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Abstract 
The biosynthesis of many important polysaccharides (including peptidoglycan, 

lipopolysaccharide, and N-linked glycans) necessitates membrane transport of 

oligosaccharide precursors from their cytoplasmic site of synthesis to their site of 

assembly outside the cytoplasm.  To address this problem, cells utilize transporters such 

as those of the multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) superfamily to 

flip lipid-linked oligosaccharides across the cytoplasmic membrane.  The MOP 

superfamily member MurJ has been shown to be the flippase that transports the lipid-

linked peptidoglycan precursor lipid II, but the lack of structural information has 

limited our mechanistic understanding of the MurJ transport cycle.  We determined the 

first crystal structure of MurJ (MurJTA from Thermosipho africanus) to 2.0-Å resolution, 

which assumed an inward-facing conformation unlike all other outward-facing 

structures of MOP transporters.  Our structural and mutagenesis studies provide insight 

into a putative model of lipid II binding and an alternating-access mechanism of 

transport.  We followed up with crystal structures of MurJTA captured in inward-closed, 

inward-open, inward-occluded and outward-facing conformations at 3.2, 3.0, 2.6 and 

1.8-Å resolution, respectively.  The structures reveal a lateral gating mechanism and 

asymmetric rearrangements that drive transition to the Na+-bound outward-facing state, 

providing a structural basis for lipid-linked oligosaccharide transport and a framework 

for development of inhibitors. 



 

v 

Dedication 

 

 

 

 

 

 

 

 

To family, friends, colleagues, and mentors 
who have inspired and guided me on his journey 

 



 

vi 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................. ix 

List of Figures ................................................................................................................................ x 

List of Abbreviations .................................................................................................................. xii 

Acknowledgements ...................................................................................................................xiv 

1. Introduction ............................................................................................................................... 1 

1.1 Peptidoglycan Biosynthesis ............................................................................................ 1 

1.2 Role of MurJ in Lipid-Linked Oligosacccharide Transport ........................................ 5 

1.3 Transport Mechanisms of Lipid Flippases .................................................................... 8 

1.4 Significance of Structural Studies on MurJ ................................................................. 11 

2. Crystal Structure of Thermosipho africanus MurJ (MurJTA) ................................................. 12 

2.1 Overview ......................................................................................................................... 12 

2.2 Results .............................................................................................................................. 13 

2.2.1 Identification and Optimization of MurJTA for Crystallization ........................... 13 

2.2.2 Crystallization of MurJTA .......................................................................................... 15 

2.2.3 Structure Determination of MurJTA ......................................................................... 18 

2.2.4 Overall Architecture of MurJTA ................................................................................ 25 

2.2.5 The Hydrophobic Groove and Central Cavity ...................................................... 27 

2.2.6 Identification of Ions by Anomalous Scattering Experiments ............................ 29 

2.3 Discussion ........................................................................................................................ 33 

2.3.1 Model of Lipid II Binding ......................................................................................... 33 



 

vii 

2.3.2 Importance of Alternating Access to MurJTA Function ........................................ 37 

2.4 Materials and Methods .................................................................................................. 40 

2.4.1 Protein Expression and Purification ....................................................................... 40 

2.4.2 Crystallization ............................................................................................................ 40 

2.4.3 Data Collection and Structure Determination ....................................................... 41 

2.4.4 Docking of Lipid II and Structure Analysis ........................................................... 42 

2.4.5 Complementation Assay and Western Blot ........................................................... 43 

3. Structural Basis for the MurJ Transport Cycle .................................................................... 45 

3.1 Overview ......................................................................................................................... 45 

3.2 Results .............................................................................................................................. 46 

3.2.1 Conformational Landscape of MurJTA .................................................................... 46 

3.2.2 Inward-Facing Structures Reveal a Lateral-Gating Mechanism ......................... 50 

3.2.3 The Inward-Occluded Conformation of MurJTA ................................................... 52 

3.2.4 The Outward-Facing Conformation of MurJTA ..................................................... 56 

3.2.5 Sodium Site in the Outward-Facing MurJTA Structure ......................................... 59 

3.2.6 Probing the Conformation of MurJ in Detergent Micelles .................................. 63 

3.2.7 State-Dependent Changes in the Central Cavity .................................................. 67 

3.3 Discussion ........................................................................................................................ 69 

3.3.1 Transport Mechanism of MurJ ................................................................................ 69 

3.3.2 Relevance to Inhibitor Development Targeting MurJ .......................................... 71 

3.4 Materials and Methods .................................................................................................. 72 

3.4.1 Protein Expression and Purification for the New Crystal Forms ....................... 72 



 

viii 

3.4.2 Crystallization of the New Crystal Forms ............................................................. 72 

3.4.3 Data Collection and Structure Determination ....................................................... 73 

3.4.4 Docking of Lipid II and Molecular Dynamics Simulation .................................. 75 

3.4.5 Protein Expression and Delipidation for In Vitro Assay ..................................... 77 

3.4.6 In Vitro Cysteine Accessibility Assay ..................................................................... 78 

4. Conclusions .............................................................................................................................. 80 

Appendix A: Alignment of MurJ Sequences ........................................................................... 83 

References .................................................................................................................................... 85 

Biography ..................................................................................................................................... 99 

 



 

ix 

List of Tables 
Table 1: Data collection and refinement statistics for the first MurJTA structure................ 24 

Table 2: Data collection and refinement statistics for additional MurJTA structures ......... 49 

Table 3: Sodium Fo − Fc omit peak heights and coordination distances ............................ 61 

 



 

x 

List of Figures 
Figure 1: Membrane-associated steps of peptidoglycan biosynthesis................................... 2 

Figure 2: The MOP transporter superfamily ............................................................................. 6 

Figure 3: Role of MurJ in peptidoglycan synthesis .................................................................. 7 

Figure 4: Ortholog screening strategy for MurJ ...................................................................... 14 

Figure 5: Type I and II packing of membrane protein crystals ............................................ 16 

Figure 6: Crystals of MurJTA grown in lipidic cubic phase .................................................... 17 

Figure 7: Electron density calculation and the phase problem ............................................. 19 

Figure 8: Merging data from multiple crystals enabled structure solution of MurJTA ...... 21 

Figure 9: Experimental phasing of MurJTA from SeMet-substituted crystals ..................... 23 

Figure 10: Architecture of MurJTA ............................................................................................. 26 

Figure 11: Positive-inside electrostatics support the inward-facing topology ................... 27 

Figure 12: The hydrophobic groove of MurJTA is linked to the central cavity .................... 28 

Figure 13.  Identification of chloride ions by bromide soak ................................................. 29 

Figure 14: Deduction of a Zn2+ ion bound to the beginning of TM 7 ................................... 30 

Figure 15: Deduction of putative Ca2+ and Na+ ions .............................................................. 32 

Figure 16. Unmodeled electron density peaks in the portal and central cavity ................. 33 

Figure 17: Model of lipid II binding to MurJTA ....................................................................... 35 

Figure 18.  MTSES-sensitive positions in the central cavity .................................................. 36 

Figure 19: Alternating access is important for MurJ function. ............................................. 39 

Figure 20: Four new crystal forms of MurJTA were obtained ................................................ 47 

Figure 21: Structure determination of outward-facing MurJTA ............................................ 48 



 

xi 

Figure 22: Crystal structures elucidate the conformation landscape of MurJTA ................. 48 

Figure 23: Lateral gating mechanism in the inward-facing state ......................................... 51 

Figure 24: The inward-occluded conformation of MurJTA .................................................... 54 

Figure 25: Docking and MD simulation of lipid II to the inward-occluded structure ...... 55 

Figure 26: The outward-facing conformation of MurJTA ....................................................... 57 

Figure 27: Structural features of the putative lipid-binding site in the outward state. ..... 58 

Figure 28: Sodium site in MurJTA .............................................................................................. 60 

Figure 29: Comparison of the sodium site in MurJTA and in PfMATE ................................ 62 

Figure 30: Cysteine accessibility profile of MurJTA by direct PEG-maleimide labeling .... 64 

Figure 31: Accessibility profile of MurJTA in Na+ or in NMDG+ by inverse labeling ......... 66 

Figure 32: State-dependent conformation changes in the central cavity ............................ 68 

Figure 33: Model of the MurJ transport mechanism .............................................................. 70 

Figure 34: Alignment of MurJ sequences................................................................................. 84 

 



 

xii 

List of Abbreviations 
BME β-mercaptoethanol 

Cymal-6 Cyclohexyl-hexyl maltoside, a non-ionic detergent 

DDM Dodecyl maltoside, a non-ionic detergent 

DM Decyl maltoside, a non-ionic detergent 

DMNG Decyl maltoside neopentyl glycol, a non-ionic detergent 

DTT Dithiothreitol 

GlcNAc N-acetyl glucosamine 

IPTG Isopropyl β-D-thiogalactopyranoside 

LCP Lipidic cubic phase, a method for crystallizing membrane proteins 

MATE Multidrug and toxic compound extrusion family 

MBP Maltose-binding protein 

MOP Multidrug/oligosaccharidyl-lipid/polysaccharide superfamily 

MTSES Sodium 2-sulfonatoethyl methanethiosulfonate, a cysteine-reactive reagent 

MurNAc N-acetyl muramic acid 

MVF Mouse virulence family, contains MurJ 

NBD 7-nitrobenzofurazan, a fluorophore 

NMDG N-methyl-D-glucamine 

PBP Penicillin-binding protein 

PEG Polyethylene glycol 



 

xiii 

PEG-Mal Methoxy-polyethylene glycol 5000 maleimide 

POPE 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, a phospholipid 

PPX PreScission protease, specifically cleaves at LEVLFQ/GP (called a PPX site) 

SAD Single-wavelength anomalous diffraction 

SEDS Shape, elongation, division, and sporulation family, contains FtsW/RodA 

SeMet Selenomethionine 

TCEP Tris(2-carboxyethyl)phosphine 

TM Transmembrane helix 

UDP Uridine diphosphate 

WT Wild-type 



 

xiv 

Acknowledgements 
This work would not have been possible without the invaluable contribution 

from many people, to whom I give my heartfelt thanks.  First and foremost, to my 

supervisor and mentor, Seok-Yong Lee, for his unwavering guidance and support—I 

owe much of my development as a scientist to him.  To my labmates over the years, who 

have made the lab a joyful place even during difficult times: Ellene Mashalidis, Jiho Yoo, 

Lejla Zubcevic, Marscha Hirschii, Ben Chung, Zachary Johnson, Yang Suo, Ying Yin, Aili 

Hao, Nicholas Wright, and William Borschel.  To my thesis committee for invaluable 

insight and feedback: Richard Brennan, Harold Erickson, Meta Kuehn, and Pei Zhou.  

I would like to acknowledge Ellene Mashalidis and Aili Hao for performing 

complementation experiments, Aili Hao for lipid accumulation experiments, and 

Ziqiang Guan for lipid mass spectrometry experiments.  Their contributions have been 

essential for our current understanding of MurJ beyond a structural biology standpoint.  

My thanks go to Natividad Ruiz (The Ohio State University) for sharing Escherichia coli 

strains NR1154 and NR1157.  As well as to Will Thompson and Laura Dubois for protein 

mass spectrometry analysis, Nathan Nicely for coordinating synchrotron beamtime, and 

synchrotron staff at the Advanced Photon Source for assistance in data collection.  Last 

but not least, to family and friends who have kept me going, both during the good times 

and the bad, on this wonderful journey.



 

1 

1. Introduction  
 

1.1 Peptidoglycan Biosynthesis 

Peptidoglycan (PG) is a unique protective matrix enveloping the vast majority of 

bacterial cells, conferring rigidity and resistance to osmotic pressure as the main 

component of the bacterial cell wall.  Our current understanding of peptidoglycan 

biosynthesis is built on the work of numerous individuals and research groups, as 

recently reviewed by [1, 2].  Peptidoglycan biosynthesis begins in the cytoplasm, where 

the water-soluble precursor UDP-MurNAc-pentapeptide is synthesized by the combined 

activities of the muramyl ligase enzymes MurA-F [3].  The integral membrane enzyme 

MraY transfers the phospho-MurNAc-pentapeptide moiety from UDP-MurNAc-

pentapeptide to the lipid carrier undecaprenyl-phosphate, forming lipid I [4].  This step 

is notable as it translocates the soluble precursors to the inner leaflet of the cytoplasmic 

membrane (Figure 1).  Subsequently, the peripheral membrane protein MurG adds a 

GlcNAc moiety from UDP-GlcNAc, forming undecaprenyl-disphosphate-MurNAc-

pentapeptide-GlcNAc, also known as lipid II [5].  Lipid II must be subsequently flipped 

from the cytoplasmic side to the periplasmic side of the membrane.  Once flipped, the 

GlcNAc-MurNAc-pentapeptide moiety of lipid II is incorporated into peptidoglycan by 

the glycosyltranferase activities of either shape, elongation, division and sporulation 

(SEDs) proteins [6-8] or bifunctional (class A) penicillin-binding proteins (aPBPs) [9].  
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Glycan chains are then cross-linked between their stem peptides by transpeptidase 

activities of either bifunctional or monofunctional (class B) penicillin-binding proteins 

(bPBPs) [10].  Finally, an undecaprenyl-diphosphate phosphatase such as BacA 

regenerates the lipid carrier [11], which is flipped back into the cytoplasm by an 

unknown mechanism [12], possibly also mediated by BacA [13, 14].  Peptidoglycan 

biosynthesis has a proven track record as an excellent antibiotic target, with numerous 

drug scaffolds targeting this pathway (Figure 1). 

 

Figure 1: Membrane-associated steps of peptidoglycan biosynthesis 

 

While the cytoplasmic and periplasmic steps of peptidoglycan biosynthesis are 

relatively well studied, little is known about the membrane transport steps—the size, 

charge, and flexibility of lipid II would pose a substantial energy barrier to uncatalyzed 

flipping.  Indeed, spontaneous flipping of lipid II (albeit labeled with the fluorophore 
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NBD) in liposomes could not be detected over a 3 hour period [15].  In contrast, 

peptidoglycan polymerization in an actively growing E. coli cell requires an estimated 

5,000 lipid II molecules to be flipped per second [12], out of a total pool of only 1,000-

2,000 molecules at any instant [16].  While this efficiency can be attributed to the increase 

in local substrate concentrations on the membrane—a major advantage of this lipid-

linked system—it would not be achievable without dedicated transport machinery [17].  

Two major candidates for the flippase were originally proposed: FtsW/RodA (part of the 

SEDS family) [18, 19], and MurJ [20-22].  A third candidate (Amj), conditionally 

expressed under control of envelope-stress-response sigma factor σM, has been 

postulated to substitute the canonical flippase in Bacillus subtilis, but is only present in a 

subset of bacteria [23]. 

FtsW/RodA are ~45 kDa integral membrane proteins containing 10 

transmembrane helices [24, 25].  Lipid II flippase function was proposed based on data 

from an in vitro flippase assay on FtsW [18, 19].  This claim was substantiated by indirect 

evidence coming from close genetic linkage to other peptidoglycan synthesis genes [26, 

27], essentiality and involvement in cell morphology [28, 29], as well as interaction with 

the penicillin-binding protein FtsI [30-33].  However, FtsW-dependent flippase activity 

could not be demonstrated in vivo [22], and the FtsW paralog RodA has recently been 

characterized as a glycosyltransferase [6-8], which would also be consistent with its gene 

location, importance to morphology, and interplay with PBPs. 
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MurJ is a ~55 kDa integral membrane protein containing 14 transmembrane 

helices [34] and is encoded by the gene mviN.  MurJ has been estimated to be present at 

~80 or ~670 copies per Escherichia coli cell when grown in minimal or rich medium, 

respectively [35].  Two groups proposed MurJ to be the lipid II flippase in 2008.  Ruiz 

identified MurJ from a bioinformatics screen and showed that MurJ was essential, with 

MurJ-depleted bacteria accumulating peptidoglycan precursors before lysing [20].  

Inoue and colleagues isolated a temperature-sensitive mutant located immediately 

upstream of mviN (mutation suggested to reduce expression level), also finding 

peptidoglycan precursor accumulation [21].  In 2014, Ruiz and colleagues showed MurJ-

dependent flipping of radiolabeled lipid II in E. coli cells and spheroplasts [22].  They 

identified five positions that (when mutated to cysteine) were sensitive to the cysteine-

reactive reagent sodium 2-sulfonatoethyl methanethiosulfonate (MTSES), resulting in 

cell lysis or cell shape defects [22]. 

While an increasing body of evidence has supported MurJ as the lipid II flippase, 

controversy over the flippase identity has highlighted a considerable gap in knowledge 

of this critical step of peptidoglycan biosynthesis.  Despite headway in genetics studies 

of the flippase, a dearth of structural information has limited our understanding of 

flippase identity and mechanism.  The outward-facing cavity of MurJ has been probed 

extensively by the substituted cysteine accessibility method [34, 36], but the substrate-

binding inward-facing conformation has not been elucidated.  Determining crystal 
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structures of MurJ would pave the way for understanding MurJ function at the atomic 

level, filling in this gap of knowledge in peptidoglycan biosynthesis. 

 

1.2 Role of MurJ in Lipid-Linked Oligosacccharide Transport 

MurJ is also important from a membrane transport standpoint.  Biosynthesis of 

many important polysaccharides (not just peptidoglycan, but also lipopolysaccharide, 

N-linked glycans, etc.) necessitates membrane transport of oligosaccharide precursors 

from their cytoplasmic site of synthesis to their site of assembly outside the cytoplasm.  

To accomplish this task, cells utilize a translocase to attach the precursor to a lipid 

carrier, and a flippase to transport the lipid-linked precursor across the membrane.  Such 

lipid-linked transport systems are evolutionarily ancient and found across all domains 

of life from bacteria to humans [37].  Transporters of the multidrug/oligosaccharidyl-

lipid/polysaccharide (MOP) superfamily constitute the flippase component of many 

lipid-linked transport systems, and are distinct from other transporter superfamilies 

such as the major facilitator superfamily.  MOP transporters mediate the export of 

numerous compounds of physiological or pharmacological importance (Figure 2), 

including lipid-linked precursors for the biosynthesis of bacterial cell wall (MurJ, MVF 

family) [20-22], cell surface polysaccharides (Wzx, PST family) [38-41], eukaryotic N-

linked glycosylation (Rft1, OLF family, activity contested) [42-45], as well as expulsion of 

drug molecules (the ubiquitous MATE family) [46]. 
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Figure 2: The MOP transporter superfamily 

 

The MOP superfamily member MurJ was previously shown to be the flippase for 

bacterial cell wall synthesis, transporting the lipid-linked peptidoglycan precursor lipid 

II (Figure 3A) [20-22].  Lipid II is synthesized by the combined activities of MraY and 

MurG, which respectively transfer phospho-MurNAc-pentapeptide and GlcNAc 

moieties to the lipid carrier undecaprenyl-phosphate [47, 48], resulting in a large 

molecule that is highly flexible and negatively charged (Figure 3B).  Binding of lipid II to 

the MurJ from Escherichia coli has been established by native mass spectrometry with an 

in vitro dissociation constant of approximately 3 µM [49].  Upon flipping to the 
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Figure 3: Role of MurJ in peptidoglycan synthesis 

(A) Lipid-linked transport system: transferases (e.g. MraY, PDB 4J72 and MurG, 1F0K) 
attach the cargo to a carrier lipid, which is then flipped by a transporter.  MurJ flips 
lipid-linked peptidoglycan precursor (lipid II) across the cytoplasmic membrane for 
bacterial cell wall synthesis. Molecular graphics were rendered with QuteMol [50].   
(B) Chemical structure of lipid II, highlighting the large size, charges, and flexibility. 
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periplasmic side of the membrane by MurJ, the GlcNAc-MurNAc-pentapeptide moiety 

is incorporated into peptidoglycan and the lipid carrier is recycled.  While MurJ 

exemplifies the flippase component of an important lipid-linked oligosaccharide 

transport system, it is still not known how MurJ translocates the large, flexible, and 

negative-charged lipid II molecule across the membrane.  A variety of mechanisms have 

been put forth for other lipid flippases, as discussed next. 

 

1.3 Transport Mechanisms of Lipid Flippases 

Lipid transporters have been proposed to operate by a diverse variety of 

molecular mechanisms, which would be briefly reviewed here as they would be relevant 

to our discussion on MurJ.  The ABC-superfamily flippase MsbA is among the most 

well-studied transporter systems and is characterized by “alternating access” between 

the inward-facing and outward-facing conformations.  MsbA flips the core-lipid A 

anchor for lipopolysaccharide biosynthesis in Gram-negative bacteria [51, 52].  MsbA 

function is ATP-dependent and inhibited by vanadate [53], with conformational 

transitions during the ATP binding/hydrolysis cycle probed by spectroscopic 

experiments [54, 55].  Crystal structures of MsbA [56] and another ABC transporter, 

Sav1866 [57], have provided insight into how they couple the ATP binding/hydrolysis 

cycle to an alternating-access mechanism that drives substrate transport.  This is further 

substantiated by a recent cryo-EM structure of MsbA with electron density of the 
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putative substrate visualized deep in the inward-facing transport cavity, suggesting that 

the hydrophobic lipid A tails point up into the cavity apex rather than the headgroup 

[58].  In contrast to MsbA, only the outward-facing state appeared to be important for 

the ABC-superfamily flippase PglK [59], which transports lipid-linked oligosaccharides 

(LLOs) for a bacterial variant of N-linked glycosylation in Campylobacter jejuni [60]. 

Other lipid transporters operate by a so-called “credit card” mechanism, in 

which the transporter provides a hydrophilic groove for the passage of the lipid 

headgroup, while the hydrophobic lipid tail remains in the membrane.  Such a 

mechanism would obviate the need for alternating-access transitions of the transporter, 

and is commonly observed for phospholipid scramblases.  Examples of transporters 

proposed to operate by this model include opsin [61, 62], P4-ATPases [63], and 

scramblase members of the TMEM16 family [64, 65]. 

Finally, some lipid transporters utilize a “pore” mechanism distinct from the 

alternating-access and credit-card mechanisms, where an amphipathic translocation 

channel allows movement of lipids.  This mechanism has been proposed for the outer-

membrane asymmetry regulator MlaA [66] and the inner-membrane O-antigen 

polysaccharide Wzm-Wzt [67] transporter.  In MlaA, this channel only spans part of the 

outer membrane span, but in Wzm-Wzt the channel is transmembrane with 

constrictions.   
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Although the alternating-access, credit card, and pore mechanisms of lipid 

flipping are distinct, fundamentally they meet similar requirements that is required for 

any lipid transport mechanism: (1) a translocation pathway for the hydrophilic 

headgroup through the membrane, (2) topology and space considerations for the 

hydrophobic tail moiety during headgroup translocation (be it bound to the transporter 

or in the membrane), and (3) some selectivity mechanism to prevent unwanted flux of 

solutes, solvent, or other lipids.   

The mechanism of lipid II flipping by MurJ is not known: although MATE drug 

exporters in the same MOP superfamily have been proposed to utilize an alternating-

access mechanism [68-72], no inward-facing structure has been determined for this 

superfamily.  While other MOP transporters have been characterized to be Na+ and/or 

H+ coupled [40, 68, 73, 74], the energetic factor(s) that drive MurJ transport remain 

unknown.  It has been shown that MurJ activity is dependent on membrane potential 

but not on the H+ gradient [75], but involvement of Na+ has not been ruled out.  Taken 

together, the mechanism of lipid II transport by MurJ and energy-coupling (if any is 

required) remains an important open question in the field. 
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1.4 Significance of Structural Studies on MurJ 

The aforementioned genetics and in-vivo biochemical evidence point to an 

important role of MurJ in bridging the cytoplasmic and periplasmic steps of 

peptidoglycan biosynthesis, which remains a gap in our knowledge of the pathway.  

Because MurJ is the flippase in an important prototype lipid-linked transport system, 

understanding MurJ structure and function would also provide insight into these 

transport systems and how they regulate the underlying biosynthetic pathways that 

govern cell physiology.  Additional evidence from recent studies further underpin the 

importance of MurJ.  Recruitment of MurJ to the septum drives the fast constriction step 

of cytokinesis in Staphylococcus aureus, suggesting that it is also a key player in bacterial 

cell division [76].  MurJ is the target of newly-discovered inhibitors such as humimycins 

[77, 78] and phage M lysis protein [79], both of which block its activity to exert their 

bactericidal effects.  To better understand the lipid II flippase mechanism, we first set 

out to determine crystal structures of MurJ.  Our structural analyses, together with 

functional studies probing the in vitro conformational state and in vivo transport 

competency of MurJ mutants, would allow us to formulate a transport model for MurJ.  

Taken together, this work would provide a framework for future biochemical studies 

and inhibitor development targeting this important membrane protein.
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2. Crystal Structure of Thermosipho africanus MurJ 
(MurJTA) 

 

2.1 Overview 

To better understand the transport mechanism of MurJ, we set out to determine a 

crystal structure of MurJ.  We screened 18 MurJ orthologs from hyperthermophile 

bacteria and identified MurJ from Thermosipho africanus (MurJTA) as a promising 

candidate.  We crystallized MurJTA by the lipidic cubic phase (LCP) method and 

determined experimental phases to 3.5-Å resolution by single-wavelength anomalous 

diffraction (SAD) using selenomethionine(SeMet)-substituted protein.  We determined 

the final structure of native MurJ to 2.0-Å resolution.   

The crystal structure of MurJTA revealed an inward-facing conformation, unlike 

the outward-facing conformation of all known crystal structures in the MOP 

superfamily.  A hydrophobic groove is formed by two C-terminal transmembrane 

helices, which leads into a large central cavity that is mostly cationic.  Our studies not 

only provide the first structural glimpse of MurJ but also suggest that alternating access 

is important for MurJ function, which may be applicable to other MOP superfamily 

transporters.  Results for this chapter were published in the February 2017 issue of 

Nature Structural and Molecular Biology [80].  I would like to acknowledge the 

invaluable contribution from Ellene Mashalidis for the MurJ complementation assay. 
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2.2 Results 

2.2.1 Identification and Optimization of MurJTA for Crystallization 

Our first objective was to determine the molecular structure of a MurJ ortholog, 

which would provide the impetus for further mutagenesis and functional studies.   

Because MurJ is a 55 kDa protein and is not known to oligomerize, we reasoned that X-

ray crystallography would be a suitable technique for structure determination.  Given 

that membrane proteins are often poorly-expressed, unstable in vitro, and refractory to 

crystallization, we adopted a screening approach among hyperthermophile orthologs to 

maximize our chances of finding a promising candidate for crystallographic studies.  We 

first screened 10 hyperthermophile orthologs for expression in E. coli and stability in 

dodecyl maltoside (DDM) detergent micelles.  We identified these orthologs by a 

bioinformatics approach (Figure 4), including MurJ sequences from three bacterial phyla 

(Phylum Aquificae, Phylum Deinococcus-Thermus, and Phylum Thermotogae).   

Synthesized genes were cloned into a custom pET26 expression vector such that 

the final expression construct was His10-MBP-PPX-MurJ-PPX-His10, containing maltose-

binding protein (MBP) for solubility enhancement, polyhistidine (His10) tags for affinity 

capture, and flanked by PreScission protease sites (PPXs).  The majority of the orthologs 

did not express, or expressed very poorly, in E. coli C41 (DE3) at 1 L scale.  However, 

MurJ from Thermosipho africanus (MurJTA) expressed decently, albeit not spectacularly.  

We were able to extract and purify MurJTA in DDM from these 1 L cultures.  After 
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overnight removal of MBP by PPX cleavage, proteins were analyzed by gel filtration on 

a Superdex 200 column.  A sharp monodisperse peak consistent with the predicted size 

of MurJ in a DDM micelle is indicative of a promising ortholog for crystallization.  

MurJTA produced such a result from our initial screen (Figure 4B), but attempts to fine-

tune the screen around MurJTA did not identify additional promising orthologs.  

 

Figure 4: Ortholog screening strategy for MurJ 

(A) Ten MurJ sequences from hyperthermophile phyla were first selected and their 
genes were synthesized (denoted by circles containing “1”).  MurJTA is denoted by an 
asterisk (*). (B) Orthologs were screened for expression in E. coli at (1 L culture scale) 
and stability in DDM micelles by gel filtration and SDS-PAGE.  From results of the 
initial round of screening, 8 more orthologs were screened in a second round of 
screening (denoted by “2”), but additional promising orthologs were not identified. 
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Having identified MurJTA as a candidate that expressed decently and was stable 

in DDM micelles, we next optimized the protein preparation to make it more amenable 

to crystallization by two approaches: (1) detergent screening and (2) limited proteolysis 

analysis.  Smaller micelles are generally more conducive to crystallization by vapor-

diffusion methods but are harsher on protein stability, and specific properties of the 

detergent headgroup such as charge could matter in a protein-specific way [81, 82].  

DDM-purified protein was diluted 10-fold into buffers containing various detergents, 

including maltosides, glucosides, and zwitterionic detergents.  Protein behavior was 

subsequently evaluated by gel filtration.  MurJTA was found to be stable in not just DDM, 

but also the maltoside derivatives decyl maltoside (DM), decyl maltose neopentyl glycol 

(DMNG), and Cymal-6.  Limited proteolysis experiments were also performed to 

identify protease-sensitive regions that could possibly indicate unstructured regions that 

could disrupt crystal packing.  Unlike some other proteins we had experience with, no 

cleavage of MurJTA was observed even at the highest concentrations of trypsin or 

chymotrypsin used, and thus we did not pursue any termini or loop truncation. 

 

2.2.2 Crystallization of MurJTA 

Purified protein was concentrated and used for vapor diffusion crystallization 

experiments, which yielded no initial hits in all the detergents tested.  At the same time, 

we performed crystal screening by the lipidic cubic phase (LCP) method [83, 84].  In 
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contrast to end-to-end (type II) packing of membrane protein micelles commonly seen in 

crystals grown by vapor diffusion (Figure 5), the LCP method provides a membrane-like 

mesophase environment which promotes more optimal side-by-side (type I) packing 

mediated by the host lipid mono-olein [82, 85].  Protein was mixed with molten mono-

olein in 2:3 w/w water/mono-olein ratio by the two-syringe method [84].  Boluses were 

dispensed onto 96-well glass sandwich plates (which do not dehydrate over months) by 

a robot and overlaid with precipitant solutions from a crystal screen made in-house.   

 

Figure 5: Type I and II packing of membrane protein crystals 

Illustration of type I and type II packing of a hypothetical membrane protein (in gray).  
Crystals obtained in LCP generally exhibit type I packing characterized by both top-
down stacking and lateral lipid-mediated interactions.  Crystals in detergent micelles 
often exhibit type II packing with fewer packing interactions.  In this example, no 
protein-protein interactions are possible and thus is unable to produce type II crystals. 

 

We obtained initial crystal hits by the lipidic cubic phase method.  Crystals were 

small as expected for LCP (~20-50 µm in length) but were three-dimensional.  These hits 

required calcium in the precipitant solution and were obtained in 30–45% (v/v) PEG 400, 

200–400 mM CaCl2, pH 6.5–9.0.  We were able to obtain crystals using DDM, DMNG, or 
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Cymal-6 to deliver protein to the mesophase.  Upon cutting the glass coverslip, single 

crystals were harvested using a rigid micromount loop and flash-frozen in liquid 

nitrogen without additional cryoprotectant.  Crystals were screened using microfocused 

X-ray beams at beamlines 24-ID-C and 24-ID-E (Advanced Photon Source).  Because the 

frozen mesophase obscures the crystals from view, each loop was exposed to the 

microfocused beam in a grid scan to locate the crystals by diffraction.  Single frames 

were collected, from which a suitable data collection strategy was devised and executed.  

Initial screens in DMNG produced chunky crystals that diffracted to 2.4-Å resolution, 

for which complete datasets could be collected (Figure 6).   

 

Figure 6: Crystals of MurJTA grown in lipidic cubic phase 

One of the hits is shown, with crystals showing optical birefringence between crossed 
polarizers (left).  Crystals were grown in a bolus of viscous mono-olein:water mesophase 
immersed in a drop of precipitant solution, sandwiched between two glass layers.  
Crystals were tiny (20-50 µm) as is usual for LCP crystals.  These crystals diffracted to 
~2.4-Å resolution (right), but spots were weak and those beyond 2.7-Å resolution (circle) 
were not visible to the eye.  A lipid ring was observed at 4.5-Å resolution. 
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 We attempted various approaches to improve crystal size and diffraction quality, 

including finer precipitant screens, additive screen, and addition of the putative 

substrate.  Addition of lipid II to the mesophase improved the resolution from 2.4 Å to 

2.0 Å and was performed for native crystals as follows: lipid II (BaCWAN, University of 

Warwick) was added to mono-olein powder in a glass vial to a final concentration of 1.5 

mM (in molten mono-olein).  The mono-olein powder was dissolved in chloroform and 

mixed thoroughly to homogenize the lipids.  This mixture was dried under argon and 

washed with pentane. Finally, organic solvent was removed by complete drying before 

the lipids were melted.  Crystallization of MurJ using this lipid II-doped mono-olein and 

data collection were performed as described above. 

 

2.2.3 Structure Determination of MurJTA 

Electron density at every grid point xyz in the crystallographic unit cell is 

calculated by Fourier transform of all the structure factors for lattice planes hkl (Miller 

indices) reflecting the X-ray beam (Figure 7).  While structure factor amplitudes, |Fhkl|, 

are proportional to the square-root of reflection intensities (negative recorded intensity 

values must be dealt with [86]), the phase component of each structure factor, αhkl, is lost 

during the experiment, in what is known as the crystallographic phase problem [87].  

Furthermore, phases dominate over structure factor amplitudes, and introduction of 

inaccurate phase estimates readily leads to the problem of model bias [87]. 
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Figure 7: Electron density calculation and the phase problem 

 

To address the phase problem, we first attempted molecular replacement (MR).  

For this approach, initial MR phases were obtained from a search model which should 

have substantial similarity to what is inside the crystal, with the caveat of model bias 

[88].  We utilized available crystal structures of MATE drug efflux pumps in the same 

MOP superfamily as search models.  MR was unsuccessful as the resulting electron 

density maps appeared completely biased by the search model and no new features 

were revealed.  This was likely due to the low similarity between MurJ and these 

available structures (< 20% sequence identity).  Efforts to improve the search model by 

removing loops and/or truncating sidechains did not improve the result. 

We thus set out to obtain experimental phases, in which an experimental source 

of information such as anomalous scatterers is used for initial phase estimates.  Since 

MurJTA contains 9 methionines out of 475 residues in total, we first tried using single-

wavelength anomalous diffraction (SAD) with selenomethionine(SeMet)-substituted 

protein [89] together with in-silico density modification techniques to break the phase 

ambiguity [90].  SeMet-substituted protein was expressed by autoinduction in the 
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methionine auxotroph E. coli B834 [91], and purified/crystallized as for native protein, 

except with 2 mM Tris(2-carboxyethyl)-phosphine (TCEP) added to the final sample to 

protect from oxidation.  While the SeMet-substituted crystals diffracted to 3.2-Å 

resolution when exposed to an X-ray beam with a wavelength (0.9791 Å) at the 

absorption peak near the Se K-edge, the anomalous signal was almost negligible.  

Addition of up to 5 additional methionine residues (mutated from leucine or isoleucine) 

did not improve the anomalous signal.  SeMet incorporation at some positions was 

detected by mass spectrometry (Proteomics and Metabolomics Shared Resource), 

although overall incorporation efficiency remained unknown due to poor peptide 

coverage.  We realized that experimental phasing for LCP was a non-trivial 

undertaking—only 10 experimentally-phased structures from LCP crystals were 

available in 2014 [92].  We attribute our problem to weak diffraction from tiny LCP 

crystals and concomitant low anomalous signal, compounded by low symmetry (C2) 

and radiation damage. 

The breakthrough was to merge datasets from multiple SeMet crystals, as 

pioneered by the Hendrickson group [93] and utilized for the phasing from LCP crystals 

of DgkA [92].  Because of the high isomorphism between crystals, we merged selected 

frames from 12 SeMet crystals to generate a dataset with over 50-fold average 

redundancy and signal extending to 3.2-Å resolution.  This merged dataset exhibited 

stronger anomalous signal than any individual dataset (Figure 8A).  Eight selenium sites 
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were located by SHELXD [94], and initial SAD phasing was performed to a high-

resolution cutoff of 5.0 Å in Phenix.AutoSol [95, 96], producing a figure of merit of 0.5.  

The solvent-flattened [90] map calculated with the merged data was of much better 

quality than that from a single crystal (Figure 8B). 

   

Figure 8: Merging data from multiple crystals enabled structure solution of MurJTA 

(A) Merging data from multiple crystals increased the observable anomalous signal, 
represented in the y-axis by the parameter <d"/sig>, which is the average anomalous 
difference divided by its estimated standard deviation.  Random noise would have a 
<d"/sig> of around 0.8.  (B)  This increase in anomalous signal translates to better initial 
phases and a map that allowed model building and phase extension.  Both maps shown 
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are density-modified (solvent-flattened) Fo maps calculated up to 5.0-Å resolution and 
contoured to 1.0 σ, without any protein model phases.  Selenium sites are shown as dots. 

 

This map allowed us to utilize a MR-SAD and phase-extension strategy to 

improve the phases (Figure 9).  Because proteins in the MOP superfamily are known to 

be α-helical, we used this a-priori information to dock ideal α-helical fragments into the 

5.0-Å resolution map.  Phases and map were recalculated, and the model was improved 

and extended using the new map.  This process was reiterated while gradually 

increasing the resolution to 3.5 Å in Phenix.AutoSol [96] and the CCP4 program DM 

[97].  Eventually, the backbone for all 14 transmembrane helices could be built.  The 

eight selenium positions, together with a-priori knowledge of the MOP transporter fold 

from MATE crystal structures, allowed their unambiguous assignment.  The helical 

register was determined using SeMet positions when available, or other information 

such as stretches of multiple bulky aromatic residues in the protein sequence. 

Because the SeMet crystals were not very isomorphous with the native crystals, 

we transferred the model and phases from the SeMet data to the high-resolution (2.0 Å) 

native data by molecular replacement instead of phase extension.  We refined the 

structure against this native data to a final Rwork/Rfree of 18.9 / 21.4 (Table 1), good 

geometry (98% Ramachandran favored, 0% Ramachandran outliers), and minimal 

clashes (clashscore of 1).  The final electron density map allowed us to unambiguously 
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build residues 4-470 of MurJTA out of a total of 475 residues, as well as place a shell of 

ordered mono-olein and water molecules around the protein.   

 

Figure 9: Experimental phasing of MurJTA from SeMet-substituted crystals 

(A) Anomalous difference Fourier electron density peaks for selenium atoms are shown 
in magenta mesh contoured to 4 σ.  (B) Initial density-modified SAD map calculated 
from the SeMet data up to 5.0 Å resolution without any model phases.   
(C) Phase-extended electron density map calculated from the SeMet data up to 3.5 Å 
resolution, shown here with the working model consisting of α-helical fragments.   
(D) The 2Fo − Fc electron density map calculated from native data up to 2.0 Å resolution 
with the final refined model, shown here as a close-up view of the central cavity.  The 
map is contoured to 1.0 σ.  Water molecules are shown as gray spheres. 
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Table 1: Data collection and refinement statistics for the first MurJTA structure 

 Native (PDB 5T77)a SeMetb 
Data collection   
Space group C2 C2 
Cell dimensions 

a, b, c (Å) 
α, β, γ (°) 

 
94.16, 99.57, 74.66 
90, 112.91, 90 

 
93.86, 99.74, 75.67 
90, 101.84, 90  

Wavelength (Å) 0.9791 0.9791 
Resolution (Å) 100–2.00 (2.07–2.00)c 70–3.15 (3.26–3.15)c 
Rpim (%) 6.5 (55.0) 4.2 (25.0) 
I/σ(I) 9.47 (1.06) 30.8 (4.10) 
CC1/2 0.99 (0.50) 1.00 (0.87) 
Completeness (%) 98.0 (94.0) 99.5 (95.0) 
Redundancy 4.2 (2.2) 50.4 (30.5) 
   
Refinement   
Resolution (Å) 
No. reflections 

34.2–2.00 (2.07–2.00)c 
41992 (4018) 

 

Rwork / Rfree (%) 18.9 / 21.4  
No. atoms 4404  

Protein 3743  
Mono-olein/PEG/ 453/48/5/1/3/2  
Cl−/Zn2+/Ca2+/Na+   
Water 149  

B factors   
Protein 38.2  
Mono-olein/PEG/ 68.5  
Cl−/Zn2+/Ca2+/Na+   
Water 43.2  

R.m.s. deviations   
Bond lengths (Å) 0.003  
Bond angles (°) 0.55  

a Merged from 3 native crystals grown in LCP. 
b Merged from 12 SeMet crystals grown in LCP. 
c Values in parentheses are for highest-resolution shell. 
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2.2.4 Overall Architecture of MurJTA 

Our structure of MurJTA is strikingly different from existing MATE structures.  

The structure of MurJTA has the N-lobe (TMs 1–6) and C-lobe (TMs 7–12) arranged in an 

inward-facing N-shape conformation (Figure 10A) rather than the outward-facing V-

shape conformation observed in all existing MATE transporter structures [69-72, 98].  

The inward-facing topology is supported by cytoplasmic orientation of the termini 

consistent with MATE transporters, and by the positive-inside surface electrostatics 

often seen for membrane proteins (Figure 11).  Although strong pseudo-twofold 

rotational symmetry is observed between the two lobes in the MATE structures [69, 70, 

72], the symmetry between the N-lobe and C-lobe of MurJTA is significantly distorted 

(Figure 10B).  In particular, the conformations of TM 1 and TM 2 are very different from 

those of the symmetry-related TM 7 and TM 8.  TM 1 extends out from the transporter 

core instead of interacting with the C-lobe as in other MATE structures, while TM 2 is 

broken at the Gly/Ala–Glu–Gly–Ala motif that is conserved in Gram-negative bacteria 

(Appendix A), allowing this region to protrude into the central cavity.  In addition, both 

lobes of the core transport domain of MurJTA are substantially wider and shorter than 

those in MATE transporters. 
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Figure 10: Architecture of MurJTA 

(A) Structure of MurJTA.  Front view (left) and top view (right) are shown.  The N-lobe is 
colored in blue, C-lobe in green, and TMs 13-14 in brown.  The N-lobe and C-lobe are 
related by pseudo-twofold rotational symmetry with axis normal to the membrane.  This 
symmetry is notably distorted at TMs 1, 2, 7, and 8.  (B) Structural superposition 
between the N-lobe and C-lobe for MurJTA and PfMATE (PDB 3VVN). 
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Figure 11: Positive-inside electrostatics support the inward-facing topology 

Electrostatic surface of MurJTA. Electrostatics were calculated by the Adaptive Poisson-
Boltzmann Solver [99] and shown from −10 kT (red, anionic) to +10 kT (blue, cationic). 

 

2.2.5 The Hydrophobic Groove and Central Cavity 

C-terminal TMs 13 and 14 extend out from the transporter core and are oriented 

beside TM 9.  These two additional TMs, absent in MATE proteins, form a curved 

groove (Figure 12A) that is ~20 Å long.  This groove is lined mostly with hydrophobic 

residues from TMs 1, 8, 9, and 14.  The hydrophobic groove penetrates into the central 

transport cavity via a membrane portal located between TMs 1 and 8 (Figure 12B).  Most 

of the residues lining the portal have small side chains, with the notable exception of 

Arg18, which is essential for E. coli MurJ function [36].  Beyond the portal, the groove 

opens up into a large inward-facing central cavity ~20 Å wide and penetrating up to ~20 

Å into the membrane (Figure 12C).  This cavity can be subdivided into a proximal site 

(directly connected to the hydrophobic groove) and a distal site (far from the groove). 
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The proximal site is highly positively charged (Figure 12D), mainly due to the presence 

of Arg 24, Arg 52 and Arg 255, counterparts of which were found to be important for the 

function of E. coli MurJ [36].  Taken together, the hydrophobic groove, portal, and 

cationic cavity are consistent with a lipid transport function. 

 

Figure 12: The hydrophobic groove of MurJTA is linked to the central cavity 

(A) TMs 13 and 14 (brown) form a hydrophobic groove (surface shown in gray). (B) The 
hydrophobic groove leads into the central cavity through a portal between TMs 1 and 8. 
(C) The central cavity is formed mainly by TMs 1, 2, 7, and 8. This large cavity can be 
subdivided into proximal and distal sites with respect to the groove. A chloride ion is 
found in the proximal site (cyan sphere). (D) The proximal site is strongly cationic, 
whereas the distal site is mildly anionic. 
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2.2.6 Identification of Ions by Anomalous Scattering Experiments 

To gain insight into the energy-coupling mechanism of MurJ, we set out to 

identify ions that were bound in our structure.  We first located chloride ions by 

performing a bromide soak (Figure 13).  The soaked crystal was exposed to an X-ray 

beam tuned to a wavelength (0.9197 Å) at the absorption peak near the Br K-edge, and 

an anomalous difference Fourier map was calculated which would show the positions of 

anomalous scatterers.  One chloride ion was bound at the apex of the central cavity, in 

the proximal site near Arg24 and Arg255, which were critical for the function of both 

MurJTA and E. coli MurJ [34, 36].  The chloride might be non-specifically bound due to 

the high concentration of chloride in the crystal drop (containing 400 mM CaCl2). 

 

Figure 13.  Identification of chloride ions by bromide soak 

Chloride sites were identified by anomalous difference Fourier density peaks from Br-
soaked crystals (λ = 0.92 Å, brown mesh, calculated to 3.5-Å resolution and contoured to 
4.5 σ). 
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Because we observed strong electron density near two histidine residues on TM 

7, we hypothesized that it could be from a divalent metal ion and performed anomalous 

scattering experiments to deduce its identity (Figure 14).  The energy required to eject an 

inner shell electron increases with atomic number, resulting in characteristic absorption 

edges for different elements [100].  At energies right above the edge (wavelengths below 

the edge), anomalous differences are the highest due to phase shift of the scattered 

photons from this absorption event, but rapidly drops once past the edge [101].  This 

could be utilized to rule out lower atomic number elements.  We exposed native 

(unsoaked) crystals to X-rays at wavelengths of either 1.77 Å, 1.31 Å, or 0.98 Å, and 

calculated anomalous difference Fourier maps to locate the anomalous scatterers at  

 

Figure 14: Deduction of a Zn2+ ion bound to the beginning of TM 7 

(A) Location of the putative Zn2+ ion.  (B) Zn2+ was deduced from three factors.  First, 
higher anomalous difference density was seen at λ = 0.98 Å (blue mesh) than at λ = 1.31 
Å (green mesh) or λ = 1.77 Å (red mesh), ruling out many common metal ions including 
all other first-row d-block elements.  All three maps were calculated to 3.5-Å resolution 
and contoured to 5.5 σ.  (C) Second, the Zn2+ ion displayed tetrahedral coordination 
geometry to two histidines and two Cl− ions, ruling out anions.  Third, the close 
coordination distance of 2.03 Å to the nitrogen of both histidines is suggestive of Zn2+. 
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each wavelength.  There was a strong anomalous difference peak for the 0.98 Å data, but 

not for 1.31 Å or 1.77 Å, ruling out other common metal ions including those of first-row 

d-block elements before zinc (Zn), which has an absorption edge at 1.28 Å.  This ion 

displayed restrained tetrahedral coordination geometry to two histidines and two Cl− 

ions, ruling out anions due to electrostatic repulsion. Furthermore, the close 

coordination distance of 2.03 Å to the nitrogen of both histidines also rules out many 

other common metal ions.  This was a surprising result because Zn2+ was never added to 

the sample during the protein purification and crystallization procedure.  Because of its 

strategic location at the start of the hinge helix TM 7, Zn2+ might influence gating 

between the inward-facing and outward-facing states. 

Because other peaks were observed in the 1.77 Å anomalous difference Fourier 

map, we used these peaks to deduce the identity of additional anomalous scatterers at 

this wavelength such as Ca2+ (Figure 15).  We deduced three Ca2+ ions from the presence 

of anomalous difference electron density peaks at 1.77 Å wavelength, as well as 

pentagonal bipyramidal coordination geometry.  Two putative Na+ ions were also 

inferred from the octahedral coordination geometry with coordination distances of ~2.4 

Å, as well as absence of anomalous difference peaks at 1.77 Å wavelength.  However, 

these Ca2+ and Na+ ions are unlikely to function as the counter-transporting ions for lipid 

II flipping, as they are located outside of the central cavity and are coordinated mostly 
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by water molecules.  This does not rule out the involvement of Na+ or H+, as they are not 

only difficult to identify but also likely to be bound only in the outward-facing state.  

 

Figure 15: Deduction of putative Ca2+ and Na+ ions 

(A) Overlay of the anomalous difference Fourier maps from the data collected at 0.98 Å 
wavelength (blue) with that collected at 1.77 Å wavelength (red) reveals additional 
peaks in the latter.  Both maps were calculated to 3.5 Å resolution and contoured to 
3.8 σ. (B) Three Ca2+ ions were deduced from the anomalous difference peak at 1.77 Å 
wavelength (magenta), as well as the pentagonal bipyramidal coordination geometry.  
(C) Two Na+ ions were deduced from the octahedral coordination geometry and absence 
of anomalous difference density.  Fo − Fc omit maps were contoured to 3.0 σ. 
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2.3 Discussion 

2.3.1 Model of Lipid II Binding 

Although we observed unmodeled electron density peaks at both the membrane 

portal and the central cavity (Figure 16), the quality of the density peaks was not 

sufficient for their unambiguous assignment.  We therefore used a ligand docking 

approach to test whether the binding of lipid II to our MurJTA structure was feasible. 

  

Figure 16. Unmodeled electron density peaks in the portal and central cavity 

(A) The protein is sectioned on the dotted plane and viewed from the periplasm to 
visualize the portal.  Non-protein 2Fo − Fc electron density peaks are shown as magenta 
mesh, contoured to 0.7 σ.  Gray sticks denote mono-olein molecules.  (B) The protein is 
viewed from the right to visualize the distal site of the central cavity. (C) Model of the 
pentapeptide (L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala) built into the density in panel B, but 
which was not used for refinement. 
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In the docking result with the highest score, lipid II was docked into the groove and 

cavity with good geometry and feasible electrostatic interactions (Figure 17A).  This 

model places the undecaprenyl tail in the hydrophobic groove, the diphosphate-sugar 

moieties in the cationic proximal site, and the pentapeptide in the distal site.  Based on 

this result, we could build the pentapeptide moiety into the unmodeled electron density 

at the distal site (Figure 16C), but it was never used for refinement due to the 

uncertainty of our assignment. 

We next tested conserved residues in the portal and central cavity for their 

importance to MurJ function by carrying out complementation assays as previously 

described [20, 102] (Figure 17B). We used E. coli strain NR1154, in which endogenous 

MurJ (murJEC) expression and thus cell survival was engineered to be arabinose-

dependent [20].  Introduction of a plasmid containing murJTA under the control of an 

IPTG-inducible promoter allowed growth of this strain in the absence of arabinose, 

provided that IPTG was present.  Mutation of conserved residues Ser17, Arg18, Arg24, 

Arg52, and Arg255 (Appendix A) at the proximal site led to loss of complementation, 

consistent with the idea that these residues are important for recognizing the 

diphosphate and/or sugar moieties of lipid II.  Occlusion of the portal or changes in the 

shape of the groove also led to loss of complementation, suggesting disruption of lipid II 

binding (Figure 17C).  All mutant MurJTA proteins were expressed except D235A and 

N374A, which we removed from our analysis (Figure 17D).  
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Figure 17: Model of lipid II binding to MurJTA 

(A) A model of lipid II (yellow sticks) docked into the structure of MurJTA.  Residues that 
were mutated to alanine and assayed for complementation in B are shown as sticks.  
Residues essential for the function of MurJTA are colored red, nonessential residues are 
colored green, and residues whose replacement with Ala resulted in lack of expression 
are shown in cyan.  (B) Functional complementation data for MurJTA in E. coli NR1154. 
Data shown are representative of three technical replicates.  (C) Occluding the portal 
(with L259W) or perturbing the groove surface (with F256A) results in a protein that is 
unable to complement MurJ activity.  (D) Expression of MurJTA mutants, as analyzed by 
Western blot of NR1154 membrane fractions probed by anti-FLAG antibody.  Data 
shown are representative of three replicates.  We observed no correlation between 
expression level and complementation outcome as long as proteins were expressed. 
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Ruiz and co-workers [22] found that although a single-cysteine mutant of E. coli 

MurJ (MurJEC A29C) was functional, addition of the membrane-impermeant cysteine-

reactive agent 2-sulfonatoethyl methanethiosulfonate (MTSES) inhibited flippase activity 

and led to cell lysis.  They identified a total of five positions that showed a similar 

MTSES-dependent phenotype in MurJEC [22, 34].  Because MurJTA can complement 

MurJEC and essential residues are conserved between the two, we mapped these residues 

to the structure of MurJTA.  Three of the residues (Phe49, Ser254, and Leu258) are located 

at the junction between the proximal and distal sites in the central cavity (Figure 18) but 

are not strongly conserved, which suggests that they do not directly participate in lipid 

II binding.  Consistent with our model, addition of a bulky adduct at these positions 

would likely obstruct lipid II binding. 

 

Figure 18.  MTSES-sensitive positions in the central cavity 

Mapping of MTSES-sensitive positions from E. coli MurJ (shown as red sticks), for which 
cell lysis or cell shape defects were previously reported upon MTSES treatment of 
cysteine mutants, to the structure of MurJTA.  The docked model of lipid II is shown as 
yellow sticks. 
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We caution against excessive interpretation of our docking and complementation 

results, as these experiments are not direct measurements of lipid II binding.  It is not 

our intention to propose a definitive model of lipid II bound to MurJ, but just to provide 

insight into where the different moieties of lipid II could feasibly be located. 

 

2.3.2 Importance of Alternating Access to MurJTA Function 

Because our MurJTA structure is the first structure of a MOP transporter captured 

in an inward-facing conformation, we wondered about the possibility of an alternating-

access transport mechanism.  We observed from our inward-facing structure that TM 7 

is bent by ~45° about Ser228, while it is straight in the outward-facing MATE structures.  

As most MurJ and MATE sequences have either a serine or a threonine residue in this 

region (Appendix A), we hypothesized that bending of TM 7 about this residue might be 

relevant for the transition to the outward-facing state. We generated an outward-facing 

model of MurJTA by splitting the model at the middle of TM 7 (Ser228) and aligning the 

N-terminal fragment (TMs 1–7a) and the C-terminal fragment (TMs 7b–12) as rigid 

bodies with the structure of PfMATE (PDB 3VVN), which we chose because it is the 

highest-resolution MATE structure published [70].  The resulting model aligned better at 

the C-lobe than at the N-lobe.  Because of the substantial structural difference between 

MurJ and MATE transporters, our outward-facing model generated based on the MATE 

structure should be interpreted with caution. 
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To test the validity of our outward-facing model, we mapped those five positions 

that are functionally sensitive to MTSES [22] to the inward-facing structure and 

outward-facing model.  All five positions are accessible from the periplasm in the 

outward-facing model but not in the inward-facing structure, showing that our model is 

consistent with the MTSES data (Figure 19A-B).  Notably, mapping of two MTSES-

sensitive positions located at the periplasmic end of TM 1 (Ala29) or TM 8 (Ser248) 

suggests that alternating access is important for lipid II flipping.  In our inward-facing 

MurJ structure, these positions are located at the interface between the N and C lobes, 

and thus have important roles in occluding access to the periplasmic side.  It is likely 

that MTSES adduct formation at these sites disrupted the inward-facing state of MurJ, 

thereby trapping MurJ in the outward-facing state, resulting in disruption of lipid II 

flipping and cell lysis (Figure 19C-D).   

These data suggest that both inward-facing and outward-facing states exist for 

MurJ, and that alternating access would be important for lipid II flipping (Figure 19E).  

In this transport model, the substrate is captured in the central cavity between the N-

lobe and the C-lobe.  Rocker-switch motion of both lobes translocates lipid II across the 

membrane, at which point lipid II is released.  The hydrophobic groove formed by TMs 

13 and 14 (brown) of MurJ facilitates capture of the undecaprenyl tail, which remains 

associated with the groove during the transition to the outward-facing state. 
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Figure 19: Alternating access is important for MurJ function. 

Previously reported MTSES-sensitive positions (red spheres) that resulted in loss of 
MurJ function after MTSES treatment [22] were mapped to the structure of MurJTA.  
(A) These residues are not accessible to the membrane-impermeable agent MTSES in the 
inward-facing structure. (B) In the outward-facing model, these residues are exposed to 
the periplasm, explaining their MTSES sensitivity. (C) Both Ala29 and Ser248 are located 
at the periplasmic gate in the inward-facing structure of MurJTA, suggesting that adducts 
at these positions would trap the protein in the outward-facing state (D) by sterically 
blocking the periplasmic gate from closing.  (E) Proposed alternating-access model of 
lipid II flipping by MurJ.  P, M, and G denote phosphate, MurNAc, and GlcNAc, 
respectively.  Cyan circles denote the pentapeptide. 
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2.4 Materials and Methods 

2.4.1 Protein Expression and Purification 

The gene expressing full-length MurJ from T. africanus was synthesized (Bio 

Basic Inc.) and cloned into a modified pET26 expression vector such that the final 

construct was His10-MBP-PPX-MurJ-PPX-His10.  Protein was overexpressed in E. coli 

C41(DE3) cells at 4 L scale for 3 hours at 37°C.  Cell pellets were resuspended, disrupted 

with a Microfluidizer, and membrane proteins were extracted by stirring with 30 mM 

DDM for 1 hour at 4°C.  After centrifugation to remove insoluble cell debris, the 

supernatant was affinity purified by TALON Co2+ resin.  Eluted proteins were digested 

overnight at 4 °C with 40 µg/mL PreScission protease to cleave MBP.  PPX-treated 

protein was purified by gel filtration on a Superdex 200 column in 20 mM Tris-HCl, pH 

8.0, 150 mM NaCl, 2 mM DTT, and 0.3 mM DMNG.  For preparation of 

selenomethionine (SeMet)-labeled protein, the same plasmid was transformed into 

B834(DE3) cells.  Protein was overexpressed by autoinduction in presence of 125 mg/L 

selenomethionine according to an established protocol [103] and purified as above. 

 

2.4.2 Crystallization 

We crystallized MurJTA in lipidic cubic phase (LCP) according to an established 

protocol [84], with some modifications.  Briefly, purified MurJTA was concentrated to 

15 mg/mL, TCEP was added to 2 mM (for SeMet protein only), and protein was mixed 



 

41 

with molten mono-olein in a 2:3 (w/w) water:lipid ratio with a twin-syringe setup.  

MurJ-reconstituted LCPs were dispensed on 96-well glass sandwich plates in 150-nL 

drops by a Gryphon LCP robot and overlaid with 1 µl of precipitant solution.  Both 

native and SeMet MurJTA crystallized at room temperature in solutions containing 30–

45% (v/v) PEG 400, 200–400 mM CaCl2, pH 6.5–9.0.  Crystals grew to full size in 4 weeks 

and were flash-frozen in liquid nitrogen without additional cryo-protectant.  Addition of 

lipid II improved diffraction quality and was performed for native crystals as follows: L-

lysine form of lipid II (University of Warwick) was added to mono-olein powder in a 

glass vial to a final concentration of 1.5 mM (in molten mono-olein).  This mixture was 

dissolved and homogenized in chloroform, dried under argon, and washed with 

pentane.  Organic solvent was completely removed before the lipids were melted.  LCP 

trays were set up as described above.  For the bromide soak experiment, a window was 

cut from the coverslip and precipitant solution was wicked away.  Fresh precipitant 

solution (of the same composition except with CaCl2 replaced by CaBr2) was injected and 

the well was resealed with tape.  Soaking lasted for 2 hours, after which crystals were 

harvested. 

 

2.4.3 Data Collection and Structure Determination 

The structure of MurJ was determined by single-wavelength anomalous 

dispersion (SAD).  Data were collected at the NECAT 24-ID-C and 24-ID-E beamlines 
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(Advanced Photon Source) with a wavelength of 0.9791 Å and were processed using 

HKL2000 [104].  Selected frames from 12 isomorphous SeMet crystals were merged 

together in HKL2000 to generate a data set with over 50-fold average redundancy and 

signal extending to 3.2-Å resolution.  Heavy-atom sites were located by SHELXD [94], 

and phasing was performed by PHENIX AutoSol [96] initially to a high-resolution cutoff 

of 5.0 Å, producing a figure of merit of 0.50.  We gradually extended phases to 3.5-Å 

resolution using MR-SAD by placing idealized helical fragments into the density and 

density modification.  For the high-resolution data, we merged selected frames from 

three native crystals crystallized in the presence of lipid II to generate a dataset with 

signal extending to 2.0 Å resolution.  Phases were obtained from the SeMet model by 

PHASER [105] and were improved by cycles of model-building in COOT [106] and 

refinement in PHENIX.refine [107] to a final Rwork/Rfree of 18.9/21.4, good geometry (98% 

Ramachandran favored, 0% outliers), and minimal clashes (clashscore of 1).  For the 

bromide soak experiment, data were collected at beamline 24-ID-C with a wavelength of 

0.9197 Å.  Phases were obtained from the high-resolution model by PHASER [105], and 

the anomalous difference Fourier map was calculated by PHENIX.maps [95]. 

 

2.4.4 Docking of Lipid II and Structure Analysis 

Docking of lipid II to the structure of MurJTA was done with Autodock Vina 

[108].  We chose the L-lysine form of lipid II for docking instead of the meso-
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diaminopimelate (mDAP) form because the related bacterium Thermotoga maritima was 

shown to incorporate both L- and D-lysine into peptidoglycan instead of mDAP [109, 

110].  Initial lipid II coordinates were generated from 2D geometry in PHENIX.eLBOW 

[111] and stereochemistry was manually corrected in PHENIX.REEL [112], with 

reference to the NMR structure of lipid II in complex with nisin (PDB 1WCO)[113].  

Effort was made to ensure that all 16 chiral centers had the correct R/S configuration, 

that the peptide and polyprenyl C=C bonds had the right cis/trans configuration and 

planarity, and that the sugars had the correct pucker and glycosidic linkage.  In 

addition, the side chains of Arg18 and Glu57 of MurJTA were treated as flexible for 

docking, as they appeared to be flexible in our structure.  The remaining 68 torsions 

were freely rotatable during docking.  Docking was carried out over a search space of 30 

× 30 × 36 Å covering the central cavity, portal, and hydrophobic groove.  Surface 

electrostatics were calculated with APBS [99].  Molecular graphics were created in 

PyMOL [114] and CueMol (www.cuemol.org).  Sequence alignment was done by 

PROMALS3D [115], and structure superposition was done in UCSF Chimera [116]. 

 

2.4.5 Complementation Assay and Western Blot 

MurJTA was cloned into pEXT21 with a C-terminal FLAG tag and was subjected 

to site-directed mutagenesis using standard recombinant DNA methods.  Expression of 

MurJTA is controlled by the tac promoter in pEXT21 [102].  The pEXT21 plasmid bearing 
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wild-type MurJTA or a mutant was transformed into the conditional MurJ-depletion E. 

coli strain NR1154 [20], which was a gift from Natividad Ruiz (The Ohio State 

University).  The endogenous MurJ in NR1154 is placed under the control of the PBAD 

promoter; therefore, NR1154 growth depends on the presence of L-arabinose.  D-fucose 

is an anti-inducer of endogenous E. coli MurJ expression in NR1154.  Overnight cultures 

of transformants were diluted to an OD600 of 0.2 and grown to an OD600 of 0.6 in the 

presence of 80 µg/mL spectinomycin and 0.2% arabinose.  IPTG was then added to the 

duplicate of each culture at a final concentration of 0.1 mM.  Cultures were further 

incubated with shaking for 3 h at 37 °C before cells were harvested by centrifugation.  

For the complementation assay, cells were washed three times with phosphate-buffered 

saline and normalized to an OD600 of 0.5.  Each culture was then diluted to 0.02, 

subjected to ten-fold serial dilution, and spotted (5 µL) onto LB-agar plates 

supplemented with either 0.05% fucose or 0.05% fucose with 0.1 mM IPTG. 

To check for protein expression, total membrane was isolated by 

ultracentrifugation and resuspended in Tris-buffered saline for Western blot.  Samples 

were mixed with denaturing buffer (final 3 M urea and 2.5% SDS) and subjected to 3 

min sonication before SDS-PAGE.  Bands were transferred to a polyvinylidene 

difluoride membrane, which was probed with mouse anti-FLAG primary antibody 

(1:1,200 dilution, Sigma F3165) and donkey anti-mouse secondary antibody (1:10,000 

dilution, LI-COR 926-32212).  Results were visualized on a LI-COR Odyssey CLx system.
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3. Structural Basis for the MurJ Transport Cycle 
 

3.1 Overview 

We determined the first crystal structure of MurJTA, which exhibited an inward-

facing conformation unlike all existing outward-facing MOP transporter structures.  This 

structure and previously reported chemical genetics data [22] suggest that MurJ operates 

by an alternating access mechanism to flip lipid II, but the conformation transitions and 

energy-coupling mechanism that drive this transport remain unknown.  To better 

understand the MurJ transport mechanism, we carried out further structural studies to 

capture MurJTA in different states, as well as functional studies probing the in vitro 

conformational state of MurJTA in detergent micelles. 

We determined additional crystal structures of MurJTA captured in inward-

closed, inward-open, inward-occluded and outward-facing conformations at 3.2, 3.0, 2.6 

and 1.8-Å resolution, respectively.  The structures reveal a lateral gating mechanism and 

state-dependent rearrangements in the cavity that could drive transition to the Na+-

bound outward-facing state.  Our analyses provide a structural basis for lipid-linked 

oligosaccharide transport and a framework for the development of inhibitors.  Results 

for this chapter will be published in a scientific journal (manuscript in preparation).  I 

acknowledge Aili Hao and Ziqiang Guan for their invaluable contributions to the in-vivo 

complementation and functional assays which are in progress at the time of writing. 
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3.2 Results 

3.2.1 Conformational Landscape of MurJTA 

Because we observed a chloride ion in the central cavity of our previous crystal 

structure, we hypothesized that chloride might be restricting MurJTA to this crystal form 

and took precautions to remove chloride from cell lysis and protein purification buffers.  

With this new protein purification procedure and in the presence of lipid II doped into 

the lipidic cubic phase, we obtained new crystal forms of MurJTA (Figure 20A).  We 

determined the crystal structures of MurJTA captured in three additional inward-facing 

conformations, which were resolved to 3.2, 3.0 and 2.6 Å, respectively.  One crystal form 

that diffracted to 1.8-Å resolution required the N-lobe (TMs 1-7a) and C-lobe (TMs 7b-

14) of the published inward-facing structure (PDB ID: 5T77) as separate search models 

for successful molecular replacement phasing, which revealed MurJTA in an outward-

facing conformation (Figure 21).  We refined the structures to good geometry and 

minimal clashes (Table 2).  The final electron density maps (Figure 20B) were of excellent 

quality and allowed us to build almost all the residues unambiguously except at the 

termini.  Taken together, these new crystal forms represent four new conformations of 

MurJTA: three inward-facing conformations distinct from the published structure, and 

one outward-facing conformation (Figure 22).  To gain insight into the transport 

mechanism of MurJ, we will first compare the inward-facing conformations. 
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Figure 20: Four new crystal forms of MurJTA were obtained 

(A) Crystals were obtained in lipidic cubic phase doped with lipid II.  Crystal contacts 
are mostly formed by end-to-end stacking, as well as lateral interactions mediated by the 
host lipid mono-olein.  TM 1 was not involved in crystal packing and thus its bending is 
unlikely to be an artifact.  The asymmetric unit is colored, while crystallographic 
symmetry mates are shown in gray.  (B) 2Fo  − Fc composite omit electron density maps 
(contoured to 1 σ) calculated with the final models, omitting 5% of the model at a time.  
Maps were calculated to resolutions of (from left) 3.2 Å, 3.0 Å, 2.6 Å, and 1.8 Å. 
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Figure 21: Structure determination of outward-facing MurJTA 

(A) LCP crystals that produced the outward-facing crystal form.  (B) These crystals 
diffracted to 1.8-Å resolution.  This screenshot was cropped at 2.0-Å resolution, beyond 
which spots were not visible to the eye.  (C) Initial molecular replacement result using 
the N-lobe (TMs 1-7a) and C-lobe (TMs 7b-14) of our first published structure as search 
models.  For this image, both 2Fo – Fc (blue, contoured to 1.5 σ) and Fo − Fc (green/red, 
contoured to +/− 3.0 σ) maps were blurred (B-factor +100) to reduce noise.  
 
 
 

 

Figure 22: Crystal structures elucidate the conformation landscape of MurJTA 

The first structure of MurJTA that was discussed in the previous chapter is shown on the 
left with four new crystal structures to the right.  Resolutions were (from left) 2.0, 3.2, 
3.0, 2.6, and 1.8 Å. 
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Table 2: Data collection and refinement statistics for additional MurJTA structures 

 

 

 

   

 Inward closeda Inward openb Inward occludedc Outwardd 
Data collection     
Space group P 2 2 21 C 2 P 2 21 21 C 2 
Cell dimensions 
a, b, c (Å) 
α, β, γ (°) 

 
71.1, 101.8, 158.5 
90, 90, 90 

 
129.7, 105.5, 111.5 
90, 125.3, 90 

 
68.4, 80.3, 100.7 
90, 90, 90 

 
128.6, 57.4, 86.4 
90, 100.7, 90 

Wavelength (Å) 0.98 0.98 0.98 or 1.65c 0.98 
Resolution (Å) 85.6–3.2 (3.3–3.2)e 74.7–3.0 (3.1–3.0)e 68.4–2.6 (2.7–2.6)e 84.9–1.8 (1.9–1.8)e 
I/σ(I) 9.48 (1.14) 11.41 (1.00) 13.29 (1.13) 22.71 (1.09) 
CC1/2 1.00 (0.43) 1.00 (0.63) 0.95 (0.47) 0.97 (0.59) 
Rpim 0.15 (0.94) 0.10 (0.83) 0.11 (>1.0) 0.076 (0.71) 
Redundancy 20.7 (21.3) 5.5 (5.1) 48.8 (38.3) 23.4 (23.5) 
Completeness (%) 99.4 (99.3) 99.0 (98.0) 99.8 (99.7) 99.9 (99.6) 
Completenessf (%) 89.6 (67.4) 82.7 (50.3) 99.0 (92.8) 88.5 (58.6) 
Ellipsoid completenessf (%) 100.0 (99.9) 99.2 (98.1) 100.0 (99.3) 100.0 (99.8) 
     
Refinement     
Resolution (Å) 85.6–3.2 (3.3–3.2)e 74.7–3.0 (3.1–3.0)e 68.4–2.6 (2.7–2.6)e 84.9–1.8 (1.9–1.8)e 
No. reflections 17624 (1292) 20395 (1238) 17459 (1608) 51025 (3345) 
Rwork / Rfree (%) 25.5 / 28.0 25.4 / 27.8 22.9 / 25.8 17.9 / 19.9 
No. atoms     

Protein 7292 7241 3672 3775 
Ions/monoolein/PEG 27 126 125 294 
Water 0 0 0 156 

B factors     
Protein 31.18 46.54 48.19 20.55 
Ions/monoolein/PEG  

 
32.77 45.10 58.48 48.24 

Water N/A N/A N/A 28.35 
R.m.s. deviations     

Bond lengths (Å) 0.005 0.005 0.003 0.003 
Bond angles (°) 1.02 0.67 0.62 0.66 

Ellipsoid completeness was calculated by STARANISO.  All other statistics were calculated in PHENIX. 
a Merged from 3 crystals.  b Merged from 2 crystals.  c Merged from 7 crystals (2 collected at wavelength of 0.98 Å and 
5 at 1.65 Å).  d Merged from 6 crystals.  e Values in parentheses are for highest-resolution shell.  f After applying 
ellipsoidal truncation and anisotropy correction in STARANISO. 
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3.2.2 Inward-Facing Structures Reveal a Lateral-Gating Mechanism 

Superposition of all the inward-facing structures show that they align very well 

at the periplasmic gate (Figure 23A), highlighting the importance of the periplasmic gate 

in stabilizing the inward-facing state.  This gate is formed by hydrogen-bond 

interactions between the N-lobe and C-lobe (Figure 23B) concentrated at three locations: 

between TM 1 and the TM 9-10 loop, between TM 7 and the TM 3-4 loop, and between 

the periplasmic ends of TM 2 and TM 8. The latter consists of three hydrogen bonds 

between Asp39 at TM 2 and G245(backbone nitrogen)/S248(backbone nitrogen, 

sidechain) at TM 8.  The essential residue Asp39 functions as the hydrogen bond 

acceptor in all three interactions, suggesting that it plays a major role in stabilizing the 

periplasmic gate, consistent with the observations reported by others [34, 36, 117]. 

In contrast to the periplasmic gate, the structures diverge substantially at the 

cytoplasmic side (Figure 23C-D).  Coordinated rearrangement of TM 1 (blue), TM 8 

(green), and the loop between TMs 4 and 5 (TM 4-5 loop, brown) regulates the size of the 

membrane portal.  Based on the conformation at these regions and the size of the 

membrane portal, we assigned two of the new structures as inward-closed and inward-

open (Figure 23C).  The Cα-Cα distance between Ser11 (TM 1) and Ser267 (TM 8) 

increased from 8.0 Å in the closed structure to 17.4 Å in the open structure.  Our 

previously-published structure appeared to be an intermediate between these two 

conformations (Cα-Cα distance of 10.7 Å).  TM 1 is bent outwards by almost 40° in the 
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Figure 23: Lateral gating mechanism in the inward-facing state 

(A) Superposition of inward-facing structures (including non-crystallographic symmetry 
mates) highlights similarity at the periplasmic gate but divergence at the cytoplasmic 
gate.  (B) The periplasmic gate is stabilized by hydrogen bonds between Gly245/Ser248 
and the essential Asp39.  (C) At the cytoplasmic side, coordinated rearrangement of TM 
1 (blue) and TM 8 (green) controls portal dilation.  The Cα-Cα distance between Ser11 
(TM 1) and Ser267 (TM 8) increases from 8.0 Å in the inward-closed structure to 17.4 Å 
in the inward-open structure.  (D) Rearrangement of the TM 4-5 loop (orange) and 
unwinding of the cytoplasmic ends of TMs 4/5 could induce bending of TM 1.  The 
conserved Phe151 (Phe157 in E. coli MurJ) provides leverage to bend TM 1 (residues 1-
20) out into the membrane.  The TM 4-5 loop is shown in sausage representation, with 
thickness proportional to conservation.  Sidechains of Arg18 and Phe151 were not 
resolved in the inward-occluded structure. 
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open structure about the invariant Gly21, coordinated by rearrangement of the TM 4-5 

loop and unwinding of the cytoplasmic ends of TM 4 and TM 5 (Figure 23D).  The 

conserved Phe151 (Phe157 in E. coli MurJ) at the TM 4-5 loop provides leverage to bend 

TM 1 out into the membrane.  Conserved residues Leu145, Asn146, and Pro158 appear 

to participate in conformational change of the TM 4-5 loop.  Because lipid II is believed 

to access the central cavity of MurJ through the portal between TM 1 and TM 8 [80], the 

different sizes of the portal could regulate entry of the large lipid II headgroup, thereby 

providing a lateral-gating mechanism.  Residues Arg18, Gly21 (TM 1) and Leu145, 

Asn146, Phe151, Pro158 (TM 4-5 loop) are conserved in MurJ sequences but not MATE 

drug efflux pumps in the same superfamily (Appendix A), suggesting the lateral gate to 

be a specific adaptation for flippase function. 

 

3.2.3 The Inward-Occluded Conformation of MurJTA 

One of the inward-facing structures exhibited a partially-dilated membrane 

portal but was otherwise divergent from the rest of the inward-facing structures (Figure 

24A).  Specifically, the C-lobe is bent with the cytoplasmic section swung ~15° towards 

the N-lobe.  Conserved residues Pro260, Pro300 and Gly340 serve as hinges on TMs 8, 9 

and 10, respectively.  In contrast, re-arrangements in the N-lobe are restricted to the 

middle section of TM 2, which also bends inwards towards the central cavity.  These 

conformational changes appear to be aided by the flexible cytoplasmic half of TM 8, 
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which assumes a distinctly non-α-helical conformation, as well as the broken helix in 

TM 2 formed by the G/A-E-G-A motif that is conserved in Gram negative MurJ 

sequences (Figure 24B).  Together these conformational changes position Glu57 of the 

G/A-E-G-A motif within proximity (~ 4 Å) of Arg352 on TM 10 (or Lys368 one helical-

turn up in E. coli MurJ), forming a thin gate between the N-lobe and C-lobe.   

We observed unmodeled electron density peaks at the portal and in the central 

cavity above the thin gate (Figure 24C). Although we cannot unambiguously assign the 

electron density to lipid II, we speculate that this Glu57-Arg352 thin gate could help 

occlude the flexible lipid II molecule into the cavity prior to outward transition.  To test 

whether this occluded cavity could accommodate the lipid II headgroup, we performed 

in-silico docking of lipid II and molecular dynamics simulation to emulate the rotational 

freedom of lipid II and MurJ sidechains in the docked complex (Figure 25).  Our in-silico 

study suggests that the occluded cavity is large enough to accommodate the lipid II 

headgroup above the thin gate.  Mutation of Glu57 to alanine led to loss of MurJTA 

function [80], consistent with the notion that the thin gate plays an important role in 

transport, although experiments on Arg352 are ongoing at the time of writing.  Based on 

the aforementioned conformational changes, presence of the thin gate, and unmodeled 

electron density, we assign this structure as an inward-occluded state of MurJ. 
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Figure 24: The inward-occluded conformation of MurJTA 

(A) Rotation of the cytoplasmic half of C-lobe by ~15° from the inward-open structure 
(left) to the inward-occluded structure (right).  Conserved residues Pro260, Pro300, and 
Gly340 serve as hinges.  The middle segment of TM 2 also bends inwards by ~15°.  
Together these bring Glu57 (TM 2) and Arg352 (TM 10, Lys368 in E. coli MurJ) into 
proximity, which form a thin gate.  TM 1 is hidden for clarity.  (B) The conserved (G/A)-
E-G-A motif (orange) allows S-shaped bending of TM 2 by breaking the helix.  TM 8 
assumes a more α-helical geometry (albeit still not ideal) in the inward-occluded 
structure than in the other inward structures.  (C) Unmodeled 2Fo − Fc electron density 
at the portal and transport cavity of the inward-occluded structure, displayed here as 
purple mesh contoured to 0.8 σ. 
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Figure 25: Docking and MD simulation of lipid II to the inward-occluded structure 

(A) Lipid II (yellow spheres) was docked to the inward-occluded structure by Autodock 
Vina.  (B) The docking result was used as a starting point for molecular dynamics 
simulation by NAMD in a hydrated POPE membrane bilayer system.  The equilibrated 
system is shown, with lipids visualized as spheres and waters denoted by red dots.  (C) 
Cytoplasmic view of the docked complex (lipid II shown as yellow sticks, charged 
residues in the cavity shown as gray sticks), showing how the Glu57-Arg352 thin gate 
could help occlude the substrate.  (D) Rotation of MurJ sidechain and lipid II torsions in 
a picosecond molecular dynamics simulation starting from the docked model (snapshots 
per 10 ps overlaid, total 100 ps).  Surrounding lipids and waters are hidden for clarity. 
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3.2.4 The Outward-Facing Conformation of MurJTA 

We next compared the outward-facing structure to the inward-occluded 

structure to elucidate the conformational changes that could drive outward transition. 

The inward-to-outward state transition is associated with a rotation of the N- and C-

lobes resulting in cytoplasmic gate closure and periplasmic gate opening.  The N-lobe 

rotated by ~15° from the inward-occluded structure while the C-lobe rotated by only 

~7.5°, possibly because the latter has already swung inwards in the occluded structure 

(Figure 26A).  The fulcrum of this rotation is located at TM 7, bridging the N- and C-

lobes, which was bent by 90° in the inward-occluded structure but straightened in the 

outward-facing structure.  This motion results in concomitant lowering of the TM 6-7 

loop, which is amphipathic and partially embedded in the cytoplasmic leaflet of the 

membrane as it loops around the N-lobe.  We postulate that tension from TM 7 

straightening would lower the TM 6-7 loop in the membrane, providing the force 

required for N-lobe rotation and closure of the cytoplasmic gate. Aside from TM 7, TM 1 

also straightens from its bent conformation in the inward-occluded structure, closing the 

lateral membrane portal (Figure 26B). 

The outward-facing cavity was substantially shallower and narrower than the 

inward-facing cavity, supporting the idea that cavity shrinkage could be a mechanism to 

displace substrate into the periplasm, as was proposed for MATE transporters [68, 70] 

(Figure 26C).  We observed unmodeled electron density in the hydrophobic groove  
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Figure 26: The outward-facing conformation of MurJTA 

(A) Straightening of TM 7 and concomitant lowering of the TM 6-7 loop was observed in 
the outward-facing structure relative to the inward-occluded structure.  (B) Alignment 
of N- and C-lobes from the inward-occluded conformation (gray) to the outward-facing 
conformation (in color), showing rotation of not just TM 7 but also TM 1.  (C) The 
outward-facing cavity is shallower and narrower than the inward-facing cavity.  
Electrostatic surface is shown from −10 kT (red, anionic) to +10 kT (blue, cationic).   
(D) The cytoplasmic gate is mainly stabilized by a hydrogen bond network between 
TMs 2 and 10, as well as salt bridges between the cytoplasmic loops. 

 

leading into the outward-facing cavity, which might indicate the binding site of the 

undecaprenyl lipid tail of lipid II while the headgroup is on the periplasmic side (Figure 

27).  Because this density was weak and not completely connected, we cannot rule out 

the possibility of adventitious mono-olein molecules.  Below the outward-facing central 

cavity is the cytoplasmic gate which is ~20 Å thick and formed by TMs 2, 4, 8 and 10 
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(Figure 26D).  This gate is stabilized by hydrogen bonds between TM 2 and TM 10, again 

involving Arg352.  While Arg352 forms the thin gate with Glu57 in the inward-occluded 

structure, it now interacts with Ser61, Ser62, and the backbone carbonyl of Gly58 in the 

G/A-E-G-A helix break.  This suggests importance of Arg352 to inward-to-outward 

conformational transition. 

 

Figure 27: Structural features of the putative lipid-binding site in the outward state.   

(A) Putative lipid-binding site.  Yellow sticks denote a model of the undecaprenyl tail of 
lipid II, which was never used for structure refinement or map calculation.  (B) The lipid 
is restrained by the hydrophobic groove and a short tunnel near the periplasmic side.  
(C, D) Unmodeled 2Fo − Fc electron density peaks (purple mesh, contoured to 0.7 σ) 
were observed in the hydrophobic groove (C), or in the tunnel (D) which is formed by 
hydrophobic residues Ile19, Leu22, Phe256, Leu259, and Phe316. 
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3.2.5 Sodium Site in the Outward-Facing MurJTA Structure 

We noticed a strong Fo − Fc omit electron density peak (~19 σ)  in the C-lobe 

between TMs 7, 11, and 12 (Figure 28A). Coordination distances were within the 

expected range for Na+ (~2.3 to 2.5 Å) in our 1.8 Å-resolution structure, and coordination 

geometry is most consistent with Na+, as determined by the CheckMyMetal server [118].  

Therefore, we assign this peak as Na+.  Sodium is coordinated in trigonal bipyramidal 

geometry, with an equatorial plane formed by Asp235, Asn374, Val390 (backbone 

carbonyl) and axial positions occupied by Asp378 and Thr394.  Asp235 is the only Na+-

coordinating residue from TM 7, with the rest from either TM 11 or TM 12.  Experiments 

to test the importance of these residues are in progress. 

In light of this discovery, we re-analyzed all the other structures and found Na+ 

bound to the inward-occluded and inward-closed structures as well (Figure 28B).  The 

Na+ bound structures exhibited different degrees of TM 7 straightening, resulting in 

concomitant lowering of the N-terminal half of TM 7 and the TM 6-7 loop relative to the 

Na+ site, suggesting that Na+-induced conformational change at Asp235 could be 

propagated down TM 7 (Figure 28C).  Notably, the outward-facing structure displays 

the closest Na+ coordination distances for most of the Na+-coordinating residues (Table 

3) and also the most straightening of TM 7.  This suggests that Na+ coordination could 

induce rearrangements in MurJ conformation, which would be investigated further by 

in-vitro cysteine accessibility experiments in the next section (3.2.6). 
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Figure 28: Sodium site in MurJTA  

(A) Na+ is bound in the C-lobe (TMs 7, 11, 12) 
coordinated by Asp235, Asn374, Asp378, Val390 
(backbone carbonyl), and Thr394.  Fo − Fc omit 
density for Na+ is shown as magenta mesh 
contoured to 4.5 σ (peak height ~19 σ).  2Fo − Fc 
omit density is shown in gray mesh.  Na+ is 
coordinated by trigonal bipyramidal geometry.   
(B) Na+ was also bound in the inward-occluded 
and inward-closed structures.  (C) Na+-associated 
rearrangement could be propagated down TM 7.   
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Table 3: Sodium Fo − Fc omit peak heights and coordination distances 

Structure Na+ Fo − Fc  
omit peak 
height 

Na+ coordination distance (in Ångstrom) 
Asp235 
OD1 

Asn374 
OD1 

Asp378 
OD1 

Val390 
O 

Thr394 
OG1 

Inward closed 7 sigma 2.49 2.32 2.45 2.39 2.35 

Inward occluded 9 sigma 2.44 2.43 2.40 2.40 2.41 

Outward 19 sigma 2.45 2.26 2.42 2.33 2.33 
  

 

Interestingly, recent structural re-analysis of PfMATE crystal structures showed 

that one of them contains a Na+ site in the N-lobe [70, 119], consistent with spectroscopic 

experiments on another MATE protein, NorM [74].  TM 7 in MurJTA is tucked into the 

outward-facing cavity like TM 1 in the PfMATE structure [70] (Figure 29A).  In contrast, 

TM 1 is straight in the PfMATE structure without Na+ bound [70].  Taken together, Na+ 

coordination appears to be associated with rearrangement of TM 7 in MurJ or TM 1 in 

PfMATE (Figure 29B).  Relocation of the Na+ site from the N-lobe of MATE proteins to 

the C-lobe of MurJ might be to accommodate their different substrates.  Alternatively, 

divergence in the location of the Na+ site could also reflect difference in energy-coupling 

mechanism between MurJ and MATE proteins. 
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Figure 29: Comparison of the sodium site in MurJTA and in PfMATE 

(A) TM 7 in MurJTA is bent like TM 1 in the PfMATE structure which was recently 
reassigned to be also Na+-bound (PDB: 3VVO).  In contrast, TM 1 is straight in the 
PfMATE structure without Na+ bound (3VVN).  The Na+ site is located in the C-lobe of 
MurJ but in the N-lobe of PfMATE.  (B) Superposition of TM 7 in MurJTA with TM 1 in 
PfMATE (bent conformation), showing decent alignment in the upper segment 
containing the Na+-coordinating residue Asp235(MurJTA) or Asp41(PfMATE), but 
deviation towards the lower segment.  The all-atom r.m.s.d. between the two structures 
is ~1.47 Å over the entire TM but only ~0.55 Å in the upper segment. 



 

63 

3.2.6 Probing the Conformation of MurJ in Detergent Micelles 

To probe the in-vitro conformational state of MurJTA, we designed single cysteine 

mutants at the cytoplasmic and periplasmic gates.  Because MurJTA has no endogenous 

cysteines, these mutants would manifest an upward shift in mass if the cysteine was 

accessible to PEG-maleimide.  We observed that single cysteine mutants at the 

cytoplasmic gate were much more accessible to PEG-maleimide than those at the 

periplasmic gate, suggesting that MurJTA adopts predominantly inward-facing 

conformations in detergent micelles (Figure 30).  We also performed the experiments at 

an elevated temperature (60°C) because MurJTA is from a hyperthermophilic bacterium.  

We observed some changes in the accessibility profile at 60°C, including reduction of 

accessibility at the residues comprising the cytoplasmic gate on TM 8 (Thr270, Ser274 

and Ser277), indicating some extent of conformational sampling and not just a single 

static inward-facing conformation of MurJTA in vitro. 
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Figure 30: Cysteine accessibility profile of MurJTA by direct PEG-maleimide labeling  

(A) Single cysteine mutants of MurJTA (no endogenous cysteines) were expressed, 
purified, delipidated, and probed for accessibility in DDM micelles by a direct labeling 
strategy in potassium acetate (absence of sodium).  Accessible cysteines would be 
labeled by PEG5000-maleimide (PEG-Mal), resulting in a mass shift up the gel.  
Experiments were performed at both 20°C and 60°C.  (B) Mapping of these cysteine 
positions (for the 20°C data) to the inward-open and outward-facing crystal structures of 
MurJTA.  Positions were considered inaccessible if only the lower band was observed, 
and accessible if the top band was observed and of higher intensity than the lower band.  
Remaining positions with both bands visible were considered partially accessible. 
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Having established the predominantly-inward conformation in DDM micelles, 

we next tested whether the presence of Na+ could shift the equilibrium towards an 

outward-facing conformation, as was suggested by our crystal structures.  If Na+ were to 

promote the outward-facing conformation, we would expect an increase in solvent 

accessibility at the periplasmic gate.  To test this hypothesis, we mutated single residues 

at the periplasmic gate into cysteines (MurJTA has no endogenous cysteines) and probed 

the accessibility of purified mutant proteins in buffer containing either Na+ or its 

substitute N-methyl-D-glucamine (NMDG+) (Figure 31).  Cysteine mutants of Ala29, 

Ser240 and Ile247 experienced a modest 1.5 to 2.5-fold increase in accessibility, but not 

other positions at or near the periplasmic gate (Met46, Ser113, Ser248).  While the results 

are not conclusive evidence for a role of Na+ in outward transition, they are consistent 

with Na+-dependent rearrangements and provide support for Na+ as the bound ion.   

Because the detergent-micelle environment is not an ideal mimic of a membrane 

bilayer [120], we will next repeat these cysteine accessibility assays in a membrane 

environment, albeit it must remain amenable to testing of different ions.  One approach 

would be to reconstitute purified MurJTA into nanodiscs, which are water-soluble 

nanoscale phospholipid bilayers stabilized by an encircling membrane scaffold protein 

[121-123].  Alternatively, purified MurJTA could be reconstituted into model 

phospholipid vesicles which would additionally allow ion gradients to be tested [124]. 
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Figure 31: Accessibility profile of MurJTA in Na+ or in NMDG+ by inverse labeling 

(A) Purified single cysteine mutants of MurJTA (no endogenous cysteines) were probed 
for accessibility in DDM micelles by the inverse labeling strategy in 150 mM sodium 
acetate versus in 150 mM N-methyl-D-glucamine acetate (NMDG+).  Cysteines that were 
not accessible to 100 µM 2-sulfonatoethyl methanethiosulfonate (MTSES) would be 
labeled by PEG5000-maleimide (PEG-Mal), resulting in a mass shift up the gel.  Relative 
accessibility was determined as detailed in Methods, with a larger number 
corresponding to higher accessibility.  (B) Fold change in cysteine accessibility in Na+ 
versus in NMDG (n=5, error bars denote s.d.).  Fold changes were compared to that for 
M46C, and P-values were calculated by paired two-tailed Student’s t-test (the 
abbreviation n.s. denotes not significant).    (C) Mapping of these positions to the 
inward-open and outward-facing crystal structures of MurJTA. 
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3.2.7 State-Dependent Changes in the Central Cavity 

We next analyzed differences in the central cavity of our MurJTA structures to 

gain insight into lipid substrate flipping.  The inward-facing cavity was largest in the 

inward-open structure and deepest in the inward-occluded structure, while the 

outward-facing cavity resembled a narrow crevice (Figure 32A).  We observed 

systematic rearrangement of Arg24, Asp25, and Arg255 (Arg270 in E. coli MurJ) in the 

cavity between the different crystal structures (Figure 32B-C).  These residues are 

conserved (Arg24 is invariant), with both Arg24/Arg255 essential [22, 34] and Asp25 

intolerant of certain substitutions [117].  This Arg24-Asp25-Arg255 triad is held in 

position by Asn162, Gln251, and a chloride ion in the inward-closed state.  Arg255 is 

released from Gln251 in the inward-open state and swivels down, possibly to capture 

the diphosphate moiety of lipid II that enters through the portal.  In the inward-

occluded state, Arg24 and Arg255 are brought into unusual proximity (just 2.9 Å apart at 

the closest) on top of the unmodeled electron density.  Since such close contact between 

two arginine side chains would experience unfavorable repulsion, we reasoned that they 

could be stabilized by electrostatic interactions with Asp25 and the diphosphate moiety 

of lipid II.  The periplasmic gate opens in the outward conformation, disengaging 

Arg255 and allowing substrate release.  Because of their conserved and essential nature, 

as well as their coordinated rearrangement at the cavity apex in proximity to unmodeled 

density, we suggest Arg24-Asp25-Arg255 to be the putative substrate-binding triad. 
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Figure 32: State-dependent conformation changes in the central cavity 

(A) Conformation changes in the MurJ transport cycle.  The cavity surface is shown as 
dots.  (B-C) Systematic rearrangement of the Arg24-Asp25-Arg255 triad in the cavity 
during the transport cycle.  In the inward-occluded state, R24 and R255 are brought into 
unusual proximity (just 2.9 Å apart at the closest), with the unfavorable repulsion 
stabilized by electrostatic interactions with Asp25 and putatively the diphosphate 
moiety of lipid II (yellow sticks).  The lipid-diphosphate model was never used for 
refinement or map calculation.  2Fo − Fc electron density (contoured to 1.0 σ) is shown as 
blue mesh with protein electron density masked.  Numbers denote distances in Å. 
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3.3 Discussion 

3.3.1 Transport Mechanism of MurJ 

We determined the conformational landscape of the lipid flippase MurJ, and our 

analyses suggest that MurJ undergoes an ordered sequence through its transport cycle 

(Figure 33).  In the inward-open state, coordinated rearrangement of TM 1, TM 8 and the 

TM4-5 loop regulates the size of the lateral membrane portal and thus the entry of lipid 

II headgroup into the transport cavity.  Upon lipid II binding, bending of the middle 

segment of TM 2 and closure of the C-lobe brings MurJ into an asymmetric inward-

occluded conformation with a thin gate formed by Glu57 and Arg352.  Subsequent 

rearrangement of TM 7, putatively due to Na+ binding, mediates outward transition, 

upon which lipid II is displaced into the periplasmic side of the membrane.  Factors such 

as membrane potential [75] could serve to reset the protein to an inward-closed state.  

Finally, release of Na+ into the cytoplasm and reopening of the lateral membrane portal 

would complete the transport cycle. 
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Figure 33: Model of the MurJ transport mechanism 

In the inward-open state (top left), coordinated rearrangement of TM 1, TM 8, and the 
TM 4-5 loop opens the portal to allow lipid II entry.  Binding of lipid II (involving the 
Arg24-Asp25-Arg255 triad at the cavity apex) transitions MurJ to the inward-occluded 
state, where a thin gate (Glu57-Arg352) is formed by C-lobe closure and TM 2 bending.  
Subsequent closure of the N-lobe is driven by rearrangement of TM 7 and concomitant 
lowering of the TM 6-7 loop (possibly in response to Na+ binding), completing transition 
to the outward-facing state, whereby lipid II is released.  Factors such as membrane 
potential [75] could mediate return to the inward-closed state.  After Na+ release into the 
cytoplasm, the portal is opened again for the next cycle.  P, M, G denote phosphate, 
MurNAc, and GlcNAc respectively, while cyan circles denote pentapeptide. 
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3.3.2 Relevance to Inhibitor Development Targeting MurJ 

Our outward-facing structure indicates importance of the cytoplasmic gate in 

occluding access to the outward-facing cavity from the cytoplasm.  Consistent with this 

finding, resistant mutants to the humimycins, lipopeptides with antibacterial activity 

against some Gram-positive pathogens including methicillin-resistant Staphylococcus 

aureus [77], cluster mostly around the cytoplasmic side of MurJ below the putative lipid 

II headgroup binding site [78].  While the mechanism of inhibition by humimycins is not 

currently known, it is conceivable that they could disrupt closure of the cytoplasmic gate 

and thus trap MurJ in an inward-facing conformation. 

Our study also highlights the importance of TM 7 in the inward-to-outward 

transition.  Resistant mutants to the levivirus M lysis protein (LysM), which induces 

bacterial cell lysis by inhibition of MurJ function, was previously mapped to the TM 2-

TM 7 region that is facing outside towards the membrane [79].  Cysteines positioned in 

the cavity displayed increased MTSES accessibility in cells upon LysM treatment, 

consistent with stabilization of the outward-facing state by LysM [75, 79].  As exemplified 

by humimycins and LysM, our crystal structures of MurJTA provide a framework for 

understanding the inhibition mechanism of MurJ inhibitors and the development of 

these inhibitors into potential antibiotics. 



 

72 

3.4 Materials and Methods 

3.4.1 Protein Expression and Purification for the New Crystal Forms 

MurJTA was expressed as described in the previous chapter.  Chloride was 

removed from all buffers used for cell lysis and protein purification, as detailed below.  

Cell pellets from each liter of culture were resuspended in 10 mL lysis buffer (50 mM 

HEPES-NaOH pH 8.0, 150 mM Na acetate).  Cell lysis, cobalt affinity purification, and 

overnight PPX digestion were performed as described in the previous chapter, replacing 

chloride with acetate and Tris-HCl with HEPES-NaOH.  PPX-treated MurJ was 

exchanged to gel filtration buffer (20 mM HEPES-NaOH pH 8.0, 150 mM Na acetate, 2 

mM DTT and 0.3 mM DMNG) and purified on a Superdex 200 column. 

 

3.4.2 Crystallization of the New Crystal Forms 

MurJTA was crystallized by LCP as described in the previous chapter with 

modifications.  Purified, chloride-free MurJTA was concentrated to 20-25 mg/mL, before 

mixing with molten lipid II-doped monoolein which was prepared in the same way as 

described in the previous chapter.  MurJ-reconstituted LCPs were dispensed on 96-well 

glass sandwich plates as 130 nL drops and overlaid with 1 µl of precipitant solution 

from crystallization screens made in-house and/or the commercial MemMeso HT-96 

screen (Molecular Dimensions).   
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The salt composition of the precipitant solution was the key determinant of 

which crystal form was obtained, which was also influenced by pH to a lesser extent.  

We did not notice any prep-to-prep variation in which crystal forms were obtained from 

each precipitant solution.  Crystals of the inward-closed structure were obtained in 1 M 

NaCl, 50 mM Na acetate-HCl pH 4.6, 40% PEG400.  Crystals of the inward-open 

structure were obtained in 200 mM ammonium sulfate, 50 mM Tris-HCl pH 8.5, 20% 

PEG400; or in 200 mM ammonium sulfate, 100 mM Na citrate tribasic-HCl pH 5.5, 40% 

PEG400.  Crystals of the inward-occluded structure were obtained in 100 mM Na citrate 

tribasic-HCl pH 5.0, 40% PEG200 (MemMeso A4).  Crystals of the outward structure 

were obtained in 1 M NaCl, 50 mM HEPES-NaOH pH 7.5, 20% PEG400; or in 100 mM 

MgCl2, 100 mM NaCl, 100 mM HEPES-NaOH pH 7.0, 30% PEG500 DME (MemMeso 

E9); or in 100 mM MgCl2, 100 mM NaCl, 100 mM MES-NaOH pH 6.0, 30% PEG500 

MME (MemMeso F9).  Crystals grew to full size in 4 weeks and were flash-frozen in 

liquid nitrogen without additional cryo-protectant. 

 

3.4.3 Data Collection and Structure Determination 

We collected X-ray diffraction data at the NECAT 24-ID-C and 24-ID-E beamlines  

with a wavelength of ~0.98 Å.  For the inward-occluded structure, we attempted to 

collect redundant data at a longer wavelength (1.65 Å) to locate anomalous difference 

Fourier electron density peaks corresponding to the diphosphate moiety of lipid II, but 
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without success likely due to the inherent flexibility of lipid II (~68 rotatable torsions).  

Nevertheless, the long-wavelength datasets were merged with the datasets collected at 

0.98 Å for refinement as they were isomorphous and there was no noticeable radiation 

damage.  Data were processed by XDS [125], and XDS-processed data from multiple 

isomorphous crystals were merged by POINTLESS and AIMLESS in BLEND [126-128].  

Due to diffraction anisotropy in the high-resolution shells, merged data were subjected 

to anisotropy correction in STARANISO [129].  Anisotropy corrected data were used for 

molecular replacement using our previously published structure of MurJTA (PDB: 5T77) 

as the search model in PHASER [105].  For the outward structure, the search model was 

split into two fragments (residues 4-228 and residues 229-470) and a two-component 

search yielded a strong MR solution with log-likelihood gain of 1588 and translation 

function Z-score of 40.  MR solutions were subjected to iterative rounds of model 

building in COOT [106] and refinement in PHENIX.refine [107].  Structures were refined 

to a final Rwork/Rfree of 25.5/28.0% (inward-closed structure, 3.2-Å resolution), 25.4/27.8% 

(inward-open structure, 3.0-Å resolution), 22.9/25.8% (inward-occluded structure, 2.6-Å 

resolution), and 17.9/19.9% (outward structure, 1.8-Å resolution).  The final models were 

refined to excellent geometry (>97% Ramachandran favored, 0% Ramachandran outliers, 

<1% rotamer outliers) and minimal clashes (clashscore < 2.5).  Crystals contained either a 

single MurJ molecule in the asymmetric unit (inward-occluded and outward structures), 
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or two MurJ molecules (inward-closed and inward-open structures).  Structural 

alignments and molecular graphics were created in PyMOL [114]. 

 

3.4.4 Docking of Lipid II and Molecular Dynamics Simulation 

The L-lysine form of lipid II was docked into the crystal structure of the inward-

occluded conformation as described in the previous chapter.  Unresolved sidechains of 

Arg18 and Lys53 were built manually with the least-clashing rotamer and subsequently 

treated as flexible for docking.  Docking was performed by Autodock Vina with a search 

space of 24 x 24 x 38 Å encompassing the central cavity, portal, and groove [108]. 

Molecular dynamics simulations starting from the docked model were set up as 

follows.  The protein molecule from docking was processed by PDB2PQR to add all 

hydrogens (at neutral pH) and all missing sidechains [130, 131].  The protein molecule 

was embedded into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) 

membrane of 140x120 Å with the membrane plugin in VMD, which also removes any 

POPE molecules that overlap with the embedded protein [132].  This was performed 

using the CHARMM all-hydrogen forcefield topology file for protein and lipids 

(top_all27_prot_lipid.inp) [133-135].   

The lipid II molecule in the docked conformation was processed by 

PHENIX.ReadySet to add back all the hydrogens with protonation state set to neutral 

pH, and the lipid II CHARMM forcefield topology file was generated by the SWISS-
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PARAM server [136].  The embedded protein molecule, lipid II molecule, and POPE 

lipid bilayer were combined into a single file and solvated with TIP3P waters on both 

sides of the bilayer to an overall z-dimension of 100 Å using the Solvate plugin in VMD 

[132].  Total charge of the system was neutralized with addition of ~150 mM NaCl by the 

Autoionize plugin in VMD [132].  Waters that are in the hydrophobic membrane interior 

(excluding those in the solvent-accessible cavity of MurJ) were manually deleted.  This 

solvated and ionized system (~140,600 atoms) was then processed by the AutoPSF 

plugin in VMD to generate the psf and pdb files for MD simulation, using the 

aforementioned CHARMM forcefield topology files (53) [132]. 

 Molecular dynamics simulations were performed by NAMD (58), with reference 

to the membrane proteins tutorial (www.ks.uiuc.edu/Training/Tutorials/science/ 

membrane/mem-tutorial.pdf).  For all simulation runs, an integration time step of 1 fs 

was used, and all X-H bonds were set to rigid (both bond lengths and angles).  A 

periodic cell of 140 x 120 x 100 Å was used with Particle Mesh Ewald electrostatics 

evaluation [137], wrapping both waters and POPE lipid molecules that diffuse out of the 

boundaries back into the opposite side of the cell.  To mimic the disorder in an actual 

membrane, the lipid tails of POPE molecules were first melted while everything else 

(including POPE headgroups) were fixed in position.  Subsequently, gaps between the 

protein and POPE molecules were filled by a constrained equilibration run at 310 K and 

1 atm, with energy minimization for 1000 steps and simulation for 100 ps with the fixed 
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atoms released but keeping harmonic constraints on the protein.  Finally, a production 

run was performed at 310 K and 1 atm for 100 ps releasing all constraints, and 

coordinates were recorded at 1 ps intervals. 

 

3.4.5 Protein Expression and Delipidation for In Vitro Assay 

Because MurJTA has no endogenous cysteine residues, single cysteine mutants 

could be engineered at either the cytoplasmic and/or periplasmic gates to probe the 

protein conformation in vitro in the absence or presence of sodium.  One liter of each 

cysteine mutant was expressed as described for the structural studies.  Proteins were 

purified as described above but with changes.  HEPES-NaOH was replaced with Tris-

acetate, and sodium was replaced with either N-methyl-D-glucamine (NMDG) or 

potassium.  To protect cysteines from oxidation, 1 mM TCEP was used in all buffers.   

As the presence of any cardiolipin that is carried over from E. coli lysate could be 

inhibitory to MurJ function [49], we took measures to delipidate our MurJ samples.  We 

exploited the high isoelectric point of MurJTA (predicted to be 8.5-9.5) to delipidate 

MurJTA by cation exchange.  PreScission protease-treated proteins were diluted fivefold 

in buffer A (20 mM Tris-acetate pH 8.0, 1 mM DDM) and passed through 0.5 mL of pre-

equilibrated sulfopropyl-sepharose fast-flow resin twice in a gravity column at room 

temperature.  Buffer B contained 50 mM Tris-acetate pH 8.0, 300 mM NMDG, 1 mM 

DDM).  The resin was washed with 5 mL each of 16.7% buffer B, 33.3% buffer B, and 
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50% buffer B, before elution in 2 mL of 100% buffer B, divided into four 0.5 mL fractions, 

all at room temperature.  Eluted protein was extremely pure (single band on SDS-PAGE) 

and mass spectrometry analysis indicated that all traces of cardiolipin had been 

successfully removed by the delipidation treatment.  We did not perform delipidation 

for structural studies because the high purity came with drastically reduced recovery 

(10-30 µg/L culture).  Eluted proteins were concentrated to 3-5 µM before the assay. 

 

3.4.6 In Vitro Cysteine Accessibility Assay 

To probe the conformation of MurJTA by direct labeling in vitro, single-cysteine 

mutants (no endogenous cysteines) were purified and delipidated in potassium acetate 

buffer as detailed above.  Mutants were diluted to ~1 µM in reaction buffer containing 20 

mM HEPES-KOH pH 7.5, 1 mM DDM, and 150 mM potassium acetate (buffer was 

added from 5x stock).  Samples (9 µL) were equilibrated at either 20°C or 60°C for 10 

minutes, then treated with 1 µL of methoxy-polyethylene glycol 5000 maleimide (PEG-

Mal, 10x stock in water) to a working concentration of 0.5 mM.  An equivalent volume of 

water was added to the negative control samples.  Reactions proceeded at either 20°C or 

60°C for 10 minutes and were quenched with 5 mM N-ethyl-maleimide (NEM, 10x stock 

dissolved in ethanol) for 10 minutes at room temperature. Samples were mixed with 2x 

denaturing buffer (60 mM Tris-HCl pH 6.8, 8 M urea, 4% w/v SDS, 20% v/v glycerol, and 

0.01% w/v bromophenol blue), resolved by SDS-PAGE, and stained by Coomassie blue. 
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To probe accessibility changes in the presence of sodium by inverse labeling, 

single-cysteine mutants were purified and delipidated in NMDG buffer as detailed 

above.  Samples were diluted to ~1 µM in reaction buffer containing 20 mM Tris-acetate 

pH 7.5, 1 mM DDM, and either 150 mM sodium acetate or 150 mM NMDG (buffers were 

added from 5x stocks).  Samples (9 µL) were equilibrated at 20°C for 10 minutes, then 

treated with 1 µL of sodium 2-sulfonatoethyl methanethiosulfonate (MTSES, 10x stock in 

water) to a working concentration of 100 µM.  An equivalent volume of water was 

added to the negative control samples.  Because long MTSES incubation times were 

found to reduce sensitivity by excessively blocking residues that should be inaccessible, 

10 µL of 2x denaturing/labeling buffer was immediately added for a MTSES blocking 

time of approximately 2 minutes.  This 2x denaturing/labeling buffer contained 10 mM 

PEG-Mal dissolved in the 2x denaturing buffer described above.  Samples were 

immediately homogenized by brief vortex and spun down.  Denaturation and labeling 

proceeded for 30 minutes under protection from light.  Reactions were quenched by 

addition of 1% (v/v) BME (from 10% stock).  Samples were resolved by SDS-PAGE and 

stained as described above.  Gel band intensities were quantified in GelQuant.NET and 

fold change was determined by dividing the relative accessibility in sodium by the 

relative accessibility in NMDG.  Relative accessibilities were calculated as follows: 
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4. Conclusions 
I have determined the crystal structures of MurJTA in the inward-facing closed, 

inward-facing open, inward-facing occluded, and outward-facing states, which together 

elucidate the conformational transitions that occur during the MurJ transport cycle.  The 

inward-facing structures reveal a lateral gating mechanism for the entry of lipid 

substrate into the central cavity.  A “thin gate” was observed between the N-lobe and C-

lobe in the inward-occluded structure, which could be important for occluding the lipid 

II molecule from the cytoplasm and/or for outward transition.  The high-resolution 

outward-facing structure enabled us to locate a sodium ion and assign the putative 

sodium-binding site in MurJ proteins.  Guided by the structures, our in vitro cysteine 

accessibility studies show that MurJ assumes a predominantly inward-facing 

conformation in DDM micelles, with some sodium-dependent conformational 

rearrangements. 

These MurJ structures highlight the importance of dynamic conformation 

changes to the mechanism of lipid II flipping, which could be a design principle for 

other flippases in general.  In particular, TM 8 of MurJ undergoes dynamic 

conformational changes through transient π or 310 helical elements throughout the 

transport cycle.  These dynamic helical secondary structure changes were proposed to 

be important for gating of Transient Receptor Potential ion channels [138], but their 
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presence in our MurJ structures suggest that they are more universal for membrane 

transport proteins than were previously recognized. 

We recognize that the importance of sodium binding (and its role in 

conformational transition) will require further clarification.  At the time of writing, 

complementation and lipid II accumulation assays are in progress to examine the in-vivo 

functional competency of MurJTA sodium-site mutants.  If sodium binding is important 

for MurJ function, we would expect mutants of sodium-coordinating residues to be non-

functional and result in lipid II accumulation in cells depleted of endogenous MurJ.  

Aside from sodium binding, factors responsible for the reported dependence of MurJ 

activity on membrane potential [75] also remain unknown and warrant further 

investigation. 

The molecular determinants of substrate binding could be further investigated 

by mutating residues in the central cavity, portal, or hydrophobic groove.  Substrate 

binding could be assayed by approaches such as native mass spectrometry as was 

previously done [49], or by other approaches such as isothermal titration calorimetry.  It 

is notable that lipid II is sparingly soluble in water, so technical optimization (such as 

choice and concentration of detergents or organic solvents) will be required.  We 

hypothesize that substrate binding (to the inward-facing state) could initiate outward 

transition.  If this is true, we would expect residues at the periplasmic gate to become 
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more solvent accessible in the presence of increasing concentrations of lipid II.  This can 

be probed by the in vitro cysteine accessibility assay established in this work. 

In closing, recent studies from the perspectives of microbiology [78, 79], 

chemistry [49, 75], cell biology [76], and structural biology [80, 117] have all 

unequivocally supported the importance of MurJ to bacterial physiology.  Our MurJ 

structures captured in multiple conformations, together with our structural analyses, 

provide a framework for future studies on this important bacterial protein.
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Appendix A: Alignment of MurJ Sequences 
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Figure 34: Alignment of MurJ sequences 

Positions shaded in red are identical in >90% of Gram-negative MurJ sequences in an 
alignment with 36 sequences, while those shaded gray are similar in >70% of the 
sequences. Asterisks (*) denote essential residues in MurJTA of which alanine mutants fail 
to complement E. coli MurJ. Carets (^) denote residues participating in Na+ coordination. 
Bullets (•) denote other residues discussed in this dissertation.  MurJTA from Thermosipho 
africanus (UniProt ID: B7IE18) was aligned with 36 Gram-negative MurJ sequences from 
the UniRef50 library (no sequence is more than 50% identical to another).  MATE 
transporters PfMATE and NorM-NG were also included in the alignment. 
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