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Abstract

For a living cell, maintenance of its shape is important to interact with its environment

for numerous functional aspects like cell signalling, motility, biofilm formation, etc. The

cytoskeletal proteins play a crucial role in the determination of cell shape. Complex

eukaryotic cells, as well as prokaryotes, possess different cytoskeletal proteins. In most

non-spherical, cell-walled bacteria, MreB, which is a homolog of eukaryotic actin,

coordinates with the peptidoglycan synthesis machinery for maintaining cell shape.

Surprisingly, Spiroplasma is able to maintain a helical cell shape even in the absence of

a cell wall. It has a unique cytoskeletal protein, Fibril and five MreB paralogs, out of

which MreB5 was recently shown to be involved in attaining motility and helicity in a

plant pathogen, Spiroplasma citri, indicating that the function of MreB paralogs might be

non-redundant in this organism. The aim of my MS thesis work was to characterize

S.citri MreB1, which is one of the five MreB paralogs. SUMO tag fusion-based approach

was utilized for standardizing the purification of MreB1. The ATPase activity was

quantified for all the different constructs of MreB1. CD spectroscopy confirmed the

presence of secondary structures. Filaments were visualized using Transmission

electron microscopy. In future, the project will focus on understanding the protein

interaction with cell membrane and its partner proteins - Fibril and MreB paralogs.

Further, it will pitch into designing ATPase mutants and polymerization mutants to

understand filament dynamics and the possible role of nucleotides in the same.
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Chapter - 1
Introduction

1.1 Actin and its homologs

The cytoskeleton is a complex network of protein filaments which are crucial in cell

shape maintenance of both prokaryotic and eukaryotic systems (Ridley et al., 2011).
The eukaryotic cytoskeleton comprises actin filaments, intermediate filaments and

microtubules. They perform numerous functions in eukaryotic cells, which mainly

include cell motility, shape maintenance, cell division, anchorage of cellular organelles

and intracellular transport (Pollard et al., 2009). Actin being the most abundant

eukaryotic protein plays a major role in cell shape maintenance, cell polarity and

regulation of transcription (Dominguez et al., 2011). Actin is also important in the

formation of cell protrusions such as lamellipodia, filopodia, etc., thereby helping in

functions such as cell migration (Pollard et al., 2009). Microtubules made of ⍺-𝜷 tubulin

dimers are required for intracellular transport, chromosome segregation, formation of

cilia and flagella, etc., whereas intermediate filaments mainly provide mechanical

support to cells.

Three decades back, it was believed that prokaryotes lacked cytoskeleton, but later it

was found that they have tubulin homologs (de Boer et al., 1992) as well as actin

homologs (Bork et al., 1992). FtsZ, TubZ, and BtubA-BtubB are some of the tubulin

homologs identified in bacteria. TubZ is a component of the partitioning system which

helps in the proper segregation of plasmids (important for low copy number plasmids) in

some bacterial species (Berry et al., 2002). BtubA and BtubB show more sequence

similarity to eukaryotic ⍺-𝜷 tubulin and are thus believed to be acquired by horizontal

gene transfer in some species which already have FtsZ (Sontag et al., 2009). FtsZ

forms a z-ring in bacteria which in turn interacts with many other proteins for the

advancement and execution of cell division (Margolin et al.,2005). CetZ is an example
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of a tubulin homolog present in archaea. They form dynamic cytoplasmic filaments,

which are thought to have possible membrane interactions, thereby having a role in

determining cell shape (Wagstaff et al.,2018).

The homologs of actin known to date in bacteria are MreB, FtsA, ParM, MamK, etc.

Crenactin is an actin homolog found in archaea. MreB is present in almost all

non-spherical bacteria. MreB is predominantly responsible for the regulation of cell wall

synthesis and in the regulation of the establishment of the elongasome complex

(proteins required for cell elongation) (Szwedziak et al., 2013). FtsA is a cell division

protein which is required for the anchorage of tubulin homolog FtsZ to the cell

membrane (Wagstaff et al., 2018). ParM protein is part of a type II partition system

called the ParMRC system, where ParR is a DNA binding protein, and parC is a

centromeric region of DNA. ParRC complex recruits ParM filaments which in turn form a

bipolar spindle required for proper segregation of plasmid DNA (Gayathri et al., 2012).

MamK protein is found in magnetotactic bacteria where their role is in alignment and

proper segregation of magnetosomes ( komeili et al., 2006).

1.1.1 Protofilament and filament structures

The globular structure of actin is composed of four subdomains (IA, IB, IIA and IIB).

Actin filaments are made of two filaments which are parallel and twisted. Longitudinal

interaction of actin monomers results in filament formation. Higher-order structures are

also favoured by these filaments for executing different functions (Wagstaff et al., 2018).

ParM forms parallel double filaments, but ParM filaments show lefthandedness, unlike

the actin filament, which has a right-handed twist (Orlova et al., 2007). FtsA does not

have a usual actin fold but forms actin-like protofilaments (van den Ent et al., 2000).

Even though domain IB is absent, an alternate domain 1C (Fig. 1.1 a) is formed as a

result of insertion in domain IA. On lipid bilayers FtsA forms long doublets and other

higher-order structures (Szwedziak et al., 2012). MamK also forms parallel, double and

right-handed protofilaments similar to that of actin, but their monomers are juxtaposed,

unlike actin and other homologs mentioned earlier (Löwe et al., 2016). Crenactin forms
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double helical, parallel & staggered filaments which are right-handed (Izoré et al., 2016).

MreBs have a distinct filament arrangement as they form antiparallel double straight

filaments, unlike actin and most of its homologs (van den Ent et al., 2014).

Fig. 1.1: Comparison of actin and its homologs. (a) Monomer pairs of actin and different
homologs. The lower subunit is coloured from blue (amino terminus) to red (carboxyl terminus).
Nucleotide is coloured purple. (b) High-resolution structures of filaments obtained from
cryo-electron microscopy or X-ray crystallography experiments. Filament polarity is represented
by cartoon representation. (Adapted fromWagstaff and Löwe, 2018)

1.1.2 Active site and Polymerization

Actin monomers with bound ATP assemble on one another to form filaments. After

polymerization, ATP gets rapidly hydrolyzed, but the release of 𝛾-phosphate is slow.

ADP-bound actin then dissociates from the filaments to recycle the subunits. Actin

filaments undergo polymerization and depolymerization from both ends. The continuous

addition of ATP bound actin at one end and the detachment of ADP bound actin from
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the other end is termed treadmilling. At the plus/barbed end, polymerization is higher,

whereas depolymerization is faster at the minus/pointed end (Chou et al., 2019). At a

steady state, critical concentration is defined as the number of free monomeric actin

present when the barbed end polymerization rate and the pointed end depolymerization

rates are equal. Unlike actin, ParM filaments show dynamic instability (Garner et al.,

2004), and this is thought to be crucial in its function of plasmid partitioning. Unless

stabilized by the ParRC complex, the ParM filaments disassemble on their own, but if

stabilized, they polymerize to segregate the plasmid (Garner et al., 2004). Residues

from all four domains have contacts with the nucleotide, but most of the contacts are

with the ribose and phosphate moieties, and this can be a reason why ParM is able to

bind both ATP and GTP (Gayathri et al., 2013). ParM does not form filaments in the

ADP state, unlike actin, as the critical concentration of ParM in the ADP bound-state is

100 times more than ATP-bound state (Garner et al., 2004). The critical concentrations

of ATP and ADP bound states for ParM polymerization are 0.55 μM to 0.68 μM and ~

100 μM, respectively (Garner et al., 2004).

In Thermotoga maritima, MreB (TmMreB) polymerization happens in the presence of

either GTP or ATP. The critical concentration of the ATP state is 0.5 μM and the ADP

state is 1.7 μM (Bean et al., 2008), and these are not very different from the critical

concentration of actin (barbed end a - 0.12 μM and pointed end - 0.6 μM) (Pollard et al.,

1986). This possibly rules out the chance of dynamic instability in MreBs. Unlike

TmMreB, irrespective of the identity or presence of nucleotide, Bacillus subtilis MreB

polymerizes with the same critical concentration of around 0.9 μM (Mayer et al., 2009).

The difference in conditions of MreB polymerization across species might be an

indication of a difference in function (Cabeen et al., 2010). Filaments are formed by

MamK in the presence of ATP, but no filaments are observed in the presence of ADP.

MamK also polymerizes in the presence of GTP but with a lower polymerization rate.

The critical concentration of the ATP and GTP bound states are 0.69 ± 0.15 μM and

2.01 ± 0.23 μM (Ozyamak et al., 2013). FtsA forms linear ATP-dependent filaments in

vitro. FtsZ filaments facilitate FtzA polymerization, and depolymerization of FtsZ

facilitates the depolymerization of FtsA (Morrison et al., 2022).
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1.2 MreB

Cell wall by itself is not sufficient in providing a particular shape to cells. In most

non-spherical cell-walled bacteria, MreB is necessary for attaining this (van den Ent et

al., 2010). In cell-walled bacteria, MreB is thought to work in coordination with the

peptidoglycan synthesis machinery. MreB localizes in response to local cell shape cues

and then recruits the cell wall synthesis machinery, bringing about the necessary

changes. Thus, MreB localization is in a feedback loop with its function (Fig. 1.2) (Shi et

al., 2018). Most of the gram-positive bacteria possess several paralogs of MreB, while

most of the gram-negative bacteria have only a single copy of MreB. Also, in

gram-negative bacteria, MreB binds to the cell membrane via an N-terminal amphipathic

helix, whereas, in gram-positive bacteria, membrane binding is via a hydrophobic loop

(Salje et al., 2011)(Maeda et al., 2012).

Fig. 1.2: A feedback loop exists for MreB function. Schematic representation of the feedback
loop between MreB localization and Cell shape maintenance. (Adapted from Shi et al. Cell,
2018).

It was observed that E.coli cells lost their rod shape in the absence of MreB. Restoration

of rod shape is impossible in the absence of MreB (Kruse et al., 2005). In E.coli,

different point mutations in the MreB gene were observed to be responsible for the loss

of different attributes of cell shape (Shi et al., 2018). Fusion of YFP protein at the

N-terminus of E.coli MreB resulted in non-functional MreB as the expression of MreB

with N-terminal YFP fusion could only partially recover cell shape in MreB mutants

(Swulius et al., 2012). This supports the finding that MreB binds to the membrane using

17



an N-terminal amphipathic helix in E.coli (van den Ent et al., 2014). In Caulobacter

crescentus, the treatment with A22 (inhibitor of polymerization) leads to the eventual

loss of native shape by the organism (Fig. 1.3). This proves that polymers of MreB have

functional relevance (Gitai et al., 2005). The elongation of polar stalk of C.crescentus is

MreB dependent. Unlike E.coli, which has only one homolog of MreB, Bacillus subtilis

has three MreB paralogs: MreB, Mbl, MreBH. All of these show independent

polymerization even if their co-localization is important for cell shape maintenance

(Dempwolff et al., 2011). When expressed all together or co-expressed in different

pair-wise combinations in E.coli, their filament architecture seems to be influenced by

each other and colocalize together. It is still not clear whether they co-polymerize and

form a bundle or whether single filaments of each type come together to form a mixed

bundle. MreB mutants in B.subtilis become wider and form bulges at the site of division.

Mbl mutants form twisted and bent cells. MreBH mutants show normal growth under

usual conditions but seem necessary for growth under low Mg2+ conditions (Soufo et al.,

2010). Also, during phage infection in B.subtilis, phage DNA localization is MreB

dependent (Muñoz-Espín et al., 2009). In Helicobacter pylori, the deletion of MreB

surprisingly does not alter the shape or affect viability but reduces the level of urease

(urease is important in the colonization of these bacteria). Also, since MreB was

detected as one of the antigens in patients suffering from gastric cancer, it was

proposed to have a role in pathogenicity (Gurrola et al., 2017). In Pseudomonas

aeruginosa, MreB has a role in pilus-driven motility

Fig. 1.3: A22 changes Caulobacter morphology. Caulobacter grown in the presence of 10
μg/ml A22 for 8 hours (Adapted from Gitai, Zemer et al. Cell, 2005)

Even though MreB seems to have more than one function, the vital function out of all

those is still cell shape maintenance. In cell-walled bacteria, MreB functions in
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coordination with peptidoglycan synthesis machinery. Strikingly, there are cell wall-less

bacteria as well, which are still able to maintain a particular shape. Helical-shaped

Spiroplasma, Haloplasma etc., are examples for these. In these bacterial species as

well, the presence of MreBs are confirmed. It will be interesting to study how MreBs

function in these organisms to achieve this function of cell-shape maintenance.

1.3 Spiroplasma

Spiroplasma belongs to the class of Mollicutes. The most intriguing feature of

Spiroplasma is that they are able to maintain a helical cell shape even if they lack a cell

wall (Razin et al., 1973). Even in the absence of appendages, they are motile and

chemotactically active (Daniels et al., 1980). They show twitching, flexing and rotation

along their helical axis (Kürner et al., 2005). They move by the propagation of kinks.

Swapping the handedness of the helix is involved in swimming through propagation of

kinks, but the mechanism of how they do this is unknown (Sasajima et al., 2021). Cell

division in Spiroplasma is thought to happen in two ways: One along the short axis

(cross-sectional) (Garnier et al., 1981) and the other one along the long axis (Y-shaped),

in which the latter is observed in S.poulsonii (Ramond et al., 2016). It is still not clear

how Spiroplasma is able to maintain its shape. With the help of cryo-electron

tomography, it was shown that two types of filaments (thick and thin in width based on

interfilament spacing), which are arranged parallelly, form three ribbons which span from

one end to the other in Spiroplasma melliferum (Kürner et al., 2005). The thickness of

isolated filaments showed that the two outer ribbons were made of Fibil (Fib) protein, a

cytoskeleton protein specific to Spiroplasma species. Whole genome sequencing

confirmed the presence of five homologs of MreB in Spiroplasma citri. Comparing

filament thickness obtained from tomogram and the thickness of already characterized

Thermotoga maritima MreB, it was proposed that the inner ribbon is made of MreB

filaments. Also, from the western blot and sequence alignment, the presence of MreB

and fibril in S.melliferum was confirmed again (Kürner et al., 2005). From electron

tomography, Fib filaments were found lying in close contact with the cell membrane

(Kürner et al., 2005). Fib is therefore thought to play a important role in the helical
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shape maintenance. Even though the relevance of multiple MreB homologs is still

questionable, Spiroplasma has five or more MreB genes which possibly provide the

organism with a selective advantage (Harne et al., 2020).

Fig. 1.4: Cryo-Electron Tomography discloses the presence of a cytoskeletal ribbon made
of Fibril and MreBs. (A) Superimposed slices from various Z heights of cryo-electron tomogram
(left-most image) and 3D visualization (middle and right-most images) in which red and green
are the outer ribbons made of fibril (B) Red and green correspond to thicker filaments - 11 nm
spacing (C) Thinner filaments - 4 nm spacing. (Adapted from Kurner et al. Science, 2005)

Recently, a study was done using a mycoplasma-based minimal cell (syn3B) and

synthetically designed genome, which had five Spiroplasma eriocheiris MreB genes and

the Fib gene encoded (Kiyama et al., 2022). They observed the phenotype of shape

and motility after the depletion of each of these single genes, the phenotype when only

one of these genes is present and the phenotype when more than one genes are

present together in different combinations. The combination of MreB5-MreB1 and

MreB5-MreB4 resulted in helicity and motility. Filamentous morphology was seen in

some combinations. The combination of MreB3-MreB1, MreB3-MreB4 and
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MreB3-MreB5 remained spherical (Fig. 1.5). Even without Fib, the cell was showing

helicity and motility. So, the direct role of Fib in these is ambiguous (Kiyama et al.,

2022). Another similar study was done where all five MreBs and Fib of S.citri were

heterologously expressed in Mycoplasma capricolum (Lartigue et al., 2022). The

expression of these proteins shifted morphology from a spherical to an elongated

shape. Apart from this, the expression also endowed the cell with helicity and kinking

motility. Expression of Fib, MreB5 or MreB1 resulted in helicity, and when both MreB1

and Fib were co-expressed, the helices became tight. The mean pitch observed was

similar to Spiroplasma only when MreB5 was expressed. MreB1, MreB5 and Fib were

thought as the minimal requirement for inducing helicity in cell wall-less bacteria. For

kinking motility, MreB5 was shown to be the minimal requirement, even if the role might

not be direct (Lartigue et al., 2022).

Fig. 1.5: Expression of Fibril and different MreBs impart helicity and motility to synthetic
minimal cell. Phase-contrast image of syn3B minimal cell morphology pre and post-expression
of MreBs or Fibril individually or in combinations (Adapted from Kiyama, Hana et al. Science
Advances, 2022)
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1.4 Spiroplasma citri MreBs and Fibril

The model organism that we are interested in is Spiroplasma citri. S.citri is known to

cause “Citrus stubborn disease” in citrus plants. This has five paralogs of MreB and a

fibril cytoskeleton protein. Whole genome sequencing of the non-helical, non-motile

natural variant of S.citri, ASP-I, had shown that there was a point mutation in the MreB5

gene, as a result of which it forms truncated MreB5 spanning 133 amino acids instead

of 352 amino acids (Harne et al., 2020). All the other MreBs and Fibril protein was found

to be unaffected. To check whether MreB5 had any role in the loss of helicity and

motility in ASP-I, wild-type MreB5 was expressed using a vector-based approach under

the tuf promoter. The expression of wild-type MreB5 changed the ASP-I phenotype

similar to that of wild-type S.citri. Based on this, it was concluded that MreB5 is

important in maintaining helicity and motility. Also, this was a sign that at least some of

the MreBs might be having a specific, non-redundant function in shape determination.

Also, in vitro sedimentation (co-pelleting) assay was done to prove that S.citri MreB5

(ScM5) interacts with Fib. This was possible because Fib always came in pellet fraction

when spun at high speed (159000 g), and at this speed, ScM5 remained only in the

supernatant. When both were mixed and then spun at 159000 g, then ScM5 also came

in pellet fraction, and the amount of ScM5 in pellet showed an increase with an increase

in Fib concentration (Fig. 1.6) (Harne et al., 2020). Similar to this, co-pelleting assay

was done for MreB and liposomes. In this as well, MreB5 pelleted along with liposomes

suggesting possible interaction of MreB5 with the cell membrane (Harne et al., 2020).
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Fig. 1.6: Co-pelleting assay reveals ScM5-Fib interaction. SDS PAGE gel image for the
co-pelleting assay of S.citri Fib and MreB5. MreB5 comes in pellet fraction only in the presence
of Fib. (Adapted from Harne et al. Current Biology, 2020)

1.5 SUMO tag as a strategy for protein solubilization and purification

Our lab works on the characterization of S.citri MreBs and Fib. Out of the five MreBs,

ScM5 is already characterized in our lab. Work on S.citri MreB1 (ScM1) has been

initiated. The construct which was used initially for the characterization of ScM1 was

pHis17_M1_(His)6 (S.citri MreB1 with a hexa histidine tag at the C terminus). The

protein expressed well in BL21AI strain, but the solubility was only around 60 to 70 %.

Also, the protein was not that stable, as of result of which it precipitates. Therefore the

total yield of protein obtained after purification was always in very less amounts. After

size exclusion chromatography, the majority of the protein comes in void and the peak is

spread from void to monomer. To take this forward, the primary focus was on increasing

the solubility of the protein. To achieve this, it was decided to clone a construct with a

SUMO tag at the N-terminus of the protein.

SUMO stands for Small Ubiquitin-like Modifier. It plays an important role in protein

transport regulation, transcription control, stress response, etc. in eukaryotes. SUMO

tag enhances protein folding and stability when it is used as an N-terminal fusion protein

(Young et al., 2012). It improves protein solubility and yield by increasing expression
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and reducing degradation. For the purification of SUMO-tagged proteins, an additional

histidine tag is usually preferred as there are no columns with specificity to the SUMO

tag. Another benefit of the SUMO tag is that after purification of the SUMO-tagged

protein, the tag can be specifically removed via a protease-based cleavage, thereby

resulting in a native, untagged protein. Ulp1 protease (Saccharomyces cerevisiae)

cleaves after the Gly-Gly motif at the C-terminus of the SUMO tag, and the cleavage is

very specific. The recognition by the SUMO protease (Ulp1) is not based on the amino

acid sequence but on the tertiary structure (Young et al., 2012).

1.6 Objectives:

The main aim of my MS thesis project is to characterize Spiroplasma citri MreB1

(ScM1). To achieve this, the following objectives were proposed:

[1] Cloning, overexpression and purification of ScM1

[2] Thermal shift assay to analyse the stability of ScM1

[3] Malachite green assay to quantify ATPase activity of ScM1

[4] Pelleting assay for monitoring polymerization of ScM1

[5] CD spectroscopy for secondary structure estimation of ScM1

[6] Transmission Electron Microscopy to see filament formation, if any, by ScM1

Different constructs were designed for this which includes (His)6-SUMO-M1, ATPase

mutant (His)6-SUMO-M1 - E137A, (His)6-SUMO-M1-Strep, and (His)6-SUMO-M1-Strep -

E137A. The biochemical and functional characterization as listed above was attempted

for all the four constructs.
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Chapter - 2
Materials and Methods

2.1 Cloning

Cloning of all the different constructs used were PCR based, with restriction free (RF)

cloning as the main strategy.

2.1.1 PCR

Polymerase Chain Reaction (PCR) was used for cloning purposes. PCR components

comprise primers, template, deoxynucleotide triphosphates (dNTPs) and polymerase.

Primers were designed and ordered from BioServe Biotechnologies (India) Pvt.Ltd.

dNTP mix (10 mM each of dATP, dCTP, dTTP & dGTP) were ordered from Puregene /

Nirav BioSolutions. The polymerase used was Pfu polymerase (Pyrococcus furiosus

polymerase; purified in-house).

2.1.2 Restriction Free cloning

For the purpose of cloning different constructs, restriction free (RF) cloning method was

used. This consists of two rounds of PCR. In the first PCR (PCR 1), the gene of interest

is amplified with overhangs having overlap to the flanking regions of vector at 5’ and 3’

ends. The amplified product from PCR 1 was subjected to PCR purification using

Qiagen PCR purification kit. This purified product (mega primer) was used for the

incorporation of the gene in the vector using the restriction free method (PCR 2). Both

test (T, reaction with both template and insert) and control (C, reaction with only

template) were kept for PCR 2. Also, five microlitres were kept aside separately from

both the test and control without subjecting to PCR (Toand Co, respectively), and all four

reactions (T, C, T0 and Co) were ran on an 0.8% agarose gel to check whether PCR 2

gave rise to a higher band upon incorporation of the megaprimer into the plasmid. Both

T and C were then treated with DpnI (0.5 μL of DpnI added to 9.5 μL of T and C) and
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kept for incubation at 37 OC for 3 to 4 hours. After incubation, these DpnI-treated T and

C were transformed into NEB Turbo electrocompetent cells via electroporation. Post

transformation, the cells were plated on antibiotic-resistant Luria Bertani (LB) agar

plates (if kanamycin: 25 mg/ml; if ampicillin: 50 mg/ml). These plates were incubated for

around 12 to 16 hours at 37 OC. Few single colonies (around 5 to 7) were separately

inoculated in 10 ml LB broth media and incubated at 37 OC overnight. These cultures

were pelleted post-incubation, and plasmids were isolated from pellets by following

Qiagen plasmid purification protocol using the kit. A gene amplification PCR was done

as a preliminary clone check method using gene-specific forward and reverse primers

and these isolated plasmids as templates. All the positive clones from the above clone

check PCR were then subjected to double digestion (restriction digestion with enzymes

which have restriction sites next to the gene) check. Each reaction of this had 0.5 μL

each of both the enzymes, 1 μL of 10x CutSmart buffer, ~ 150 ng of plasmid and the

rest of it Milli-Q water. Clones which gave expected release lengths were sent for

sequencing.

Fig. 2.1: Flowchart of RF cloning. Schematic showing workflow of RF cloning from primer
designing to sequencing (created with BioRender.com)

26



Table 2.1 Set of primers

Construct Primers (5’ to 3’)

(His)6-SUMO-M1 Forward primer:
CCGCGAACAGATTGGTGGCCATATGGCCATATTTAATAAT
AAGAAGCC

Reverse Primer:
CGACGGAGCTCGAATTCGGATCCTTAATAATCTAATTCTT
TTGTTTTATG

(His)6-SUMO-M1-E137A Forward primer:
GTTTTTGTTGAAGAAGCGGTTAAAATGGCTGC

Reverse Primer:
CGACGGAGCTCGAATTCGGATCCTTAATAATCTAATTCTT
TTGTTTTATG

(His)6-SUMO-M1-Strep Forward primer:
CCGCGAACAGATTGGTGGCCATATGGCCATATTTAATAAT
AAGAAGCC

Reverse Primer 1:
CGAACTGAGGATGAGACCAGGATCCATAATCTAATTCTTT
TGTTTTATG

Reverse Primer 2:
CGACGGAGCTCGAATTCGGATCCTTATTTTTCGAACTGA
GGATGAGACC

(His)6-SUMO-M1-Strep-E137A Forward primer:
GTTTTTGTTGAAGAAGCGGTTAAAATGGCTGC

Reverse Primer:
CGACGGAGCTCGAATTCGGATCCTTATTTTTCGAACTGA
GGATGAGACC

Note: Sequence in red corresponds to pET28a vector, blue corresponds to ScM1 gene and green
corresponds to strep-tag, The codon highlighted in yellow represents the mutation. CATATG (underlined)
is the NdeI restriction site and GGATCC (underlined) is the BamHI restriction site.

Details of different constructs used for the characterization of ScM1 are given below:

● (His)6-SUMO-M1 (50.5 kDa) ScM1 (38.1 kDa) with a SUMO tag (11.1 kDa) at the
N-terminus followed by a hexa-histidine tag (0.8 kDa) at the N-terminus of SUMO tag
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● (His)6-SUMO-M1 - E137A (50.4 kDa) (His)6-SUMO-M1 with a point mutation (E137A)
in the ScM1 gene

● (His)6-SUMO-M1-Strep (51.7 kDa) (His)6-SUMO-M1 with an extra Strep tag (1.1 kDa)
at the C-terminus of ScM1

● (His)6-SUMO-M1-Strep - E137A (51.6 kDa) (His)6-SUMO-M1-Strep with a point
mutation (E137A) in the ScM1 gene

Fig. 2.2: Pictorial representation of (His)6-SUMO-M1. ScMreB1 with SUMO tag at the
N-terminus followed by a hexahistidine tag at the N-terminus of SUMO tag (created with
BioRender.com)

Fig. 2.3: Pictorial representation of (His)6-SUMO-M1-Strep. ScMreB1 with Strep tag at the
C-terminus, SUMO tag at the N-terminus followed by a hexahistidine tag at the N-terminus of
SUMO tag (created with BioRender.com)
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Table 2.2 : PCR 1 components for the cloning of (His)6-SUMO-M1

Components Reaction 1 Reaction 2

Template (pHis17_M1) - 152 ng/μL 1 μL 1 μL

Forward primer (20 μM) 1 μL 1 μL

Reverse primer (20 μM) 1 μL 1 μL

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 2 μL 2 μL

Milli-Q 39 μL 39 μL

Table 2.3 : PCR 2 components for the cloning of (His)6-SUMO-M1

Components Test Control

Template (pET28a_FtsA) - 490 ng/μL 1 μL 1 μL

Insert - 200 ng/μL 8 μL -

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 4 μL 4 μL

Milli-Q 31 μL 39 μL
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Table 2.4 : PCR 1 and PCR 2 conditions for the cloning of (His)6-SUMO-M1

Step
PCR 1 PCR 2

Temperature (OC) Time Temperature (OC) Time

Initial Denaturation 95 5 min 95 5 min

Denaturation 95 30 sec 95 30 sec

Annealing 58 35 sec 55 50 sec

Extension 72 70 sec 72 6.42 min

Final Extension 72 10 min 72 10 min

Hold 4 - 4 -

Table 2.5 : PCR 1 components for the cloning of (His)6-SUMO-M1 - E137A

Components Reaction 1 Reaction 2

Template (pET28a_(His)6-SUMO-M1) -
252 ng/μL

0.5 μL 0.5 μL

Forward primer (20 μM) 1 μL 1 μL

Reverse primer (20 μM) 1 μL 1 μL

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 2 μL 2 μL

Milli-Q 39.5 μL 39.5 μL
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Table 2.6 : PCR 2 components for the cloning of (His)6-SUMO-M1 - E137A

Components Test Control

Template (pET28a_(His)6-SUMO-M1) -
252 ng/μL

1.5 μL 1.5 μL

Insert - 208 ng/μL 7 μL -

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 4 μL 4 μL

Milli-Q 31.5 μL 38.5 μL

Table 2.7 : PCR 1 (Step-1) components for the cloning of (His)6-SUMO-M1-Strep

Components Reaction 1 Reaction 2

Template (pET28a_(His)6-SUMO-M1) -
252 ng/μL

1 μL 1 μL

Forward primer (20 μM) 1 μL 1 μL

Reverse primer (20 μM) 1 μL 1 μL

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 0.7 μL 0.7 μL

2.5 mM dNTPs 2 μL 2 μL

Milli-Q 39.3 μL 39.3 μL
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Table 2.8 : PCR 1 (Extension step) components for the cloning of
(His)6-SUMO-M1-Strep

Components Reaction 1 Reaction 2

Template (Step-1 product) - 129 ng/μL 3 μL 3 μL

Forward primer (20 μM) 1 μL 1 μL

Reverse primer (20 μM) 1 μL 1 μL

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 0.7 μL 0.7 μL

2.5 mM dNTPs 2 μL 2 μL

Milli-Q 37.3 μL 37.3 μL

Table 2.9 : PCR 2 components for the cloning of (His)6-SUMO-M1-Strep

Components Test Control

Template (pET28a_(His)6-SUMO-FtsZ) -
250 ng/μL

1.6 μL 1.6 μL

Insert (PCR 1 final product) - 129 ng/μL 9 μL -

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 0.8 μL 0.8 μL

2.5 mM dNTPs 4.5 μL 4.5 μL

Milli-Q 29.1 μL 38.1 μL
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Table 2.10 : PCR 1 and PCR 2 conditions for the cloning of (His)6-SUMO-M1-Strep

Step
PCR 1 (Both the steps) PCR 2

Temperature (OC) Time Temperature (OC) Time

Initial Denaturation 95 5 min 95 5 min

Denaturation 95 30 sec 95 30 sec

Annealing 60 35 sec 55 50 sec

Extension 72 120 sec 72 8 min

Final Extension 72 10 min 72 10 min

Hold 4 - 4 -

Table 2.11 : PCR 1 components for the cloning of (His)6 -SUMO-M1-Strep - E137A

Components Reaction 1 Reaction 2

Template
(pET28a_(His)6-SUMO-M1-Strep) - 447
ng/μL

0.5 μL 0.5 μL

Forward primer (20 μM) 1 μL 1 μL

Reverse primer (20 μM) 1 μL 1 μL

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 2 μL 2 μL

Milli-Q 39.5 μL 39.5 μL
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Table 2.12 : PCR 2 components for the cloning of (His)6 -SUMO-M1-Strep - E137A

Components Test Control

Template
(pET28a_(His)6-SUMO-M1-Strep) - 447
ng/μL

1 μL 1 μL

Insert (PCR 1 final product) - 283 ng/μL 4.5 μL -

10x Pfu Buffer 5 μL 5 μL

Pfu Polymerase 1 μL 1 μL

2.5 mM dNTPs 3.5 μL 3.5 μL

Milli-Q 35 μL 39.5 μL

Table 2.13 : PCR 1 and PCR 2 conditions for the cloning of (His)6 -SUMO-M1-Strep
- E137A

Step
PCR 1 (Both the steps) PCR 2

Temperature (OC) Time Temperature (OC) Time

Initial Denaturation 95 5 min 95 5 min

Denaturation 95 30 sec 95 30 sec

Annealing 59 35 sec 55 50 sec

Extension 72 1 min 72 8 min

Final Extension 72 10 min 72 10 min

Hold 4 - 4 -
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2.2 Expression check

Expression check of all different constructs were done in BL21AI and Rosetta-DE3.

After obtaining induced culture pellet, the protocol followed for expression check was

same irrespective of the strain or the identity of the construct.

2.2.1 Expression strains

BL21AI:
BL21AI is a chemically competent E.coli expression strain. This was used for the

expression of different constructs of S.citri MreB1. Around 200 nanograms of desired

plasmid were used for heat shock transformation. The antibiotic plate with transformed

cells were left in the incubator for 12 to 16 hours at 37 OC. 0.2% L-arabinose was used

for induction of protein expression along with other vector specific inducer, if any.

Rosetta (DE3):
Rosetta-DE3 is a derivative of BL21AI used for expression of proteins with codons used

sparsely in E.coli. This was used for expression of various S.citri MreB1 constructs.

Around 200 nanograms of vector were used for transformation via heat shock.

Chloramphenicol (25 mg/ml) was added along with other antibiotics in LB agar plate as

the tRNA genes corresponding to those rare codons are present on a chloramphenicol

resistant plasmid. Post transformation plates were left in the incubator at 37 OC for 12 to

16 hours.

2.2.2 Expression check protocol

Plasmids containing the gene of interest was transformed into desired expression strain.

From the plate, a patch of colonies are transferred into 10 ml LB media with antibiotic in

a test tube. This culture was grown at 37 OC until optical density (OD) reached 0.6.

From this 10 ml culture, 5 ml was transferred to another test tube. This 5 ml culture was

induced with respective inducers. Both induced and uninduced cultures were incubated

for around 12 to 16 hours at 18 OC. After induction, cultures were pelleted. Both induced
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and uninduced pellets were then resuspended in 500 μL lysis buffer (300 mM KCl, 50

mM Tris pH 8, 10% glycerol). After that, these were subjected to sonication (Vibra-Cell

Ultrasonic Liquid Processors) using a small probe (1 second ON, 3 seconds OFF, for 1

minute). Post sonication 10 μL from induced and uninduced was mixed with 10 μL of 2x

SDS loading dye (these two fractions were named as induced total and uninduced total

to indicate the total cell lysate). Rest of the uninduced and induced were spun at 15000

r.p.m at 4 OC for 10 minutes in a table top centrifuge. After spin was over, 10 μL from

the supernatant of both induced and uninduced were mixed with 10 μL of 2x SDS

loading dye (these two fractions were named induced supernatant and uninduced

supernatant, to indicate the soluble fraction of the cell lysate). All four SDS gel samples

(induced total, uninduced total, induced supernatant and uninduced supernatant) were

heated for 10 minutes at 99 OC and then ran on a 12% SDS gel at 230 V. After imaging

the gel, protein expression and solubility were analyzed.

2.3 Protein purification

Purification techniques used were Ni-NTA affinity chromatography, Strep affinity

chromatography and size exclusion chromatography (gel filtration).

2.3.1 Ni-NTA affinity chromatography

The culture pellet was resuspended in lysis buffer (around 30 - 40 ml of lysis buffer for

1L pellet) and then transferred to a rinsed beaker. This was subjected to sonication (1

second ON, 3 seconds OFF, for 3 minutes, followed by 5 minutes break and again a

cycle of sonication). After sonication 10 μL of the lysate was mixed with 10 μL of 2x

SDS loading dye and kept aside as total cell lysate fraction. Total cell lysate was spun in

Beckman Coulter high-speed centrifuge (JA 25.50 Rotor) for 50 minutes at 4 OC at

15000 r.p.m. 5 ml HisTrap HP (Cytiva) His tag protein purification column was kept

equilibriated with binding buffer (Buffer A) for proper binding of His-tagged protein to

nickel. Following centrifugation of the total lysate, the supernatant was collected and

loaded onto the equilibrated HisTrap column at a flow rate of 2 to 2.5 ml/minute. Flow
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through was collected in a flask. After this, one round of 50 ml buffer A wash was given

to remove other non-specifically bound proteins, which was collected as wash.

Consequently, 50-60 ml of 2% and 5% buffer B (for example, 5% buffer B refers to 5%

of buffer B and 95% of buffer A) wash was given. This was also collected in separate

conical flasks. Then, 25 ml (i.e., five fractions of 5 ml each ) each of 10%, 20%, 50%

and 100% buffer B wash was given. During this elution, each 5 ml was collected in

separate test tubes. After this, 10 μL from all the different collected fractions (total

lysate, supernatant, flow through, wash, 2%, 5%, 10%, 20%, 50% and 100%) were ran

on a 12% SDS gel. Based on the gel, the eluted fractions to be pooled for dialysis were

identified based on the purity of the protein in the fractions. The pooled fractions were

dialysed against 2L of buffer A to remove imidazole. After this, the protein was

concentrated using 10 KDa Sartorius Vivaspin Turbo centricons (5000 r.p.m, 4 OC),

made 10 μL aliquots, flash freezed using liquid nitrogen and stored at -80 OC. After use,

the column was washed with an excess of 100 % buffer B and then with Milli-Q water.

Table 2.14 Purification buffers and their composition

Buffers Composition

Lysis buffer 300 mM KCl, 50 mM Tris pH 8, 10% Glycerol

Buffer A (Binding buffer) 300 mM KCl, 50 mM Tris pH 8

Buffer B (Elution buffer) 300 mM KCl, 50 mM Tris pH 8, 500 mM
imidazole

Dialysis buffer 300 mM KCl, 50 mM Tris pH 8

Strep-tag binding buffer 300 mM KCl, 50 mM Tris pH 8

Size exclusion chromatography buffer 300 mM KCl, 50 mM Tris Tris pH 8
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2.3.2 Strep-tag affinity chromatography

Strep 5 ml StrepTrap HP column (Cytiva) was kept equilibriated with strep-tag binding

buffer (refer Table 2.14) prior to the loading of Ni-NTA chromatography eluted fractions

post dialysis. While loading, flow through was collected in a conical flask. After loading,

a 50 ml wash was given with the same strep-tag binding buffer, and this was collected

as wash. 2.5 mM of D-desthiobiotin (Merck Millipore) was used for elution of bound

proteins. 2.5 mM D-desthiobiotin was prepared by dissolving 8 mg of D-desthiobiotin

powder in 15 ml strep-tag binding buffer and was filtered before use. Elution was done

by two rounds of 5 ml D-desthiobiotin injection. A total of 24 ml was collected in twelve 2

ml microcentrifuge tubes during elution. 10 μL from all different fractions (flow through,

wash and 12 elution fractions) were checked on a 12% SDS gel. Post gel analysis,

fractions containing pure protein were identified and concentrated using 10 KDa

Sartorius Vivaspin Turbo centricons (5000 r.p.m, 4 OC). 10 μL aliquots were made from

concentrated protein, flash freezed and stored at -80 OC. After use, column was washed

by injecting 0.5 M NaOH and then excess Milli-Q wash was given before disconnecting.

2.3.3 Size exclusion chromatography

After Ni-NTA affinity chromatography, protein was concentrated to less than 1 ml in

volume. Before loading the concentrated protein, size exclusion column (Biorad ENrich

SEC 650 10 x 300 mm 24 ml size exclusion column) was equilibriated with equilibriation

buffer. Once equilibriation was done, protein was injected using a 1 ml syringe. After

loading, protein was eluted and collected as 1 ml fractions at a flow rate of 0.3 - 0.4

ml/minute. From the elution profile, the fractions corresponding to the peak (based on

the profile by monitoring at 280 nm absorbance) were checked on SDS PAGE. Based

on the gel, essential fractions were pooled and concentrated. After use, column was

washed with excess of milli-Q.
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2.3.4 Bradford assay for protein concentration estimation

Concentration of protein was estimated using Bradford assay. BSA (bovine serum

albumin) of concentrations ranging from 0.1 to 1 mg/ml were kept as standards. 5 μL of

each of the different BSA standards (0.1, 0.2, 0.3, …..,0.9, 1 mg/ml) were added in a 96

well plate (Tarsons skirted 96 well 0.2 ml plate). Also 5 μL of buffer was added in

another well as buffer blank. 250 μL of Bradford reagent (Biorad Quick Start Bradford 1x

Dye Reagent) was added to all these wells. Absorbance was measured at 595 nm using

CLARIOstar Plus multimode microplate reader (BMG LABTECH). From the absorbance

values of standards, the absorbance value of buffer blank was subtracted and then

plotted against concentration of these standards. From the slope of the graph, the

concentration of the protein was estimated.

2.3.5 SUMO tag cleavage trials

Small-scale standardization:
(His)6-SUMO-M1 (Section 3.1) was used for small-scale standardization of SUMO tag

cleavage. Reaction volumes tried were 250 μL and 120 μL. Each reaction involved

protein, 300 mM KCl, 50 mM Tris pH 8, and Ulp1 protease. The amount of protein

((His)6-SUMO-M1) used was 10 μM. Different moles ratio of protease and protein tried

were 1:25, 1:50, 1:100 and 1:200 where protease was on the lower side. After the

addition of protease, reactions were incubated at 4 OC for 2 hours, and at different time

points, reactions were spun at 15000 rpm for 5 minutes and samples were taken from

both pellet and supernatant to check by SDS PAGE for monitoring completion of

cleavgae reaction.

Large-scale standardization:
Large-scale standardization of SUMO tag cleavage was done using

(His)6-SUMO-M1-Strep (Section 3.3). Large scale refers to SUMO tag cleavage done

after processing culture pellets of a volume of 1 L or more. Different conditions were

tried, and the details are given in section 3.3.8.
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2.4 Thermal shift assay for stability analysis

Thermal shift assay works under the principle of fluorescent dye Sypro Orange, which

exhibits higher fluorescence when bound ot hydrophobic patches of a protein (Steinberg

et al., 1996). Fluorescence is monitored for the bound dye to unfolded or hydrophobic

regions of protein as we subject the protein to a wide range of temperatures. This assay

was done to analyse the stability of protein at different buffer conditions, different

nucleotide conditions, etc. The total volume of the reaction was 25 μL. The components

of the reaction were protein, buffer of interest, MgCl2, nucleotide (if any) & Sypro

Orange dye (Sypro orange protein gel stain 5000x Sigma-Aldrich). From the stock of

Sypro Orange (5000x), dilution of 50x, and then 5x was made for ease of pipetting.

From 5x, it was added into the 25 μL reactions so that final concentration of Sypro

Orange was 1x. 25 μL of buffer blank (all the components except the protein) was also

kept along with other reactions. The reactions were added to different wells of Biorad

96-well white multi plate PCR plates. After that, these wells are covered with Biorad

microseal ‘B’ seals. The 96-well plate was then given a short spin in a table top

centrifuge. After this, the plate was kept inside a Biorad C1000 Touch Thermal Cycler.

The protocol was set in such a way that initially, the plate was maintained at 4 OC for 10

minutes. Then temperature was increased by 0.4 OC at a rate of 1.6 OC per second.

This was continued till the temperature reached 90 OC. Relative Fluorescence intensity

was measured after each and every increment by 4 OC. RFU vs Temperature (OC) &

-dRFU/dT vs Temperature (OC) was plotted and melting temperature Tm was estimated.

Based on the relative Tm values, most stable conditions for the protein were identified.

2.5 Malachite green assay for phosphate estimation

Malachite green assay was done to estimate the ATPase activity of different constructs.

The major components required for the assay were filtered malachite green solution

(made by dissolving 44 mg of malachite green powder [Sigma-aldrich - Malachite Green

Carbinol Base] in 36 ml of 3N H2SO4), filtered 7.5 % ammonium molybdate solution
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(0.75 g of ammonium molybdate was dissolved in filtered milli-Q and made up to 10 ml)

and filtered 11% Tween 20 (11.1 ml of Tween 20 mixed with 8.9 ml milli-Q). 400 μM

filtered NaH2PO4 was used to make phosphate standards ranging from 25 μM to 200

μM (0, 25, 50, 75, 100, 150 & 200 μM). Three types of reactions were kept: reaction

with both protein and ATP, reaction with only protein and the one with only ATP. 1mM

MgCl2 was added in all reactions. The ATP concentration used for the reaction was 1

mM. All the reactions were of a total volume of 25 μL (20 μL of reaction + 5 μL of 0.5 M

EDTA added to stop the reaction at the end time point). The activity was measured at

three time points: 0 minutes, 30 minutes and 60 minutes. In a 96 well plate (Tarsons

skirted 96 well 0.2 ml plate), 5 μL of 0.5 M EDTA was already added in different wells

and kept. At each time point, 20 μL of reaction was added to wells with EDTA in order to

quench the reaction. After quenching all reactions, 50 μL of malachite-ammonium

molybdate solution (1 ml solution was made of 800 μL of malachite green solution & 200

μL of 7.5% ammonium molybdate. Also, 16 μL of 11% Tween 20 (to stabilize the

complex) was added all the wells. After this, absorbance was measured at 630 nm in

CLARIOstar Plus multimode microplate reader (BMG LABTECH). For the standards,

concentration vs absorbance (from absorbance values, the absorbance of 0 μM

NaH2PO4 was subtracted) was plotted. From the slope, the concentration of free

phosphate in different reactions was measured. The apparent rate constant, kobs, was

calculated by dividing the phosphate concentration by protein concentration and

incubation time.

2.6 Pelleting assay for monitoring polymerization

Pelleting assay was done to see whether polymers were formed by the protein as

polymers are expected to pellet down when they are spun at high speed (100000 xg).

Assay was tried with different protein concentrations as well as different nucleotide

conditions. Each reaction was of a volume of 25 μL. The concentration of protein tried

was 10 μM and 5 μM and was tried in the absence and presence of 2 mM ATP. 2 mM

MgCl2 was added in all the reactions. The reactions were added into ultracentrifuge

(Beckman Coulter Optima MAX-XP Ultracentrifuge) tubes. They were placed in TLA
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120.2 rotor. Samples were spun for 20 minutes at 100000 xg at 4 OC. Once the spin was

over, the supernatant was transferred to a fresh vial, and the pellet was washed with

200 μL buffer without disturbing the pellet to remove extra of supernatant. After wash

pellet was resuspended in the same volume as that of the reaction volume (25 μL).

Samples for gel were taken from both supernatant and resuspended pellet to check via

SDS PAGE.

2.7 CD Spectroscopy for secondary structure estimation

Circular dichroism (CD) spectroscopy was done to check whether the protein has

secondary structures. Spectra were obtained for the far UV region, and the

spectropolarimeter used was Jasco J-815. Protein was diluted to 10 μM in 300mM KCl

and 50 mM tris pH 8. 10 μM protein was added in a 1 mm cuvette for recording. A digital

integration time of 2s, 1 nm bandwidth and a scan speed of 50 nm/min was used.

Absorbance was recorded for wavelengths from 200 to 250 nm at room temperature (25
OC). 15 spectra were averaged in total.

2.8 TEM to check filament formation

Transmission Electron Microscopy (TEM) was used to check whether ScM1 forms

filaments. Protein was spun at 22000 xg for 15 minutes. 10 μM and 20 μM dilutions of

protein were made after that. Prior to the addition of protein, the carbon formvar grids

(TED-PELLA Inc, 300 Mesh) were glow discharged for 25 seconds with a single round

of 15 mA current using plasma cleaner (Quorum Technologies). 10 μL of protein (10 μM

or 20 μM) was added on to the grid and was incubated for 3 minutes at room

temperature. Protein was then blotted out using Whatman paper. After this 10 μL of

filtered Milli-Q was added on to the grid, and was blotted immediately. 4 μL of uranyl

acetate (0.5 % or 1 %) was added on to the grid and incubated for 15 seconds at room

temperature and then blotted out. Before imaging using TEM (JEM - 2200FS Joel Ltd.),

the grids were dried.
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Chapter - 3
Results

3.1 Characterization of (His)6-SUMO-MreB1

The construct was designed such that ScM1 has a SUMO tag at its N-terminus to

improve solubility and expression. All the details, starting from cloning to

characterization are given in the following sections.

3.1.1 Cloning of (His)6-SUMO-M1:

pHis17_M1 was used as template for PCR 1. Primers used for PCR 1 are shown in

table 2.1 (sequences in red correspond to gene, and those in blue correspond to that of

pET28a vector). ~ 1.1 Kb amplification was visible on agarose gel after PCR 1 (Fig. 3.1

A). pET28a_FtsA (FtsA gene at the C terminus of SUMO tag) was the template for PCR

2. Details of PCR 1 and PCR 2 are given in tables 2.2, 2.3 and 2.4. After PCR 2, DpnI

digestion was done, followed by electroporation transformation. Test plate had lot of

colonies, and control plate was clean. Five colonies were screened, and a clone check

PCR (Fig. 3.1 B) was done using gene specific primers. pHis17_M1 was kept as

positive control. All clones, including positive control, had an amplification

corresponding to the expected size of 1042 bp. Two out of five clones were positive

(positive - release length of ~1 Kb, negative - release length of ~ 1.3 Kb) from double

digestion check (NdeI and BamHI). Both were sent for sequencing. Plasmid 2 came to

be positive. It was transformed into expression strains for expression check.
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Fig. 3.1: Agarose gel image of cloning of (His)6-SUMO-M1. A) Agarose gel image after PCR
1. Two 50 μL reactions were subjected to PCR (lanes 1 and 2). B) Agarose gel image after
PCR for confirming positive clones. 1 to 5 are five probable clones, while P refers to positive
control C) Agarose gel after double digestion. ”UC” refers to uncut, “C” refers to cut and “N”
refers to the negative control.

3.1.2 Expression check of (His)6-SUMO-M1:

pET28a_(His)6-SUMO-M1 (kanamycin resistant) was transformed into BL21AI and

Rosetta-DE3 to check expression and solubility. Fig. 3.2 shows the gel image for

expression check. Both the strains showed good expression and almost 100% solubility,

but comparatively, the protein was slightly better expressed in Rosetta-DE3 cells. So

pET28a_(His)6-SUMO-M1 was transformed into Rosetta to grow large cultures before

protein purification.
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Fig. 3.2: Expression check of (His)6-SUMO-M1. SDS-PAGE gel image after expression check.
“B” - BL21AI, “R” - Rosetta, “U” - uninduced, “I” - induced, “T” - total, “S” - supernatant . The
expected band size is highlighted within the red box.

3.1.3 Purification of (His)6-SUMO-M1

For standardizing purification of (His)6-SUMO-M1 to achieve maximum purity and yield,

different methods were tried as given below.

Trial 1: Ni-NTA affinity chromatography followed by gel filtration:
1 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1 was processed. 50 mM imidazole

concentration was maintained in lysis buffer and binding buffer (Buffer A, Table 2.14) to

avoid possible non-specific binding of other proteins during Ni-NTA affinity

chromatography (Fig. 3.3 A). After Ni-NTA, the best fractions were pooled together and

were concentrated to 1 ml. Concentrated protein was loaded onto the size exclusion

column (BioRad 650). The peak in the elution profile was spread from void to monomer

and, most of the protein came in void (Fig. 3.3 C). The total yield of (His)6-SUMO-M1

obtained was 28 mg/ml (~800 μL in volume).
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Fig. 3.3: Two step purification of (His)6-SUMO-M1 A) SDS-PAGE gel image after Ni-NTA
affinity chromatography B) SDS-PAGE gel image after size exclusion chromatography. C)
BioRad 650 elution profile of (His)6-SUMO-M1 D) Purity check gel image. The expected band
size is highlighted within the red box. “T” - Total cell lysate fraction, “S” - Supernatant, “FT” -
Flow through, “W” - Wash & “L” - ladder.

Trial 2: Purification exclusively from Ni-NTA:
1 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1 was processed. 50 mM imidazole

concentration was maintained in lysis buffer and binding buffer (Buffer A, Table 2.14) to

avoid possible non-specific binding of other proteins during Ni-NTA affinity

chromatography (Fig. 3.4 A). After Ni-NTA, best fractions were pooled together and

were subjected to dialysis (Table 2.14). After 2 hours of dialysis, protein was
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concentrated. The final yield of (His)6-SUMO-M1 obtained was 18 mg/ml (~ 1 ml in

volume).

Fig. 3.4: Ni-NTA purification of (His)6-SUMO-M1 A) SDS-PAGE gel image after Ni-NTA affinity
chromatography B) SDS-PAGEgel image after purity check. The expected band size is
highlighted within the red box. “T” - Total cell lysate fraction, “S” - Supernatant, “FT” - Flow
through, “W” - Wash & “L” - ladder.

Trial 3: Purification of Untagged ScM1:
2 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1 was processed. 50 mM imidazole

concentration was maintained in lysis buffer and binding buffer (Buffer A, Table 2.14) to

avoid possible non-specific binding of other proteins during Ni-NTA affinity

chromatography (Fig. 3.5 A). After Ni-NTA, best fractions were pooled together and

were subjected to dialysis to remove imidazole. SUMO protease (Ulp1) was added to

protein during dialysis (1:100 moles ratio of SUMO protease:protein) for removal of

SUMO tag. A lot of protein started precipitating during dialysis post cleavage. After two

hours of dialysis, protein was spun at 15000 rpm, for 15 minutes (4 OC). After this,

second Ni-NTA (Fig. 3.5 B) was done to get untagged protein. Protein came in flow

through and wash as expected. The cleaved SUMO tag was expected to bind to the

column and to get eluted at higher concentration of buffer B (Table 2.14) but SUMO tag

eluted in flow through and wash also. The fractions with untagged M1 was concentrated
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to 1 ml (concentration was 1.5 mg/ml) and then gel filtration (Biorad 650) was done to

get SUMO tag separated from M1. The tag got very well separated (Fig. 3.5 D) but the

amount of M1 that was eluted after size exclusion chromatography was very less.

Therefore fractions were not concentrated. As most of the protein was lost after the

removal of the SUMO tag, Ulp1-based cleavage had to be standardized with respect to

the amount of protease and incubation time (Section 3.1.9).
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Fig. 3.5 : Attempt to purify untagged ScM1 A) SDS-PAGE gel image after Ni-NTA affinity
chromatography B) SDS-PAGE gel image after second Ni-NTA chromatogrphy post SUMO tag
cleavage. C) SDS-PAGE gel image showing purity of concentrated untagged M1 post second
Ni-NTA chromatogrphy. D) SDS-PAGE gel image after size exclusion chromatography. E)
Biorad 650 elution profile of untagged M1. The expected band size is highlighted within the red
box. “T” - Total cell lysate fraction, “S” - Supernatant, “FT” - Flow through & “W” - Wash

3.1.4 SUMO tag cleavage standardization

The 250 μL reaction having protease and protein (10 μM) was incubated for 2 hours.

1:50 and 1:100 moles ratio (protease:protein) were tried. Samples were taken from

both supernatant and pellet fractions at different time points and checked on SDS PAGE

gel (Fig. 3.6 A & Fig. 3.6 B). In Fig. 3.6 A & Fig. 3.6 B, more protein seems to be in

pellet fraction as mistakenly the resuspension of pellets was not done in the same

volume as that of the reaction, but from these two gels, it was clear that cleavage was

done within 30 to 60 minutes itself and there was no need to wait for 2 hours. In the

second round of standardization, a 120 μL reaction having protease and protein (10 μM)

was incubated for 30 minutes.1:25, 1:50, 1:100 and 1:200 moles ratio (protease:protein)

were tried. Samples were taken from both supernatant and pellet fractions at 15 and 30

minutes time points and checked on SDS PAGE gel (Fig. 3.6 C & Fig. 3.6 D). More

amount of protein was seen to precipitate when the amount of protease added was
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higher than the ratio of 1:100. So it was concluded that a 1:200 or 1:100 moles ratio with

an incubation time of 30 to 40 minutes would be sufficient for complete and efficient

cleavage of SUMO tag.

Fig. 3.6: SDS-PAGE gel images depicting standardization of Ulp1 mediated SUMO tag
cleavage A) 1:50 moles ratio (250 μL reaction; 0, 30, 60, 90, 120 minutes time point). B) 1:100
moles ratio (250 μL reaction; 0, 30, 60, 90, 120 minutes time point). C) 1:25 & 1:50 moles ratio
(120 μL reaction; 0, 15, 30 minutes time point). D)1:100 & 1:200 moles ratio (120 μL reaction; 0,
15, 30 minutes time point)

3.1.5 Thermal shift assay for stability analysis

This assay was tried for (His)6-SUMO-M1 under different buffer and nucleotide

conditions. The difference in stability was analysed for KCl and NaCl buffers (in Tris pH

8). At the same time, both the buffer conditions were tried with and without the presence

of ADP. As observed in the graph, the dye was showing high fluorescence at the very

start itself. The data obtained was incolclusive as the Tm could not be estimated.
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Fig. 3.7: Stability analysis plots of (His)6-SUMO-M1 A) RFU vs Temperature plot for
(His)6-SUMO-M1 B) First derivative of RFU vs Temperature plot for (His)6-SUMO-M1
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3.1.6 Malachite assay to quantify ATPase activity

Malachite assay was tried for two different concentrations (5 μM and 10 μM ) of

(His)6-SUMO-M1. M5-(His)6 (Spiroplasma citri MreB5 with a hexahistidine tag at the

C-terminus) was used as a positive control for which the activity was already

characterized in our lab. The mean kobs obtained for different concentrations of protein

and positive control are given in table 3.1. Scatter plot comparing wild type and mutant

is shown in fig. 3.14.

Table 3.1 : ATPase activity of (His)6-SUMO-M1

Protein Concentration (μM) No. of repeats kobs (min-1)

(His)6-SUMO-M1 5 6 0.105 ± 0.003

(His)6-SUMO-M1 10 8 0.132 ± 0.008

M5-(His)6 10 4 0.118 ± 0.009

3.1.7 Pelleting assay

The assay was tried with 5 μM and 10 μM of (His)6-SUMO-M1. After spinning at a

speed of 100,000 xg also, most of the protein was in supernatant. There was no

difference in the presence or absence of 2 mM ATP.
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Fig 3.8: Pelleting assay for (His)6-SUMO-M1. A) SDS-PAGE gel image of pelleting assay with
and without ATP for 10 μM of (His)6-SUMO-M1. B) SDS-PAGE gel image of pelleting assay with
and without ATP for 5 μM of (His)6-SUMO-M1. The expected band size is highlighted within the
red box. “+” – ATP addition, “-” – No ATP addition, “10” – Protein concentration of 10 μM, “5” –
Protein concentration of 5 μM “P” – Pellet fraction, “S” – supernatant fraction.

3.1.8 CD spectroscopy for secondary structure estimation

10 μM of (His)6-SUMO-M1 was used for CD spectroscopy. Buffer A (Table 2.14) was

used as buffer control. The plot obtained after CD (Fig. 3.9) spectroscopy showed that

the protein has intact secondary structures.
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Fig. 3.9: Secondary structure estimation of (His)6-SUMO-M1 . Absorbance vs wavelength
plot after CD spectroscopy of (His)6-SUMO-M1.

3.2 Characterization of (His)6-SUMO-M1 - E137A

To confirm that the ATPase activity was shown by (His)6-SUMO-M1 itself and not from

any other impurities, an ATPase mutant was designed. Another reason for this was due

to the difference in ATPase activity of ScM1 in two different constructs (ScM1-(His)6 -

0.49 min-1 [previously estimated in the lab] and (His)6-SUMO-M1 - 0.114 ± 0.018 min-1).

In the already characerized Caulobacter crescentus (CcMreB), it was observed that

E140 is necessary for the positioning of catalytic water appropriately in proximity of the

𝛾-phosphate for its hydrolysis (van den Ent et al., 2014). For CcMreB and ScM5,

mutating this residue (E134 in the case of ScM5) led to the inhibition of ATPase activity

(van den Ent et al., 2014)(Pande et al., 2022). This glutamate is very well conserved

across other ScMreBs as well. So, the residue (E137) corresponding to CcMreB E140

was mutated to alanine in ScM1. For ScM1-(His)6, E137A was ATPase inactive

[previously done in the lab].
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Fig. 3.10: Sequence alignment of five ScMreBs with CcMreB. The conservation of
catalytically active glutamate in highlighted in cyan.

3.2.1 Cloning of (His)6-SUMO-M1 - E137A:

pET28a_(His)6-SUMO-M1 was used as template for PCR 1. Primers used for PCR 1

are shown in table 2.1 (Sequences in red correspond to gene, blue correspond to that of

pET28a vector, and those highlighted in yellow corresponds to the mutation). Around

0.67 Kb amplification was visible on agarose gel after PCR 1 (Fig. 3.11).

pET28a_(His)6-SUMO-M1) itself was used as template for PCR 2. Details of PCR 1 and

PCR 2 are given in tables 2.5 and 2.6. Temperature conditions for PCR were kept

similar to that of wild type (Table 2.4). After PCR 2, DpnI digestion was done, followed

by electroporation transformation. Test plate had lot of colonies, and control plate was

clean. As the template and insert used for PCR 2 had M1 gene, clone check PCR using

gene specific primers were of no relevance. Double digestion check was also of no use

for the same reason. Three samples were sent for sequencing. One of the clones came

positive.
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Fig 3.11: Agarose gel image after PCR 1. Lanes 1 and 2 denote two parallel reactions of PCR
1 with 0.67 kb amplified product

3.2.2 Expression check of (His)6-SUMO-M1 - E137A:

pET28a_(His)6-SUMO-M1 - E137A (Kanamycin resistant) was transformed into

Rosetta-DE3 for expression check. It showed very good expression (Fig. 3.12) and

solubility similar to that of the wild type. This was therefore transformed into rosetta to

grow large cultures before protein purification.

Fig. 3.12: Expression check of (His)6-SUMO-M1 - E137A. SDS-PAGE gel image after
expression check. The expected band size is highlighted within the red box. “U” - uninduced, “I”
- induced, “T” - total, “S” - supernatant
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3.2.3 Purification of (His)6-SUMO-M1 - E137A

2 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1 - E137A was processed. When 50

mM imidazole concentration was maintained in lysis buffer and binding buffer (Buffer A,

Table 2.14) similar to purification of wild type, protein was eluted in wash and 2%

fractions. After multiple trials, it was finalized that 10 mM imidazole was the maximum

possible amount which could be maintained in buffer A and lysis buffer to avoid binding

of unknown proteins. After Ni-NTA, best fractions were pooled together and were

subjected to dialysis (table 2.14). After 2 hours of dialysis, protein was concentrated.

The final yield of (His)6-SUMO-M1 - E137A obtained was 10 mg/ml (~ 1.2 ml in volume).

500 μL (3 mg/ml) of protein was injected into gel filtration system (BioRad 650) for an

analytical run (Fig. 3.13 C). The peak obtained was similar to wild type, that is, the peak

was spread from void to monomer.
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Fig. 3.13: Ni-NTA purification of (His)6-SUMO-M1 - E137A. A) SDS-PAGE gel image after
Ni-NTA affinity chromatography B) SDS-PAGE gel image after purity check C) Biorad 650
elution profile of (His)6-SUMO-M1 - E137A obtained after an analytical run in biorad 650. The
expected band size is highlighted within the red box. “T” - Total cell lysate fraction, “S” -
Supernatant, “FT” - Flow through & “W” - Wash

3.2.4 Malachite assay to quantify ATPase activity

Malachite assay was tried for 10 μM of (His)6-SUMO-M1 - E137A. (His)6-SUMO-M1

(Wild type) was used as a positive control for the assay. The mean kobs obtained for the

mutant and positive control are given in table 3.2. Surprisingly, the mutant showed

higher activity than the wild type (His)6-SUMO-M1. Scatter plot which compares activity

of wild type and mutant is given below (Fig. 3.14 )

Table 3.2: ATPase activity of (His)6-SUMO-M1-E137A

Protein Concentration (μM) No. of repeats kobs (min-1)

(His)6-SUMO-M1 10 8 0.132 ± 0.008

(His)6-SUMO-M1-E137A 10 3 0.220 ± 0.005

M5-(His)6 10 4 0.118 ± 0.009
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Fig. 3.14 : Plot for comparison of ATPase activity of (His)6-SUMO-M1 and (His)6-SUMO-M1
- E137A. Y-axis shows kobs of (His)6-SUMO-M1, (His)6-SUMO-M1 - E137A and M5-(His)6. The
data point marked by the red line denotes kobs obtained from a different purified batch of the
same construct. 2 way Annova test was used to compare the activity between constructs. “ns”
refers to “not significant” (p-value = 0.93). (***) - denotes significant difference. *** on left side
corresponds to a p-value of 0.0008 and *** on the right side corresponds to a p-value of 0.0010.

3.3 Characterization of (His)6-SUMO-M1-Strep

The major aim behind designing (His)6-SUMO-M1-Strep was to improve the purity. As

strep affinity chromatography is very specific, it was thought to improve the purity

compared to that of while passing it through Ni-NTA column. This would also help in

separating the SUMO tag from ScM1, following Ulp1 protease cleavage.
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3.3.1 Cloning of (His)6-SUMO-M1-Strep:

In this cloning, amplification was done in two steps. pET28a_(His)6-SUMO-M1 was used

as the template for PCR 1. Forward primer and reverse primer 1 (refer to table 2.1)

were used as primers for the first step (sequences in red correspond to the gene, blue

correspond to that of pET28a vector, and those in green correspond to the strep tag).

Around 1.1 Kb amplification was visible on agarose gel after the first amplification (Fig.

3.15 A). This amplified product was used as template for the second extension step (to

amplify the full-length strep sequence). The primers used were forward primer and

reverse primer 2 (Table 2.1). pET28a_(His)6-SUMO-FtsA was used as template for PCR

2. Details of PCR 1 and PCR 2 are given in tables 2.7, 2.8, 2.9 and 2.10. After PCR 2,

DpnI digestion was done, followed by electroporation transformation. Test plate had

colonies, and control plate was clean. Clone check PCR (using gene specific forward

and reverse primers) and double digestion check (NdeI and BamHI) was done for two

samples. For PCR check and digestion check, pET28a_(His)6-SUMO-M1 was used as

positive control and pET28a_(His)6-SUMO-FtsA was used as negative control. PCR

check showed amplification of around 1.1 Kb, and double digestion check had a release

length of around 1.1 Kb for both the samples. The clones were sent for sequencing.

Fig. 3.15: Two step PCR 1 A) Agarose gel image after Step-1 & B) Step-2 (Extension)

60



Fig. 3.16: Agarose gels images of clone check of (His)6-SUMO-M1-Strep A) Agarose gel
image after clone check PCR. 1 and 2 are the clones. B) Agarose gel image after double
digestion check. P refers to the positive control, while N denotes the negative control. “C” -
Plasmid which was cut, “UC” - Uncut plasmid

3.3.2 Expression check of (His)6-SUMO-M1-Strep

pET28a_(His)6-SUMO-M1-Strep (kanamycin resistant) was transformed into BL21AI

and Rosetta-DE3 for expression check. It showed very good expression (Fig. 3.17) and

almost 100% solubility in both strains but comparatively, expression was more in the

case of Rosetta. This was therefore transformed into Rosetta to grow large cultures

before protein purification.

Fig. 3.17: Expression check of (His)6-SUMO-M1-Strep. SDS-PAGE gel image after
expression check. The expected band size is highlighted within the red box. “B” - BL21AI, “R” -
Rosetta, “U” - uninduced, “I” - induced, “T” - total, “S” - supernatant
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3.3.3 Purification of (His)6-SUMO-M1-Strep

2 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1-Strep was processed. 50 mM

imidazole concentration was maintained in lysis buffer and binding buffer (Buffer A,

Table 2.14) to avoid possible non-specific binding of other proteins during Ni-NTA affinity

chromatography (Fig. 3.18 A). After Ni-NTA, best fractions were pooled together and

were subjected to dialysis (table 2.14). After 2 hours of dialysis, protein was loaded onto

the StrepTrap column. The eluted fractions were then concentrated. The final yield of

protein obtained was 1.2 mg/ml (900 μL).
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Fig. 3.18: Two step purification of (His)6-SUMO-M1-Strep A) SDS-PAGE gel image after
Ni-NTA affinity chromatography B) SDS-PAGE gel image of purity check after strep-tag affinity
chromatography. C) SDS-PAGE gel image after Strep-tag affinity chromatography. The
expected band size is highlighted within the red box “S” - Supernatant, “FT” - Flow through, “W”
- Wash, “I” - Input (Sample loaded onto strep column), “L” - ladder.

3.3.4 Malachite assay to quantify ATPase activity

Malachite assay was tried for 10 μM of (His)6-SUMO-M1-Strep. The mean kobs obtained

is given in table 3.3. Scatter plot comparing wild type and mutant is shown in fig. 3.29.

(His)6-SUMO-M1-Strep was observed to be more active than (His)6-SUMO-M1.

3.3.5 Pelleting assay

Assay was done for 10 μM of (His)6-SUMO-M1-Strep. The amount of protein obtained in

pellet was negligible. Also, there was no difference in the amount of protein obtained in

pellet in the presence and absence of ATP (Fig. 3.19).
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Fig. 3.19: Pelleting assay for (His)6-SUMO-M1-Strep. A) SDS-PAGE gel image of pelleting
assay with and without ATP for 10 μM of (His)6-SUMO-M1-Strep B) SDS-PAGE gel image of
pelleting assay with and without ATP for 10 μM of (His)6-SUMO-M1-Strep with an incubation of
20 minutes at 25 OC before the ultra centrifuge spin. The expected band size is highlighted
within the red box. “+” – ATP addition, “-” – No ATP addition, “10” – Protein concentration (10
μM), “P” – Pellet fraction, “S” – supernatant fraction

3.3.6 CD spectroscopy

10 μM of (His)6-SUMO-M1-Strep was used for CD spectroscopy. Buffer A (Table 2.14)

was used as buffer control. From the plot, it was clear that the protein had intact

secondary structures.
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Fig. 3.20: Secondary structure estimation of (His)6-SUMO-M1-Strep. Absorbance vs
Wavelength plot after CD spectroscopy of (His)6-SUMO-M1-Strep.

3.3.7 Attempts to purify M1-Strep post SUMO tag cleavage

As SUMO tag was almost one-third of the size of the protein, it could have affected the

protein in many aspects. It could have led to some artefacts (e.g. it can lead to

misinterpretations in interaction studies). In order to get M1-Strep from

(His)6-SUMO-M1-Strep, Ulp1 protease-mediated cleavage of the SUMO tag was

necessary. Different trials with variations in reaction conditions were attempted to

achieve this. Details of different trials are given below.

Trial 1:

2L pellet of (His)6-SUMO-M1-Strep was processed. After Ni-NTA affinity

chromatography, dialysis was done to remove imidazole. The eluted volume (52 ml) was

then divided into five fractions in 15 ml falcons. Protein concentration (0.4 mg/ml) was

estimated using the Bradford assay. Ulp1 protease was then added to falcons in the

moles ratio of 1:100 and falcons were incubated in ice for 1 hour. From previous SUMO
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tag cleavage standardization (Section 3.1.9), it was found that incubating for more than

an hour was not necessary as longer incubation resulted in more lose of protein due to

precipitation. After incubation, it was spun and loaded onto the strep column. From the

gel, it was clear that the cleavage was not 100 %, and the amount of protein obtained

after strep affinity chromatography was also very less.

Fig. 3.21: Trial 1 of large scale SUMO tag cleavage Standardization A) SDS-PAGE gel
image after Ni-NTA purification of (His)6-SUMO-M1-Strep B) SDS-PAGE gel image after Strep
affinity purification post SUMO tag cleavage. The expected band size is highlighted within the
red box. “T” - Total, “S” - Supernatant, “FT” - Flow through, “W” - Wash, “L” - load (Input for
Strep affinity chromatography) & “M” - Ladder

Trial 2:

As the cleavage by Ulp1 did not seem efficient, 1 mM DTT was added into falcons

(Addition of DTT can improve cleavage efficiency) during Ulp1-mediated SUMO tag

cleavage and was incubated for 2 hours. Rest of the protocol was same as that of trial

1. Protein was eluted in 47 ml after Ni-NTA affinity chromatography (0.4 mg/ml). Even

though cleavage efficiency has slightly increased, the amount of protein lost was very

high. The final yield of M1-Strep was 0.1 mg/ml.
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Fig. 3.22: Trial 2 of large scale SUMO tag cleavage Standardization A) SDS-PAGE gel
image after Ni-NTA purification of (His)6-SUMO-M1-Strep B) SDS-PAGE gel image after Strep
affinity purification post SUMO tag cleavage. The expected band size is highlighted within the
red box. “T” - Total, “S” - Supernatant, “FT” - Flow through, “W” - Wash, “L” - load (Input for
Strep affinity chromatography) & “M” - Ladder

Trial 3:

As the final yield after cleavage was very less, it was decided to process 4 L instead of

2 L. Rest of the protocol was kept the same as that of trial 2. It was clear from the gel

that even after processing 4 L pellets, the amount of protein obtained finally was not that

different from the previous one because when the amount of (His)6-SUMO-M1-Strep

was high, the amount of protein precipitated after cleavage was also high. Another

major issue was that the full-length ((His)6-SUMO-M1-Strep) protein was also present

along with M1-Strep (protein after cleavage), and this could cause difficulties in

quantification for many assays.
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Fig. 3.23: Trial 3 of large scale SUMO tag cleavage Standardization A) SDS-PAGE gel
image after Ni-NTA purification of (His)6-SUMO-M1-Strep B) Sumo tag cleavage efficiency
check at 0, 60, 90 and 120 minutes time point C) SDS-PAGE gel image after Strep affinity
purification post SUMO tag cleavage. D) M1-Strep purity check. The expected band size is
highlighted within the red box. “T” - Total, “S” - Supernatant, “FT” - Flow through, “W” - Wash &
“L” - Ladder.

Trial 4:

A new strategy was tried to separate the full-length protein from the untagged protein

(M1-Strep). 1 L pellet of (His)6-SUMO-M1-Strep was resuspended and sonicated, then

the supernatant (obtained after the spin) was diluted to 100 ml and then collected in two

falcons. To these falcons, Ulp1 protease and DTT (1 mM) were added. The falcons

were under shaking conditions at 4 OC. It started precipitating after 30 minutes, but then
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it was spun at 15000 rpm (4 OC) for one hour, during which further cleavage happened.

For purification, the Ni-NTA column (on top) and the Strep-trap column were connected

in series and were equilibrated with buffer A (Table 2.14). Once the spin was over, the

supernatant was collected and passed on from the NI-NTA column. The idea was that

the full-length protein (had Strep-tag as well as His tag) binds to the Ni-NTA column,

and the untagged one (which had only the Strep-tag) binds to the Strep-trap column.

After loading, the Ni-NTA column was disconnected, and protein was eluted only from

the strep-trap column with 2.5 mM D-Desthiobiotin. There was no band for the

full-length protein as expected, but the prominent band was around 75 kDa.

Fig. 3.24: Trial 4 of large scale SUMO tag cleavage Standardization A) SDS-PAGE gel
image showing SUMO tag cleavage efficiency B) SDS-PAGE gel image of eluted cleaved
protein (M1-Strep) from Strep-trap column. The expected band sizes are highlighted within the
red box. “T” - Total, “S” - Supernatant, “FT” - Flow through, “W” - Wash, “L” - load (Input
provided for the columns connected in parallel) & “M” - Ladder

3.3.8 TEM to visualize ScM1 filaments.

TEM images showed filament formation by ScM1 (Fig. 3.25). The filaments which were

visible looked short and straight. It was not very clear whether they formed double

protofilaments like other characterized MreBs.
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Fig. 3.25: Visualization of ScM1 filaments using TEM. Orange arrows point towards the
filaments. Both of images were from the same grid (10 μM of (His)6-SUMO-M1-Strep stained by
0.5% uranyl acetate) The TEM images were processed using ImageJ to establish proper scale
bars.

3.4 Characterization of (His)6-SUMO-M1-Strep - E137A

Compared to the purity of wild type (His)6-SUMO-M1, the purity of

(His)6-SUMO-M1-Strep was better. Also, the ATPase activity of (His)6-SUMO-M1-Strep

was higher than that of (His)6-SUMO-M1 and more closer to that of ScM1-(His)6 (0.49

min-1). So it was decided to mutate E137 of (His)6-SUMO-M1-Strep to alanine.
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3.4.1 Cloning of (His)6-SUMO-M1-Strep - E137A

pET28a_(His)6-SUMO-M1-Strep was used as template for PCR 1. Primers used for

PCR 1 are shown in table 2.1 (sequences in red correspond to gene, blue corresponds

to that of pET28a vector, green corresponds to the strep tag and those highlighted in

yellow corresponds to the mutation). Around 0.7 Kb amplification was visible on agarose

gel after PCR 1 (Fig. 3.26 A). pET28a_(His)6-SUMO-M1-Strep itself was used as

template for PCR 2. Details of PCR 1 and PCR 2 are given in tables 2.11, 2.12 and

2.13. After PCR 2, DpnI digestion was done, followed by transformation through

electroporation. Test plate had lot of colonies, and control plate was clean. As the

template and insert used for PCR 2 had M1 gene, clone check PCR using gene specific

primers were of no relevance. Double digestion check was also of no use for the same

reason. Three samples were sent for sequencing. One of the clones came positive.

Fig. 3.26: Cloning of (His)6-SUMO-M1-Strep - E137A. A) Agarose gel image after PCR 1; 1 &
2 are two 50 μL reactions B) Agarose gel image after PCR 2; (T0, T, C0, C - Details are given in
section 2.1.2 )

3.4.2 Expression check of (His)6 -SUMO-M1-Strep - E137A

pET28a_(His)6-SUMO-M1-Strep - E137A (kanamycin resistant) was transformed into

Rosetta (DE3) for expression check. It showed very good expression (Fig. 3.27) and

solubility. This was therefore transformed into Rosetta to grow large cultures prior to

71



protein purification.

Fig. 3.27: Expression check of (His)6-SUMO-M1-Strep - E137A. SDS-PAGE gel image after
expression check. The expected band size is highlighted within the red box. “U” - uninduced, “I”
- induced, “T” - total, “S” - supernatant

3.4.3 Purification of (His)6 -SUMO-M1-Strep - E137A

1 L culture (Rosetta-DE3) pellet of (His)6-SUMO-M1-Strep - E137A was processed.

After Strep affinity chromatography (Fig 3.28), best fractions were pooled together and

concentrated. The final yield of protein obtained was 2.6 mg/ml (800 μL).
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Fig. 3.28: Purification of (His)6 -SUMO-M1-Strep - E137A. A) SDS-PAGE gel image after
Strep affinity purification. B) SDS-PAGE gel image of purity check. The expected band size is
highlighted within the red box. “T” - Total, “S” - Supernatant, “FT” - Flow through, “W” - Wash &
“L” - Ladder.

3.4.4 Malachite assay to quantify ATPase activity

Malachite assay was tried for 10 μM of (His)6-SUMO-M1-Strep - E137A. Similar to

(His)6-SUMO-M1 - E137, this mutant was also ATPase active. Mean kobs obtained for

wild type and mutant are given in table 3.3. Scatter plot is shown in fig. 3.29. 2 way

Annova test suggests that there is no significant difference between the activity of wild

type and mutant.

Table 3.3: ATPase activity of (His)6-SUMO-M1Strep - E137A

Protein Concentration (μM) No. of repeats kobs (min-1)

(His)6-SUMO-M1-Strep 10 4 0.399 ± 0.015

(His)6-SUMO-M1-Strep - E137A 10 2 0.457 ± 0.016
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Fig 3.29: Plot for comparison of ATPase activity of (His)6-SUMO-M1-Strep and
(His)6-SUMO-M1-Strep - E137A. Y-axis shows kobs of (His)6-SUMO-M1-Strep and
(His)6-SUMO-M1-Strep - E137A. 2 way Annova test was used to compare the activity between
constructs. “ns” refers to “not significant” (p-value = 0.1108).
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Chapter - 4
Discussion and Future Prospects

After the cloning of pET28a_(His)6-SUMO-M1, the expression and solubility of ScM1

had increased very much because of the N-terminal fusion of SUMO tag. Compared to

the yield usually obtained for the ScM1-(His)6 construct (around 500 μL of 0.7 mg/ml

protein from 2L culture), the yield obtained for (His)6-SUMO-M1 was always very high

(around 1 ml of 20 mg/ml protein from 1 L culture). With intact SUMO tag, M1 never

precipitated at any stage during or after purification. Elution profile was similar for these

constructs (spread from void to monomer). Purity wise there wasn't any significant

difference between the above mentioned constructs. Among all the constructs made so

far, (His)6-SUMO-M1-Strep was the best with respect to purity due to inclusion of Strep

affinity purification which is very specific. As the impurity bands were still visible on the

SDS-PAGE gel even after consecutive rounds of purification (Ni-NTA followed by Strep

affinity chromatography), there is more chance that these impurities were getting bound

to the protein and not to the column. Also some of the bands which were visible below

the expected size could be some degraded forms of ScM1 itself.

The purification of untagged M1 and M1-Strep from (His)6-SUMO-M1 and

(His)6-SUMO-M1-Strep respectively after SUMO tag cleavage was challenging as the

protein precipitated after the removal of SUMO tag. Purification of untagged M1 with two

rounds of Ni-NTA led to reduction in the yield and also the purified untagged M1 had

equal amounts of SUMO tag as well as full length protein. Complete cleavage needed

longer incubation or shorter incubation with more amount of of Ulp1 protease but the

issue was that either way the amount of protein lost was a lot. Standardization was

done in small scale (section 3.1.4) after which the amount of protease (in moles ratio)

and incubation time was figured out. But on moving to a larger scale, these did not

remain consistent. For the complete removal of SUMO tag, gel filtration was required

which again resulted in further loss of protein. Relatively, (His)6-SUMO-M1-Strep was

better as a method to remove full length and cleaved SUMO tag from M1-Strep (section
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3.3.7). Also, as the protein elutes in lesser volume in the case of Strep affinity

chromatography (8-12 ml) compared to Ni-NTA affinity chromatography (~ 50 ml), the

centricon based concentrating step was quicker after the introduction of Strep tag. This

saved the time and the protein did not have to be out for a long time thereby avoiding

chances of degradation. Improving the yield post SUMO tag cleavage is still ongoing.

As the protein precipitates in the absence of SUMO tag, ideal buffer conditions have to

be identified for solubilizing the untagged protein. Also, purification has to be

standardized in terms of improving the purity especially for the SUMO constructs which

are fine in terms of expression and solubility.

Thermal shift assay was inconclusive for all the constructs. The sypro orange dye was

always getting bound to the protein at the beginning itself and as a result the RFU vs

temperature plot never came similar to the standard theoretical curve. There were two

possibilities thought to be responsible for this. One is that the protein was not folded

properly as a result of which the dye was getting bound at the very start itself. Also,

further standardization of this assay might enable this assay to work for this protein.

Malachite Green assay confirmed that the protein was an active ATPase. Even though

within a construct, the activity was consistent across different batches of purified protein

and different repeats of the assay, it varied across different costructs. The ATPase

activity of (His)6-SUMO-M1-Strep was higher than that of (His)6-SUMO-M1. This could

be primarily due to the unreliable quantification of protein concentration for the assay

because of the presence of impurities. Also, the activity of M1-(His)6 (previously

estimated in the lab)was different from these constructs. The mutant version (E137A) of

both (His)6-SUMO-M1 and (His)6-SUMO-M1-Strep was ATPase active and the activity

was higher than that of the wild type protein. For the M1-(His)6 construct, E137A mutant

was ATPase inactive. Since, both (His)6-SUMO-M1 - E137A and (His)6-SUMO-M1-Strep

- E137A were showing ATPase activity, it was less likely to be from some impurities.

There can be more than one residue involved in ATPase activity and therefore mutating

other residues which are catalytically more important can be a solution to this. For

example, T167 in CcMreB was shown to be catalytically important (van den Ent et al.,
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2014) and when corresponding ScM5 residue (T161) was mutated, it became ATPase

inactive (Pande et al., 2022). This Threonine is conserved across all ScMreBs (Except

ScMreB3). Mutating this might make the protein ATPase inactive.

Transmission electron micrographs gave a sense that the protein forms short filaments.

The presence of filaments were not uniform in grids. This could be due to usage of a

lower concentration of protein (10 μM). Another possibility is that some of the protein

might have formed aggregates. Improper staining could also be a reason. The protocol

for preparation of grids should be standardized in terms of protein concentration,

amount of staining and its duration for better visualization of ScM1 filaments. Filament

formation can also be checked using TEM after subjecting the protein to different

nucleotide conditions.

The ATPase activity shown by the protein, the presence of secondary structure

confirmed from CD spectroscopy and the formation of filaments as observed from

transmission electron micrographs suggests that the protein is in its folded state.

Pelleting assay showed that the protein does not pellet down in the absence or

presence of nucleotide while spun at a speed of 100,000 xg. One reason can be

because the protein forms shorter filaments which are not denser enough to pellet down

at a speed of 100,000 xg. ScM5 was also shown to not pellet on its on irrespective of

the nucleotide condition at a speed of 100,000 xg (Pande et al., 2022). Also there are

reports suggesting Spiroplasma eriocheiris MreB5 and MreB3 pellets after incubation

with ATP for 1 hour in the buffer (20 mM Tris-HCl pH 8, 1 M NaCl, 200 mM Arginine-HCl

pH 8, 5 mM DTT, 2 mM MgCl2 and 2 mM ATP) and spinning it at 4,36,000 xg for 2

hours at 23 OC (Takahashi et al., 2022). There is a possibility that ScM1 can also pellet

down if spun at a speed of 4,36,000 xg or above with proper incuation after ATP

addition. As ScM1 was not pelleting on its own while spun at 100,000 xg irrespective of

the presence of nucleotide, co-pelleting (Co-sedmentation) assay can be tried with

ScM1 and Fibril to check for possible interaction between these, similar to what was

done for ScM5 and Fibril (Harne et al., 2020). Also, liposome pelleting assay can be

tried to check whether ScM1 has binding affinity towards lipososmes. High-perfomance
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liquid chromatography (HPLC) can be done to find out whether any nucleotide is bound

to the protein. Since the protein comes in void while eluting from gel filtration column, it

is most likely that the protein forms higher order oligomers. Creation of a polymerization

mutant can be thought of a solution for obtaining monomeric ScM1. The residues to be

mutated can be figured out via a sequence alignment similar to what was done for

designing the ATPase mutant. If monomeric fractions are obtained and if those are of

higher concentration, protein can be used to set up crystallization.
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