMMPL just as it does in the mycobacterial protein. The same results were 

obtained with EhMMPL (data not shown). It thus appears that in T. cruzi there is an MMPL protein 

that is likely to be targeted by SQ109.  Interestingly, using again a sequence-based approach, we 

also found -MMPL proteins in two archaea, Euryarchaeota archaeon and Candidatus 

Poseidoniales archaeon, in addition to finding similar predicted structures (not shown). 

     The result shown in Figure 2c is of interest in the context of how SQ109 might bind, however, 

in the absence of an inhibitor, as described elsewhere12, there are major conformational changes 

in this “active site” region that are important for making comparisons with other - as well as -

MMPL proteins. In particular, in the absence of an inhibitor, Figure 2d, there are clearly hydrogen 
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bonds between the Asp and Tyr residues in each DYxxF motif with heavy atom distances of ~2.8 

Å and these distances increase to ~4-5 Å in the presence of SQ109 (and most other inhibitors). In 

the absence of SQ109, the 2 Phe groups bind in an “up” position but are moved “down”, Figure 

2d, in the presence of most inhibitors, plus, there are obvious changes in the orientation of one TM 

helix.  The importance of the movement of the Phe groups is that in the other, larger, MMPL 

proteins (-MMPLs), one of the conserved Phes seen here is replaced by another aromatic residue, 

a His, that is essential for activity and forms part of an alternative H-bond network, containing 

conserved D/E residues, and this His binds in the “up” position.  

 

MMPL domains are present in animal proteins. The observation of -MMPL proteins in T. 

cruzi and E. histolytica was unexpected since these organisms do not utilize trehalose 

monomycolate, a very large, hydrophobic molecule and indeed, in very early work the TcMMPL 

was not detected, due we believe to our use of an early and incomplete T. cruzi genome data base. 

However, we found no BLAST hits in other eukaryotes, as expected based on conventional 

wisdom that e.g. a MtMmpL3-like protein is absent in humans. It was thus surprising to see that 

when we carried out a structure-based search using the PDBeFOLD/SSM (secondary structure 

matching) server22 with MsMmpL3 as the query and against all ~170,000 reported PDB structures, 

there were in fact several proteins that contained very similar 3D structures to that of the bacterial, 

MsMmpL3 protein. Three of these were in animals and were patched, dispatched, and Niemann–

Pick C1 protein (NPC1), another was the hopanoid transporter HpnN found in Burkholderia spp. 

as well as in many other hopanoid-producing species. Patched and dispatched are involved in 

hedgehog signaling in insects and vertebrates and NPC1 is involved in cholesterol trafficking and 

a review of their general structures and ligand transport mechanisms has recently been reported13  



11 
 

—though not in the essential, active site/H+-transporter regions of interest here. 

     NPC1-like proteins are also found in yeasts, such as Candida albicans and Aspergillus 

fumigatus—SQ109 targets—as well as in the apicomplexan parasites P. falciparum and T. gondii 

that are also inhibited by SQ109—although any similarity in the active site/H+-transporter regions 

is only apparent after using the initial structure-based NPC1 “hit” as a BLAST sequence query, 

due to overall low sequence identity between MsMmpL3 and the NPC1-like proteins. These 

proteins we generically term -MMPL proteins. 

     In patched, dispatched and NPC1, all -MMPLs, we find that there is a ~3 Å C rmsd over 

~500 residues when compared with the structure of the -MMPL, MsMmpL3.  Figure S3a shows 

a superposition of the MsMmpL3 structure (PDB ID code 6AJF) with that of human patched (PDB 

ID code 6OEU) in which the C rmsd is 2.67 Å /511 residues; Figure S3b shows a superposition 

of MsMmpL3 with that of Drosophila melanogaster dispatched (PDB ID code 6TBU) in which 

the C rmsd is 2.76 Å /494 residues, and Figure S3c shows a superposition with Niemann–Pick 

C1 (PDB ID code 5U74) in which the C rmsd is 3.45 Å/567 residues. As noted above, these 

structural similarities were not detected in the initial BLAST search (using MsMmpL3), which is 

based solely on amino acid sequences, because the overall sequence homology is low. There is 

also structural similarity between MsMmpL3 and the Burkholderia multivorans hopanoid 

transporter HpnN (PDB ID code 5KHN)23 and that of MsMmpL3 (6AJ5), as shown in Supporting 

Information Figures S4a and S4b, and with Saccharomyces cerevisiae NPC1 (PDB ID code 

6R4L21), an apparent sphingolipid (phospholipid) transporter (C rmsd is 3.32 Å/543 residues). 

Zoomed-in views of the structures of MsMmpL3/SQ109 with the animal proteins in the SQ109 

ligand binding region in MsMmpL3 are shown in Figures S3d-f where it is apparent that there is 

a Phe to His change in the animal proteins. This region is involved in H+-driven sterol transport in 
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the Niemann-Pick proteins24 and is also found in the Saccharomyces cerevisiae NPC system 

(NCR1 and NPC2) and is discussed more extensively below. But how similar are the structures 

and sequences of the proteins discussed above to other MMPL domain-containing proteins?   

 

A common active site structure in all MMPL proteins? Given the observation that a structure-

based search using MsMmpL3 as a query resulted in the discovery of several much larger proteins 

involved in sterol and phospholipid trafficking, we next used several of these NPC1 and NPC1-

like proteins as BLAST queries against the apicomplexans P. falciparum and T. gondii as well as 

the fungi C. albicans and A. fumigatus—since these organisms are all inhibited by SQ109 and the 

observation of similarity to MsMmpL3 means that there must be an -MMPL domain in these 

larger, -MMPL proteins. We find that each of these four organisms contains at least one -MMPL 

protein that resembles e.g. human NPC1 (HsNPC1), but no smaller -MMPL proteins, such as 

found in MsMmpL3.  P. falciparum and T. gondii do not synthesize sterols, but take up cholesterol 

(CHOL) from host cells25, 26, while C. albicans and A. fumigatus both produce ERGO as their main 

membrane sterol. However, in T. gondii as well as in another fungus S. cerevisiae, it appears that 

(unesterified) sterol transport is not the primary function of these proteins, rather, it is sphingolipid 

transport7,8. That notwithstanding, given the presence of NPC1 or related proteins in each of these 

four species, it seemed possible that each might be one target for SQ109 and that if that were the 

case, they should all have very similar local structures that enable SQ109 to bind, as it does in 

MsMmpL3. They could also not be targets, but the question still remains as to what might their 

structures be? In particular, are there H+-pump or sensor motifs that are similar to those found in 

the -MMPL protein MsMmpL3?  
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     To investigate this in more detail we carried out a Clustal Omega27 sequence alignment of 18 

proteins that encompasses all of the bacterial, protozoal, fungal and animal systems discussed 

above in addition to an NCR1 protein, found in many plants,  
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Figure 3. Partial Clustal Omega27 alignments of MMPL proteins from bacteria, archaea, 

protozoa and animals. Cd=Clostridium difficile; Ea=Euryarchaeota archaeon; CP=Candidatus 

Poseidoniales archaeon; Sa=Staphylococcus aureus; Mt=M. tuberculosis; Ms=M. smegmatis; 
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Eh=E. histolytica; Dm=Drosophila melanogaster; Hs=H. sapiens; Tc=T. cruzi; Af=A. fumigatus; 

Ca=C. albicans; Mm=Mus musculus; Pf=P. falciparum; Tg=T. gondii. Other abbreviations are 

given in the Text. 

 

 

derived from a BLAST search using human NPC1; the S. aureus fatty acid transporter FarE and 

its homolog found in C. difficile, CdFarE, and two archaea (from a BLAST search of archaea using 

MsMmpL3 as a query). This gives a reasonably comprehensive set of results for archaea, bacteria, 

protozoa including apicomplexans, fungi, a plant, and animals. More comprehensive results with 

plants are discussed below. Sequence alignment results are shown in Figures 3a and 3b and a 

phylogram is shown in Figure 3c.  

    Of the 18 sequences investigated there are on average about 1000 residues per protein, but only 

one is totally conserved: the Asp in the first DYxxF-like pentad motif (P1) in MsMmpL3, Figure 

3a, that in MsMpL3 is involved in H+ transport and is close to the SQ109 ethylene diamine group 

in the MsMmpL3 structure. Both DYxxF pentads (P1 and P2) are very highly conserved in the 

mycobacteria, the archaea as well as in the T. cruzi and E. histolytica proteins, and in the fatty acid 

transporters such as Staphylococcus aureus FarE28
 (SaFarE), while the pentads are different in 

apicomplexans, fungi, plants and animals. More specifically they are generally D(D/N)xxx in P1 

and (D/E)xxxH in P2. The major difference between the − and −MMPLs is thus the loss of the 

Y in P1 and P2 and addition of a P1 Asp and a P2 His, in the -MMPLs. This appears to be of 

interest since there is a puzzle as to why in the case of NPC1 and NPC1-like proteins, proton-

driven transport results in cholesterol import, while in the bacterial transporter MsMmpL3 (or 

MtMmpL3), there is TMM export, as with fatty acid export in FarE. Both processes are driven by 
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the PMF and the main difference from a structural or electrostatic perspective is that there is a 

potentially large difference in the arrangement of charged residues in the “active site” that might 

result in a different response to the PMF. Specifically, in both the - and -MMPLs proteins there 

are always two anionic residues, Asp or Glu, having side-chain pKa values of ~4. In MsMmpL3, 

the two Asps form part of a hydrogen bond network, interacting with the two Tyrs, thought to be 

part of the “proton-wire”. However, in the larger -MMPL proteins the Tyr groups are generally 

absent and the P2 Phe in MsMmpL3 is now a totally conserved P2 His. Plus, there is generally a 

second Asp in the P1 motif. Since His contains an imidazole side-chain which is quite basic having 

pKa values of ~6, there is expected to be a very different charge distribution to that in e.g. 

MsMmpL3 and if the imidazole is protonated, there will be a large dipole moment with the 

Asp/Glu residues, that will interact with the PMF and potentially, influence the direction of flux 

of a ligand of interest. We discuss in the next section the pentad sites in the small and large MMPLs 

in more detail. Remarkably, in very early work on the -MMPL NPC1, Davies et al.29 expressed 

NPC1 in Escherichia coli finding that NPC1-containing cells accumulated both acriflavine as well 

as oleic acid with a 15-fold increase in oleic acid uptake upon IPTG induction, noting that “the 

polarity of NPC1 is reversed in relation to that of E. coli AcrB, even though these proteins share 

the same membrane topology”. That is, NPC1 and related proteins can act  as importers (of CHOL, 

sphingolipids, oleic acid) and not as exporters (of e.g fatty acids as in SaFarE, or TMM in -

MMPLs), and the main obvious difference in the “active site” region where protonation is thought 

to occur is the introduction of the conserved His, a basic residue, in addition to a set of 5 conserved 

Ser/Thr residues that extend the H-bond network in the -MMPLs, as we describe below.  

The H+-sensor “active sites” in - and -MMPL proteins. In recent work it was hypothesized 

that there might be a role for Na+ rather than H+ in energizing CHOL transport by patched30, an 
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NPC1-related protein, since there are typically no large pH gradients in mammalian cell plasma 

membranes. However, in later work31 the opposite effects were observed, that is the K+ gradient 

and not the Na+ gradient was proposed to control sterol uptake. A model for -MMPL activity in 

which the two Asps and a Glu seen in the “active site” in patched (that are also present in the 

apicomplexan NPC1-like proteins) or the three Asps in dispatched, was proposed in which a cation 

effects a conformational change by involving hydrogen-bond interactions with one or two Thr/Ser 

residues. However, upon inspection of the sequences and structures of dispatched, patched and the 

yeast SL transporter, as well as of the apicomplexan and plant sequences, Figures 3 a,b, it can be 

seen that the second Asp in P1 in the -MMPL proteins is often an Asn, which would not bind 

Na+. Rather, as noted above, it is the His that is totally conserved and this His is essential for 

activity in the yeast system, as shown by mutagenesis experiments24. In addition, the protonophore 

uncoupler CCCP (m-chlorophenyl carbonylcyanide phenylhydrazone) has been reported to 

decrease the activity of patched, expressed in a yeast system32. As shown in Figures 3 and S3, it 

thus appears that a major difference between the - and -MMPLs is that in former, both sets of 

Asps and Tyr are highly conserved and in most cases P2 is a DY(D/E)xF, the third D/E being part 

of the “proton wire”19. In the -MMPLs (e.g. NPC1, patched) there is now a His in place of the 

Phe seen in the smaller proteins and this would be expected to take part in a proton relay and when 

protonated, would generate a large dipole moment (somewhat tilted from the bilayer normal), due 

to the presence of the anionic Asp and Glu residues, and the interaction of this dipole with 

 (a non-uniform electric field) due to a cation gradient could contribute to a conformational 

change. In any case, these structural suggestions necessitated a more detailed analysis of the P1 

and P2 domains in the - and -MMPLs, and later, of their environs. 
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Rotation/translation analysis of P1 and P2 motifs in - and -MMPLs. In order to try and 

better understand the nature of the “active sites” in the - and -MMPLs, we investigated the 

structures of the P1 and P2 motifs (in the H+-binding active site region) in -MMPL proteins then 

made a comparison with MsMmpL3+SQ109. Figure 4a shows an alignment of HsNPC1 with 

ScNCR1. Figure 4b shows the predicted “active site” in a PfNCR1 Phyre2 model.  Figure 4c shows 

a comparison of the PfNCR1 model with MsMmpL3+SQ109. Then, we carried out a multi-

structure comparison using the PDBeFold/SSM server22 of the structures of MsMmpL3, HsNPC1, 

and HsPatched together with the Phyre2-predicted structures of TcMMPL, SaFarE, PfNCR1 and 

a TgNCR1.  
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Figure 4. Structures of the first DDxF(V/L/I) and second (D/E)xxxH motifs in the H+-binding 

active site region in (most) large MMPL proteins and a comparison with MsMmpL3+SQ109.  a) 

HsNPC1 (green, PDB ID code 5U74) with ScNCR1 (cyan, PDB ID code 6R4L). b) Active site in 

PfNCR1, Phyre2 model. c) PfNCR1 model (green) with MsMmpL3+SQ109 (cyan, PBD ID code 

6AJG). d) PDBeFold/SSM multi-protein alignment of apo-MsMmpL3, TcMMPL model, SaFarE 

model, HsNPC1, HsPatched (6OEU), PfNCR1, and TgNCR1.  

 

     As can be seen in Figure 4a, there is a very similar H-bond network in HsNPC1 and ScNCR1 

that involves the highly conserved Asp and Glu residues and the totally conserved His with His-

Glu and His-Asp distances in the ~2.6-4 Å range. The same pattern is seen in the PfNCR1 model, 
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Figure 4b, where remarkably, there are three Asps and two His in the malaria parasite protein, a 

strong candidate for a H+ sensor. The PfNCR1 model is shown superimposed on the structure of 

MsMmpL3+SQ109 in Figure 4c and suggests a SQ109 binding site, with the His moving down as 

do the Phes in MsMmpL3 on the binding of most inhibitors. That is, the His is “up” because there 

is no inhibitor present. When the 3D structures (x-ray, cryo-EM and predicted) of the seven 

proteins: MsMmpL3, TcMMPL, SaFarE, HsNPC1, HsPatched, PfNCR1 and a TgNCR1 proteins 

are all compared using the PDBeFold/SSM program, which involves translation/rotation of all 

structures to obtain a minimum C root mean squared deviation (rmsd), Figure 4d, it is apparent 

that the P1 Asp is totally conserved and that the main differences between the -MMPL proteins 

(like MsMmpL3) and the -MMPLs—of course in the H+-transporter region—is that e.g. MmpL3 

and the fatty acid transporters have a pair of Asp-Tyrs while the larger proteins have a network of 

Asp, Glu and His residues, expected to be sensitive to pH or PMF effects, due to their dipolar 

nature, basically as discussed briefly above.  

     All of the acidic residues (Asp, Glu) are shaded in cyan in Figure 4d, the Tyr are orange while 

the His are green. In the -MMPLs, the Phe that are in both P1 and P2 are shaded pink. In the -

MMPLs, the P1 Phes are now the aliphatics Val, Leu or Ileu, but are in essentially the same spatial 

location as the Phes in MsMmpL3, TcMMPL and SaFarE, while the P2 Phes seen in the - 

MMPLs are now all His residues that can H-bond to, primarily, the Asp or Glu residues in P1 and 

P2. There are, therefore, clear structural similarities between the - and -MMPLs but also, what 

appears to be a major difference, the replacement of a Phe by a His, essential for activity. It is also 

of interest to note that when comparing the structures (one x-ray, one predicted) of the TMM 

transporter MsMmpL3 with that of the known fatty acid transporter SaFarE, the only difference 

between the 10 pairs of residues that comprise P1 and P2 is that there is a Gly>Ala change—and 
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these residues are actually outside the P1 P2 “active site” region. This indicates that the H+-

transporter region is highly conserved in proteins that have very different functions, although as 

we noted above, an MMPL protein may be able to carry out the transport of diverse molecules, as 

with the CHOL/fatty acid transport activity of HsNPC1. In addition, there is another major 

difference between the - and -MMPLs in that there is now a network of Ser/Thr in the -

MMPLs. 

 

Role of Ser and Thr residues in the active site. In previous work31 it was proposed that there 

were two Asps in e.g., HsPatched that interacted with a cation (Na+) and that one of these Asps 

(the second one in the P1 DDxF(V/L/I)x motif) interacted with a Thr. Moreover, it was shown that 

the Thr was involved in catalytic activity. How then does this observation relate to the 

"Asp/Glu/His" H-bond network interaction model? To investigate this to see if there might be a 

role for the conserved Thr in our “model”, we inspected the structure alignment for the 7 proteins 

(3 -MMPLs and 4 -MMPLs) discussed above (determined by use of the PDBefold/SSM server), 

searching for highly conserved Ser/Thr-rich regions. Results for Ser and Thr residues in the 

vicinity of the catalytic Asp, Glu and His residues in the -MMPL proteins (HsNPC1, HsPatched, 

PfNCR1 and TgNCR1 models) are shown in Figure 5a (in yellow), together with results for 

MsMmpL3, TcMMPL and SaFarE.  

     As can be seen in Figure 5a, there are typically 5 Ser/Thr residues that are highly conserved in 

the -MMPL proteins and there are no other similar "clusters" in the 7-protein alignment. We show 

in Figure 5b structural, that is H-bond network distance results, for HsPatched, for comparison 

with previous work. Based on the cryo-EM structure of HsPatched (PDB ID code 6OEU) and 

using the reported residue numbering, it appears that there is a "proton-wire": Ser-1132 > Thr-



22 
 

1133 > Asp-513 > Glu-1095 > His-1099 with 4 heavy atom hydrogen bond distances of 3.2 ± 0.50 

Å. So, there is actually good accord with the observation that the Thr, Asp, Glu and His are all 

essential for catalytic activity in the -MMPLs31,12. In addition, we see that there is a second set of 

highly conserved Ser/Thr residues, in HsPatched: Thr-551, Ser-552, and Ser-554, Figure 5a. As 

shown in Figure 5b, Thr-551 is ~ 3.2 Å from the His, indicating the presence of a H-bond, while 

Ser-552 and 554 are more distant (7-9 Å)—though they could be involved in H-bonding during 

the PMF-driven conformational change during transport since they are so highly conserved.  

     These sequence and structural results are of importance because they complement the more 

obvious interactions with (potentially) charged residues by providing in essence, an "outer sphere" 

set of (neutral) Ser/Thr that can stabilize the more obvious Asp/Tyr/Glu/His interactions seen (or 

proposed here) in the -MMPL proteins. It is also of note that the first residue is the "NPC-like" 

Ser/Thr alignment (Ser-738 in NPC1; Thr-551 in HsPatched; Thr-606 in PfNCR1 and Thr-499 in 

TgNCR1) is also present in the -MMPLs MsMmpL3 (as Ser-293) and TcMMPL (Ser-305) and 

in the case of MsMmpL3, Ser-293 was previously proposed to be part of the "proton-wire"19. 

     Things may be somewhat more complex in that Ser-293 only interacts with Asp-256 and Tyr-

645 in the SQ109-liganded form of MsMsmpL3—although this structure might well reflect what 

happens, structurally, during catalysis. That notwithstanding, the observation of Ser or Thr in this 

position in 6/7 structures (or proposed structures) investigated does suggest a key role in catalysis, 

involving H+-transport. In HsPatched, this residue would be Thr-551, which is H-bonded to His-

1099, although it should be noted that the protonation, tautomer or ring-flip isomer state of the His 

is not known. Taken together, the results described here indicate that there are two H-bond 

networks in the -MMPL proteins (like HsPatched) that stabilize the conserved Asp, Glu and His 

residues essential for catalysis. It also seems less likely that the second Asp (in the P1domain) is 
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directly involved in binding to a metal cation, since in some proteins it is the neutral Asn, but it is 

still part of a H-bond network. The arrangement of potentially charged residues as well as of 

Ser/Thr H-bond partners (in the two clusters) is shown in cartoon form in Figure 5c in which 

Ser/The are shown as yellow spheres, Asp/Glu are cyan spheres and His are green spheres, so 

based on the available evidence it appears that there are generally 8 residues that are conserved in 

this region and these are likely to represent the H+-sensor.  

 

 
 

Figure 5. Conserved Ser/Thr clusters in -MMPL proteins. a) Ser/Thr residues (in yellow) from a 

PDBeFold/SSM alignment of the 7 proteins indicated. MsMmpL3, HsNPC1 and HsPatched are 

from experimental  structures while the others are from computational models. b) H-bond networks 

in HsPatched showing Ser/Thr residues (yellow), Asp/Glu (cyan) and His (green), from PDB ID 

a

b c
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code 6OEU. The distances shown are in Å units. The protonation/tautomer/ring-flip status of the 

His is not known. c) Space filling view of a superposition of HsNPC1, HsPatched, PfNCR1 and 

TgNCR1 showing conserved Ser/Thr (yellow), Asp/Glu (cyan) and His (green). 

 

Lipid transport in MMPL proteins. Next, we consider possible transporter roles for the 

trypanosomatid and apicomplexan MMPL proteins. In very recent work33, the structure of a 

complex between the Niemann-Pick proteins C1 and C2 (PDB ID code 6W5V) has been reported 

in which three cholesterol (CHOL) molecules were identified. This structure is of particular 

interest since as shown in Figure 6a, when it is compared with that of MsMmpL3 containing a 

lipid ligand, phosphatidylethanolamine (PE, 7), it is apparent that one of the three CHOL (yellow) 

and PE (pink) molecules can occupy the same binding site in both proteins, Figure 6a. While the 

NPC1/NPC2 molecules are larger than is MsMmpL3, the same folds and one lipid binding site are 

present in the TM regions in both systems. But what lipids might be transported by the TcMMPL 

protein whose sequence and structure we discussed above? 

     In MsMmpL3 the protein transports trehalose monomycolate 2, with trehalose being a 

disaccharide. However, it has also been reported that the phospholipid phosphatidylethanolamine  

7 binds, as do several other phospholipids—phosphatidylglycerol 8, phosphatidylinositol (PI, 9) 

and cardiolipin 10, suggesting that in T. cruzi, TcMMPL might act as a lipid transporter. In T. 

cruzi, one of the three largest families of proteins in the genome34 is involved in the synthesis of 

mucins, highly glycosylated phospholipids that have a so-called GPI, glycosylphosphatidylinositol 

(11, 12) membrane-anchor35. In the early steps involved in mucin biosynthesis, GPIs need to be 

transported from the cytosol to the endoplasmic reticulum for extensive glycosylation36 but the 

transporter has not been reported and TcMMPL is a likely candidate since the major difference 
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between the PI that binds to MsMmpL3 and the GPI anchors in T. cruzi is just the addition of a 

second sugar residue—and MsMmpL3 of course transports TMM, another lipid-disaccharide.  It 

is also of interest to note that there are a very large number of GPI lipids found in T. cruzi and 

these comprise a very broad range of structures with glycerolipid 11 or ceramide 12 cores, 

diacylation and alkylacylation, and a wide range of alkyl chain-lengths. While these GPIs might 

all be transported by different proteins, the fact that MsMmpL3 transports another lipid-

disaccharide, TMM, and also binds diverse phospholipids, suggests that TcMMPL may be able to 

transport many different GPIs, in much the same way that a drug efflux pump can efflux more than 

one drug. In E. histolytica, there are similar mucin-like related GPI-anchored proteins that are 

involved in pathogenesis37, 38, suggesting a similar role for EhMMPL.  

     The second possibility is that TcMMPL (and EhMMPL) might be involved in sterol transport. 

This may seem implausible—two different molecules transported by the same protein— but as we 

noted above, in early work on NPC1, Davies et al.29 showed that this CHOL transporter, when 

expressed in E. coli, in fact acted as a fatty acid importer, of oleic acid (and of acriflavine), 

indicating some promiscuity. In E. histolytica, ergosterol (ERGO, 13) is not synthesized and 

instead, cholesterol (CHOL, 3) is imported by the EhNPC1/2 transporter39, while in T. cruzi, the 

other pathogenic protozoan with an -MMPL protein, there is again CHOL import40 (into 

reservosomes), but there is no NPC1 to carry out that process. The MmpL3-like proteins might 

thus (also) be involved in CHOL or ERGO transport, in T. cruzi. This hypothesis is based on the 

observation that the structures of the proteins MsMmpL3 (or the predicted TcMMPL) and the 

hopanoid transporter (HpnN) are similar (Figure S4), as are the structures of hopanoids such as 

diplotene (14, Figure 1) and CHOL. We also reported previously5 that SQ109 acted synergistically 

with posaconazole (an azole anti-fungal drug that targets P450 demethylase, leading to inhibition 
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of ERGO biosynthesis), with an FICI (fractional inhibitory concentration index) of 0.48, indicating 

a synergistic effect. Since there are often synergistic effects with inhibitors that target the same 

pathway41, inhibition of ERGO transport (via TcMMPL inhibition) would help explain the 

synergistic activity of SQ109 with posaconazole (it inhibits ERGO biosynthesis), as would our 

observation that abnormal ergosterol analogs are produced under SQ109 pressure5. However, there 

is also another attractive reason for the synergistic interaction between SQ109 and posaconazole 

since it has recently been shown that itraconazole, as well as posaconazole, inhibit NPC1, which 

would be expected to decrease sterol trafficking in host cells, reducing CHOL availability to T. 

cruzi.  

     In the apicomplexans P. falciparum and T. gondii, there is no CHOL or ERGO produced by the 

parasite and CHOL is taken up from host cells in an as yet unspecified manner. There are, however, 

NPC1-like proteins in both organisms (called PfNCR1 in Plasmodium falciparum; TgNCR1 in T. 

gondii) and it is possible that these are involved in CHOL uptake and that this process may (or 

may not, see below) be inhibited by SQ109. Plus, SQ109 might also inhibit host cell NPC1 

proteins. As noted above, it has recently been found that itraconazole binds to NPC1 and inhibits 

its function and since itraconazole inhibits the growth of P. falciparum as well as T. gondii42, 43‚ 

where CHOL is taken up from the host cells, then targeting of either parasite or of host CHOL 

transport, might be expected. In the malaria parasite P. falciparum, it has been found that under 

SQ109 drug pressure there is a ~2-3x increase in the IC50 for cell growth inhibition and that this 

correlates with the observation of mutations in the vacuolar ATPase44. While there is no published 

evidence that SQ109 directly targets the vacuolar ATPase, these workers also reported a 1.35x 

increase in the IC50 in a PfNC1 knockdown, so inhibiting the PMF (driven by ATPase inhibition), 
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PfNCR1 as well as red cell HsNC1L1 may all contribute to P. falciparum cell growth inhibition, 

by SQ109.  

     Finally, we very briefly consider the ligand binding sites in reported - and -MMPL proteins 

since this leads to a “canonical” picture of the ligand-binding domains. As noted above and as 

shown in Figure 6a, SQ109 (blue spheres) binds to the H+-transporter region of MsMmpL3 and is 

below the position of one CHOL in NPC1/NPC2 (yellow, middle of Figure 6a) while PE 7 (in 

MsMmpL3, shown in pink) binds above that CHOL. The two other CHOLs are shown at the top 

of Figure 6a. In their paper on the ITRA/NPC1 structure, Long et al.17 losis drug                               
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Figure 6. Comparisons between MMPL structures and ligand binding sites. a) MsMmpL3 (cyan, 

PDB ID code 6OR2) with a bound PE (phosphatidylcholine, pink spheres) superimposed on the 

structure of NPC1/NPC2 (green/orange cylinders) with three bound cholesterols (yellow spheres, 

PDB ID code 6W5V). Also shown is the position of SQ109 (blue spheres) in the MsMmpL3 

structure (PDB ID code 6AJG). b) Structure of MsMmpL3 bound to SQ109 (PDB ID code 6AJG) 

superimposed on aligned ligands from other MMPL structures: MsMmpL3 bound to 

phosphatidylethanolamine (PDB ID code 6OR2); human PTCH1 bound to palmitate (PDB ID 

code 6E1H); human NPC1 bound to itraconazole (PDB ID code 6UOX); NPC1-NPC2 complex 

structure bound to CHOL (PDB ID code 6W5V); and S. cerevisiae Niemann-Pick type C protein 
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NPC1 bound to ERGO (PDB ID code 6R4L). Ligands are shown as sticks. c) Same as b) showing 

“tunnel binding” ligands as cyan spheres, SQ109 as pink spheres. d) Zoomed-in view of the ligands 

shown in b) together with other MmpL3 inhibitors, and their names. The view is rotated 90º from 

that shown in b). 

 

reported the structure of human NPC1 with ITRA bound and noted that there was a tunnel into 

which CHOL, ERGO as well as ITRA could bind. This tunnel is similar to that predicted 

computationally in the earlier work23 on HpnN, although there, only the cavity and not its occupant 

(as determined by x-ray crystallography) was reported. We show in Figure 6b the MsMmpL3 

protein (grey cartoon) together with the positions of various ligands: SQ109, ITRA, CHOL, 

ERGO, PE and PALM (the palmitate moiety in a hedgehog structure), together with two dodecyl 

maltoside (DDM, detergent) ligands from the MsMmpL3/SQ109 structure. Figure 6c shows 

ligands in the tunnel (cyan spheres) together with SQ109 (red spheres) and Figure 6d shows all the 

ligands that bind to MsMmpL310, labelled for clarity. Clearly, there is a tunnel (cyan) that can 

transport (or bind) a wide variety of ligands including CHOL and ERGO, TMM, PE as well as, 

we propose, phospholipids such as the GPI anchors involved in mucin biosynthesis in T. cruzi and 

E. histolytica, and fatty acids (as in SaFarE, CdFarE). With the fatty acid transporters, the 

observation of a palmitate ligand (PALM) in the 2:1 human PTCH1-Shh-N complex (PDB ID 

code 6E1H)45 suggests that fatty acids may bind to this site also. The conformational changes that 

effect transport are driven by the PMF that is decreased by SQ109, but not by all MmpL3 

inhibitors, and these as well as SQ109 all bind to the central TM region (red in Figure 6c).  

     The idea that “MmpL3” like proteins are absent in humans, pathogenic yeasts and fungi, 

Trypanosoma cruzi and Plasmodium falciparum is incorrect, and it appears that there are very 
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similar lipid and potentially, inhibitor binding sites in several of the pathogens. Does that mean 

that SQ109 might be toxic, if it inhibits cholesterol transporters? Fortunately, there have not been 

any reports of SQ109 toxicity in Phase 2b/3 clinical trials and there is in fact a cholesterol lowering 

drug, ezetimibe, that binds to HsNPC1L146. 

 

Structure and -MMPL active sites in plants. Another question of interest relates to plants. 

Many plants contain sterols such as sitosterol (15) and stigmasterol (16) and as noted some time 

ago, the plant A. thaliana contains two proteins, NCR1 and NPC2, that have sequence similarities 

to e.g. human NPC1 and NPC2, with NPC2 being a very small protein originally designated (in 

fungi) as a phosphatidylglycerol/phosphatidylinositol transfer protein.47 The question is then, do 

most plants have the same fundamental heterodimer structure (i.e. NCR1/NPC2), or do some 

function more like the monomeric proteins seen in e.g. T. gondii? To explore these questions, we 

carried out BLAST searches of all plants using the S. cerevisiae NCR1 and NPC2 sequences 

(whose protein structures are known). There were 1032 NCR1 hits returned, and 499 for NPC2. 

This suggested a ~2:1 NCR1/NPC2 composition, due perhaps to the presence of both NCR1/NPC2 

heterodimers with other, -MMPL monomers. However, on closer inspection we found that there 

were 299 “isoforms” in the NCR1 data set but only 29 in the NPC2 data set, plus, there were many 

NCR1 strain differences (but not NPC2 strain differences), leading to the conclusion that most 

plants contain a ~1:1 NCR1-NPC2 heterodimer used, based on the results with A. thaliana, in 

sphingolipid trafficking. The BLAST results with the -MMPL proteins show similar conserved 

P1 and P2 motifs to those discussed above with highly conserved Asp, Glu and His residues  and 

show quite convincingly that plants contain the same “active site” H+-transporter motifs as seen in 

the fungal, apicomplexan and animal proteins. A comparison between the HsNPC1/NPC2 
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structure and the predicted structure of a plant heterodimer (from Quercus suber) is shown in 

Figure S5a and the Ser/Asp/Glu/Thr H-bond network is shown in Figure S5b, together with a 

longer-range interaction with the His.  

     It should be noted here that there are some ambiguities in the literature with respect to the NPC2 

proteins. First, NPC2 in the plant literature in some cases refers to a phosphatase that has ~514 

amino-acids, ~3x larger than the NPC2 in S. cerevisiae and in plants. Second, the S. cerevisiae 

NPC2 whose structure has been reported is annotated (in the PDB, the Protein Data Bank) as well 

as in NCBI BLAST search results, as a phosphatidylglycerol (8, PG)/phosphatidylinositol (9, PI) 

transferase. This is because in early work47 a fungal NPC2 protein from A. oryzae having strong 

sequence homology to the S. cerevisiae protein (that can bind ergosterol) was found to transfer PG 

and PI between membranes—both model and biological. This is of course not inconsistent with 

the observations discussed above than some lipid transporters are promiscuous—MsMmpL3 

transports TMM and binds PI, PG and CL; NPC1 can transport CHOL as well as fatty acids and 

is also inhibited by TMM, as discussed above. So having NPC2 proteins bind ERGO as well as 

PG, PI is not entirely unexpected. We also note that there are several plants that lack NPC2. For 

example, potatoes, tomatoes as well as some grasses. Nevertheless, it appears that most plants use 

a NCR1/NPC2 dimer for lipid transport, and the NCR1 proteins have the same “active site” 

sequences and structures as found in fungi, apicomplexans and animals.  

 

Common structural features of lipid transporters and their substrates in bacteria, protozoa, 

yeasts, plants and animals? As discussed above, it has been found that there are large effects on 

sphingolipid transport in the plant A. thaliana on misexpression of the NCR1 gene16 , and similar 

results have been reported with S. cerevisiae14 and  T. gondii15. The major sphingolipids in plants 
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are the so-called GIPCs, glycosylinositolphosphoceramides,48 phospholipids that contain 2 

(eudicot) or 3 (monocot) sugar residues,49 and similar glycosylated sphingolipids are found in 

yeasts and fungi50 as well as in T. cruzi, but not in other trypanosomatids 51 

     What is intriguing here is that there appears to be a pattern involving glycosylated lipid 

transport. Specifically, in the bacterium M. tuberculosis, trehalose monomycolate (TMM, 7) is 

transported by MmpL3. In S. cerevisiae, the apicomplexan T. gondii and in the plant A. thaliana, 

disruption of NCR1 function results in sphingolipid accumulation but does not affect sterol levels, 

and certainly in plants and fungi the major sphingolipids are GIPCs that have at least two sugars, 

and in T. gondii it has been shown that disruption of a TgNCR1 gene correlates with increased 

sphingolipid (GM1) accumulation. Both -MMPLs as well as the -MMPLs are thus actually 

known to be involved in glycolipid or glycophospholipid trafficking, which supports the idea that 

in T. cruzi, the TcMMPL may play a role in GPI/GIPC transport, involved in this case in mucin 

biosynthesis. In T. gondii, there is no requirement for an -MMPL for sphingolipid transport while 

in T. cruzi, there is no need for a -MMPL, for mucin biosynthesis.  

     It is also of interest to compare the domain structures in the - and -MMPLs, as well as the 

structures of known or proposed lipids that they bind or transport, as shown in Figure 7. Since 

different domains have different names in different proteins, for simplicity we use an A-E 

convention. The -domain proteins such as MsMmpL3 (PDB ID code 6OR2), SaFarE and 

TcMMPL contain an ABC domain structure in which there is an A domain consisting of ~12 TM 

helices together with extra-membranous B and C domains. The first half of each sequence is shown 

in cyan, the second in green, in Figures 7a-c. In the NPC1L1 cholesterol transporter, the ABC 

domains are again present but there is the additional D domain, shown in orange in Figure 7d (PDB 

ID code 6V3F). In the Solanum lysopersicum (tomato) homolog, the predicted structure is very 
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similar, Figure 7e. In T. gondii NCR1 only ~70 % of the residues were predicted, the ABC domains 

shown in Figure 7f, and it appears that the D domain is just different to that in the other -domain 

proteins. Similar results were obtained with PfNCR1. In earlier work, Coppens et al.15 found that 

while there were many sequence identities between the N-terminal residues in HsNPC1 and 

TgNCR1, there were 7 deletions and about 30% of the residues seen in HsNPC1 were missing in 

TgNCR1, making it difficult to predict the smaller D-domain structure (shown as an orange sphere 

in Figure 7f. TgNCR1 can restore sterol and GM1 trafficking when ectopically expressed in 

mammalian cells with impaired NPC1 activity15, but is primarily involved in controlling the 

intracellular levels of specific lipids, sphingolipids, in the parasite15. So, both cholesterol and 

sphingolipids can be transported but in the normal course of events, in the parasite, it appears that 

TgNCR1 is involved in sphingolipid transport, as also found in fungi.  

     In the NPC1/NPC2 structure (PDB ID code 6W5V) as well as the S. cerevisiae NCR1/NPC2 

structure (PDB ID codes 6R4L+6R4N, aligned to 6W5V) there is the addition of an E domain, 

Figures 7g,h, the NPC2 protein being shown in pink. In most plants, the same ABCDE domain 

structure is predicted, as shown for example in A. thaliana NCR1/NPC2, Figure 7i. Of interest 

here, BLAST searches of plant genomes did not return any hits when using the human NPC2 

protein, but there were large numbers of hits when using the fungal NPC2.  
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Figure 7. Domain structures in - and -MMPL proteins. a) MsMmpL3 (PDB ID code 6OR2). b) 

SaFarE Phyre2 prediction. c) TcMMPL Phyre2 prediction. d) Rattus norvegicus NPC1L1 (PDB 

ID code 6V3F). e) Solanum lycopersicum (tomato) Phyre2 prediction. f) TgNCR1 Phyre2 

prediction. The D-domain was not modeled so is just shown as an orange sphere. g) 

HsNPC1/NPC2 (PDB ID code 6W5V). h) S. cerevisiae NCR1/NPC2 (PDB ID codes 

6R4L+6R4N, aligned to 6W5V). i) A. thaliana NCR1/NPC2 Phyre2 prediction (aligned to 6W5V). 

The color codes are cyan and green represent the first and second halves of the -MMPL proteins 

(the ABC domains) that are also conserved in the larger proteins. Orange is the N-terminal domain 

(D) in NPC1/NCR1/NCP1L1; and pink is NPC2 (E). Also shown are the chemical structures (from 

Figure 1a) of known or likely lipids that are transported or bind. 

 

 

 

     The E domain shows considerable plasticity with respect to what can bind, with CHOL, ERGO 

PG and PI all being reported. And in the plant A. thaliana, disruption of NPC1 results in 

sphingolipid accumulation, suggesting that sphingolipids may also bind to NPC2, as in fungi. 

Overall then, the basic NPC1/NPC2 domain structures are conserved in many organisms as are the 

P1 and P2 H+-transporter motifs, but what actually binds is very variable, with as noted above, the 

glycolipid TMM inhibiting NPC1 which can itself transport both cholesterol as well as oleic acid. 

We thus show in Figure 7 some of the diverse lipids that are known to be transported by or are 

known to bind to, these proteins, together with some proposals for other candidates. In many cases 

(MsMmpL3, TgNCR1, ScNCR1/NPC2, AtNCR1/NPC2), glycolipids (e.g. PI, TMM, GIPCs and 

GM1) are found to bind or accumulate on gene disruptions but it appears that only NPC1L1 and 
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NPC1/NPC2 are actually involved in sterol (CHOL) transport. In T. cruzi, the role of TcMMPL is 

not known, but as noted above, GIPC (and GPI) transporters are required for mucin biosynthesis 

and are absent in other trypanosomatids, leading to the idea that TcMMPL may be a GIPC/GPI 

transporter. 

 

In vivo activity of SQ109 against T. cruzi, T. brucei and L. donovani. Next, we investigated the 

effects of SQ109, in vivo, using mouse models of infection.  

 

 Figure 8. Efficacy of SQ109 against T. cruzi Dm28c, T. brucei and L. donovani Balb/c mouse 

models of infection. a) Number of T. cruzi parasites in bloodstream and b) survival of T. cruzi 
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Dm28c infected Balb/cmice. Vehicle only [▲], benznidazole (100 mg/kg) [■] or SQ109 (100 

mg/kg) [●] treated mice (n=10). c) Number of T. brucei parasites in blood and d) mice survival. 

Vehicle only [▲], pentamidine (30 mg/kg) [■], SQ109 (30 mg/kg) [●] or SQ109 (100 mg/kg) [●]  

(n=5).  e) Efficacy of tested drugs and controls in LDU (Leishman-Donovan unit) and f) Giemsa- 

stained images of Balb/c mice infected with L. donovani and treated with vehicle only, miltefosine 

(30 mg/kg) or SQ109 (30, 50, or 100 mg/kg) (n=5). Scale bar = 100 μm. 

 

     For the T. cruzi acute model, Balb/c mice were infected with bloodstream form T. cruzi Dm28c, 

and parasitemia as well as mouse survival was evaluated. The peak of parasitemia for the vehicle 

treated group was seen at 14 days post infection, and there was a 46.1% parasite reduction with 

the group treated with 100 mg/kg of SQ109 via oral gavage (q.d. for 2 weeks). The peak of 

parasitemia for the drug treated group was 18 days post infection, which represents a 4-day delay 

compared to that of the vehicle control (Figure 8a). The benznidazole treated group showed 

complete suppression of parasitemia during the whole experimental period. In terms of survival, 

80% of the SQ109-treated mice survived, whereas the vehicle group showed only a 25% survival. 

Benznidazole protected all mice from death at least up to 40 days after infection (Figure 8b). The 

lack of more potent activity of SQ109 in vivo is likely to be due to the fact that SQ109 has a rather 

short half-life in animals, due to hepatic metabolism52, and that combination therapies may be 

required, as found for example, with amiodarone+itraconazole53 (based on earlier in vitro work 

with amiodarone+posaconaziole41). 

     For the T. brucei acute model, Balb/c mice were infected with the bloodstream form of the 

parasite, and parasitemia in blood as well as mice survival was monitored. SQ109 successfully 

suppressed the parasite load in the blood for few days after the termination of administration, but 
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parasitemia rapidly increased soon after (Figure 8c). In the SQ109-treated group (30 mg/kg, once 

a day for 5 days via oral administration), the average survival was 8.6 days, which is 3.4 days 

greater than the vehicle control (Figure 8d). An increased dose of 100 mg/kg showed a similar, 3.6 

average days of extended survival (Figure 8d). However, all mice had died by days 13-15 while 

all mice survived with pentamidine.  

     For the VL acute mouse model, L. donovani amastigotes isolated from infected hamster spleens 

were used to infect Balb/c mice by the retro-orbital route and treatments were given for 5 days 

starting from 5 days post infection. After 5 days of drug treatment, mice were sacrificed for the 

assessment of Leishman- Donovan units (LDU) from the collected livers. The parasite burden (in 

LDU) of the vehicle-treated group was 1132 ± 73, and those of SQ109-treated mice were 1060 ± 

110, 772 ± 89 and 737 ± 145 for the 30, 50, and 100 mg/kg dosed groups, respectively, Figure 8e. 

There was a significant reduction of parasite burden with 50 mg/kg and 100 mg/kg dosing of 

SQ109 by 31.8% and 34.9%, respectively, but even the best result was considerably lower than 

that with the miltefosine treatment which showed an LDU of 142 ± 24 (87.5% parasite reduction), 

Figure 8e. As seen in the Giemsa stained liver impression smears, Figure 8f, amastigotes are still 

seen with SQ109-treated mice, whereas there is a dramatic decrease in parasites observed with the 

miltefosine treated group. 

 

Toxoplasma gondii: In vitro and in vivo results with SQ109. The observation that SQ109 inhibits 

the growth of P. falciparum suggested the possibility that SQ109 might also inhibit the growth of 

another apicomplexan parasite, Toxoplasma gondii, the causative agent of toxoplasmosis. T. 

gondii, as with P. falciparum, does not synthesize either CHOL or ERGO and instead, as with P. 

falciparum, imports CHOL from its host cells, a process expected to require a CHOL transporter. 
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There is no -MMPL protein found in the apicomplexans, so a possible candidate is a -MMPL 

protein. Indeed, both host as well as parasite CHOL transport might be inhibited. We thus first 

determined whether SQ109 did actually inhibit the growth of T. gondii. Results are shown in 

Figure 9a in which we find an IC50 of 1.82 M. This was a promising result so we next obtained 4 

predicted TgN-R1 structures (e.g. Figure 7f) but unfortunately, only ~70% of each sequence was 

predicted—the ABC domains—indicating some considerable structural differences (in the N-

terminal domain) to those found with the plant and animal proteins.  Also of note is the observation 

by Coppens et al. that disruption of TgNCR1 resulted in accumulation of sphingolipids including 

GM1 and no effects on sterol levels, plus, mutant parasites were viable. It thus appears that unlike 

PfNCR1, TgNCR1 is not a good drug target. Nevertheless, since we did observe good in vitro 

activity, we moved on to investigate an in vivo model with Swiss Webster mice infected with a 

lethal dose of T. gondii tachyzoites, the fast-growing form of the parasite, since we did obtain good 

in vitro data.  

     Results are shown in Figure 9b and 9c.  All untreated mice died 10 days post infection but there 

was a ~50-80% survival of the i.p. SQ109-treated mice, Figure 9b, and a 30-40% survival at 40 

days post-infection using oral gavage, Figure 9c. Thus, SQ109 kills T. gondii and has moderate 

activity in vivo. However, at day 42, we challenged the live animals with 100 T. gondii parasites, 

a control to verify that they were infected initially. The animals (4 out of 6) treated with 20 

mg/kg/day survived the challenge because the lower dose allowed the initial infection to become 

established and later recover and this allowed them develop immunity. However, for the ones 

treated with 50 mg/kg/day, the infection did not get established because the higher dose of SQ109 

eliminated the parasites before the mice developed a robust immune response to re-infection and 
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with the challenge at 42 days, these animals all died, a not uncommon observation in the 

development of drugs to treat Toxoplasma infections54, 55.  

 

 

Figure 9. Effects of SQ109 on T. gondii cell growth inhibition and in vivo activity. a) T. gondii 

cell growth inhibition. IC50=1.82 M. b) T. gondii infected mice treated with SQ109 i.p. c) T. 

gondii infected mice treated with SQ109 by oral gavage.  

 

 

Conclusions 

The results we have discussed above are of interest for several reasons. First, stimulated by the 

observation that the TB drug candidate SQ109 that inhibits the trehalose monomycolate transporter 

MmpL3 also kills other pathogens, we find that there are MmpL3-like (MMPL) proteins in 

archaea, other bacteria, yeasts, protozoa, fungi, plants and animals. Based on sequence and 

structural data we define two classes: -MMPLs, lipid (e.g. fatty acid, TMM) transporters found 

in some bacteria and protozoa and -MMPLs, sterol and sphingolipid transporters found in fungi, 

apicomplexans, plants and animals. Second, we find that in T. cruzi as well as in E. histolytica, 

important human pathogens, there are very similar proteins to MtMmpL3.  These proteins are also 

present in 20 other protists but are not found in other trypanosomatids. Third, based on structure 
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prediction algorithms, we show that the protein fold in TcMMPL and EhMMPL is the same as in 

the bacterial MsMmpL3 where there are two conserved DYxxF motifs that can bind to the 

ethylenediamine moiety in SQ109 (via electrostatic interactions with the conserved Asp), and 

hydrophobic interactions between the adamantane group and the “active site” Tyr and Phe 

residues. We call these the two pentad motifs, P1 and P2. Fourth, we propose that both the 

TcMMPL and EhMMPL proteins can act as GPI/GIPC transporters, involved in mucin 

biosynthesis in both species, based at least in part on the structural similarity between GPI and the 

PI that is known to bind to MsMmpL3. Fifth, we show that both C. difficile and S. aureus have 

similar MMPL proteins that in S. aureus, acts as a fatty acid efflux pump, FarE. Sixth, we show 

that MsMmpL3 has strong structural similarities to the transmembrane domain in three animal 

proteins: patched, dispatched and Niemann-Pick C1, as well as to the yeast NPC1 homolog and 

using these structures we find very similar proteins (and local, active site structures) in the 

apicomplexan parasites P. falciparum and T. gondii. All of these proteins we class as -MMPLs. 

They have the same TM structure as the -MMPLs but have larger extra-membranous domains, 

involved in sterol or sphingolipid transport. They contain P1 and P2 pentad motifs that co-locate 

to the P1 and P2 motifs in the -MMPLs, but there are key residues changes, in particular, a 

Phe>His change in P2. Seventh, we show that there are two patches of highly conserved Ser/Thr 

motifs (typically containing a total of 5 Ser/Thr) in the -MMPls and that these are involved in 

hydrogen bonding to the catalytic Asp/Glu/His residues, and are involved in H+-transport. Eighth, 

we report the first in vivo results for SQ109 in T. cruzi, T. brucei, L. donovani and T. gondii, finding 

promising activity with T. cruzi.  

     Overall, our results indicate that there are basically two classes of MMPL proteins that have 

similar 3D folds and active site (TM) structures: -MMPLs that are involved in export processes 
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such as TMM export, fatty acid efflux and most likely GPI/GIPC transport, and -MMPL proteins 

(NPC1/NPC1L1/NCR1) in the apicomplexans, fungi, plants and animals that in most cases are 

involved in cholesterol or sphingolipid transport. The principal difference in the active site 

region—involved in H+-transport—between the -MMPL and -MMPL proteins is the 

introduction of a protonatable active site His in the latter together with introduction of five Ser/His 

residues, which correlates with ligand (sterol, fatty acid and acriflavine) import rather than export. 

The results are also of interest since they indicate why the TB drug candidate SQ109 targets 

organisms other than M. tuberculosis and leads to the idea that both -MMPLs as well as -

MMPLs may be new drug targets for a diverse infectious diseases.  

 

Materials and methods 

Compounds. For T. brucei, pentamidine (Sigma) was dissolved in dimethyl sulfoxide (DMSO) 

and used as reference drug 56. For T. cruzi assays, benznidazole (Carbosynth Limited) was prepared 

in DMSO and used as a reference drug 57. For L. donovani assays, miltefosine (MedChemExpress) 

was prepared in water and used as a reference drug 58. The final concentrations of DMSO did not 

exceed 0.6% of the total in vitro assay volume and 10% of the drug preparation used for in vivo 

administration, respectively, levels that are not toxic to the parasite, mammalian cells, and mice.  

T. brucei in vivo model and drug efficacy test. Five-week-old female BALB/c mice were infected 

with T. b. brucei Lister 427 (4 × 104 cells) by intraperitoneal (i.p.) injection. The mice were divided 

into groups (n = 5), and drug treatment was performed for five consecutive days, starting from day 

1 post-infection by administering 30 mg/kg of pentamidine, or 30 mg/kg, 100 mg/kg of SQ109, 

respectively. Drugs were freshly prepared each day. All drugs were administered once daily for 5 

days via the per os route. Parasitemia was evaluated daily for 2 weeks by blood collection from 
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the mouse tail vein, and survival was monitored for 1 month. Mice showing impaired health status 

and/or with a parasite load > 108 cells per mL of blood, were euthanized. 

T. cruzi in vivo model and drug efficacy test. BALB/c mice were infected with tissue culture 

trypomastigotes of T. cruzi Dm28c (107 cells) by intraperitoneal (i.p.) injection. 5 days post 

infection, infected mice were sacrificed to collect blood stream form (BSF) T. cruzi. BALB/c mice 

were intraperitoneally infected with BSF T. cruzi Dm28c (5 × 104 cells). 5 days post infection 

collected 2nd-round BSF (3 × 104 cells) were injected into BALB/c mice. Mice were divided into 

groups (n = 10), and orally treated with drugs for five consecutive days for 2 weeks, starting from 

day 2 post-infection, administering DPBS (Dulbecco’s phosphate buffered saline), 100 mg/kg of 

benznidazole, or 100 mg/kg of SQ109, respectively. Parasitemia was evaluated every 2 days for 5 

weeks by blood collection from the mouse tail vein, and survival was monitored for 2 months. 

Mice showing impaired health status were euthanized. 

L.  donovani in vivo model and drug efficacy test. BALB/c mice (n = 5) were injected with 2 × 

107 hamster spleen-derived L. donovani amastigotes via the retro-orbital venous sinus route. From 

day 7 post-infection, groups of mice were treated using the vehicle only, miltefosine (30 mg/kg), 

or SQ109 (30, 50, 100 mg/kg). On day 16 post-infection, all animals were euthanized and assessed 

microscopically using Giemsa-stained liver imprints. Parasite burdens were measured by counting 

(blinded to treatment) the number of amastigotes per 1000 cell nuclei and multiplying this number 

by the liver weight (mg; Leishman-Donovan Unit: LDU)59. The LDU values for the drug-treated 

samples were compared to those of the untreated samples. 

T. gondii in vivo model and drug efficacy test. We used a parasite strain expressing red 

fluorescent protein (td-tomato) for in vitro drug testing54, 55. Tachyzoites were maintained in 

human fibroblasts (hTert cells). Human fibroblasts were cultured in 96-well plates for 24 h prior 
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to the addition of 4,000 fluorescent tachyzoites/well. Fluorescence values were measured for 3 to 

4 days, and both excitation (544 nm) and emission (590 nm) were read from the bottom of the 

plates in a Molecular Devices plate reader. For in vivo drug testing, experiments were carried out 

using 20 fresh T. gondii tachyzoites of the RH strain to infect Webster mice. Drugs were dissolved 

in 10% Kolliphor HS 15 and were inoculated intraperitoneally (i.p.). Treatment was initiated 6 h 

after infection and administered daily for 10 days. Surviving mice were challenged with 1,000 RH 

tachyzoites 42 days after infection 

Ethics. Female BALB/c mice (5–6 weeks old; body weight 15–20 g) and male Golden Syrian 

hamsters (5–6 weeks old; body weight 60–80 g) were purchased from Orientbio Inc. (Seongnam-

si, Rep. of Korea) and Central Laboratory Animal Inc. (Seoul, Rep. of Korea), respectively. All 

animal handling and experiments were performed in compliance with the guidelines and principles 

established by the Korean Animal Protection Law (http://animalrightskorea.org). All protocols for 

animal experiments were reviewed and approved by the Institutional Animal Care and Use 

Committee (IACUC, protocol #IPK-19002 for acute T.brucei, # IPK-17006-2 for T.cruzi and # 

IPK-16003-3 for VL) of the Institute Pasteur Korea. Mouse experiments in Georgia followed a 

reviewed and approved protocol by the Institutional Animal Care and Use Committee (IACUC) 

and followed U.S. Government principles for the Utilization and Care of Vertebrate Animals, 

Animal Protocol A2018 02-021. 
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	Of the 18 sequences investigated there are on average about 1000 residues per protein, but only one is totally conserved: the Asp in the first DYxxF-like pentad motif (P1) in MsMmpL3, Figure 3a, that in MsMpL3 is involved in H+ transport and is cl...

