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Abstract 
 
Lipoteichoic acids (LTA) are essential cell-wall components in Gram-positive bacteria, 
including the human pathogen Staphylococcus aureus. They contribute to cell growth, cell 
stability, virulence and cell division. Interrupting their biogenesis pathway leads to severe 
growth defect such as longer LTAs, larger cells, and misplaced septa. S. aureus LTA is 
composed out of a polyglycerol chain on a gentiobiosyl-diacylglycerol anchor. Their synthesis 
starts on the cytoplasmic leaflet of the membrane by the glycosyltransferase YpfP, followed 
by translocation of the lipid-linked disaccharide across the plasma membrane, followed by 
polymerization of the chain at the extracellular side of the membrane. Genetic evidence has 
suggested that LtaA is the flippase responsible for the translocation of the lipid-linked 
disaccharide.  
 
In the first part of this thesis, we confirm that LtaA is indeed the flippase performing the 
translocation of gentiobiosyl-diacylglycerol anchor during LTA biosynthesis. We present the 
outward-open crystal structure of LtaA and identify that LtaA contains the Major Facilitator 
Superfamily (MFS) topology. Investigation of the structure showed that LtaA contains a 
amphiphilic cavity, which was never observed before. In this cavity the N-terminal cavity 
consist of polar residues whereas the C-terminal cavity is composed of hydrophilic residues. 
Using our established in vitro flipping activity assay, and S. aureus ∆ltaA strains, we 
demonstrate the importance of the hydrophobic cavity. We show that LtaA is a proton-
coupled antiporter, which is essential for S. aureus to combat physiological acidic stress 
conditions. Elucidation of the LtaA structure identified the first MFS flippase, and the first 
proton-coupled flippase.  
 
Flipping of lipids with large polar headgroups is an energetically costly reaction, that is 
frequently coupled to ABC transporters. However, ion-coupled lipid transporters of the MFS, 
such as LtaA, have been shown to play essential roles in cell wall synthesis, brain development 
and function, lipids recycling, and cell signaling. Structures of MFS transporters showed 
overlapping architectures pointing to a common mechanism. Whereas studies on ATP-driven 
transporters have shown to operate via a ‘trap-and-flip’ or ‘credit-card’ mechanism, the 
mechanism of ion-coupled MFS lipid transporters is largely unknown. The second part of this 
thesis investigates the flipping mechanism used by LtaA as a representative system of MFS 
flippases.  
 
We show using cysteine-crosslinking that LtaA adopts alternating conformations, and that 
alternating access to the cavity is essential for transport. We reveal that LtaA adopts 
asymmetric openings with distinct functional relevance during transport of the glycolipid. We 
characterized the hydrophobic cavity using in vivo and in vitro assays, showing that the entire 
amphipathic cavity of LtaA contributes to lipid binding. Although, the N-terminal hydrophilic 



Abstract 

	ii	

pocket imposes the substrate specificity. Based on these results, we propose that LtaA 
catalyzes lipid translocation using a ‘trap-and-flip’ mechanism that might be shared within the 
MFS lipid transporters subfamily.  
 
Taken together, a thorough investigation of LtaA is performed in this thesis. Our results unveil 
important structural and mechanistic details showing that LtaA recognizes the gentiobiosyl-
diacylglycerol by its gentiobiosyl headgroup and adapts an asymmetric lateral opening to load 
the substrate into the cavity. In the cavity the sugar headgroup interacts with the N-terminal 
hydrophilic pocket, and the lipid tails are embedded in the hydrophobic C-terminal pocket. 
After conformational changes, the substrate is released via both lateral gates at the 
extracellular side. This is followed by protonation of LtaA, inducing conformational changes 
to an inward-facing conformation. These mechanistic results provide foundations for 
developments of new strategies to counteract live-threating S. aureus infections, as well as a 
basis for drugs and lipid-linked-bioactive molecules targeting cells expressing 
pharmacologically important proteins from the MFS.  
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1. Introduction 
 

1.1 Staphylococcus aureus 
Staphylococcus aureus is a commensal gram-positive bacterium of the Firmicutes phylum. 
Approximately 30% of the human population is a continuous carrier of S. aureus, while other 
persons are only sporadically host1. S. aureus cells are found in the nasal cavity, as well as on 
the skin and in the gastrointestinal tract2–4. The cultures form clusters of cocci, and have a 
round bacterial cell wall, looking like grapes. Hence, its name originating from the Greek word 
“staphylos” (grape) (fig. 1.1).  
 
S. aureus is linked to a variety of diseases, including skin and soft tissue infections such as 
acne, boils, pimples and impetigo. However, S. aureus infections can also evolve into 
pneumonia, osteomyelitis, infectious arthritis, bloodstream infections, endocarditis or 
sepsis5–7. Furthermore, S. aureus colonizes sites of disrupted mucosal barriers, for example in 
abscesses or surgical wounds. Certain strains of S. aureus have been found to be responsible 
for toxic shock syndrome8. 
 
Transmission of S. aureus happens in several ways, both in community and healthcare 
settings9. Transmission can occur during close contact with S. aureus carriers, such as hand 
contacts and mother-infant contact, but also during invasive procedures involving 
intravascular catheters, endotracheal tubes and urinary catheters10. As for most pathogens, 
antibiotic resistant S. aureus strains, such as methicillin-resistant S. aureus (MRSA) and 
vancomycin-resistant S. aureus (VRSA) are emerging problems due to persistence after 
treatment11. Therefore, the World Health Organization categorized S. aureus as a high priority 
(class 2) for research and development12. 
 

 
Figure 1.1: Scanning (A) and thin-section transmission (B) electron microscopy of Staphylococcus aureus 
cells. Scale bars are shown on each micrograph. B. Bracket in the upper micrograph indicates the position 
of the enlarged image sections shown below. M: plasma membrane; P: peptidoglycan layer. Pictures 
adapted from Richter et al.13 
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1.2 Defense mechanisms of S. aureus 

1.2.1 Defense mechanisms of S. aureus against immune responses 
The success of S. aureus as a pathogen relies to a large part on its ability to evade the host 
immune system. Entry of  S. aureus and its replication in the host tissue releases 
staphylococcal products, such as lipoproteins or peptidoglycans and produces inflammatory 
signals1 which are detected by the host immune system via Toll-like receptors (TLRs) and G 
protein-coupled receptors (GPCR). These receptors then transit inflammatory signals to finally 
activate the cognate immune responses14. However, S. aureus evolved a variety of strategies 
to interfere with the host’s innate and adaptive immune response in order to prevent 
phagocytosis and killing by neutrophils1.  
 
The thick peptidoglycan (PG) -layer together with the teichoic acids (TAs) represent the first 
protective barrier during host infection. These adaptions prevent access of immune cells to 
the S. aureus cell membrane leading to reduced efficacy of the membrane attack complex, a 
protein complex activated by the alternative complement pathway15. Moreover, the thick PG-
layer also helps S. aureus to escape Neutrophil-mediated killing16–18. Another way of immune 
invasion used by S. aureus is so-called agglutination, the conversion of fibrinogen to a 
crosslinked fibrin meshwork. It is an innate defense mechanism used by all vertebrates to 
immobilize microbial invaders and attract immune cells for phagocytic clearance of bacteria. 
However, by secretion of two coagulases (Coa and vNbp) S. aureus bypasses activation of 
coagulation and the secretion of inflammatory factors19. Furthermore, S. aureus secretes 
Staphylococcus protein A (SpA), a sortase-anchored surface protein that is stored in the cell 
envelope and subsequently released by cell wall hydrolases20. SpA has a very high affinity for 
immunoglobulin, including the most common human IgA, IgD, IgG, IgM and IgE21. It binds to 
the Fc regions of the immunoglobulin, thereby interfering with opsonization and phagocytosis 
of Staphylococcus cells22. Beside these examples, it has also been shown that S. aureus can 
interfere with inhibition of neutrophil extravasation, chemotaxis, complement activation, 
evasion of T cell responses and phagocytosis1.  
 

1.2.2 Mechanisms of acquiring antibiotic resistance 
Antimicrobial resistance is a global threat to human, animal and environmental health. After 
the finding of penicillin by Alexander Fleming the golden era of antibiotics started with the 
discovery of many new antimicrobial agents. However, due to overuse and a decreased rate 
of newly discovered antibiotics, drug-resistant pathogens have become a world-wide major 
concern. The main mechanisms of antimicrobial agent activity are inhibition of the cell wall 
synthesis, depolarization of the membrane, inhibition of protein synthesis, nucleic acid 
synthesis and metabolic pathways23.  
 
Antimicrobial resistance can be intrinsic, adaptive or acquired24. Intrinsic resistance is the 
resistance due to the natural properties of the bacterium itself, e.g. the outer membrane of 
gram-negative bacteria renders the cell wall impermeable for some antibiotic reagents25. 
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Adaptive resistance is transient, and often induced by specific conditions (stress, nutrient 
conditions, pH, etc). This allows bacteria to quickly adapt to stress conditions, such as the 
presence of the antibiotic, usually, by gene expression. Once the inducing signal disappears 
the bacterium returns to its original state26. 
 
Acquired resistance, on the other hand requires the acquisition of genetic material through 
horizontal gene transfer, this includes three main mechanisms: transformation, transduction 
or conjugation (fig 1.2)27,28. Transformation is the process in which free DNA from the 
environment is taken up by the bacterium and is incorporated into their chromosome. 
Transduction is mediated by bacteriophages transferring genetic material during infection. 
The most used mechanism is conjugation, requiring a direct physical contact between two 

Figure 1.2: Transmission of genetic material between microorganisms. Transformation: Some bacteria 
are able to take up free DNA from the environment and incorporate it into their chromosome. 
Transduction: Bacteriophages mediate transfer between different bacteria. The DNA from a donor 
bacterium is packed into a virus particle and transferred into a recipient bacterium during infection. 
Conjugation: A plasmid is transferred from one bacterium to another through a sex pilus. Figure adapted 
from Holmes et al.27 
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bacteria. The sex pilus formed between the two bacterial cell walls is then used to transfer 
genetic material from one to another. 
 
All above mentioned resistance types are found to exploit a wide variety of mechanisms for 
the protection against harmful substances: inactivation of the antibiotic, modification of the 
antibiotic target, reduction of antibiotic accumulation within the cell by limiting the update 
and increasing the active drug efflux (fig. 1.3). However, due to the lack of an outer membrane 
containing lipopolysaccharides (LPS), gram-positive bacteria cannot limit the uptake of drugs 
via the their cell membrane29. Drug inactivation happens via two different mechanisms, either 
by alteration of the drug or by degradation of the drug. In case of drug alteration, a chemical 
moiety is transferred to the antibiotic, usually an acetyl, phosphoryl and adenyl moiety, e.g. 
chloramphenicol resistance accomplished through acetylation30. Degradation, on the other 
hand, is achieved through hydrolyzation of the molecule. The most known example is β-
lactamase that opens the amide bond of the β -lactam ring, hereby rendering the antibiotic 
ineffective31. 
 
Methods of drug target modification include target alterations, bypassing of the target, and 
protection of the target cells23,26. One of the most known examples is the alteration of 
structure and number of penicillin-binding proteins (PBPs), leading to a change in the ability 
and the amount of the drug necessary to bind32. PBPs are membrane-anchored peptidase 
enzymes responsible for catalyzation of the crosslinking of the peptide bridges between the 
different glycan strands of the PG. They are the main targets of β -lactam antibiotics33. 
 
Biofilm formation, a further resistance mechanism, protects bacteria from both an attack of 
the host immune system, as well as from antimicrobial agents. This would lead to a higher 
dose of drugs necessary to obtain a suitable effect of killing the bacteria. Furthermore, since 
horizontal transfer of genes is facilitated by the proximity of other bacterial cells, biofilms are 
an excellent environment for sharing resistance genes 34,35. In addition, bacteria contain genes 
encoded in their DNA for efflux pumps. They can be expressed constitutively, or induced and 
overexpressed under certain environmental stimuli36,37. The main function of these pumps is 
to get rid of toxic substance for the bacterial cell, and in most of the cases they will transport 
a large variety of compounds. There exist different families of efflux pumps, that have been 
classified based on their structure and energy source: the ATP-binding cassette (ABC) family, 
the multidrug and toxic compound extrusion (MATE) family, the small multidrug resistance 
(SMR) family, the major facilitator superfamily (MFS), and the resistance-nodulation-cell 
division (RND) family23. 
 

1.2.3 Methicillin-resistant S. aureus (MRSA) and Vancomycin-resistant S. aureus 
(VRSA) 

Methicillin-resistant S. aureus (MRSA) is one of the most successful bacterial pathogens. Aside 
from the large amount of protection mechanisms, S. aureus also emerged a range of antibiotic 
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resistance mechanisms. MRSA causes hospital-acquired infections worldwide, associating it  
with high morbidity and mortality8. Methicillin, a semi-synthetic anti-staphylococcal 
antibiotic, was thought to bring relief after the resistance against penicillin. Nonetheless, 
resistance strains emerged quickly after its discovery10. MRSA strains are resistant to all know 
β-lactam antibiotics, as well as, other non-β-lactam antibiotics, limiting the impact of available 
antimicrobial therapy.  
 
Resistance of MRSA strains against β-lactam antibiotics works in two primary ways, through 
the expression of β-lactamase, and expression of PBP2a (fig 1.3)11,38. Acquisition of the blaZ 
gene, encoding for enzyme β-lactamase, enables the hydrolysis of the amide bond of the four-
membered β-lactam ring characterizing β-lactam antibiotics, rendering the drug before it 
reaches its target, the PBPs in the PG38. The mobile genetic element ‘staphylococcal cassette 
chromosome mec’ (SCCmec)39, containing mecA, enables the expression of penicillin-binding 
protein 2a (PBP2a). As mentioned above, PBPs are responsible for catalyzing crosslinking the 
peptide bridges between the different glycan strands within the PG. As they are the main 
targets for β-lactam antibiotics33, the expressed PBP2a is highly resistant to inhibition by β-
lactam antibiotics and can maintain peptidoglycan crosslinking in the presence of β-lactam 
antibiotics, allowing survival40–42. Furthermore, the aux (auxiliary factors) and fem (factors 
essential for methicillin resistance) contribute to PBP2a-mediated β-lactam resistance43,44.  
 
MRSA is still susceptible to so-called last-line drug vancomycin and new antibiotics such as 
daptomycin and linezolid11. Although resistance against these last-line drugs is at moment 
still uncommon, more and more vancomycin-resistance S. aureus (VRSA) strains are 
emerging. Vancomycin, a glycopeptide, inhibits cell wall synthesis by binding to the D-Ala-D-
Ala endings of the stem peptides, hereby preventing correct incorporation into PG and 
altering the bacterial cell membrane integrity45. Although it has been shown that resistance 
emerges through plasmid transfer of the vanA operon from vancomycin-resistant 
Enterococcus faecalis46,47, vancomycin resistance is not yet completely understood. 
Resistance is further linked with mutations that alter genes encoding core components of the 
cell membrane (mprF), cell wall synthesis and autolysis (yycH), and teichoic acid synthesis 
(dltA)48.  
 

1.3 Cell wall biogenesis of S. aureus 
In contrast to gram-negative bacteria, gram-positives do not present an outer cell wall for 
protection against their harmful environment50. However, gram-positive bacteria possess 
several distinct features for maintenance of the cell shape and size, regulation of the cell 
pressure and protection against a harmful environment. 
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Figure 1.3: Molecular mechanism of antibiotic resistance in Staphylococcus aureus. General 
mechanisms of antibiotic resistance mechanisms with two primary ways of S. aureus resistance. β -
lactamase: PDB-ID 4s2i49. Adapted from Lade et al11.  

 

1.3.1 General features of the cell wall 
The gram-positive bacterial cell wall is composed of a thick, heavily crosslinked PG, wall 
associated proteins and teichoic acids (TA)51,52 (fig. 1.4). The PG matrix is composed out of 
glycan strands containing N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 
connected through β-(1,4)-glycosidic bonds53. Compared with gram-negative bacteria, the PG 
of gram-positives is much thicker, the S. aureus PG has a thickness of around 25 nm54. The 
glycan strands are crosslinked through so-called ‘stem-peptides’ and flexible peptide bridges, 
resulting in a mesh-like structure that surrounds the cell. The S. aureus stem-peptides are 
pentapeptides composed out of L-alanine, iso-D-glutamine, L-lysine, D-alanine and D-alanine 
with a peptide bridge composed of pentaglycine attached to each MurNAc residue55.  
 
In gram-positive bacteria, two different types of TAs can be found, wall teichoic acids (WTA) 
attached to PG and lipoteichoic acids (LTA) anchored via lipid domains within the cell 
membrane52,56. TAs are important for a variety of functions, such as control of bacterial cell 
division, protection from environmental stress, host cell adhesion, antibiotic resistance, 
biofilm formation, as well as virulence and immune evasion31,32,34–44. Of the known TAs, WTAs 
and LTAs contain slightly different functions. While WTAs are important for efficient blockage 
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of antibody recognition and phage intrusion, lysozyme access, colonization and facilitation of 
horizontal gene transfer, LTAs contribute to cell growth, cell stability, virulence and cell 
division38.  
 
TAs are zwitterionic, as they contain negatively charged phosphate groups and positively 
charged D-alanine residues on the repeating units68–70. S. aureus WTAs consist of 1,5-linked 
ribitol phosphate subunits attached via a disaccharide linkage unit (GlcNAc and ManNAc) to 
PG, whereas LTAs are 1,3-linked glycerol phosphate repeat units tethered to membrane-
anchored gentiobiosyl-diacylglycerol (Glc2-DAG) embedded in the cell membrane (fig 1.4)51.  
 

 

 

Figure 1.4: Cell wall structure of Gram-positive bacteria. The gram-positive cell wall contains a thick 
peptidoglycan (PG) layer, together with two types of teichoic acids; lipoteichoic acids anchored in the plasma 
membrane and wall teichoic acids attached to the PG, both decorated with D-alanine residues. MurNAc: N-
acetylmurine; ManNAc: N-acetylmannosamine; GlcNAc: N-acetylglucosamine 
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1.3.2 Lipoteichoic acids 
The individual structures of LTAs differ in gram-positive bacteria and are categorized into five 
types (fig 1.5), of which type I, the polyglycerolphosphate is best characterized to date52. It is 
found among a large variety of different gram-positive bacteria that belong to the genus 
Firmicutes, including Baciluus subtilis, Listeria monocytogenes and S. aureus. Type I LTAs are 
recognized by TLR2 and are associated with various inflammatory diseases ranging from 
minor skin diseases to severe sepsis71–73.  
 
 

 
Figure 1.5: Types of known LTA in gram-positive bacteria. Glc: glucose; Gal: galactose; GlcN: 
glucylamine; GlcNAc: N-acetylglucosamine; AATGal; 2-acetamido-4-amino-2,4,6-trideoxy-D-
galactose; GroP: glycerolphosphate; RboP: ribitolphosphate; D-ala: D-alanine; P-Cho: phosphocholine.  
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Figure 1.6: Schematic representation of S. aureus LTA synthesis. A. S. aureus LTA biosynthesis 
pathway. YpfP synthesizes the glycolipid anchor Glc2-DAG, followed by flipping to the outer leaflet of 
the membrane by LtaA. The GroP polymer is synthesized by LtaS on the outside of the cell. Structure 
of the extracellular domain of LtaS is shown (PDB-ID: 4uoo). B. Current model for D-alanine 
modification of LTA. An activated alanine is attached by DltaA to the phosphopantetheine prosthetic 
group of the carrier protein DltC. DltC binds to DltB, leading to transfer of D-alanine onto DltD, which 
transfers it onto the LTA polymer. Figure adapted from Rismondo et al.74 

 
WTAs and LTAs are synthesized in different pathways, and the structures of both WTA and 
LTA vary among gram-positive bacteria. In S. aureus, the LTA synthesis starts on a 
diacylglycerol (DAG) lipid embedded in the cytosolic leaflet of the cell membrane. As a first 
step the glycosyltransferase YpfP uses a nucleotide-activated glucose (UDP-glucose) as 
substrate and will attach two glucose residues via a β(1→6)-bond to a DAG lipid forming a 
Glc2-DAG63,75,76. Next, the flippase LtaA will translocate this Glc2-DAG to the extracellular 
leaflet of the membrane77, followed by an extension of the LTA 1,3-glycerol-phosphate 
polymer by the LTA synthase (LtaS), adding glycerol-phosphate in a 1,3 bond 78–80 (figure 1.6a). 
On average, the length of a LTA polymer is about 25 glycerolphosphate (GroP) residues81. The 
LTA structure intercalates into the peptidoglycan-layer however, without reaching the cell 
surface82,83.  
 
In a next step, the LTAs are modified with the attachment of D-Ala to the repeating units by 
enzymes encoded by the dltABCD operon. DltA activates D-ala using ATP by forming a D-
alanyl-AMP intermediate for a following transfer step to the phosphopantheinyl prosthetic 
group of the protein DltC84–86. Subsequently, DltC will bind to DltB on the cytoplasmic side of 
the membrane and DltB is then thought to either transfer D-alanine onto a lipid carrier as an 
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intermediate step or directly onto DltD, which as a final step will transfer D-alanine to the 
LTA74,87,88 (fig 1.6b). Salt stress-induced LTA glycosylation was reported for S. aureus 89. 
Modification of LTAs with D-alanyl is shown to play an important role in autolysis, cation 
homeostasis, host cell adhesion and invasion, biofilm formation and to be essential for the 
virulence of S. aureus52,60,90. 
 
The flippase LtaA was first described by Gründling and Schneewind77. The ltaA locus tag 
SAV1016 lays within the same operon as ypfP, and the predicted starting site overlaps the 3’ 
end of the ypfP coding sequence. Genes located in the same operon usually encode proteins 
that are involved in the same biological pathway. Therefore, the authors speculated that this 
new discovered gene must be involved in LTA or Glc2-DAG biosynthesis. Preparation of S. 
aureus ∆ltaA gave cells with longer LTAs, but did not interfere with the Glc2-DAG synthesis 
indicating that the proposed function lays downstream of YpfP. This led to the hypothesis that 
LtaA is to be responsible for the transport of Glc2-DAG from the inner to the outer leaflet of 
the membrane.  
 
Although S. aureus ∆ltaA still contains LTAs, they are longer compared to those found in S. 
aureus WT and do not contain a gentiobiose headgroup. Here, LtaS can use 
phosphatidylglycerol as starting block and attaches GroP units directly to the diacylglycerol 
resulting in LTAs lacking the sugar headgroup and with a length of 20 GroP repeat units longer 
than WT LTA91. S. aureus ∆ltaA shows not only longer LTAs, but also a larger cell size and 
several cell division defects, such as multiple and misplaced septa (fig 1.7)58. The 
misconstructed LTAs were shown to lead to virulence defects in murine models, since S. 
aureus ∆ltaA failed to efficiently infect kidneys and liver tissues77. S. aureus ∆ltaA seems to be 
susceptible for daptomycin, a calcium-dependent lipopeptide antibiotic frequently used to 
treat S. aureus infections92. In addition, the knock-out of ltaA in a MRSA background increased 
the susceptibility to methicillin antibiotics58. Interestingly, it was found that S. aureus ∆ltaA 
strains containing abnormal long LTAs are susceptible to cell lysis in the presence of an DltB 
inhibitor suggesting that D-alanylation controls the activity of cell wall hydrolases58. In 
conclusion, LTAs lacking the Glc2-DAG anchor result in longer LTAs, division defects, decreased 
virulence and a higher sensitivity to β -lactam antibiotics and other stressors, such as cell wall 
hydrolyses.  
 
Similar for S. aureus ∆ltaA strains, S. aureus ∆ypfP strains (or also called ∆ugtP strains) contain 
LTAs without the gentiobiose headgroup, but also in this case the enzyme LtaS uses a 
phosphatidylglycerol lipid as the starting molecule for LTA assembly. As a consequence of the 
knock-out a Glc2-DAG cannot be formed, as the UDP-Glc residues are not attached to the 
DAG93. This results in growth defects such as longer LTAs, larger cells, and misplaced septa 
(fig. 1.7). The LTAs of S. aureus ∆ypfP strains have been found to be even larger than in ∆ltaA 
strains, leading to the hypothesis that in ∆ltaA strains, still a part of the Glc2-DAG can be 
translocated across the cell membrane by an unknown mechanism77.  
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S. aureus ∆ltaS strains are characterized by a significantly reduced cell viability caused by 
defects in the cell envelope assembly that in turn can be explained by the small amount of 
GroP containing LTAs78. Therefore, the LTA biosynthesis enzymes represent a promising 
target for the development of novel antimicrobial agents. Information about their structure 
and function becomes essential to combat the current threat by emerging antibiotic resistant 
bacterial strains. Except for the structure of LtaA, determined in this project (Chapter 2), only 
the structure of extracellular domain of LtaS has been elucidated so far79. 
 

1.4 LtaA as drug target 
Antibiotics are used to eradicate the infecting bacterial pathogen from its host. Consequently, 
targets of antibiotics should be absent in eukaryotic cells not to damage them, making the 
cell wall a primary target for antibiotics. As TAs play critical roles in bacterial viability, during 
cell division, immune evasion, resistance and pathogenesis, they are promising antibiotics 
targets. Especially enzymes involved in the biogenesis pathway of LTAs are excellent targets, 
as a result of the essential role of LTAs in cell survival. Inhibition of the LTA biosynthesis, 
increases cell lysis and sensitivity against β-lactam antibiotics in MRSA strains. Of the 
biosynthesis pathway, LtaA and LtaS are the most promising targets, considering their 
exposure to the extracellular milieu and absence of human homologues94. Since LTA are 
important for recognition by TLR2 to initiate immune responses71–73, the LTA structure may 
be also a promising target for vaccine development95,96. 
 
Compounds inhibiting LTA biosynthesis have been developed in the past (fig 1.8). The first 
LTA inhibitor discovered, compound 1771, was shown to inhibit the growth of MRSA with a 
minimal inhibitory concentration (MIC) of 5.3 mg/ml13,94. At first, compound 1771 was 
proposed to be an LtaS inhibitor, although, later this was countered and argued that the effect 
possible reflects the inhibition of polymer production, such as the phosphatidylglycerol 
pathway80. Later, the azo dye Congo red was validated as an LtaS inhibitor, and proposed as 
a starting point for development of more potent LtaS inhibitors80.  

Figure 1.7: S. aureus mutants unable to synthesize LTA on Glc2-DAG show abnormal long LTAs, and 
have cell size and division defects. A. Anti-LTA Western blot of exponential-phase S. aureus RN4220 
lysates. B. Transmission electron microscopy (EM) of S. aureus RN4220. Arrowheads indicate septal 
defects. Scale bars shown in right bottom corner are 500 nm. Adapted from Hesser, et al.58.  
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The essential role in providing Glc2-DAG anchors at the extracellular side of the membrane, 
together with the susceptibility of ∆ltaA strains for other drugs (β-lactam antibiotics and dltB 
inhibitors) and the impaired virulence make LtaA a central player for lipoteichoic acids 
assembly. Therefore, LtaA is a potential target for drugs aiming to counteract antimicrobial 
resistant S. aureus strains e.g., methicillin-resistance S. aureus (MRSA) and vancomycin-
resistant S. aureus (VRSA).  
 

1.5 Protein transporters 
Membranes are physical barriers found in all kingdoms of life. They separate cells from the 
external environment, or create a separate compartment. Membranes are composed out of 
amphiphilic molecules, lipids, containing a hydrophilic headgroup, and hydrophobic tails. 
Transport of polar molecules across these biological membranes is an essential process for 
cellular life, mediated by membrane proteins. Between three to 16% of prokaryotic, and 20 
to 30% of eukaryotic open reading frames are predicted to encode integral membrane 
proteins97,98.  
 
In bacteria, three different types of membrane transporters are found to transport molecules 
across the lipid bilayer99. Primary transporters are consuming the energy released by ATP 
hydrolysis to transport substrates against concentration gradient, such as ATP-binding 
cassette (ABC) transporters and P-type ATPases. Secondary active transporters are using the 
energy stored in gradients, protons or sodium molecules, to transport their substrate uphill 
against the concentration gradient, while coupling it with downhill transport of ions, H+ and 
Na+. This is also called the proton-motive-force (pmf) or sodium-motive-force (smf). Energy-
independent proteins transport their substrate down its concentration gradient, there are 
two different types: facilitators and channels. A channel is permeable to both sides of the 
membrane simultaneously, whereas a facilitator keeps at least one gate close100 (fig. 1.9a).  

Figure 1.8: Inhibitors of S. aureus LTA synthesis. Structures drawn with MarvinSketch.  
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Figure 1.9: Mechanism of transport across membranes. A. Classification of membrane transport 
proteins, based on their energy sources. Primary transporters use the energy released from ATP 
hydrolysis, secondary transporters use the energy stored in proton or sodium gradients and facilitators 
and channels transport substrates along the concentration gradient. B. Different mechanisms used by 
transporters. Uniporters move the substrate across the concentration gradient, symporters transport 
the substrate in the same direction as the energy source, and antiporters transport the substrate in 
the opposite directions.  

1.5.1 Secondary transporters 
Secondary active transporter, or short secondary transporters, are membrane transporters 
using energy stored in an electrochemical gradient, protons or sodium ions, to transport their 
substrate across the cell membrane. These secondary transporters catalyze translocation of 
their substrate across the membrane via uniport, symport or antiport101 (fig. 1.9b). 
Uniporters, also called facilitators, transport their substrate along the concentration gradient. 
This could be in either direction, as import or export. Symporters and antiporters translocate 
their substrate using the energy stored in the pmf or sdf. Symporters translocate the substrate 
and the energy source in the same direction, whereas antiporters translocate them in 
opposite directions. Within the same family of transporters, uniport, symport and antiport 
can be observed101, indicating that the structural fold does not provide information about the 
direction of the transport. The energy use of electrochemical ion gradients coupled to 

Uniporter Symporter Antiporter

Substrate

Ion

ATP ADP+Pi

Primary transporter Secondary transporter Facilitator Channels
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transport of molecules across the cell membrane was described in the past, using single 
molecule fluorescence resonance energy transfer102.  
 
Transporters are further classified by sequence, mechanism and substrate into transporter 
classes, subclasses, family or superfamily, subfamily, and substrate103. Secondary transporters 
are classified in different families, which exhibit a broad substrate variability104. Remarkably, 
members of different families, can contain the same structural fold, albeit they do not share 
any significant sequence similarity. A structural fold is defined by sharing the same fold by at 
least two distinct transporters that do not have apparent sequence similarity105. Further 
analysis based on folds could lead to the reclassification of transporters. For example nine 
transporter families containing the LeuT fold were grouped together into the amino acid-
polyamine-organocation (APC) superfamily105. Of all the secondary transporter families, the 
MFS family is the largest evolutionary related superfamily of transporters, containing its own 
MFS fold106. 
 

1.5.2 Alternating access mechanism 
To accomplish transport of molecules across the membrane, transporters have to switch 
between different conformations. During the transport cycle, the transporter switches 
between outward-open and inward-open conformations, via an occluded state. Every 
transporter should form at least two different conformations to provide access to the central 
cavity from both sides of the membrane. In between the open states, the transporter forms 
an occluded state, in which the central binding pocket is not accessible from either side of the 
membrane. Jardestzky proposed this alternating access mechanism already in 1966107 (fig 
1.10).  

 
Figure 1.10: The alternating access mechanism-model. During the transport cycle, the transporter 
alternates between the outward-open, occluded and inward-open state with the substrate bound, 
and back to an outward-open state without substrate to prepare for the next cycle.  
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As transporters do not open to both sides of the membrane simultaneously, they need to 
undergo transitions during the transport cycle, allowing access in an alternating way to the 
substrate binding site. Therefore, they undergo structural changes within the transmembrane 
helices. To elucidate the mechanism of transporters, protein structures of the same 
transporter in different conformations are necessary. Structures do not reveal only the 
inward-open, outward-open and occluded state, but also intermediate states. Within the 
alternating access model, three different mechanisms have been identified: the rocker switch, 
the rocker-bundle, and the elevator mechanism (figure 1.11)108.  
 
The rocker-switch mechanism is used by transporters containing two structurally similar half-
transporters, where the two helical bundles are related by a pseudo-2-fold-symmetry 
perpendicular to the plane of the membrane such as the MFS fold109,110. For this kind of 
mechanism, the substrate-binding site is located at the interface between the two half-
domains of the transporter, approximately half-way across the membrane108. Alternating-
access to the substrate binding site is obtained by movements of both domains around the 
substrate in the central substrate binding pocket111,112 (fig. 1.11a). 

 
Figure 1.11: Alternating-access mechanisms. Major conformations of the moving-barrier observed in 
rocker switch (A) and rocker bundle (B) proteins. The substrate (brown sphere) binds both domains, 
leading to rearrangement of the protein around the central substrate-binding site. A fixed-barrier 
alternating access mechanism is observed for elevator (C) proteins. The substrate (brown sphere) 
binds to one of the domains which moves around the fixed barrier.  
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The rocker-bundle mechanism involves the asymmetrical movement of the two domains. 
Similar to the rocker-switch mechanism, the substrate binding site is also centrally located. 
However, the transporter will only undergo major conformational changes in one half-
transporter, because both bundles are structurally different113. The transporter contains also 
a pseudo-2-fold- symmetry, but the axis runs through the center of the transporter (fig. 
1.11b). This mechanism of transport is used among others by LeuT, a bacterial homolog of 
the neurotransmitter sodium symporter (NSS) family, and by extension other transporters 
containing the LeuT fold105,114,115.  
 
The elevator mechanism translocates the substrate across the cell membrane, rather than 
the two domains of the transporter moving around the substrate. Typically, elevator 
transporters are made up by two distinct domains, like the rocker-bundle transporters. 
However, the substrate binding pocket is only located on a single domain (fig. 1.11c). The 
mechanism was first seen in glutamate transporters116 and sodium-proton exchangers117, and 
later proposed to be used by other transporters as well118–123.  
 
It has to be noted that the above-described mechanisms are models unable to take all 
molecular details into account. Therefore, they will be finetuned for each individual 
transporter or transporter family. Both the rocker-switch and the rocker-bundle models break 
down when intermediate and occluded conformations are included108. Therefore, different 
models have been proposed such as the ‘clamp-and-switch’ model for MFS transporters124.  
 

1.5.3 Transporter catalyzed lipid translocation 
Similar to small soluble molecules, the barrier for spontaneous transport of lipids with a polar 
headgroup across the lipid bilayer is energetically unfavorable125–127. As mentioned above, 
transporters are classified on their energy sources. Transport of lipids has been reported for 
all types of membrane transporters (fig 1.12):  

(i) Primary active transporters using ATP; ABC transporters translocating lipids from 
the inner leaflet to the outer one128–131, and P4-ATPases carrying out the 
translocation from the outer leaflet to the inner leaflet132,133.  

(ii) Secondary transporters requiring proton or sodium gradients; lipid transporters 
have been identified in different families of secondary transporters134,135. 

(iii) Scramblases acting energy-independent, and perform bidirectional and unspecific 
lipid transport along the concentration gradient136,137.  

Lipid transporters that use energy, both primary and secondary transporters, are called 
flippases138.  
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Figure 1.12: Transporters catalyzing lipid translocation. ABC transporters translocate the lipid 
substrate from the inner to the outer leaflet, while P4-ATPases transport from outer to inner leaflet. 
Both use ATP as their energy source. Secondary active transporters use the gradient of an ion as 
energy source to translocate their lipid substrate. Scramblases perform bidirectional transport. ABC 
transporter, P4-ATPases and secondary active transporters are also called flippases.  

The most common substrates of flippases are phospholipids. However, also more complex 
molecules like glycolipids are transported. Complex polysaccharides are essential for a range 
of biological processes, such as biosynthesis of the bacterial cell wall139, N-glycosylation140 as 
well as exo- and endocytosis141. Their biosynthesis requires complex pathways. In some cases, 
a lipid anchor is part of the final glycoconjugate structure (e.g. lipopolysaccharide (LPS) in 
gram-negative bacteria, LTA in gram-positives, mycolic acid in Mycobacterium). In other cases 
a lipid carrier, in the form of an undecaprenol pyrophosphate (Und-PP) lipid, is used as a tool 
for export of the polysaccharide precursor. Biosynthesis of complex polysaccharides starts on 
the cytoplasmic leaflet, followed by translocation across the membrane by a flippase and 
further polymerization on the extracellular leaflet for these glycol complexes142.  
 
At the moment five structures of flippases mediating glycolipid transport are elucidated; four 
ABC transporters and one secondary transporter.  

1. The ABC lipid-linked-oligossacharide (LLO) transporter PglK of Campylobacter jejuni 
translocating an LLO used as a donor for proteins requiring N-glycosylation128.  

2. The ABC transporter MsbA flipping lipid A and the core oligosaccharide of LPS across 
the inner membrane of gram-negative bacteria129. 

3. The O-antigen exporter of gram-negative bacteria Wzm-Wzt, translocating the 
variable O-antigens of the LPS molecules across the inner membrane130,143.  

4. The Alicyclobacillus herbarius homologue of S. aureus ABC transporter TarGH, 
exporting WTA precursors to the cell surface for attachment to peptidoglycan131.  
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5. The secondary multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) transporter 
MurJ, translocating lipid II, a building block of the PG, GlcNAc-MurNAc-
pentapeptide134,144.  

 

1.5.4 General mechanisms of lipid translocation 
Different models of lipid translocation have been proposed. On one hand the ‘trap-and-flip’ 
model, in which the lipid is captured from the membrane, completely enclosed into the 
central substrate cavity, and then delivered to the other leaflet of cell membrane. On the 
other hand the ‘credit-card’ model, in which the polar headgroup is translocated across the 
membrane through a hydrophilic cleft or cavity in the transport protein, while the aliphatic 
tails remain embedded in the membrane (fig. 1.13).  
 
The ‘trap-and-flip’ mechanism was the first time described for MsbA, the LPS flippase. A cryo-
electron microscopy (EM) structure revealed an LPS molecule embedded in the central cavity 
of the flippase129. Other transporters, such as the human phosphotidylcholine transporter 
ABCB4145 and the human multidrug exporter P-glycoprotein146, have been identified to use 
the ‘trap-and-flip’ mechanism as well. 
 
The ‘credit-card’ mechanism was first described by Pomorski-Menon for phospholipids147. 
This model departs from the classical alternating-access mechanism for small-molecules, 
actively transporting the polar head-group through a polar groove of the transporter, whereas 
the lipid tails remain embedded in the membrane. Cryo-EM structures of the human P4-
ATPase ATP8A1-CDC50a showed different intermediate states, revealing the transport cycle 
of this lipid flippase148. Together with structural determination of its yeast homologue Drs2p-
Cdc50p the translocation mechanism of P4-ATPases is well determined132,133. Besides the P4-
ATPases, the credit-card mechanism was also proposed for the LLO transporter PglK128, the 
calcium-activated TMEM16 scramblase136 and the photoreceptor rhodopsin137.  

Figure 1.13: General mechanisms for lipid translocation across the lipid bilayer. ‘Trap-and-flip’ 
model (left): The lipid is captured from the membrane, completely enclosed into the central 
substrate cavity, and then delivered to the other leaflet of cell membrane. ‘Credit-card’ model (right): 
The polar headgroup is translocated across the membrane through a hydrophilic cleft or cavity in the 
transport protein, while the aliphatic tails remain embedded in the membrane. 
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As with all models, the ‘credit-card’ model is a starting point to describe pathways for lipid 
translocations, and modifications have been observed during the revelation of more 
structures and mechanisms. One of the most prominent modifications is the ‘outward-only’ 
mechanism of the LLO flippase PglK128,149. The authors proposed in this model that only 
outward-open conformations are necessary for translocation of the LLO. It remains to be 
investigated if this mechanism is shared by other transporters such as the human lipid 
exporter ABCA1150.  
 
However, all the previous mentioned flippases, are primary active transporters using ATP. The 
Lipid II flippase MurJ is one of the only descripted secondary flippase134,144. MurJ belongs to 
the MOP family of transporters (fig. 1.14a,b), and plays a role in assembly of the PG. The MurJ 
structure revealed 14 transmembrane helices (TM), organized in a N-terminal (TM1-6), and 
C-terminal (TM7-14) lobe, with TM13 and TM14 extending out from the core to form a 
hydrophobic groove (fig 1.14a,b). The structure of the transporter revealed a large central 

Figure 1. 14: The secondary flippase MurJ. Side view(A) and cytoplasmic view (B) of MurJ (PDB 5T77). 
C. Proposed flipping mechanism of MurJ. N-terminal (TM1-6), C-terminal(TM7-12) lobe and 
hydrophobic extension (TM13-14) are colored in blue, green and red. A.+B.: adapted from Kuk et 
al.(2017)134, C. Adapted from Kuk et al. (2019)144.  
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cavity linked with a hydrophobic groove formed by TM 13 and 14. The portal to the large 
cavity is formed between TM1 and 8, and is linked with the hydrophobic groove. The large 
cavity can be subdivided into proximal and distal sites with respect to the groove. Based on 
structural analysis, it was proposed that the sugar moieties and diphosphate of Lipid II 
headgroup bind into proximal site, whereas the pentapeptide moiety is located in the distal 
site of this cavity and the undecaprenyl tail associates with the hydrophobic groove (fig. 
1.14a,b). During translocation, the polar sugar headgroup is actively transported, while the 
undecaprenyl tail slides into the hydrophobic groove made up by TM 13 and 14 (fig 1.14c). 
MurJ was shown to use the alternating access mechanism151.  
 
The flippase LtaA was predicted to be a secondary transporter and to contain the MFS-fold67. 
At the start of this project there were no structures and mechanistic details available for 
predicted MFS flippases. So further investigation was performed to enlighten the structure 
and mechanism of LtaA, and in the broader view for other flippases of the MFS family. In the 
meantime, the structure of the mammalian docosahexaenoic acid (DHA) transporter MFSD2A 
was described, underling the importance to understand the mechanism of MFS 
flippases152,153.  
 

1.6 Major Facilitator Superfamily 
The MFS of protein transporters plays a role in nutrient uptake, metabolite extrusion, and 
multidrug resistance. Members of this superfamily are found in all kingdoms of life154. 
Currently more than 89 families are classified within the MFS, based on their type of 
substrate, as listed on the Transporter Classification Database (www.tcdb.org)155–157. Bacteria 
use MFS transporters for the uptake of nutrients and extrusion of deleterious compounds, 
whereas human MFS transporters are important for transport of nutrients and signaling. 
Malfunction of MFS members occurs in multiple diseases, e.g. cancer and metabolic diseases 
124,158,159. Members of the MFS are secondary transporters. Uniporters, symporters and 
antiporters have been identified within the familiy109,160,161.  
 

 
Figure 1.15: Canonical Major Facilitator Superfamily-fold. The N-terminal (brown) and C-terminal 
domains (blue) are connected by a helical loop (HL) (grey). The inverted repeat of three helices within 
each domain are shown in lighter and darker colors, resulting to the internal symmetry of 3x4.  
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1.6.1 General features of the MFS 
Members of the MFS superfamily contain the same structural fold (fig. 1.15), composed out 
of 12 transmembrane helices (TM1-12). Some members contain 11 or 14 helices155, as 
recently proven by the crystal structure of ENT1162. The transmembrane helices are divided 
into two structural similar domains, the N-terminal (TM1-6) and C-terminal (TM7-12) 
domains, each containing six TM helices, related with a pseudo-rotational two-fold symmetry 
axis, perpendicular to the membrane163–165. The two domains are connected by a 
unstructured loop or a-helical loop109,166–170. The substrate-binding cavity is formed by 
residues from both domains171. The N- and C-terminal domains can both be further divided 
into two inverted repeat of three helices, leading to an internal symmetry of 3x4 155,165 (fig. 
1.15). Although members of the MFS have the same structural fold, their sequence 
conservation is low, between 12-18%, with a higher conservation between members of the 
same subfamily172.  
 
Despite the general low sequence identity between members of the MFS family, conserved 
sequence motives are observed173. Motive A is a highly positive charged motif with the 
sequence ‘GX3D(R/K)XGR(R/K)’ and is located in the loop between TM2 and TM3174. Motif A 
seems to be important for gating interactions175, in particular for lactose and tetracycline 
transport across the membrane 176,177 and for the stabilization of the outward conformation 
in the multidrug/H+ antiporter YajR178. Due to the internal symmetry of MFS transporters, the 
loops between TM5-TM6, TM8-TM9 and TM11-TM12 have similar motif A-like regions. Motif 
B ‘RX2QG’ in TM4 is proposed to be involved in proton-coupling, and substrate-binding 
conformational change. Motif C “GX8GX3GPX2GG”, the so called antiporter motif, lays within 
TM5, and is thought to be responsible for the substrate binding and facilitation of transport 
173,174,179,180. Its duplication, motif G, found within TM11, plays an important role for 
conformational changes during the transport cycle181,182.  
 
New functions for MFS transporters besides uptake of nutrients and extrusion of deleterious 
compounds have been reported. These functions included the transport of lipids across the 
cell membrane, like LtaA67,77 and others (see chapter 1.6.5)183–188, as well as enzymatic, 
regulatory and signaling functions. MFS transporters fulfilling receptor function are called 
transceptors189,190. They can be substrate sensors that transport their own substrate, like the 
H+-coupled nitrate symporter NRT1.1191,192 and the E.coli glucose-6-phosphate (G6P) sensor 
protein UhpC. UhpC induces expression of the G6P transport protein UhpT, and transports 
G6P itself193,194. Transceptors can also perform a sensor function by binding the substrate 
without transport, such as yeast Rgt3 and Snf3 binding D-glucose although incapable of 
transport195–197 and mammalian transporter UNC93B1 acting as a trafficking chaperone for 
TLRs198. 
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The first structural characterized MFS transporters were the Escherichia coli lactose permease 
LacY109 in an inward-open conformation (fig. 1. 16) and E. coli glycerol-3-phophate transporter 
GlpT199. At the moment, there are more than 24 unique bacterial and 12 unique eukaryotic 
structures known200. The number of unique structures has exponentially grown in the last 
years, thanks to the developments in cryo-electron microscopy (EM). Most of these structures 
solved by cryo-EM are in complex with Fab fragments, although recently, there was also a 
structure in complex with a nanobody201.  
 
The sugar porters MFS and the multidrug resistance MFS (MDR-MFS) are the best 
characterized families within the MFS. Particularly, the lactose permease LacY is heavily 
studied and therefore used as a model system. LacY is a proton-coupled symporter using 
active transport of lactose coupled to the release of free energy from energetically favorable 
movement down to the proton gradient202. The MDR-MFS, are antiporters, recognizing  and 
extruding a large range of structurally unrelated drugs from the cell using the free energy 
released from the downhill flux of ions along their electrochemical gradient203. Structures of 
multiple MDR-MFS transporters have been solved, including E. coli MdfA in different 
conformations169,204–206.  
  

1.6.2 Structural details of the MFS transport cycle 
Structural characterization of MFS transporters in different conformations revealed their 
transporter mechanism. The best characterized transporters are the ones participating in 
nutrient uptake, and extrusion of drugs. Transport of substrates across the membrane, 
requires alternating access mechanism, in which the transporter switches between outward-
open and inward-open conformations, via an occluded state (fig. 1.10)107. This involves local 
structural rearrangements within the TM helices. In the outward-open and inward-open 

Figure 1. 16: Structure of Escherichia coli lactose permease LacY. Front view (left) and bottom 
view (right). The N- and C-terminal domains are connected by a helical loop and colored in 
yellow, blue and grey, respectively. PBD-ID: 1PV6.  
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conformation, a crevice is formed between the two half domains on the extracellular, or 
cytoplasmic side, respectively124. Multiple MFS transporters have been observed in inward-
facing, outward-facing and intermediate states, but the fully occluded states are rare and 
have only been identified three times: the multidrug transporter EmrD207, the nitrate/nitrite 
antiporter NarK208, and the hexose transporter PfHT1209. MFS transporters are thought to 
operate by rocker-switch mechanism (fig 1. 11a)108, however this model was updated by 
Quistgaard et al to ‘Clamp-and-switch-model’ to explain how the occluded states are 
formed124. The occluded PfHT1 structure, together with other sugar transporters in different 
conformational states, shows the most complete MFS transport cycle (fig. 1.17)209.  
 
Movement of the transmembrane helices during the transport cycle results in the formation 
and disruption of interactions between residues and enables the formation of the different 
states. In the inward-open, and outward-open conformation TM2 interacts with TM11, and 
TM5 with TM8 at the periplasmic and cytosolic side respectively124. However, bending of 
helices TM2, TM5, TM8 and TM11 describes only the open states, and not the occluded states. 
Occlusion of the substrate involves the bending of TM1, TM4, TM7 or TM10. From the 
cytoplasmic side bending of TM4 and TM10 is observed, while bending of TM1 and TM7 is 
noted at the extracellular side. A specific set of these residues that undergo formation and 
disruption of bonds during the transport cycle by moving close towards or far away from each 
other are called ‘gating residues’124. They can perform local fine-tuning to the substrate 
transported200, leading to asymmetrical rearrangements of the N- and C-terminal bundles 
124,209–213. These local changes in the TM helices are observed during partially occluded states 
(outward-occluded and inward-occluded), preventing the substrate from exiting.  
 

Figure 1.17: First completed Major Facilitator Superfamily (MFS) cycle, the mechanism describes the 
rocker-switch mechanism for sugar transport. The observed structural states are shown: Outward-open 
rat GLUT5 (PDB 4YBQ), outward- occluded human GLUT3 (PDB 4ZWB), fully occluded PfHT1 (PDB 6RW3), 
inward-occluded XylE (PDB 4JA3) and inward-open bovine GLUT5 (PDB 4YB9). The N- and C-terminal 
domains and connecting helical loop are colored in yellow, blue and grey, respectively. Adapted from 
Qureshi et al.209  
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The elucidation of the occluded PfHT1 structure resulted in the first whole cycle of the 
alternating access mechanism within the MFS fold209 (fig 1.17). During sugar transport, global 
rearrangements are coupled to local rearrangements in the gating helices TM7b and TM10a, 
which are involved in gating of the sugar binding site209. During transition of outward-
occluded to occluded state, TM7 will “break” and TM7b will extend closer to TM1, as seen in 
inward-facing structures. Further transitions to the inward-occluded state make the substrate 
interact more strongly with TM10b then TM7b, to finally transition to inward-open state 
showing the largest movement for TM10b, followed by substrate release 200,209 (fig. 1.18).  
 
However, investigation and comparison of both the transport cycles of MDR-MFS 
transporters and MFS sugar transporters by Drew et al reveals that the multidrug transporters 
seems to follow the classical rocker-switch mechanism, whereas the monosaccharide 
transporters operates between the rocker-switch and the rocking-bundle mechanism, as the 
conformational asymmetry is visible from the structures200. It seems that different families 
within the MFS show a high adaptability within their substrate translocation mechanism. 
Therefore, it might be possible that MFS flippases use a completely different mechanism, 
requiring further investigation.  
 

 
Figure 1. 18: Schematic drawing highlighting the local substrate gating rearrangements by TM7b and 
TM10b. TM7b is responsible for gating the outward-open to the outward-occluded state, and TM10b 
for gating between the inward-occluded state to the inward-open state. Helices are colored according 
to the canonical fold of the MFS.  
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1.6.3 Energy sources 
Transporters of the MFS are secondary transporters, using energy stored in chemiosmotic ion 
gradients in the form of protons (H+) or sodium-ions (Na+) for transport of their substrates101. 
However, some MFS transporters have been identified as facilitators, hence using the 
concentration gradient as their only energy source, e.g. the well-characterized human GLUT 
transporters213.  

 
Proton-coupled symporters are usually nutrient importers that accumulate substrates in the 
cell, while proton-coupled antiporters, are often multidrug exporters that deplete substrates 
from the cell124. In the case of proton transport, protonation and deprotonation is required 
which most frequently happens on a Glu/Asp/His and to leaser extend on a Lys/Arg/Tyr165. In 
order for these residues to be able to protonate/deprotonate at physiological conditions, and 
to undergo pKa shifts during the transport cycle, residues important for proton-driven 
translocation are in close contact with the substrate-binding site169,202,214,215. As the 
environment is important for the pKa-value of an amino acid side chain, the pKa of an amino 
acid side chain in a folded protein is influenced by interactions with other residues in its 
proximity216,217.  

 
The MFS transporters, both symporters and antiporters, have their key residues for H+ 
translocation located on helices TM1, TM4, TM7 and TM10165. Although the majority of 
transporters investigated have their H+ site located on TM1, in proximity of the substrate 
binding site166,169,218,219, LacY is an exception. LacY residue E325 on TM10 was recognized to 
be directly involved in H+ translocation220. However, superimposition of LacY and XylE suggest 
functional homology between LacY E325 and XylE D27218. As mentioned above, both TM1 and 
TM10 are involved in gating during the alternating access transport cycle. This means that the 
residues involved in proton-coupling are gating residues, driving conformational changes and 
leading to the transition between outward-and inward-open states. Although most of the 
MFS transporters use the pmf as their main energy source, there are also reports of sodium-
coupled transporters, such as the Na+/melibiose symporter MelB221. The kinetic model was 
proposed to be the same regardless of the coupling cation.  
 

1.6.4 Substrate binding pockets of MFS transporters 
The substrate-binding pocket of the MFS transporters is located in the center of the 
transporter and formed by residues on both the N-terminal and C-terminal domain154. The 
nature of the substrate-binding cavity of the MFS transporters is chemically diverse, adapted 
specifically to the substrate. The first structure of a substrate bound MFS transporter was the 
xylose/H+ in complex with D-xylose, revealing for the first time the substrate coordination168.  
 
Pockets of sugar transporters contain polar and aromatic residues, without charged residues, 
leading to a hydrophobic pocket, as required for sugar transport109,168. In contrast, the pockets 
of MDR-MFS have a large pocket, containing hydrophobic, polar and charged residues160 and 
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bind their substrates through nonspecific electrostatics and hydrophobic interactions, like the 
multidrug exporter MfdA160,222 . A chemically different N-and C- terminal pocket was observed 
for the fucose transporter FucP166 and peptide transporter YbgH219. FucP has an N-terminal 
domain with residues making a negative electrostatic potential, whereas the C-terminal part 
contains hydrophobic residues in the center of the protein, and positive charged residues on 
the edges of the binding-pocket166. The peptide transporter YbgH contains an N-domain that 
is positively charged, while it’s C-domain is negatively charged219. It was argued that 
difference in chemical nature between the N-and C-terminal domain enables the correct 
substrate orientation within the binding-pocket.  
 

1.6.5 Flippases within the MFS 
Despite the broad understanding of MFS transporters with water soluble substrates, at the 
start of this project no structural and mechanistic details were known about MFS transporters 
involved in the translocation of lipids. However, multiple transporters have been proposed to 
be MFS flippases: the bacterial lysophospholipid transporter LplT, involved in lipids recycling 
in gram-negative bacteria183,223; the human transporter MFSD2A, expressed at the blood-
brain- and blood-retinal-barrier, contributing to major uptake of docosahexaenoic acid 
(DHA)184,185,224,225; the human transporters Spns2187,188, and MFSD2B186, which both 
contribute to transport of sphingosine 1-phosphate (S1P) in endothelial cells and 
erythrocytes; and the gentiobiosyl-diacylglycerol transporter LtaA, involved in cell wall 
synthesis in S. aureus77. 
 

1.7 Aim of this work 
At the beginning of this project, the outward-open crystal structure of the Glc2-DAG flippase 
LtaA (PDB-ID: 6S7V) was determined in our group by Bing Zhang226. Elucidation of the 
structure confirmed that LtaA contained the predicted MFS-fold. In addition, it revealed a 
never observed amphiphilic cavity. The N-terminal part of the cavity is composed out of 
hydrophilic residues, whereas the C-terminal cavity is formed by hydrophobic residues.  
 
Despite structural characterization of LtaA in one conformation, questions about the activity 
and flipping mechanism of LtaA remained. At that time, there was no other characterized MFS 
flippase, no details of the mechanism in MFS flippases known, and barely any details of 
flipping in secondary transporters available. In this project, the following points were 
addressed to investigate the flipping mechanism of LtaA, which could serve as a model for 
MFS flipping:  
 

• Production and characterization of the LtaA substrate Glc2-DAG, in order to 
establish in vitro flipping assays 

• Investigation of LtaA mechanism using S. aureus ∆ltaA cells 
• Investigation of the importance of the hydrophilic N-terminal and hydrophobic C-

terminal pocket of LtaA by in vitro flipping assays 
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• Investigation of the hydrophilic N-terminal and hydrophobic C-terminal pocket of 
LtaA by in vivo assays using S. aureus ∆ltaA 

• Investigation of the alternating-access mechanism through cysteine-mediate 
crosslinking 

• Investigation of the dynamics of the lateral openings of LtaA using cysteine-
mediate crosslinking and flipping assays.  

 
Taken together these points will provide mechanistic details of the translocation mechanism 
used by the MFS flippase LtaA, which might be shared with other MFS flippases. Unraveling 
these details is not only important for the understanding of the mechanistic details, but will 
also provide foundations for the basic understanding used for drug design, such as LtaA 
inhibitors for S. aureus MRSA and VRSA strains or for lipid/linked-drug design of bioactive 
molecules targeting cells or organs expressing MFS transporters. 
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Manuscript 
Transport of lipids across membranes is fundamental for diverse biological pathways in 

cells. Multiple ion-coupled transporters take part in lipid translocation, but their 

mechanisms remain largely unknown. Major facilitator superfamily (MFS) lipid transporters 

play central roles in cell wall synthesis, brain development and function, lipids recycling, 

and cell signaling. Recent structures of MFS lipid transporters revealed overlapping 

architectural features pointing towards a common mechanism. Here we used cysteine 

disulfide trapping, molecular dynamics simulations, mutagenesis analysis, and transport 

assays in vitro and in vivo, to investigate the mechanism of LtaA, a proton-dependent MFS 

lipid transporter essential for lipoteichoic acid synthesis in the pathogen Staphylococcus 

aureus. We reveal that LtaA displays asymmetric lateral openings with distinct functional 

relevance and that cycling through outward- and inward-facing conformations is essential 

for transport activity. We demonstrate that while the entire amphipathic central cavity of 

LtaA contributes to lipid binding, its hydrophilic pocket dictates substrate specificity. We 

propose LtaA catalyzes lipid translocation by a ‘trap-and-flip’ mechanism that might be 

shared among MFS lipid transporters. 

 

Major facilitator superfamily (MFS) transporters are found in all kingdoms of life and move a 

large variety of molecules across biological membranes 1-8. Structural characterization of MFS 

transporters that participate in the uptake of water-soluble molecules and extrusion of drugs 

has contributed to a broad understanding of their transport mechanism 4,8-17. However, 

multiple reports have attributed alternative functions to MFS transporters, such as 

translocation of lipids associated with fundamental biological pathways. Some examples 

include the bacterial lysophospholipid transporter LplT, involved in lipids recycling in Gram-

negative bacteria 7,18; the human transporter MFSD2A, expressed at the blood-brain- and 

blood-retinal-barrier, contributing to major uptake of docosahexaenoic acid (DHA) 5,6,19-22; the 

human transporters Spns2 23,24, and MFSD2B 25, which contribute to transport of sphingosine 

1-phosphate (S1P) in endothelial cells and erythrocytes; and the gentiobiosyl-diacylglycerol 

transporter LtaA, involved in cell wall synthesis in Staphylococcus aureus 26,27. However, 

despite their well described cellular roles, the mechanisms of MFS lipid transporters remain 

insufficiently understood.  
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We have previously shown that LtaA is a proton-dependent MFS lipid antiporter 27. It 

contributes to the adaptation of S. aureus to acidic conditions, common in the skin and 

nasopharynx of the human host 27-29. LtaA takes part in the assembly of lipoteichoic acid, a 

phosphate-rich polymer important for control of bacterial cell division, protection from 

environmental stress, host cell adhesion, antibiotic resistance, biofilm formation, and 

immune evasion 30-33. S. aureus lipoteichoic acid displays a polymer of 1,3-glycerol-phosphate 

repeat units attached to C-6 of the non-reducing glucosyl of the glycolipid gentiobiosyl-

diacylglycerol 32-34. This glycolipid is synthesized at the cytoplasmic leaflet of the membrane 

by the glycosyltransferase YpfP and is translocated to the outer leaflet by the activity of LtaA 
26,27. The essential role of LtaA in adjusting the pool of glycolipids available at the extracellular 

side of the membrane, makes this protein a central player for lipoteichoic acid assembly and 

a potential target for drugs aiming to counteract antimicrobial resistant S. aureus strains e.g., 

methicillin-resistance S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) 31. 

Two different general models of transporter-catalyzed lipid translocation have been 

proposed in the past 35-43. A ‘trap-and-flip’ model, in which the lipid substrate is retrieved from 

one leaflet of the membrane, enclosed into a central cavity, and then delivered to the other 

leaflet 41,44,45, and a ‘credit-card’ model that departs from the classical alternating-access 

model and involves translocation of the lipid head-group across a hydrophilic cleft or cavity 

in the transport protein, while aliphatic chains remain embedded in the membrane 37-

39,42,43,46,47. However, it is not known which of these two models describe better the 

mechanism of MFS lipid transporters. Answering this question is not only important to 

understand the basis of the processes catalyzed by these proteins but could also provide a 

foundation for the design of drugs and/or lipid-linked-bioactive molecules targeting cells or 

organs expressing pharmacologically relevant proteins from this superfamily.  

Until now, a high-resolution structure of outward-facing LtaA, and inward- and 

outward-facing structures of MFSD2A have been elucidated 21,22,27. Both transporters display 

the canonical MFS fold of 12 transmembrane (TM) helices and an amphipathic central cavity 

that has not been observed in any MFS transporter of water-soluble molecules. The similar 

architectural features observed in the structures of LtaA and MFSD2A indicate common 

elements in their transport mechanisms and likely among all MFS lipid transporters. Here, we 

used cysteine disulfide trapping of outward- and inward-facing LtaA, in combination with 

molecular dynamics simulations, mutagenesis analysis, and transport assays in vitro and in 
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vivo, and showed that cycling through outward- and inward-facing conformations is essential 

for LtaA activity. We demonstrate that LtaA displays membrane exposed lateral openings with 

distinct functional relevance and characterized the architecture and biochemical properties 

of the amphipathic central cavity during alternating-access. Our results indicate that while the 

hydrophilic pocket of the amphipathic central cavity dictates substrate specificity, the 

hydrophobic pocket is only relevant for aliphatic chains’ binding. We describe critical 

mechanistic elements revealing that LtaA adopts a ‘trap-and-flip’ mechanism that might be 

shared among MFS lipid transporters. 

 

Results  

Models of inward-facing LtaA and validation by cysteine cross-linking  

To investigate whether LtaA uses a ‘trap-and-flip’ or a ‘credit-card’ mechanism, we 

first aimed to establish a system that allowed us to perform cysteine disulfide trapping of end-

point conformations of LtaA during its transport cycle. The architecture of the previously 

solved structure of LtaA 27, facilitates cysteine disulfide trapping of outward-facing states, 

whereas there is no structural information to guide trapping of inward-facing states. Thus, we 

first generated an inward-facing model of LtaA using ‘repeat-swap’ modeling 48. Like other 

transporters from the MFS superfamily, the topology of LtaA comprises two domains, a N-

terminal domain (TM1-TM6; domain-1), and a C-terminal domain (TM7-TM12; domain-2), 

each of which contains two structural repeats with inverted-topology related by a pseudo-

rotational two-fold symmetry axis parallel to the plane of the membrane (Fig. 1A,B). After 

swapping the conformations of the inverted repeats observed in the outward-facing structure 

of LtaA (PDB ID 6S7V) 27,48, we constructed a large set of models in silico that were refined 

aiming to improve side chains packing, stereochemistry, and modeling scores. The models 

with the best scores converged to one conformation (Fig. 1C and Suppl. Table. 1), which 

displayed multiple interactions between the extracellular parts of TM1-TM7, TM2-TM11, and 

TM5-TM8, sealing the entrance to the central cavity (Fig. 1C). In contrast, the cytoplasmic 

regions of helices TM2-TM11, TM5-TM8, and TM4-TM10, lining the entrance to the central 

cavity from the cytoplasm, are away from each other about 16.0±0.1 Å, 16.0±0.1 Å, and 

17.6±0.2 Å, respectively (Fig. 1C). The helical loop between TM6 and TM7 that connects the 

N- and C-terminal domains was modeled based on the conformation observed in the 

outward-facing structure.  
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An additional inward-facing LtaA model was generated by AlphaFold (AF) (Fig. 1D) 49. 

In agreement with the models generated by the ‘repeat-swap’ method, in the AF model, the 

entrance to the central cavity is sealed by multiple interactions between the extracellular 

parts of TM1-TM7, TM2-TM11, and TM5-TM8 (Fig. 1D), whereas the cytoplasmic regions of 

helices TM2-TM11, TM5-TM8, and TM4-TM10, lining the cytoplasmic cavity, are away from 

each other about 25.0 Å, 25.9 Å, and 23.2 Å, respectively (Fig. 1D). Comparison of the AF 

model and the ‘repeat-swap’ models reveals a wider opening of the cytoplasmic cavity in the 

model generated by AF (Fig. 1C,D and 3A).  

To validate these inward-facing models, we selected pairs of residues among the 

extracellular regions for which Cβ-Cβ distances were less or close to 8.0 Å, but which present 

Cβ-Cβ distances of over 12 Å in the outward-facing structure (Suppl. Fig. 1). We excluded 

those residues that were predicted to be buried or located in flexible regions. Based on these 

criteria, we identified the pairs F45-T253, A53-T366, and K166-I250 (Fig. 2A and Suppl. Fig. 1), 

occupying three different positions that provide good coverage of the conformational change 

predicted by the models. We then introduced cysteine residues at these positions on a 

starting construct in which the one native cysteine in LtaA was replaced with serine. The 

cysteine-less LtaA variant effectively performed glycolipid flipping in proteoliposomes (Suppl. 

Fig. 2A-C). The three mutants F45C-T253C, A53C-T366C, and K166C-I250C were then 

irreversibly crosslinked with N,N’-(o-phenylene)-dimaleimide (o-PDM), which has a spacer 

arm length of 6 Å. Crosslinked and non-crosslinked LtaA mutants were digested with either 

trypsin or chymotrypsin, and analyzed by high-resolution liquid chromatography–mass 

spectrometry (LC–MS) to evaluate the presence of non-crosslinked cysteine containing 

peptides. The peptides abundance was normalized against an internal reference peptide. We 

successfully identified non-crosslinked peptides in untreated samples of the three mutants: 

F45C-T253C, A53C-T366C, and K166C-I250C (Fig. 2A and Suppl. Fig. 3). The abundance of 

these peptides was clearly diminished in the crosslinked protein samples (Fig. 2A), 

demonstrating that the selected pairs of residues are in proximity as predicted in the inward-

facing models.  

As a control, we performed a similar experiment but with pairs of residues that were 

shown to interact at the cytoplasmic region of the outward-facing structure (Fig. 2B). Thus, 

we introduced cysteine residues at the positions K80-E339 and K141-N276, present at the 

cytoplasmic ends of TM2-TM11 and TM5-TM8, respectively. Cβ-Cβ distances between these 
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residues are smaller than 8 Å in the outward-facing structure, but larger than 12 Å in the 

inward-facing models (Suppl. Fig. 1). LC-MS analysis of the double mutants K80C-E339C and 

K141C-N276C confirmed the proximity of these residues as non-crosslinked peptides are 

more abundant in untreated samples, whereas in the presence of the cross-linking agent their 

abundances decrease substantially (Fig. 2B). In summary, our cross-linking analysis support 

the predicted conformations and interactions reported by the inward-facing models of LtaA 

and indicate the position of residues to guide cysteine disulfide trapping of LtaA 

conformations. 

 

Alternating conformations in proteoliposome membranes  

We investigated the conformations displayed by LtaA in membranes by evaluating the 

cross-linking of double cysteine mutants reconstituted in proteoliposomes (Fig. 2C). The 

cysteine pairs reported on the conformation of the TM helices that line the lateral openings, 

TM2-TM11 and TM5-TM8 (Fig. 1C,D). We screened for successful cross-links by using a gel-

shift assay in which we first incubated with the o-PDM cross-linker, followed by treating the 

proteoliposomes with 5-kDa PEG-maleimide (mPEG5k) 50. This treatment generates a 

substantial shift in the protein mobility in polyacrylamide gel electrophoresis as mPEG5k 

irreversibly binds free cysteines. However, if the introduced cysteines are cross-linked by o-

PDM, then they will not react with mPEG5k and no shift in gel mobility would be observed. A 

band indicating LtaA dimer was frequently observed in gels for all variants, including the 

cysteine-less LtaA (Fig. 2C and Suppl. Fig. 4C). However, since LtaA was shown to be 

monomeric after purification and reconstitution in nanodiscs (Suppl. Fig. 2D), we consider the 

dimer band to be an in-gel artifact.  

We evaluated the cross-linking of residues A53C-T366C (TM2-TM11) and K166C-I250C 

(TM5-TM8), positioned at the extracellular region, and K80C-E339C (TM2-TM11) and K141C-

N276C (TM5-TM8), located at the cytoplasmic region (Fig. 2C and Suppl. Fig. 4A-C). Before 

cross-linking, each double-cysteine mutant showed a gel shift after incubation with mPEG5K, 

thus demonstrating PEGylation of free cysteines (Fig. 2C and Suppl. Fig. 4C). In contrast, after 

treatment with o-PDM, all the double cysteine mutants were protected from PEGylation, thus 

showing that all mutants were successfully cross-linked. The cysteine-less control LtaA, did 

not show a gel shift in any of the conditions (Fig. 2C and Suppl. Fig. 4C), demonstrating that 

the shifts observed for the mutants were due to PEGylation of cysteines. These results 
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support that when embedded in the membrane of proteoliposomes, LtaA can adopt 

conformations where residues at the lateral openings lined by TM2-TM11 and TM5-TM8 

display similar distances to those reported by the outward-facing structure and the inward-

facing models. 

 

Dynamics of LtaA alternating conformations in membranes 

For lipid transporters that adopt a ‘trap-and-flip’ mechanism, substrate binding and 

release involve movement of lipids through lateral openings of the translocation channel 
18,21,22,41,44,45. We studied the dynamic behavior of the lateral openings in different 

conformational states of LtaA when the protein is embedded in a lipid bilayer. To do this, we 

performed molecular dynamics (MD) simulations of outward- and inward-facing LtaA in a 

membrane composed of POPG (65%), diacylglycerol (20 %), cardiolipin (10 %), and 

gentiobiosyl-diacylglycerol (5 %), resembling the membrane of S. aureus 51. During the 

simulations, outward- and inward-facing states were found to be stable as judged by RMSD 

and RMSF plots (Suppl. Fig. 5A-E). The simulations revealed that all the optimized inward-

facing models and the AF model exhibit a cavity which is open to the cytoplasm and closed to 

the extracellular space, whereas the cavity of the outward-facing state is open to the 

extracellular space and closed to the cytoplasm (Fig. 3A,B). During the simulations, the AF 

inward-facing model displayed wide lateral openings, making the central translocation 

pathway accessible to the surrounding membrane and solvent (Fig. 3A,B). In contrast, the 

central translocation pathway in the ‘repeat-swap’ inward-facing models was less accessible 

due to their narrower lateral openings (Fig. 3A,B).  

In agreement with the observed wider opening of the extracellular lateral openings, 

the simulations of outward-facing LtaA showed the intrusion of glycolipid and POPG 

molecules into the putative translocation pathway (Fig. 3B,C and Movie 1). The glycolipid was 

seen to intrude from the TM5-TM8 opening, with one of the aliphatic tails reaching to the C-

terminal hydrophobic pocket, whereas two POPG molecules intrude from the TM2-TM11 

opening (Fig. 3C and Movie 1). In a similar manner, the wide intracellular lateral openings of 

the AF inward-facing model showed the intrusion of a glycolipid into the putative 

translocation pathway from the side of the TM5-TM8 opening (Fig. 3D and Movie 2), with the 

aliphatic tails reaching to the C-terminal hydrophobic pocket. No glycolipid was observed 

intruding from the TM2-TM11 opening, mainly because of the obstruction by the horizontal 
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helix (Fig. 3D and Movie 2). Taking together, these results support that binding and release of 

the glycolipid by LtaA, involves movement of the substrate through lateral openings, which 

grant direct access to the surrounding bilayer.     

 

Alternating access to the central cavity is essential for function  

The cross-linking results described above showed that LtaA could cycle through 

outward- and inward-facing conformations. In addition, MD simulations suggest that lateral 

openings allow the passage of lipids to and out of the central cavity. However, the functional 

relevance of the lateral openings and cycling through alternating conformations is unknown. 

Understanding this is important because some flippases and scramblases use a ‘credit card’ 

mode of transport, where exposing a side cleft or a cavity to one side of the membrane is 

sufficient for catalysis of lipid transport across the membrane 37-39,42,52. Thus, we performed 

copper chloride catalyzed cross-linking of residues located at the lateral openings lined by 

TM2-TM11 and TM5-TM8 and then determined proton-coupled glycolipid transport activity 

of cross-linked LtaA variants in proteoliposomes (Fig. 4A-D and Suppl. Fig. 4D). In this assay, 

the addition of the K+-selective ionophore valinomycin generates a membrane potential of 

about -60 mV, which drives proton influx. Acidification of the lumen of proteoliposomes 

quenches the fluorophore 9-amino-6-chloro-2-methoxyacridine (ACMA) causing a decrease 

in the fluorescence 27. The double-cysteine mutants A53C-T366C (TM2-TM11) and K166C-

I250C (TM5-TM8) close the extracellular side openings, whereas the mutants K80C-E339C 

(TM2-TM11) and K141C-N276C (TM5-TM8) close the cytoplasmic openings (Fig. 4A,B and 

Suppl. Fig. 4A,B). Our results show that individual cross-linking of the lateral openings 

decreases LtaA activity relative to non-cross-linked samples (Fig. 4A,B). The activity of cross-

linked samples of the intracellular side opening lined by TM2-TM11 and that of both 

extracellular openings was observed to decrease prominently, whereas cross-linking of the 

lateral opening lined by TM5-TM8 reduces LtaA activity to about two-thirds of its level (Fig. 

4A,B).       

In addition, we aimed to completely close the cytoplasmic or extracellular cavities and 

test the effect on LtaA activity (Fig. 4C). To do this, we constructed the mutant A53C-T366C-

K166C-I250C that after cross-linking would close the extracellular pathway, while the mutant 

K80C-E339C-K141C-N276C would close the cytoplasmic pathway (Fig. 4C and Suppl. Fig. 4A,B). 

Our results show that, in contrast to non-cross-linked proteins, both mutants display 
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background quenching levels, similar to that observed for protein-free liposomes, thus, 

indicating strong inhibition of transport activity (Fig. 4C). We confirmed cross-linking of each 

double- and tetra-cysteine mutant reconstituted in proteoliposomes by gel shift assays after 

incubation with mPEG5K (Fig. 4D and Suppl. Fig. 4D), which showed that after treatment with 

copper chloride, all the mutants were protected from PEGylation, whereas before cross-

linking a gel shift was observed. This confirmed that all mutants were successfully cross-linked 

in the proteoliposomes samples used in the assay.  

Taking together, these results reveal that alternating opening to both sides of the 

membrane is a requirement for LtaA function. However, not all lateral openings seem to have 

the same functional relevance. In particular, our results demonstrate that while both 

extracellular lateral openings are similarly important for function, the cytoplasmic lateral 

opening lined by TM2 and TM11 has a more significant role, as revealed by the low activity of 

the cross-linked variant K80C-E339C. By contrast, cross-linking of the cytoplasmic lateral 

opening lined by TM5 and TM8, K141C-N276C, affect LtaA function less strongly.  

 

The hydrophobic pocket is relevant for lipid transport 

Inspection of the central cavity shows that similar to what was observed in the 

outward-facing crystal structure of LtaA 27, the central cavity of the inward-facing models is 

amphipathic (Fig. 5A). The cavity displays a hydrophilic pocket, enclosed mainly by residues 

from the N-terminal domain (E32, R35, D68, W127 and W150), which we have previously 

shown to be relevant for recognition of the glycolipid headgroup and proton transport 27, and 

a hydrophobic pocket, enclosed mainly by residues from the C-terminal domain (V234, L237, 

C263, L296, L300, L309, I316, and Y320) (Fig. 5A). The recent structure of the MFSD2A 

transporter, trapped in an inward-facing conformation, displays a similar amphipathic central 

cavity (Suppl. Fig. 6) 21,22. MD simulations and computational docking of a glycolipid molecule 

to inward-facing LtaA suggests that the gentiobiosyl headgroup is preferentially 

accommodated in the hydrophilic pocket, whereas the diacylglycerol aliphatic tails are docked 

into the hydrophobic pocket (Fig. 3D and 5B).  

A striking feature of the central cavity observed in LtaA and MFSD2A 21,22,27, and to our 

knowledge, not observed in other MFS structures available to date, is the presence of the 

highly hydrophobic pocket at the C-terminal domains of these transporters (Fig. 5A and Suppl. 

Fig. 6). To test the importance of this pocket in LtaA, we have designed mutants that introduce 
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polar residues, thus making it more hydrophilic. We then evaluated growth of S. aureus 

NCTC8325 ΔltaA cells complemented with ectopic copies of the ltaA gene carrying these 

mutations (Fig. 5C and Suppl. Fig 7). The variants V234T/L237N/I297S, C263S/L309Q/I316N, 

and Y320R display marked growth defects, whereas the mutant L296D/I316N do not affect 

growth. Each mutant was also purified and reconstituted into proteoliposomes, followed by 

determination of their flipping activity (Fig. 5D). In agreement with the results from S. aureus 

growth assays, the mutants V234T/L237N/I297S, C263S/L309Q/I316N, and Y320R display low 

relative activity compared to LtaA-WT (Fig. 5D), whereas L296D/I316N display the highest 

activity among all mutants. In contrast, introducing a mutation that scarcely increases the 

polarity of the cavity but that changes the size of residues V234 and I316, displayed low 

relative flipping activity compared to LtaA-WT, but does not affect growth of S. aureus 

NCTC8325 ΔltaA cells, likely due to the remaining activity of this mutant to suffice for 

lipoteichoic acid synthesis under in vivo conditions (Fig. 5C,D and Suppl. Fig 7). Taken 

together, these results support a fundamental role of the hydrophobic pocket in glycolipid 

transport. As suggested by MD simulations and docking analysis, it is likely that this pocket is 

involved in binding of the aliphatic tails of the glycolipid substrate. The striking hydrophobicity 

of the C-terminal TM helices 7, 8, and 10 in multiple MFS lipid transporters (Suppl. Fig. 8), and 

the involvement in coordination of the aliphatic chain of lysophospholipid as revealed by the 

structure of MFSD2A 21,22, suggest a shared mechanistic role of the hydrophobic pocket in 

lipid-tails binding in MFS lipid transporters.  

 

The hydrophilic pocket dictates substrate specificity  

So far, our results suggest that during transport, LtaA encloses the full glycolipid 

substrate in the amphipathic cavity. However, understanding the relevance of the individual 

parts of the substrate molecule, headgroup and aliphatic chains, is fundamental for future 

design of pharmacologically relevant molecules targeting this and other MFS lipid 

transporters. To gain insight into whether LtaA displays higher selectivity towards the 

headgroup than for the diacylglycerol moiety, we performed flipping assays with LtaA-WT co-

reconstituted in proteoliposomes together with NBD-labeled Glc2-DAG (gentiobiosyl-

diacylglycerol) and increasing concentrations of Gal2-DAG (digalactosyl-diacylglycerol) (Fig. 

5E). Glucose and galactose differ only in the orientation of the -OH group at the C-4 position. 

Thus, we hypothesized that if the headgroup is more relevant for substrate recognition than 
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the aliphatic chains, then transport of Glc2-DAG-NBD will not be affected, since the difference 

between glucose and galactose would prevent Gal2-DAG from being a good competitor. On 

the other hand, if the diacylglycerol moiety is more relevant for substrate recognition, we 

expect Gal2-DAG to be a strong competitor, thus resulting in a marked decrease in Glc2-DAG-

NBD transport. Our results show that even under a high excess of Gal2-DAG, there is no 

significant effect on Glc2-DAG-NBD transport (Fig. 5E). We have previously shown that 

gentiobiose (β-D-Glc-(1,6)-D-Glc), a disaccharide with the same composition and 

conformation as the glycolipid headgroup (Glc2-DAG), inhibits lipid transport 27. Taken 

together, these results suggest that an intact headgroup is highly relevant for substrate 

binding and transport, and that even minor changes to the headgroup abolishes recognition. 

Independent of the presence of the diacylglycerol moiety and its predicted binding to the 

hydrophobic pocket, the headgroup seems to dictate whether a glycolipid can be a substrate 

for LtaA or not.  

 

Discussion 

 Several transporters of the MFS superfamily have been structurally characterized in 

one or multiple conformational states 4,8-17 However, except for the outward-facing structure 

of LtaA 27, solved by X-ray crystallography, and the inward- and outward-facing structures of 

MFSD2A 21,22, solved by single particle cryo-electron microscopy, there are no additional 

structures available of MFS lipid transporters. Despite the differences among their lipid 

substrates, the distinct composition of bacterial and eukaryotic membranes, and their 

opposite vectorial lipid transport directions, LtaA and MFSD2A share multiple architectural 

similarities, including a canonical MFS fold of 12 TM helices and an amphipathic central cavity 

with asymmetric distribution of hydrophobic and hydrophilic residues (Suppl. Fig. 6). A similar 

arrangement of central cavity residues has been predicted to be present in the bacterial 

lysophospholipid transporter LplT 18, and are likely to be part of the architecture of other MFS 

lipid transporters (Suppl. Fig. 8). These characteristics suggest a common mechanism of 

substrate recognition and translocation among these proteins. Indeed, LtaA and MFSD2A 

display strong selectivity towards the headgroup of their lipid substrates 6,27. In the case of 

MFSD2A, the zwitterionic charge of the phosphatidylcholine headgroup is fundamental for 

ligand transport, whereas LtaA displays strong selectivity towards the gentiobiosyl 

disaccharide headgroup of the glycolipid. Furthermore, LtaA selects against an isomer of the 
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disaccharide headgroup, as shown by the poor competition displayed by digalactosyl-

diacylglycerol in transport assays (Fig. 5E). In contrast, LplT has been shown to exhibit a more 

relaxed specificity towards the lipid headgroup, being able to transport 

lysophosphatidylethanolamine and lysophosphatidylglycerol lipids 18.  

Although MFSD2A and LplT have been shown to strongly select for lysophospholipids, 

they display relaxed selectivity towards the length of the aliphatic chains 6,18. MFSD2A 

transports docosahexaenoic acid (DHA), an essential omega-3 fatty acid for brain growth and 

cognitive function, in the form of lysophosphatidylcholine, but can also transport other lipids 

with at least 14-carbons acyl chain 6. It is noteworthy that S. aureus membranes are rich in 

diacylglycerols with chains length ranging from C15 to C18, with the most dominant lipid 

species having a C18:C15 composition 
26. This variability among diacylglycerols in S. aureus, and 

the measurable translocation of Glc2-DAG-NBD 27, which has a C10 acyl chain length and an 

NBD group linked to one of the diacylglycerol chains, suggest that LtaA displays similar relaxed 

specificity towards the length of the lipid part.  

Our results strongly suggest that in contrast to mechanisms proposed for other lipid 

transporters, LtaA transports gentiobiosyl-diacylglycerol by a ‘trap-and-flip’ mechanism, 

which follows the classical alternating-access model of transport 53, with the entire glycolipid 

entering and leaving the central translocation pathway (Fig. 5F). The transition between 

inward- and outward-facing states likely follows the ‘rocker-switch’ alternating access model 

that describes the mechanism of MFS transporters of water-soluble substrates 4,54,55. In this 

model, the N-terminal and the C-terminal domains rotate about an axis crossing the center of 

the transporter. This ‘rocking’ motion facilitates switching between the two conformations 
4,54,55. However, whereas the two extracellular lateral openings display similar widths and 

dynamics during MD simulations (Fig. 3B) and similar behavior in transport assays (Fig. 4A,B), 

the cytoplasmic lateral openings seem to display specialized functions during the transport 

cycle of LtaA (Fig. 4A,B). Entry of the glycolipid into the putative translocation pathway from 

the side of the TM5-TM8 opening is supported by MD simulations of the AF inward-facing 

model (Fig. 3D and Movie 2), albeit entry through the opening lined by TM2-TM11 might also 

be possible since cross-linking of the TM5-TM8 opening (K141C-N276C) decreases LtaA 

activity moderately (Fig. 4A,B). In contrast, cross-linking of the lateral opening lined by TM2-

TM11 decreases LtaA activity significantly (Fig. 4A,B). Since multiple residues located in TM2 

likely participate in proton transport as shown before 27, we speculate that ‘gating’ of the 
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TM2-TM11 opening is essential for proton-coupling. A similar role of charged residues in TM2 

involved in ion-dependent gating has been postulated for MFSD2A and supported by MD 

simulations 22.  Thus, we propose that during its transport cycle (Fig. 5F), inward-facing LtaA 

binds a glycolipid molecule which enters through the lateral opening lined by TM5 and TM8, 

triggering the conformational change to outward-facing conformations, in which the 

glycolipid is released into the membrane presumably through any of the two extracellular 

lateral openings. Protonation of residues in the hydrophilic pocket allows transition to inward-

facing conformations, followed by proton release to the cytoplasm through the lateral 

opening lined by TM2 and TM11 (Fig. 5F).  

In summary, our results provide insights into the molecular mechanism of glycolipid 

transport by LtaA and support a ‘trap-and-flip’ model where lateral ‘gates’ display distinct 

mechanistic roles. Our data suggests that the highly selective hydrophilic pocket dictates 

substrate specificity, but that the hydrophobic pocket is fundamental for aliphatic chains’ 

transport. The mechanistic elements described here might be shared by other MFS lipid 

transporters and can be decisive for the design of drugs targeting these proteins.  

 

Methods 

LtaA expression and purification. The gene encoding S. aureus LtaA was cloned into a 

modified pET-19b vector (Novagen), with an N-terminal His10 affinity tag. LtaA WT and 

mutants were expressed in E. coli BL21 Gold (DE3) (Stratagene) cells. Cells were grown in 

Terrific Broth (TB) medium supplemented with 1% glucose (w/v) at 37ºC. Overexpression was 

induced with 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 1h. All following steps 

were performed at 4 ºC, unless different specified. Cells were harvested by centrifugation, 

resuspended in 50mM Tris-HCl, pH 8.0; 500mM NaCl; 5mM β-mercaptoethanol; 0.5mM PMSF 

and disrupted in a M-110L microfluidizer (Microfluidics) at 10000 psi chamber pressure. 

Membranes were pelleted by ultracentrifugation and solubilized in 50 mM Tris-HCl, pH 8.0; 

200mM NaCl; 20mM Imidazole; 15% glycerol (v/v); 5mM β-mercaptoethanol; 1% Lauryl 

Maltose Neopentyl Glycol (w/v) (LMNG, Anatrace); 1% N-dodecyl-β-D-maltopyranoside (w/v) 

(DDM, Anatrace). After removing debri, the supernatant was loaded onto a pre-equilibrated 

NiNTA superflow affinity column (Qiagen). The column was washed with 50mM Tris-HCl, pH 

8.0; 200mM NaCl; 50mM Imidazole; 10% glycerol (v/v); 5mM β-mercaptoethanol; 0.02% 

LMNG and 0.02% DDM and then further washed with the same buffer only containing 0.02% 
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LMNG. Elution was performed in the same buffer containing 200mM Imidazole. Buffer 

exchange to buffer 10 mM Tris-HCl pH 8.0; 150mM NaCl; 0.02% LMNG; with or without 2mM 

β-mercaptoethanol, was performed using PD-10 columns (GE Healthcare). If necessary, 

analytical size exclusion chromatography was performed on a Superdex 10/300 GL column 

(GE Healthcare) in buffer 10 mM Tris-HCl, pH 8.0; 150 mM NaCl; 0.02% LMNG. 56 

 

Mutagenesis. LtaA mutants were generated using overlap Extension-PCR, followed by DpnI 

digestion for two hours at 37°C, and transformation into E. coli DH5ɑ cells. The mutations 

were confirmed by DNA sequencing (Microsynth). All oligos used for mutagenesis are listed 

in Suppl. table 2. 

 

YpfP expression and purification. The gene encoding S. aureus YpfP was cloned into a 

modified pET-19b vector (Novagen) with an N-terminal His10 affinity tag. YpfP was 

overexpressed in BL-21 Gold (DE3) (Stratagene) cells. Cells were grown in TB medium 

supplemented with 1% glucose (w/v) at 37 ºC until a cell density of OD600 = 3. Subsequently, 

cells were induced with 0.2 mM IPTG for 16h at 24 ºC. Cells were harvested by centrifugation 

and resuspended in buffer A (50mM Tris-HCl pH 8.0; 200mM NaCl; 3% glycerol; 3mM β-

mercaptoethanol) plus 0.5mM PMSF. Cells were disrupted using a tip sonication. After 

differential centrifugation, the supernatant containing YpfP was incubated with NiNTA resin 

and left stirring for 1h at 4 ºC. Washing was performed with buffer A complemented with 50 

mM imidazole pH 8.0, followed by elution with buffer A complemented with 200 mM 

imidazole pH8.0. YpfP was desalted in buffer 50 mM Tris-HCl pH 8.0; 200 mM NaCl; 10% 

glycerol using PD-10 columns (GE healthcare). If required YpfP was concentrated using a 

Vivaspin 20 30MWCO until 2.4 mg/ml, flash frozen in liquid nitrogen and stored at -80 ºC until 

further use.  

 

Synthesis of NBD-glycolipid and glycolipid. Synthesis of glycolipd and nitrobenzoxadiazole 

(NBD)-labelled glycolipid was performed using a modification of the protocol described by 

Jorasch et al 57 and Kiriukhin et al 58. A final concentration of 2mM UDP-Glucose (Sigma), 2mM 

NBD-decanoyl-2-decanoyl-sn-Glycerol (Cayman), and 1.2mg/ml purified YpfP were incubated 

together for 16h at 30℃. The reaction product was separated using thin-layer 

chromatography (TLC) with a silica gel matrix (Sigma) in a solvent mixture consisting of 
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chloroform:methanol:water (65:25:4, vol/vol/vol). Silica containing the NBD-glycolipid was 

recovered from plates, and the NBD-glycolipid was extracted from the silica by incubation 

with a solvent mixture of chloroform:methanol (50:50, vol/vol), followed by drying of the 

anchor-LLD under argon atmosphere, and subsequently resuspension in 20 mM Tris-HCl pH 

8.0; 150 mM NaCl. NBD-glycolipid was flash frozen in liquid nitrogen, and stored at -80℃ until 

further use. Reaction products were previously characterized 27. Non-labelled glycolipid was 

prepared similarly by incubation of 2mM UDP-Glucose, 2 mM 1,2-dimyristoyl-sn-glycerol 

(Avanti) and 1.2 mg/ml YpfP for 16h at 30°C. 

 

Formation of LtaA proteoliposomes. LtaA was reconstituted in unilamellar liposomes 

prepared by extrusion through polycarbonate filters (400 nm pore size) from a 3:1 (w/w) 

mixture of E. coli polar lipids and L-α-phosphatidylcholine (Avanti polar lipids) resuspended in 

20 mM Tris-HCl pH 8.0; 150mM NaCl and 2mM β-mercaptoethanol. After saturation with 

DDM (Anatrace), liposomes were mixed with purified LtaA in a 50:1 (w/w) lipids/protein ratio. 

DDM was removed after incubation with BioBeads (BioRad). Proteoliposomes were 

centrifugated, washed and resuspended to a final concentration of 20mg/ml lipids; 7.8µM 

LtaA. The proteoliposomes were flash-frozen in liquid nitrogen and stored at -80°C until 

further use.  

 

In vitro flipping assay. Before performing flipping assays, proteoliposomes were thawed, 

their resuspension buffer was exchanged to 20 mM MES pH 6.5; 150 mM NaCl, and the 

product of the NBD-glycolipid synthesis reaction was incorporated by performing freeze/thaw 

cycles. Proteoliposomes and protein-free liposomes were diluted to a concentration of 2 

mg/ml lipids followed by extrusion through polycarbonate filters (400 nm pore size). 

Proteoliposomes were immediately used for flipping assays. In case of competition assays 

with digalactosyldiacylglycerol (DGDG). DGDG powder (Avanti) was resuspended in 20 mM 

Tris-HCl; 150 mM NaCl and incorporated into proteoliposomes during freeze/thaw cycles 

together with the NBD-glycolipid. Flipping of NBD-glycolipid was assessed by determining the 

percentage of NBD-fluorescence that is quenched after addition of a 5 mM sodium dithionite 

(Sigma) after 200 seconds of starting fluorescence recording. 100 seconds before finishing 

data recording, 0.5% Triton X100 was added to permeabilize the liposomes, making all NBD-

glycolipid molecules accessible to dithionite reduction. The fluorescence after Triton X100 
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addition was used for baseline calculations. Fluorescence was recorded at 20°C using a Jasco 

Fluorimeter. The excitation and emission wavelengths were 470 and 535 nm, respectively. 

For analysis the fluorescence intensity was normalized to F/Fmax. Relative flipping activities 

were calculated as follows: relative activity = 100 × ((F/Fmax)i – (F/Fmax)liposomes) / ((F/Fmax)wt − 

(F/Fmax)liposomes), where i corresponds to each respective treatment/mutants, liposomes 

corresponds to liposomes without protein, wt corresponds to wild type LtaA and F/Fmax 

values correspond to the normalized fluorescence values at the plateau after addition of 

sodium dithionite. Curves were plotted using GraphPad Prism 8. Time courses of the 

dithionite-induced fluorescence decay in liposomes were repeated at least 3 times for each 

individual experiment.  

 

Proton-transport assay. LtaA proteoliposomes and protein-free liposomes were thawed, and 

their internal buffer exchanged to 5 mM HEPES pH7.3; 100mM KCl. Glycolipid was 

incorporated during freeze/thaw cycles followed by extrusion through polycarbonate filters 

(400 nm pore size). After 90s of sonication, proteoliposomes and protein-free liposomes were 

diluted 25-fold in buffer containing 5 mM HEPES pH 7.3; 10 mM KCl; 90 mM NaCl; 0.5 µM 9-

amino-6-chloro-2-methoxyacridine (ACMA). Fluorescence was recorded using a Jasco 

Fluorimeter with excitation and emission wavelengths of 410 and 480 nm respectively. When 

the fluorescence signal was stable, H+ influx was initiated by establishing a membrane 

potential by the addition of the potassium ionophore valinomycin (5 nM). Time courses of the 

proton-transport assay in proteoliposomes were repeated at least 3 times for each individual 

experiment. Crosslinking was performed before the measurement by addition of 2 mM CuCl2 

to the proteoliposomes during the buffer exchange and incorporation of glycolipid steps. 

After 1h incubation at RT in the dark, CuCl2 was removed by centrifugation, and 

proteoliposomes were resuspended in buffer 5 mM HEPES, pH7.3; 100mM KCl.  

 

LtaA crosslinking and PEGylation. Before performing crosslinking, proteoliposomes were 

thawed, their resuspension buffer was exchanged to 20 mM Tris-HCl pH 8.0; 150 mM NaCl 

LtaA mutants incorporated into proteoliposomes or in detergent micelles were incubated 

with 2 mM CuCl2 or N,N'-1,2-phenylenedimaleimide (o-PDM) for 30 minutes to 1h at RT in the 

dark. In case of non-crosslinked samples, proteoliposomes were incubated with a 

proportional volume of DMSO or buffer. Crosslinkers were removed by centrifugation and 
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washing with buffer or by buffer exchange to 20 mM Tris-HCl, pH 8.0; 150 mM NaCl using 

Zeba™ Spin Desalting Columns, 7K MWCO, 0.5 mL (ThermoScientific). To PEGylate free 

cysteines, LtaA mutants were incubated for 3h at RT in the presence of 0.5 mM mPEG5K-

Maleimide (Sigma) and 0.5% SDS. Samples were resuspended in PAGE-buffer containing 143 

mM β-mercaptoethanol, and the proteins were separated on 15% polyacrylamide gels and 

visualized with QuickBlue Protein stain (Lubio science).  

 

Sample preparation for LC-MS analysis. LtaA mutants were purified as described above, and 

concentrated to a concentration of 0.6 mg/ml. Purified LtaA was incubated for 1h at RT in the 

dark in the absence or presence of 2 mM o-PDM. Afterwards, 10 mM β-mercatoethanol was 

added to quench the crosslinker. 1-2 ug of either crosslinked or non-crosslinked LtaA protein 

were dissolved in 20 μl digestion buffer (0.02% of LMNG; 1 M urea; 0.1 M 

ammoniumbicarbonate; 10 mM tris(2-carboxyethyl) phosphine (TCEP); 15 mM 

chloroacetamide, pH = 8.5), reduced and alkylated for 1h at 37 °C. Proteins were digested by 

incubation with either sequencing-grade modified trypsin (1/50, w/w; Promega, Madison, 

Wisconsin), chymotrypsin sequencing grade (1/50, w/w, Sigma-Aldrich) or lys-C (1/100, w/w, 

Wako) overnight at 37°C. Then, the peptides were cleaned using iST cartridges (PreOmics, 

Munich) according to the manufacturer instructions. Samples were dried under vacuum and 

dissolved in 0.1 % formic acid solution at 0.5 pmol/ul. All samples were prepared in triplicates. 

 

Label-free targeted PRM-LC-MS analysis of cysteine-containing peptides. In a first step, 

parallel reaction-monitoring (PRM) assays 59 were generated for all the peptides of LtaA WT 

and the peptides of the 5 different LtaA cysteine mutants, for each protease. These peptides 

include the reference peptide for normalization, that is shared for all mutants. Therefore, the 

specific peptide sequences were loaded into Skyline (version 20.2.0.343 (https://brendanx-

uw1.gs.washington.edu/labkey/project/home/software/Skyline/begin.view) and transitions 

were predicted using the integrated PROSIT algorithm for double and triple charged 

precursors. Then, protease and isoform specific isolation mass lists were exported and used 

to generate specific targeted LC-MS analyses. This analysis was carried as described previously 
60. Chromatographic separation of peptides was carried out using an EASY nano-LC 1000 

system (Thermo Fisher Scientific), equipped with a heated RP-HPLC column (75 μm x 30 cm) 

packed in-house with 1.9 μm C18 resin (Reprosil-AQ Pur, Dr. Maisch). Aliquots of 1 pmol total 
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peptides were analyzed per LC-MS/MS run using a linear gradient ranging from 95% solvent 

A (0.15% formic acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 2% water, 0.15% 

formic acid) to 30% solvent B over 90 minutes at a flow rate of 200 nl/min. Mass spectrometry 

analysis was performed on a Q-Exactive plus mass spectrometer equipped with a 

nanoelectrospray ion source (both Thermo Fisher Scientific) using a hybrid DDA (top5)/PRM 

LC-MS analysis. In detail, each MS1 scan was followed by high-collision-dissociation (HCD) of 

the precursor masses of the imported isolation list and the 5 most abundant precursor ions 

with dynamic exclusion for 20 seconds. For each mutant and protease, a specific LC-MS 

method was generated. Total cycle time was approximately 1 second. For MS1, 3e6 ions were 

accumulated in the Orbitrap cell over a maximum time of 100 ms and scanned at a resolution 

of 70,000 FWHM (at 200 m/z). Targeted MS2 scans were acquired at a target setting of 3e6 

ions, accumulation time of 100 ms and a resolution of 35,000 FWHM (at 200 m/z) and a mass 

isolation window to 0.4 Th. MS1 triggered MS2 scans were acquired at a target setting of 1e5 

ions, a resolution of 17,500 FWHM (at 200 m/z) and a mass isolation window of 1.4 Th. Singly 

charged ions and ions with unassigned charge state were excluded from triggering MS2 

events. The normalized collision energy was set to 27% and one microscan was acquired for 

each spectrum. The acquired raw-files were converted to mgf-file format using MSConvert (v 

3.0, proteowizard) and searched using MASCOT (Matrix Science, Version: 2.4.1) against a 

decoy database containing normal and reverse sequences of the predicted SwissProt entries 

of Staphylococcus aureus (strain NCTC 8325 / PS 47, www.ebi.ac.uk, release date 

2020/08/21). The 5 LtaA mutants and commonly observed contaminants (in total 6,574 

sequences) were generated using the SequenceReverser tool from the MaxQuant software 

(Version 1.0.13.13). The search criteria were set as following: full tryptic specificity was 

required (cleavage after lysine or arginine residues); 3 missed cleavages were allowed; 

carbamidomethylation (C) was set as fixed modification and oxidation (M) as variable 

modification. The mass tolerance was set to 10 ppm for precursor ions and 0.02 Da for 

fragment ions. Then, Scaffold (version Scaffold_4.11.1, Proteome Software Inc., Portland, OR) 

was used to validate MS/MS based peptide and protein identifications. Peptide identifications 

were accepted if they could be established at a probability greater than 97.0% by the Scaffold 

Local FDR algorithm. Protein identifications were accepted if they could be established at a 

probability higher than 99.0% to achieve an FDR less than 1.0% and contained at least 2 

identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm 61. 
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Proteins that contained similar peptides and could not be differentiated based on MS/MS 

analysis alone were grouped to satisfy the principles of parsimony. Subsequently, all raw-files 

were imported into Skyline for protein/peptide quantification. To control for variation in 

sample amounts, all intensities were normalized against the 4 cysteine-free reference 

peptides. Only peptides that could be confidently identified by database searching were 

considered for quantification by PRM using the predicted transitions. Statistical analysis and 

ratio calculations to compare the relative abundance of the peptides between non-

crosslinked and crosslinked peptides were performed in Excel. Histograms and P values were 

generated using Prism 9.  

 

Nanodiscs reconstitution. Purified LtaA was reconstituted in MSP1D1 nanodiscs using a ratio 

of 2:5:115 (LtaA:MSP1D1:lipids) in a buffer containing 50 mM Tris-HCl, pH 8.0; 50 mM NaCl 

and 10 % glycerol (v/v). The lipid mixture used consist of 16:0-18:1 POPG:DAG (Avanti) in a 

3:1 (w:w) ratio. Detergent was removed by adding Bio-beads SM2 (BioRad). After Bio-beads 

removal the mixture was centrifuged and loaded on a Superdex 200 Increase 10/300 GL (GE 

Healthcare) column equilibrated with buffer 50 mM Tris-HCl, pH 8.0; 50 mM NaCl. The peak 

corresponding to LtaA in nanodiscs was collected and used for mass photometry studies. 

 

Mass photometry assay. Mass photometry experiments were performed using a Refeyn 

OneMP instrument operated at around 25 °C. Each measurement was made by mixing 2 µl of 

sample into 18 µl of buffer in a droplet contained by a Grace Bio-Labs CultureWell gasket 

(Sigma Aldrich) on 24x50 mm area 170±5 µm thickness coverglass (Marienfeld). Calibration 

of contrast to molecular mass was performed using Nativemark unstained protein standards 

(ThermoFisher) at a final dilution of 1 in 500 in 0.2 µm filtered PBS. Samples of LtaA in 

nanodiscs, and of empty nanodiscs, were diluted to 100 nM final concentration in 50 mM Tris-

HCl pH 8.0; 150 mM NaCl and contrast events were recorded for 120 s. The resulting movies 

were analysed to obtain contrast event histograms in the software DiscoverMP 2.3.0 using 5 

frame binning with motion correction, a Threshold-1 value of 2, and a Threshold-2 value of 

0.25. After applying the molecular mass calibration, contrast event histograms were 

constructed using a bin-width of 8 kDa. Histograms from two consecutive 120 s 

measurements on the same sample were merged to include data with a lower protein 
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deposition rate. To obtain molecular mass averages, histogram peaks were fitted to Gaussians 

using the manual peak-fitting procedure in the software. 

 

Docking of glycolipid. Both 1,2-dihexadecanoic-3-O-(β-D-glucopyranosyl-1→6-O-β-D-

glucopyranosyl-sn-Glycerol) molecule and the headgroup (β-D-glucopyranosyl-1→6-O-β-

D-glucopyranosyl-sn-Glycerol) were docked to the LtaA ‘repeat-swap’ inward-facing models 

with Glide  62. The initial coordinates of both full-length glycolipid and the headgroup were 

generated from 2D geometry in LigPrep 63.  The stereochemistry was corrected. Docking was 

performed over a search space of 45x45x45 Å3 covering the central cavity.  

  

S. aureus phenotypic complementation assay. Generation of pLOW-ltaA and of 

Staphylococcus aureus NCTC8325 ∆ltaA genotype was previously described 27. pLOW vector 

was used for construction of ltaA complentary strains. Point mutations were generated by 

extension overlap PCR, and then with restriction-ligation cloning using SalI and NotI cloned 

into pLOW vector 64. For cloning purposes E. coli IM08B was used65. The sequence of the 

resulting constructs was confirmed by DNA sequencing (Microsynth). After conformation of 

the correct constructs, pLOW vector carrying ltaA WT or point mutations were introduced 

into S. aureus NCTC8325 ∆ltaA by electrophoresis with erythromycin selection (5µg/ml). S. 

aureus cells were grown in 3 ml of Luria-Bertani (LB) medium at 37 °C with 200 rpm until 

OD600 of 0.3. For complementary strains containing a pLOW vector, a final concentration of 

5 µg/ml was added to the medium. For the serial dilutions, 5 µl of the original and its dilutions 

were spotted on LB agar plates buffered with sodium phosphate at pH 6.4 complemented 

with 0.1 mM IPTG. The plates were incubated overnight at 37 °C. Pictures were taken the next 

morning.  

 

Preparation of S. aureus membranes for LC-MS analysis. S. aureus cells were grown in 3 ml 

LB medium at 37 °C with 200 rpm until OD600 of 0.4. For complementary strains containing a 

pLOW vector, a final concentration of 5 µg/ml and 0.1 mM IPTG were added to the medium. 

After harvesting the cells were resuspended in 10 mM Tris pH8.0; 1 mM EDTA; 25 µg/ml 

lysostaphin, and incubated for 0.5h at 37 °C. Cells were further subjected to sonication, 

followed by collection of membranes by ultracentrifugation. The membranes were 
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resuspended in 100 mM Tris-HCl; 5% SDS; 10 mM tris(2-carboxyethyl) phosphine (TCEP). 

Samples were sonicated for 10 minutes, followed by shaking for 1h at 37 °C with 500 rpm. To 

reduce and alkylate the disulfides a final concentration of 15 mM iodoacetamide was added, 

and the samples were incubated for 0.5h in the dark at room temperature. Samples were 

loaded on S-trap Micro Spin column (Protifi). After washing, on column peptide digestion was 

performed by addition of trypsin in 50 mM triethylammonium bicarbonate (TEAB) buffer, and 

incubation of 1h at 47 °C. Digested peptides were collected by passing 50 mM 

triethylammonium bicarbonate (TEAB) buffer, 0.2 % formic acid (w/v) in distilled water, and 

0.2 % formic acid (w/v) in 50% acetonitrile (v/v) through the column and dried in a SpeedVac 

(Labconco). Dried peptides were re-suspended in 0.1% formic acid (w/v) and stored at -20 °C. 

 

Targeted PRM LC-MS analysis of LtaA WT and mutants. As a first step, PRM assays 59 for all 

possible peptides of LtaA with a length of 6 to 25 amino acids comprising double- and triple-

charged precursor ions were created. Five peptides were identified to match the length and 

charge criteria, leading to ten PRM assays in total. These were used to identify LtaA 

membrane fractions of wild-type S. aureus. The setup of the µRPLC-MC system was previously 

described60. Mass spectrometry analysis was conducted using a Q-Exactive mass 

spectrometer with a nano-electrospray ion source (both Thermo Fisher Scientifice). Each MS1 

scan was followed by high-collision-dissociation (HCD) of the ten LtaA precursor ions in PRM 

mode using a global isolation mass list. By applying strict identification criteria, three peptide 

ions of LtaA LTNYNTRPVK (2+ and 3+ ion) and MQDSSLNNYANHK (2+) were identified, and 

these were used for label-free PRM quantification. To control for protein variation between 

different samples, the total ion chromatography (only comprising peptide with two or more 

charges) was determined for each sample by label-free quantification using Progenesis QI 

(version 2.0, Waters) and then used to normalize the samples. The integrated peak areas of 

the three peptide ions that were quantified by PRM were summed up and used for LtaA 

quantification.  

 

Modeling of inward-facing conformation. The inward-facing conformation was modelled 

under the assumption of inverted repeats 48. Sequence alignments between the two repeats 

of each domain of LtaA were performed. We structurally aligned R1D1 (residues 16–105) with 

R2D1 (residues 109-189), and R1D2 (residues 220-302) with R2D2 (residues 309-393) using 
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the structure alignment program TMalign resulting in two pairs of alignments. These two pairs 

of alignments were then used together to build up the final pair-wise alignment between the 

LtaA sequence and a template in which the LtaA sequence repeats were rearranged in the 

order R1D2-R1D1-R2D2-R2D1. The initial sequence alignment was then refined by removing 

gaps in the transmembrane regions and in the secondary structure elements. In this step, one 

gap in the TM6 (between Phe220 and Pro221) and two gaps in TM8 (between Met294 and 

Ile295 and also between Leu296 and Ile297) in the alignment were removed. Also, residues 

Asp336 and Glu337 were moved left to remove a gap at the beginning of TM11. Further 

refinements were made to match the secondary structure as observed in the outward-open 

crystal structure. In particular, we aimed to maintain the helical regions in the template where 

possible, subject to the pseudo-symmetry between the two MFS transporter domains. In this 

step, a gap the loop region between TM11 and TM12 (between Thr368 and Asn369) was 

introduced to account for correct orientation of TM12 helices. 

We used the final refined alignment and the X-ray crystal structure of LtaA (PDB entry 6S7V 

[https://doi.org/10.1038/s41594-020-0425-5])27 to construct the inward-facing model 

templates using Modeller 9v24. A template for modelling was constructed from the X-ray 

crystal structure of LtaA (PDB entry 6S7V) in which the coordinates of residues from R1D2, 

R1D1, R2D2, and R2D1 were placed as the first, second, third, and forth segments of the 

template respectively. Then, 100 initial models were generated. Next, we selected 7 models 

with the highest MODELLER score and the best MolProbity 66 profile for further analysis. Then, 

we repacked the side chains using SCWRL4.067 and as a last step the models were 

energetically minimized after placing them in the lipid bilayer using the Gromacs steepest 

descent algorithm for 5,000 steps 68. To further validate the quality of the models, we 

assessed the stereochemistry. Evaluation of the model using MolProbity showed that the final 

minimized models have reasonable qualities (MolProbity score: 2.00-2.3, Ramachandran 

favored: 92.1-93.6%, and Ramachandran outliers: 0.8-1.90%) (Suppl. Table 1).  

 

Molecular dynamics simulations of inward-facing conformation models. To study their 

dynamics, each of the seven optimized inward-facing models was placed in a heterogenous 

lipid bilayer (POPG (65%), diacylglycerol (20 %), cardiolipin (10 %), and gentiobiosyl-

diacylglycerol (5 %)) and then solvated in TIP3P water with 150 mM NaCl. The all-atom 

CHARMM36m force field was used for lipids, ions, and protein 69-71. All simulations were 
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performed using GROMACS 2019.6 68. The starting systems were energy-minimized for 5,000 

steepest descent steps and equilibrated first for 1 ns of MD simulations in a canonical (NVT) 

ensemble and then for 7.5 ns in an isothermal-isobaric (NPT) ensemble under periodic 

boundary conditions. The initial restrains on the positions of nonhydrogen protein atoms 

were 4,000 kJ·mol-1·nm2. During equilibration, these restraints were gradually released. 

Particle-mesh Ewald summation with cubic interpolation and a 0.12-nm grid spacing was used 

to treat long-range electrostatic interactions 72. The time step was initially 1 fs and was then 

increased to 2 fs during the NPT equilibration. The LINCS algorithm was used to fix all bond 

lengths 73. Constant temperature was set with a Berendsen thermostat 74, combined with a 

coupling constant of 1.0 ps. A semi-isotropic Berendsen barostat 74 was used to maintain a 

pressure of 1 bar. During production runs, the Berendsen thermostat and barostat were 

replaced by a Nosé–Hoover thermostat 75 and a Parrinello–Rahman barostat 76. The 

unconstrained production trajectories were analyzed with Visual Molecular Dynamics (VMD) 
77 and MDAnalysis package 78,79. MD simulations of 500 ns were performed for each of the 

seven ‘repeat-swap’ inward-facing models. 

 

Molecular dynamics simulations of outward-facing conformation. The outward-facing 

structure of LtaA (PDB ID 6S7V [https://doi.org/10.1038/s41594-020-0425-5]) was embedded 

in a lipid bilayer composed of POPG-DAG-CL-gentiobiosyl-diacylglycerol using CHARMM-GUI 
80. The system was then solvated in TIP3P water with 150 mM NaCl. The all-atom 

CHARMM36m force field was used for lipids, ions, and protein 69-71. All simulations were 

performed using GROMACS 2019.6 68. Simulations were performed with similar protocols as 

described above for inward-facing models. The simulation of the outward-facing structure 

was performed for 1.2 µs. 

 

Molecular dynamics simulations of Alphafold inward-facing model. The inward-facing 

model of LtaA generated by Alphafold 49was embedded in a lipid bilayer composed of POPG-

DAG-CL-gentiobiosyl-diacylglycerol using CHARMM-GUI 80. The system was then solvated in 

TIP3P water with 150 mM NaCl. The all-atom CHARMM36m force field was used for lipids, 

ions, and protein 69-71. All simulations were performed using GROMACS 2020.2 68. The 

simulation was performed with similar protocols as described above for the inward-facing 

models. The simulation of the Alphafold model was performed for 1.1 µs. 
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Data Availability. The data generated in this study are provided in the Supplementary 

Information/Source Data file. Further, data that support the findings of this study are 

available from the corresponding author upon reasonable request.  

Source data are provided with this paper. 

 

 

References 

1. Wang, S.C. et al. Expansion of the Major Facilitator Superfamily (MFS) to include novel 
transporters as well as transmembrane-acting enzymes. Biochimica Et Biophysica Acta-Biomembranes 
1862(2020). 
2. Quistgaard, E.M., Low, C., Guettou, F. & Nordlund, P. Understanding transport by the major 
facilitator superfamily (MFS): structures pave the way. Nat Rev Mol Cell Biol 17, 123-32 (2016). 
3. Reddy, V.S., Shlykov, M.A., Castillo, R., Sun, E.I. & Saier, M.H., Jr. The major facilitator 
superfamily (MFS) revisited. FEBS J 279, 2022-35 (2012). 
4. Drew, D., North, R.A., Nagarathinam, K. & Tanabe, M. Structures and General Transport 
Mechanisms by the Major Facilitator Superfamily (MFS). Chem Rev 121, 5289-5335 (2021). 
5. Ben-Zvi, A. et al. Mfsd2a is critical for the formation and function of the blood-brain barrier. 
Nature 509, 507-11 (2014). 
6. Nguyen, L.N. et al. Mfsd2a is a transporter for the essential omega-3 fatty acid 
docosahexaenoic acid. Nature 509, 503-6 (2014). 
7. Harvat, E.M. et al. Lysophospholipid flipping across the Escherichia coli inner membrane 
catalyzed by a transporter (LplT) belonging to the major facilitator superfamily. J Biol Chem 280, 
12028-34 (2005). 
8. Abramson, J. et al. Structure and mechanism of the lactose permease of Escherichia coli. 
Science 301, 610-5 (2003). 
9. Debruycker, V. et al. An embedded lipid in the multidrug transporter LmrP suggests a 
mechanism for polyspecificity. Nature Structural & Molecular Biology 27, 829-835 (2020). 
10. Heng, J. et al. Substrate-bound structure of the E. coli multidrug resistance transporter MdfA. 
Cell Res 25, 1060-73 (2015). 
11. Deng, D. et al. Molecular basis of ligand recognition and transport by glucose transporters. 
Nature 526, 391-6 (2015). 
12. Deng, D. et al. Crystal structure of the human glucose transporter GLUT1. Nature 510, 121-5 
(2014). 
13. Nomura, N. et al. Structure and mechanism of the mammalian fructose transporter GLUT5. 
Nature 526, 397-401 (2015). 
14. Sun, L. et al. Crystal structure of a bacterial homologue of glucose transporters GLUT1-4. 
Nature 490, 361-6 (2012). 
15. Billesbølle, C.B. et al. Structure of hepcidin-bound ferroportin reveals iron homeostatic 
mechanisms. Nature 586, 807-811 (2020). 
16. Pan, Y. et al. Structural basis of ion transport and inhibition in ferroportin. Nature 
Communications 11, 5686 (2020). 
17. Qureshi, A.A. et al. The molecular basis for sugar import in malaria parasites. Nature 578, 321-
325 (2020). 



Evidence for a ‘trap-and-flip’ mechanism in a proton-dependent lipid transporter 

	 75	

18. Lin, Y., Deepak, R., Zheng, J.Z., Fan, H. & Zheng, L. A dual substrate-accessing mechanism of a 
major facilitator superfamily protein facilitates lysophospholipid flipping across the cell membrane. J 
Biol Chem 293, 19919-19931 (2018). 
19. Angers, M., Uldry, M., Kong, D., Gimble, J.M. & Jetten, A.M. Mfsd2a encodes a novel major 
facilitator superfamily domain-containing protein highly induced in brown adipose tissue during 
fasting and adaptive thermogenesis. Biochem J 416, 347-55 (2008). 
20. Quek, D.Q., Nguyen, L.N., Fan, H. & Silver, D.L. Structural Insights into the Transport 
Mechanism of the Human Sodium-dependent Lysophosphatidylcholine Transporter MFSD2A. J Biol 
Chem 291, 9383-94 (2016). 
21. Wood, C.A.P. et al. Structure and mechanism of blood-brain-barrier lipid transporter MFSD2A. 
Nature 596, 444-448 (2021). 
22. Cater, R.J. et al. Structural basis of omega-3 fatty acid transport across the blood-brain barrier. 
Nature 595, 315-319 (2021). 
23. Kawahara, A. et al. The sphingolipid transporter spns2 functions in migration of zebrafish 
myocardial precursors. Science 323, 524-7 (2009). 
24. Zhu, X., Ren, K., Zeng, Y.Z., Zheng, Z. & Yi, G.H. Biological function of SPNS2: From zebrafish to 
human. Mol Immunol 103, 55-62 (2018). 
25. Vu, T.M. et al. Mfsd2b is essential for the sphingosine-1-phosphate export in erythrocytes and 
platelets. Nature 550, 524-528 (2017). 
26. Grundling, A. & Schneewind, O. Genes required for glycolipid synthesis and lipoteichoic acid 
anchoring in Staphylococcus aureus. J Bacteriol 189, 2521-30 (2007). 
27. Zhang, B. et al. Structure of a proton-dependent lipid transporter involved in lipoteichoic acids 
biosynthesis. Nat Struct Mol Biol 27, 561-569 (2020). 
28. Parlet, C.P., Brown, M.M. & Horswill, A.R. Commensa Staphycocci influence Staphylococcus 
aureus SKin Colorizatin and Disease. Trends in Microbiology 27, 497-507 (2019). 
29. Sakr, A., Bregeon, F., Mege, J.L., Rolain, J.M. & Blin, O. Staphylococcus aureus Nasal 
Colonization: An Update on Mechanisms, Epidemiology, Risk Factors, and Subsequent Infections. 
Front Microbiol 9, 2419 (2018). 
30. Ahn, K.B., Baik, J.E., Yun, C.H. & Han, S.H. Lipoteichoic Acid Inhibits Staphylococcus aureus 
Biofilm Formation. Front Microbiol 9, 327 (2018). 
31. Hesser, A.R. et al. The length of lipoteichoic acid polymers controls Staphylococcus aureus cell 
size and envelope integrity. J Bacteriol (2020). 
32. Xia, G., Kohler, T. & Peschel, A. The wall teichoic acid and lipoteichoic acid polymers of 
Staphylococcus aureus. Int J Med Microbiol 300, 148-54 (2010). 
33. Percy, M.G. & Grundling, A. Lipoteichoic acid synthesis and function in gram-positive bacteria. 
Annu Rev Microbiol 68, 81-100 (2014). 
34. Fischer, W., Koch, H.U., Rosel, P., Fiedler, F. & Schmuck, L. Structural Requirements of 
Lipoteichoic Acid Carrier for Recognition by the Poly(Ribitol Phosphate) Polymerase from 
Staphylococcus-Aureus H - a Study of Various Lipoteichoic Acids, Derivatives, and Related-
Compounds. Journal of Biological Chemistry 255, 4550-4556 (1980). 
35. Neumann, J., Rose-Sperling, D. & Hellmich, U.A. Diverse relations between ABC transporters 
and lipids: An overview. Biochim Biophys Acta Biomembr 1859, 605-618 (2017). 
36. Pomorski, T.G. & Menon, A.K. Lipid somersaults: Uncovering the mechanisms of protein-
mediated lipid flipping. Prog Lipid Res 64, 69-84 (2016). 
37. Perez, C. et al. Structure and mechanism of an active lipid-linked oligosaccharide flippase. 
Nature 524, 433-8 (2015). 
38. Brunner, J.D., Lim, N.K., Schenck, S., Duerst, A. & Dutzler, R. X-ray structure of a calcium-
activated TMEM16 lipid scramblase. Nature 516, 207-12 (2014). 
39. Hiraizumi, M., Yamashita, K., Nishizawa, T. & Nureki, O. Cryo-EM structures capture the 
transport cycle of the P4-ATPase flippase. Science 365, 1149-1155 (2019). 



Evidence for a ‘trap-and-flip’ mechanism in a proton-dependent lipid transporter 

	76	
	

40. Timcenko, M. et al. Structure and autoregulation of a P4-ATPase lipid flippase. Nature 571, 
366-370 (2019). 
41. Mi, W. et al. Structural basis of MsbA-mediated lipopolysaccharide transport. Nature 549, 
233-237 (2017). 
42. Menon, I. et al. Opsin is a phospholipid flippase. Curr Biol 21, 149-53 (2011). 
43. Pomorski, T. & Menon, A.K. Lipid flippases and their biological functions. Cell Mol Life Sci 63, 
2908-21 (2006). 
44. Olsen, J.A., Alam, A., Kowal, J., Stieger, B. & Locher, K.P. Structure of the human lipid exporter 
ABCB4 in a lipid environment. Nat Struct Mol Biol 27, 62-70 (2020). 
45. Kim, Y. & Chen, J. Molecular structure of human P-glycoprotein in the ATP-bound, outward-
facing conformation. Science 359, 915-919 (2018). 
46. Perez, C., Mehdipour, A.R., Hummer, G. & Locher, K.P. Structure of Outward-Facing PglK and 
Molecular Dynamics of Lipid-Linked Oligosaccharide Recognition and Translocation. Structure 27, 669-
678.e5 (2019). 
47. Timcenko, M. et al. Structural Basis of Substrate-Independent Phosphorylation in a P4-ATPase 
Lipid Flippase. J Mol Biol, 167062 (2021). 
48. Radestock, S. & Forrest, L.R. The alternating-access mechanism of MFS transporters arises 
from inverted-topology repeats. J Mol Biol 407, 698-715 (2011). 
49. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596, 583-
589 (2021). 
50. Basilio, D., Noack, K., Picollo, A. & Accardi, A. Conformational changes required for H(+)/Cl(-) 
exchange mediated by a CLC transporter. Nat Struct Mol Biol 21, 456-63 (2014). 
51. Koch, H.U., Haas, R. & Fischer, W. The role of lipoteichoic acid biosynthesis in membrane lipid 
metabolism of growing Staphylococcus aureus. Eur J Biochem 138, 357-63 (1984). 
52. Bi, Y., Mann, E., Whitfield, C. & Zimmer, J. Architecture of a channel-forming O-antigen 
polysaccharide ABC transporter. Nature 553, 361-365 (2018). 
53. Jardetzky, O. Simple allosteric model for membrane pumps. Nature 211, 969-70 (1966). 
54. Huang, Y., Lemieux, M.J., Song, J., Auer, M. & Wang, D.N. Structure and mechanism of the 
glycerol-3-phosphate transporter from Escherichia coli. Science 301, 616-20 (2003). 
55. Law, C.J., Maloney, P.C. & Wang, D.N. Ins and outs of major facilitator superfamily antiporters. 
Annu Rev Microbiol 62, 289-305 (2008). 
56. Zhang, B. & Perez, C. Stabilization and Crystallization of a Membrane Protein Involved in Lipid 
Transport. Methods Mol Biol 2127, 283-292 (2020). 
57. Jorasch, P., Wolter, F.P., Zahringer, U. & Heinz, E. A UDP glucosyltransferase from Bacillus 
subtilis successively transfers up to four glucose residues to 1,2-diacylglycerol: expression of ypfP in 
Escherichia coli and structural analysis of its reaction products. Mol Microbiol 29, 419-30 (1998). 
58. Kiriukhin, M.Y., Debabov, D.V., Shinabarger, D.L. & Neuhaus, F.C. Biosynthesis of the glycolipid 
anchor in lipoteichoic acid of Staphylococcus aureus RN4220: Role of YpfP, the diglucosyldiacylglycerol 
synthase. Journal of Bacteriology 183, 3506-3514 (2001). 
59. Peterson, A.C., Russell, J.D., Bailey, D.J., Westphall, M.S. & Coon, J.J. Parallel reaction 
monitoring for high resolution and high mass accuracy quantitative, targeted proteomics. Mol Cell 
Proteomics 11, 1475-88 (2012). 
60. Ahrne, E. et al. Evaluation and Improvement of Quantification Accuracy in Isobaric Mass Tag-
Based Protein Quantification Experiments. J Proteome Res 15, 2537-47 (2016). 
61. Nesvizhskii, A.I., Keller, A., Kolker, E. & Aebersold, R. A statistical model for identifying proteins 
by tandem mass spectrometry. Anal Chem 75, 4646-58 (2003). 
62. Friesner, R.A. et al. Glide: a new approach for rapid, accurate docking and scoring. 1. Method 
and assessment of docking accuracy. J Med Chem 47, 1739-49 (2004). 
63. Schrödinger Release 2021-3: LigPrep, S., LLC, New York, NY, 2021. 
64. Heckman, K.L. & Pease, L.R. Gene splicing and mutagenesis by PCR-driven overlap extension. 
Nat Protoc 2, 924-32 (2007). 



Evidence for a ‘trap-and-flip’ mechanism in a proton-dependent lipid transporter 

	 77	

65. Monk, I.R., Tree, J.J., Howden, B.P., Stinear, T.P. & Foster, T.J. Complete Bypass of Restriction 
Systems for Major Staphylococcus aureus Lineages. MBio 6, e00308-15 (2015). 
66. Chen, V.B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. 
Acta Crystallogr D Biol Crystallogr 66, 12-21 (2010). 
67. Krivov, G.G., Shapovalov, M.V. & Dunbrack, R.L., Jr. Improved prediction of protein side-chain 
conformations with SCWRL4. Proteins 77, 778-95 (2009). 
68. Abraham, M.J. et al. GROMACS: High performance molecular simulations through multi-level 
parallelism from laptops to supercomputers. SoftwareX 1-2, 19-25 (2015). 
69. Best, R.B. et al. Optimization of the Additive CHARMM All-Atom Protein Force Field Targeting 
Improved Sampling of the Backbone ϕ, ψ and Side-Chain χ1 and χ2 Dihedral Angles. Journal of 
Chemical Theory and Computation 8, 3257-3273 (2012). 
70. Jorgensen, W.L., Chandrasekhar, J., Madura, J.D., Impey, R.W. & Klein, M.L. Comparison of 
simple potential functions for simulating liquid water. The Journal of Chemical Physics 79, 926-935 
(1983). 
71. Klauda, J.B. et al. Update of the CHARMM All-Atom Additive Force Field for Lipids: Validation 
on Six Lipid Types. The Journal of Physical Chemistry B 114, 7830-7843 (2010). 
72. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N·log(N) method for Ewald sums 
in large systems. The Journal of Chemical Physics 98, 10089-10092 (1993). 
73. Hess, B., Bekker, H., Berendsen, H.J.C. & Fraaije, J.G.E.M. LINCS: A linear constraint solver for 
molecular simulations. Journal of Computational Chemistry 18, 1463-1472 (1997). 
74. Berendsen, H.J.C., Postma, J.P.M., Gunsteren, W.F.v., DiNola, A. & Haak, J.R. Molecular 
dynamics with coupling to an external bath. The Journal of Chemical Physics 81, 3684-3690 (1984). 
75. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys Rev A Gen Phys 
31, 1695-1697 (1985). 
76. Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular 
dynamics method. Journal of Applied Physics 52, 7182-7190 (1981). 
77. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. Journal of Molecular 
Graphics 14, 33-38 (1996). 
78. Gowers, R. et al. MDAnalysis: A Python Package for the Rapid Analysis of Molecular Dynamics 
Simulations, 98-105 (2016). 
79. Michaud-Agrawal, N., Denning, E.J., Woolf, T.B. & Beckstein, O. MDAnalysis: A toolkit for the 
analysis of molecular dynamics simulations. Journal of Computational Chemistry 32, 2319-2327 
(2011). 
80. Wu, E.L. et al. CHARMM-GUI Membrane Builder toward realistic biological membrane 
simulations. J Comput Chem 35, 1997-2004 (2014). 
 

Acknowledgments 

We thank Prof. Jan-Willem Veening for providing us the S. aureus NCTC8325, S. aureus 

NCTC8325 ΔltaA, E. coli IMO8B cells and the pLOW-vector. We thank Xiaochun Li Blatter for 

assistance in cell expression and membranes preparations. This work was supported by the 

Swiss National Science Foundation (SNSF) (PP00P3_198903 to C.P), the Helmut Horten 

Stiftung (HHS) (to C.P), and by the Max Planck Society and the German Research Foundation 

(SFB 807: Membrane Transport and Communication, to A.R.M and G.H). E.L. was funded by 

the Biozentrum International PhD Program and the HHS. 

 



Evidence for a ‘trap-and-flip’ mechanism in a proton-dependent lipid transporter 

	78	
	

Author Contributions 

E.L. performed in vitro and in vivo biochemical characterization of LtaA and variants. A.R.M. 

performed computational analysis. C.P. supervised the biochemical analysis. G.H. supervised 

computational analysis. A.S. and E.L. performed mass spectrometry analysis. E.L., A.R.M, and 

C.P analyzed the computational, structural and functional data. C.P. conceived and directed 

the project. All authors contributed to manuscript writing and revision. 

 

Author Information 

Competing interests: None declared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Evidence for a ‘trap-and-flip’ mechanism in a proton-dependent lipid transporter 

	 79	

Figures and figure legends  

 

Figure 1. Modeling of inward-facing LtaA. a. Topology representation of LtaA. Domain-1 (N-

terminal) and domain-2 (C-terminal) are shown in light orange and light blue, respectively. b. 

Individual repeat domains as observed in outward-facing LtaA (PDB ID 6S7V), and 

superposition of inverted repeats (r.m.s.d. = 2.5 Å and 3.0 Å for aligned Cɑ atoms of 

R1D1/R2D1 and R1D2/R2D2, respectively). R1D1 and R2D1 indicate the first and second 

repeats in the N-terminal domain, respectively, whereas R1D2 and R2D2 indicate the first and 

second repeat in the C-terminal domain, respectively. Colors are according to panel a. c and 

d. Side-views of inward-facing LtaA models generated by ‘repeat-swap’ and by AlphaFold (AF), 

respectively. The models show TM helices that line the lateral openings. Extracellular and 

cytoplasmic views are also shown. 
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Figure 2. LtaA adopts inward- and outward-facing states. Selected residues for cross-linking 

of LtaA in inward-facing conformation (a) and outward-facing conformation (b). N-terminal 

and C-terminal domains are shown in light orange and light blue, respectively. The relative 

abundance of cysteine containing peptides in absence (-) or presence (+) of N,N’-(o-

phenylene)-dimaleimide (o-PDM) is shown in histograms. Collision-induced dissociation (CID) 

spectrum of cysteine containing peptides and elution profiles of peptide fragments are shown 

in supplementary figure 3. Error bars indicate +/- standard deviation (s.d.) (n=3, biological 

replicates). *: P≤0.05, **: P≤0.01, ***: P≤0.001, ****: P≤0.0001. Asterisks mark the result 

from unpaired t-test. c. Cross-linking analysis of LtaA in proteoliposomes. Positions of selected 

cysteine pairs at the extracellular and cytoplasmic regions of LtaA are shown as spheres. SDS-
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PAGE show band shifts of samples treated with mPEG5K after irreversible cross-link with o-

PDM. Separated species are indicated with arrows. The complete gel is shown in Suppl. Fig. 

4C. SDS-PAGE experiments were independently repeated at least three times with similar 

results. Source data are provided as a Source Data file. 
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Figure 3. Lateral openings facilitate access of glycolipids to the central translocation 

pathway. a. Representative view of solvent exposed cavity of inward-facing and outward-

facing LtaA as observed during MD simulations. b. Analysis of distances between TM helices 

lining the cytoplasmic and extracellular lateral openings of outward-facing and inward-facing 

models. The center of masses of the Cα atoms of extracellular residues 52-57 (TM2), 163-167 

(TM5), 250-255 (TM8), 364-367 (TM11), and of cytoplasmic residues 77-81 (TM2), 139-143 

(TM5), 273-276 (TM8), 341-344 (TM11), were used for the calculation of inter-TM distances. 

c. Intrusion of gentiobiosyl-diacylglycerol (black spheres) and POPG (blue spheres) molecules 

in the extracellular cavity of LtaA during simulations. d. Intrusion of gentiobiosyl-

diacylglycerol (black spheres) in the intracellular cavity of the AF inward-facing model of LtaA 

during simulations. N-terminal and C-terminal domains are shown in light orange and light 

blue, respectively.  
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Figure 4. Cycling through outward- and inward-facing conformations is essential for LtaA 

activity. a and c. Proton-transport activity of LtaA and variants after chemical crosslinking with 

CuCl2 (solid lines) or in absence of cross-linking treatment (dotted lines) (n≥3). 

Proteoliposomes and protein-free liposomes containing 100 mM KCl were diluted in buffer 

containing 10 mM KCl, 90 mM NaCl and ACMA. H+ influx was initiated by establishing a 

membrane potential upon addition of the potassium ionophore valinomycin (asterisk). b. 

Relative activity of cross-linked and non-cross-linked LtaA variants measured in A. Relative 

activity = 100×(F’i – F’liposomes)/(F’wt – F’liposomes), where i corresponds to each variant, liposomes 

correspond to protein-free liposomes, and F’ correspond to the relative fluorescence at the 

plateau (800 seconds). Error bars show +/- s.d. of technical replicates, n=3. d. SDS-PAGE shows 

band shifts of proteoliposome samples treated with mPEG5K after cross-link with CuCl2. 

Separated species are indicated with arrows. SDS-PAGE experiments were independently 

repeated at least three times with similar results. Source data are provided as a Source Data 

file. 
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Figure 5. Hydrophilic and hydrophobic cavities participate in ‘trap-and-flip’ of lipids. A. 

Vacuum electrostatic surface representation of inward-facing model of LtaA. Residues 

forming the hydrophobic and hydrophilic pockets are shown. b. A model of a glycolipid 

molecule docked into the amphipathic cavity of LtaA. The lipid tail length corresponds to C16 

chains. N-terminal and C-terminal domains are shown in light orange and light blue, 

respectively. c. S. aureus cell growth on LB agar plates containing 0.1 mM IPTG, buffered at 

pH 6.4. The ΔltaA mutant is complemented with pLOW vector carrying a ltaA-WT gene or the 

annotated point mutations; Control vector indicates the pLOW vector carrying an unrelated 

gene (dCas9). d. Mutagenesis analysis of the hydrophobic pocket. Relative flipping activity of 

LtaA-WT and variants. Error bars show +/- s.d. of technical replicates, n=3. e. Headgroup 

selectivity analysis. Relative flipping activity of LtaA in the presence of different 

concentrations of digalactosyl-diacylglycerol (Gal2DAG). Molar excess of Gal2DAG over Glc2-

DAG-NBD is indicated. Error bars show +/- s.d. of technical replicates, n≥3. Source data are 
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provided as a Source Data file. f. Proposed mechanism of LtaA catalyzed glycolipid transport. 

Schematic of conformational states throughout LtaA transport cycle.  
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Supplementary figure 1. Distances between residues selected for cross-linking in alternating 
conformations of LtaA. Cβ-Cβ distances between residues selected for cysteine cross-linking 
in the outward-facing structure (OWF) and in the best inward-facing models (INW_M), and in 
the AlphaFold (AF) inward-facing model. Distance thresholds considered for selection of 
residues pairs are shown. 
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Supplementary figure 2. Analysis of LtaA wild-type and cysteine-less variant. A. Size 
Exclusion Chromatography profile of cysteine-less LtaA in a Superdex 200 Increase 10/300 GL 
column. B. SDS-PAGE of purified LtaA-WT and LtaA Cys-less. C. Relative flipping activity of LtaA 
Cys-less and LtaA-WT. Error bars show s.d. of technical replicates, n≥3. D. Mass photometry 
analysis of nanodiscs without LtaA (left) and LtaA-reconstituted nanodiscs (right). The 
approximate molecular mass averages from Gaussian distributions are shown. The resulting 
apparent molecular mass difference (LtaA mass) is 46 kDa. 
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Supplementary figure 3. LC-MS analysis of cysteine cross-linking showing that LtaA adopts 
inward- and outward-facing states. Selected pairs of residues for cross-linking are shown in 
Fig. 2. Left: Relative abundance of cysteine containing peptides in absence (-) or presence (+) 
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of N,N’-(o-phenylene)-dimaleimide (o-PDM). Error bars indicate s.d., n≥3. *: P≤0.05, **: 
P≤0.01, ***: P≤0.001, ****: P≤0.0001. Center: Assigned Collision-Induced Dissociation (CID) 
spectra obtained from cysteine containing peptides in absence of o-PDM. The position of the 
alkylated cysteine is indicated in red and the charge state (z) of the identified peptide ion is 
provided. Right: Elution profiles of the peptide fragments (transitions) identified used for 
peptide quantification by targeted LC-MS analysis. Source data are provided as a Source Data 
file.  
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Supplementary figure 4. Purifications and cross-linking in-gel analysis of LtaA variants. A. 
Size Exclusion Chromatography profile of LtaA variants in a Superdex 200 Increase 10/300 GL 
column. B. SDS-PAGE of purified LtaA WT and variants. C and D. SDS-PAGE showing band shifts 
of samples treated with mPEG5K after cross-link with o-PDM or CuCl2, respectively. SDS-PAGE 
experiments were independently repeated at least three times with similar results. Source 
data are provided as a Source Data file.  
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Supplementary figure 5. Stability analysis from molecular dynamics simulations of LtaA in a 
membrane. A-C. Root-mean-square-deviation (RMSD) plots of Cα atoms relative to their 
starting points during MD simulations in a membrane composed of POPG (65%), 
diacylglycerol (20 %), cardiolipin (10 %), and gentiobiosyl-diacylglycerol (5 %). RMSD plots of 
Cα atoms for outward-facing LtaA (A), inward-facing LtaA models obtained from the 
‘repeatswap’ approach (IWF_M) (B), and the inward-facing LtaA model generated by 
AlphaFold (AF) (C) are shown. D. Root-mean-square-fluctuation (RMSF) plot of Cα atoms for 
outward-facing (OWF) LtaA, ‘repeat-swap’ inward-facing LtaA models, and the inward-facing 
LtaA model generated by AlphaFold (AF), calculated for each MD simulation based on the 
average structure. E. RMSD plot of Cα atoms of ‘repeat-swap’ inward-facing LtaA models and 
the AF inward-facing LtaA model during MD simulations relative to the outward-facing 
structure (PBD ID 6S7V). 
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Supplementary figure 6. Comparison of LtaA and MFSD2A fold and amphipathic cavity. A. 
Superposition of LtaA (orange) and MFSD2A (blue) (r.m.s.d = 4.1Å), and individual N- and C-
terminal domains (r.m.s.d= 2.6Å and 2.8Å, respectively). B. Vacuum electrostatic surface 
representation of inward-facing model of LtaA (left) and inward-facing MFSD2A (PDB ID 7MJS) 
(right). Residues participating in formation of N- and C-terminal hydrophilic and hydrophobic 
pockets in LtaA (C) and MFSD2A (D). N-terminal and C-terminal domains are shown in light 
orange and light blue, respectively. 
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Supplementary figure 7. LC-MS analysis of relative abundance of LtaA-WT and variants in S. 
aureus membranes. The histogram shows relative abundances of LtaA WT and variants. Error 
bars show +/- s.d. of technical replicates (n=2).  
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Supplementary figure 8. C-terminal TM helices participating in formation of hydrophobic 
pockets in MFS lipid transporters. Residues in TM7, 8, and 10 as seen in the structures of S. 
aureus LtaA (PDB ID 6S7V) and Gallus gallus MFSD2A (PDB ID 7MJS), and residues in predicted 
helical segments corresponding to the same TMs in E. coli LplT, human MFSD2B, and human 
Spns2 are shown. Hydrophobic residues are shown in blue. 
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Supplementary Table 1. Validation parameters of the top seven inward-facing models. 
Initial: homology models from Modeler: SCWRL; the refined model by SCWRL4; mini: energy 

minimization of the model in a bilayer using Gromacs. 
 

Model 
Clashscore MolProbity score Ramachandran favoured 

(%)  
Ramachandran outliers 

(%)  
Initial SCWRL mini Initial SCWRL mini Initial SCWRL mini Initial SCWRL mini 

1 144.2 125.8 11.5 3.46 2.89 2.03 95.5 95.2 93.4 0.8 1.0 1.0 
2 155.0 125.3 11.5 3.49 2.89 2.15 95.2 95.2 92.9 0.8 0.8 1.6 
3 145.5 125.1 10.3 3.45 2.91 2.3 94.9 94.9 92.2 1.1 1.1 1.6 
4 137.9 117.8 12.0 3.25 2.85 2.05 95.5 95.5 92.9 0.5 0.5 0.8 
5 144.9 119.1 10.6 3.34 2.89 1.98 94.9 95.0 93.4 0.8 0.8 1.3 
6 134.7 125.7 8.12 3.35 2.89 2.17 95.2 95.2 93.6 1.1 1.1 1.1 
7 131.8 125.5 9.81 3.31 2.86 2.18 95.7 95.7 92.3 1.1 1.1 1.1 
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Supplementary Table 2. Oligo’s used in this study. Mutagenesis is underlined 
 

Oligo name 5’-3’ sequence 
Sa-SalI-FW GAGAGTCGACGGTCATTCATCACAACC 

Sa-V234T-L237N-FW GGTGCCGCAATTGCTGCCCTAACCCCTATAAATCCAACATATGCTACTAAGGTTAT 
Sa-V234T-L237N-RV ATAACCTTAGTAGCATATGTTGGATTTATAGGGGTTAGGGCAGCAATTGCGGCACC 
Sa-V234W-FW GTGCCGCAATTGCTGCCCTATGGCCTATATTACCAACATATGCTAC 
Sa-V234W-RV GTAGCATATGTTGGTAATATAGGCCATAGGGCAGCAATTGCGGCAC 
Sa-C263S-FW CATTATTGGTGGTATCGGCTCTGCAGTTTCGATGCTATTT 
Sa-C263S-RV AAATAGCATCGAAACTGCAGAGCCGATACCACCAATAATG 
Sa-L296D-FW TCTAAGCGGATTTATTTTATACATGATAGATATTTTTACTCTATCTATGATTGTTAATATTCACA 
Sa-L296D-RV TGTGAATATTAACAATCATAGATAGAGTAAAAATATCTATCATGTATAAAATAAATCCGCTTAGA 
Sa-I297S-FW GATTTATTTTATACATGATATTAAGTTTTACTCTATCTATGATTGTTAATATTC 
Sa-I297S-RV GAATATTAACAATCATAGATAGAGTAAAACTTAATATCATGTATAAAATAAATC 
Sa-L309Q-I316N-FW CTATGATTGTTAATATTCACATCCAATGGATTATCGCTTTAGCTAATGGTCTAATGTATGGCATCTT

ATTAC 
Sa-L309Q-I316N-RV GTAATAAGATGCCATACATTAGACCATTAGCTAAAGCGATAATCCATTGGATGTGAATATTAACA

ATCATAG 
Sa-I316N-FW CTTGTGGATTATCGCTTTAGCTAATGGTCTAATGTATGGCATCTTATTAC 
Sa-I316N-RV GTAATAAGATGCCATACATTAGACCATTAGCTAAAGCGATAATCCACAAG 
Sa-I316W-FW CTTGTGGATTATCGCTTTAGCTTGGGGTCTAATGTATGGCATCTTATTAC 
Sa-I316W-RV GTAATAAGATGCCATACATTAGACCCCAAGCTAAAGCGATAATCCACAAG 
Sa-Y320R-FW TTAGCTATCGGTCTAATGCGTGGCATCTTATTACCAGCATG 
Sa-Y320R-RV CATGCTGGTAATAAGATGCCACGCATTAGACCGATAGCTAA 
LtaA-NotI-RV GAGAGCGGCCGCAATAGTATTGTTAATCGTAGTATGTTTGAATTAATAAGA 
F45C-FW GAGCTACATTAACTGTCTGCCCACCG 
F45C-RV CGGTGGGCAGACAGTTAATGTAGCTC 
A53C-FW CCGTGACATCGATTTGTGTCGCTATTACATC 
A53C-RV GATGTAATAGCGACACAAATCGATGTCACGG 
K80C-FW CGTTATCGGCTTCTTATTATGTAAGTTTGGAACTAAGATC 
K80C-RV GATCTTAGTTCCAAACTTACATAATAAGAAGCCGATAACG 
K141C-FW GAGGATAAACGCGGCTGTCAAATGGGCTACGTG 
K141C-RV CACGTAGCCCATTTGACAGCCGCGTTTATCCTC 
K166C-FW CTTTATGAATTTGCTGATCTGTGTTCATCCTACTCGCTTCG 
K166C-RV CGAAGCGAGTAGGATGAACACAGATCAGCAAATTCATAAAG 
I250C-FW CAAAAGTCATTAATGTATCAACGTGTGAATATACCGTGGCTATTATC 
I250C-RV GATAATAGCCACGGTATATTCACACGTTGATACATTAATGACTTTTG 
T253C-FW GTATCAACGATTGAATATTGTGTGGCTATTATCATCGGCGG 
T253C-RV CCGCCGATGATAATAGCCACACAATATTCAATCGTTGATAC 
C263S-FW CGGCGGCATTGGATCGGCCGTTAGTATGTTG 
C263S-RV CAACATACTAACGGCCGATCCAATGCCGCCG 
N276C-FW CTTAGTAAGTTGATCGACTGCCGTTCGCGTAACTTTATGTAC 
N276C-RV GTACATAAAGTTACGCGAACGGCAGTCGATCAACTTACTAAG 
E339C-FW GCTTCATCAAGAGCGACTGTCAAGAGGAGACCTGG 
E339C-RV CCAGGTCTCCTCTTGACAGTCGCTCTTGATGAAGC 
T366C-FW GTTTGGCGGATTGATTTGCCAGTTCACCAAC 
T366C-RV GTTGGTGAACTGGCAAATCAATCCGCCAAAC 
LtaA-V234T-L237N-FW GATTGCGGCTTTGACTCCTATCAACCCTACGTATGCCACA 
LtaA-V234T-L237N-RV TGTGGCATACGTAGGGTTGATAGGAGTCAAAGCCGCAATC 
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LtaA-V234W-FW GATTGCGGCTTTGTGGCCTATCCTGCCTAC 
LtaA-V234W-RV GTAGGCAGGATAGGCCACAAAGCCGCAATC 
LtaA-C263S-FW GCGGCATTGGATCGGCCGTTAGTATG 
LtaA-C263S-RV CATACTAACGGCCGATCCAATGCCGC 
LtaA-L296D-FW GGTTTTATTCTGTATATGATTGATATCTTCACGTTGTCTATG 
LtaA-L296D-RV CATAGACAACGTGAAGATATCAATCATATACAGAATAAAACC 
LtaA-I297S-FW TTATTCTGTATATGATTCTTAGTTTCACGTTGTCTATGATTGTC 
LtaA-I297S-RV GACAATCATAGACAACGTGAAACTAAGAATCATATACAGAATAA 
LtaA-L309Q-FW GTCAACATCCATATCCAATGGATTATTGCCTTGG 
LtaA-L309Q-RV CCAAGGCAATAATCCATTGGATATGGATGTTGAC 
LtaA-I316N-FW TGCCTTGGCGAACGGCCTGATG 
LtaA-I316N-RV CATCAGGCCGTTCGCCAAGGCA 
LtaA-I316W-FW ATTATTGCCTTGGCGTGGGGCCTGATGTAT 
LtaA-I316W-RV ATACATCAGGCCCCACGCCAAGGCAATAAT 
LtaA-Y320R-FW GATCGGCCTGATGCGTGGGATTCTGTTGCCA 
LtaA-Y320R-RV GATCGGCCTGATGCGTGGGATTCTGTTGCCA 
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4. Further characterization of the amphiphilic cavity  
4.1 The hydrophilic N-terminal pocket is specific for a disaccharide anchor 

headgroup 
As described before, synthesis of the Glc2-DAG starts with the addition of two glucose 
moieties to the diacylglycerol (DAG) by the glycosyltransferase YpfP. However, YpfP is not 
only able to perform the addition of 2 glucose residues, but occasionally generates side 
products as well, by addition of only one or three glucose residues to the DAG63,75 . During the 
preparative thin layer chromatography (TLC) that we used for preparation of the 
nitrobenzoxadiazole (NBD)-Glc2-DAG, we detected NBD-DAG, NBD-Glc-DAG, NBD-Glc2-DAG, 
NBD-Glc3-DAG species after visualization under a fluorescence scanner (Fig 4.1a). To further 
characterize the N-terminal pocket, we wanted to test if LtaA is capable of flipping NBD-Glc-
DAG, NBD-Glc3-DAG as well, or if it’s specific for NBD-Glc2-DAG, as found in the native 
glycolipid. We extracted all three species, and incorporated them into empty liposomes, and 
LtaA-proteoliposomes, and performed flipping assays (Fig. 4.1b). If LtaA has a high specificity 
for the NBD-Glc2-DAG, we expected that proteoliposomes incorporated with NBD-Glc-DAG, 
and NBD-Glc3-DAG will behave the same way as in the absence of LtaA. Indeed, our 
experimental data shows that only in the presence of LtaA and NBD- Glc2-DAG there is 
flipping, whereas the flipping of NBD-Glc-DAG and NBD-Glc3-DAG is lower. This result 
indicates that LtaA shows higher specificity for accommodating a two-sugar headgroup within 
its N-terminal hydrophilic pocket. Less sugar units most likely have not enough interactions 
with the residues in the pocket, whereas a three-sugar headgroup is probably too bulky, and 
cannot accommodate within the pocket.  
These results are similar to the Gal2-DAG assay in chapter 3 (Fig. 5E), showing that an intact 
headgroup is required for substrate binding and transport. Our results show that not only the 
nature of the sugar is important for substrate recognition, as well as the number of sugars. 
The headgroup dictates thus if the glycolipid is a substrate for LtaA or not.  

 
Figure 4.1: Headgroup recognition of LtaA. A. Fluorescence scan of thin layer chromatography (TLC) 
containing different species. B. Normalized relative flipping activity with NBD-Glc-DAG, NBD-Glc2-DAG 

and NBD-Glc3-DAG. Error bars show s.d. of technical replicates (n≥3). 

A B

NBD-G
lc

NBD-G
lc2

NBD-G
lc3

0

50

100

150

R
el

at
iv

e 
ac

tiv
ity

 (%
)NBD-DAG 

NBD-DAGGlc 

NBD-DAGGlc2
NBD-DAGGlc3

NB
D-
Glc
-DA

G
NB
D-G

lc 2
-DA

G
NB
D-G

lc 3
-DA

G



Further characterization of the amphiphilic cavity 

	100	
	

4.2 LtaA has a preference for Glc2-DAG with longer lipid lengths 
 
If the C-terminal part of the cavity is necessary for correct translocation of the glycolipid, we 
hypothesized that there could be a preferred length of the lipid tail, that fits in the C-terminal 
pocket. It was also shown for MFSD2A and LplT to display a relaxed selectivity towards the 
length of the aliphatic chains184,223. We performed flipping assays with LtaA-WT 
proteoliposomes, in which next to the NBD- Glc2-DAG, we also incorporated a five-fold excess 
of DAG or Glc2-DAG of different lengths as well. This way, we wanted to examine if there is a 
difference in flipping activity of the NBD-Glc2-DAG, which would indicate that the lipids or 
glycolipids compete with the NBD-Glc2-DAG for LtaA flipping. As expected, the DAGs of 
different lengths, did not have any a substantial influence on flipping of the NBD-Glc2-DAG 
(fig 4.2), as they don’t need the energy of a transporter to translocate to the other side of the 
membrane.  
 
When we compared the activity in the presence of Glc2-DAG, the relative activity of NBD- Glc2-
DAG remains stable compared to the sample only containing NBD-Glc2-DAG (indicated as WT), 
except for Glc2-DAG with lipid length of C16 that has a relative activity of 250% (fig 4.2). This 
increase in relative activity is remarkable, as there is an increase in activity and not a decrease 
as expected. These results suggest that LtaA activity might not only be driven by a pH gradient, 
but also by a concentration gradient. It could be the case that the activity also increases when 
a higher amount of Glc2-DAG is present in the S. aureus membrane. 
 
Furthermore, it seems that LtaA has a preference for Glc2-DAG with longer lipid lengths, as 
only in the presence of C16 Glc2-DAG an increase was observed. The S. aureus membrane is 
rich in lipids with chain lengths of C15 to C1877. The C-terminal hydrophobic cavity is probably 
adapted for lipids with longer lengths, although it displays a relaxed specificity towards the 
length, since there is observable translocation of the NBD-Glc2-DAG which has an acyl length 
of C10.  

 
Figure 4.2: Flipping activity in presence of DAG and Glc2-DAG with different lengths of lipid tails. A 
five-fold excess of DAG or Glc2-DAG was added. Error bars show s.d. of technical replicates (n≥3).
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5. Discussion  
Elucidation of LtaA structure showed the architecture of an MFS flippases for the first time. 
The functional analysis, which identified LtaA as a proton coupled flippases, constituted also 
a novelty to the transporters field. Besides MurJ134, LtaA is the second characterized 
secondary flippase. The structure of LtaA showed the canonical MFS fold, similarly as 
observed for other MFS transporters109. The cavity was observed to be of an amphiphilic 
nature, containing a hydrophilic N-terminal domain and a C-terminal hydrophobic domain. 
This was the first time that such an amphiphilic cavity was observed for MFS flippases, 
although an amphipathic cavity was observed in the fucose transporter FucP166, and an 
electrostatic different cavity was noticed in the peptide transporter YbgH219. This is 
remarkable since MFS transporters are thought to be originated due to internal 
duplications155, and suggest that LtaA originates from a heterologous duplication, in which 
the cavity is adapted for its respective substrate. This amphiphilic state was later observed in 
the inward-facing model as well.  
 
LtaA was identified to be a proton-coupled antiporter. In particular, E32 was identified as the 
residue responsible for proton-transport. As for other MFS transporters, this residue lays on 
TM1, in close contact with the substrate binding site168,200,227. In the substrate binding pocket 
E32 interacts with other polar residues (R35, D68, W127, W150), which are responsible for 
accommodating the polar sugar headgroup in the pocket. These residues are most likely also 
responsible for accommodation of the pKa of E32, shifting it from its theoretical value (pKa 
4.25) to a pKa -value of 7.8, accommodating better to physiological pH. In the inward-facing 
model, these contacts remain close as well. In an outward-facing conformation E32 is in close 
contact with R35, pointing towards each other, presumably forming a salt-bridge. Protonation 
of E32 may disrupt the salt-bridge leading to conformational changes to an inward-facing 
state, followed by substrate loading. The disruption of this salt-bridge could be the driving 
force for conformational changes from an outward-open to an inward-open conformation.  
 
In the MFS-model transporter LacY, translocation of lactose and a proton is tightly coupled, 
as one is not translocated without the other214. First a proton will bind, which makes it 
possible for the substrate to bind in the pocket. Substrate binding is then followed by 
conformational changes to a cytosolic-open conformation, where the substrate is released. 
This is then followed by deprotonation, leading to conformational changes to an outward-
open conformation. A different mechanism is shown for the MFS drug- antiporter MdfA160. 
Substrate-bound deprotonation at the cytoplasmic side is followed by thermodynamically 
favoring conformational changes towards an outward-open state. At the extracellular side, 
the substrate will then leave the pocket, followed by protonation inducing conformational 
changes to an inward-open conformation. As LtaA is an antiporter, it is more likely that its 
mechanism will be more similar to the MdfA mechanism than the LacY mechanism. On the 
contrary, crystal-structures together with biochemical data of ABC lipid exporters, suggest a 
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low energy and high substrate affinity inward-open state, and an ATP-mediated high energy 
and low substrate affinity outward-open state129,145,146,228,229.  
 
In general, MFS transporters are thought to use the induced transition fit model for transport 
catalysis230. In this theoretical model, the energy barrier for conversion is lowered by the 
substrate binding. The fundamental difference with classical enzymes is that in this case the 
transition state is the activation energy barrier for global conformational changes for 
transporters instead of catalysis of the substrate. However, the energy landscape of the 
flippases most likely differs to the ones of soluble substrate transporters. ABC transporters 
translocating lipids were shown to use between 8.49 and 781.25 ATP molecules to flip one 
reporter lipid229. Probably, LtaA uses more than one H+. The details on how this would work 
using the alternating access mechanism for transport has to be investigated, although it was 
shown for the MDR-MFS antiporters LmrP, NorA and QacA to operate with a electrogenic 
drug/nH+ (with n ≥ 2) transport mode231.  
 
We observed during in vitro flipping assays still transport, even in the absence of a proton-
gradient. Likewise, the mutant E32A remained to have a basic activity, which is comparable 
to the activity in the absence of a proton-gradient. So next to proton-transport, there must 
be at least one additional mechanism contributing to the transport of glycolipid across the 
cell membrane. One possible explanation is the concentration gradient created by the 
glycosyl transferase YpfP on the cytoplasmic leaflet. YpfP will synthesize Glc2-DAG on the 
cytoplasmic side of the leaflet63,75, after which Glc2-DAG is translocated to extracellular side 
by LtaA. At the extracellular side of the membrane the LTA synthase LtaS will continue with 
the addition GroP residue creating LTAs78, leading to the removal of Glc2-DAG creating a 
concentration gradient. A predicted MFS flippase, the bacterial lysophospholipid transporter 
LplT, has been shown to use the concentration gradient as it energy-source183. Besides, the 
Lipid II flippase MurJ requires a membrane-potential, together with sodium-coupled 
transport144,232, showing the possibility of more than one energy source necessary for lipid 
transport in secondary transporters.  
 
We have shown that gentiobiose is an inhibitor for LtaA activity in vitro. However, neither in 
the presence of other disaccharides, nor in the presence of Gal2-DAG, any effect was observed 
during in vitro flipping assays. This led us to conclude that the sugar headgroup of the Glc2-
DAG dictates the substrate specificity. Remarkably, YpfP can’t use galactose as a substrate for 
synthesis of the glycolipid either75, nor is Gal2-DAG a substrate for LtaS91. This triple protection 
mechanism indicates the importance of the gentiobiosyl headgroup of LTAs. It was shown 
that LTA immediately synthesized on DAG lipids, leads to different cell morphologies93. Our 
preliminary results show that Glc-DAG is not a substrate for LtaA neither. Moreover, Glc-DAG, 
is not a substrate for LtaS neither91. Not only, the nature of the sugars, as well as, the number 
of sugars seems to be important, highlighting the importance of correct formation of the 
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gentiobiosyl headgroup of LTAs. The high selectivity for the gentiobiosyl-headgroup provides 
a foundation for drug design of antimicrobials targeting LtaA.  
 
LtaA was identified as a ‘pH sensing’ flippase, since it increases the Glc2-DAG transport under 
low pH conditions, enlarging the population of LTA at the outer leaflet of the plasma 
membrane (Chapter 2, fig 5c). This enlarged population of LTA contributes to the survival of 
S. aureus under acidic conditions. Besides the already known functions of LTA in cell growth, 
cell stability, virulence and cell division38, increased amounts of LTA in the cell wall might 
provide an efficient way to buffer against acidification due to the negative charge of the LTA 
backbone polymer. Moreover, it was shown that D-alanylation of LTA, which plays an 
important role in autolysis, cation homeostasis, host cell adhesion and invasion, biofilm 
formation and virulence52, is more stable at lower pH233. Through multiple protective 
measures against acidic conditions, S. aureus enables survival in their slightly acidic natural 
environment, the skin and nasopharynx of the human host2,3. Remarkably, S. aureus is able 
to adapt to acidic pH of phagolysosomes, and can even replicate within them234–237, hereby 
evading critical host defense mechanisms central in the immune responses238. By enlarging 
the LTA population, the ‘pH sensing’ flippase LtaA contributes to immune evasion of the host, 
additional to survival in slight acidic environments.  
 
During this project, two structures of the mammalian lysophosphatidylcholine 
docosahexaenoic acid (LPC-DHA) transporter MFSD2A, an inward-facing structure of Gallus 
gallus, and outward-facing structure of the mouse orthologue, were solved by cryo-EM152,153. 
Regardless of different lipid substrates, a distinct composition of bacterial and eukaryotic 
membranes, opposite vectorial lipid transport direction (LtaA is an exporter, whereas 
MFSD2A is an importer) and different ion-energy sources, LtaA and MFSD2A also share 
multiple architectural similarities. Both proteins demonstrate the canonical MFS fold of 12 
TM helices, and a central amphiphilic cavity, with an N-terminal hydrophilic cavity and C-
terminal hydrophobic cavity. A computational model of the bacterial lysophospholipid 
transporter LplT has predicted to contain a similar arrangement of residues223. Most likely, 
this arrangement of residues is shared between all predicted MFS flippases (Chapter 3, Suppl. 
Fig.8)186,187,239. 
 
MFSD2A, LplT and LtaA have been shown to display a strong selectivity for their headgroup. 
In the case of MFSD2A zwitterionic charge of the phosphatidylcholine headgroup is necessary 
for selectivity towards the substrate184, while LplT was shown to transport 
lysophophatidylethanolamine (LPE) and lysophosphatidylglycerol (LPG), but not 
lysophosphatidylcholine (LPC) and lysophosphatidic acids (LPA), despite that both LPE and LPC 
are both zwitterionic lipids sharing a quaternary amine head group223. LtaA selects its 
substrate based on the gentiobiosyl-headgroup, and is extremely selective to the nature of 
the sugars (galactose vs glucose), the bond between the disaccharide (gentiobiose vs 
trehalose) and the number of sugars.  
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Although MFSD2A and LplT have been shown to be strongly selective for lysophopholipids, 
both of them demonstrate a flexibility towards the length of the lipids. MFSD2A has been 
demonstrated to transport different LPCs, if they have a acyl chain of C14 or longer184. 
Remarkably, in silico docking of lysophospholipids with different lengths of acyl chains into 
LplT, suggest a role of longer acyl chains in maintaining the selectivity of LPE/LPG versus 
LPC223. The authors suggest that longer acyl chains enhance the structural hindrance of the 
PC group. S. aureus membranes are rich in Glc2-DAG containing C15 to C18, with the most 
dominant species C18:C1577. The variability among these different Glc2-DAG in S. aureus 
together with the observation that the relative activity remains stable in the presence of Glc2-
DAG with different lengths shows that LtaA most likely has a similar flexibility towards the 
lipid length. This is supported by the fact that we can observe active transport activity of the 
NBD-Glc2-DAG containing a C10 acyl length. Although LtaA is flexible of translocating lipids 
with different lengths, it still has a preference for lipids with longer aliphatic chains. 
 
On the extracellular side of MFSD2A, ordered extracellular loops are observed. One of these 
loops, reaches across the interface of the two domains, and is stabilized by a disulfide bridge 
with a residue on another loop. Mutating the residues responsible for the disulfide bridge to 
alanine substantially reduced the transport, suggesting the importance of the stability of this 
loop153. This loop lays in front of extracellular side of the lateral opening between TM5 and 
TM8 (fig. 5.1a), which was proposed to be the entry side for LPC, based on electron density 
observed within the structure and mutagenesis analysis of the lateral entry sides153. Our 
molecular dynamics (MD) simulations together with the results from the cysteine trapping 
assays, suggest that the cytoplasmic lateral opening between TM2 and TM11 is more relevant 
than the lateral opening between TM5-TM8 for entry of the Glc2-DAG within the amphiphilic 
pocket of LtaA. This entry however, is blocked by the helical loop connecting the N-terminal 
and C-terminal domains (fig. 5.1b). The extracellular loop of MFSD2A and helical loop of LtaA 
both provide steric hindrance at the entry point of the lipid. It could be that they are 
important for substrate recognition and selectivity of the lipids that enter into the central 
cavity, although there are no reports showing an important role in substrate recognition for 
the helical loop of MFS transporters with soluble substrates. The importance of this hindrance 
remains to be investigated in the future. Remarkably, the other lateral side is shown to be 
important for MFSD2A and LtaA suggesting a mirroring effect. As MFS transporters are 
thought to be originated due to internal duplications155, it is possible that TM2 and TM8, as 
well as TM5 and TM11 carry out similar functions. 
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Figure 5.1: Lateral openings of MFSD2A (A) and LtaA (B). A. Outward-open structure of MFSD2A (PDB-
ID 7N98)153 B. Inward-facing model of LtaA. The N-terminal and C-terminal domain are colored in light 
orange and light blue respectively, the connecting helical loop is colored in grey, the connecting 
disulfide bridge is colored in red.  

 
Our MD simulations, showed an asymmetric opening between the lateral openings at the 
cytosolic side. As mentioned above this lateral opening could be the result of the asymmetric 
loading of the lipid substrate. Cater et al. proposed an asymmetric opening as well, due to the 
disulfide bridge at extracellular side of MFSD2A, and therefore propose that MFSD2A uses an 
adapted version of the classical rocker-switch mechanism152. A similar mechanism was 
proposed for the MDR-MFS transporter MdfA which has lipophilic substrates240. This 
asymmetric opening as a result of the disulfide bridge in MFSD2A leads to narrower opening 
of the extracellular side to the cavity, whereas the cytoplasmic lateral opening is wider152. Our 
crystal structure shows wide extracellular openings, while the inward-facing model suggest 
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narrower cytoplasmic openings. These space-constrains into the cavities on the side where 
the lipid substrate is recruited, might be participating to substrate selectivity.  
 
The similarities in central amphiphilic cavity, the strong recognition of the headgroup, and 
asymmetric openings of the lateral entry sides point towards the assumption that LtaA and 
MFSD2A use a common mechanism of lipid translocation, that could be shared between all 
MFS flippases. Sequence analysis of other proposed MFS flippases shows that their cavity 
could possess a similar amphiphilic nature (Chapter 3, Suppl. Fig. 8).  
 
We demonstrate with both in vitro flipping assays, as in vivo cell growth that both the N-
terminal pocket as the C-terminal hydrophobic pocket are relevant for transport of the Glc2-
DAG. On top, we show that alternating-access is essential for transport showed by the 
disruption of transport in cross-linked variations of LtaA, and provide evidence by MD 
simulations that the entire Glc2-DAG enters and leaves the transport pathway. These results 
strongly suggest that LtaA uses a ‘trap-and-flip’ mechanism, in which the whole lipid is 
captured from the membrane, completely enclosed within the substrate cavity and is then 
released to the other side of the membrane, similar to what has been shown for the lipid A 
transporter MsbA129, human phosphotidylcholine transporter ABCB4145 and the human 
multidrug exporter P-glycoprotein146. Similar to other structures, the inward-facing MFSD2A 
structure shows the LPC tail bound into the C-terminal hydrophobic cavity (fig 5.2)152, 
providing direct evidence for a ‘trap-and-flip’ mechanism. Per contra, the authors of the 
outward-facing MFSD2A structure, propose a more ‘credit-card’ mechanism in which the LPC 
tail remains into the membrane, similar to lateral entry mechanism of the phospholipid and 
cholesterol transporter ABC transporter ABCA1150, P4-ATPases133 and the RND multidrug 
efflux pump AcrB241. As these two papers were simultaneously undergoing the review 
process, these two views were not compared. A more thorough investigation of MFSD2A 
could answer this question. Nevertheless, our data supports the ‘trap-and-flip’ model of the 
inward-facing model.  
 
Taken all experimental results of this project into account, an LtaA flipping mechanism was 
proposed (fig. 5.3). (1): Glc2-DAG will get recognized by LtaA in an inward-open conformation 
via its gentiobiose headgroup. The substrate will be loaded into the central cavity through the 
lateral opening between TM2-TM11. (2) The gentiobiose headgroup will accommodate into 
the hydrophilic N-terminal pocket, while the DAG lipid tails enter in the hydrophobic C-
terminal cavity. (3) Binding of the substrate will lead to conformational changes to an 
outward-open conformation. At the extracellular side of the membrane, Glc2-DAG is released 
from the cavity via both lateral exits, TM2-TM11 or TM5-TM8. (4) After substrate release, (5) 
E32 will get protonated leading to conformational changes to an inward-facing conformation. 
(6) After deprotonation, a new cycle will start.  
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Figure 5.2: Structure of substrate-bound MFSD2A. A. Cartoon representation of the structure-bound 
MFSD2A with lysophosphatidylcholine (LPC). B. Vacuum electrostatic surface representation of the 
substrate-bound inward-facing MFSD2A. The N-terminal and C-terminal domain are colored in light 
orange and light blue, the connecting helical loop is colored in grey, the disulfide bridge is colored in 
red. LPC is shown in green and red in stick representation. PDB-ID:7mjs 

 
Figure 5.3: Proposed mechanism of catalyzed Glc2-DAG transport. Schematic representation of 
conformational states of LtaA through the transport cycle. For explanations: see main text. N-and C-
terminal domains are colored in light yellow and light blue respectively.
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6. Conclusions and perspectives 
 
Shortly before I joined this project the outward-facing crystal structure of the S. aureus 
gentiobiosyl-diacylglycerol transferase LtaA (PBD-ID: 6S7V) was determined by Bing Zhang in 
our lab226. This crystal structure was used as basis for functional studies into the mechanistic 
details of translocation of Glc2-DAG by LtaA.  
 
In these studies, it was shown that LtaA contains an amphiphilic cavity that was never 
observed before for members of the Major Facilitator Superfamily (MFS). The N-terminal 
cavity was made up by hydrophilic residues, whereas the C-terminal cavity consist of 
hydrophobic residues. First, we characterized the N-terminal cavity using a docking approach 
with the natural substrate of LtaA, the Glc2-DAG and show that the sugar headgroup indeed 
interacts with the hydrophilic residues in the N-terminal pocket. Sequence analysis showed 
that these residues are conserved. We have shown using in vivo S. aureus ∆ltaA strains and in 
vitro flipping activity assays that these residues are indeed necessary for flipping activity. On 
top, we showed that gentiobiose, the diglucose sugar headgroup of the Glc2-DAG, is able to 
inhibit LtaA activity in vitro concluding that this sugar headgroup could be a starting point for 
design of LtaA inhibitors.  
 
Subsequently, we have shown that LtaA is a proton-coupled antiporter and that residue E32 
plays a key role in proton-sensing activity. In vivo experiments using our ∆ltaA strain displays 
aberrant cell morphologies, including enlarged cells, defects in the formation and localization 
of the division septum and abnormal cell-wall shape. Especially at lower pH the ∆ltaA strain 
shows growth defect. The same effect was observed for mutations in residues making up the 
N-terminal pocket. LtaA is therefore essential to combat acid stress, which is found in its 
natural environment, such as the skin or nasopharynx. As we have shown that LtaA is a 
proton-coupled antiporter necessary to combat acid stress, we named LtaA a ‘pH sensing’ 
lipid flippase.  
 
We thoroughly characterized LtaA, its structure and functional role, and therefore, identified 
the first MFS-flipasse, and the first proton-coupled flippase, which raised new questions. Little 
was known about secondary flippases, and in particular nothing was known about MFS 
flippases. The next part of this project was thus to elucidate the mechanistic details of LtaA. 
We generated an inward-facing model using ‘repeat-swap’ methodology based on the 
outward-facing structure of LtaA, which was confirmed using crosslinking methods and mass 
spectrometry. Further analyses were based on both the outward-facing structure, as well as 
the inward-facing model. Mutants containing cysteine residues at the lateral entrances both 
on the cytoplasmic, as extracellular side were created. Using these cysteine mutations LtaA 
could be locked in both an inward-facing and an outward-facing conformation, proving that 
LtaA adapts alternating conformations, and both conformations were shown to be necessary 
for proton transport. However, the cytoplasmic lateral opening, between TM5 and TM8 is not 
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essential for the LtaA activity, and was also shown to be less active during MD simulations. 
Presumably, LtaA uses an asymmetric opening for loading of the glycolipid into the 
amphiphilic cavity. The exit of the glycolipid however, seems able to happen via both lateral 
gates. The asymmetric opening of the lateral gates, appears to be something related of all 
MFS flippases, as the two structures of MFSD2A suggest152,153. The following question was 
how exactly LtaA translocates the lipid tails of the diacylglycerol across the membrane. The 
amphiphilic nature of the LtaA cavity suggest a ‘trap-and-flip’ mechanism, where the lipid tails 
would be enclosed in the cavity as well. Mutations of residues making up the hydrophobic 
cavity display severe growth defects in vivo, and lower flipping activity in vitro, highlighting 
the fundamental role of the hydrophobic cavity in glycolipid transport. However, it seems that 
the N-terminal hydrophilic cavity dictates the substrate specificity. Together, our data present 
strong evidence that LtaA uses a ‘trap-and-flip’ mechanism following the alternating-access 
model of transport, leading to the proposition of an almost complete model for LtaA 
mediated flipping.  
 
Although we have generated an inward-facing model, and biochemical data to prove the 
mechanistic details of transport of the Glc2-DAG by LtaA, direct evidence is missing. A first 
way to answer this question, would be the elucidation of LtaA structures in different 
conformations (e.g. inward-facing, occluded). These structures would provide us the 
information necessary to thoroughly investigate the whole transport cycle of LtaA. One way, 
this could be achieved would be by using cysteine mutants locked in one conformation by 
crosslinking. Secondly, a co-structure of LtaA with the Glc2-DAG would provide direct 
information about the residues involved in recognition of the gentiobiosyl-headgroup, as well 
about the position of the lipid tails, and provide direct information about a ‘trap-and-flip’ 
versus ‘credit-card’ model. As the lipid tails are rather flexible, obtaining good density for 
them might be challenging. A co-structure, however, with the gentiobiose headgroup could 
already provide some of the answers, particularly since gentiobiose is able to inhibit the LtaA 
activity in vitro. Detailed interaction of the headgroup with LtaA in its pocket, could provide 
valuable information that can be used for structure-based drug design. Beside a co-structure 
together with the Glc2-DAG, more information about the specificity of the length of the acyl 
tail would be valuable information. In particular, since it was shown for other MFS flippases 
that the length could be important for substrate specificity. Thirdly, structures of LtaA in a 
membrane embedded environment, such as nanodiscs, could give us information about the 
interaction of LtaA in the membrane.  
 
The energy-profile of secondary flippases is unknown. Translocating a charged lipid across the 
plasma membrane might give a completely different energy landscape compared with 
transport of small molecules. Here, we provide evidence that LtaA is a proton-coupled 
antiporter, but how does LtaA flipping work in the absence of a proton-gradient? A plausible 
explanation is that the gradient of glycolipid is the driving source for this reaction, but this 
remains to be investigated. Another unanswered question is the amount of protons necessary 
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to translocate one glycolipid across the membrane. Probably this won’t be comparable with 
other MFS transporters, such as sugar transporters.  
 
LTAs are essential for the survival of S. aureus under stress conditions, including antibiotic 
stress, such as the presence of β-lactam antibiotics. Therefore, structural investigation of all 
enzymes in the LTA biosynthesis pathway would be interesting. The substrate of LtaA, Glc2-
DAG, is synthesized by the membrane-associated YpfP, which sequence overlaps with the 
sequence of LtaA77. Most likely, there are interactions between those proteins, and perhaps 
also with LtaS, the third enzyme in the pathway (fig 1.6a). As a result, it would be interesting 
to obtain structures of protein complexes to visualize these interactions, and investigate the 
importance of complex formation.  
 
As S. aureus is such a complex severe pathogen, and antibiotic strains are increasing, the 
demand for development of new antibiotics is high. In this thesis, a thorough investigation of 
LtaA is performed, resulting in unveiling important structural and mechanistic details that 
could be used in structure-based drug design for agents inhibiting the LtaA activity.  
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