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Synopsis

Biochemical, structural and genetic studies on the cytoskeletal proteins Fibril and MreBs

from Spiroplasma

Name: Shrikant R. Harne
Registration number: 20133258
Supervisor: Dr. Gayathri Pananghat
Department: Biology, IISER, Pune

Date of registration: August 2013

Spiroplasma 1s a group of cell wall-less bacteria belonging to class Mollicutes (Rottem and
Razin, 1973). The characteristic helical shape and kinking motility distinguishes Spiroplasma
from other bacteria under class Mollicutes. The bacteria are also unique in possessing Fibril, a
protein with no homolog in available gene or protein database (Cohen-Krausz et al., 2011).
Spiroplasma species have been reported to infect a wide range of hosts including Drosophila,
crabs, honey bees, aphids, shrimps, plants, etc. (Bové et al., 2003; Clark et al., 1985; Markham et
al., 1974; Nunan et al., 2004; Saillard et al., 1987). Due to the maintenance of a distinct helical
shape and motility in absence of external appendages, Spiroplasma has attracted attention from
scientific community since 1970s. Studies have speculated the role of Fibril and MreB proteins
in shape determination and motility of Spiroplasma (Kiirner et al., 2005; Razin, 1978). These
proteins filaments have been proposed to produce kinks essential for Spiroplasma motility

(Kiirner et al., 2005; Shaevitz et al., 2005).

Based on cryo electron microscopy studies on Fibril filaments (Cohen-Krausz et al., 2011), a
model was proposed for role of Fibril in Spiroplasma motility. According to the model, Fibril
filaments are homo-polymers of a monomeric 59 kDa protein. The repeating unit in the filament
is the Fibril tetramer. The tetramers undergo conformational changes and result into net variation
in filament lengths. The co-ordinated variation of lengths between two sets of Fibril filaments

leads to formation of kinks in the cell body (Cohen-Krausz et al., 2011). A pair of kinks drive the

Vi



cell forward (Shaevitz et al., 2005). However, the exact nature of conformational changes

occurring in Fibril and the forces that bring about conformational changes are unknown.

MreB, a bacterial actin, is responsible for positioning cell wall synthesis machinery in cell walled
bacteria, thereby imparting a rod shape to the bacterium. However, the mechanism of how
MreBs function in cell wall-deficient bacteria is unknown. Since Spiroplasma possesses at least
5 copies of mreB gene (Ku et al., 2014), it is likely that these proteins perform different roles in

shape determination and motility of Spiroplasma.

Studies to answer these interesting questions have been limited due to the lack of suitable
molecular genetic tools to modify Spiroplasma genome. The only strategy available for
generation of a target gene knockout mutant of Spiroplasma is by use of a self-replicating oriC-
based disruption vectors (Duret et al., 1999; Lartigue et al., 2002). However, the method involves
extensive passaging and usually requires at least about a year to generate a single gene deletion

mutant.

With this information available from the literature, I decided to perform biochemical and
structural characterization of Fibril in polymerized and monomeric form, by heterologous
expression approach. Further, to obtain insights into the proteins involved in shape determination
and motility, comparative studies were performed on a naturally occurring non-helical, non-
motile mutant of Spiroplasma with wildtype cells. Thus gene disruption mutants of Spiroplasma

to delineate functions of each MreB and Fibril protein were prepared.

The aim of my thesis is to understand roles of Fibril and MreB proteins in shape determination
and motility of Spiroplasma. To achieve this aim, the work is divided into following objectives-
1) Perform biochemical and structural characterization of Fibril filaments, 2) Identification of
domain boundaries of Fibril to understand roles of each domain, 3) Comparative studies on S.
citri GII-3 (wildtype) and ASP-1 (naturally occurring non-helical, non-motile) cells 4) Gene
disruption experiments on Spiroplasma to decipher roles of each MreB and Fibril. Work done
towards achieving each of these objectives is organized as chapters in my thesis. Following is the

list of chapters and summary of relevant work carried out as part of my PhD research.
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Chapter 1: Introduction

This chapter summarizes the information available in the literature on Spiroplasma beginning
from their discovery to pathogenicity. The chapter also describes the current model proposed for
Spiroplasma motility. Further discussed are the tools available for specific gene disruption. It
also enlists the unanswered questions in the field and highlights why Spiroplasma can be
employed as a model organism to study shape determination and motility in a cell wall-deficient
bacterium.

Chapter 2: Purification and characterization of full length Fibril filaments

In this chapter I have discussed the need for heterologous expression of Spiroplasma proteins.
The chapter also summarizes multiple protocols that I have standardized for purification of Fibril
using different heterologous systems and challenges associated with it. An attempt to obtain
partially purified Fibril from the native organism Spiroplasma citri is also described. The Fibril
filaments purified from E. coli and S. citri cells have been visualized using electron microscopy.
Chapter 3: Identification of domain boundaries of Fibril

Since Fibril does not have a homolog in the available databases and no structural information is
available on it, the domain boundaries of Fibril are unknown. Identification of domain
boundaries is useful for design of non-polymerizing soluble constructs, and for delineating the
minimal segment required for polymerization. In this chapter, I have described the logic for
preparation of short constructs based on information obtained from purification of full length
Fibril filaments and also on the basis of sequence alignment. My attempts to purify short
constructs suggest that the shorter constructs consisting of the N-terminal domain can also
polymerize on their own.

Chapter 4: Comparative characterization of Spiroplasma citri GI1-3 and ASP-I cells

This chapter summarizes the comparative studies between a naturally occurring non-helical, non-
motile mutant and helical, motile wildtype cells of S. citri. The genome comparison during this
study suggested that a point mutation in one of the mreB genes in the mutant cells made them
defective. Simultaneously, preliminary electron cryotomography studies of the whole organism
revealed that the mutant cells have only one set of filaments present underneath the membrane as
compared to three sets reported for S. melliferum wildtype cells. Complementation experiments

involving vector-based expression of the functional MreB5 in S. citri ASP-I cells has instated
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helicity and motility in these cells, thus highlighting the role of MreB in rod-to-helical shape
transition.

Chapter 5: Genetic studies on Spiroplasma citri to understand the role of Fibril and MreB
proteins in shape determination and motility

Here I summarize the strategy employed and work carried out towards preparation of mreB or
fibril gene disruption mutants of Spiroplasma. To investigate the roles of Fibril and MreB, gene
disruption mutants of Spiroplasma lacking either one of the mreBs or fibril were designed. Since
Spiroplasma mreBs share high sequence identity, obtaining a single gene disruption mutant at a
time is challenging. I have cloned the variable regions from mreB and fibril genes into suitable
disruption vector and obtained Spiroplasma transformants. Upon confirmation of gene
disruption, the mutants will be characterized for their shape and motility defects, if any.

Chapter 6: Summary and future prospects

In this chapter, I have summarized the work done on biochemical and structural characterization
of Fibril, comparative characterization of wildtype versus mutant cells of Spiroplasma as well as
genetic studies carried out to decipher functions of MreBs and Fibril. I have proposed further
characterization of full length Fibril and alternate ways of purifying short constructs for
structural studies. As an alternate approach to preparation and characterization of short
constructs, an EGFP-tagging based screen has been proposed for identification of polymerization
interface of a novel protein. Experiments to identify interacting partner(s) of MreB in the cell are
suggested. Also proposed are experiments that can be performed on gene disruption mutants to
gain insights into Spiroplasma physiology. The insights obtained using these studies will help us
understand the underlying molecular mechanisms of shape determination and motility in

Spiroplasma.
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Abstract

Spiroplasmas are cell wall-deficient, helical bacteria with characteristic kinking motility. In
absence of any external appendages, motility in Spiroplasma is achieved by dynamic changes in
helicity. These changes are brought about by filaments formed by Fibril, a cytoskeletal protein of
novel fold, and MreBs, the bacterial actins. The repeating unit in Fibril forms very stable,
nucleotide-independent, constitutive filaments. The presence of five MreB homologues in
Spiroplasma, an organism lacking cell wall, makes it an interesting system to explore novel
functions of MreBs. In the absence of convenient molecular genetic tools, limited information is
available on shape determinaion and motility in spiroplasmas. My work was aimed at
understanding the molecular mechanism of shape determination and motility by Fibril and
MreBs, through a combination of biochemical, structural and genetic studies.

To perform structural characterization, Fibril filaments were heterologously expressed in E. coli
and successfully purified, as observed using electron microscopy. Domain-wise dissection of
Fibril based on sequence alignments and secondary structure prediction provided insights for
designing non-polymerizing soluble constructs and a polymerizing construct of minimal length.
To understand shape determination and motility in Spiroplasma, comparative studies between
the wildtype and a naturally occurring mutant (non-helical, non-motile) strain were performed.
These studies revealed that the mutant cells are deficient in one of the MreBs and the MreBs
have non-overlapping functions in Spiroplasma. The comparative analysis and complementation
studies provided the first evidence for a new role of MreB in rod-to-helical shape transition. To
decipher the role of MreBs and Fibril, the process of obtaining Spiroplasma mutants with each of
the mreB and fibril gene disrupted has been initiated. Results from these experiments will help us

delineate the functional significance of each MreB and Fibril.

Key words: Spiroplasma, cytoskeleton, Fibril, MreB, gene disruption, cell shape determination.
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Chapter 1

Introduction
1.1) Cytoskeleton

Cytoskeleton is a network of protein filaments in the cell involved in diverse cellular functions
ranging from cell shape determination and chromosome segregation to controlling cargo
transport (reviewed in Wagstaff and Lowe, 2018). The three major cytoskeletal elements of the
eukaryotic cell comprise actin, tubulin and intermediate filaments. While actin and tubulin form
nucleotide-dependent [Adenosine triphosphate (ATP) and Guanosine triphosphate (GTP)
respectively] polymers that disassemble upon nucleotide hydrolysis, intermediate filaments form
constitutive structures without involving any nucleotide (Pollard, 2003). Molecular motors such
as kinesin and dynein interact with actin and tubulin filaments to bring about intra-cellular cargo

transport (Vale and Milligan, 2000).

While an intricate network of cytoskeleton and motor proteins were known to play a part in
organization of eukaryotic cells, prokaryotes were thought to be devoid of cytoskeleton.

However, since early 1990s proteins that constitute prokaryotic cytoskeleton have been

a-Tubulin

Figure 1.1 Crystal structures of eukaryotic cytoskeletal proteins actin, tubulin and their bacterial
homologs. A. Structures of actin (PDB ID 1J6Z) and its bacterial homologs ParM (PDB ID 4A61) and
MreB (PDB ID 4CZL). B. Structures of eukaryotic a-tubulin (PDB ID 5SYF) and its bacterial homologs
FtsZ (PDB ID 3VO8) and TubZ (PDB ID 3M89). All the structures are shown as cartoon representation
and colored blue to red from amino to carboxy terminus. The black arrows point to bound
nucleotide. The figures were prepared using PyMOL software (https://pymol.org/2/).
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discovered (Table 1.1). These proteins form ATP/GTP dependent polymers and exhibit structural
homology with eukaryotic cytoskeletal elements (Bork et al., 1992; Van den Ent et al., 2001;
Lowe and Amos, 1998) (Figures 1.1 & 1.2). Each cell possesses at least one homolog each of an
actin-like and tubulin-like protein in addition to other cytoskeletal proteins that may not have a

eukaryotic homolog.
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D E

| -
Figure 1.2 Intra-cellular localization of bacterial cytoskeletal proteins. A - C) Pictorial representation for
localization of MreB (A), FtsZ (B) and Crescentin (C). The purple lines in image (A) represent MreB
patches on the inner membrane of top surface of the cell whereas, the blue lines represent projections
of MreB patches on the inner membrane at the bottom of the cell. D) Structured illumination
microscopy image of E. coli cell showing MreB localization (image adapted from Colavin et al., 2018). E)
Maximum intensity projection of an E. coli cell showing FtsZ localization at mid-cell region (image

adapted from Yang et al.,, 2017). F) Fluorescence microscopy image of a C. crescentus cell showing
localization of GFP labeled Crescentin polymers (image adapted from Charbon et al., 2009).

One of the key differences between eukaryotic and prokaryotic cytoskeletal systems is the
absence of molecular motors; no proteins equivalent to molecular motors (like dynein, kinesin)
have been reported from prokaryotes yet. Table 1.1 summarizes some of the prokaryotic
cytoskeletal proteins, their properties and functions. With the advances in microscopy, genetics
and biochemical studies, the role of bacterial cytoskeleton have been found to be essential for
several cellular processes such as motility, intra-cellular transport, cell division, and DNA
segregation similar to their eukaryotic counterparts. Shape determination, one of the major

functions performed by bacterial cytoskeleton, is discussed in the following section.



Table 1.1 Prokaryotic cytoskeletal proteins and their function.

Protein(s) Organism Function Pcv_lymerlz.atl?n/ Reference
oligomerization
Actin-like proteins
Most of the rod- Cell V\{all synthesis (Bork et al., 1992; van den
MreB ) machinery Ent et al., 2001)
shaped bacteria e
positioning
. . . (Mgller-Jensen et al., 2003)
ParM Many bacteria Plasmid segregation
ATP-dependent
Most bacterial polymerization/de (van den Ent and Loéwe,
ivisi -polymerization
FtsA species Cell division poly 2000)
Bacteria Organization of (Komeili et al., 2006)
MamK possessing magnetosomes
magnetosomes | within the cell
Tubulin-like proteins
) (Bi and Lutkenhaus, 1991;
FtsZ yzz:ek;a‘:te”al Cell division RayChaudhuri and Park,
P GTP-dependent 1992)
polymerization/de
TubZ Many bacteria Plasmid segregation _polymerization (Larsen et al., 2007)
BtubA/B Prosthecobacter Unknown (Pilhofer et al., 2011)
spp.
Proteins that do not have a homolog in eukaryotes
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1.2) Shape determination in cell walled bacteria

Bacteria exist in many different shapes and arrangements such as cocci, rods, comma, spiral, and
pleomorphic. Often the cell shape is a characteristic of the given species and is used as a
taxonomic tool. The shape is determined and maintained by the cell wall, a rigid continuous
structure made of peptidoglycan strands surrounding cell membrane. The cell wall also provides
protection against turgor pressure (Shi et al., 2018). Many gene products are involved in
synthesis of peptidoglycan, a polymer of sugar-crosslinked amino acids that forms cell wall. Cell
wall components are synthesized in the cytosol, transferred outside the cell and inserted into
existing cell wall. Peptidoglycan synthases play an important role in synthesis and positioning
peptidoglycan strands. Bacteria have evolved different mechanisms of cell wall growth to ensure
that the cell shape is maintained. All such mechanisms utilize cytoskeletal proteins to direct

peptidoglycan insertion sites.

In spherical bacteria, the cytoskeletal protein FtsZ assembles as a ring at the mid-cell region and

Daughter cells
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Parent cell

Newly inserted peptidoglycan Daughter cells

— FtsZ

—> Site of attachment
Sites of cell wall punctures

Figure 1.3 FtsZ-dependent incorporation of the cell wall and growth in spherical bacteria. Two
models for growth and division in spherical bacteria have been shown as pictorial representation.
In S. aureus during cell wall synthesis at the septum, the daughter cells start to separate abruptly
from one end (top panel) as opposed to uniform cell constriction accompanying cell wall synthesis
at septum in case of Jeotgalicoccus spp ATCC 8456 (bottom panel). Both the panels shown above
are pictorial representations of cell wall synthesis and cell division while below are scanning
electron microscopic images of cells (images adapted from Zhou et al., (2016). The red arrows in
top panel point to corresponding positions where the daughter cells are attached to each other.
Sites of cell wall puncture are shown with rectangles of discontinuous lines. Scale bars in the
bottom panel represent 1 um.



positions the peptidoglycan synthesis machinery to facilitate cell wall growth and cell division

(Figure 1.3).

In rod-shaped bacteria, peptidoglycan synthases are positioned along the inner surface of cell
membrane by the bacterial actin MreB when it is bound to the membrane with negative curvature
(Carballido-Lopez, 2006; Carballido-Lépez et al., 2006; Shih and Rothfield, 2006; Ursell et al.,
2014). mreB was one of the initial set of genes to be identified as shape determinants in E. coli
and B. subtilis (Abhayawardhane and Stewart, 1995; Doi et al., 1988; Levin et al., 1992). The
circumferentially moving MreB patches facilitate local synthesis and uniform insertion of newly
synthesized peptidoglycan components into existing cell wall thereby maintaining rod shape
(Figure 1.4) (Dominguez-Escobar et al., 2011; Garner et al., 2011; van Teeffelen et al., 2011;
Ursell et al., 2014).
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Figure 1.4 MreB-dependent growth mechanism in cell walled, rod-shaped bacteria. Rod-shaped
bacteria such as E. coli exhibit uniform lateral growth. The peptidoglycan synthesis machinery (orange
dots) is positioned along the cell membrane by short patches of MreB (purple and blue lines). The bi-
directional arrows indicate uniform growth of the cell wall.

Thus, MreB acts as a scaffold for the cell elongation and shape determination machinery in most
of the rod-shaped bacteria. Cells with mreB depletion exhibit spherical/lemon shaped
morphology that eventually lyse (Bendezu and Boer, 2008; Figge et al., 2004).

Most of the cell walled, non-spherical bacteria have at least one copy of mreB gene or its
homologs (Daniel and Errington, 2003; Jones et al., 2001). However, there are two groups that
are exceptions to this; first are some of the Cyanobacteria and Chlamydia that are often spherical
in spite of possessing mreB genes (Daniel and Errington, 2003). The other group of exceptions
belongs to members of Mycoplasma, Corynebacterium, Mycobacteria and Rhizobium that are
rod-shaped without the presence of an MreB (Daniel and Errington, 2003). Most of these
bacteria exhibit polar growth by an MreB-independent pathway involving DivIVA-dependent



mechanism (Figure 1.5; Table 1.1) (members of Actinobacteria; Brown et al., 2011) or using

polarity determinant proteins (Cameron et al., 2015).
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DivIVA * Peptidoglycan synthesis machinery

Figure 1.5 MreB-independent mechanism involving polar growth in cell walled bacteria. Bacteria such
as M. smegmatis exhibit MreB-independent polar growth with the help of peptidoglycan synthesis
machinery (orange dots) positioned by DivIVA (pink line), a protein localizing at the cell poles. OP and NP
indicate old pole and new pole respectively. The discontinuous arrows indicate direction of cell growth.
Bottom panel: Visualization of insertion of newly synthesized peptidoglycan in M. smegmatis cells by
incubating the cells with vancomycin conjugated to Alexa568 dye (Van-Alexa568) followed by
visualization using fluorescence microscopy. Since vancomycin binds to the peptidoglycan precursor at
the terminal D-Ala-D-Ala, sites of new peptidoglycan insertions are identified by visualizing Van-
Alexa568. Image adapted from Kang et al., (2008).

While sphere and rod are the predominant cell shapes in bacteria, a few bacterial species exhibit
modification of the rod shape such as crescent, vibroid, spiral and helical among others. The
curved shape of Caulobacter crescentus 1is attained with the help of a coiled-coil protein called
Crescentin (Ausmees et al., 2003). The elastic assemblies of Crescentin are anchored to the
cytoplasmic membrane along inner curvature of the cell (Figure 1.6) (Cabeen et al., 2009). The
uniform growth of cells along the side walls, partly facilitated by turgor pressure, leads to
extension of Crescentin filaments that are present in a tensed state. The tensed Crescentin
filaments exert compression on the peptide bridges stretched due to turgor pressure, thereby

preventing insertion of new peptidoglycan along the surface where Crescentin is present.
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Figure 1.6 Modification of rod shape into crescent. C. crescentus attains crescent shape by asymmetric
growth of the peptidoglycan. The bias in peptidoglycan is created by Crescentin polymers (orange line),
that prevents peptidoglycan insertion in the surface where it is localized. The intra-cellular organization
of Crescentin polymers is facilitated by MreB (purple dots). Bottom panel: A) Fluorescence microscopy
image of C. crescentus cells expressing GFP-Crescentin to visualize localization of Crescentin. B)
Fluorescence microscopy image of C. crescentus cells expressing YFP-MreB showing localization of MreB
within cells. Images adapted from Dye et al., (2011).

As you move away from point of Crescentin binding the compressive effect decreases and
insertion of new peptidoglycan components is facilitated. Thus, Crescentin creates a
peptidoglycan insertion gradient along the short axis of cell and results into formation of crescent
shaped cells (Woldemeskel and Goley, 2017). Crescentin can show its effect only when it is
associated with the membrane in a polymerized form (Cabeen et al., 2009). The cellular
organization of Crescentin is performed by MreB (Charbon et al., 2009). While Crescentin does
not seem to be an essential protein for survival as its deletion leads to formation of rod-shaped
cells (Ausmees et al., 2003), depletion of mreB leaves Crescentin detached from the cell wall
thereby deviating from crescent shape of C. crescentus cells (Charbon et al., 2009; Figge et al.,
2004). Thus both MreB and Crescentin seem to be necessary for crescent shape of C. crescentus

cells by causing a gradient of new peptidoglycan insertion.

Another interesting case is that of Helicobacter pylori which attains helical shape by modulating

cell wall growth using a multiprotein complex by local inflection of rates of PG synthesis (Blair



et al., 2018). The helical shape of H. pylori is an outcome of a much complicated mechanism
which is not understood yet. According to literature, co-ordinated action of over 30 proteins
results into the helical morphology of H. pylori (Krzyzek and Gosciniak, 2018; Specht et al.,
2011; Yang et al., 2019). The group of proteins includes endopeptidases, carboxypeptidase,
peptidoglycan precursor synthases, bactofilin, CcmA (curved cell morphology), Ccrp (coiled-coil
rich protein), ATP synthase and proteins of unknown function. Deletion of any of these proteins
leads to morphological defects in H. pylori (Ghachi et al., 2011; Specht et al., 2011; Sycuro et
al., 2010; Waidner et al., 2009; Yang et al., 2019). While some of these proteins are known to
interact with peptidoglycan and influence its modification, the others perform regulatory
function. Thus all these proteins are vital for helical shape in H. pylori. Interestingly MreB does
not seem to participate in helical shape formation in H. pylori since AmreB cells are helical with
the same diameter as wildtype cells (Waidner et al., 2009). However, absence of mreB does

affect cell length, chromosome segregation and pathogenicity in H. pylori (Waidner et al., 2009).

Taken together, the studies on cell walled bacteria suggest that the cell shape is determined and
maintained by ensuring regulated peptidoglycan insertion (Cabeen and Jacobs-wagner, 2005).
Thus, it becomes interesting to investigate as to how cell wall deficient bacteria, classified under
class Mollicutes, have a definite shape. The mechanism of shape determination in cell wall
deficient bacteria is not understood yet. Among Mollicutes only Spiroplasma cells have a distinct
helical shape and hence serve as an interesting system to understand shape determination in cell

wall-less organisms.

My work therefore has been to understand shape determination mechanism in Spiroplasma. The
next few sections introduce Spiroplasma, its pathogenicity, the proposed mechanisms for its

shape determination and motility, and why it is a model organism to study these processes.
1.3) Spiroplasma: a bacterium lacking cell wall

Spiroplasma were discovered as Mycoplasma-like helical bacteria associated with citrus
stubborn and corn stunt diseases (Davis et al., 1972; Lafleche and Bove, 1970). Biochemical
characterization of these bacteria led to their classification as spiroplasmas (Saglio et al., 1973).
Spiroplasma were proposed to be classified as cell wall-lacking bacteria under class Mollicutes
due to their sensitivity to osmotic shock and presence of a single lipid bilayer (Razin et al.,

1973). Initial investigations of Spiroplasma cells included electron microscopy studies to
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visualize locomotory organelles and cell wall. These studies concluded the absence of cell wall
and motility appendages (Cole et al., 1973). Genome analysis of spiroplasmas suggests that the
genes coding for proteins involved in cell wall synthesis are absent. The lack of cell wall renders
spiroplasmas sensitive to changes in environmental conditions such as pH, osmotic pressure or

media composition during laboratory growth conditions.

Over the years, many species of Spiroplasma have been isolated and studied. A look at the 33
genomes available in the database suggests that the genome lengths of Spiroplasma vary
between 0.891 (S. monobiae MQ-1) and 2.3 (S. poulsonii MSRO) million base pairs. Genome
analysis studies proposed that spiroplasmas may have evolved from gram-positive bacteria
(Clostridia) with low G+C content in the DNA, by genome reduction through evolution (Razin
et al., 1998; Weisburg et al., 1989). The genome reduction is thought to be associated with their
parasitic life cycle leaving behind only the genes essential for survival (Pereyre et al., 2009).
Though members of genus Spiroplasma lack the canonical genes coding for chemotaxis and
motility, they are motile and exhibit chemotactic behavior (Daniels et al., 1980; Liu et al., 2017;
Markham et al., 1974; Terahara et al., 2017; Trachtenberg and Gilad, 2001). While motility and
chemotaxis is needed for obtaining nutrients and in response to external stimuli, they do not

seem to be essential for pathogenicity (Duret et al., 1999).
1.4) Spiroplasma as a pathogen

The discovery of Spiroplasma as a pathogen for diseases of citrus plants and crabs has led to it
being recognized as a notable pathogen. In fact, most of the Spiroplasma species discovered until
now have been reported to be pathogenic to plants and insect vectors. While the role of
Spiroplasma species as a causative agent of transmissible spongiform encephalopathies (TSE;
Bastian et al., 2007) 1is reported, recent reports suggest their ability to infect
immunocompromised humans (Etienne et al., 2018; Mueller et al., 2015). Table 1.2 summarizes

Spiroplasma species involved in various infections.

The ability of spiroplasmas to grow in two different hosts, plant and insect, has made them a
model organism to study relationship between Mollicutes and their hosts (Duret et al., 2005). In
addition, the genus Spiroplasma has attracted attention from cell biologists due to their motility
despite the lack of external appendages and a distinct helical shape in absence of a cell wall

(Cole et al., 1973; Saglio et al., 1973).



Table 1.2 Spiroplasma species associated with various diseases and infections.

Spiroplasma species Diseases (host) Reference
Spiroplasmas citri Citrus stubborn (citrus plants), (Duret et al., 2003; Fletcher et
(Catharanthus roseus), Brittle al., 1981)
root disease (horseradish)
Spiroplasma melliferum Infects honey bees (Clark et al., 1985)
Spiroplasma eriocheris Tremor disease (Chinese mitten (Liu etal., 2017; Wang et al.,
crab) and infects most of the 2011)
artificially breeding crustaceans
Spiroplasma apis May disease (Honey bee) (Mouches et al., 1983)
Spiroplasma floricola Pathogenic to larvae of Galleria (Eskafi et al., 1987)
mellonella
Spiroplasma turonicum Systemic infection in humans (Aquilino et al., 2015; Etienne
et al., 2018)
Spiroplasma spp. Corn stunt (Davis and Worley, 1973)
Spiroplasma poulsonii Selective male killing (Williamson et al., 1999)
(Drosophila melanogaster)
Spiroplasma spp. Infection and mortality (Penaeus | (Nunan et al., 2004)
vannamei)
Spiroplasma spp. Cataract (Suckling mouse) (Tully et al., 1976)
Spiroplasma spp. Systemic infection (Procambarus | (Wang et al., 2005)
clarkii)
Spiroplasma spp. (Macrobrachium rosenbergii) (Liang et al., 2011)
Spiroplasma kunkelii Corn stunt disease (Maize (Ozbek et al., 2003; Whitcomb
plants), Insect-borne plant et al., 1986)
pathogen
Spiroplasma phoeniceum Plant pathogen (Catharanthus (Saillard et al., 1987)
roseus)

1.5) Shape determination in Spiroplasma

Plasma membrane is the only barrier between intra-cellular components and environment in
Mollicutes. It plays an important role in pathogenesis and interaction with the host (Beven and
Wroblewski, 1997). Since the plasma membrane is composed of lipids and proteins that are not
as rigid as peptidoglycan, deciphering the mechanism of how do such cell wall-deficient bacteria
maintain specific cell shapes becomes interesting. Due to the natural absence of cell wall
synthesis machinery in Mollicutes, they likely possess the minimal components required to
divide or sculpt a membrane-bound cell. It is thought that in absence of cell wall the cytoskeleton
of these bacteria must be responsible for maintaining the cell shape (Cabeen and Jacobs-Wagner,

2005). However, such bacteria cannot take broad range of shapes other than spherical and
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oblong. Only exception to this is the genus Spiroplasma that forms distinct helical cells (Figure

1.7 A).
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Figure 1.7 Geometry of Spiroplasma cells. A and B) Negatively stained electron microscopy images
of S. citri GlI-3 (wildtype; helical, motile) and S. citri ASP-1 (naturally occurring mutant; non-helical,
non-motile) cells respectively. Note the tapered/leading pole in red circle and the circular/lagging
pole shown in blue circle in S. citri GlI-3 cell. The images are adopted from Liu et al., 2017 (S. citri
GllI-3) and Townsend et al., 1977 (S. citri ASP-1).

Ever since the discovery of spiroplasmas the cell biologists were puzzled by their spiral shape in
the absence of a cell wall. Based on the information available on spiroplasmas and other closely

related bacteria, following hypotheses were proposed.

1) Studies by Freeman et al., (1976) on lipid composition and metabolism of Spiroplasma citri
suggested that alteration in the growth medium composition led to changes in helical
morphology. While the presence of palmitic acid as media supplement resulted in cell with
helical morphology, stimasterol and ergosterol resulted in loss of motility, helicity and other
morphological defects during whole or part of the life cycle. Thus, it was proposed that the
helical cell shape must be a result of rigid and tightly packed 16-carbon lipids such as palmitic

acid. However, this hypothesis was later weakened when Mycoplasma hominis, an organism
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with lipid composition similar to Spiroplasma was not found to be helical (Razin, 1978; Rottem
and Greenberg, 1975; Rottem and Razin, 1973).

2) Studies on shape determination in a helical mutant of Bacillus licheniformis provided the basis
for an alternate model. Initial studies to understand helical shape determination were carried out
on B. subtilis B1S, a strain with multiple mutations in its genome including suppressed cell
division. Germination and growth of B. subtilis B1S spores on potato agar resulted into helical
phenotype when the poles were attached to the surface. An explanation in support of such a
phenotype was the synthesis and insertion of peptidoglycan as a helix (Mendelson, 1976). The
possibility that helical shape might be a result of attaching cell poles to a surface that restricted
rotation of poles to release stress, could not be ruled out. Thus, another model was proposed for
helical shape formation in bacteria. Based on studies using a Triton-X (non-ionic detergent)
resistant, helical mutant of B. licheniformis (TR61), Tilby (1977) proposed a model. According
to the model, peptidoglycan in gram-positive bacteria is synthesized in the form of right- or left-
handed fibres. The cell assumes a helical shape when fibres with one type of handedness
dominate or if the fibres were compressed or in a state of tension. Thus, fibres constituting cell
wall of bacteria were thought to be responsible for shape determination.

Williamson (1974) observed the release of protein fibres from Spiroplasma upon treatment with
detergent. The discovery of Spiroplasma Fibril prompted Razin (1978) to extend the hypothesis
for role of these fibres in shape determination to Spiroplasma helicity. According to the
hypothesis, Fibril are present helically along the membrane at the cytoplasmic side. When the
Fibril are in a tensed or compressed state, they can pull the poles towards each other and the cell
becomes helical (Razin, 1978). This is still a hypothesis in the field that needs verification by
genetic studies. Further research in the past three decades has led to proposition of following

proteins to be involved in Spiroplasma helicity.

i) Fibril

One of the prominent features seen while visualizing Spiroplasma under electron microscope
was the presence of a layer along the cytoplasmic side of cell membrane (Cole et al., 1973).
Treatment of Spiroplasma cells with 0.5 % sodium deoxycholate (anionic detergent) resulted in
destruction of cell membrane and release of Fibril (Williamson, 1974). The role of these intra-

cellular Fibril was unknown. Razin (1978) proposed the role of Fibril in conferring helical shape
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to Spiroplasma cells. Later studies found Fibril protein to be unique to members of Spiroplasma
genus. Biochemical characterization of Spiroplasma Fibril involved its treatment with colchicine
(an alkaloid that prevents microtubule polymerization) and dialysis against ATP to identify if
Fibril exhibit de-polymerization dynamics like actin or tubulin (Townsend et al., 1980b). Since
Fibril remained unaffected after these treatments, it was proposed that they polymerize in a
manner different from actin or tubulin, without involvement of ATP or GTP (Townsend et al.,
1980b). Thus, Fibril polymers were considered to be constitutive cytoskeletal filaments that do

not exhibit polymerization- depolymerization dynamics.

Genetic studies to create fibril deletion mutants of Spiroplasma have not been reported in
literature. This could be due to non-viability of fibril deficient mutant, in case it is an essential

gene. However, the role of Fibril in Spiroplasma requires further investigation.
ii) MreBs

The role of actin in eukaryotic cell shape determination is known for long (Cooper and Pollard,
1982). Also, MreB, the bacterial actin-like protein, is known to be responsible for determination
of cell shape in bacteria. The presence of actin-like protein in Spiroplasma cells has been
proposed long ago (Bove et al., 1989). However the MreB filaments in Spiroplasma were first
observed in 2005 by Kiirner et al., (2005). Though the identification of these filaments were
difficult based on tomography data, inter-filament spacing, sequence analysis and western
blotting proved useful in ascertaining them to be MreB. The authors propose that MreB plays a
role in conferring elongated shape to the Spiroplasma cell. However, there is no experimental

evidence in support of this.
ili) A 39 kDa protein of unknown identity

Apart from the intra-cellular filaments thought to be responsible for shape determination in
Spiroplasma, clues were obtained from S. citri ASP-1, a non-helical, non-motile strain of S. citri
(Figure 1.7 B). S. citri ASP-I was isolated by Townsend et al., (1977). DNA homology, serology
tests and other studies confirmed ASP-I to be a strain of S. cifri. Studies to identify defects
associated with loss of helicity and motility involved partial purification of membrane proteins
from S. citri ASP-I and comparison with S. citri SP-A (helical, motile) cells. The study revealed

that Fibril protein, at that time considered to be responsible for helicity, was present in both cell
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types whereas a 39 kDa protein was missing from ASP-I cells. Thus, the 39 kDa protein was
proposed to be one of the components of machinery involved in shape maintenance in

Spiroplasma. Till date, the identity of this 39 kDa protein remains enigmatic.

Apart from the role of Fibril, MreBs and the 39 kDa protein in shape determination, they have
also been proposed to be involved in characteristic kinking motility of Spiroplasma (Kiirner et

al., 2005; Townsend et al., 1977).
1.6) Components involved in Spiroplasma motility

Members of genus Spiroplasma are motile without external motility appendages (Cole et al.,
1973). A recent study involving visualization of Spiroplasma motility using high resolution
video microscopy revealed that the Spiroplasma cells produce kinks for movement (Shaevitz et

al., 2005).

Often bacterial cell shape seems to facilitate motility. For instance, spiral cells swim efficiently
through viscous fluids than rod-shaped cells (Ferrero and Lee, 1988). Many bacterial species
have evolved specialized motility organelles such as flagella, pili, and focal adhesion complexes
(Jarrell and McBride, 2008). Pili and flagella are protein filament extensions outside the cell
powered by the multi-protein motor complexes embedded in the cell envelope. Contrary to this,
focal adhesion complexes are multi-protein complexes on cell surfaces that help in gliding

motility of Myxococcus species.

Members of genus Spiroplasma are some other examples of bacteria that are motile without
external appendages. They are motile by using cytoskeleton; cytoskeletal protein filaments of
Fibril and MreB have been proposed to constitute linear motor responsible for Spiroplasma
motility (Gilad et al., 2003; Trachtenberg et al., 2003a). The source of energy driving the motor
has been identified in most other bacteria whereas, the energy source of linear motor of
Spiroplasma remains to be identified. Thus, spiroplasmas become an interesting system to

explore novel motility mechanisms.

Fibril and MreB proteins have been speculated to be involved in Spiroplasma motility since long
(Williamson et al., 1991). However, their organization within the cell is unknown. Two models
have been proposed for organization of MreB and Fibril filaments within the cell. Kiirner et al.,

(2005) observed a set of MreB filaments sandwiched between two sets of Fibril filaments just
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beneath the cell membrane by electron cryotomography (ECT) of Spiroplasma cells (Figure 1.8
A, C and D). Whereas, Trachtenberg and co-workers (2008) observed only a single 70 nm wide
ribbon connected to the cell membrane via a set of MreB filaments (Figure 1.8 B and E). Thus,
Trachtenberg et al., (2008) proposed that MreB filaments are present between Fibril filaments

and cell membrane.
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Figure 1.8 Molecular organization of Spiroplasma cytoskeleton. A) Pictorial representation of a
longitudinal section of Spiroplasma cell showing organization of cytoskeletal protein filaments of Fibril
and MreB as proposed by Kiirner et al., 2005. Three sets of filament bundles are present just beneath
the cell membrane. Nine filaments of MreB (lines of green circles) are flanked by two sets (lines of
pink and orange circles) of Fibril bundles each consisting of 5 filaments. Note that one set of Fibril
filaments (orange color) are contracted as compared to the other (pink filaments). The contraction is
brought about by conformational changes in Fibril tetramers (orange and pink circles). C and D)
Sections from tomograms of S. melliferum BC-3 cells. Two sets of Fibril filaments with 11 nm inter-
filament spacing (C) sandwich the MreB filament set having inter-filament spacing of 4 nm (D). B)
According to the model proposed by Trachtenberg et al., 2008, Fibril filaments may be linked to the
cell membrane via MreBs. Fibril (shown in pink circles) may indicate relaxed or contracted state since
the original authors do not mention about conformation in this respect. E) Top view of a surface
rendered tomogram of cross-sectioned S. melliferum BC-3 cell showing intra-cellular organization.
Dark and light gray colors represent outer and inner membrane leaflets. The cytoskeletal (Fibril)
ribbon is shown in orange while membrane-associated densities (MreB) are shown in light blue
(between orange and light grey). The green densities correspond to ribosomes and magenta is likely
to be DNA. Images modified from Kiirner et al., (2005) (C and D) and Trachtenberg et al., (2008) (E).
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Since artefacts associated with chemical fixation of samples are well known (Kellenberger et al.,
1992), the possibility of loss/re-arrangement of cytoskeletal filaments due to fixation cannot be
ruled out. Thus, cytoskeletal organization of Fibril and MreB filaments remains unclear.
Nevertheless, both the groups supported the hypothesis that these protein filaments (Fibril and

MreB) constitute a linear motor and play a role in Spiroplasma motility.

The linear motor is composed of internal cytoskeletal protein filaments made of Fibril and MreB
proteins (Kiirner et al., 2005). Fibril filaments have been proposed to undergo co-ordinated
conformational changes which are reflected as a kink in the cell body. The movement of a pair of
kinks from one pole of the cell body to the other helps the cell move forward. The movement of
Spiroplasma cells is not random, though proteins related to two component system are absent in
their genome (Liu et al., 2017). However, the molecular mechanism bringing about

conformational changes in Fibril and conveying them to the cell membrane remains unclear.

In addition to cytoskeleton, the helical shape may also be necessary for Spiroplasma motility
since the non-helical mutant of Spiroplasma is also non-motile (Figure 1.7 B) (Townsend et al.,
1977). The observation of scm! mutants that are helical but non-motile suggest that only cell
helicity is not sufficient for Spiroplasma motility (Jacob et al., 1997). This also suggests that the

machinery responsible for helicity and motility are likely to be independent of each other.

Apart from Fibril and MreB, some more proteins have been proposed to be involved in
Spiroplasma motility. The basis for inclusion of these proteins in Spiroplasma motility

machinery is discussed below.
i) scml gene

In order to identify proteins involved in Spiroplasma motility, Jacob et al., 1997 performed
transposon-based mutagenesis studies on S. citri to identify its motility mutants. The study
involved transformation of S. citri GII-3 cells with Tn4001 transpon (containing gentamycin
resistance gene) to facilitate its random insertion in S. cifri genomic DNA. The motility mutants

were identified based on formation of non-diffuse, non-satellited colonies on agar (Figure 1.9).
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Figure 1.9 Translational motility and colony morphology of Spiroplasma cells. Colony morphology of
A) S. citri GlI-3 cells and B) S. citri G540 (artificially prepared helical, non-motile mutant) cells on SP4
medium containing 1 % agar. Note that the S. citri GlI-3 cells form diffuse colonies (an indication of
translational motility) as opposed to fried egg shaped colonies formed by S. citri G540 cells that are
non-motile. Images of Spiroplasma colonies (15 X magnification) have been taken from Jacob et al.,
(1997).

Microscopic observation of motility mutants revealed that, unlike S. citri ASP-I, the cells were
helical in shape. The mutant (G540) exhibited no rotation about helical axis, low frequency of
flexing and twisting, as against wildtype cells. Analysis of the genomic DNA of the mutant cell
revealed that the Tn400] was inserted into an ORF coding for a protein of 409 amino acids.
Since the protein negatively affected S. citri motility, it was named as SCM 1. The role of scml
in Spiroplasma motility was confirmed upon restoring the motility of mutant by transforming it
with vector containing wildtype scml gene. Transformation of S. citri ASP-I cells with vector
containing scml gene did not reinstate motility in them (Jacob et al., 1997). This suggests that S.
citri ASP-I cells are defective in gene other than scml. A database analysis showed that the scm/
gene is present in all the spiroplasmas known at that time. However, the SCM1 protein does not
share homology with proteins in other organisms. Though the protein SCM1 remains to be
characterized further, the above study suggests its role in inducing rotation of Spiroplasma cells

along the long axis.
ii) Dumbell shaped structure and 16 proteins

While the aforesaid proteins may be involved in Spiroplasma motility, what induces
conformational changes in Fibril is unknown. The existence of distinct morphologies (tapered
and round ends) at the cell poles was reported long ago (Ammar et al., 2004). However, its

significance in Spiroplasma cells is not clear.
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A recent publication by Liu et al., (2017) reports the observation of introduction of the kinks at
the tapered end (leading pole). While the kinks move towards the other (round) cell pole, the cell
propels in the direction of the tip (Liu et al., 2017; Shaevitz et al., 2005). The attachment of tip to
cytoskeletal filament ribbon that extended to the other end, provoked the authors to propose the
role of tip in motility (Liu et al., 2017). The absence of proteins related to two-component system
(TCS) in Spiroplasma and swimming of cells with the tip in front, prompted the authors to

propose that the tip may have a chemosensory role.

Spiroplasma Fibril are present in the ‘Triton X-100 insoluble’ fraction upon treatment of the cell
lysate with Triton X-100 (Cohen-Krausz et al., 2011; Townsend et al., 1980b; Trachtenberg et
al., 2003b). In order to check the proteins associated with Fibril, Miyata and co-workers
extracted Triton X-100 insoluble proteins from S. eriocheiris. They obtained 11 other proteins
apart from Fibril and four MreBs in the Triton X-100 insoluble fraction (Liu et al., 2017). The 11
proteins include ATP synthase subunit, lipoproteins, FtsH etc. The presence of ATP synthase
subunit in Triton X-100 insoluble fraction prompted the authors to propose that it may be

associated with Fibril as the source of energy for the linear motor of Spiroplasma.

Though exact composition of the motility machinery of Spiroplasma is unknown, it is proposed
through multiple studies that Fibril is the main component of cytoskeletal ribbon. The
positioning of Fibril filaments close to the plasma membrane directly or through other proteins
may be necessary for motility (Kiirner et al., 2005; Trachtenberg et al., 2008). There is ambiguity
about localization of MreB filaments within the cell - whether it is an adapter between Fibril and

the cell membrane.
1.7) Model for Spiroplasma motility

According to the current model, a cytoskeletal ribbon in Spiroplasma is responsible for its
motility. The ribbon follows shortest path along the cytoplasmic face of the inner membrane
between the two cell poles (Trachtenberg and Gilad, 2001). The ribbon is flat, monolayered
structure which may be attached to the cell membrane directly or through MreB (Trachtenberg
and Gilad, 2001; Trachtenberg et al., 2008). The ribbon is predominantly composed of Fibril
filaments (Trachtenberg et al., 2003a).
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The Fibril filaments are homo-polymers of a 55 - 59 kDa monomeric protein called Fibril (Fib;
Townsend et al., 1980b; Trachtenberg and Gilad, 2001). A monomeric Fibril molecule is
probably a bi-domained structure (Cohen-Krausz et al., 2011). In vitro studies suggest that the
diameter of Fibril filaments is about 4.5 nm and an axial repeat of 8.2 nm (Figure 1.10 A). The
individual filaments tend to pair and form filaments with the width of about 10 nm. The
dimensions so formed are sufficient to accommodate a tetramer of 59 kDa protein, Fibril
(Trachtenberg et al., 2003b). The repeating unit in Fibril filaments is the tetramer that is linked to
the surrounding tetramers (Figure 1.10 A & B). Many such subunits assemble laterally and
axially to form a ribbon of flat, parallel filaments organized in a helical fashion, called Fibril
(Cohen-Krausz et al., 2011). The number for Fibril filaments constituting the ribbon in vivo may

be 5 (Kiirner et al., 2005) or 7 (Cohen-Krausz et al., 2011) (Figure 1.8 A).

“ Fibril: a bi-domained molecule

Figure 1.10 Organization of Fibril and its role in Spiroplasma motility. A and B) Fibril filaments are
homo-polymers of monomeric protein Fibril. A Fibril monomer is probably a bi-domained structure
(green and pink circles are two domains of a monomer). The repeating unit in Fibril filaments is the Fibril
tetramer. The tetramers are arranged axially and laterally with a repeat of about 8.2 nm and 10 nm to
form Fibril filaments. The Fibril tetramers can take up two stable conformations: A) cross-like and B)
circular. A transition of all tetramers in a filament from cross-like (continuous circles) to circular
conformation (discontinuous circles) results into reduction in net length and vice-versa (B). Co-ordinated
conformational changes in Fibril filaments lead to change in handedness of the cell body and contribute
to Spiroplasma motility.
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The Fibril tetramers can exist in two stable conformations: cross-like and near-circular (Figure
1.10 A & B) (Cohen-Krausz et al., 2011; Trachtenberg and Gilad, 2001). The conformational
changes can occur by rotational and diagonal shifts of the monomers through transition states
and be facilitated by phosphorylation of Fibril (Cohen-Krausz et al., 2011). When many such
tetramers are arranged axially and laterally, a change in conformation of all the tetramers from
cross-like to near-circular state would result into net reduction in length of Fibril filaments and
vice versa (Figure 1.10 A & B) (Cohen-Krausz et al., 2011; Trachtenberg and Gilad, 2001). Two
set of Fibril ribbons were observed in a Spiroplasma cell (Figure 1.8 A) (Kiirner et al., 2005).
Co-ordinated length changes between the two ribbons such that one of them contracts keeping
the other in a relaxed state would confer handedness to the cell. The alternate reversal of
contraction and relaxation between the two ribbons would alternate handedness of the cell
between left and right. The position in cell where handedness is switched would reflect as a kink
in the cell body (Kiirner et al., 2005). The kinks are introduced at the tapered end of the cell body
and travels to the other end of cell (Shaevitz et al., 2005; Terahara et al., 2017). When the first
kink reaches near the other end of cell body, another kink is introduced at the front (tapered end)
(Shaevitz et al., 2005). The kink propagation through the cell body gives it the thrust that pushes
the surrounding fluid backward and moves the cell forward (Figure 1.11) (Shaevitz et al., 2005).
Thus, the motility of Spiroplasma becomes an interesting model system to explore functions of

cytoskeleton in cell movement.
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Figure 1.11 Kinking motility of Spiroplasma. High
resolution video frames of swimming S. melliferum cells.
Kinks are introduced at only one pole of the cell and travel
towards the other pole. When the first kink reaches about
half the cell length, second kink (white arrow) is introduced
at the same cell pole. Through the frames B-K the kinks are
seen propagating along the cell body. The handedness of
the cell body on either side of the kink is opposite. Scale
bar in frame A represents 1 um. Image is adapted from
Shaevitz et al., 2005.

1.8) Spiroplasma as a model organism

The characteristics of Spiroplasma such as distinct helical shape without cell wall and kinking
motility using cytoskeleton make it an interesting system to understand shape determination and
motility mechanism in bacteria. Research in the past two decades has uncovered some more
proteins in addition to Fibril and multiple MreBs to be contributing to shape and motility of
Spiroplasma. However, the roles of these proteins are yet to be ascertained with an experimental

proof.

Fibril, a protein unique to members of genus Spiroplasma (Townsend and Archer, 1983), does
not have a homolog. The proposed roles of Fibril in Spiroplasma shape determination and
motility remains poorly understood. As discussed earlier, MreB is responsible for shape
determination of cell walled bacteria by positioning cell wall synthesis machinery. It also plays
role in chromosome segregation, gliding motility (Gitai et al., 2005; Lange et al., 2015;
Madabhushi and Marians, 2009). Cell walled bacteria possess a maximum of 3 copies of mreB
gene in the genome to carry out aforementioned functions. Interestingly, although Spiroplasma
cells lack a cell wall, they have at least five copies of mreB gene (Carle et al., 2010; Ku et al.,
2014). The presence of multiple mreB copies seem to have resulted from gene duplication events

(Ku et al., 2014). The conservation of five copies of mreB despite the tendency to keep minimum
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genes necessary for survival indicates that all of them must be functionally significant. In
absence of cell wall, it becomes interesting to investigate if and how the MreBs are involved in

shape determination of Spiroplasma.

Identification of role, localization and assigning function to proteins proposed to be involved in
Spiroplasma motility and shape determination (enlisted above) would require verification by
genetic studies. Although SCMI protein is proposed to be involved in Spiroplasma motility with
experimental evidence, its role and localization remains unknown. The current model for
Spiroplasma motility has been proposed with Fibril and MreB proteins as the components of

linear motor.

As mentioned earlier, Spiroplasma is the only Mollicute with a distinct helical shape and kinking
motility. Members of genus Spiroplasma are also discrete from other bacteria in unique
possession of fibril and more than 5 mreB genes (Haloplasma contractile is the other cell wall
deficient bacteria to possess 5 mreB genes). The presence of Fibril and MreB filaments beneath
the cell membrane is the circumstantial evidence for their role in morphology and motility of
Spiroplasma. No experimental evidence to support the role of these proteins is available in
literature. Experiments involving deletion/disruption of one of these genes at a time and
characterization of mutants would verify the role of these proteins in Spiroplasma physiology.
However, since spiroplasmas lack a functional RecA, they are not amenable to genetic
modification using tools available for genetic studies in other organisms. The next section

discusses in detail the development of tools for Spiroplasma genetics.
1.9) Tools available for Spiroplasma genetic studies

Gene deletion/truncation is often the method for ascertaining functional significance of a protein.
In general, homologous recombination is often the method of choice for creating gene deletion
mutants. The technique involves preparation of a DNA construct (clone) having an antibiotic
resistance marker and a portion of the target gene to be deleted. The clone is transformed into the
cells and grown for a few generations in the presence of antibiotic. During their growth, the cells
repair mechanism incorporates the portion of the clone sequence into the genomic DNA at the
homologous region, thus resulting in a truncated gene that produces non-functional protein

(Christiansen and Griffith, 1986).
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The recombination machinery, that facilitates homologous recombination required for gene
disruption, consists of a protein complex consisting of a helicase and nucleotide-dependent
nuclease as well as RecA protein that brings about recombination. Upon encountering the
homologous region of DNA, RecA brings about strand exchange leading to recombination
(Smith, 1988). Though there are multiple pathways for bringing about DNA recombination, all
of them involve RecA as the central player (Amundsen and Smith, 2003). Thus, presence of
RecA is crucial for a successful recombination event (Clark, 1973). Though RecA-independent
recombination mechanisms are known, they are less efficient and occur at very low frequencies

(Dutra et al., 2006).

Genetic studies on Spiroplasma are being carried out for about 3 decades now. The first induced
gene mutant of Spiroplasma was obtained by irradiation of ultra-violet (UV) light on cells
(Labarere and Barroso, 1989). Simultaneously, another group produced motility mutant of S.
melliferum using nitrous acid (Cohen et al., 1989). Due to the difficulties associated with
identification of site of mutation in the mutants obtained by above methods, transposon (Tn4001)
was used to generate random mutations in S. citri genome. The use of transposon facilitated
identification of site of mutation by southern blot hybridization using Tn4001 specific probe P1
(Foissac et al., 1997b, 1997a). When generating mutants using transposons, in order for the
mutation to be carried on over generations, it is necessary that the transposons are stably
maintained. In mutants obtained by this method, the transposons inserted into genome can be lost
in absence of selection pressure (Dybvig and Cassell, 1987). Although all the aforesaid methods

produced mutants of Spiroplasma, these methods are not useful when targeting a specific gene.

As described above, specific gene targeting is possible through homologous recombination
strategies. However, spiroplasmas were found to contain a truncated and probably a non-
functional recA gene (Marais et al., 1996). The absence of a functional RecA protein in
Spiroplasma genome reduces the chances of homologous recombination from occurring. Thus
incompatibility of multiple oriC, intra-molecular recombination and low frequency homologous
recombination were thought to be the possible causes of DNA recombination in Spiroplasma
cells (Marais et al., 1996). Table 1.3 summarizes the advances in targeting specific genes in

Spiroplasma.
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Table 1.3 Advances in design of tools for genetic modifications in Spiroplasma.

Method/plasmid

Advantages/Drawbacks

UV/ nitrous acid treatment

Problems with identification of site of mutation.

Transposons eg. Th4001

Difficulty in targeting specific genes, transposons are
unstable.

Replicative viruses eg. SpV1-RF

Unstable in the cell.

Artificial
region ( oriC, dnaA gene and dnaA
boxes) eg. pBOT1, pOT1, pOTPG,
pOTPS, pSD4

plasmids with 2 kbp oriC

Vector integration at chromosomal oriC rather than
target site due to presence of full-length dnaA gene
(next to oriC).

Artificial plasmids with 163 bp oriC
region (oriC and dnaA boxes) Eg. pC2;
pCL2

Presence of free plasmids in the cell (instead of
integration into genomic DNA), requires more passaging
for integration.

Aritificial plasmid containing promoter-
gene
downstream of target gene fragment
Eg. pC55

less antibiotic resistance

Growth of cells by expressing antibiotic resistance gene
using gene sequence in the vector as promoter.
Required passaging of cells in media supplemented with
high (10-15 pg/mL)
integration to occur.

antibiotic concentration for

Artificial
gentamycin

containing a
under

plasmids

resistance gene
spiralin promoter and a promoter-less
tetracycline resistance gene Eg. pGOT1
and pGOT18

The process is not 100% efficient since cells were found
to grow in tetracycline containing medium without
DNA. The
resistance gene was transcribed probably using regions

integration into genomic tetracycline
from gene sequence present at its upstream.
Subsequent gene deletion mutants cannot be created

using the same antibiotic.

Artificial plasmids with promoter-less
antibiotic resistance gene sandwiched
between resolvase sites. Eg. pSD6 and
pSD61.

Vector-based expression of Resolvase
protein removes antibiotic resistance
gene and produces unmarked mutants

The method is not 100 % efficient since antibiotic
resistant cells with free plasmids are obtained.

Gene manipulation in Spiroplasma was accidentally discovered through experiments involving
expression of foreign proteins in Spiroplasma (Marais et al., 1993; Renaudin et al., 1995;
Stamburski et al., 1991; Ye et al., 1994). Since spiroplasmas encompass viruses, a replicative

form (RF) of SpV1 virus, called SpV1-RF (from Spiroplasma citri R8A2 strain) was used for

24



cloning foreign genes. The foreign genes were expressed upon transformation of recombinant
viruses into Spiroplasma cells (Marais et al., 1993; Stamburski et al., 1991). However, a later
study found that the recombinant viral DNA becomes unstable and is lost with successive
passages (Marais et al., 1996). Since patches of viral DNA sequence are present in Spiroplasma
genome, the recombinant viral DNA was thought to have undergone homologous recombination
with host DNA. Thus, gene manipulation in Spiroplasma by recombination using SpVI-RF was

thought to be a possibility.

Due to the instability of recombinant SpVI-RF DNA, artificial plasmids (pBOT1, pOTI,
pOTPG, pOTPS) were created which contain S. citri chromosomal origin of replication (oriC)
and tetracycline resistance marker gene, fetM (Renaudin et al., 1995). The oriC used in these
plasmids is a 2 kbp region containing dnaA gene flanked by dnaA boxes. The 2 kbp region was
used since it includes autonomously replicating sequences and may help in plasmid amplification
and maintenance in cells. The plasmid pBOT1 and its derivatives could replicate in E. coli as
well as S. citri. pBOT1 has intact dnaA sequence (an autonomously replicating sequence) and
integrates into genomic DNA of §. citri in a few passages. Its derivatives with only the dnaA
boxes (without the dnaA gene) remain extra-chromosomal, which implicated that the dnaA gene
is not required while oriC and dnaA boxes are sufficient for replication of these plasmids. The
plasmid pBOT1 was thought to integrate into genomic DNA by homologous recombination
involving single crossing-over and is stably maintained irrespective of presence of selection

pressure (Renaudin et al., 1995).

This discovery led to method development of disruption of target genes by cloning regions from
target gene into pCJ32, a pBOT1 derived vector containing oriC, and transformation into
Spiroplasma cells. During subsequent passages the vector got integrated into genomic DNA
resulting in disruption of target gene. However, the use of this vector required extensive
passaging and often led to integration of plasmid mostly at the oriC region of genomic DNA as
compared to target gene (Duret et al., 1999). The recombination frequency at the oriC instead of
target site was thought to be partly contributed by length of homologous sequence in the vector.
Thus, new vectors (pC2; pCL2) were designed with reduced oriC sequence of 163 base pairs
(consisting of two dnaA box regions and beginning of dnalN gene) and target gene fragment of
937 base pairs (bp). Reducing the length of oriC region in plasmid from 1986 base pairs (pSD4)

to a minimum sequence that promoted plasmid replication (163 bp) increased recombination
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frequency at the target site (Figure 1.12 A). However, extensive passaging may be necessary for

achieving recombination at target site (Lartigue et al., 2002).

ps I gm’ =

pGOT18

Enn Acrr > HAptetM—)

pSD61

AarcA H res H ps

tetM - H res

Figure 1.12 Tools available for genetic modification in Spiroplasma. A and B) Vector maps of
pGOT18 and pSD61 vectors useful for target gene disruption in Spiroplasma cells. A) The pGOT18
vector has a promoter-less tetracycline resistance gene (Ap tetM) and gentamycin resistance marker
(gm") under constitutively expressing spiralin promoter (ps). The portion of target gene to be
disrupted (Acrr) is preceded by S. citri fibril transcription terminator sequence and oriC (O). B) The
vector pSD61 has tetracycline resistance gene (tetM) under spiralin promoter (ps) flanked by res
sites on either side. Partial sequence of the target gene (AarcA) is placed between one of the res
sequence and oriC (0). Both the two vector maps have been modified from Duret et al., (2005).
The need for extensive passaging was overcome by designing another vector (pC55) with
reduced oriC sequence and by placing the tetracycline resistance gene (fetM) devoid of promoter,
downstream of target gene fragment. This strategy facilitated expression of tetM only from the
target gene promoter upon recombination. When Spiroplasma transformants containing such a
plasmid were grown in media supplemented with low concentrations of tetracycline (2 pg/mL),
they were found to have free plasmids instead of integration at the target site. The growth of
transformants at low tetracycline concentration was thought to be by expression of tetM gene

using regions from target gene fragment as promoter. The transcription from the makeshift

promoter facilitated low-level transcription, making it necessary for the cell to carry many copies

26



of the plasmid. Growing these cells with high copies of plasmid in media with higher tetracycline
concentration (10-15 pg/mL) resulted into rapid integration of the plasmid at the target site
(Lartigue et al., 2002). Another set of experiments were carried out to check the minimum
homologous region required for disrupting the target gene. Use of a 220 bp fragment of a target
gene in the vector did not yield target gene disruption mutants, thus indicating that longer (>220
bp) homologous sequence was necessary for successful recombination (André and Renaudin

unpublished data; Duret et al., 2005).

Duret et al., (2005) designed new vectors (pGOT1 and pGOT18) with a two-step strategy to
achieve target gene disruption (Figure 1.12 B). The vector has two different resistance marker
genes: gentamycin and tetracyclin. Gentamycin resistance gene was placed under constitutively
expressing spiralin promoter. Growing transformants in media supplemented with gentamycin
allowed growth of only the cells carrying desired vector and facilitated increase in number of
transformants as well as the copy number of plasmid. Since the efficiency of recombination is
low, the high density of cells carrying many copies of plasmid allowed obtaining cells with

recombination at target site.

Spiroplasma cells are known to be sensitive to only three antibiotics - tetracycline, gentamycin
and chloramphenicol (Duret et al., 2005). However, genetic studies on Spiroplasma have shown
that tetracycline resistance gene works as the best marker for selection of positive clones (Breton
et al., 2011). This limits the options available for generating multiple gene disruption mutants
since use of multiple antibiotics would further hamper the growth rate of Spiroplasma cells.
Thus, removal of the resistance marker upon obtaining the first gene disruption mutant would
allow usage of same resistance marker for disrupting the next gene. This is possible as is evident
from experiments by Duret et al., (2005). The authors prepared vectors (pSD6 and pSD61) with
the fetM gene and its promoter sandwiched between two resolvase (res) sites. Upon obtaining
target gene mutants, the tetM gene from the genomic DNA of mutant was removed by vector-
based expression of Resolvase protein (using a separate vector) and tetracycline sensitive cells
with target gene disrupted were obtained. The enzyme Resolvase cuts the target DNA between
the two res sites (Malaga et al., 2003). However, the method is not foolproof to obtain target
gene disruption mutants since tetracycline-resistant cells carrying free plasmids were still

observed (Duret et al., 2005).
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Apart from gene disruption, another tool needed for molecular biology studies is a vector that
can be used for expression of the desired protein. As mentioned earlier, initial attempts to
express proteins in Spiroplasma involved use of replicative form (RF) of virus SpV1 (SpV1-RF),
a natural infectant of most Spiroplasma species (Marais et al., 1993; Stamburski et al., 1991). In
recombinant SpV1-RF, the gene of interest was transcribed using the promoter sequence present
in the viral DNA (Stamburski et al., 1991). The proteins expressed using these strategies were
obtained at low levels and the recombinant viral DNA was unstable (Marais et al., 1993). This
led to a need for advanced vectors. Thus, oriC plasmids containing chromosomal origin of

replication of S. citri were designed (Renaudin et al., 1995).

The oriC plasmids employed promoters of constitutively expressing genes such as fibril or
spiralin genes and tetracycline resistance (fetM) as selection marker (Renaudin et al., 1995).
Upon a few passages it was found that the vectors often integrated into genomic DNA. As a
further modification, reduction/disruption of the dnaA gene in oriC vectors led to extra-
chromosomal maintenance of the vectors (Renaudin et al., 1995). Hence, the vectors containing
S. citri oriC and resistance marker in addition to cloning the gene under a constitutively
expressing promoter were considered promising. However, the transformation efficiency of S.
citri cells using oriC plasmids was low (Breton et al., 2008; Renaudin, 2002). This problem was
overcome by use of vectors derived from pScil-6 plasmids that are naturally present in
Spiroplasma citri GII-3 cells. Derivatives of these plasmids were prepared by insertion of an
antibiotic resistance marker tetM and have also been used for expression of proteins. Another
advantage of these plasmids is that they can be tuned to be maintained extra-chromosomally
(Breton et al., 2008). A recent study involving heterologous expression of protein in Spiroplasma
showed that use of promoter sequence and ribosome binding site of a gene coding for protein
with high expression level (fuf; elongation factor-Tu) resulted into over-expression of the desired
protein (Renaudin et al., 2015). Thus, derivatives of pScil-6 plasmids containing an antibiotic
marker (fetM) under the promoter of a constitutively expressing gene (such as spiralin) and the
desired gene under fuf promoter seems to be a good combination for expression of desired
proteins in Spiroplasma cells. However, one must ensure that only the codon-optimized genes

(not to use TGA codon as a STOP codon) are used for expression in Spiroplasma cells.

Thus, genetic tools available for Spiroplasma genome modification are not as efficient as the

methods applicable for other bacterial species. This has hampered the progress of the field from
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exploring Spiroplasma biology. Spiroplasma being a slow growing organism also slows down
the progress of genetic experiments. Enlisted in Table 1.4 are the essential components in

designing a plasmid for targeting specific genes.

Table 1.4 Essential components of gene disruption vectors in Spiroplasma (also refer Figure 1.12).

Abbreviation Expansion Significance

Facilitates replication of the vector in

Ori Origin of replication Spiroplasma

Genes coding for proteins that provide

Gmr/TetM* Gentamycin/Tetracycline . . D
resistance to respective antibiotics

PS spiralin promoter Facilitates expression of downstream genes

Prevents transcription of DNA downstream

TF fibril terminator .
of the terminator sequence
Acts as restriction sites to facilitate removal
Res Resolvase site of DNA between them by the action of
protein resolvase
MCS Multiple cloning site Site for cloning DNA of interest
Rol Region of interest/portion of Acts as a site of recombination with the
target gene to be disrupted genomic DNA

* Two antibiotic resistance cassettes may be used; one of them downstream of a promoter
sequence while the other one downstream of the portion of target gene (Rol) to be disrupted.

The challenges associated with Spiroplasma genetics has restricted the number of groups

working in the area to a few around the world.
1.10) Objectives

Many species of Spiroplasma have been identified as pathogens of plants, insects and arthropods
and some species can infect animals and humans. Limited knowledge is available about the
pathogenicity and cell biology of Spiroplasma. This may be attributed to lack of sophisticated
tools for genetic studies and difficulties associated with in vitro and in vivo visualization of
protein complexes. Nevertheless, cell biology studies over past five decades have revealed that
Spiroplasma is the only cell wall deficient bacteria with distinct helical shape and move by
kinking motility. Spiroplasma cells exhibit directed motility without the presence of

conventional chemotaxis proteins.

In vitro and in vivo studies on Spiroplasma have led to proposition of a model for its motility.
Though the model proposed by contribution from different groups through independent

experiments may be true, some questions remain unanswered. Firstly, the model does not explain
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how conformational changes are introduced in Fibril filaments. Like other bacterial motors that
derive energy from the nucleotide hydrolysis (GTP/ATP), the energy source of the linear motor
remains obscure. Conformational change in Fibril is the highlight of the model however the
nature of changes and forces bringing about these changes remain unidentified. Also, unknown is
the function of MreB in cell wall deficient bacteria and why multiple copies of mreB are
necessary for Spiroplasma cells. These questions can be addressed by a combination of in vitro
and in vivo characterization of the proposed proteins. Thus, the work was initiated with following

objectives:

A) Structural studies on Fibril in filamentous form

Fibril has been proposed to undergo conformational changes. Thus, I decided to initiate work
on purification and structural characterization of Spiroplasma Fibril filaments. Due to the
requirement of high quantities of protein for standardization and structural studies, the
protocols for heterologous expression and purification have been standardized. The purified
protein filaments have been visualized using scanning as well as transmission electron
microscopy.

B) Identification of domain boundaries in Fibril

Since Fibril forms constitutive filaments, it is likely to be a difficult sample for structural
studies, especially using X-ray crystallography. Thus, attempts were made to identify non-
polymerizing constructs of Fibril by dissecting domain boundaries. Several constructs were
made and characterized to obtain information on domains constituting Fibril. The study also
proved useful to understand if part of the protein is sufficient to form polymers.

C) Identification of protein(s) involved in rod-to-helical transition in Spiroplasma

To decipher the components involved in rod-to-helical transition of Spiroplasma, comparative
studies were performed on wildtype and naturally occurring mutant Spiroplasma cells with the
aim of identifying proteins in the mutant cell. Rescuing of the mutant cells by vector based-
expression of missing protein confirmed the role of the protein.

D) Identification of the role of 5 MreBs and Fibril

The roles of Fibril and MreBs have only been speculated until now without any experimental
evidence. To delineate the functions of each MreB and Fibril in Spiroplasma, gene deletion
experiments have been carried out. Attempts have been made to generate gene disruption

mutants of Spiroplasma that are deficient of either one of the five MreBs or Fibril. Upon
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obtaining the mutants, their characterization can provide clues regarding roles of these proteins

in shape determination and/or motility of Spiroplasma.

These studies would be useful to verify the role of identified proteins as well as to identify new
proteins that might be important in Spiroplasma physiology and advance our understanding of
Spiroplasma biology. Experiments towards achieving each of the above objectives are presented

as separate chapters in the thesis.
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Chapter 2

Purification and characterization of full-length Fibril filaments

2.1) Introduction

Current model for Spiroplasma motility proposes a role of conformational changes in Fibril to be
responsible for the characteristic kinking motility (Kiirner et al., 2005; Shaevitz et al., 2005;
Trachtenberg and Gilad, 2001; Trachtenberg et al., 2008). This model has been proposed on the
basis of 14-17 A resolution data (Cohen-Krausz et al., 2011). Identification of conformational
changes in proteins is impossible at this resolution. This necessitates the need for high resolution
studies. This work was limited, in part, due to challenges in obtaining optimum samples of Fibril
for electron microscopy reconstruction and the unavailability of advanced electron microscopes

and image processing methods.

Advancements in electron cryo-microscopy (cryoEM) in the recent past has made it possible to
obtain atomic resolution structures of proteins (Cheng, 2015). Single particle analysis (SPA) and
helical reconstruction are widely used techniques to determine structures of protein complexes
using cryoEM. In SPA, a pre-requisite for high resolution structure determination using cryoEM
is obtaining a homogeneous sample with a wide range of orientations (Cheng et al., 2015). This
can be achieved by careful biochemical studies and sample standardization using cryoEM. While
SPA is predominantly used for homogenous, non-polymerizing samples, polymeric proteins with
inherent helical symmetry are processed by helical reconstruction method (Paul et al., 2004). In
order to identify conformational changes in Fibril filaments, we initiated its biochemical and
structural characterization. Use of advanced technology will enable us to obtain atomic

resolution information.

Fibril forms constitutive filaments with no known method to control polymerization (Cohen-
Krausz et al., 2011). Thus, it is not possible to obtain ‘single particles’ for structural studies. In
such a case, the strategy for structure determination can be decided by obtaining preliminary
information about the property of Fibril filaments, the important question being whether they are
helical or not. If the filaments are helical, helical reconstruction may be performed to obtain

structure of the filament. Alternatively, if Fibril forms filament bundles, the bundles require to be



dissociated into individual filaments. These procedures require tremendous amounts of protein
for biochemical standardization. Since Fibril content of Spiroplasma cells is low (about 1.4 x 10*
molecules/cell; Trachtenberg et al., 2014), it may not be the best source to obtain Fibril for
structural characterization. While protocol for purification of Fibril from Spiroplasma has
already been standardized (Cohen-Krausz et al., 2011), a pure culture of any species of
Spiroplasma is unavailable in India. Spiroplasma being a known pathogen, special permission is
required from government of India for its import. However, since the import permission sanction
is a lengthy procedure, alternate strategies for Fibril expression and purification are necessary.
Further, genetic modifications, if any required, are difficult in Spiroplasma cells. Use of standard
heterologous expression systems such as Escherichia coli and Pichia pastoris can help overcome
these difficulties. Thus, work was initiated for overexpressing fibril gene of Spiroplasma citri in

E. coli cells and standardization of expression and protein purification protocols.

This chapter describes the attempts for purification of Fibril filaments using E. coli and P.
pastoris as heterologous expression systems as well as from S. citri, its natural source. Multiple
protocols have been standardized for purification of Fibril using these organisms. Further, the

standardization of purified protein for visualization using electron microscopy is described.
2.2) Material and methods

Since their discovery, Fibril polymers have been purified from Spiroplasma using Triton X-100
and sodium deoxycholate as detergents. The detergent (Triton X-100 and sodium deoxycholate)-
insoluble nature of Fibril was used as a starting point for standardization of multiple protocols
for purification of Fibril expressed in E. coli. The standardized protocols are explained in the

next few sections.
2.2.1) Cloning

fibril gene (NCBI accession number CAK99396) was amplified using genomic DNA of
Spiroplasma citri as the template (DSMZ accession no 21846). In spiroplasmas, the TGA codon
codes for amino acid tryptophan (Citti et al., 1992) while in the organisms used as heterologous
expression systems (E. coli and P. pastoris), it represents a stop codon. Fibril protein from S.

citri has seven tryptophans of which six are coded by TGA. Thus, these six TGA codons
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(corresponding to amino acid numbers 26, 200, 258, 316, 323 and 342) were modified to TGG in
fibril gene amplified from S. citri genomic DNA, using appropriate primers (Table 2.1).

Table 2.1 List of primers used for amplification, mutation and cloning of fibril gene into pHIS17 and

pPICZa vectors. Restriction sites in the primers are highlighted in red.

- Namt.e of the Sequence (5’ 3’) Purpose

no primer
GTTTAACTTTAAGAAGGAGATATACATATGA

1 ScF-f TCGGTGTAATTTCAACAGCATATTTTACG
CTTTAAGAAGGAGATATACATATGCGTGGCC

2 ScF-Nhisf ATCATCATCATCATCATCATATCGGTGTAAT Cloning full length fibril
TTCAAC with or without a
GCTTTTAATGATGATGATGATGATGGGATCC s .

3 | ScFr ATCATTACTCACTTTTTAAACGAATTGTAAC | hexahistidine (His) tag
TTTC for expression in E. coli.
GCTTTTAATGATGATGATGATGATGGGATCC

4 ScF-Chis-r ATCATTCTCACTTTTTAAACGAATTGTAACT
TTG

5 SCE-W26A-f CAGTAAAAAAATATTGGTGGAAGAACTGTGT
AATTC
AATGCATTATCACCATGGGATAATGATCCAA

6 | ScF-W200-f TCCATA

7 SCE-W258-f GAAATTAAACATGACCAATGGATTAAATTAT '

TTAAACC Conversion of tryptophan

3 ScF-W316- GTAATTTTAGGAGAGGATGAATGGAAAAATG | codons from TGA to TGG

322f CTCCTAAAAAATGGTTACGTAAATTATTA
ScF-W316- TAATAATTTACGTAACCATTTTTTAGGAGCA

9 322-r TTTTTCCATTCATCCTCTCCTAAAATTAC
CATATTTTGCTGATTTATTCCATAATAATTC

10 | ScF-W342-r ATCATCAT

11 pPICZalpha CGAGAAAAGAGAGGCTGAAGCTGGTACCATC | Cloning full length fibril

Kpn1-Fib-F GGCGTAATTTCAACAGC with a N-terminal a factor
signal sequence and C-
12 PPICZalpha- GTTTTTGTTCTAGAAAGCTGGCGGCCGCTTC | terminal C-myc epitope
Not1-Fib-R ACTTTTTAAACGAATTG followed by Hisg tag for
expression in P. pastoris.

For cloning and expression of fibril in E. coli, codons for hexahistidine (Hise) tag were added at
the 5° or 3’ end of the fibril gene to obtain full length Fibril protein with Hise tag at the N and C
termini respectively. The gene was cloned into pHIS17 vector that has an ampicillin resistance
marker (Addgene vector #78201), by restriction-free cloning (RFC) method (van den Ent and

Lowe, 2006). Primers used for gene amplification, point mutations and restriction-free cloning
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were purchased from Integrated DNA Technologies (IDT) and Sigma-Aldrich®, USA and have
been listed in Table 2.1. Pfu Turbo® and Accuprime Pfx polymerase used for polymerase chain
reactions (PCR) were purchased from Agilent technologies and Thermo Fischer Scientific

respectively. All PCRs were performed using Eppendorf PCR machines.

fibril gene was cloned into pPICZa vector for expression in P. pastoris cells. The vector has a
Zeocin™ resistance marker gene and is useful for expression and secretion of recombinant
proteins using P. pastoris. The gene of interest can be expressed under alcohol oxidase 1
(AOXI1) promoter by induction with methanol (Daly and Hearn, 2005; Ellis et al., 1985).
Forward and reverse primers were designed with Kpnl and Notl restriction sites respectively.

Cloning was done by restriction digestion-ligation method as described in section 2.2.1.3).
2.2.1.1) fibril gene amplification and site-directed mutagenesis

fibril gene was amplified from S. citri genomic DNA using gene-specific primers. Appropriate
primers were designed to incorporate point mutations to convert TGA to TGG. A series of
extension PCRs were then performed to mutate the six TGA codons (corresponding to amino
acid positions 26, 200, 258, 316, 323 and 342) in fibril, while amplifying the whole gene. The
product so obtained with necessary mutations was cloned into pHIS17 vector by restriction-free
cloning method. All the primers used for cloning experiments mentioned in this chapter have

been tabulated in Table 2.1.
2.2.1.2) Restriction-Free cloning (RFC)

Primers for RFC were designed as described by van den Ent and Lowe, (2006). Briefly, the 5°
end of primers contained sequence from target vector and the sequence at 3’ was from the gene
of interest. In the first round of PCR reaction, the gene of interest was amplified using these
primers. In the next step, the amplified gene containing regions from vector at the 5’ and 3’ ends
was used as megaprimer and the target vector, in this case pHIS17, was used as the template to
obtain a plasmid containing the gene of insert. A reaction with template plasmid but no primers
acted as the negative control. 0.5 puL of restriction enzyme Dpnl was added to make a final
volume of 20 puL each of the test and control reactions. The enzyme Dpnl degrades methylated
template DNA in contrast to non-methylated DNA obtained by PCR. Dpnl treated PCR products
were then transformed into E. coli NEB®Turbo cells by electroporation. The NEB® Turbo E. coli
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[genotype F' proA™B* lacl’ AlacZM15 / fhud2 A(lac-proAB) ginV galK16 galE15 R(zgb-
2]0::Tn]0)TetS endAl thi-1 A(hsdS-mcrB)5] cells were chosen for their high transformation
efficiency (1-3 x 10° cfu/ug pUC19 DNA; NEB Inc. catalogue number C29841). Electroporation
conditions used for transformation were- 2500 V voltage, 25 pF capacitance and 200 Q
resistance. Equal volume of (2 X) Luria Bertani (LB) broth was added to the electroporation
reaction followed by incubation at 37 ® C for 1 hour under shaking condition. Subsequently the
cells were spread onto LB agar plates supplemented with ampicillin at 100 pg/mL final
concentration and incubated at 37 ° C for 12-16 hours. Observation of colonies on test plate and
no colonies on control plate indicated complete digestion of template DNA and successful
transformation of PCR product. Colonies from the test plate were grown in LB broth
supplemented with ampicillin and used for plasmid purification. The presence of gene of interest
in plasmid was checked initially by restriction digestion of the plasmid. The region containing
gene of interest was sequenced to confirm the clones. A clone with the correct sequence was

selected for expression and purification of Fibril protein from E. coli cells.

2.2.1.3) Cloning of fibril gene in pPICZa by restriction digestion-ligation method and

transformation into P. pastoris cells

For cloning by restriction digestion-ligation method, the forward and reverse primers were
designed with Kpnl and Notl restriction sites. fibril gene was amplified using fibril in pHIS17
clone as the template and appropriate primers listed in Table 2.1. The amplicon and empty
pPICZa vector (Invitrogen; obtained from Dr. A P Giri’s lab at CSIR-NCL, Pune, India) were
incubated with Kpnl and Notl restriction enzymes and Cutsmart™ buffer (New England
Biolabs) to produce sticky ends. The restriction digestion reactions were subjected to PCR clean-
up using a kit (Qiagen) to remove unwanted small DNA fragments, restriction enzymes and
buffer. A ligation reaction was set up to stitch the insert with the vector using T4 DNA ligase
enzyme (New England Biolabs). The reaction was incubated at 4 ® C for 12-14 hours and then
transformed into E. coli DHS5a electro-competent cells (genotype: fhuA2 (argF-lacZ)U169 phoA
glnV44 80 (lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdRI17; NEB catalogue number
C2987H) by electroporation. E. coli DH5a electro-competent cells were chosen for their high
transformation efficiency, high quality plasmid preparations as well as recA and endA deficiency.

Equal volume of Low salt- Luria Bertani {LSLB; [1 % tryptone (w/v), 0.5 % NaCl (w/v), 0.5 %
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yeast extract (w/v); adjust pH to 7.5; 1.5 % agar (w/v)]} broth was added to electroporation
reaction and incubated at 37 © C for 1 hour with shaking. The recovered cells were plated onto
LSLB agar plates supplemented with 25 pg/mL Zeocin™ and incubated at 37 ° C for 12-14
hours. The colonies were checked for presence of insert by colony PCR. Colonies found positive
by colony PCR were further grown in LSLB for plasmid extraction to check clones using

restriction-digestion and confirmation by sequencing.

The transformation of fibril gene cloned in pPICZa vector was done as per protocol provided by

Invitrogen (https://assets.thermofisher.com/TES-Assets/LSG/manuals/ppiczalpha_man.pdf).

Briefly, a positive clone was linearized by restriction digestion with Pmel (New England
Biolabs) followed by PCR clean-up. The linearized clone was then transformed into freshly
prepared electro-competent P. pastoris GS115 cells (genotype: his4) by electroporation.
Electroporation conditions used were- 2000 V voltage, 25 uF capacitance, 200 Q resistance with
a 2 mm cuvette. The electroporated cells were recovered by addition of 1 mL sterile sorbitol (1
M) and incubating the mixture at 30 ® C for 2 hours without shaking. 200 uL of the recovered
cells were spread onto YPD agar [Yeast extract (1 % w/v), peptone (2 % w/v), D- glucose (2 %
w/v) and agar (2 % w/v)] plates supplemented with Zeocin™ and incubated for 3 days at 30 ° C.
One colony was then inoculated into sterile YPD broth for preparation of glycerol stocks of the
clone. Glycerol stocks were prepared by growing the 100 mL culture to mid-log phase. The
cultures was then pelleted and re-suspended in 5 mL YPD media. 5 mL of sterile glycerol (100
%) was added to the re-suspended culture aseptically. The culture was mixed so as to obtain
uniform solution which was aliquoted as 0.5 mL aliquots in sterile 1.5 mL tubes and flash frozen
in liquid nitrogen. The frozen aliquots were stored at -80 ° C until further use for expression and

purification of Fibril from P. pastoris.

2.2.2) Expression
2.2.2.1) Expression of full-length fibril in E. coli

Upon confirmation of the positive clones by sequencing, the clones were used for expressing
protein of our interest. All the clones prepared in pHIS17 were expressed in BL21(AI)
[genotype: F-ompT hsdSB (rB- mB-) gal dem araB::T7RNAP-tetA] strain of E. coli. While
pHIS17 plasmid contains T7 promoter for expressing gene of interest, the gene coding for T7

polymerase is present on the chromosome of BL21(AI) cells. Expression of T7 polymerase in
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this strain is tightly controlled by the araBAD operon that gets triggered only in presence of L-
arabinose in the media. Since pHIS17 plasmid contains the ampicillin resistance marker gene,
ampicillin was supplemented in the media used for growing transformants at all stages of

expression so as to provide selection pressure for the cells to maintain the transformed plasmid.

The plasmid was transformed into BL21(AI) cells by heat-shock method (standard protocol).
The cells were then spread on sterile LB agar plates supplemented with ampicillin (100 pg/ mL)
and incubated for 10-12 hours at 37 ® C. The parameters such as temperature, optical density
(OD) for induction and post-induction incubation time were optimized to get maximum protein
in the soluble fraction. For expression check, the 10 mL culture pellets were re-suspended in
appropriate lysis buffer and lysed by sonication. The solubility was checked by spinning the
lysate at 21,000 xg/4 ® C/15 minutes. A fraction of total lysate and supernatant at 21,000 xg for
uninduced and induced culture were checked on 12 % SDS-PAGE gel. The presence of the band

of interest in the supernatant was indicative of soluble protein.

The standardized protocol for large scale expression is as follows. Five to eight colonies from the
agar plates were inoculated in 250 mL sterile LB broth supplemented with ampicillin (100 pg/
mL) and incubated at 37 ° C for 10-12 hours under shaking condition, which acted as the
primary culture. 10 mL from the primary culture that attained OD (measured at 600 nm; ODgp)
= 0.6 was transferred to a sterile 100 mL flask without addition of L-arabinose. This acted as
uninduced control for confirmation of protein overexpression in cultures induced by addition of
L-arabinose. From rest of the primary culture, 10 mL each was then inoculated into six 2 litre
flasks containing 1 litre sterile LB broth (supplemented with 100 pg/ mL ampicillin). These
cultures were then induced by addition of sterile L-arabinose solution (final concentration = 0.02
grams/ 100 mL). The induced as well as uninduced cultures were incubated under shaking
condition at 25 ° C for 6 hours. 10 mL each of the induced and uninduced cultures were pelleted
separately and used for expression check. Rest of the induced culture pellet was washed with
TioE; buffer (10 mM Tris pH 7.6, 1 mM EDTA) and flash frozen in liquid nitrogen as 200 mL

culture equivalent aliquots. The aliquots were stored at -80 °® C until further use.
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2.2.2.2) Expression of full-length fibril in P. pastoris

Heterologous expression of proteins in P. pastoris using pPICZa vector results into production
of recombinant proteins with an N-terminal a-factor signal sequence followed by Kex2 protease
site. C-myc epitope and Hise tag are linked at the C-terminus of recombinant protein. The codons
for a-factor signal sequence in the vector are incorporated from Saccharomyces cerevisiae,
where it is necessary to secrete mating proteins. In cells, upon expression of the protein tagged
with a-factor signal sequence, the two are separated by action of Kex2 protease in two steps. In
the first step, the sequence EKREAEA is cleaved between R and E by Kex2 protease. In the
second step the EA repeats are further cleaved by STE13 protease. The mature protein is then
secreted into the growth medium (pPICZa manual by Invitrogen;

https://assets.thermofisher.com/TES-Assets/LSG/manuals/ppiczalpha man.pdf). Thus, when a

heterologous protein is expressed with a-factor signal sequence, the former is obtained in the

growth media.

For expression of fibril in P. pastoris, a glycerol stock aliquot of Pichia pastoris GS115 cells
with fibril (in pPICZa) clone integrated into genomic DNA was thawed on ice. The culture was
inoculated initially into 50 mL of sterile BMMY media [yeast extract (1 % w/v), peptone (2 %),
phosphate buffer (100 mM; pH 6.0), yeast nitrogen base (1.34 %), biotin (4 X 10° %), methanol
(0.5 % v/v)] and incubated at 30 © C under shaking conditions for 24 hours. The culture was then
aseptically transferred into a sterile 2 litre flask containing 450 mL BMMY media and incubated
at 30 ° C under shaking conditions for 72 hours. 1 mL methanol was added to the growing
culture after every 24 hours to ensure supply of carbon source and keep cells induced for Fibril

production.
2.2.2.3) Growing Spiroplasma cultures

Spiroplasma citri GII-3 culture from Dr. Laure Béven’s lab at INRA, Bordeaux, France were
used for purification of Fibril. This part of the work was carried out in Dr. Laure Béven’s lab at
INRA, Bordeaux, France. The protocol followed for growth of Spiroplasma cultures is as

follows.
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Modified SP4 media composition and preparation protocol

The modified SP4 media (Duret et al., 2005) used for growing Spiroplasma cultures was
prepared in two parts: the first contains components that were sterilized by autoclaving (Table

2.2). The second part contains compounds that cannot withstand autoclaving and hence needed

to be filter sterilized (Table 2.3).

Table 2.2 SP4 media base: to be autoclaved

Component Quantity/ 300 mL SP4 media
Mycoplasma base broth lg
Peptone 16¢g
Tryptone 3g
Phenol red (9 mg phenol red/ mL 1 M NaOH) 1.2mL
Adjust pH to 7.8
MilliQ to make up the volume* ‘ 205 mL

* In case of preparation of modified SP4 agar, add 3 g of Noble agar/205 mL base after adjusting

pH.

Table 2.3 Components to be filter sterilized and added to sterile SP4 media base**

Component Stock concentration Quantity/ 300 mL SP4 media
Fetal calf serum (FBS)*** - 50 mL
CMRL 1066 - 15mL
Yeastolate 4 % (w/v) 25.5mL
D-Glucose 50 % (w/v) 3mL
Penicillin G 200,000 U/mL 1.5mL

** To be filter sterilized aseptically initially using 0.45 pm filter initially and then through 0.22 um
filter.

*##% To be thawed and then heat inactivated at 60 ° C for 30-60 minutes in water-bath with shaking
after every 5-10 minutes.

For preparation of 300 mL modified SP4 media, the base media components were added to 150
mL MilliQ and solubilized. The pH of mixture was adjusted to 7.8 and volume made to 205 mL
by addition of MilliQ. This base mixture was sterilized by autoclaving at 121 °® C at 15 Ibs
pressure for 15 minutes. The components to be filter sterilized were prepared as follows- FBS
was allowed to thaw at room temperature. Upon thawing, FBS was heat inactivated in a water-
bath by incubation at 60 ° C for 30-60 minutes with shaking after every 5-10 minutes. The

desired volume of heat inactivated FBS was mixed with other components to be filter sterilized,
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in an aseptic environment. All the components were first passed through a 0.45 um filter initially
to get rid of bulk matter and any precipitated material. It was then passed through 0.22 pm filter
into autoclaved, cooled base media and stored at room temperature until use. The modified SP4

media prepared by this protocol can be used for up to 60 days when stored at room temperature.

Frozen 0.5 mL culture of S. citri GII-3 cells was thawed on ice and aseptically added to 2 mL of
fresh modified SP4 medium (composition mentioned above) in a sterile 5 mL screw capped glass
tube. The culture was then incubated at 32 © C for about 18 - 20 hours without shaking. 0.5 ml of
the growing culture was then re-inoculated into sterile 2 mL modified SP4 media and incubated
at 32 ° C for about 18 - 20 hours. Upon incubation, the 2.5 mL grown culture was added to 20
mL of sterile modified SP4 medium incubated at 32 ° C for about 18 - 20 hours. The 22.5 mL
culture was then inoculated into200 mL of sterile modified SP4 medium incubated at 32 ° C for
about 18 - 20 hours without shaking. Finally the 222.5 mL culture was added to 777.5 mL sterile
modified SP4 medium and incubated at 32 © C for about 12 - 15 hours.

At each stage, the growth of cells was monitored by change in color of sterile modified SP4
media from red to yellow and confirmed by microscopic observation of cells and cell density
from the growing culture. Well grown cells of S. citri GII-3 exhibited helical morphology,
kinking motility and were small to medium in length (2 to 5 pm). Care was taken not to shake

the cultures since aeration is not necessary for growing Spiroplasma.

Cultures were pelleted using JA14 rotor in a Beckman coulter high speed centrifuge. The first
spin was performed to pellet down cells from the medium by spinning at 14,000 xg/18 ° C/30
minutes. The supernatant was discarded and pellet washed thrice, or until the media was
removed completely, by cycles of pellet re-suspension and centrifugation in cold condition. For
washing the pellet, each pellet was re-suspended on ice initially in ice-cold 5 mL. HS buffer (8
mM HEPES pH 7.4, 280 mM sucrose) and the volume made to 50 mL by addition of ice-cold
HS buffer. The cell suspension was spun at 14,000 xg/18 °® C/30 minutes, supernatant discarded
and the washing cycle repeated. The completely washed pellets were transferred to sterile 2 mL

microfuge tubes and stored at -80 ° C until use.
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2.2.3) Protocols for Fibril purification

Fibril purification has been attempted using two heterologous expression systems, E. coli and P.
pastoris. According to published reports, Fibril has always been purified from Spiroplasma, a
cell wall deficient organism. The protocol established for Fibril purification from Spiroplasma
was modified for purification from E. coli and P. pastoris. Detergents were screened for their
ability to solubilize Fibril to enable their purification. Based on the insights obtained from
detergent screen, multiple approaches such as affinity chromatography, hydrophobic interaction
chromatography and density gradient centrifugation were used for obtaining purified Fibril. The

details of protocols and various modifications are described below.
2.2.3.1) Principle of density gradient centrifugation

Density gradient centrifugation (DGC) is a process of separation of molecules on the basis of
their densities using a decreasing/increasing gradient of solution with higher density than the
molecules to be separated. It is often used for purification of viruses, lipoproteins and
filamentous proteins from other biomolecules (Chung et al., 1980; Redgrave et al., 1975; Reimer
et al., 1967; Soellner et al., 1985). DGC is further classified as (i) Rate zonal centrifugation,
which separates proteins based on the differences in their sizes and mass and is used for
separation of proteins with similar density (i1) Isopycnic or buoyant density gradient
centrifugation in which the separation is based on the differences in density of the proteins
(Rgdahl, 1998). The gradients can be prepared as continuous (linear) or discontinuous (step)
gradient. The difference between the two is the presence of sharp differences in the density for a
discontinuous gradient while in a continuous gradient, the density decreases in a linear fashion.
A discontinuous gradient is not preferred for the rate zonal separations as sudden changes in the
gradient viscosity and density leads to irregular separation of particles. A rate zonal
centrifugation involves centrifugation of sample for shorter duration with shallow gradient, and
is preferred when the protein is labile, osmotically sensitive. However, isopycnic runs allow for
separation of large amounts of sample and leads to a separation of a wide variety of samples
according to their density, as they can have steep gradients (Patsch and Patsch, 1986). The
material to be used for preparation of the gradient depends on the density of the sample to be
separated. Table 2.4 lists compounds commonly used for density gradient preparation and their

densities.
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Table 2.4 List of compounds used for density gradient preparation.

Compounds (concentration) Density
Glycerol (100% v/v) 1.26 g/cm’
Sucrose (100% w/v) 2.0 g/cm?
Urografin (76% w/v) 1.52 g/cm’
Caesium chloride (6M) 1.83 g/cm’
Percoll 1.0-1.3g/cm’
Nycodenz (80% w/v) 1.426 g/cm’

Since Fibril have been purified using isopycnic density gradient centrifugation (Williamson et

al., 1991), I used linear density gradients of glycerol, urografin or Nycodenz for its purification.
2.2.3.2) Purification of Fibril using glycerol gradients

A 200 mL culture pellet of E. coli cells expressing fibril was washed with TgE;o [10 mM Tris
(pH 7.6), 10 mM EDTA] buffer. The washed pellet was re-suspended in 100 mL of lysis buffer 1
(Appendix 1). Cells were lysed on ice for 3 minutes with 60 % amplitude and 5 seconds ON, 5
seconds OFF cycle using a VibraCell™ probe sonicator. The lysate was spun at 4600 xg/4 °C/15
minutes and cell debris in the form of pellet was discarded. Filamentous proteins can be pelleted
from a solution by spinning at 100,000 xg (Mizuno, 1992; Woodring et al., 2001). Hence,
supernatant of the 4600 xg spin was further centrifuged at 100,000 xg/4 °C/2 hours to pellet
down Fibril filaments. Simultaneously, a 34 mL linear glycerol gradient was prepared using 17
mL each of 10 % and 50 % glycerol in T;oEo buffer to separate proteins from 100,000 xg pellet
based on their density. At the end of the 100,000 xg spin, the pellet was re-suspended in 1.5 mL
T10E 1o buffer and loaded on top of the glycerol gradient. Sample loaded gradients were then spun
at 79,500 xg/4 °C/2 hours to attain protein separation. The gradient was then fractionated using
peristaltic pump assisted by a glass capillary. The glass capillary was dipped into bottom of the
gradient and fractions collected (1.5 mL each). The fractions were sequentially labeled with the
densest fractions (from the bottom) being 1 and the topmost was the last. Samples from all the
protein fractions were electrophoresed and visualized on 12 % SDS-PAGE gel along with
marker proteins to identify protein of interest. Samples containing protein of interest were pooled

into one tube.
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The samples are placed in a chamber under vacuum for visualization using an electron
microscope (EM). Thus, the samples to be imaged need to be dried before processing in SEM.
The protein purified using glycerol gradient has salts and glycerol associated with it. These
compounds form a thick layer on silicon wafer when the samples are dried. Visualization of
sample in presence of such layers becomes difficult. Thus, pooled protein was dialyzed against
water before preparation of samples for visualization using Field Emission-Scanning Electron

Microscope (FE-SEM).
2.2.3.3) Buffer standardization for solubility of Fibril protein

Six pellets of 200 mL culture were re-suspended in 45 mL of lysis buffer 2 (Appendix 1). Cells
were lysed by sonication on ice for 18 minutes with 60 % amplitude and 1 second ON, 3 seconds
OFF cycle using a probe sonicator. Any one of the following compounds were added to each of
the lysate- N-Lauroyl sarcosine sodium salt (LSS; 0.5 % w/v), Sodium deoxycholate (1 % w/v),
Tween-20 (1 % v/v), sodium dodecyl sulphate (SDS; 1 % w/v), EDTA (10 mM w/v), lysis buffer
2 (buffer base). Values in bracket indicate final concentration of respective compounds. Volume
in each tube was made to 50 mL by addition of lysis buffer 2. The lysates were retained on ice
for 30 minutes so as to allow the compounds to act. Post-incubation, all samples were initially
spun at 4629 xg to remove cell debris as pellet. The supernatant was further spun at 159,000 xg/4
O C for 2 hours. The supernatants were transferred to fresh tubes and each pellet was re-
suspended in 2 mL T;oE;o buffer. 10 uL sample from each condition at all the stages was mixed
with 10 uL SDS-PAGE loading dye (2X) and incubated at 99 ° C for 10 minutes under shaking
condition. For visualization of samples on SDS-PAGE gel, 7 uL each was loaded for total lysate
and 159,000 xg. For 4629 xg supernatant and 159,000 xg supernatant, 15 puL each of the samples

were loaded on the gel.
2.2.3.4) Purification of Fibril expressed in E. coli by Ni-NTA affinity chromatography

A 200 mL culture pellet of E. coli cells expressing fibril with an N-terminal Hise tag was re-
suspended in 50 mL lysis buffer 3 (Appendix 1). Cells were lysed on ice for 5 minutes by
sonication with 60 % amplitude and 1 second ON, 3 seconds OFF cycle using a VibraCell™
probe sonicator. The lysate was spun at 4629 xg /4 %C/15 minutes to remove cell debris as pellet.

Supernatant was further spun at 159,000 xg/4 °C/ 30 minutes to pellet down Fibril filaments. The
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pellet was re-suspended using 1.8 mL binding buffer/ buffer Aypo (50 mM Tris pH 7.6, 200 mM
NaCl). 0.2 mL of 10 % SDS solution was added and mixed with the re-suspended pellet. The
protein suspension was spun at 21,000 xg/25 °C/10 minutes to remove any large insoluble
aggregates. The soluble fraction from this step was spun at 159,000 xg/25 °C/30 minutes and
Fibril was obtained in the supernatant. All the steps after addition of SDS were performed at

room temperature/ 25 © C since SDS precipitates at lower temperatures (4 ° C).

The supernatant was mixed with 2 mL Ni-NTA resin (Ni-NTA agarose; Qiagen) pre-equilibrated
with binding buffer/buffer Aypp (50 mM Tris pH 7.6, 200 mM NaCl). Protein was allowed to
bind to Ni-NTA resin by mixing on a rotomix (Tarsons) at room temperature for 30 minutes.
Post incubation, the mixture was put into an empty column (GE Healthcare Life Sciences) with
filter. The filter retained Ni-NTA resins and bound protein, allowing unbound proteins to
flowthrough, which were collected as the unbound fraction. The Ni-NTA resin was washed by
passing more binding buffer to remove unbound proteins and collected as wash. Elution buffer
containing increasing concentrations (25 mM, 50 mM, 100 mM, 250 mM and 500 mM) of
imidazole in binding buffer was passed through the resin in steps and each collected as a separate
fraction. 10 pL from each of these fractions were added to 10 pL 2X SDS-PAGE loading buffer
[Tris (100 mM; pH 6.8), SDS (4 % w/v), bromophenol blue (0.2 % w/v), dithiothreitol (200 mM)
and glycerol (20 % v/v)] and incubated at 95 °® C for 10 minutes with shaking at 300 revolution
per minute (rpm). Samples were briefly spun and 10 uL loaded into each well of 12 % SDS-
PAGE gel along with a protein marker. Resolving samples on SDS-PAGE followed by staining
and de-staining allowed us to identify fractions containing protein of interest and purity of the
protein. Fractions containing protein of interest were pooled and extensively dialyzed against
distilled water to remove salts, detergents etc. Dialyzed protein was used for preparation of
samples for visualization of filaments using Field Emission-Scanning Electron Microscopy (FE-
SEM) or Transmission Electron Microscope (TEM) using protocols as described under 2.2.4.1)
and 2.2.4.3) respectively.

2.2.3.5) Purification of Fibril expressed in E. coli using ion-exchange chromatography

Fibril was obtained in the soluble fraction by re-suspending 4 x 200 mL culture pellets of E. coli
expressing fibril in 100 mL lysis buffer 4 (Appendix 1). The cells were lysed by sonication on

ice. Lysate was spun at 100,000 xg/4 ° C/30 minutes to remove cell debris and unwanted
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proteins. The supernatant containing Fibril was used for ammonium sulphate precipitation. 22.6
g ammonium sulphate (22.6 g/100 mL; 40 % saturation) was added to the supernatant in steps
over 1 hour at 4 ° C and stirring condition. Upon completion of ammonium sulphate addition,
the mixture was allowed to stir at 4 ® C for 30 minutes. The turbid solution was then spun at
100,000 xg/4 ® C/30 minutes. The supernatant was discarded and pellet containing Fibril was re-
suspended in 50 mL sodium acetate buffer (100 mM; pH 4.63). The suspension was spun at
28,000 xg/4 ° C/30 minutes to dilute out traces of ammonium sulphate. Fibril was obtained in
pellet which was further re-suspended in 48 mL 50 mM Tris (pH 8.0). The suspension was spun
at 28,000 xg to remove any insoluble aggregates as pellet. To the supernatant 4.62 grams of
ammonium sulphate was added to attain final concentration of 700 mM. The mixture was again
spun at 28,000 xg/4 °® C/30 minutes to remove aggregates as pellet. The clear solution containing
Fibril was transferred to a fresh tube and loaded onto HIC columns [GE Healthcare Life Science;
in the order: Butyl HP, Phenyl (low substitution), Phenyl (high substitution) and Phenyl HP]
connected in series and pre-equilibrated with binding buffer [SO0 mM Tris pH 8.0, 700 mM
ammonium sulphate] in an Akta cold cabinet (4 ® C). The unbound protein was collected as
flowthrough. Upon complete loading of the partially purified lysate, all the columns were
disconnected from the system. The columns were individually connected to the system, washed
with binding buffer and eluted with a linear gradient of decreasing concentrations of ammonium

sulphate (binding buffer mixed with 50 mM Tris pH 8.0).

To attempt purification of Fibril using Capto MMC (multimodal cation exchanger) matrix the
cultures were processed as follows. 4 x 200 mL culture pellets were re-suspended in lysis buffer
4. The cells were lysed by sonication on ice using a probe sonicator. Lysate was spun at 100,000
xg/4 ° C/30 minutes to remove cell debris and unwanted proteins. The supernatant containing
Fibril was used for ammonium sulphate precipitation. 22.6 g ammonium sulfate precipitation (40
% saturation) was added to the supernatant in steps over 1 hour at 4 ° C and stirring condition.
Upon complete addition of ammonium sulphate the mixture was allowed to stir at 4 ® C for 80
minutes. The turbid solution was then spun at 100,000 xg/4 °® C/30 minutes. Supernatant was
discarded and pellet containing Fibril was re-suspended in 50 mL sodium acetate buffer (100
mM; pH 4.6). The suspension was spun at 28,000 xg/4 ® C/30 minutes to dilute out traces of
ammonium sulphate. Fibril was obtained in pellet which was further re-suspended in 24 mL of

50 mM Tris (pH 7.6). The suspension was spun at 27,200 xg/4 ° C/30 minutes to remove any
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insoluble aggregates as pellet. The supernatant was loaded onto Capto MMC column pre-
equilibrated with 50 mM Tris (pH 7.6) using Akta Prime in a cold cabinet (4 ° C). Unbound
protein was collected as flowthrough. The bound protein was washed with excess of binding
buffer [S0 mM Tris (pH 7.6)] and collected as wash. The bound protein was eluted using a 0 %
to 100 % concentration of elution buffer [SO0 mM Tris (pH 9.83)] against binding buffer and

collected as fractions.

30 uL sample from all the stages of purification and fractions was mixed with 30 uL SDS-PAGE
loading dye (2X) and heated at 99 °© C/10 minutes under shaking condition. All the samples were
briefly spun and 10 uL loaded on 12 % SDS-PAGE gels.

2.2.3.6) Purification of Fibril expressed in P. pastoris by Ni-NTA affinity chromatography

200 mL culture pellet of P. pastoris cells expressing Fibril was lysed by cycles of freeze thawing
and crushing using a mortar pestle. Liquid nitrogen was taken into mortar and droplets of culture
pellet re-suspended in 1 mL lysis buffer 3 (Appendix 1) were dropped into nitrogen. The pellets
were crushed using pestle until liquid nitrogen in the mortar evaporated. Fresh nitrogen was then
added to mortar and crushing continued. Three cycles of liquid nitrogen addition and crushing
were necessary for complete lysis of P. pastoris cells. Upon completion of lysis, the lysate was
transferred into a clean 50 mL falcon tube (Tarsons) and volume made up to 50 mL by addition
of lysis buffer 3 (Appendix 1). The mixture was vortexed to obtain uniform solution. The lysate
was then transferred into a clean Ti-45 tube (Beckman Coulter) and spun at 100,000 xg/4 © C/30
minutes to get rid of cell debris, unlysed cells and unwanted proteins. The supernatant containing
Fibril was incubated with pre-equilibrated Ni-NTA resins for 30 minutes at room temperature
with brief shaking. The mixture was then put into an empty column and purification performed

as mentioned in section 2.2.3.4) of this chapter.
2.2.3.7) Purification of Fibril from Spiroplasma

A 2 litre culture pellet of Spiroplasma citri GII-3 cells was rinsed with washing buffer (10 mM
Tris pH 7.6, 400 mM NaCl). The pellet was then re-suspended in 5 mL lysis buffer 1 (Appendix
1). Mg, DNase and protease inhibitor cocktail (Sigma) were added at final concentrations of 10
mM, 50 ug/mL and twice the company-recommended value respectively. The cell suspension

was initially stirred at room temperature for 5 hours and then at 4 ° C for 24 hours to facilitate

60



cell lysis. The lysate was then spun at 100,000 xg/4 © C/2 hours to separate the Triton X-100
insoluble fraction as pellet. Supernatant obtained after the spin was discarded and pellet rinsed
using 200 uL. TE buffer (10 mM Tris pH 7.6, 10 mM EDTA). The pellet was re-suspended in
500 uL TEK buffer (10 mM Tris pH 7.6, 10 mM EDTA, 1 M KCI) and stirred at 4 ° C for a
week to facilitate separation of individual filaments from bundles. Following a week long
stirring, 250 uL of the enriched Fibril were loaded on top of cold 1 mL Nycodenz density step
gradient prepared using 250 pL each of 0 %, 20 %, 30 % and 50 % (w/v) Nycodenz
concentration in TE buffer (10 mM Tris pH 7.6, 10 mM EDTA) and stirred at 100,000 xg/20
% C/1 hour to separate proteins based on their densities. At the end of the spin, 5 different layers
were seen in the tubes. Each individual layer was separated and transferred to fresh tubes. 10 uLL
sample from each layer was mixed in separate tubes with 10 pL. SDS-PAGE loading dye (2X)
and incubated at 95 ° C for 3 minutes. All the samples were spun briefly and 10 uL each loaded
onto a 12 % SDS-PAGE gel to check for fraction containing Fibril. Thus, layer 4 from gradient
was re-suspended in 1 mL TE buffer (10 mM Tris pH 7.6, 10 mM EDTA) and spun at 100,000
xg/4 ° C/2 hours to remove Nycodenz as supernatant. The pellet was re-suspended in 250 uL TE
(10 mM Tris pH 7.6, 10 mM EDTA) buffer and stirred at 4 ° C until visualization using electron

microscope.
2.2.3.8) Preparation of urografin density gradient

Urografin solution (76% w/v; Cadila healthcare Ltd, Kundaim, India) was obtained. To prepare a
30.4 % solution, 10 mL of urografin was added to 15 mL of T;oE;o buffer. 4.5 mL of 76 %
urografin was put into a tube compatible with SW-41 rotor. 4.5 mL of 30.4 % urografin solution
was layered on top of the 76 % solution in tube and the tube was left at 4 ° C overnight (16
hours). The overnight incubation allows the formation of a linear gradient. The gradient was used

further for separation of protein filaments.

Alternatively, a linear gradient was prepared using a density gradient mixer (Sigma-Aldrich). For
preparation of a 9 mL gradient, 4.5 mL each of 76 % and 30.4 % urografin solutions were put
into the two wells of the gradient mixture such that the well containing dense solution is closer to
outlet. The gradient mixer was kept on top of a magnetic stirrer and a magnetic bead put into the
well containing dense solution. Outlet tubing of the mixer was put into a fresh thin, clear tube

(13 mL) compatible with SW-41 rotor. The valve connecting both the wells as well as the outlet
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valve were opened while magnetic bead was stirring. The stirring facilitated gradual mixing of
the two solutions with different densities. The solution exiting the outlet tubing had decreasing
density with time thus forming a linear density gradient in the tube. The gradient formed by this

method was immediately used for separation of protein mixture based on their densities.
2.2.3.9) Purification of Fibril from E. coli by separation on urografin density gradient

A 200 mL culture pellet of E. coli BL21(AI) cells expressing full length fibril with an N-terminal
6xHis tag or without a tag was re-suspended in 50 mL of any one of the lysis buffers from 1 or 5.
Cells were lysed on ice by sonication for 20 minutes with 60 % amplitude and 5 seconds ON, 5
seconds OFF cycle using a VibraCell™ probe sonicator. The lysate was spun at 8,000 xg/4 °C/10
minutes and cell debris in the form of pellet was discarded. The supernatant so obtained was
spun at 159,000 xg to separate Fibril filaments from the non-polymerized proteins. The pellet so
obtained contained enriched Fibril filaments. Therefore the pellet was re-suspended in 1 mL
Ti0E10 buffer and left for stirring on a magnetic stirrer at 4 ° C for at least 10 days. 1 mL of
stirred enriched Fibril was loaded on top of 9 mL urografin density gradient. The tubes
containing gradient loaded with protein were spun using a swinging bucket rotor at 154,000 xg/4
°C/2 hours. The gradient was manually fractionated using a pipette into 10 fractions with 1 mL
volume per fraction. The fractions were sequentially labeled with the topmost fractions being 1
and the densest was 10. Samples from all the protein fractions were electrophoresed and

visualized on 12 % SDS-PAGE gel along with marker proteins to identify protein of interest.

To obtain urografin-free protein, fractions containing protein of interest were pooled and volume
made to 60 mL by addition of 50 mM Tris (pH 7.6). The solution was spun at 159,000 xg/4
C/30 minutes and Fibril obtained in the pellet. The pellet was re-suspended in 1 mL T;oE;o
buffer [S0 mM Tris (pH 7.6), 10 mM EDTA] and used for sample preparation for TEM studies.

2.2.3.10) Purification of Fibril from E. coli without detergent, using urografin density

gradient

A 200 mL culture pellet of E. coli BL21(Al) cells expressing untagged full length fibril was re-
suspended in 50 mL of 10 mM Tris (pH 7.6). Cells were lysed on ice by sonication for 20
minutes with 60 % amplitude and 5 seconds ON, 5 seconds OFF cycle using a VibraCell™

probe sonicator. The lysate was spun at 8,000 xg/4 %C/10 minutes and cell debris in the form of
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pellet was discarded. The supernatant so obtained was spun at 30,000 xg to get rid of other
macromolecules as a pellet. The supernatant was further spun at 159,000 xg at 4 °C for 30
minutes to separate Fibril filaments from the non-polymeric cytosolic components that remain in
the supernatant. The pellet so obtained contained Fibril filaments. Therefore the pellet was re-
suspended in 1 mL ToE;o buffer and left for stirring on a magnetic stirrer at 4 0 C for at least 10

days.

Following prolonged stirring the re-suspended pellet was loaded on top of the 9 mL urografin
gradient (40 % to 100 %) and spun at 159,000 xg/ 4 °C / 120 minutes. The gradient facilitated
separation of proteins based on their density. Upon spinning for 120 minutes, the gradient was
fractionated using pipette into 10 equal fractions. The fractions were labeled 1 to 10 such that the
topmost fraction was 1 and last was 10. Samples from all the fractions were visualized on 12 %
SDS-PAGE gel. Fractions containing protein of interest were pooled and volume made to 60 mL
by addition of 50 mM Tris (pH 7.6). The diluted protein was spun at 159,000 xg/4 °C/30
minutes to remove urografin in the supernatant and obtain enriched Fibril in the pellet. The pellet
was re-suspended in 1 mL of 50 mM Tris (pH 7.6). The filaments were again washed by
spinning at 21,000 xg/4 °C/20 minutes. The pellet so obtained was re-suspended into 1.5 mL of
chloroform and methanol (2:1) mixture and vortexed for 2 minutes. It was then spun at 21,000
xg/4 °C/20 minutes and protein obtained as pellet. The supernatant was discarded and washed
with chloroform + methanol mixture. The pellet so obtained after second round of washing with
chloroform + methanol mixture was allowed to air dry in a dust-free environment for 30 minutes
to allow evaporation of organic solvents. Upon drying, the pellet was re-suspended in 50 pL of

10 mM Tris (pH 7.6) and used for grid preparation for visualization of filaments using TEM.

2.2.4) Visualization of Fibril filaments

2.2.4.1) Principle of electron microscopy (EM)

An electron microscope (EM) is an instrument used for visualization of objects with dimension
smaller than a few microns. Unlike light microscope, an EM uses electron (e~ ) beam to image
objects. An electron beam has wavelength about 100,000 times shorter than that of visible light
and hence an EM can resolve the structures of much smaller objects with high intricate details as
compared to a light microscope. Since electrons can travel only in vacuum, the samples are

imaged under vacuum.
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When an accelerated, focused electron beam hits the sample, the electrons can pass through or
interact with the sample. The electrons interacting with the sample can either be scattered
backwards (backscattered; original, high energy e” ) or interact with the sample and result into
production of augur e~ (released from the atom due to its replacement by e~ from the beam),
secondary (low energy) e~ , elastically (no loss of energy) or inelastically (energy is lost)
scattered e~ or even production of X-rays. Depending on the resultant e~ detected for image
formation, EMs are classified as- i) Transmission electron microscope (TEM) and ii) Scanning
electron microscope (SEM). While TEM images are formed due to the electrons that have passed

through the sample, SEM images are formed by the electrons that are scattered from the sample.

The energy of beam used in a SEM is between 0.2 and 40 keV (kilo electron volts) and the
resolution it can attain is 20 nm or better. A scanning electron microscope is equipped with one
or more detectors that can each scan secondary electrons (SE), X-rays and backscattered
electrons (BSE). Most commonly used detector in a SEM detects secondary electrons which are
generated by inelastic interactions between the beam and sample. Since the secondary electrons
are generated from a few nanometers below the surface of the sample, they provide information

regarding sample surface topology. This information is then used for image generation.

In contrast to SEM, a TEM has the detector placed below the sample and detects electrons that
have passed through the sample with or without scattering. The electrons passing through the
sample are focused by electromagnetic coils to form image. Depending on the electron density in
the sample, the electrons are deviated from their original path to varying degrees. Thus, electron-

rich areas of the sample appear dark compared to regions of sample with light atoms.

The voltage used in TEMs is in the range of 100-300 keV, much higher than used in SEM. While
there are no limitations of the thickness of samples imaged in a SEM, the ideal thickness for

imaging using a TEM is <100 nm.

All biological samples have C, O, N, H as the building blocks. Since all these elements are not
electron dense, the contrast that can be obtained in images of biological samples using SEM and
TEM is very less. Thus, electron dense material is usually layered on the sample to generate
contrast. For imaging using SEM, metals such as gold or platinum are coated on the sample for

improving contrast. Samples for TEM are ‘negatively stained’ with heavy metal solutions such
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as uranyl acetate, phosphotungstic acid, ammonium molybdate and others. The negative staining
leaves the heavy metal in the areas not occupied by sample. The heavy metal strongly scatters
electrons which interact with those electrons scattered by sample and generate contrast in the

image.

Electron cryomicroscopy (Cryo EM) is a modification of TEM, where the samples frozen in
vitreous ice are imaged under cooling conditions. Imaging of samples using CryoEM is often
used for structure determination of protein(s) of interest. To obtain high resolution structure of a
protein using cryoEM, it is necessary to obtain images of the protein in all possible orientations.
These images are then used for 3D reconstruction of structure (Chung and Jung, 2016; DeRosier
and Klug, 1968). When using a monomeric/short-oligomeric form of protein, the molecule is free
to take up all possible orientations on an electron microscopy grid. In a protein polymer the
freedom of orientation may be limited by the contacts with neighboring subunits, making it
unsuitable for structure determination by cryoEM. This problem is overcome in a filamentous
protein with inherent helical symmetry; the helicity facilitates diverse orientations of the protein
molecules within filament (Desfosses et al., 2014; Egelman, 2015). The flowchart of sample
preparation, data collection and processing for structure determination using cryoEM is shown in

Figure 2.1.
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Figure 2.1 Work flow for structure
determination by cryoEM. The purified samples
are applied to and electron microscopy grid and
plunge frozen to embed sample in vitreous ice.
The grids containing samples are then visualized
using a cryoEM. The cryoEM images are nothing
but 2-dimensional (2D) projections of protein of
interest in various orientations. The particles
are selected from the images, aligned and used
for averaging to obtain 2D averages. The 2D
averages are then used for 3D reconstruction to
obtain a 3D map of the protein. The high
resolution 3D maps are useful for building 3D
models of the protein. Image adapted from
(Doerr, 2016).
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2.2.4.2) Sample preparation for Field Emission-Scanning Electron Microscopy (FE-SEM)

A silicon wafer disc (Sigma-Aldrich) was cut into smaller pieces of 5 mm X 5 mm dimensions
using a diamond cutter. These pieces were thoroughly washed with 100 % ethanol and stored in

70 % ethanol at room temperature until use.

For sample preparation, the silicon wafer pieces were removed from 70 % ethanol and allowed to
air dry at room temperature to allow evaporation of residual ethanol and water mixture. 2-3 pL.
of the dialyzed protein was drop casted on dried silicon wafer pieces and allowed to dry in dust-
free environment at 37 ° C. 15 nm thick gold coating was then done on the silicon wafer pieces
with completely dried protein samples, using sputter coater (Quorum Tech) before visualizing

the samples under FE-SEM (ZEISS).
2.2.4.3) Sample preparation for Transmission Electron Microscopy (TEM)

Carbon-Formvar coated copper grids were purchased from TED-PELLA, INC and glow-
discharged in plasma cleaner (Quorum technologies) just before use. Alternatively, light carbon-
formvar coated grids (TED-PELLA., INC) were used without glow-discharging. 2 % (w/v)
uranyl acetate (Sigma-Aldrich) was prepared by dissolving 200 mg powder in 10 mL sterile
distilled water. For preparation of phosphor tungstic acid solution of pH 8.0, 200 mg
phosphotungstate (Sigma) powder was dissolved initially in 5 mL sterile distilled water. pH of
the solution was adjusted to 8.0 and volume made up to 10 mL. The solution was filtered using
0.22 um filter and then distributed as 500 uL aliquots into 1.5 mL tubes. All the uranyl acetate
containing tubes were covered with aluminum foil and stored at -80 ° C until use while
phosphotungstic acid containing tubes were stored at room temperature. For sample preparation,
solution of desired concentration (0.5 % w/v) was prepared by diluting the stain solution with

sterile water.

Samples were prepared by applying varying volumes (2-5 puL) of purified protein to grids
without glow-discharging. The grids with sample were allowed to stand at room temperature for
at least 30 seconds to facilitate settling down of the filaments. Excess buffer was back-blotted
using Kimwipes® (Kimberly Clark Hygiene Products Pvt Ltd., Pune, India). Stain (0.5 % w/v
uranyl acetate) solution was applied to the grid and immediately absorbed from bottom using

blotting paper so as to prevent absorption of the stain by protein. The grids were allowed to dry
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for 10-15 minutes at room temperature in a dust-free environment or were dried under table lamp
for 2 hours. Dried grids were stored in a grid storage box in a dry, dust-free environment until

observation in a TEM.
2.3) Results

Two heterologous expression systems were used for Fibril expression and purification. Multiple
protocols have been standardized for Fibril purification from E. coli. Purified Fibril (molecular
weight of a monomer = 59 kDa) have been visualized using electron microscopy. Following

sections discuss the observations and advantages and disadvantages of different protocols.
2.3.1) Fibril purified from E. coli exists as filaments

Conventionally Fibril have been purified from Spiroplasma, for which a protocol has been
standardized (Cohen-Krausz et al., 2011; Townsend et al., 1980; Trachtenberg and Gilad, 2001).
This protocol had to be modified since Spiroplasma cells lack cell wall whereas I was working
with a cell wall containing organism, E. coli. The modified protocol for Fibril purification from

E. coli has been described in section 2.2.3.1) of this chapter.

During purification of Fibril from E. coli cell lysate using glycerol gradient, Fibril remained in
supernatant when spun at 3200 xg. Subjecting the soluble fraction to 100,000 xg spin led to
pelleting down of Fibril filaments along with contaminant proteins (Figure 2.2 A). Along with
Fibril, the other prominent bands observed on SDS-PAGE gel correspond to molecular weight of
about 37 kDa and 27 kDa (Figure 2.2 A). The pellet obtained by spinning clarified lysate at
100,000 xg was insoluble in the various buffers tested. Thus, the insoluble proteins from 100,000
xg pellet were subjected to separation on glycerol density gradient. In the gradient, a small
fraction of Fibril remained in the top fractions (numbered 18-21) along with other protein
impurities (Figure 2.2 B, C and D) while most of the protein was found at the bottom of the
gradient as impure fraction. Fibril filaments were observed when the samples prepared using
dialyzed fractions containing protein were visualized using FE-SEM (Figure 2.3 A and B). This
confirmed that the purified Fibril indeed existed as filaments. Thus, enriched Fibril filaments

could be obtained using the glycerol density gradient method.
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However, certain drawbacks with enriching Fibril using the above discussed method are listed
below. 1) The protein pellet obtained by spinning the lysate at 100,000 xg could not be re-
solubilized into suitable buffer for further processing. 2) Most of the impurities did not get
separated on glycerol gradients. Fractions from glycerol gradient containing Fibril had many
contaminant proteins (lanes 18-21 in Figure 2.2 D), making its further purification necessary. 3)

Visualization of protein from gradient fractions in FE-SEM showed that the Fibril filaments were
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Figure 2.2 Purification of Hise-full length Fibril from E. coli using glycerol density gradient. A) 12
% SDS-PAGE gel showing purity of Fibril at different stages of pelleting. Lanes correspond to M-
protein marker, 1- total lysate, 2- supernatant after 3,200 xg spin, 3 and 4- supernatant and pellet
after 100,000 xg spin respectively and 5- 100,000 xg pellet partially re-suspended. B) Pictorial
representation of glycerol density gradient fractionation. The initial fractions are most dense while
the later fractions have less density. C) A plot showing protein concentration in different fractions
after density gradient fractionation. D) Visualization of proteins in fractions obtained from density
gradient. Proteins could be seen in fractions 18-21.
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covered probably with compounds used for purification (detergents and/or glycerol) or protein
impurities (Figure 2.3 A and B). In order to overcome these issues standardization of buffer

conditions and 100,000 xg pellet re-solubilization was done.

Figure 2.3 Visualization of enriched Hisg-full length Fibril obtained from E. coli using glycerol density
gradient. A & B) FE-SEM images of Hisg-full length Fibril purified from E. coli by glycerol density gradient
method shows filament bundles from which thinner filaments are emanating. Though filaments can be
seen for Fibril purified by glycerol density gradient method, they are accompanied by many unwanted
clumps that occasionally cover filaments.

2.3.2) SDS treatment of Fibril filaments facilitates Ni-NTA binding.

A few detergents/ compounds were tested for their ability to i) increase the recovery of protein in
the supernatant fraction after lysis and ii) solubilise the protein obtained in the pellet after
100,000 xg spin.

Use of urea to reversibly unfold proteins is a well-known technique (Egan et al., 1993). Thus
using urea to unfold Fibril and expose hexahistidine tag to facilitate Ni-NTA based affinity
chromatography was thought as a possibility. However, based on literature it is known that Fibril
are only slightly affected by 8 M urea treatment and are soluble in SDS (Townsend, 1983). In
many cases, detergents have proven to be useful to solubilize or stabilize membrane proteins
(Privé, 2007; Seddon et al., 2004). Thus, different compounds [0.5 % N-lauroylsarcosine sodium
salt (LSS), 20 mM ethylenediaminetetraacetic acid (EDTA), 1 % sodium deoxycholate (SDC), 1
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% sodium dodecyl sulphate (SDS), 1 % TWEEN 20] were used as additive to a buffer base to
attempt solubilization of the 100,000 xg pellet. Complete pellet solubilization was observed only
with the addition of SDS solution (at a final concentration of 1 % w/v). On the contrary, all other

compounds did not have a significant effect on solubility of Fibril (Figure 2.4 A-C).
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Figure 2.4 Detergent screen to solubilize Hisg-full length Fibril obtained in 100,000 xg pellet. 12 %
SDS-PAGE gels showing solubility of Fibril after spinning at 100,000 xg in lysis buffer 2 (buffer base)
and upon treatment with 1 % TWEEN 20 detergent (A), in presence of 20 mM EDTA and upon
treatment with 1 % SDS detergent (B), upon treatment with sodium deoxycholate (1 %) or Lauroyl
sarcosine sodium salt (LSS; 0.5 %) (C). Fibril was solubilized only by treatment using SDS (lane 7, panel
B). Lanes: M- Protein marker, 1 & 5- total lysate, 2 & 6- supernatant after 4,629 xg spin, 3 & 7-
supernatant after 159,000 xg spin, 4 & 8- pellet after 159,000 xg spin.

Hence, SDS treatment step was incorporated to solubilize the pellet obtained after 100,000 xg
spin. Attempts were made to separate Fibril filaments from non-polymeric proteins by spinning
the clarified solution at 159,000 xg. Though Fibril filaments were expected to be in the pellet,
they remained in supernatant (Figure 2.5 A, lane 6). This suggested that Fibril probably formed
less dense filaments that do not pellet down at 159,000 xg or may have dissociated into short

oligomers/monomers.

Since the SDS-solubilised Fibril possessed an N-terminal or a C-terminal hexahistidine (Hisg)
tag, I proceeded to purify them further using Ni-NTA affinity chromatography (Figure 2.5 A,
lane 7). When the dialyzed Fibril were visualized using FE-SEM, bundles and twisted filaments
with width ~ 50 nm were seen (Figure 2.5 B). The dialyzed protein was concentrated to about 16
mg/mL concentration and used for visualization by TEM. Individual filaments within the bundle
could be seen under TEM (Figure 2.5 C and D). The purified Fibril were often associated with ~
27 kDa band pairs which might be the breakdown product of full-length Fibril. Similar bands
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Figure 2.5 Purification and visualization of Hisg-full length Fibril expressed in E. coli by using SDS-
treatment and affinity chromatography. A) Solubility of Fibril at different stages of pelleting for
purification by SDS treatment. Lanes correspond to M- Protein marker, 1- total lysate, 2- supernatant
after 3,200 xg spin, 3- supernatant after 159,000 xg spin, 4- pellet after 159,000 xg spin, 5- supernatant
after 21,000 xg spin upon SDS treatment, 6- supernatant after 159,000 xg spin upon SDS treatment, 7-
protein purified using Ni-NTA affinity chromatography. B) FE-SEM micrograph of Fibril purified by SDS
treatment followed by affinity chromatography assisted purification. C & D) TEM images of Fibril bundle
purified by SDS treatment, affinity chromatography and stained with 1 % phosphotungstic acid.
Individual filaments within a protein bundle are seen. D) Zoomed view of individual filaments in a
bundle.

have been observed for purification of full length Fibril by glycerol density gradient method that
did not employ use of SDS (Figure 2.2 A). The consistent occurrence of these bands with
molecular weights of about 37 kDa and 27 kDa suggest that these bands have resulted from
proteolysis of full length Fibril.
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In spite of the reports that SDS can denature proteins (Giancola et al., 1997), Fibril bundles were
observed upon SDS treatment. This suggests that Fibril might be able to withstand treatment
with 1 % SDS. However, the possibility of partial denaturation by SDS treatment cannot be ruled
out due to absence of a functional assay for Fibril. In such a case, use of SDS treated proteins for
structural studies might result into determination of a physiologically irrelevant conformation of
the protein. Structural comparison of protein purified using SDS versus protein purified without
using SDS will be useful to know if Fibril remain unaffected by SDS treatment. Thus, it was

decided to standardize alternate protocols to purify Fibril without using harsh conditions.

2.3.3) Fibril solubilized by LSS does not bind to ion-exchange and hydrophobic interaction

chromatography matrices

Based on my earlier experiments it was known that Fibril pelleted by spinning at or above
100,000 xg were insoluble without SDS treatment. One of the ways to avoid use of SDS was by
identification of a lysis buffer composition that did not let Fibril filaments pellet down at 100,000
xg or facilitated their solubilization from 100,000 xg pellet.To identify lysis buffer that fulfilled
these requirements, solubility experiments were carried out with lysis buffers 6, 7 and 8
(Appendix 1). In lysis buffers 6 and 8 (containing Triton X-100) Fibril was obtained in insoluble
fraction when the lysate was spun at 100,000 xg. However in lysis buffer 7 (not containing
Triton X-100 but contains LSS), Fibril did not pellet down when spun at 100,000 xg/4 °C for 30

minutes and were observed in the supernatant (Figure 2.6 A).

This suggested that Fibril may not be in filamentous form or may be forming small oligomers
that did not pellet down even at 159,000 xg. The other possibility is that, LSS keeps Fibril
filaments in solution. Thus, lysis buffer 7 [with 10 mM Tris (pH 7.6), 0.5 g /100 mL LSS
composition] was identified as the condition that kept Fibril in the soluble fraction. In order to
purify soluble Fibril from rest of the lysate, affinity chromatography purification was attempted
since Fibril was Hise tagged. Unlike the SDS-treated Fibril filaments, the protein did not bind to
beads in this case, probably due to an unexposed Hise tag. Thus the possibility of purification of

soluble Fibril using affinity chromatography was ruled out.

Ammonium sulphate precipitation is a routinely used technique to remove unwanted proteins

(Wingfield, 2016). In some cases, it resulted into obtaining completely pure protein (Buchanan,

73



Figure 2.6 Purification of Hisg-full length Fibril expressed in E. coli by ammonium sulfate precipitation
followed by ion-exchange chromatography. A) A 12 % SDS-PAGE gel showing effect of Triton X-100 and
Lauroyl sarcosine sodium salt on solubility of Fibril after spinning at 100,000 xg. Lanes correspond to M-
protein marker, T- total cell lysate, S- supernatant after 100,000 xg spin, P- pellet after 100,000 xg spin.
B) Partial purification of Fibril by precipitation using 50 % ammonium sulfate saturation. 1- total cell
lysate, 2- supernatant after 100,000 xg spin, 3- supernatant obtained after precipitation of proteins at 40
% ammonium sulphate saturation followed by spinning at 100,000 xg, 4- supernatant obtained after
precipitation of proteins at 40 % ammonium sulfate saturation followed by spinning at 100,000 xg was
re-suspended in acetate buffer, 5- pellet obtained by spinning proteins in acetate buffer at 28,000 xg
followed by re-suspension in Tris, 6- soluble protein obtained in buffer containing 50 mM Tris (pH 8.0)
and 700 mM ammonium sulfate after two rounds of spinning at 28,000 xg. This is also referred to as
input for HIC columns. 7- A fraction of protein eluted from phenyl (high substitution) HIC column using
100 % elution buffer. Note that the sample loaded in well 7 is double that of other wells in the gel.

1975; Mohanty and Elazhary, 1989). Hence, ammonium sulphate precipitation step was
incorporated to obtain enriched Fibril from lysate. A variety of chromatography techniques
including ion-exchange, multimodal cation-exchange and hydrophobic interactions were
attempted to further purify Fibril. Very less quantity (~ 5% of input) of Fibril bound to some of
the columns and eluted along with other impurities (Figure 2.6 B). Thus, it was concluded that

Fibril solubilized by using LSS cannot be purified using these techniques.

Thus, of all the methods to purify Fibril from E. coli, only SDS treatment protocol resulted into
purified Fibril filaments. While soluble Fibril obtained using LSS could not be purified, the
experiments to purify Fibril using glycerol density gradient resulted into most of the protein
going to the bottom of the gradient. This suggested that the density range used in glycerol
density gradients was not sufficient to separate Fibril from protein clumps. Thus, it was decided
to use the compounds with density higher than Fibril filaments for preparation of density

gradients.
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2.3.4) Fibril filaments can be purified from E. coli using urografin gradient

In the past, metrizamide and urografin have been used for Fibril purification from Spiroplasma
cells (Cohen-Krausz et al., 2011; Townsend et al., 1980). Since urografin was readily available

from medical stores, urografin was chosen.

It has been reported that prolonged stirring (~ 2 months) of Fibril in buffer containing 1 M KCl
helps separate individual Fibril filaments from bundle (Cohen-Krausz et al., 2011). Hence, the
enriched Fibril containing pellet obtained by spinning clarified lysate at 159,000 xg was stirred
for 15 days and separated on urografin density gradient (Figure 2.7 A). The fractions 6 and 7
from urografin density gradient showed Fibril (59 kDa band) as the predominant protein. In these
fractions, the other prominent bands observed, apart from Fibril, were with molecular weight
around 27, 37 and 44 kDa. The presence of some of these bands was also seen during Fibril
purification using glycerol gradient as well as SDS treatment protocol. Visualization of the
enriched Fibril in TEM revealed the presence of Fibril bundles though the protein was sparsely
distributed on the electron microscopy grid (Figure 2.7 B-D).

The distribution of protein on grid can be increased by concentrating the protein sample.
However, Fibril filaments were often associated with many clumps that were thought to have
resulted from the detergents (Triton X-100 and/or N-lauroylsarcosine sodium salt) and/or
glycerol used in the lysis buffer and may have remained associated with protein bundles. The
clumps could also be Fibril bundles that had absorbed excess stain. One of the ways to overcome
these clumps was by avoiding glycerol in the lysis buffer and standardizing the buffer by
screening detergents. As a result, detergents were removed from lysis buffer in step-by-step

manner and the reduction in clumps accompanying Fibril during EM imaging was observed.
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Figure 2.7 Purification and characterization of Fibril expressed in E. coli, using Triton X-100 and
sodium deoxycholate detergent in lysis buffer and separation using urografin density gradient. A) 12
% SDS-PAGE gel showing distribution of Fibril bundles in different fractions of urografin gradient. The
protein was pelleted using lysis buffer containing Triton X-100 and sodium deoxycholate detergents.
The pellet was stirred and fractionated on urografin density gradient. Lanes correspond to M- protein
marker; 1 to 10- fractions from urografin gradient from top to bottom in the increasing order of
density. The problems associated with smeary migration of gradient fractions on gel are due to the
presence of urografin, a dense material. B-D) Negatively stained TEM images of Fibril filaments from
fractions 6 and 7. Individual filaments in the bundle can be seen. Red arrows point to the clumps
associated with Fibril bundles.
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In the first step, Fibril were purified using sodium deoxycholate as the only detergent and

observation under TEM revealed Fibril bundles (Figure 2.8 A-D). The Fibril bundles were often

associated with clumps (Figure 2.8 A-C).

Figure 2.8 Purification and visualization of Fibril expressed in E. coli, using sodium deoxycholate
detergent in lysis buffer and separation using urografin density gradient. A-D) Negatively stained TEM
images of Fibril filaments purified using sodium deoxycholate as the only detergent in lysis buffer.
Individual filaments in the bundle can be seen. Red arrows point to the clumps associated with Fibril
bundles.
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Next, Fibril purification was attempted without using any detergent or glycerol, by steps of
differential centrifugation (Figure 2.9 A). Fibril obtained in pellet, after spinning clarified lysate
at 159,000 xg, was insoluble in the TEK buffer (10 mM Tris pH 7.6, 10 mM EDTA, 1 M KClI).

A kba M 1 2 3 4 5 6

Figure 2.9 Purification and characterization of Fibril expressed in E. coli, without using any detergent
in lysis buffer and separation using urografin density gradient. A) Distribution of Fibril filaments during
purification without use of any detergent as visualized on a 12 % SDS-PAGE gel. Lanes correspond to M-
protein marker, 1- total lysate; 2- supernatant obtained by spinning lysate at 8,000 xg; 3 & 4-
supernatant and pellet respectively, obtained after spinning the 8,000 xg supernatant at 30,000 xg; 5 &
6- supernatant and pellet respectively, obtained after spinning the 30,000 xg supernatant at 159,000 xg.
Negatively stained TEM images of Fibril purified without any detergent (B), followed by treatment with
chloroform + methanol mixture (C and D). Yellow arrows point to protein filaments while associated
clumps are shown with red arrows. In all the above images individual filaments within Fibril bundle are
seen clearly.
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Hence it was stirred in T1oEo (10 mM Tris pH 7.6, 10 mM EDTA) buffer to break down clumps
before visualization of protein using TEM. The TEM images of Fibril purified by this protocol
also revealed clumps associated with Fibril filaments (Figure 2.9 B). Hence, it is possible that the

clumps were E. coli lipids associated with Fibril bundles.

The purified protein was further subjected to chloroform and methanol extraction to remove
detergents/lipids. Protein purified by this method was re-suspended in low volume of buffer to
keep the protein concentration high. Grids prepared using this protein revealed a good

distribution of Fibril bundles in TEM (Figure 2.9 C and D).

To summarize the purification of Fibril from E. coli, multiple protocols have been standardized
and enriched Fibril has been obtained. Visualization of Fibril using electron microscopy revealed
that Fibril purified from E. coli exist as filaments. Except for the SDS treatment protocol (Figure
2.5 A), the Fibril purified by all other protocols revealed that Fibril was accompanied by
unwanted proteins (Figures 2.2 A & D, 2.9 A).

The contaminant proteins may be avoided by use of an expression system that can secrete target
proteins outside the cell. Thus, simultaneous experiments were performed for purification of

Fibril using Pichia pastoris as another heterologous protein expression system.

2.3.5) Fibril is found in the cytoplasmic fraction in a secretion-based strategy for Pichia

pastoris expression

In P. pastoris the target protein can be expressed with a-factor secretion signal that facilitates
secretion of target protein outside the cell, into the growth medium. Since P. pastoris secretes
only a few proteins, the purification of target protein from the media may be easier as compared
to purification from the cytosol. As fibril was being expressed with an N-terminal a-factor signal
sequence, it was expected to be secreted into the growth media (Figure 2.10 A). When the media
was checked on a SDS-PAGE gel to monitor the secreted protein, an expected band
corresponding to 61.5 kDa (59 kDa of Fibril with 2.5 kDa of C-myc epitope and Hise tag) was
not observed. Hence, the transformed P. pastoris cells were checked to investigate if Fibril was
expressed. Presence of an overexpressed protein band corresponding to ~ 71 kDa was confirmed
in the cell lysate as compared to uninduced cells (Figure 2.10 B). This corresponds to the

expected size of the expressed protein along with the a-factor signal sequence. Thus it was
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thought that in Fibril tagged with the a-factor signal sequence, the KeX2 site was not available
for proteolysis probably due to Fibril polymerization and appeared as a 71 kDa band on gel.
Since Fibril was not separated from o-factor signal, it remained inside the cells. Hence, attempts

were made to purify Fibril from within P. pastoris cells.

A B
( P. pastoris cell \

KeX2 protease site

afactor C-myc
signal sequence Fibril epitope Total
6x His tag
10 kDa 59 kDa 2.5 kDa 71.5 kDa 71 kDa

KeX2 protease action
followed by secretion

\ %

Growth media

C-myc

epitope gy His tag 61.5 kDa
59 kDa 2.5 kDa

Fibril

Figure 2.10 Expression of Fibril in P. pastoris. A) Schematic representation for expected expression
and secretion of Fibril using P. pastoris cells and pPICZa vector. B) 12 % SDS-PAGE gel showing
expression of Fibril only upon induction by methanol. Lanes correspond to M- protein marker with 59
kDa protein as the most prominent band, UT- total cell lysate of uninduced P. pastoris GS-115 cells,
US- supernatant obtained by spinning lysate of uninduced P. pastoris GS-115 cells at 21,000 xg, IT-
total cell lysate of P. pastoris GS-115 cells transformed with Fibril in pPICZa vector and induced with
methanol, IS- the soluble fraction of proteins obtained by spinning IT at 21,000 xg. The 71 kDa band
corresponds to un-cleaved a-factor signal sequence.

In contrast to Fibril expressed in E. coli, the a-factor signal sequence-tagged (71 kDa band)
Fibril expressed in P. pastoris was soluble in lysis buffer 3. It is important to note that lysis
buffer 3 does not have any detergent as its constituent. The 71 kDa protein did not pellet down
upon spinning at 100,000 xg/4 © C/ 30 minutes (lanes 1 and 2 in Figure 2.11). Fibril purification
was attempted using the cell lysate and Ni-NTA affinity purification.

Most of the Fibril did not bind affinity matrix and eluted as flowthrough or wash (lanes 2 and 3
respectively, Figure 2.11). Fractions eluted using increasing concentrations of imidazole showed
very less amounts of 71 kDa protein in the bound fractions (lanes 5-10 in Figure 2.11). The
inability of Fibril attached with a-factor signal sequence to bind Ni-NTA resin was consistent
upon repetitions of the experiment. Thus, it was concluded that full-length Fibril expressed in P.
pastoris with a-factor signal sequence at the N-terminus and C-myc epitope followed by 6xHis-

tag at C-terminus does not bind to Ni-NTA resins probably due to unexposed 6xHis tag. This
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finding is consistent with my experiments involving purification of N- or C- terminally
hexahistidine tagged Fibril from E. coli. Thus, it is highly likely that the amino (N) as well as

carboxy (C) termini of Fibril remain buried.

Figure 2.11 Purification of Fibril in P. pastoris. A 12 % SDS-PAGE gel showing Fibril at different stages
during purification by affinity chromatography. Lanes: 1 - total cell lysate; 2 - soluble fraction of lysate
obtained by spinning at 100,000 xg; 3 - flowthrough or unbound protein from the lysate; 4 - protein
obtained by washing the column with binding buffer; 5 to 10 - fractions of protein bound to Ni-NTA
resins, eluted with increasing concentrations of imidazole containing buffer. A small fraction of Fibril
(71 kDa band) seems to bind the Ni-NTA matrix with very low affinity.

Interestingly, a protein of about 37 kDa mass from Fibril-expressing P. pastoris lysate bound
tightly to Ni-NTA resins and eluted with higher concentrations of imidazole (lanes 8-10 in
Figure 2.11). In Ni-NTA affinity based purification, normally the hexahistidine tagged protein
binds the matrix with such high affinities. Thus, I proceeded with the purification of the protein
corresponding to 37 kDa band binding with assumption that it might be a proteolytic product of

Fibril with exposed hexahistidine tag.

Since no functional assays are available for Fibril, the truncated (37 kDa) protein was purified
and used for biochemical and structural characterization. Structure determination of the protein
revealed that it is alcohol dehydrogenase from P. pastoris (data not shown). The binding of

alcohol dehydrogenase to Ni-NTA resins with high affinity can be explained by the fact that it is
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a metalloprotein (Ni-binding protein). Details regarding characterization of this protein are not

included in this thesis.

Hence, Fibril could not be purified using P. pastoris as the heterologous expression system and
using the methods summarized above. Due to unavailability of Spiroplasma cultures at any
research laboratories or microbial culture collection centers in India, Fibril purification from
Spiroplasma species could not be carried out in India. However, an opportunity to spend 6
months in the lab of Dr. Laure Béven, INRA, Bordeaux (a lab that extensively works on

Spiroplasma) provided chance to purify Fibril from Spiroplasma citri cells.
2.3.6) Enriched Fibril filaments are obtained from Spiroplasma citri GII-3 cells

Partially purified Fibril was obtained from S. citri cells in the Triton X-100 insoluble fraction

Layer 1
Layer 2

Layer 3

Layer 4

Layer 5

Figure 2.12 Purification of Fibril from Spiroplasma citri. A)

o Visualization of Fibril at different stages during purification from S.
\Da - > citri cells, on a 12 % SDS-PAGE gel. Lanes correspond to M- protein
250 - 4 marker; 1 - total cell lysate; 2 & 3 - pellet and supernatant obtained by

spinning the lysate at 100, 000 xg, respectively; 4 - 100,000 xg pellet in
a TEK buffer after rinsing with Tris and EDTA containing buffer. B)
‘ Picture showing fractions of partially purified cell lysate of S. citri cells
on a Nycodenz step gradient. 5 different layers obtained after density
gradient centrifugation are shown. C) Visualization of fractions from
different layers of Nycodenz gradient on a 12 % SDS-PAGE gel. Lanes
- correspond to M- protein marker; 1 to 5- layers obtained after
~ separation of Fibril filaments on Nycodenz gradient, corresponding to
. picture shown in image B. D) Western blot analysis of S. citri cell lysate
at different purification stages using anti-Fibril antibody. M- protein
marker; 1- total lysate; 2 & 3- supernatant and pellet respectively,
obtained by spinning lysate at 100,000 xg; 4- layer 2 from nycodenz
gradient; 5- layer 4 from Nycodenz gradient. Fibril is seen in total
lysate, insoluble fraction upon spinning at 100,000 xg and in fraction 4
of Nycodenz gradient.
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using standardized protocol (Cohen-Krausz et al., 2011). Presence of Fibril at various

purification stages was confirmed by checking samples on SDS-PAGE gels (Figure 2.12 A).

Upon subjecting the Triton X-100 insoluble fraction to separation, Fibril were found in the fourth
layer of Nycodenz gradient (Figure 2.12 B). Though enriched Fibril have been obtained, they are
associated with many unwanted proteins (Figure 2.12 C). Presence of Fibril at various stages
during purification was confirmed by Western blot analysis using anti-Fibril antibody (Figure

2.12 D).

The enriched protein was visualized by preparing negatively stained samples and imaging using
an electron microscope. The TEM images revealed presence of Fibril bundles (Figure 2.13 A and
B). Similar bundles have been seen for Fibril purified from E. coli using various protocols

described in this chapter (Figures 2.5, 2.7, 2.8 and 2.9).

Figure 2.13 Visualization of Fibril purified from Spiroplasma cells. A and B) Negatively stained TEM
images of Fibril purified from S. citri GllI-3 cells. Fibril bundles can be seen emanating from big clumps of
protein. The scale bars in both the images represent 200 nm.

At this stage the Fibril filaments/bundles obtained from E. coli and Spiroplasma citri look
similar. Structure determination of Fibril by cryoEM will be the next step in the project.
However, sample standardization to obtain well separated filaments is necessary before

proceeding ahead.
2.4) Discussion

In absence of a pure culture of Spiroplasma in India, heterologous expression systems were

explored for obtaining purified Fibril. The heterologous expression system also facilitates genetic
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modifications of Fibril protein. The work was initiated by expressing codon-optimized fibril
gene initially in E. coli and later in P. pastoris. Attempts made to attain extra-cellular secretion
of Fibril filaments using P. pastoris were unsuccessful. Access to Spiroplasma cultures allowed

us to attempt Fibril purification from S. citri cells.

In this study multiple protocols have been standardized for purification of Fibril filaments from
E. coli. This work, for the first time, reports heterologous expression and protocols for
purification of Spiroplasma Fibril filaments in E. coli. The standardization of Fibril purification
from a heterologous expression system helps overcome the difficulties associated with gene

manipulation in Spiroplasma to obtain higher quantity of protein required for structural studies.

Initially, protocol was standardized for overexpression of Fibril and for optimization of the
amount of protein obtained in the soluble form upon cell lysis. Fibril filaments expressed in E.
coli were first partially purified using glycerol density gradient. Most of the Fibril clumps could
not be separated on glycerol gradient. The most probable reason for this is the inability of
glycerol gradient [50% (w/v); density = 0.63 g/cm’] to separate Fibril filaments due to the higher
density [1.22 g/lem’; (Townsend et al., 1980)] of latter. Further, the low density of glycerol could
not separate Fibril from associated proteins. Nevertheless, the little quantity of Fibril that
remained in top fractions of glycerol gradient probably formed thinner and less dense filaments
which were visualized using electron microscopy. Since high quantity of purified protein is

required for structural studies, a different approach was tried.

Affinity chromatography is one of the widely used techniques for purification of proteins of
interest. It is known to help obtain pure protein in quantities sufficient for structural studies.
Thus, attempts were made to purify N or C terminally hexahistidine tagged Fibril using Ni-NTA
resins. However, the hexahistidine tagged Fibril did not bind to Ni-NTA resins in presence of
Triton X-100 and/or LSS. The pelleted Fibril were solubilized only upon treatment with SDS and
purified using affinity chromatography. It therefore appears that the SDS separated the
contaminant proteins from Fibril (Figure 2.5 A), perhaps by denaturation of contaminants. It is
important to note that out of the Fibril purified by different protocols from E. coli, only the SDS-
treated bound to Ni-NTA resins through a Hisg tag. Unlike monomeric protein that needs
exposed Hisg tag in every molecule to bind Ni-NTA, even a single exposed Hise tag from a

filament could possibly retain it on the affinity matrix.
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A completely different possibility is that Fibril binds to membrane lipids through its N and C
terminal residues. Addition of SDS may cause separation of Fibril from amphipathic molecules,
thereby exposing its Hise tag at the terminus. The exposed Hises tag proved useful in Fibril
purification using Ni-NTA matrix. However, the interaction between SDS and membrane lipids

is not well characterized and hence, it should only be considered a speculation at this stage.

Both the aforementioned possibilities suggest that SDS may have affected Fibril filaments in a
way that exposed its Hisg tag. The SDS-treated Fibril did not pellet down upon spinning at
159,000 xg, a property often used for separation of protein polymers from non-polymeric
proteins. This led me to speculate if Fibril filaments were denatured to monomers or short
oligomers. Visualization of the filaments using electron microscopes revealed that Fibril was
present as bundle of filaments in the purified fractions (Figure 2.5 B-D). Thus, it is clear that
Fibril was indeed present as filaments upon SDS treatment. Since Fibril filaments tend to clump
up in vitro, the effect of denaturation by SDS may be limited to the molecules in the periphery of
Fibril bundles. Exposure of Hise tags from a few molecules denatured by SDS in a bundle can
help the bundle to remain attached to affinity matrix. The treatment of Fibril filaments with SDS
may have significantly reduced their density as compared to high density assemblies that can be
formed on membranes. Thus, low density Fibril bundles formed due to SDS treatment did not
pellet down upon spinning at 159,000 xg. However, further experiments must be carried out to

test this hypothesis.

In order to avoid use of SDS-treated protein for structural characterization, SDS-free protocols
were standardized. The major modification between the new and above mentioned approach is
the separation of Fibril using urografin, a material with density (1.52 g/cm®) higher than Fibril.
The use of urografin enabled me to obtain relatively pure Fibril filaments from E. coli, without
the need for SDS. The densities of the gradient at the end of spin were expected to be 1.15 g/ cm’
and 1.52 g/cm3 at the top and bottom respectively. This being a linear gradient, a decrease in
density by 0.037 g/cm’ per mL is expected. Since the reported density of Fibril bundles is 1.22
g/em® (Townsend et al., 1980), they were expected to be present in Fraction number 3-4 from
top. However, Fibril was obtained in my experiments in fraction number 7. This may mean that
the gradient may not be linear or that the density of Fibril purified by this protocol is different

than reported. Thus, it becomes necessary to verify the density of fraction containing Fibril by
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alternate means such as estimation of refractive index. Nevertheless, visualization of Fibril
purified by this protocol using electron microscopy confirms that the Fibril assemblies obtained

from Spiroplasma cells are similar to the ones obtained from E. coli.

Electron microscopy observations suggested the presence of clumps of unknown composition
with Fibril bundles in spite of avoiding detergents and glycerol for purification (Figures 2.7 D,
2.8 A to C and 2.9 B). Since the clumps did not have any features, like those seen for proteins, it
is highly likely that they are clumps of membrane lipids. Extraction of Fibril samples using
chloroform-methanol mixture led to reduction in number of clumps associated with Fibril
bundles (Figure 2.9 C and D). This supports the notion that the clumps are made of lipids. Since
no external lipids or detergents were used during purification, these lipids must be from E. coli
cell membranes. This is also supported by my experiments involving purification of Fibril

solubilized using LSS as the only detergent.

Soluble Fibril filaments obtained by lysis of E. coli cells in presence of LSS did not pellet down
even when spun at 100,000 xg (Figure 2.6 A). However in absence of any detergents most of the
Fibril from clarified lysate of E. coli cells pelleted at 30,000 xg (Figure 2.9 A). Thus, it is
possible that LSS separated Fibril from E. coli membrane since LSS is known to disrupt
cytoplasmic membrane of E. coli (Filip et al., 1973). The soluble Fibril bundles so formed in
presence of LSS may not be dense enough to pellet down at 100,000 xg (Figure 2.6 A). Attempts
to purify these bundles using various HIC and ion exchange chromatography failed since the
protein did not bind to matrix of any of these columns. The possible explanation for this is, if
Fibril is a membrane binding protein, its separation from the membrane would compel it to bind
the detergents to stabilize itself. Since LSS was used at a concentration (0.5 g/ 100 mL; 17 mM)
higher than its CMC (0.42 g/100 mL; 14.6 mM), it is also possible that LSS remained bound to
Fibril bundles as micelles. In such a case, the charged surface of the protein might be
inaccessible and will not bind to any of the charged chromatography matrices. An alternate
possibility for Fibril not binding to column matrices is the exclusion of Fibril filaments (about
>20 nm wide and several um in length as observed in EM; Figures 2.1 D and 2.3 B) from
entering chromatography matrix (beads of size <100 um) due to their long lengths. In such a
case, the Fibril filaments would come out of the column without interacting with the column

matrix.
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Triton X-100 and sodium deoxycholate detergents are used for purification of Fibril as detergent
insoluble fraction since a long time (Townsend et al., 1980; Williamson et al., 1991). It is
possible that these detergents extract Fibril by fragmenting Spiroplasma membrane with Fibril
anchored to it. The reported density of Fibril (1.22 g/cm’) is close to the density of cytoplasmic
membranes of gram-positive [1.23 g/cm’; (Dubochet et al., 1983)] and gram-negative [1.16
g/em’; (Osborn et al., 1972)] bacteria. The density of Spiroplasma lipids is unreported but not
expected to be much different from 1.22 g/cm3. Thus, it may not possible to separate membranes

and Fibril using density gradient centrifugation method.

The data provided in this chapter is the first report of heterologous expression and purification of
Fibril filaments using E. coli as the model organism. This work helps overcome the problems
associated with importing a pathogen and tedious process of growing large cultures of
Spiroplasma, a slow growing organism. High quantity of purified Fibril filaments required for
structural studies can be obtained by above protocols. Further, my studies suggest that Fibril is
likely to be a membrane—binding protein. However, further studies are necessary to provide
conclusive evidence in support of this. Nevertheless, it supports the observation of Fibril

filaments close to cell membrane by electron cryotomography studies (Kiirner et al., 2005).

Irrespective of presence of detergent in lysis buffer, the purified Fibril bundles obtained from E.
coli by all different methods described here possess random twists similar to the one observed in
literature (Cohen-Krausz et al., 2011). This is a supporting evidence that the protein purified by
protocols enlisted above is similar to the one obtained from Spiroplasma (Figure 2.13). In
absence of a functional assay for Fibril, protein purified from S. citri will be useful as a control to
check the structures of Fibril purified from E. coli. Experimental standardization is necessary to
obtain uniformly distributed individual filaments from the bundle on electron microscopy grids
for performing structural studies using cryoEM. Since there are no known ways to separate Fibril
filaments from bundle, identification of condition suitable for obtaining separated filaments is

likely to be a time consuming process and would require a constant access to TEM.

An alternative approach to this could be to obtain Fibril monomers for structure determination
using X-ray crystallography. Since Fibril forms constitutive filaments, obtaining its monomers or
short oligomers is impossible. Based on current model for role of Fibril in Spiroplasma motility,

Fibril is proposed to be a bi-domained protein (Cohen-Krausz et al., 2011). Studying each
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domain of Fibril may provide clues regarding their function. It may also prove useful to know if
both the domains are involved in polymerization. If the residues involved in polymerization are
identified, polymerization mutant of Fibril can be obtained for X-ray crystallography studies.
However, the domain boundaries of Fibril have not been defined. Thus, the next chapter

discusses approaches adopted for identification of domain boundaries of Fibril.
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Chapter 3

Identification of domain boundaries of Fibril

3.1) Introduction

Conformational changes in a protein can be identified through structural studies. X-ray
crystallography, nuclear magnetic resonance (NMR) and electron cryo microscopy (cryoEM) are
the widely used techniques in structural biology. While X-ray crystallography is used for
proteins that are amenable to crystallization, structures of macromolecular complexes and
filamentous proteins that resist crystallization can be studied using cryoEM. A constitutively
polymerizing protein, such as Fibril, cannot be crystallized and hence is not suitable for X-ray
crystallographic studies unless a non-polymerizing construct is obtained. The X-ray crystal
structure of a non-polymerizing construct will provide the three dimensional atomic arrangement
of the monomeric conformation of the protein. This can be compared to the filamentous
conformation to provide information on the conformational changes accompanying filament

assembly.

Since there are no known means of controlling Fibril polymerization, the filament architecture
can be deciphered by helical reconstruction of Fibril filaments, if helicity exists in the filaments.
While efforts for structure determination of the filaments were in progress (Chapter 2),
approaches for obtaining a non-polymerizing construct of Fibril were initiated. The non-
polymerizing construct can be used to obtain structural information by X-ray crystallography
studies. A structure of the Fibril monomer will be useful to understand filament assembly.
Comparing the conformation of Fibril monomer within the filament and the crystal structure of
monomeric Fibril will provide insights into the conformational changes accompanying

polymerization.

Since Fibril forms constitutive, nucleotide-independent filaments that cannot be depolymerized
without denaturation, obtaining Fibril monomers is challenging. In absence of the structure of a
filament and since there are no identified homologs of Fibril that are known to polymerize,
information on the polymerization interface required for design of mutants is not available.
Identification of domain boundaries of Fibril can help in dissection of Fibril into domain-wise

soluble constructs that do not polymerize. These constructs can be used for X-ray



crystallography studies. Hence, we initiated an approach of domain dissection of Fibril to

identify non-polymerizing constructs and use them for X-ray crystallography studies.

Domain is a portion of protein that can exist and function independently of the rest of the protein
chains (Richardson, 1981). Using electron cryo microscopy, modelling and sequence analysis of
Fibril filaments, Cohen-Krausz et al., (2011) predicted it to be a bi-domained protein. Based on
their analysis, MTAN (5’-methyladenosine/S-adenosylhomocysteine nucleosidase) from
Arabidopsis thaliana (3BSF.PDB) was identified as a domain that shares 29.1% sequence
identity with 1-234 amino acids from the N-terminus of Fibril. Thus, it is proposed that
approximately 234 amino acids from N-terminus of Fibril form one domain. The C-terminal
region of Fibril (amino acids 235-512) does not have a homolog and thus is predicted to form a
domain of novel fold. However, the exact domain boundaries of Fibril have not been defined or
investigated yet. Understanding the domain boundaries will help us to investigate if the
individual domains can polymerize on their own. Also, non-polymerizing domains can be used

for crystallization studies.

This chapter describes my attempts to purify non-polymerizing constructs of Fibril to obtain
structural information using X-ray crystallography. Attempts were also made to obtain a
minimum/smallest construct to identify domain boundaries of Fibril. These studies led to
identification of a smaller construct that can potentially polymerize independent of the rest of the

protein.
3.2) Material and methods

Genetic modifications are tough to perform in Spiroplasma. Thus, E. coli [BL21(AI) cells with
genotype: F-ompT hsdSB (rB- mB-) gal dcm araB::T7RNAP-tetA] were used as the heterologous
expression system to express and purify shorter constructs of Fibril. Following sections describe

the methodology for investigation of domain organization in Fibril.
3.2.1) Basis for design of short constructs

In order to investigate the domain boundaries of Fibril, multiple shorter constructs were

designed. The basis of designing these shorter constructs is explained below.
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i) FibrilA(237-512)-Hiss and FibrilA(1-236)-Hiss constructs: An investigation of the
proteins with sequences similar to S. citri Fibril protein using NCBI BLAST

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) resulted into identification of MTAN. Two short,

complementary constructs from the N and C terminus of Fibril were prepared based on the
alignment of Fibril and MTAN (from E. coli; 1JYS.PDB) sequence (Figure 3.1 A). E. coli
MTAN shares 23 % sequence identity with the N-terminal 236 residues (1-236) of Fibril.

Thus, FibrilA(237-512)-His¢ was prepared considering it as one domain and the rest

Conservation: 99 99 99 9 2 99 99 9 999

A ljys_chainA p001 1 MKIGIIGAMEEEVTLLRDX H
Fib 1 ----MIGVIST MKDKHSIKTVKKYWWKNCVIQHVKYHGKTFIIATVGYGH AMT KYPG
Consensus aa: . -..hIGhhpp. hhhh+DKhp. .s.pph. h.sC.IbhsphpGpphhlhpsGhGKhsAAhs NTALLE+A. .
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ljys_chainA p001 68 PDVIINTGSAGGLAPTLKVGDIVVSDEARYHDADVTAF-GYEYGQLPGCPAGFKAD
Fib 67 TILNVDLALSTNDKHDTGDTTISTXFIYRDADLTVFKDIKYGQIVNEPESFQFD
Consensus _aa. .phIINhs.A.thssphchGDhrh1Ssch Y+DADITHhF.shcYGQlss . P.tFpiDschh.hhcs. ... h
Consensus_ss. eeeceece eeeeehhee hhhhhhhhhhhhhhhhhe
Conservation: 9 9 3 9 8 98 999 9 9 9
ljys_chainA p001 137 NLNAVRGLIVSGDAFINGS HNFP-QAIAVEMERTAIA NENVPEVVVRAISDVADQ----
Fib 133 MVDKYGHTIDVIDTEAGAIAQVAKKSSINYIALKIIYNNALSPWDN
Consensus_aa. pLshhcGlhsotDhhI.sS. . h.ch.cpfs.ph.hl-hEBASATApVt+p.sls@lhl+hI.ssA.p....
Consensus ss: e eeeeeeee eee hhhhhhhhhh eeeee hhhhhhhhhh eeeceeeee
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%

Figure 3.1 MTAN, a basis for design of short constructs of Fibril. A) Sequence alignhment of Fibril
and MTAN (PDB ID: 1JYS) showing conserved residues (conservation score of 9; consensus amino
acids shown in bold, capital letters) and secondary structures. B) Crystal structure of dimeric MTAN
(PDB ID: 1JYS) is shown as cartoon representation with loops participating in dimer formation
highlighted in purple (amino acids 112-116) and purple-blue (amino acids 103-109). Bound adenine
molecules are shown as stick representation and highlighted in orange and red. The sequence
alignment was performed using PROMALS3D
(http://prodata.swmed.edu/promals3d/promals3d.php).
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[FibrilA(1-236)-Hise] as another domain.

ii) FibrilA(104-109) and FibrilA(112-116) constructs: Another two constructs were
prepared based on alignment with MTAN. Since loops contribute to MTAN dimerization (Lee
et al., 2001), Fibril constructs were prepared by deletion of the regions corresponding to the
loops participating in MTAN dimerization (Figures 3.1 B). This could potentially disrupt

polymerization if the dimer interface was necessary for polymerization.

iii) Hise-FibrilA(305-512), Strep-Fibril(290-479)-Hiss and Strep-FibrilA(1-301)-Hisg
constructs: Hise-FibrilA(305-512) was prepared based on the observation of approximately
37 kDa bands on SDS-PAGE gels during purification of full-length Fibril (Figure 2.1 A and
2.3 A). Strep-Fibril(290-479)-His¢ and Strep-FibrilA(1-301)-Hiss were prepared based on
observation of about 27 kDa band pairs during purification of full-length Fibril as well as
FibrilA(1-236)-Hise. These bands were prominent even during purifications using SDS
treatment protocol. Since an increase in intensity of these bands was observed with time
during purification of FibrilA(1-236)-Hiss and full-length Fibril, these were hypothesized to
be proteolysis products of full-length Fibril. Streptavidin (Strep) and Hiss tags were
introduced at the two termini in two of these constructs to enable purification of the whole

construct, and to remove impurities from the first step of purification.

iv) Hise-FibrilA(285-512), FibrilA(273-512)-Hise, Hise-FibrilA(253-512) and FibrilA(228-
512)-Hise constructs: Based on observation of filaments/protein polymers formed by one of
the short constructs Hise-FibrilA(305-512), these shorter constructs were prepared to identify
non-polymerizing constructs of Fibril. The characterization of these constructs was also
thought to be useful for identification of minimum construct of Fibril that polymerizes

independent of the rest of the protein.

Due to lack of structural information on Fibril, secondary structure prediction (Figure 3.2) was
used as the basis for designing shorter constructs. While designing constructs care was taken to

not dissect the protein in between a predicted secondary structure (a-helix and B-sheet).
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Figure 3.2 Secondary structure prediction of Fibril. Secondary structures in Fibril were predicted by
using Psipred (http://bioinf.cs.ucl.ac.uk/psipred/). The regions predicted to form a helices, B sheets &
coils have been shown as purple cylinders, yellow arrows and black lines respectively. The confidence of
prediction for each residue is shown as blue bars above predicted secondary structures. The blue and
red boxes represent the proposed N-terminal and C-terminal domains respectively.

3.2.2) Cloning

All the clones used in this chapter were prepared either by Restriction-Free cloning (RFC) or by
restriction digestion-ligation method as described in sections 2.2.1.2 and 2.2.1.3 of Chapter 2 in
this thesis. All the genes of insert (amplified from codon-optimized fibril gene described in
Chapter 2 of this thesis) used in this chapter were cloned into pHIS17 vector and preliminary
check of the clones performed by restriction digestion of the clones using Ndel and BamHI
enzymes. All the clones were confirmed by sequencing and used for expressing proteins of

interest. List of primers used for cloning all the short constructs is presented in Table 3.1.
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Table 3.1 List of primers used for cloning short constructs of Fibril

Primer name

Sequence (5'->3’)

Purpose

GTTTAACTTTAAGAAGGAGATATACATATGATCGG

Preparation of N terminal

ScF-f TGTAATTTCAACAGCATATTTTACG constru.cts without a tag at
N-terminus
Preparation of N terminal
ScF-NHis-f CTTTAAGAAGGAGATATACATATGCGTGGCCATCA truct itha N
ch-NHis TCATCATCATCATCATATCGGTGTAATTTCAAC constructs with a -
terminal Hisg tag
Preparation of C terminal
ScF GCTTTTAATGATGATGATGATGATGGGATCCATCA truct ithout a t t
crr TTACTCACTTTTTAAACGAATTGTAACTTTG constructs without a tag a
C-terminus
Preparation of C terminal
SCE-CHi GCTTTTAATGATGATGATGATGATGGGATCCATCA truct itha C
crLhisr TTCTCACTTTTTAAACGAATTGTAACTTTG constructs with a &=
terminal Hisg tag
SCF-N304-r GCTTTTAATGATGATGATGATGATGGGATCCTTCT | Preparation of Hisg-Fibril

GCTTCTTTTGTTTTTGAACG

A(305-512) construct

ScF-N284 No tag

GCTTTTAATGATGATGATGATGATGGGATCCTTAT
TCTTGTTTATCAACTAAC

Preparation of Hisg-
FibrilA(285-512) construct

ScF-N272-His-r

GCTTTTAATGATGATGATGATGATGGGATCCTCCT
GATAATACTTTATGTG

Preparation of FibrilA(273-
512)-HISg construct

ScF-N252-r

GCTTTTAATGATGATGATGATGATGGGATCCATTA
TTCAAATAATTCATTAATTG

Preparation of Hisg-
FibrilA(253-512) construct

ScF-Nterm236-r

GATGATGGGATCCATCATTATGATAAATCAATAAT
ATAAT

Preparation of FibrilA(237-
512)-Hisg construct

ScF-N228-His-r

GCTTTTAATGATGATGATGATGATGGGATCCTAAG
TTAAATAATCTTCTTAATAAG

Preparation of FibrilA(228-
512)-Hisg construct

ScF-Cterm235-f

TAAGAAGGAGATATACATATGGATTTATCACAATG
TTCAC

Preparation of FibrilA(1-
236)-Hisg construct

pHis-Nd-Strp-
Fib290-f

GTTTAACTTTAAGAAGGAGATATACATATGTGGTC
TCATCCTCAGTTCGAAAAATTAGATATTATTCAAG

pHisFib479-His-r

GCTTTTAATGATGATGATGATGATGGGATCCTTGA
TTTAAAGCCACAAATTTAAC

Preparation of Strep-
Fibril(290-479)-Hisg
construct

Strp-Nd-Fib302-f

CTCATCCTCAGTTCGAAAAACATATGGAAGCAGAA
GGACCAAG

pHis-Nd-Strp-
Fib302-f

GTTTAACTTTAAGAAGGAGATATACATATGTGGTC
TCATCCTCAGTTCGAAAAAGAAGCAGAAGGACC

Preparation of Strep-
FibrilA(1-301)-Hise
construct

Scf-del104-109-f

GATGCTGACTTAACAGTTGGACAAATTGTTAATGA
ACC

Preparation of FibrilA(104-
109) construct

Scf-del112-116-f

GATATTAAATATGGACAAGAATCATTCCAATTCGA
TGG

Preparation of FibrilA(112-
116) construct
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3.2.3) Expression of short constructs of Fibril

The protocol described in section 2.2.2.1 of Chapter 2 in this thesis was followed for expression
of all the constructs. Parameters such as optical density before induction, post-induction
incubation temperature and time were standardized to obtain maximum over-expression and also
to get maximum protein in soluble fraction. BL21(Al) cells were used for expression of all the

constructs. Thus, all the cells were induced using sterile L-arabinose at a final concentration of

0.2 % (wlv).
3.2.4) Pelleting/polymerization assay

Pelleting assays for N-His full length Fibril, Hise-FibrilA(305-512), Hise-FibrilA(285-512),
FibrilA(273-512)-Hisg, Hisg-FibrilA(253-512) constructs and untransformed BL21(AI) cells were
performed by re-suspending a 400 mL culture pellet in ice cold 50 mL lysis buffer 8 (refer
Appendix I for composition). Cells were lysed by sonication using a probe sonication with 60 %
amplitude, 1 second ON, 3 seconds OFF for a total time of 18 minutes. EDTA was added in the
lysate at a final concentration of 1 mM to depolymerize nucleotide-dependent polymers of
proteins. The lysate was initially spun at 14,636 xg/4 °C/15 minutes to remove cell debris as
pellet. The soluble fraction was spun at 46,500 xg/4 °C/30 minutes to pellet down Fibril
filaments. Pellet was re-suspended in 1.8 mL T;oE; [10 mM Tris (pH 7.6), 1 mM EDTA] buffer
and divided equally into 2 tubes. 100 uL of SDS (10 % w/v) solution was added to one of the
tubes while 100 uL T;oE; was added to the other tube and contents mixed. Both the tubes were
spun at 21,150 xg/25 °C/15 minutes to pellet down insoluble aggregates. The soluble fractions
were transferred to a fresh tube and spun at 159,000 xg for 15 minutes at 4 °C (sample without
SDS) or 25 °C (sample with SDS) to pellet down filamentous proteins. The supernatant was
transferred to a fresh tube while the pellet was re-suspended in 20 puL distilled water. 10 pL.
sample was taken at each step during purification and mixed with 10 uL SDS-PAGE loading dye
(2X). Samples were heated at 99 °C/10 minutes/400 rpm, spun briefly and 10 uL loaded on a 12
% SDS-PAGE gel. Samples in the gel were stained and then de-stained for visualization of

protein bands.
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3.2.5) Purification and characterization of short constructs

Purification of short constructs of Fibril was attempted using a variety of techniques. The
standardized protocols are described below. The nomenclature of all the short constructs is

presented in Table 3.2.

Table 3.2 Nomenclature of constructs of Fibril and their details.

Name of the Fibril construct Molecular weight (kilo dalton) pl
Hise-FibrilA(305-512) 35 8.24
Hise-FibrilA(285-512) 33 7.77
FibrilA(273-512)-Hisg 32 8.27
Hisg-FibrilA(253-512) 30 6.86
FibrilA(237-512)-Hise 28 8.83
FibrilA(228-512)-Hisg 26.9 8.99
FibrilA(1-236)-Hiss 33 7.28
Hisg-Fibril 59.6 8.44
Fibril-Hisg 59.6 8.44
Fibril 58.7 8.44
FibrilA(104-109) 57.8 8.27
FibrilA(112-116) 58.1 8.57
Strep-FibrilA(1-301)-Hisg 26 7.27
Strep-Fibril(290-479)-Hisg 24 7.13

3.2.5.1) Purification of FibrilA(1-236)-Hisg

A 6 litre culture pellet of E. coli cells expressing FibrilA(1-236)-Hiss was thawed on ice and re-
suspended in 100 mL ice cold lysis buffer 9 supplemented with 25 mM imidazole. A protease
inhibitor tablet (cOmplete™, mini, EDTA-free Protease inhibitor cocktail, Sigma-Aldrich) was
added to the re-suspended pellet and mixed. The culture was lysed on ice by sonication using a
probe sonicator (VibraSonic) for 8 minutes with 5 seconds ON and 5 seconds OFF cycles and 60
9% amplitude. The lysate was spun at 159,000 xg/4 °C/40 minutes to get rid of cell debris and
polymeric proteins in the form of pellet. Simultaneously, a 5 mL Ni-NTA column (GE
Healthcare Life Science) was equilibrated with binding buffer [SO mM Tris (pH 8.0), 200 mM
NaCl] using an Akta Prime system in a cold cabinet (4 °C). Supernatant, from the 159,000 xg
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spin, containing protein of interest was loaded on to the pre-equilibrated Ni-NTA column using
Akta Prime system. Unbound protein was collected as flowthrough. The column was washed
with 30 mL (5 column volumes) binding buffer to remove any poorly bound or unbound proteins
and collected as wash. Buffer with increasing concentrations of imidazole (25 mM, 50 mM, 100
mM, 250 mM, 500 mM) was then passed through the column to elute bound proteins. 8 column
volumes (CV) each of 25 mM, 50 mM were loaded on the column and elution collected as 40
mL fractions each. Subsequently, elution buffer with 5 CVs each of 100 mM, 250 mM, 500 mM
imidazole concentration was passed through the column and collected as 5 mL fractions. EDTA
and DTT were added at final concentrations of 1 mM each to the tubes into which fractions were
collected. 10 uL each of the sample was mixed with 10 uL. SDS-PAGE loading dye (2X) and 10
uL visualized on a 12 % SDS-PAGE gel.

Fractions containing protein of interest were then pooled and 2 rounds of dialysis were carried
out against 2 litre of buffer Asy [5S0 mM Tris (pH 8.0), 50 mM NaCl] for 2 hours each at 4 °C.
Upon completion of dialysis the samples were spun at 27,200 xg/4 °C/15 minutes to remove any
precipitate. The clear supernatant was loaded on to a 5 mL anion-exchange chromatography
column (Q-HP; GE Healthcare Life Science) pre-equilibrated with buffer Asy. Unbound proteins
were collected as flowthrough. 5 CVs of binding buffer (buffer Asy) was passed through the
column to remove any unbound and loosely bound proteins and collected as wash. A linear
gradient of elution buffer [S0 mM Tris (pH 8.0), 1000 mM NaCl] from 0 % to 50 % against
buffer A5y with a total volume of 100 mL was passed through the column. Both the binding
buffer as well as elution buffer was supplemented with EDTA and DTT at a final concentration
of 1 mM to prevent protein precipitation. Eluted contents were collected as separate fractions
each of 0.5 mL. Sample were taken at each step during purification and checked on a 12 % SDS-
PAGE gel. Fractions with protein of interest were pooled and dialyzed. Two rounds of dialysis
were performed against 500 mL of buffer Asy [S0 mM Tris (pH 8.0), 50 mM NaCl] for 2 hours

each at 4 °C. Dialyzed protein was concentrated using concentrators at 4 °C.

The concentrated protein was used for gel filtration run to check oligomeric status of the protein
as well as to obtain homogenous protein for further characterization. A Superdex™ 200 column
was equilibrated using buffer Aso [SO mM Tris (pH 8.0), 50 mM NaCl], protein injected into the

system and run performed using buffer with same composition. The eluted proteins were
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collected as 0.5 mL fractions. 10 uL sample for the fractions corresponding to peak at 280 nm
were mixed with equal volume of SDS-PAGE gel loading dye (2X). The sample and dye mixture
was heated at 99 °C/10 minutes/350 rpm and spun briefly. 10 uL each from the sample and dye
mixture was loaded on 12 % SDS-PAGE gels and resolved. The gels were stained, de-stained
and checked for presence of protein of interest. Fractions containing protein of interest were
pooled and concentrated to minimum possible volume (100 uL). The concentration of protein
was estimated and protein aliquoted as 20 uL fractions in thin-walled PCR tubes. The aliquoted

tubes were flash-frozen in liquid nitrogen and stored at -80 °C until further use.

3.2.5.2) Purification of SDS-treated His¢-FibrilA(305-512) by glycerol density gradient

centrifugation

A 400 mL culture pellet of E. coli cells expressing Hise-FibrilA(305-512) construct was thawed
on ice and re-suspended in 100 mL lysis buffer 8 (Appendix 1). Cells were lysed by sonication
for 16 minutes with 1 second ON, 3 seconds OFF and 60% amplitude. The lysate was initially
spun at 7000 xg/4 °C/15 minutes to separate cell debris as pellet. The supernatant containing
Fibril was further transferred to a fresh tube and spun at 159,000 xg/4 °C/30 minutes to obtain
Hise-FibrilA(305-512) protein in pellet. The pellet was re-suspended in 1.9 mL buffer containing
EDTA [ToE;; 10 mM Tris (pH 7.6) and 1 mM EDTA] to depolymerize proteins that form
filaments in presence of nucleotides. Since the pellet could not be solubilized, 100 uL SDS
solution (20 % w/v) was added at a final concentration of 1 % (w/v). Addition of SDS led to
complete solubilization of protein. The solution was then spun at 21,000 xg/25 °C/15 minutes to
remove particulate matter as pellet. 1 mL of the supernatant was then loaded onto each pre-cast

glycerol gradient. The details of glycerol gradient preparation are mentioned in Chapter 2.

Glycerol gradients with samples on top were then spun at 79,500 xg/4 °C/5 hours. At the end of
spin the gradients were fractionated (1.6 mL/fraction) using peristaltic pump as described in
Chapter 1. 10 pL sample was taken at each step and also from each fraction and mixed with
equal volume of SDS-PAGE loading dye (2X). The samples were heated at 99 °C/ 10 minutes/
350 rpm and spun briefly. 10 uL from each of the sample and dye mix was loaded onto a 12 %
SDS-PAGE gel. Upon migration the gels were stained and de-stained to visualize proteins at

different stages.
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3.2.5.3) Purification of SDS-treated FibrilA(273-512)-Hiss using Ni-NTA affinity
chromatography

A frozen 400 mL culture pellet of E. coli cells expressing truncated Fibril construct was thawed
on ice. The pellet was re-suspended in 50 mL of lysis buffer 8 (Appendix 1). Cells were lysed by
sonication using a probe sonicator for 18 minutes with cycles of 1 second ON, 3 seconds OFF
with 60% amplitude. EDTA was added to the lysate at final concentration of 0.5 mM to prevent
binding of proteins that bind Ni-NTA matrix non-specifically. The lysate was spun initially at
14,600 xg/4 °C/15 minutes to remove cell debris as pellet. The soluble fraction containing
protein of interest was further spun at 72,700 xg/4 °C/30 minutes to separate Fibril filaments as
pellet from other non-polymerized proteins. The pellet containing Fibril was re-suspended in 1.9
mL of T;oE; buffer [10 mM Tris (pH 7.6) and 1 mM EDTA]. 100 uL SDS (20 % w/v) solution
was added to the re-suspension to solubilize the pellet. The solution was spun at 21,000 xg/25
°C/15 minutes to remove insoluble particulate matter. The supernatant was further spun at
159,000 xg/25 °C/15 minutes to separate smaller clumps as pellet. The supernatant containing
Fibril was dialyzed three times against 2 litres of distilled water for 1 hour each time to remove

SDS, EDTA and other salts.

The dialyzed protein was transferred to a fresh tube and Tris (pH 7.6) and NaCl were added at
the final concentrations of 50 mM and 200 mM respectively. The protein was then mixed with
Ni-NTA resins pre-equilibrated with binding buffer [SO mM Tris (pH 7.6) and 200 mM NaCl]
and left for mixing on rotomix (Tarsons) at room temperature (25 °C) for 3 hours. The mixing
allows exposed Hisg tag of the proteins to bind to Ni-NTA resins. Following incubation, the

mixture was loaded into a syringe column (10 mL) and eluted as explained in Chapter 2.

Fractions containing purified protein were pooled and dialyzed thrice against 2 litre distilled
water for 1 hour each time to remove salts and imidazole. The dialyzed protein was concentrated
using concentrators with a cut-off of 3 kDa. Small quantity of the dialyzed and concentrated
protein was used for visualization using FE-SEM. Rest of the concentrated protein was
fractionated as 20 uL aliquots into thin-walled PCR tubes, flash frozen in liquid nitrogen and

stored at -80 °C until further use.
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3.2.5.4) Purification of FibrilA(273-512)-Hiss without use of SDS

A frozen 2 litre culture pellet of E. coli cells expressing FibrilA(273-512)-His¢ construct was
thawed on ice. The pellet was re-suspended in 200 mL lysis buffer 10. Cells were lysed by
sonication using a probe sonicator for 48 minutes with cycles of 1 second ON, 3 seconds OFF
with 60% amplitude. The lysate was spun at 46,500 xg/4 °C/15 minutes to remove cell debris as
pellet. The supernatant containing FibrilA(273-512)-Hise was loaded into a pre-packed Ni-NTA
column (5 mL; GE) equilibrated with binding buffer [SO mM Tris (pH 8.0) and 200 mM NaCl]
using Akta system in a cold cabinet. The unbound protein was collected as flowthrough. 40
column volumes (200 mL) of binding buffer was passed through the column to remove any
unbound proteins and collected as wash. Bound protein was eluted from column using increasing
concentrations of elution buffer containing imidazole [binding buffer + 500 mM imidazole]. 8
column volumes each were collected with 10 mM and 20 mM imidazole containing buffer. 6
column volumes each were collected for buffer containing 50, 100, 250 and 500 mM imidazole
containing buffer. The eluted protein was collected as 5 mL fractions. 10 uL. sample was taken at
each step and mixed with equal volume of SDS-PAGE loading dye (2X). The mixture was
heated at 99 °C/10 minutes/350 rpm and spun briefly before loading on 12 % SDS-PAGE gel.

The samples were migrated on gel and visualized after staining followed by de-staining.

Fractions containing protein of interest were pooled and spun at 39,139 xg /4 °C/30 minutes for
removal of precipitate, if any. The supernatant protein containing protein of interest was
transferred into a dialysis bag with 3 kDa cut-off. The dialysis was performed against 2 litres of
buffer Asyp [SO mM Tris (pH 7.6), S0 mM NacCl] for 1 hour to remove salts and imidazole. The
dialyzed protein was again spun at 39,139 xg /4 °C/30 minutes to get rid of precipitated proteins
during buffer exchange. The soluble protein was loaded onto a 1.7 mL cation-exchanger column
(MonoS; GE) pre-equilibrated with buffer Asy [SO0 mM Tris (pH 7.6), 50 mM NacCl]. Since the
theoretical pl (iso-electric point) of FibrilA(273-512)-Hise is 8.27, it will have a net positive
charge at pH 7.6. Also, the cation-exchanger column will be negatively charged at pH 7.6. The
opposite charges on protein [FibrilA(273-512)-Hisg] and matrix will facilitate their binding and
will allow other proteins (with net negative charge) to pass through. The bound proteins can then
be eluted by passing buffer with increasing salt concentrations to dissociate interaction between

bound proteins and matrix. These steps facilitate purification of protein of interest.
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Upon completion of loading of protein, the unbound protein was collected as flowthrough. The
bound protein was eluted by passing 20 column volumes (34 mL) of linear gradient between 0 %
and 100 % of elution buffer [S0 mM Tris (pH 7.6), 500 mM NaCl] against binding buffer [50
mM Tris (pH 7.6), 50 mM NaCl]. The eluted buffer was collected as 1 mL fraction each.
Samples from each step were checked on 12 % SDS-PAGE gel as described above.

The flowthrough (unbound proteins) from MonoS column was spun at 39,139 xg /4 °C/30
minutes to remove precipitated proteins. Since the protein did not bind to MonoS column, it was
passed through MonoQ column to check if can bind to the latter. Accordingly, the clear
supernatant was loaded onto an anion exchange column (MonoQ; GE Healthcare) pre-
equilibrated with buffer A5y [SO mM Tris (pH 7.6), 50 mM NaCl]. The unbound proteins were
collected as flowthough and the bound proteins were eluted using the same buffers and protocol
as described for MonoS assisted purification. The fractions were visualized on 12 % SDS-PAGE
gels. The fractions containing protein of interest were pooled and concentrated using

concentrators. The concentrated protein was checked on a 12 % SDS-PAGE gel.
3.2.6) Crystallization of FibrilA(1-236)-Hisg

Frozen, purified protein in buffer A5y [SO mM Tris (pH 8.0), 50 mM NaCl] was thawed on ice.
Aliquots of protein were pooled into a fresh tube and spun at 21,000 xg/4 °C/30 minutes to
remove any precipitate. The supernatant was transferred to a fresh tube and used for

crystallization.

Commercial crystallization screens from Molecular Dimension, Jena Bioscience and Hampton
were used for crystallization. A total of (96x9) 864 conditions were used for setting up an initial
crystallization by sitting drop vapour diffusion method. The list of conditions with which
crystallization of FibrilA(1-236)-Hiss was attempted 1s mentioned in Table 3.3. A crystallization
drop of 200 nl (100 nl protein + 100 nl reservoir solution) was set up using the Mosquito robotic
liquid handler. The plates were sealed and left at 18 °C. Plates were monitored regularly for

crystal formation by visualization of crystallization drops under a light microscope.
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Table 3.3 List of conditions used for FibrilA(1-236)-Hisg crystallization

Plate number Crystallization screen

1 Structure Screen 1 & 2 HT-96 MD1-30 (Molecular Dimensions)

Crystal Strategy Screen | MD1-31 (Molecular Dimensions)

Crystal Strategy Screen Il MD1-32 (Molecular Dimensions)

MIDAS™ MD1-60 (Molecular Dimensions)

JBScreen Classic HTS Il (Jena Bioscience)

JBScreen Classic HTS | (Jena Bioscience)

MD1-46 (MD1-47 HT) Morpheus™ Conditions (Molecular Dimensions)

JCSG-plus HT-96 MD1-40 (Molecular Dimensions)

Ol N UL bBlW|N

Crystal Screen HT™ HR2-130 (Hampton Research Corp.)

3.2.7) Visualization of Fibril filaments using Field Emission-Scanning Electron Microscopy

(FE-SEM)

To investigate if any of the short constructs formed filaments, purified proteins were used for
visualization using FE-SEM. FE-SEM was the choice due to non-availability of a constant access
to TEM and because the samples were stable in water without the presence of any salt or buffer
conditions. The details of sample preparation for FE-SEM studies have been mentioned in

Chapter 2 of this thesis. The same protocols as used visualizing full length Fibril were followed.
3.3) Results

Multiple short constructs of Fibril have been prepared to investigate domain architecture of Fibril
and to identify domain boundaries. The details on logic for preparation of these constructs,

results obtained from their purification and characterization are as follows.
3.3.1) Standardized conditions for expression of short constructs of Fibril

The optimized conditions for over-expression of various constructs and to obtain maximum

protein in the solution are as presented in Table 3.4.
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Table 3.4 Standardized conditions for expression of smaller constructs of Fibril

. Optical density of . .
o Incubation Post-induction
Name of the Fibril secondary culture | | .
parameters of . incubation parameters
construct . at the time of
primary culture . ) of secondary culture
induction

FibrilA(1-236)-Hisg 37 °C/10-12 hours 0.6-0.7 25°C/ 5 hours
Hise-FibrilA(305-512) 37 °C/10-12 hours 0.8 25 °C/5 hours
(Hisg FibrilA(285-512) 37 °C/10-12 hours 1.0 25 °C/5 hours
FibrilA(273-512)-Hisg 37 °C/10-12 hours 0.8-1.0 18 °C/12-16 hours
Hisg-FibrilA(253-512) 37 °C/10-12 hours 0.8-1.0 25 °C/5 hours

FibrilA(237-512)-Hisg
FibrilA(228-512)-Hisg
FibrilA(104-109)
FibrilA(112-116)
Strep-FibrilA(1-301)-Hisg
Strep-Fibril(290-479)-Hisg

Yet to be standardized

Upon expression of the proteins, further steps of purification or polymerization assays were
attempted for the constructs which were in the soluble fraction after removal of cell debris. In
absence of any information about functional or biochemical assays to characterize purified short
constructs, the characterization criteria were limited to comparing their sedimentation properties
upon ultracentrifugation. The ability of smaller constructs to polymerize was studied by
performing polymerization/pelleting assays, a centrifugation process for separating protein
polymers from the non-polymerized form. The full-length Fibril that forms constitutive filaments
and pellets down when spun at force of 46,500 xg was used as the positive control for pelleting
assays. The possibility of pelleting down E. coli proteins with a molecular weight close to
proteins of interest was ruled out by use of uninduced BL21(AI) cells as negative control for the

pelleting assays.
3.3.2) Standardized protocols for purification attempts for short constructs of Fibril

Purification of multiple short constructs of Fibril was performed. The details of purity of protein

and their further characterization for polymerization properties are as follows.
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3.3.2.1) FibrilA(1-236)-Hisg is purified using affinity and ion exchange chromatography

Based on purification of full-length Fibril and also from literature, the filamentous proteins pellet
down upon spinning at force > 80,000 xg (Mizuno, 1992; Woodring et al., 2001). The short
construct FibrilA(1-236)-Hise was obtained in the soluble fraction even after spinning at 159,000
xg and thus was thought to be a non-polymerizing construct. Further, purification by affinity

chromatography helped obtain the protein in enriched form (Figure 3.3 A). However, it was
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Figure 3.3 Purification of FibrilA(1-236)-Hiss (Mw 33 kDa). A) The protein was purified using Ni-NTA
affinity chromatography. L- Protein marker; 1- total lysate; 2- supernatant after spinning at 159,000 xg
loaded onto Ni-NTA column; 3- flowthrough; 4- wash; 5-10 fractions eluted using increasing
concentrations of imidazole. B) The purity of protein was further improved by anion-exchange
chromatography. L- Protein marker; 1- Input/protein loaded onto the column; 2- flowthrough; 3-9
fractions eluted from anion-exchanger column. Note the presence of impurities in fractions 6-9.
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accompanied by unwanted proteins thus requiring further purification. Purification of the protein
by anion exchange column led to further improvement in purity of the protein (Figure 3.3 B).

Protein fractions occasionally contained unwanted bands with higher as well as lower molecular
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weight. Most of the protein bands with molecular weight > 33 kDa, present in anion exchange
column fractions with FibrilA(1-236)-Hise (33 kDa) may be contaminants (Figure 3.3 B). These
were separated from FibrilA(1-236)-Hise using gel filtration chromatography. Gel filtration
chromatography of purified protein revealed that the protein elutes at a volume of 15.69 mL
(Figure 3.4 A & B). In a Superdex 200 (10/300 GL) column, this volume corresponds to a
molecular weight Mw) of about (33 kDa)
(https://cdn.gelifesciences.com/dmm3bwsv3/AssetStream.aspx?mediaformatid=10061&destinationid=

10016&assetid=16443). Thus, it was deduced that FibrilA(1-236)-Hisg protein (Mw 33 kDa) is

present as monomer in solution.
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Figure 3.4 Gel filtration profile of FibrilA(1-236)-Hiss (Mw 33 kDa). A) The gel filtration profile of Fibril
A(1-236)-Hisg construct on a Superdex 200 (10/300 GL) column. The protein eluted with peak centered
at ~ 15.7 mL. B) Visualization of fractions corresponding to peak centered at 15.7 mL on a 12 % SDS-
PAGE gel. L- Protein marker; 1- input/ protein loaded on the column; 2-9 fractions corresponding to
the peak at 13.0 mL—-17.0 mL.

The FibrilA(1-236)-Hise purified using anion exchange chromatography was also accompanied
by low molecular weight proteins (about 29 and 25 kDa bands) (Figure 3.3 B). Since the
intensity of these low molecular weight proteins seemed to increase with time (Figures 3.3 B and
3.4 B), they were thought to be proteolysis products of FibrilA(1-236)-Hise. Proteins with similar
molecular weight were observed during purification of full-length Fibril filaments (Figures 2.2
A, 2.4 A-C and 2.5 A). This information was used for preparation of short constructs Strep-

FibrilA(1-301)-Hiss (Mw 26 kDa) and Strep-Fibril(290-479)-Hiss (Mw 24 kDa).
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Attempts were made to crystallize homogenous FibrilA(1-236)-Hise protein obtained from a
combination of chromatography techniques. However, no crystals could be obtained in the initial
trials. Since the construct FibrilA(1-236)-Hisg could not be obtained in the soluble fraction in the

subsequent trials, further work could not be carried out on it.
3.3.2.2) FibrilA(237-512)-Hiseis not be obtained in the soluble fraction

Since FibrilA(1-236)-Hiss was folded as evident from the gel filtration chromatography profile, it
was thought to form the C-terminal domain of Fibril. Its complementary construct, FibrilA(237-
512)-Hisg, may form the N-terminal domain. Thus, simultaneously standardization of
FibrilA(237-512)-Hise was performed. However, the overexpressed protein could not be obtained
in soluble fraction (Figure 3.5). Meanwhile, based on the information obtained from purification
of full-length Fibril filaments, other N-terminal constructs were designed and purified to obtain

insights into potential N-terminal domain of Fibril.

Figure 3.5 Expression profile of FibrilA(237-512)-Hiss (Mw 28 kDa) The protein of interest was
over-expressed but could not be obtained in the soluble fraction. L- Protein marker; 1- total lysate
of uninduced cells; 2- soluble fraction after spinning (1) at 21,000 xg; 3- total lysate of induced cells
expressing protein of interest (28 kDa); 4- soluble fraction after spinning (3) at 21,000 xg. Note that
an over-expression band can be seen in lane 3, just below 29 kDa. This band was absent in lanes 1
& 2 but small amount of it could be seen in lane 4.
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3.3.2.3) Hise-FibrilA(305-512) is partially purified by SDS treatment and glycerol density

gradient centrifugation

Hints about N-terminal domain were obtained from purifications of FibrilA(1-236)-Hise and full-
length Fibril. The observation of increasing intensity of about 27 kDa band pairs with time
during FibrilA(1-236)-Hise purification led me to postulate that the domain boundary could be
around amino acid number 300 from N-terminus of Fibril. This was also consistent with
purification of full-length Fibril where bands of about 37 kDa and 27 kDa were observed. Thus,
Hise-FibrilA(305-512) and Strep-FibrilA(1-301)-Hisg were prepared as the complementary
constructs. Also, Strep-Fibril(290-479)-Hise construct was prepared considering the ~ 24 kDa
band observed during purifications of FibrilA(1-236)-His¢ and full-length Fibril. The
characterization of Hise-FibrilA(305-512) was initiated first.

As mentioned earlier, the aim was to obtain non-polymerizing construct of Fibril for X-ray
crystallography studies. Thus, sedimentation properties of smaller constructs were compared
with full-length Fibril; upon spinning at 46,500 xg, Fibril pellets down probably because it forms
bundles. A non-polymerizing protein is not expected to pellet down upon spinning at > 80,000
xg unless it binds to membranes or forms a part of macromolecular complexes. As explained in
Chapter 2 of this thesis, post SDS-treatment, the full-length Fibril remains maximally in the
supernatant upon spinning at 159,000 xg. Thus both procedures with and without SDS treatment

were followed for characterization of short constructs.

Like full-length Fibril, in absence of SDS Hise-FibrilA(305-512) also pelleted upon spinning at
159,000 xg (lanes 7 and 8 in Figures 3.6 A and B). Thus, Hise-FibrilA(305-512) was thought to
form polymers or it may exist as aggregates. The differentiation between protein polymers and
aggregates is possible only by visualization of samples using electron microscopes. However, the
Hise-FibrilA(305-512) pellet obtained by spinning lysate at 159,000 xg was not soluble in any of
the buffers attempted and was present as clumps. The pellet also had many other proteins as seen
on SDS-PAGE gel (lane 8 Figure 3.6 B). Thus, the protein was purified further before

visualization using an electron microscope.
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Figure 3.6 Pelleting /polymerization profiles of Hisg-Fibril (Mw 59 kDa) and Hise-FibrilA(305-512) (Mw 35
kDa) with and without use of SDS. The differential centrifugation of lysate of E. coli cells expressing
protein Hisg-Fibril (A) or Hiss-FibrilA(305-512) (B) revealed that these proteins were not soluble without
SDS treatment (lane 5 in both the gels). However, addition of SDS drastically improved the solubility of
both the proteins (lane 6 in both the gels). Centrifugation of the sample in lane 5 (without SDS treatment)
at 159,000 xg resulted into very small quantity of the protein remaining in supernatant (lane 7) as
compared to pellet (lane 8). In contrast to this, the protein solubilized using SDS (lane 6), when spun at
159,000 xg left most of the protein in supernatant (lane 9) as compared to pellet (lane 10). Note that for
SDS treated samples (lanes 9 and 10) the amount of 159,000 xg pellet (lane 10) loaded on to the gel was
much higher as compared to corresponding supernatant (lane 9). L-protein marker; 1- total lysate, 2-
supernatant after 11,000 xg spin; 3 & 4- supernatant and pellet after 46,500 xg spin respectively; 5 & 6-
soluble fraction of pellets from lane 4 re-suspended without and with SDS treatment followed by spin at
21,000 xg respectively; 7 & 8- supernatant and pellet respectively after spinning sample from lane 5 at
159,000 xg; 9 & 10 - supernatant and pellet respectively after spinning sample from lane 6 at 159,000 xg.
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Figure 3.7 Purification and visualization of HI55 F|br|IA(305 512) (Mw 35 kDa). A) The SDS-solubilized
Hise-FibrilA(305-512) protein was separated from other proteins based on its density using glycerol
density gradient. The fractions containing protein of interest were pooled, dialyzed and visualized using
FE-SEM. L- Protein marker; I- input/ sample loaded on the glycerol gradient; 20-22 — (top most) fractions
of glycerol density gradient containing protein of interest. B) FE-SEM image of Hiss-FibrilA(305-512)
purified by SDS-treatment followed by separation on glycerol density gradient.
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Similar to full-length Fibril, the treatment of Hise-FibrilA(305-512) with SDS at final
concentration of 1 % (w/v) resulted into complete solubilization of the pellet that did not pellet
down upon spinning at 159,000 xg (lanes 9 and 10 in Figure 3.6 A and B). Separation of
solubilized protein mixture was attempted using glycerol gradient. Hise-FibrilA(305-512) was
found in the top 3 fractions of glycerol gradient, corresponding to the density about 0.13 g/cm’.
The fraction from glycerol gradient was slightly purer than the 159,000 xg pellet and it was also
soluble. Visualization of the glycerol gradient fractions containing Hise-FibrilA(305-512) (Figure
3.7 A) using field emission scanning electron microscope (FE-SEM) revealed filamentous
structures (Figure 3.7 B). However, unlike the characteristic twists seen in all EM images of full-
length Fibril, filamentous structures seen for Hisg-FibrilA(305-512) samples do not have any

features. One of the possible reasons for this is the low resolution of the image.

Nevertheless, since filaments are seen for Hise-FibrilA(305-512) and the aim was to obtain a
non-polymerizing construct of Fibril, a few more constructs were prepared. The approach for
designing further smaller constructs was to reduce the length of Hise-FibrilA(305-512) by
removing one secondary structure at a time from its carboxy-terminus. Thus, constructs Hise-
FibrilA(285-512), FibrilA(273-512)-Hise, Hise-FibrilA(253-512) and FibrilA(228-512)-Hiss were

prepared and characterized.

3.3.2.4) Constructs Hise-FibrilA(285-512), FibrilA(273-512)-Hiss and Hise-FibrilA(253-512)
behave similar to full-length Fibril

The pelleting assay of Hise-FibrilA(285-512), FibrilA(273-512)-Hiss and Hise-FibrilA(253-512)
from clarified (free of cell debris) lysate showed that all these protein constructs pellet down
when spun at 46,500 xg/ 30 minutes/4 °C when not treated with SDS (Figure 3.8 A-C). Protein
bands corresponding to molecular weights of Hisg-FibrilA(285-512) and FibrilA(273-512)-Hise
were not seen in uninduced BL21(AI) cell lysate (Figure 3.8 D). Thus, both these constructs of

Fibril formed either protein filaments or aggregates.

Visualization of SDS-treated and dialyzed samples of Hise-FibrilA(285-512) and FibrilA(273-
512)-Hise constructs using FE-SEM did not reveal any filamentous structures. The possible
reasons why filaments were not seen for these constructs are: i) both these constructs do not form

filaments or ii) the filaments formed by these constructs were denatured during purification
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procedure. Thus, attempts were made to purify these constructs without the use of SDS for
further characterization. Since these constructs were prepared with a Hise tag, the purification of

these constructs was attempted using Ni-NTA matrix. The construct Hise-FibrilA(285-512) did
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Figure 3.8 Polymerization/pelleting assay for short constructs of Fibril. A-C) Similar to Hise-Fibril, the
short constructs Hisg-FibrilA(285-512) (A; 33 kDa), FibrilA(273-512)-Hiss (B; 32 kDa) and Hise-
FibrilA(253-512) (C; 30 kDa) were obtained in the pellet upon spinning clarified lysate at 46,500 xg
(lane 3 in all gels). The pelleted short constructs were sparingly soluble in the buffer (lane 4) unless
treated with SDS (lane 5). These short constructs pellet down upon spinning at 159,000 xg if not
treated with SDS (lanes 6, 7). However, SDS treatment left these short constructs in supernatant
upon spinning at 159,000 xg (lanes 8, 9). D) Pelleting profile of BL21(Al) cells as experimental control.
Note that the amount of pellet loaded in lane 9 is much higher than the corresponding supernatant
(lane 8). L- Protein marker; 1- total lysate; 2 - supernatant upon spinning lysate at 11,000 xg; 3- Pellet
obtained upon spinning protein as in lane 2 at 46,500 xg; 4 & 5- soluble fraction obtained upon
solubilization of the pellet (lane 3) without or with SDS respectively, followed by spinning at 21,000
xg; 6 & 7- supernatant and pellet respectively after spinning sample from lane 4 at 159,000 xg; 9 & 10
- supernatant and pellet respectively after spinning sample from lane 5 at 159,000 xg. The red
asterisk indicates band of protein of interest.

not bind to the Ni-NTA affinity matrix (data not shown), hinting that the Hiss tag may not be
exposed. Attempts were made for purification of FibrilA(273-512)-Hise with and without SDS

treatment.
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3.3.2.5) FibrilA(273-512)-Hise is purified with and without SDS-treatment

SDS-treated FibrilA(273-512)-His¢ could be purified using Ni-NTA affinity chromatography
(Figure 3.9), to finally obtain a single band. However this protein was not stable during steps of
dialysis or concentration using centricons for further experiments with size exclusion

chromatography.

Figure 3.9 Purification of FibrilA(273-512)-Hisg by SDS treatment followed by affinity chromatography.
FibrilA(273-512)-Hisg construct (Mw 32 kDa) was obtained in the soluble fraction upon SDS treatment
followed by 159,000 xg spin. The protein was then purified by allowing its binding to Ni-NTA resins
(affinity chromatography). The bound protein was eluted using buffers containing increasing
concentrations of imidazole. The purified protein can be seen to elute with 250 mM and 500 mM
imidazole containing buffer (lanes 8 & 9 respectively). L-Protein marker; 1- total lysate; 2- supernatant
after spinning lysate at 11,000 xg; 3- Pellet obtained upon spinning protein as in lane 2 at 46,500 xg; 4-
soluble fraction obtained upon solubilization of the pellet (lane 3) by treatment with SDS followed by
spinning at 21,000 xg; 5 & I- supernatant obtained by spinning sample from lane 4 at 159,000 xg (I
denotes input for affinity chromatography); 6 & 7 — flowthrough and wash (protein not bound to Ni-NTA
matrix); 8 & 9- bound protein eluted using 250 mM and 500 mM imidazole containing buffer.

Further, attempts were made to purify this construct FibrilA(273-512)-Hise by affinity
chromatography without use of SDS. The protein bound to the affinity matrix and was obtained
in partially purified form (Figure 3.10 A). Attempts were made to improve the purity of
FibrilA(273-512)-Hise using ion-exchange chromatography. However, the protein in spite of
being positively charged at pH 7.6 (as deduced for its theoretical pl 8.27), did not bind the
negatively charged matrix of MonoS column (Figure 3.10 A). Thus, it was checked if the protein

binds positively charged matrix of MonoQ column.
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The protein was found to bind anion exchange matrix and eluted as relatively pure fractions
(Figure 3.10 B). However, it was accompanied by bands of proteins with higher molecular
weight (> 33 kDa) than FibrilA(273-512)-Hise. The purified, concentrated FibrilA(273-512)-Hisg
was visualized on SDS-PAGE gel (Figure 3.10 B). The FibrilA(273-512)-Hise protein purified
with and without SDS treatment will now be used for electron microscopy studies to check if

they form polymers.
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Figure 3.10 Purification profile of FibrilA(273-512)-His¢ without use of SDS. A) The protein FibrilA(273-
512)-Hisg was purified (lanes 4-6) from clarified lysate using Ni-NTA affinity chromatography. The
protein did not bind to cation exchange matrix (MonoS column) and eluted as flowthrough (lane 7). L-
34 kDa protein; 1- total lysate; 2- supernatant after spinning lysate at 46,500 xg; 3- flowthrough from
Ni-NTA column; 4 to 6- protein bound to Ni-NTA column and eluted using high concentration of
imidazole in the buffer; 7- flowthrough from cation exchange (MonoS) column. B) The flowthrough of
MonoS column was passed through anion exchange (MonoQ) column, bound protein eluted and
concentrated. L- 34 kDa protein, 1- flowthrough of MonoQ column; 2 to 4- fractions of protein bound to
MonoQ column matrix and eluted with increasing salt concentration; 5- Pooled and concentrated
fractions from MonoQ column containing protein of interest.

3.4) Discussion

This section summarizes attempts to identify domain architecture of Fibril. There are no reports
on domain dissection of Fibril since genetic manipulation in Spiroplasma is tedious. Attempts of
heterologous expression of Fibril have not been reported till date. Due to lack of structural
information on Fibril, secondary structure prediction was used as the basis for preparation of
short constructs. Multiple short constructs were prepared, purified, and characterized with

respect to filament forming properties.

FibrilA(1-236)-Hise, a short construct of full-length Fibril, was purified and its crystallization
attempted. Though crystals have not been obtained for FibrilA(1-236)-Hisg, its purification has
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provided hints as follows. The presence of FibrilA(1-236)-His¢ in folded, monomeric state
suggests that it may form the C-terminal domain of Fibril. Further, since FibrilA(1-236)-Hise did
not polymerize it will be interesting to know if its complement, FibrilA(237-512)-Hiss, can form
polymers on its own. The characterization of FibrilA(237-512)-Hise will help us know if it can
polymerize independently of FibrilA(1-236)-His¢ or both the domains are required for
polymerization. The information regarding role of N-terminal domain in polymerization of Fibril

was obtained from characterization of the His¢-FibrilA(305-512) construct.

It is interesting to see that Hise-FibrilA(305-512), a truncated construct of Fibril, potentially
formed polymers. However, the filaments did not have characteristics such as the twist or mesh-
like appearance (due to repeating circular tetramers) seen for full-length Fibril. This raises two
possibilities- i) The short construct, Hise-FibrilA(305-512) forms filaments with a different
morphology or ii) these filaments are not really protein polymers and must be contamination.
Further purification and characterization of Hise-FibrilA(305-512) is likely to provide hints to
rule out one of these two possibilities. An important hint obtained from the purifications of
FibrilA(1-236)-Hise and Hise-FibrilA(305-512) is that the N-terminal domain may be sufficient
for polymerization. Cryo EM studies of Hise-FibrilA(305-512) polymers and its comparison with
full-length Fibril filaments will help decipher if the Hise-FibrilA(305-512) polymerization
involved same interface as that of full-length Fibril. The comparison will help to verify the role

of C-terminal domain in polymerization, if any.

Attempts to purify the N-terminal constructs Hise-FibrilA(305-512), Hise-FibrilA(285-512) and
FibrilA(273-512)-Hise revealed that only FibrilA(273-512)-Hisg could bind to Ni-NTA resins
without SDS treatment. It should be noted that FibrilA(273-512)-Hisg has a C-terminal Hisg tag
as opposed to Hise-FibrilA(305-512) and Hise-FibrilA(285-512) with Hisg tag at the N-terminal.
Thus, the N-terminus of Fibril must be either buried within the N-terminal domain or at the
polymerization interface. This is consistent with full-length Fibril; N-terminally Hise tagged full-

length Fibril does not bind to Ni-NTA matrix without SDS treatment.

Further, like full-length Fibril, all the three N-terminal constructs Hise-FibrilA(305-512), Hise-
FibrilA(285-512) and FibrilA(273-512)-His¢ were obtained in the insoluble fraction in lysis
buffer unless they were treated with SDS. In contrast, the C-terminal construct FibrilA(1-236)-

Hisg was obtained in the soluble fraction as monomer without SDS treatment. Thus, it appears
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that the N-terminal domain of Fibril may be responsible for interaction with membrane lipids and
formation of polymers/filaments. Since the C-terminal region (beyond amino acid number 236
from amino terminus) of Fibril does not share homology with any of the known DNA or protein

sequences, it is difficult to predict a function or interacting partners at this stage.

All the aforementioned observations are preliminary and need confirmation by further
experiments in this direction. One of the major challenges in working with such proteins is the
lack of an activity assay for monitoring the amount of functional protein. The information on
activity of protein is useful to confirm that the right protein is being characterized. Another
challenge of working with these short constructs is the inconsistency/non-reproducibility of
expression and purification. Over-expression of short constructs and obtaining them in the
soluble fraction has been inconsistent. The poor expression and insolubility of these short
constructs may be due to the cleavage of protein between secondary structures (o-helix or -

sheet) making them the unstable.

Characterization of some of the most well behaved (in terms of expression and solubility) short
constructs of Fibril is explained above. Additional constructs have been designed and cloned
(Table 3.1). Further standardization of some of these constructs is necessary to obtain over-
expression and maximum solubility to facilitate their purification and characterization. The

present status of all the constructs of Fibril is summarized in Table 3.5).

Table 3.5 Current status of short constructs of Fibril.

Construct Purification Filaments
standardized Pelleting assay Seen in FE-SEM
Hiss-FibrilA(305-512) Yes Yes Yes (once)
Hise-FibrilA(285-512) No Yes No
FibrilA(273-512)-Hisg Yes Yes No
Hise-FibrilA(253-512) No Yes -
FibrilA(237-512)-His No No -
FibrilA(228-512)-Hisg No No -
FibrilA(1-236)-Hisg* Yes No -
FibrilA(104-109) No No -
FibrilA(109-112) No No -
Strep-FibrilA(1-301)-Hisg No No -
Strep-Fibril(290-479)-Hisg No No -

* Crystallization has been attempted.
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In order to overcome challenges listed above, an alternate approach was designed to obtain non-
polymerizing construct of full-length Fibril. The approach involved introduction of EGFP
protein, a bulky molecule, at different sites in Fibril sequence. If the protein fails to fold
properly, it will be degraded by the cell and total expression of the fusion protein will be low. If
the EGFP-tagged Fibril folds properly, the EGFP may or may not occur at the polymerization of
Fibril. If EGFP is at the polymerization interface, it will prevent Fibril polymerization and
monomeric Fibril will be obtained. However, if the EGFP is at any site other than the

polymerization interface, EGFP-tagged Fibril filaments will be obtained (Figure 3.11).

Fibril-EGFP

o .

EGFP tagging

‘,
0, 4% 'olymerized Fibril

or .
O .
Fibril-EGFP
Native = polymerized Fibril

Monomeric/ oligomeric Fibril

Figure 3.11 Pictorial representation of strategy to obtain non-polymerizing construct of Fibril.
Tagging of EGFP into Fibril creates two possibilities- i) EGFP is away from the polymerization interface
of Fibril, and provides a site for tagging Fibril without affecting its polymerization. ii) EGFP is placed at
the polymerization interface of Fibril. This potentially results in obtaining monomeric/ non-polymeric
Fibril.

In the former case, the information obtained on polymerization interface will be used to generate
non-polymerizing constructs whereas, in the latter case, the information will be useful to

visualize intra-cellular localization of Fibril within Spiroplasma cells by tagging it with a

fluorescent protein.

25 sites have been identified within Fibril and EGFP-tagged constructs prepared. Initial
characterization of these constructs revealed that some of the constructs are well expressed.
Further studies on these constructs suggest that there are differences in fluorescence emitted by
each construct. The constructs with low fluorescence constructs are likely to be resulting from

interference by EGFP in Fibril folding and thus may not be at the polymerization interface. In
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contrast, constructs with high fluorescence must be the folded protein. In vitro characterization

of these constructs is in progress to identify if they are polymers or monomers.

Chapters 2 and 3 of my thesis described the in vitro investigation of Fibril, a proposed central
player in shape determination and motility of Spiroplasma. The next chapter describes
experiments performed to investigate components involved in Spiroplasma shape determination
and motility by characterization of a naturally occurring non-helical, non-motile mutant of

Spiroplasma.
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Chapter 4

Comparative characterization of Spiroplasma citri GII-3 and ASP-I cells

4.1) Introduction

The previous two chapters described structural characterization of Fibril in polymerized and non-

polymeric forms using recombinant expression systems. In addition to Fibril, cytoskeletal protein

MreB also has been proposed to be associated in Spiroplasma shape determination and motility.

Due to challenges associated with gene manipulation in Spiroplasma, the role of these proteins

has been hypothesized but remains to be verified through genetic studies. An alternative

approach for deciphering gene function is to find naturally occurring mutants and identify the
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Figure 4.1 Protein profiles of
Spiroplasma citri cells. Semi purified
membrane proteins of S. citri strains as
visualized on SDS-PAGE gel. 1: SP-A, 2:
R8-A2, 3: C189 and 4: ASP-I. The arrows
point to 39 kDa protein. Image adapted
from Townsend et al., (1977).

molecular determinants responsible for the defects.

A non-helical and non-motile strain of Spiroplasma
citri, ASP-1, was reported by Townsend et al., (1977)
(Figure 1.3 B). DNA homology, serology tests,
production of toxin and pathogenicity confirmed that
ASP-I was a strain of S. citri. Comparison of semi
purified membrane fractions of S. citri SP-A
(wildtype; helical and motile) and ASP-I cells was
performed to decipher mechanism of helical shape
determination in Spiroplasmas. Since Fibril was
proposed to be an important determinant of helical
shape in Spiroplasma, ASP-1 cells were first
investigated for presence of Fibril. The analysis
showed that Fibril was in fact present in both cell
types (Townsend et al., 1977). However, a protein
with molecular weight of about 39,000 Da was

missing from ASP-I as compared to SP-A cells



(Figure 4.1). Thus, it was hypothesized that the 39 kDa protein must be a structurally important
component and an anchor for connecting Fibril to the cell membrane at regular intervals and its
absence led to loss of helicity and motility (Townsend et al., 1977, 1980). The identity of the 39
kDa protein remains unknown till date and further studies have not been performed on S. citri
ASP-I cells. Identification of the missing 39 kDa protein from S. citri ASP-I cells may provide
mechanistic insights into components involved in Spiroplasma shape determination and motility.
The study would also be useful for identification of protein(s) involved in motility and rod-to-
helical transition of Spiroplasma morphology. Thus, characterization of S. citri ASP-1 was

carried out as a part of my Ph.D. research work.

This chapter describes the comparative analysis of the wildtype (helical and motile) isolate S.
citri GII-3 and S. citri ASP-I, a naturally occurring non-helical, non-motile mutant. The
characterization included genomic, proteomic studies and visualization of cytoskeletal protein
filaments. Analysis of the genomes revealed defect in a gene of S. citri ASP-I cells that led to
absence of the 39 kDa protein. Gene coding for the same 39 kDa protein in S. citri GII-3 cells
was cloned into a vector and expressed in S. citri ASP-I cells. The transformed ASP-I cells
exhibited helical morphology and kinking motility. The experimental approach followed and

results obtained are described below in the following sections of the chapter.
4.2) Material and methods

S. citri ASP-I cultures are available in the lab of Dr. Laure Béven, INRA, Bordeaux, France.
Since S. citri is a plant pathogen, the procedure for obtaining permits for importing cultures is a
time consuming process and could not be completed within the time frame of my Ph.D. Thus the
genomic and proteomic studies were carried out in lab of Dr. Laure Béven during the time spent
in her lab as a Raman Charpak fellow for six months. In absence of electron cryotomography
(ECT) facility in India, ECT studies were performed in the lab of Dr. Martin Pilhofer, ETH,
Ziirich, Switzerland, supported by an EMBO short-term fellowship for a period of three months.

Following sections describe the methodology followed for characterization of S. citri GII-3 and
ASP-I cells. Spiroplasma cells can easily lose their shape and hence the cultures need to be
handled with care. Also discussed are challenges associated with handling Spiroplasma cells for

ECT studies.
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4.2.1) Growing Spiroplasma citri GII-3 and ASP-I cells

Spiroplasma citri GII-3 as well as ASP-I cells were grown in modified SP4 medium as described
by Duret et al., (1999) and explained in section 2.2.2.3 of this thesis. The grown cells were either

frozen for ECT studies or used for genomic DNA isolation and proteomic studies.
4.2.2) Isolation and sequencing of genomic DNA
The genome sequences of S. citri GII-3 and ASP-I were obtained from Dr. Laure Béven.

4.2.3) Analysis of S. citri genome for identification of proteins with molecular weight of

about 39 kDa

A list of genes coding for protein with molecular weight about 39 kDa was prepared with an
intention to shortlist potential proteins that would be the missing in the non-helical ASP-I cells.

Genome of S. citri is available in NCBI (https://www.ncbi.nlm.nih.gov/nuccore/CP013197.1). To

identify all the possible genes in S. citri genome with a rough molecular weight of about 39 kDa,
a range between 37 and 41 kDa was considered. The proteins in this range of molecular weights
is expected to contain about 336 — 370 amino acids (considering average molecular weight of
110 Da/ amino acid). The gene length coding for proteins of 336-370 amino acids will be
between 1050 and 1110 nucleotides. Thus, all genes in S. citri genome with a length between
1050 and 1110 nucleotides were identified and listed manually. S. citri R§-A2 genome was used

for the analysis.

Interestingly, molecular weights of all the five MreBs present in Spiroplasma cells is close to 39
kDa. It is possible that the protein absent from S. citri ASP-I is one of the MreBs. Thus, pair-
wise sequence alignment of corresponding mreB gene sequences from the two cell types (S. citri
GII-3 and S. citri ASP-I) was performed. These sequences were determined by PCR

amplification of the mreB genes using flanking primers in the genome.

The genome sequence analysis was also complemented with investigation of total protein in the

cells using mass spectrometry.
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4.2.4) Extraction of Spiroplasma proteins for mass spectrometry studies

Spiroplasma proteins were extracted, using the protocol from Renaudin et al., (2015), as follows.
A 50 mL culture pellet of Spiroplasma cells (ASP-I and GII-3) was re-suspended into 1 mL Tris-
buffered saline [TBS; 10 mM Tris-HCI (pH 7.4), 150 mM NaCl]. Cells were lysed on ice by
sonication for 1 minute using a probe sonicator. 200 pL lysate was transferred to a fresh tube and
stored at -80 °C. 100 puL extraction buffer [10 mM Tris (pH 7.4), 154 mM NaCl] and 100 pL
Triton X-114 (10 % w/v) were added to rest of the 800 uL lysate on ice. The mixture was left at
4 °C for 1 hour under shaking condition without frothing to facilitate extraction of membrane
proteins by Triton X-114. The mixture was then spun at 12000 xg/4 °C/40 minutes to separate
insoluble proteins as pellet from soluble ones. Since the supernatant contained aqueous soluble
proteins in addition to the ones solubilized by Triton X-114, they were separated by incubating
supernatant at 37 °C for 15 minutes (or until the solution turned turbid). Since the cloud point for
Triton X-114 is 23 °C, at 37 °C the solution appears turbid due to the presence of detergent
micelles. Triton X-114-bound proteins and micelles were separated by spinning the turbid
solution at 3,000 xg/37 °C/3 minutes. The supernatant containing aqueous soluble proteins was
transferred to a fresh tube. This stage onwards, the aqueous soluble protein containing fraction
(upper phase) and detergent solubilized fraction (lower phase) were processed separately.

Briefly, 3 washes were performed on both the fractions to remove unwanted proteins as follows.

The detergent-enriched lower phase was re-suspended in 900 pL cold extraction buffer and
incubated on a rotary shaker at 4 °C for 15 minutes. The solution was then transferred to 37°C for
15 minutes and then spun at 3,000 xg/37 °C/3 minutes. The upper phase was discarded and
washing step repeated 2 more times. The 100 puL lower phase obtained after 3 washing steps
was mixed with 900 pL ice cold methanol (100 %) and incubated overnight at -20 °C. The
incubation with methanol under cold conditions led to removal of Triton X-114. Post-incubation,
the solution was spun at 21,000 xg/4 °C/10 minutes to obtain precipitated proteins as a pellet,
which was solubilized in Laemmli buffer lacking bromophenol blue (4% SDS, 20% glycerol,
10% B-mercaptoethanol, and 0.125 M Tris HCl, pH approx. 6.8). The solution was then
transferred to a fresh tube and stored at -80 °C.

100 pL Triton X-114 (10 % w/v in TBS) was added to 900 pL supernatant containing aqueous

soluble proteins. The mixture was allowed to incubate at 4 °C for 15 minutes with shaking, and
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then at 37°C for 15 minutes. It was then spun at 3,000 xg/37 °C/3 minutes. The lower phase
contained the remaining detergent soluble proteins while the upper phase contained aqueous
soluble proteins. The upper phase was transferred to a fresh tube and lower phase discarded. The
supernatant was washed twice in the same manner as above to remove detergent soluble proteins.

The supernatant was transferred to a fresh tube and stored at -80 °C.

Fractions containing total proteins, aqueous soluble proteins and Triton X-114 solubilized
proteins were checked on a 12% SDS-PAGE gel. Proteins were identified by peptide mass
fingerprint and tandem-mass spectrometry (MS/MS) sequencing from protease digested protein
at the Proteome Platform, Functional Genomic Center of Bordeaux, University of Bordeaux. The
samples were subjected to in-gel digestion by trypsin, nano-liquid chromatography (nano-LC) on
a U3000 Thermo and tandem-mass spectrometry (MS/MS) using an Orbitrap Fusion™ Lumos™
Tribrid™ (ThermoFisher Scientific) to identify and compare proteins between S. citri GII-3 and

ASP-I cells.
4.2.5) Analysis of proteins present in Spiroplasma citri GII-3 and ASP-I cells

The lists of proteins observed in aqueous and membrane-bound fractions of S. citri GII-3 as well
as ASP-I cells was obtained from mass spectrometry analysis. Each list was arranged in

descending order of relative abundance and used for manual analysis.

Proteins which were present in S. citri GII-3 but absent in ASP-I cells were identified and
enlisted. About 130 proteins according to relative abundance were checked for their presence in
S. citri GII-3 as well as ASP-I cells manually. To identify proteins with significantly different
expression levels, the proteins were ranked according to their relative abundances such that the
protein with maximum abundance was ranked first. Next, the ranks of a given protein were
checked compared between S. citri GII-3 and ASP-1. A rank difference of 50 or more between
the two for a candidate protein was considered significant. This exercise was performed for ~

130 proteins analyzed in present study.

The aforementioned analyses enabled prediction of one of the proteins to be involved in shape
determination in Spiroplasma. Thus, the gene was cloned under a constitutively expressing

(elongation factor Tu: fuf) promoter for transformation into S. citri ASP-I cells.
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4.2.6) Cloning mreBS5 of S. citri GII-3 expressible under ef-tu promoter into pUC18 vector

In the first PCR fuf (ef-Tu) promoter region from pSTP1 vector (Renaudin et al., 2015) was
amplified using appropriate primers (pBSK(+)tuf-m5-F1 and tuf-m5-R1 or tuf-m5-R1mod;Table
4.1). The second PCR was performed to amplify mreB5 gene from genomic DNA of S. citri GII-
3 cells. The products of first and second PCR were purified using PCR clean-up kit (Qiagen) and
eluted in 30 pL. MilliQ water separately. An overlap-extension PCR (PCR 3) was set up to obtain
tuf promoter-mreB5 construct. The product was extracted from gel using a gel extraction kit
(Qiagen) and re-amplified using end primers. The amplified product was cleaned up and digested
with restriction enzymes. For restriction digestion, 1 pg each of PCR 3 product and pUCI18
vector (Addgene plasmid # 49793) were incubated with 1 pL BamHI restriction enzyme each in
a separate tube for 1 hour at 37°C on a thermomixer. At the end of 1 hour of incubation, samples
from the restriction reactions were checked on 1% agarose gel. The presence of single band on
gel confirmed complete digestion of DNA. The restriction-digestion products [vector and insert
(tuf promoter + mreBS insert] were then cleaned using PCR purification kit (Qiagen) and eluted
with 30 uL MilliQ water. The insert was ligated into pUC18 vector as described in chapter 2 of
this thesis. The ligation reaction was transformed into NEB® Turbo electrocompetent E. coli
cells by electroporation (2500 V voltage, 25 pF capacitance and 200 Q resistance). The NEB®
Turbo E. coli [genotype F' proA”B" lacl? AlacZM15 / fhuA2 A(lac-proAB) ginV galK16 galE15
R(zgb-210::Tnl0)Tet® endAl thi-1 A(hsdS-mcrB)5] cells were chosen for their high
transformation efficiency (1-3 x 10° cfu/ug pUC19 DNA; NEB Inc. catalogue number
C29841).The obtained transformants were grown in LB broth supplemented with ampicillin
(final concentration of 100 pg/mL) and plasmid extracted as explained earlier. The plasmid was

sequenced using T7 promoter primers to confirm insert sequence.

Ms. Mrinmayee Bapat assisted in ligating the PCR3 product into pUC18 vector.
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Table 4.1 List of primers used for cloning tuf promoter and mreB5 gene into pUC18 vector.

Primer name Sequence (5’ - 3’) Purpose
CGATAAGCTTGATATCGAATTCGTTTAATCT
pBSK(+)tuf-m5-F1 ACCATTAC
GGTCTAGTTTCTGGTCTCATTTTAATCTTTT Amplification of tuf (EF-Tu)
tuf-m5-R1 .
CCTCC promoter region

GTCAAGAGAAATAAATGGTCTAGTTTCTGGT

tuf-m5-Rimod CTCATTTTAATCTTTTCCTCC

GGAGGAAAAGATTAAAATGAGACCAGAAACT

tuf-m5-F2 AGACC

Cufm5-F2mod GGAGGAAAAGATTAAAATGAGACCAGAAACT | Amplification of mreBS gene of

ut-m>-r2mo AGACCATTTATTTCTCTTGAC S. citri GII-3
GGATCCCCCGGGCTGCAGGAATTCTTATTTT

pBSK(+)tuf-m5-R2 CTTTTTTTACC

Restriction site sequence in primer is highlighted in purple color.
4.2.7) Expression of wildtype mreB5 gene from S. citri GII-3 in S. citri ASP-I cells

Since we do not have the permit to grow Spiroplasma cultures in India, the S. citri GII-3 mreBS
gene cloned downstream of tfuf promoter in pUCI8 plasmid was sent to Dr. Béven’s lab in
INRA. There, the clone was restricted with BamHI enzyme and cloned into pSD4 (Lartigue et

al., 2002), an expression vector for Spiroplasma.
4.2.8) Transformation of Spiroplasma cells

For transformation, S. citri ASP-I cells were grown as mentioned in section 2.2.2.3 of Chapter 2
in this thesis. The cells were transformed using the protocol described by (Stamburski et al.,
1991). Briefly, 3 mL culture per transformation reaction was grown in SP4 media. The growth of
cells was monitored by microscopy of the culture. Upon observation of the correct growth stage
of cells, culture was pelleted at 17,400 xg/18 °C/20 minutes. The pellet was washed to remove
traces of media components by one cycle of re-suspension in HS buffer (§ mM HEPES pH 7.4,
280 mM Sucrose) and spinning at 17,400 xg/18 °C/20 minutes. Care was taken to break cell
clumps without damaging cells while re-suspending using a glass capillary with the help of a
rubber bulb. The pellet was finally re-suspended in HS buffer in a final volume of 400 uL per

reaction (number of transformation reactions X 400 pL).

Simultaneously, sterile electroporation cuvettes (4 mm; Cole-Parmer) were put on ice and 500 ng

of plasmid (volume made to 15 puL using sterile MilliQ water) transferred to respective cuvettes
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aseptically. A transformation reaction each was set using empty vector and sterile MilliQ water
as positive and negative controls respectively for electroporation. All the cuvettes were allowed
to chill on ice for 20 minutes. 400 pL of the washed S. citri ASP-I cell in HS buffer were added
to each cuvette under aseptic conditions. All the cuvettes were further left on ice for another 2
minutes before electroporation using MicroPulser Electroporator (Bio-Rad) and following

parameters- 2500 V Voltage, 3 uF Capacitance, 1000 Q resistance.

After electroporation the transformation reactions were aseptically transferred to sterile 1.5 mL
tubes. 800 pL of sterile SP4 liquid media was added to each tube containing transformation
reaction and all the tubes incubated at 32 °C, without shaking for 3 hours. Next, different
dilutions (107, 10 of the recovered transformants were prepared using sterile SP4 liquid media.
Two SP4 agar plates supplemented with tetracycline (final concentration of 2 pg/mL) were
spread with 200 pL each of the undiluted, recovered cells. Two more plates of SP4 agar
containing tetracycline were spread with 200 pL of 10 and 107 dilutions of recovered cells.
Since the use of spreader can lead to erosion of agar surface and can cause confusion with
Spiroplasma colonies, samples were spread by tilting plates. All the plates were sealed with
parafilm M (Sigma-Aldrich) and incubated at 32 °C until the development of colonies. The
appearance of colonies was monitored by observation of plates, using binocular loupe, once
every week until colonies have been grown enough. The colonies were stained with Dienes’s

stain using the method described by (Deeley et al., 1979) and imaged using binocular loupe.

The cloning of tuf promoter and mreB5 fragment into pSD4 vector, its transformation into S. citri
ASP-I cells, growth and analysis of transformants was carried out by Ms. Sybille Duret in Dr.

Béven’s lab in INRA, Bordeaux.

The transformant colonies were inoculated one each into 500 uL. SP4 media supplemented with

tetracycline (5 pg/mL) to allow further growth.
4.2.9) Confirmation of S. citri ASP-I transformants by PCR

The transformants obtained by transformation of S. citri ASP-I cells by pSD4 vector containing
tuf promoter-mreB5 gene were confirmed by three sets of PCRs. Genomic DNA was prepared
from 2 mL of cells culture and resuspended in 20 pLL H,O as described by supplier (Wizard®
Genomic DNA purification kit, Promega). The first PCR was performed using SR14 and SR16

127



primers (Duret et al., 2003) to check if any inhibitors of PCR are present in the DNA preparation.
Second PCR was carried out using Tetl and Tet2 primers (Duret et al., 1999) to confirm the
presence of tetracycline-resistance gene carried on the pSD4 vector. The third PCR was
performed using Scarp 235 primers (Berho et al., 2006) to check for the presence of genes
coding for SCARPs (Spiroplasma citri adhesion-related proteins) carried on pSci vectors that are
present in S. citri GII-3 cells but absent in ASP-I cells. The PCRs against S. citri GII-3 cells, S.
citri ASP-I cells transformed with empty pSD4 vector were set up as negative or positive

controls. The primers used for all the three PCRs are listed in Table 4.2.

Table 4.2 List of primers used for confirmation of S. citri ASP-I transformants.

Name of the primer Sequence (5'->3’)
SR14 TGTCGGATCCACATCAGTGGTTGCATGTAAT
SR16 CTTTTTGATCTGAATAGTTTCCCGCATCAC
Tetl CTGCAAAAGATGGCGTAC
Tet2 CGTAAATGTAGTACTCCAC
Scarp 235F TAAACATTGATATTGCCAACCCC
Scarp 235R GGTTAAAGTTGCAGAATTATTATC

4.2.10) Imaging complemented S. citri cells

The morphology of S. citri GII-3, ASP-1 as well as S. citri ASP-I cells transformed with empty
pSD4 vector or pSD4 vector containing fuf promoter and mreB5 gene was observed by dark field
microscopy. The bacterial morphology was first observed during the exponential growth phase
of S. citri GII-3 and ASP-I in modified SP4 under an Eclipse Ni (Nikon) microscope working in
reflection and equipped with a dark field condenser. The Nikon oil immersion microscope
objective was a 60X with a N. A. of 0.80. Pictures were taken with a camera Nikon Digital Sight
DS-QilMc (1280 x 1024 pixels). To determine whether the different strains were motile, the
same microscope, objective and camera were used. However, motility was favored by increasing
the viscosity of the medium following the protocol described in Boudet et al., (2018): during the
exponential growth phase of the bacteria, one volume of the culture was diluted with one volume
of Methyl-Cellulose (MC) dissolved in modified SP4. Here, 1 % (w/v) Methyl-Cellulose (from
Sigma (M7027), Molecular weight 14000 g/mol) was used to adjust the viscosity of the
solutions. Bacteria solutions were prepared between two sealed microscope slides, with a liquid

thickness of 15 um. Videos were recorded at a frame rate of 10 frames per second (fps).
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4.2.11) Freezing of Spiroplasma cells for electron cryotomography (ECT) studies

Electron cryotomography was performed on S. citri GII-3 and ASP-I cells to check if there are

differences with respect to organization of cytoskeletal proteins.

Electron cryotomography is an application of transmission electron microscopy (TEM). The
ECT technique involves imaging the sample in its near-native, frozen hydrated state, at different

angles/tilts to obtain a ‘tiltseries’. The tiltseries is then used to prepare a high resolution three-
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Figure 4.2 Schematic for data collection and tomogram reconstruction in electron cryotomography
(ECT). A) The sample (particles/cells) embedded in vitreous ice is imaged at different tilt angles
typically between -60° and + 60°. B) The series of images obtained at each tilt results into obtaining a
tiltseries. The tiltseries is a collection of views of sample from different directions. C) The tiltseries
images are then aligned and a 3D tomogram of the sample is generated. D) The tomogram provides
high resolution 3D information about the sample. The schematic is modified from Galaz-Montoya and
Ludtke, (2017).
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dimensional (3D) tomogram to visualize intra-cellular organization of biomolecules (Basler et
al., 2012; Briegel et al., 2006, 2012). The schematic followed for recording tiltseries and

reconstruction of 3D tomogram is shown in Figure 4.2.

Recent advancements in the field of electron tomography have enabled visualization of
macromolecular structures at a resolution better than 10 A (Schur et al., 2016). One of the pre-
requisites for ECT is the sample with minimum thickness to facilitate electrons to pass-through.
Since Spiroplasma cells have only a cell membrane (and no cell wall) with a thickness of about
20 nm (Trachtenberg et al., 2014) and a total diameter of the cell of about 200 nm, it becomes
appropriate for visualization of cytoskeleton using ECT. The ECT of S. citri GII-3 and ASP-I
cells would be useful to know if there are differences with respect to organization of

cytoskeleton in these cells.

Frozen 0.5 mL cell culture aliquots of Spiroplasma citri GI1-3 and ASP-I cells were thawed at
room temperature. The thawed culture was inoculated into fresh 2 mL SP4 media in a sterile tube
under aseptic condition. Cultures were grown at 32 °C for 20 hours and cell morphology
observed by dark field microscopy of 20 pL sample. 0.5 mL of grown culture was inoculated in
2 ml fresh SP4 media for 20 hours. Cell morphology of the growing culture was observed by
microscopy. 20 puL bovine serum albumin-coated colloidal gold nanoparticles (10 nm) were
added to 80 uL of growing culture and mixed briefly. 5 pL of this mixture was applied to a
glow-discharged EM grid (R2/2, 200 mesh, copper, Quantifoil) inside a Vitrobot™ (Marc IV,
FEI) chamber at 32 °C with 95 % humidity. The grids were blotted for 2 seconds and frozen in

ethane + propane (37 % : 63 % vol/vol) mixture.

For freezing Spiroplasma cells by manual blotting procedure, the bacteria were grown as
mentioned above. The culture was mixed with gold nanoparticles and applied to the grid for 30-
60 seconds on table at room temperature (25 °C). The grids held with tweezers were transferred
to Vitrobot™., Excess media was absorbed by back-blotting manually using a blotting paper held
with forceps (TED PELLA, INC.). The grid was plunge frozen in a mixture of ethane and
propane (37 % : 63 % vol/vol) and then transferred to labeled grid storage box. Boxes containing

frozen grids were stored in liquid nitrogen until further processing.

130



4.2.12) Screening, acquisition of tiltseries and tomogram reconstruction of Spiroplasma

cells

The grid processing and data collection on Spiroplasma cells was done with help from Dr. Piotr
Szwedziak, ETH, Ziirich, Switzerland. The data was collected on Titan Krios (300 KeV; FEI)
electron microscope with K2 Summit direct electron detector and Quantum LS imaging filter.
The tiltseries were acquired automatically using SerialEM (Mastronarde, 2005). The data

collection parameters are mentioned in Table 4.3.

For screening and data collection on Spiroplasma cells, the frozen grids were put into a pre-
cooled loading station chamber. C-clip rings were clipped onto each grid to be loaded into Titan
Krios using autoloader. The C-clipped grids were loaded into a cartridge and transferred to a pre-
cooled multi-specimen holder. The holder was parked into the loading chamber of Titan Krios
and cartridge loaded into the microscope. Grids were loaded one-by-one from this cartridge for

screening/data collection.

Isolated, single cells were selected for data collection for ECT by screening multiple grids to
identify regions with well dispersed cells and correct ice thickness. Regions on grids with
isolated cells having right natural morphology (helical for S. citri GII-3 and non-helical rod

shape for S. citri ASP-I cells) were selected for data collection.

The tomograms were reconstructed as described in section 3.6 of Weiss et al., (2017). Briefly,
the images from tilt-series were aligned with each other to generate “tilt-series with motion
correction”. The motion-corrected tilt-series was then used for 3D (3 dimensional) tomogram

generation using Etomo as a part of IMOD software package (Mastronarde and Held, 2017).

The gold fiducials present in sample were selected manually and automatic image alignment by
selecting “Track Beads” option. The gold beads were erased before generating final aligned
stack. The final aligned stack was binned 4 times to generate the data with 1920 X 1854 (X X Y)
pixels. Tomograms were generated by weighted back-projection in Fourier space (Radermacher,
2007). Contrast was generated in the tomogram using contrast slider option and entering

appropriate values to better visualize cytoskeletal structures.
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Table 4.3 Data collection parameters for electron cryotomography of S. citri GII-3 and ASP-I cells.

Parameter S. citri GlI-3 cells ‘ S. citri ASP-I cells

Total dose ~120 e/A’

Increment 1° increment, from -20° to +60° and then from -21° to -60°
Defocus between -9 and -10 um ‘ between -7 and -8 um
Instrument Titan Krios equipped with energy filter

Detector K2 summit direct electron detector

4.3) Results

Comparative genome and proteome analysis between the S. citri GII-3 and ASP-I cells proved
useful to identify the protein with a molecular weight of about 39 kDa missing from the latter.
Complementing the mutant cells with the functional protein that was lacking in it resulted into
helical morphology and motility, thus proving that the effect was indeed due to the loss of the

protein. The details are as follows.
4.3.1) Wildtype S. citri cells have 76 proteins with a molecular weight of about 39 kDa.

Genome analysis of another wildtype S. citri (R8-A2) was performed to identify proteins with
molecular weight of about 39 kDa. The analysis showed that 76 genes in S. citri R§8-A2 genome
code for proteins with a molecular weight of about 39 kDa (between 37-41 kDa). In such a case,
it is difficult to speculate which of these 76 proteins might be absent in non-helical non-motile
ASP-I strain. In order to unambiguously determine the protein responsible for loss of helicity and

motility of ASP-I cells, the genome comparison of GII-3 and the mutant ASP-I was necessary.

4.3.2) S. citri ASP-I cells have a point mutation in mreB5 gene leading to a truncated, non-

functional MreB5

Cytoskeletal proteins MreB and Fibril have been proposed to be involved in shape determination
and motility of Spiroplasma (Kiirner et al., 2005; Williamson et al., 1991). Since MreB proteins
have a molecular weight of about 39 kDa, analysis of mreB genes from S. citri GII-3 and ASP-1

genomes was performed first.

The pair-wise sequence alignment of mreB sequences from the genomes of S. citri GII-3 and
ASP-I revealed that the genes coding for MreB1 to 4 were identical in ASP-I cells. However, a
point mutation was observed in mreB5 gene of ASP-I cells at 400" nucleotide (Figure 4.3).
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361 420
M5SCASP1  GCTAAAGAAATGGGTGCTGAATTAGTTATCATTGAAGAATAGGCTAAAATGGCCGCTTTA

m5ScGlI3  GCTAAAGAAATGGGTGCTGAATTAGTTATCATTGAAGAAGAGGCTAAAATGGCCGCTTTA

3k 3K 3k 3K 3k 3k 3 3k 3K kK 3K %k 3K kK 3K 3K K 3K K 5Kk kK Kk %k 3K K %K K kK 5K K K KK K kKKK KK K kK K 3k 3K %k 5k %k 3k Xk 3k 3k %k 5k % 5k Xk k Xk %k

l Transcription followed by translation

123 133
M5ScASP1 AKEMGAELVII-

M5ScGII3  AKEMGAELVIIEEEMAAL®

Figure 4.3 Detection of mutation in mreB5 gene of S. citri ASP-I cells. mreB5 gene in S. citri ASP-1 cells
have a point mutation at the 400™ residue. The mutation leads to production of a truncated MreB5
protein with 133 amino acids, instead of 352 amino acids produced in wildtype cells by mreB5 gene,
upon transcription and translation. The mutated nucleotide and amino acid residue are highlighted in
yellow. Amino acid and nucleotide numbers have been written in superscript. The sequence alignment
was performed using EMBOSS Needle software (https://www.ebi.ac.uk/Tools/psa/emboss needle/).

The mutation (G — T) results into conversion of a glutamic acid codon (GAG) into a stop codon
(TAG). As a result, the S. citri ASP-I cells potentially possess a truncated MreB5 protein. Thus,
the loss of a functional MreBS5 protein could be responsible for the loss of helicity and motility.
To identify role(s) of full-length MreBS in Spiroplasma cells complementation study was

performed on ASP-I cells.

Simultaneously a proteomic study was performed to check if full-length MreB5 protein is
present in the two cell types. The proteomic study would also provide information if any other

proteins are missing from S. citri ASP-I cells.

4.3.3) Comparative proteome analysis reveals that S. citri ASP-I cells have a truncated

MreBS in contrast to a full-length MreBS5 present in S. citri GII-3 cells.

The visualization of protein samples prepared for mass spectrometry analysis, on SDS-PAGE
revealed that a band of about 39 kDa was absent from Triton X-114 solubilized fraction (Figure
4.4). Thus mass spectrometry was performed on the samples to identify differences in protein

composition of the two cell types.
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The comparative proteomic analysis revealed that there were significant differences in levels of
expression of certain proteins in the two cell types (Table 4.4). Interestingly, some proteins were
absent in S. citri ASP-I cells but were present in GII-3 cells (Table 4.5). Since S. citri ASP-I cells
lack pSci plasmids, which are present in S. citri GII-3 cells, the proteins coded by genes present

on these plasmids were not considered during comparison.

Figure 4.4 Comparative protein profiles of S. citri GlI-3 and ASP-I strains. Electrophoretic mobility
pattern of proteins extracted from S. citri GlI-3 and ASP-I cells. Lanes 1, 3 and 5: S. citri GlI-3 cells and
lanes 2, 4 and 6: S. citri ASP-I cells. Tot: Total lysate, Aq: aqueous soluble fractions, Tx: Triton X-114
soluble fractions. The red arrows point to ~ 39 kDa protein missing from ASP-I cells while black arrow
points to corresponding band present in GllI-3 cells. It should be noted that the growth rates of GlI-3
and ASP-I cells are different and hence, the number of cells used for protein extraction were
different. This results into different quantity of proteins seen on the gel. Further, as seen on the gel,
protein profiles of the cells under consideration shows several differences in protein pattern.
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Table 4.4 List of proteins in S. citri ASP-1 with significant reduction of expression levels compared to S.

citri GlI-3 cells.

Protein (annotation) Protein (annotation)

Phosphate ABC transporter substrate-binding protein

Transketolase (SCITRIASP_01716) (SCITRIASP_00831)

Dihydrolipoyl dehydrogenase

(SCITRIASP_00818) ABC transporter permease (SCITRIASP_01316)

2-oxo acid dehydrogenase subunit

E2 (SCITRIASP_00819) Pre-protein translocase subunit SecA (SCITRIASP_00972)

Hypothetical protein

(SCITRIASP_01777): lipoprotein Hypothetical protein (SCITRIASP_01554)

Hypothetical protein

(SCITRIASP_00520) Hypothetical protein (SCITRIASP_01718)

Membrane protein

(SCITRIASP_00512) Hypothetical protein (SCITRIASP_00160)

ABC transporter permease

(SCITRIASP_01238) Hypothetical protein (SCITRIASP_01776)

Lysine--tRNA ligase

(SCITRIASP_01173) Hypothetical protein (SCITRIASP_00257)

ATP-dependent DNA helicase

Hypothetical protein (SCITRIASP_00050
(SCITRIASP_00865) ypothetical protein ( _ )

Chromosome segregation protein

SMC (SCITRIASP_00832) Hypothetical protein (SCITRIASP_01946)

Ribosome recycling factor Rhomboid family intra-membrane serine protease
(SCITRIASP_00748) (SCITRIASP_00467)

DNA topoisomerase IV subunit B

protein (SCITRIASP_00340) Hypothetical protein (SCITRIASP_00578): lipoprotein

Probable dihydrolipoyl dehydrogenase component E3 of
pyruvate dehydrogenase trans-membrane protein
(SCITRIASP_00818)

Hypothetical protein
(SCITRIASP_00323)

Table 4.5 List of proteins not detected in S. citri ASP-I cells.

Protein (annotation) Molecular weight (KDa)
Hypothetical protein (SCITRIASP_00280) 112.6

BMP family ABC transporter substrate-binding protein 51.5
(SCITRIASP_01143)

Rod shape determination protein (MreB5)* 38.6

ABC transporter permease (SCITRIASP_00243) 31.7

ABC transporter ATP-binding protein (SCITRIASP_00244) 33.9

* Detected as peptides (n=2) that did not extend beyond 14.6 KDa fragment from N-terminus
(SCITRIASP_01206)
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The proteomic analysis revealed that the S. citri ASP-I cells expressed fragments of MreB5 that
did not extend beyond the N-terminal 133 amino acids. However, the peptide fragments covering
full-length MreBS5 protein were found in S. citri GII-3 cells. This is consistent with the presence

of a stop codon at 134™ amino acid of S. citri ASP-1 mreB5 gene.

This prompted the analysis of important cytoskeletal proteins Fibril, MreBs 1-4, FtsA, FtsZ, and
of the major membrane protein spiralin. All these proteins were found to be present in both the

cell types.

This strengthened the hypothesis that absence of a full-length MreB5 protein led to loss of
helicity and motility of S. citri ASP-I cells. To confirm that MreBS5 is indeed responsible for the

altered phenotype of S. citri ASP-I cells, complementation experiments were performed.

4.3.4) S. citri ASP-I cells became helical and motile upon vector-based expression of S. citri

GII-3 mreBS5.

The observation of defective mreBS5 gene in S. citri ASP-I led to the postulation that MreB5
protein contributes to helical shape determination and motility in Spiroplasma. Thus, wildtype
mreB5 gene (from S. citri GII-3) was cloned into pSD4 vector using the promoter of a
constitutively expressing gene, ef-fu (elongation factor Tu). Sequence of the cloned fuf promoter
is shown in Figure 4.5. Sequencing of the clone confirmed the presence of wildtype mreBS5 gene
(from S. citri GII-3) downstream of the tuf promoter sequence. Hence, this was used for

expressing full-length MreBS5 in S. citri ASP-I cells.

S5"GTTTAATCTACCATTACTAAAAAAAGATTGCAAAGTAAAAAGAATTAATTTAC
AATAGTTATGACATTTGTCTATTAATTAAAAATATAGGAGGAAAAGATTAAA 3’

Figure 4.5 Complementation of S. citri ASP-I cells. Sequence of tuf promoter (5'=>3’) used for
expression of S. citri GlI-3 mreB5 gene in ASP-I cells. The mreB5 gene from S. citri GlI-3 cells was cloned
downstream of tuf promoter in pUC18 vector between BamHI sites.

The S. citri ASP-I cells transformed with empty pSD4 vector displayed colonies like a fried-egg
without any satellite colonies (Figure 4.6 A and D). In contrast, S. citri ASP-I cells transformed
with pSD4 vector containing tuf promoter-mreB5 (pSD4- mreB5), displayed diffuse colony
morphology (Figure 4.6 B and E) similar to motile S. citri GII-3 (Figure 4.6 C and F).
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Figure 4.6 Colony morphology of Spiroplasma citri cells. Transformation of S. citri ASP-I cells with pSD4
empty vector resulted into formation of colonies with “fried-egg’ morphology (A & D) similar to
untransformed ASP-1 cells. Vector-based expression of mreB5 under tuf promoter resulted into
formation of diffuse colonies by S. citri ASP-I cells (B & E). The diffuse colony morphology of rescued
ASP-| cells was similar to wildtype S. citri GlI-3 cells (C & F). The arrows point to satellite colonies that
were formed as a result of translational motility in agar. The lower panel (D to F) shows S. citri colonies
stained with Dienes stain. Images C and F have been adopted from (Jacob et al., 1997). Scale bars in A,
B, D and E represents 100 um.

These results indicate that the expression of a functional mreBS in S. citri ASP-I cells resulted
into instating motility in them as evidenced from translational motility in agar leading to

formation of diffuse colonies.

Microscopic observation of the cells S. citri ASP-I cells transformed with empty pSD4 vector
show non-motile cells with non-helical rod-like morphology (Figure 4.7 A). In contrast, ASP-I
cells transformed with pSD4-mreBS revealed helical morphology (Figure 4.7 B) and kinking
motility similar to S. citri GII-3 cells (Figure 4.7 C).
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S. citri ASP-1-pSD4 S. citri ASP-1-pSD4-mreB5 S. citri GlI-3

Figure 4.7 Visualization of morphology of S. citri cells by dark-field microscopy. S. citri ASP-I cells
transformed with empty pSD4 vector displayed cells with rod-shaped, non-helical morphology (A).
However, vector-based expression of functional mreB5 (pSD4-mreB5) conferred helical morphology to
S. citri ASP-I cells (B) which was similar to S. citri GlI-3 cells (C). (Image courtesy: Laure Béven).

Since S. citri ASP-I transformants with striking similarity to S. citri GII-3 cells have been
obtained, it became necessary to confirm that the helical and motile cells are complemented

ASP-I cells and not a contamination S. citri GII-3 during experimental procedure.

4.3.5) PCR analysis confirmed that the complemented cells are indeed rescued S. citri

ASP-I cells

The primers SR14 and SR16 are complementary to regions in S. citri genomic DNA separated by
574 bps. Amplification of the 574 bp region using these primers against S. citri GII-3, S. citri
ASP-I-pSD4 and S. citri ASP-1-pSD4-mreBS5 cells was observed (Figure 4.8 A). Since the
complementary regions of SR14 and SR16 primers are not present in TE or pSD4 vector, no
amplification was observed using these as the template. Thus, this PCR confirmed that there are

no PCR inhibitors in S. citri cells.

The possibility of S. citri ASP-I cell growth due to spontaneous resistance on media containing
tetracycline was ruled out by performing PCR using primers (Tetl-Tet2) complementary to
regions in tetM gene. As expected, no amplification was observed using S. citri GII-3 cells or TE
as the template. The observation of 534 bp bands using pSD4 vector, S. citri ASP-I-pSD4 and S.
citri ASP-I-pSD4-mreB5 as template confirmed that these cells have not developed spontaneous

resistance to tetracycline (Figure 4.8 B).
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Figure 4.8 Confirmation of S. citri ASP-I transformants by PCR method. PCRs were performed using
various templates- 1: S. citri GlI-3 cells; 2: TE; 3: pSD4 empty vector; 4-5: S. citri ASP-I-pSD4 cells and 6-8:
S. citri ASP-1-pSD4-mreB5 cells. A) Amplification of 574 bp region from genomic DNA of S. citri GlI-3 (faint
band; lane 1), ASP-I-pSD4 cells (lanes 4 & 5) and S. citri ASP-l-pSD4-mreB5 cells (lanes 6-8). No
amplification was observed on using TE or pSD4 empty vector (lane 3). B) Confirmation of presence of
tetM gene using gene specific primers. No amplification was observed for S. citri GlI-3 cells (lane 1) or TE
(lane 2) whereas, a band of 574 bp was observed for pSD4 vector (lane 3) and S. citri ASP-I cells
transformed with empty pSD4 vector (lanes 4 & 5) or pSD4 vector containing mreB5 gene (6-8). PCR
using Scarp 235 primers and S. citri GlI-3 cells (lane 1) resulted into amplification of 400 bp band. No
amplification was observed in any other lane (lanes 2-8) confirming the absence of pSci plasmids in
samples used as template (lanes 2-8), other than S. citri GlI-3 cells. (Image courtesy: Sybille Duret)

S. citri ASP-I cells lack pSci plasmids (that carry genes coding for SCARPs) that are present in
S. citri GII-3 cells. Thus, PCRs specific for these plasmids were performed to confirm that the
transformants are not S. citri GII-3 cells. PCRs using Scarp 235 primers against S. citri GII-3
cells resulted into amplification of a major 379 bp band (specific to Scarp3 family). No
amplification was found using TE, pSD4 vector, S. citri ASP-I-pSD4 and S. citri ASP-I-pSD4-
mreB5 as template (Figure 4.8 C). Thus, the possibility of contamination of S. citri ASP-I cells
complemented with pSD4-mreB5 was ruled out. This confirmed that the helicity and motility
instated in S. citri ASP-I-pSD4-mreB35 cells is due to expression of full-length MreBS.

4.3.6) Cytoskeletal organization of S. citri GII-3 and ASP-I cells appears different

MreB and Fibril filaments have been reported to be present just beneath Spiroplasma cell
membrane (Kiirner et al., 2005; Trachtenberg et al., 2008).Which of the MreBs constitute the
cytoskeletal filaments is unknown. To decipher if there is any deviation in organization of
cytoskeletal filaments in S. citri ASP-I cells as compared to GII-3 cells, electron cryotomography

was performed on the two cell types. As explained earlier, ECT facilitates visualization of

139



intracellular macromolecular complexes, filaments. Thus attempts were made for visualization of

cytoskeleton in Spiroplasma cells. The details are as follows.
4.3.6.1) Spiroplasma cells do not withstand blotting using Vitrobot™

Initial trials of freezing cells using Vitrobot™ resulted into disintegration of Spiroplasma cells
into membrane vesicles (Figure 4.9). This was thought to have resulted from the force applied
for blotting off excess of liquid from the grid, a standard procedure of freezing samples for ECT
studies. Prior to blotting, samples were confirmed to contain helical (S. citri GII-3) or rod-shaped
(S. citri ASP-I) cells. In absence of cell wall, the cells probably lost shape during sample blotting
using Vitrobot™, where pressure is applied during blotting. Freezing samples using 0 (zero)
blotting force also failed to preserve cell morphology. To overcome the problem associated with

preservation of cell morphology during freezing, following modifications were carried out.

A B

Figure 4.9 Automated blotting of Spiroplasma cells for electron cryotomography studies.
Spiroplasma cells did not withstand blotting by Vitrobot™. S. citri GlI-3 (A) as well as ASP-I (B) cells
disintegrated into membrane vesicles when blotted using Vitrobot™

a) Use of Teflon disc: The blotting paper in the Vitrobot™ facing sample on grid was replaced
with a teflon disc to avoid excessive blotting that might have resulted into loss of shape due
to cell dehydration. However, the natural morphology of Spiroplasma cells could not be
retained using Teflon disc.

b) Use of Dextran: Dextran has been reported to be a useful cryoprotectant (Matias et al.,
2003). Thus, freezing Spiroplasma cells using 10% and 2% (w/v) dextran concentrations was

attempted. However, the dextran concentration seemed to be too high to visualize samples
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from the grid. Next, blotting the excess culture media from samples on grid was attempted

manually.

4.3.6.2) Spiroplasma cells require manual blotting procedure for preserving cell

morphology

Spiroplasma cells frozen on grids by manual blotting displayed their natural morphology in
electron cryomicroscope; helical for S. citri GII-3 cells and straight rod-like for ASP-I cells
(Figure 4.10). The images in Figure 4.10 have been shown as representative images for
morphology preservation of Spiroplasma cells. However, cells such as the one shown in 4.10 (A)
are dehydrated and hence unsuitable for data collection. Isolated single, hydrated cells frozen in

vitreous ice on these grids were used for data collection.

Figure 4.10 Manual blotting of Spiroplasma cells helps preserve natural morphology. S. citri GlI-3 (A)
and ASP-1 (B) cells were obtained in their natural morphology by blotting manually and plunge-frozen
using Vitrobot™. Isolated cells present on frozen grids are shown in the panels.

4.3.6.3) Cytoskeletal ribbon of Spiroplasma citri GII-3 cells passes through the shortest

intra-cellular path

Initial data was collected on S. citri GII-3 cells at a defocus value of -10 um. The tomograms
reconstructed from this data showed the presence of filament sets along the cell length through

shortest path (Figure 4.11 A & B).
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However, the resolution of this data was insufficient to resolve individual filaments/ filament

sets. Thus, data on S. citri ASP-I cells was collected by changing the defocus and at higher

magnification.

Figure 4.11 Cytoskeletal ribbon in Spiroplasma citri Gll-3 follows the shortest path along the cell
length. A) (above panel) and B) (refer next page) panels show sections (a to d) of the tomograms of S.
citri Gll-3 cells. The arrows point to the ribbon consisting of protein filaments. The ribbon is seen to pass
through the shortest distance along cell length. Panel (B) of the figure is given in the next page.
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Chapter 4: Characterization of S. citri mutant strain

Figure 4.11 Continuation of the figure from previous page (panel B)

4.3.6.4) One set of filaments are seen inside S. citri ASP-I cells as compared to three sets

reported for wildtype cells

In order to obtain detailed information regarding number of protein filaments with the cell, data
was collected on S. citri ASP-I cells at a defocus value of -7 um. The tomograms reconstructed

using this data showed presence of only one set of filaments in the ASP-I cells (Figure 4.12 A).
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Figure 4.12 Visualization of S. citri ASP-1 cytoskeleton. Sections from tomograms of multiple S. citri ASP-
| cells showing localization of cytoskeletal ribbon (A, C and D). The filaments are clearly seen between
the black arrows in (A). The intensity plot corresponding to red line in (A) is shown in (B). The filaments
have an inter-filament spacing of ~ 10 nm as seen between the peaks (red asterisk) of intensity plot. The
filament bundle close to the cell membrane, along the cell length is pointed by a black arrow in (C). The
filaments in (D) are shown by arrows.

The inter-filament spacing between the filaments in these tomograms was observed to be about
10 nm (Figure 4.12 B). The inter-filament spacing of 11 nm has been earlier reported for Fibril
filaments (Kiirner et al., 2005). Thus, the filaments observed in S. citri ASP-I cells must be made

of Fibril. No other filaments could be observed in tomograms of S. citri ASP-I cells.

Further studies for data collection on S. citri GII-3 cells at defocus value of -7 um could not be
carried out due to limited time availability on Titan Krios. Attempts to obtain high resolution
tomograms to visualize and identify Fibril and MreB filament organization in S. citri GII-3 are in

progress.
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4.4) Discussion

Studies on cell walled bacteria have revealed that most of them acquire non-spherical shapes by
regulating cell wall synthesis with the help of MreB. Bacteria such as C. crescentus and H. pylori
modify their rod shape, into crescent and helical respectively, by creating a bias in peptidoglycan
insertion. While C. crescentus utilizes crescentin and MreB as the components for creating bias,
H. pylori follows an MreB-independent mechanism. However, how cell wall deficient bacteria

maintain non-spherical shapes is unknown.

In the present study comparative genomic, proteomic and electron cryotomography studies on S.
citri GII-3 (wildtype; helical, motile) and ASP-I cells (mutant; non-helical, non-motile) were
performed. A truncated MreBS5 protein, due to a point mutation in its gene, was identified and
postulated as the cause of loss of helicity and motility in S. citri ASP-I cells. Expression of a
functional MreBS5 protein led to recovery of helicity and motility in S. citri ASP-I cells. This
implicates that MreB5 protein plays a role in morphology as well as motility of Spiroplasma. It
is currently not known if motility of Spiroplasma is dependent on helical cell shape. However,
prima facie it appears that the characteristic kinks needed for Spiroplasma motility cannot occur
without the helical shape of cells. This is also supported by the fact that all the reported naturally
occurring motile Spiroplasmas are helical in shape. Thus, acquisition of helical shape must be a
pre-requisite for Spiroplasma cells to exhibit motility. However, mere helical morphology is not
sufficient to bring about Spiroplasma motility since, a helical but non-motile mutant was
prepared by Jacob et al., (1997). Additional components, apart from those involved in helical
shape determination, are likely involved in Spiroplasma motility machinery. One such protein
which is likely involved in is the protein product of gene scm! (Jacob et al., 1997). Present study
found the scm1 gene to be present in S. citri ASP-1 as well as S. citri GII-3 cells.

The electron cryotomography of S. citri ASP-I cells showed that these cells possess only one set
of filaments. At this stage it is difficult to comment on differences in cytoskeletal organization of
Fibril and MreB filaments between S. citri GII-3 and ASP-I cells since filaments in S. citri GII-3
cells could not be resolved. Obtaining high resolution tomograms of S. citri GII-3 would be
useful to observe the organization of MreB5 and Fibril filaments as the cytoskeleton of S. citri.

S. citri GII-3 tomograms would be valuable to verify models proposed by Kiirner et al., (2005) (3
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set of filaments) and Trachtenberg et al., (2008) (only one filament set) for organization of

Spiroplasma cytoskeleton.

An important discovery of the present study is the point mutation in mreB5 of S. citri ASP-I

cells. To the best of my knowledge, this is the first report on function of an MreB protein in

Mollicutes. It should be noted that among Mollicutes, only members of genus Spiroplasma and

Haloplasma contractile have been reported to possess mreB genes (Ku et al., 2014). This finding

provides following hints regarding the role of MreB in Spiroplasma, a cell wall-deficient

bacteria:-

a)

b)

MreBS5 plays a novel function in Spiroplasma: The expression of a full-length MreB5
protein in S. citri ASP-I cells results into gain of helical shape. This suggests that MreB5
does not play a role in rod-shape determination of Spiroplasma, but is essential for the
rod-to-helical transition of Spiroplasma.

MreBs have non-overlapping function in Spiroplasma: Even though 4 of the 5 MreBs
in S. citri ASP-I cells are similar to wildtype cells, none of these 4 MreBs could substitute
for the function of MreB5. This indicates that MreBs may have non-overlapping
functions in Spiroplasma. However, experiments need to be performed using single
(mreB) gene deletion mutants to ascertain functions of each of the MreBs. Such a study
would also be useful in identifying if any of the MreBs have partial or complete overlap
of function(s).

Role of MreBS in Spiroplasma motility: Microscopy observations of S. citri ASP-I cell
suggested that they produce only erratic twitching movements in contrast to rotational
movement and flexing as a part of motility Townsend et al., (1977).

Observations in present study suggest that the S. citri ASP-I cells have severely
compromised movements compared to the S. citri GII-3 cells. This is consistent with
observations by Townsend et al., (1977). The recovery of wildtype Spiroplasma-like
motility in ASP-I cells provided with full-length MreB5 also suggests that MreB5 may

contribute to rotational and flexing movements required for Spiroplasma motility.

Thus, like cell walled bacteria, Spiroplasma also seems to utilize MreB for morphogenesis. As

mentioned earlier, the inability of MreBs 1-4 to complement function of MreBS5 in S. citri ASP-1

cells prompted me to speculate that the MreBs have different functions. Hence, genetic studies
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were performed on S. citri GII-3 cells to generate mutants that are deficient of one of the MreBs
at a time. Also, to understand the role of Fibril, we decided to prepare Afibril mutant of
Spiroplasma citri GII-3 cells. The process of preparation of Spiroplasma mutants, their

characterization and associated challenges have been summarized in Chapter 5 of this thesis.
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Chapter 5

Genetic studies on Spiroplasma to understand the role of Fibril and MreB

proteins in shape determination and motility

5.1) Introduction

In the previous chapter we have seen that the absence of a functional MreB5 protein led to loss
of helicity and motility of S. citri ASP-I cells. Complementation of the cells by vector-based
expression of full-length mreB5 led to regaining helicity as well as motility in S. citri ASP-I
cells. Thus, MreB5 seems to have a role in shape determination and motility of Spiroplasma
cells. It is noteworthy that in absence of MreBS5 none of the other MreBs (1- 4), predicted to be
functional based on sequencing data, could compensate for its role. This suggests that each MreB
may have a different role in Spiroplasma cells. Thus, it is interesting to delineate role of all the

MreBs in Spiroplasma.

Cytoskeletal proteins Fibril and MreBs have long been proposed to be associated with
Spiroplasma motility and shape determination (Kiirner et al., 2005). While Fibril has been
speculated to display conformational dynamics, MreB filaments are suggested to be responsible
for providing elasticity needed by the cell for kink formation (Cohen-Krausz et al., 2011; Kiirner
et al., 2005). However, experimental evidence in support of roles of these proteins is lacking. In
general, Spiroplasma cell biology remains poorly understood due to the unavailability of suitable

molecular tools and techniques necessary for their genome modification.

Molecular biology tools are necessary to ascertain gene function by generating gene
deletion/disruption mutants. Characterization of such mutants and rescuing them by supplying
the deleted gene to retain original phenotype confirms the role of the gene. Mutants can be
generated either artificially in laboratory or they can be isolated from nature. Naturally occurring
mutants can be spotted easily if the phenotype is starkly different from wildtype cells. In cases of
naturally occurring mutants, mutation(s) can be identified by genomic, proteomic and
biochemical studies as mentioned in the previous chapter. However, it is impossible to always
obtain a desired mutant from nature, thus creating a need for artificially producing desired

mutants. When altering bacterial genomes, a variety of techniques are available such as exposure



to mutagens (eg ultraviolet light, ethidium bromide, nitrous acid), transposons, homologous
recombination and CRISPR-Cas mediated approaches (Eggleston and West, 1996; Jiang et al.,
2013; Setlow et al., 1963; Slonimski et al., 1968; Zimmermann, 1977). Since these techniques
involve RecA mediated recombination, these options are not facile to perform genetic
manipulations in Spiroplasma as it lacks RecA (Marais et al., 1996). Thus, genetic studies on
Spiroplasma, the Mollicute of my interest, becomes challenging. As described in Chapter 1 of
this thesis, the most efficient way employed till date for generating target protein mutants in
Spiroplasma is by the use of a disruption vector containing a portion of the target gene (Duret et

al., 2005).

This chapter describes my attempts to generate mutants of Spiroplasma citri GII-3 cells that are
each deficient in one of the five mreBs or fibril. Characterization of the mutants will help to
decipher functions of these proteins in Spiroplasma cells and their roles in cell shape

determination and motility.
5.2) Material and methods

Generation of gene disruption mutants of Spiroplasma is a challenging and time consuming
process due to incompatibility of advanced genetic tools and slow growth rate of spiroplasmas.
Explained below are the strategies and approaches to generate mreB and fibril disruption mutants
of Spiroplasma using the best tools available for their genome modification. The mutants will be
useful to decipher functions of respective proteins in spiroplasmas. Due to unavailability of
Spiroplasma cultures and genetic tools, the work incorporated in this chapter was carried out in
the lab of Dr. Laure Béven, INRA, Bordeaux, France during the 6-months tenure of my Raman-
Charpak fellowship and currently continued by Ms. Sybille Duret who is an expert in
Spiroplasma genetics. S. citri GII-3 culture available in the lab of Dr. Laure Béven, INRA,
Bordeaux, France was used for the study. This culture was grown on modified SP4 medium

using growth conditions as described in Chapter 2 of this thesis.
5.2.1) Strategy for mutant generation

Disruption vectors pSD32 and pGOT-res1 were used for preparation of Spiroplasma mutants.
The vectors were kindly provided by Ms. Sybille Duret, INRA, Bordeaux, France. The details of

these vectors (unpublished) are described below.
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The vector pSD32 has two resolvase target (res) sites (described in section 1.10 and Table 1.3 in

Chapter 1) and a tetracycline resistance marker (tetM) gene expressible under spiralin promoter

Promoter-less gene
coding for TetM protein |

Tetracycline
resistance gene res sites
MCS

spiralin promoter fibril terminator

gentamycinresistance
spiralin promoter

Figure 5.1 Vector maps of Spiroplasma gene disruption vectors. A) The pSD32 vector has a tetracycline
resistance marker (tetM) expressible under spiralin promoter (PS). Two resolvase sites (res) are present
downstream of the tetM. A multiple cloning site (MCS; highlighted in red) is sandwiched between the
res sites. B) The pGOT-resl vector has two antibiotic resistance markers: gentamycin (gmr) and
tetracycline (tetM). While tetM is without a promoter, the gmr is expressible under spiralin promoter
(PS). Upstream of the PS are two fibril terminator (TF) sequences to prevent transcription of tetM from
PS. On the other side of TF are a couple of res sites between which is present a multiple cloning site
(MCS). Downstream of the res sites is the promoter-deficient tetM gene. This arrangement facilitates
tetracycline resistance only upon integration of the vector at target gene in genome.

(PS) (Figure 5.1 A). Since spiralin is a constitutively expressing gene, the use of spiralin
promoter ensures transcription of tetM in the cell. As explained earlier, res sites are useful for
removal of antibiotic resistance marker upon obtaining target disruption mutants. Different
recombinant constructs of this vector are prepared each using a portion of one of the genes of
interest. The recombinant vectors are then transformed into Spiroplasma cells and grown on
modified SP4 media supplemented with tetracycline (2 pg/mL). The tetracycline resistant
colonies from transformation plates are then grown in liquid modified SP4 media in the presence
of tetracycline. Transformants are then extensively passaged with increasing concentrations of
tetracycline. A passaging step refers to sub-culturing a growing culture from the current liquid
medium into a fresh one. When using clones prepared in pSD32 vector, initial passages are
carried out in media containing low concentration (2 ug/mL) of tetracycline to facilitate vector
multiplication within the cells. After 5 passages, cells are transferred to media containing higher
concentrations of tetracycline (15 pg/mL). The higher concentration of tetracycline increases
selection pressure on the bacterium to maintain the vector and to facilitate its homologous
recombination, with genomic DNA at the target site. Since Spiroplasma cells are deficient of a
functional RecA, the recombination is a chance event. A fraction of cells (2 mL) from each

transformant at every passage are retained to extract genomic DNA. PCRs using genomic DNA
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as the template and primers that bind to neighboring regions of the target gene provide
information about whether the recombination has occurred at target site or not. Obtaining
mutants using this method requires close to 12 months since Spiroplasma citri is a slow growing

organism. A quicker alternative to this method is to use an alternate vector, pGOT-res]1.

pGOT-resl vector has two antibiotic (gentamycin and tetracycline) resistance markers in
addition to two res sites (Figure 5.1 B). While gentamycin resistance marker (gmr) is placed
under constitutively expressing spiralin promoter, the tetracycline resistance gene (fetM) is
deficient of a promoter. The two res sites are sandwiched between tetM (downstream) and two
sets of fibril terminator sequences (upstream). This arrangement in the pGOT-resl helps to
prevent transcription of tetM in a free vector by lacZ promoter and facilitates tetM transcription
using only the target gene promoter upon integration of the vector at target site in genomic DNA
(Lartigue et al., 2002). Once the fragment of gene of interest is cloned between res sites, the
vector is transformed into Spiroplasma cells and grown on media supplemented with
gentamycin. The transformant colonies are then inoculated into liquid media containing
gentamycin. 3-5 passages are carried out in gentamycin containing liquid media to facilitate
amplification of the vector in transformants. The transformants are then transferred to media
supplemented with tetracycline. Tetracycline resistance markers can be expressed only using
promoter of target gene in the genome upon integration. This would help obtain mutants with
recombinant vector integrated at the target site since fetM can only be transcribed using target
gene promoter upon integration into genomic DNA. Obtaining gene disruption mutants by this
method would require about 6 months, less than the time required using pSD32 vector. A major
advantage of using pGOT-res1 vector over pSD32 is that even after 15 passages using latter, the
cells without recombination can grow using free plasmids. However, the mutants obtained using
pGOT-resl vector will be able to grow in media containing high concentration (10-15 pg/mL) of
tetracycline only if the vector integrates into genomic DNA. Mutants obtained in the present

study by any of these methods can be used for understanding functions of target proteins.

Mutants obtained by integration of the disruption vector into genome (Figure 5.2 A) can be
further processed for removal of resistance gene from genome by vector-based expression of

Resolvase protein (tnpR) using a different vector (pSD26; Figure 5.2 B). Removal of the
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resistance gene(s) helps obtain clean mutants that can be used for further mutation at another site,

if required, using same resistance marker.

A
Spiroplasma genlomic DNA
[ |
Hypothetical
protein
(AmreB2) § A;'zr e §
Recombination of pSD32-
AmreB2 clone into genomic pSD32-Am2
DNA of S. citri GlI3 through
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Spiroplasma gerl'nomic DNA
f \
Hypothetical
%) e
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Figure 5.2 Flowchart for gene disruption in Spiroplasma. A) The region of interest (Rol) from mreB2
(AmreB2; pink) is cloned in pSD32 vector between the two res sites to generate pSD32-Am2 clone.
Multiple passages of S. citri cells carrying pSD32-Am2 clone facilitates integration at the mreB2 gene in
the genomic DNA. The integration results into disruption of mreB2 gene. B) The antibiotic resistance
marker integrated into genomic DNA can be removed by expression of Resolvase protein using pSD26
clone containing tnpR (gene coding for Resolvase) and chloramphenicol resistance marker (cat). The
Resolvase protein cleaves at the res sites and removes DNA between two res sites. This leads to
production of unmarked mutants.

res
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To obtain mutants, portion from gene of interest must first be cloned into the disruption vectors.
A total of 6 mutants are to be prepared: 5 mutants each with one of the mreBs (NCBI gene
accession numbers CAK98230, AAL51057, AAL51058, CAK98230 and CAK98231 for mreBs
1 to 5 respectively) disrupted and the sixth one with fibril (NCBI accession number CAK99396)
disruption. Since Spiroplasma mreBs share high sequence identity (at least 55 % identical; Table
5.1) with each other, the regions to be disrupted were carefully selected as described in the

following section.

Table 5.1 Percent identity matrix of S. citri mreB sequences obtained using Clustal Omega tool

(https://www.ebi.ac.uk/Tools/msa/clustalo/).

Sc_mreB1 Sc_mreB2 Sc_mreB3 Sc_mreB4 Sc_mreB5
Sc_mreB1 100.00 63.98 55.68 80.69 65.12
Sc_mreB2 100.00 57.95 65.71 68.79
Sc_mreB3 100.00 56.10 61.85
Sc_mreB4 100.00 65.70
Sc_mreB5 100.00

5.2.2) Selection of region of interest for targeting a specific mreB

MreB is a bacterial homolog of eukaryotic actin responsible for maintenance of non-spherical
cell shape in most bacterial species (van den Ent et al., 2001). Eukaryotic actin and some of its
bacterial homologs have been well characterized (Wagstaff and Lowe, 2018). The information
regarding conserved motifs and residues critical to functions of actin is available in literature
(Bork et al., 1992). Therefore, sequences of S. citri GII-3 MreB were aligned with eukaryotic (H.
sapiens) actin and its bacterial (E. coli) homologue MreB to identify conserved motifs (Figure
5.3). Targeting conserved motifs from MreB for disruption would be the best approach to obtain
MreB-deficient mutants. Since S. citri GII-3 mreB genes share at least 55% sequence identity
(Table 5.1), regions with sequence variations were identified for cloning into disruption vectors.
Due consideration was also given to the minimum length (> 220 bp) of target gene required for
gene disruption to work in Spiroplasma (Duret et al., 2005). Taking into account all the
aforementioned criteria, a 263 bp region around nucleotides coding for phosphate 2 was selected

as target region for disruption (Figure 5.4).
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Phosphate 1 Connect 1
10 % % 20 133 * * 150
H. sapiens Actin VCDNGSGLCKA MYVAIQAVLSLYASGRTT
E. coli MreB SIDLGTANTLI VFLIEEPMAAAIGAGLPV
S. citri MreB1 AIDLGTTNSIA VKIEEDSLMAALGAGENI
S. citri MreB2 'SMDLGTAYTLV VFVEEEVKMAALGGGVDI
S. citri MreB3 'SMDLGTANTLV VFVEEEVKMAALGGGVDI
S. citri MreB4 TLDLGTANTVA VLVEEEVKLAALGAGINI
S. citri MreB5 SLDLGTANVLA VIIEEEAKMAALGAGINI
DXG EXXXA

Phosphate 2 Adenosine Connect 2
155% % % 162 298 Yok 309 339 % 349
H. sapiens Actin DSGDGVTH NVLS-GGTTMYPG SVWIGGSILAS

E. coli MreB DIGGGTTE GMVLTGGGALLRN TCVARG----G
S. citri MreB1 DIGGGKSS GILVTGGCGKIAG TSVIDGCIAYE
S. citri MreB2 DMGGGTTD GITICGGGGLIKG LAVINGTKKFE
S. citri MreB3 DMGGGTTD GITICGGGALIKG LAVINGTKKFE
S. citri MreB4 DIGGGTTD GITICGGGALIRG MCVIEGAKTYE
S. citri MreB5 DIGGGTTD GITVCGGGALIRN NCVIEGTKIFE
DXGXG GG G

Figure 5.3 Conserved motifs in actin and MreBs. Alignment of eukaryotic actin, E. coli MreB and
Spiroplasma citri MreB sequences with conserved motifs and residues highlighted using Kalign
(https://www.ebi.ac.uk/Tools/msa/kalign/). Purple asterisks indicate residues involved in nucleotide

binding. Presented in black, bold letters below the alignment are the conserved motifs and
corresponding labels are written in purple on top. Residue numbering is according to actin sequence.

1 10 20 30 a0 50 60 70 80 90 100 110 120 130
nreBl1 ATGGCCATATTTAATAAT -—--AAGAAGCCAAL TTTTGTATCAATGGAT T TAGGAACAGC TTACACTCTGGTTTATATTTCAGGGAGTGGAATTGTTTATAATG
nreBa4 G’ TATAI G
nreB2 TTTTAACAT TAGACT TAGGTACAGE TARTACGGTAGCCTATGTATCAGGTCAGGGAATTGTTTACAATG
nreBS L= ITATGTTTCAGGACARGGTGTAGTCTACAATG
nreB3 “TEEE““THTEHEREETHTTE““R““T“ERTTTR“E“ITTEGEE““““GE“CEEEEG“R“T'ERTTGET“TCG“TT'HEE“HCT“C'““TTCE“TTGETTFI'ETTGETEEE“EREGE“T‘HITTTTﬂﬂTﬁ

CONSENSUS ....ccssscsssssssssssssBocas attTaa.Attt . .gc.aaaaac.cc.C....alTTcaTe.CeaT .GALTTAGGaACLgCTalt .cg.T.GetTATgTeeCaGGragaGG.aTegTeTatAATG

131 140 150 160 170 180 190 200 210 220 230 240 250 260
nreBl AACCATCCATTGTGGCATATAAAAT TRARAGAGAATCGGATTATTGCTGTCGGAAARTGAARGCATATAAGATGATTGGGAARAGGAAATARAARCAATTAARAATTGTTCGGCCAATGGTTGATGGAGTTATTAC
nreBd  AGCCTTCAATTGTTGCTTACAGAAT TARAGARAACAGARTTATTGCTGTAGGAGCCGARGE T TACANARTGATTGGANRAGGARATARGTCAATTCGTATTGT TAGACCARTGGTTGACGGAGTTATTAC
nreB2 AACCTTCGATGATGGCAT GACACT AAACAACTCATTAAT GCA AT AATGGTAACACCTCTTIGTTGATGGAGTTATCTC
nreBS AACCATCATTAARTGGCTTATAACAARTARAARCTAATAGTTTAATTGCTTTAGGGAARAGCTGCCTATGATATGGTAGGAAAARCACACGGAGATATTAGAATGGTARCACCATTAGTAGATGGAGTTATCGC
nreB3  AAGCATCAGTARTGGCATATGARATCGGARCTAARARRCTARTAGCAT TAGGTARTGATGC TRAARAAGT TART TGGARRARCACACGATARAATTGARAT T TACTCACCAT TACGTAATGGAGCAGT TAC

Consensus RacCalCa.TaalgGCaTAtgaaftt . .RactAf.a.a. TaATEEC .LTaG6 . aatGatGCLEA. afAgalgaltGGaAAlacacAcgataaafTt .aalTtgt . .caCCat TagttgALGGAGLEaTtal

261 270 280 290 300 310 3z 330 340 3so 360 370 3so 390
nreBl AGACATTCGTGCAACAGARGCACAAT TARARTATATTTTTAGTCGGT TAAGAGT TACGARGCARTTAGCTARTTCARTTATGTTATTAGCCTGTCCATCAGT TAT TACCGAAC TRAGAAARRARATGCTTTA
nroBd  AGATATTCGTGCARCAGARGCACART TARGATATATCT T TACARAAT TACGT AT TACARAACARTTAARRCATTCARTTATGT AT TGGCT 1GTCCATCAGTART TACTGART TAGAAARAGCTGCTTTG
nreB2
nreBS THTTHTTHEB"TETEE“
nreB3 HRHTTTHHETHTTECHEHHEHHTTTHTTEHHCHRHTﬂGEHHﬂﬁﬁﬁHGCHHHGGIHECTGHITTHTEHRHHHHVECTH'TEYTTTHHITﬁCHYGTECCHRHHHTBYIHCRGHCTIHGHHHHHCHRGCRRTH

Consensus AgRtal...t T AT.tet s Ta.c.ga. talghasaafTgltaltg] LTALT RCaTGECCaa. ag. LgT TAC . GRat TaGAAaaa . aaGCat Ta

391 aoo aio azo azo aao aso Forw gra p m Z aso 500 m
nreBl CGATGAATCTAGGCGCARCARAAGTTTTTGT TGAAGAAGAAGT TARAATGGLC T i CGTTTGGTARATTTAGTGAT ATAT
nreBd nnﬂnnnﬂrvscrnTEHHCTInﬁanﬁsﬁr:ﬁnﬂnﬁ1rtvTﬁvﬁﬁnnﬁnnﬁnnstvnnnﬂtnscv- TGCTGGARRCCTAGTCATJGATATGEGEGGAGGAR
nreB2 AR Ti AAT ATATTGGTGGAGGAR
nreBS AAGGTCATTTAATCAT ATATCGGTGGAGGAR
nrob3  ATCANARTGTGTAAARATATCOGTCCTGACTTTCTANAAATTCAGCAAGATTCATTART GOCTARCT T6GCAGCERE TORARATATTT T TGLACINRRRGCARCTTT TAT TTTAGNLATTGCTCOTGGAN

Consensus AaaaaaaltgctAaaafAtal .GGLGCLga.tt GTtataalTtGAaGAAGA.gctaaRaTgGCLN . T TlaGGaGeecGGigttaAtATIL L. .0 «-aaGGaaattTaal.aT ALATLGGLGGaGGA

521 530 540 550 560 570 580 620 630 640 650
nreBl CARCAGACATTGCGGT TCTTACTTCAGGGGATATTGTTTTATCAARRATCAGT TAAAGT TGCTGGAAATTATTTARATGATGAAATTC AAATATGTTCGTTCTCAATATGGGC TAGAGAT TGGAAT TAR
nreBd CARCAGATATTGCTGTTATGGCCTCAGGAGATATCGTATTATCAAAATCAGT TARAGTTGCTGGAAACTACTTAAATGATGA! AR CATTCGTTCACAATACGGTCTAGAAAT TGGATCAAA
nreB2 CARCAGATATTGCAATTATTTCAGCTGGTGATATCGTAATTTCAAAATCAGT TARARGTTGC TGGAAAACAGT TAGATCAAGAAATTCAAAAATATATTCGTGTTGAATACARTGTGCT TTGGAATTAG
mreB5 CARCTGATTTAGCTATTATTTCATCAGGTGATATCGTTGTTTCAAGATCAAT TANAGT TGCCGGARATCACTTTGATGATGATATTCGTARATACATTCGTTCAGARTATARCATTGCART TGGGCARAR
nreB3 nﬂTEﬂﬂGTTE GETBTTﬂTETCRGCIGGTEGRRT1GTTGﬂﬂﬂGYﬁnﬂTtﬁnTTﬁﬁnﬂcTECTEE TATATTGATGAAGAAATCTTAAAATATATTCGGGCARAACATACCATTTCAATTGGCGTTGT

C 3 aT.eC. AaATCAaTTAAAgtTGCEG A HbbTLgRreﬁaﬁﬂaanncbaﬂﬂﬂfana1TEGLena.Rﬂnﬁnn caTt.caaTTGG..tta.

651 660 670 680 690 700 710 -’ = 4 E?’- 750 760 770 780
nreBl  ANCAGCCGANATGATIANGATTGARAT TGGTTCATIAGCARANTATGGTGATGANCGNR CAGGAT TACCACGAGANATTGART TAACTCCAGARGAAGTC
nreBa4 TGAA TI Gl AT TG A A GA . CAGGGT TACCAAGAGAAATTGAAC TAACACC TGAAGAA!
nreB2 HRETE TGAACARAT TAARI IGA TG iC T AR’ TAATG ICGGGGTTAC ITATTA A GHRGRHHTT
nreB5 ARCAGCCGARGATGTTAARARATTCATTGGTTCATTAGTTARATACCATARCGAARGA CAGGAT TACCARARGARGCARARATCTCT TCAGARGAARTT
nreB3 TACTGCTGAACAAAT TAAARAAACAAAT TGGTTCAT TATACAAAACAARAAGAAARATAARAAR ICAGGAATGCCAAAAGAAGCAGAGGT TTTAGATTCAGAGATT

Co aaATTGGEECATTAL . .AAAa. aaat.gA.gRaaafaaf CaGGat. = TEE .

781 790 800 810 820 830 840 870 880 890 900 910
nreBl  CGTGAGGTTITARRAGT I CCAGTATCACGART TATTGAT T TAGCAGT TCAAG 6T TAGARGRARCHCCALCAGAR T TAGCAGGAGACAT T T ICCGARRTGGART TACCATTTGTGGTGGTGGTGGTTTAR
nreBa4 TT“G“HEH““B"L‘EHEE“E“HT EHG “ E T
nreB2 G“HGIETTHG““EH““E“EE“EE
nreB5 HEHHHVGITIYHCYHHRYEE:TTYTETHRHHIIHEHEHTTTHEIHHTTEHHTIRYT THCACCACCAGAR T TAGCTGGTGATAT THTGAGRARATGGART TACAGT 1161 COGGCABEAGCTTTAN
nreB3 AGAARAATTATTARTAARGTATTTITICATCAAT T ITTGAT TITI TCCGGCTGAAT TAGCTGGTGATGCTGT TGCTAATGGAAT ITTAGT TACTGGAGGATGTGGCARAR

Consensus agaafaglalTRatAa.t,.cttTtTCa. . ARTTAcagA.tTaataat , gnagi TTAGARaARaRCaCCacCaGAAT TAGCEGGEGALEEE , Tt . gaAATGGART TacagTLLgTG6 ., GGagGtGELLLAR

911 920 930 9490 950 960 970 980 990 1000 1010 1020 1030 1040
nreBl TCARAGGAATTGATCACTACTTTGAAGAAACATTACAATTACC CACTATTAGCAGTTATTAACGGAACARAAAAATTTGAATCAGATATTTATGATATTATTCGCCAAGA
nreBa TCHH“GGHR1TGHTCGTTHETTTHCHGHTHCHTTHE“RTT“CCH1EHHH“HTTEE“GHHEHHDC“TT“1‘“GETGTT“1THHTGEHHDT““HHHHTTEE“HTEHEHEHTCTTTE“THTE‘THHE“TT“EH
nreB2 TTCGTGGAATTGTARAATAT TTTGAGTCAATT T TCCAAT TARAARGTAARAAGC TGCAAATGATCCATTAATGTGTGTAAT TGAAGGTGC TAAAA-C T TACGAAARAARAAT T TAGGTGCTGTAART TGAAAGAR
nreBS TTAGAAATATTGATAAATATTTCTTTGATATTTTCCAATTACCAACTAAAATAGCTTCAGATTCATTAAATTGTGTTATCGAAGGAACAARAAATCTTTGAAAARAACAAT TAARGAAARAACATTGAAAATGG
nreB3 TTGCAGGAATTARAGAATTTTTATCAAARTTATTTCCAARATTCCCGTTCGTGTAGTTAAAAACGCTGAARCATCTGTTATTGATGGATGTATTGCTTACGAGARAARAAAATAGAACCGACTTAATTGAAGA

Consensus Te..aggafllTgaa.aalatTT.tca.ata.tTTcCAAtTaccagttaaagtaG.taaa.f..Ca.tAa.atctGTLATLgALGGa LA =Tt t a.c tt -.aaga

1041 1050 1060 1070 1080 1090 1098

] 1
nreBlL nEﬂTE"Tﬂ“HnEH“H"EﬂH1TﬂG“TIﬂTT“"
nreBd4 ATCAARTGCATGTAAAAGAATTAAAT TACTAI
nreB2  TICRGITACTTGooATGCARATGARTACAARATTTCATAR
nreBS TTTATATAATTTTCAAGAAAAAGGATTATTATCAACAT TAGGTAAARAAAAGARAATAA
nreB3 AARRCAARAAARARAARTAGATAR

Consensus  a.2.83.2223.E3338aR-«ceo. et eecamceceaaaaaeaanaaaaann

Figure 5.4 Selection of target sequences of mreBs for achieving homologous recombination at the
desired gene. Alignment of Spiroplasma citri GllI-3 mreB sequences for selection of region with
minimum identity. The sites of primer design are indicated by green arrows. The nucleotides coding
for phosphate 2 motif are shown within the black box.
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5.2.3) Selection of region of interest for targeting fibril

Unlike MreB, Fibril does not have a homolog in the available databases (PDB and GenBank),
except for sequences of spiroplasmas. Also, in absence of structural or biochemical information
on Fibril, it is difficult to select its region based on functional importance for cloning into

disruption vectors (pSD32, pGOT-res1) for generating fibril disruption mutant.

A query in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) using Fibril

sequence resulted into identification of 5’-methylthioadenosine nucleosidase (MTAN; PDB ID
1JYS; Figure 3.1 B) as a closest homolog with approximately 30 % identity. Upon alignment of
Fibril and MTAN sequences, the latter was found to align with the 236 residues at N-terminus of
Fibril (Figure 3.1 A).

Thus, the 236 amino acids at the N-term of Fibril may constitute one domain whereas, rest of the
protein was thought to form second domain (Cohen-Krausz et al., 2011). Taking clues from this
information, we selected the target region of 373 bp, which were part of the N-terminal domain,

in fibril for cloning into disruption vector (Figure 5.5).
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Figure 5.5 Selection of target sequence in Fibril for achieving homologous recombination.
Secondary structure of Fibril predicted using Psipred (http://bioinf.cs.ucl.ac.uk/psipred/). The target
sequence for disruption has been highlighted in orange boxes.

157


https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://bioinf.cs.ucl.ac.uk/psipred/

5.2.4) Primer design

Primers were designed to amplify target region/region of interest (Rol) of mreB and fibril genes
for cloning into pSD32 as well as pGOT-res1 vectors within a BamHI site situated between the
two res sites (Table 5.2). All the primers were designed by taking 19-22 bases from the vector,
followed by a restriction site and 19-29 bases from the gene. This design of the primers enabled
cloning attempts by restriction digestion-ligation method as well as by In-Fusion /restriction-free

cloning methods.

Table 5.2 List of primers used for amplification of Rol and cloning into target vectors*.

Target | Primer
Sequences (5'->3’)

gene name

1IF-F CATTTTTATGAGATCCTCTAGAGGATCCGGGGTTGATATTTATAAACCGTTTGG
mresl 1IF-R CGGTTCCTCTAGAACTAGTEEMEHE CCGCCATAAACTTTCATTTTTCG

2IF-F CATTTTTATGAGATCCTCTAGAGGATCCGGCATTAACATTGGTCTAGCTCAAGG
mreb2 2IF-R CGGTTCCTCTAGAACTAGTEEMIEH CCGCCARAGGCACGAACTG

3IF-F CATTTTTATGAGATCCTCTAGAGGATCCGGTGAAAATATTTTTGCACCAAAAG
mreBs 3IF-R CGGTTGCTCTAGAACTAGTEEREEHE C GGCCGARAATAATCATTTTTTTATTTTC

4IF-F CATTTTTATGAGATCCTCTAGAGGATCCGGGGTTGATATTTACAAACC
mrebd 4IF-R CGGTTGCTCTAGAACTAGTEEMISHE CGTCCATAAACTTTCATTCTTC

5IF-F CATTTTTATGAGATCCTCTAGAGGATCCGGTATTAATATTGAATTACCTCAAGGTC
mress 5IF-R CGGTTGCTCTAGAACTAGTEEMEEE CGTCCGTAGATTTGCATTGATC

o Fib-F CATTTTTATGAGATCCTCTAGAGGATCCCGATAAGCATGATACAGG

Fibril Fib-R CGGTTGCTCTAGAACTAGTEEMMEE TGGATCATTATCCCATGG

*For cloning by restriction digestion-ligation method, the sequences highlighted in pink were mutated to
GGATCC (BamHI restriction site).

Regions highlighted in turquoise are from the target vector pSD32. The same sequence is also present in
pGOT-res1 vector as well. Region highlighted in yellow is the BamHI restriction site. Sequences without
background were selected from the regions of interest of target gene to be disrupted.

In order to identify if the disruption vector got integrated at the target site, primers were designed
from the nucleotide sequences flanking genes of interest (Table 5.3). The end primers of fibril

gene can be used to check recombination of disruption vector in the middle of fibril gene.
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Table 5.3 List of primers designed for confirmation of integration of target disruption clone into

genomic DNA.
Target gene Primer name Sequences (5°—3°)
mreBF ATTCGTGCAACAGAAGCAC
mreBl1
mreBR TCACGGACTTCTTCTGGAG
114 GGAAAAGACTACTCGTTTTTAAC
mreB2
R14 ACATTAATGGATCATTTGCAGC
F24 ATTTAACATTTCGCCAAAAGCAC
mreB3
R24 TTCAGCGTTTTTAACTACACG
F34 TACATGGCTTTATTTAATAGTGC
mreB4
R342 CATGCATTGATTCTAATCTTAAG
F44 GAGGACAAAAACGTGAGACC
mreBS
344 GGTGTATTTTCTAATAATTCAATTAC
EV13 GGAAGATCGCACATTATTTTCCACG
oriC
EV14 TTTTGATCCTTACTTTAGTATATTCTG

5.2.5) Cloning into pSD32 and pGOT-res1 vectors

Rol were amplified using freshly extracted genomic DNA of S. citri GII-3 as the template and
forward and reverse primers specific for target gene. 4 uL each of the PCR products were
checked on a 1.5% agarose gel by migrating samples along with a DNA marker. Replicate PCR
reactions for a given gene were pooled and cleaned up using PCR clean-up kit (Promega) as per
manufacturer’s directions. All the amplicons were eluted in sterile MilliQ water and used as

inserts for In-Fusion cloning reactions (section 5.2.7).
5.2.6) Preparation of a linearized vector by restriction digestion

500 ng each of pSD32 and pGOT-resl were taken in separate, clean 1.5 mL microcentrifuge
tubes. 5 uL buffer E (Promega) and 20 units of BamHI (Promega) were added to the tube. All
the components were mixed gently by pipetting and spun briefly. The mixture was incubated for
100 minutes on a thermomixer with the temperature set to 37 °C. Restriction enzyme BamHI was
heat-inactivated by incubating the reactions at 65 °C for 15 minutes on a thermomixer. 2 pL of

the reaction was loaded onto a 1.5% agarose gel, DNA was migrated and visualized.
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5.2.7) In-Fusion cloning

For each In-Fusion cloning reaction, 9 ng of linearized vector and 35 ng of insert were added to a
fresh 1.5 mL microfuge tube on ice containing 1 pL of 5X In-Fusion HD Enzyme premix
(Takara Bio USA, Inc.). Sterile milliQ was added to make up the volume to 5 pL. A negative

control reaction was set up without addition of the insert to aforementioned components.

All the reactions were briefly spun and incubated for 15 minutes in a water bath pre-set to 50 °C
to facilitate cloning. The reactions were transferred to ice at the end of 50 °C incubation to cool
the products for 5 minutes. 40 uL of STELLAR chemical competent cells were added to each
reaction aseptically and incubated on ice. The In-Fusion cloning product was transformed into
STELLAR cells by heat shock method as per manufacturer’s protocol
(https://www.takarabio.com/assets/documents/User%20Manual/PT5055-2.pdf). At the end of

recovery period, cells were plated onto Luria-Bertani (LB) agar plates supplemented with

tetracycline at a final concentration of 10 ug/mL and incubated overnight (12-14 hours) at 37 °C.
5.2.8) Clone check by restriction digestion method

Colonies selected for clone check were each inoculated aseptically into a sterile 20 mL tube
containing 4 mL sterile LB broth supplemented with tetracycline (final concentration = 10
pg/mL). All the inoculated tubes were incubated at 37 °C for 12-14 hours under shaking
condition (200 rpm). Upon growth of cultures, cells were pelleted in separate tubes by spinning
at 20,000 xg/25 °C/10 minutes and supernatant discarded. Plasmid DNA was extracted from
pellets using Wizard® Plus SV minipreps DNA purification systems kit and as per

manufacturer’s directions (https://www.promega.com/-/media/files/resources/protcards/wizard-

plus-sv-minipreps-dna-purification-system-quick-protocol.pdf?la=en). Plasmid DNA was eluted

using 50 pL sterile MilliQ water.

Restriction digestion reactions were set using 3 uL of extracted plasmid DNA, 1 uL buffer A
(10X), 1 uL Kpnl enzyme (Promega) and volume made up to 10 puL using sterile MilliQ water.
A control reaction was set up using empty vector instead of recombinant plasmid. All the
reactions were mixed gently by pipetting, spun briefly and incubated at 37 °C for 1 hour on a
thermomixer. Upon incubation, all the reactions were spun briefly to pull down reactants stuck to

the walls of tube. 2 pL of gel loading dye was added to each tube, samples mixed and entire
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volume loaded into 1.5 % agarose gel. The DNA samples were migrated on gel and visualized

using a gel documentation system.
5.2.9) Clone confirmation by sequencing

1 pg each of the positive clones as evident from restriction digestion reactions was used for
confirmation by sequencing using T7 promoter primer (GENEWIZ) before proceeding for

further experiments.
5.2.10) Transformation of disruption vectors into Spiroplasma cells

Spiroplasma citri GII-3 cells were transformed with mreB and fibril Rol containing clones in
pSD32 vector by the protocol as mentioned in section 4.2.8 of Chapter 4. A transformation
reaction each was set up using pSD32 empty vector and sterile MilliQ water as positive and
negative controls respectively for electroporation. The obtained transformants were observed and

cultured as follows.
5.2.11) Growing Spiroplasma citri transformants and confirmation of mutants

Colonies were marked on the back of plate by visualization under microscope and picked using
sterile glass capillary micropipettes in sterile environment. Each colony was put into sterile,
screw-capped 1.5 mL tube under sterile conditions. 500 puL of sterile SP4 media supplemented
with tetracycline (2 pg/mL) was added to each tube containing a colony. All the tubes were
capped and incubated at 32 °C in an incubator until growth was observed. The growth of
transformants could be indicated by change in color of the media from red to yellow as compared

to an un-inoculated control and confirmed by observation of culture using microscope.
5.3) Results

Next few sections describe the results obtained towards generating gene disruption mutants of

Spiroplasma citri GII-3.
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Chapter 5: Genetic studies on S. citri

5.3.1) fibril and mreB Rol are cloned in pSD32 vector

The regions of interest (Rol) from fibril and all the 5 mreB genes of S. citri GII-3 were amplified
(Figure 5.6). High sequence identity among five mreBs of Spiroplasma makes it difficult to
amplify the desired mreB gene from genome. However, our strategy described in sections 5.2.1 -
5.2.3 helped us to amplify portions from desired genes and clone them into disruption vectors.

The Rol were cloned into linearized pSD32 vector (Figure 5.6) by In-Fusion cloning method.

s> b .

3— .

Figure 5.6 Preparation of mreB and fibril disruption clones. Amplification of regions of interest (Rol)
and restriction digestion of vectors. Amplified regions of interest from fibril and mreB are visualized on
1.5% agarose gel. Expected sizes are: m1-m5 (304 bp), fibril (414 bp), pGOT-resl (8175) and pSD32
(5953 bp). BamHlI-restricted vectors are shown in two lanes labeled accordingly. L: DNA marker, m1-
m5: Rol from mreB1 - mreB5.
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The clones were initially checked by restriction digestion method (Figure 5.7) and bands

corresponding to insert and vector were obtained as per the expected size.
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Figure 5.7 Clone check by restriction digestion. Clones obtained by In-Fusion cloning were checked by
restriction digestion using Kpnl restriction enzyme. For a mreB Rol positive clone, the expected sizes
are 5.35 kbp and 869 bps. The sizes expected for a fibril Rol positive clone are 5.8 kbp, 580 bps. Due to
the presence of a EcoRl site in fibril Rol, two bands are seen, each around 400 bps and 150 bps.

The high sequence identity between Spiroplasma mreBs makes it necessary to confirm the clones
by sequencing to ensure that only the Rol from target mreB is present. Aligning the sequences of
Rol in clones with respective gene sequences from S. citri GII-3 genomic DNA confirmed that
indeed the clones have Rol from designated mreB or fibril (Figures 5.8 A to F). Sequence
alignment showed point mutations in mreB2 (682: A—C) and fibril (600: A—G; 606: T—A)
genes. Since gene recombination employs long fragments of DNA, these point mutations are not

expected to affect recombination experiments.
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Figure 5.8 Confirmation of clones prepared in pSD32 vector by sequencing. A-F) Alignment of regions
of interest (Rol) cloned into pSD32 vector with the sequences of corresponding genes from genomic

DNA (ScGlI-3). Point mutations are seen in mreB2 (682 A->C) and fibril (600 A->G; 606 T->A) genes.

Panels C-F of this figure are given on next two pages.
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Figure 5.8 Panels C and D.
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Figure 5.8 Panels E and F.
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Multiple attempts of cloning mreB and fibril Rol in pGOT-res1 vector by In-Fusion cloning as

well as restriction digestion-ligation method failed to give positive clones (Figures 5.9).
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Figure 5.9 Checking of clones prepared in pGOT-resl vector. Potential clones of mreB and fibril Rol in
pGOT-res1 vector were checked by restriction digestion using enzymes BamHI| and EcoRI. The expected
sized for positive mreB clones are: 6 kbp and 2.4 kbp while for positive fibril clone it is 6 kbp and 2.5 kbp.
An ampty pGOT-resl vector when restricted with BamHI and EcoRlI gives bands corresponding to 6 kbp
and 2.1 kbp. From the gel it is seen that the empty vector produces expected bands whereas, the clones
do not produce expected bands. Thus, the clones are negative. L: DNA marker, C: empty pGOT-resl
vector.

Thus, Spiroplasma cells were transformed with Rol clones in pSD32 vector while

simultaneously attempting cloning in pGOT-res]1.
5.3.2) mreB Rol transformation mutants of S. citri GII-3 are obtained

After 50 days of incubating transformation reactions on SP4 agar containing tetracycline,
Spiroplasma transformant colonies were obtained. Absence of colonies on negative control
plates (without addition of any DNA) suggests that the colonies on test plate resulted from

presence of clones prepared in pSD32 plasmid. About 49 colonies/100 ng clone per
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transformation reaction were obtained for cells recovered upon electroporation. The colonies

were very small with a diameter of about 20-30 um (Figure 5.10).

Figure 5.10 Visualization of Spiroplasma transformant colonies. Spiroplasma colonies on modified
SP4 media supplemented with tetracycline (2 ug/mL) as seen under a dark-field microscope. A cluster
of colonies are encircled while individual colonies are shown by arrows.

Inoculation of the transformant colonies into liquid modified SP4 media supplemented with
tetracycline and incubation resulted into growth of one of the mreB4 Rol in pSD32 clones. The
cell growth was indicated by change in color of media in the inoculated tube as compared to an
un-inoculated tube. The growth of this transformant was observed after about 3 months of
incubation of the culture. This growth rate is slower than exhibited by wildtype Spiroplasma
cells; doubling time of about 7 hours is observed for wildtype Spiroplasma citri growth in a
different experiment. Thus, the growth of culture must be a result of possession of mreB4 Rol in

pSD32 clones and is hampered by the presence of tetracycline in growth media.
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Since other transformants did not exhibit growth in two months, fresh transformation was
performed again and transformant colonies have been inoculated into modified SP4 liquid media

supplemented with tetracycline.
5.4) Discussion

Spiroplasma are cell wall-less bacteria with minimal genome essential for survival. The
conservation of multiple mreB genes in such an organism indicates that these genes may have an
essential function for survival. While some Spiroplasma species have seven mreBs, other species
have only five. The reason for this variation in number of mreB genes is unknown. The role of
MreB proteins in Spiroplasma and in general in cell-wall less bacteria remains unknown. As
discussed in Chapter 4 of this thesis, studies on S. citri ASP-1, a naturally occurring non-helical
and non-motile mutant of Spiroplasma, have revealed that MreB5 is involved in Spiroplasma
morphogenesis and motility. This encouraged investigation of the role of other MreBs in
Spiroplasma. Also, proposed roles of Fibril need verification by genetic studies. Thus, genetic
experiments were performed on S. citri GII-3 to obtain gene disruption mutants of fibril or one of

the mreBs.

The absence of functional RecA in Spiroplasma limits the recombination-based genetic
modification for gene disruption to a chance event (Lartigue et al., 2002; Marais et al., 1996).
Thus, it necessitates that the plasmid with portion of target gene to be disrupted, is carried by
cells in high copy numbers over several generations to bring about recombination. The most
efficient vectors available for specific gene disruption in Spiroplasma utilize a 163 bp oriC
region, and a 220 bp target gene region in addition to antibiotic resistance marker(s) (Duret et al.,
2005; Lartigue et al., 2002). However, these methods of recombination in Spiroplasma are not
100% efficient (Duret et al., 2005; Lartigue et al., 2002), making genetic modifications in

Spiroplasma challenging.

In the present experiments two vectors (pSD32 and pGOTres1), which are modified from pSD6
and pGOT1 respectively (described in Chapter 1 of this thesis), were used for disruption of
mreBs and fibril. Since Spiroplasma mreB genes have high sequence identity, the possibility of
recombination at mreB genes other than the target mreB cannot be avoided. In order to increase

chances of recombination at the target mreB genes, region of minimum sequence identity were
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chosen (Figure 5.2 B). S. citri GII-3 transformants were obtained with rate of about 800
transformants per ug of plasmid. This transformation rate is comparable to that obtained by
Duret et al., (2005). One of the colonies (out of 100 inoculated) grew in liquid modified SP4
media supplemented with tetracycline in about two month incubation. However, the other
colonies did not grow in liquid modified SP4 media containing antibiotic. This raises the
possibility that tetracycline hindered growth of Spiroplasma, a slow growing organism. Fresh set
of transformants have been prepared and inoculated in liquid media for further growth and
passaging. Since Fibril and MreB proteins have been proposed in essential cellular processes, it
is possible that disruption of some of these genes is lethal to the cell. In such a case, the gene
disruption must be accompanied by vector-based inducible expression of those proteins. This
approach will be useful to investigate roles of those proteins at varying concentrations and to

find if the gene is essential.

Once the gene disruption mutants of Spiroplasma are obtained, it will be exciting to compare
their colony morphologies to the wildtype and ASP-I cells. This will give preliminary
information about role of the gene in motility. Further, microscopic visualizations can be
performed to observe if cell helicity is affected and quantitate swimming speeds. Simultaneously,
electron cryotomography studies of the mutants will help understand if the absence of these

proteins affects organization of cytoskeletal filaments.

As a part of experiments to rescue these mutants, the functional gene can be tagged with a
fluorescent protein (FP) at an appropriate site. The site of FP insertion in MreB proteins can be
decided based upon crystal structures of MreBs available in protein data bank (PDB). Choosing
the site for tagging Fibril will be tricky since no structural information is available on it. Once
the FP-tagged protein is expressed in Spiroplasma cells, the localization of that protein can be
studied using Cryo correlative light electron microscopy (Cryo-CLEM) of the cells. This set of
experiments may be useful to verify the hypotheses proposed by Kiirner et al., (2005) and
Trachtenberg et al., (2008) regarding organization of Fibril and MreB filaments. These
investigations will provide first reports demonstrating roles of multiple MreBs in cell wall-less

bacteria and also verify different functions proposed for MreB and Fibril since early 1970s.
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Chapter 6

Summary and Future prospects

The work summarized in this thesis describes, for the first time, heterologous expression and
purification of Fibril and its short constructs in E. coli. The work also includes identification of
MreB5 to be responsible for rod-to-helical transition of Spiroplasma cells. Genetic studies to
identify roles of each of the five MreBs and Fibril protein in Spiroplasma have been initiated.
Further experiments on all these studies need to be carried out to better understand role of
cytoskeletal proteins in Spiroplasma physiology. Discussed below are some of the experiments

that can be performed in future.

Chapter 2 describes multiple protocols standardized for purification of Fibril from E. coli. The
purified Fibril filaments have been obtained and observed using electron microscopy. Since these
Fibril filaments are present as bundles, their standardization is necessary to obtain separated
filaments for structure determination. Apart from structural characterization of Fibril, their
biochemical characterization can also be performed. The first study could be verification of the
proposal (this thesis) that Fibril is a membrane binding protein. This can be performed by thin
layer chromatography (TLC) experiments of Fibril purified without any detergents compared
with the protein purified further by methanol-chloroform extraction method. Standard lipids
present in E. coli cell membranes can be used as control experiments to identify lipids bound to
Fibril, if any. If Fibril is found to be associated with membrane lipids of E. coli, similar
experiments of Fibril purified from Spiroplasma cells would confirm if Fibril is a membrane-
binding protein. These experiments may prove useful in obtaining samples suitable for cryoEM

studies by removal of lipids to obtain individual Fibril filaments.

Fibril has been proposed to bind DNA (Townsend and Archer, 1983) but this remains to be
verified. Thus, DNA binding studies can be performed using purified Fibril to verify the
hypothesis. Since Spiroplasma genomes have a high AT content, AT-rich DNA should be used

for these experiments.

The next Chapter describes attempts to understand domain organization of Fibril and to obtain

non-polymerizing constructs of Fibril. The study involved design of multiple short constructs



and their characterization. Some of these short constructs have been prepared and insights
obtained from them. However, the work is stalled due to the difficulties associated with
obtaining protein in soluble form at lysis stage. Thus, it is necessary to revisit these constructs
and perform their characterization. The constructs Fibril A(1-236)-His¢ and Hisg-Fibril A(305-
512) may be prioritized since the crystallization has been attempted for the former and filaments
have been seen for the latter. This work may be performed simultaneously with the
characterization of EGFP-tagged constructs prepared for identification of polymerization
interface of Fibril. Upon identification of polymerization interface of Fibril, a non-polymerizing
construct can be obtained for X-ray crystallography studies. Mutation of residues involved only
in lateral or axial interactions can provide insights into Fibril polymerization process and

bundling.

Another approach to understand Fibril polymerization is to attempt complete dissociation of
purified Fibril filaments by treating them with DMMA (2,3-dimethylmaleic anhydride)
(Townsend and Plaskitt, 1985). The dissociated sub-units could be used for X-ray
crystallography and Fibril association/polymerization studies. However, lack of functional

biochemical assays of Fibril may mislead the investigation in this direction.

The fourth Chapter led to identification of lack of functional (full-length) MreBS5 in S. citri ASP-
I cells, leading to their loss of helical shape and motility. Thus, MreB5 is important in rod-to-
helical transition of Spiroplasma cells. The proteomic analysis suggests that some lipoproteins
are expressed at very low levels in S. citri ASP-I cells as compared to S. citri GII-3 cells. Based
on this, it is appears that MreBS5 may have a role in Spiroplasma shape determination through its
interaction with lipoproteins. Thus, the characterization of interaction between MreB5 and

lipoproteins may provide insights into shape determination mechanism of Spiroplasma.

The vector-based expression of full-length MreB5 in S. citri ASP-I led to instating motility in
these cells, suggesting that MreBS5 has a role in Spiroplasma motility as well. Additionally, Fibril
was proposed to be a central player in Spiroplasma motility (Trachtenberg et al., 2003). Thus, it
is possible that Fibril and MreB5 interact with each other. Verification of interactions of MreB5
with Fibril as well as lipoproteins can help us identify if MreB5 is an adapter-like protein. These
experiments would also be useful to identify additional candidates involved in Spiroplasma

motility.
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In Chapter 5, experiments to generate mreB and fibril gene disruption mutants have been
described. Further, once the mreB or fibril disruption mutant Spiroplasma cells are obtained,
these can be characterized initially by their colony morphology and motility rates, in case they
are motile. Electron cryotomography experiments can be performed on these cells to check if the

cytoskeletal organization is disrupted.

The experiments to rescue these (target gene disrupted) cells can be performed by vector-based
expression of a fluorescently-tagged target protein. The fluorescently tagged protein would be
useful to identify localization of the target protein by fluorescence microscopy as well as electron

cryotomography experiments.

Based on our experiments, literature and information obtained from lab involved in Spiroplasma
genetics experiments, the delay in obtaining gene disruption mutants is because of a truncated
RecA protein. Thus, alternate strategy for accelerating recombination in Spiroplasma by
expression of RecA protein might be promising approaches for future experiments. One of the
challenges of such as approach is the codon optimization of genes to be expressed in

Spiroplasma. Spiroplasma being a Mollicute, TGA codon codes for tryptophan instead of a stop.

According to the literature, while S. citri has a truncated recA gene (Marais et al., 1996a), S.
melliferum has a complete recA gene with a STOP codon in the N-terminal region that produces
a truncated protein (Marais et al., 1996b). These results suggested that, a functional RecA must
have been present in the ancestors of these species at some point of time. Thus, I propose two

strategies to overcome low recombination frequencies in spiroplasmas as follows.

RecA

1) Preparation of Spiroplasma strain (Spiroplasma™""") with a functional RecA protein:

To begin with, the sequence analysis of recA gene from Spiroplasma species with closely related
bacteria such as members of genus Clostridium that have a functional RecA protein, can be
performed to identify residues critical for their function. Next, the recA gene can be amplified
from genome of any one of the S. melliferum strains BC3, BW, B88, G1 and AS576. A point
mutation need to be performed on the amplified gene to convert the STOP codon to a suitable
amino acid (based on sequence alignment results) before it can be incorporated into disruption
vector. Once a functional recA gene is obtained, it needs to be preceded by a promoter sequence.

The promoter can be selected from any one of the constitutively expressing genes in Spiroplasma
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such as fibril, elongation factor-Tu, spiralin or the native promoter of Spiroplasma recA gene

can be used.

An artificial vector can be prepared by incorporation of a functional recA gene with a promoter
into any one of the existing disruption vectors. The multiple cloning site of such a vector must be
flanked by res sequences on either side. This arrangement ensures expression of recA gene upon
transformation of the disruption vector into Spiroplasma cells. The presence of res sites is useful

for removal of antibiotic marker at a later stage.

A functional RecA protein can then help bring about homologous recombination at the truncated
recA region in the genome. This helps obtain recombination-efficient Spiroplasma

RecA

(Spiroplasma™"") cells. In the next step, the antibiotic cassette needs to be removed from

genomic DNA of Spiroplasma®**

cells by expression of Resolvase protein using a different
vector to obtain clean mutants. The clean SpiroplasmaReCA mutants should be compared with
wildtype cells for traits such as growth rate, colony formation, motility, cell shape, pathogenicity

etc. If no major differences are found, such a mutant can be used for genetic studies.

A cells can be used for disruption of the target gene by using

At this stage the Spiroplasma®
method as described in Chapter 5 of this thesis. Briefly, portion of target gene needs to be cloned
into a disruption vector and transformed into Spiroplasma (in this case, SpiroplasmaReCA) cells.

The functional RecA can help rapidly obtain gene disruption mutants.
Following is an alternate strategy to this.

2) Preparation of a vector containing functional recA gene as well as portion of the
target gene to be disrupted: A Spiroplasma mutant can be prepared by cloning a functional
recA gene with promoter as well as portion of the target gene to be disrupted, into a disruption
vector. The expression of functional RecA can facilitate integration of the vector at the target

gene in genomic DNA, yielding gene disruption mutant.

RecA

Spiroplasma mutant with functional RecA (Spiroplasma™ ") obtained by these strategies would

be useful for gaining insights into Spiroplasma cell biology.

Thus, the aforementioned experiments would provide insights into Spiroplasma cell biology, a

field poorly understood due to lack of suitable molecular biology tools.
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Appendix-I

A) List of lysis buffers and their components

1)
2)
3)
4)
5)
6)
7)
8)

9)

Lysis buffer 1

10 mM Tris (pH 7.6), 1 % sodium deoxycholate, 1 % Triton X-100 and 2 M glycerol
Lysis buffer 2

10 mM Tris (pH 7.6), 1 % Triton-X 100 and 18.4 % glycerol
Lysis buffer 3

50 mM Tris pH 7.6, 200 mM NaCl and 10 % glycerol

Lysis buffer 4

10 mM Tris pH 7.6 and 0.5 % LSS

Lysis buffer 5

10 mM Tris (pH 7.6) and 1 % (w/v) Sodium deoxycholate
Lysis buffer 6

10 mM Tris pH 7.6 and 1 % Triton X-100

Lysis buffer 7

10 mM Tris pH 7.6 and 0.5 % LSS

Lysis buffer 8

10 mM Tris pH 7.6, 1 % Triton X-100 and 0.5 % LSS

Lysis buffer 9

50 mM Tris pH 8.0, 200 mM NaCl and 10 % glycerol

10) Lysis buffer 10

50 mM Tris pH 8.0, 200 mM NaCl and 0.5 % LSS
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Energy metabolism in the diamondback moth Plutella xylostella is facili-
tated by trehalase, an enzyme which assists in trehalose hydrolysis, from
the predominant gut bacterium Enterobacter cloacae. We report the bio-
chemical and structural characterization of recombinant trehalase from
E. cloacae (Px_EclTre). Px_EclTre showed Ky; of 1.47 (£0.05) mm, kg, of
6254.72 min~" and Vinax 0.2 (£0.002) mmmin~' at 55 °C and acidic pH.
Crystal structures of Px_EclTre were determined in the ligand-free form
and bound to the inhibitor Validoxylamine A. The crystal structure of the
ligand-free form, unavailable until now for any other bacterial trehalases,
enabled us to delineate the conformational changes accompanying ligand
binding in trehalases. Multiple salt bridges were identified that potentially
facilitated closure of a hood over the substrate-binding site. A cluster of
five tryptophans lined the —1 substrate-binding subsite, interacted with cru-
cial active site residues and contributed to both trehalase activity and sta-
bility. The importance of these residues in enzyme activity was further
validated by mutagenesis studies. Many of these identified residues form
part of signature motifs and other conserved sequences in trehalases. The
structure analysis thus led to the assignment of the functional role to these
conserved residues. This information can be further explored for the design
of effective inhibitors against trehalases.

Introduction

Plutella xylostella (diamondback moth) infestation is
one of the prominent biotic stresses on cruciferous
crops. It exhibits remarkable adaptability to its envi-
ronment and has developed resistance against most of

Abbreviations

the existing pest control strategies [1]. Recently, it was
found that a few bacterial species from gut microbiota
of P. xylostella are vital for their digestive and detoxi-
fication processes. P. xylostella gut hosts 148 bacterial

Ec_Tre, E. coli trehalase; Px_EclTre, Enterobacter cloacae trehalase; Sc_Tre, yeast trehalase; Suc, sucrose; Unlig, unliganded; ValA,

validoxylamine A.
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species belonging to 10 different phyla. Among these,
Enterobacter cloacae was found to be the most abun-
dant species of larval gut microbes. These bacteria pro-
duce various carbohydrate-modifying and glycolytic
enzymes like cellulases, trehalases and other glucosi-
dases, which participate in food digestion and nutri-
tion acquisition process of the host [2]. Thus,
structural characterization of these enzymes of the
symbiont provides scope to explore them as novel tar-
gets for future biological or chemical insect control
methods.

Among different carbohydrate metabolic pathways,
trehalose metabolism has a variety of physiological
roles in most organisms. Trehalose serves as a major
energy source, and also functions as stress protectant,
in phytophagous insects [3]. Trehalase catalyses the
breakdown of trehalose into two glucose molecules
(Fig. 1A) and the high amount of energy released in
the process is utilized for various physiological activi-
ties [4]. Trehalase inhibition in insects leads to abnor-
malities like hampered growth, unsuccessful stress
recovery, weight loss, hypoglycaemia, reduced chitin
synthesis, lethal metamorphosis and decreased flight
capacity [5,6]. Hence, trehalase inhibitors, Validoxy-
lamine A being one of them (Fig. 1A), will be a good
pest control strategy against insects. With this goal, we
have initiated biochemical and structural characteriza-
tion of trehalase from E. cloacae (Px_EclTre).

Trehalases are classified as either acidic or neutral
depending on their pH optima and also, as soluble or
membrane bound, based on their cellular localization
[5]. Crystal structures of bacterial and yeast trehalases
cocrystallized with various ligands and activation part-
ners are summarized in Table 1. Crystal structure of
trehalase from Escherichia coli (PDB ID: 2WYN)
showed an (ao/a)s barrel fold similar to other a-toroidal
glycosidases. The complexes of E. coli trehalase with
Validoxylamine A (Ec_Tre-ValA; 2JF4) and I-thiatre-
hazolin (Ec_Tre-TTZ; 2JGO0) revealed the interactions
in the —1 and +1 subsites, where —1 subsite is ‘cat-
alytic site’ and +1 subsite is ‘recognition site’ for the
two glucose subunits in trehalose [7,8]. The corre-
sponding unliganded structure of E. coli trehalase has
not been determined. The requirement of an activation
partner for catalysis differentiates a yeast trehalase
from the bacterial counterpart. The yeast trehalase
crystal structures include two unliganded forms and
complexes with activation partners, however, an active
conformation with the specific substrate and activation
partner is unavailable. Hence, despite the presence of
multiple crystal structures, features contributing to the
molecular mechanism of trehalose catalysis are still
unexplored.

Enzymatic catalysis by trehalase

In the present report, we have performed biochemical
and structural characterization of trehalase (Px_EclTre)
from the P. xylostella bacterial endosymbiont E. cloa-
cae. We determined the crystal structures of Px_EclTre
in the unliganded and Validoxylamine A-bound forms.
A comprehensive structural analysis of the unliganded
and liganded structures of Px_EclTre was performed by
comparing them with the E. coli and Saccha-
romyces cerevisiae trehalase structures, to understand
the salient features accompanying substrate recognition
and catalysis. Characterization of mutants validated the
role of conserved residues involved in catalysis and
structural stability of Px_EclTre.

Results

Px_EcITre exhibited acidic o, a-trehalase activity
with high optimum temperature

Px_Ecltre gene coding for periplasmic trehalase (Ref-
seq Accession ID: WP_045355849.1) was recombi-
nantly expressed in E. coli and the protein purified
by affinity chromatography. The purified protein
showed a single protein band at ~ 65 kDa on a 12%
SDS/PAGE gel (Fig. 1B). The activity of purified
Px_EcITre was measured by colorimetric estimation of
product formed upon reaction of glucose with 3,5-dini-
trosalicylic acid (DNSA) [9]. Px_EclTre exhibited a
Ky of 1.47 (£0.05) mM, key of 6254.72 min~' and
Vinax 0.2 (£0.002) mm-min~" (Fig. 1C). Px_EclTre dis-
played optimum activity at pH 5 (Fig. 1D), similar to
the characteristic feature of acidic trehalases (pH 5-7)
[6,10-13]. The optimum temperature for Px_EcITre
activity was found to be 55 °C (Fig. 1E), which is
higher as compared to previously reported trehalases
from other organisms such as Zunongwangia sp.
(50 °C), Apis mellifera L. (47 °C), S. cerevisiae (40 °C)
and Rhodotorula rubra (30 °C) [13-16].

Validoxylamine A showed strong competitive
inhibition of Px_EcITre activity

Validoxylamine A, a trehalose analogue, is an inhibi-
tor of trehalases, with demonstrated inhibitory activity
against bacterial and insect trehalases (Fig. 1A) [17].
In the present study, inhibition kinetics of Validoxy-
lamine A against Px_EclTre at optimum conditions
(pH 5, 55 °C) was measured to estimate its trehalase
inhibitory activity. The concentration-dependent
decrease in the activity of Px_EclTre was observed
with increasing concentrations of Validoxylamine A
(Fig. 1F). Enzyme kinetic analysis suggested competi-
tive inhibition of Px_EclTre by Validoxylamine A
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Fig. 1. Biochemical characterization of Px_EclTre. (A) Px_EcITre catalyses the hydrolysis of o, a-trehalose to break it down to
a-D-glucose and B-p-glucose. This reaction is inhibited by the trehalose analogue, Validoxylamine A. (B) 12% SDS/PAGE gel showing
purified Px_EcITre protein. (C) The rate of reaction as a function of substrate (trehalose) concentration for wild-type and mutants of
Px_EcITre. (D) Effect of pH on trehalase activity by Px_EcITre. Px_EcITre shows optimum activity at pH 5. (E) Effect of temperature on
trehalase activity by Px_EclTre. The optimum temperature for Px_EclTre activity was found to be 55 °C. (F) Enzyme inhibition of
Px_EclITre activity by Validoxylamine A. Velocity vs trehalose concentration for different concentrations of Validoxylamine A has been
plotted. (G) Lineweaver-Burk plot shows that Validoxylamine A functions as a competitive inhibitor. (H) MST analysis of Validoxylamine A
binding to Px_EcITre. The chemical formula for Validoxylamine A is given in inset. In all the figures, error bars represent +standard error
for the observations of each treatment.
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(Fig. 1G). Furthermore, ICsy and K; of Validoxy-
lamine A for Px_EcITre was found to be 7.5 (40.2)
and 1.9 (£0.075) nm respectively (Fig. 1F). A similar
K; value (1.9 nm) was previously reported for inhibi-
tion of trehalase from Rhizoctonia solani by Validoxy-
lamine A [17,18]. Microscale thermophoresis (MST)
analysis showed that Validoxylamine A bound
strongly to Px_EclTre with a dissociation constant
(Kp) of 206 (£10) nm (Fig. 1H). Furthermore, struc-
tural studies were carried out on Px_EcITre in unli-
ganded form (Px_EclTre-Unlig) and cocrystallized
with Validoxylamine A (Px_EclTre-ValA) to investi-
gate its catalytic mechanism.

Crystal structures of Px_EclITre in unliganded
form and Validoxylamine A-bound state

Crystal structures of Px_EcITre in unliganded (Px_Ecl-
Tre-Unlig) and Validoxylamine A-bound (Px_EcITre-
ValA) forms were determined to resolutions 2.3 and
1.8 A (PDB IDs: 5Z6H and 5766) respectively. Data
collection and refinement statistics are given in Table 2.
The protein consists of (a/a)s toroidal fold, with a
hood-like domain that closes over the ligand-binding
pocket (Fig. 2A). Strong electron density for the ligand
was observed, confirming that the inhibitor was indeed
bound to trehalase (Fig. 2B-D). Interestingly, in the
substrate-binding pocket of the unliganded form
(Px_EclTre-Unlig; 5Z6H), a glycerol moiety from the
crystallization condition was observed, whose atoms
superposed very well with corresponding atoms of the
bound ligand (Fig. 2E). In the absence of a ligand, a
glycerol moiety and water molecules substituted for sat-
isfying the hydrogen bonds formed by the active site
and ligand-binding residues. Since glycerol is a non-
specific ligand with very few contacts with the protein
compared to the substrate (trehalose) and trehalase
activity is not affected (specific activity of 1392.7
(£22.27) Umg™" with 10% glycerol compared to
1421.5 (£18.32) without glycerol), we consider glycerol
as part of the solvent and the glycerol-bound form as
the unliganded form of Px_EclTre (Px_EclTre-Unlig;
5Z6H). Structure determination of a ligand-free form of
the enzyme (Px_EclTre-Unlig; 5Z6H) allowed us to
compare the specific conformational changes accompa-
nying ligand binding.

Structural comparison of trehalases in
unliganded and ligand-bound states

The Px_EcITre shares about 79% sequence identity
with E. coli trehalase over the entire sequence length

A. Adhav et al.

and 29% with S. cerevisiae trehalase comparing the
homologous region of the hood domain. While all four
structures of trehalase from E. coli are in the ligand-
bound forms, S. cerevisiae trehalase structures in the
ligand-free and liganded forms are available. Since
yeast trehalases are activated in the presence of an
activator Bmhl, the complexed structure with Bmhl
was also included in the structural analysis [19]. The
availability of these structures permitted us to carry
out a comprehensive comparison of different confor-
mations of trehalases, including ligand derivatives with
different sugar linkages and activator bound struc-
tures. Table 1 contains the root-mean-square deviation
(RMSD) of (a/a)s domain of all the unliganded and
liganded conformations of trehalases with respect to
(o/o)g domain of Px_EcTre-Unlig (5Z6H).

The extensive structural comparison of liganded/un-
liganded and active/inactive structures of trehalases led

Table 2. Data collection and refinement statistics.

Trehalase — Trehalase —
unliganded validoxylamine A
PDB ID 576H 5766
Data collection statistics
Collected at DLS 104 DLS 104
Wavelength (A) 0.979 0.979
Space group P24242, C121
a b c(A) 55.25, 127.91, 122.03, 51.45,
156.14 96.4
o B,y () 90, 90, 90 90, 106.95, 90
Resolution (A)? 33.32-2.30 30.5-1.8
(2.38-2.3) (1.84-1.8)
Number of unique 48 818 (4363) 53 185 (3172)
reflections®
Rmerge (%)? 12.1 (59.2) 9.9 (62.8)
Roim (%)? 8.6 (42.1) 8.2 (52.1)
CChaif® 0.98 (0.685) 0.992 (0.634)
Mean //c! 9.5 (2.5) 9.4 (1.9)
Completeness (%)? 97.43 (96.0) 97.9 (100)
Redundancy? 4.2 (4.2) 3.0 (3.1)
Refinement statistics
Resolution (A) 33.32-2.3 30.49-1.8
Number of unique 48 768 (2422) 53 176 (2698)
reflections (test set)
Rwork/ Rree (%) 16.84/22.96 16.28/19.36
Average B-factor (A?) 31 21
Wilson B-factor (A?) 27.1 15.6
RMS deviations
Bond lengths (A) 0.007 0.004
Bond angles (°) 0.926 0.729
Ramachandran map statistics
Favoured (%) 96.0 96.47
Allowed (%) 3.6 3.14
Outliers (%) 0.4 0.39

®Values in parentheses denote last resolution shell.
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Fig. 2. Crystal structures of Px_Ecl
trehalase in its unliganded form and bound
to the inhibitor Validoxylamine A. (A)
Superposition of unliganded (green) and
ligand-bound (orange) forms of Px_EcITre. (€)
(B) The electron density (composite omit

map of Fy — F. at 2.50) of Validoxylamine A E511,>_<\

from the liganded form of Px_EclITre is
shown with atoms labelled and —1 and +1
subsites (SS) marked. (C, D) Ligand binding
site of Px_EcITre showing residues (orange)
interacting with Validoxylamine A (wheat).
For clarity, interactions of the residues
shown above and below the ligand are
shown in two separate figure panels (C, D),
with the ligand maintained in the same
orientation. (E) Ligand binding site of
superposed Px_EclTre unliganded and (E)
ligand-bound structures. The glycerol moiety ‘.\?;0‘
and water molecules present in unliganded
structure contact the protein in a similar
manner as Validoxylamine A in the liganded
form. Colour scheme: Validoxylamine A
(wheat), glycerol (light green), the
unliganded form of Px_EclITre (dark green)
and interactions between ligands and
protein (dotted green/yellow lines). Subsite
has been abbreviated as ‘SS’ in all the
figure panels.

us to identify the following changes upon ligand bind-
ing — (a) subtle loop movements, (b) salt bridges speci-
fic to ligand binding, (c) interaction between conserved
residues lining active site (+1 and —1 subsite), (d) pre-
dict roles in substrate recognition and hydrolysis for
some of the residues conserved across trehalases. Most
of these findings were not discussed in earlier reports
on trehalases due to unavailability of a structure in
catalytically active form with the specific substrate (for
yeast) and unliganded form (for E. coli) in the respec-
tive organisms.

Conformational changes and ordering of the ‘lid
loop’ upon ligand binding

Comparison of the ligand-free and inhibitor-bound
structures illustrated that the hood domain Q¢-L'®,

A307: ©

R206 ,.-'o D161 W160
f N197
f 208

Enzymatic catalysis by trehalase

and loop comprising residues Y'¥-Y'** and G*%-G°"?
(hereafter referred to as side loop and lid loop respec-
tively) might undergo conformational changes upon
ligand binding (Fig. 3A). We compared the lid loop, side
loop and hood domain positions with other available
structures of trehalases (Table 1). Liganded structure of
Px_EcITre (Px_EclTre-ValA; 5Z66) superimposed on
E. coli trehalase structures complexed with Validoxy-
lamine A (Ec_Tre-ValA; 2JF4) and 1-thiatrehazolin
(Ec_Tre-TTZ; 2JGO) showed RMSD of 0.334 (389 Cuo
atoms) and 0.311 A (359 Ca atoms) respectively. The lid
loop, side loop and the hood domain were oriented iden-
tically in these structures. Compared to the other inhibi-
tor-bound trehalase structures of E. coli, one of the
interesting observations was the difference in conforma-
tion of the lid loop in the structures liganded with deriva-
tives of casuarine-6-O-a-D-glucoside (Ec_Tre-LG9+Glu;
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Fig. 3. Conformational changes accompanying ligand binding in trehalases (A) Superposition of the unliganded and ligand-bound forms of
Px_EclTre highlight conformational changes upon ligand binding. Lid loops, side loops and the hood-like domains that undergo closure over
the active site are shown as cartoon while rest of the structure is shown as the ribbon. (B) Lid loop is ordered and closes over the active
site when bound to correct ligand. The residues making contacts with respective substrate have been shown as sticks. Sulphate bound in
2WYN is shown as ball and stick in yellow (sulphur) and red (oxygen). Sc_Tre-Suc+Bmh1 (5N6N; magenta), the only yeast structure with
ordered lid loop, Ec_Tre-LG9+Glu (2WYN; cyan: bacterial trehalase structure in which the lid loop is in a different conformation due to bound
sulphate ion), and the two Px_EclTre structures are shown as representative structures. Ec_Tre-LG9+Glu (2WYN) and Ec_Tre-Casu+Glu
(2JJB) have the same conformation of the lid loop, while the lid loops of Ec_Tre-ValA (2JF4) and Ec_Tre-TTZ (2JG0) match exactly to
Px_EclITre-ValA (5Z66; orange) and are not shown. (C) Occupancy of the +1 subsite is a determinant of the correct position of the side loop
in the liganded state. The residues contacting ligand have been shown as sticks. The steric hindrance between F'®* and the sugar
occupancy in the +1 subsite due to the 1,4 linkage of sucrose prevents closure of the loop. 2WYN (Ec_Tre-LG9+Glu) represents the four
trehalase structures from Escherichia coli. 5NIS (Sc_Tre-Unlig2), 5M4A (Sc_Tre-Trehalose) and 5N6N (Sc_Tre-Suc+Bmh1) represent
conformations that are unliganded, bound to specific substrate (trehalose), and nonspecific substrate (sucrose), respectively. (D) Hood-like
domains of bacterial and yeast trehalases belong to different folds. Unliganded (5NIS; Sc_Tre-Unlig2) and nonspecific ligand-bound (5NEN;
Sc_Tre-Suc+Bmh1) structures from yeast represent the open conformation of the hood and the liganded state (5M4A; Sc_Tre-Trehalose)
represents the closed conformation in yeast trehalase. 5Z6H (Px_EclITre-Unlig) and 5766 (Px_EclTre-ValA) represents the open and closed
conformations in bacterial trehalase. [Colouring scheme for protein and respective ligands: Px_EclITre unliganded: green, Px_EcITre-Val:
orange, Ec_Tre-LG9+Glu (2WYN): cyan, Sc_Tre-Suc+Bmh1 (5N6N): magenta, Sc_Tre-Trehalose (5M4A): grey, Sc_Tre-Unlig2 (5NIS): blue].
Subsite has been abbreviated as ‘SS’ in all the figure panels.

2WYN and Ec_Tre-Casut+Glu; 2JJB) [20,21]. The pres-
ence of a sulphate ion at the active site disrupted the
interaction between the corresponding glutamate (E>'")
and the substrate, thereby leading to incomplete lid loop
closure in Ec_Tre-Casu+Glu (2JJB) and Ec _Tre-
LG9+Glu 2WYN) (Fig. 3B). The lid loop was disor-
dered in all the yeast trehalase structures except for
Sc_Tre-Suc+Bmhl (complexed with sucrose and Bmhl;
SN6N), where it was not closed completely (Fig. 3B). In
Sc_Tre-Suc+tBmhl (5N6N), the presence of nonspecific
substrate (sucrose) probably kept the corresponding glu-
tamate (E®°) distant from the ligand. The superposed

structures showed that lid loop residues E°"', Y°'? and
F>!8 which are conserved across trehalases, contacted
the ligand, and binding of the specific ligand ensured
complete loop closure. Thus, we hypothesized that resi-
dues from lid loop play a major role in recognizing the
correct substrate (Fig. 3B). Mutation of the glutamate
(E°') to alanine in Px_EcITre resulted in 23% activity of
the mutant enzyme compared to the wild-type (WT)
Px_EclTre (specific activity of 397.4 U-mg~' compared
to 1734 U-mg~' for wild-type enzyme; Fig. 1C), con-
firming the importance of E°'!' in substrate recognition
and catalysis.

1706 The FEBS Journal 286 (2019) 1700-1716 © 2019 Federation of European Biochemical Societies



A. Adhav et al.

In addition to the lid loop, the side loop (Y'¥7-Y'%)
also underwent a conformational change upon sub-
strate binding (Fig. 3C). Out of the available yeast
neutral trehalase structures (Table 1), the loop position
was open in the unliganded structures (Sc_Tre-Unligl;
S5JTA and Sc_Tre-Unlig2; 5NIS). This loop superposed
well with the corresponding loop position in the unli-
ganded structure of Px_EclTre (5Z26H) (Fig. 3C). In
the liganded form (5Z66), residues R'>, F'** and Y'*®
interacted with the substrate, all of which are con-
served residues. Loop position in the liganded state
appeared to be driven not only by the presence of a
substrate in the pocket but also by the specificity of
the correct ligand at the +1 subsite (Table 1). In the
sucrose-bound yeast trehalase structure Sc_Tre-
Suc+tBmhl (5N6N), despite the substrate-binding site
being occupied, the loop position matched with that of
the unliganded conformations (Px_EclTre-Unlig;
5Z6H) (Fig. 3C). Since the glucoside linkage between
the monosaccharide units is different in sucrose com-
pared to trehalose, the +1 subsite occupancy of sucrose
sterically prevented F°* (corresponding to F'** in
Px_EclTre) from closing over the ligand. Hence, the
loop closure is one of the features that contributes
towards recognition of a, o (1—1) linkage sugar in the
active site pocket of trehalases. In order to investigate
the role of F'** in catalysis, we mutated it to alanine
(F154A) in Px_EclTre. Although the mutant was well
folded (Fig. 4A-D), it showed complete loss of treha-
lase activity (undetectable levels of activity for the
mutant, Fig. 1C), emphasizing the significance of F'>*
in the enzyme function.

The hood domain closed over the ligand-binding
pocket in the Validoxylamine A-bound Px_EcITre
structure (5266). An RMSD of 1.125 A (91 Ca atoms
of the hood domain, upon superposition of the toroid
domain) highlighted the domain movement compared
to the unliganded structure (Fig. 3A,D). Although
there were no direct interactions of hood domain resi-
dues with the ligand, interactions of the hood domain
with residues of the side loop appeared to drive the
conformational changes. Specifically, R'>* from side
loop formed a salt bridge with D> from the hood
domain. The position of the hood domain matched
with those of all liganded structures of E. coli treha-
lase (Ec_Tre-TTZ; 2JGO, Ec_Tre-LG9+Glu; 2WYN,
Ec_Tre-ValA; 2JF4 and Ec_Tre-Casut+Glu; 2JJB)
(Table 1). Interactions that led to domain closure were
dependent on occupancy of the specific ligand in the
+1 subsite, and conformation of the side loop. These
observations prompted us to look at the specific inter-
actions of each residue that drive active site closure in
trehalase structures.

Enzymatic catalysis by trehalase

A cluster of conserved salt bridges lines the
substrate-binding pocket and mediates the active
site closure

Salt bridges lining the substrate-binding pocket
(Fig. 5A) constituted major determinants for closed
conformation of the active site. A salt bridge between
R?"7 and E°'"' is formed when the lid loop closes over
the active site. Both R*”" and E°'' formed bridging
hydrogen bonds with O7 and O4' of Validoxylamine
A (+1 subsite), respectively, that led to substrate bind-
ing and loop closure (Fig. 5B,C). Furthermore, as dis-
cussed earlier, the decrease in activity of ESI1A
mutant verified the crucial role of the residue in
Px_EclTre glycosidic activity (Fig. 5C). The salt bridge
also serves as a determinant of substrate specificity. In
the E. coli trehalase structure bound to casuarine-6-O-
a-D-glucoside 2WYN), the presence of a sulphate ion
bound at the active site disrupted the salt bridge
between E>'! and R?’” and resulted in an intermediate
position of the lid loop.

The side loop closure over the substrate-binding site
is accompanied by the formation of another salt bridge
between R'% from the side loop and D* from the
hood domain. R'** formed a hydrogen bond with O7’
of Validoxylamine A, which coordinated the substrate
binding with the closure of both side loop and hood
domain. R?® interacted with Validoxylamine A (O3’
and O4' atoms respectively) and E*’°, thus forming a
bridging set of interactions with the ligand (Fig. 5B,
C). Mutation of E*”” in Px_EclITre affected the activity
of the enzyme (undetectable activity, Fig. 1C). Two
other conserved residue pairs that link the toroid and
hood domains are K¢ and E'*®, D% and R** respec-
tively. These residues formed a cluster of salt bridges
in both unliganded and ligand-bound states and did
not interact with ligand (Fig. 5D). Thus, they may not
contribute to the switch between conformational states
accompanying ligand binding.

Structural superimposition of bacterial and yeast tre-
halases demonstrated that despite the difference in
hood domain fold (Fig. 3D), the network of salt
bridges was conserved at the corresponding positions in
yeast trehalases also (Fig. 5C). This evolutionary con-
servation of salt bridge network between prokaryotic
and eukaryotic trehalases, despite differences in the fold
of the hood domain, indicates their significance in the
catalytic activity of the enzyme. In yeast trehalase, R*"’
that is part of a salt bridge interaction with the con-
served E°'' is replaced with a proline. Interestingly,
guanidium group of R*” in yeast occupied the same
position as the side chain of R?’” in Px_EclTre and was
positioned optimally to conserve the salt bridge
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interaction as well as interaction with the ligand [e.g.
yeast trehalase structure complexed with trehalose
(Sc_Tre-Trehalose; SM4A; Fig. 5C)]. The salt bridge
was not formed in Sc_Tre-Suc+Bmhl1 (SN6N: yeast tre-
halase structure complexed with sucrose and Bmhl)
due to the presence of the nonspecific substrate,
although the lid loop was ordered. R**? and E**® were
poised to form the salt bridge pair in yeast trehalase for
the side loop closure. The potential salt bridge interac-
tion was not observed among yeast trehalase structures,
probably due to them being either catalytically inactive
or unliganded conformations. The salt bridge by the
R?% and E*” pair and interaction with the ligand is
conserved in the yeast trehalase structures (R*> and
E*** in yeast). The interaction with the ligand (sucrose)
was disrupted in Sc_Tre-Suc+tBmhl (SN6N), and the
salt bridge interaction also was not observed. D'
R**and K?'"-E** in yeast trehalases formed pairs of
conserved salt bridges corresponding to D®-R?*, and
KO'-E'3¢, respectively, in bacterial trehalases. D*'? and
K?' from the hood domain of yeast were spatially con-
served with K® and D® of bacterial trehalases,
although the hood domains are of different folds.

All the salt bridges described above coordinated
ligand binding and closure through recognition of the
monosaccharide moiety at the +1 subsite. Further
analysis was carried out to understand the effect of
ligand binding at the —1 subsite.

Substrate-binding pocket at the —1 subsite is
lined by tryptophan residues

Analysis of contacts to —1 subsite of the ligand high-
lighted the presence of conserved tryptophans in the

20 40 60 80 100
Temperature (°C)

lane. (C) CD spectra and (D) Melting curves
of the wild-type Px_EcITre (WT) and its
different point mutants.

ligand-binding pocket. The active site of trehalases is
surrounded by five tryptophans, namely W', W3'!,
W447, W43 and W2, out of which all except w3 are
conserved (Fig. 6A,B). Ne2 atom of W*7 formed a
hydrogen bond with O2 of Validoxylamine A, while
W7 and W*? formed approximately parallel stacking
interactions (Fig. 6B,C; the angle between the planes
of side chains < 12°; Table 1) in close proximity to the
substrate. W*>* formed hydrophobic interactions with
K*7 (Fig. 6C). Only when the correct ligand or its
analogue was bound, K*7 oriented such that its termi-
nal amino group formed crucial hydrogen bonds with
Q*° and E¥°. The conserved Y°'? also interacted with
Q*® and E*° side chains in catalytically active treha-
lase conformations (Fig. 6C). Since the density of K%
in yeast trehalase structures (corresponding to K*”7 in
bacterial trehalase) was unavailable beyond CpB, the
presence of hydrogen bonds has been inferred only on
basis of bacterial trehalase structures (PDB IDs:
2WYN, 2JGO, 2JIB, 2JF4, 5766, 5Z6H) and yeast tre-
halase structure SN6N (Sc_Tre-Suc+Bmhl) where the
side chain is structured for K¢”°>. W*>* was sandwiched
between the lysine (K*7) and W** that interacts with
the ligand. These interactions might serve towards
recognition of the cognate ligand for optimally orien-
tating the active site cluster. Px_EclTre mutant
W447A showed structural destabilization (Fig. 4C,D)
and complete loss of activity (undetectable activity,
Fig. 6C).

w3t adjacent to the W7 side chain, formed a
cation-n interaction with R3'®, while R3'®, in turn,
formed salt bridging interactions with D**¢ and D’
W3 is replaced by a histidine (H*””) in yeast trehalase,
whose imidazolium ring coincides with the five-
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Fig. 5. Clusters of salt bridges stabilize ligand binding and accompanying domain closure. (A)The cluster of five salt bridges surrounding the
ligand-binding pocket in Px_Ecl trehalase structures. (B) Zoomed view of salt bridges (labelled 1-5) in Px_EcITre structures. Salt bridges 1
(D®-R"%%) and 5 (R?”7-E®"") are formed upon binding of correct substrate, leading to the closure of side loop, lid loop and hood domain. (C)
Salt bridges 1, 4 and 5 interact with the ligand at the +1 subsite. In yeast trehalases (Sc_Tre-Trehalose; 5M4A is shown in grey), R*%? and
E*?% probably form a salt bridge, equivalent to D®° and R'®® in bacterial trehalases. Protein-ligand interactions are shown with yellow dotted
lines and magenta dotted lines represent salt bridge interactions. The R355-E424 salt bridge is shown with a green dotted line while cyan
dotted lines show that R473 is positioned to conserve salt bridge in Sc_Tre-Trehalose (5M4A). (D) Salt bridges 2 (K®'-E'%%) and 3 (D®5-R?%)
form a cluster in bacterial and yeast trehalase irrespective of the presence of a ligand, and do not interact with the ligand. Px_EcITre-ValA
(5Z66) and Sc_Tre-Trehalose (5M4A) structures are shown as representatives of bacterial and yeast trehalase structures. The colour scheme

is as mentioned in Fig. 3. Subsite has been abbreviated as ‘SS’ in the figure panels.

membered ring of tryptophan side chain (Fig. 6D).
These interactions are conserved across all trehalases
and might be involved in structure stabilization. Two
other tryptophans in the vicinity of the active site and
which interact with the ligand are W'®® and W>%,
whose side chains are perpendicularly oriented
(Fig. 6B).

Although many of the residues discussed above did
not interact with the ligand directly, they appear to
form crucial interactions that modulate allosteric regu-
lation of enzyme activity. A conservation analysis of
the implicated residues among 185 sequences showed
the level of conservation of each of these residues,
highlighting the maintenance of the interactions across
trehalases (Fig. 6E).

Discussion

Molecular mechanism of trehalose recognition
and hydrolysis

Glycoside hydrolases catalyse the hydrolysis of sugar by
two mechanisms — one involves retention of the anomeric
configuration while the other occurs through an inver-
sion step [22]. Trehalases are known to show the inver-
sion of anomeric configuration of glucose, that is, it
forms both a-glucose and B-glucose upon trehalose
hydrolysis [23-25]. In inverting enzymes, an average dis-
tance of ~ 10 A between the catalytic residues is
observed [23]. In the case of liganded form and unli-
ganded structures of Px_EclTre, the distances between
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the Cy and Cd atoms of the respective catalytic residues
D*'2 and E*° were 9.2 and 11.6 A respectively. This sug-
gests that Px_EcITre possesses an inverting type of mech-
anism of catalysis. Interestingly, it was also observed that
the catalytic D*'?is in a cis-peptide conformation in both
the liganded and unliganded structures.

The atoms from the substrate at the —1 subsite are
surrounded by five tryptophans (W'6° W3 w47,
W*3 and W29, four of which (except W3!") are con-
served (Fig. 6A,B). Tryptophans have been observed
in other carbohydrate-metabolizing enzymes such as

A. Adhav et al.

Fig. 6. Conserved tryptophans surround the
—1 subsite of the ligand. (A) A cluster of
five conserved tryptophans is present close
to —1 subsite of the ligand-binding pocket.
The catalytic residues D°'? and E*%® are
also highlighted. (B) A zoomed view of the
tryptophans close to —1 subsite of the
ligand: W**” and W*° form an almost
parallel stack while W'®® and W5%° are
perpendicularly oriented. Also shown are
the catalytic residues (D3'? and E*%9). (C)
Residues K*®” and Y®'? form hydrogen
bonds with Q%46 and E*®® in a catalytically
active conformation. (D)R®'® forms a cation—
7 interaction with W®'" and salt bridges
with D3¢ and D% In yeast trehalases, all
the corresponding residues are conserved,
except W3 'that is replaced by H*””. Only
Px_EclTre structures are shown in the
subfigures A-C, while all the 10 structures
are shown in 5D to highlight the clustering.
(E) Surface representation of ligand-bound
Px_EclITre structure, in which the colour
gradient depicts the level of conservation at
different parts of the protein, derived from
Consurf analysis [50]. Subsite has been
abbreviated as 'SS’ in the figure panels.

endoglucanase CelA and B-mannanase. In these exam-
ples, the aromatic residue is near the active site and
stacks with the sugar ring of the substrate ring by ori-
enting the aromatic ring of the side chain in parallel
[26,27]. However, in trehalases, substrate recognition
does not involve stacking interactions of aromatic
rings. The aromatic residue (W*¥) interacts with the
substrate by formation of a hydrogen bond with the —
OH group at the C2 position of the ligand. Interest-
ingly, earlier studies with derivatives of trehalose have
shown that substitutions in the C2 position affect the
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catalytic activity of trehalase, implying that the inter-
action of W*¥ plays a significant role in the catalytic
activity [20]. Interaction of a tryptophan residue with
the substrate that assists substrate binding in active
site pocket has been demonstrated in other glycosyl
hydrolases, including lysozyme and chitinases. In these
hydrolases, tryptophan residues were involved in
hydrogen bonding with the substrate through the Ne2
atom of the side chain (as observed in Px_EclTre) or
formed a stacking interaction with sugar rings of the
substrate [28-30].

In the present study, we have highlighted a set of
five salt bridges. While three of these salt bridges were
formed upon binding of the correct ligand at the active
site, the remaining four residues formed a network of
constitutive salt bridges (present independent of ligand
binding). Apart from salt bridges, the residues from
side loop and lid loop are involved in substrate recog-
nition and interaction at the +1 subsite. The binding
of a correct ligand at the active site led to reorienting
the residues Q*¢, E*® K*7 and Y°!? such that resi-
dues K*7 and Y°'? formed H-bonds with Q**® and
E*%. These hydrogen bonds were not formed when
there is a nonspecific ligand at the active site or when
there is no ligand. Hence, the interactions identified as
specific to the active conformation of Px_EcITre could
be signatures of the active form of trehalases, regu-
lated by either the correct substrate or by allostery.

Role of conserved motifs and signature
sequences in trehalose catalysis

Two signature motifs (PGGRFIEFYYWDSY and
QWDFPNVWPP) and a glycine-rich region (GGG
GEY) are conserved across all the insect trehalases
[31]. Additionally, the dipterans also have been
reported to contain five conserved sequences
(DSKTFVDMK, IPNGGRV/IYY, RSQPPF/LL, GP
RPESYREDI and ELKAG/AAESGMDFSSRWFV)
[5,31]. Although the trehalase sequences from multiple
sources (bacteria, yeast, fungi, insects, dipterans, etc.)
belonging to different life forms are known, a compre-
hensive analysis correlating the conserved sites and
sequence motifs to their function was not reported
earlier.

Upon aligning trehalase sequences from 100 differ-
ent sources, as picked up from UniProt, we find that
the conserved motifs from the N terminus to C termi-
nus are: [D/RI’X[K/Q/YIXXXDXX®, P’ GGRFX
EXYXWDXY'®, NP’XXRXXYXX[R/H]SQPP?!?,
S3°G[W/H]DX[S/T]XR?',  P334[1/V/A][E/D]LN***,
[D/YT*[Y/F/W]IN/DI*!, Q**WDXPXXWXP** and
EM'YXXXXGFGWTN**?  (numbering according to

Enzymatic catalysis by trehalase

Px_EcITre). These also correspond to the conserved
sequence stretches in dipteran trehalase sequences. The
conserved motif E>''YXXXXGFGWTN?* is preceded
by GGGG, a ‘Glycine-rich’ region, in most of the tre-
halases. Apart from the aforesaid motifs, a few other
residues are also conserved: H''S, W'# y!3 G
L16, M21S, E27 y20° [R/PPT7, B2, L3, Y48, E496,
K*7. As mentioned earlier, in yeast structures where
there is a P**, corresponding to R?’” in bacterial tre-
halases, the salt bridge is formed by R*’®. Interest-
ingly, we observe that these sequence motifs contain
most of the residues implicated in the salt bridges and
tryptophan residues identified as residues of potential
functional significance. While E**® is a conserved cat-
alytic base, the binding of the correct substrate led to
the formation of hydrogen bonds by E*® and Y°!?
with Q*® and K*’. The residues R*"7, E*” were
involved in the formation of salt bridges with residues
from conserved motifs. The rest of the conserved resi-
dues formed interacting pairs (H''® & Y*¥, wW'* &
L' v* & 1?7 Y'™® & E*7) and are probably
involved in structural stability. Mutational studies on
these residues can provide further insights into their
function. Conserved residues and their functions are
summarized in Table 3.

Based on our structural, biochemical and mutational
studies, we have assigned a functional role to the con-
served residues in trehalases. The study highlights the
role of salt bridges and a cluster of tryptophans in
substrate specificity and catalysis. These strong interac-
tions surrounding the active site might contribute to
the optimal activity of the enzyme at a high tempera-
ture and acidic pH.

Design of validoxylamine A or validamycin
A-based trehalase inhibitors

Many life forms including bacteria, yeast, plants, mice
and humans have been reported to produce trehalase
enzyme [19,32-35]. Interestingly, the sensitivity of tre-
halase from different sources to inhibitors such as vali-
damycin A or Validoxylamine A seems to vary. For
instance, feeding rats with 500 and 1% m/v vali-
damycin A or Validoxylamine A is not toxic and no
abnormalities were observed in Fy and F; generations
[36]. In normal humans, the expression of trehalase is
at very low levels. Elevated expression of trehalase is
observed only in cases of kidney disorders or untreated
cocliac disease [37]. The use of trehalase inhibitors
Validoxylamine A and Validamycin A as antifungal
agents against plant pathogenic fungi has already been
reported [18,38]. Validoxylamine A, a breakdown pro-
duct of Validamycin A, can be naturally degraded to
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Table 3. Residues conserved across trehalases and summary of
their functional roles.

Residue?® Function

D59& R‘ISS K6‘\& E156
DGS& RZOO R206

& E279 and R277& E5‘H
R153 R277 E279 E511

Salt bridging pairs

Conserved residues
interacting at +1 site
Conserved tryptophans

near —1 site
Catalytic residues
Substrate recognition

W80 \\311 b \p\aa7
WA453 and W520

D312 and E496

R1S3 F154 Y188 [511 512 518
Q™6 E498 ang K497

H1188, v488 \\/123g | 169 y269g
1337 y158g, (237

R316 D336 gng DI

Interacting pairs of residues,
function not assigned

®Numbering according to bacterial trehalase residues in Px_EcITre.
PReplaced by a histidine in some and methionine in one structure.

nonhazardous products Valienamine and Validamine
[35].

Thus, in addition to its use as an antifungal agent, the
use of validamycin A or validaxylamine A-based treha-
lase inhibitors appears to be a reasonable choice against
insect pests, based on our study of inhibition of treha-
lase from an essential insect gut bacterium by Validoxy-
lamine A [39]. The information about the interaction of
Validoxylamine A with Px_EclTre-binding pocket can
be further explored for the structure—activity relation-
ship to optimize the inhibition potential and specificity
of inhibitor molecule. Understanding of binding mode
of trehalases with novel inhibitors that disrupt the salt
bridges and the tryptophan interactions can be utilized
for fine tuning enzyme—inhibitor interaction for the
design of more effective and specific trehalase inhibitors.

Materials and methods

Production and purification of recombinant
Px_EclITre

The sequence for the Px_Ecl_tre (Px000318) was obtained
from the Diamondback moth Genome Database (http://iae.
fafu.edu.cn/DBM) [40]. This sequence codes for an 890 aa
protein. The trehalase coding sequence from Px000318
(1599 bp) was identified. Signal peptide from the amino
acid sequence of Px_EclTre was predicted using SignalP 4.1
server and was excluded while designing primers. RNA was
isolated from 100 mg of larval tissue using TriZol (Thermo
Fisher Scientific, Waltham, MA, USA). RNA was treated
with DNase enzyme to remove DNA contamination (Pro-
mega, Fitchburg, WI, USA). Furthermore, cDNA was pre-
pared using High-Capacity cDNA Reverse Transcription

A. Adhav et al.

kit (Applied Biosystems, Foster City, CA, USA) as per
manufacturer’s instructions. Random primers were used for
cDNA preparation from total RNA. Gene was amplified
using specific primers and cloned in Zero Blunt® vector
(Thermo Fisher Scientific), followed by cloning in pET28a
(Novagen, Madison, WI, USA) vector with EcoRI and
HindIII restriction sites. Sequencing confirmed that cloned
sequence corresponds to E. cloacae periplasmic trehalase
(Refseq Accession ID: WP_045355849.1). cDNA prepared
using oligo dT primers do not show amplification for this
gene, which in turn indicates its bacterial origin.

BL21 Star (DE3) cells transformed with Px_EcITre con-
struct were grown in Luria—Bertani (LB) media containing
50 pgmL~' Kanamycin to ODggy 0.6-0.8. The cells were
then induced with isopropyl-B-p-1-thiogalactopyranoside at
the final concentration of 0.5 mm and incubated at 16 °C
for 10 h. Cells were harvested by centrifugation and lysed
by sonication in lysis buffer (50 mm Tris pH 8.0, 500 mm
NaCl and 10% Glycerol). The lysate was centrifuged at
18 500 g for 15 min at 4 °C. The clear supernatant thus
obtained was allowed to bind with 700 nL. Pro Bond Ni—
nitrilotriacetic acid resin (Thermo Fisher Scientific) pre-
equilibrated with binding buffer (50 mm Tris pH 8.0 and
500 mm NaCl) and then loaded on Bio-Rad gravity column
(Bio-Rad, Hercules, CA, USA). Nonspecifically bound pro-
teins were washed away with 25 mL wash buffer (50 mm
NaH,PO4, 300 mm NaCl and 20 mm Imidazole pH 8.0).
The protein bound to resin was eluted with 200 mm Imida-
zole in the wash buffer. The protein was concentrated by
passing through 10 kDa cut-off membrane (Millipore, Bil-
lerica, MA, USA). The concentrated protein was further
purified by size exclusion chromatography using Superdex-
75 column (GE Healthcare, Buckinghamshire, UK) on
AKTA system (GE Healthcare) and eluted into 50 mm Tris
pH 8.0 and 50 mm NaCl. Purified fractions were pooled
and concentrated for further activity studies and crystalliza-
tion experiments. The mutants were purified using a Ni-
nitrilotriacetic acid affinity chromatography as described
earlier (Fig. 4A,B).

Biochemical characterization of Px_EcITre and
mutants

Trehalase activity was estimated by monitoring release of
glucose from o, o-Trehalose using DNSA reagent [9]. A
premix containing 50 mm Tris-HCl pH 7.0 (130 pL) and
equal units (32 nm) of purified Px_EclTre protein (20 pL)
was prepared to which 150 pL of Trehalose (0.25%) was
added. The reaction was incubated for 15 min at 37 °C
and then stopped by adding 500 pL of DNSA reagent.
The reaction tubes were incubated in a boiling water
bath for 5 min and absorbance was measured at 540 nm.
One unit of trehalase was defined as the amount of
enzyme required to release 1 pm glucose-min™' at 37 °C
from trehalose under the given assay conditions.
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Enzyme activity of Px_EclTre was measured at different
pH values ranging from 2 to 12. Equal units of enzyme in
citrate-phosphate, sodium phosphate, Tris and glycine-
NaOH buffers (50 mm each) were used for the activity
assay at specified pH values 2-6, 7, 8-9 and 10-12 respec-
tively. For determining the optimum temperature for tre-
halose hydrolysis, the activity of purified Px_EclTre was
measured at pH 5.0 using 50 mm citrate sodium phosphate
buffer at various temperatures ranging from 15 °C to
95 °C.

Substrate saturation assay (Michaelis—Menten kinetics)
was performed to calculate Ky; and V., of the recombi-
nant enzyme. The assay was performed at 37 °C and pH 5
using various concentrations of trehalose (0.8-6.5 mm) as
substrate. Ky; and V. for Px_EclTre were calculated by
fitting the data to a Michaelis—Menten plot using GRAPHPAD
prISM V6.0 (GraphPad Software, San Diego, CA, USA).
For determination of inhibition kinetics and K; of Vali-
doxylamine A (obtained by acid hydrolysis of Validamycin
A), enzyme activity assays were performed at 6.6 and
33 nM inhibitor concentration. Trehalase inhibition values
obtained were used to generate Michaelis-Menten and dou-
ble reciprocal plot to determine K; and mode of inhibition
respectively. Results were analysed by plotting double
reciprocal plots and data fitting into competitive inhibition
model of GRAPHPAD PRIsM v6.0. This model uses the equa-
tion of K9P = Ky x (1 + [1]/K;), where K(P is apparent
Ky and [I] is inhibitor concentration.

All assays were performed as two independent experi-
ments in triplicate and obtained data were subjected to
analysis of variance (ANOVA) using GRAPHPAD PRISM V6.0
(GraphPad Software). The level of significance between dif-
ferent groups was judged by F-test, while data were com-
pared using the least significant differences at P < 0.05. In
all the figures, error bars represent +standard error for the
observations of each treatment.

Crystallization of Px_EcITre

Purified Px_EcITre (11 mg-mL™! in the buffer) was used to
set up a crystallization screen of 480 commercially available
conditions by sitting drop method with the help of
Mosquito Nanodrop Crystallization Robot (TTP Labtech,
Melbourn, UK). About 100 nL of protein was mixed with
100 nL of the crystallization condition and the plates were
incubated at 18 °C. Among the various initial hits
obtained, one of the conditions (0.17 M Ammonium Sul-
phate, 25% poly(ethylene glycol) 4000 and 15% glycerol)
was optimized further. The optimized crystallization condi-
tion consisted of 0.5 M ammonium sulphate, 25% poly
(ethylene glycol) 4000 and 15% glycerol. Equal volumes of
optimized  crystallization  condition and  protein
(31 mg-mL~") were mixed and incubated at 18 °C to obtain
crystals. Plate-like crystals were observed around 48-72 h.
A mixture of 1 mm (final concentration) Validamycin A
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(Duchefa Biochemie B.V., Haarlem, Netherlands) and puri-
fied Px_EclTre (10 mg-mL~') was used for crystallization
of the liganded complex. Diffraction quality crystals were
obtained in the condition with 0.2 M ammonium sulphate
and 28% poly(ethylene glycol) 4000. The cryo protectant
for unliganded Px_EcITre consists of 0.17 M ammonium
sulphate, 25.5% poly(ethylene glycol) 4000, 20% glycerol
while 0.2 M ammonium sulphate, 28% poly(ethylene glycol)
4000 and 20% glycerol was used for Px_EclTre crystals in
complex with Validamycin A.

Data collection, structure determination and
refinement

X-ray diffraction data were collected at beamline 104 of
Diamond Light Source (DLS) Synchrotron facility, United
Kingdom. Data were processed using xps [41] and scALA
[42]. The structure was determined by molecular replace-
ment using PHASER [43], with the trehalase structure 2JGO0
(Ec_Tre-TTZ) as a model. Model building and structure
refinement were carried out using cooT and PHENIX respec-
tively [44,45]. Data collection and refinement statistics are
summarized in Table 2.

Interestingly, upon solving the cocrystal structure, we
found that the protein had in fact Validoxylamine A
bound, instead of Validamycin A used for setting up crys-
tallization. Composite omit map calculated using PHENIX
unambiguously showed that the bound ligand is indeed
Validoxylamine A [46]. We believe this is possibly because
of hydrolysis of Validamycin A to Validoxylamine A under
acidic conditions present in the crystallization mixture for
the prolonged time period.

Analysis of functional sites, mutagenesis and
activity

Site-directed mutagenesis of Px_EclTre for F154A, E279A,
W447A and ES511A was carried out using Quick Change
Lightning Site-Directed mutagenesis kit (Agilent Technol-
ogy, Santa Clara, CA, USA) as per manufacturer’s protocol.
The primers were designed as described in the manual, and
the mutation was confirmed by sequencing. Mutant plasmids
were transformed in E. coli BL21 (DE3) cells and protein
was expressed. The protocol as described for wild-type pro-
tein purification was followed for purification of mutants.
Enzyme activity measurements were also carried out as
described above and compared with wild-type Px_EclTre.

Thermal shift assay

Thermal shift assay was performed to gain information
about the folded state of Px_EclTre mutants by comparing
their thermal denaturation curves as a function of tempera-
ture, with respect to the wild-type protein. The assay
was set up by adding following components to wells in a
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Bio-Rad Multiplate® PCR plate™ 96-well: protein (final
concentration 2 puMm), Sypro Orange (Sigma-Aldrich,
St. Louis, MO, USA) (diluted to 50x in DMSO: buffer
1 : 10) dye at a final concentration of 5x, buffer (20 mm
sodium phosphate buffer pH 8.0 and 100 mm KCI) was
added to make the final reaction volume to 25 pL. The
wells were sealed with adhesive seals (Microseal® ‘B’ seals;
Bio-Rad). Plates were briefly spun and put into a BIO-
RAD CFX96 Real-Time System RT-PCR machine. The
temperature was increased from 4 °C to 90 °C with an
increment of 0.4 °C/20 s. Fluorescence was monitored
using FRET channel 6 (excitation A = 450-490 nm and
detection A = 560-580 nm). Melting temperature (7,) of
wild-type and the mutants was estimated from the plots of
relative fluorescence vs temperature.

Circular dichroism spectroscopy

Circular dichroism (CD) assays were carried out using
Jasco spectropolarimeter (Jasco, Tokyo, Japan) under con-
stant nitrogen flow [47]. Far-UV spectra were recorded
using 0.1-cm path length quartz cuvette. Five consecutive
measurements were accumulated to obtain mean spectra.
The observed ellipticities were converted into molar elliptic-
ities (0) based on molecular mass per residue of wild-type
and mutants.

MicroScale thermophoresis of the Px_EclITre
interaction with validoxylamine A

Microscale thermophoresis experiments were carried out
using the Monolith NT 115 instrument from Nanotemper
technologies [48]. His-tag labelled Px_EclTre was kept con-
stant at a concentration of 5 nm, whereas the concentration
of unlabelled partner Validoxylamine A varies from 0.61E-
3 to 1.25 um in 1x PBS. LED power of 100% and MST
power of 60% were used for this experiment. Data analysis
was carried out using NTanalysis (Nanotemper technolo-
gies, Munchen, Germany) [49].

Conservation analysis

In order to identify the residues conserved across treha-
lases, Consurf server was used [50]. Conservation pattern
was visualized and depicted using The PYMOL MOLECULAR
GRAPHICS SYSTEM, Version 2.0, Schrodinger, LLC (New
York City, NY, USA).
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SUMMARY

Cytokinesis depends on a contractile actomyosin
ring in many eukaryotes [1-3]. Myosin Il is a key
component of the actomyosin ring, although whether
it functions as a motor or as an actin cross-linker
to exert its essential role is disputed [1, 4, 5]. In
Schizosaccharomyces pombe, the myo2-E1 muta-
tion affects the upper 50 kDa sub-domain of the
myosin Il heavy chain, and cells carrying this lethal
mutation are defective in actomyosin ring assembly
at the non-permissive temperature [6, 7]. myo2-E1
also affects actomyosin ring contraction when rings
isolated from permissive temperature-grown cells
are incubated with ATP [8]. Here we report isola-
tion of a compensatory suppressor mutation in the
lower 50 kDa sub-domain (myo2-E1-Sup1) that
reverses the inability of myo2-E1 to form colonies
at the restrictive temperature. myo2-E1-Sup1 is
capable of assembling normal actomyosin rings,
although rings isolated from myo2-E1-Sup1 are
defective in ATP-dependent contraction in vitro.
Furthermore, the product of myo2-E1-Sup1 does
not translocate actin filaments in motility assays
in vitro. Superimposition of myo2-E1 and myo2-
E1-Sup1 on available rigor and blebbistatin-bound
myosin Il structures suggests that myo2-E1-Sup1
may represent a novel actin translocation-defective
allele. Actomyosin ring contraction and viability of
myo2-E1-Sup1 cells depend on the late cytokinetic
S. pombe myosin Il isoform, Myp2p, a non-essential
protein that is normally dispensable for actomyosin
ring assembly and contraction. Our work reveals
that Myo2p may function in two different and
essential modes during cytokinesis: a motor activ-
ity-independent form that can promote actomyosin

ring assembly and a motor activity-dependent form
that supports ring contraction.

RESULTS AND DISCUSSION

The product of the myo2-E1 allele is predicted to harbor a sub-
stitution of glycine at position 345 with arginine (Figures S1A
and S1B). Cells carrying this mutant allele are capable of colony
formation at 24°C but are severely compromised for colony
formation at 36°C (Figure 1A) due to defective actomyosin ring
assembly [6, 7, 9, 10]. The myo2-E1 mutation resides between
a-helix HL and B sheet S1D, which is part of the upper 50 kDa
sub-domain in the head of Myo2p (Figure S1B). Previous work
has shown that Myo2-E1p (product of myo2-E1) does not bind
or move actin filaments and has a very low ATPase activity
in vitro [10, 11]. The presence of a bulky arginine side chain
between helices HL and HO in the upper 50 kDa sub-domain
of this mutant might introduce constraints to the conformational
changes in the Myo2p head domain during the actomyosin
cycle, resulting in the observed phenotypes. To further under-
stand the role of Myo2p in cytokinesis, we isolated genetic
suppressors that restored the ability of myo2-E1 cells to form
colonies at 36°C (Figure 1A). One suppressor, myo2-E1-Sup1,
is described in this study. Genetic crosses between myo2-E1-
Sup1 and wild-type cells only produced progeny that were
able to form colonies at 36°C, suggesting that the suppressor
mutation was intragenic or very tightly linked to myo2. Nucleo-
tide sequence determination revealed that myo2-E1-Sup1 con-
tained the original G345R mutation and also had additional
mutations (Q640H and F641l) (Figures S1A and S1B). Further-
more, no sequence alterations were found in the neighboring
rgf3 gene (data not shown), which has also been implicated in
cytokinesis [12, 13]. Therefore, we concluded that the sequence
alteration Q640H F641] was responsible for the suppression of
myo2-E1. Interestingly, Q640H and F641l are located in the
HW region of the Myo2p head (within the lower 50 KDa sub-
domain), which is at a significant distance (~36 A) from HL and
S1D, the region where the original mutation resides, suggesting
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Figure 1. myo2-E1-Sup1 Restores Actomyosin Ring Assembly and Partial Ring Contraction

(A) Serial dilutions (10-fold) of wild-type, myo2-E1, and the intragenic suppressor myo2-E1-Sup1 were spotted onto yeast extract agar (YEA) plates and grown for
3 days at 24°C and 36°C.

(B) Quantification of DAPI and anillin blue staining used to visualize the nucleus and septum of wild-type, myo2-E1, and myo2-E1-Sup1 cells, respectively.
Phenotypes of the mutants were categorized into two types: septa with two nuclei (S/2N) and cells with abnormal cytokinesis, revealed by the presence of
multiple septa and nuclei (MS/>2N).

(C) Time-lapse series of wild-type, myo2-E1, and myo2-E1-Sup1 cells expressing 3GFP-tagged myosin regulatory light chain (Rlc1-3GFP) as a contractile ring
marker and mCherry-tagged tubulin (mCherry-atb2) as a cell-cycle stage marker. Cells were grown at 24°C and shifted to 36°C for 3-4 hr before imaging at 36°C
(t = 0 indicates the time before RIc1-3GFP nodes localize to the cell middle). Images shown are maximum-intensity projections of z stacks. Scale bars repre-
sent 3 um.

(D) Timing of contractile ring assembly, maturation/dwelling, and contraction. Quantification of (C) is shown. Error bars represent SD.

(E) Timing of actomyosin ring assembly from nodes. Quantification of (C) is shown (asterisks indicate the statistical significance of the difference between the two
genotypes). Statistical significance was calculated by Student’s t test (***p < 0.0001). Error bars represent SD.

(F) Timing of actomyosin ring contraction. Quantification of (C) is shown. Statistical significance was calculated by Student’s t test (***p < 0.0001). Error bars
represent SD.

(G) Constriction rate determined from a graph of ring circumference versus time. Statistical significance was calculated by Student’s t test (****p < 0.0001). Error
bars represent SD.

See also Figure S1.

potential allosteric mechanisms, rather than a simple reversal of  ure 1B). By contrast, only ~35% of myo2-E1-Sup1 cells con-
original mutation, may operate in the suppression. tained such defects, while those defects were rarely seen in

Following a 6 hr shift to 36°C, nearly 80% of myo2-E1 cells  wild-type cells (Figures 1B and S1C). Since the ingressing acto-
became multinucleate and had either improper septa with a  myosin ring guides division septum assembly, we investigated
wavy and patchy appearance or did not have a septum (Fig- the dynamics of the actomyosin ring component Rlc1p-3GFP
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in wild-type, myo2-E1, and myo2-E1-Sup1 strains; mCherry-
tubulin served as a cell-cycle marker in these experiments. In
wild-type cells, actomyosin rings were assembled in meta-
phase/anaphase A in ~12.8 + 0.6 min and contracted following
spindle breakdown in ~22 + 1.9 min, with an intervening dwell
phase of 5 + 0.8 min during which the actomyosin ring was stably
maintained (Figures 1C-1E and S1D). As expected, all aspects
of cytokinesis were slower in myo2-E1 mutants compared to
wild-type cells: improper ring assembly took ~38 + 6.9 min
and improper contraction/disassembly lasted ~82 + 16.2 min
at 36°C (Figures 1C and S1D). Imaging myo2-E1-Sup1 cells
revealed that they assembled actomyosin rings of normal
appearance (Figure 1C, time point 24 min, ending on views in
Figure S1D), with a significantly accelerated kinetics for both
ring assembly (~18.6 + 1.5 min) and contraction (~34.2 =
3 min) compared to the original myo2-E1 mutant. Nevertheless,
both steps were marginally slower in myo2-E1-Sup1 compared
to wild-type cells (Figures 1C-1E and S1D). Whereas actomyosin
rings in wild-type cells contracted at ~0.6 + 0.1 um/min, contrac-
tionrate in myo2-E1-Sup1 cells was ~0.4 + 0.08 um/min at 36°C.
These experiments established that myo2-E1-Sup1 assembled
contractile rings of normal appearance, although both ring as-
sembly and ring contraction took ~1.5 times longer compared
to wild-type cells.

Two type Il myosin heavy chains participate in cytokinesis in
S. pombe [14-17]. We therefore investigated the possibility that
Myp2p, which is normally non-essential for ring assembly, assis-
ted in actomyosin ring assembly and contraction in the myo2-E1-
Sup1 strain through a potential ectopic upregulation. Toward this
goal, we generated a double mutant of the genotype myo2-E1-
Sup1 myp2A. Although this strain was viable at 24°C, surpris-
ingly, it was inviable at 36°C (Figure 2A). Time-lapse microscopy
was performed on wild-type, myo2-E1 myp2A, myo2-E1-Sup1
myp2A, and myp2A strains to investigate aspects of actomyosin
ring function. The time taken for ring assembly and contraction
and the ring contraction rate were comparable in wild-type and
myp2A cells (Figures 2B-2F), clarifying that Myp2p is not impor-
tant for either ring assembly or contraction at 36°C when Myo2p
is fully functional. myo2-E1 myp2A assembled abnormal actomy-
osin rings that underwent abnormal disassembly (Figures 2B
and 2C). myo2-E1-Sup1 myp2A assembled actomyosin rings
of normal appearance, and the assembly of these rings took
~6 min more than wild-type and myp2A cells (Figures 2B-2D).
Ring contraction was dramatically affected in myo2-E1-Sup1
myp2A (Figures 2B, 2C, 2E, and 2F). Contraction and disas-
sembly took more than twice the amount of time compared to
wild-type cells, while the ring contraction rate was less than half
of that observed in wild-type cells (Figures 2E and 2F). Further-
more, contraction was frequently asymmetric and led to rings dis-
assembling abnormally and often to the fragmentation of the ring
into two or more clusters (Figures 2B, time points 48-72 min, and
2C). Since myo2-E1-Sup1 myp2A and myo2-E1-Sup1 were
capable of actomyosin ring assembly but showed appreciable
defects inring contraction, we conclude Myo2p activity is essen-
tial for ring assembly and contraction, whereas Myp2p plays an
ancillary role in promoting inefficient contraction when Myo2p
motor activity is compromised at 36°C (compare ring contraction
times and rates between myo2-E1-Sup1 and myo2-E1-Sup1
myp2A in Figures 2E and 2F).

Analysis of three-dimensional structures of rigor myosin (actin
bound: 4A7F) and blebbistatin-bound myosin (actin unbound:
1YV3) suggested that the amino acid substitutions in myo2-E1-
Sup1 may result in increased binding affinity toward F-actin (Fig-
ure S2; see the Supplemental Experimental Procedures for a
detailed description of the structural analysis). This in turn may
lead to defective actomyosin ring contraction due to myo2-E1-
Sup1 being tightly bound to actin, leading to an actin filament
translocation defect.

We have already developed methods to isolate ATP-depen-
dent contraction-competent actomyosin rings [8, 18]. We there-
fore used this system to test if isolated actomyosin rings in
cell ghosts from myo2-E1-Sup1 were capable of ATP-depen-
dent contraction. Actomyosin rings were isolated from wild-
type, myo2-E1, myp2A, myo2-E1 myp2A, myo2-E1-Sup1, and
myo2-E1-Sup1 myp2A cells grown at the permissive tempera-
ture of 24°C. Actomyosin rings isolated from wild-type and
myp2A cells underwent normal and rapid contraction upon
ATP addition (Figures 3A and 3B). As previously reported [8],
upon the addition of 0.5 mM ATP, actomyosin rings isolated
from myo2-E1 and myo2-E1 myp2A either contracted slowly
or underwent fragmentation (Figures 3A and 3B). Interest-
ingly, despite the moderate delay in ring assembly timing,
actomyosin rings of normal appearance assembled in myo2-
E1-Sup1 and myo2-E1-Sup1 myp2A at the restrictive tempera-
ture. However, rings isolated from these strains did not contract
normally, even at the permissive temperature for myo2-E1
(24°C). Instead, rings from these strains remained stable and
broke into large fragments. These experiments established
that, consistent with in vivo results, rings isolated from myo2-
E1-Sup1 and myo2-E1-Sup1 myp2A cells are defective in
ATP-dependent contraction in vitro. These results were consis-
tent with the idea that the product of myo2-E1-Sup1 is defective
in its motor activity and actin filament translocation, but not in
actin filament binding, which in turn may explain the ability of
myo2-E1-Sup1 to support actomyosin ring assembly, but not
contraction. However, it was possible that the actin translocation
defect in myo2-E1-Sup1 was due to allosteric effects on other
unidentified components of the actomyosin ring that affect ring
contraction, rather than a direct effect of myo2-E1-Sup1 on actin
filament translocation.

To distinguish between these possibilities, we purified the
products of myo2*, myo2-E1, and myo2-E1-Sup1 using an
expression system developed by Lord and Pollard [11].
Myo2-E1-Sup1p was more difficult to purify (potentially due
to its tight binding to actin) and was eventually isolated from
Latrunculin A-treated cells (Figure S3A). We then performed
actin motility assays as described in Lord and Pollard [11].
In brief, Myo2p and the mutant versions were immobilized
on nitrocellulose-coated coverslips, overlaid with rhodamine-
phalloidin-stabilized rabbit actin filaments, and incubated
with ATP (Figures 4A, 4B, S3B, and S3C; Movies S1, S2, S3,
and S4). We found that wild-type Myo2p was able to bind
and translocate actin filaments at ~0.72 + 0.13 pm/s when
incubated with ATP. Also, as previously reported [11], Myo2-
E1p did not attach to actin filaments (Movie S2). Interestingly,
unlike the product of myo2-E1, the product of myo2-E1-Sup1
bound actin tightly, since these filaments were either severely
affected for motility or were non-motile (gliding velocity was
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Figure 2. myo2-E1-Sup1 Fails in Actomyosin Ring Contraction in the Absence of the Non-essential Myosin Heavy Chain Myp2p

(A) Serial dilutions (10-fold) of wild-type, myo2-E1, myp2A, myo2-E1 myp2A, and myo2-E1-Sup1 myp2A were spotted onto YEA plates and grown for 3 days at
24°C and 36°C.

(B) Time-lapse series of wild-type, myp2A, myo2-E1 myp2A, and myo2-E1-Sup1 myp2A cells expressing 3GFP-tagged myosin regulatory light chain (Rlc1-3GFP)
as a contractile ring marker and mCherry-tagged tubulin (atb2-mCherry) as a cell-cycle stage marker. Cells were grown at 24°C and shifted to 36°C for 3—4 hr
before imaging at 36°C (t = 0 indicates the time before Ric1-3GFP nodes localize to the cell middle). Images shown are maximum-intensity projections of z stacks.
Scale bars represent 3 um.

(C) Kymographs of a 3D-projected ring from wild-type, myo2-E1 myp2A, and myo2-E1-Sup1 myp2A cells. Scale bars represent 3 um.

(D) Timing of actomyosin ring assembly from nodes. Quantification of (B) is shown. Asterisks indicate the statistical significance of the difference between the
different genotypes compared to the wild-type. Statistical significance was calculated by Student’s t test (**“p < 0.0001). Error bars represent SD.

(E) Timing of actomyosin ring contraction. Quantification of Figure 1C and (B) is shown. Statistical significance was calculated by Student’s t test (***p < 0.0001).
Error bars represent SD.

(F) Constriction rate determined from a graph of ring circumference versus time. Contraction rates of Figure 1C and (B) are shown. Statistical significance was
calculated by Student’s t test (***p < 0.0001). Error bars represent SD.

See also Figure S2.

~0.06 = 0.04 pum/s). Myo2-E1-Supip also had a dominant Our work reported in this study establishes that the type Il

effect when mixed with wild-type Myo2p. The mixture bound
to actin filaments but these filaments were non-motile. The
fact that Myo2-E1-Sup1p did not support motility, despite
binding actin filaments and its dominant-negative effect on
motility over wild-type Myo2p, suggests that Myo2-E1-Sup1p
is most likely a novel rigor mutant of Myo2p.

4 Current Biology 27, 1-7, March 6, 2017

myosin, Myo2p, plays two distinct and essential roles. Since
cells harboring the novel rigor mutant allele myo2-E1-Sup1
assemble normal actomyosin rings, despite the defective
contraction in vitro and in vivo, it is possible that actomyosin
ring assembly depends on the ability of Myo2p to cross-link actin
filaments. Actomyosin ring assembly in myo2-E1-Sup1 cells is
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Figure 3. Isolated Actomyosin Rings of
myo2-E1-Sup1 Do Not Undergo ATP-
Dependent Contraction

(A) Cell ghosts were prepared from wild-type,
myo2-E1, myp24, myo2-E1 myp24, myo2-E1-
Sup1, and myo2-E1-Sup1 myp2A grown at 24°C.
Ring contraction experiments were performed
at 24°C and contraction was activated by the
addition of 0.5 mM ATP. Images shown are
maximume-intensity projections of z stacks. Scale
bars represent 5 um.

(B) Graph showing percentage of contracted,
clustered, and broken rings. Quantification of (A) is
shown.

See also Figure S2.
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slower than in wild-type cells (possibly due to cross-linking and
tighter binding of Myo2-E1-Sup1p with actin), suggesting that
myosin Il motor activity may also play a role in actomyosin ring
assembly, as previously proposed [19, 20]. It is possible that
clustering of cytokinetic precursor nodes can occur through
tension generated by myosin ll-dependent cross-linking of actin
filaments. This view is consistent with aspects of the work of Ma
and colleagues who have proposed that actin translocation ac-
tivity of myosin Il is not essential for cytokinesis [4]. Inconsistent
with the work of Ma and colleagues, however, are our findings
that actomyosin rings in myo2-E1-Sup1 cells do not contract
normally, that actomyosin rings isolated from those cells fail to
undergo ATP-dependent contraction, and that one-step-purified
Myo2-E1-Sup1p does not support ATP-dependent actin fila-
ment motility in vitro. These observations suggest that myosin
Il motor activity is essential for actomyosin ring contraction.
Thus, through the analysis of novel myosin Il mutant alleles, we
have been able to discriminate between myosin Il motor activity-
dependent and -independent steps in cytokinesis. Published

work in S. cerevisiae and mammalian cells [4, 5, 21] has ques-
tioned the role of myosin Il motor activity in cytokinesis. It is
likely that in some cell types, tension generated by actin fila-
ment cross-linking and filament disassembly alone may suffice
for cytokinesis, whereas in others such as S. pombe, cytokinesis
may depend on motor activity-dependent and -independent
functions of myosin Il.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2017.01.028.
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Chapter 10
Structure and Dynamics of Actin-Like
Cytomotive Filaments in Plasmid Segregation

Pananghat Gayathri and Shrikant Harne

Abstract One of the well-known functions of the bacterial cytoskeleton is plasmid
segregation. Type II plasmid segregation systems, among the best characterized
with respect to the mechanism of action, possess an actin-like cytomotive filament
as the motor component. This chapter describes the essential components of the
plasmid segregation machinery and their mechanism of action, concentrating on the
actin-like protein family of the bacterial cytoskeleton. The structures of the actin-
like filaments depend on their nucleotide state and these in turn contribute to the
dynamics of the filaments. The components that link the filaments to the plasmid
DNA also regulate filament dynamics. The modulation of the dynamics facilitates
the cytomotive filament to function as a mitotic spindle with a minimal number of
components.

Keywords ParM e« Actin-like * Alps ¢ Plasmid segregation type II * Centromere ©
ParMRC system * R1 plasmid ¢ Cytomotive filament ® Treadmilling  ParR « PALM
* ParRC helix * AIfA « AIfB * Alp12A * Alp7A « pSK41 « Bipolar spindle

Plasmid Segregation

Unlike high-copy number plasmids, low-copy number plasmids need to ensure that
they are inherited to both daughter cells before or during bacterial cell division. To
achieve this, they encode dedicated machinery that keeps the replicated plasmids
apart within the bacterial cell. This greatly enhances the probability of equal parti-
tioning to the daughter cells and facilitates the maintenance of the plasmids, extra-
chromosomal genetic material, across generations of bacteria.
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Fig. 10.1 Organization of par loci encoding actin-like protein homologs. In E. coli, parC, the
centromere, is formed by two sets of five 11-base pair (bp) repeats separated by a 39 bp region. In
S. aureus pSK41 and B. subtilis AlIfA, the centromere is a continuous region formed by eight and
three short repeats (iteron) respectively. The centromere region (each arrow represents an iteron)
is followed by genes that encode a motor protein of the actin fold (yellow) and an adapter protein
(blue). In general, the promoter region of the motor protein is located within the centromere
sequence. Adapter proteins can thus repress the expression of motor proteins by binding to the
centromere region. The lengths of the DNA segments shown for the centromere sequences and the
protein-encoding regions are not drawn to scale

Components of a Plasmid Segregation System

Plasmid segregation systems were discovered in the early 1980s, well before the
existence of filamentous proteins was established, and found to confer stability to
plasmids containing them (Gerdes and Molin 1986). The first plasmid segregation
locus to be identified was the ParMRC plasmid stability locus, first named stb (for
stability). Studies carried out to understand the plasmid stability locus of E. coli R1
plasmid identified three components — (i) ParM — an actin-like protein that assem-
bles into filaments in the presence of ATP as nucleotide (ii) parC — a centromeric
DNA segment on the plasmid where ParM is attached, and (iii) ParR — an adaptor
protein that couples ParM to parC, and also acts as a transcriptional repressor of
ParM (Gerdes and Molin 1986; Dam and Gerdes 1994).

Later, characterization of a variety of plasmid and bacterial chromosome segre-
gation loci led to the conclusion that the minimal number of necessary and sufficient
components for a plasmid or DNA segregation system (Fig. 10.1) include — (i) a
motor component that can actively push or pull the DNA, by utilizing energy derived
from nucleotide binding/hydrolysis, (ii) a point of attachment on the plasmid DNA,
a locus that functions as a centromere, and (iii) an adaptor protein that serves as a
link between the DNA and the motor (Gerdes et al. 2010).
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Motor

In some of the plasmid or DNA segregation systems, the motor component func-
tions through assembly of the monomeric protein into a filamentous structure
(Mgller-Jensen et al. 2002). Typically, the adaptor protein mediates the binding of
the centromeric DNA to the end of the filament (Jensen and Gerdes 1997). The
elongation/shortening of the filament facilitates the movement of the DNA, thereby
resulting in a pushing or a pulling mechanism (Mgller-Jensen et al. 2002, 2003).
Since it is the filament itself that acts as a linear motor, as opposed to the molecular
motors of eukaryotic cytoskeletal systems such as myosins, kinesins or dyneins that
walk on the cytoskeletal tracks, the bacterial cytoskeletal filaments involved in DNA
segregation fall under the category of cytomotive filaments (Lowe and Amos 2009).
The dynamic assembly and disassembly of the filaments is driven by changes in the
nucleotide state. Interactions with the adaptor and/or the adaptor/centromere com-
plex modulate these dynamics (Mgller-Jensen et al. 2003; Garner et al. 2004).

The segregation systems have been classified into different types (I — III) based
on the fold of the motor protein. The motor proteins of Type I, II and III comprise
ATPases of the WACA family (deviant Walker A motif containing Cytoskeletal
ATPases), ATPases of the actin family (Fig. 10.2), and GTPases of the tubulin fam-
ily, respectively (Gerdes et al. 2010). Type I is the most common system that also
functions in bacterial chromosome segregation but is the least understood. Type 11
systems will be described in detail in the current chapter on actin-like cytomotive
filaments in plasmid segregation, while Type III will be discussed in the next chap-
ter (Chap. 11).

Centromere

The locus on the plasmid that allows for the attachment of the filament motor via an
adaptor protein can be regarded a centromere-like region of the plasmid DNA (Dam
and Gerdes 1994). The centromeres of plasmid segregation systems comprise repet-
itive segments of DNA, termed iterons. In different systems there are 3—12 iterons
in their centromeric sequences, each of 6-12 bp length (Figure 10.1). Each iteron
binds a functional unit (either monomer or dimer) of the adaptor protein (Dam and
Gerdes 1994; Mgller-Jensen et al. 2007; Schumacher et al. 2007). The arrangement
of the iterons allows for cooperative binding of the adaptor on the plasmid DNA
(Mgller-Jensen et al. 2003). The resulting protein-DNA complex is sometimes
called the ‘segrosome’. The structure of the segrosome (Fig. 10.3) is typically orga-
nized with the DNA on the outer surface of an extended super-helical structure of
the adaptor proteins (Mgller-Jensen et al. 2007; Schumacher et al. 2007).
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Fig. 10.2 Motor proteins in Type II plasmid segregation systems are actin-like. (a) Sections of the
structure-based sequence alignment obtained using PROMALS3D (Pei et al. 2008) of human and
bacterial actins (UNIPROT ID’s- Human actin: P68133, E. coli MreB: POA9X4, E. coli R1 ParM:
P11904, S. aureus pSK41 ParM: 087364, B. subtilis pE88 Alp12A: Q89A01, B. subtilis pLS32
Alp7A: CTF6XS, B. subtilis pLS20 AlfA: SSDTP8) shows that the signature motifs of the ASKHA
fold (Bork et al. 1992) are conserved in the bacterial actins involved in plasmid segregation.
Monomeric structures of (b) actin (PDB: 1YAG), (¢) R1 ParM (PDB: IMWM) and (d) pSK41
ParM (PDB: 3JS6). The four domains are color coded as IA/1 (blue), IB/2 (yellow), IIA/3 (red),
1IB/4 (green). The signature motifs are colored according to the labels in (a), and the conserved
residues highlighted in stick representation. Bound nucleotides, if any, are shown in ball and stick
representation

Adaptor Protein

Adaptor proteins, as the name implies, mediate the attachment of the filament
motors to the centromere-like sequences on the DNA. They have a surface that
interacts with the DNA, and another binding site for the motor protein (Salje and
Lowe 2008). Cooperative binding of the adaptor protein to the repetitive sequences
of the centromere results in the formation of the segrosome complex (Fig. 10.3).
The adaptor protein, on its own and in the centromere-bound form, is capable of
altering the dynamics of assembly of the cytomotive filament (see later sections)
(Mgller-Jensen et al. 2003; Garner et al. 2004; Gayathri et al. 2012; Garner 2007).
This is a significant feature of plasmid segregation systems, which helps with dis-
pensing of alternative nucleation factors for filament assembly, checkpoints for
spindle assembly, and disassembly factors. In many if not all cases, the centromeric
sequence overlaps with the promoter-binding region for the motor. Hence, the adap-
tor protein also acts as a transcriptional repressor for the motor and adaptor proteins
(Dam and Gerdes 1994). The repression activity regulates the number of monomers
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Fig. 10.3 Architecture of the segrosome complex in plasmid segregation. (a) Organization of the
centromeric sequence into 10 iterons. The 39-bp insertion between the iterons is shown as a grey
loop. (B—C) pB171 ParR (PDB ID: 2JD3) forms a super-helical structure resembling a lockwasher.
A dimer of ParR binds to each iteron of parC (color-coded and numbered correspondingly) (b)
View of ParR helix along the screw axis and (c) side view. (d) ParR binds DNA as a dimer to one
iteron of the centromeric sequence, as shown by the crystal structure of the N-terminal region of
dimeric ParR (PDB ID: 2Q2K) of pSK41 plasmid (/ight and dark blue) in complex with a 20-bp
DNA sequence of two iterons of parC (magenta and pink). (e) Electron micrographs of R1 ParR
assembled on parC-containing plasmid (Adapted from Mgller-Jensen et al. (2007)). (f) Negatively
stained EM image of R1 ParR bound to the tip of a ParM filament (Adapted from Salje and Lowe
(2008))

of the motor protein available in the cell, and thus controls filament dynamics. This
leads to an efficient mechanism of disassembly and/or control over excessive fila-
ment formation and bundling.

Actin-Like Cytomotive Filaments in Plasmid Segregation

A large number of actin-like proteins have been identified in bacterial genomes
(Derman et al. 2012). Some of these proteins have been shown to be involved in
plasmid partitioning while the functions of others remain elusive. The best-
characterized plasmid segregation system involving an actin-like cytomotive fila-
ment is the ParMR C system (Salje et al. 2010). Other actin-like plasmid segregation
systems are AlIfA, Alp7A, Alp12, pB171 and pSK41. The following sections discuss
in detail how the structure and dynamics of the cytomotive filaments lead to plasmid
partitioning as, currently, the function of the ParMRC system is probably the best-
understood in bacterial systems involving cytomotive filaments.
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ParMRC System of E. coli R1 Plasmid

A number of studies utilizing cytological investigations (Gerdes and Molin 1986;
Dam and Gerdes 1994), in vitro biochemical assays (Mgller-Jensen et al. 2002;
Jensen and Gerdes 1997; Mgller-Jensen et al. 2003, 2007; Schumacher et al. 2007;
Salje and Lowe 2008), reconstitution experiments in vitro (Garner et al. 2004;
Garner 2007), live cell fluorescence microscopy (Campbell and Mullins 2007),
X-ray crystallography (Gayathri et al. 2012; van den Ent et al. 2002), electron
microscopy and tomography experiments (Salje et al. 2009; Orlova et al. 2007;
Popp et al. 2008; Bharat et al. 2015) have led to deep mechanistic insights into the
action of the ParMRC system of plasmid segregation.

Structural Features of ParMRC

The structural organization of the three components of the plasmid segregation
machinery has been elucidated for ParMRC.

Architecture of the ParRC Complex

The parC locus of the ParMRC system consists of 10 iterons of 11-base pair
sequences of DNA, five each on either side of a 39-base pair region (Fig. 10.3a)
(Dam and Gerdes 1994). The structure of ParR demonstrates that it forms a
lockwasher-like super-helical structure at high concentrations and in the presence of
DNA containing the parC sequence (Fig. 10.3b—d) (Mgller-Jensen et al. 2007). The
positively charged surface on the outside of the lockwasher provides a complemen-
tary electrostatic surface for the negatively charged DNA backbone, as well as a
repeating structural match to the iterons; each dimer of ParR binds to an iteron
comprising 11-base pairs of parC (Mgller-Jensen et al. 2007).

Architecture of ParM Filament

In the presence of ATP, ParM forms helical filaments with a left-handed twist
(Gayathri et al. 2012; Orlova et al. 2007; Popp et al. 2008). These can also be
described as a two-start helix with two protofilaments/strands (Fig. 10.4a). The
arrangement of the monomers within the protofilament of ParM is similar to that in
actin, though the helical parameters and the twist are different. The rotation between
adjacent subunits in the protofilament is 27° for actin (right-handed), and —30°
(left-handed) for ParM (Gayathri et al. 2012; Fujii et al. 2010). Table 10.1 contains
a summary of the helical parameters of all the actin-like filaments in plasmid segre-
gation for which a reliable reconstruction is available. The polar structure (filament
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Fig. 10.4 Conformational cycle of ParM. (a) The ParM filament is composed of two protofila-
ments (PDB ID: 4A6J). Alternate monomers are colored as grey and black in one protofilament/
strand and yellow and orange in the other. Monomers in one protofilament are offset by approxi-
mately half their length (~ 24 A) with respect to the other protofilament — the filament is staggered.
The filament is polar, with one end termed as the barbed end and the other as the pointed end. The
standard view of the monomers, shown in Fig. 10.2, and in (b), is such that the bottom of the
monomer faces the barbed end of the filament. (b) The nucleotide-dependent conformational cycle
of ParM: ParM in its apo-form binds ATP resulting in a ~25° domain closure between domains 1
and 2. The conformational change in ParM-ATP can either allow its assembly to form filaments or
it binds with ParR to forms a ParM-ATP-ParR complex. The ParR-bound conformation of ParM
and the monomer conformation within the ParM-ATP filament are equivalent — a more compact
conformation where ATP hydrolysis is stimulated. Upon release of phosphate, the filaments dis-
sociate to form ParM-ADP monomers, which can release ADP to go back to the apo-form. The
ATP-bound conformations have been captured using AMPPNP, a non-hydrolysable analogue of
ATP. (¢) Intra-protofilament contacts between R1 ParM monomers with the polymerization inter-
face highlighted in grey. (d) Inter-protofilament contacts between monomers from adjacent proto-
filaments/strands. (e) Enlarged view of the contacts in (d) shows that the inter-protofilament
contacts include a few salt bridges (PDB ID for C-E: SAEY)
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with dissimilar ends) of the ParM filament is described by the terms barbed end and
pointed end, borrowing from the actin filament terminology (Fig. 10.4a).

Conformational Cycle of ParM

The different conformations of monomeric ParM in the nucleotide-free and in the
bound states with the hydrolyzed (ADP) and non-hydrolyzed (AMPPNP, a non-
hydrolysable analog of ATP) nucleotide states have been captured using X-ray crys-
tallography (Gayathri et al. 2012; van den Ent et al. 2002). The conformations of the
filament form of ParM in the different nucleotide states have been observed recently
by high-resolution electron microscopic reconstructions (Bharat et al. 2015). These
give a seemingly complete picture of the conformational cycle that ParM undergoes
during nucleotide hydrolysis-dependent dynamics (Fig. 10.4b).

Upon nucleotide binding, there is ~25° domain closure between domains 1 and
2 (van den Ent et al. 2002). Comparison between ATP and ADP monomeric confor-
mations does not reveal any prominent conformational changes. However, the
assembly of the ATP-bound monomers into the filament form results in a further
domain closure resulting in the formation of the most compact structure of ParM
(Bharat et al. 2015). The conformation of ParM in the ParR peptide-bound state
matches well the conformation of ParM monomers within the filament (Gayathri
et al. 2012). This structure also shows that it binds to a pocket at the polymerization
interface (Fig. 10.4b, c). Hence, ParR can be accommodated only at the barbed end
of the ParM filament.

ParM Filament Dynamics

ParM filaments are preferentially formed in the presence of ATP. The critical con-
centration for filament formation is very high in the presence of ADP, and even
higher without any nucleotide (Garner et al. 2004). Studies have shown that ParM
can also utilize GTP for polymerization (Popp et al. 2008). Filament growth does
not require external nucleation factors, and filaments are capable of nucleating on
their own, above the critical concentration. Though the filaments are structurally
asymmetric, they are kinetically symmetric, and grow, alone, equally at the barbed
end and the pointed end (Garner et al. 2004). However, in the presence of ParRC
complex, the critical concentration of ParM monomers for filament formation is
lower, and the growth at the barbed end, which is the ParRC-bound end, is faster
than at the pointed end (Fig. 10.5a) (Gayathri et al. 2012).

ParM filaments exhibit dynamic instability (Garner et al. 2004). They grow in the
presence of ATP-bound monomers. Hydrolysis of ATP destabilizes the filaments,
resulting in disassembly. Binding of ParRC prevents the disassembly of the fila-
ments from the barbed end (Gayathri et al. 2012). ParM monomers are added by
insertional polymerization at the ParRC-bound end (Mgller-Jensen et al. 2003;
Garner 2007). The pointed end is inhibited from disassembly by lateral stabilization
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Fig. 10.5 Effect of ParRC on ParM filament assembly and bipolar spindle formation. Kymographs
of ParM filaments by dual-label experiments (purple ParM seed and green growing filament) in the
absence (a) and presence (b) of ParRC using TIRF microscopy. ParM filaments, in absence of
ParRC, exhibit symmetric growth at both ends. The bidirectional growth becomes asymmetric
upon addition of ParRC, which rapidly adds ParM monomers at one end, the barbed end. C & D)
ParM filaments are stabilized by the binding of ParRC at the barbed end (c) and by pairing at the
pointed end (d). Loss of ParRC (green) at the barbed end (c) leads to disassembly of the ParM
(purple) filament. The white arrow highlights the initiation of disassembly, observed by the slope.
The dissociation of a spindle (d), due to repulsive charges in a mutant of ParM (ParM-S19R,
G21R), shows that a ParM spindle (purple) is composed of more than one filament, that they are
oriented anti-parallel, and that un-pairing triggers disassembly from the pointed end. White and
yellow arrowheads highlight the ends of each filament within the disassembling spindle. (e)
Atomic model comprising one repeat of the antiparallel ParM filament pair. (f) A view of the bipo-
lar spindle captured in a electron cryotomogram of an E. coli cell. The filament doublet shows a
clear lack of superhelicity, consistent with the model in (e). (g) The overall dimensions of the
ParRC complex and the helical pitch of ParM filaments are similar. Thus ParRC can facilitate
nucleation and accelerate ParM growth at the barbed end. (A—G adapted from Gayathri et al.
(2012) and Bharat et al. (2015))

upon pairing with another ParRC-bound filament in an antiparallel orientation
(Fig. 10.5¢c—e) (Gayathri et al. 2012). Thus, an antiparallel arrangement of two fila-
ments forms a stable bipolar spindle of ParMRC (Fig. 10.5d—e). An interesting fea-
ture of ParMRC spindle dynamics is that ParRC interacts only with the ATP-bound
conformation of ParM (Mgller-Jensen et al. 2003). This ascertains that ParRC
remains bound only when there are sufficient free ParM monomers within the cell,
where they will normally be ATP-bound. Decrease in the concentration of ATP-
bound ParM monomers leads to the loss of ParRC from the tip, and subsequent
disassembly of the bipolar spindle (Mgller-Jensen et al. 2002; Gayathri et al. 2012).

Information on filament dynamics has been obtained by in vitro reconstitution
experiments using fluorescently labeled proteins and DNA containing parC (Garner
et al. 2004; Gayathri et al. 2012; Garner 2007). Light scattering experiments pro-
vide information on the kinetics of filament nucleation, growth and disassembly
(Table 10.1) (Garner et al. 2004; Popp et al. 2008; Galkin et al. 2009). Plasmid
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segregation dynamics have also been observed using live cell imaging within E. coli
using fluorescently labeled components (Campbell and Mullins 2007). A detailed
account of the various methods utilized to study actin-like filaments is provided in
reference (Petek and Mullins 2014).

Correlation Between ParM Structure and Dynamics

Observation of the complete conformational cycle provides a clear understanding of
how structural features of the actin-like filament contribute to dynamics of assembly
(Fig. 10.4b). ParM monomers assemble into the filament form in the presence of
ATP. The conformational transition from the monomeric to the filament form stimu-
lates ATP hydrolysis within the filament (Mgller-Jensen et al. 2003; Gayathri et al.
2013). The monomers are held in the filament conformation through longitudinal
lattice contacts involving adjacent monomers even post ATP hydrolysis, as is
observed from the ParM filament reconstruction in presence of ATP and vanadate
(Bharat et al. 2015). However, ParM filaments formed in the presence of ADP have
a different conformation of monomers within the filament. Comparison of the
ParM-ADP and ATP filament conformations shows that the inter-protofilament and
intra-protofilament contacts are not optimal for the stability of the ADP-bound fila-
ment. Figure 10.4c—e shows the contacts that hold the filament in the AMPPNP-
bound state of ParM (Bharat et al. 2015). The sub-optimal contacts lead to the
disassembly of the filaments post ATP hydrolysis and loss of phosphate, unless the
lattice contacts with ATP-bound ParM monomers is maintained at the tips, where
ATP hydrolysis may not have occurred yet.

Dynamic instability exhibited by the ParM filaments implies that they remain
stable as long as the ends of the filament are held in the ATP-bound filament confor-
mation. If the rate of addition of monomers slows down, presumably due to reduc-
tion in the concentration of ATP-bound ParM monomers, the conversion of ATP to
ADP conformation occurs in the ParM monomers towards the ends of the filament,
leading to rapid disassembly. The observation of disassembly in the ParM spindles
show that the process is directional (Fig. 10.5¢c, d) and proceeds from the destabi-
lized end of the filament (barbed end where the destabilization is by the loss of
ParRC (Fig. 10.5¢), pointed end if the destabilization is by decoupling of a paired
filament) (Fig. 10.5d) (Gayathri et al. 2012).

The structural arrangement of the ParRC helix might explain its processivity
when polymerizing ParM filaments and also the insertional polymerization mecha-
nism of ParRC-driven ParM filament elongation (Fig. 10.5g). The binding site at the
polymerization interface always ensures that the ParRC helix is at the tip of the fila-
ment, thus providing a rationale for insertional polymerization (Gayathri et al.
2012). ParRC facilitates the conversion to the filament conformation and prevents
disassembly by speeding up the rate of addition of ATP-bound monomers. The mul-
timerization involved due to the repetitive segments of the ParR binding sites at the
iterons of parC provides multiple ParM-binding sites for the segrosome complex.
This probably contributes towards the processivity of movement of ParRC at the
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barbed end of ParM filaments. The amount of ATP-bound ParM monomers in the
cell may also affect processivity. Finally, the architecture of the ParRC complex
suggests that nucleation and acceleration of growth at the barbed end may occur due
to similarity in the helical pitch of the ParM filament and that of the ParRC super-
helix (Fig. 10.5g).

Antiparallel bipolar spindle assembly is facilitated by ParM’s filament architec-
ture. The groove of one filament fits into the groove of another in an antiparallel
manner (Fig. 10.5¢e). Hence, surface residues on the filament contribute to the effi-
cient functioning of the bipolar spindle, such that the interaction is not too strong to
hinder the dynamics by antiparallel pairing, but not too weak to prevent them from
forming a stable spindle, as has been demonstrated by mutational studies (Gayathri
et al. 2012). These bipolar spindles have been observed in vitro (Fig. 10.5¢, d) and
also in vivo using electron tomography of E. coli cells (Fig. 10.5f) (Bharat et al.
2015). The electron tomography observations in vivo point out that the plasmid
segregation is most likely ‘asynchronous’ — each bipolar spindle segregates a differ-
ent pair of plasmid sisters (Bharat et al. 2015). The process of segregation is also not
coordinated with the cell cycle of the bacterium. These facts point out that the
mechanism of plasmid segregation in ParMRC strives to separate pairs of plasmid
copies, and thus ensures that they are apart during cell division.

AlfA of Bacillus Subtilis pL.S32

A partitioning system, active during vegetative growth and sporulation in B. subtilis
was discovered on pBET31, the mini-plasmid of pLS32, and AIfA and AlfB were
identified to be the actin-like protein and the adaptor protein components respec-
tively (Becker et al. 2006).

Organization of the AIfA Segregation System

The alf operon consists of AlIfA, forming an actin-like filament (Alf), AIfB, a DNA-
binding protein that acts as the adapter coupling the filament to the plasmid, and
parN, a DNA locus containing three binding sites for AlfB (Becker et al. 2006;
Polka et al. 2009; Tanaka 2010). AIfA was found to be actin-like based on the iden-
tification of nucleotide binding and hydrolysis motifs (Fig. 10.2a) (Becker et al.
2006). The interaction between AlfB and parN has been characterized and the first
two iterons are essential for the binding (Tanaka 2010). Since the parN sequence is
located within the promoter region of alfA, binding of AlfB to parN represses its
expression. It has also been shown using yeast two hybrid experiments that AlfB
binds to AIfA. Thus, the three components AlfA, AlfB and parN constitute a plas-
mid segregation system for pLS32 of Bacillus subtilis (Tanaka 2010).
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A.

Fig. 10.6 Electron microscopy of actin-like proteins from Type II plasmid segregation systems.
(a) AIfA alone forms bundles (left), the presence of AlIfB debundles AIfA and decreases its length
(centre), and bundles are restored upon addition of AlfB-parN complex (right) (Adapted from
Becker et al. (2006)). (b) pB171 ParM forms filaments in presence of ATP (Adapted from Rivera
etal. (2011)). (c) Filaments of Alp12A (Adapted from Popp et al. (2012)). (d—f) EM reconstruction
of AIfA filaments (d, adapted from Polka et al. (2009)); pB171 ParM filament (e, adapted from
Rivera et al. (2011)); Alp12A filaments (f, PDB: 4APW; EMDB: 2068). Alp12A exists as a four-
stranded antiparallel filament. Each filament is shown as two protofilaments colored in blue and
grey respectively. The shade of blue of the monomers varies from dark towards light from the
barbed end to the pointed end, highlighting the antiparallel arrangement

Structure of AIfA

Though the monomeric structure of AIfA has not been determined yet, it is expected
to be of actin fold. Contrary to the ParM filaments that exhibit dynamic instability,
AIfA was observed to form stable filaments within the cell and also in vitro (Polka
et al. 2009). The polymerization occurred in the presence of ADP or ATP, and also
GDP or GTP, although filaments formed with ATP were more stable compared to
those with GTP. Electron microscopy images showed the presence of bundles of
AlfA filaments (Fig. 10.6a). The bundling of AIfA was dependent on the salt
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concentration. The bundles were disrupted in the presence of higher concentration
of KCI (Polka et al. 2009).

Three-dimensional reconstruction of electron microscopy images of negatively-
stained AIfA showed that the filaments are left-handed, similar to ParM (Fig. 10.6).
The helical parameters vary between AIfA and ParM. AIfA exhibits a higher twist
of 46° between adjacent monomers in the filament compared to 30° in ParM
(Table 10.1). A monomer of ParM in the apo-state (with an open nucleotide cleft)
was observed to be the best fit into the EM reconstruction map (Polka et al. 2009).
However, a high-resolution EM reconstruction from electron cryomicroscopy
images will be required in order to provide more detailed information.

AIfA Filament Dynamics

AlfA forms polymers in the presence of ATP, ADP, GTP or GDP (Polka et al. 2009).
The kinetics of polymerization show that the critical concentration of ADP-bound
AlfA monomers is only about 4 fold higher than that of ATP-bound monomers. This
implies that AIfA most likely does not function by a dynamic instability driven
mechanism as observed for ParM. The ability to form filaments with ADP or ATP
results in the formation of stable bundles of AlfA filaments (Polka et al. 2009).
Initial observations of stable filaments of AIfA that do not show dynamics were
intriguing since a mechanism for plasmid segregation involving a stable filament is
difficult to reconcile. For plasmid segregation to occur by a filament bound to a
DNA there should be available a pool of monomers, maintained above the critical
concentration for elongation. The pool is typically maintained by recycling mono-
mers released by the breakdown of filaments that are not bound to DNA, as in the
case of dynamic instability of unbound ParM filaments.

Later studies showed that AlfB reduces the bundle formation of AIfA polymers
and destabilizes them (Fig. 10.6a). This effect was attributed to the sequestration of
AIfA monomers by AlfB (Polka et al. 2014). Additionally, AlfB bound to parN was
found to nucleate AlfA filaments. The filaments formed in the presence of the
AlfB-parN complex were longer, and had a tendency to bundle (Fig. 10.6a). The
AlfB-parN complex bound only to one end of the AIfA filaments (Polka et al. 2014).
In vitro experiments showed that DNA moves processively along the growing tips
of AlfA filaments, while disassembly occurs at the other end, giving the appearance
of a comet-like structure (Polka et al. 2014). Thus, the combined effect of filament
stabilization by the AlfB-parN complex at one end, and the destabilizing effect of
free AlfB at the other end results in treadmilling of the AIfA filament. This tread-
milling is unidirectional, and pushes the DNA in the direction of growth of the fila-
ment. Bundling of two filaments in antiparallel orientations results in movement of
DNA in opposite directions. Reference-free averaging of images of AIfA filament
pairs suggests that the filaments do show a preference for bundling in an antiparallel
orientation, similar to that of ParM filaments (Polka et al. 2014).
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Further studies of the structural details of how AlfB interacts with AIfA will be
needed to understand the mechanism of action of AlfB as a destabilizing agent on

its own, and as a nucleator and a promoter of filament elongation in the presence of
parN DNA.

Other Actin-Like Filaments Involved in Plasmid Segregation

Many actin-like proteins (Alps) have been identified in bacteria (Derman et al.
2012). Some of these are found in extra-chromosomal elements such as plasmids,
phage and conjugative DNA elements. The functions of most of these proteins are
unknown. However, representative members of some of the actin-like protein fami-
lies that have been characterized demonstrate that they form filaments in vitro and
in vivo and have been implicated in plasmid segregation (Derman et al. 2012; Rivera
et al. 2011; Popp et al. 2012). Other than ParM and AIfA, for which mechanistic
details of plasmid segregation are emerging, the rest of the actin-like cytomotive
filaments have only been partially characterized. A summary of the information on
these systems is given in the following sections (Fig. 10.6 and Table 10.1).

Alp12A

Alp12A forms part of the plasmid segregation system of Clostridium tetani pE88
plasmid (Popp et al. 2012). In addition to Alp12A, some of the other genes harbored
in pE88 are the tetanus toxin and the transcriptional repressor TetR. The DNA
sequence equivalent to parC has not been identified yet.

Structure of Alp12A

Alp12A forms filaments in the presence of ATP or GTP. Interestingly, electron
microscopy of Alp12A filaments formed in presence of ATP shows that they com-
prise four actin-like protofilaments or strands. Out of the four protofilaments, two of
the protofilaments are arranged antiparallel in orientation to the other two. The
arrangements of pairs of protofilaments that are oriented parallel are not similar to
the inter-protofilament arrangement observed in other known actin-like filaments
(Fig. 10.6¢). A prominent cleft is found in between the two antiparallel pairs of fila-
ments, which was observed as a dark line in the negatively stained images. The
handedness has been estimated to be right-handed. It is interesting to note that there
is an antiparallel arrangement of protofilaments, which will probably contribute
towards moving DNA in opposite directions during plasmid segregation (Popp et al.
2012).
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Alp12A Filament Dynamics

The kinetics of polymerization for Alp12A have been studied using light scattering
experiments and kinetic analysis of the data. Accordingly, Alp12A exhibits dynamic
instability. It utilizes either ATP or GTP for polymerization. However, similar to
other actin-like proteins discussed so far, ATP-dependent polymerization is more
efficient. Fitting of experimental light scattering data suggests that the nucleus for
polymerization involves an initial dimer formation, followed by tetramerization
(Table 10.1). This model for nucleation is consistent with the four-stranded antipar-
allel filament model (Popp et al. 2012).

Alp7A

Alp7A is an actin-like protein from the Bacillus subtilis plasmid pLS20. The dynam-
ics of Alp7A and the associated Alp7R and alp7C have been observed in vivo
(Derman et al. 2012). GFP labeling of Alp7A expressed in cells showed that these
filaments grow and shrink, thus exhibiting dynamic instability. Mutation of the
aspartate most likely involved in ATP hydrolysis resulted in the presence of long
and stable filaments within the cell, and disrupted the dynamics, emphasizing the
role of ATP hydrolysis in the process. Similar to ParR, Alp7R acts as a repressor for
Alp7A expression and binds to a repetitive sequence of DNA, alp7C, positioned at
the promoter region of Alp7A.

pSK41

pSK41 is a plasmid that confers multiple drug resistance to Staphylococcus aureus.
ParM and ParR proteins and parC iterons have been identified for the pSK41 plas-
mid segregation system. Crystal structures of the pSK41 ParM (Popp et al. 2010),
and a DNA-bound segrosome complex of the ParR (Schumacher et al. 2007) have
been determined.

Structure and Dynamics of pSK41 ParM

The structure of pSK41 ParM shows that it is indeed an actin-like protein (Fig. 10.2d).
The protein in its apo-state superposes best with the nucleotide-bound conformation
of R1 ParM. The filaments of pSK41 have been observed by negative stain EM,
although currently no near-atomic structure or 3D-reconstruction of the filaments is
available. A mutational analysis has identified the probable residues involved at the
interface, and this study highlights that the orientation of monomers in the pSK41
ParM will be similar to that of the monomers in other actin-like ParM protofila-
ments (Popp et al. 2010).
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Light scattering studies to understand the dynamics have shown that pSK41
ParM polymerizes in the presence of ATP or GTP as nucleotide, and filaments were
not observed with ADP or GDP. Hence, they exhibit dynamic instability similar to
R1 ParM (Popp et al. 2010).

Structure of pSK41 ParR

Crystal structure of pSK41 ParR shows that the protein adopts a ribbon-helix-helix
fold, and a dimer of ParR interacts with a 20-mer tandem repeat of 10 bp of parC
DNA. It forms a super helical structure with the DNA wound around the outer sur-
face of the helix (Fig. 10.3b—d). The electrostatic surface potential on the inside
surface of the super helical structure is complementary to that of the pSK41 ParM
monomer (Schumacher et al. 2007).

pB171 ParM

ParM from E. coli virulence plasmid pB171 shares a comparatively high degree of
conservation with ParM from R1 plasmid, Though 41% identity between them is
much less than the degree of conservation between eukaryotic actins, the structure
and dynamics of pB171 ParM seem to be quite similar to that of R1 ParM. Fig. 10.6
and Table 10.1 summarize relevant features of pB171 ParM in comparison to the
other members of the actin-like filaments in plasmid segregation (Rivera et al.
2011).

General Features of Actin-Like Plasmid Machineries

The sets of actin-like plasmid segregation machinery characterized till date permit
us to compare with the eukaryotic actin cytoskeleton and associated proteins and
highlight some of the features of the bacterial cytoskeleton required for the function
of DNA segregation. The major significance emerging from studying these systems
lies in their simplicity, in how the cytoskeletal systems are empowered to carry out
DNA segregation faithfully with minimal numbers of components. Of course, this
is not accidental in the case of extra-chromosomal genetic elements such as plas-
mids, mobile genetic elements, and phages because of their extremely limited
genome size.
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Fig. 10.7 Schematic representation of the mechanism of plasmid segregation in (a) R1 ParM, and
(b), AIfA (Adapted from Gayathri et al. (2012) and Polka et al. (2014))

Possible Ways to Build a Bipolar Spindle

The actin-like cytomotive filaments functioning as DNA segregation machinery
highlight that there are multiple ways in which a bipolar spindle can be constructed,
using a basic building block or monomer of the same protein fold and the same
protofilament architecture. Dynamics driven by nucleotide-hydrolysis play a major
role in the formation of the bipolar spindle. The two major patterns of filament
dynamics, as also observed in the eukaryotic cytoskeletal systems, are dynamic
instability and treadmilling. How the plasmid segregation system manipulates either
of these dynamics to achieve segregation is very interesting (Fig. 10.7).

A filament that exhibits dynamic instability requires both ends to be stabilized,
else it will not survive. In the ParMRC system, the two ends of the filaments are
rescued from dynamic instability by different means — (i) when ParR-bound DNA
binds to one of the ends (ie, barbed end) (ii) when paired with another filament com-
ing together in an antiparallel direction (at the pointed end). This arrangement
ensures two requirements for DNA segregation — (i) capture of the DNA is achieved
(i1) antiparallel pairing of two DNA-attached filaments facilitates coordinated
movement of a pair towards the extremes of the cell, thus acting as a ‘checkpoint’
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for DNA replication. The antiparallel orientation and elongation in the DNA-bound
end ensures separation of the attached pair.

In treadmilling, elongation occurs at one end, while the other end shortens. If
DNA is attached to the growing end, as in AlfA-driven plasmid segregation, the
system functions via a pushing mechanism and pairs separate when two such fila-
ments come together in an antiparallel orientation. However, the antiparallel
arrangement does not contribute to increase the stability of the paired end. In the
case of AlfA, the dynamics at the growing end (plus end) and the shortening end
(minus end) are both modulated by AlfB. parN-bound AlfB at the growing end
elongates the filament, while free AIfB destabilizes the minus end and ensures recy-
cling of monomers for the growing end to elongate.

Both of the cases of actin-based plasmid segregation mechanisms mentioned
above work by a pushing mechanism at filament plus ends. An interesting case of
plasmid attaching to the minus end of a treadmilling filament, implicating a pulling
mechanism, has been observed in TubZRC, a tubulin-like cytomotive plasmid seg-
regation system (Fink and Lowe 2015) (discussed in the next chapter). Many of the
actin-like filaments appear to prefer an antiparallel arrangement of protofilaments,
which is a desired or an intuitive configuration, for a pushing mechanism for the
separation of two plasmids. Characterization of the interaction with the adaptor
protein and the segrosome complex for more actin-like plasmid segregation systems
will throw light on the different combinations of possible modulations of the fila-
ment dynamics, required for building a plasmid segregation system.

Design of a Minimal Bipolar Spindle

One of the endearing features of plasmid segregation systems is the minimal num-
ber of components required to carry out their functions. This is possible by exploit-
ing the principles of filament dynamics for dispensing with many of the components
such as nucleators, and disassembly factors needed in eukaryotic cytoskeletal sys-
tems. The insertional polymerization mechanism ensures that DNA is always bound
to one end only and not to the sides of the filament, thus accomplishing segregation.
Additionally, the amounts of proteins involved in plasmid segregation, and thus fila-
ment dynamics, is maintained by strategies such as transcriptional repression by the
adaptor protein.

In the ParMRC system, the number of ParM molecules available is regulated by
the transcriptional repression by ParR. Hence, when ParR is bound to DNA and
initiates the formation of a spindle, production of more ParM monomers is shut
down. The existing ParM monomers get incorporated into the stabilized spindle and
this further reduces the amount of free monomers present in the cell. Processivity
depends on the amount of ATP-bound ParM. When the level of ATP-bound ParM
goes low, the spindle disassembles automatically due to the deficiency of ATP-
bound ParM. This is facilitated by the design of an adaptor protein that binds only
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to the ATP-bound ParM, and thus dispenses with the requirement of external disas-
sembly factors.

Thus, the control of filament dynamics serves multiple functions: -(1) It facili-
tates the capture of DNA by nucleating filament formation, a role played by the
segrosome complex. (ii) It dispenses with the requirement of additional factors for
disassembly once the plasmids are moved apart within the cell. (iii) The require-
ment of two antiparallel filaments provides a measure for the presence of an even
number of plasmids, as is the case after DNA replication.

Comparison with the Actin Cytoskeleton

The actin-like proteins in plasmid segregation and indeed all actin-like proteins of
the bacterial cytoskeleton show a high degree of sequence divergence amongst
themselves and with respect to the actin sequence. The sequence identities between
these and actins are typically less than 20%. The sequence variation allows for the
varying architectures of protofilaments/strands and the resulting filaments.
Importantly, the structure of the intra-protofilament/strand interface is conserved
throughout the family, including MreB (van den Ent et al. 2001), FtsA (Szwedziak
et al. 2012), MamK (Ozyamak et al. 2013), ParM (Bharat et al. 2015), AIfA(Polka
et al. 2009), Alp12A (Popp et al. 2012). Though a similar arrangement of the mono-
mers is maintained within the protofilaments, the residues at the interface show
variation, preventing the possibility of copolymerization among these filaments and
also reflecting large evolutionary distances. The organization of the protofilaments
gives rise to the different types of filament architectures. Each plasmid might have
evolved and optimized its own plasmid partitioning system, since variability ensures
that the machinery segregates only its own kind. The actin cytoskeleton in eukary-
otes is highly conserved probably due to the actin pool required for a large number
of functions within the cell, and the cell has to maintain a required pool of actin
monomers for all these functions (Gunning et al. 2015). The number of protein
interactions with actin is also very high, which results in a high degree of conserva-
tion. In contrast, plasmid segregation systems are autonomous, not interacting func-
tionally with any cellular components and this means that the evolutionary pressure
on the components involved is very low, as long as function is conserved.

An interesting feature that highlights a conserved feature of the actin fold in
actin-like plasmid segregation systems is the region of interaction between ParM
and ParR. ParR interacts with ParM through an amphipathic helix on the C-terminal
end of ParR with a pocket in between the sub-domains 1A and 2A in ParM (Gayathri
et al. 2012). The corresponding region in actin, between sub-domains 1 and 3, also
called hydrophobic cleft, binds most of the modulators of actin polymerization such
as nucleators (eg. formin, spire) and severing factors, for example cofilin and twin-
filin, interact (Dominguez and Holmes 2011). For ParM, the same region in the fold
has been exploited to regulate the filament dynamics in a bacterial actin. Determining
the binding site on the actin fold will be required to confirm a similar mode of action
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for the other adaptor proteins such as AlfB, which acts both as a severing factor and
a nucleator. The existence of nucleating factors and formin-like proteins in the bac-
terial cytoskeletal systems was for the first time established for plasmid segregation
systems (Gayathri et al. 2012).

To conclude, the actin-like plasmid segregation machinery has evolved to per-
form the function of DNA segregation with a minimal number of components.
Further mechanistic insights being gained from the large variety of actin-like plas-
mid segregation machineries will uncover the means by which a spindle can be
built, and also provide invaluable information on the evolution of cytoskeletal sys-
tems from bacteria, archaea and eukaryotes. Recent work reporting an archaeal seg-
regation system is a timely example for progress in these directions (Schumacher
et al. 2015).
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