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ABSTRACT 

The peptidoglycan layer in bacterial cells is a popular target for antibiotic development. 

The membrane protein MraY and peripheral membrane protein MurG are part of critical 

steps in the synthesis of peptidoglycan. Lipid I, a lipid precursor formed by MraY, is 

recognized by MurG through its soluble domain. Currently, there is no structure of MurG 

with bound Lipid I, and the residues required for this interaction have not been 

conclusively defined. Crystallographic methods and Cryo-Electron Microscopy were 

applied to study the interactions between MurG and the soluble domain of Lipid I by 

binding Park’s Nucleotide, Lipid II, or a Lipid I analog were used to study the interactions 

of MurG and MraY with the aforementioned substrates. By adding Park’s Nucleotide, 

Murgocil, Lipid II, the Lipid I analog, or a combination of the listed additives to 

concentrated MurG, crystals formed under optimized conditions. We aim to obtain 

electron-density maps from these techniques to model the structure of MurG. 
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Chapter 1 

Introduction 

The need for more antibiotics grows more pressing with the number of antibiotic-resistant 

bacteria on the rise.2 Consequently, there has been an increase in studies looking for 

antibiotic targets in bacteria. One such target is the bacterial peptidoglycan. The 

peptidoglycan is composed of polymers of sugars and amino acids that form a mesh-like 

layer outside of a bacterial wall to protect it. Without this layer successfully formed, the 

bacterial cell cannot properly divide which makes it an ideal target for antibiotics and 

inhibitors.3  

The peptidoglycan synthesis process involves many different proteins, notably MraY and 

MurG (Fig. 1.1). It begins with UDP-N-acetylglucosamine (UDP-GlcNAc) in the cytoplasm of 

the cell and then a series of proteins (MurA-F) add multiple amino-acids converting it into 

uridine diphosphate-N-acetylmuramyl-pentapeptide (UDP-MurNAc-pentapeptide). MraY 

then catalyzes the donation of phosphor-MurNAc-pentapeptide to the lipid carrier 

undecaprenyl phosphate (C55-P) to form undecaprenyl pyrophosphoryl MurNAc-

pentapeptide, or Lipid I. Lipid I is then transferred onto the peripheral membrane protein 

MurG. MurG is another essential protein for this synthesis process. It catalyzes the addition 

of GlcNAc onto Lipid I to form Lipid II, which is the essential subunit of the peptidoglycan 

layer.4 Lipid II is flipped into the periplasm by MurJ where it undergoes polymerization 

forming an alternating MurNAc and GlcNAc chain with cross-linking between the 

pentapeptides to form the peptidoglycan layer.  

From functional analysis on MraY, the group has determined that the transfer from Lipid I 

to Lipid II happens quickly; there is an abundance of Lipid II relative to Lipid I in the native 

cell state.16 Based on this, MraY and MurG are likely colocalized in the membrane and may 

even form a complex.5 Looking at substrate transfer interactions between these two 

proteins would illuminate a key step in the Peptidoglycan Biosynthesis pathway.  
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The Clemons group has previously purified MurG and set up crystal trays with Park’s 

Nucleotide and Murgocil (a lipid substrate mimic and inhibitor respectively), but no protein 

structures were obtained with either molecule on the MurG binding site. Based on the 

knowledge that MurG is responsible for the transformation of Lipid I to Lipid II, it is 

reasonable that there is an interaction between MurG and Lipid I or Lipid II.6 Crystallizing 

MurG with Lipid II would give insight into the interaction site of MurG that Lipid I targets. 

Using Escherichia coli MraY (EcMraY), Escherichia coli MurG (EcMurG), Hydrogenivirga sp. 

MraY (HyMraY), and Hydrogenivirga sp. MurG (HyMurG) the interaction can be 

characterized.  

 

Figure 1.1. The Peptidoglycan Biosynthesis Pathway. The family of Mur proteins 

synthesizes Park’s Nucleotide. MraY adds an undecaprenyl phosphate to Park’s Nucleotide. 

MurG attaches the UDP-GlcNAC and converts Lipid I to Lipid II before it gets flipped and 

pushed into the periplasm. (Adapted from Laddomada, F. et al.)1  
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Chapter 2 

Mutation Design and Purification Optimization  

2.1 MurG Mutations 

To facilitate the purification and crystallization of HyMurG, several different mutants were 

used. A surface entropy reduction software created at UCLA was used to determine the 

best locations for mutations to create a protein with reduced surface entropy.7 These 

surface entropy mutants are designed to crystalize better because they reduce the entropy 

between crystallographic subunits. Surface Mutant 2 (SM2) is a surface entropy mutant, 

shown in light purple in Figure 2.1. Similarly, we designed mutants that would allow for the 

purification of MurG from the cytoplasmic fraction, rather than the membrane. Mutant 17 

is a point mutation that releases MurG from the cell membrane. This mutation makes it 

possible to purify HyMurG from the soluble rather than the membrane fraction and 

increase protein yield.  

To assay the interactions between MurG and MraY within the membrane, a 

transmembrane domain was added to the N-terminus of MurG. As a peripheral membrane 

protein, MurG may associate and dissociate from the membrane through unknown 

mechanisms. By embedding MurG in the membrane, we aim to elucidate the interaction 

between MraY and MurG can be witnessed by creating a nanodisc with both proteins and, 

via CryoEM, analyzing the structure.  

2.2 Optimizing MurG Purification  

The three membrane-localized MurG strains (the wildtype, SM2 mutant, and MurG with 

the TMD) purified with a cobalt or nickel column and followed by size exclusion 

chromatography (see section 4.2). The soluble mutant (MurG 17) had contaminants 

present after the nickel column, therefore a chitin column was used. The chitin column 

bound most of the contaminants in the MurG 17 elution and after filtering, it was further 

purified through on the size exclusion chromatography.  
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2.3 Optimizing MraY Purification  

Different tags in MraY were tested in attempts to purify the protein. The six-histidine-tag 

(His-tag) and Green Fluorescent Protein tag (GFP tag) had different affinities that led to 

various levels of purity. The nickel column with its histidine affinity pulled several 

contaminants, shown in Figure 2.3. The GFP pulldown purification, which uses a nanobody 

with affinity to GFP followed by a Small Ubiquitin-like Modifier (SUMO) cleavage resulted 

in a cleaner elution.  

 

 

Figure 2.1. HyMurG Mutants. Each mutation to the HyMurG sequence is shown in the color 

highlighted in the HyMurG structure. The TMD Mutation adds a trans-membrane domain 

to the protein that is pulled from the one of the subunits of mammalian analog of MurG: 

Alg14. Mutation 17 changes one of the hydrophobic residues (Tryptophan 76) in the region 

where MurG is bond to the membrane into an alanine releasing it from the membrane. The 

SM2 mutation mutates residues KNIK to AAAA. 
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Figure 2.2. MurG Nickel Column Purification Compared to Chitin Column Purification. The 

elutions from the nickel resin (A) came off with many contaminants and the elution after 

the chitin column (B) shows fewer contaminants. The elution on the right was filtered and 

further purified through size-exclusion chromatography. 

   

Figure 2.3. MraY Nickel Column Purification Compared to GFP Pulldown Purification. The 

elutions from the nickel resin co-eluted with many contaminants (A) is shown compared to 

A B 

A B 
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the elutions after the GFP pulldown purification (B). The GFP pulldown had a lower quantity 

of contaminants though the relative abundance is higher. HyMraY was purified from the 

free anti-GFP nanobody via a size exclusion column.  
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Chapter 3 

Discussion and Future work 

3.1 MurG Crystallization 

Different crystallography methodologies were used, and each worked towards the 

optimization the crystals. The type of the crystals obtained was dependent on the drop 

type, concentration of protein, concentration of substrate, concentration of additive, 

conditions in the mother liquor (precipitate, salt and buffer), microseeding, and 

macroseeding. Many distinct types of crystals were observed: needles, plates, and three-

dimensional. Additive screens were also used on specific conditions from the JCSG+ 

Crystal screen (0.2 M potassium formate with 20 % w/v PEG 3350 and 0.2 M ammonium 

nitrate with 20 % w/v PEG 3350) to further optimize the crystal well conditions to form 

three-dimensional crystals which could contribute to future directions. 

 

After purifying and crystallizing MurG in a variety of conditions, several crystals were fished 

and shipped to the Stanford Synchrotron Research Laboratory. X-rays are shot at the crystal 

and the crystal diffraction pattern is detected on a plate. The crystal is rotated 360° and the 

collection of maps is converted to electron density maps via Fourier Transforms. The 

statistics of the initial data set are shown in Table 3.1. Using Molecular replacement (and 

Matthew’s Coefficient of 2) in Phenix, a structure of HyMurG is fitted into the electron 

density maps and then refined with Phenix and Coot.8,9 The refinement process was 

finished when the R-free factor began to rise with each round of refinement.  

 The final structure was resolved to a 2.75 Å resolution (Figure 3.2). The statistics of the 

structure improved with each refinement (Table 3.2). The condition in which the crystal 

formed was 5 mg/mL HyMurG SM2, 0.3 M Magnesium chloride hexahydrate; 0.3 M Calcium 

chloride dihydrate, 0.2 M Sodium HEPES pH 7.5, 0.2 M MOPS (acid) pH 7.5, 37.5 % v/v 

Precipitant Mix 4 (25% v/v MPD; 25% PEG 1000; 25% w/v PEG 3350) using the Morpheus 

Screen by Molecular Dimensions.10  
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For the future work for this project is obtaining a structure with a higher resolution and a 

clearly identifiable bonded Murgocil, Lipid I, Lipid II, or Park’s Nucleotide.  The next step is 

optimizing crystal tray conditions for crystallizing the substrates. Using other crystal 

screening conditions or additional additive screens to further optimize the crystallization 

are also options to pursue. Trays with different cryoprotectants and combinations of 

substrate mimics and inhibitors (like using UDP-GlcNAC in addition to Park’s Nucleotide or 

Murgocil) or potentially other mutants of HyMurG might yield different amounts of protein 

during expression or facilitate the structure analysis of HyMurG through Cryo-EM or 

crystallographic methods. 
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Figure 3.1. Three Stages of Data Collection. A. Crystal in a Well. The first image shows the 

crystal in a well. The diameter of the image is 1.79 mm and the length of the scale in the 

middle of the image is 0.35 mm. B. Crystal Frozen in a Loop. After being fished out of the 

well shown in A, the crystal  is frozen in liquid nitrogen. This image shows one of the crystals 

in A frozen in a 0.1 mm loop with some ice formed around the edges. C. X-ray Diffraction 

Map. After the crystal is diffracted with x-rays, scattered ray diffraction maps are collected 

and complied to create electron density maps. From these maps, a structure of the protein 

crystallized can be produced.  

 

A B 

C 
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Figure 3.2. MurG Structure. This 2.75 Å structure of MurG was created by processing x-ray 

diffraction maps. There are two copies of the protein shown, one is upright with the 

theoretical membrane binding site up and the other is rotated 180° along one axis and then 

90° relative to the axis. 

 

Figure 3.3. Front View of single MurG Structure. This is a front view of the 2.75 Å structure 

of MurG; the membrane binding site is oriented up and the binding pocket is on the left.  
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Figure 3.4. Side View of single MurG Structure. This is a side view of the 2.75 Å structure 

of MurG; the membrane binding site is oriented up and the binding pocket is in the front of 

the page.  

 

 

 
Table 3.1. HyMurG Crystal Data Statistics. The table of crystal data statistics shows the 

signal-to-noise ratio and the other factors of the data separated by resolution shell limit. 
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Resolution (Å) 27.99 - 2.75 

R-work 0.1897 

R-free 0.2743 

RMS (bonds) 0.014 

RMS (angles) 1.452 

Clashscore 10.35 

Ramachandran favored (%) 94.36 

Ramachandran outliers (%) 0.58 

Rotamer outliers (%) 2.30 

 

Table 3.2. HyMurG Structure Statistics. These statistics of the HyMurG show its R-factors 

and its Ramachandran favored numbers. They also show the clash score and RMS of the 

bonds and the angles. 
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3.2 MurG and MraY Interactions 

The UMP-Glo assay is designed to show the activity of proteins whose function produces 

free UMP. The UMP-Glo enzyme fluoresces based on the amount of free UMP in the 

solution, produced by the breakdown of Park’s Nucleotide or UDP-GlcNAc. An assay with 

Escherichia coli MraY (EcMraY) and Escherichia coli MurG (EcMurG) showed that the 

EcMraY was inactive. To rule out the possibility of this due to freezing, the assay was 

repeated with HyMraY and HyMurG; there was a change in species due to plasmid 

limitations. Based on the results shown in Table 3.1, HyMraY was also inactive despite 

being fresh from the concentrator tube. The wells with HyMraY and HyMurG had the most 

activity.  

 

The two proteins were evaluated with three different lipids in solution. Each solution 

shown in Table 3.1 has a letter and number combination. If there is a “G”, the solution 

has a 125 μM concentration of UDP-GlcNAC. The letter “Y” indicates that there is a 125 

μM concentration of Park’s Nucleotide and a 125 μM concentration of a lipid. The number 

is the number of carbons in the lipid backbone (C55, C20, or C10). In the case of the wells 

H5, H6, and H7, the solution is only 125 μM of Park’s Nucleotide and 125 μM of UDP-

GlcNAC; there intentionally was no lipid as a control to measure the background free-

UMP.  

 

To capture the activity between MurG and MraY, nanodiscs were assembled. After the 

assembling a nanodisc 11, the complex was purified via nickel affinity column and size 

exclusion chromatography (Fig.3.3). Post purification, the nanodiscs were frozen on 

Quantifoil Copper 1.2/1.3 grids for CryoEM analysis. The ice conditions were not optimal 

on the grids, and it was difficult to see particles or any nanodiscs that were correctly 

assembled (Figure 3.4). Because there were few particles from on the grid, the freezing 
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conditions (blot time, freezing time, and concentration of nanodisc) must be optimized 

for future work in classifying any interaction between MurG and MraY. 

 

  

Table 3.3. UMP-Glo Assay for HyMraY and HyMurG. Each row examines the activity of 

different protein-lipid combinations. With the expectation of the first and last rows, the 

first well shows the fluorescent of the protein by itself. The first row shows the 

fluorescence of decreasing dilutions of UMP. The first four wells in the last row have the 

same concentration of HyMurG protein with varying lipid buffers (none, Y55, Y20, and 

Y10 respectively). The last three wells have HyMraY and HyMurG dilutions with a 

substrate buffer and no lipids.  
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Figure 3.5. HyMraY and HyMurG TMD Nanodisc Purification. A. The samples taken from 

intermittent steps of purification of the nanodisc via nickel column. The first half are 

samples from the elutions from the first removal of the solution from the Bio-beads and 

the second half is from a wash of the Bio-beads. B. Size exclusion chromatograph and 

corresponding SDS-page gel (C) samples are from the size exclusion column. The fractions 

in red were pooled and then frozen on copper grids for CryoEM.  

 

 
 

A 

B C 
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Figure 3.6. MraY and MurG Nanodisc Grid CryoEM Image. There are few nanodisc 

particles shown in this frozen grid. The dark grey section in the upper right-hand corner 

is the copper grid background. The conditions for this grid were a Blot force of 4, a blot 

time of 7, and a concentration (measured at 1 Abs = 1 mg/mL) of 0.5 mg/mL.  
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Chapter 4 

Methods 

4.1 Protein Expression.  

A plasmid containing the gene to express the chosen protein (a MurG mutant or MraY 

mutant) is incubated with the competent cells (NiCO, NiMO, or LEMO) on ice and then 

heat shocked for thirty seconds before being incubated on the ice for five minutes. These 

primary contaminants for His-tagged proteins in these cells lines also have chitin-binding 

domains for later purification. The cells are then allowed to recover in LB (Luria Broth) at 

37°C with shaking at 225 RPM. After an hour, the cells are plated on an LB agar plate with 

the antibiotic selection and allowed to grow overnight. The cells are resuspended in 30 

milliliters of Luria-Bertani media and 5 mL of the mixture is aliquoted into a liter of 2xTY 

media (an autoclaved solution of one liter of water, 16 grams of tryptone, 10 grams of 

yeast extract, and 5 grams of sodium chloride). Then the cells are incubated at 37°C and 

225 RPM with optical density (OD) checks at a 600 wavelength every hour.  

 

When the OD reaches 0.70, the cells are ready to stop growing and start expressing the 

recombinant gene. For gene expression, each liter of media and cells is induced with 400 

µL of 1 M isopropylthio-β-galactoside (IPTG) (final concentration of 0.4 mM) followed by 

incubation at 30°C for four hours at 225 RPM. To separate the cells from the media, the 

cultures are centrifuged at 6000 RPM for ten minutes. The cell pellet is collected and then 

flash-frozen in liquid nitrogen. 

 

4.2 Protein Purification via Affinity Column.  

The cell pellet is thawed on ice and then resuspended with 10 mL of lysis buffer (20 mM 

tris pH 7.5, 300 mM NaCl, 10% glycerol, 5 mM beta-mercaptoethanol (BME), 1x 

phenylmethanesulfonyl fluoride (PMSF), and 1x benzamidine) per 1 g of cells. After being 

microfluidized, the cells are spun at 12000 RPM for twenty minutes to clear the lysate of 
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insoluble debris. After removing the debris pellet, the lysate is spun again at 38000 RPM 

for 30 minutes in an ultracentrifuge. This separates the solution into soluble proteins 

(proteins in the cytoplasm of the cell) and proteins in the membrane of the cell. When 

the protein was expected in the soluble fraction, it was mixed directly with cobalt or nickel 

resin beads. If the protein was expected in the membrane fraction, it was first solubilized 

with extraction buffer (20 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 10 mM imidazole, 

1% DM, 5 mM BME, 1x PMSF, and 1x benzamidine). Followed by a 1 hour incubation with 

the resin. The wash buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol, 30 mM 

imidazole, 0.15% DM, 5 mM BME, 1x PMSF, and 1x benzamidine) was then flowed 

through to remove any weakly bonded proteins or any contaminants that did not go 

through the filter the first time. The elution buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 

5% glycerol, 200 mM imidazole, 0.15% DM, 5 mM BME, 1x PMSF, and 1x benzamidine) is 

then flowed through in three increments (5mL, 5mL, and 10mL) containing the purified 

protein. The His-tagged protein is eluted and can then be analyzed through an SDS-gel for 

purity. In each case of purification, the three elutions were concentrated before size 

exclusion chromatography. The column results can be analyzed through another SDS-gel 

to determine which fractions have protein that can be concentrated to use for crystal 

trays or for CryoEM grids. 

 

4.3 GFP Nanobody Pulldown  

The Green Fluorescent Protein (GFP) tag added to the C-terminus of HyMraY binds to a 

nanobody that binds to magnetic Streptavidin beads. 363 µL of the beads are added to a 

1.5 mL Eppendorf and the beads are washed with water. To remove any excess liquid, the 

tube is placed on a magnetic rack so that the liquid can be pipetted out, leaving the beads 

behind. The beads are then equilibrated in the solubilization buffer (20 mM HEPES pH 7.5, 

150 mM NaCl, 5% glycerol, 0.15% DM, 5 mM BME, 1x PMSF, and 1x benzamidine). 20 µL of 

the anti-GFP nanobody was incubated with the beads for 1 hour before the free anti-GFP 
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nanobody was removed. 1 mL of 50 µM biotin in the solubilization buffer is incubated with 

the beads for five minutes and then the beads are washed with 1 mL of solubilization buffer.  

 

The beads are resuspended in 500 µL of solubilization buffer before being transferred to a 

50 mL falcon tube that has solubilization protein in it and incubated for 1.5 hours. The beads 

are collected at the bottom of the falcon tube and the excess buffer is removed (50 µL kept). 

The beads are resuspended in 1 mL of solubilization buffer and transferred to a 1.5 mL 

Eppendorf. They are then washed three times with solubilization buffer before being 

incubated in a solubilization buffer containing 0.5 µM SUMO Eu1 protease for thirty 

minutes. The elutions are then collected and transferred to a 1.5 mL tube. The tube is spun 

at 21000xg minimum for ten minutes to pellet any remaining beads and the supernatant is 

run on a size exclusion column.   

 

4.4 Crystal Trays Preparation. 

Two types of crystal trays were set up (96 and 24 wells) with various conditions (JCSG+ 

Crystal Screen12, Morpheus Crystal Screen10, Crystal Hit Screen13, and Index Crystal 

Screen14). Multiple techniques were used (micro-seeding, hanging drop, sitting drop) to 

create crystals that are were large and clear enough to fish. The micro-seeding technique 

involved micro-pipetting a crystal tray well with crystals into an Eppendorf tube with a seed 

bead and then vortexing at high speed for 90 seconds. The seeds are then picked up by 

dipping a cat’s whisker in the solution and then drawing the whisker through the hanging 

drop. The hanging drop is suspended from the well cover whilst the sitting drop sits in a 

carrier under the well cover.  

 

4.5 UMP-Glo Assay 

The assay was prepared by setting up a 96 well plate with the chosen substrates and 

proteins in solution. The final concentration of protein in the first well was 10 µM and each 
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sequential well had one half of the concentration in the previous well (via sequential 

dilution before the substrates are added). The solutions were allowed to equilibrate for 

thirty minutes and then 25 µL of UMP-Glo enzyme was added to each well. The assay plate 

was placed on a plate shaker to mix for 60 seconds. It was then incubated at room 

temperature for one hour before obtaining luminescence readings with a plate reader.  

4.6 CryoEM Grid Preparation  

30 µL of the specified protein concentration is prepared. After the equipment is cooled with 

liquid nitrogen, a 3 µL sample is pipetted onto the grid and was blotted with specific blot 

time and force (determined by protein concentration and ice buildup) before being plunged 

into liquid ethane followed by liquid nitrogen. The first round of grid freezing was with a 

blot time of 3.5 seconds and a blot force of 8 and the second round was with a blot time of 

4 second and a blot force of 7.  

4.7 Nanodisc Assembly and Purification  

After calculating the membrane protein of interest (MPI): membrane scaffolding protein 

(MSP): lipid ratio,17 10 µM of MurG, 10 µM of MraY, and 40 µM of MSP1E3D1 is incubated 

with 3 mM of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 100 µL of 20 mM 

MSP cholate (sodium cholate dissolved in MSP buffer (20 mM Tris pH 7.5, 100 mM NaCl, 

and 0.5 mM EDTA) and then diluted to a final volume of 500 µL with MSP buffer. This 

protein solution was allowed to rock at 4°C for one hour. After transferring 250 mg of Bio-

Rad Bio-Beads SM-2 Absorbents into an Eppendorf tube, the beads are washed twice in 

water by added 600 µL to the Eppendorf, vortexing on high for ten seconds, centrifugation 

for ten seconds using a tabletop centrifuge, and then pipetting out as much liquid as 

possible without removing beads. This process is repeated twice with 600 µL of MSP buffer.  

The protein solution is added to the beads and incubated for at least four hours on a rocker 

at 4°C. The solution is centrifuged a tabletop centrifuge and the solution removed and 

incubated with nickel resin for one hour at 4°C. The beads are washed with 600 µL of MSP 
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buffer and this wash is also incubated with nickel beads. The elution buffer is 2 mL of MSP 

buffer and supplemented with 2 mL of 1 M Imidazole; the nanodisc-protein complex is 

eluted in four aliquots of 500 µL. The aliquots are concentrated and then loaded onto a size 

exclusion column to remove any final unbound protein or empty nanodiscs.   
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Appendix A: Constructs 

A.1 His6-HyMurG Protein Sequence  

ATGCACCACCACCACCACCACGGTCTGGTTCCGCGTGGTTCTAGGCTTCTCGTATCAGGAGGAGGAACAGG

AGGACACTTCTTCCCAGCTCTTGAGGTTCTCGCGAGAGCCGCGGCGGCGGGCATACCTACCCTCTACGTAG

GCGCCCAGAGAGGCATAGAGAGGGGCTTTGAGCACGCCATACCCGGTGCGGCGCTCTTCCTTGAGCTTTA

CCCCTTCAGGGGGGTATCCGTTGGAGCACGGGTGGCGGCCCTACTGAGCTTCTGGAGAGGTATTTCCCATT

TGAGGAGCCATACGCAGGGGGATTTCAGGACGCTCGTATTCGGAGGTTATCCGAGTGTTCCAGCCGGTGT

TCACACGGTCCTCAAGAGAAAGCCCCTCTACCTGCACGAACAGAACTCAGTGCCGAGCATGACCAACAGAC

TCCTCTCCCATTTCGGCAGGAAGGTCTTTATAACCTTTGAGCACTCACGGAAGTTCTTCAGGGGCATGAAG

GTGGTAAGGACAGGACTGCCGATAAGGGAAGAGCTCATAAACACCGCGCTTGACAAGTCCAACGCCAAG

GAAGCGCTCGGCTTCAAACCTGAGGCACCCCTGGTGCTCTTCATGGGCGGCAGTCAGGGGGCAAGATTTA

TAAACAACCTCGCGGTAGACTTCGCCAAGAAGACCGGCGCACCGGTTCTGCTCTTGTCTGGAGAATCTGAC

TTTGAGAGGGTGAGCGAGCTTGCACAAGGGATGGAAAACCTCAAGGTGTTTCCCTTCAGAACGGACATGG

GGCTCGTGTACTCCGCCTCGGAGGTTGCCGTCTGCAGGGCTGGAGCCGGGACTATATCCGAGCTCTCCTAC

TTTGAAGTACCAGCCGTCCTCATACCTTACCCCTACGCCTCCGGAGACCACCAGTTTTACAACGCCAGAGAG

ATTGAGGAGCTTGGAGGCGCCTTCACGCTCAGAGCGGCGGCGGTAAACCTTGATAGGGTGGTAGCCCTCG

TTGACAGGGTCTTCGCAAACATAGCGTCCATGAAGGCGAGCATAAAGAGCTTCGCCAACCCGACGGCGTC

GGAGCTAATCCTCAACGAGGTTCTTGAGGACTGAGAATTCGAAT 

A.2 His6-HyMurG SM2 Protein Sequence  

ATGCACCACCACCACCACCACGGTCTGGTTCCGCGTGGTTCTAGGCTTCTCGTATCAGGAGGAGGAACAGG

AGGACACTTCTTCCCAGCTCTTGAGGTTCTCGCGAGAGCCGCGGCGGCGGGCATACCTACCCTCTACGTAG

GCGCCCAGAGAGGCATAGAGAGGGGCTTTGAGCACGCCATACCCGGTGCGGCGCTCTTCCTTGAGCTTTA

CCCCTTCAGGGGGGTATCCGTTGGAGCACGGGTGGCGGCCCTACTGAGCTTCTGGAGAGGTATTTCCCATT

TGAGGAGCCATACGCAGGGGGATTTCAGGACGCTCGTATTCGGAGGTTATCCGAGTGTTCCAGCCGGTGT

TCACACGGTCCTCAAGAGAAAGCCCCTCTACCTGCACGAACAGAACTCAGTGCCGAGCATGACCAACAGAC

TCCTCTCCCATTTCGGCAGGAAGGTCTTTATAACCTTTGAGCACTCACGGAAGTTCTTCAGGGGCATGAAG

GTGGTAAGGACAGGACTGCCGATAAGGGAAGAGCTCATAAACACCGCGCTTGACAAGTCCAACGCCAAG

GAAGCGCTCGGCTTCAAACCTGAGGCACCCCTGGTGCTCTTCATGGGCGGCAGTCAGGGGGCAAGATTTA

TAAACAACCTCGCGGTAGACTTCGCCAAGAAGACCGGCGCACCGGTTCTGCTCTTGTCTGGAGAATCTGAC
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TTTGAGAGGGTGAGCGAGCTTGCACAAGGGATGGAAAACCTCAAGGTGTTTCCCTTCAGAACGGACATGG

GGCTCGTGTACTCCGCCTCGGAGGTTGCCGTCTGCAGGGCTGGAGCCGGGACTATATCCGAGCTCTCCTAC

TTTGAAGTACCAGCCGTCCTCATACCTTACCCCTACGCCTCCGGAGACCACCAGTTTTACAACGCCAGAGAG

ATTGAGGAGCTTGGAGGCGCCTTCACGCTCAGAGCGGCGGCGGTAAACCTTGATAGGGTGGTAGCCCTCG

TTGACAGGGTCTTCGCAGCAGCAGCATCCATGAAGGCGAGCATAAAGAGCTTCGCCAACCCGACGGCGTC

GGAGCTAATCCTCAACGAGGTTCTTGAGGACTGAGAATTCGAAT 

A.3 His6-HyMurG Mutant 17 Protein Sequence  

ATGCACCACCACCACCACCACGGTCTGGTTCCGCGTGGTTCTAGGCTTCTCGTATCAGGAGGAGGAACAGG

AGGACACTTCTTCCCAGCTCTTGAGGTTCTCGCGAGAGCCGCGGCGGCGGGCATACCTACCCTCTACGTAG

GCGCCCAGAGAGGCATAGAGAGGGGCTTTGAGCACGCCATACCCGGTGCGGCGCTCTTCCTTGAGCTTTA

CCCCTTCAGGGGGGTATCCGTGCAAGCACGGGTGGCGGCCCTACTGAGCTTCTGGAGAGGTATTTCCCATT

TGAGGAGCCATACGCAGGGGGATTTCAGGACGCTCGTATTCGGAGGTTATCCGAGTGTTCCAGCCGGTGT

TCACACGGTCCTCAAGAGAAAGCCCCTCTACCTGCACGAACAGAACTCAGTGCCGAGCATGACCAACAGAC

TCCTCTCCCATTTCGGCAGGAAGGTCTTTATAACCTTTGAGCACTCACGGAAGTTCTTCAGGGGCATGAAG

GTGGTAAGGACAGGACTGCCGATAAGGGAAGAGCTCATAAACACCGCGCTTGACAAGTCCAACGCCAAG

GAAGCGCTCGGCTTCAAACCTGAGGCACCCCTGGTGCTCTTCATGGGCGGCAGTCAGGGGGCAAGATTTA

TAAACAACCTCGCGGTAGACTTCGCCAAGAAGACCGGCGCACCGGTTCTGCTCTTGTCTGGAGAATCTGAC

TTTGAGAGGGTGAGCGAGCTTGCACAAGGGATGGAAAACCTCAAGGTGTTTCCCTTCAGAACGGACATGG

GGCTCGTGTACTCCGCCTCGGAGGTTGCCGTCTGCAGGGCTGGAGCCGGGACTATATCCGAGCTCTCCTAC

TTTGAAGTACCAGCCGTCCTCATACCTTACCCCTACGCCTCCGGAGACCACCAGTTTTACAACGCCAGAGAG

ATTGAGGAGCTTGGAGGCGCCTTCACGCTCAGAGCGGCGGCGGTAAACCTTGATAGGGTGGTAGCCCTCG

TTGACAGGGTCTTCGCAAACATAGCGTCCATGAAGGCGAGCATAAAGAGCTTCGCCAACCCGACGGCGTC

GGAGCTAATCCTCAACGAGGTTCTTGAGGACTGAGAATTCGAAT 

A.4 His6-Alg14TMD-HyMurG Protein Sequence  

ATGCACCACCACCACCACCACGGTCTGGTTCCGCGTGGTTCTAGGCTTCTCGTATCAGGAGGAGGAACAGG

AGGACACTTCTTCCCAGCTCTTGAGGTTCTCGCGAGAGCCGCGGCGGCGGGCATACCTACCCTCTACGTAG

GCGCCCAGAGAGGCATAGAGAGGGGCTTTGAGCACGCCATACCCGGTGCGGCGCTCTTCCTTGAGCTTTA

CCCCTTCAGGGGGGTATCCGTTGGAGCACGGGTGGCGGCCCTACTGAGCTTCTGGAGAGGTATTTCCCATT
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TGAGGAGCCATACGCAGGGGGATTTCAGGACGCTCGTATTCGGAGGTTATCCGAGTGTTCCAGCCGGTGT

TCACACGGTCCTCAAGAGAAAGCCCCTCTACCTGCACGAACAGAACTCAGTGCCGAGCATGACCAACAGAC

TCCTCTCCCATTTCGGCAGGAAGGTCTTTATAACCTTTGAGCACTCACGGAAGTTCTTCAGGGGCATGAAG

GTGGTAAGGACAGGACTGCCGATAAGGGAAGAGCTCATAAACACCGCGCTTGACAAGTCCAACGCCAAG

GAAGCGCTCGGCTTCAAACCTGAGGCACCCCTGGTGCTCTTCATGGGCGGCAGTCAGGGGGCAAGATTTA

TAAACAACCTCGCGGTAGACTTCGCCAAGAAGACCGGCGCACCGGTTCTGCTCTTGTCTGGAGAATCTGAC

TTTGAGAGGGTGAGCGAGCTTGCACAAGGGATGGAAAACCTCAAGGTGTTTCCCTTCAGAACGGACATGG

GGCTCGTGTACTCCGCCTCGGAGGTTGCCGTCTGCAGGGCTGGAGCCGGGACTATATCCGAGCTCTCCTAC

TTTGAAGTACCAGCCGTCCTCATACCTTACCCCTACGCCTCCGGAGACCACCAGTTTTACAACGCCAGAGAG

ATTGAGGAGCTTGGAGGCGCCTTCACGCTCAGAGCGGCGGCGGTAAACCTTGATAGGGTGGTAGCCCTCG

TTGACAGGGTCTTCGCAAACATAGCGTCCATGAAGGCGAGCATAAAGAGCTTCGCCAACCCGACGGCGTC

GGAGCTAATCCTCAACGAGGTTCTTGAGGACTGAGAATTCGAATCGCCTCGGGAAAGCCTGAGGCTTCTC

GTATCAGGAGGAGG 

A.5 His6-EcMurG Protein Sequence 

ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGAGTGGTCAAGGAAAGCGATTAATGGTGA

TGGCAGGCGGAACCGGTGGACATGTATTCCCGGGACTGGCGGTTGCGCACCATCTAATGGCTCAGGGTTG

GCAAGTTCGCTGGCTGGGGACTGCCGACCGTATGGAAGCGGACTTAGTGCCAAAACATGGCATCGAAATT

GATTTCATTCGTATCTCTGGTCTGCGTGGAAAAGGTATAAAAGCACTGATAGCTGCCCCGCTGCGTATCTTC

AACGCCTGGCGTCAGGCGCGGGCGATTATGAAAGCGTACAAACCTGACGTGGTGCTCGGTATGGGAGGC

TACGTGTCAGGTCCAGGTGGTCTGGCCGCGTGGTCGTTAGGCATTCCGGTTGTACTTCATGAACAAAACGG

TATTGCGGGCTTAACCAATAAATGGCTGGCGAAGATTGCCACCAAAGTGATGCAGGCGTTTCCAGGTGCTT

TCCCTAATGCGGAAGTAGTGGGTAACCCGGTGCGTACCGATGTGTTGGCGCTGCCGTTGCCGCAGCAACG

TTTGGCTGGACGTGAAGGTCCGGTTCGTGTGCTGGTAGTGGGTGGTTCTCAGGGCGCACGCATTCTTAACC

AGACAATGCCGCAGGTTGCTGCGAAACTGGGTGATTCAGTCACTATCTGGCATCAGAGCGGCAAAGGTTC

GCAACAATCCGTTGAACAGGCGTATGCCGAAGCGGGGCAACCGCAGCATAAAGTGACGGAATTTATTGAT

GATATGGCGGCGGCGTATGCGTGGGCGGATGTCGTCGTTTGCCGCTCCGGTGCGTTAACGGTGAGTGAAA

TCGCCGCGGCAGGACTACCGGCGTTGTTTGTGCCGTTTCAACATAAAGACCGCCAGCAATACTGGAATGCG

CTACCGCTGGAAAAAGCGGGCGCAGCCAAAATTATCGAGCAGCCACAGCTTAGCGTGGATGCTGTCGCCA
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ACACCCTGGCCGGGTGGTCGCGAGAAACCTTATTAACCATGGCAGAACGCGCCCGCGCTGCATCCATTCCG

GATGCCACCGAGCGAGTGGCAAATGAAGTGAGCCGGGTTGCCCGGGCGTAA  

A.6 His6-HyMraY Protein Sequence 

ATGCATCACCATCACCATCACATGATATACCATCTTGCCATACTCCTGAGGGAGCACTTCTTCGCCTTCAACG

TGCTCAAGTACATAACCTTCCGTTCTTTCACGGCAATACTCCTCGCCTTCTTTATAACTCTGATACTTTCCCCC

ACCTTCATGAAGAAGTTTGCGAAGATACAGAGACTCTTCGGAGGGTACGTCAGAGAGTACACACCCGAAC

ACCACGAGAGCAAGAAGTACACACCAACCATGGGCGGGGTTGTGATAGTAACGGTCATACTGATAACCTC

AGTCCTTCTCATGCGCCTTGATATCAGGTACACGTGGGTTCTCGTCTTTTCAACGCTGTCCTTTGCCCTCATA

GGGTTCGTGGACGACTGGATAAAACTCAAGAATAAAAAGGGTCTCTCAATAAAGGCGAAGCTCGCCTTCC

AGATGTCCTTCGCTTTAGCCGTATCCCTGCTCATCTTTTACTGGGTTGGTCTGGAGACAAAGCTATACTTTCC

CTTCTTCAAGGAGCTCACCGTAGATCTGGGCTGGTTATATATACCCTTCTCAATGTTCATCATAGTAGGGAC

CGCTAACGCGGTGAACCTTACCGACGGTCTGGACGGACTCGCCATAGGTCCTTCAATGACCACAGCAACAG

CCTTCGGCGTGATAGCCTACGTGGTGGGTCACTCAAAGATAGCCCAGTACTTGGGAGTCCCGCACGTTCCC

TACGCAGGTGAGATAACGGTGTTCTGCTTCGCGATAATAGGTGCAGGGCTTGGCTTTTTGTGGTTCAACAC

TTACCCGGCTCAGGTGTTCATGGGAGACGTGGGAGCTCTGGGTCTCGGGGCTGCCCTCGCCACGGTTTCA

ATTATGACCAAGTCAGAGTTCCTGCTCGCCGTTGCCGGAGGTGTGTTCGTATTTGAGACGGTAACCGTGAT

ACTTCAGATAATCTACTTCAGAGCCACAGGAGGGAAGAGGCTCTTCAGAAAGGCTCCCTTCCACCACCACC

TTGAGGAGAAGGGGCTGGACGAACCCAAGATAGTGGTGAGGATGTGGATAGTTTCAGCCCTGCTCGCCAT

AGTGTCAGTGGCGATGCTGAAGCTCAGG TAA 

A.7 HyMraY-GFP Protein Sequence 

ATGATATACCATCTTGCCATACTCCTGAGGGAGCACTTCTTCGCCTTCAACGTGCTCAAGTACATAACCTTCC

GTTCTTTCACGGCAATACTCCTCGCCTTCTTTATAACTCTGATACTTTCCCCCACCTTCATGAAGAAGTTTGCG

AAGATACAGAGACTCTTCGGAGGGTACGTCAGAGAGTACACACCCGAACACCACGAGAGCAAGAAGTAC

ACACCAACCATGGGCGGGGTTGTGATAGTAACGGTCATACTGATAACCTCAGTCCTTCTCATGCGCCTTGA

TATCAGGTACACGTGGGTTCTCGTCTTTTCAACGCTGTCCTTTGCCCTCATAGGGTTCGTGGACGACTGGAT

AAAACTCAAGAATAAAAAGGGTCTCTCAATAAAGGCGAAGCTCGCCTTCCAGATGTCCTTCGCTTTAGCCG

TATCCCTGCTCATCTTTTACTGGGTTGGTCTGGAGACAAAGCTATACTTTCCCTTCTTCAAGGAGCTCACCGT

AGATCTGGGCTGGTTATATATACCCTTCTCAATGTTCATCATAGTAGGGACCGCTAACGCGGTGAACCTTAC
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CGACGGTCTGGACGGACTCGCCATAGGTCCTTCAATGACCACAGCAACAGCCTTCGGCGTGATAGCCTACG

TGGTGGGTCACTCAAAGATAGCCCAGTACTTGGGAGTCCCGCACGTTCCCTACGCAGGTGAGATAACGGT

GTTCTGCTTCGCGATAATAGGTGCAGGGCTTGGCTTTTTGTGGTTCAACACTTACCCGGCTCAGGTGTTCAT

GGGAGACGTGGGAGCTCTGGGTCTCGGGGCTGCCCTCGCCACGGTTTCAATTATGACCAAGTCAGAGTTC

CTGCTCGCCGTTGCCGGAGGTGTGTTCGTATTTGAGACGGTAACCGTGATACTTCAGATAATCTACTTCAGA

GCCACAGGAGGGAAGAGGCTCTTCAGAAAGGCTCCCTTCCACCACCACCTTGAGGAGAAGGGGCTGGAC

GAACCCAAGATAGTGGTGAGGATGTGGATAGTTTCAGCCCTGCTCGCCATAGTGTCAGTGGCGATGCTGA

AGCTCAGG 

A.8 EcMraY-His6 Protein Sequence 

ATGTTAGTTTGGCTGGCCGAACATTTGGTCAAATATTATTCCGGCTTTAACGTCTTTTCCTATCTGA

CGTTTCGCGCCATCGTCAGCCTGCTGACCGCGCTGTTCATCTCATTGTGGATGGGCCCGCGTATG

ATTGCTCATTTGCAAAAACTTTCCTTTGGTCAGGTGGTGCGTAACGACGGTCCTGAATCACACTTC

AGCAAGCGCGGTACGCCGACCATGGGCGGGATTATGATCCTGACGGCGATTGTGATCTCCGTAC

TGCTGTGGGCTTACCCGTCCAATCCGTACGTCTGGTGCGTGTTGGTGGTGCTGGTAGGTTACGGT

GTTATTGGCTTTGTTGATGATTATCGCAAAGTGGTGCGTAAAGACACCAAAGGGTTGATCGCTCG

TTGGAAGTATTTCTGGATGTCGGTCATTGCGCTGGGTGTCGCCTTCGCCCTGTACCTTGCCGGCAA

AGACACGCCCGCAACGCAGCTGGTGGTCCCATTCTTTAAAGATGTGATGCCGCAGCTGGGGCTG

TTCTACATTCTGCTGGCTTACTTCGTCATTGTGGGTACTGGCAACGCGGTAAACCTGACCGATGGT

CTCGACGGCCTGGCAATTATGCCGACCGTATTTGTCGCCGGTGGTTTTGCGCTGGTGGCGTGGGC

GACCGGCAATATGAACTTTGCCAGCTACTTGCATATACCGTATCTGCGACACGCCGGGGAACTGG

TTATTGTCTGTACCGCGATAGTCGGGGCAGGACTGGGCTTCCTGTGGTTTAACACCTATCCGGCG

CAGGTCTTTATGGGCGATGTAGGTTCGCTGGCGTTAGGTGGTGCGTTAGGCATTATCGCCGTACT

GCTACGTCAGGAATTCCTGCTGGTGATTATGGGGGGCGTGTTCGTGGTAGAAACGCTTTCTGTCA

TCCTGCAGGTCGGCTCCTTTAAACTGCGCGGACAACGTATTTTCCGCATGGCACCGATTCATCACC

ACTATGAACTGAAAGGCTGGCCGGAACCGCGCGTCATTGTGCGTTTCTGGATTATTTCGCTGATG

CTGGTTCTGATTGGTCTGGCAACGCTGAAGGTACGT CTCGAGCACCACCACCACCACCACTGA 


