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Abstract

MurJ is a membrane protein that is responsible for the transport of peptidoglycan
precursor lipid Il to the outside of the membrane during bacterial cell wall synthesis in
E. coli. Previous studies have characterized the structure of MurJ in different
conformations, identified the potential binding site of lipid Il, and hypothesized that
MurJ transports its substrate lipid 11 by alternating its structure between the inward and
outward conformations. However, the molecular mechanism of lipid Il translocation is
largely unknown. For instance, the driving force involved in the conformational
alternation and the dynamic changes between these conformations are still unclear. In
this study, three recombinant MurJ proteins from E. coli were expressed and purified.
The protein structure was analyzed by circular dichroism (CD) spectroscopy. The
results indicated that the helical secondary structure of the MurJ protein was maintained
despite variations in pH over the range of 1.0-10.0 and exposure to high concentrations
(6 M) of the denaturing agent Guanidine-HCI. This observation highlights the stability

of protein secondary structures in response to the environment.

To elucidate the driving force in structural transition of MurJ, a combination of
structure-guided cysteine cross-linking and protein native mass spectrometry was
employed to detect alternations in protein conformation in vivo. Two double mutant
protein models were constructed, which could fix the protein in one preferred
conformation after cross-linking, namely V43C T251C (inward-open) and
E70C_A296C (outward-open). By adding compounds that interfere with the cell
membrane potential, it was found that the disruption of the proton motive force by the
compound 3,3',4',5-Tetrachlorosalicylanilide (TCS) significantly hindered the ability of

mutant E70C_A296C to transition into the outward-facing configuration required for
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successful cross-linking. However, the mutant V43C_T251C was able to achieve in
vivo cross-linking in the inward configuration under this condition. This indicates that

the proton motive force is essential for the conformational transition of MurJ.

The dynamic movement of MurJ protein in two different conformations (inward-open
and outward-open) in solution was studied by using hydrogen-deuterium-exchange
mass spectrometry (HDX-MS). Comparative analysis of deuterium uptake in the two
conformations at different timepoints showed that amino acid residues located in the
central cavity of the protein displayed little variation in deuterium uptake differences.
This region corresponds to the binding site of the lipid Il headgroup. On the other hand,
amino acid residues located in transmembrane helices TM1, 2, 7 and 9 showed
significant change (> 0.5 Da) in deuterium uptake, indicating these peptides are more
flexible in nature. This suggests that MurJ may facilitate the substrate flipping process
by maintaining its interaction with the lipid Il headgroup while changing the binding
with lipid tail. Thus, the protein structure located within the central cavity exhibits

relative rigidity, while the region adjacent to the lipid tails exhibits greater flexibility.
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Chapter 1 Introduction



1.1 Bacterial cell wall

The peptidoglycan cell wall layer exists in nearly all bacterial species [1]. It is essential
for bacteria to maintain cell shape against osmotic pressure, and to regulate the division
process to ensure successful cell division [2, 3]. The cell wall described here is based
on E. coli which serves as a model for Gram-negative bacteria. The structure of the
bacterial cell wall is characterized as a 3D network structure, and its biosynthesis can
be divided into three parts based on reaction location: cytoplasm, membrane, and

periplasm (Figure 1.1) [4].

In the cytoplasm, the proteins MurA and MurB collaborate to convert UDP-N-
acetylglucosamine (UDP-GIcNAc) into UDP-N-acetylmuramic (UDP-MurNACc).
Proteins MurC-F sequentially add five amino acids (L-Ala, D-Glu, m-DAP, and two

D-Ala) to UDP-MurNAc.

In the membrane, proteins MraY and MurG link the lipid tail and UDP-GIcNACc to
UDP-MurNAc-pentapeptide, respectively, to form lipid Il. Subsequently, lipid Il is

translocated to the periplasmic by the flipping enzyme MurJ in E. coli.

In the periplasm, penicillin-binding proteins (PBPs) catalyze the polymerization and

cross-linking of lipid Il to generate the peptidoglycan cell walls.



It is noteworthy that the synthesis of the cell wall precursor, lipid I, occurs within the
cytoplasm, while the final assembly takes place outside the cell membrane. Therefore,
lipid Il must be translocated across the membrane prior to its polymerization into
peptidoglycan. This critical role of MurJ in cell wall biosynthesis makes it a popular

target for the development of novel antibiotics [5, 6].
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Figure 1.1 Schematic diagram of the steps of peptidoglycan biosynthesis in E. coli [4].



1.2 The lipid 11 flipping enzyme MurJ

The hypothesis that the MurJ protein is the key flipping enzyme in cell wall synthesis
in E. coli was first proposed by Natividad Ruiz in 2008 [7]. Ruiz’s study demonstrated
that the depletion of MurJ results in the accumulation of lipid 11 within the cytoplasm,
resulting in bacterial deformation and cell lysis. It is noteworthy that MurJ, formerly
known as MviN, belongs to the mouse virulence factor family (MVF) family within the

multidrug/oligosaccharide-lipid/polysaccharide (MOP) family [8].

1.2.1 The multidrug/oligosaccharide-lipid/polysaccharide (MOP) family

To escape the host immune responses and maintain the cell integrity and biofilms, a
number of surface-exposed polysaccharides will be produced by bacteria [9]. Synthesis
of these polymers, including peptidoglycan cell wall, generally initiates inside the cell
and must be transported outside the membrane by transferases [10]. These metastatic
activities are mostly attributed to the multidrug/oligosaccharide-lipid/polysaccharide
(MOP) family of proteins. The MOP flippase superfamily is a group of integral
membrane protein families [8]. It consists of four families: (a) the ubiquitous multi-
drug and toxin extrusion (MATE) family; (b) the eukaryotic oligosaccharidyl-lipid
flippase (OLF) family; (c) the prokaryotic polysaccharide transporter (PST) family and
(d) the bacterial mouse virulence factor family (MVF). This superfamily classification

was established by Rikki N. Hvorup and colleagues in 2003 [8].



By integrating these families into a superfamily framework, the functions of proteins in
other families can be inferred based on proteins whose functions have been well
characterized [11]. The PST family is the core of the MOP superfamily, establishing
connections with the other three families [8]. The MVF family exhibits the highest
sequence similarity to the PST family, suggesting that its function may parallel that of
the PST family in the export of complex carbohydrates or analogous substances.
Furthermore, certain members of the PST family are capable of translocating lipid-
linked oligosaccharides. Comparative homology studies involving the PST and MATE
families suggest that MVVF proteins function as secondary carriers, facilitating the
export of specific biologically significant molecules [8]. Consequently, it is
hypothesized that proteins within the MVF family including MurJ are likely to function

as transporters [8].



1.2.2 Structure of MurJ

To understand how MurJ transfers lipid I, Alvin CY Kuk et al. obtained MurJ crystals
from Thermosipho africanus using the lipid cubic phase method in 2017 [12]. The
crystal analysis resulted in a structure in an inward-facing conformation with substrate
lipid (Protein Data Bank--PDB ID: 5T77) (Figure 1.2). This is the first crystal structure
overview of MurJ. The structure contains a large central cavity and a hydrophobic
groove. The cavity is mainly positively charged and is considered to be interacting with
the negatively-charged lipid Il head group. In 2018, Sanduo Zheng et al. obtained the
crystal structure of MurJ from E. coli, at 3.5-A resolution (PDB ID: 6CC4) (Figure 1.2)
[13]. The crystal structure of MurJec is similar to the MurJra. However, some
transmembrane (TM) helices exhibit slight positional differences, which may be
attributed to the substrate-free conditions of MurJec crystallization or to inherent
differences between the MurJ proteins of the two species. Despite these variations, the
overall structural similarities suggest that basic characteristics of MurJ are conserved

across species.



PDB: 5T77 ., PDB: 6CC4
Origin: Thermosipho africanus Origin: Escherichia coli

Figure 1.2 Crystal structures of MurJ. Images were downloaded from Protein Data

Bank (https://www.rcsb.org/). MurJ protein from T. africanus and E.coli were shown

in green and magenta, respectively. The fused apocytochrome b562RIL (BRIL) protein

in MurJec was shown in grey.


https://www.rcsb.org/

1.2.3 Flipping mechanism of MurJ

1.2.3.1 Alternating-access model

In 2019, Kuk et al. successfully elucidated four new crystal structures of MurJta, which
include the inward-closed (PDB ID: 6NC6), inward-open (PDB ID: 6NC7), inward-
occluded (PDB ID: 6NC8), and outward-facing conformations (PDB ID: 6NC9) [14].
Based on these structures, a proposed ordered trajectory model for MurJ during its
transport cycle has been developed. Initially, in the inward-open conformation, lipid 11
is introduced into the central cavity. Subsequently, the C-lobe bends inward, facilitating
the transition of MurJ to the inward-occluded state, blocking lipid 11 from the cytoplasm.
Following this, the N-lobe closes, leading to the transformation of the protein into an
outward-facing structure, thereby opening the periplasmic gate and allowing the release
of the lipid 11 head group into the periplasm. Finally, MurJ reverts to the inward-open
conformation via a transition state of inward-closed, thereby preparing for the
subsequent lipid turnover process. In 2022, Hidetaka Kohga and colleagues reported a
crystal structure of the "squeezed” form of MurJ from E. coli, which lacks a cavity
capable for substrate binding [15]. The results of molecular dynamics (MD) simulation
prediction support the possibility of a conformational transition from the squeezed form
to the inward form. This provides an important puzzle piece for the completion of the
mechanistic model. The updated flipping model of the MurJ transport mechanism was

shown in Figure 1.3 [15].



l

C-lobe N-lobe

Cyto.

6NC8 6NC9 TWAG
Lipid | Inward open Inward occluded Outward Squeezed

Top view

Figure 1.3 Updated flipping model of the MurJ transport mechanism [15]. The N lobe (TM1-TM®6) of MurJ was labeled in blue while the C lobe
(TM 7-TM12) was labeled in green. Additionally, TM13 and TM14 were labeled in red.
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1.2.3.2 Driving force during transition

Currently, the predominant model for protein translocate substrate is based on an
alternating access mechanism [16, 17]. However, the specific energy source responsible
for facilitating the conformational transitions of proteins within this mechanism
remains ambiguous. It is essential to elucidate the energy source that underpins these
processes. MurJ protein belongs to the MOP protein family, which serves as a valuable
reference for investigating its energy source. Notably, the MATE protein family utilizes
the electrochemical gradient of transmembrane counterions (a higher ion concentration
in the periplasm compared to the cytoplasm) to facilitate the efflux of drugs [18-20].
This process involves the coupling of ion influx with the uphill transport of amphiphilic
drugs. The ion coupling mechanisms employed by MATE transporters are diverse,
typically relying on the transmembrane electrochemical gradients of H" or Na* to
mediate the excretion of drugs from the cellular environment. Kuk et al. identified a
potential Na* binding site within the C lobe of MurJta from crystal structures [14]. By
comparing the position change of residue D235 in the TM7 hinge region in the inward-
facing and outward-facing conformation crystals, it is speculated that Na* binding may
induce conformational changes in TM7. However, the relevance of this binding site in
transport has not been confirmed because its destruction will lead to protein low
expression level or degradation [21]. Bolla et al. conducted an investigation into the
influence of varying concentrations of Na* and H* on the binding of purified MurJ to
Lipid Il using native mass spectrometry [22]. The results showed that the binding
affinity between MurJ and lipid 11 was affected by changes in H" concentration, and the
optimal binding condition was pH 7.0, which is consistent with the pH value in the E.
coli cytoplasm (pH 7.2—7.8). However, this study did not explore the driving force for

MurJ to transport lipid I1.
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In addition to Na* and H*, CI may also be one of the counterion candidates for MurJ.
In the crystal structure of MurJta (PDB: 5T77), chloride ions were observed to bind at
a proximal site near to the critical arginine residues R24 and R255 (R24 and R270 in
MurJec) [12]. Given that the MurJta (PDB: 5T77) crystals were crystallized under 150
mM concentrations of CI-, the researchers intentionally removed CI" in subsequent
crystallization experiments to exclude nonspecific ion binding. This approach yielded
an outward-open conformation and three distinct inward-facing conformations in the
absence of CI" [14]. Itis hypothesized that during the transport cycle of MurJ, the import
of CI"ions into the cytoplasm drives the transition from the outward-open conformation

to the inward-facing open conformation [21].

Rubino et al. proposed that MurJ requires the membrane potential for lipid Il export
[23]. The proton motive force (PMF) consists of two parts: membrane potential (Ay)
and pH difference (ApH) [24]. 3,3'4',5-Tetrachlorosalicylanilide (TCS) has been
shown to influence both the membrane potential and the pH gradient of cells. In contrast,
valinomycin disrupts the membrane potential without affecting the pH gradient, while
nigericin specifically impairs the ApH. A comparative analysis of lipid Il levels in E.
coli following treatment with these three agents revealed that only nigericin did not
induce an accumulation of lipid Il within the cells [23]. Consequently, it is suggested
that the energy source utilized by MurJ for the transport of lipid Il in E. coli may involve
ions other than H*. Taken together, the occasionally contradictory speculations
presented above underscore the necessity for conducting further experiments to

elucidate the driving force of MurJ flipping activity.
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1.3 Native Mass Spectrometry

In recent years, target-based models for new drug development have gained prominence
in the pharmaceutical industry [25, 26]. Research in genomics and proteomics plays a
crucial role in the identification of drug targets [27, 28]. The elucidation of the function
of novel genes or proteins, along with the clarification of their molecular biological
mechanisms, can reveal critical components within the signaling pathways of these
biological effects, thereby identifying potential drug targets [29]. The accelerated
advancement of proteomics is significantly attributed to enhancements in mass
spectrometry (MS) technology [30]. Following several decades of development,
significant progress in MS was achieved by the 1980s with the invention of two soft
ionization techniques: electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI) [31]. In recognition of their contributions to these
innovations, John Fenn and Koichi Tanaka were awarded the Nobel Prize in Chemistry
in 2002. Their development of these ionization methods has fundamentally impacted
the field of biomedical mass spectrometry, particularly in the area of proteomics. In
proteomics, the mass of a protein provides information not only about its identity but
also its chemical modification and structure [32]. The term "mass spectrometry"” has
been inaccurately applied [33]. It is not a direct measurement of mass; instead, it
involves the measurement of the mass-to-charge ratio (m/z) and related properties. The
mass spectrum illustrates the correlation between ion abundance and m/z value.
Electrospray ionization (ESI), a soft ionization technique pioneered by J. B. Fenn in
1900, is primarily employed for the analysis of polar compounds with low volatility
and poor thermal stability [34]. ESI has the advantages of high repeatability, no

crystallization process, and flexibility to connect to various types of mass spectrometers.
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Native mass spectrometry (nMS) is an electrospray ionization-based method in which
the sample is ejected from a non-denaturing solvent and then analyzed in the gas phase
of a mass spectrometer to assess intact proteins and protein complexes [35]. The term
“native mass spectrometry” has been considerable ambiguity in its definition for more
than a decade after it was coined in 2004 [36]. The word “native” may evoke images of
the protein’s state in its natural environment (inside a cell). In 2016, Aneika C. Leney
and Albert J. R. Heck unified and redefined the concept of “native mass spectrometry”
[35]. The designation "native" within the context of native mass spectrometry refers to
the biological state of the analyte in solution before the occurrence of the ionization
process [35]. Native mass spectrometry preserves the non-covalent interactions
between proteins and their ligands, the resulting mass spectra provide insight into the
composition and stoichiometry of the complexes formed [37, 38]. Parameters such as
pH and ionic strength are regulated to maintain the native folded state of the biological
analyte in solution. To date, most proteins studied by native mass spectrometry have
been shown to retain at least partially their native structure in the gas phase [35]. Native
mass spectrometry plays an important role in mass spectrometric structural analysis of

proteins and protein complexes [39, 40].
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1.4 Hydrogen-deuterium-exchange mass spectrometry (HDX-MS)

Hydrogen-deuterium exchange is a chemical process in which covalently bonded
hydrogen atoms are replaced by deuterium atoms [41]. This technique uses isotopic
labeling to measure the deuterium uptake rate of amide hydrogen within the protein
backbone [42]. The hydrogen atoms in peptides that can undergo hydrogen-deuterium
exchange can be divided into three types according to the structure of the peptide: (1)
alkyl hydrogens, which may also be referred to as a-hydrogens; (2) side chain
hydrogens, which are associated with functional groups on the side chains; (3) amide
hydrogens, which are distributed along the polypeptide backbone (except proline) [43].
Due to the extremely long exchange times of alkyl hydrogens and the notably short
exchange times of side chain hydrogens, the observation of their exchange is not
feasible [41, 42]. In contrast, the exchange times of amide hydrogens fall within the
detectable range of mass spectrometry [42]. Therefore, the focus is exclusively on
amide hydrogens (also known as backbone hydrogens) in HDX analysis. Despite
membrane proteins comprise approximately 26% of the human proteome, their
structural characterization accounts for only approximately 2% of entries in the Protein
Data Bank [44, 45]. Structural studies of membrane proteins are hampered by several
challenges, primarily due to protein instability during overexpression, purification, and

subsequent experimental preparation [46-48].
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Hydrogen-deuterium exchange mass spectrometry (HDX-MS) has been used in recent
years to study membrane protein dynamics, although it has been used to characterize
soluble proteins for decades [42, 49]. HDX-MS monitors the time-dependent exchange
of the deuterium oxide (D20) with the amide hydrogen of the protein backbone under
physiological conditions (Figure 1.4) [50]. The rate of deuterium exchange depends on
protein solvent accessibility, secondary structure, and structural rigidity [42]. When
coupled with proteolytic digestion and peptide separation, HDX-MS can quantitatively
analyze the exchange rate in short protein fragments, providing a ‘spatial resolution’ of

about 5 residues on average [43].
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Figure 1.4 General HDX-MS workflow chart [50]. Symbols H and D represent

hydrogen atoms and deuterium atoms, respectively. t1, t2, and t3 represents different

labeling timepoints.
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In the HDX experiment, after diluting the protein in D20 buffer, deuterium exchanges
with unstable protein hydrogen in a time-dependent manner [51]. The HDX rate is
mainly influenced by 4 factors: pH, temperature, solvent accessibility, and hydrogen
bonding [50]. At a pH of 7, the exchange rate of amide hydrogen that is fully solvent-
exposed can reach up to 1,000 s* [52]. For folded proteins, amide hydrogens show a
variety of exchange rates, depending on their position in the protein and whether they
are involved in intramolecular hydrogen bonds [53, 54]. Amide hydrogen can be simply
divided into "closed state™ and "open state” [41]. The closed state refers to hydrogen
atoms that are involved in stable hydrogen bonds in the secondary structure or are not
exchanged with the solvent deuterium due to the inaccessibility of the solvent [55].
Highly dynamic and solvent-exposed regions will exchange rapidly, while rigid regions
or regions involved in hydrogen bonding networks or buried inside proteins will
exchange more slowly. The transition between the closed and open states occurs via a
partial expansion event. Under physiological conditions where the protein is well folded,
the rate of HDX is mainly determined by the rate of transition back to the closed state
[56]. HDX-MS can provide insights into conformational changes upon ligand binding,
as well as the pathways of protein folding and unfolding [53]. This technique is
particularly advantageous for investigating the structures of proteins that are
challenging to crystallize or unsuitable for nuclear magnetic resonance (NMR) analysis.
The original mass spectra of intact protein or digested peptides can be converted into
deuterium uptake graphs, where uptake level is plotted against the labeling time. Both
the intact protein and the digested peptide deuterium uptake graph can provide

information about the solvent exposure and dynamics of the protein in solution.
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1.5 Aims and Objectives

The MurJ protein, which is extensively found across various bacterial species and
exhibits a relatively conserved structure, is essential for bacterial survival and
reproduction. Understand how MurJ works is important from both fundamental and

application viewpoints.

While previous studies have explored the different conformations and substrate binding
sites of MurJ, the underlying mechanisms driving its conformational transitions remain
poorly understood. This study aims to:

1. Purify MurJ proteins from E. coli and improve the expression levels through various
expression systems.

2. Investigate the role of proton motive force in the conformational change of MurJ in
Vivo.

3. Study the dynamic behavior of MurJ in solution under different conformations by

HDX-MS.
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Chapter 2 Expression, purification, mutagenesis, and

characterization of MurJ from Escherichia coli
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2.1 Introduction

E. coli MurJ (MurJec) was selected in this study because E. coli is often used as Gram-
negative bacterial model in scientific research, particularly within the field of genetics
[57]. Its genome is relatively small and simple, making it easier to study and manipulate
[57]. By understanding gene function and regulatory mechanisms in E. coli, researchers

can gain insight into more complex organisms.

Purification of membrane proteins like MurJ is challenging due to their poor solubility
in aqueous solutions, which necessitates the use of detergents to extract and stabilize
the proteins [44, 58]. A commonly used detergent n-Dodecyl B-D-maltoside (DDM)
was chosen to solubilize and extract the membrane protein. MurJ protein is usually
heterologously expressed in prokaryotic expression systems such as E. coli because
these systems are easy to manipulate, cost-effective, and provide high protein yields
[59]. To enhance the expression level and facilitate subsequent purification, the gene
sequence of MurJ protein was cloned into a plasmid vector that encodes an additional
affinity histidine (His) tag [60]. After cell lysis, cell debris and membrane components
were separated by ultracentrifugation. Then, a suitable detergent (such as DDM) was
used to extract and solubilize the membrane protein, to preserve the native
conformation and activity of the protein as much as possible [61]. Affinity
chromatography was used to enrich the target protein through the specific binding of
His tag on the protein to the Ni-NTA (nickel-nitrilotriacetic acid) resin. Subsequently,

the target protein was eluted by imidazole in the elution buffer.

The purity of the purified protein was verified by sodium dodecyl sulfate—

polyacrylamide gel electrophoresis (SDS-PAGE) analysis, the molecular weight was
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determined and confirmed by mass spectrometry, and the secondary structure of the
protein was studied by circular dichroism (CD). CD spectroscopy is a powerful
technique for studying protein secondary structure, folding, and conformational
changes [62-66]. Membrane proteins are essential components of cells and play crucial
roles in various biological processes such as signaling and transport [67]. CD
spectroscopy provides a non-destructive and relatively simple method to gain insights

into the structure and dynamics of membrane proteins [68].
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2.2 Methods

2.2.1 Materials

Primers and plasmids were synthesized by Thermo Fisher Scientific (HK), GenScript
(Zhejiang, China). PCR purification kits and QlAprep Spin Miniprep Kit are purchased
from QIAGEN. Enzymes used in plasmid reconstruction and site-direct mutagenesis
were purchased from New England Biolabs (NEB). Media used in cultures and
chemicals used in purification are purchased from Sigma-Aldrich. OverExpress™
chemically competent cells were purchased from Lucigen Corporation (US). The
cOmplete™ protease inhibitor cocktail was purchased from Sigma-Aldrich. Isopropyl
-D-thiogalactopyranoside (IPTG) was purchased from Thermo Fisher Scientific (HK).
n-Dodecyl-pB-D-maltoside (DDM) was purchased from Sigma-Aldrich. Amicon
centrifugal filters were purchased from Merck Millipore. Gravity (Poly-Prep®) and
spin chromatography (Bio-Spin® and Micro Bio-Spin™) columns were purchased
from Bio-Rad. Ni-NTA resins were purchased from Thermo Fisher Scientific (HK).
Precision Plus Protein Dual Color Standards used in SDS-PAGE was purchased from
Bio-Rad. Organic solvents used in LC-MS were HPLC grades purchased from Merck
Millipore. Formic acids, 8 M Guanidine-HCI (GuHCI) Solution, and 2,2,2-
Trifluoroethanol (TFE) were purchased from Sigma-Aldrich. Cardiolipin assay Kits

(MAKS362) were purchased from Sigma-Aldrich.
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2.2.2 Plasmid constructions

The plasmids N-His-MurJ and C-His-MurJ used in this study were constructed as
follows. The gene fragment of full-length MurJ from E. coli was obtained by
polymerase chain reaction (PCR) amplification using E. coli K12 genomic DNA as a
template. The primers used in this study are listed in Table 2.1. Primers were designed
using the SnapGene software (www.snapgene.com), and the T difference of primer
pairs was controlled within 5 <C. These primers were then optimized using the IDT

codon optimization tool (www.idtdna.com).

The PCR was performed in a Swift MaxPro thermal cycler (ESCO) using iProof High-
Fidelity DNA Polymerase (Bio-Rad). The PCR reaction mixture was prepared as shown
in Table 2.2. The reaction includes three steps: denaturation, annealing, and extension.
The PCR protocol starts with denature at 95 <C for 3 minutes, followed by 16 cycles of
95 <C for 20 seconds, 58 T for 30 seconds, and 72 < for 6 minutes. The final stage at
72 <T lasted 6 minutes to complete the reaction. The PCR product was purified using
MinElute PCR Purification Kit (Qiagen) and digested with the corresponding
restriction enzyme (1 piL, 50,000 units/ml) at 37 <C for 1 hour. The plasmid pET-28a
(+) was digested and purified similarly. T4 DNA ligase (1 |, 2,000,000 units/mL) was
added to the purified plasmid and PCR product, and the mixture was incubated at 4 <C
for 16 hours to allow DNA fusion. The fused recombinant plasmid was transformed
into Top10 competent cells for plasmid propagation. The plasmid was then extracted
using the Invitrogen Plasmid Miniprep Kit and sent for sequencing (BGIl Hong Kong
Co. Limited). The plasmid with the correct sequence was transformed into the E. coli

expression system for protein expression.
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The recombinant plasmids constructed in this study were listed in Table 2.3. For the
plasmid N-His-MurJ, the gene fragment encoding the MurJ protein from E. coli was
amplified by PCR using E. coli K12 genomic DNA as a template. The primers EcMurJ-
F1 and EcMurJ-R1 contained BamHI and Hindlll restriction sites, respectively. The
vector and PCR products were digested with enzymes BamHI and HindlI1l, and the PCR
product was inserted between the BamHI and Hindlll sites of pET-28a (+) to obtain the
reconstructed N-His-MurJ plasmid. For the plasmid C-His-MurJ, the MurJ DNA was
inserted between the Ncol and Xhol sites of pET-28a (+). Plasmid N-His-TEV-MurJ

was generated through PCR and ligation reaction using N-His-MurJ as a template.
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Table. 2.1 Primers used in plasmid reconstruction.

Plasmid Primers Sequence (5°-3”)
ATATGGATCCATGAATTTATTAA
EcMurlJ-F1
AATCGCTGGCCGCCGTC
N-His-MurJ
AATTAAGCTTTTACACCGTCCGG
EcMurlJ-R1

CGGGCAAATTCTTTAAC

N-His-TEV-MurJ

His-TEV-EcMurl-
F1

ATGAATTTATTAAAATCGCTGGC
CGCCGTC

His-TEV-EcMurJ-
R1

GCTGCCCTGAAAATACAGGTTTT
CGTGATGATGATGATGATGGCTG
CT

C-His-MurJ

ATATCCATGGATGAATTTATTAA

C_EcMurJ-F2
AATCGCTGGCCGCCGTC
AATTCTCGAGCACCGTCCGGCGG
C_EcMurJ-R2
GCAAATTCTTTAAC
AGAAGGAGATATACCATGAATT
C_EcMurJ-F1
TATTAAAA
TTTTAATAAATTCATGGTATATC
C_EcMurJ-R1

TCCTTCT
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Table. 2.2 Setup for PCR reaction.

Components Volume (uL)
H20 35.00
5 x buffer 10.00
dNTP (10 mM) 1.00
Forward and reverse primer mixture (10 uM) 2.50
Template 1.00
DNA polymerase (2 U/L) 0.50
Total volume 50.00

Table. 2.3 Summary of plasmids used in this study.

Protein Origin Vector

Reconstructed Plasmid

Escherichia coli

PET-28a (+)

N-His-MurJ

N-His-TEV-MurJ

C-His-MurJ
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2.2.3 Plasmid transformation

The competent E. coli cells were thawed on ice for 10 minutes. Then, 1-5 pL of plasmid
DNA (1 pg-100 ng) or water (negative control) was added to the cell mixture and mixed
by gently flicking the tube. After incubating for 30 minutes on ice, the mixture was heat
shocked at 42 <C for 30 to 60 seconds and then incubated on ice for 10 minutes. 1 mL
of room temperature LB medium was added and incubated at 37 <C, 250 rpm for 1 to 3
hours. 100 pL of cells were spread onto Luria-Bertani (LB) plates containing

kanamycin (50 pg/mL) or ampicillin (100 pg/mL) and incubated overnight at 37 <C.

2.2.4 Cysteine mutation

The plasmid of mutant E70C_A296C was purchased from Genescript, while the
plasmid for mutant V43C_T251C was generated using site-directed mutagenesis
(SDM). The cloning vector was pET-28a (+) and the restriction sites chosen were Ncol
and Xhol. The complete mutant plasmid constructs were shown in Figures S1 and S2
in the Appendix. Wild-type MurJ contains two intrinsic cystines which needs to be first
mutated to alanine. Then, a plasmid without Cys codon was used as a template to
introduce new double Cys substitutions. The templates and primers used in the
experiments are listed in Table 2.4. Primers were designed using the SnapGene
software (www.snapgene.com), and the Tm difference of primer pairs was controlled
within 5 <C. These primers were then optimized using the IDT codon optimization tool

(www.idtdna.com).
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PCR was conducted using ESCO® Swift MaxPro following the outlined procedure.
The template plasmid was initially denatured at 95 <C for 3 minutes, followed by
amplification of the target sequence in 16 cycles. Each cycle involved denaturation of
plasmids at 95 <C for 40 seconds, annealing at 58 <C for 30 seconds, and extension at
72 <C for 6 minutes. Following the completion of 16 amplification cycles, an additional
extension at 72 <C for 6 minutes was performed. Verification of the mutant plasmid

size was carried out through 0.9% agarose gel electrophoresis.

Upon confirmation of the product, Dpnl (1 pi, 20,000 units/mL) was added to 50 pi_
PCR product and incubated for 2 hours at 37 T to cleave the template plasmid. Prior
to ligation, the PCR product was purified using the QIAquick PCR purification kit. T4
DNA ligase (1 pL, 2,000,000 units/mL) was added to 20 uL of sample mixture and

incubated at room temperature for 2 hours for ligation.

The mutated plasmid was subsequently introduced into competent Top 10 cells for
plasmid amplification. Mutant plasmids were isolated using the QIAprep miniprep Kit
and send to BGI for sequencing. Sequence alignment was conducted using the
SnapGene software. The validated plasmid was then introduced into the E. coli C43
(DE3) expression system, and transformants were selected on LB agar plates

supplemented with 50 pg/mL kanamycin.
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Table 2.4 Primers used in SDM.

Primers

Sequence (5’-3)

EcMurJ_C314S_F1
EcMurJ_C314S_R1
EcMur)_C419S_F2
EcMurJ_C419S_R2
EcMurJ_V43C_F1

EcMurJ_V43C_R1

EcMur)_T251C_F1

EcMurJ_T251C_R1

GGGTTGCGTCTTTCATTCCTGTTGGCG
CGCCAACAGGAATGAAAGACGCAACCC
TCTATTGGTCTGGCGGCGTCACTGAATGCTTCG
CGAAGCATTCAGTGACGCCGCCAGACCAATAGA
GACGCCTTTTTCTGTGCTTTTAAACTTC
GAAGTTTAAAAGCACAGAAAAAGGCGTC
CTTAATCATCAACTGTATTTTTGCCTCGT

ACGAGGCAAAAATACAGTTGATGATTAAG
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2.2.5 Protein expression and purification

Full-length MurJ was overexpressed and purified using a modified method of Alvin C
Y Kuk et al [12]. A single colony of the successfully transformed recombinant plasmid
was selected, inoculated into LB medium containing the corresponding antibiotics, and
incubated at 37 <C with shaking overnight. The overnight culture was mixed with 1 L

2 x YT medium at a ratio of 1:100 and then cultured with shaking at 37 <C. When the

bacteria were cultured until the optical density (OD) at 600 nm reached 0.6 to 0.8, a
final concentration of 1 mM IPTG was added and then incubated at 37 <C for 3 hours

to induce the overexpression of the target protein.

The cell pellet was collected by centrifugation at 4000 x g for 15 minutes and then

resuspended in 20 mL of resuspension buffer (50 mM Tris-HCI, pH 8.0, 300 mM NacCl)
containing 1/2 piece of protease inhibitor cocktail tablet. The cells were disrupted three

times using a cell disruptor under a French press at 20 x kpi, and the resulting cell
fragments were harvested by centrifugation at 10,000 x g for 10 minutes. The
supernatant was ultracentrifuged (HITACHI CP70ME) at 200,000 x g for 1 hour to

collect the membrane fraction. Then, 20 mL of solubilization buffer (50 mM Tris-HClI,
pH 8.0, 300 mM NaCl, 30 mM DDM) was added, and the mixture was stirred at 4 C

overnight to extract MurJ from the membrane.

After protein extraction, the mixture was centrifuged to collect the supernatant. The
supernatant was filtered with a 0.45 pm filter, and 1 mL of Ni-NTA agarose was added
and incubated at 4 <C for 1 hour. The resin mixture was loaded onto a gravity column,

and 20 mL of buffer A (50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 15 mM imidazole, 1
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mM DDM) was added to elute unbound or low-bound impurities. Protein MurJ was
eluted with 5 mL of buffer B (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 200 mM
imidazole, 1 mM DDM). The eluted fractions were analyzed by 12% SDS-PAGE and

LC-MS.
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2.2.6 Protein identification and characterization

2.2.6.1 Protein identification by SDS-PAGE and LC-MS

The purified protein elution fraction was characterized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and liquid chromatography-mass
spectrometry (LC-MS). The SDS-PAGE gel contained 5% stacking gel and 12%
separation gel. Before sample loading, an equivalent volume of loading buffer was
added to the samples, the mixtures were incubated at room temperature for 10 minutes.

The protein bands were separated at a voltage of 160 V for 1 hour.

LC-MS experiments were performed using a SYNAPT G2-Si mass spectrometer

(Waters). The ACQUITY UPLC BEH300 C4 analytical column (1.7 pm, 2.1 x 50 mm)
and VanGuard Pre-column (1.7 pm, 2.1 mm x 5 mm) were used at a flow rate of

60 pL/min. The mobile phase A and B were H>0O and ACN. Both mobile phase A and

B contained 1% formic acid. The LC elution gradient method is shown in Table 2.5.

33



Table 2.5 LC mobile phase gradient.

Time (min)  Mobile phase A (%)  Moblie phase B (%)
0.50 92.00 8.00

10.00 40.00 60.00

19.50 5.00 95.00

20.50 5.00 95.00

22.00 92.00 8.00
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2.2.6.2 Circular Dichroism (CD) measurements

CD spectra were performed using a J-1500 circular dichroism spectrophotometer
(JASCO). A cuvette with a pathlength of 1 mm was used and the sample volume was
200 L. The cuvette was rinsed thoroughly with H2O and 70% ethanol between samples.
Purified MurJ was concentrated and exchanged to the buffer (50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 1 mM DDM) using an Amicon device with a 30 kDa molecular weight
cutoff (Merck Millipore). The aggregated protein particles were removed by

centrifugation at 10,000 x g for 10 min. Protein secondary structure CD spectra were

recorded in the range of 190-280 nm, with a bandwidth of 1 nm, a step slit of 1 nm, and
a time constant of 4 s. Each curve was scanned 3 times at a 50 nm/min scan rate. CD
spectra of MurJ at different pH values were obtained by diluting the concentrated
protein stock into buffers with varying pH values. In the protein chemical unfolding
experiment, 8 M GuHCI solution was used to prepare buffer solutions containing
different concentrations of GuHCI. The protein melting temperature (Tm) was
determined in the temperature range of 5 to 95 < with a gradient temperature of
2 T/min, a bandwidth of 1 nm, a step slit of 1 nm, and a time constant of 4 s. CD

melting spectra of MurJ at different pH (1, 3, 8, and 10) were collected.
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2.2.7 Protein delipidation and buffer exchange

Protein samples must undergo delipidation procedures prior to conducting native mass
spectrometry (nMS) experiments. During the protein purification process, membrane
proteins will co-purify with numerous lipids, which can affect the protein signal in nMS,
making signal peaks broadened and difficult to analyze [69]. The delipidation process
Is achieved by adding empty detergent micelles. After the bacteria was lysed, the
membrane fragments were collected by ultracentrifugation, and then extraction buffer
(20 mM HEPES, 150 mM NaCl, 30 mM DDM, pH 7.0) was added to extract the protein
overnight at 4 <C. The supernatant was then collected through ultracentrifugation and
incubated with Ni-NTA resin for 30 minutes at 4 <C, allowing histidine-tagged proteins
to bind to the resin. The resin was collected via low-speed centrifugation, fresh
detergent-containing buffer (20 mM HEPES, 150 mM NaCl, 1 mM DDM, pH 7.0) was
added, and the mixture was incubated at 4 <C for 1 hour, with this process repeated twice.
Then the protein purification steps described in section 2.2.5 was followed, the protein
was eluted with 200 mM imidazole-containing buffer. The purified proteins were

analyzed by 12% SDS-PAGE.

Protein delipidation was assessed through LC-MS analysis or by utilization of a
cardiolipin kit. LC-MS experiments were performed using Agilent 6540 UHD Q-TOF
and Agilent1200 Series Binary LC System instruments. The ACQUITY UPLC HSS T3

analytical column (1.8 pm, 2.1 mm x 100 mm) and VanGuard Pre-column (1.8 pm, 2.1
mm x 5 mm) were used at a flow rate of 0.3 mL/min. The mobile phase used were

ACN/H20 6:4 (mobile phase A) and IPA/ACN 9:1 (mobile phase B). Both mobile
phase A and B contained 10 mM ammonium formate and 0.1% formic acid. The LC

elution gradient method is shown in Table 2.6. Protein samples were digested with
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trypsin (sequencing grade in 50 mM acetic acid) overnight at 37 <C, and the

supernatants were collected by centrifugation at 10,000 x g for 5 min. The

protease:protein ratio is 1:50 (w/w). Then the supernatant was vacuum dried using
CentriVap Benchtop Vacuum Concentrators (Labconco) at 4 <C and reconstituted in

CHCIl3/MeOH 1:1 before sample loading.

The cardiolipin assay kit uses a probe that specifically binds to cardiolipin and produces
fluorescence. The cardiolipin content in the sample is calculated by measuring the
fluorescence intensity of the sample at 480 nm (Aex = 340 nm). The standard curve is
determined using the purified cardiolipin included in the kit. The experimental protein

concentration was 5 M.

To better ionize protein samples, it is required to exchange the sample into a volatile
ammonium salt buffer before the experiment [70]. The presence of detergents can also
affect the efficiency of protein ionization in nMS [71, 72]. In the study by Bolla, it was
observed that LDAO performed better than DDM in nMS of the MurJ protein [22]. The
protein was exchanged into the buffer (200 mM ammonium acetate, 0.05% LDAO, pH
7.0) using a P-30 Bio-spin column (Bio-Rad). Then, the samples were concentrated
using a 30 kDa Amicon (Merck) Ultra-0.5 mL centrifuge device. The resulting

concentrate was centrifuged at 10000 x g for 10 min to remove precipitates prior to MS

analysis.
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Table 2.6 LC mobile phase gradient used in lipid analysis.

Time (min)  Mobile phase A (%)  Moblie phase B (%)
0.00 60 40

2.00 60 40

2.50 42.00 58.00

18.00 1.00 99.00

20.00 1.00 99.00
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2.3 Results and discussion

2.3.1 Recombinant Plasmids

The recombinant plasmid fused the His-tag to the N-terminus or C-terminus of the
protein to facilitate subsequent purification of the protein by affinity chromatography.
Studies have found that the expression level of proteins with a C-terminal Hiss tag is
higher than that of proteins with an N-terminal Hiss tag [22]. The positions of the fused
N-terminal and C-terminal Hiseg tags relative to the binding cavity of MurJ are shown
in Figure 2.1. These two positions are very close to the entrance of the cavity and may
affect subsequent substrate-binding experiments. Taking all the above into
consideration, proteins with N-terminal fusion or C-terminal fusion tags were
constructed here. Additionally, a TEV restriction site was added to N-His-MurJ to

prepare for the His-tag removal.
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Binding
cavity

N-terminal
Figure 2.1. Schematic diagram of the location of the Hise-tag fusion in MurJ. The
protein structure schematic used here is 6CC4. The fused apocytochrome b562RIL
(BRIL) protein has been removed. The N-terminal bundle, C-terminal bundle, and

central binding cavity of the protein are labeled in blue, orange, and red, respectively.
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2.3.2 Protein over-expression

Bacteria are widely used as a fast and easy recombinant protein expression system with
advantages such as low cost and easy reproduction. The most widely used bacterial
expression system is E. coli because its genetics, genome sequence and physiology are
relatively clear [73]. Its simple cultivation process and ability to achieve high cell

densities make it suitable for large-scale fermentation.

Strains C41 (DE3), C43 (DE3), and C41 (DE3) pLysS all contain genetic mutations
and have a certain tolerance to toxic proteins which can express toxic proteins more
effectively [74]. Strain C41 (DEJ) is derived from BL21 (DE3) [75]. This strain has a
mutation that reduces the level of T7 RNA polymerase activity which can reduce many
cell deaths associated with the overexpression of toxic recombinant proteins. Strain C43
(DE3) was derived from C41 (DE3) by selecting resistance to different toxic proteins.
It carries at least one additional mutation and has a higher tolerance level to toxic
proteins. The C41 (DE3) pLysS strain has a chloramphenicol-resistant plasmid that
expresses a small amount of T7 lysozyme, which is a natural inhibitor of T7 RNA
polymerase [76]. This strain can inhibit the basic expression of T7 RNA polymerase
before the target protein expression, thereby stabilizing the encoding of particularly

toxic recombinant proteins.

The recombinant plasmids were transformed into these expression systems for the IPTG
induction test to screen out a more suitable expression system (Table 2.7). The
induction results were checked by SDS-PAGE gel, and the gel images are shown in
Figures 2.2. The theoretical molecular weight of these MurJ proteins is around 55-56

kDa. The MurJ protein band has a ‘gel shift’, which may be due to the protein
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characteristics and the detergent used in the purification process. Gel shift is commonly
exists in many membrane protein SDS-PAGE experiments, but the mechanism remains
unclear [77]. The samples in Figure 2.2 are the membrane debris obtained by
centrifugation after bacterial cell lysis. The expression of MurJ protein in these cells
was induced by adding IPTG (ImM) at 37 <C for 3 hours. Referring to the reported
band positions of MurJ protein on SDS-PAGE, there is a obvious band (black arrow)
in the range of 37~50 kDa, which is considered to correspond to the MurJ protein [6,
22]. The intensity of the bands was measured using the software ImageJ [78]. The
results (Figure 2.3) showed that the expression levels of C43 (DE3) of the 3
recombinant plasmids mentioned above were similar and satisfactory. Therefore, the
C43 (DE3) expression system was selected for subsequent protein preparation

experiments.
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Table 2.7. Summary of E. coli expression systems used in MurJ expression.

Expression system

Origin Reconstructed Plasmid
C41 (DE3) C43(DE3) C41 (DE3) pLysS
N-His-MurJ \ \ \
E. coli pET-28a(+)  N-His-TEV-MurJ \ \ \
C-His-MurJ \ \ \
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(A) Expression system C41(DE3) (B) C43(DE3) (C) C41(DE3) pLysS
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Figure 2.2. SDS-PAGE images of IPTG test of 3 recombinant plasmids in different E. coli expression systems. The expression level of protein
MurJ induced by 1 mM IPTG in expression system (A) C41 (DE3), (B) C43 (DE3), (C) C43 (DE3) pLysS. The MurJ protein bands were marked

by the black arrows.
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Figure 2.3 Protein band intensity of different expression systems. The orange columns
correspond to plasmid N-His-MurJ, the green columns correspond to plasmid N-His-
TEV-MurJ, the purple columns correspond to plasmid C-His-MurJ. The first group is
C41 (DE3), the second group is C43 (DE3) and the third group is C41 (DE3) pLysS.
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2.3.3 Protein purification

The proteins expressed by the system C43 (DE3) mentioned above were purified and
preliminarily confirmed by SDS-PAGE (Figure 2.4). Compared with the standard
ladder, the protein band position was about 40 kDa, which was consistent with the
reported value in the literature [6, 22]. The intensity of individual bands in each lane
was quantified using ImageJ software. It was calculated that the band intensity of MurJ

protein in each lane accounted for 85%-95% of the total bands.
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Figure 2.4 SDS-PAGE images of purified MurJ protein fractions. (A) N-His-MurJ (B)
His-TEV-MurJ (C) C-His-MurJ (D) C-His-MurJ mutant V43C_T251C (E) C-His-MurJ
mutant E70C_A296C.
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The desired protein fractions were collected and concentrated, and then subjected to
mass spectrometry analysis for further protein identification. The protein mass
spectrometry data are shown in Table 2.8 and Figure S3-S8 in the Appendix. The
experimental protein molecular weights were consistent with the theoretical values.
Except that N-His-MurJ is 131 kDa smaller, which is -1 methionine difference,
corresponds to the protein N-terminal methionine excision (NME). This is a common
phenomenon in proteins post-translational modification. The role of NME is still
unclear, but it is believed that up to 80% of the proteins in each proteome will undergo
this modification [79]. In summary, the protein MurJ was successfully expressed and

purified for further experiments.
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Table 2.8. Summary of purified MurJ molecular weight data.

Molecular Weight (Da)

Origin Plasmid
Theoretical Experimental
N-His-MurJ 58811.36 58680.37+1.3
N-His-TEV-MurJ 57391.71 57261.34+1.6
E. coli C-His-MurJ (wild-type) 56332.59 56332.54+1.9
V43C_T251C 56306.51 56306.6440.7
E70C_A296C 56363.60 56233.4740.8
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2.3.4 Secondary structure of MurJ measured by CD spectroscopy

Circular dichroism (CD) spectroscopy is a technique used to study the chiral properties
of molecules, which depend on the chirality of the molecule [80]. CD spectroscopy is
used to determine the secondary structure of proteins, such as the presence of a-helices,
B-sheets, and random coils. When a protein contains a-helical regions, the peptide
bonds will arrange in a consistent spiral manner. a-Helices exhibit a characteristic CD
spectrum with two negative bands around 222 nm and 208 nm and a positive band
around 190 nm [64]. The secondary structure of MurJ protein is mainly composed of
a-helices. These a-helices pass through the cell membrane to form a channel or pore
that allows specific molecules to pass through. Between the transmembrane helices,
MurJ protein has loop structures, which are located on both the intracellular and

extracellular sides.

The proteins used in the CD experiment were C-His-MurJ. The MurJ CD spectrum
(Figure 2.5) shows peaks at 190 nm, 208 nm, and 222 nm, consistent with typical
spectral features associated with helical structures. Previous structural studies of MurJ,
including site-directed mutagenesis combined with the substituted-cysteine
accessibility method (SCAM) and protein crystal structure analysis, all suggested that

the structure of MurJ is mainly composed of 14 helices [12-14, 81].
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It was also found that the protein retained its helical conformation under acidic
conditions (pH 1.0) and alkaline conditions (pH 8.0). Compared to B-barrel proteins
and water-soluble proteins, a-helical membrane proteins generally retain a considerable
amount of structure in their experimentally unfolded state [82, 83]. This partially
structured unfolded state may be the scaffold required for the successful folding of the
protein [83]. To investigate whether the helical structure maintained by MurJ under pH
changes is the helical core left after unfolding, chemical denaturation and thermal

unfolding studies were performed.
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Figure 2.5 CD spectrum of MurJ under different pH. The concentration of MurJ was
0.5 pM. The experimental baseline was subtracted using buffer (50 mM Tris-HCI, pH

8.0, 150 mM NaCl, 1 mM DDM).
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2.3.4.1 MurJ chemical denaturation by Guanidine-HCI (GuHCI)

GuHCI is a commonly used protein denaturant in protein unfolding studies [63, 84].
Hydrogen bonding is one of the main stabilizing forces of protein secondary structures
such as a-helices and B-sheets. GUHCI disrupts the secondary structure of proteins by
breaking these hydrogen bonds. Additionally, GUHCI acts as a potent electrolyte that
affects the protein folding processes by changing the ionic strength of the solution and

interfering with the electrostatic interactions between protein molecules.

The CD spectra of MurJ under various concentrations of GuHCI are shown in Figure
2.6. The green curve is the CD spectrum of the protein without the addition of GUHCI
denaturant. Two distinct minimum values were observed at 208 nm and 222 nm,
indicating the existence of a-helix structure within the protein. As the denaturant
concentration increases, the negative peak at 222 nm gradually decreases. It should be

noted that the increase in the negative value of CD here represents an increase in helicity.

The peak (222nm) signal exhibited minimal variation under 1 M GuHCI. However, a
notable decrease in this signal was observed when the concentration exceeded 3 M,
suggesting a significant reduction in the helical structure within the sample. The CD
values at 222 nm are plotted in Figure 2.7. It was calculated that in the presence of 6
M GuHCI, approximately 35% of the helical structure retains in the sample compared
to its initial helicity content. Therefore, the helical structures that can withstand pH
fluctuations mentioned before should not be considered as helical cores preserved after

the unfolding process.
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Figure 2.6 CD spectrum of MurJ under different concentrations of denaturing reagent
GuHCI. The concentration of MurJ was 0.5 M. The experimental baseline was
subtracted using buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM DDM). The
green line represents the protein sample without the addition of GUHCI. The red lines

represent protein samples with the addition of 1-6 M GuHCI.
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Figure 2.7 The plot of CD value of MurJ at 222 nm against GuHCI concentration

during the unfolding processes.
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2.3.4.2 Thermal unfolding of MurJ

Thermal unfolding studies of membrane proteins are significant in biology and drug
development [63]. Studying the thermal denaturation of membrane proteins can help to
understand the stability of these proteins at different temperatures. The melting
temperature (Tm) Is the temperature at which, during thermal denaturation, half of the
protein is denatured while the other half remains in its native state. It is an important
indicator for measuring the thermal stability of a protein. Understanding the Tm value
of a membrane protein can help to optimize production and storage conditions and
ensure that the protein remains stable during production and storage. In general,

membrane proteins are designed to remain stable at their natural ambient temperatures.

Figure 2.8 shows the temperature-induced unfolding curves of MurJ protein at different
pH values monitored by CD spectroscopy. The protein was exposed to temperatures
ranging from 5 T to 95 <C. The Tm values (Table 2.9) were calculated from these
curves. The corresponding fitting curves for each T value can be found in the Figure
S9-S12 in Appendix. The observed Tm fell within the range of 58 <C to 62 <C.
Therefore, it can be considered that the MurJ protein appears to be relatively stable

under pH changes, with a melting temperature of around 58 <C to 62 <C.
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Table 2.9 Ty, value of MurJ at different pH.

pH 1 3 8 10

Tm (T) 59.84+25 5850+13 61.02+05 60.60=+0.8
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Figure 2.8 CD spectra of temperature-induced unfolding of MurJ. The thermal
unfolding of MurJ was monitored using CD in 50 mM Tris buffer at different pH. (A)
to (D) correspond to pH values of 1, 3, 8, and 10 respectively. The red arrow shows the

change of CD value at 222 nm with increasing temperature.
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2.3.5 Determination of cardiolipin content in purified MurJ proteins

The sample delipidation process before mass spectrometry reported in the literature is
to dilute the sample in a buffer containing fresh empty micelles, followed by incubation
at 37<C overnight [22, 69]. During the incubation, the micelles with lipids were
removed by ultrafiltration repeatedly and fresh empty micelles were added. It takes
more than ten hours to complete this degreasing process. Here this process was
shortened to about 3 hours. The delipidation process was conducted after the protein
was bound to the resin. The collection of the protein is relatively easy and does not
require several rounds of centrifugal filtration and concentration. This method can
maintain a consistent protein concentration throughout the delipidation process, thereby
preventing protein aggregation caused by localized concentration disparities during
centrifugal concentration. To evaluate the effectiveness of this time-shorten
delipidation method, experiments were performed on proteins for 0 h, 3 h, and 16 h.
The lipid content of the samples was quantified using a cardiolipin assay kit and liquid
chromatography-mass spectrometry (LC-MS). The results are shown in Figure 2.9 and

Table 2.10.

From the data calculated from the kit results, it was found that approximately 4
cardiolipins were co-purified with each protein molecule. The amount of lipids
contained in the proteins after 16 hours and 3 hours of delipidation was greatly reduced
compared to the protein without delipidation. The cardiolipin removal effect of the
protein after 3 hours of delipidation reached 87% of that of the 16-hour delipidation

process.
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From the spectra of the LC-MS, lipids was found to be eluted at about 14 minutes.
Based on the change of peak intensity, it was observed that a large amount of lipids has
been removed in the flowthrough step of protein purification, but the purified protein
without delipidation still retains some lipids. In Figure 2.9, D1-1 and D2-2 are the
eluate samples collected during the first and second delipidation incubations during the
3-hour delipidation process. Delipidated protein-1 and -2 are proteins purified by
imidazole elution after 3-hours delipidation and 16-hours delipidation, respectively. As
shown in Figure 2.9, the lipid peaks in both the 3h and 16h delipidated protein samples

have disappeared.
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Figure 2.9 Results of lipid content in purified proteins after delipidation process. (A)
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Cardiolipin content in purified MurJ with or without delipidation. (B) Standard curve
used for cardiolipin content calculation. Standard samples were provided with the kit.
The standard curve formula is y = 531.47x + 31.211, R?=0.9972. (C) Flow chart of
delipidation process. (D) Spectrum was normalized using software MassHunter.
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Table 2.10 Comparison of delipidation process results measured by cardiolipin assay
kit.

CL content CL:protein Delipidated process

(uM) ratio duration (h)
Undelipidated protein 44.4 4.2 0
Delipidated protein-1 12.0 1.1 3
Delipidated protein-2 7.1 0.7 16
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2.4 Summary

In this chapter, three recombinant plasmids N-His-MurJ, N-His-TEV-MurJ and C-His-
MurJ, were designed. These MurJ proteins from E. coli were expressed and purified,
and the purified proteins were identified by SDS-PAGE and mass spectrometry. To
obtain a relatively stable protein expression effect, these three plasmids were used to
screen three types of E. coli expression systems. The expression of MurJ in C43 (DE3)
is relatively stable. Compared with C41 (DE3) and C41 (DE3) pLysS, C43 (DE3) has
the highest expression ability of the 3 plasmids with little difference. For subsequent in
vivo cross-linking experiments, two double-cysteine MurJ mutant were constructed

based on previous studies [17], namely E70C_A296C and V43C_T251C.

The CD spectroscopy analysis revealed that the C-His-MurJ protein, which was
produced and isolated using the described methodology, exhibits a characteristic helical
secondary structure. In particular, MurJ can retain this helical structure when the pH
changes drastically from 8.0 to 1.0. The GuHCI unfolding experiment showed that even
at concentrations of up to 6 M GuHCI, approximately 35% of the helical structure was
retained in the sample compared to its initial helicity level. It is speculated that this
retained helical structure may be important for the folding of the MurJ protein. The
temperature-induced unfolding study showed that the Tm of MurJ remains relatively
consistent under different pH conditions, hovering around 60 <C. In summary, it is
hypothesized that the secondary structure of the MurJ protein has resilience to

significant fluctuations in pH conditions.

During sample preparation for protein nMS experiments, a rapid delipidation process

was optimized. After a 3-hour delipidation process, the lipid signal in the protein sample
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disappeared and the protein signal resolution was improved. The overnight delipidation

method, which originally required more than 16 hours, was shortened to only 3 hours.
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Chapter 3 Driving force of MurJ in conformation transition
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3.1 Introduction

Studying activity of flippase proteins is difficult as their substrates maintain their
chemical structure both before and after flipping. Enzyme activity is usually assessed
by measuring the concentration of product formed or substrate consumed during the
enzymatic reaction [85]. It is challenging to distinguish between the structure of a
protein's initial and final state. Structural analysis is critical to the study of protein
function. X-ray crystallography and nuclear magnetic resonance (NMR) are widely
used techniques for studying protein structures in biology [86-90]. However, these
methods necessitate the use of highly concentrated purified proteins as samples for
analysis. The Substituted Cysteine Accessibility Method (SCAM) is a technique
employed to investigate the accessibility and surrounding environment of specific
amino acid residues within proteins. In recent years, the SCAM has emerged as a

biochemical method for studying protein topology [91, 92].

Butler E. K. et al utilized SCAM and discovered that MurJ contains 14 transmembrane
domains (TM) [81]. These domains are arranged into a V-shaped structure, which is
consistent with the MOP export proteins. The MATE transporters within the
superfamily exhibit great similarity in their structures [93]. Computer modeling predict
that TMs 1, 2, 7, and 8 of MurJ will form a central hydrophilic cavity, several charged
residues in this cavity were shown to be required for MurJ function, suggesting that
MurJ may function in a similar way to the MATE exporters [81, 94]. MATE exporters
utilize an antiport mechanism that relies on cation or proton gradients to transport toxic

drugs from the cytosol to the periplasm [95].
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Recent structural information suggests that the central cavity of MurJ alternates
between inward- and outward-open conformations to translocate lipid II molecules
across the cytoplasmic membrane, but how these conformational changes occur
remains unclear [96]. MurJ is a member of the MOP export transporter superfamily,
some of which are driven by sodium or proton electrochemical gradients [97-100].
Recent reports indicated that Mur] couples the membrane potential across the
cytoplasmic membrane to lipid II export [23]. In this study, structure-guided cysteine
cross-linking and protein native mass spectrometry were used to study the effect of

membrane potential on the alternating conformation states of MurlJ.

By making reference to previous research [17], two pairs of sites were selected on the
protein that can be cross-linked with homobifunctional cysteine cross-linkers and
mutated them to cysteine residues to construct two double-cysteine mutants of MurJ,
namely E70C_A296C and V43C_T251C. The mutant E70C_A296C will allow 1,6-
bismaleimidohexane (BMH) crosslinking when the protein is in an outward-open
conformation and then the protein will be structurally locked in this conformation.
Another mutant, V43C T251C, will be locked while in an inward-open configuration.
Successfully cross-linked species can be detected by peak shifts in protein mass
spectrometry spectra. Details of the location of the cysteine residue pairs are shown in

Figure 3.3 of the results and discussion section.

To study the effect of membrane potential on protein movement in vivo, the proteins
will be preincubated with three compounds that affect proton motive force before cross-
linking, and then cross-links will be monitored using mass spectrometry. The proton

motive force (PMF) is composed of two parts: membrane potential (Ay) and pH
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difference (ApH) [24]. Membrane potential is the electrical potential difference that
occurs when the interior of the cytoplasm is negative relative to the periplasm and is a
measure of the difference in charge across the membrane. The pH difference refers to
the alkalinity inside the cytoplasm relative to the periplasm and represents the
difference in  proton concentration across the membrane. 3,3'.4'.5-
Tetrachlorosalicylanilide (TCS) can affect both the membrane potential and ApH,
valinomycin can destroy the membrane potential but has no effect on the pH difference,

and nigericin solely affects the pH difference [23].

Native mass spectrometry (nMS) with nano-electrospray ionization (nano-ESI), allows
the use of volatile aqueous buffers, milder temperatures and voltages to retain non-
covalent interactions and quaternary protein structures [37, 38]. It presents several
advantages in studying membrane proteins compared to traditional biophysical
techniques used for structural analysis [70, 101]. Conventional techniques such as
nuclear magnetic resonance (NMR) and cryo-electron microscopy (cryo-EM) are
usually limited by the size of the samples being studied [102-104]. For example, NMR
is suitable for small proteins, while cryo-EM is more appropriate for larger protein
complexes. nMS is compatible with a broad mass range, ranging from small
transmembrane peptides to large multiprotein complexes [35, 105, 106]. Furthermore,
native MS is fast and sensitive, capable of detecting samples at concentrations as low
as nanomolar levels [70]. In contrast, traditional structural biology methods such as X-

ray crystallography usually require relatively high concentrations and quantities.

Recently, in addition to its application in studying higher-order structures of membrane
proteins (MPs), nMS has also been used in investigating the effects of lipids on proteins

[107, 108]. Bolla and colleagues utilized native MS analysis to discover that a co-
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purified endogenous lipid, cardiolipin (CL), competes with the substrate of the protein
Mur] for binding [22]. The observation of the protein-ligand complex, along with the
determination of the binding constant, serves as crucial evidence supporting the
identification of MurJ as the lipid II flippase. Here, the nMS technique was used to

study the proton motive force (PMF) influence of MurJ transition.
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3.2 Methods

3.2.1 Materials

Dimethylsulfoxide (DMSO) and BMH (bismaleimidohexane) were purchased from
Thermo Fisher Scientific (HK). Amicon centrifugal filters were purchased from Merck
Millipore. Gravity and spin chromatography columns were purchased from Bio-Rad.

Formic acids were purchased from Sigma-Aldrich.

3.2.2 In vivo cysteine cross-linking

Plasmid transformation and protein expression were completed as described in Chapter
2. After bacteria were diluted 1:100 in LB medium and grown to ODeoo = 0.6 - 0.8,
IPTG was added to ImM to initiate the overexpression of target proteins at 37 °C for 3
hours. The pellet collected from each 350 mL culture medium was resuspended in 5 mL
of LB medium. To this, 250 P of 20 mM homobifunctional cysteine cross-linker BMH
was added and incubated at 37 °C in the dark for 30 minutes. For control, DMSO was

added instead of BMH.

For membrane potential disruption experiments, 50 PL of TCS (10 mM), nigericin (2.5
mg/mL), valinomycin (2.5 mg/mL), or DMSO as a control was added prior to the
addition of the cross-linker. The mixture was then incubated at 37 °C for 10 min. In the
case of the valinomycin treatment group, bacteria cultured in LB Miller medium
containing 170 mM NaCl necessitate the addition of 200 mM KCI before compound
incubation. And for the TCS, Nigericin, and DMSO control group, bacteria need to be

supplemented with 200 mM NaCl.
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Following the cross-linking process, the mixtures were centrifuged at 10,000 x g for 3

minutes to collect the cell pellet, and washed with lysis buffer (20 mM HEPES, 150
mM NaCl, pH 7.0). Then the cell pellet was resuspended at 20 mL lysis buffer and
disrupted through sonication. The ultrasonic energy level is set at 40%, with each
treatment cycle lasting 5 seconds followed by a cooling period of 15 seconds. The
overall duration of ultrasonic treatment amounts to 20 minutes. The protein purification
was performed as described in Chapter 2. The workflows of in vivo cross-linking

experiments are shown in Scheme 3.1.

71



Bacterial
inoculation

A 4

Mur]
overexpression

Collect cell pellet

A 4

Cell lysis and
protein
purification

(A) /n wvivo crosslinking

Add 1 mM IPTG

«——— |Induce protein

overexpression

Add 1 mM
BMH

72

PMF disruption

Bacterial
inoculation

A 4

Mur]
overexpression

A 4

PMF disruption

Collect cell pellet

A 4

Cell lysis and
protein

purification

Scheme 3.1 The workflows of in vivo cross-linking experiments.

(B) /n vivo crosslinking with

Add 1 mM
IPTG

Add TCS

l«— /Nigericin

/Valinomycin

Add 1 mM
BMH



3.2.3 Native Mass Spectrometry

Native mass spectrometry (nMS) was performed using a SYNAPT G2-Si (Waters)
instrument. Referring to the protein native mass spectrum reported by previous articles,
due to the large molecular weight of the protein, the mass-to-charge peak will appear in
the relatively high area [22]. The instrument was calibrated using the compound sodium
iodide (Nal) at the range of m/z 1000 to 7000 (error < 5 ppm), and data acquisition
parameters was adjusted to enhance the signal between the m/z 5000 to 7000 region
(refer to Table 3.1). The sample was loaded into a homemade gold-coated nano-
electrospray capillary. The capillary voltage used in the native MS experiments was 1.5
kV, the sampling cone was 80 L/h, the ionization source temperature was 40°C, and gas
flow of the nano flow was 0.2 Bar. Other parameters for nano-electrospray ionization
mass spectrometry (nano-ESI-MS) application were set as follows, the trap collision
energy is 80~110 V, the transfer collision energy is 60~80 V, and the trap gas is
controlled at 2.0~6.0 mL/min. Subsequent analysis of the acquired mass spectrometry
data was conducted using the MassLynx platform (version 4.1, Waters, UK), which
mainly performed noise subtraction and peak smoothing of the combined signals. The

corresponding molecular weights were calculated on the ESIprot Online website [109].
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Table 3.1 Acquisition parameters used in nMS.

Mass Dwell Time Ramo Time
[% Scan Time] [% Scan Time]
1 1000 5 5
2 4000 10 80
3 6000 - -
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3.3 Results and discussion

3.3.1 In vivo cross-linking

The protein amino acid sequences of mutants V43C T251C and E70C_A296C are
shown below. Theoretical molecular weights of proteins were calculated using an online
Compute pI/Mw tool of Expasy (SIB Swiss Institute of Bioinformatics, Switzerland).
The full amino acid sequences of V43C T251C and E70C_A296C are shown in Figure

3.1 and Figure 3.2, respectively.
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————— Helix 1 —
1 MNLLKSLAAV SSMTMFSRVL GFARDAIVAR IFGAGMATDA FF!AFKLPNL

Helix 2 Helix 3
51 LRRIFAEGAF SQAFVPILAE YKSKQGEDAT RVFVSYVSGL LTLALAVVTV

Helix 4
101 AGMLAAPWVI MVTAPGFADT ADKFALTSQL LKITFPYILL ISLASLVGAI

— Helix 5 = @ —————— Helix ©
151 LNTWNRFSIP AFAPTLLNIS MIGFALFAAP YEFNPPVLALA WAVTVGGVLQ

Helix 7
201 LVYQLPHLKK IGMLVLPRIN FHDAGAMRVV KQMGPAILGV SVSQISLIIN

Helix 8 ————
251 !IFASFLASG SVSWMYYADR LMEFPSGVLG VALGTILLPS LSKSFASGNH

] Helix 9 @ ——
301 DEYNRLMDWG LRLSFLLALP SAVALGILSG PLTVSLFQYG KFTAFDALMT

Helix 10 ———— Helix 11
351 QRALIAYSVG LIGLIVVKVL APGFYSRQDI KTPVKIAIVT LILTQLMNLA

——————— Helix 12
401 FIGPLKHAGL SLSIGLAASL NASLLYWQLR KQKIFTPQPG WMAFLLRLVV

Helix 13 Helix 14 —
451 AVLVMSGVLL GMLHIMPEWS LGTMPWRLLR LMAVVLAGIA AYFAALAVLG

501 FKVKEFARRT VLEHHHHHH
Theoretical Mw: 56306.51

Figure 3.1 Full amino acid sequence of mutant V43C T251C.
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—————— Helix 1 EEE—
1 MGNLLKSLAA VSSMTMFSRV LGFARDAIVA RIFGAGMATD AFFVAFKLPN

Helix 2 Helix 3
51 LLRRIFAEGA FSQAFVPILA !YKSKQGEDA TRVFVSYVSG LLTLALAVVT

Helix 4
101 VAGMLAAPWV IMVTAPGFAD TADKFALTSQ LLKITFPYIL LISLASLVGA

—— Helix 5 == @——————— Helix 6
151 ILNTWNREFSI PAFAPTLLNI SMIGFALFAA PYFNPPVLAL AWAVTVGGVL

Helix 7
201 QLVYQLPHLK KIGMLVLPRI NFHDAGAMRV VKQOMGPAILG VSVSQISLII

Helix 8  ——
251 NTIFASFLAS GSVSWMYYAD RLMEFPSGVL GVALGTILLP SLSKSF!SGN

— Helix 9 —
301 HDEYNRLMDW GLRLSFLLAL PSAVALGILS GPLTVSLFQY GKFTAFDALM

Helix 10 ———— Helix 11
351 TQRALIAYSV GLIGLIVVKV LAPGFYSRQD IKTPVKIAIV TLILTQLMNL

——————— Helix 12
401 AFIGPLKHAG LSLSIGLAAS LNASLLYWQL RKQKIFTPQP GWMAFLLRLV

Helix 13 Helix 14
451 VAVLVMSGVL LGMLHIMPEW SLGTMPWRLL RLMAVVLAGI AAYFAALAVL

501 GFKVKEFARR TVLEHHHHHH
Theoretical Mw: 56363.60

Figure 3.2 Full amino acid sequence of mutant E70C_A296C.
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The location of the mutated cysteine pairs in the protein is shown in Figure 3.3. The
inward-open conformation model used the PDB file of E. coli Mur] protein (PDB code:
6CC4). The outward-open conformation model used the PDB file of the 7. africanus
Mur] protein (PDB code: 6NC9). The cysteine positions marked in this model are E70
and K281, which were determined by the alignment result of E. coli Mur] and T.
africanus Mur] protein sequences [14]. The sequence alignment map of MurJ from
various strains reported was shown in Figure S13 in Appendix [60]. The cysteine pair
in V43C_T251C will be close to each other when the protein changes to the inward-
open configuration, and the cysteine pair in E70C_A296C will be close to each other
when the protein shifts to the outward-open configuration. The shortened distance
between cysteine residues allows bifunctional cross-linkers with fixed lengths to
achieve intra-protein cross-linking, thereby fixing the protein the respective

conformation.
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Figure 3.3 Locations of the residue pairs that were mutated into double cysteines in
Murl. The green spheres represent the mutated residues. (A) shows MurJ in the inward-
open conformation (PDBID 6CC4) with V43 and T251. The fused apocytochrome
b562RIL (BRIL) protein has been removed. (B) shows an outward-open conformation
(PDBID 6NC9) with E70 and A296.

79



Purified proteins were analyzed using 12% SDS-PAGE and the dual color standards
protein (Bio-Rad) was used as marker (Figure 3.4). The Mur] protein band was
observed at approximately 37 kDa in size. The mass change of the cross-linked protein
was undetectable in SDS-PAGE because the molecular weight of the cross-linker is low

compared to the protein itself.
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Figure 3.4 SDS-PAGE results of purified cross-linked protein.
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(A) (B) are SDS-PAGE data of mutant V43C _T251C, and (C) (D) are data of mutant E70C_A296C. (A) Samples are purified fractions of BMH

cross-linked MurJ after treatment with valinomycin or TCS. (B) The figure shows the nigericin treatment group and the DMSO control group data.

(C) The figure shows the TCS treatment group. (D) The figure shows the nigericin group, valinomycin group and DMSO control group of mutant

E70C_A296C. Ni represents nigericin, Va represents valinomycin.
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The flipping cycle of Murl in vivo can be delineated into two distinct processes. Initially,
in the inward-open conformation, MurJ transitions to an outward-open state upon
substrate binding. Subsequently, in the second process, MurlJ reverts from the outward-

open state back to the inward-open conformation following substrate release.

In this chapter, the effect of the proton motive force (PMF) on the flipping cycle was
investigated by in vivo cross-linking experiments using the two mutants constructed
above (Figure 3.5). /n vivo, MurJ undergoes cyclic conformational alterations. For the
inward-open mutant, cross-linking will occur when MurJ is in the inward-open state.
Conversely, for the outward-open mutant, MurJ will be cross-linked in the outward-

open conformation.

The in vivo cross-linking results of the protein were confirmed by the native mass
spectrum. Successfully cross-linked proteins can be detected by peak shifts in the
protein mass spectrum. The influence of PMF disruption can be assessed by observing
variations in the peak intensity of cross-linked and uncross-linked proteins. If PMF
disruption does not affect the flipping cycle, Mur] is able to flip to specific
conformation, resulting in the emergence of the cross-linked protein peak. Conversely,
if PMF disruption does impede the flipping cycle, Mur] is unable to achieve specific

conformation, leading to the absence of the cross-linked protein peak.
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Figure 3.5 Designed cross-linking model of Mur] mutants in vivo. The blue triangles represent cross-linkers, and the yellow and orange dots

represent the selected residue pairs in the inward-open mutant and outward-open mutant, respectively.
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There are four possible situations for the influence of PMF on MurJ conformational
cycling (Table 3.2). The first situation is that PMF disruption does not affect the
flipping of MurlJ. In this case, as the conformation of MurlJ changes in vivo, the protein
in the inward mutant will be cross-linked upon transitioning to the inward state, while
the protein in the outward mutant will be cross-linked when it flips to the outward state.
Consequently, cross-linked protein peaks will be observable in the spectra of both

mutants.

The second situation is that PMF disruption affects the transition of MurJ from the
inward to the outward state. In this instance, the MurJ protein in vivo would be retained
in the inward state. Therefore, cross-linking is feasible in the inward-facing mutant but
not in the outward-facing mutant. As a result, the cross-linked protein peaks will
exclusively be present in the spectra of the inward-facing mutant. The third situation is
that PMF disruption influences Murl flipping on the outward to inward process. The

cross-linking situation will be the opposite of the second case.

The last situation is that PMF disruption affects the flipping activity of MurJ in both
processes. Therefore, MurJ protein in vivo will be trapped in both inward and outward
states, so in both mutants, partial MurJ protein will be cross-linked. Therefore, the

cross-linked protein peak will be observable in the spectra of both mutants.
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Table 3.2 Possible situations for the influence of PMF on MurJ conformational cycling.

Crosslinking effect

) ) (cross-linked protein peaks)
Influence of PMF disruption

Inward-open Outward-open
1 No influence YES YES
2 Influence inward to outward process YES NO
3 Influence outward to inward process NO YES
4  Influence the cycle on both processes Partial Partial
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3.3.2 Native mass spectrometry results

3.3.2.1 Native mass spectrum of purified MurJ

The native mass spectra of purified Mur] V43C T251C with (A) or without (B)
delipidation treatment are shown in Figure 3.6. The signals in the untreated sample
were too noisy for peak annotation and the subsequent mass calculation. The data of
the delipidated samples were calculated using the online platform ESIprot [109]. The
calculation details are shown in Table 3.3. The molecular weight of this series of peaks
was 56306.64 + 0.7 Da, which was consistent with the theoretical value 56306.51 Da
of Mur]J protein. The results indicate that delipidation prior to native mass spectrometry

analysis of membrane proteins can significantly enhance protein ionization.
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Table 3.3 Protein’s charge states and molecular weight of proteins calculated from ESI
mass spectrometry data. The theoretical molecular weight of V43C T251C is 56306.51
Da. The standard error was calculated using the following formula, where X is the
sample’s mean and n is the sample size.

Formular: oz = U/ N

peak m/z charge MW [Da] Error [Da]
1 3313.1162 17+ 56305.84 -0.8
2 3520.1804 16+ 56306.76 0.1
3 3754.9141 15+ 56308.60 2.0
4 4022.8181 14+ 56305.34 -1.3

Deconvoluted MW [Da]: 56306.64
Standard deviation [Da]: 1.4
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Figure 3.6 Native mass spectrum of purified V43C _T251C Murl protein with or

without delipidation. (A) nMS spectrum of purified Mur]J without delipidation. (B) nMS

spectrum of purified MurJ with delipidation.
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3.3.2.2 Native mass spectrum of cross-linked MurJ

Before the in vivo cross-linking experiment was conducted, the effect of incubation time
on the cross-linking of the MurJ protein was first studied in vitro. The MurJ samples
were incubated for 0, 10, 20, 30, and 60 minutes to find out the optimal cross-linking
time. In this experiment, the purified MurJ protein was added with the cross-linker for
different incubation time. The protein used in this experiment is the purified mutant
E70C_A296C. When the protein is successfully cross-linked, the peak will shift toward
higher m/z values. The effect of protein cross-linking is determined by comparing the

intensity of the protein peaks between the free and cross-linked species.

From the results shown in Figure 3.7, even after 60 minutes of incubation, some
proteins still cannot be cross-linked with BMH. In the 20-minute incubation, a peak
indicating non-specific binding (unsuccessful cross-linking) between MurJ and BMH
appeared. Comparison between the data at 20-minute and 30-minute incubation reveals
that the formation of the MurJ:BMH complex continued to increase over the latter 10
minutes. Considering all these results, a cross-linking incubation time of 30 minutes

was selected.

The software XlinkX 2.5 (Thermo Fisher) was used to examine the intramolecular
cross-linking of MurJ by BMH. Analysis revealed the presence of a peptide sequence
RIFAEGAFSQAFVPILA(C)YK-SF(C)SGNHDEYNR, indicating that the peak of
MurJ:BMH in nMS represents successful cross-linking. The cross-linked samples were
digested following the same method described above for LC-MS sample preparation.

SpeedVac dried samples were resuspended with 0.1% formic acid (FA).
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Figure 3.7 In vitro protein intramolecular cross-linking efficiency at different
incubation times. (A) The chemical structure of cross-linker 1,6-Bismaleimidohexane
(BMH). (B) nMS spectrum of purified MurJ incubated with BMH at different times.
The red dots mark the peaks of purified Mur] E70C_A296C, green triangles are the
peaks of the MurJ:BMH complexes (possibly successful cross-linking), and blue stars
are peaks of the complexes of MurJ adducted with 2 BMH (unsuccessful cross-linking).
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Figures 3.8-3.11 are the native mass spectrum of the two purified mutants
V43C T251C and E70C_A296C with or without cross-linking with BMH in vivo. The
theoretical mass and experimental mass details of each sample are listed in Table 3.4.
The mass of mutant E70C_A296C is 131 Da less than the theoretical mass, which
corresponds to the loss of a methionine. N-terminal methionine excision (NME) is one
of the most common post-translational modifications of proteins [79]. Although
methionine is used to initiate protein synthesis of almost all proteins, in most cases it is

subsequently removed.
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Table 3.4 The theoretical mass and experimental mass of purified mutants

V43C T251C and E70C_A296C with or without cross-linking with BMH in vivo.

sample Theoretical MW [Da] Experimental MW[Da]
V43C_T251C 56306.51 56306.64+0.7
V43C_T251C_BMH 56582.80 56583.34+2.7
E70C_A296C 56363.60 56233.47+0.8
E70C_A296C_BMH 56639.89 56523.73+9.5
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Figure 3.8 nMS spectra of purified Mur] V43C_T251C.
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Figure 3.9 nMS spectra of purified Mur] V43C_T251C cross-linked with BMH in vivo.
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Figure 3.10 nMS spectra of purified MurJ E70C_A296C.
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3.3.2.3 Native mass spectrum of MurJ V43C T251C cross-linking with/without

PMF disruption

Previous studies suggest that MurJ acts as a flippase that uses an alternating-access
mechanism to transport lipid II across the membrane, cycling between the inward-
facing and outward-facing conformations [13-15, 17, 96]. After incubation with the
cross-linker BMH, the pair of mutated cysteine residues in the protein will bind to the
homobifunctional maleimide cross-linkers to form covalent bonds, thereby fixing the
protein in one conformation. Here, two double—cysteine mutants of MurJ, mutant
V43C T251C and E70C_A296C would be fixed in either the inward-facing or
outward-facing conformation, respectively, when bound to the linker. The lipid II
flippase activity of MurJ has been reported to rely on the membrane potential, but it is
still unclear at which stage of the conformational cycle does the membrane potential
take its effect [23]. In this study, three compounds were used to disrupt the proton

motive force and the changes in the conformations of MurJ were studied in vivo.

The proton motive force (PMF) consists of two components: the membrane potential
(Ay) and the pH difference (ApH). The compound 3,3',4',5-Tetrachlorosalicylic acid
aniline (TCS) can affect both the membrane potential and ApH. Valinomycin can
disturb the membrane potential without impacting the pH gradient. Conversely,
nigericin solely influences the pH gradient. The molecular structures of these three

compounds are shown in Figure 3.12.
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The in vivo cross-linking results of proteins after interference by different chemical
compounds are shown in Figures 3.13-3.18. Figures 3.13-3.15 are the results of mutant
V43C T251C, which can be cross-linked in an inward-open conformation. After cross-
linking, the protein mass peak shifted to the right, a +1BMH peak appeared. We added
compounds that have different effects on the membrane before cross-linking to observe

the effects of these compounds on protein conformational change.

In Figure 3.13, the cross-linked protein spectra without treatment, after pretreatments,
and the overlaid are shown from top to bottom, respectively. As shown in the overlaid
spectrum, there is no new uncross-linked protein peak appears, indicating that the
compound treatment does not affect protein cross-linking. Taken together, the results in
Figure 3.13-3.15 showed that MurJ can be cross-linked and fixed in the inward-open
conformation in the presence of the three compounds. This indicates that the disruption
of the proton motive force does not affect the progression from other conformations to
the inward-open conformation during conformational cycling. This stage probably
occurs after Mur] has translocated lipid II outside the membrane and is reset in
preparation for interaction with a new substrate [14]. In other words, after the protein
completes the substrate flipping, it returns to the inward-open state to prepare for the
next substrate binding and transport. In summary, this process does not rely on the

proton motive force.
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3.3.2.4 Native mass spectrum of MurJ E70C_A296C cross-linking with/without

proton motive force (PMF) disruption

Figures 3.16-3.18 show the native mass spectrum of mutant E70C_A296C, which can
be cross-linked in an outward-facing conformation. In Figure 3.16, an increase in the
intensity of the non-cross-linked MurlJ peak (red dots) was observed after incubation
with TCS resulting in a shift in the relative ratio between the MurJ and cross-linked
MurJ:BMH peaks. A portion of MurJ proteins failed to cross-link in the outward-facing
conformation, suggesting that movement of these proteins toward the outward-open
conformation is impeded. The outward-facing conformation occurs when Murl
transports the substrate out of the membrane. In other words, the disturbance in PMF
will cause Mur] to stagnate in the inward-open conformation and fail to complete the

transmembrane transport.

Figures 3.17 and 3.18 are the cross-linking results of E70C_A296C under the PMF
disruption caused by nigericin or valinomycin, respectively. The cross-linking effects
of the proteins after treatment with these two compounds are similar. Nigericin showed
a slight inhibitory effect, while valinomycin treatment had no obvious impact on the

cross-linking effect of proteins.
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3.4 Summary

Current structural data indicates that Mur] translocates lipid II across the membrane by
alternating between the inward- and outward-open conformations, but the driving force
for the alternation remains unclear. In this study, structure-guided cysteine cross-linking
and protein native mass spectrometry were used to investigate the role of the proton

motive force in the conformational alternation cycle of MurJ.

Based on previous studies [17], two pairs of sites on the protein that can be cross-linked
with homobifunctional cysteine cross-linkers were selected and mutated into cysteine
residues. Two double-cysteine MurJ models were therefore built, namely E70C_A296C
and V43C_T251C. When the protein is in an outward-open conformation, the mutant
E70C_A296C will allow cross-linking with BMH and the reacted Mur] will be
structurally fixed in this conformation. On the other hand, the mutant V43C T251C
allows fixation to an inward-open configuration. Species that are successfully cross-
linked can be detected with peak shifts in protein mass spectrum. Under normal growth
circumstances, the MurJ proteins undergo conformational changes in vivo. When the
bacteria were incubated with BMH, it is expected that a portion of the proteins would
be cross-linked. To investigate the driving force of protein conformational changes,
three compounds that can affect membrane proton motive force through different

mechanisms were explored for their effects on protein conformational changes.
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In the protein cross-linking experiments, it was found that both E70C_A296C and
V43C T251C can be cross-linked with BMH efficiently in vivo. The cross-linking
efficiency of V43C T251C (probes the “inward-open” state) did not change
significantly after the disruption of the proton motive force. However, for E70C _A296C,
when the PMF is disturbed, the relative ratio of cross-linked and uncross-linked species
reversed. The addition of TCS affected the movement of MurJ and trapped it in the

inward-open conformation.

MurlJ protein functions as a flippase involved in lipid II transmembrane transport
through conformational changes. The conformational flipping process is a cyclic
mechanism, the action of TCS influencing the transition of protein conformation to an
outward-open state. Therefore, PMF plays a crucial role in facilitating the flipping
process, especially when the substrate is ready to flip out of the membrane after binding
to the protein. TCS impacts the PMF of the membrane by modulating hydrogen ion
transmembrane transport. Nigericin is associated with H™ and K* transport, while
valinomycin affects the K" transport. These findings are consistent with previous
studies that changes in pH impact the binding of Mur]J to lipid II [22]. Therefore, it is

speculated that the key ion for flipping is H rather than Na™.

With these experiments, a sensitive method to probe MurJ conformational changes in
vivo has been demonstrated. It can be further developed by acquiring data from
additional double mutants. This mass spectrometry-based method has great potential to
be exploited to identify MurJ inhibitors and study their mechanisms of actions. For
instance, it is reported and speculated that the Lys™ peptide inhibits MurJ by binding to

the protein and trapping it in one configuration [110]. But it is not yet clear which
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configuration it was trapped or at which stage of the alternating flipping process it was.
It is hopeful that this newly developed strategy can be applied to answer these questions,
for LysM and other possible inhibitors. The structural knowledge will reveal mechanistic

details of MurJ that are indispensable for inhibitor optimization.

107



Chapter 4 Investigation of MurJ dynamics in solution at
different conformations using hydrogen/deuterium exchange

mass spectrometry (HDX-MS)
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4.1 Introduction

Solvent accessibility and protein dynamics are two key factors that affect the rate and
extent of hydrogen-deuterium exchange in HDX-MS [52, 111]. Solvent accessibility
refers to the extent to which a region of a protein is exposed to the solvent (H>O or D>O
in HDX-MS experiments) [112]. Regions that are more exposed to the solvent are more
likely to undergo hydrogen-deuterium exchange, which can be determined by
comparing the differences in deuterium uptake between different peptides over time
[113]. Protein dynamics refers to the motion and conformational changes that occur
within proteins over time, which include local fluctuations, domain motions, and larger-
scale conformational changes [51]. Dynamic regions of proteins often have higher
exchange rates because they may be undergoing conformational changes or fluctuations

that lead to temporarily exposing amide hydrogens to the solvent [114-116].

According to the reported crystal data, MurJ can adopt various configurations that will
have different solvent accessibility in solution which will complicate the data analysis
[12-15]. In this chapter, the protein Mur] fixed in inward-facing or outward-facing
conformations obtained in Chapter 3 were used. The solvent accessibility of peptides
in these protein samples is simplified during the initial stages of hydrogen-deuterium
exchange, which is conducive to the analysis of regions that undergo movement and
conformational changes in the protein. Here, HDX-MS will be employed to investigate

the structural characteristics of MurJ in solution.
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4.1.1 Bottom-up HDX-MS

Deuterium uptake can be measured throughout the entire protein (global HDX), but is
more frequently performed using a "bottom-up" local HDX methodology [43]. This
approach involves quenching of the exchange reaction before conducting liquid
chromatography-mass spectrometry (LC/MS) analysis, followed by proteolytic
digestion [51]. Global HDX enables high-throughput screening, but only provides an
overview of protein conformational dynamics. Local HDX analysis method allow for a
more detailed examination of local exchange data, thereby providing a level of "spatial
resolution" to the findings [43, 117]. Amide hydrogens located in flexible, solvent-
exposed regions exhibit a higher exchange rate compared to those situated in rigid,
buried regions or regions involved in hydrogen bonding. This hydrogen-deuterium
exchange rate depends on the local environment of the amide hydrogens that provides

insights into the structural and dynamic properties of proteins.

The rate of hydrogen exchange is significantly influenced by the pH of the surrounding
environment and temperature (Figure 4.1) [55, 118]. The slowest exchange rates fall
within the pH range of 2.5 to 3, which is approximately 105 times slower than the rates
observed at pH 7 [55, 119, 120]. A reduction in temperature from 25°C to 0°C leads to
an approximate 14-fold decrease in the hydrogen exchange rate [121-123]. Both
temperature and pH establish the "quenching conditions" that allow accurate deuterium
uptake curves to be measured at different time points with minimized back exchange

[124].
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Figure 4.1 The effect of pH and temperature on HDX rates [55]. (A) shows the
relationship between the HDX rate of amide hydrogen and pH. (B) shows the
relationship between the HDX rate of amide hydrogen and temperature in base-

catalyzed exchange.
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The fundamental procedures involved in a bottom-up HDX-MS following the labeling
process include: (1) Quenching, (2) Digestion, (3) Separation, and (4) Mass analysis
[51]. When protein is introduced into a D,O solution, the amide hydrogens exchange
with deuterium is initiated. To obtain the deuterium exchange rate of the protein at
specific time points, the exchange reaction is quenched by lowering the pH and
temperature (usually pH 2.5 and 0 °C). Subsequently, the quenched protein is digested
into smaller peptide fragments using an acid-stable protease like pepsin. The resulting
peptides are separated using liquid chromatography (LC) and then analyzed by mass
spectrometry to determine the extent of deuterium incorporation. Mass spectrometry is
used to map deuterium incorporation in specific regions of a protein [41]. Deuterium
incorporation is calculated for each peptide by comparing the mass spectra of a
deuterium-labeled sample to an unlabeled control sample. The resulting data is used to
plot deuterium uptake curves for each peptide as a function of time [124]. These curves
provide information on exchange rates, enabling inferences about structural dynamics
[43]. Mapping deuterium incorporation data onto the protein's three-dimensional
framework aids in the recognition of protein segments that exhibit flexibility, exposure
to solvent, or contribute to stabilizing secondary structures [125-128]. The
conformational change, interaction sites, and regions of dynamic behavior within the
protein structure can be studied by comparing deuterium incorporation patterns under

various conditions, such as ligand presence [129].
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4.2 Methods

4.2.1 Materials

Detergent n-dodecyl-B-D-maltoside (DDM) was purchased from Sigma-Aldrich.
Amicon centrifugal filters were purchased from Merck Millipore. Organic solvents
used in LC-MS were HPLC grades purchased from Merck Millipore. Formic acid was
purchased from Sigma-Aldrich. D>O was purchased from Cambridge Isotope
Laboratory. The C18 analytical column and VanGuard Pre-column used in LC-MS were
purchased from Waters Corporation. Nepenthesin-2/pepsin column was purchased from

company AffiPro.

4.2.2 Hydrogen/Deuterium eXchange (HDX) reaction

Cross-linked protein samples V43C _T251C (inward-open) and E70C_A296C
(outward-open) were prepared as described in Chapter 3. D.O buffer (50 mM Tris-
HCI, pD 8.0, 150 mM NaCl, 1 mM DDM) was prepared based on the protein
purification buffer used in Chapter 2. The HDX reaction was initiated by diluting the
purified protein in D20 buffer at a ratio of 1:10 and was carried out at room temperature.
Different labeling time points (1 min, 10 min, 60 min) were set according to the
experimental purpose. The exchange reaction was terminated by adding an equal
volume of quenching buffer (50 mM Tris-HCI, pH 2.5, 150 mM NaCl, 1 mM DDM)

precooled to 0 °C. The sample was then injected into the LC-MS for analysis.
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4.2.3 Local HDX-MS analysis

The quenched samples were manually injected into the Waters nanoACQUITY UPLC
system for enzymatic digestion and peptide separation. Enzymatic digestion was

performed using an online Nepenthesin-2/pepsin Column (2.1 mm x 20 mm) at 25 <C.
The digested peptides were desalted and separated at 0 °C using a Waters ACQUITY
UPLC BEH C18 VanGuard pre-column (1.7 pm, 2.1 mm x 5 mm) and an analytical
column (1.7 pm, 1 mm x 100 mm) at a flow rate of 0.06 mL/min. The mobile phase

used were H>O (mobile phase A) and ACN (mobile phase B). Both mobile phase A and
B contained 1% formic acid. The LC elution gradient method is shown in Table 4.1.
The eluted components were detected by a Waters Synapt G2-Si mass spectrometer
with the capillary voltage set to 3.0 kV, the source temperature to 150 <C, the
desolvation temperature to 350 <C, and the mass spectra with an m/z range of 100 to

2000 were collected.
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Table 4.1 LC mobile phase gradient used in local HDX-MS analysis.

Time (min)  Mobile phase A (%)  Moblie phase B (%)

0.00 92.0 8.0
10.00 40.0 60.0
11.50 5.0 95.0
12.50 5.0 95.0
13.00 92.0 8.0
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4.2.4 Data analysis

The mass data from unlabeled control sample were first imported to the software
ProteinLynx Global Server (PLGS) version 3.0.2 (Waters) to generate a peptide list
using the target protein sequence as a template. The list was then imported into another
software DynamX 3.0 (Waters) to map a peptide coverage of the target protein for
subsequent hydrogen-deuterium exchange data analysis. Filters were applied to exclude
unreliable and noisy weak measurements, peptides which do not meet any of these
thresholds will be removed. The protein sequence coverage using the screened peptides
was automatically calculated by the software. The filtering parameters in DynamX were

set as listed in Table 4.2.
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Table 4.2 Parameter settings for peptide coverage map generation in DynamX.

Filters Thresholds
minimum intensity 3000
minimum product per amino acid 0.33
minimum score 6
maximum MH+ error 5 ppm
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4.3 Results and discussion

4.3.1 Peptide coverage map

The first part of the data analysis of a bottom-up HDX-MS experiment is to identify the
numerous peptides generated after the enzymatic digestion step [130]. The MS data of
these peptides will initially be processed and searched by the software PLGS (Waters)
using the amino acid sequence of the target protein as a template to identify the
corresponding peptide sequences. The obtained peptide list was then imported into the
software DynamX (Waters), peptides with poor mass spectrometry signals were
excluded to generate a peptide coverage map of the target protein. This map can also

serve as supporting evidence for protein identification.

The peptide maps were generated using reference samples that had not expose to
deuterium. The protein sample was diluted 1:10 with dilution buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1 mM DDM), followed by addition of pre-chilled quenching
buffer and mixing. The resulting peptide coverage maps were presented in Figure 4.2
and Figure 4.3. The coverage rates of BMH-cross-linked Mur] mutants V43C T251C
and E70C_A296C are 65.5% and 57.5%, respectively. Both peptide maps cover several
important helices, including transmembrane helices (TM) 1, 2, 7, and 8 that constitute

the hydrophilic central cavity, and TM 9 located near the lipid tail binding site [14].
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Figure 4.2 Peptide coverage map of BMH cross-linked Mur] V43C T251C. The
coverage rate is 65.5%. The black arrows indicate the helices structures in the protein.
The blue bars represent the peptides generated by enzymatic digestion. H stands for

transmembrane helices.
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Figure 4.3 Peptide coverage map of BMH cross-linked Mur] E70C_A296C. The
coverage rate is 57.5%. The black arrows indicate the helices structures in the protein.
The blue bars represent the peptides generated by enzymatic digestion. H stands for

transmembrane helices.
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4.3.2 Local HDX-MS results of cross-linked MurJ

Site-directed mutagenesis and cross-linking techniques were used to fix MurJ into one
of two configurations, inward-open (BMH-cross-linked V43C T251) and outward-
open (BMH-cross-linked E70C_A296C). The dynamic changes of the protein under
different configurations were studied by hydrogen-deuterium exchange (Figure 4.4).
HDX experiments were conducted on purified MurlJ at various time points (1 min, 10
min, 60 min), and the experimental data were analyzed by DynamX software to obtain
deuterium uptake difference maps. To ensure the correct allocation of mass peaks to
peptides, the spectral plot assigned by software was checked manually. The results of
the difference map plots are the deuterium uptake values of the BMH-cross-linked
E70C_A296C (outward-open) minus the deuterium uptake values of BMH-cross-
linked V43C _T251C (inward-open). The scale represents the difference in deuterium
uptake in Daltons (Da), with values ranging from -1.0 to + 1.0. In the graphical
representation, regions where the exchange difference is less than 0.5 were represented
by blue, while regions where the difference exceeds 0.5 were represented by green
bands. The number of peptides presented in this figure is less than that depicted in the
peptide coverage maps shown above. Certain peptides were excluded by the peptide
filters, because the deuterium exchange reaction could result in a significant decrease
in the signal intensity of the peak due to a shift in the isotopic peak. The results were
partially mapped onto the corresponding positions of the protein structure model
according to the peptide sequence number. The relative uptake curves and detailed data

of these peptides were given in the Figure S14-S15 and Table S1-S2 in Appendix.
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The regions (TM2, TMS5, TMS8) with less change (< 0.5) in deuterium uptake in MurJ
protein under different conformations is mainly located in the hydrophilic central cavity
of the protein. This indicates that the solvent accessibility and dynamic changes of these
peptide chains are similar in both the inward and outward structural configurations. In
reported crystal structure data, this position is speculated to be the binding site for the
head group of substrate lipid II [13-15]. The regions exhibiting significant deuterium
uptake difference (> 0.5) are predominantly located within transmembrane segments
TM1, TM2, TM7, and TM9. Notably, TM7 is considered to act as a lever that promotes
overall conformational changes of Mur] between different configurations [14].
Furthermore, the TM9 region located near the binding site for the elongated lipid tail of
lipid II, and variations in deuterium uptake in this area may be closely related to the

inherent flexibility of the long lipid chain [13, 14].

It can be found that the peptide (45-FKLPNLL-51) located at the N-terminal region of
TM2 exhibit less change, whereas the peptide (61-SQAFVPIL-68) located at C-
terminal region demonstrate significant difference between the two configurations [14,
96]. Crystal structure data suggest that a flexible G/A-E-G-A motif located in the middle

of TM2 induces the bending of the helix.
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Figure 4.4 Hydrogen deuterium exchange difference between inward-open (V43C_T251C) and outward-open (E70C_A296C) conformation. The
mutated proteins were cross-linked with a cross-linker (BMH) and fixed in one conformation. (A) Relative uptake difference map of protein
V43C _T251C. Blue color shows less or no exchange difference. The green color shows a higher uptake difference. Each band consists of data

from three different time points, from top to bottom, 1 minute, 10 minutes, and 60 minutes. (B) Crystal structure of MurJ in inward-open
conformation. PDB code: 6CC4.
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4.4 Summary

In this chapter, HDX-MS was used to investigate the dynamic behavior of the Murl
protein in two different conformations (inward-open and outward-open) in solution.
The BMH cross-linked MurJ mutants V43C_T251C (inward-open) and E70C_A296C
(outward-open) were digested by online nepenthesin-2/pepsin column to obtain peptide
coverage maps, with coverage rates of 65.5% and 57.5% respectively. The resulting
peptide maps cover the central cavity and lipid tail binding area where MurlJ binds to

the substrate lipid 1.

By comparing the differences in the deuterium uptake results of MurlJ in two different
configurations at different time points, it was observed that certain regions exhibited
little uptake difference, while some areas showed significant differences. The peptides
with little deuterium uptake difference were mainly located in the central cavity, where
protein MurJ binds to the head group of substrate lipid I, indicating that the protein
structure at this position is relatively rigid [13, 14, 131]. The peptides with large
deuterium uptake differences were distributed in TM1, 2, 7 and 9, suggesting that these
areas of MurJ may have experienced some dynamic alterations in solution. Among them,
TM7 is identified as a crucial site for conformational change, whereas TM9 located

near the binding region of the long lipid tail of the substrate lipid II.

The uptake difference plots were generated by subtracting the deuterium uptake of
BMH cross-linked V43C T251C from the E70C A296C, the resulting values
predominantly fell within the range of 0 to + 1 Da. Mur] in the inward-open
conformation predominantly has a greater deuterium uptake compared to the outward-

open conformation. The current hypothesis is that the MurJ protein undergoes a cyclical
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transition between different configurations, flipping the substrate to the outside of the
membrane [14, 15]. When it is in an outward configuration, it releases the substrate out
of the membrane, and then changes back to an inward configuration through an
squeezed form [15]. The driving force for the recovery of the outward-facing
configuration to the inward-facing configuration remains unclear. One possibility of
this phenomenon may be attributed to the tendency of the protein to revert to the
inward-facing state after substrate release, resulting in relatively dynamic behavior in
solution. This hypothesis requires further experimental validation through additional
protein samples with various configurations. Currently, a minimum of three distinct
inward-facing configurations have been identified in the crystal structure [12-15].
Through the mutation and cross-linking of sites at various locations within the protein,
it is theoretically possible to obtain proteins fixed in different inward-facing
configurations. The dynamics of other conformations of the Murl] protein during the

flipping cycle in solution can be studied by HDX-MS.
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Chapter 5 Conclusion
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MurJ is a bacterial membrane protein that plays a key role in the biosynthesis of
bacterial cell walls. It is responsible for flipping lipid 11, a precursor for cell wall
peptidoglycan synthesis, from the inside to the outside of the cell membrane. It is a
potential target for antibiotic action. Some important results have been achieved in the
study of bacterial membrane protein MurJ, especially the three-dimensional structure
information of MurJ obtained through SCAM and X-ray crystallography. These
structural analyses have revealed the transmembrane helical configuration and potential
lipid Il binding site of MurJ, providing important clues for understanding its functional
mechanism. It is hypothesized that the process by which MurJ facilitates the flipping
and transport of lipid 1l is accomplished through the protein transitioning between
inward and outward conformations. However, the flipping mechanism of these
conformations is still not fully understood [13]. A comprehensive understanding of the
function and mechanism of MurJ is crucial to revealing the detailed process of bacterial

cell wall synthesis and is of great significance to basic biological research.

Prior research has predominantly focused on MurJ proteins derived from E. coliand T.
africanus. In this study, three recombinant plasmids (N-His-MurJ, N-His-TEV-MurJ,
C-His-MurJ) were designed, and MurJ proteins from E. coli were expressed and
purified. Three E. coli expression systems were evaluated using the above three
different plasmids, and the C43 (DE3) system was screened to show the highest stability
for MurJ expression. CD spectral analysis showed that the C-His-MurJ protein could
maintain a helical secondary structure when the pH value changed from 8.0 to 1.0.
Unfolding experiments utilizing GuHCI demonstrated that even at concentrations
reaching 6 M, approximately 35% of the helical structure was retained within the

sample. Additionally, temperature-induced unfolding studies showed that the Tm of
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MurJ remained around 60 <C under different pH conditions. In conclusion, the
secondary structure of the MurJ protein exhibits considerable stability in response to

substantial environmental fluctuations.

This study aims to elucidate the mechanisms underlying the conformational alterations
of the MurJ protein during the transmembrane transport of lipid 1. Two dual-cysteine
MurJ models, specifically E70C_A296C and V43C_T251C, were developed through
structure-guided cysteine cross-linking in conjunction with native mass spectrometry
techniques. The study found that the relative ratio of cross-linked and uncross-linked
species in mutant E70C_A296C was altered when the proton motive force was
disrupted, whereas the cross-linking efficiency of mutant V43C_T251C remained
largely unchanged. The addition of TCS influenced the dynamics movement of MurJ,
trapping it in an inward-open conformation. The findings suggest that the proton motive
force plays a crucial role in the conformational transition of MurJ, especially when it is
ready to flip the substrates out of the membrane after substrate binding. It was
speculated that protons (H*) are the key ions that promote this flipping process. A
sensitive method to detect conformational changes of MurJ in vivo was subsequently

proposed.

The dynamic behavior of the MurJ protein in two different conformations (inward-open
and outward-open) in solution was investigated using HDX-MS. Peptide coverage
maps with coverage rate of 65.5% and 57.5%, respectively, were obtained by online
nepenthesin-2/pepsin column digestion. By comparing the deuterium uptake results of
the two configurations at different time points, it was found that the peptides with

smaller differences in deuterium uptake were mainly located in the central cavity where
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MurJ binds to the head group of substrate lipid II, while the peptides with larger
differences (>0.5 Da) were distributed in TM1, 2, 7, and 9. Studies have shown that
MurJ undergoes cyclical transitions between different configurations, flipping the
substrate outside the membrane. The dynamics of the outward-facing conformation
reverting to the inward-facing conformation may originate from the tendency of the
protein to return to the inward-facing state upon substrate release. HDX-MS provides a
valuable method to further investigate the dynamics of alternative conformations of

MurJ protein during the flipping cycle in a solution environment.

Future research of MurJ conformational changes in vivo could utilize mutational cross-
linking techniques combined with the mass spectrometry detection methods outlined in
this study. More double mutant proteins with different configurations in the flipping
cycle can be constructed, and the dynamic motion of these double mutants in solution
in vitro can also be studied by HDX-MS. The mass spectrometry-based method
proposed in Chapter 3 has potential for the identification of MurJ inhibitors and the
exploration of their mechanisms of action. The development of MurJ inhibitors could
provide new antibiotic treatment strategies, especially in the case of multidrug-resistant
bacterial strains. The methodologies and techniques employed in research of MurJ may
serve as valuable reference points for the investigation of other membrane proteins.
Considering the significant functions that membrane proteins fulfill in numerous
biological processes and disease states, studying MurJ is crucial for the discovery and
design of new antibiotics, which is imperative in tackling the urgent challenge of

antibiotic resistance.
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Figure S1 The reconstructed mutant V43C_T251C in pET-28a (+) plasmid.
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Figure S3 Deconvoluted mass spectrum of N-His-MurJ.
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Figure S5 Deconvoluted mass spectrum of N-His-TEV-Mur].
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Figure S7 Deconvoluted mass spectrum of C-His-MurlJ.
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Figure S8 Mass spectrum of C-His-Mur]J.
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Figure S9 Melting curve (210nm) of Mur] at different pH 1.
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Figure S10 Melting curve (210nm) of Mur]J at different pH 3.
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Figure S11 Melting curve (210nm) of MurJ at different pH 8.
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Figure S12 Melting curve (210nm) of Mur]J at different pH 10.
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Figure S13 Alignment of Mur] sequences. This figure is from supplementary data
reported by Alvin C. Y. Kuk, Aili Hao, Ziqiang Guan, and Seok-Yong Lee in 2019 [14].

It is an open access article with unrestricted use permission.
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Figure S14 Deuterium uptake difference curves of peptides with significant change between V43C T251C (inward-open) and E70C_A296C
(outward-open) conformations.
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Table S1. Detailed data for local HDX-MS of MurJ in inward-open (BMH cross-linked V43C_T251C) conformation.

Maxi Peptide Retention Deuterium Uptake (Da) Standard deviation (Da) (n=3)

aximum - . .

Start End Sequence Uptake monoisotopic Tlme Imin 10min 60min Imin 10min 60min
mass (Da) (min)

8 15 AAVSSMTM 7 797.3532 453 2.366 2.436 2.522 0.091 0.083 0.108
16 22 FSRVLGF 6 825.4618 5.66 1.753 1.938 2.046 0.079 0.073 0.088
29 36 ARIFGAGM 7 822.4291 4,96 2.401 2.653 2.756 0.072 0.075 0.095
45 51 FKLPNLL 5 844.5291 6.26 1.914 2.033 2.098 0.057 0.071 0.076
61 68 SQAFVPIL 6 874.5033 6.31 1.927 1.967 1.981 0.118 0.057 0.068
96 103 AVVTVAGM 7 747.4069 4.89 0.338 0.904 1.618 0.040 0.029 0.036
104 111 LAAPWVIM 6 900.5012 6.92 1.320 2.228 2.755 0.112 0.206 0.248
105 111 AAPWVIM 5 787.4171 6.54 1.179 1.886 2.309 0.027 0.070 0.037
112 123 VTAPGFADTADK 10 1192.5844 4.05 3.533 3.609 3.584 0.091 0.118 0.141
112 124 VTAPGFADTADKF 11 1339.6529 5.14 3.944 4.019 3.973 0.099 0.134 0.166
124 130 FALTSQL 6 779.4298 5.59 2.399 2.556 2.599 0.133 0.160 0.164
131 139 LKITFPYIL 7 1107.6812 6.81 1.630 2.079 2.329 0.068 0.115 0.054
157 167 FSIPAFAPTLL 8 1176.6663 7.14 2.433 2.700 2.734 0.096 0.164 0.107
177 187 FAAPYFNPPVL 7 1235.6459 6.51 1.790 2.347 2.576 0.120 0.150 0.174
195 201 VGGVLQL 6 685.4243 571 0.930 1.487 1.705 0.422 0.311 0.257
202 208 VYQLPHL 5 869.488 5.51 1.211 1.269 1.282 0.131 0.179 0.239
202 210 VYQLPHLKK 7 1125.6779 4.08 2.235 2473 2477 0.067 0.063 0.070
202 213 VYQLPHLKKIGM 10 1426.8239 4.85 2.844 3.206 3.278 0.115 0.062 0.074
227 238 MRVVKQMGPAIL 10 1342.7698 4.93 3.301 3.481 3.649 0.380 0.378 0.418
228 238 RVVKQMGPAIL 9 1211.7293 4.72 2.641 2.818 2.998 0.222 0.215 0.214
229 238 VVKQMGPAIL 8 1055.6282 5.06 2.336 2.487 2.584 0.057 0.059 0.068
239 247 GVSVSQISL 8 889.4989 5.38 2.830 3.351 3.614 0.071 0.112 0.103
257 265 LASGSVSWM 8 037.4448 5.83 2.395 2.737 2.803 0.255 0.269 0.277
265 271 MYYADRL 6 931.4342 4.85 1.256 1.587 1.921 0.090 0.097 0.049
272 279 MEFPSGVL 6 879.4281 6.08 1.808 2.315 2.434 0.120 0.177 0.185
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Table S2. Detailed data for local HDX-MS of MurJ in outward-open (BMH cross-linked E70C_A296C) conformation.

Maximum Peptide Retention Deuterium Uptake (Da) Standard deviation (Da) (n=3)
Start End Sequence Uptake monoisotopic Time 1min 10min 60min Imin 10min 60min
mass (Da) (min)

8 15 AAVSSMTM 7 797.3532 4.52 3.003 3.067 3.174 0.016 0.031 0.084
16 22 FSRVLGF 6 825.4618 5.66 2.232 2.355 2.480 0.073 0.074 0.061
29 36 ARIFGAGM 7 822.4291 4.95 2.711 2.779 2.879 0.059 0.041 0.062
45 51 FKLPNLL 5 844.5291 6.26 1.920 2.001 2.099 0.069 0.070 0.093
61 68 SQAFVPIL 6 874.5033 6.31 2.400 2.420 2.552 0.038 0.060 0.045
96 103 AVVTVAGM 7 747.4069 4.89 0.393 1.120 2.107 0.048 0.061 0.017
104 111 LAAPWVIM 6 900.5012 6.92 1.668 2.418 2.758 0.183 0.228 0.266
105 111 AAPWVIM 5 787.4171 6.53 1.405 1.942 2.228 0.055 0.037 0.038
112 123 VTAPGFADTADK 10 1192.5844 4.04 3.512 3.518 3.568 0.054 0.054 0.118
112 124 VTAPGFADTADKF 11 1339.6529 5.13 3.989 3.940 3.996 0.042 0.024 0.123
124 130 FALTSQL 6 779.4298 5.59 2.486 2.584 2.670 0.158 0.145 0.171
131 139 LKITFPYIL 7 1107.6812 6.81 2.127 2.705 3.007 0.049 0.042 0.076
157 167 FSIPAFAPTLL 8 1176.6663 7.13 2.791 2.952 3.078 0.113 0.140 0.161
177 187 FAAPYFNPPVL 7 1235.6459 6.50 1.924 2.436 2.708 0.105 0.159 0.159
195 201 VGGVLQL 6 685.4243 571 1.073 1.826 2.081 0.419 0.255 0.235
202 208 VYQLPHL 5 869.488 5.50 1.526 1.630 1.778 0.047 0.094 0.222
202 210 VYQLPHLKK 7 1125.6779 4.08 2.542 2.694 2.791 0.046 0.038 0.074
202 213 VYQLPHLKKIGM 10 1426.8239 4.84 3.179 3.439 3.627 0.138 0.152 0.161
227 238 MRVVKQMGPAIL 10 1342.7698 492 4.234 4.236 4.453 0.356 0.407 0.352
228 238 RVVKOQMGPAIL 9 1211.7293 4.71 3.392 3.415 3.611 0.197 0.199 0.196
229 238 VVKQMGPAIL 8 1055.6282 5.05 2.979 2.972 3.130 0.047 0.046 0.031
239 247 GVSVSQISL 8 889.4989 5.37 3.363 3.537 3.823 0.090 0.115 0.105
257 265 LASGSVSWM 8 937.4448 5.83 2.921 2.956 3.033 0.324 0.341 0.312
265 271 MYYADRL 6 931.4342 4.85 1.816 1.971 2.186 0.175 0.130 0.087
272 279 MEFPSGVL 6 879.4281 6.07 2.174 2.346 2.451 0.219 0.204 0.198
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