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CHAPTER 8

Cloning mnm-4 (et4) and sa580
genes in C. elegans

8.1 Overview

The works described in this thesis, so far, has involved the use of optical tools to induce
axon guidance and cell manipulation in neurons, as well as development of multimodal
microscopy tools to study various biological structures. However some important questions
like why axons respond to distantly placed light sources requires a better understanding
of biology and biological tools, particularly molecular biology and genetics. With this idea
in mind I spent five months in the group of Dr. Marc Pilon, in the department of cell and
molecular biology in Gothenburg University, Sweden.

One of the main themes of the Pilon group’s research has been the understanding of the
development of pharyngeal neurons in C'.elegans [228]. The group had previously isolated
and mapped five novel mutations affecting the development of a specific pharyngeal neuron,
namely the M2 motorneuron. These five mutations were designated mnm-1 to mnm-5,
where “mnm” stands for “M Neuron Morphology abnormal” .

Among these mutations the mnm-4 (et4) mutation is of particular interest. In worms
with this mutation the two M2 neurons were found to be twisted around each other. A
detailed study revealed that this is a result of an overall twist in the pharynx of the
worm itself in which these neurons are located. A similar twisted pharynx phenotype was
also observed by another group (Peter Svoboda group, Karolinska Institute, Stockholm,
Sweden) in a mutant dubbed sa580.

This chapter describes my efforts in cloning the gene in mnm-/ (et/) and sa580 causing
the twisted pharynx phenotype and some studies related to their functions.

8.2 Introduction

The pharynx is a prominent feature in the head of C.elegans that pumps rhythmically
to suck bacteria into the lumen and grind them for digestion. It can be subdivided into
six sections, which are, from anterior to posterior, the buccal cavity, procorpus, meta-
corpus (anterior bulb), isthmus, terminal bulb and pharyngeal-intestinal valve [147]. It
is primarily a muscular structure with epithelial as well as gland cells. The pharynx is
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Figure 8.1: (a):The epi-fluorescence image of the twisted M2 neurons in mnm-4 (et )
mutant background with a GFP integrated array (b) the normaski image of the twisted
pharynx [228].

composed of eight layers of muscles (pm1-8) separated by structural marginal cells (mcl-3)
[147]. These are arranged with three-fold rotational symmetry. The pharynx has its own
nervous system consisting of 20 neurons that forms an almost complete sub-network.

Several C'.elegans mutants show the twisted pharynx phenotype. In a screen for defects
in the shape of hermaphrodite gonads the mutants mig-4 and dig-1 were isolated [229; 230]
and these also have a twisted pharynx. Similarly the uncoordinated mutant unc-61 also
has a twisted pharynx [231]. The mnm-4 (et4) mutant was isolated in a screen for abnormal
morphology of the M2 pharyngeal neurons. The M2 neurons showed a twisted phenotype
which was subsequently attributed to an overall twist in the whole pharynx [228]. Figure
8.1 shows the epi-fluorescence image of the twisted M2 neurons in mnm-4 (et) mutant
background with a GFP integrated array (a) and the normaski image of the twisted
pharynx (b) [228]. A similar observation was made in screen for abnormal amphid sensory
neuron dendrites. The mutant sa580 showed twisted amphid sensory neuron dendrites,
again due to an overall twist in the pharynx. Figure 8.2 shows volume rendering of image
stacks obtained at consecutive focal planes (imaged using Second Harmonic Generation
(SHG) microscopy) of isthmus of the pharynx of wild type N2 (Figure 8.2A), mnm-/4 (et4)
(Figure 8.2B) and sa580 (Figure 8.2C) strains.

mnm-4 (et4) is semi-dominant: the heterozygous with a wild type allele shows a weak
twist. In contrast, the sa580 allele is recessive: the heterozygous genotype has no twist.

8.2.1 Properties of the twisted pharynx

The pharyngeal twist is first visible post-embryonically and increases during develop-
ment throughout the larval stages [232]. When looking along the anterior-posterior axis
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Figure 8.2: Volume rendered image stacks obtained at consecutive focal planes imaged us-
ing Second Harmonic Generation (SHG) microscopy of the isthmus of C.elegans pharynx.
(A):wild type N2; (B): mnm-4 (et4) and C: sa580. (Images obtained using the multimodal
optical workstation).

pharynges of both mnm-4(et4) and sa580 have a left-handed (counter-clockwise) twist.
The twisting force is probably intrinsic to the pharynx since twisted pharynges when dis-
sected out and allowed to relax in an isotonic medium retain their twist, whereas dissected
pharynges of wild type worms donot twist [6].

The twisted pharynges are fully functional. In a bead intake assay animals with twisted
pharynges performed as well as the wild type worms. This argument was further strength-
ened by electropharyngeograms, which showed no apparent difference in the pharyngeal
membrane potential of mnm-/ (et4) worms and wild type worms [232].

The basal surface of the pharynx is covered by a thick basal lamina and four rows of
acellular tendinous organs composed of hemicentin and fibulin. The number and thick-
ness of tendons was the same in wild-type and the mutants. However these tendons are
pulled by the twist resulting in a spiral-like configuration when viewed along the anterior-
posterior axis. Thus the whole pharynx, including its basal lamina to which the tendons
are attached, is twisted in mutants [232].

Actin filaments form important radial cytoskeletal structures within the pharyngeal
muscles cells. Using phalloidin as a staining reagent, it was found that these actin arrays
are significantly longer in mnm-/(et4) than in N2 wild type worms. This is interesting
since misregulation of filament length in growing pharyngeal muscles may be a cause of
twisting: long actin filaments may be accommodated by twisting the pharynx. Alterna-
tively, longer actin filaments could merely be a consequence of the twisted shape [232].

The force that causes twist in pharynges likely increases or is constantly applied
through the larval developmental stages. The lack of twisting in L1 larvae is not due
to the negation of an already existing twisting force by the attachment of the pharynx
to the surrounding tissue, but due to the altogether lack of a twisting force in L1 stage.
This was demonstrated by introducing the mnm-4 (et4) mutation into pha-1 genetic back-
ground. In the pha-1 the connection of the pharynx with the buccal cavity fails during
early L1 stage at the level of the arcade cells, leading to a Pun (Pharyngeal Unattached)
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Figure 8.3: (Region in LGV to which the mnm-/(et4) mutation was mapped and the
cosmids that span the region of interest

phenotype. No twisting could be detected in Pun-pharynges in L1 larvae of either the
pha-1 single mutant or in the pha-1;mnm-4(et4) double mutant [232].

Vigorous pharyngeal motions that accompany molting are not responsible for the twist-
ing force since no sudden increase in twist is produced upon molting. This result also
suggests that the pharyngeal cuticle is not directly restraining an intrinsic twist [232].

8.2.2 Likely causes of the twisted pharynx phenotype

As the pharynx grows there is no cell replacement, however actomyosin filaments must
be continuously added to the pharyngeal muscle. This requires a reorganization of the
cytoskeletal anchorage points to the extracellular matrix to accommodate growth. Hence
a likely cause of the twisting phenotype is a bias in the repositioning of actin binding sites
as that radial array grows [6]. The mutations that affect pharyngeal twist may affect the
proteins required for actin anchorage, either at the basal lamina, or at the pharyngeal
cuticle. sa580 have left handed twist and dig-1, mig-4, and saz-7 mutants produced a
mixture of right- and left-handed twists and with a 25-30% penetrance. Hence there seems
to be a chiral bias in mispositioning of cytoskeletal elements, that lead to the pharyngeal
twist [232].

The dig-1 and sax-7 mutations affect adhesion molecules, and unc-61 affects a cy-
toskeleton organizing septin. All the three molecules are expressed in the pharynx. Hence
it seems very likely that the twisted pharynx may result from defects in ECM or cy-
toskeletal attachment points, or in interface structures by which ECM and cytoskeleton
are connected [232].

8.2.3 Gene mapping and rescues to locate the mutation

Previous efforts in the Pilon group had mapped the mnm-4 (et) mutation to a region
that was to the right of dpy-11 and to the left of r0l-3 on the chromosome LG V. Figure
8.3 illustrates this region.

This region is covered by six cosmids (C26F1, ZK742, C373, F40A3, Y97E10B and
F26D11). When tested in pairs ZK742 + C373 showed appreciable amounts of rescue. The
ppn-1 gene (C.elegans equivalent of the drosophila Papilin gene) has it promoter region
within the cosmid ZK742 and the coding region within C373. ppn-1 codes for a secreted
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Extra Cellular Matrix (ECM) protein. Hence mutations in this gene could possibly create
a twisted pharynx phenotype (from the arguments presented in section 8.2.2). Hence ppn-
1 was considered as the possible target for the mutation in mnm-4(et4). Since the sa580
causes the same phenotype, as mnm-/4 (et4), and both mapped to similar regions, it was
considered very likely that mnm-4 (et4) and sa580 are mutant alleles of the same gene.

8.3 Aims of the present work

1. Confirm that the mutation in mnm-/(et4) and sa580 is indeed in the gene ppn-1
and locate the mutation within the gene by sequencing it. This needs to done in five
steps each for mnm-4 (et4) and sa580, by PCR amplification of 5x 4kb (ppn-1 gene
is about 20KB) fragments using a high-fidelity enzyme, subcloning the amplified
fragments into the pCR®II Blunt Topo vector, purifying the resulting plasmids and
shipping them to Eurofinn MWG together with sequencing primers for sequencing.

2. Study some functions of the twisted pharynges in the strains mnm-4 (et4 ) and sa580.

8.4 Materials and Methods

8.4.1 Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) allows selective amplification of a chosen region of
a DNA molecule, generating millions or more copies of the selected DNA fragment. The
method relies on a thermal cycling process with cyclic heating and cooling that repeat
the processes of DNA melting and enzymatic replication. A region is selected by defining
the sequences at the borders of the region. Two short oligonucleiotides called primers,
hybridize to the DNA molecule, one to each strand. These primers delimit the region that
will be amplified [233]. As PCR progresses, the DNA generated is itself used as a template
for replication, which results in a chain reaction where the DNA template is exponentially
amplified. Ideally the fragment to be amplified by standard PCR techniques should be
less than 1Kb. Fragments of around 4kb can be amplified using high fidelity polymerase
enzymes.

The following reagents are required for PCR:

DNA polymerase- A thermostable DNA polymerase enzyme catalyzes the template
dependent synthesis of DNA [234]. The most commonly used is the Taqg DNA polymerase
isolated from T. aquaticus thermophilic archea bacteria, which can with stand very high
temperatures. However amplifications of DNA fragments greater than 1000 base pairs
requires the use of a high fidelity enzyme, which are usually genetically engineered. Such
an enzyme (Pfu Ulra, High-Fidelity DNA polymerase, Stratagene, USA) was used in the
present work.

Two Primers: The primers act as initiators of the DNA synthesis reaction. These
primers need to be complementary to the sequences at the ends of the target region on
the template DNA molecule. One of the primers hybridizes to the 3’ end in the region of
interest in one strand of the DNA molecule and the other primer hybridizes to the 3’ end
of the complementary strand. The 3’ ends of the primers hence point towards each other
[233]. The length of the primers is critical. If they are too short they may hybridize to
non-specific locations, however if they are too long hybridization takes a longer time, thus
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decreasing efficiency of PCR.

Deoxynucleoside triphosphates (ANTPs)- These are the building blocks from which
the DNA polymerases synthesizes new DNA strands. The typical PCR reaction contain
equimolar amounts of dATP, dTTP, dCTP and dGTP.

Divalent Cations- Divalent cations like Mg™™ are often required to increase the effi-
ciency of the PCR reaction. These ions affect primer annealing and temperature denatura-
tion, as well as enzyme activity and fidelity. Excess Mg™+ however results in accumulation
of non-specific amplification products.

Buffer to maintain pH- The buffer provides a suitable chemical environment for opti-
mum activity and stability of the DNA polymerase. Usually a Tris-Cl buffer adjusted to
a pH between 8.3 and 8.8 at room temperature is included in standard PCRs. During the
extension phase of the PCR when the temperature is around 72°C, the pH drops down to
around 7.2 [234].

Template DNA- Contains the DNA region to be amplified.

The PCR is commonly carried out in a thermal cycler in reaction volumes of 10—
200u! in small reaction tubes (0.2-0.5ml volumes). The thermal cycler heats and cools
the reaction tubes to achieve the temperatures required at each step of the reaction (see
below). Most thermal cyclers have heated lids to prevent condensation at the top of the
reaction tube.

The following steps are involved in PCR:

1. Initialization step: This step consists of heating the reaction to a temperature of
94-96°C, which is held for 1-9 minutes. It is only required for DNA polymerases
that require heat activation by hot-start PCR.

2. Denaturing: The PCR mix is heated around 94°C for 20-30 seconds, to melt the
DNA template and primers by breakage of the hydrogen bonds that hold together
the two strands of double stranded DNA molecule. This denatures the DNA and
yields single strands of DNA.

3. Annealing step: The reaction mixture is cooled down to 50-65°C for 2040 seconds.
The two strands could join back together at this temperature, however an excess of
primers in the reaction mixture prevents this and allows annealing of these primers
to the single-stranded DNA template [233]. The annealing temperature depends on
the primers used. The following equation is usually used to calculate the annealing
temperature:

T, (°C) ~ 2(Na + Nr) + 4(Ng + N¢) (8.1)

Where N equals the number of primer Adenine (A), Thymine (T), Guanine (G) or
Cytosine (C).

Typically the annealing temperature is about 3-5 degrees below the T,, of the
primers used. Stable DNA-DNA hydrogen bonds are only formed when the primer
sequence very closely matches the template sequence. The polymerase binds to the
primer-template hybrid and begins DNA synthesis.

4. Eatension/elongation step: The temperature at this step is raised to around 72°C .
This value however depends on the DNA polymerase used. The polymerase attaches
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to one end of each primer and synthesizes new strands of DNA complementary to
the template. This is done by the addition of dANTPs that are complementary to
the template in 5’ to 3’ direction, condensing the 5’-phosphate group of the dNTPs
with the 3’-hydroxyl group at the end of the nascent (extending) DNA strand. The
extension time depends both on the DNA polymerase used and on the length of
the DNA fragment to be amplified. At each extension step, the amount of DNA
target is doubled, leading to exponential (geometric) amplification of the specific
DNA fragment.

5. Cycling: The steps 2-4 are repeated 20-40 times amplifying exponentially the
amount of DNA fragments in each reaction step. The products of one step act
as templates for the next.

6. Final elongation: This single step is occasionally performed at a temperature of
70-74°C for 5-15 minutes after the last PCR cycle to ensure that any remaining
single-stranded DNA is fully extended.

7. Final hold: This step at 4-15°C for an indefinite time may be employed for short-
term storage of the final reaction.

In the present work the following procedure was adopted for amplification of chosen
DNA fragments:

The DNA template was obtained by lysis of a single C.elegans worm with the required
genotype (mnm-4(et4) or sa580) using the Single Worm Lysis Buffer (SLWB) (See ap-
pendix E for protocol). After transferring the worm to a PCR reaction tube of 0.2ml, with
2ul of SLWB, the following temperature cycling program was used and lysis carried out
in a PCR thermal cycler:

1. T=60°C for 1 hour
2. T=95°C for 15 min
3. T=49C forever

Once the worm was lysed, the PCR reaction mix (See appendix E for protocol) was
added to the reaction tube and subjected to the following thermal cycling program in the
thermal cycler:

1. T=95°C for 1 hour (Initiation)
2. T=95°C for 30 sec (Denaturing)
3. T=Tm"C for 30 sec (Annealing)
4. T=72°C for 5 mins (Elongation)
5. Goto 2 Rep 35 (Cycling)

6. T=72°C for 5 mins (Final Elongation)
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7. T=4°C forever (Hold)

The target gene (ppn-1) is about 20KB in length. The amplification of the entire
gene was done in fragments of 4KB each in 5 PCR reactions. This was done both for
mnm-4 (et4) and sa580. The 5 fragments were named ppnl_1 to ppnl 5. A total of 10
DNA fragments were hence amplified (five each for mnm-4 (et{) and sa580). Table 8.1
gives the list of primers and annealing temperatures for the PCR amplification of each of
the five fragments.

Table 8.1: Primers used in PCR amplification

Annealing
Gene Fragment Primers Temperature

(Tn)

ppnl_1 5-TAT CGG TCG TCG CAG GAC CT-3 559C
5-CAA GTC CGT TGC TGC AAG GT-3°

ppnl_2 5-CCA AAC TTT CTT TCC CGA AG-3 53°C
5-CCG AAG TTG AAT TCT CCG GT-3¢

ppnl_3 5-TGC GTT GAC TCT GAG TTC GGA-3° 559C
5-CGA CGA CTA TGG GCG AAG GA-3°

ppnl_4 5-CCT CTT TCC CAG GAA ATC CA-3* 55°C
5-ATA CAC AAC GGG TAT GGT GGA-3

ppnl 5 5-TCC GAT CGT TGC TCC ACG GT-3 57°C

5-GGA AAA AGA GAT CTC GCA ATG GA-3

8.4.2 Agarose Gel Electrophoresis

Agarose gel electrophoresis uses a agarose gel and electric current to separate DNA,
or RNA by size. These molecules are negatively charged, hence when allowed to drift in
an electric field they move towards the anode. The velocities at which the molecules drift
depend on their mass. Massive molecules (more base pairs) drift slower than lighter ones,
enabling gel electrophoresis to separate DNA molecules based on their mass into bands.

The electrophoresis is carried out in a tank with an agarose gel tray. The gel is pre-
pared by boiling about 100ml of 0.7-4% solution of agar in the electrolytic buffer TBE
(Tris-Borate-EDTA) with few microliters of Ethidium Bromide (EtBr: final concentration
5ng/ml). The distance between DNA bands of a given length is determined by the per-
centage of agarose in the gel. In general lower concentrations of agarose are better for
larger molecules because they result in greater separation between bands that are close in
size. EtBr is a dye that fluoresces when bound to DNA and exposed to UV light. The
warm agar solution is poured in to the electrophoresis tank. A set of combs are placed
dipped in the solution. When the solution solidifies into a gel, the combs are removed out
living behind wells into which the DNA solutions can be loaded.

The gel tray is immersed into the electrophoresis tank with TBE buffer. A DNA
ladder solution is loaded into the first well. A DNA ladder is a defined solution of DNA
molecules of different lengths, but whose lengths are known. It acts as a reference to
estimate the size of unknown DNA molecules. When run alongside the DNA solution to
be tested/separated, the bands produced by the solution to be tested can be compared
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Figure 8.4: Fermentas gene ruler bands when run on a 1% agarose gel

to the ones in the lane with the DNA ladder. The DNA solutions to be tested/separated
along with a negatively charged loading buffer are loaded into wells adjacent to the wells
with the DNA ladder. Loading buffers commonly contain Ficol 400 which makes the
sample denser than water, and allows it to be loaded into the wells.

Once the gel is loaded an electric field of about 5-8 volt/cm is applied to the tanks with
the help of electrodes attached to the tank. The DNA moves toward the positive anode
due to the negative charges on its phosphate backbone. Each well in the tray provides a
separate track for electrophoresis. The DNA run down the track from the well and get
separated according to mass and form distinctly visible bands. The progress of the process
is made visible by the dyes in the loading buffer. Once the process is completed the bands
can be observed under an UV lamp and photographed using a CCD camera.

Gel electrophoresis was utilized to check if the PCR reactions described in section
4.1 have worked fine and to separate out the amplified DNA. This was done by loading
about 30ul of the PCR product along with a loading dye in a 1% agarose gel and running
the electrophoresis with about 90 Volts applied across the electrodes for about 45mins,
alongside a 1Kb Fermentas gene ruler solution. Figure 8.4 shows the bands obtained with
this gene ruler when running it on a 1% agarose gel. A successful PCR reaction shows up
as a band alongside the 4Kb band in the gene ruler. This band in the agarose gel was cut
out and purified to extract the amplified DNA.

8.4.3 Extracting DNA by gel purification

Purification of DNA from excised gel band was performed using the QITAGEN QIAquick
Gel Extraction kit. There are a set of buffers and reagents provided with the kit to help
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completion of the process quite easily and quickly. The excised gel is first dissolved by
incubating it in a buffer at 50°C for about 10mins. Isopropanol is subsequently added to
the solution to increase the yield. The solution is subsequently centrifuged in a specialized
column. This column is the key component of the kit. The column has a special silica
matrix that adsorbs DNA in the presence of high concentration of chemotropic salts,
which are present in the buffer used to dissolve the gel. The buffer also provides the ideal
pH conditions that help efficient binding of DNA to the matrix. While the DNA binds
to the column the impurities pass down the column and are discarded. The contents are
subsequently washed with a wash buffer and centrifuged to remove and residual impurities
especially slats, while the DNA remains bound to the silica membrane. Any residual wash
buffer is removed by an additional centrifugation step.

The bound DNA is subsequently eluted out by addition of an elution buffer and cen-
trifugation. Usually 30-50ul of 10mM Tris is used as the elution buffer. The elution
efficiency is strongly dependent on the salt concentration and pH of the elution buffer.
A basic pH of around 8.5 is required for efficient elution and this pH is provided by the
elution buffer. Once the DNA extraction is completed, the solution is checked for presence
of DNA by gel electrophoresis.

8.4.4 Cloning the DNA fragments into plasmid vector

Plasmids are circular molecules of DNA that lead an existence independent of the
chromosomal DNA in bacterial cells. They mostly carry one or more genes and are capa-
ble of replicating independently of the chromosomal DNA. Plasmid replication is usually
carried out using the host cell’s own DNA replicating mechanism; however larger plasmids
carry genes that code for special enzymes that are specific for plasmid replication [233].
An important class of plasmids are the Resistance plasmids that confer the host bacteria
resistance to antibacterial agents like Ampicillin or Kanamycin.

An important use of plasmids in molecular biology has been as vectors for the cloning
of DNA fragments of interest into such plasmids, creating recombinant plasmid DNA.
The DNA fragment that gets inserted into the plasmid is called an insert. Among other
advantages it helps amplify these fragments by inserting these plasmids into bacteria
and simply allowing the bacteria to multiply. The plasmids naturally multiply with the
bacteria, amplifying the inserts contained within it.

Cloning of DNA fragments into plasmids is carried out in several steps. Initially the
plasmid is cleaved at a single position to open up the circle, so that the DNA fragment
(insert) can be inserted. This process is carried out using restriction endonucleases, that
recognize specific sites in the plasmid and cleaves it. Most restriction endonucleases make
a simple double stranded cut in the middle of the recognition sequence, resulting in a blunt
or flush end [233]. However some restriction enzymes, cut the two strands of the DNA
differently. The cleavage is staggered by two or four nucleotides, so that the resulting
DNA fragments have short single stranded overhangs at each end. These are called sticky
or staggered ends [233].

Once the plasmid DNA is cut open by the restriction enzyme, each end of the insert
of interest is joined to one end of the cut plasmid DNA, forming a recombinant plasmid
DNA. The joining together is done by a process called ligation. The process is catalyzed
by the enzyme DNA ligase. This enzyme occurs naturally and helps in repairing broken
DNA. If the restriction enzyme used, produced a blunt end, the insert has two possible
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orientations in which it can gets ligated to the plasmid. However if the restriction enzyme
produces a sticky end, the insert can get ligated only in one orientation, like a key getting
inserted into a lock. In this case the insert too needs sticky ends; complementary to the
ones on the plasmid.

In the present work the pCR®II Blunt TOPO cloning kit (Invitrogen, USA) was
used for cloning the 10 DNA fragments (PCR products) (see section 8.4.1), creating 10
recombinant plasmids. The Zero Blunt TOPO cloning kit works differently from the
conventional cloning technique described above using restriction enzyme and DNA ligase.
Instead, this kit uses Topoisomerase I, that carries out both the functions (cleaving of the
vector and ligation to the insert) in one go.

Topoisomerase 1, is obtained form the Vaccinia Virus. It binds to double stranded
DNA at specific sites and cleaves the phosphodiester backbone after the 5-CCCTT in one
strand. The energy form the broken phosphodiester backbone is conserved by formation
of a covalent bond between the 3’ phosphate of the cleaved strand and a tyrosine residue
(Tyr-274) of topoisomerase I. The end result of this cleaving process is a plasmid DNA
with toposiomerase bond to both the cleaved ends, at the strand with 3’ phosphate. The
5 hydroxyl groups of the other DNA fragments (inserts) of interest attack this bond and
release the topoisomerase, getting themselves bonded to the strand with the 3’ phosphate
in one end of the cleaved plasmid. The complementary strand of the insert which has the
5 hydroxyl group at the other end similarly binds to the 3’ phosphate in the second end of
the cleaved plasmid. This process effectively inserts the DNA fragment into the plasmid.

The insertion is carried out by simply incubating the required DNA fragments at
room temperature with the pCR®II Blunt Topo vector together with a salt solution (See
appendix E for detailed protocol). The kit provides the plasmid vector linearized with
Vaccina virus DNA topoisomerase I covalently bound to the 3’ end of each plasmid DNA
strand. The plasmid has been so designed that the plasmids that donot get ligated with
the DNA fragments kill the host cell upon transformation. Hence after transformation
only those cells survive that have taken up the recombinant plasmid.

Transformation was carried out by incubating at 37°C the recombinant plasmids with
chemically competent F.coli bacterial cells and SOC medium provided with the kit. Com-
petent cells have the ability to take up extracellular DNA from its environment. Hence
when incubated with recombinant plasmid DNA they take up the plasmid and these plas-
mids get incorporated into the bacterial system. As the bacteria divide and multiply the
recombinant plasmid get multiplied too.

The plasmid confers the transformed bacteria resistance to the antibiotic kanamycin.
The transformed cells were plated onto LB agar plates with 50ug/ml kanamycin. Only
those bacteria that have taken up the recombinant plasmid grow on these plates. The
plates were incubated overnight at 37°C to obtain bacterial colonies. Once bacterial
colonies were obtained, four colonies were individually picked to inoculate 4 tubes con-
taining 10ml LB liquid with 50.g/ml kanamycin and incubated at 37°C overnight. Hence
for each plasmid created, 4 tubes of bacterial cultures were obtained with bacteria seeded
from 4 different colonies.

Minipreps were prepared form these tubes and plasmid DNA extracted and verified by
digestion using restriction enzymes and subsequent gel electrophoresis (see Sections 8.4.5
and 8.4.6 for details).

The table 8.2 gives the details of recombinant plasmids created as part of this work.
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Since the PCR products have blunt ends they have two orientations in which they could
be inserted into the plasmid. The two possible orientations were designated a and b. The
orientation is also indicated in the table 8.2.

Table 8.2: Details of recombinant plasmids created

Plasmid C.elegans Strain | ppn-1 Fragment | Orientation
pQC09.1a sa580 ppnl_1 a
pQC09.2a sa580 ppnl_2 a

pQC09.3bb sa580 ppnl_3 b
pQC09.4b mnm-4 (et4) ppnl_4 b
pQC09.5b mnm-4 (et4) ppnl_5 b
pQC09.6a sa580 ppnl 4 a
pQC09.7a sa580 ppnl_b a
pQC09.8a mnm-4 (et4) ppnl_1 a
pQC09.9b mnm-4 (et4) ppnl_3 b

pQC09.10a mnm-4 (et4) ppnl_2 a

8.4.5 Making minipreps (Extraction of plasmid DNA)

For each plasmid created a miniprep was made for each of the four bacterial cultures
(see section 8.4.4). This was done using the QIAprep Miniprep Kit (QIAGEN, USA). The
miniprep procedure is based on alkaline lysis of bacterial cells followed by adsorption of
DNA into a silica matrix in the presence of high concentration of salt.

In the initial step bacterial culture is centrifuged and the supernatant removed. The
bacterial pellet is subsequently resuspended in a buffer and lysed by the addition of an
alkaline lysis buffer. This process lyses the bacteria. Subsequently the lysate is neutralized
and adjusted to high salt binding conditions by the addition of a neutralization buffer and
centrifuged. This precipitates the SDS that was used in the buffer for cell lysis. The
rest of the process is similar to the process explained in section 8.4.3. The supernatant is
subsequently transferred to a specialized column with a silica matrix and centrifuged. The
high salt concentration in the neutralization buffer helps binding of plasmid DNA to the
silica membrane. The flow through is discarded. The high concentration of salts is removed
by centrifugation after addition of a wash buffer. The plasmid DNA remains bound
to the membrane. Any residual wash buffer is removed by an additional centrifugation
step. Subsequently the plasmid DNA bound to the silica membrane is eluted out by
centrifugation with 50ul of elution buffer.

For each plasmid four minipreps were created: one for each of the four bacterial cul-
tures.

8.4.6 Digestion with restriction enzymes

A small amount of the extracted plasmid DNA from each of the four mininpreps was
digested using specific restriction enzymes and subsequently analyzed by gel electrophore-
sis. This process is required to determine which of the four bacterial cultures had taken
up the right plasmid and also to determine the orientation in which the insert (PCR prod-
uct) got inserted in the plasmid. A restriction enzyme or restriction endonuclease cuts
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DNA at specific recognition nucleotide sequences known as restriction sites. Depending
on the restriction enzyme used the plasmid DNA gets cleaved at various locations specific
to the plasmid under consideration as well orientation in which the DNA fragment (PCR
product) got inserted into the plasmid DNA. This creates DNA fragments of various sizes
and when subjected to gel electrophoresis reveals the nature of the plasmid as well as the
orientation of the DNA fragment. The digestion process was carried out by incubating
3ul of the purified plasmid DNA with 0.5ul of restriction enzyme and a buffer at 37°C for
1 hour.

The software Gene Construction kit 2 was used to simulate the gel patterns produced
by digestion of the plasmids with various restriction enzymes. Figure 8.5 shows simulated
gel patterns for the 10 plasmids created, when digested with various restriction enzymes.
The enzymes for each plasmid were selected on the basis of the most prominent difference
between the two possible orientations of insertion of the DNA fragment (PCR product)
into the plasmid. Only five simulations were necessary for the 10 plasmids since the 5
corresponding to mnm-4(et/) are identical to the 5 corresponding to sa580 (have the
same ppn-1 DNA fragment).

The digested product corresponding to 4 minipreps were subjected to gel electrophore-
sis and the results compared with the simulated gel pattern (Figure 8.5). This helped to
identify the bacterial cultures that had taken up the right plasmid and the orientation
of DNA fragment (PCR product) insertion. From the four bacterial cultures one was
selected and four more minipreps prepared out of it. The resulting plasmid DNA in the
four minipreps were pooled together. Another digestion with restriction enzymes and
subsequent gel electrophoresis was carried out on the digested pooled plasmid DNA to
verify that the right plasmid has been obtained. Figure 8.6 shows the plasmid maps with
restriction sites corresponding to various restriction enzymes used.

Subsequently the concentration of the plasmid DNA was measured using a Nanodrop
spectrophotometer (Thermoscientific USA). DNA molecules show strong absorption at
around the optical wavelength of 260nm. The nanodrop spectrophotometer measures the
optical density of a drop of DNA solution at 260nm to measure the DNA density. The
higher the concentration of DNA in the solution, the higher will be the measured optical
density.

8.4.7 Sequencing

The plasmids were subsequently prepared for DNA sequencing. A set of sequencing
primers were designed for each of the five ppn-1 DNA fragments. The primers were
designed as per the following rules:

1. Primers should have a length of 18-20 mers.
2. The combined amount of G and C bases should be 50-60% .

3. At least two of the last three bases should be a G or C in the 3’ end. This increases
efficiency of priming.

4. The last base in the 3’ end should not be a G or C.

5. 3’-ends of primers should not be complementary (ie. base pair), as otherwise primer
dimers will be synthesised preferentially to any other product;
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Figure 8.5: Simulated gel patterns after digestion of the plasmids with restriction enzymes

6. Avoid long stretches (more than 4) with A and T bases.

Since sequencing of a region longer than 1Kb is not very efficient, 4 -5 primers were
designed for each strand of each of the five 4Kb ppn-1 fragments. The set of primers for
one strand were called the forward sequencing primers and those for the complementary
strand called the reverse sequencing primers. The two sets of primers for each strand en-
able sequencing of each of the 4Kb ppn-1 DNA fragment twice (in either direction). This
introduces redundancy and increases robustness of sequencing result. Table 8.3 details
the list of sequencing primers used. Since the sequencing was performed on the recombi-
nant plasmid (DNA fragment of interest inserted into pCR®II Blunt Topo vector), two
additional sequencing primers (M13 uni(-21) and SP6), were used that bind respectively
to the two ends of the vector. This helps to sequence the very ends of the insert, which
would have been difficult had the DNA fragments been sequenced without inserting them
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Figure 8.6: Plasmid maps with restriction sites

into a plasmid vector.

For sequencing the plasmids were diluted to the required concentration in water and
shipped in separate tubes (one for each primer) to the company Eurofins MWG Operon
(Germany). Sequencing results were obtained for each of the 10 plasmids and ana-
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lyzed on the software ‘Sequencher’. This program helped to compare the obtained se-
quence with the wild type ppn-1 sequence obtained form C.elegans database Wormbase
(www.wormbase.org). The program automatically aligns the obtained sequence of the
fragment of the gene with the region in wild type gene data to which this region corre-
sponds. The program then searches for changes in bases, in the obtained sequence with
respect to the reference wild type gene sequences.

Table 8.3: List of sequencing primers

DNA Sequencing Primer Forward Sequencing Primer Reverse
Fragment
SEQ1.F1:5-TTCCTCTGATCATCCGGT-3¢ SEQ1.R1:5“TAAGATTGATTTGACGCA-3*
pQC09.1 SEQ1.F2:5'-CCTTTTCAAATCAAAGCA-3" SEQ1.R2:5'-TGCCAATCTCATCGCGAT-3¢
pQC09.8 SEQ1.F3:5'-AATGGGATGTGAGCAGGT-3¢ SEQ1.R3:5CCTGAAAGTGAAGAACGT-3
ppnl_1 SEQ1.F4:5 - TCCAGATGACTCTTCCCA-3¢ SEQ1.R4:5*TTGTCTCTCGTTCTAGGA-3¢
SEQ2.F1:5-GCAGTGGCAGCAGAGAGCA-3* SEQ2_R1:5-GTTCCATTCTCCAGTGACA-3¢
pPQC09.2 | sEQ2.F2:5-GACAGTGCAGGTTCGTGGAC-3 | SEQ2.R2:5“GAGAAGAGCAACGGTGAGCT-3¢
pQC09.10 | sEQ2F3:5-TGATGGGGAATGTCTTCCA-3' SEQ2_R3:5*-GCTCCAGTGCAGTCACCACT-3"
ppnl_2 SEQ2.F4:5-GTTGAGGATGGAAACTGCA-3° | SEQ2.R4:5-ATGAAGGTATCGCTTCTGGA-3¢
SEQ2.F5:5-CGATACTGAGGAGACTCGT-3¢ | SEQ2.R5:5-GGAAAACGATCGAGTTCGGT-3"
SEQ3_F1:5-AAGCTGCGCCCAGAGCCA-3* SEQ3.R1:5“CAAGTGGCAAACTTGGGA-3¢
pQC09.3b SEQ3.F2:5'“GATTCAATCTGCTGAGCA-3¢ SEQ3.R2:5-TTGCAGGTTCCGTCGGCT-3¢
pQC09.9 SEQ3.F3:5-GCTTCAGCCGGAATTGGT-3¢ SEQ3.R3:5-GCTGAGCTCCGTGAACGA-3*
ppnl_3 SEQ3.F4:5-GACACCGGCAATGCTGCCT-3¢ SEQ3.R4:5-GGGCAACACTTCCTCCCA-3¢
SEQ3_F5:5-“ATCAGATATGGAGTAGCT-3* SEQ3_R5:5-GCAAGATGGCTCTCCGCA-3*
SEQ4_F1:5-ACTTGATCTTCTCCTTCCGA-3¢ SEQ4.R1:5“TAGACCGAATCTTACACA-3¢
pQC09.4 SEQ4.F2:5'-TCGCCTTCAAATCCCACATC-3¢ SEQ4.R2:5“TGGAGGAATCTATGCTGGA-3¢
pQC09.6 | SEQ4.F3:5-GAGTCATCTCGTGATTGTGC-3" SEQ4.R3:5-TTACGGATCCCCAGGTACT-3¢
ppnl_4 SEQ4.F4:5'-“CTTACCGGTATCATCATCGT-3° | SEQ4.R4:5'-CAGTTCCACGAAAGGACACA-3*
SEQ4_F1:5-GTATTCTCAATTGAGAGCTG-3¢ SEQ4_R1:5“TAACTGGCGTGGATGCAGA-3¢
pQC09.5 SEQ4.F2:5'-“CCTGTTATAAGTACAGCG-3 SEQ4.R2:5“TAGTCACCTGACTCCGCAT-3
pQCO09.7 | sEQ4.F3:5-TAGGOTGAGGTAGGTAGGCT-3" SEQ4_R3:5“CGCTGTACTTATAACAGGT-3¢
ppnl.b SEQ4.F4:5-AACTGGTCCCATGAGAGT-3¢ SEQ4_R4:5“GGTGTTCACTTGCTCAGA -3¢

8.4.8 Creating genetic crosses

To study genetic interaction a cross was created between the strains mnm-4 (et4) and
sa580. This was done by crossing mnm-4 (et4) males with sa580 hermaphrodites. The
first step in the process was obtaining males out of mnm-4 (et4) hermaphrodite popula-
tion. In C.elegans males (X0) are produced by fusion of null0-X gametes (gametes that
lack X chromosome) with and normal X bearing gametes. Since male sperm contains an
equal frequency of null0-X bearing gametes and X-bearing gametes and since male derived
sperm outcompete hermaphrodite sperm in the fertilization of oocytes, reproduction by
mating produces a high number of males. In the hermaphrodite germ line null0-X ga-
metes are produced with a very low probability by spontaneous non-disjunction of the X
chromosome during meiosis in the germ line. This produces male progeny in self fertilized
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hermaphrodites. The probability of spontaneous non-disjunction increases for example
when the hermaphrodites are heat shocked. This fact was utilized to obtain male progeny
from self fertilized hermaphrodites.

20 plates with four mnm-4 (et4) L4 stage hermaphrodites were heat shocked at 30°C for
6 hours and subsequently moved to 20°C. About 20 males were obtained form the self fertil-
ized progeny of these worms. These males were crossed with mnm-/ (et/) hermaphrodites
to produce increased numbers of mnm-4 (et4) males. This was done by placing five mnm-
4 (et4) young males in a mating plate with three mnm-4 (et4) L4 hermaphrodites.

The cross was setup by placing three young mnm-4 (et4) males with one sa580 L4
hermaphrodite in a mating plate. Around 20 mating plates were likewise prepared. Once
the hermaphrodites mature and are about to lay eggs each of these hermaphrodites are
picked and transferred to a fresh plate each. After 2-3 hours the eggs in each of the 20
plates are transferred to another 20 fresh plates leaving the hermaphrodites behind. 6063
hours after the eggs were transferred, when the worms are in L4 stage half of the plates
were observed to look for presence of males. Only those plates are retained that have
males and the rest are discarded. Presence of males indicate that the cross had worked
and the plate contained heterozygous (mnm-4 (et4);sa580) F1 progeny. Hermaphrodites
are picked form these plates and imaged. The same is done with the other half of plates
24 hours later (84-87 hours after the eggs were transferred) to look at adult heterozygous
(mnm-4 (et} );sa580) worms.

8.4.9 DIC and fluorescence imaging

For microscopic analysis, worms were mounted on 2% agarose pads, paralyzed with a
small drop of anesthetic (100mM levamisole), and covered with a coverslip. These were
then examined with a Zeiss Axioplan upright compound microscope using DIC optics or an
FITC filter set to visualize GFP. Digital images were acquired using an attached AxioCam
digital camera.

8.4.10 Scoring worms for twisted pharynges

The scoring was performed by first imaging the worms with DIC optics under 1000X
magnification at a focal plane that best showed the most pronounced angle of twist in the
upper half of the worm (ie starting from the coverslip side). For the transgenic worms, a
photograph was first taken and subsequently the animal checked under UV illumination
to check if it expressed GFP in its coelomocytes. If it did, the photograph was saved. If
not it means the worm did not have the transgene and the photograph is discarded. This
procedure was adopted to avoid any bias when taking the photograph: the photographer
does not have apriori knowledge of whether the worm under observation has the transgene
or not before taking a photograph of the pharynx. The angle of twist was measured by
loading the images one by one into the image processing and analysis software Image-J
(NIH, USA) and using the function provided in the software to measure angles.
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8.5 Results

8.5.1 Scoring rescued transgenic lines

As part of a follow up to inconclusive previous efforts, attempts to rescue the twisted
pharynx phenotype were performed by microinjection. The cosmids ZK742 and C373 were
microinjected along with the marker pCC::GFP in sa580. The marker was used to identify
the transgenic animals. The worms that have the transgene have their coelomocytes
fluorescing green when observed under the epi-fluorescence microscope. A set of five
transgenic lines were obtained. The rescue attempts were preformed in sa580 rather than
mnm-4 (et4) since sa580 is recessive while mnm-4(et4) is semi-dominant. These lines
were named transgenic line C (Tg_C), transgenic line O (Tg_), tansgeninc line H (TG_H),
transgenic line J (TG_J) and transgenic line P (Tg_P). As part of the work described in
this chapter, these transgenic lines along with mnm-4 (et4), sa580, and N2 were scored for
their twist in the pharynx.

The scoring was performed as described in section 8.4.10. The results are shown in
table 8.4. The table shows the number of worms imaged, the average angle of twist, the
standard deviation in the measured angles, and the standard error of mean. As seen from
the table the cosmids ZK742 and C373 were able to produce a sizable number of rescues in
three transgenic lines created namely Tg H, Tg_J and Tg_P. Figure 8.7 shows the pharynx
of A) a wild type N2 worm which does not have the twisted pharynx phenotype, B) a
sa580 worm which has a twisted pharynx (degree of twist indicated in the figure) and
C) a sa580 worm that has been rescued using cosmids ZK742 and C373 . In the rescued
worm it can easily be appreciated that the pharynx shows a wild type phenotype. These
results further confirmed the possibility that the mutation lies within the gene ppn-1 since
the cosmid ZK742 has the promoter for this gene and C373 the coding region.

Table 8.4: Measurement of degree of twist in N2, sa580 and various transgenic lines
attempted to rescue SA580 twisted pharynx phenotype

N2 | SA580 | Tg C | Tg O | TgH | TgJ | TgP
Number 10 24 17 11 25 27 11
Average
(degrees) 2.32 13.7 | 12,62 | 12.2 | 7.86 5.3 8.7
Standard
Deviation 1.09 2.32 4.118 | 4.24 3.08 3.2 6.47
Standard
Error of Mean | 0.345 | 0.473 | 0.998 | 1.278 | 0.616 | 0.615 | 6 1.95

8.5.2 Sequencing results

By sequencing the ppn-1 gene in the strains mnm-4 (et4) and sa580 it was confirmed
that the mutation was indeed in this gene and the location of the mutation in each of
these strains were determined. The results are shown in the Table 8.5. The table shows
the ppn-1 fragment in which the mutation was found, the recombinant plasmid that had
the fragment as an insert, the location of mutation in terms of the number of the amino
acid, the change in amino acid as a result of this mutation and finally the mutation names.
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Figure 8.7: C.elegans pharynges A) N2 wild type, B) sa580 which has a twisted pharynx
(degree of twist 6 , indicated in the figure), C) sa580 with twisted pharynx phenotype
rescued.

Once the results were obtained the plasmids pQC09.3bb and pQC09.9b were created again
starting from the PCR amplification of the ppnl1_3 and sequenced again. This repetition
was done to rule out any PCR artifact producing the mutations rather than a mutation
in the strain. The repeated set of experiments confirmed the mutations.

Table 8.5: Details of the mutation found in mnm-4 (et4) and sa580

Strain ppn-1 Plasmid | Location of | Amino Acid | Mutation
fragment Mutation Change Name
in the gene
sad80 ppnl_3 | pQC09.3b 965 Glycine to GI65E
Glutamic Acid
mnm-4(et4) | ppnl3 | pQC09.9b 973 Cysteine to C973Y
Tyrosine

The following facts about the mutations can be noted:

e Both sa580 and mnm-4 (et4) have the mutation in the gene ppn-1.

e Since both these strains have the mutation in the same gene it is confirmed that
5a580 and mnm-4 (et4 ) are alleles of each other.

e Both mutations caused a G— A (Guanine to Cytosine) transition. This is very
common in EMS (Ethylmethane Sulphonate) induced mutations, which was used to
induce these mutations.
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e The location of mutation in sa580 as well as mnm-4 (et4 ) are very close to each other
(only 24 base pairs apart) and they affect the same region in the protein (C.elegans

papilin).
8.5.3 Genetic interaction between mnm-4 (et4) and sa580

To check the genetic interaction between mnm-/(et4) and sa580, these strains were
crossed as described in section 8.4.8 to obtain the heterozygous strain mnm-4 (et} );sa580.
The twist in the pharynx was observed in the crossed strain and compared to the parental
strains. The results are shown in table 8.6 . The table shows the number of worms imaged,
the average degree of twist, the standard deviation in the degree of twist and the standard
error of mean. In each set mnm-4 (et4);sa580, mnm-4(et4) and sa580) the imaging was
performed at two life stages L4 (60—-63 hours after picking the embryos) and Adult (84-87
hours after picking the embryos). Figure 8.8 shows images of C.elegans pharynges of the
crossed and parental strains in the L4 stage. Figure 8.9 shows the C.elegans pharynges of
the crossed and parental strains in adult stage.

Table 8.6: Measurement of degree of twist in mnm-4 (et4);sa580, mnm-4 (et}) and sa580

mnm-4 (et4); | mnm-4(et4); | mnm-4 | mnm-4 | sa580 | sa580
5a580 5a580 (et4) (et4) (L4) | (Adult)
(L4) (Adult) (L4) (Adult)
Number 20 31 25 34 39 30

Average

(degrees) 10.47 13.126 10.3 13.35 9.68 13.39
Standard

Deviation 0.756 1.836 1.719 1.664 0.994 1.225
Standard
Error of

Mean 0.169 0.33 0.343 0.285 | 0.159 | 0.223

It is clear form the above measurements and figures that the genetic cross between
mnm-4 (et4) and sa580 shows the same parental phenotype. The degree of twist in the
heterozygous is very similar to the degree of twist in the parental strains.

8.5.4 Twist in the amphid neurons

The twist in the pharynx of the sa580 strain was initially observed by noting the twist
in the amphid neurons. C.elegans has 11 pairs of bilaterally symmetric chemosensory
amphid neurons. They have their cell bodies outside the nerve ring and have cliated
dendrites. The dendrites are bundled and pass parallel to the longitudinal axis of the
pharynx on either side of the pharynx and pass on to the nose. Even though the dendrites
donot pass through the pharynx, they pass very close to it. The cilia at the tip of the
dendrite are exposed to the outside environment that helps them in their chemosensory
function. This exposure to the outside environment also helps staining a number of these
amphid neurons by simply incubating the worms at room temperature in a dye such as
Dil. The neurons take up the dye through their exposed ends and can be subsequently
observed under UV light using a red filter.
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Figure 8.8: C.elegans pharynges in L4 larval stage A) mnm-4(et4), B) sa580, C) mnm-
4 (et4);sa580. The degree of twist 6 is indicated in the figure for each case.

mnm-4(et4)

Figure 8.9: C.elegans pharynges in Adult stage A) mnm-/(et4), B) sa580, C) mnm-
4 (et4);sa580. The degree of twist 6 is indicated in the figure for each case.
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The amphid neurons in young adult worms in the two mutant strains and wild type
N2 strains were imaged to observe the twist in the apmphid neurons. The result is shown
in table 8.7. The table shows the number of worms imaged, the number of worms that
had twisted pharynges and the number of worms that had twisted amphid neurons. It can
be observed that it is not always that a twist in the pharynx is accompanied by a twist in
the amphid neurons. Figure 8.10 shows the images of amphid neurons in the strains N2,
5a580 and mnm-4 (et4). The figures are a superposition of DIC image of the pharynx and
the fluorescence image of the amphid neurons. For sa580 and mnm-/(et4) two cases are
shown, one in which the amphid neurons are twisted and another in which the amphid
neurons are not twisted.

Table 8.7: Twist in amphid neurons

N2 | mnm-4(et}) | sa580
Number 20 21 20
Twisted
Pharynges 0 21 20
Twisted Amphid
Neurons 0 7 5

Since these dendrites donot directly pass through the pharynx it is very likely that
the twist in them occur only when the bundle of dendrites get stuck onto the pharynx
during development and the pharynx drags these dendrite bundles along while its twist is
progressing.

8.6 Discussion

This work has primarily demonstrated that the twisted pharynx phenotype in the
strains mnm-4 (et4) and sa580 is due to mutation in the ppn-1 gene and that these two
strains are alleles of each other.

8.6.1 Papilin Protein

The ppn-1 gene in C.elegans codes for the C.elegans papilin protein that is homologue
to the Drosophila papilin protein [235]. Papilins are a class of secreted extracelluar ma-
trix glycoproteins that are conserved in Drosophila, C. elegans, mice, and humans [235].
Drosophila papilin is primarily a large glycoprotein with O-linked sulfated glycosamine
chains and is major component of the basement membrane [235]. The N-terminal part
of the protein is formed by a set of thrombospondin type 1 domains (TSR) separated by
a specific, cysteine-rich spacer region, which, together, is named the “papilin cassette”
[235]. The central region of the protein has about 500 amino acid-long sequence ex-
tremely enriched in Ser and Thr, containing many potential O-glycosylation sites [235].
The C-terminal portion of papilin includes several Kunitz-type domains and a WAP-type
four-disulfide core domain. This region is homologous to known serine protease inhibitors
[236]. The papilin cassette of papilin is homologous with the noncatalytic portion of
the ADAMTS family of secreted metalloprotease. Papilin binds to ADAMTS family of
proteases and possibly inhibits them and plays a role in localizing the action of these pro-
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Figure 8.10: Superposition of DIC image of the pharynx and the epi-fluorescence image
of amphid neurons A) N2 B) sa580 with normal amphid dendrites C) sa580 with twisted
amphid dendrites, D) mnm-4(et4) with normal amphid dendrites E) mnm-/ (et4) with
twisted amphid dendrites

teases [235]. In drosophila 3 splice variants of the protein exist which are named Papilin-1,
Papilin-2 and Papilin-3. They differ in the number of Kunitz domains and IgC2 domains
in the C terminal [236]. Papilin-1 is the shortest and Papilin-3 is the longest. Papilin-1
is expressed during early embryo development and apparently plays role in localizing the
action of ADAMTS family of proteases. Papilin-2 is most abundant papilin protein in
drosophila and forms a major component of the basement membrane. Papilin-3 forms a
component of the protective lining in the embryonic dorsal vessel and in the peritrophic
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Figure 8.11: Protein domain structure of MIG-6S and MIG-6L (adapted from ref.[237])

membrane of the gut [236].

A recent work has described more functions of the C.elegans papilin protein [237].
As a result of this work the ppn-1 that codes for C.elegans gene has been renamed mig-
6. Two classes of mutations in the mig-6 gene were identified: Class-1 which shows an
extremely slow DTC (Distal Tip Cell) migration compared to the wild type and results
in foreshortened gonad arms and Class-s in which the DTCs migrate at an approximately
normal rate but have specific defects in phase 2 migrations [237]. Two mRNAs encoded
by mig-6 were discovered and designated mig-6S and mig-6L. mig-6S translates a protein
(MIG-6S) with 11 exons and mig-6L translates a protein (MIG-6L) with whole of the
10 exons as in mig-6S a part of exon 11 and a 12th exon [237]. mig-6L alone normally
encodes class-1 functions that are required post-embryonically for a wild-type rate of DTC
migration [237]. mig-6S is apparently required in embryogenesis and its lack leads to early
embryonic and larval lethality. Loss of mig-6S post embryonically phenocopies the phase
2 DTC defects seen in class-s mutants [237]. The protein domain structures of MIG-6S
and MIG-6L are shown in Figure 8.11 [237].

mig-6(s) mutations affect distribution of the MIG-17 metalloproteinase [237]. This
substantiates the argument that the papilin protein acts to localize the function of met-
alloproteinases [235]. A reduction in collagen IV protein or a reduction in collagen IV
folding and secretion (caused by point mutation) was shown to suppress mig-6 class-s
DTC defects. These results indicate that collagen IV acts antagonistically to MIG-6S in
an extracellular mechanism that affects phase 2 DTC migration [237].

8.6.2 Allometric growth model of pharyngeal twist

Both of the mutations in mig-6 gene that causes the pharyngeal twist ( mnm-/ (et4)
and sad80) cause defects in the CR2 region (see Figure 8.11) of the C.elegans paplilin
protein and likely affect both the isoforms of the protein MIG-6S and MIG-6L. It is
however unclear as of now how this causes a pharyngeal twist. The pharynx consists of
number of cells including 34 muscle cells that have different sizes and shapes. Hence it is
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important that these cells grow at different rates (allometric growth), while they develop,
so as to account for the different sizes but still grow together. During this process the cells
have to attach and reattach to the extracelluar matrix. The metalloproteinases apparently
aid in this process by loosening the stiff extracelluar matrix components like collagen and
creating attachment points. Also these proteases could help create the extra space required
to accommodate the growth of the pharynx.

Since one of the functions of the papilin protein is to localize the function of these
metalloproteinases, it is very likely that in mutants of mig-6 gene this function is not
properly carried out. This could cause abnormal allometric growth. Some regions of the
extracelluar matrix may not loosen enough resulting in some sort of opposition to the
growth that could result in a torque that eventually results in a twisted pharynx.

In addition the signals form the extracelluar matrix that directs the growth of cy-
toskeletal components could get perturbed in a mutant with papilin defects resulting in
some of these components growing longer than usual and that could result in the pharynx
getting twisted to accommodate the longer cytoskeletal components.
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CHAPTER 9

Conclusion and Future Prospects

9.1 Conclusions

The research described in this thesis has primarily looked at use of light as a tool to
guide the axons of neurons in-vitro as well as to use it to induce submicrometer incisions
in axons of neurons in-vivo in the model organism C.elegans.

Our initial investigations revealed that NIR femtosecond light spot of very low average
power when placed at a small distance form the growth cones of primary neuronal cell
cultures are able to significantly change the orientation of filopodia towards the light spot.
This was however not observed when CW light was used in the same condition with the
same average power. This indicated the ability of femtosecond light to induce some sort
of signaling effect on the growth cone of primary neuronal cell cultures.

Since filopodia are the fundamental sensors in the growth cone that direct axonal
growth, an orientation of filopodia in a particular direction indicates preferred axonal
growth in that direction. To investigate if the initial response of filopodia to distantly
placed femtosecond light sources could manifest on the whole axon, experiments were
repeated for longer durations of time. It was observed that in a significant number of
cases the initial orientation of the filopodia towards distantly placed femtosecond laser
light manifests onto the growth of the whole axon towards these light sources.

Now it was not clear if it was the high intensity of the femtosecond light that was
responsible for the effect or the pulsed nature of femtosecond light (no related to the high
peak intensity) that was causing this effect. Further investigation using chopped NIR
CW light (same average power) which would impart a pulsed character to the light spot
without a high peak intensity, revealed that the response of the axons were exactly similar
to the use the femtosecond light. The percentage of attracted axons were almost the same
when chopped CW light was used as when femtosecond light was used. Hence it seems that
growth cones can respond to the presence of distantly placed NIR pulsed laser sources.

The question that needs to be answered is to why such an effect should take place.
At this moment there are no definite answers to this question. An interesting hypothesis
is that cells in general communicate among themselves using modulated NIR light. The
modulation apparently helps them distinguish the weak signals from background noise.
When an external source of light is placed, a cross talk could be generated. Or in other
words the neurons could be to mistaking the distantly placed light sources to be other
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neurons and they could be growing axons towards these in a bid to form networks.

The next logical thing to be done was to explore similar effects in-vivo. This however
put forward a technical hurdle. We lacked a tool that could induce optical stimulation
and at the same time image the results of stimulation live using a multitude imaging
modalities. It was principally with this in mind that we went on to develop mutimodal
optical workstation. The workstation extends a commercially available confocal micro-
scope (Nikon Confocal C1-Si) to include nonlinear/multiphoton microscopy and optical
manipulation/stimulation tools such as nanosurgery.

The setup allows both subsystems (confocal and nonlinear) to work independently and
simultaneously. The workstation enables, for instance, nanosurgery along with simulta-
neous confocal and brightfield imaging. The nonlinear microscopy capabilities are added
around the commercial confocal microscope by exploiting all the flexibility offered by this
microscope and without need for any mechanical or electronic modification of the con-
focal microscope systems. As an example, the standard differential interference contrast
condenser and diascopic detector in the confocal microscope are readily used as a forward
detection mount for second harmonic generation imaging.

For the control and automation of the various experiments that were intended to be
performed with the multimodal workstation a number of virtual automation and control
programs were written in the virtual instrumentation Labview and used extensively in the
research described in this thesis.

One of first applications of the multimodal optical workstation was its use in performing
Nano-neurosurgery and observing the dynamics associated with the process by multimodal
imaging of the procedure live using a multitude of imaging modalities. A number of effects
like spilling of axoplasm, laser induced muscular contraction etc: were observed. A through
assessment of collateral damage could also be performed. The ability of the multimodal
system to assess collateral damage is much superior to the currently established ways
of detecting collateral damage after Nano-neurosurgey. In addition Second Harmonic
Generation (SHG) microscopy was introduced as a novel technique to detect collateral
damage to the muscle surrounding the neurite targeted for Nano-neurosurgery.

A better understanding of the phenomenon like axon guidance and neuron regeneration
after Nano-neurosurgery requires a deeper understanding of biology especially molecular
biology and genetics. With the motive of having a better understanding of these fields,
some time was spent in a molecular biology and genetics lab in Gothenburg, Sweden.
Investigation was basically performed to determine the mutations responsible for inducing
a twist in certain neuronal processes in two strains of C.elegans. Using a set of molecular
biology methods both the mutations were located in the mig-6 gene. The mutation causes
a defect in the extracellular matrix protein C.elegans papilin.

9.2 Future Prospects

The work on guiding neurons with light offers many possibilities for future research.
The mechanisms leading to this effect need to be discovered. For this dynamics of actin
and calcium for example can be studied by staining the neurons using fluorescent markers
and imaging using epi-fluorescence or confocal microscopy while the pulsed NIR beam spot
is used to guide the axon. The multimodal optical workstation is ideally suited (provides
ability for NIR stimulation and simultaneous imaging) for these studies. Actin is the
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most important cytoskeletal element and calcium is a very important second messenger in
the process of neuron guidance. Hence studying dynamics of these could give significant
clues about the mechanisms behind optical signaling of growth cones. In addition opsin-3,
which is the family of putative light sensors in the deep brain neurons can be investigated.
The expression of various opsins in the cortical neurons and their response to pulsed NIR
should also help a great deal to understand the mechanism.

Discovery of the most optimum recipe that provides the most efficient response form the
growth cones signaled using NIR pulsed light still needs further efforts. The parameters
like optical power, wavelength, operation regime, culture media, type of neurons etc:
can be varied and investigated for the most efficient response. The effect also needs to
be investigated in-vivo in model organisms like C.elegans and higher order organisms
like mouse. Such studies could also involve of the use of electro-physiological or optical
techniques to investigate the electrical activity of neurons subjected to optical signaling.

There are a lot of improvements that are possible to the multimodal optical work-
station. Aberration correction optics, beam shaping optics and dispersion compensation
optics could be added to the current system to achieve non-linear effects with minimum
usage of optical energy. A regenerative amplifier could be added and Nano-neurosurgery
performed using amplified femtosecond laser pulses that would impart tighter control over
the surgical process and minimize collateral damage. THG can replace SHG if longer
wavelengths for excitation are used. It is also possible to image THG and SHG simul-
taneously by adding another dichoric mirror in a fourth filter cube (FC4) that could be
placed above the filter cube FC3 (positioned on top of the condenser). If a dichroic is
so selected, so as to reflect the THG, it could be detected by a detector placed outside
the microscope while the SHG could be allowed to propagate into the optical fiber in the
diascopic detector.

The control software for the confocal and multiphoton subsystems could be integrated
into one, to achieve better synchrony between the two subsystems. The nonlinear compo-
nent of the system can also be used to induce linear effects, like optical tweezing, merely by
switching the laser mode to CW. For example, while the second system performs optical
tweezing, the confocal or epi-fluorescence component could be imaging the procedure in
real time.

Many biological problems related to fundamental neuroscience can be approached by
the Nano-neurosurgery tool. Severing of axons can be used to better understand neuronal
function and development. Nano-neurosurgery can also be attempted on higher order or-
ganisms like mouse by making cranial optical windows. Neuron regeneration after surgery
can be investigated in various C.elegans mutants to discover novel mechanisms of nerve
regeneration.

The many discovered dynamic effects like muscular contraction, and spreading of aut-
ofluorescence due to muscular stimulation can be further investigated. The multimodal
optical workstation can be used for femtosecond laser stimulation of muscle which can
open up many interesting avenues of study, especially in C.elegans. Many other effects
related to muscular simulation can be investigated. The aperture and closure of cuticle
as a result of the induced cavitation bubble during neurosurgery could be used to study
elastic properties of the cuticle. Collateral muscle damage can be better quantified using
the SHG microscopy tool and its effect on nerve regeneration studied. Such studies would
throw more light on the influence of the extracellular matrix and other surrounding cells
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on neuron guidance and nerve regeneration.

The nanosurgery tool can be used on other organisms like Drosophila melanogaster, Ze-
bra Fish and also individual cells, tissue slices etc:. In addition to neurons the nanosurgery
tool can be used to knock out of organelles like mitochondria in single cells, incise actin fil-
aments, muscular fibrils, etc:. This can also be a very useful tool in developmental biology
where individual cells in embryos could be knocked out and embryo development studied
in absence of these cells. Such studies could give many insights into roles of specific cells
in embryogenesis and their interaction with other cells. Photoporation is another inter-
esting direction in which the nanosurgery tool can take us. Small pores can be drilled in
individual cells and many mechanisms like exocytosis and endocytosis studied.
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APPENDIX A

Neuroscience

A.1 Axon guidance cues

A.1.1 Rho GTPases

Rho family GTPases orchestrate actin filament assembly and disassembly through the
control of actin polymerization, branching, and depolymerization. Moreover, Rho family
members direct actin-myosin-dependent contractility, controlling the retrograde flow of
F-actin within the growth cone. The best studied Rho GTPases, Cdc42, Rac, and RhoA,
have been implicated in the control of lamellipodial and filopodial dynamics. Rho G'T-
Pases cycle between active and inactive states through the binding of guanine nucleotides.
In their GTP-bound states, Rho GTPases recruit effector proteins to the membrane and
are thus considered active. Hydrolysis of GTP to GDP by their intrinsic GTPase activity
disrupts GTPase binding to effectors and thereby inactivates these GTPases. The activ-
ity of Rho GTPases is controlled by the opposing actions of guanine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs). GEFs facilitate the exchange
of GDP to GTP, thereby turning on Rho GTPase signaling, whereas GAPs turn off Rho
GTPase signaling by activating their endogenous GTPase activities. Axon guidance re-
ceptors can be directly or indirectly coupled to GEFs and GAPs, affording these receptors
direct control over Rho GTPases [93].

A.1.2 Netrins

The netrins are a small family of phylogenetically conserved secreted proteins with
amino acid sequence similarity to proteins of the laminin family. Netrins function as both
neuronal chemoattractants and repellents [238]. An example of netrin bifunctionality is
observed in vertebrates, where netrin-1 functions in-vitro and in-vivo to attract spinal cord
commissural neuron axons to the floor plate and in vitro to repel trochlear motor axons.
Members of the DCC family of netrin receptors mediate netrin attraction. DCC proteins
have large extracellular domains composed of multiple immunoglobulin (Ig) repeats, fi-
bronectin type III (FNIII) repeats, and large cytoplasmic domains with three conserved
motifs (P1, P2, and P3). Ligand-gated multimerization of DCC proteins through their P3
regions is required for netrin induced attraction events [93]. A direct association between
the DCC and UNC-5 cytoplasmic domains leads to repulsive guidance events [93].
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A.1.3 Slits

Members of the Slit family of axon guidance molecules control a wide range of physi-
ological processes during neural development including axon pathfinding axonal and den-
dritic branching and neuronal cell migration [93]. Slits have been most extensively char-
acterized with respect to their role in orchestrating axonal navigation at the CNS midline.
The Robo family of transmembrane proteins includes members that function as receptors
for Slits. Abelson (Abl) tyrosine kinase and one of its substrates, Ena, are involved in the
Robo signaling cascade. Ena may enhance F-actin polymerization at the leading edge of
the growth cone [93].

A.1.4 Semaphorins

The semaphorins belong to a large family of phylogenetically conserved secreted and
membrane-associated proteins, members of which are capable of mediating both repulsive
and attractive axon guidance events during neural development [239]. More than 30
semaphorins have been identified and all share a conserved N-terminal Sema domain and
can be classified into eight subfamilies depending on their structural similarities and species
of origin. The plexins, a large family of evolutionarily conserved transmembrane proteins,
are essential signal transducing components of most semaphorin receptor complexes [93].
Plexins cannot bind secreted class 3 semaphorins directly, but plexin-A receptors form a
complex with the neuropilin proteins, neuropilin-1 (Npn-1) or Npn-2, which function as
obligate coreceptors and bind to class 3 semaphorins with high afinity [240]. The Rho
family of GTPases appears to provide a critical link between semaphorin receptors and
the actin cytoskeleton.

A.1.5 Ephrins

Eph tyrosine kinases, receptors for the ephrins, are encoded by the largest family of re-
ceptor tyrosine kinase (RTK) genes in the mammalian genome. These receptors are divided
in two subclasses, EphA receptors (EphA1-EphAS8), which bind the GPI-linked ephrin-As
(ephrinAl-ephrinAb5), and EphB receptors (EphB1-EphB6), which bind to transmembrane
ephrin-Bs (ephrinBl-ephrinB3) [241]. Ephrin/Eph complexes transduce signals bidirec-
tionally into both receptor (Eph) expressing cells and ligand (ephrin) expressing cells in
what is known as “forward” and “reverse” signaling, respectively. There is ample evidence
to indicate that both forward and reverse modes of Ephrin-Eph signaling are critical for
axon guidance during neural development [242]. Upon ligand engagement Eph receptors
undergo autophosphorylation in a manner similar to other RTKs.

A.1.6 Receptor Protein Tyrosine Phosphatases

Members of the large family of protein tyrosine phosphatases (PTPs), have emerged
as key regulators of axon growth and guidance. The most compelling case for a role of
RPTPs in axon guidance has been made in Drosophila, where the molecules DPTP69D and
DLAR have been implicated in both the guidance of motor neuron axons [243]. Moreover,
mammalian RPTPJ, RPTPk, and RPTPu and chick PTPo have been implicated in the
growth and guidance of several populations of developing vertebrate neurons [93].
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A.1.7 Neurotropins

The neurotrophin (NT) family is comprised of nerve growth factor (NGF), BDNF,
NT-3, and NT-4. These factors play critical roles in the establishment and maintenance of
the nervous system as well as in plasticity in the adult [244]. Neurotrophins are powerful
modulators of growth cone steering in vitro. Although p75 was the first identified neu-
rotrophin receptor, members of the Trk family of receptor tyrosine kinases have received
the most attention as signaling receptors for the neurotrophins [93]. Like most recep-
tor tyrosine kinases, initiation of signaling through Trks is triggered by ligand-dependent
receptor dimerization and trans-phosphorylation of the cytoplasmic domains leading to
recruitment of SH2 and PTB domain-containing adapter and effector proteins.

A.1.8 Cell-Adhesion Receptors

Cell-adhesion receptors, including Ig cell-adhesion molecules (CAMs), cadherins, and
integrins, direct axon guidance events and many additional developmental processes through
interactions with ligands present in the extracellular matrix (ECM) or on neighboring cells
[93]. Engagement of all three families of cell-adhesion receptors activates several signaling
pathways, including MAPK cascades. Stimulation of NCAM, L1, and N-cadherin through
homophilic binding in trans leads to phosphorylation and activation of the FGF receptor
tyrosine kinase (FGFR), which triggers a signaling cascade involving PLC, DAG lipase,
production of arachidonic acid, increases intracellular calcium levels, and subsequent ac-
tivation of MAPK signaling [245].

A.1.9 Myelin-Associated Inhibitors: Nogo, MAG, OMgp

The recent identification and characterization of neurite growth-inhibitory molecules
associated with myelin and oligodendrocytes provides insight into the mechanisms that
prevent axonal regeneration in the adult mammalian system. Although these molecules
have mostly been studied in the context of their ability to inhibit regeneration, their
expression in the CNS and PNS during neural development suggests they may also play a
role in the growth and guidance of axons.
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APPENDIX B

Neuron Culture Protocols

B.1 Dissection Media

KCl Powder
D-Glucose Powder
NaH2Co3

Phenol Red

Miliq Water

Phosphate Buffered Saline (PBS) 1X | 500ml

0.15gr
lgr
275ul
250u1
40ml

1. Add KCI powder, Glucose powder and Phenol red in 40ml MiliQ water and mix

throughly

2. Filter the solution using 0.2um pore size filter and add to the PBS

3. Add NaH2Co3 directly to the PBS solution
4. Mix well

B.2 Neurobasal Media for cerebral cortex neurons

Neurobasal Solution

Normal Horse Serum (NHS)
Glutamine

NaH2Co3
Penicillin-Streptomycin Solution
B27

D-Glucose Liquid

50ml
2.5ml
1.25ml
2601
500u1
1ml
66041
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C.elegans Culture

APPENDIX C

Protocols

C.1 Nematode Growth Media

NaCl 3gr
Bacto Agar 17gr
Bacto Peptone ogr
1M CaCl2 1ml
1M PPB 25ml
5mg/ml Cholesterol in Ethanol | 1ml
1M MgSO4 1ml
Fungizone 0.4pl
Miliq water 972ml
Total 1000ml

1. Make 100ml PPB (pH 6.0) by mixing 13.2ml of IMK2HPO4 with 86.8ml of 1M

KH2PO4

2. Mix NaCl, agar and peptone in a 1 liter bottle and add 972ml of MiliQQ water and

autoclave

3. Cool the bottle in a 55° water bath for 20min

4. Add CaCl2, MgSO4, PPB, cjolesterol and fungizone and mix throughly

5. Using sterile procedures dispense the NGM solution into petri plates.

6. Leave the plates overnight at room temperature.
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C.2 Luria Broth for Bacterial Culture

Yeast Extract | bgr

Tryptone 10gr
NaOH 2 pellets
NaCl bgr

Bacto Agar 15gr
MiliQ Water | 1000ml
Total 1000ml

1. Autoclave the solution for atleast 30mins and cool to 55°C in a water bath.
2. For liquid LB cultures avoid the use of bacto agar.

3. For making LB plates pour the 55°C solution into petri plates and allow to cool at
room temperature.

4. Bacteria (E.coli OP50) can be streaked from another plate onto the new plate and
left overnight at room-temperature.

5. Liquid bactrial suspensions can be obtained by seeding a colony of bacteria form a
plate into 10ml of LB liquid in a 100ml tube and leaving the tubes overnight in a
shaking incubator at 375°C.

C.3 Freezing Protocol

1. Dissolve NaCl (0.585g), KH2PO4 (0.68g), glycerol (30g), 1M NaOH (0.56ml) in a
final volume of 100ml distilled water.

2. Autoclave and allow to cool
3. Add 0.3ml of 0.1M MgSO4 and mix

4. Add 100ml of M9 buffer and mix

5. This is the final 1X freezing solution and can be keppt at room temp for several
months.

C.3.1 M9 Protocol

KH2PO4 | 3gr
NaH2PO4 | 6gr
NaCl Sgr

Dissolve in distilled water and adjust volume to 1L. Sterilize by autoclaving. Allow to
cool and then add 1ml of sterile 1M MgSO4.
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APPENDIX E

Molecular Biology Protocols

E.1 Single worm lysis buffer

1M KCI 500u]
1M MgCl2 25ul

M Tris, pH 8.3 | 100ul
10% NP-40 450ul

10% Tween 20 | 450ul
0.1% gelatin 10001
Water 74750l
Total 10ml

E.2 PCR reaction master mix

Water 33ull
Pfu Buffer 5ul
dNTPs 1.25ul

Pfu Enzyme | 1.5ul
Primer L 2ul
Primer R 2ul
Total 40.75p1

E.3 Topo-isomerization protocol

E.3.1 Preparing Cloning Mix
1. Mix 4pl of insert, 1ul of salt solution and 1ul of pCR®II Blunt Topo
2. Incubate 5 min at room temperature
3. Place on ice

E.3.2 Transformation of one shot competent cells

1. Thaw the competent cells on ice
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2. Add 2ul of cloning mix.

3. Incubate on ice 15mins.

4. Heat Shock 30sec at 420C

5. Transfer to ice

6. Add 250ul of soc solution at room temperature

7. Cap tightly and shake horizontally at 370C for 1 hour

8. Plate 25ul and 250u1 on 50pug/ml kanamycin plates



