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Summary 
Connecting filaments like titin are giant proteins that are core components of the sarcomere, the 

smallest contractile unit of muscle. They fulfill key roles in the formation, structure and functioning 
of the muscles through their structure and specific sub-sarcomeric localization. Connecting 
filaments typically contain immunoglobulin domains, fibronectin type three domains, spring-like 
PEVK domains and a kinase domain. This allows connecting filaments to serve as a scaffold 
extending from the Z-disc border to the central thick filament of the sarcomere, to play a role in 
signaling pathways and to contribute to sarcomere (and thus muscle) stiffness, a key mechanical 
property of the muscle. 

While the giant titin molecule is the single connecting filament in vertebrates, other organisms 
may have several homologs. Drosophila has two functional titin homologs: Projectin and Sallimus. 
While Projectin contains a kinase domain like titin, Sallimus does not. In the asynchronous fibrillar 
flight muscles (IFMs, which power flight) both Sallimus and Projectin have been reported to 
connect the thick filaments to the Z-disc. However, in the tubular (skeletal) muscles, Projectin has 
been reported to completely localize on the thick filaments, while Sallimus connects the Z-disc to 
the thick filaments. Titin is expressed in many different isoforms, where stiff muscles like the 
vertebrate cardiac muscle contain short titin isoforms with short PEVK domains, while the more 
compliant skeletal muscles contain much larger titin isoforms with large and thus compliant PEVK 
domains. Similarly in Drosophila, the very stiff IFMs contain short Sallimus and Projectin isoforms 
with very short or completely missing PEVK domains, while the tubular muscles contain much 
larger isoforms with larger PEVK domains. In addition, the parallel localization of Projectin and 
Sallimus could further increase the stiffness of IFMs. 

Despite the large body of work on titin, Projectin and Sallimus, there are still many open 
questions. Work on the soleus muscle in vertebrates, for example, suggests that titin may not always 
significantly contribute to muscle stiffness. In other animal groups like insects, there is actually 
very little known about muscle stiffness apart from the IFMs. Currently the actual importance of the 
Projectin and Sallimus related stiffness in the Drosophila tubular muscles is mostly extrapolated 
from data on vertebrate titin. In addition, the function and precise localization of the Projectin 
kinase domain remains to be demonstrated.  

This work aimed to experimentally assess the contribution of the PEVK domains of both 
Projectin and Sallimus and the Projectin kinase domain to the structural and functional properties of 
the Drosophila muscles in vivo through genetic approaches (BAC recombineering and CRISPR-
Cas9). The lengths of the PEVK domains in both Projectin and Sallimus were drastically shortened. 
Using endogenous tags, I assessed the localization patterns of the Projectin PEVK domain and two 
of the very large PEVK exons in Sallimus in different muscle types. I was able to demonstrate that 
the Projectin PEVK domain and two large PEVK exons in Sallimus localize in the I-band region of 
the sarcomere (the region between a Z-disc and the thick filament) regardless of the muscle type. 
This supports the connection between the Z-disc and the thick filaments through Projectin in the 
IFMs. In the tubular muscles, the Projectin N-terminus enters the I-band from the thick filaments, 
but does not reach the Z-disc. The localization patterns of the studied PEVK exons of Sallimus 
matched previous descriptions and predictions in the literature. Surprisingly, strong reductions in 
the size of the PEVK domains of Projectin or Sallimus did not result in any obvious defects in the 
structure or functioning of the tubular muscles. This indicates that either the length of the PEVK 
domains does not play a significant role in the structural or functional properties of the tubular 
muscles or that there is a strong compensation capability. 
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Preface 
Connecting filaments (titin and its homologs) are amongst the largest proteins known to man. In 

addition to their size, these proteins are considered to be crucial for the development, structure, 
stability, and for mechanical and functional properties of the sarcomere (the smallest contractile 
unit of the muscle). Due to the central location of theses proteins within the sarcomere and the 
central role of these proteins in not only sarcomere development but also sarcomere stability and 
functioning, it is very important to have an overview of all these aspects. 

In the introduction of this work, I wish to discuss the general sarcomere structure and the general 
models of sarcomere (muscle) contraction, muscle formation and finally sarcomere formation 
before addressing the connecting filaments themselves. With this approach, I wish to provide you, 
the reader, with sufficient background information to understand the functional aspects of 
connecting filaments within the grand scheme of the sarcomere and the muscle in terms of 
development, structure, stability, as well as mechanical and functional properties. 
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1. Introduction 

1.1. A structural overview of the sarcomere 
The sarcomere forms the smallest contractile unit of muscle. Sarcomeres give skeletal and 

cardiac muscles their cross-striated pattern. These striations can be described as alternating dark (A, 
anisotropic) and light (I, isotropic) bands, when imaged with a polarized light microscope. 

The I-band region is occupied by polar filamentous actin (F-actin) and connecting filaments. The 
thin filaments are connected to the Z-disc with their plus ends and are capped by Tropomodulin on 
their minus ends. Additionally, the entire filaments are decorated with troponin and tropomyosin 
(and nebulin in vertebrates, which is absent in insects) (Figure 1). Tropomodulin has a function in 
controlling the length of the thin filaments (Gregorio et al., 1995). Troponin and tropomyosin are 
involved in the regulation of the accessibility of myosin head target sites on the actin filaments 
during muscle contraction. 

The main components of the Z-disc are α-actinin, opposing polar actin filaments from two 
neighboring sarcomeres and the N-terminal region of connecting filaments (e.g. titin). Connecting 
filaments act to stabilize the Z-disc by cross-linking the actin filaments and α-actinin (Young et al., 
1998); (Lakey et al., 1993). 

The A-band is the entire region of the sarcomere occupied by the thick filaments. The thick 
filaments consist of bipolar myosin rods, cross-linked at the M-line with the myosin heads sticking 
out to be able to bind to actin (Figure 1). The thick filaments are decorated with myosin binding 
proteins and connecting filaments.  
The H-zone consists of the section of the thick filaments that does not overlap with the thin 

filaments. The middle of the H-zone is the M-line. At the M-line, different myosin filaments are 
cross-linked with myomesin through interaction with obscurin, C-terminal titin and myosin 
(Agarkova and Perriard, 2005) (in vertebrates). In insects, as there is no myomesin, the crosslinking 
is thought to come from Obscurin and Zormin (Katzemich et al., 2012).  

Connecting filaments are also associated with the thick filaments as they connect the Z-disc to 
the thick filaments. In vertebrates, the connecting filament is called titin and reaches from the Z-
disc all the way to the M-line (Figure 1A). Connecting filaments in insects are built by the titin 
homologs Sallimus and Projectin. In insect tubular muscle, Sallimus connects the Z-disc to the thick 
filament but does not reach the M-line, while Projectin is suggested to associate with the A-band 
(Vigoreaux et al., 1991) (Figure 1C). In insect indirect flight muscles (IFMs), all connecting 
filaments connect the Z-disc to the thick filaments (Figure 1B). 
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Figure 1: Sarcomere structure 
The structures of the sarcomeres of vertebrate muscle (A), insect indirect flight muscle (IFM) (B) and 
insect tubular muscles (C) are very similar. The main differences are the sizes and localization 
patterns of the connecting filaments and the size of the I-band, which is extremely short in the insect 
IFM (not shown in the figure). Figure is from M.L. Spletter, with permission. 
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1.2 Muscle contraction 
The basis for our current understanding of muscle contraction was laid in 1954 with the sliding 

filament theory. Using high-resolution microscopy, researchers observed that during contraction, the 
length of the A-band (thick filaments) remained constant but the length of the I-band (actin 
filaments without thick filament overlap) shortened. This led the researchers to propose the sliding 
filament theory, in which the myosin heads actively apply force on the actin filaments by puling on 
them. The applied force results in the sliding of actin over myosin, this produces tension on the 
sarcomere, which in turn results in tension on the entire muscle and muscle contraction (Huxley and 
Hanson, 1954); (Huxley and Niedergerke, 1954). There are two mechanisms of muscle contraction: 
synchronous and asynchronous contraction. 

 
1.2.1. Synchronous muscle contraction 

Synchronous muscle contraction is triggered by calcium cycling in the muscle cells, which in 
turn is activated by the action of motor neurons in skeletal muscles or the sinoatrial node in the 
cardiac system. 

In resting muscles, ATP is bound to the myosin head and the myosin binding sites on the actin 
filaments are blocked by tropomyosin. When the muscle fiber is stimulated to contract by the motor 
neuron, the propagated action potential in the muscle fiber results in the release of calcium ions 
from the sarcoplasmic reticulum. This calcium binds to troponin, which changes the conformation 
of both troponin and tropomyosin, allowing the myosin heads to bind actin at the target sites (Szent-
Györgyi, 1975). ATP is hydrolyzed and the myosin head binds weakly to the actin filament. Then, 
strong binding and the power stroke are initiated with the release of the phosphate group. At the end 
of the power stroke, ADP is released. When a new ATP binds to myosin, the myosin head releases 
the actin filament for a new cycle (Spudich, 2001); (Vale and Milligan, 2000). These cycles 
continue until calcium is removed from the sarcomere.  

The contraction is stopped when the motor neuron stops stimulating the muscle fiber. At this 
point, the release of calcium ions stops and the sarcoplasmic reticulum (SR) starts to sequester the 
calcium ions from the sarcomeres by active transport. Troponin releases calcium returning both 
troponin and tropomyosin to their native conformation, allowing the sarcomere and thus the muscle 
to relax. For every contraction and relaxation of the muscle, calcium needs to be cycled. Muscle 
contraction in synchronous muscles is thus directly linked to the action potential from the motor 
neurons. Every action potential is linked to a single contraction. Figure 2A depicts the contraction 
cycle and an in depth review on synchronous muscle contraction can be found in (Spudich, 2001)).  

For a synchronous muscle to produce high force, many sarcomeres are required. When in 
addition a high contraction frequency is required, an extensive sarcoplasmic reticulum is required to 
allow high speed calcium ion cycling ((Josephson and Young, 1985), also reviewed in (Josephson 
et al., 2000)). In order to facilitate the calcium cycling required for high frequency cyclic 
contractions, many mitochondria are required to produce the ATP for this calcium cycling (reviewed 
in (Josephson et al., 2000)). When a muscle needs to cyclically perform for a long duration of time, 
many mitochondria are required to produce enough ATP to sustain the energetic requirements of 
both the sarcomeres and the sarcoplasmic reticulum (reviewed in (Josephson et al., 2000)). Thus, 
synchronous muscles are not ideal for high power generation at high contraction frequencies for 
prolonged periods. 
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Figure 2: Synchronous and asynchronous sarcomere contraction 
Synchronous sarcomere contraction (A) is dependent and synchronous with the calcium flux. The sarcomere contracts 
when calcium is pumped into the sarcomere. Only when calcium is removed from the sarcomeres, is force generation 
stopped. Sarcomere contraction in asynchronous muscles (B) requires elevated calcium levels to function, but stretch 
activates contraction. In both systems is ATP required for the myosin head to release the actin filament and ATP is 
hydrolyzed when the myosin head binds. ADP is released at the end of the powerstroke. 
 
1.2.2. Asynchronous muscle contraction through stretch activation 
 
1.2.2.1. Stretch activation 

Stretch activation is a contractile mechanism in which a muscle displays a delayed activation 
upon stretch and a delayed inactivation when contracting. In other words, when the muscle is 
stretched, the muscle will start to be activated and at a certain point the muscle is producing enough 
force to overcome the stretch and starts to contract. During the contraction, the muscle becomes less 
active and the contracting force will diminish until it is too low to keep contracting due to 
counteracting forces (Moore, 2006). While stretch activation is a property of all muscle types, it is 
uniquely enhanced in the indirect flight muscles (IFMs) of many insects as well as in vertebrate 
cardiac muscle (Moore, 2006); (Stelzer and Moss, 2006); (Steiger, 1971); (Steiger, 1977).  
 
1.2.2.2. The energetic demands of insect flight 

To be able to fly, insects like Drosophila require high power to overcome aerodynamic forces. 
Larger (and more primitive) insects that have low wing beat frequencies (below 200 Hz) (e.g. 
Orthoptera, Lepidoptera and Odonata, (Ellington, 1985)) can achieve this power with synchronous 
muscles. Smaller insects, like for example Diptera that display high wing beat frequencies over 
200 Hz (Graves et al., 1988) (or even up to 1000 Hz (Sotavalta, 1953)) and  are able to fly for 
prolonged periods of time (Graves et al., 1988), require a different contractile mechanism to achieve 
flight. 

The combination of high power requirements, with fast cyclic contractions and high endurance, 
would pose an impossible problem for the structure of synchronous muscles. This would require an 
extensive sarcoplasmic reticulum (to facilitate calcium cycling), many sarcomeres to produce the 
required forces as well as many mitochondria to produce the ATP required for both the sarcomere 
contraction and the cycling of the calcium. This combination of attributes would be a structural 
paradox (also discussed in (Josephson and Young, 1985)). Insects meet these demands by using 
asynchronous muscle contraction to power flight. 
 
1.2.2.3. Asynchronous muscle contraction triggered by stretch activation in the insect indirect 
flight muscle 

The entire insect thorax is built as an oscillating engine. There are two sets of indirect flight 
muscles: the dorsal longitudinal flight muscles (DLMs) and the dorsal ventral flight muscles 
(DVMs) (Figure 3A). These muscles are connected to the exoskeleton of the thorax instead of 
directly to the wings. When the DVMs contract, they deform the thorax stretching the DLMs and 
vice versa (Figure 3B). This system allows one set of flight muscles to activate the other by stretch, 
as long as there is a sufficiently elevated calcium ion concentration in the sarcomeres (Figure 3B). 
Stretch activation in the IFM requires elevated calcium ion concentration, but does not rely on 
calcium cycling. Thus, the action potential of the motor neurons only functions to maintain elevated 
calcium levels (Gordon and Dickinson, 2006), the contraction is completely asynchronous with the 
action potential (and is usually significantly faster). This mechanism of muscle contraction is called 
asynchronous muscle contraction. 

Asynchronous muscle contraction allows myofibrils to have a relatively poorly developed 
sarcoplasmic reticulum and instead have an very dense population of sarcomeres and mitochondria 
(reviewed in (Josephson et al., 2000)). As a consequence, asynchronous myofibers can produce high 
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forces at high contraction frequencies over long periods of time. 
 
1.2.2.4. The molecular model of asynchronous muscle contraction 

At present there is little known about the molecular basis of asynchronous muscle contraction 
(triggered by stretch activation), but a likely model is discussed below. 

In asynchronous muscle contraction, the binding of calcium to Troponin C4 (the F1 isoform) 
only partially activates the muscle (Bullard and Pastore, 2011). The target sites of the myosin heads 
are still not accessible. When the partially activated muscle is stretched, Troponin H, which forms 
bridges between the actin filaments and thick filaments (Perz-Edwards et al., 2011), is pulled away 
from the actin filaments, allowing the myosin heads to bind. This is followed by a normal power 
stroke as described above. When the muscles are contracted sufficiently that the Troponin H 
conformation again blocks the target sites on actin, the contraction stops and the muscle can be 
stretched again for a new contraction (Perz-Edwards et al., 2011); (Bullard and Pastore, 2011) (see 
Figure 2B for a schematic of the contraction cycle). The muscle remains partially activated as long 
as the calcium levels in the sarcomeres remain elevated. 

In addition to direct modulation of actin and myosin binding, the connecting filaments (Sallimus 
and Projectin) also likely contribute to stretch activation. During stretch, connecting filaments 
influence compaction of the myofilament lattice (Cazorla et al., 2001); (Perz-Edwards et al., 2011) 
and generate a rotational force on the thick filament (Perz-Edwards et al., 2011), which both are 
likely to modulate stretch activation. Additionally, stretch of the thick filament may change myosin 
head confirmation, which may in turn facilitate stretch activation (Hu et al., 2016). 
 
1.2.2.5. Stretch activation in cardiac muscle 

The cardiac muscle heavily relies on the calcium cycling triggered by pulses from the sinoatrial 
node (SA node) for contraction, but it has some properties that suggest an analogy with the stretch 
activation mechanism in insect IFM. First, cardiac muscle displays a rhythmic nature, like IFM. 
Second, there is a strong correlation between stretch and tension in the cardiac muscle (high passive 
and active stiffness) relative to skeletal muscles, similar to IFMs. In cardiac muscle, this stiffness is 
a requirement for the Frank-Starling mechanism, which states that the heart stroke volume increases 
with increased filling volume, when all other factors remain constant (Campbell and Chandra, 
2006); (Allen and Kentish, 1985), reminiscent of the role of stiffness in stretch activation observed 
in IFM. It is not clear what the exact influence of stretch activation is in the cardiac muscle, 
however it is likely closely linked to the power generation of the heart (required for the Frank-
Starling mechanism), and less likely directly influencing the frequency of the contraction. 
 
1.2.3. Advantages and disadvantages of both mechanisms of muscle contraction 

While synchronous muscles have a high spatial and temporal precision, the muscle is more 
limited for combining endurance, power and fast oscillations. Asynchronous muscles, on the other 
hand, can be extremely fast, produce high power and display a high endurance at the same time, but 
this comes at the cost of spatial and temporal precision. These properties render these types of 
muscles useful only for oscillating motion within narrow parameters.  

Thus, insect flight requires both muscle types. The asynchronous IFMs serve as a power 
generating engine to produce the fast oscillations with high power for prolonged periods of time to 
power flight, while the synchronous direct flight muscles provide maneuverability, a task requiring 
high spatial and temporal precision (Tu and Dickinson, 1996). 
 
1.2.4. Drosophila melanogaster as a model system to study muscle contractions 

In Drosophila, it is possible to study both synchronous tubular muscles and asynchronous 
fibrillar muscles in the same organism (see Figure 3A, A’ and A’’). Additionally, there is an 
enormous repertoire of genetic and behavioral tools available to be able to precisely modify specific 
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aspects of the muscles and to assess the mechanical and functional properties of their sarcomeres. 
The structural components of Drosophila muscle are also highly conserved throughout the 
evolutionary tree. These aspects make Drosophila melanogaster an ideal model organism to study 
the mechanical aspects of the muscle. 
 

 
Figure 3: The adult Drosophila muscle overview and the indirect flight engine 
The fibrillar indirect flight muscles (IFMs) and the tubular body muscles in for example leg and 
abdomen are two distinct muscle types in insects like Drosophila (A, based on the data from Miller 
and colleagues (Miller, 1950)). These muscles are structurally different. The tubular muscles consist 
of laterally aligned fused myofibrils, which form tubes (A’’). The myofibrils of the IFMs are neither 
fused nor laterally aligned and the different myofibrils can easily be observed, hence the name fibrillar 
(A’). The insect flight engine (B) consists of the IFMs, the thorax and the wings. The IFMs are 
connected to the thorax. When the DVMs contract, the DLMs are stretched, and vice versa. The 
stiffness properties of the IFM and the thorax, together with the aerodynamic aspect of the wings and 
the weight of the whole system, determine the resonance frequency. The highest power output is 
achieved when the IFMs generate a vibration speed of the system at its resonance frequency. 
 
1.3. Development of different muscle types in Drosophila 

Muscle cells are multinuclear cells (syncytia), each formed by fusion of one muscle founder cell 
with multiple fusion competent cells. The founder cell specifies the proper muscle fate, while the 
fusion competent cells facilitate proper growth of the muscle fiber. Fusion competent cells are naïve 
and are instructed to a specific muscle fate by the founder cell (Rushton et al., 1995). 

Insects generally undergo metamorphosis. Many, like Drosophila, build their muscle system 
twice. The larval muscles that are formed in the embryo (Figure 4A and B) (reviewed in (Schnorrer 
and Dickson, 2004)), support larval crawling and eating, and then are mostly histolyzed at the onset 
of metamorphosis. The adult muscle system is built during the pupal stage (Dutta and 
VijayRaghavan, 2006) and used during the entire life span of the animal for diverse functions such 

Dorsal longitudinal indirect flight muscles (DLM)
Dorsal ventral indirect flight muscles (DVM)
Leg muscles
Abdominal muscles dorsal
Abdominal muscles ventral

Z-line M-line

Mhc-GFP, Moesin-Cherry

Mhc-GFP, Moesin-Cherry

A’: fibrillar indirect
flight muscles

A’’: tubular leg and 
bodymuscles

DLM

DVM

Figure 3: Drosophila adult muscle overview and the indirect flight engine

A: Adult muscle system

B: The indirect flight engine



 17 

as walking, flying, eating or mating (Figure 3A, A’ and A’’). In contrast to the larval muscles, which 
grow with the growing larva, the adult muscles do not grow during the adult life of the fly. 
 
1.3.1. Larval muscle development 
 
1.3.1.1. Larval muscle formation 

The formation of the larval muscles starts during embryogenesis after the migration of the 
muscle founder cells to the correct location in each segment (Knirr et al., 1999). The first step of 
muscle formation is growth due to the fusion of fusion competent cells with the founder cell 
(reviewed in (Schnorrer and Dickson, 2004)). This marks the start of the embryonic stage 13. 
During growth the muscle cell gains polarity as a long axis is formed (reviewed in (Schnorrer and 
Dickson, 2004)). Then the muscle cell forms filopodia (Figure 4C) at the muscle tips and the tips 
then migrate towards the target tendon cells (presumably guided by cues like Derailed (Callahan et 
al., 1996) and Slit (Kramer, 2001)). The longitudinal growth, which is the basis of this migration 
phase is supported by fusion events at the center of the muscle (reviewed in (Schnorrer and 
Dickson, 2004)). When the muscles and the target tendon cells meet they form attachments 
(Schnorrer et al., 2007), and finally the sarcomeres are formed. The sarcomeres are formed at the 
final embryonic stage 17 (Rui et al., 2010), during which muscle contractions are observed. As 
contractions and sarcomeres are not discernable in stage 16 but are present by the end of stage 17, 
the sarcomeres must be formed within an 8-hour time window. A complete overview of the larval 
muscles is depicted in Figure 4A and a schematic representation of the muscles in an abdominal 
larval segment (as can be seen in the abdominal segments 2 to 7) is shown in Figure 4B. 
 
1.3.1.2 Growth of larval muscles 

During their development, larvae of Drosophila melanogaster increase their body mass between 
60 and 150 fold (estimated from the work of Church and Robertson (Church and Robertson, 1966)). 
In order to maintain proper locomotion, the larval body wall muscles need to grow appropriately. 
Studies have shown that the number of nuclei in a myofiber is correlated to the size of the muscle in 
the embryo and during larval muscle growth, the nuclear ploidy increases (Demontis and Perrimon, 
2009). During muscle growth, the sarcomere length remains constant, thus more sarcomeres need to 
be added to compensate the length increase. This happens presumably at the muscle ends (Haas, 
1950). Lateral muscle growth has been suggested to originate from myofibril splitting. The larval 
myofibrils are suggested to consist of submicroscopic myofibrils, which have no permanent 
existence but are constantly split during growth and then grow in width again. This splitting is 
suggested to be caused by the growth of the attachment site, causing stress on the width of the 
myofibrils (Haas, 1950). 
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Figure 4: The larval muscle system and larval muscle formation 
Body muscles visualized by Tau-GFP (A) from the dorsolateral and ventrolateral perspective (upper and lower picture, 
respectively). Anterior is left and dorsal up. Used with permission from Elsevier, published in (Schnorrer and Dickson, 
2004) (The full web address of the publication is listed in Chapter 8). Stereotyped muscle pattern found in the larval 
abdominal segments A2 to A7 (B). The muscles are colored based on how deep they localize within the larva: red is 
most external and yellow is most internal. Reproduced with permission from (Ruiz-Gomez et al., 1997), (the full web 
address of the publication is listed in Chapter 8). Movie stills during the development of larval muscles (C) show that 
filopodia extending from the myofibers are clearly visible before muscle attachment. When the muscles are attached, 
the filopodia are no longer observed, the cell bodies are overexposed. Used with permission from Elsevier, published in 
(Schnorrer and Dickson, 2004) (the full web address of the publication is listed in Chapter 8). 
 
1.3.2. Adult muscle development 
 
1.3.2.1 Flight muscle development  

The most complete characterization of the development of the fibrillar indirect flight muscles 
(IFMs) was performed by Weitkunat et al. (Weitkunat et al., 2014). From 8 – 10 hours after 
puparium formation (APF), the ends of the dorsal longitudinal indirect flight muscles (DLMs), built 
by specialized larval template muscles, which survive histolysis, can be observed to form filopodia 
and migrate towards their target tendon cells, while the tendons also extend filopodia. During this 
migration process, fusion competent cells (these cells are adult myoblasts) fuse to the growing 
muscle cells. From 12 – 14 hours APF, attachment between the tendon cells and the muscle cell is 
initiated. During this time, the muscle fibers split to form 6 dorsal longitudinal flight muscles. Until 
30 hours APF, the muscle-tendon attachments mature by recruiting large amounts of integrins 
forming a stable muscle-tendon connection. Concomitantly, the muscles strongly compact and the 
tendon cells become stretched. 

Interestingly, during compaction homogeneously distributed Mhc (detectable from 26 hours 
APF) is reorganized into a periodically dotted pattern along the entire 150 µm long myofiber. This 

DA1

DO1

DO2

LT1
LT2

LT3
LT4

DT1
DO4

DO3

SBM

DO5

SBM

VO3
VO1

VO2
VA1 VA2

VT1
VA3

VO6
VO5

VO4

A: The larval muscle system B: Stereotyped muscle pattern found in the 
larval abdominal segments A2 to A7

C: Movie stills during the development of larval muscles 

Figure 4: The larval muscle system and larval muscle formation



 19 

indicates the formation of the first immature sarcomeres. During sarcomere maturation, until 90 
hours APF, the myofibers grow to their final size and fill the entire thorax (Figure 5A). 
 
1.3.2.2 Muscle development in tubular abdominal muscles 

Just as the larval muscles and the IFM, the Drosophila abdominal muscles are each formed by 
the fusion of a muscle founder cell and fusion competent cells. In the abdomen, this process starts 
around 24 to 30 hours APF (Currie and Bate, 1991); (Dutta et al., 2004); (Krzemień et al., 2012). At 
30 hours APF, the myotubes can be observed to elongate along the anterior-posterior axis with 
filopodia extending from the myotube ends (in the direction of migration) (Weitkunat et al., 2017). 
Attachment between the muscle and tendon cells is initiated at the posterior end of the myotubes at 
36 hours APF and at 40 hours at the anterior end of the myotubes (Weitkunat et al., 2017). At 46 
hours APF, the disappearance of the filopodia from the muscle ends indicates further maturation of 
the attachments (Weitkunat et al., 2017).  

The formation of sarcomeres in the abdominal muscles can be observed from 50 hours APF with 
the detection of the first periodic Actin and Mhc patterns. Cross-striated alignment can be observed 
from 54 hours APF. The Actin and Mhc patterns are further refined by 60 hours APF (Weitkunat et 
al., 2017) (Figure 5B).  
 

 
 
 
 
 



 20 

Figure 5: Development of the adult muscle system during the pupal stage 
An overview of the key muscle characteristics during the formation and development of the DLMs. The arrow below 
indicates the different stages of development. At 30 and 90-hours APF a small schematic displays the sarcomere 
organization. (Reprinted with from (Weitkunat et al., 2014) with permission from Elsevier) (A) (The current web 
address of the publication is listed in Chapter 8). An overview of abdominal muscle formation (B). Key time points 
during the abdominal muscle development are shown. (Reprinted with from (Weitkunat and Schnorrer, 2014) with 
permission from Elsevier) (the current web address is listed in Chapter 8). 
 
1.4: Building a muscle and a sarcomere 
 
1.4.1. The dimension problem 

The sarcomere length in relaxed human skeletal muscle ranges from 3.0 to 3.4 µm (Llewellyn et 
al., 2008); (Zwambag et al., 2014) and in Drosophila indirect flight muscles from 3.1 µm to 3.3 µm 
(Reedy et al., 2000); (Leonard and Bullard, 2006); (Weitkunat et al., 2014). Sarcomeres are linearly 
organized to form a myofibril, a cable composed of sarcomeres that spans the whole muscle fiber 
(myofiber), the cellular unit of the muscle. Myofibers range from 1 mm in Drosophila IFM 
(Drosophila also has shorter myofibers e.g. myofibers in the leg) to several centimeters in humans 
(reviewed in (Lemke and Schnorrer, 2017)). As such, in Drosophila about 300 sarcomeres are 
required to span the IFM myofiber, while in humans as many as 100,000 sarcomeres may be 
required (reviewed in (Lemke and Schnorrer, 2017)). This difference in scale is a clear indication of 
a dimension problem: How could a myofiber regulate its own length or calculate the correct number 
of sarcomeres required to become the right length? In biology it is often the case that the solution to 
such problems is provided by self-organization of the components, instead of a strict genetic code. 
Self-organization can be described as a process in which conditions are set that trigger responses 
that lead to new conditions, which in turn can trigger new responses. Such a process can use very 
simple ‘rules’ to result in complex outcomes. In this chapter I will argue that sarcomere formation is 
a self-organized process driven by tension. 
 
1.4.2. Sarcomere formation 
 
1.4.2.1. Sarcomere formation and passive muscle tension 

Most muscles are under tension, even when not actively producing force. This tension is an 
intrinsic property of the muscle (Magid and Law, 1985), called passive tension. One group of the 
contributors to this tension are members of the connecting filaments, like titin (Linke et al., 1996). 
During attachment initiation, the tension in the muscle is low. From that point onward, tension 
increases (Weitkunat et al., 2014). Experiments in Drosophila IFM (Weitkunat et al., 2014) and 
abdominal muscles (Weitkunat et al., 2017) have shown that this tension is required for proper 
sarcomere formation. In tubular muscles it has been shown that calcium triggered muscle twitches 
start to occur from the moment sarcomeres are being formed and that these twitches are required for 
proper sarcomere formation (Weitkunat et al., 2017). These experimental data show that tension in 
the muscle is a requirement for the formation of sarcomeres. There is a careful balance however, as 
high levels of tension can result in defects in sarcomere formation or hyper contraction. In addition, 
if a myofiber detaches or rips the tension may prevent reattachment. 
 
1.4.2.2. Models explaining sarcomere formation 

There are two general models that describe sarcomere formation (also reviewed in (Lemke and 
Schnorrer, 2017)). According to the premyofibril model, the sarcomeres are formed in a 2-step 
fashion. First, pre-myofibrils are assembled by the interaction of short bipolar non-muscle myosin 
with short α-actinin cross-linked actin filaments (Rhee et al., 1994); (White et al., 2014). This is 
followed by a gradual exchange of non-muscle myosin with muscle myosin and maturation of α-
actinin cross-linked filaments to Z-discs, which finally results in sarcomeres. This model is mostly 
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based on ex vivo tissue culture experiments: primary skeletal myocytes from mouse (White et al., 
2014) and cultured embryonic cardiomyocytes from chick (Rhee et al., 1994). Additionally, a study 
in 2008 combined cultured cardiomyocytes with in situ stainings in quail and found evidence for the 
presence of non-muscle myosin-IIB in the A-bands of premyofibrils, while in mature myofibers no 
non-muscle myosin-IIB was detected between Z-discs (Du et al., 2008). However, in vivo 
experiments in Drosophila have only indicated the localization of non-muscle myosin-II to the tips 
of immature myofibrils and to the Z-discs of mature myofibrils (Bloor and Kiehart, 2001). If there 
is an exchange of non-muscle myosin with muscle myosin it has to be at an early developmental 
stage as muscle myosin has been detected with a periodic pattern on immature myofibrils in vivo in 
Drosophila (Weitkunat et al., 2014); (Lemke and Schnorrer, 2017). 

The second model describes the assembly of sarcomeres from prebuilt protein complexes: 
muscle myosin containing thick filament precursors and titin containing α-actinin cross-linked I-Z-I 
bodies are built independently. In a second step, these complexes are assembled into immature 
myofibrils (Ehler et al., 1999); (Holtzer et al., 1997). Studies in Drosophila have indicated the 
assembly of prebuilt protein complexes during sarcomerogenesis (Ayme-Southgate et al., 2004); 
(Rui et al., 2010).  

It is possible that the models are rather complementary (Lemke and Schnorrer, 2017). It may be 
that actin filaments are linked to stress-fibers formed during the migration phase of muscle 
formation. Cross-linking of actin filaments with (bipolar) myosin complexes would allow for the 
generation of tension (Figure 6A) and filament alignment throughout the entire muscle fiber, 
resulting in the formation of pre-myofibrils. This cross-linked chain may then serve as a scaffold for 
pre-built protein complexes, such as the I-Z-I bodies and muscle myosin containing thick filaments. 
The entire assembly process is likely driven by self-organization. The self-assembly of the pre-

built protein complexes on the scaffold would then result in long nascent myofibrils (Figure 6B). 
Then, the myofibrils mature which involves growth in width and in the case of the IFM also in 
length. The sarcomeres grow and refine to a pseudo-crystalline structure and adopt their final adult 
structure and functionality (Figure 6C) (Spletter et al., 2015). Lack of tension would lead to 
collapse of the scaffold, which in turn would prevent the linking of the protein complexes to the 
scaffold and disrupt the self-organization of the myofibrils. This hypothesis is supported by the 
observation that when tension is disturbed, myofibrillogenesis is strongly compromised (Weitkunat 
et al., 2014). 
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Figure 6: Model of myofibril and sarcomere formation 
Tension in the myofibril drives self-driven sarcomere assembly in three steps. First: generation of pre-myofibrils by 
cross-linking of actin fibers with non-muscle (bipolar) myosin-like molecules (A). This step generates a small tension 
on the myofibril. Second: pre-assembled I-Z-I bodies stabilized with titin and immature bipolar muscle myosin rods 
assemble on the pre-myofibrils resulting in nascent myofibrils (B). Spontaneous twitches contribute to the organization 
and alignment of the immature myofibrils and during this process tension increases. Third: The sarcomeres mature and 
refine to their final structure. The sarcomeres mature (grow in length and in thickness) and the striated muscle pattern is 
refined (C). Tension is assumed to increase further in this step. This figure is based on data from (Weitkunat et al., 
2017) and (Lemke and Schnorrer, 2017). 
 
1.5. Evolution and structure of connecting filaments 
 
1.5.1. Connecting filaments 

Connecting filaments were discovered as the third sarcomere filament (after the thin filaments 
and the thick filaments) (reviewed in (Maruyama, 1997)), connecting the Z-disc to the thick 
filament (see also Chapter 1.1). Further studies have shown that connecting filaments form a 
complete protein family, including family members that do not connect the Z-disc to the thick 
filaments (e.g. Stretchin (Champagne et al., 2000); (Patel and Saide, 2005), Obscurin (Young et al., 
2001) and Twitchin (Moerman et al., 1987), a nematode ortholog of Projectin (Ayme-Southgate et 
al., 1991)). This work focuses on insect homologs of the classic family of vertebrate titin, which are 
called Projectin and Sallimus in Drosophila.  
 
1.5.2. The structure of connecting filaments 

Members of this protein family have a similar general structure (Figure 7) consisting of Ig 
domains, PEVK domains, Fibronectin like (FnIII) domains and one or more kinase domains (some 
members do not contain a kinase domain).  

A combination of Ig and PEVK domains is associated with the flexible I-band region of 
connecting filaments. FnIII-domains in combination with Ig domains and one or more kinase 
domains are associated with the A-band. The region of the protein that is embedded in the Z-disc 
typically has domains that interact with actin and α-actinin. 

The largest connecting filament is vertebrate titin which can reach up to 3.7 - 4 MDa (1.4 µm) 
(Wang et al., 1984) (also reviewed in (Tskhovrebova and Trinick, 2010)). The insect homologs 
Projectin and Sallimus are smaller but still gigantic (up to 1 MDa (Southgate and Ayme-Southgate, 
2001) and 1.9 MDa (Burkart et al., 2007), respectively). Both Sallimus and Projectin have a very 
similar structure to vertebrate titin, but Sallimus does not contain a kinase domain. 
Titin and its homologs have important functions in the myofiber, which include contributing to 

passive (Linke et al., 1996) and potentially active (Kellermayer and Granzier, 1996); (Yamasaki et 
al., 2001) sarcomere (muscle fiber) stiffness, functioning as a scaffold (Bogomolovas et al., 2014), 
involvement in catalytic pathways (Bogomolovas et al., 2014); (Miller et al., 2003); (Witt et al., 
2006) and providing structural integrity to the thick filaments (Myhre et al., 2014) and the Z-disc 
(Lakey et al., 1993). 
 

 
 

Ig IgPEVK FnIII/Ig K

I-band A-band

Figure 7: Structural overview of connecting filaments

N C



 24 

Figure 7: Structural overview of connecting filaments 
The I-band region of connecting filaments like titin typically consists of Ig-domain rich regions 
and a PEVK region. The A-band region typically consists of FnIII- and Ig-domain rich areas. Most 
connecting filaments contain a kinase domain close to the C-terminus. 
 
1.5.3. The evolution of connecting filaments 

Striated muscles can be found in the simplest animals, including cnidarians and at least a single 
ctenophore species. While these organisms share the same basic thin and thick filament sarcomeric 
structure with higher bilateral symmetric organisms, they lack genes for titin-like molecules (e.g. 
titin, Sallimus, Projectin) found in bilateral symmetric organisms (Steinmetz et al., 2012). 

Interestingly and contrary to expectation, several phylogenetic studies seem to be in agreement 
that titin and a precursor of Twitchin and Projectin evolved independently through a series of 
duplications. Twitchin is the Projectin homolog of C. elegans (Ayme-Southgate et al., 1991). The 
evidence suggests that a titin precusrsor appeared first and a precursos of Twitchin and Projectin 
appeared later and all share a common ancestor (Higgins et al., 1994); (Hanashima et al., 2011). It 
is unclear where Drosophila Sallimus falls into the evolutionary tree (reviewed in (Lindstedt and 
Nishikawa, 2017)). 

Additional studies have suggested the involvement of titin and Sallimus isoforms in 
chromosomal organization. This led to the hypothesis that the precursors of titin-like proteins 
evolved as scaffolds involved in chromatin organization and were later opted as a scaffold in 
sarcomeres (Machado and Andrew, 2000); (Machado et al., 1998); (Zastrow et al., 2006); (Takata et 
al., 2007); (Houchmandzadeh and Dimitrov, 1999); (also reviewed (Lindstedt and Nishikawa, 
2017)). This hypothesis could explain the evolution of titin, or a titin precursor, in the common 
ancestor of vertebrates, nematodes and arthropods. 
 
1.6. Localization of titins in the sarcomere 

The N-terminal region of titin spans the entire Z-disc (Gregorio et al.); (Linke, 2008). In insects, 
opposing Sallimus molecules, which do not span the entire Z-disc, overlap with their respective N-
terminal regions within the Z-disc (Van Straaten et al., 1999). Within the Z-disc, several α-actinin 
molecules form cross-links between the opposing F-actin filaments (elegantly shown in (Ribeiro et 
al., 2014)) in addition, α-actinin also crosslinks the Z-disc region of titin (Young et al., 1998); 
(Atkinson et al., 2000); (Linke, 2008). Next to the crosslinking of titin with the actin filament by α-
actinin, titin also directly binds to the actin filament (Linke et al., 1997). 

In insect IFMs, it was shown that within the Z-disc and the first 54 nm of the I-band in 
Drosophila (77 nm in the giant waterbug Lethocerus, which also has asynchronous IFMs) the short 
Sallimus isoform Kettin interacts directly with the actin filaments. The current model of this 
interaction states that Kettin winds around the actin filament binding to 31 actin protomers (Van 
Straaten et al., 1999). Projectin was shown to have its N-terminal region localized within the Z-disc 
(Ayme-Southgate et al., 2005), but does not seem to interact with actin (Bullard et al., 2000). 
In Lethocerus IFMs, Projectin is observed to co-localize with Kettin and the actin filament in the 

first 77 nm of the I-band. After this 77 nm both Kettin/Sls and Projectin branch off and connect to 
the thick filament (Bullard et al., 2002) (Figure 8). 

Although the general consensus in the field is that in the IFM Kettin connects to both the Z-disc 
(at the N-terminus) and the thick filament (at the C-terminus), there is a study that suggests that due 
to the layout of the protein it may in fact be too short to do so (Bullard et al., 2002). However, in 
vitro studies have shown that the C-terminal region of Kettin is capable of direct interaction with 
the thick filaments (Kulke et al., 2001). 

The C-terminal region of the very long human titin reaches all the way into the M-line with its 
kinase domain, while Drosophila Sallimus only has a short region that can interact with the thick 
filament. The interaction of Projectin with the thick filament may be dependent on the muscle type. 
While Projectin in the IFM connects the Z-disc to the thick filament, the protein is suggested to be 
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completely associated with the thick filament in tubular muscles (Lakey et al., 1990); (Vigoreaux et 
al., 1991).  
 

 
Figure 8: Sallimus and Projectin localization in the insect IFM 
A schematic showing the sarcomere of Lethocerus (insect) IFM, both Projectin and Sallimus co-
localize along the actin filaments and split off to connect to the thick filament. The figure is based 
on data from (Bullard et al., 2002). 
 
1.7. The role of connecting filaments in passive muscle stiffness 

There are two types of muscle stiffness: passive muscle stiffness when the muscles are not active 
and active muscle stiffness when the muscles are active. First I will address passive stiffness and 
later active muscle stiffness. 

In muscles there are two main components of passive muscle stiffness. The first at the sarcomere 
level is determined by the c-filament stiffness. The second component at the whole muscle level is 
determined by the collagen composition between the muscle fibers (Prado et al., 2005). In the 
following section, I will discuss how the contribution of c-filaments to muscle stiffness is regulated 
and how important c-filaments actually appear to be to overall muscle stiffness. 
 
1.7.1. The PEVK domain: an entropic spring 

Connecting filaments contribute to the I-band related sarcomere stiffness. In general, the longer 
the I-band region of these proteins is, the softer is the sarcomere. This region consists of Ig- and 
PEVK domains, which together determine the stiffness of the I-band region. When the muscle is 
stretched, the Ig-domains straighten first. When the muscle is stretched further, the PEVK domain 
will stretch and unfold. Together, this causes a counter force in the muscle, which is called passive 
tension (Linke et al., 1996). During this process, some Ig-domains may unfold and refold as well 
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(Rivas-Pardo et al., 2016); (Gautel and Goulding, 1996). Under further stretch, large scale Ig-
domain unfolding can occur (Figure 9A). 

The PEVK domain is a region with a low structural organization and is named after the increased 
content of proline (P), glutamic acid (E), lysine (K) and valine (V) residues. The PEVK domain 
works as a biochemical spring. Proline and especially valine are hydrophobic, while glutamic acid 
and lysine are hydrophilic and oppositely charged. When the region is relaxed, the hydrophobic 
residues form the center of the domain, while the charged residues form the outside and build salt 
bridges. When stretched, the distance between the oppositely charged hydrophilic residues increases 
and the hydrophobic residues are forced into a hydrophilic environment. This is an enthropically 
unfavorable confirmation requiring (mechanical) energy (Figure 9B) (Gautel and Goulding, 1996). 
The amount of energy required depends on the temperature and the local environment, thus PEVK 
stiffness can increase with temperature (Leake et al., 2004).  

It is not yet clear how much Ig-domain unfolding and refolding occurs under physiological 
conditions, but it may be of relevance in some organisms. Recent in-vitro experiments with titin 
indicate that unfolding of certain Ig-domains can occur under physiological conditions (6 to 8 pN), 
and the refolding of Ig domains may be a contributing component in muscle contraction, as it 
further increases passive force (Rivas-Pardo et al., 2016). Additionally, in-vitro experiments on 
Kettin (a Sallimus isoform) and Projectin Ig-domains suggested that the refolding speed of 
specifically Projectin Ig-domains under force can be high enough to allow the physiological 
unfolding and refolding of Ig-domains to function as a spring in Lethocerus IFM (wing beat 
frequency is 25 Hz) (Bullard et al., 2006).  
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Figure 9: The PEVK domain: the spring element in connecting filaments 
The stretching of c-filaments during sarcomere stretch (A) consists of three steps: First: the straightening of the Ig-
domains (no force is built up). Second: the unfolding and stretching of the PEVK domain, possibly accompanied by the 
unfolding of some Ig-domains (strong tension built up). Third: under further stretch, large scale unfolding of the Ig-
domains can occur. Reproduced from (Gautel and Goulding, 1996) with permission from John Wiley and Sons (the 
current web address of the publication is listed in Chapter 8). The PEVK domain of c-filaments acts as an entropic 
spring (B). In a relaxed state, hydrophobic residues like Proline and Valine are located in the central region of the 
folded PEVK domain. The hydrophilic and oppositely charged residues Glutamic acid and Lysine occupy the outside. 
When the PEVK domain is unfolded during stretch, the distances between the charged units change and the 
hydrophobic residues are forced into a hydrophilic environment.  
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1.7.2. Regulation of passive muscle stiffness in vertebrates through titin 
 
1.7.2.1. Alternative splicing of the titin I-band region and its relationship to passive muscle 
stiffness 

As the PEVK region of titin acts like a spring, the stiffness of the spring can influence the resting 
stiffness of the sarcomere. Muscles appear to regulate the stiffness of the titin spring amongst others 
through alternative splicing. The I-band region of titin, which contains the PEVK region, shows a 
complex splice pattern between Ig-domain 15 (I15) and Ig-domain 84 (I84); this region is 
considered to contain 161 exons in human (Freiburg et al., 2000). There are three distinct major 
splice pathways: The cardiac pathway that always includes the N2B region, the skeletal muscle 
pathway that never contains the N2B region and the recently discovered NOVEX III pathway that 
results in a very short isoform which contains neither the N2A nor the N2B region and is expressed 
in all muscles, but does not connect the Z-disc to the thick filament (Bang et al., 2001) (and 
reviewed in (Kellermayer et al.)). In this work I will focus on the skeletal and cardiac isoforms. A 
detailed overview of the splicing patterns of different domains in the titin I-band region is shown in 
Figure 10. 

The cardiac splice pathways result in titin I-band regions with shorter PEVK domains and fewer 
Ig-domains than the skeletal muscle titin splice pathways. This correlates very well with the passive 
stiffness of different types of cross-striated muscles, with the cardiac myofibers showing the highest 
passive stiffness and skeletal myofibers showing much lower passive stiffness (Linke et al., 1996). 

Additionally, splicing pathways may change during development, as many vertebrate species 
demonstrate changes in cardiac titin splicing pathways from more compliant isoforms to stiffer 
isoforms during their perinatal development. Prior to birth mammalian hearts appear to not express 
the very stiff N2B (3.0 MDa) isoform at all and only express very compliant fetal N2BA (3.7 MDa) 
isoforms, and during late fetal and perinatal development the stiffer N2BA (3.3 MDa) and the very 
stiff N2B isoforms will replace the fetal isoforms (Opitz and Linke, 2005).  

Research has shown that the expression of the short cardiac N2B isoform is regulated through 
the splice factor Rbm20. Loss of Rbm20 leads to a loss of the N2B isoform and other cardiac-
specific splice isoforms, causing a decreased heart muscle stiffness and resulting in dilated 
cardiomyopathy (Guo et al., 2012). There is also evidence from the ischemic human heart disease, 
coronary artery disease (CAD), suggesting that an increase in stiffness of the extracellular matrix of 
the heart for a prolonged period leads to a shift in titin expression in favor of the more compliant 
N2BA isoform (Neagoe et al., 2002). Consequently, isolated cardiomyocytes from CAD patients 
show a lower passive sarcomere stiffness, compared to isolated cardiomyocytes from healthy hearts 
(Neagoe et al., 2002). This is a clear indication that stress caused by an increase in collagen stiffness 
can be countered by decrease of titin-induced stiffness. These data together show the tremendous 
plasticity of connecting filaments and their central role in muscle stiffness. 
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Figure 10: Splice pathways of different domains in the vertebrate titin I-band region 
There are three major adult splicing pathways in titin. The N2B containing cardiac pathway can be divided into the N2B 
(3.0 MDa) (B) and N2BA (3.3 MDa) (A) pathways. The skeletal pathway produces (C) 3.4 MDa and (D) 3.7 MDa 
proteins. Lastly, the NOVEX III pathway results in a very short 700kDa isoform (E). The structural depictions of titin in 
this figure do not contain the regions that are embedded in the Z-disc or the regions that are associated with the thick 
filament. This figure is based on data from (Labeit and Kolmerer, 1995), (Freiburg et al., 2000), (Bang et al., 2001), 
(Kellermayer et al.) and (Linke et al., 1996). 
 

1.7.2.2. Modification of titin-related stiffness by post-translational modifications 
The different titin splicing pathways result in different connecting filaments, which are used in 

different muscle types (see Figure 10). This indicates that specific muscles have specific 
requirements for titin I-band length and structure, which has been directly related to sarcomeric 
stiffness (Linke et al., 1996).  

In addition, the splicing patterning of titin can be adjusted to compensate for stiffness related 
stress (see Chapter 1.7.2.1.). However, the size of titin does not allow for fast stiffness 
modifications through altered isoform expression and subsequent protein turnover. Before long-
term changes in muscle stiffness can be achieved through changes in isoform expression, 
posttranslational modifications allow for rapid reversible stiffness adaptation of titin related 
stiffness. Such modifications have been observed in cardiac muscle after short bouts of exercise 
(Müller et al., 2014). These modifications may include phosphorylation (Hidalgo et al., 2009); 
(Krüger and Linke, 2006), calcium ion interaction with E-rich repeats within the PEVK domain 
(Labeit et al., 2003) and potentially also S-glutathionylation.  

Phosphorylation can increase or decrease stiffness depending on the residue that is 
phosphorylated. In vitro phosphorylation of S11878 and S12022 of the titin PEVK element by 
PKCα, for example, increased stiffness (Hidalgo et al., 2009), while phosphorylation of the N2B 
region in humans by PKG results in a lower stiffness (Krüger and Linke, 2006). In vitro studies 
have also shown that S-glutathionylation of cryptic Ig-domain cysteines, after unfolding events, 
results in impaired refolding and the subsequent refolded structure is more likely to unfold under 
force (Alegre-Cebollada et al., 2014). Strong indications of this process in vivo were found in mice 
after myocardial infarction (Avner et al., 2012). This demonstrates that post-translational 
modification of Ig-domains may also allow for the modification of titin based passive stiffness. 
 
1.7.3. The relationship between titin isoforms and the properties of different muscle types 
 
1.7.3.1. Skeletal muscles  

Skeletal muscles have different specializations, such as maintaining posture or participation in 
motion (or both). Muscles involved in motion are required to exert high forces quickly and usually 
for a short time, while muscles involved in maintaining posture are required to operate constant but 
are not required to exert high force. This division of requirements is apparent in the structural and 
mechanical properties of the fiber types in each body muscle. Muscles mainly involved in 
maintaining posture contain mostly slow twitch (type 1) fibers that are fatigue resistant but have a 
slow contraction time, cannot exert high force and are mostly aerobic. Muscles mainly involved in 
producing force for motion contain largely fast twitch (type 2) fibers, which can produce high force 
but fatigue more easily and can be anaerobic (type 2B) or aerobic (type 2A). There is also an 
intermediate fast twitch fiber (type 2X) (for a comprehensive review see (Schiaffino and Reggiani, 
2011)). 

While these fibers are typically differentiated based on the Mhc isoforms they express (reviewed 
in (Schiaffino and Reggiani, 2011)), they can often also be differentiated based on their myofibrillar 
stiffness. Slow twitch fibers are usually associated with low fiber stiffness and long titin isoforms. 
Although fast twitch fibers are associated with both short and long titin isoforms, there are data that 
suggest that muscles which contain exclusively fast twitch fibers contain shorter titin isoforms 
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(Prado et al., 2005).  
Two skeletal muscle types that are often used in studies on myofibrillar stiffness are the soleus 

muscle, an almost exclusively slow twitch muscle (Gollnick et al., 1974), and the psoas muscle, 
which consists of fast twitch muscles in rats and rabbits (Hämäläinen and Pette, 1993); (Prado et al., 
2005), but is a mix of slow twitch and fast twitch fibers in humans (Arbanas et al., 2009)).  

The human soleus muscle contains one of the longest titin isoforms (3.7 MDa) (Figure 10D), 
which contains 90 Ig tandem repeats and PEVK domains of 2174 aminoacid residues (Labeit and 
Kolmerer, 1995); (Linke et al., 1996)). This long titin isoform results in a low passive sarcomere 
and myofibrillar stiffness (Labeit and Kolmerer, 1995); (Linke et al., 1996); (Freiburg et al., 2000). 
The titin isoform in psoas muscle in rabbit is significantly shorter (3.4 MDa) with 70 Ig tandem 
repeats and PEVK domains of about 1400 aminoacid residues (Linke et al., 1996) (Figure 10C). 
These shorter isoforms result in a higher sarcomeric and myofibrillar stiffness (Labeit and 
Kolmerer, 1995); (Linke et al., 1996); (Freiburg et al., 2000). 

However, even though rabbit soleus muscle contains much longer titin isoforms than the psoas 
muscle, the soleus muscle is stiffer on the entire muscle level due to the associated collagen matrix 
(Prado et al., 2005). This difference in collagen related stiffness could be linked to the muscle 
function. Because the maintenance of body posture does not require a large range of motion, a 
stiffer matrix can be tolerated. On top of that, the stiffer matrix could potentially serve as a counter 
force or energy storage to recover to an optimal body posture after a deviation. In muscles involved 
in motion, high matrix stiffness would cost energy because it would counteract the motion. 

This led researchers to believe that in the skeletal muscle, titins may primarily function as a 
shock absorber, which contributes to the A-band stability. In fast twitch muscle, high (isometric) 
forces put stress on the A-band alignment that could be partially alleviated with stiffer titin 
(Horowits and Podolsky, 1988). Also, active stiffness contributions may be higher with stiffer titin 
(see Chapter 1.9.2.). Slow twitch muscles do not experience these high forces and may simply not 
need shorter titin isoforms. This may indicate that not all muscles require titin mediated sarcomere 
stiffness. 
 
1.7.3.2. Cardiac muscle  

The cardiac muscle is a cross-striated muscle, which is almost exclusively aerobic, (anaerobic 
contraction only occurs during extreme circumstances) and contains only slow twitch muscle fibers. 
Where skeletal muscle cells are always poly-nucleated and form a long myofiber, the cardiac 
muscle cells are predominantly mono-nucleated (about 75%) or bi-nucleated (about 24%) (tri- and 
tetra-nucleated cells are more rare but do occur) (Olivetti et al., 1996) and are typically about 100 
µm long (observed in rats) (Du et al., 2010); (Hinrichs et al., 2011)). Stable connections between 
individual cardiomyocytes, called intercalated discs, provide the required structural connection and 
assist in the transfer of the pacemaker signal from the sinoatrial node (SA node) (reviewed in 
(Forbes and Sperelakis, 1985)). 
Mechanically, cardiac muscle is very stiff on both the sarcomere level (Linke et al., 1996) and 

the muscle level (Granzier and Irving, 1995). The main contributors to this high stiffness are titin on 
the sarcomere level and collagen on the entire muscle level. Titin-related stiffness is dominant 
during small stretch, while collagen provides more stiffness during high stretch (within the 
physiological range). Intermediate filaments also seem to contribute about 10% to stiffness 
(Granzier and Irving, 1995). 

The titin related stiffness is caused by the short cardiac Titin isoforms. The N2B isoform is 
comparably short (3.0 MDa) (Opitz and Linke, 2005) and has a short PEVK domain (163 amino 
acid residues) (Labeit and Kolmerer, 1995). The N2BA isoforms are larger (3.3 MDa), primarily 
due to the higher content of Ig-domains and a longer PEVK region (600 amino acid residues) 
(Labeit and Kolmerer, 1995).The ratio of the two main titin isoforms in the cardiac muscle (N2B 
versus N2BA) determines the final stiffness of the muscle. Larger organisms tend to have more 
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compliant cardiac muscle (higher N2BA to N2B isoform ratio). This may be linked to heart beat 
frequency, faster filling and higher end-diastolic volumes for a given filling pressure (Cazorla et al., 
2000).  
 
1.8 Passive muscle stiffness in Drosophila 

Passive muscle stiffness in Drosophila is thought to be regulated in a very similar way to 
vertebrates. In this section, I will discuss how alternative splicing of Sallimus and Projectin reflects 
the mechanical and functional properties of different muscle types. 
 
1.8.1. Regulation of passive muscle stiffness in Drosophila muscles through Sallimus and 
Projectin 
 

By contrast to mammalian titin, the Sallimus C-terminal region does not extent into the M-line; it 
only connects to the thick filament (Burkart et al., 2007); (Kulke et al., 2001). Thus, most of the 
Sallimus isoforms have the bulk of the protein located in the I-band. While the PEVK sections are 
rather simple with only three large exons (exons 18, 31 and 32), the splicing of the whole pre-
mRNA is extensive and results in proteins of very different sizes (ranging from Kettin of 500 kDa 
up to Sls(1900) of 1.9 MDa) (Burkart et al., 2007). In addition, sallimus has two termination 
sequences directly after Ig-domain 34 (exon 15) and the second at exon 44 (Burkart et al., 2007), 
both Ig-domain 34 and the exon 44 region have been implicated in interactions with the thick 
filaments (Kulke et al., 2001); (Burkart et al., 2007). Interestingly, short Sallimus isoforms that do 
contain a PEVK domain (e.g. Sls(1000)) seem to contain only exon 32 as a PEVK exon. The longer 
isoforms (1 MDa and longer) are only found in tubular muscle (Burkart et al., 2007), while the 
shorter isoforms are present in all muscle types. There is some controversy whether the IFMs 
contain any Sallimus isoforms with a PEVK domain. One study found a 800 kDa isoform with a 
PEVK domain in the IFM (Kulke et al., 2001), while a more extensive study indicated that the 
smallest Sallimus isoform with a PEVK domain was 1000 MDa and it was not present in the IFM 
(Burkart et al., 2007). A detailed overview of the currently known splicing in Sallimus is depicted in 
Figure 11. 

The most thorough study on alternative splicing in Projectin was performed by Southgate and 
colleagues (Southgate and Ayme-Southgate, 2001). This study focused on its relatively short PEVK 
domain (ranging from 109 to up to 624 amino acids). This study elucidated several key features of 
the splicing of this region: Exons 11, 13, 22, 27 and 28 are always expressed (exons 11, 27 and 28 
code for IG domains). All alternatively expressed exons in this region are multiples of three and 
have a high PEVK content, except for exons 25 and 26, which code for Ig-domains and form a 
multiple of three when expressed together. Additionally, exon 11 ends in frame. Hence, there is an 
enormous potential for alternative splicing. However, despite this potential, there are several exons 
that are only expressed in combination with specific other exons. Exon 16 is only expressed in 
combination with exon 15 and exon 15 only in combination with exon 14. Exon 19 is always 
expressed together with exon 21 or both exon 21 and exon 20 (Figure 12). The PEVK region starts 
at the end of exon 11, directly after 2 Ig domains (Southgate and Ayme-Southgate, 2001). The short 
PEVK isoform (109 residues) seems to be dominant in the IFM, while the longer isoforms are 
expressed more dominantly in tubular muscles (Ayme-Southgate et al., 2005). 

As in vertebrate titin, post-translational modifications of both Projectin and Sallimus, to alter the 
sarcomere stiffness, are very likely to occur. However, to my knowledge no studies on post 
translational modifications of Projectin and Sallimus in Drosophila have been performed thus far. 
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Figure 11: Sallimus splice pathways 
Most of the Sallimus protein is localized within the I-band and all the major splice pathways affect the I-band region. In 
this figure, the regions are labeled based on the exons as matched to the Flybase prediction (numbers outside brackets) 
(FB2016_05, released October 18, 2016) and the open reading frames (ORFs) as described by Burkart and colleagues 
(Burkart et al., 2007) (numbers within brackets). Sallimus has two termination sites: the first at Ig-domain 34 in exon 15 
(ORF 13) and the second at the final C-terminal region (exon 44, ORF 25). Exons 15, 16 and 17 are predicted to 
overlap (Flybase prediction) (and are covered by ORF 13). It is likely that there are different cryptic splice donors 
present in this region, which can all be used in different isoforms. Short isoforms (A) typically have no PEVK domain, 
but if a PEVK domain is present it seems to be coded by exon 32. Longer isoforms (B) can contain all PEVK exons. 
Different colored lines show different splice pathways of described isoforms. This figure is based on data from (Burkart 
et al., 2007). 
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Figure 12: Splice pathways of the Projectin PEVK domain 
An overview of the different splice pathways in the Projectin PEVK region shows extensive 
differential splice pathways. The splice pathways were studied in three overlapping sub-regions. The 
percentages indicate the PEVK content. Reprinted from (Southgate and Ayme-Southgate, 2001) with 
permission from Elsevier (the current web address of the publication is listed in Chapter 8). 
 
1.8.2. The relation between Sallimus and Projectin isoforms and the properties of different 
muscle types 
 
1.8.2.1. Drosophila asynchronous IFM 

The IFMs in Drosophila are considered to be strictly aerobic (Beenakkers et al., 1984). The 
entire IFM structure is adapted to meet the demands for high power, high-speed oscillatory 
contractions. Thus, the muscle needs to be extremely stiff and the amount of contraction is very 
small. To my knowledge there have been no measurements performed in Drosophila melanogaster 
on the differences in muscle length between the fully contracted and fully stretched state during 
flight, likely due to its small size. However, such measurements have been performed in other 
insects including Drosophila virilis. It was found that the IFMs of this species had a length change 
of only 3.3% to 3.5% during flight (Chan and Dickinson, 1996), illustrating the extreme stiffness of 
the asynchronous IFM.  

In the IFM, Projectin and several short Sallimus isoforms are thought to link the Z-disc to the 
thick filament. These Sallimus isoforms include Kettin (500 kDa), Sls(700) (Kettin with the 
Sallimus extreme C-terminal region spliced on with a mass of 700 kDa) (Burkart et al., 2007) and 
potentially the 800 kDa Sallimus isoform (Kulke et al., 2001).  
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1.8.2.2. Drosophila tubular muscles 
Drosophila tubular muscles are very similar to vertebrate skeletal muscles in structure and 

function. As most recent studies have focused on the insect flight muscles as opposed to the tubular 
muscles, the body of literature on the tubular muscles is small. What is clear is that the tubular 
muscles have a much lower tracheal innervation than the IFMs (Edwards and Ruska, 1955). Which 
is to be expected based on the high metabolic rate of the IFMs. Little can be said about whether the 
insect tubular muscles are aerobic or anaerobic. And even if they are anaerobic, the metabolic 
products may differ remarkably from vertebrates (Feala et al., 2007). Additionally, to our 
knowledge, there is no published material on experimentally determined tubular muscle stiffness in 
insects. However, due to their function and structure, it is clear that the tubular muscles are more 
compliant than the IFMs.  

This correlates with the presence of the much longer Sallimus isoforms, which may contain up to 
all 3 PEVK exons (e.g. Sls(1700 and Sls(1900) (Burkart et al., 2007), and both the differential 
localization of Projectin (localized on the thick filaments) and its longer PEVK domains (up to 624 
amino acid residues)  (Southgate and Ayme-Southgate, 2001); (Ayme-Southgate et al., 2005). In the 
tubular muscles of the thorax many different isoforms are expressed ranging from Kettin up to the 
full length Sallimus isoform Sls(1900) (Burkart et al., 2007). All Sallimus isoforms in the adult 
tubular muscles are localized in the I-band and connected to the Z-disc. Thus far, to our knowledge, 
there is no information about the presence of specific isoforms in specific tubular muscles. 
However, it is to be expected that muscles with narrower sarcomeres contain shorter Sallimus 
isoforms. 
 
1.9 Active muscle stiffness 

Muscle stiffness in active muscles may be drastically different from passive muscles. This is 
mainly because the forces generated by the myosin heads on the actin filaments are added to the 
already present passive stiffness of the muscle. However, recent studies have shown that the 
contribution of titin to sarcomere stiffness may change when the muscle becomes active. This 
contribution is what I call the active stiffness of titin. In insects, these studies have not been 
performed, however the layout of Sallimus and Projectin in the IFMs is such that the contribution of 
these proteins to sarcomere stiffness may also change when the muscle becomes active. The 
mechanisms behind this will be discussed in this chapter. 
 
1.9.1. The modification of muscle viscosity of the cardiac muscle through the cardiac N2B titin 
isoform 

There are strong indications that the PEVK domain in cardiac titin (N2B) interacts with actin. 
This interaction seems to increase viscosity slowing down the snap back after stretch and making 
stretch harder, especially when the deformation is fast (Chung et al., 2010); (Chung et al., 2011). 
This interaction can be reduced in a calcium dependent manner through S100A1, a soluble calcium-
binding protein (Yamasaki et al., 2001). This could allow for a lower viscosity during contraction as 
opposed to relaxation. 
 
1.9.2. Active stiffness of titin through the skeletal N2A isoforms 

In skeletal muscles, titin may also interact with the actin filaments, most likely through the N2A 
region, in a calcium dependent manner (Kellermayer and Granzier, 1996) (reviewed in (Nishikawa 
et al., 2012)). This interaction shifts the load from the Ig-domains to the PEVK domain allowing for 
an increase in apparent stiffness of the titin molecule. This interaction also forms the basis of a 
‘new’ hypothesis called the winding filament hypothesis (reviewed in (Nishikawa et al., 2012)). 
This hypothesis states that when a muscle performs an isometric contraction or is stretched while 
producing force, the PEVK domain is wound around the actin filament (Figure 13). The binding of 
the N2A region to the actin filaments supports this by localizing the PEVK domain next to the actin 
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filament. This winding occurs due to the torque put on the actin filaments by the myosin heads 
during the power stroke (Morgan, 1977); (Nishizaka et al., 1993). When the muscle is stretched 
under force or performs an isometric contraction, this rotation is in the opposite direction compared 
to an actively contracting muscle. Hence, the winding of the PEVK domain around the actin 
filament could store energy that may be reclaimed during active muscle contraction (reviewed in 
(Nishikawa et al., 2012)). Energy return would be optimal with fast low force shortening (reviewed 
in (Nishikawa et al., 2012)). This mechanism still requires more research for validation but it is very 
interesting. This process could allow for a preload, and therefore for more efficient contractions 
during locomotion, or may allow for a preload before jumping by bending the knees before the 
jump.  

This process could potentially also play a role in stretch activation as the muscle will start to 
produce force before it can contract: when the muscle is stretched, it shows a delayed activation and 
will start to contract when the force is high enough. Until this point the winding could take place. 
Then the muscle will contract and the contractile force will decrease during the contraction. If the 
contraction force and speed are optimal, this winding mechanism could result in significant energy 
saving. 
 

 
Figure 13: The winding filament hypothesis 
In passive muscles, the I-band region of titin does not interact with the actin filament (A). When the muscle becomes 
active the N2A region will bind to the actin filament (in the presence of calcium) (B). This increases the titin-based 
stiffness by releasing tension from the more N-terminal Ig-domains and concentrating it on the PEVK domains (C). 
Active stretch or isometric contractions cause a rotation in the actin filament winding the PEVK domain around the 
actin filament (D). This can be used to store energy, which can be released during active contraction. This figure is 
modified from (Nishikawa et al., 2012) by permission of the Royal Society (the current link to the publication is listed 
in Chapter 8). 
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1.9.3. Active sarcomere stiffness in Drosophila 
The presence of an active stiffness component in vertebrate titin made me wonder whether such 

a mechanism could also exist in insects. To my knowledge, there have been no publications about 
this and as far as I know there are no N2A- or N2B-like domains in either Sallimus or Projectin. 
Therefore, it is hard to speculate about connecting filament to actin filament interactions through 
calcium in activated muscles. However, as it has been shown that Kettin in the IFMs binds directly 
with high affinity to actin not only in the Z-disc (Lakey et al., 1993) but also within the first 54 nm 
outside the Z-disc in Drosophila and that Projectin co-localizes with Kettin (Van Straaten et al., 
1999) (as described in Chapter 1.6 and Figure 8). This could potentially lead to the same effect as 
N2A-actin filament interaction in vertebrate titin, which is hypothesized to lead to actin winding. 
The point where Kettin and Projectin branch off from the actin filaments in the IFM could be the 
start point of actin winding.  

As described before in (Chapter 1.2.2.1.), there is a small portion of stretch in active IFM during 
which the muscle is active and still elongating (before the muscle exerts enough force to start 
contracting). This period of active stretch could allow for the winding of Projectin or Sallimus 
around actin and thus store energy. However, as the amount of stretch and contraction in insect 
IFMs is very small only very limited winding is possible. This makes it very difficult to speculate 
whether actin winding could lead to significant energy savings. If the connection between Sallimus 
and the actin filaments in the tubular muscles is similar as in the flight muscles, Actin winding 
could also play a role in the tubular muscles. 
 
1.10. The scaffolding functions of titins 

As mentioned before, c-filaments like titin, Projectin and Sallimus do not only play a role in 
sarcomere stiffness, but also have other functions. One of these functions is the scaffolding 
function. Titin, Sallimus and Projectin (in the IFM) are crucial for Z-disc integrity (Gregorio et al.); 
(Hakeda et al., 2000); (Lakey et al., 1993); (Schnorrer et al., 2010). Within the Z-disc, titin interacts 
with many different structural proteins, which include α-actinin, actin, nebulin, obscurin and filamin 
(reviewed in (Linke, 2008)). Filamin provides additional interactions with, among others, actin and 
α-actinin (Atkinson et al., 2000), as well as connections with the extracellular matrix through 
integrins and sarcoglycan (reviewed in (Linke, 2008). 

The requirement of the association of titins with the Z-disc for proper Z-disc integrity suggests a 
role of these proteins during sarcomerogenesis. Supporting evidence for this is found in Drosophila 
as both Kettin and Projectin co-localize in Z-disc aggregates during IFM sarcomere formation in 
Drosophila actin null mutants (Ayme-Southgate et al., 2004). Strong loss of function alleles of 
Sallimus show a loss of the striated muscle pattern in Drosophila embryos (Zhang et al., 2000). 

The C-terminal region of vertebrate titin plays an important role in the stability of the thick 
filament, but appears to be dispensable for the formation of the thick filaments (shown in zebrafish 
(Myhre et al., 2014)). Additionally, C-terminal titin is a key component for the structural alignment 
of the M-line through the formation of a complex with obscurin, obscurin-like 1, myomesin and 
myosin (Agarkova and Perriard, 2005); (Fukuzawa et al., 2008).  

Sallimus is shorter and thus unlikely to provide much structural support to the thick filaments, as 
it only has a short region that binds the thick filaments. In this role Projectin, may be much more 
important, especially in the tubular muscles, in which it is reported to localize on the thick filaments 
(Lakey et al., 1990); (Vigoreaux et al., 1991). M-line alignment in Drosophila is suggested to come 
from Unc-89 (Drosophila Obscurin) and Zormin (Reedy et al., 2000); (Katzemich et al., 2012).  
 
1.11. C-filaments as tension sensors 

An additional described function of titin is its role in regulating signaling pathways. As these 
pathways are all related to tension, titin may also perform a role as a tension sensor. In this section, 
I will briefly discuss some of the titin-related signaling pathways and compare to what is known in 
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Drosophila. 
There are three regions in titin that have been associated with tension regulated signaling 

pathways. The first region is the N-terminus at the edge of the Z-disc in the opposing sarcomere. 
This region interacts with telethonin (T-CAP). T-CAP connects two parallel running titins, through 
the titin Z1Z2 regions, proximal to the plus end of the actin filaments (see Figure 14 for an 
overview) (Zou et al., 2006). T-CAP could relay stretch from the titin molecules through its 
interaction with MLP (Knoll et al., 2002); (Knoll et al., 2011); (Boateng et al., 2009). Additionally, 
evidence has been found that the N-terminal region of titin is connected to the sarcoplasmic 
reticulum through sAnk1 (Kontrogianni-Konstantopoulos, 2002). This connection could convey 
stress from the sarcomere to the SR, which speculatively could play a role in the maintenance of 
cytoplasmic calcium concentrations. 

In Drosophila the N-terminal regions of Sallimus (at least in the IFM) (Van Straaten et al., 1999) 
and show interaction with Mlp84B (Clark et al., 2007). DmMlp84B displays muscle specific 
expression and seems to be a component of both the nucleus and the Z-disc. However, the function 
of Mlp84B appears to be mostly structural (Clark et al., 2007).  

 

 
Figure 14: The cross-linking of two titin molecules by T-CAP 
The titin Z1Z2 repeats (asterisks) are thought to fold beyond the plus end 
of the actin filament and bind in an anti-parallel fashion to T-CAP (Zou et 
al., 2006). Adapted by permission from Macmillan Publishers Ltd: 
[Nature] (Zou et al., 2006) 2006 (the current link to the publication is 
listed in Chapter 8). 
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The I-band region of titin is the second region involved with signaling pathways related to 
tension. These include MARPs (cardiac ankyrin repeat protein (CARP), diabetes related ankyrin 
repeat protein (DARP), and ankyrin-repeat- domain protein-2 (Ankrd2) (Miller et al., 2003) (Witt et 
al., 2006)), and the four and a half LIM domain protein 1 (Fhl1) (Raskin et al., 2012). The exact 
function of MARPs is still under debate, but triple knock out experiments on MARPS resulted in 
more compliant muscle fibers in mouse skeletal muscles, correlating with longer titin isoform 
expression (Barash et al., 2007). This may indicate a link between this pathway and the 
maintenance of muscle stiffness. Fhl1 appears to be a negative regulator of cardiac titin N2B levels 
and phosphorylation. Phosphorylation seems to be prevented by direct binding competition with 
Erk2 (Raskin et al., 2012), also indicating a role in the maintenance of sarcomere stiffness. 
The titin kinase domain has been implicated in MurF1 and MurF2 (E3 ubiquitin ligases) 

pathways (Lange et al., 2005) that play a role in protein degradation and gene expression. Double 
knock-out of both MurF1 and MurF2 in mice results in severe muscle hypertrophy in cardiac 
muscles and milder hypertrophy in skeletal muscle (Witt et al., 2008). The titin kinase domain is 
suggested to be activated in a two-step process: The opening of the binding site by calcium or 
calmodulin binding (Mayans et al., 1998) or by force (Puchner et al., 2008), followed by the 
phosphorylation of Y170 (Mayans et al., 1998) (see also Figure 15).  

 

 
Figure 15: The activation of the titin kinase domain 
A schematic overview of the activation of the titin kinase domain in two steps: First, the opening of the binding site by 
calcium or calmodulin binding (Mayans et al., 1998) or by force (Puchner et al., 2008). Second, the phosphorylation of 
Y170. The binding site opening by calmodulin or calcium binding, or force is shown by the change in conformation of 
the black region and the phosphorylation by the green dot. 
 

Recently the titin kinase domain came under debate as some studies indicate that it is a 
pseudokinase and not catalytically active (Bogomolovas et al., 2014). The titin kinase domain has 
been described as a serine/threonine kinase domain. All members of the serine/threonine and 
tyrosine families of kinases have a similar catalytic domain. This is shown in Figure 16, with an 
alignment of a subsection of the catalytic domain of 38 serine/threonine protein kinases (Hanks et 
al., 1988), the human and rabbit titin kinase domains (Sebestyén et al., 1996) and the Drosophila 
Projectin kinase domain. The numbering is taken from cAPK-α. D166 and N171 are located within 
the consensus motif HRDLKxxN. D166 in the loop has been proposed to be the proton acceptor 
during an in-line phosphor-transfer mechanism (Hanks and Hunter, 1995) (in-line relates to the 
orientation of the phosphate group with respect to the receiving molecule (Matte et al., 1998)). 
D184 is a part of the DFG motif in the catalytic domain and is involved in chelating the magnesium 
ion that aligns the β-phosphate of ATP during the reaction. When this aspartic acid is changed into 
glutamate (E), the transfer of the phosphate group is blocked (Bogomolovas et al., 2014). From 
Figure 16 it becomes clear that in both rabbit and human titin, K168 and D184 are not conserved 

Figure 15: the activation of the titin kinase domain 
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compared to the other kinases and in addition the location of D184 is occupied by a glutamate, 
supporting the notion that titin is an pseudokinase. Despite the notion that the titin kinase domain is 
a pseudokinase, it is still an important component of the catalytic pathway as an activatable 
scaffold. By these measures, the Projectin kinase domain in Drosophila is actually a bona fide 
kinase domain (Figure 16). The localization of the Projectin kinase domain may differ between IFM 
and tubular muscles (see also chapter 1.1.) and as such, could also differ in function between the 
different muscle types (Vigoreaux et al., 1991). 

 

 
Figure 16: titin is a pseudokinase 
This figure shows an alignment of a subsection of the catalytic domain of 38 Serine/Threonine protein kinases (Hanks 
et al., 1988), the human and rabbit titin kinase domains (Sebestyén et al., 1996) and the Drosophila Projectin kinase 
domain. The numbering is taken from cAPK-α. Three motives that are important for the catalytic function of the kinase 
domain are marked above the alignment. These are D166, N171 and D184. The change of D184 to Glutamic acid 
abolishes the catalytic function of the kinase domain (while still allowing for the binding of both the substrate and 
ATP). The alignment shows that titin from both human and rabbit shows a lack in conservation of K168 and D184. 

 
The in vivo targets and the function of the Projectin kinase domain are not known, but some 

studies have shown hints to its function. In vitro studies have shown that Projectin can 
phosphorylate itself (Ayme-Southgate et al., 1995) and may be able to phosphorylate Troponin I 
(Weitkamp et al., 1998). Additional studies have shown that association of Projectin with actin or 
myosin suppresses Projectin autophosphorylation (Fährmann et al., 2002), suggesting a role in 
sarcomerogenesis. 

                      166       168                    171                         184
cAPK α   D L I Y R D L K P E N L L I D Q Q G - - - - - - - Y I Q V T D F G F A K R
cAPK ß   D L I Y R D L K P E N L L I D H Q G - - - - - - - Y I Q V T D F G F A K R
SRA3   D I I Y R D L K P E N I L L D K N G - - - - - - - H I K I T D F G F A K Y
TPK1   D I I Y R D L K P E N I L L D K N G - - - - - - - H I K I T D F G F A K Y
TPK2   N I I Y R D L K P E N I L L D R N G - - - - - - - H I K I T D F G F A K E
TPK3   D I T Y R D L K P E N I L L D K N G - - - - - - - H I K I T D F G F A K Y
cGPK   G I I Y R D L K P E N L I  L D H R G - - - - - - - Y A K L V D F G F A K K 

PKC α   G I I Y R D L K L D N V M L D S E G - - - - - - - H I K I A D F G M C K E
PKC ß   G I I Y R D L K L D N V M L D S E G - - - - - - - H I K I A D F G M C K E
PKC y   G I I Y R D L K L D N V M L D A E G - - - - - - - H I K I T D F G M C K E
DPKC   G I L Y R D L K L D N V L L D A D G - - - - - - - H V K I A D F G M C K E 

CaM1 1-α  G V V H R D L K P E N L L L A S K L K G A - - - - A V K L A D F G L A I E 
CaM1 1-ß  G V V H R D L K P E N L L L A S K L K G A - - - - A V K L A D F G L A I E
PhK gamma  N I V H R D L K P E N I L L D D D M - - - - - - - N I K L T D F G F S C Q 
MLCK-K   R V L H L D L K P E N I L C V N T T G H - - - - - L V K I I D F G F S C Q 
MLCK-M   G I V H L D L K P E N I M C V N K T G T - - - - - S I K L I D F G L A R R
PSK-H1   G I T H R D L K P E N L L Y Y H P G T D S - - - - K I I I T D F G L A S A

SNF1   K I V H R D L K P E N L L L D E H L - - - - - - - N V K I A D F G L S N I
Nim1+   R F R H R D L K L E N I L I K V N E Q - - - - - - Q I K I A D F G M A T V
KIN1   N I V H R D L K I E N I M I S D S S - - - - - - - E I K I I D F G L S N I
KIN2   N I V H R D L K I E N I M I S S S G - - - - - - - E I K I I D F G L S N I

CDC28   R I L H R D L K P Q N L L I N K D G - - - - - - - N L K L G D F G L A R A
Cdc2+   R I I H R D L K P Q N L L I D K E G - - - - - - - N L K L A D F G L A R S
CDC2Hs   R V L H R D L K P Q N L L I D D K G - - - - - - - T I K L A D F G L A R A
PSK-J3   C I V H R D L K P E N I L V T S G G - - - - - - - T V K L A D F G L A R I
KIN28   F I L H R D L K P N N L L F S P D G - - - - - - - Q I K V A D F G L A R A

DCK11   G I M H R D V K P H N V M I D H E N R - - - - - - K L R L I D W G L A E F
CDC7   G I I H R D I K P T N F L F N L E L G - - - - - - R G V L V D F G L A E A
STE7   K I I H R D I K P S N V L I N S K G - - - - - - - T V K L C D F G V S K K
PBS2   N I I H R D V K P T N I L C S A N Q G - - - - - - T V K L C D F G V S G N
wee1+   N Y V H L D L K P A N V M I T F E G - - - - - - - T L K I G D F G M A S V
HSVK   G I I H R D I K T E N I F I N T P E - - - - - - - D I C L G D F G A A C F
ran1   G I Y H R D L K P E N I M V G N D G N - - - - - - T V Y L A D F G L A T T
PIM-1   G V L H R D I K D E N I L I D L S R G - - - - - - E I K L I D F G S G A L

Raf    N I I H R D M K S N N I F L H E G L - - - - - - - T V K I G D F G L A T V
A-Raf   N I I H R D L K S N N I F L H E G L - - - - - - - T V K I G D F G L A T V
PKS    N I I H R D L K S N N I F L H E G L - - - - - - - T V K I G D F G L A T V
Mos    S I V H L D L K P A N I L I S E Q D - - - - - - - V C K I S D F G C S E K

Hum TTN  N I G H F D I R P E N I I Y Q T R R S S - - - - - T I K I I E F G Q A R Q 
RAB TTN   S I G H F D I R P E N I I Y Q T R R S S - - - - - V I K I I E F G Q A R Q  
D. Projectin  N I I H L D I K P E N I M C Q T R S S T - - - - - N V K L I D F G L A T R

Figure 16: titin is a pseudo kinase
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1.12. The aims of the PhD project  

There are many open questions regarding the role of connecting filaments during muscle 
development and their specific function during muscle contraction. When considering vertebrate 
titin, it seems that titin may not always contribute significantly to the total muscle stiffness, like in 
the soleus muscles. On the other hand, it has been shown that the stiffness provided by titin is very 
important for cardiac muscle. This raises the possibility that titins may not be important for passive 
muscle stiffness in all muscle types and that there might be other functions that are not yet 
described. 

When translating this to other animal groups like insects, the major issue is that there is very 
little known about muscle stiffness apart from the IFM. At the moment, the actual importance of the 
length of Sallimus and Projectin in general and their PEVK domains in particular on tubular muscle 
stiffness is mostly extrapolated from data from vertebrate titin. When considering both Sallimus and 
Projectin, more open questions arise. For example, while Projectin is reported to localize to the I-
band of IFM, it is reported to localize to the A-band in the tubular muscles, which seems to be a 
strange localization for a PEVK domain containing titin homolog. The function of the Projectin 
kinase domain remains to be demonstrated. Again, it is unknown where in the sarcomere the kinase 
domain is located. Finally, while the localization of Sallimus is similar in all muscle types, we know 
little about expression differences of the different PEVK exons in different tubular muscles. 
 
These points translate into the four major aims of this PhD project: 
 

1. Identification of the localization of the PEVK domains of both Projectin and Sallimus in 
vivo in different muscle types by genetically engineering an endogenous epitope tag. 

2. Identification of the localization of the Projectin Kinase domain in vivo by introducing an 
endogenous epitope tag. 

3. Determination of the mechanical and functional requirements of the Projectin and Sallimus 
PEVK domains by length modification. 

4. Investigation of the function of the Projectin kinase domain by CRISPR-mediated kinase 
inactivation by point mutation. 

 
1.13. The CRISPR-Cas9 system 
One of the main techniques used in this work uses the CRISPR-Cas9 system a novel approach that 
allows for precise gene modification. I this section I briefly describe the background of this 
approach. 

The CRISPR array (clustered regularly interspaced short palindromic repeats) was first observed 
in E. coli. Later the function of these repeats was shown to be a part of a bacterial acquired immune 
system against viruses (phages) in S. thermophilus (Barrangou et al., 2007) and many other 
bacterial and archea species (reviewed in (Horvath and Barrangou, 2010)). At present, the CRISPR 
II system (CRISPR classification is described in (Makarova et al., 2011)) has been implemented as 
the basis of the current CRISPR genome engineering techniques.  

The natural CRISPR II system incorporates viral DNA fragments (about 20 bp in size), called 
protospacers, in the CRISPR array (in the array these fragments are called spacers). These spacers 
are separated by short palindromic repeats and serve as target recognition sequences to be able to 
recognize viral DNA during future exposures. The array is transcribed to generate pre-crRNA, 
which is processed to individual crRNAs (containing a single spacer and a single palindromic 
repeat), by a complex of RNase III, Cas9 and the trans-crRNA (tracrRNA), which has a sequence 
homology to the palindromic repeat. The mature complex (consisting of the crRNA, tracrRNA and 
Cas9 protein) can then recognize and digest the viral DNA. The digestion activity is dependent on 
the crRNA sequence homology and the presence of a so-called Protospacer Adjacent Motive (PAM 
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site) directly 3’ of the protospacer on the viral DNA (Mali et al., 2013). Additional studies have 
shown that the targeting function of the Cas9 protein can also be achieved by a synthetic single 
guide RNA (sgRNA) (Jinek et al., 2012). A subsequent study showed that the sgRNA Cas9 
combination could be used to initiate double stranded breaks into the genome of human cell lines 
(Hsu et al., 2013). This has resulted in a revolution in the field as it meant that there was a system 
that would allow precise modifications of genomic DNA of eukaryotes.  
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2. Materials and Methods 
 
2.1. cDNA generation of different Projectin isoforms of the PEVK region 
between exons 11 and 22 
To exchange the genomic DNA between exon 11 and exon 22 of bent (Projectin), four different 

cDNA clones were made in the region starting in exon 11 and terminating in exon 22. mRNA was 
isolated from four different samples: whole fly (20 flies), leg (50 flies), IFM (from 30 flies) and 
whole larva (20 larvae). mRNA was extracted with a standard RNA isolation protocol using Tristar 
(Trizol, Roche). The RNA was converted to cDNA with the Invitrogen Superscript III kit using 
random hexamers as primers. The different PEVK isoforms were then obtained by normal PCR 
with the primers WK3 and WK4 (primer sequences are listed in Table 2). The products obtained 
were separated on a standard agarose gel, purified on Min-Elute columns (Qiagen), blunt cloned 
into pBluescript and sequenced. This resulted in the identification of three different interesting 
PEVK isoforms: short IFM (pWK11), long leg (pWK12) and long larval (pWK13). These plasmids 
were used as the basis for the preparation of constructs for BAC recombineering and the RMCE 
step in our two-step CRISPR method.  
 
2.2. Transformation of the BAC into the SW102 strain 

The BAC used in these experiments was the CHORI321-38A11 containing the entire bent locus 
(Venken et al., 2009) and ordered from BACPAC resources center (BPRC, Children’s Hospital 
Oakland Research Institute). The BACs come in the EPI300 E. coli strain (which allows for 
induction from single copy to multiple copy with the Copy ControlTM Induction solution from 
Epicentre or with arabinose, see protocol 2). Recombineering, however, requires the SW102 E. coli 
strain. The transformation was performed by electroporation. For this a protocol was used based on 
recombination protocol 1 (Warming, 2005), but modified in our lab (see protocol 3). Before the 
transformation, the BAC was freshly prepped after induction (Copy ControlTM Induction solution, 
Epicentre) by means of the PureLinkTM HiPure Plasmid Miniprep Kit (InvitrogenTM, with a 
modified protocol, see protocol 1A). 
 
2.3. BAC recombineering 
A two-step approach was chosen for the BAC recombineering. This approach uses SW102, 

which has an incomplete galaktose operon with the galK gene missing, described and published by 
Warming and colleagues (Warming, 2005). The exact protocol used in this project is 
‘Recombineering protocol 3: BAC recombineering using the modified DH10B strain SW102 and a 
galK cassette’ by Søren Warming (Warming, 2005). In short, this method inserts the galK cassette 
in the BAC at the target location in a first step by recombination. This can be done as just an 
insertion at a specific location, or it can be used to delete a region ranging from a single bp (for a 
point mutation) to multiple kb for deletions or exchanges. In the second step, the galK cassette is 
exchanged with the desired cassette. The galactose operon can be used for both positive and counter 
selection. For the recombineering, standard 50 bp homology arms were used for the first step. In the 
second step, they were longer. All recombineering steps used linear donor DNA. This allowed us to 
generate the following BACs: pWK50 (exchange of the genomic DNA between exon 11 and 22 
with the galK cassette), pWK51 (the insertion of the galK cassette in exon 11) and pWK52 
(contains the short IFM PEFK isoform containing exons 11, 13, 22 and an HA tag in exon 11). 
 
2.3.1. Generation of the galK cassettes 

Several different galK cassettes were generated: for a tag inside exon 11 (primers: WK10 and 
WK11) (insertion of the cassette; no genomic deletion), a complete PEVK deletion (primers: WK10 
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and WK28) (deletion of the genomic DNA between exon 11 and exon 22), an insert to generate a 
point mutation in the kinase domain of Projectin (primers: WK13 and WK14) (single bp deletion), 
and a tag just before the kinase domain (WK25 and WK26) (insertion of the cassette; no deletion) 
(the 50bp homology arms were included in the primers). The galK cassette was amplified from a 
plasmid (pWK8 (Warming, 2005)).  The PCR product was separated on a standard agarose gel at 
low voltage (20V) overnight and purified over Min-Elute columns (Qiagen). The linear PCR 
product was directly used for recombineering. All PCRs were performed with the Phusion 
proofreading enzyme (NEB), and the homology arms were verified by sequencing (all primers used 
are listed in Table 1). All PCR primers mentioned in this sub chapter were HPLC purified. 

 
Table 1: Primers for galK cassettes. The homology arm region of each primer is marked in orange and the annealing 
region of the primer is marked in green. 

 
 

2.3.2. Generation of the cDNA constructs for the second step in the BAC recombineering 
approach 

Because the integration of the galK cassette was only successful for the insertion of the tag in 
exon 11 and for the complete PEVK deletion, step 2 cassettes were only generated for the PEVK 
tag and PEVK isoform expression. The cassettes for the kinase domain tag and point mutations 
were not generated. As such, four different step two cassettes were designed and generated: three 
based on the cDNA of the different isolated PEVK isoforms and a HA-tag designed for exon 11 
(Figure 19). 

The cassette for the HA tagged exon 11 was generated with a three-part overlap PCR: left 
homology arm (WK3 and WK19, 149 bp, template: BAC), central tag (WK17, WK18, template: 
HA plasmid, pWK9, a gift from M.L. Spletter) and right homology arm (WK16, WK20, 745 bp 
template: BAC). The primary amplifications were followed with two extension PCR steps. Step 1 
annealed and extended the left arm with the central tag (HA construct) and annealed and extended 
the right arm with the central tag (HA construct). Step 2 annealed and extended the products from 
step 1. Both step 1 and step 2 were performed without primers. This was followed with a final 
amplification step (WK3, WK16). The resulting product was separated on a standard agarose gel 
and purified on Min Elute columns (Qiagen). The construct was cloned blunt into pBluescript and 
sequence verified (pWK100). Finally, for every recombineering experiment, the cassette was 
amplified from the plasmid with primers WK3 and WK16. The primers are listed in Table 2. 

The HA tag was also added to the cDNA clones (Chapter 2.1.). This was again achieved with a 
three-part overlap PCR: left homology arm (WK3, WK19, 149 bp, template: BAC), central tag 
(WK17, WK18, template: HA plasmid, pWK9, a gift from M.L. Spletter), a central cDNA fragment 
plus right homology arm (87 bp homology arm length) (WK20, WK4, template: pWK11 (IFM 
isoform), pWK12 (long leg isoform) or pWK13 (long larval isoform)). The overlap PCR was 
performed as described above and for the final amplification the primers WK3 and WK4 were used. 
Product separation and purification was performed as described above. The resulting constructs 
were blunt cloned into pBluescript (pWK14 (HA-tagged short IFM PEVK cDNA), pWK15 (HA-
tagged long leg PEVK cDNA) and pWK16 (HA-tagged long larval PEVK cDNA)). The plasmids 
were verified by sequencing. Finally, for every recombineering experiment the cassette was 
amplified from the plasmid with primers WK3 and WK4 (pWK11, pWK12, pWK13). The primers 

primer sequence
WK10 ATGAAGTCGGCAAGGACGAATCATCTTGCAAAATAACGGTGGAAAAGGTTCCTGTTGACAATTAATCATCGGCA
WK11 TCATTCTTGGTCTTCTCCTTTTCTTTCGGCTTTTCTTCCTTCTTTTTGGCTCAGCACTGTCCTGCTCCTT
WK28 GGGTCACCTGGAGCAGGTGGTTGCATTTTAGGGACCTTTTGCTTCTCCTCTCAGCACTGTCCTGCTCCTT
WK13 AATTTGCGAGGGCATCAGACACATGCACGAACAAAATATTATCCATTTGGCCTGTTGACAATTAATCATCGGCA
WK14 TAACATTTGTGCTAGAACGAGTTTGACACATTATATTCTCTGGTTTTATGTCAGCACTGTCCTGCTCCTT
WK25 GGTCTGATGCTTCAGACACAAGTACTCTAATCAAGACTAAGGAGTCTGTTCCTGTTGACAATTAATCATCGGCA
WK26 TTTCGTCCATTTGCATCAATTTCCCATTTACGTTCAATTGGTTTCTTTTTTCAGCACTGTCCTGCTCCTT
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are listed in Table 2. 
 

Table 2: Primers used in the second step of the BAC recombineering approach. Annealing region primers are depicted 
in green, the homology arms for the overhang PCR for the HA tag are depicted in orange. 

 
 
2.4. The two-step CIRSPR approach 

In this work, a two-step CRISPR method was developed (Zhang et al., 2014b). In short, this 
method utilizes CRISPR-Cas9 to generate one or two double strand breaks in the genomic DNA. A 
single double strand break could be used for insertions and very small deletions, while two double 
strand breaks would allow for larger deletions. The homology directed repair pathway was then 
utilized to insert a marker cassette. This cassette contains a strong splice acceptor followed by a 
stop codon in every reading frame and a termination sequence followed by the dsRed gene under a 
3x P3 promoter (for expression in the eye) and two attP sites flanking the other components. The 
cassette is flanked by homology arms (Figure 26). Insertions of this cassette within the intron of a 
gene will cause splicing into the stop sequence terminating the gene. Additionally, the fluorescent 
red eye marker will be expressed. In the second step, recombination mediated cassette exchange 
(RMCE) is used to exchange the eye marker cassette with a construct of choice by means of the 
attP, attB recombination. The RMCE method was based on the MiMIC resource, published by the 
Bellen lab (Venken et al., 2011). For more details see Figure 26 in the results and (Zhang et al., 
2014b). For the CRISPR-Cas9 approach in this work the fly strain y[1], M(Act5C-Cas9 )ZH-2A, 
w[1118], Lig4[169] (Zhang et al., 2014b) was used. This strain expresses the Cas9 protein under 
Actin5C control and is impaired in the non-homologous end-joining pathway. 
 
2.4.1 sgRNA design 

In order to design optimal sgRNAs for injection into Drosophila, all sgRNAs were first tested 
for functionality in S2 cells before injection into flies. The S2 cells used, stably express myc-Cas9 
under a ubiquitin promoter and were generously donated by Klaus Förstemann (Böttcher et al., 
2014) before publication. For every sgRNA designed in this project, the locus of the fly strain y[1], 
M(Act5C-Cas9 )ZH-2A, w[1118], Lig4[169] (Zhang et al., 2014b) and the locus of the S2 cells 
were compared to prevent the targeting of regions with SNPs between the two. S2 cell and fly 
genomic DNA were purified with standard protocols. After locus verification, the CRISPR design 
tool at  was used to predict sgRNAs with the highest potential.  
 
2.4.2 sgRNA synthesis 

The sgRNAs were generated by PCR, with a sgRNA gene specific primer, which also contains 
the T7 promoter, a short sgRNA amplification primer and a scaffold oligo (both primers and the 
scaffold oligo are depicted in Table 3). A complete list with the targeting sequences of all sgRNAs 
and their activity can be found in Table 12. The PCR reaction was purified on Min Elute columns 
(Qiagen) after which the PCR product was transcribed with the T7-MEGAshortscriptTM Kit 
(AM1354, Life Technologies). After transcription the RNA was purified with the MEGAclearTM 
Transcription Clean-up Kit (AM1908, Life Technologies). A detailed protocol for the procedure 
used can be found in (Zhang et al., 2014b). However, in this work some alterations in the protocol 
were made. For the sgRNA transcription by the T7-MEGAshortscriptTM Kit (Life Technologies) I 
used 750 ng DNA in a total reaction volume of 10 µl instead of 150 – 250 ng DNA in a total volume 
of 20 µl reaction mix.  

primer sequence used for plasmid
WK3 CCAAGGACATAACCACCACGTTTG pWK11 / pWK12 / pWK13 /  pWK100 /  pWK14 / pWK15 / pWK16
WK19 AACCTTTTCCACCGTTATTTTGCA pWK100 / pWK11 / pWK12 / pWK13
WK17 TGCAAAATAACGGTGGAAAAGGTTGGAGGATCCGGAGGATCCTACCCATACGATGTT pWK100 / pWK11 / pWK12 / pWK13
WK18 CGGCTTTTCTTCCTTCTTTTTGGCGGATCCTCCGGATCCTCCTCCTGCATAGTCCGG pWK100 / pWK11 / pWK12 / pWK13
WK16 gcaaccgtaaacaattatttaagtgc pWK100
WK20 GCCAAAAAGAAGGAAGAAAAGCCG pWK100 / pWK14 / pWK15 / pWK16
WK4 TGATGGTCGCTTCTCCCGAATCAC pWK11 / pWK12 / pWK13 / pWK14 / pWK15 / pWK16
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Table 3: Primer designs for the synthesis of the sgRNAs. The general sgRNA primer contains the sgRNA targeting 
sequence specific for every sgRNA (indicated by N). 

 
 
2.4.3. Assessment of sgRNA activity in S2 cells 

The S2 cell lines were maintained according the manual for Invitrogen Drosophila Schneider S2 
cells (catalog number R690-07), also described in (Zhang et al., 2014b). In order to assess the 
activity of the sgRNAs, the myc-Cas9 S2 cells were transfected with 1 µg of sgRNA per individual 
transfection. For the transfection Fugene HD transfection reagent (Promega) was used. In order to 
assess the transfection efficiency, a plasmid expressing myc-GFP under the ubi64E promoter (gift 
from Klaus Förstemann) was co-transfected (250ng per individual transfection). A detailed 
description of the transfection protocol can be found in (Zhang et al., 2014b). However, in this work 
there were a few alterations: first, the volume of S2 cells during the transfection was 500 µl per 
individual transfection and second, the incubation time after the transfection (before harvesting the 
S2 cells for DNA extraction for the T7-assay) was typically 60 to 74 hours in stead of 48 to 60 
hours. The protocol for the T7 assay is described in (Zhang et al., 2014b), briefly, repair of double 
stranded breaks generated by the sgRNA-Cas9 complex by the error-prone nonhomologous end 
joining pathway often results in small deletions or insertions. After transfection of the myc-Cas9 S2 
cells with the sgRNA, the extracted DNA was amplified by PCR, followed by a melting re-
annealing protocol. Small deletions or insertions would then result in mismatches in the annealing. 
And the T7 endonuclease recognizes and digests DNA at locations of mismatches. This digestion 
can then be identified on an agarose gel. 
 
2.4.4. Cloning of CRISPR donor plasmids  

The dsRed eye marker cassette (attP1-SA-STOP-SV40-3xP3-dsRed-attP2 cassette) was cloned 
as described in (Zhang et al., 2014b) (the version of the cassette used in this work, has the digestion 
overhangs AAGC (5’) and AACG (3’) for the golden gate cloning and is labeled as pWK27). The 
cassette was combined with homology arms and cloned into a pBluescript backbone by means of 
golden gate cloning. 
 
2.4.4.1 Preparation of the backbone and homology arms 

To generate the backbone for the golden gate cloning pBluescript was digested with EcoRV 
(NEB) separated on a standard agarose gel and purified on standard gel purification columns 
(Qiagen). 10 µmol digestion product was amplified by PCR (primers: WK47 and WK48, listed in 
Table 4) in order to add the appropriate digestion enzyme recognition sites and overhangs. After the 
PCR reaction the template was digested with a DpnI (NEB) digest, the reaction was purified on gel 
and purified on Min Elute columns (Qiagen). The homology arms were directly amplified from 
genomic DNA from the y[1], M(Act5C-Cas9 )ZH-2A, w[1118], Lig4[169]  fly strain (primers and 
homology arm length are listed in Table 5). All homology arm PCR products were separated on gel, 
purified on Min Elute columns (Qiagen). 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 

amplification primer AAAAGCACCGACTCGGTGCC 

General sgRNA primer TAATACGACTCACTATAG NNNNNNNNNNNNNNNNNNNN GTTTTAGAGCTAGAAATAGC

scaffold
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Table 4: Primers used to generate the backbone for the golden gate cloning. The digestion 
enzyme recognition site is indicated in green, the cloning overhang is indicated in red and 
the primer annealing region is indicated in orange. 

 
 
2.4.4.2 Golden gate cloning 

The purified PCR products were used directly in golden gate cloning together with plasmid 
pWK27. The golden gate protocol was performed with equal molar ratios of all parts (at 30 pmol 
each, this corresponds to 85ng pWK27 and 60ng backbone). In this work two different golden gate 
protocols were used. The first (the standard protocol) is described in (Zhang et al., 2014b), the 
second protocol, which allows for the presence of at least a single restriction enzyme recognition 
site in a one of the homology arms, is described in protocol 4. This alternative protocol eliminates 
the need for restriction site removal, by point mutation from a homology arm (if there is only one), 
at the cost of a slightly lower efficiency. When there are no recognition sites within the homolog 
arm, the obtained colonies after the golden gate cloning (with the standard protocol) are more than 
90% correct. If there is a single recognition site in a single homology arm and the second protocol is 
used, roughly 4 out of 10 colonies contain the correct plasmid. The plasmids were verified by the 
sequencing of both the homology arms and the transition of the homology arms into the attP1 and 
attP 2 sites. 

The dsRed donor constructs of the initial bt tagged (pWK17) and PEVK deletions (pWK18) and 
the bt kinase domain (pWK19) were generated according to protocol 4 (also see Table 5 for primer 
sequences). The donor constructs regarding sls (pWK20, pWK21, pWK22) and the second set of 
donor constructs regarding bt tagged (pWK43) and the PEVK deletions (pWK42) were generated 
with the standard protocol (also see Table 5 for primer sequences).  

The CRSIPR donor plasmid pWK19 (bt kinase domain), was designed such that a part of one of 
the sgRNA target sequences would still be present after homology directed repair (this region was 
covered by the right homology arm. To prevent re-digestion by the Cas9 protein 2 base pairs were 
mutated in the homology arm primer (this is highlighted in Table 5). 

I also generated two CRSIPR donor plasmids for a seamless tag integration in exon 11 of bt (an 
HA tag: pWK35 and a conditional V5 tag: pWK36). These donor plasmids were designed to 
contain the final desired sequence, normally inserted in the RMCE step (see Figure 36 for an 
overview) between 2 homology arms (without attB sites) and generated similarly to the normal 
CRISPR donor plasmids (2 homology arms, primers listed in Table 5, normal backbone (primers 
listed in Table 4) cloned by means of golden gate cloning according to protocol 4). However, the 
central region was amplified from the plasmids pWK30 (V5 conditional) and pWK31 (HA) (these 
plasmids are described in chapter 2.4.5.1.) with the primers WK39 and WK40 (listed in Table 6). 
The homology arms were amplified from genomic DNA from y[1], M(Act5C-Cas9 )ZH-2A, 
w[1118], Lig4[169] flies. With this method the step 1 fly strain containing the dsRed cassette was 
used for a second CRSIPR-Cas9 event, this time the attP sites were targeted. 

As PCR products were used for the golden gate cloning all resulting plasmids were sequence 
verified.  
 
2.4.5. Cloning of the RMCE constructs 
 
2.4.5.1. HA and V5 conditional constructs for the bent PEVK region 

The HA tagged attB plasmid (pWK31) was generated using a three-part overlap PCR. The left 
arm (primers: WK19 and WK39) and right arm (primers: WK40 and WK20) were amplified from 
the BAC. The HA tag (primers: WK17 and WK18) was amplified from pWK9. The primary 
amplification was followed by two extension PCR steps (as described in chapter 2.3.2). These were 

WK47 aCCGTCTCTGTGTcatggtcatagctgtttcctgtgtg
WK48 tACGTCTCTATCAccaattcgccctatagtgagtcg
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followed up with a final amplification step with WK39 and WK40.  
The V5 conditional tagged attB plasmid (pWK30) was generated with a two-part overlap PCR. 

Two arms were amplified from the BAC (the left arm with primers WK37 and WK39 and the right 
arm with primers WK38 and WK40) and annealed and extended without primers. A final 
amplification step was performed (primers: WK39 and WK40). The primers WK37 and WK38 
contained the sequence for the tag. 
Both the HA and the V5 PCR products were separated on a standard agarose gel and purified on 

Min Elute columns (Qiagen) and re-amplified with WK89 and WK90 (these primers contained the 
required overhangs for direct cloning into the attB plasmid (pWK29, full name: pBS-KS-attB1-2-
PT-SA-SD-1-tagRFP-T-3xHA in vector p1309 ordered from the Drosophila Genomics Resource 
Center).  

In order to achieve this, the HA and V5 products were digested with BtgZI (NEB). The attB 
plasmid (pWK29) was digested with XbaI (NEB) and HindIII (NEB), removing a approximately 
1200 bp region. The digested products were gel purified on Min Elute columns (Qiagen) and ligated 
in a standard ligation at room temperature. The resulting plasmids (HA: pWK31 and V5: pWK30) 
were sequence verified. The primers and plasmids are listed in Table 6. 
 
2.4.5.2. bent WT exon 11 construct 

An exon 11 RMCE control plasmid (no tag) was also generated (pWK39: WT exon 11 attB). 
This construct was directly generated by PCR (primers: WK89 and WK90) from the BAC, the 
products were separated on a standard agarose gel and purified on Min Elute columns (Qiagen) and 
directly cloned into the digested attB plasmid (pWK29, see chapter 2.4.5.1.) and sequence verified. 
The primers and plasmids are listed in Table 6. 
 
2.4.5.3. WT kinase domain construct 

The kinase domain was amplified from the BAC (primers: WK153 ad WK154) gel purified on 
Min Elute columns (Qiagen) and directly cloned into pJet1.2 (pWK101). The plasmid was sequence 
verified. The plasmid was linearized and the kinase domain was re-amplified (primers: WK176 and 
WK177). The PCR products were separated on a standard agarose gel and purified on Min Elute 
columns (Qiagen). The digested (BsmBI, NEB) kinase domain was cloned into the digested attB 
plasmid (pWK29) (see chapter 2.4.5.1.) and sequence verified. This resulted in the final plasmid 
pWK32. The primers and plasmids are listed in Table 6. 
 
2.4.5.4. sls[32 V5 short] and sls[31 V5 short] 

The short tagged alleles were ordered as Gblocks. The Gblock sequences are flanked by primer 
sequences WK61 and WK62 and BsmBI digestion sites for easy amplification and cloning and were 
amplified by PCR (primers: WK61 and WK62), cleaned by reaction cleanup kit (Qiagen) and 
directly cloned (blunt ended) into pJet1.2. The constructs were sequence verified. The constructs 
were digested with BsmBI (NEB) gel purified (Qiagen min-elute gel extraction kit) and directly 
cloned into the digested attB plasmid (pWK29, see chapter 2.4.5.1.). This resulted in the plasmids 
pWK33 (sls[31 V5 short]) and pWK34 (sls[32 V5 short]). The primers and plasmids are listed in 
Table 6. A depiction of the final constructs is given in Figure 21B. 
 
2.4.5.5. sls[32 WT untagged] 

Exon 32 was directly amplified by PCR from genomic fly DNA from the y[1], M(Act5C-Cas9 
)ZH-2A, w[1118], Lig4[169] fly strain (primers: WK211 and WK212). Separated with a standard 
agarose gel and purified on Min Elute columns (Qiagen), cloned directly into pJet1.2 (blunt ended) 
and sequence verified (pWK44). The plasmid was linearized (NotI, NEB) and re-amplified 
(primers: WK213 and WK214). The PCR product was separated with a standard agarose gel, 
digested by BtgZI (NEB) and purified on Min Elute columns (Qiagen) and cloned into the digested 
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attB plasmid (pWK29, see chapter 2.4.5.1.) and sequence verified (pWK38). The primers and 
plasmids are listed in Table 6. 
 
2.4.5.6. sls[32 WT V5 tagged] 

A Gblock was designed to contain the V5 tag with linkers in a region with a low complexity in 
exon 32 of sls. While the entire protein region coded by exon 32 consists of low complexity, the tag 
was incorporated in a region with even lower complexity. The Gblock was flanked by primer 
sequences WK61 and WK62. The Gblock was PCR amplified (WK61 and WK62), separated with a 
standard agarose gel and purified on Min Elute columns (Qiagen). The purified product was blunt 
cloned into pJet1.2 and sequence verified. Both the Gblock and pWK38 (chapter 2.4.5.5.) were 
digested (EcoO109I, NEB and BstBI, NEB). The digests were separated on a standard agarose gel 
and purified on Min Elute Columns (Qiagen). The purified products were ligated with a standard 
ligation reaction at 16 °C with overnight incubation. This resulted in the V5 tagged sls exon 32 
plasmid (pWK40). The primers and plasmids are listed in Table 6, a schematic overview of the 
design is shown in Figure 21C and D. 
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Table 5: Primers used to generate the homology arms for the golden gate cloning. The digestion enzyme recognition site is indicated in light green, the cloning overhang 
is indicated in red and the primer-annealing region is indicated in orange. Indicated in dark green for primer WK138 are two point mutations introduced into the 
homology arm. * The bp covered by the PCR product (numbering based on the location within the gene as downloaded from Flybase, version FB2016_05, released 
October 18, 2016). 

 
 
Table 6: Primers used to generate RMCE constructs and the primers for the central parts of plasmids pWK35 and pWK36. Primers wk17 and wk18 contain homology arms, 
indicated in orange, and the annealing sequence region of these primers is indicated in light green. The primers MS325 and MS326 were used to amplify a region from the 
E. coli plasmid pBluescript also indicated in green. 

 
 

homology arm length gene gene covarage* plasmid 5' primer 5' primer sequence 3' primer 3' primer sequence
bt: tag L / PEVK L 997 bent (bt) 6087-7083 pWK17/pWK18 WK49 aacgtctcgTGATctagccgtcaaataggtcttcgg WK50 agcgtctctgcttggtgggcatatacgcacTC
bt: tag R 987 bent (bt) 8220-9206 pWK17 WK51 tgcgtctcaaacggcacgttcctgcacttcttcg WK52 gtcgtctctACACggtatttggcggaagagcagc
bt: PEVK R 1030 bent (bt) 13538-14567 pWK18 WK53 tgcgtctcaaacgctcattctctttgggatcataggag WK54 gtcgtctctACACGGACGAAGTTTCTTctgtttttcg
bt: kinase L 1498 bent (bt) 41805-43302 pWK19 WK136 aacgtctcgTGATCAAGGTTTGCGAGGTACTAGGTGG WK137 agcgtctctgctttatttacttacTCATAATGGCCAGAGTGG
bt: kinase R 1524 bent (bt) 47240-48743 pWK19 WK138 tgcgtctcaaacgaatttgcagagaaaggtttagtgaaag WK139 gtcgtctctACACaaatcgtggtcaaacaatacg
bt: new tag L / PEVK2 L 1467 bent (bt) 4345-5811 pWK43/pWK42 WK237 aacgtctcgTGATCAAAGCGAAGATGGTGGAAATG WK238 agcgtctctgcttcccgttactcagttagtcgaaatacg
bt: new tag R 1723 bent (bt) 8612-10330 pWK43 WK239 tgcgtctcaaacgcacaggagtgtttttcttaatccagttc WK240 gtcgtctctACACGTTTATTATCAACCTGcttcagggg
bt: PEVK2R 1490 bent (bt) 14377-15866 pWK42 WK241 tgcgtctcaaacgcaacccgccaaccaacaatc WK242 gtcgtctctACACgggtgcaaagagattagtgaatgcc
seamless integration
seamless integration

2020 bent (bt) 5068-7083 pWK35/pWK36 WK181 aacgtctcgTGATCTAACTCTGGAAATCCAAAATCCC WK182 gtcgtctctttccggtgggcatatacgcacTC
2139 bent (bt) 8220-10354 pWK35/pWK36 WK185 aaCGTCTCttctagcacgttcctgcacttcttcg WK186 gtcgtctctACACGCGGATTTTTGTTAGCGTCAATTGG

sls: 18 L 1635 sallimus (sls) 26484-28118 pWK20 WK124 aacgtctcgTGATCTTTTACCAGAAACTCCGAACAGACAG WK125 agcgtctctgcttCATCATCCAGATGCAATTTTCCACC
sls: 18 R 1348 sallimus (sls) 33959-35306 pWK20 WK126 tgcgtctcaaacgGCGATTTCCGTGCCCAAG WK127 gtcgtctctACACCTTGTTCTCAGTGATCTTCTCCGC
sls: 31 L 1583 sallimus (sls) 52109-53691 pWK21 WK128 aacgtctcgTGATCGGAAACAACGGTAACAGTCG WK129 agcgtctctgcttGAAATTATCCCTATAAATCCTAGCCTG
sls: 31 R 1541 sallimus (sls) 63098-64638 pWK21 WK130 tgcgtctcaaacgGTTTCTCTTCTCTTTTTCGCTGTTG WK131 gtcgtctctACACCAAACTCAGATGGTTCAAATGG
sls: 32 L 1490 sallimus (sls) 61608-63097 pWK22 WK132 aacgtctcgTGATCCGAACAACCAAAACAGCC WK133 agcgtctctgcttATAGGTGGGAAAAGGCGTAAC
sls: 32 R 1496 sallimus (sls) 68906-70374 pWK22 WK134 tgcgtctcaaacgATTGCTCACACCTTAAAAATGATTAATG WK135 gtcgtctctACACGGTTTACAGCCTTTACCGTG

Primer sequence gene used for plasmid used for allele
WK17 TGCAAAATAACGGTGGAAAAGGTTGGAGGATCCGGAGGATCCTACCCATACGATGTT bent pWK31 bt[HA-11-attR
WK18 CGGCTTTTCTTCCTTCTTTTTGGCGGATCCTCCGGATCCTCCTCCTGCATAGTCCGG bent pWK31 bt[HA-11-attR
WK19 AACCTTTTCCACCGTTATTTTGCA bent pWK31 bt[HA-11-attR
WK20 GCCAAAAAGAAGGAAGAAAAGCCG bent pWK31 bt[HA-11-attR
WK37 CCAGCAGGGGGTTGGGGATGGGCTTGCCGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTCAACCTTTTCCACCGTTATTTTGCA bent pWK30 bt[V5-11-attR]
WK38 CCCAACCCCCTGCTGGGCCTGGATAGCACCcgGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCgGCCAAAAAGAAGGAAGAAAAGCCG bent pWK30 bt[V5-11-attR]
WK39 CCACGCATTGTTTCTGAGAACAACG bent pWK30 / pWK31 / pWK35 / pWK36 bt[HA-11-attR and bt[V5-11-attR] and  bt[HA-11] and bt[V5-11]
WK40 GTTTGTGCAACAGATTGACCGGATTC bent pWK30 / pWK31 / pWK35 / pWK36 bt[HA-11-attR and bt[V5-11-attR] and bt[HA-11] and bt[V5-11]
WK61 GGCGACCAATACTACATCAAGC sallimus pWK33 / pWK34 / pWK40 sls[31-V5-short] and sls[32-V5-short] 
WK62 CTCTTCGACATCGTTGATTTCC sallimus pWK33 / pWK34 / pWK40 sls[31-V5-short] and sls[32-V5-short] 
WK89 gaaagTGCGATGaaggaaatagAGCTtagaaaaaagtatcttaatggtttggcctacaag bent pWK39 bt[WT-11-attR]
WK90 GGAACTGCGATGaaggaaactgCTAGggaagcaaacacgatcttatgaaactg bent pWK39 bt[WT-11-attR]
WK153 tatatatacatattgtgcgtttttggtataataaatattttg bent pWK101 bt[kinase-WT-attR]
WK154 cgggttttttagaacttacaaagctagtg bent pWK101 bt[kinase-WT-attR]
WK176 aacgtctctCTAGtatatatacatattgtgcgtttttggtataataaatattttg bent pWK32 bt[kinase-WT-attR]
WK177 ttCGTCTCtAGCTcgggttttttagaacttacaaagctagtg bent pWK32 bt[kinase-WT-attR]
WK211 GTTTCTCTTCTCTTTTTCGCTGTTG sallimus pWK44 sls[32-WT-V5]
WK212 GAATTGTTATAGCGTTAGCAACCAAC sallimus pWK44 sls[32-WT-V5]
WK213 gtttgTGCGATGtttgttttatCTAGGTTTCTCTTCTCTTTTTCGCTGTTG sallimus pWK38 sls[32-WT-V5]
WK214 catacTGCGATGaagttcatagAGCTGAATTGTTATAGCGTTAGCAACCAAC sallimus pWK38 sls[32-WT-V5]
MS325 aactacgatacgggagggc amp res E. coli pWK41 sls[31-FRT] and sls[32-FRT] 
MS326 acttggttgagtactcacc amp res E. coli pWK41 sls[31-FRT] and sls[32-FRT] 
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2.4.5.7. sls[31 FRT] and sls[32 FRT] 
In order to generate a complete deletion of both exon 31 and exon 32 (in sallimus) 

an FRT attB plasmid was generated. As a starting point we used pSL014 (a gift from 
S.B. Lemke). This plasmid contains two FRT sites separated by a linker and flanked 
by attB sites. The plasmid was modified through the XbaI (NEB) recognition site in 
the FRT site to remove the linker and fuse the FRT sites, order to obtain a single 
functional FRT site. Subsequent plasmid preparations indicated a toxicity of the 
plasmid (high copy numbers could not be achieved). Due to this, I digested the single 
FRT attB plasmid with HindIII (NEB) (located between the FRT site and the second 
attB site blunted the ends and inserted a section of the ampicillin resistance cassette of 
pBluescript (the center of the gene was used in order to exclude promoter regions). 
The amp cassette was amplified using primers MS325 and MS326. The cassette was 
gel purified and blunt cloned into the digested single FRT plasmid. The sequence 
integrity was verified by sequencing. This resulted in plasmid pWK41. The primers 
used are listed in Table 6. 
 
2.5. Micro-injections 

In this work many micro-injections were performed for both the BAC 
recombineering and the two-step CRISPR approach. For all injection the injection 
protocol was the same (and is also described in (Zhang et al., 2014b)). Pre-blastoderm 
embryos were de-chorionated with a three-minute incubation in a 50% bleach solution 
(Danklorix mixed with ddH2O, 1:1). After de-chorionation the embryos were injected 
with a Femto-Jet apparatus (Eppendorf) at room temperature under standard 
conditions. After injection the embryos were incubated at 18°C for 2 days. The 
hatched larvae were collected in a standard fly vial and grown at 25°C. The needles 
used for the injections were self-pulled with a Harvard Apparatus. 
 
2.5.1. Injections of the BACs 

In this project, 2 BAC constructs were injected: first the wild-type bent BAC (bt-
wt-BAC, pWK2 also known as CHORI321-38A11) and second the BAC containing 
the HA-tagged short IFM PEVK isoform (bt-HA-IFM-BAC, pWK52). The injected 
concentrations were 125 ng/µl (bt-wt-BAC) and 250 ng/µl (bt-HA-IFM-BAC) in EB 
buffer (both cases). In order to obtain proper DNA concentrations the wild-type BAC 
was induced with 0.01% arabinose (protocol 2), bt-HA-IFM-BAC could not be 
induced to multiple copy and as such was grown in a larger culture volume (20ml). 
The DNA was prepared with the PureLinkTM HiPure Plasmid Miniprep Kit 
(InvitrogenTM, standard kit protocol 1A for the pWK2 and the adjusted protocol 1B 
for pWK52). The DNA was injected in the y[1], w[1118], vas-phiC31; VK00033 fly 
strain. 
 
2.5.2. Injections two-step CRISPR-Cas9 approach 

For the injections for the first step the CRISPR donor plasmid and 2 sgRNAs were 
mixed and injected in the w[1118], y[1], M(Act5C-Cas9 )ZH-2A, Lig4[169] embryos. 
This fly strain expresses the Cas9 protein in the germ line (Gratz et al., 2014). The 
final concentrations in the injection mix were 60 – 150 ng/µl (sgRNAs) and 470 – 600 
ng/µl (CRISPR donor plasmid) (all the concentrations are listed in Table 13). All 
RNA and DNA was dissolved and diluted in EB buffer. For the step 2 (RMCE) 
injections, the attB plasmid and vasa-phiC31 plasmid were mixed and injected in 
embryos of correct step 1 fly strains. The final concentrations in the injection mix for 
the RMCE injections were 150 – 300 ng/µl (attB plasmid) and 200 ng/ml (vasa-
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phiC31 plasmid). The concentration of the attP plasmid was adjusted to 300 ng/ml for 
the sls[32-WT-V5] (pWK38) plasmid (Table 14), as it was unusually large. The 
injection concentrations are also described in (Zhang et al., 2014b). 

In this project the step 1 fly strain w[1118] / w[1118] ;;; bt[11th-exon-dsRed] / 
ci[D] was backcrossed with y[1], M(Act5C-Cas9 )ZH-2A, w[1118], Lig4[169] to 
obtain the fly strain y[1], M(Act5C-Cas9 )ZH-2A, w[1118], Lig4[169] / y[1], 
M(Act5C-Cas9 )ZH-2A, w[1118], Lig4[169] ;;; bt[11th-exon-dsRed] / ci[D]. This 
strain was used to target the attP sites in order to achieve a seamless integration if the 
HA tag and the conditional V5 tag. 

The alleles generated in fly strains with both these procedures (and the plasmids 
used) are listed in Tables 13 and 14. The bent (Projectin) alleles were balanced over 
ci[D] or ey[D] (from the fly strain w[1118] / w[1118] ;;; ci[D] / ey[D] Bloomington 
stock number BL464) and the sallimus alleles were balanced over TM3, Sb (from the 
lab strain y[1], w[1118] / y[1], w[1118] ; Y hs-hid ;; Ly / TM3, Sb, stock: F0349). In 
order to prepare the plasmids at sufficient concentrations they were prepared from 15 
ml cultures and purified PureLinkTM HiPure Plasmid Miniprep Kit (InvitrogenTM) 
according to a modified protocol 1B. 
 
2.6. Fly work after micro-injection 

The process to obtain the proper fly lines after injection is very similar for both 
steps of the two-step CRISPR-Cas9 approach and the BAC injections. After collection 
of the injected larvae (mosaic G0s) (chapter 2.5), the flies are kept at 25°C during the 
crossing and selection procedure. This procedure is described in (Zhang et al., 2014b) 
(for both steps of the two-step CRISPR-Cas9 approach), however due to the nature of 
this project there is some additional information listed below. 

In this work, two chromosomes have been targeted: the fourth chromosome (bt) 
and the third chromosome (sls and the BAC insertion). The work in the third 
chromosome involves standard balancers. For the fourth chromosome there are no 
real balancers, but recombination is very rare. For the crosses on the fourth 
chromosome we used w[1118] / w[1118] ;;; ey[D] / ci[D] (Bloomington stock 
number BL464), which has an eye phenotype (ey[D]) ranging from no eyes (very 
rare, more often a single eye is missing) to only slightly rough eye edges at the 
anterior side and a wing vein phenotype (ci[D]) with the third longitudinal vein 
(anterior to posterior) not reaching the edge of the wing. The resulting gap can be very 
small. This phenotype is usually more clear in females and can be harder to see when 
the flies are kept at 18°C. 

While the first step of the two-step CRISPR procedure introduces a fluorescent red 
eye marker, which can be screened with a fluorescent binocular (Leica MZ16-FA), the 
BACs contain a marker for red eyes. 

In this work we have also targeted the attP sites of a step 1 fly from the two-step 
CRISPR-Cas9 approach (see chapters 2.4.4.2 and 2.5.2). In this procedure the 
screening becomes more difficult. The G0 flies were crossed individual to the 
w[1118] / w[1118] ;;; ey[D] / ci[D] strain. The F1 offspring was screened and all 
flies that were negative for the dsRed marker were again crossed individually to the 
w[1118] / w[1118] ;;; ey[D] / ci[D]. When larvae are detected, the F1 parents were 
collected and screened by PCR for the presence of the intended insert. When few flies 
need to be screened individual PCRs are the most efficient. However, when many F1 
flies need to be screened, it can be more efficient to do pooled screens. Pooled PCR 
screening is described in (Zhang et al., 2014a). In this particular case PCR primers 
were designed to PCR across the inserted tag (Figure 36A shows a schematic 
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overview of the inserted constructs). A positive result would show a double band 
pattern (the longer band showing the tag and the shorter showing the wild-type allele). 
From positive pools, five male F2 flies from each F1 cross were crossed again to the 
w[1118] / w[1118] ;;; ey[D] / ci[D] strain. When larvae were present the F2 males 
were verified individually by PCR for the presence of the tag and end-in or ends-out 
insertions.  
 
2.6.1. Dissections and antibody stainings 
Dissections were used to study muscle morphology of adult musclulature in the 

thorax and legs during the pupal stage (48, 72 and 90 hours after puparium formation 
(APF)) and of 0 day adults. The larval musculature was studied through dissection at 
the L3 larval stage. All dissections for the adult musculature were performed on males 
except when stated otherwise. Dissections during the pupal stage were performed in 
more simplified version of the protocols described in (Weitkunat and Schnorrer, 
2014). The dissections for the study of the adult morphology differed from the above 
listed protocol in that after removal of the pupa from the pupal case the head or the 
abdomen was removed followed with a 15 – 30 minute fixation time. After the 
fixation the whole pupa was cut sagittally (rostral to ventral) with a microtome blade. 
This allowed for visual access to the muscles within the thorax both the IFMs and the 
tubular muscles (both in the thorax and the first segment of the legs). After the cut a 
standard wash protocol was used to stain the muscles. Primary and secondary 
antibodies were incubated as described in (Weitkunat and Schnorrer, 2014). Tables 7 
and 8 contain lists of the antibodies that were used and Table 9 the fly strains. The 
flies used for pupal dissections were kept a 27°C (this temperature is used as a lab 
standard for consistent time point during pupal development). The flies used for adult 
dissections were kept at 25°C. The dissections used for the study of the larval muscle 
morphology were according to protocol 5. The larvae were late L3 larvae in the 
wandering stage. See Table 9 for the genotypes studied and the antibodies used are 
listed in Tables 6 and 7. All samples were imaged on a Zeiss LSM 780 confocal 
microscope. 
 
Table 7: List of primary antibodies used in this work 

 
 
Table 8: List of secondary antibodies used in this work 

 
 
  

clone name anti- host species dilution origin/company
16B12 HA.11 mouse 1/1000 Babco
N/A V5 mouse 1/1000 Invitrogen (MolProbes)
TP401 GFP rabbit 1/2000 Amsbio
MAC 155 (KIg16) Kettin rat 1/50 Babraham Institute
MAC 150 Projectin (bent, bt) rat 1/100 Babraham Institute

name anti dilution origin/company
alexa 488 mouse/rabbit/rat 1/500 Life technologies
alexa 633 mouse 1/500 Life technologies
alexa 561 mouse 1/500 Life technologies
rhodamin 660 F-actin 1/500 Life technologies
rhodamin phalloidin F-actin 1/500 Life technologies
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Table 9: List of fly strains dissected in this project. The time points are coded in 1 through 5. 1: L3 
larvae, 2: 48 hours APF, 3: 72 hours APF, 4: 90 hours APF, 5: 1 day adult. The control strain is marked 
with an asterisk. 

 
 
2.6.2. Whole mount larvae 

In order to study the morphology of the sls[32-dsRed] allele over the deficiency 
(Df(3L)BSC366, obtained through the Bloomington stock center) in L1, L2 and L3 
stage larvae, the GFP trap allele zasp52-GFP was used. For this purpose a cross was 
made between w[1118] / w[1118] ; Zasp52-GFP / Zasp52-GFP ; sls[32-dsRed] / 
TM6C, Sb, Tb and w[1118] / w[1118] ;; TM6C, Sb, Tb / Df(3L)BSC366, resulting in 
the w[1118] / w[1118] ; Zasp52-GFP / + ; sls[32-dsRed] / Df(3L)BSC366 strain. As 
a control the cross between w[1118] / w[1118] ; Zasp52-GFP / Zasp-GFP and 
w[1118] / w[1118] ;; TM6C, Sb, Tb / Df(3L)BSC366 was set, resulting in w[1118] / 
w[1118] ; Zasp52-GFP / + ; Df(3L)BSC366 / + (selection against the Tubby (Tb) 
marker is possible from late L1 larval stage). The crosses were made at 25°C. L2 and 
late L1 larvae were collected from the food and timed based on body size. Late L3 
larvae were collected from the wall at the wandering stage. The larvae were fixed by 
heat fixation (about 1 second in 65°C PBS), mounted in 50% glycerol and directly 
after imaged with a spinning disc microscope (Zeiss, Observer Z1). 
 
2.6.3. Imaging live embryos 

The alleles bt[11th-exon-dsRed], bt[kinase-dsRed], sls[31-dsrRd] and sls[32-
dsRed] were investigated on potential phenotypes in the larval musculature in the late 
embryonic stage 17. The proper crosses were set in small fly cages in the presence of 
a drop of yeast paste covered with yeast flakes. The crosses were kept overnight at 
25°C. The next day the cage plates were exchanged. The flies were allowed to lay 
eggs for 5 hours (at 25°C). Then the plate was removed and incubated for 17 hours at 
25 °C. Then the embryos were collected, de-chorionated (as described in Chapter 
2.5), mounted in 50% glycerol and imaged with a spinning disc microscope (Zeiss, 
Observer Z1). As sarcomeric markers the alleles Zasp52-GFP and Zasp66-GFP were 
used. As these alleles give rise to a phenotype when homozygous, crosses of 
heterozygous genotypes were required. The allele of interest was imaged 
homozygously in the case of the bent alleles and over the deficiency in the case of the 
sallimus alleles. The fly crosses set to achieve this are listed in Table 10. 
 

fly line stock number time points
y[1], w[1118] / [1], w[1118] ;; sls[32-V5-short] / sls[32-V5-short] 306 5
y[1], w[1118] / y[1], w[1118] ;; sls[31-V5-short] / sls[31-V5-short] 307 5
w[1118] / w[1118] ;;; bt[V5-11] / bt[V5-11] 413 5
w[1118] / w[1118] ;;; bt[HA-11] / bt[HA-11] 412 1/2/3/4/5
w[1118] / w[1118] ;; HAIFMBAC / HAIFMBAC ; bt[11th-exon-dsred] / bt[11th-exon-dsred] 424 4
w[1118] / w[1118] ;; Mf(fosmid) / + ; bt[HA-11] / + N/A 4
y[1], w[1118] / y[1], w[1118] ;; HAIFMBAC / HAIFMBAC 309 4
y[1], w[1118] / y[1], w[1118]* N/A 1/2/3/4/5
w[1118] / w[1118] ;;; bt[V5-11-attR] / ci[D] 407 4
w[1118] / w[1118] ;;; bt[HA-11-attR] / ci[D] 406 4



 55 

Table 10: List of fly crosses used for life imaging of embryos. The control cross is indicated with an 
asterisk 

 
 
2.7. Fly assays 
2.7.1. Mobility assays 

In order to assess whether the genetic modifications made in the fly resulted in any 
defects in flight or climbing capabilities in adult flies and crawling larvae, adult 
climbing and flight and larval locomotion assays were performed. The larval crawling 
and adult climbing assays were loosely based on (Nichols et al., 2012). 
 
2.7.2. Crawling larvae 

Strains and small crosses (up to 40 adults) were set in vials at 25°C and flipped 
everyday. From 6 day old vials the larvae on the walls and pupae were removed and 
larvae were collected from the food with a 20% sucrose solution. The larvae were 
washed with water and selected for L3 stage. The larvae were then collected with 4 
each on a normal petri-dish filled with 2% agarose in water on a black background 
and recorded with a Canon 100D and a 50mm F1.8 II Canon objective for 1 minute. 
The larval traces were processed with iMovie and analyzed with Fiji trackmate (file 
processing and the trackmate settings are listed in protocol 6). Only traces in which 
the different larvae on the plate did not touch each other were used. Traces after 
contact with the edge of the dish were not used and finally larvae that did not crawl 
were omitted. Table 11 shows the different fly strains used in the larval crawling 
assay. The performances of the different fly lines were compared to each other with 
the use of the Kruskal-Wallis one-way analyses of variance with multiple comparison 
test in GraphPad Prism.  
 
2.7.3. Climbing in adults 
Males from respective crosses (kept at 25°C) were collected in fresh vials (about 

25 in each vial) and allowed to recover for 36 – 48 hours. Then, the males were 
flipped into empty vials marked with lines every 2 cm on the side (these vials 
contained no food). The males were allowed to acclimatize to the new vial for at least 
20 minutes at room temperature and then the flies were knocked down to the bottom 
of the vial. The climbing response was recorded with a Canon 100D and a 50mm F1.8 
II canon objective. This was done 3 times for each vial. The movies were manually 
analyzed in Quicktime. The ratios of flies below and above the 4 cm line at 4 seconds 
after the vial touched the fly pad were calculated and compared. As a standard 

fly crosses stock

w[1118] / w[1118] ;; Zasp66-GFP / Zasp66-GFP ; bt[11th--exon-dsRed] / P{Act,GFP}unc-13 435

w[1118] / w[1118] ;;; bt[11th-exon-dsRed]/P{Act,GFP}unc-13 405
w[1118] / w[1118] ;; Zasp66-GFP / Zasp66-GFP ; bt[kinase-dsRed] / P{Act,GFP}unc-13 436

w[1118] / w[1118] ;;; bt[kinase-dsRed] / P{Act,GFP}unc-13 422
w[1118] / w[1118] ;; Zasp66-GFP / Zasp66-GFP* F0369

y[1], w[1118] / y[1], w[1118]* N/A
w[1118] / w[1118] ; Zasp52-GFP / Zasp52-GFP ; sls[31-dsRed] / TM3, Sb, Kr-GAL4, UAS-GFP 317

w[1118] / w[1118] ;; Df(3L)BSC366 / TM3,kr-Gal4, UAS-GFP 316
w[1118] / w[1118] ; Zasp52-GFP / Zasp52-GFP ; sls[32-dsRed] / TM3, Sb, Kr-GAL4, UAS-GFP 318

w[1118] / w[1118] ;; Df(3L)BSC366 / TM3,kr-Gal4, UAS-GFP 316
w[1118] / w[1118] ; Zasp52-GFP / Zasp52-GFP* F0250

y[1], w[1118] / y[1], w[1118]* N/A
x

x

x

x

x

x



 56 

w[1118] / w[1118] flies were used. As a control of the quality of the test the w[1118] / 
w[1118] ; Mhc[10] / Mhc[10] strain (Mhc[10] is a null allele also used in (Spletter et 
al., 2015) (lab stock: F0617)), which climbs very slowly, was used. During the 
analyses, the median of all tested flies was compaired to the median of the w- flies. As 
this test was used as a simple tool for indications of defects no statistics were 
performed. The strains tested with this experiment are listed in Table 11. 
 
2.7.4. Flight 

The capability of flight was tested in a standard flight test (also described in (Dietzl 
et al., 2007) and (Schnorrer et al., 2010)). In the tests used in this work the test tube 
was divided into three zones (see Figures 45 and 61). The zones are numbered 1-3 
with 1 being the highest and 3 the lowest part of the tube and the floor. On the top of 
the tube there is a small hole and a funnel to guide the flies into the tube. For this 
assay, the desired fly strained were crossed or set in bottles and pupae were allowed 
to eclose for 2 days before collection. Males were collected into vials (about 30 per 
vial) and allowed to recover for 36-48 hours (the flies were crossed and kept at 25°C 
until the flight test). Then, the males were first knocked to the bottom of the vial and 
then knocked into the tube and the number of flies landing in each section of the tube 
was estimated in percentages. Note that the very first landing location was used, 
landing in a high zone and subsequent falling down was still counted as high. Strains 
that showed at least 70% of the flies in the top zone (zone 1) were classified as very 
good flyers. Strains in which less than 30% of the flies are counted above zone 3 are 
considered flightless and strains that score in between are considered weak flyers. The 
strains used in this experiment are listed in Table 11. 
 
2.7.5 Viability assays 
2.7.5.1. Adult viability 

In order to evaluate whether the changes in the genome of our fly lines had a 
strong effect on the adult viability. A short-term adult viability assay was performed 
(the fly strains and desired genotypes from the crosses used for this experiment are 
listed in Table 11). The strains and crosses were collected in standard fly bottles (each 
vial contained about 50 flies total) kept at 25°C for 24 hours and then flipped in new 
bottles. After 48 hours the parents were removed and the offspring was allowed to 
eclose for 2 days and were then collected in the late afternoon (to make sure most 
females were mated) in vials with up to 30 flies per vial, males and females separated. 
The vials were flipped on three times in the first week and 2 times in the subsequent 
weeks and the experiment was ended after the fifth week. At each flip, the dead and 
lost flies were counted (lost indicates stuck in the food but alive, escaped during 
flipping or stuck between the wall and the cap of the new vial. The lethality between 
each flip was calculated and corrected for the lost flies (for every calculation N was 
adjusted for lost flies). The survival was then plotted as percentage of flies still alive. 
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Table 11: List of flies used in the adult viability assay (V), adult climbing assay (C), flight assay (F), 
and larval crawling assay (LC). *: this fly strain was kept as the stock w[118] / w[118] ;; BACWT / 
BACWT ; bt[I-b] / ci[D]. **: this strain is Bloomington stock BL636. 

 
 
2.7.5.2. Viability of larvae until the L1 and L2 stage 

Fly crosses were set in small fly cages in the presence of yeast. The crosses were 
kept overnight at 25°C. The next day the cage plates were exchanged. The new plates 
contained a drop of yeast paste covered with yeast powder. The flies were allowed to 
lay eggs for 5 hours (at 25°C). Then, the plate was removed and incubated for 24 
hours at 25°C (to obtain L1 larvae) or 50 – 55 hours (in order to obtain L2 larvae). L1 
larvae were screened under a fluorescent binocular (Leica MZ16-FA), by collecting 
the yeast drop on a black surface and pealing the food away from the larvae and 
emmediately scoring and and counting the phenotypes. L2 larvae were collected by 
carefully rinsing the yeast drop through a fine sieve with water. Afterwards the larvae 
were screened and counted for the present phenotypes under a fluorescent binocular 
(Leica MZ16-FA). 

This method was used to assess whether the bt[11th-exon-dsRed] and bt[kinase-
dsRed] alleles were homozygous viable at the L1 stage. As these alleles are lethal at 
the adult stage the following strains were used: w[1118] / w[1118] ;;; bt[11th-exon-
dsRed] / P{Act,GFP}unc-13  and w[1118] / w[1118] ;;; bt[kinase-dsRed] / 
P{Act,GFP}unc-13. The P{Act,GFP}unc-13 allele gives a very strong GFP signal 
from the gut and is also embryonic lethal. The viability of sls[31-dsRed] and sls[32-
dsRed] in homozygous composition was tested in L1 and L2 larvae. For the L1 and 
L2 assessment the following strains were used: w[1118] / w[1118] ; sls[31-dsRed] / 
TM3, Sb, Kr-GAL4, UAS-GFP and w[1118] / w[1118] ; sls[32-dsRed] / TM3, Sb, Kr-
GAL4, UAS-GFP. The TM3, Sb, Kr-GAL4, UAS-GFP allele is a homozygous 
embryonic lethal balancer, which can be scored based on the GFP signal.  
 
2.7.5.3. Viability up to pupal stage and pupal phenotype of sls[31-dsRed] and 
sls[32-dsRed]. 
It was also tested whether larvae carrying the sls[31-dsRed] or sls[32-dsRed] allele 

over the deficiency Df(3L)BSC366 would survive into to pupal stage, and whether or 
not these pupae displayed a morphological phenotype. For this experiment three 
crosses were set: 1: w[1118] / w[1118] ;; sls[32-dsRed] / TM6C, Sb, Tb x w[1118] / 
w[1118] ;; Df(3L)BSC366 / TM6C,Sb, TB and 2: w[1118] / w[1118] ;; sls[31-dsRed] 
/ TM6C, Sb, Tb x w[1118] / w[1118] ;; Df(3L)BSC366 / TM6C, Sb, Tb and 

fly line type stock nr assay
y[1], w[1118] / y[1], w[1118] ;; sls[32-V5-short] / sls[32-V5-short]   stock 306 LC/C/F/V
y[1], w[1118] / y[1], w[1118] ;; sls[31-V5-short] / sls[31-V5-short]    stock 307 LC/C/F/V
y[1], w[1118] / y[1], w[1118] stock N/A LC/C/F/V
w[1118] / w[1118] ;; Df(3L)BSC366 / +   cross N/A LC/C/V
y[1], w[1118] / y[1], w[1118] ;; sls[31-V5-short] / +   cross N/A LC/C/V
y[1], w[1118] / y[1], w[1118] ;; sls[32-V5-short] / +   cross N/A LC/C/V
w[1118] / w[1118] ;; sls[31-V5-short] / Df(3L)BSC3666     cross N/A LC/C/V
w[1118] / w[1118] ;; sls[32-V5-short]    / Df(3L)BSC366 cross N/A LC/C/V
w[1118] / w[1118] ; Mhc[10] / Mhc[10]    stock F0617 C
w[1118] / w[1118] ;;; bt[HA-11] / bt[HA-11]      stock 412 LC/C/F/V
w[1118]/ w[1118] ;;; bt[HA-11] / +      cross N/A LC/C/F/V
w[1118] / w[1118] ;;; bt[HA-11     ] / bt[11th-exon-dsRed] cross N/A LC/C/F
w[1118] / w[1118] ;; bt-HA-IFM-BAC / + ; bt[11th-exon-dsRed] / bt[HA-11]          cross N/A LC/C/F
w[1118] / w[1118] ;; bt-HA-IFM-BAC / bt-HA-IFM-BAC ; bt[11th-exon-dsRed] / bt[11th-exon-dsRed]         stock 424 LC/C/F
w[1118] / w[1118] ;; bt-wt-BAC / bt-wt-BAC ; bt[11th-exon-dsRed] / bt[11th-exon-dsRed]             stock 423 LC/C/F
bt-wt-BAC / bt-wt-BAC ; bt[1] / bt[1]    stock 419 C/F
bt[1] / bt[1] **  stock 428 C/F
w[1118] / w[1118] ;; bt-wt-BAC / bt-wt-BAC ; bt[I-b] / bt[I-b]*          stock 417 C/F
bt-wt-BAC / bt-wt-BAC ; bt[I-k] / bt[I-k]      stock 418 C/F
w[1118] / w[1118] ;;; bt[HA-11] / bt[11th-exon-dsRed]      cross N/A LC/C/F
y[1], w[1118] / y[1], w[1118] ;; bt-HA-IFM-BAC / + cross N/A LC/C/F
y[1], w[1118] / y[1], w[1118] ;; bt-HA-IFM-BAC / bt-HA-IFM-BAC stock 309 LC/C/F
y[1], w[1118] / y[1], w[1118] ;; bt-wt-BAC / + cross N/A LC/C/F
y[1], w[1118] / y[1], w[1118] / bt-wt-BAC / bt-wt-BAC stock 308 LC/C/F
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w[1118],y[1] / w[1118], y[1] x w[1118] / w[1118] ;; Df(3L)BSC366 / TM6C, Sb, Tb. 
The crosses were set in bottles (at 25°C) and allowed to mate for 24 hours. Then the 
crosses were flipped in new bottles with yeast and filter paper to facilitate egg-laying 
and provide with additional space for pupae formation. 48 hours after the flip the 
parents were removed from the bottles. After a total of 192 hours after the flip (at 
25°C) the pupae on the filter paper were counted and scored for the absence of the 
tubby balancer. In addition, from 5 non-tubby pupae from each of the surviving 
genotypes the length and width were measured and the aspect ratio was calculated. 
These values were analyzed for significance by t-test. (an overview of the viability 
outcome is shown in Table 17; the quantification of the phenotype is shown in Figure 
53). 
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3. Results 
 
3.1. Differential splicing of bent and sls in different muscle types 
 
3.1.1. Splice isoforms of the bent PEVK region 

The Projectin PEVK domain is encoded by exon 12 – 24, exons 25 and 26 code for 
Ig domains, which are linked to specific PEVK isoforms. Interestingly, this region 
shows several exons that are always expressed: exon 11, exon 13 and exon 22. The 
regions of exon 11 – 22 and exon 23 – 26 show strong alternative splicing and the 
latter can be skipped completely in some isoforms (Figure 17A). When focusing on 
the region from exon 11 until exon 22, the shortest isoform that had been identified 
splices from exon 11 to exon 13 to exon 22 (Southgate and Ayme-Southgate, 2001).  

In this work, the aim was to investigate the effect of length of the PEVK domain 
on the functional and mechanical properties in different muscle types. For this 
purpose I wanted to verify the previously reported splice patterns in the bent PEVK 
region in different muscle types. In our lab a lot of effort has been put in the 
generation of a muscle specific mRNA-SEQ database during the pupal development 
and at the adult stage (M.L. Spletter; (Spletter et al., 2015)). This database has been of 
a tremendous help in this project.  

From the database several interesting aspects of the PEVK domain became clear: 
exons 11, 13 and 22 are indeed always expressed (no mRNA junction reads skip these 
exons) (confirming literature (Southgate and Ayme-Southgate, 2001); Figure 17A). 
The second interesting feature is that the IFM and leg muscles show distinct 
expression profiles, while jump muscle appears to have an in between expression 
profile. To illustrate this, the short IFM isoform (splicing from exon 11 to exon 13 and 
then to exon 22) is a dominant isoform in the IFM (confirming literature (Ayme-
Southgate et al., 2005)) indicated by the dark lines of the junction reads and the high 
read counts of these exons compared to the other exons. While in leg muscle these 
splice junctions are absent and in the jump muscle these junctions are present but not 
dominant as indicated by the light-grey color of the few junction reads (Figure 17A). 

After refinement of the initial data analysis, an additional bent exon not described 
before was discovered, based on both, read counts and junction reads in both jump 
muscle and the IFM. In the IFM, this additional exon is very low expressed but in 
jump muscle read counts and junction reads clearly indicate high expression of this 
exon (Figure 17A). This additional exon was later confirmed in this work (see 
Chapter 3.5.4. and Figure 35). 

Based on the information of the mRNA-SEQ database, primers were designed for 
RT-PCR to experimentally verify the expressed PEVK isoforms. For the RT-PCR 
primers (WK3 and WK4; see Table 2 for sequences) were designed in exon 11 and 
exon 22. cDNA was prepared from whole flies, dissected IFMs and legs and whole 
larvae. It was clear from the resulting gel analyses that the largest isoforms are present 
in larvae and leg muscles and the smallest in the IFMs (Figure 17B). These results 
match with data from vertebrates in which show that the stiffer the muscle, the shorter 
the PEVK domain.  

In this project, I wanted to force expression of one particular bent PEVK isoform, 
by exchange of the genomic DNA with a specific bent cDNA in the PEVK part of the 
gene. It was hypothesized that forced expression of the short IFM-specific PEVK 
isoform in leg and larval muscles would likely result in the strongest functional effect. 
Additionally, it was hypothesized that expression of the longest larval isoform in 
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IFMs would likely result in the strongest effect. The long leg isoform in larvae may 
result in a close to wild-type situation, as it is not that much shorter than the long 
larval isoform but it could still have strong effect in the IFM.  

 
Figure 17: Splice isoforms in the bt PEVK domain 
mRNA-SEQ read counts and junction reads in the bt PEVK region (A) in IFM (90 hrs APF, 1 day 
adult), leg muscle (72 hrs APF, 1 day adult) and jump muscle (1 day adult). The read counts are 
normalized to total reads. An overview of the bt PEVK region of interest (B), with the primers 
(arrowheads) for the RT-PCR for the amplification of different cDNAs in exons 11 and 22 (B). The 
RT-PCR was performed on several different tissues (whole fly, whole larva, leg and IFM). The cDNAs 
obtained from the different samples were separated on gel (B). Three fragments (white boxes) were 
purified and sequenced (B). Three isoforms were identified from the selected DNA fragments by 
sequencing: The really short IFM isoform, a longer leg isoform and the really long larval isoform (C). 

 
The three isoforms which would most likely result in functional effects were 
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further analyzed by sequencing: 1 the longest larval isoform; 2 the longest leg 
isoform; 3 the shortest IFM isoform. The short IFM isoform indeed shows splicing 
from exon 11 to exon 13 to exon 22. The long leg isoform contains the exons 11, 12, 
13, 14, 15, 17, 18, 22 and the larval isoform contains all predicted exons (except for 
the novel exon) (Figure 17C). 
 
3.1.2. Splice isoforms in sallimus 

Based on previous work on the expression of different Sallimus isoforms (Burkart 
et al., 2007) the three different previously described PEVK open reading frames could 
be matched to the exons as predicted by Flybase (version FB2016_05, released 
October 18, 2016), exon 18 (5,496 bp, this exon also contains an Ig-domain), exon 31 
(8,877 bp) and exon 32 (5,139 bp). The region 5-prime of the second PEVK region 
was described as unique (Burkart et al., 2007). A closer look at this region showed the 
exons 25 (1,061 bp), 28 (5,613 bp), 29 (7,461 bp) and exon 30 (225 bp) also contain a 
relatively high proportion of the amino acids proline, glutamic acid lysine and valine 
(PEVK) (see Chapter 5.4.5. for a discussion about the PEVK content of these exons). 
Exons 26 and 27 are very small (61 and 42 bp respectively) and were not reported 
previously (Burkart et al., 2007) (Figure 18). 
In depth analysis of the amino acid sequence of exon 29 revealed a 213 bp section 

that is repeated 14 times (close to 40% of the exon consists of this repeated unit). This 
repeat feature of this exon suggested a potentially different or additional role than just 
a PEVK region. The combination of the repeats in exon 29 and the previous 
description of exon 25 – 29 as unique regions (Burkart et al., 2007) convinced me to 
not consider these exons for modification in this work. Exon 30 is very short, thus it 
also was not considered for modification. 

When looking at the expression profile of the complete sls locus as given by our 
mRNA-SEQ database, several interesting aspects showed up. First, there may be a 
splice junction connecting zormin and sallimus (result not shown), which was also 
previously mentioned (Burkart et al., 2007). 

Second, the expression of the PEVK domains is very low compared to the other 
regions of the gene (Figure 18). This is most likely due to actual low expression of 
these exons but may be exaggerated by high levels of repeats within the sequence of 
these exons, which might interfere with the mapping of the reads. 

Third, the expression pattern of sallimus differs between different muscle types. In 
IFM, the PEVK domains are display the lowest expression levels (Figure 18). the 
PEVK exon with the highest expression at 90 hours of pupal development in the IFM 
is exon 32, but in adults the expression of exon 32 goes down and the expression of 
exon 31 might be slightly higher (Figure 18). In the IFM the N-terminal region, the 
central region of exon 22 – 27 (the start of the unique region) and the C-terminal 
region are highly expressed. There is a dominant splice junction connecting the N-
terminal region to the central region, the splice junction connecting the central region 
to the C-terminal region is less dominant.  

In leg muscle the expression of the PEVK coding exons is much higher than in the 
IFM and the expression of the central region (exons 22 – 27) is lower, while the 
expression of the N- and C-terminal regions are also high. The region corresponding 
to exons 13, 14, 15, 16 and 17 is expressed at high levels in the leg muscle and jump 
muscle but very low in the IFMs (Figure 18). At 72 hours of pupal development, the 
expression of exon 32 appears to be the highest but in adults the expression of exon 
31 and exon 32 seems similar (Figure 18).  

Jump muscle appears to show a profile in between IFM and leg muscles, in which 
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the central region (exons 22 – 27) shows a high expression, like the IFM, while the 
expression of the exons 13 – 17 is similar to leg muscle (Figure 18). The expression 
of exon 31 is high like in the leg muscles in one day old adults, but the expression of 
exon 32 is low like in the IFMs in 1 day old adults (Figure 18). The shape of the 
overall expression profile of the very C-terminal region (exon 33 and further) seems 
very similar to the IFMs in 1 day old adults (Figure 18). 
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Figure 18: Splicing in sls 
The mRNA-SEQ data shows three main splicing patterns. 1 IFMs (90 hrs APF, 1 day adult): PEVK exons are expressed at very low levels or not at all, exons 13 – 15 are not 
expressed, exons 22 – 27 are highly expressed. The junction reads confirm the read counts with junction reads connecting exon 12 to 22 and connecting exon 27 to exon 33. 2 
leg muscle (72 hrs APF, 1 day adult): higher PEVK expression of all PEVK exons (especially exon 32) and lower expression of exons 22 – 27). Exons 13, 14 15 are highly 
expressed. 3 jump muscle (1 day adult): High expression of exon 31 very low expression of exons 18 and 3 and high expression of exons 13 – 15 and exons 22 – 27.  
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3.2. Engineering Projectin and Sallimus 
In this chapter, the different planned modifications are discussed, including 

structures of the different tags and their exact locations in the gene sequence. The 
used methods, with the specific outcomes and advantages and drawbacks are 
discussed in later chapters. 
 
3.2.1. Projectin 

In the bt locus two distinct regions were addressed: 1, the PEVK domain and 2, the 
kinase domain. In both regions the aim was to insert a small tag. To my knowledge 
there are no commercially available antibodies that specifically stain the PEVK region 
or C-terminal region of Projectin (the only commercially available Projectin antibody 
is MAC150, which worked poorly in our hands, see Figure 25) The tags would serve 
multiple functions. First, the localization of the tagged region (PEVK or kinase 
domain) could be assessed in the different muscle types. Second, a tag in our specific 
PEVK isoform constructs or kinase domain constructs was required to assess their 
expression and localization compared to tagged wild-type alleles.  
Additionally, I planned to modify the PEVK region in order to force expression of 

specific PEVK isoforms by replacement of genomic DNA with specific cDNA. 
Furthermore, to assess the function of the kinase domain, the aim was to abolish the 
catalytic function by mutating D166 to A by point mutation (aspartic acid to alanine 
mutation, Chapter 1.11.). 
 
3.2.1.1. Tagging the Projectin PEVK domain 

The Projectin PEVK domain is localized relatively N-terminal, only 8 Ig domains 
are present upstream of the PEVK domain ((Southgate and Ayme-Southgate, 2001)) 
(Figure 19A). However, adding a tag to the N-terminus of the protein was considered 
to be not an option as in the IFM it is reported to be embedded in the Z-disc (Ayme-
Southgate et al., 2005). Additionally, as the aim was to visualize the location of the 
PEVK region it was important to insert the tag as close as possible to the PEVK 
domain. For these reasons the conservation and structure of the protein right at the 
start of the PEVK domain, the transition of exon 11 to exon 12, was investigated. It 
was found that exon 11 contained 2 Ig domains and that the transition of exon 11 into 
exon 12 resulted in a coiled coil (Figure 19B). However, in between the second Ig 
domain and the coiled coil there is a non-structured region. In this region 2 amino 
acids (V and A, Figure 19B) showed low conservation, as such the location of the tag 
was designed between those 2 amino acids. This location translates to an insertion of 
the tag between bp 7,765 and 7,766 (numbering in the gene sequence, base pair 
numbering corresponds with Flybase version FB2016_05, released October 18, 2016). 
 
3.2.1.2. Tagging the Projectin kinase domain 

Protein structure predictions of the region encoding the Projectin kinase domain 
indicated the possibility of the involvement of a single exon (exon 40) or up to three 
exons (exons 39, 40 and 41, Figure 20A) (http://smart.embl-heidelberg.de). It was 
decided to be conservative and assume all three exons are involved in the kinase 
domain. Exon 39 codes for an Ig-domain, an FnIII-domain and the 5’ region of the 
kinase domain (Figure 20B). The region between the last FnIII-domain and the start 
of the kinase domain is unstructured and has several less conserved amino acids. It 
was decided to integrate the tag between two of these less conserved amino-acids 
(Figure 20B), corresponding to an insertion between bp 43,946 and 43,947 
(numbering in the gene sequence Flybase version FB2016_05). The same tag as for 
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the PEVK domain was intended to be inserted here. 
 
3.2.1.3. Tag structures 

For this project 2 tags were designed: a normal HA tag with 2 epitopes connected 
by a linker, this cassette is then flanked by flexible (2xGGS) linkers (Figure 19C) and 
Figure 20C); and a conditional V5 tag in which the V5 epitope is flanked by an FRT 
site on the 5’ end and a single base spacer followed by an FRT site followed by a 2 bp 
linker on the 3’ end. This was intended to be a flip-out construct for a conditional 
knock out (the frame shift would result in multiple stop codons downstream). Later 
experiments showed that the FRT sites were too closely spaced and the flip out was 
not feasible in the fly with this cassette.  
 
3.2.1.4. Specific PEVK isoform expression 

From the splicing information obtained from the mRNA-SEQ database it was 
inferred that exons 11 and 22 are always included in the mRNA (Figure 17). 
Therefore, it was decided to focus on the region between exon 11 and 22 for the 
modifications of the PEVK domain, even though exons 23 and 24 are also PEVK 
coding exons. The approach was to initially generate three constructs from cDNA: 
first, the short IFM isoform (containing exon 11, 13 and 22), second, the long leg 
isoform (containing exon 11, 12, 13, 14,15, 17, 18 and 22) and third, the long larval 
isoform (containing all exons from 11 until 22 but not the new exon) with an HA tag 
in exon 11 (between bp 7,765 and 7,766,) (Figure 19D). All constructs were designed 
with a tag in exon 11 (as described in Chapter 3.2.1.3.) If this approach was 
successful longer artificial PEVK constructs could be designed and tested. 
 
3.2.1.5. Silencing the kinase domain. 

For the ablation of the catalytic function of the kinase domain it was decided to 
generate a point mutation in the catalytic domain. The mutation of D166 an invariant 
aspartic acid in the HRDLKxxN consensus motif (also called the catalytic loop) 
(Hanks and Hunter) should be sufficient to ablate the catalytic function of the kinase 
domain. The numbering is based on the amino-acid sequence of cAPK-α, in the 
Projectin kinase domain it is actually D122 of the kinase domain in Projectin 
(indicated in red in Figure 20D) (in Projectin the catalytic loop has the following 
amino-acid sequence: HLDIKPEN, see also figure 16). The proposed alteration is the 
mutation of this aspartic acid to alanine (Figure 20E). 
 
3.2.2. Sallimus 

In the sls locus, the first aim was to individually delete the large PEVK exons 18, 
31 and 32 by CRISPR-Cas9 (no BAC was available at the time of this project that 
covers the complete sls locus). During our 2-step approach we were unsuccessful in 
the deletion of exon 18, thus only the RMCE designs of the constructs for exons 32 
and 31 were completed (Figure 21).  

As the aim was to investigate the effect of a large PEVK domain deletion while 
maintaining the splice regulation, it was decided that the first 50 bp and the last 52 bp 
of both exons would remain. The deleted central region of the exons would be 
replaced with a V5 tag flanked by flexible 2xGGS linkers. This tag would allow for 
visualization of the expression of the different constructs in different muscle types 
(Figure 21B). This approach resulted in an effective deletion of the region between bp 
54,130 and 62,906 (a deletion of 8,776 bp) in exon 31 and between bp 63,665 and 
68,703 (a deletion of 5,038 bp) in exon 32 (Figure 21B). 
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As a control, a wild-type tagged exon 32 construct was generated with the V5 tag 
flanked by flexible linkers (Figure 21C) in a low complexity region between 2 less 
conserved amino acids (I and D), corresponding to an insertion between bp 67,484 
and bp 67,485. 

In order to achieve a deletion of both exon 31 and exon 32 it was decided to 
attempt this by flip out with two FRT sites in trans. For this approach, 2 alleles were 
generated: an exchange of exon 31 with an FRT site and a different allele with the 
exchange of exon 32 with an FRT site (Figure 21E). 

 

 
Figure 19: Construct designs for bt PEVK modifications 
An overview of the bt locus with the PEVK domain highlighted and a zoom in on the PEVK domain 
between exon 11 and 22 (A). Note the not numbered exon in blue, this exon was not described in 
literature and was found during this project (Figure 35). An overview of the Protein structure encoded 
by exon 11 and 12 shows two Ig domains in exon 11 and a coiled coil domain on the transition of exon 
11 and 12 (B). Amino-acid alignment of the region between the second Ig domain and the coiled coil 
domain contains two not-conserved amino-acids (V and A) (B), between which the tag was designed 
(arrowhead). Continued on next page. 
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Figure 19: Construct designs for bt PEVK domain modifications
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Figure 19 continued: 
Two tags were designed (C): First, a simple double HA tag flanked by two flexible linkers. Second, a 
conditional tag consisting of FRT, a V5 tag, single bp, FRT, 2 bp.  
Three different constructs were generated for modification of the PEVK domain (D): First, the short 
IFM construct, second, the longer leg construct, third the really long larval construct. All were tagged 
with the HA tag at the location described in C. 
 

 
Figure 20: Construct designs for bt kinase domain modifications 
Overview of the bt locus with the kinase domain (A). The start of kinase domain was predicted at the 
end of exon 39 and the end at the beginning of exon 41. The catalytic region is encoded by exon 40. 
Exon 39 contains apart from the start of the kinase domain an Ig-domain and an FnIII-domain, and was 
chosen as the location for a tag (B). Several amino acids, between the FnIII-domain and the kinase 
domain, were shown to be not conserved indicating a potential location for a tag (between V and K, 
arrowhead) (B). The structure of the tag (C): double HA epitopes flanked by flexible linkers. A 
depiction of the full amino-acid sequence of the Projectin kinase domain (D), with three catalytically 
crucial amino-acids highlighted in red and green. Continued on the next page. 
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Figure 20 continued: 
The selected point mutation for the inactivation of the kinase domain (E) based on the structure of 
cAPK-α (Figure 16). 
  

 
Figure 21: Construct designs for sls modifications 
Sls is oriented on the chromosome in the right to left orientation. For imaging purposes the orientation 
is inverted to left to right (A). There are three large PEVK exons (exons 18, 31 and 32). No PEVK 
domains are present in Kettin. ‘Deletions’ of the PEVK regions encoded by exons 31 and 32 (B).  
A complete exon 32 with a tag was also designed and generated (C). The entire exon consists of low 
complexity and unknown structure regions. The tag was inserted in a low complexity region (arrow) 
between two not conserved amino acids (arrowhead). All tags used in sls had the same structure with a 
simple V5 epitope flanked by flexible linkers (D). Two final constructs were designed in which exon 
31 or exon 32 was deleted and exchanged for an FRT site (E), for subsequent in trans flip-out of the 
other remaining exon resulting in a complete deletion of exons 31 and 32. 
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3.3. BAC recombineering 
The BAC recombineering system allows for precise modifications of a section of 

genomic DNA in bacteria. These BACs were generated by Venken and colleagues 
(Venken et al., 2006). Modifications of the BACs rely on homologous 
recombineering, which would allow for full flexibility of the desired location, 
independence of restriction enzymes and high efficiency (Warming, 2005). This 
system is dependent on the availability of the BACs and while Projectin was covered, 
Sallimus was not. The entire genomic region of the bent locus is covered by 2 
different BACs: CHORI321-38A11 and CHORI321-76M05, in this work CHORI321-
38A11 was used.  

Integration of the unmodified BAC by phiC31 integrase on the third chromosome 
in the VK00033 landing site was successful (this allele is called bt-wt-BAC and the 
coded protein Projectin-wt-PEVK-BAC). Interestingly, flies homozygous for bt-wt-
BAC homozygous in the wild-type background have a held-out wing phenotype, 
resembling the classic bt[D] phenotype (Ayme-Southgate et al., 1995). This 
phenotype is not present in all flies.  

The functionality of Projectin-wt-PEVK-BAC was tested with the rescue of the 
homozygous lethal alleles bt[I-b] and bt[I-k]. In both cases lethality was completely 
rescued, however flight was impaired both in the wild-type background and in the 
mutant backgrounds (bt[1], bt[I-b] and bt[I-k]) (see Chapter 3.5.6.2. and Figure 45). 
This suggested that bent encoded by the BAC was not completely functional.  
 
3.3.1. Modification of the BAC by recombineering 
Despite the observed flight phenotype of the inserted wild-type BAC (bt-wt-BAC), 

it was considered worthwhile to go ahead with the recombineering approach. The 
BAC (CHORI321-38A11) was used as the basis for the recombineering experiments 
using a 2 step approach with positive an negative selection (Chapter 2.3; (Warming, 
2005)). In the first step, the galK cassette was inserted and in the second step the galK 
cassette was replaced by the desired construct. 
 
3.3.1.1. galK cassettes 

The galK cassette for the tagging of the PEVK domain was designed for 
integration within exon 11 just before the start of the PEVK domain between bp 7,765 
and 7,766 (Figure 22A), for this purpose 50 bp homology arms were used (see Table 1 
for primer sequences). This integration was successful (Figure 22B).  

The galK cassette for the deletion of the genomic PEVK region between exons 11 
and 22 was designed to also delete a small section of exon 11. The total region to be 
deleted was bp 7,766 up to the start of exon 22 (deletion of the genomic region 
between bp 7,765 and 13,337). Standard 50 bp homology arms were used. The 
integration of this cassette was successful (Figure 22D). 

The galK cassette for the tagging of the kinase domain was designed for 
integration in exon 39 in the unstructured region between the FnIII-domain and the 
start of the kinase domain (between bp 43,946 and bp 43,947). 50 bp homology arms 
were used. This integration was not successful (Figure 23C).  

The galK cassette for point mutation in the kinase domain was designed such that 
the homology arms flanked the amino-acid intended to be mutated (bp 44,539). 
Successful integration would result in a deletion of this base pair (Figure 23B). The 
desired base pair would be returned in the second step. The insertion of the galK 
cassette was not successful. 
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3.3.1.2. step 2 constructs 
To exchange the galK cassette inserted in exon 11 by the counter selection 

procedure, the HA-tag with homology arms of 149 bp (left arm) and 745 bp (right 
arm) was used (Figure 22C). This exchange was not successful. 

To exchange the galK cassette that was used to delete the genomic PEVK region 3 
different tagged cDNA constructs were made for the counter selection procedure 
(these constructs are described in chapter 2: Engineering). These 3 constructs all had 
the same homology arms 149 bp (left arm) and 87 bp (right arm). The left arm started 
at bp 7,765 extending in the 5’ direction and the right arm started at bp 13,337 
extending in the 3’ direction. This cassette exchange was only successful for the short 
IFM construct (Figure 22E) (plasmid pWK52). This construct was successfully 
integrated in the VK00033 landing site by means of phiC31 integrase. The resulting 
allele is called bt-HA-IFM-BAC and the associated protein Projectin-HA-IFM-PEVK-
BAC. 
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Figure 22: BAC recombineering targeting strategy for the bt PEVK domain 
A genomic overview of the bt locus with a blow up of the PEVK region and the location of the tag 
(arrow) (A). Through homologous recombineering in the BAC the galK cassette was inserted at the 
location of the tag (B). I unsuccessfully attempted to exchange of the galK cassette with the HA 
cassette (C).  The HA cassette is described in Figure 19C. Full deletion of the PEVK domain by 
exchange with the galK cassette was achieved by homologous recombineering (D). Successful 
exchange of the galK cassette with the short IFM PEVK isoform (HA tagged) (E).  
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Figure 22: BAC recombineering targeting strategy for the bt PEVK domain
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Figure 23: BAC recombineering targeting strategy for the bt kinase domain 
Overview of the bt locus. Box denotes the kinase region zoomed below. (A). To generate a kinase-dead 
point mutation, I unsuccessfully tried to insert the galK cassette in place of the basepair selected for 
mutation (B). To generate Projectin with a tag at the kinase domain, I unsuccessfully attempted to 
insert the galK cassette in exon 39 (C).  
 
3.3.2. Expression of Projectin-HA-IFM-PEVK-BAC. 

Stainings were performed to assess the localization of the modified BAC (Figure 
24A) in the IFM. The antibody staining shows a strong expression at the Z-disc. The 
localization of Projectin-HA-IFM-PEVK-BAC was confirmed to be similar to wild-
type by staining of endogenous wild-type Projectin with anti-Projectin (MAC150) 
(Figure 25). Comparing the IFM myofibril morphology of the bt-HA-IFM-BAC flies 
with wild-type control indicated no obvious phenotypes at the sarcomere level (Figure 
24B). Together, this suggests that expression of the short IFM-Projectin isoform in a 
wild-type background results in normal protein localization and normal flight muscle 
morphology. Projectin-HA-IFM-PEVK-BAC expressed in a homozygous mutant 
background (bt[11th-exon-dsRed]) (Chapter 3.5.5.2. Figure 37) confirmed normal 
muscle morphology in both the IFM and the tubular muscles of adult flies. 
Functionality assays in adult flies indicate flight defects of the bt-HA-IFM-BAC allele 
both in the wild-type background and in the null background. However no functional 
defects linked to the larval body wall muscles or the adult tubular muscles could be 
observed (see Chapter 3.5.6.2. and Figures 45, 46, 47). Together these results would 
indicate that Projectin-HA-IFM-PEVK-BAC is not completely functional. 
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Figure 24: Localization of Projectin-HA-IFM-PEVK-BAC in the IFMs 
w / w ;; bt-HA-IFM-BAC / bt-HA-IFM-BAC (A) and control (B) flies stained for Actin (rhodamine 
phalloidin, red) and anti-HA (green). Projectin with an HA tag at the PEVK domain is strongly 
expressed and does not disrupt myofibril or sarcomere structure). Scale bar is 10 microns 
 

 
Figure 25: Figure: Localization of endogenous Projectin 
Wild-type IFM stained for Actin (Rhodamine phalloidin, red) and Projectin (MAC-150, green). High  
background signal can be observed in the anti-Projectin channel (A’). Scale bar is 10 microns  
 
3.3.3. Transition to CRISPR-Cas9 

Due to the low success of the recombineering in the BAC and the difficult 
interpretation of the rescue experiments with the wild-type version of the BAC it was 
decided to switch to the CRISPR-Cas9 system.  
 
3.4. CRISPR, T7 assay and RMCE 
The CRISPR-Cas9 approach held several promising benefits: First, modifications 

would be made in the endogenous locus excluding phenotypes induced by potential 
expression artifacts, caused by missing enhancer elements or different chromosomal 
structure. Second, there is no need to acquire a null allele to assess our modifications. 
Third, modifications of the sls locus would now become possible. 
 
3.4.2. Application of the CRISPR-Cas9 system 

Together with colleagues, I established a 2 step CRISPR/RMCE protocol (Zhang et 
al., 2014b), in which the CRISPR-Cas9 system is used in the first step to insert a 
marker cassette (dsRed cassette) or to replace a genomic DNA region with the marker 
cassette, by means of homology directed repair (Gratz et al., 2014). This first step is 
then followed with a second step, in which the marker cassette is replaced with the 
desired construct by RMCE using attP and attB sites (Figure 26). 

This method allows for a simpler and more efficient screening procedure compared 
to directly inserted final constructs. The flies can be screened for fluorescent red eyes 
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after the first step, followed by PCR and sequencing for verification of correct 
insertion. This first step can afterwards be used as a platform for different step 2 
(RMCE) experiments, in which different constructs can be integrated in the genome. 
The screening for the second step relies on screening for absence of fluorescent red 
eyes followed with PCR and sequencing for proper insertion and correct orientation.  
 

 
Figure 26: Two step CRISPR-Cas9 RMCE approach 
Step 1: 2 sgRNAs cut the target DNA, activating the homology directed repair pathway. The 
dsRed donor plasmid contains 1 to 2 kb homology arms and is presented as a template. This 
allows for integration of the dsRed cassette at the location of choice. Step 2: The dsRed 
cassette is exchanged with the targeted genomic DNA fragment by recombination of the attP 
and attB sites. (Zhang et al., 2014b) licensed under CC by 4.0 
(https://creativecommons.org/licenses/by/4.0/). Changes made in final allele presentation. 
The current web address of the publication is listed in Chapter 8. 
 
3.4.3. T7 assay: sgRNA evaluation 

As micro-injections and fly screening are quite time consuming, the activity of 
every sgRNA was verified in S2 cells by a T7 assay  (Chapter 2.4.3.2.). An example 
of the outcome of such an assay is shown in Figure 27A. The presence of small 
insertions or deletions, caused by the non-homologous repair pathway after the 
generation of double strand breaks by the sgRNA-Cas9 complex, are indicated by the 
digestion products on the gel. From all the sgRNAs designed for this project (see 
Table 12 for the complete list) about 50% were shown to be functional in S2 cells 
(Figure 27B).  From these pre-selected sgRNAs 67% proved to be functional in 
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micro-injections in flies (Figure 27B and Table 12). While the 67% success rate in 
flies seems low, only five sgRNAs were not functional. Of these five, three sgRNAs 
targeted DNA sites in very close proximity of each other (sg_5, sg_6 and sg_16, see 
also Table 12). The other two (sls_sg2 and sls_sg4, see also Table 12) were only used 
in one injection experiment of 2 sets of injections. This leads me to believe that the 
67% success rate might be an underestimation. 
 

 
Figure 27: sgRNAs are able to cut DNA when targeted against the bt PEVK region 
6 sgRNAs targeting the bt PEVK region at 3 different positions (arrows) were tested in S2 cells with a 
T7 assay (A). 3 sgRNAs showed activity in the S2 cell assay (white boxes). GFP only transfected cells 
(GFP) and non transfected cells (C-) were used as controls. 50% of the tested sgRNAs were functional 
in S2 cells (B). Of all sgRNAs used in fly injections, (see Table 12) 67% gave positive results. 
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Figure 27: sgRNAs are able to cut DNA when targeted against the bt PEVK region
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Table 12: An overview of all the sgRNAs designed for this project and their activity in S2 cells and in 
the fly. Not all sgRNAs could be tested in S2 cells (sgRNAs targeting the dsRed insertion). sgRNAs 
not functional in S2 cells were never used in the fly. All sgRNA targeting sequences are provided. 
Asterisk: T7 assays with unclear results. Double asterisks: sgRNAs could not be tested in S2 cells. 

 

sgRNA NR target gene targeting sequence T7 assay Functional in fly
sg_1 bt ACCAGTCGTTCCTGTTATAA + +
sg_2 bt AATTCGAACCCAAGTGTACC - N/A
sg_3 bt ACAATTATCGATTAATCACT + +
sg_4 bt GCAGGCTCTAATTTCTAATG - N/A
sg_5 bt GTCGTCGACCAGTATCAGCG + -
sg_6 bt ATCTCTGATCATCAATGATG + -
sg_9 bt AGATCGTGTTTGCTTCCGGT + N/A
sg_10 bt CATAAGATCGTGTTTGCTTC - N/A
sg_11 bt CTGGTGGAGAACAAGAAAAG + N/A
sg_15 bt GTAAGTAGTGGAGCTAAGTT - N/A
sg_16 bt ATCAATGATGAGGTAAGTAG + -
sg_17 bt gatgggtgtggaggggagga - N/A
sg_18 bt ttggacgttttgtagtggtg - N/A
sg_19 bt tgcaattatgtcggccgaga - N/A
sg_20 bt cactcaccacacaaagGAGA + N/A
sg_21 bt tcttgatctgctacgcacac + +
sg_22 bt attgacagattgttggttgg + N/A
sg_23 bt gggcgttttgcatataaggt + +
sg_24 bt cgggttgttgtttagtttga - N/A
sg_25 bt cgggttgttgtttagtttga + N/A
sg_26 bt aacccatatgttaaatcacg + +
sg_27 bt gaattccgatacattcgctt N/A N/A
sg_k1 bt AAAATCAACACGCGCCACTC +* N/A
sg_k2 bt atatacatattgtgcgtttt -* N/A
sg_k3 bt CTTGGAGGAACGTTTAATTT - N/A
sg_k4 bt AAACCTTTCTCTGCATTTTC - N/A
sg_k5 bt AAACCCGAAAATGCAGAGAA + +
sg_k6 bt GATTGTGTTGTGATTGTTGA - N/A
sg_k7 bt TGTCGCGCTGTAAACAAGGC - N/A
sg_k8 bt AGACACTGCTTACTTCGATA + +
sg_k9 bt CGAACAAAATATTATCCATT - N/A
sg_k10 bt TCTCTGGTTTTATGTCCAAA - N/A
sg_k11 bt GTTTGACACATTATATTCTC - N/A
dsRed_sg1 dsRed allele CCCGAAAACCGCTTCTGACC N/A** +
dsRed_sg2 dsRed allele CGGGAGTAGTGCCCCAACTG N/A** N/A
dsRed_sg3 dsRed allele TTCTCTCAGTTGGGGGCGTA N/A** N/A
dsRed_sg4 dsRed allele GGGTCGCCGACATGACACAA N/A** +
dsRed_sg5 dsRed allele ATATTTAAACATGCCGGGGA N/A** N/A
dsRed_sg6 dsRed allele CGCCATGTTGGATCGACTCC N/A** N/A
dsRed_sg7 dsRed allele AGCATTTTTTTCACTGCCCT N/A** N/A
dsRed_sg8 dsRed allele TTTCACACCGCATATGCCTA N/A** N/A
sls_sg1 sls AACATATCCAGAGTTCGAAT - N/A
sls_sg2 sls CCACTTAATGTAATGCCCCA + -
sls_sg3 sls AATAATGTTGGTACGACTTG - N/A
sls_sg4 sls AACCTTACCTAAAATAATGT + -
sls_sg5 sls TACATAAACGTTCGGATTAA - N/A
sls_sg6 sls CTAACTTATCTAATGTACGT + +
sls_sg7 sls TTTATCAGGCTAGGATTTAT - N/A
sls_sg8 sls TGAGGTTTAAAAAATTTATC - N/A
sls_sg9 sls AATCAACGGTGTGTTTCAAG + N/A
sls_sg10 sls GAAGGTACTGCAGCAGGATT + N/A
sls_sg11 sls AAGAGAAGAGAAACATAGGT + +
sls_sg12 sls TCGGCTTATGTGGCCAGTAA - N/A
sls_sg13 sls TATACAAAATTTACCGTTAC - N/A
sls_sg14 sls CAGCTTATATGATATCAGAG + +



 77 

3.4.4. Micro-injections and integration of the dsRed donor cassette and RMCE. 
The efficiency of the integration of the donor plasmid in the genomic DNA by 

means of CRISPR injections appeared to be dependent on the locus and varied from 
0.5% to 6.3% in the bt locus and could be as high as 8.3% in sls (these percentages 
are the percentage of fertile adults giving rise to transgenic flies) (Table 13).  

Two experiments, in which the attP sites were targeted by sgRNAs, were 
performed. The aim of these experiments was, to generate the alleles bt[HA-11] and 
bt[V5-11], in which the HA and V5 tags were seamlessly integrated in the genome (no 
attR sites left) (see Chapter 3.5.5.1., Figure 36) (injection results depicted in Table 
13). These experiments generated some very interesting but not unexpected insights: 
The limiting factor of the CRISPR approach used in this project is not the CRISPR 
cutting efficiency but rather which template was used for the repair of the DNA. It 
was found that for the bt[V5-11] allele 83.3% of the fertile G0 adults gave rise to 
offspring which lost the dsRed allele, for the bt[HA-11] this was 54.5%. From the G0 
adults, the number of flies that gave rise to offspring carrying the proper allele was 2 
and 1 respectively (as shown in Table 13). This result indicates that the donor plasmid 
provided in these experiments is not the preferred template for repair, but rather the 
homologous sister chromosome is used. A detailed overview of this experiment will 
be described in Chapter 3.5.5.1. 

While the RMCE procedure was in general far more efficient, generally around 
10% or up to even 56% (Table 14). A low efficiency of 2% occurred when resolving 
an ends-in event. In this case only the flies that gave rise to offspring without any 
dsRed expression were considered, as such the efficiency in this instance was 
expected to be low. 
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Table 13: An overview of the outcome of all sgRNA injections. Efficiency is calculated as the percentage of fertile adults that give rise 
to offspring carrying the donor construct. All injections were performed in flies of the y[1], M(Act5C-Cas9)ZH-2A, w[1118], 
Lig4[169] background. The plasmids pWK35 and pWK36 were used for a seamless integration (Chapter 3.5.5.1). 

 
 
Table 14: An overview of the outcome of all RMCE injections. Efficiency is calculated as the percentage of fertile adults giving 
rise to offspring that lost the dsRed allele. 

 

allele to generate sgRNA
concentration

ng/µl sgRNA
concentration

ng/µl donor plasmid
concentration

ng/µl
injected

embryos
surviving

larvae
adults

fertile
adults founders

bt[PEVK-dsRed] sg_1 100 sg_5 100 pWK18 (dsRed) 500 760 188 106 N/A 0
bt[11th-exon-dsRed] sg_1 100 sg_3 100 pWK17 (dsRed) 500 760 177 103 N/A 0
bt[PEVK-dsRed] sg_1 100 sg_6 100 pWK18 (dsRed) 470 760 263 122 105 0
bt[PEVK-dsRed] sg_1 69 sg_6 75 pWK18 (dsRed) 470 760 225 43 34 0
bt[11th-exon-dsRed] sg_1 69 sg_3 70 pWK17 (dsRed) 480 760 204 118 56 1
bt[PEVK-dsRed] sg_1 75 sg_6 75 pWK18 (dsRed) 505 760 232 108 71 0
bt[PEVK-dsRed] sg_1 65 sg_16 67 pWK18 (dsRed) 522 760 187 71 56 0
bt[PEVK-dsRed] sg_1 65 sg_16 67 pWK18 (dsRed) 522 760 174 30 20 0
bt[PEVK-dsRed] sg_1 65 sg_5 65 pWK18 (dsRed) 500 760 175 20 15 0
bt[PEVK-dsRed] sg_1 65 sg_5 65 pWK18 (dsRed) 500 760 166 45 35 0
bt[kinase-dsRed] sg_K5 60 sg_K8 60 pWK19 (dsRed) 500 950 346 103 63 4
bt[kinase-dsRed] sg_K5 60 sg_K8 60 pWK19 (dsRed) 500 950 352 278 156 9
sls[18-dsRed] sls_sg2 60 sls_sg4 60 pWK20 (dsRed) 450 950 271 36 26 0
sls[18-dsRed] sls_sg2 60 sls_sg4 60 pWK20 (dsRed) 450 950 411 82 38 0
sls[32-dsRed] sls_sg11 60 sls_sg14 60 pWK22 (dsRed) 500 950 260 105 48 4
sls[32-dsRed] sls_sg11 60 sls_sg14 60 pWK22 (dsRed) 500 950 326 135 80 4
sls[31-dsRed] sls_sg6 100 sls_sg11 100 pWK21 (dsRed) 500 950 153 76 35 1
sls[31-dsRed] sls_sg6 150 sls_sg11 150 pWK21 (dsRed) 500 950 120 60 25 2
sls[31-dsRed] sls_sg6 60 sls_sg11 60 pWK21 (dsRed) 500 950 181 72 40 1
bt[HA-11] sg_dsred_1 60 sg_dsred_4 60 pWK35 (HA-11) 500 950 142 54 22 1
bt[V5-11] sg_dsred_1 60 sg_dsred_4 60 pWK36 (V5-11) 600 950 280 152 60 2
bt[PEVK-dsRed-2] Sg_23 70 Sg_26 70 pWK42 (dsRed) 500 1900 701 346 196 1
bt[exon-9-new-dsRed] Sg_21 60 Sg_26 60 pWK43 (dsRed) 500 1520 627 329 218 1
bt [PEVK-dsRed-2] Sg_23 70 Sg_26 70 pWK42 (dsRed) 500 1710 376 104 71 0

efficiency fly strain obtained 
with injection

0
0
0
0
1.8
0
0
0
0
0
6.3
5.8
0
0
8.3
5.0
2.9
8.0
2.5
4.5
3.3
0.5
0.5
0

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A

404

421
421

300
300
301
301
301
412
413
447
448

allele to generate phiC31/RMCE
driver plasmid

concentration
ng/µl

donor plasmid concentration
ng/µl

injected
embryos

surviving
larva

adults fertile adults founders

bt[11-V5-attR] vasa 200 pWK30 150 380 86 50 23 13 56.5
42.9
8.3

bt[11-HA-attR] vasa 200 pWK31 150 380 73 39 21 9
bt[11-WT-attR] vasa 200 pWK39 150 380 81 25 12 1
bt[kinase-WT-attR] vasa 200 pWK32 150 380 74 40 23 7
sls[32-V5-short] vasa 200 pWK34 150 380 118 25 17 4
sls[31-V5-short]
sls[31-V5-short]

vasa 200 pWK33 150 380 115 43 34 1
vasa 200 pWK33 150 950 138 47 N/A 5

sls[32-WT-V5] vasa 200 pWK38 300 950 149 14 12 1
sls[32-FRT] vasa 200 pWK41 150 570 112 14 11 2
sls[31-FRT] vasa 200 pWK41 150 1995 158 19 17 1

efficiency

30.4
23.5
2.9
N/A
8.3

18.2
5.9

fly strain obtained
with injection

407
406
408
449
306
307
307
N/A
N/A
N/A
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3.5. bent modification by CRISPR 
 
3.5.1. Integration of the dsRed-donor constructs in bent by CRISPR-Cas9 

In this work I attempted to generate three different bt dsRed alleles. However, only 
two were successful. 
 
3.5.1.1. bt[11th-exon-dsRed] 

For the integration of the dsRed cassette at the location of exon 11, sgRNAs were 
designed against the introns flanking the exon (Figure 28A, B), sgRNA sg_1 targets 
the intron 5’ of exon 11 and sgRNA sg_3 targets the intron 3’ of exon 11 (the PAM 
sites and targeting sequences of the sgRNAs are shown in Figure 28D). 

The donor construct (pWK17) was build with homology arms of 997 bp (left arm) 
and 987 bp (right arm) directly flanking the attP, dsRed, attP cassette (Table 5). The 
CRISPR-Cas9 mediated double stranded breaks with subsequent homology directed 
repair resulted in the exchange of the genomic DNA between bp 7083 and bp 8220 
with the dsRed cassette (Figure 28B), resulting in the bt[11th-exon-dsRed] allele. This 
allele was published in (Zhang et al., 2014b) and thus significantly contributed to the 
establishment of the CRISPR based genome modification method in our lab. 
 
3.5.1.2. bt[PEVK-dsRed] 

In order to modify the PEVK region between exon 11 and 22 it was required to 
exchange the entire region including exon 11 and exon 22 with the dsRed cassette. At 
the 5’ end sgRNA sg_1 was used (described above), at the 3’ region sgRNA sg_5, 
sg_6 and sg_16, targeting the intron 3’ of exon 22, were all tried (the PAM sites and 
target sequences are listed in Figure 28D).  

The donor construct (pWK18) was build built with the same left homology arm as 
for the exchange of exon 11 with the dsRed construct (see above) and the right arm 
was 1030 bp (Table 5). The CRISPR-Cas9 mediated double stranded breaks followed 
with subsequent homology directed repair should have resulted in the deletion of the 
genomic region between bp 7,083 and bp 13,538 and the insertion of the dsRreds 
cassette, this exchange however, this was not successful (Figure 28C). 
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Figure 28: Summary of bt PEVK modifications by the CRISPR Cas9 system 
A genomic overview of the bt locus with a blow up of the PEVK domain (A). Note the exon in blue, 
which is not predicted by Flybase and was identified in this work (Figure 35). The sgRNAs targeting 
site 1 and 2 were used to generate the bt[11th-exon-dsRed] allele and the target sites 1 and 3 were used 
to generate the bt[PEVK-dsRed] allele. The dsRed donor plasmid (pWK17) was integrated in place of 
exon 11 by homology directed repair (B). A complete PEVK region deletion (exons 11 until 22) was 
attempted, but not successful, with dsRed donor plasmid pWK18 (C). The 5’ targeting sgRNA was the 
same as for the generation of the bt[11th-exon-dsRed] and 3 different 3’ site sgRNAs were tested. 
sgRNA summary including PAM site location (bp numbers in the gene sequence) and the targeting 
sequence (D). 
 
3.5.1.3. bt[kinase-dsRed] 

In the region of the kinase domain the aim was to modify 2 aspects and potentially 
a third aspect. The first 2 were the insertion of the tag and the ablation of the catalytic 
function by a point mutation, the third aspect was the potential calmodulin binding 

Figure 28: Summary of  bt PEVK modifications by the CRISPR Cas9 system
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site just 3’ of the kinase domain (personal discussion with M. Gautel). If the first 2 
modifications were successful and gave interesting results, the modification of this 
site could be very informative. This consideration resulted in the generation of 
sgRNAs targeting the intron 5’ of exon 39 and 3’ of exon 41 (Figure 29A), sgRNAs 
sg_k8 and sg_k5 respectively (the location of the PAM sites and the targeting 
sequences are listed in Figure 29C). 

The donor construct (pWK19) was built with homology arms of 1498 bp (left arm, 
Table 5) and 1524 (right arm, Table 5) directly flanking the dsRed donor cassette 
(Figure 29B). The CRISPR-Cas9 mediated double stranded breaks with subsequent 
homology directed repair resulted in the exchange of the genomic DNA between bp 
43,302 and bp 47,240 with the dsRed cassette (Figure 29B), generating the bt[kinase-
dsRed] allele. The sgRNA target site of sgRNA sg_k8 is still partially present after the 
exchange of the genomic DNA with the dsRed cassette. In order to prevent retargeting 
after the exchange, 2 point mutations were included in the 5’ end of the right 
homology arm. Intronic bases A47,242 and A47,243 were mutated to Ts (Table 5). 
These mutations were carried over to the bt[kinase-dsRed] allele. 
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Figure 29: Summary of bt kinase domain modifications by the CRISPR Cas9 system 
Overview of the kinase domain within the bt locus (A). Arrows indicate sgRNA target sites. 
To modify the entire kinase domain region, (B) bt exons 39, 40 and 41 were exchanged with the dsRed 
cassette (pWK19). sgRNA summary including the location of the PAM site and the targeting sequence 
(C). 

 
3.5.2. Phenotypes of bt[11th-exon-dsRed] and bt[kinase-dsRed] embryos 

The bt[11th-exon-dsRed] allele terminates Projectin after exon 10 due to the strong 
splice acceptor, the stop codons in every reading frame and a poly A termination site 
before the dsRed cassette. This is an early termination for a gene coded in 47 
predicted exons. Thus not unexpectedly, this allele is homozygous embryonic lethal 
(Figure 30D). The lethality can be rescued by both the bt-wt-BAC and the bt-HA-IFM-
BAC alleles (Figure 31B), demonstrating that the CRISPR-Cas9 approach did not lead 
to lethal off-target effects outside of the bt locus and that the HA-tag by itself results 
in a functional Projectin protein. 

Life imaging with the Zasp66-GFP trap allele to visualize the Z-disc (Figure 30A) 
showed muscles, which lack any sarcomeric structure when bt[11th-exon-dsRed] is 
homozygous. During the imaging process some muscle twitching was observed, 
indicating at least some remaining contractility of the muscles (not shown). Based on 
these observations I consider bt[11th-exon-dsRed] to be a null allele. 

The bt[kinase-dsRed] allele results in a termination directly after exon 38. This is a 
relatively C-terminal truncation of the protein. Previous studies have described all 
truncations 5’ of the kinase domain of Projectin to be embryonic lethal when 
homozygous. As such, the embryonic homozygous lethality of the bt[kinase-dsRed] 
was expected (Figure 30D). Trans-heterozygosity over bt[I-b] or bt[11th-exon-dsRed] 
also resulted in lethality.  
Live imaging with the Zasp66-GFP marker showed a very similar embryonic 

muscle phenotype as the homozygous bt[11th-exon-dsRed] allele (Figure 30). Just like 
in bt[11th-exon-dsRed] / bt[11th-exon-dsRed] embryos, bt[kinase-dsRed] / bt[kinase-
dsRed] embryos appear to display some muscle contractions (not quantified). It is 
interesting that the structural phenotypes of the genotypes are so similar. The 
truncation of bt[11th-exon-dsRed] removes the complete region of the Projectin that 
can interact with the thick filaments, while the truncation of bt[kinase-dsRed] should 
not abolish this interaction completely. In conclusion, large parts of the Projection 
protein, including its kinase or C-terminal part, are required to assemble a functional 
sarcomere in the embryo muscle. Furthermore, Sallimus alone cannot support 
sarcomere formation in the embryo. 
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Figure 30: Embryonic phenotype of the homozygous bt[11th-exon-dsRed] and bt[kinase-dsRed] 
alleles 
Homozygous bt[11th-exon-dsRed] results in a strong phenotype (A,A’), with no sarcomeric pattern 
revealed by Zasp66-GFP. Homozygous bt[kinase-dsRed] (B,B’) has a similar phenotype completely 
lacking organized sarcomeres. Zasp66-GFP control flies show organized sarcomeric structures (C,C’). 
Scale bar A, B, C: 100 microns. Scale bar A’, B’, C’: 20 microns. Both bt[11th-exon-dsRed] and 
bt[kinase-dsRed] are homozygous embryonic lethal (D). No larvae were observed 24-29 hours after 
egg laying, indicating embryonic lethality. P{act-GFP}unc-13 is a homozygous embryonic lethal allele 
with strong GFP expression in the embryonic and larval gut, allowing selecting of homozygous bt 
mutant embryos.  
 
3.5.3. Exchange of the dsRed constructs by RMCE 
 
3.5.3.1. RMCE with bt[11th-exon-dsRed] 

The dsRed cassette was exchanged by the desired sequence in the second step by 
Recombination Mediated Cassette Exchange (RMCE). For the bt[11th-exon-dsRed] 
allele, three exon 11 attB constructs were made: an HA-tagged construct (pWK31), a 

Figure 30: Embryonic phenotypes of the homozygous bt[11th-exon-dsRed] and bt[kinase-dsRed] alleles
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Zasp66-GFP/+;
bt[kinase-dsRed]/bt[kinase-dsRed] Zasp66-GFP/+

genotype hatched larvae genotype hatched larvae
bt[11th-exon-dsRed]/P{act-GFP}unc-13 177 bt[kinase-dsRed]/P{act-GFP}unc-13 113
bt[11th-exon-dsRed]/bt[11th-exon-dsRed] 0 bt[kinase-dsRed]/bt[kinase-dsRed] 0
total 177 total 113
significance P<<<0.05 significance P<<<0.005

24-29 hours after egg laying
homozygous viability: bt[11th-exon-dsRed] homozygous viability: bt[kinase-dsRed] 

A B C

A’ B’ C’

D: Embryonic viability of the bt[11th-exon-dsRed] and bt[kinase-dsRed] alleles
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V5 conditional FRT construct (pWK30) and a wild-type untagged construct (pWK39) 
(Figure 31A). The exact localization of the tags in the exon was described in chapter 
2: Engineering. The constructs contained the gene region of bp 7,084 until and 
including bp 8,219.  

After the RMCE a ‘scar’ in form of the attR-linker region would remain at the 5’ 
and 3’ end of the inserted fragment (123 bp at the 5’ end and 119 bp at the 3’ end). 
The 5’ attR-linker was situated between bp 7,083 and bp 7,084 in the gene sequence 
and the 3’ attR-linker between bp 8,219 and bp 8,220 in the gene sequence. Both of 
these attR-linker regions were inserted in introns. These experiments resulted in 3 
alleles: bt[HA-11-attR], bt[V5-11-attR] and bt[WT-11-attR], both the tagged alleles 
were verified by sequencing, while the bt[WT-11-attR] was only verified by PCR. 
Surprisingly, none of these alleles were homozygous viable (Figure 31B). 

The reason for this lethality is likely to be due to splicing defects caused by the 
attR-linker insertions, as bt-HA-IFM-BAC / bt-HA-IFM-BAC; bt[11th-exon-dsRed] / 
bt[11th-exon-dsRed] is a completely viable line (showing that the tag is not causing 
lethality).  

The PEVK region has a complex alternative splicing pattern and shows distinct 
expression patterns depending on the muscle type (Chapter 3.1.1.). Additionally, the 
intron between exon 10 and 11 is only 94 bp. The introduction of the attR-linker 
region to the intron more than doubled this intron size. These two aspects together 
could easily contribute to splicing defects, even though caution was taken to avoid 
insertion of the attR-linker region in the splice donor, the branch site, or the region 
between the splice acceptor and the branch site (these regions are reviewed in (Lee 
and Rio, 2015)). The intron between exon 11 and exon 12 was 983 bp so that was not 
considered to be a problem (at the time the additional exon between exon 11 and exon 
12 was not yet discovered).  
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Figure 31: Modification of bt exon 11 by RMCE 
Schematic illustrating exchange of the dsRed cassette from bt[11th-exon-dsRed] with HA tagged exon 
11, V5 tagged exon 11 with FRT sites and a wild-type version of exon 11 by phiC31 mediated RMCE 
(A). Overview of the viability of the resulting alleles compared to BAC rescue experiments of the 
bt[11th-exon-dsRed] allele (B).  
 
3.5.3.2 RMCE with bt[kinase-dsRed] 

Due to the homozygous viability problems the generation of the tagged and 
conditional alleles for exon 11 (described above), it was decided that for the kinase 
domain to first assess the viability of a wild-type insertion. In this construct (pWK32) 
the gene region from bp 43,301 until and including bp 47,239 was cloned into the attB 
plasmid and inserted in the bt[kinase-dsRed] allele in exchange for the dsRed cassette 
by RMCE, resulting in the bt[kinase-WT-attR] allele (Figure 32A). In order to work 
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with more efficient primers at the 5’ end of the insert 2 bp were duplicated after the 
second step. Bp 43,302 flanks the 5’ attR-linker upstream and bp 43,301 downstream 
(in other words bp 43,301 and bp 43,302 were duplicated). The 3’ attR-linker was 
integrated between bp 47,329 and bp 47,330. This resulting allele was sequence 
verified and appeared to be homozygous lethal, as well as lethal over bt[I-b] and  
bt[11th-exon-dsRed] (Figure 32B). It is likely that the lethality was again caused by 
splicing defect due to the insertion of the attR linker in the very small 5’ intron. 
 

 
Figure 32: Modification of the bt kinase domain by RMCE 
Schematic illustrating exchange of the dsRed allele in bt[kinase-dsRed] by the wild-type genomic 
region as a control experiment (A). Overview of RMCE kinase domain allele viability. All 
combinations are adult lethal (B).  
 
3.5.4. HA and V5 expression and the identification of an additional exon 
Interestingly, in the heterozygous situation both the HA and the V5 tag localized 

normally to the Z-disc (Figures 33 and 34) with the same localization as Projectin-
HA-IFM-PEVK-BAC (Figure 24). The proteins encoded by these alleles were called 
Projectin-HA-PEVK-attR and Projectin-V5-FRT-PEVK-attR. The homozygous 
lethality of the RMCE alleles is puzzling, because disrupted splicing between exon 10 
and exon 11 was expected to disrupt expression of the tag. However, it is possible that 
the expression levels are significantly lower than normal and not sufficient to support 
muscle function in a homozygous situation.  

Due to this result it was decided to look back into the gene region between exon 11 
and exon 12. Due to the addition of new samples and improvement on the data 
analyses for the mRNA-SEQ database, it became clear that there was an additional 
exon between exon 11 and 12, which is highly expressed in jump muscle (Figure 
35A).  

Although the expression of this exon was not required for viability as was shown 
by the viability of bt-HA-IFM-BAC / bt-HA-IFM-BAC; bt[11th-exon-dsRed] / bt[11th-
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exon-dsRed], which does not express this exon, accidental integration of the attR-
linker site in this novel exon or the intronic splicing machinery around the exon could 
result in expression defects. Based on the information from the mRNA-SEQ data it 
was likely that the newly discovered exon could be identified by RT-PCR between 
exon 11 (which is always expressed) and exon 14, which is also a very dominant exon 
in the jump muscle (Figure 35A, B). This method allowed for the identification of 3 
splice isoforms in this region, one of which included the new exon. The newly 
discovered exon was determined to be 141 bp long and covers the gene region from 
bp 8,340 until and including bp 8,480 (Figure 35C). As the attR-linker is integrated 
120 bp away from the start of the new exon, integration in the branch site or between 
the branch site and the splice acceptor is unlikely (Zhao et al., 2005). 
 

 
Figure 33: Localization of Projectin-HA-PEVK-attR in the IFMs 
Expression pattern of HA-tagged Projectin (heterozygous) (A,A’ and A’’). Note that there are no 
obvious sarcomeric defects (as compared to wild-type B,B’ and B’’). Samples are 90 h APF pupae. 
Scale bar is 10 microns. 
 

 
Figure 34: Localization of Projectin-V5-FRT-attR in the IFMs 
Expression pattern of V5-tagged Projectin (heterozygous) (A,A’ and A’’) in 90 h APF pupae. There are 
no obvious sarcomeric defects as compared to wild-type B,B’ and B’’. Scale bar is 10 microns 
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Figure 35: Description of a novel exon in the bt PEVK domain. 
An overview the bt locus as predicted (www.flybase.org) with an overview of exons 9 through 14 with 
read counts and splice junctions from muscle-specific mRNA-SEQ (A). Read counts show a novel 
exon located between exon 11 and 12 that is highly expressed in jump muscle. The mRNA-SEQ data 
also suggests the isoform containing this exon would likely include exon 11 and exon 14. This 
information was used to design the primers for the RT-PCR (B) on whole fly samples. Three PCR 
products could be aligned to the PEVK region of bt, one containing and thus confirming the novel exon 
(C).  
 
3.5.5. Targeting bt[11th-exon-dsRed] with sgRNA guided CRISPR-Cas9 for a 
seamless tag integration 

Several strategies could solve the viability problems observed in the Projectin 
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RMCE alleles. One, change the location of the attP sites with newly designed 
sgRNAs with new injections in the y[1], M(Act5C-Cas9)ZH-2A, w[1118], Lig4[169] 
fly strain. Two, use the dsRed allele as a target for sgRNAs and use the CRISPR-Cas9 
system to generate seamless integrations of our constructs (seamless integration by 
CRISPR). Three, use a completely different CRISPR strategy in which a single 
stranded oligo is used as a donor template (Gratz et al., 2013). 

Redesigning the integration sites if the attP sites seemed to be a viable option for 
the tag in exon 11 and a necessity for the PEVK deletion. But it seemed unpractical 
for the kinase domain as exon 38 is 9,471 bp. This would result in extremely large 
inserts to return by RMCE. The use of a single stranded oligo could only be used for 
the integration of the tags in both the kinase domain and exon 11 and for the point 
mutation in the kinase domain (as these modifications rely on very short deletions or 
inserts). However, this method would not allow for the insertion of both the tag and 
the point mutation in a single experiment. In addition, these experiments would 
involve a less efficient screening method, as there would be no visible markers. 

Taken together it was decided to first try both the seamless integration and the 
shifting of the locations of the attP sites for the insertion of the tag in exon 11 and the 
shifting of the attP sites for the generation of PEVK cDNA specific isoforms. Based 
on the outcome of the experiments new strategies for the kinase domain could be 
determined or developed. This chapter discusses the seamless integration of the tags. 
 
3.5.5.1. Seamless integration of the HA and V5 tags in exon 11 

The two attP sites in the dsRed donor constructs are reverse complement 
sequences. An sgRNA targeting one will also target the other. Additionally, these 
sgRNAs could not be tested in S2 cells. As such, it was decided to inject a cocktail of 
two different sgRNAs to improve the efficiency. The donor constructs (a V5-FRT-
tagged version, pWK36, and an HA-tagged version, pWK35) had homology arms of 
2,020 bp (left arm) and 2,139 bp (right arm). For seamless integration of the donor 
plasmid contained the full genomic sequence from bp 5,068 until and including bp 
10,354 (Table 5), with the tag inserted at the designed location (Chapter 3.2.1.1.). 

For both constructs, seamless integration was successful resulting in the bt[HA-11] 
and bt[V5-11] alleles (Figure 36A, see Figure 19C for a more detailed view of the 
tags), which interestingly were both homozygous viable. The proteins are called 
Projectin-HA-PEVK and Projectin-V5-FRT-PEVK respectively. This demonstrated 
that indeed the attR sites interfered with the functionality of the bent locus. 

The expression of the tags in different muscle types was studied (Figure 36B-E). In 
IFMs, HA-PEVK-Projectin and V5-FRT-PEVK-Projectin are localized to the Z-disc 
as also seen previously with Projectin-HA-PEVK-attR, Projectin-V5-FRT-PEVK-attR 
and Projectin-HA-IFM-PEVK-BAC. In the tubular muscle in the ventral part of the 
thorax at the base of the legs, the tagged both Projectin-HA-PEVK and Projecrin-V5-
FRT-PEVK shows localization in two bands flanking the Z-disc (Figure 36C and E).  
Unfortunately, other experiments in the lab indicated that the FRT sites flanking 

the V5 tag were too close together to be functional for a flip out experiment.  
In conclusion both tags in the IFMs localized as expected based on the bt-HA-IFM-

BAC, bt[HA-11-attR] and bt[V5-11-attR] alleles. In the tubular muscles the 
localization was next to the Z-disc. The distance to the Z-disc seemed to suggest I-
band localization. In addition, neither tag appears to cause a structural sarcomere 
phenotype in either the tubular muscles or the IFMs. 
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Figure 36: Seamless integration of a tag in bt exon 11 and its expression in muscle 
The bt[HA-11] and bt[V5-11] alleles were generated by seamless integration of the target constructs 
into the bt locus (A). sgRNAs dsRed_sg1 and dsRed_sg4 were used to target the attP sequence of 
bt[11th-exon-dsRed] (see Table 12 for details). In IFMs, tagged Projectin (B’ and D’) localizes to the Z-
disc (the bright band in the Actin staining) (B and D). The localization pattern is the same for both the 
V5 (B) and HA (D) tags, as well as in the bt[11-HA-attR] (Figure 33) and bt[11-V5-attR] (Figure 34) 
alleles. In tubular muscles of the thorax and base the legs, both V5 (C) and HA (E) tagged Projectin 
show a double band pattern with each band flanking the Z-disc. Continued on the next page. 
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Figure 36 continued: 
The tubular muscle structure in D-D’’ is somewhat different from the one shown in E-E’’ but both 
structures have been observed in wild-type muscle. Scale bar is 10 microns. Samples are 1-day old 
adult flies (B-D’’) and 90 hours APF (E-E’’) 
 
3.5.5.2. HA-tagged Projectin localization in different muscle types 

With the HA-tag seamlessly integrated in Projectin, I proceeded with a detailed 
characterization of the localization of the PEVK domain in the sarcomere in different 
muscle types. For this characterization the following lines were used: w / w ;; bt-HA-
IFM-BAC / bt-HA-IFM-BAC ; bt[11th-exon-dsRed] / bt[11th-exon-dsRed], w / w ;;; 
bt[HA-11] / bt[HA-11] and w / w. From the antibody stainings and the relative 
intensity plots (Figure 37A-C and G-I) it can be concluded that the PEVK domain of 
Projectin in tubular muscles, in the ventral region of the thorax at the base of the legs, 
is absent from the Z-disc and localizes in the I-band, while Kettin co-localizes at the 
Z-disc.  

In IFMs, Projectin-HA-PEVK localizes at the Z-disc (Figure 37D-F and J-L). 
Close inspection of the microscope images revealed the possibility of a small 
separation between 2 Projectin-HA-PEVK bands across the Z-disc (Figure 38). This 
was better visualized using line intensity plots (Figure 38C). The plots show that, to a 
lesser extent, this may also occur with Kettin.  

This separation of epitopes across the Z-disc was only observed in a small number 
of images. As such, it could be a dissection artifact. In addition, the separation 
between the epitopes of Projectin-HA-PEVK around the Z-disc is at the limit of the 
optical resolution of the microscope. Further studies with EM or super-resolution 
techniques could give more insights, and could conclude whether this observation is 
an artifact. Even if this observation is an artifact resulting from stretched fibrils due to 
dissection, it indicates that the PEVK domain of Projectin localizes in the I-band 
region, at the edge of the Z-disc, of the sarcomere and not within the Z-disc. 

The next question was whether the PEVK domain overlaps with the thick filaments 
(A-band). To test this, I used the Myofilin-GFP fosmid, which expresses a GFP tagged 
Myofilin that covers the entire thick filament. In IFMs there is no overlap between the 
thick filament and Projectin-HA-PEVK (Figure 39A, C). In the tubular muscles, the 
Myofilin-GFP staining intensity is very high in the center of the A-band (M-line) then 
drops and at the edge of the thick filament there is a shoulder in the intensity plot, 
from which point the intensity drops completely. This point is the edge of the thick 
filament and is exactly the point where the Projectin-HA-PEVK (bt[HA-11]) staining 
intensity is highest. This indicates that the location of the HA tag and thus the PEVK 
domain is just next to the thick filament in the I-band region (Figure 39D). 

The localization pattern in the gut muscle shows the highest intensity right next to 
the thick filaments (Figure 40), but the staining also shows localization over the entire 
sarcomere except for the Z-disc and the M-line. The high intensity right next to the 
thick filament suggests a similar localization as in the tubular muscles for the bulk of 
the protein. The lower localization over the rest of the sarcomere could be due to a 
lower structural organization of Projectin in the gut muscle. 

In larvae, Projectin-HA-PEVK co-localizes with the entire actin filaments except 
for the Z-disc. In the M-line it is also absent (Figure 41), however no Myofilin co-
staining was performed. This result indicates that also in larval muscles the Projectin 
PEVK region is present in the I-band. In addition it is possible that just like in the gut 
muscle the Projectin PEVK region may co-localize with regions of the thick 
filaments. 

During pupal development of tubular leg muscles, the above described localization 
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pattern is already present from 48 hours APF (Figure 42). The images from the time 
series give the impression that the distance between HA epitopes across the Z-disc 
increases. In order to assess whether this could be true I calculated the distance 
between the maximum intensities of the HA epitopes over the Z-disc from the time 
course images (Figure 42G). The calculated distances indicate that indeed the distance 
between epitopes increases during pupal development. However, these are very 
preliminary data and further imaging is required.  
For a proper quantification of the distance between Projectin-HA epitopes across 

the Z-disc in tubular muscles two criteria are required to be met: First, a standard 
muscle to measure, such that the same muscle can be measured for each time point, 
due to possible variation in sarcomere dimensions of different tubular muscles. 
Second, A high sample size is required for each time point to allow for a statistical 
calculation for the exact location of the epitope. For this approach the abdominal 
muscles are likely more suitable than leg muscles. 

In developing IFMs, the Projectin localizes to the Z-disc at 48 hours APF, but more 
diffuse patches can also be observed throughout the muscle fiber. From 72 hours APF 
the localization is more defined at the Z-disc (Figure 43). 

In conclusion, the projectin PEVK domain is generally present in the I-band of the 
sarcomere in all muscle types. I-band localization is clear at 48 hours in both tubular 
muscle and in the IFMs, but more diffuse Projectin is found in the IFM. In tubular 
muscles the data suggest that the distance between HA epitopes over the Z-disc 
increases during sarcomere growth supporting the notion that in the tubular muscles 
Projectin is not directly connected to the Z-disc. 
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Figure 37: Localization of Actin, HA-tagged Projectin and Kettin at 90 hours APF 
Co-staining of Actin (rhodamine phalloidin, red), Kettin  (anti-Kettin, green) and Projectin (anti-HA, cyan) in different bent 
(Projectin) alleles in tubular muscle (ventral region of the thorax at the base of the legs): bt-HA-IFM-BAC (A-A’’’); bt[HA-
11] (B-B’’’); wild-type (C-C’’’) and IFM: bt-HA-IFM-BAC (D-D’’’); bt[HA-11]( E-E’’’); wild-type (F-F’’’). Relative 
fluorescence intensity plots (G-L) of the different antibodies measured in a transect along the muscle (white boxes in A’’’ – 
F’’’). In tubular muscle (ventral region of the thorax at the base of the legs), both bt-HA-IFM-BAC (G) and bt[HA-11] (H) 
show a clear co-localization of Kettin with the Z-disc (arrows) and the HA-tagged Projectin displays a double peak pattern 
flanking the Z-disc (asterisks). In fibrillar muscle, both bt-HA-IFM-BAC (J) and bt[HA-11] (K) show co-localization of 
Kettin and HA-tagged Projectin with the Z-disc (arrows). In wild-type (I, L), Kettin co-localizes with the Z-disc and HA 
staining displays a background pattern. 
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Figure 38: Detailed localization of Projectin-HA-PEVK in the IFMs 
In some IFM samples of homozygous bt[HA-11] flies two bands flanking the Z-disc could be observed 
in the HA staining of Projectin in (A). This is more clearly observed in the green only channel (anti-
HA) in a zoom of the boxed region in Figure A (B). Both Kettin and Projectin can be observed as 2 
bands flanking the Z-disc in relative intensity plots of 90 h APF pupae (C) (arrows indicate the Z-
discs). Scale bar (A) is 10 microns.
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Figure 39: Localization of Projectin-HA-PEVK with respect to the thick filaments in the IFM and tubular muscle. 
HA-tagged Projectin (red) and the Myofilin-GFP fosmid (green) (marking the location of Mhc in the thick filament) do not overlap in IFM (A,A’,A’’). In tubular muscle, HA-
tagged Projectin localizes just next to the thick filaments labeled by Myofilin-GFP (B,B’,B’’). The bright GFP region is the M-line. Relative intensity plots of the IFM 
illustrates that the thick filaments and HA tag of Projectin are mutually exclusive (C). In tubular muscles (ventral region of the thorax at the base of the legs), the line plot 
supports the notion that the HA epitope sits next to the thick filament (D) (asterisks marking shoulders in the Myofilin fluorescence traces indicate the edges of the thick 
filaments). All samples are 90 h APF pupae. Scale bars are 10 microns. 
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Figure 40: Localization of Projectin-HA-PEVK with respect to the thick filaments in the gut 
The longitudinal muscles run along the outside of the gut (A,A’,A’’, scale bar is 10 microns). 
A zoomed in view of the boxed region in A’’ indicates a partial overlap between the localization of the 
HA-tagged Projectin with the thick filament (Myofilin-GFP). Arrows indicate the Z-disc and asterisks 
the M-line (B,B’,B’’, scale bar is 5 microns). The intensity plot (C) shows that in gut muscle, Projectin-
HA-PEVK is excluded from the M-line and Z-disc and shows maximum intensity just flanking the 
thick filaments. Samples are 90 h APF pupa. 
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Figure 41: Projectin-HA-PEVK and Actin localization in late L3 larval stage body-wall muscle 
HA-tagged Projectin (green) (A,A’,A’’) overlaps with the Actin (red) signal, but is absent from the Z-
disc (bright red line in A). A plot of relative fluorescence intensity (B) along the region marked in A’’ 
illustrates the same localization pattern. Z-disc is labeled by asterisks. Scale bar is 10 microns 
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Figure 42: Localization patterns of Actin, Projectin-HA-PEVK and Kettin in the tubular leg 
muscles at 48, 72 and 90 hours of pupal development 
At 48 h APF HA-tagged Projectin is already present in a dual band pattern flanking the Z-disc (A), 
Kettin appears as a single band co-localizing with the Z-disc. At 72 h APF (B), sarcomeres have clearly 
increased in size and HA-Projectin localizes in a dual band flanking the Z-disc, Kettin co-localizes with 
the Z-disc. At 90 h APF (C), the spacing between the HA-tagged Projectin bands becomes sharper. 
Scale bar is 10 microns. Relative fluorescence intensity plots (D-F) support the observations from the 
stainings: The HA-tagged Projectin flanks the Z-disc and Kettin typically localizes as a single peak at 
the Z-disc at all time points examined. The size of the sarcomeres and the distance between the HA-
epitopes across the Z-disc appear to increase with time. This is reflected in a quantification of the 
distance between HA epitopes (G) (the data from this quantification is from A – C’’’).  
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Figure 43: Localization patterns of Actin, Projectin-HA-PEVK and Kettin in the IFM at 48, 72 and 90 hours of pupal development 
At 48 hours APF (A), Projectin-HA-PEVK decorates myofibrils in a not completely regular dotted pattern. Sharper dots can be observed to co-localize with the Z-disc, but 
different Z-discs appear to show different sizes and intensities of Projectin-HA-PEVK dots and diffuse staining is observed in the cytoplasm outside the sarcomeres. Scale bar 
is 10 microns. From 72 hours APF (B, C), Projectin-HA-PEVK is co-localized with Kettin at the Z-disc in a sharp and regular pattern. Scale bar is 10 microns This 
localization is supported by the relative fluorescence intensity plots shown in D (region marked in B’’’) and E (region marked in C’’’). 
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3.5.6. Functional analysis  
3.5.6.1 Functional analysis of the generated bt[HA-11] alleles 

In order to assess whether or not the HA tag in Projectin had any clear detrimental 
effects on Projectin function, several simple assays were performed. These included 
an adult viability assay, a flight test, and adult climbing assay and a larval crawling 
assay. 

The viability of homozygous bt[HA-11] or trans-heterozygous over the null allele 
flies was not decreased compared to controls in the first 5 weeks of adulthood (Figure 
44).  

The flight performance of lines carrying the bt[HA-11] allele homozygous or trans-
heterozygous over the bt null allele (bt[11th-exon-dsRed]) was tested and both fly 
normally (Figure 45). In addition, the w / w ;; HA-IFM-BAC / + ; bt[11th-exon-dsRed] 
/ bt[HA-11] line appeared to have no flight defects, while w / w ;; HA-IFM-BAC / HA-
IFM-BAC ; bt[11th-exon-dsRed] / bt[11th-exon-dsRed] displays a strong flight defect.  

Similarly, the adult climbing ability of lines carrying the bt[HA-11] allele 
homozygous or trans-heterozygous over the null allele was not lower than the w- 
control.  

Finally in larvae crawling speed did not differ between homozygous bt[HA-11] 
larvae and larvae carrying the allele trans-heterozygous over the null allele, and both 
performed similar to the control line (w-).  

From these results we conclude that Projectin-HA-PEVK, encoded by the bt[HA-
11] allele, is fully functional. 
 
3.5.6.2 Functional analysis of the bent BAC transgenes 

Both BAC transgenes (bt-wt-BAC and bt-HA-IFM-BAC) resulted in a strong flight 
defect when homozygous in the wild-type background. In heterozygous condition in 
the wild-type background neither of the transgenes resulted in flight defects (Figure 
45). Homozygous expression of the bt[11th-exon-dsRed] allele in the homozygous bt-
wt-BAC background resulted in a mild flight defect, suggesting that four copies of 
bent could result in over expression defects (Figure 45). 

The homozygous lethal bt mutants, bt[I-k] and bt[I-b], both showed flight defects 
when homozygous in the bt-wt-BAC background, bt[I-k] only minor while the bt[I-b] 
appears completely flightless. The flight defect of bt[1] / bt[1] was not be rescued 
with bt-wt-BAC (Figure 45). 

The climbing performance of the BAC transgenes compared to the w- (Figure 46) 
shows that only two lines containing the bt-wt-BAC allele show a defect compared to 
w-: w / w ;; bt-wt-BAC / bt-wt-BAC ; bt[I-b] / bt[I-b] and bt-wt-BAC / bt-wt-BAC ; 
bt[1] / bt[1]. All the other lines show a similar or better performance than the w- line. 
Indicating that neither BAC transgene by itself causes an obvious functional defect in 
the tubular muscles. 

In the larval crawling assay a similar trend was found: no lines slower than w- 
were found. Interestingly, the homozygous bt-wt-BAC line was significantly faster 
than the wild-type (w-) control and the homozygous bt[HA-11] strain. But this was 
also true for bt-HA-IFM-BAC / + ; bt[11th-exon-dsRed] / bt[HA-11] (Figure 47).  

These results together show that the bt-wt-BAC transgene is not as functional as the 
bt wild-type allele or the bt[HA-11] allele, due to the flight defect. A surprising and 
interesting finding was that the bt-HA-IFM-BAC transgene performed similar to the 
wild-type BAC transgene, suggesting that the alternative splicing of the Projectin 
PEVK region is not essential for proper muscle functioning, at least in the tubular and 
larval muscles. 
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Figure 44: Adult viability assay of different bt alleles 
Assessment of adult life span of flies carrying different bt alleles. Flies are separated by allele and sex 
and were selected at 1-2 days of age. More than 95% of flies carrying the experimental alleles survive 
the full duration of the experiment. The only group that shows lower survival is the male w- control 
group. 
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Figure 45: Flight capability of different bt alleles and BAC rescue lines 
Schematic of the flight test chamber (A). When introduced at the top, flies that can fly land in the top 
‘green’ zone, weak fliers in the middle ‘orange’ zone and flightless flies fall to the bottom ‘red’ zone. 
Different lines with different bt alleles and bt-wt-BAC and bt-HA-IFM-BAC lines and rescue lines were 
tested for flight capability (B). Criteria for flight are explained in Chapter 2.7.4.  
 

 
Figure 46: Climbing capability in adult flies of different bt alleles and BAC rescue lines 
Different mutant, BAC and rescue lines for bt were tested for climbing capability in the adult stage. 
Data are plotted as the interquartile range plus the median with whiskers extending from minimum till 
maximum. The climbing capability of every line was compared to the median value of the w- control. 
The lines are color coded (orange, bt[HA-11]; red, bt-HA-IFM-BAC; green, bt-wt-BAC).  N is the total 
number of flies used for each genotype; the lower number is the number of climbing assay replicates 
per genotype (the replicates were not averaged for the graph, but individually used). 
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Figure 46: Climbing capability in adult flies of different bt alleles and BAC rescue lines

N  132  134  160   86  62  125 112  122   50   97    60   79   23    67   87
       19     18     21  12     9    13    15    16     8    11    12     9     6       9   12



 105 

 
Figure 47: Larval crawling speed experiments at the L3 stage of different bt alleles and BAC 
rescue lines 
We tested a possible crawling defect in L3 larva before the wandering stage (color coding as in Figure 
46). The interquartile range and median are plotted with whiskers extending the 95% range. Several 
lines showed significant differences: The bt-wt-BAC / bt-wt-BAC line appeared to be significantly 
faster than w- and bt[HA-11] / bt[HA-11] but not faster than either bt[HA-11] / + or bt[HA-11] / 
bt[11th-exon-dsRed]. The bt-HA-IFM-BAC / + ; bt[11th-exon-dsRed] / bt[HA-11] line is also faster than 
w- and bt[HA-11] / bt[HA-11]. Statistical significance was determined with the non-parametric 
Kruskal-Wallis test and subsequent pairwise comparisons.  
 
3.5.7. New CRISPR-Cas9 designs 

The seamless integration of the tags by CRSIPR clearly showed that the inclusion 
of a small tag in exon 11 does not cause any clear defects in muscle morphology or 
functioning. However, this procedure is quite cumbersome compared to RMCE. As 
such the generation of an alternative dsRed allele, which could be used to insert other 
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constructs into exon 11, would be beneficial for future experiments. Additionally, the 
complete removal of the PEVK domain with the CRISPR-Cas9 system has thus far 
been unsuccessful.  

Thus, new designs for the two-step CRISPR approach were made (Figure 48). 
Both for a tag (pWK43), which could be used for a new design for a conditional null 
allele, and for a complete PEVK deletion (pWK42) (primer sequences are listed in 
Table 5). For the new design, the targeting site of the 5’ targeting sgRNA was set into 
the intron between exon 8 and 9, this intron is relatively large with 1201 bp (mRNA-
SEQ data gave no indication of additional exons in this intron). The 3’ targeting site, 
for the insertion of the tag in exon 11, was shifted to between the new exon and exon 
12 (a 337 bp intron). The targeting site at the 3’ end of the PEVK domain was shifted 
further 5’ in the intron between exon 22 and exon 23 (Figure 48A, D). 

The donor constructs were designed with homology arms of 1,467 bp (left 
homology arm for both) and 1,723 bp (right homology arm, pWK43) or 1,490 bp 
(right homology arm pWK42) (Table 5) (Figure 48B). The double stranded breaks 
induced by the CRISPR-Cas9 system with subsequent homology directed repair 
resulted into 2 alleles: Allele bt[exon-9-new-dsRed] is confirmed by sequencing at the 
3’ end and by PCR on the 5’end. For the second allele, bt[PEVK-dsRed-2], the 
integration location at the 3’ end was verified by PCR but the 5’ end could not be 
verified. 
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Figure 48: New designs for both adding a tag and modification of the bt PEVK domain 
An overview of the bt locus with a zoom of the PEVK domain (A). The figure also shows the new 
target sites for sgRNAs (red arrows), including relocation of the 5’ target site (site 1) to the intron 
between exon 8 and 9, relocation of the middle target site (site 2) to after the newly discovered exon 
and relocation of the 3’ target site (site 3) further downstream into the intron. A schematic of the 
generation of the new dsRed allele for generating a tagged version of Projectin: bt[exon-9-new-dsRed] 
(B). The arrows indicate sgRNA target sites 1 and 2. This approach should lead to deletion of the 
genomic region between 7,083 and 8,220 bp in bt. The 3’ end of this allele has been sequence verified, 
the 5’ end has been confirmed to be inserted at the correct locus by PCR but was not sequence verified. 
A schematic of the generation of the new dsRed allele for the generation of PEVK specific isoforms: 
bt[PEVK-dsRed-2] (C). Arrows indicate sgRNA target sites 1 and 3. This allele should result in the 
deletion of the genomic region between 7,083 and 13,538 bp. Although successful integration of the 
dsRed cassette was achieved in this work, the 5’ end insertion site could not be confirmed at the correct 
locus. sgRNAs properties (D) including location of the PAM site in the gene, sgRNA number and the 
target sequence. 
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3.6. sls modification by CRISPR 
With the shift to he CRISPR-Cas9 system the possibility to work on the sls locus 

was opened up. Thus far, it is assumed that the Sls PEVK domains are encoded by 
three exons: exon 18, exon 31 and exon 32 (Figure 49A). All of these exons are very 
large 5496, 8877 and 5139 bp respectively. Exon 18 also codes for a single Ig domain.  

The initial approach would be to generate alleles with near complete deletions of 
the exons, in which only and extremely small part of the exon (about 50 bp of the 5’ 
end and about 50 bp of the 3’ end) would remain with a tag inserted in the center to be 
able to visualize the expression of the shortened exon. 

 
3.6.1. Integration of the dsRed-donor construct in sls by CRISPR-Cas9 
 
3.6.1.1. sls[18-dsRed] 

For the integration of the dsRed cassette at the location of exon 18, sgRNAs were 
designed against the introns flanking exon 18 (Figure 49A, B) and tested in S2 cells. 
sgRNA sg_sls2 targets the intron 5’ of exon 18 and sgRNA sg_sls4 targets the intron 
3’ of exon 18 (the PAM sites and targeting sequences of the sgRNAs are shown in 
Figure 49E). 

The donor construct (pWK20) was built with homology arms of 1,635 bp (left 
arm) and 1348 bp (right arm) directly flanking the dsRed cassette (Table 5). The 
CRISPR-Cas9 mediated double strand breaks with subsequent homology directed 
repair did not result in the exchange of the genomic DNA with the dsRed cassette 
(Figure 49B). 
 
3.6.1.2. sls[31-dsRed] 

For the integration of the dsRed cassette at the location of exon 31, sgRNAs were 
designed against the introns flanking the exon and tested in S2 cells. sg_sls6 targeted 
the 5’ intron and sg_sls11 targeted the 3’ intron (Figure 49C and E). 

The donor construct (pWK21) was built with homology arms of 1,583 bp (left 
arm) and 1,541 bp (right arm) (Table 5). The CRISPR-Cas9 mediated double strand 
break with subsequent homology directed repair resulted in the exchange of the 
genomic DNA between bp 53,664 and 63,098 of the gene sequence with the dsRed 
cassette, generating the sls[31-dsRed] allele. In this case the exchange resulted in an 
ends-in event (Figure 49C). 

When the homology directed repair pathway is utilized after a double strand break, 
the break points are processed to generate 3’ overhangs. Then a homologous strand of 
DNA can invade and serve as a template for repair. In this work a plasmid was offered 
as a template for repair after CRISPR induced double stranded breaks. When the 
repair is finished the plasmid is incorporated in the DNA through 2 Holliday junctions 
(Figure 50). Both of these junctions have to be resolved in the same way to obtain and 
ends-out result. Either in both cases the invading strand is nicked or in both cases the 
complementary strand is nicked. When each Holliday junction is resolved differently 
the end result will be ends-in. An ends-in event results the integration of a duplication 
of the repaired fragment, with each duplicate flanking the backbone of the plasmid, in 
the genome (Figure 50) (Yu et al., 2014). 
 
3.6.1.3. sls[32-dsRed] 
For the integration of the dsRed cassette at the location of exon 32, sgRNA 

sg_sls11 was used for the 5’ intron. For the 3’ intron sg_sls14 was used (Figure 49D 
and E). 
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The donor construct (pWK22) was generated with homology arms of 1490 bp (left 
arm) and 1496 bp (right arm) (Table 5). The CRISPR-Cas9 mediated double strand 
break with subsequent homology directed repair resulted in the exchange of the 
genomic DNA between bp 63,097 and 68,906 of the gene sequence with the dsRed 
cassette (Figure 49D), generating the sls[32-dsRed] allele. 

 

 
 
 
 

2110000 2100000 2090000 2080000 2070000 2060000 2050000

Chromosome 3L

Kettin
Sallimus

PEVK domains

exon 18 exon 31 exon 32

Figure 49: sls PEVK modifications by the CRISPR Cas9 system
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Figure 49: sls PEVK modifications by the CRISPR Cas9 system 
The sls locus (A) codes for 2 major isoforms: the short Kettin isoform and the long Sallimus isoform. 
The gene encodes PEVK exons 18, 31 and 32 (highlighted in green). Schematic of unsuccessful 
CRISPR-mediated replacement of exon 18 with the dsRed construct to generate the sls[18-dsRed] 
allele (B). sgRNA target sites (1 and 2) are indicated by red arrows. Schematic of successful exon 31 
replacement (but ends-in insertion of the dsRed cassette) to generate the sls[31-dsRed] allele (C). 
sgRNA target sites (3 and 4) are indicated with red arrows. Overview of the successful CRISPR 
mediated exchange of exon 32 with the dsRed construct to generate the sls[32-dsRed] allele (D). The 
sgRNA target sites (4 and 5) are indicated with red arrows. The sgRNA targeting the 3’ end of exon 31 
(site 4 in Figure C) was also used for the exchange of exon 32 (site 4 in Figure D). Summary of 
sgRNAs used in this figure (E). The table indicates the target sites, sgRNA number, location of the 
PAM sites (bp number in the gene sequence) and the target sequence. 
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Figure 50: Ends-in and ends-out repair during homology directed 
repair with a plasmid as donor
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Figure 50: Ends-in and ends-out repair during homology directed repair with a plasmid as donor 
A schematic overview of the possible outcomes when a double stranded break is repaired with the 
homology directed repair pathway and plasmid is used as a donor. First, a double stranded break is 
induced by CRISPR (1). Second, the repair machinery digests the DNA around the break to generate 3’ 
overhangs (2). Then, the supplied donor plasmid (3) aligns with the processed DNA and strand 
invasion occurs (4). With the plasmid as template, DNA is synthesized and holiday junctions are 
formed (5). In panel 6, there is an overview of the holiday junctions. Finally, the holiday junctions are 
resolved. This can be achieved by nicking the invading strand or the complementary strand. If both 
holiday junctions are resolved the same way, the end result is ends-out (7B), otherwise it is ends-in 
(7A). 
 
3.6.2. Phenotypes caused by sls[31-dsRed] and sls[32-dsRed]. 
 
3.6.2.1. Phenotypes of sls[31-dsRed] and sls[32-dsRed] in embryos  

In both, the sls[31-dsRed] and the sls[32-dsRed] alleles the most important effect 
was expected to be caused by the insertion of the STOP cassettes truncating the C-
terminal region of exon 31 (sls[31-dsRed]) or 32 (sls[32-dsRed]) and further. The 
region of exon 33 and further is the region that can interact with the thick filament 
through its FnIII-domains. As such, both alleles were expected to result in very 
similar phenotypes.  

However, live imaging with the Zasp52-GFP allele showed complete loss of 
sarcomeric localization of the GFP marker from the Z-disc when sls[31-dsRed] was 
expressed over Df(3L)BSC366 (sls deficiency), while expression of sls[32-dsRed] 
over Df(3L)BSC366 resulted in a much milder phenotype, with thinner muscles and 
holes in the sarcomeric patterns in some muscles (Figure 51). Both lines still 
displayed muscle contractions (result not shown or quantified). 
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Figure 51: sls[31-dsRed] and sls[32-dsRed] embryonic phenotypes at stage 17 
Control strain (Zasp52-GFP / + ; Df(3L)BSC366 / +) showing wild-type muscle morphology (A, A’) of 
a stage 17 embryo at 2 different magnifications. Zasp52-GFP / + ; Df(3L)BSC366 / sls[31-dsRed] (B, 
B’) shows a strong phenotype with no observable sarcomeric pattern as labeled by Zasp52-GFP. 
Zasp52-GFP / + ; Df(3L)BSC366 / sls[32-dsRed] (C, C’) shows a much milder but still strong defect 
in which muscles may contain holes, as though they are ripping. Interestingly, muscle contractions 
were still observed in both experimental lines (data not shown). Scale bars are 50 microns. Segment 
borders are indicated with asterisks in all panels. 
 
3.6.2.2. Lethality of sls[31-dsRed] and sls32-dsRed] 

Homozygous sls[31-dsRed] flies are larval lethal. Observations at the early L1 
stage (24-29 hrs after egg laying) (Table 15) showed Mendelian ratios. At the L2 stage 
the number of homozygous larva was down to 10% from the expected 33% (Table 
15). When sls[31-dsRed] is expressed over the deficiency no pupae were found (Table 
17). These results clearly indicate larval lethality, with high mortality rates already 
during the later L1 stages. 
Homozygous sls[32-dsRed] flies appeared to have a lower L1 mortality but were 

still largely larval lethal (Table 16). At the L1 stage (24-29 hours after egg laying) 
Mendelian ratios were observed. At the L2 stage 20% of the larvae were homozygous 
for sls[32-dsRed] (the expected number was 33%). When over the deficiency only 9% 
of the observed pupa were sls[32-dsRed] / Df(3L)BSC366, indicating a strongly 
reduced late L2 – L3 larval viability (Table 17). Adult flies homozygous for sls[32-
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dsRed] were only observed as very rare escapers and only in the presence of balancers 
on the second chromosome. 

Together, these data indicate that the inserted STOP cassette is effective in 
terminating the transcription of the 3’-end of sls. However it is likely that this 
termination is more effective in the ends-in allele (sls[31-dsRed]). The data also show 
that the C-terminal end of Sls protein is indeed essential for Sls function during 
sarcomere formation, muscle growth and muscle function. 
 
Table 15: Viability assay of sls[31-dsRed] / sls[31-dsRed] larvae at L1 stage (24-29 hours 
after egg laying) and L2 stage (pooled 50 and 65 hours after egg laying). 

 
 
Table 16: Viability assay of sls[32-dsRed] / sls[32-dsRed] larvae at L1 stage (24-29 hours 
after egg laying) and L2 stage (pooled 50 and 65 hours after egg laying). 

 
 
Table 17: An overview of the viability of sls[31-dsRed] / Df(3L)BSC366 and sls[32-dsRed] / 
Df(3L)BSC366 pupae. The first column indicates the crosses made for this experiment. The second 
column indicates the different genotypes from those crosses. The third column indicates the pupa count 
per phenotype (the number in brackets is the number of pupa). The counts from the offspring carrying 
the balancer are combined. The fourth column gives the total number of pupae counted per cross. The 
last column shows the significance based on a chi-square test. 

 
 
3.6.2.3. Phenotypes caused by the sls[32-dsRed] allele in larvae and pupae 

The sls[32-dsRed] larval and pupal phenotypes were investigated over the 
deficiency allele Df(3L)BSC366. The phenotype observed in the embryo, described 
above, seems to slowly deteriorate over time. At L1 stage, most muscles appear 
thinner and holes can be observed in the muscles (the holes appear more frequent than 
in embryo). At the L2 stage more muscles have holes and overall the phenotype is 
very similar to L1. At the late L3 stage the phenotype is again similar, but additionally 
some muscles have completely ripped apart (Figure 52). These observations were 
done with heat-fixed larvae. The heat fixation process did not appear to affect the 

genotype sls 31 L1 count sls 31 L2 count
sls[31-dsRed]/sls[31-dsRed] 28 19
sls[31-dsRed]/TM3,Sb,Kr-GAL4,UAS-GFP 63 207
total 92 226

larval survival

P-value 0.64 <<<0.05

genotype sls 32 L1 count sls 32 L2 count
sls[32-dsRed]/sls[32-dsRed] 30 41
sls[32-dsRed]/TM3,Sb,Kr-GAL4,UAS-GFP 57 151
total 87 192

larval survival

P-value 0.77 <<0.05

cross genotype pupa count N P-value
sls[31-dsRed]/Df(3L)BSC366
sls[31-dsRed]/TM6C,SB,TB
Df(3L)BSC366/TM6C,SB,TB
Sls[32-dsRed]/Df(3L)BSC366
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phenotype as the holes were also observed in living larva (not shown). At the pupal 
stage, the sls[32-dsRed] / Df(3L)BSC366 pupae are much thinner than the control 
pupae, while the length is similar (Figure 53).  

In conclusion c-terminal region of Sls protein (exon 32 and further) is required for 
muscle integrity during the larval stages. 
 

 
Figure 52: sls[32-dsRed] larval phenotype 
Lateral body wall muscles of a Zasp52-GFP / + ; sls[32-dsRed] / Df(3L)BSC366 larvae compared to 
wild-type (Zasp52-GFP / + ; Df(3L)BSC366 / +) at different developmental time points. Note the 
difference in scale between the stages (L1, L2 and late L3). Several key muscles are indicated in each 
panel. The mutant phenotype is quite severe with holes in the muscle fibers (asterisks in panels A’, B’ 
and C’) and even missing muscles (arrowheads in panel C’).  
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Figure 53: sls[32-dsRed] pupal phenotype 
Pupae with the sls[32-dsRed] / Df(3L)BSC366 genotype (A) appear thinner than control 
(Df(3L)BSC366 / +) pupae. Quantification of the phenotype in pupae confirming the thinner phenotype 
of the sls[32-dsRed] / Df(3L)BSC366 pupae (B). A t-test was used for the calculation of significance. 
Error bars in the graph are standard deviations and N=5. 
 
3.6.4. Generation of very short PEVK versions for exons 31 and 32 and the 
tagged wild-type exon 32 

In order to assess the functional properties of the PEVK exons 31 and 32 deletions 
of these exons seemed the to be the most logical strategy. However, it was decided to 
not delete the complete exon as it could potentially lead to splicing defects. Thus, 
introns needed to be restored as much as possible in the RMCE step as well as a 5’ 
and 3’ section of the exon. The exact structures of the returned exon in this section are 
described in Chapter 3.2.2. This chapter focuses on the intron structures and the 
results from the micro-injections. 
 
3.6.4.1. sls[31-V5-short] 

For exon 31, the returned 5’ intronic region contains bp 53,665 up to the start of 
the exon. This approach led to a duplication of bp 53,665 until and including bp 
53,691. This section was designed to flank each side of the 5’ attR-linker after RMCE. 
This duplication was intended for more convenient primer design possibilities when 
generating a tagged wild-type control construct. The 3’ intron was recovered until bp 
63,097, resulting in the attR linker region to be flanked by bp 63,097 and 63,098.  
The exchange of the full ends-in insertion of the dsRed cassette in sls[31-dsRed] 

for this very short tagged exon (pWK33) was successful. And thus the ends-in result 
from the first CRISPR-Cas9 step was resolved (Figure 54A). The resulting sls[31-V5-
short] allele is homozygous viable (Figure 54C). All Sls isoforms containing the 
shortened exon are termed Sls-31-V5-short in this work. 
 
3.6.4.2. sls[32-V5-short] and sls[32-WT-V5] 

For the returned shortened exon 32, the returned 5’ intronic region covers the gene 
sequence from bp 63,098 until the start of the exon. The 3’ intron was returned until 
and including bp 68,095. This placed the 5’ attR-linker region between bp 63,097 and 
bp 63,098 and the 3’ between bp 68,095 and bp 68,096. The exchange between the 
dsRed cassette and this construct (pWK34) was successful and resulted in the sls[32-
V5-short] allele, which is homozygous viable (Figure 54B). All Sls isoforms 
containing the shortened exon are termed Sls-32-V5-short in this work. 

As a control construct for exon 32 it was decided to generate a V5-tagged wild-
type construct (pWK40, allele name: sls[32-WT-V5] see also Chapter 3.2.2. for the 
exact location of the tag), which completes the introns exactly as described above. 
The integration of this construct needs to be verified (Figure 54B, C). 
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Figure 54: Modification of the Sls PEVK domains by RMCE 
Overview of the generation of sls[31V5short] and sls[31-FRT] by RMCE (A). The ends-in situation of 
the sls[31-dsRed] allele was successfully resolved in sls[31-V5-short]. Verification of the FRT 
insertion is beyond the scope of this thesis. Overview of the generation of sls[32V5short], sls[32-V5-
WT] and sls[31-FRT] by RMCE (B). The sls[32-V5-short] allele is homozygous viable. The 
verification of the other alleles is beyond the scope of this thesis. Overview of the verification and 
viability of the different alleles (C). 
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3.6.5. Localization of the tagged short PEVK Sls isoforms in different muscle 
types 

Antibody stainings were used to determine whether the shortened PEVK Sls 
isoforms were expressed, where they localized and whether any structural phenotypes 
would be caused by these modifications. Both alleles are homozygous viable and thus 
were analyzed in homozygous conditions. All the images were made with young one 
day old adult flies. 

As expected from both literature and the mRNA-SEQ data (Figure 18) Sls-31-V5-
short was not expressed at detectable levels in the IFMs (Figure 55). Sls-32-V5-short 
expression was also not detected in the IFMs (Figure 55), this was not expected as 
this exon appears to be expressed at low levels in the IFMs at 90 hours APF (Figure 
18). However, as the expression of exon 32 at 90 hours APF in the IFMs is very low 
compared to the other exons, it could be a very minor isoform that is either cryptic or 
below detection levels for antibody stainings. 

In the tubular muscles in the ventral region of the thorax at the base of the legs, co-
staining for Kettin and the V5 tag of both Sls-31-V5-short and Sls-32-V5-short 
resulted in problems, in some cases the V5 staining did not work and in other cases it 
worked only partially. Because of this it was decided to split the samples between 
Kettin and V5 staining. This was done by separation of the thorax halves during the 
dissections and stain 1 half for Kettin and the other half for the V5 tag. 
Kettin, in tubular these muscles, appears as a single band at the Z-disc and epitopes 

of both Sls-31-V5-short and Sls-32-V5-short flank the Z-disc as double bands. Sls-32-
V5-short appears to localize as 2 clear separate bands with clearly no expression 
between the bands in the Z-disc region (Figure 56D). Sls31-V5-short shows two 
bright bands flanking the Z-disc and a more diffuse staining between the bands over 
the Z-disc (Figure 56F). 
All tubular muscles and cardiac muscles imaged express Sls32-V5-short (see 

Figure 58 B – B’’ for cardiac expression). Interestingly not all tubular muscles imaged 
express Sls31-V5-short (Figure 57), and only the ventral longitudinal muscles below 
the adult heart show expression of Sls31-V5-short (Figure 58 A – A’’). The function of 
these muscles is not clear, but they appear to not be required for cardiac contraction 
(pers. comm. G. Vogler). The expression levels of Sls31-V5-short in these 
longitudinal muscles also appear to the lower than the expression levels in the other 
abdominal tubular muscles. In contrast, the expression levels of Sls32-V5-short 
appear to be more similar between the different muscle types in the abdomen (Figure 
58).  
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Figure 55: Expression of sls[31-V5-short] and sls[32-V5-short] in IFM of 1 day adults 
The V5 epitope cannot be detected in IFM of either homozygous sls[32-V5-short] (B) or sls[31-V5-
short] (C) flies. Scale bar is 10 microns 
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Figure 56: Expression of Sls31-V5-short and Sls32-V5-short in tubular muscles 
Control (w-) stainings for Kettin showing the expected pattern of Kettin at the Z-disc (A), but only 
background signal from anti-V5 antibodies (B). Wild-type localization was observed from the Kettin 
and Actin stainings in both homozygous sls[32-V5-short] and sls[31-V5-short] flies (C, E). V5 
staining revealed a double banded pattern around the Z-disc for sls[32-V5-short] (D) and a more 
diffuse staining over the thin filament for sls[31-V5-short] (F). Tubular muscles imaged are located in 
the ventral region of the thorax at the base of the legs. Scale bar is 10 microns. 
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Figure 57: Sls31-V5-short is not expressed in all tubular muscles 
An overview image of several tubular muscles located in the ventral region of the thorax showing that 
some tubular muscles do not express the V5-tagged allele (asterisk in A’’). Samples are from 90 h APF. 
Scale bar is 100 microns 
 

 
Figure 58: Cardiac expression of Sls31-V5-short and Sls32-V5-short 
Sls31-V5-short (A) is expressed in the ventral longitudinal muscles below the Drosophila cardiac 
muscle, but not in the transversal cardiac muscles (these longitudinal myofibers are not required for 
cardiac contraction). The expression in the longitudinal myofibers appears weak in comparison with 
the abdominal muscles (arrows). There are some myofibers flanking the cardiac muscle (asterisks) that 
show brighter expression. Sls32-V5-short (B) is expressed in both the longitudinal ventral muscles and 
the transverse cardiac muscles. The intensity appears to be comparable with the expression in the 
abdominal muscles (arrows). Samples are from three week old females. Scale bar is 100 microns. 
 
3.6.6. Functional analyses of the generated sls alleles 

Surprisingly, neither shortened PEVK sls allele showed any obvious functional 
defects, based on several simple assays, when expressed homozygous. The viability 
during the first 5 weeks of adulthood is not affected (Figure 59). Both lines show 
wild-type flight capability (Figure 60). Interestingly, the Df(3L)BSC366 allele induces 
a flight defect when heterozygous (result not shown), indicating that reduced Sls 
levels may result in non-functional flight muscles. Thus, the shortened PEVK sls 
alleles were not tested over the deficiency. 
In the adult climbing assays neither allele displays a defect independent whether 

homozygous or over the deficiency (Figure 61). In larval crawling assays none of the 
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lines performed significantly worse than the w- control (Figure 62). There are trends 
in the data that suggest effects caused by genetic background in this experiment 
(Figure 62). 

In conclusion, the shortened sls PEVK alleles give no indication of functional 
defects. These results were very surprising, as the length of c-filament PEVK domains 
is considered to be a crucial element for the mechanical properties of the sarcomere 
and in many cases also the entire muscle. The results of these experiments would 
argue against such a critical function in the tubular and cardiac muscles.  
 

 
Figure 59: Adult viability assay of different sls alleles 
Adult life span of different sls alleles. 0-2 day old flies were grouped by genotype and sex. More than 
85% of the flies caring the experimental alleles survive the full duration of the experiment. The only 
group showing a lower survival rate is the w- control. 
 

 
Figure 60: Flight capability of different sls alleles 
Flight tests were performed as described in Figure 45. Both homozygous sls[31-V5-short] and sls[32-
V5-short] are good fliers (B). 
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Figure 61: Climbing capability in adult flies of different sls alleles 
Climbing assays were performed as in Figure 46. Homozygous Mhc[10] flies used as a 
positive control show impaired climbing, but no phenotypes are observed with sls alleles. 
Color coding: yellow, sls[31-V5-short]; green, sls[32-V5-short]. N is the total number of 
flies used for each genotype; the lower number is the number of climbing assay replicates 
per genotype (the replicates were not averaged for the graph, but individually used). Color 
coding: green: lines carrying sls[31-V5-short]; red: lines carrying sls[32-V5-short]. 
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Figure 62: Larval crawling speed experiments at the L3 stage with different sls alleles 
Larval crawling assays were performed as in Figure 47. sls[31-V5-short] / Df(3L)BSC366 was faster 
than the w- control and also faster than sls[32-V5-short] / sls[32-V5-short]. This indicates that neither 
sls allele results in a crawling defect. Differences are likely due to genetic background effects. Color 
coding as Figure 61. Statistical significance was determined with the non-parametric Kruskal-Wallis 
test and subsequent pairwise comparisons.  
 
3.6.7. Integration of FRT sites in sls for the combined deletion of exon 31 and 32 

The fact that both the sls[31-V5-short] and the sls[32-V5-short] alleles were 
homozygous viable and showed no obvious structural or functional phenotypes was 
very surprising, considering how much the exons were shortened. Thus, I wondered 
whether the fly could compensate by altering expression of different exons. In order 
to investigate this, the next aim was to make a total deletion of both exon 31 and exon 
32 in a single sls allele. Because of the large size of the region it was decided to 
attempt an in trans flip-out. For this approach, an attB FRT plasmid was generated 
(pWK41). This plasmid has the attB sites flanking a single FRT site and a 400 bp 
linker. The linker was inserted to facilitate cloning, as absence of the linker resulted in 
low copy numbers of the plasmid in E. coli. The close proximity of the attB sites 
without the linker, may result in toxicity in E. coli. The linker used for this is a section 
of the amp resistance cassette without the promoter or start codons. The entire FRT 
construct contains no Drosophila exonic or intronic DNA. The construct was inserted 
by RMCE into both the alleles sls[31-dsRed] and sls[32-dsRed] and resulted in the 
alleles sls[31-FRT] and sls[32-FRT] respectively. Both exchanges appear to be 
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successful as the dsRed markers were lost, but verification of correct insertion and 
proper resolving of the ends-in of sls[31-dsRed] lies outside the scope of this work 
(Figure 54). 
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4. Side projects 

4.1. Secondary muscle RNAi screen 
 
4.1.1. Introduction 

The available genetic toolbox for Drosophila melanogaster is tremendous. 
However, there are still many genes with unknown functions or genes that have been 
described with a role in a particular tissue that may have additional functions that 
have not been described. A powerful method for finding new genes or new functions 
of genes in specific tissues, is to perform a high throughput tissue specific genome-
wide RNAi screen (a general approach for such a method as described in (Kaya-
Çopur and Schnorrer, 2016)). This method is very useful in expanding the available 
gene toolbox for Drosophila melanogaster. These approaches are often based on the 
GAL4-UAS system (reviewed in (del Valle Rodríguez et al., 2012)).  

In 2010 Schnorrer and colleagues (Schnorrer et al., 2010) performed such a screen. 
This screen identified a number of RNAi lines targeting genes that when knock-down 
in muscle resulted in embryonic, larval and early pupal lethality. Due to the lethality 
during the early stages, potential functions of the targeted genes in the formation of 
the adult muscle system could not be assessed with this screen.  

In order to discover possible functions in the formation of the adult muscle system, 
a new screen was designed. In this screen the expression of the RNAi was suppressed 
until 2 days before the formation of the pupae. This was achieved with the 
suppression of the Mef2-GAL4 driver with Tubulin-GAL80-ts. 
 
4.1.1.1. Mef2-GAL4 Tub-GAL80ts system 

The GAL4 driver can be suppressed by GAL80-ts in Drosophila melanogaster by 
keeping the flies at 18 °C. GAL4 inhibition by GAL80-ts is fully lifted at 30 to 31 °C 
(Kaya-Çopur and Schnorrer, 2016). After removal of the suppression it takes some 
time before the RNAi is present at levels sufficient to achieve a significant 
knockdown. Because of this the suppression needs to be removed slightly before the 
stage of interest. 
 
4.1.1.2. Aim of secondary muscle-specific RNAi screen 

The aim of this supplementary project was to contribute to this follow up screen to 
identify interesting genes that are important in the formation of the adult muscle 
system in Drosophila. The results of the screen would be compiled in a database and 
serve as a library for future projects. 

In this project I have looked at three different kinds of muscle: IFM, leg and 
abdominal muscle. I scored the muscle morphology of these muscles using moesin-
cherry and MhC-GFP as live markers. The RNAi lines that I have looked at and the 
genes they target are listed in Table 18. 
 
4.1.2. Materials and methods 
 
4.1.2.1. Fly genetics and dissections 

All RNAi hairpins were under the UAS promoter (Dietzl et al., 2007) (listed in 
Table 18) and crossed to the driver line (Tub-Gal80-ts / FM7; MhcGFP, UAS-Moesin-
Cherry ; Mef2-Gal4 (F0189)) for expression. This cross allows for the visualization of 
the thick myosin filaments (GFP) and the thin actin filaments (Moesin-Cherry).  

All RNAi lines were kept at 18 °C, the driver line was kept at room temperature. 
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All crosses were set and kept at 18 °C up to two days before staging (larvae were 
staged at the pre-pupal stage, 0-1h APF), at which point the crosses were transferred 
to 31 °C (parents were removed before the transfer to 31 °C).  
Pupae were dissected at 90 hours APF. Dissection for the imaging of the IFM is 

described in Chapter 2.6.1. Abdomen were collected after removal of the head legs 
and wings, and mounted on custom made slides with grooves to fit the abdomen. Leg 
samples were collected from the abdominal and thorax (before sagittal cut) samples. 
All samples were mounted in 50% glycerol and immediately imaged with a spinning 
disc microscope (Zeiss, Observer Z1). The images were processed with Fiji and 
Photoshop, scored for phenotypes and added to the lab database. Only males were 
imaged as RNAi knock-down appears to be stronger in males than females (Kaya-
Çopur and Schnorrer, 2016). 
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Table 18: The different RNAi hairpins used for this screen, including the genes targeted, the lethality 
of the hairpins in the primary screen (Schnorrer et al., 2010) and a short description of the observed 
phenotype if one was observed in the IFMs, leg muscle or abdominal muscle. P = early pupal lethal E.L 
= embryonic or larval lethal 

 

transformant
ID

gene name CG NR
lethality 
primary
screen

phenotype IFM phenotype leg muslce phenotype abdominal muscle

899 Gp150 CG5820 P degenerated no muscles less and thin muscles

908 CG7896 CG7896 P none none none

1827 AMPK , SNF1A CG3051 P none none none

6673 CG7800 CG7800 P none none none

7761 Actn CG4376 P irregular sarcomeres other less muscles

7762 Actn CG4376 P less muscles/degenerate

12953 Elongin-B CG4204 P none none thin

21500 Lasp CG3849 P less muscles none less muscles

22454 CG6873 CG6873 P no muscles/degenerate less muscles/Actin blobs less muscles

23119 LanB1 CG7123 P none less muscles none

27082 shg CG3722 P none none none

28001 CG7423 CG7423 P none none none

28369 Col4a1, CG25C CG4145 P none none none

28444 Nedd8 CG10679 P none less and rounded muscles

28445 Nedd8 CG10679 P N/A none none

29931 rk CG8930 P none none thin

32601 tmod CG1539 P none none none

32602 tmod CG1539 P none none none

34119 Tm1 CG4898 P none less and rounded muscles miss-oriented muscles

34186 Mf CG6803 P none none none

34272 TpnC73F CG7930 P N/A none none

34892 Ask1, Pk92B CG4720 P none none none

35125 Act57B CG10067 P less musclesless none

37521 CenG1A CG31811 P split fibrils less muscles less muscles

38251 mRpL36 CG18767 P thin/degenerate less muscles less muscles

39162 Cib2 CG9236 P none none none

39931 rad CG15720 P no muscles/degenerate less muscles less muscles

41134 dlg1 CG1725 P less muscles/fibrillar to tubular shift rounded muscles N/A

41394 CG12907 CG12907 P none none too many muscles

42457 sax CG1891 P none none none

42848 Sos CG7793 P none yes none

43306 Bsg CG31605 P none none none

43307 Bsg CG31605 P sarcomere width affected none none

44104 CG10126 CG10126 P no muscles/degenerate less muscles rounded muscles

44291 didum CG2146 P none none none

48113 cag CG12346 P none rounded muscles rounded muscles

48577 Klp59C CG3219 P none none none

49345 Myo61F CG9155 P none none none

49553 DIP- CG14583 P none none none

100259 exd CG8933 E.L none none none

100687 exd CG8933 E.L DLMs not split none less muscles

100770 if CG9623 E.L none none less muscles/Actin blobs

101438 Act5C CG4027 E.L less muscles/degenerate less muscles less muscles

101740 B52 CG10851 E.L less muscles/degenrate less msucles less and rounded muscles

102004 Cam CG8472 E.L none none none

102129 Act57B CG10067 E.L none none none

102578 CG18536 CG18536 P none none none

103240 TpnC47D CG9073 E.L none none none

103530 GluRIIE CG31201 E.L none none none

103576 cag CG12346 E.L irregular sarcomeres rounded muscles rounded muscles

103703 Akt1 CG4006 P less muscles/short sarcomeres less muscles none

103735 dbe CG4258 P less muscles/degenerate less muscles thin/Actin blobs

104536 Col4a1 CG4145 E.L none none none

105115 nej CG15319 E.L no muscles less muscles less muscles degenerate

105355 Mhc CG17927 E.L no sarcomeres less muscles/no sarcomeres less muscles/no sarcomeres

105356 parvin CG32528 E.L none none rounded muscles

105383 RasGAP1 CG6721 P none none none

105971 shi CG18102 E.L N/A rounded muscles none

106455 Chd64 CG14996 P none none none

106755 RpL8 CG1263 E.L no muscles less muscles less muscles

106814 Spt5 CG7626 E.L less and rounded muscles less muscles/Actin blobs less muscles/Actin blobs

less muscles/degenerate less muscles/degenerate

less muscles/degenerate

less muscles/degenerate
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4.1.3. Results and conclusions 
For this section of the screen 61 different RNAi hairpins were screened for muscle 

phenotypes at the late pupal stage (90 hours at 31 °C). The presence or absence and 
type of a phenotype in any specific muscle tissue, caused by the different RNAi 
hairpins, is shown in Table 18. The table also lists the genes targeted by the RNAi 
hairpins and the lethality time points in the primary screen (when the RNAi was not 
inhibited by GAL80-ts (Schnorrer et al., 2010)). Due to the early effect of 
knockdowns of these specific genes in the primary screen (Schnorrer et al., 2010), it is 
not surprising that most RNAi hairpins that cause a phenotype do so in all muscle 
types (Figure 63). 

Our lab has a specific interest in the IFMs. One of the more interesting IFM 
phenotypes is shown in Figure 64 (the construct ID of the hairpin is 37521). The gene 
targeted by this hairpin codes for Centaurin gamma 1A (CenG1A), a GTP-ase, which 
is described to be important for the transition from second to third larval instar. The 
phenotype resulting from the knockdown of CenG1A in IFMs is called a myofibrillar 
split phenotype the myofibrils seem be thicker at certain positions and then split. The 
split seems to primarily happen at the M-line, as some Z-discs appear as to be still 
linked together when the M-lines are separated (asterisks Figure 64). 

In leg there are fewer muscles after the knock-down of CenG1A compared to the 
wild-type control (compare Figures 64D-F’’ and Figure 65D-F’’). But the muscles that 
are present appear to have a wild-type sarcomere structure. In the abdomen there are 
far less muscles after knock-down of CenG1A (Figures 64G-G’’ and Figure 65G-G’’). 
The sarcomere structure of the muscles that are present does not indicate any obvious 
defects (compare Figure 64H-I’’ and Figure 65H-I’’). 

For potential future work, this result needs to be confirmed with additional RNAi 
lines to proof specificity. If specificity can be proven, further studies can be done to 
assess its function in the IFM sarcomeres and myofibrils. This process is typically 
initiated with more detailed images by antibody stainings, in order to be able to make 
more detailed description of the phenotype. A second step in this process is typically a 
time series to assess at which time point in development the phenotype manifests 
itself. These approaches together typically result in information that allows for the 
design of a specific approach to assess the function of the protein encoded by the 
gene.  
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Figure 63: Venn diagram of observed phenotypes 
An overview of the overlap of phenotypes caused by the RNAi hairpins in the 
different muscle types. The total lines with observed phenotypes are listed with 
the color codes. If data on a specific muscle type was not available (N/A in Table 
18), it was considered as “no phenotype” in this figure. 
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Figure 64: wild-type control muscle morphology 
Overview muscle morphology in wild-type control flies at 90 hours APF. A – C’’ IFM, D – F’’ leg and 
G – I’’ abdomen. Scale bars: 10x: 65 microns, 40x: 16 microns and 100x: 6 microns. 
 
Figure 65: phenotype induced by hairpin 37521 targeting CenG1A 
Overview of muscle morphology at 90 hours APF CenG1A-IR flies. Although DLM fibers are present 
(A), myofibrils show a split phenotype (asterisks, B). This is more obvious at higher magnifications (C, 
asterisks). There appear to be fewer leg muscles, but the muscles that are present appear to have a 
normal structure (D-F). There are much less muscles in the abdomen, but the sarcomere structure looks 
wild-type (compare H – I’’ to Figure 65H – I’’). Scale bars: 10x: 65 microns, 40x: 16 microns and 
100x: 6 microns. 
 
4.2. The Drosophila ortholog of PARK9 in the IFM 
 
4.2.1. Introduction 

This side project was a collaboration with Dr. Navarro and Prof. Schneuwly from 
the Institute of Zoology, University of Regensburg. 
 
4.2.1.1. PARK9 and its relation to Parkinson disease 

The Kufor-Rakeb syndrome is an autosomal neurodegenerative disorder. This 
disease is characterized with a slowly progressive levodopa responsive Parkinsonism 
with additional features including supranuclear gaze palsy, pyramidal signs (spasticity 
and hyperreflexia), dystonia and dementia. This disorder has a juvenile onset 
(Williams et al., 2005). This disease has been correlated with mutations in ATP13A2 
(a P5BATPase, the gene is called PARK9) (Ramirez et al., 2006). Additionally 
ATP13A2 expression appeared to be increased in sporadic forms of Parkinson disease 
(Ramirez et al., 2006); (Ramonet et al., 2012).  
 
4.2.1.2. Role of ATP13A2 (PARK9) 
ATP13A2 has been implicated in zinc homeostasis, and it is suggested to be a zinc 
transporter (Kong et al., 2014). It has been found to localize to multi-vesicular bodies, 
at the convergence point of the endosomal and autophagic pathways (Kong et al., 
2014) and lysosomes (Schweimer, 2014). Additionally, ATP13A2 has been implicated 
in the regulation of α -Synuclein levels though the externalization of exosome 
associated α -Synuclein (Kong et al., 2014). 
Knockdown of ATP13A2 in human cell lines resulted in several lysosomal defects 
including decreased lysosomal acidification, decreased lysosomal proteolysis and 
diminished lysosomal mediated clearance of autophagosomes (Dehay et al., 2012). 
Additionally ATP13A2 disruption has been implicated in impaired mitochondrial 
function (Grünewald et al., 2012). 
 
4.2.1.3. Drosophila dpark9 (CG32000) as a model for human ATP13A2 

In the Schneuwly lab it was discovered by Dr Navarro and colleagues that the 
Drosophila gene CG32000 is the likely ortholog to the human ATP13A2. This was 
based on the structure, localization and apparent function of CG32000 (unpublished 
data).  

All CG32000 isoforms contain the P5B motive and 5 isoforms also contain the 
ATP binding site. Additionally the longest isoform has a very similar structure to 
ATP13A2. 

Localization studies with GFP tagged CG32000 showed the presence of CG32000 
in acidic vesicles (confirming localization). Studies with the GFP tagged fosmid 
(Sarov et al., 2016) also showed localization in the Drosophila fat body. 
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Studies with four different RNAi lines showed very interesting phenotypes: Pan-
neural reduction leads to accumulation of α-Synuclein. Complete knock-down seemed 
to lead to an accumulation of polyubiquinated proteins. These results suggested a 
function for CG32000 in the lysosomal autophagy pathway. In addition, knockdown 
of CG32000 in muscles resulted in a muscle degeneration phenotype in adult flight 
muscle. 
 
4.2.1.4. dpark9 (CG32000) and zinc 

My collaborators at the Institute of Zoology, University of Regensburg also found 
that RNAi against dpark9 driven by an actin promoter (Act-GAL4) resulted in 
decreased viability, when the flies were fed with food containing high zinc 
concentrations, compared to control lines. The severity of this phenotype correlated 
with the zinc concentrations in the food. In addition, Dpark9 is localized in zinc-
containing vesicles. This increased sensitivity towards zinc matches well with data 
about ATP13A2 presented in the literature. Additionally, the muscle degeneration 
phenotype upon dpark9 knock-down in adult flies could be partially rescued when 
zinc was chelated from the cells by TPEN (unpublished data). 

This increased sensitivity raised the question whether zinc homeostasis was altered 
when dpark9 was knocked-down and if so, how? My collaborators found that, while 
the mRNA expression levels of several genes involved in the zinc homeostasis (MtnB, 
ZnT35C, ZnT63C Catsup and foi) were altered upon dpark9 knock-down there was no 
mis-localization of zinc transporters. Cellular chelation of zinc by TPEN could restore 
the mRNA levels of both ZnT35C and ZnT63C to wild-type levels (or close to wild-
type levels, unpublished data). 

While high concentrations of zinc in the food did not further increase α-Synuclein 
accumulation in dpark9 knockdown, the addition of TPEN to the food (without high 
zinc levels) could significantly reduce α-Synuclein accumulation. Further analyses of 
the flies showed that when dpark9 was knocked-down larvae have lower zinc content, 
but in adult flies there was no difference in zinc content (unpublished data). These 
results together suggest that Dpark9 is involved in zinc homeostasis. 
 
4.2.1.5. My role in this work and my aims 

The data presented by my collaborators strongly suggested that Dpark9 is involved 
in zinc homeostasis. On top of that they showed that zinc treatments could affect 
severity of the phenotype caused by a dpark9 knock-down. Their initial experiments 
on flight muscle phenotypes showed that in adults the muscles are ruptured. This 
rupture could be rescued by TPEN treatment. 

My role in this work was to assess whether there is already a phenotype during 
pupal development and whether this phenotype is also zinc related. For this I would 
look at the IFM morphology at 72 and at 90 hours of pupal development in different 
RNAi lines. Assess whether zinc treatment (high zinc concentrations in the fly food or 
TPEN added to the fly food) would have a significant effect on the phenotype just 
prior to eclosion. In addition, I would assess the effect of a strong zinc accumulation 
in the muscles through the over-expression of Zip1 (Zinc/iron regulated transporter-
related protein 42C.1) and knock-down of ZnT63C in muscle and assess the presence 
of a phenotype just prior to pupal eclosion. I would also verify whether the dpark9 
fosmid (fosmid(CG32000)) is actually functional (it does localize as expected). 
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4.2.2. Materials and methods 
 
4.2.2.1. Fly strain maintenance 

For the initial assessment of the phenotypes of the RNAi lines, and the phenotypes 
of the zinc toxin experiment all fly work was performed at 27 °C. The fly work 
involving the assessment of the functionality of the fosmid and the sarcomere 
phenotype quantifications for the RNAi lines were performed at 25 °C. 
 
4.2.2.2. Fly genetics 

RNAi was expressed through the Mef2-GAL4 driver driving the UAS-RNAi. 
Three different RNAi lines were investigated: 1: UAS-CG32000RNAi / UAS-
CG32000RNAi (kk105477, VDRC) , 2: UAS-CG32000-2E1 / TM3, Sb (home made 
line send by Dr. Navarro and colleagues, 3: UAS-CG32000RNAi / UAS-
CG32000RNAi  (GD29174, VDRC). For RNAi expression these lines were crossed 
with the y[1], w[1118] ; Mef2-GAL4 strain (Mef2-GAL4 on the third chromosome). 

The zinc toxin experiment was based on the gmrG4, UAS-Zip1GFP / CyO; 
RNAiZnT63C / TM6B strain (Lye et al., 2012) (a gift from Burke, Monash 
University). This strain was re-crossed to gmrG4, UAS-Zip1GFP / CyO, Tb ; 
RNAiZnT63C / RNAiZnT63C and for muscle expression crossed to the y[1], w[1118] 
; Mef2-GAL4 strain. 

The functionality of the dpark9 fosmid (fosmidCG32000) was tested, by assessing 
its capability to rescue the lethality of two independent CG32000 CRISPR alleles (sk2 
and sk3, home made and send by Dr. Navarro, University of Regensburg). This was 
done by generating the following strains: w[1118] / w[1118] ; ; fosmid(CG32000, in 
VK33) / TM3, Sb ; P{Act5C-GFP}-unc13 / sk2 and w[1118] / w[1118] ; 
fosmid(CG32000, in VK33) / TM3, Sb ; P{Act5C-GFP}-unc13 / sk3. This was 
followed by assessment of viability of the CRISPR alleles homozygous or in trans. 
 
4.2.2.3. Pupal lethality 

The lethality assay of the different RNAi hairpins driven by the Mef2-GAL4-
driver, was performed by crossing the lines containing the RNAi hairpins to the Mef2-
GAL4 driver strain at 27 °C. And the timing of fly eclosion was investigated. 
 
4.2.2.4. Fly food preparation 

The high zinc food was prepared by diluting a 0.1 M zinc chloride solution 
(Sigma) in Millipore H2O to a final concentration of 8 mM. 16 ml solution was mixed 
with 4 g instant Drosophila medium (blue) in a bottle as fly food. The control food 
was prepared with 16 ml Millipore H2O with 4 g instant Drosophila medium (blue). 

TPEN (Enzo Life Sciences) was dissolved in ethanol to achieve a stock solution of 
100 mM. The stock solution was diluted in Millipore H2O to final working solution of 
100 µM (the dilution was only prepared days before the experiment, the stock 
solution was kept at -20 °C). Again 16 ml Millipore H2O containing 100 µM TPEN 
was mixed with 4 g instant Drosophila medium (blue) in a fly bottle as food. As a 
control, an equal amount of ethanol (without TPEN) was diluted in Millipore H2O and 
used to prepare the control food. 
 
4.2.2.5. Dissections 

In order to assess whether the two selected RNAi hairpins or expression of the zinc 
toxin alleles in the muscles would cause any morphological defects the flies were 
dissected and immuno-stained.  
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For the initial assessment of the presence of a phenotype induced by the RNAi 
lines the appropriate crosses were set at at 27 °C. Pupa at the 72 and 90 hours APF 
stage were dissected (only males were dissected). For the zinc toxin experiment the 
appropriate crosses were set at 27 °C and pupa at the 90 hours APF stage were 
dissected (only females were dissected, as no males could be obtained). 

For the quantification of the phenotypes induced by the RNAi lines the pupae from 
the appropriate crosses were collected at 93 hours at 25 °C (only males). 

IFM samples were prepared as described in Chapter 2.6.1. The muscles were 
stained for Kettin (anti-Kettin, MAC155, Babraham Institute) and F-actin by 
Rhodamine-phalloidin (see for more information Tables 7 and 8, Chapter 2.6.1.) 
 
4.2.2.6. Sarcomere length and width measurements 

Sarcomere lengths and widths were estimated by means of an automated script in 
Fiji (myofibrilJ, developed by G. Cardone and M.L Spletter 
(https://imagej.net/MyofibrilJ), publication in revision, this paper is published in 
unreviewed state in bioRxiv: Spletter er al., 2017). For the automated length 
estimations three crops (as long as possible along the x-axis and relatively short on 
the y-axis) were generated per image. These crops were processed by the script, 
which would calculate an average length per crop (global repeat). The length 
estimations from all crops were used. In some images the automated length estimation 
was unreliable (the length estimation by the script was much (1.5 times to up to even 
4 times) larger than the expected 3.2 microns for wild-type, while this was not 
obvious from the images themselves. In these cases manual estimations were 
performed, on the crops generated for the automated scripts.  

For manual quantification intensity traces were drawn over the sarcomere in Fiji in 
the phalloidin channel and the distance between the minimal intensities (M-line to M-
line) was calculated. The sarcomere length was averaged per crop and used for the 
statistics (only crops from which at least 7 sarcomeres could be measured reliably 
were used). 

For the measurements of the sarcomere width, manual estimation proved to result 
in overestimations compared to automated measurements. This is because, the 
fluorescence of the Rhodamine phalloidin will always extent past the physical limits 
of the actual sarcomere. The automated measurements can compensate for the 
extension of the fluorescence passed the actual sarcomere.  

For the automated width measurements three crops (as long as possible along the 
y-axis and relatively short on the x-axis) were generated per image. These crops were 
processed by the script, which would calculate an average width per crop. The width 
estimations from all crops were used. The script gives several values as an estimate 
for width and in this work the thickness global value was used. Observations by eye 
showed that the RNAi lines should have thinner sarcomeres than the control lines and 
1 day adult fly have a sarcomere width of about 1 micron (personal communication 
with M.L. Spletter). As such values over 1.3 were discarded as unreliable. To ensure 
data quality when the variation of width between crops of 1 image was large (more 
than 0.1 micron difference between the widest and the thinnest) three new crops were 
generated and compared to the old crops. The set of 3 crops, in which the average 
difference between the global thickness and the real space thickness (the two 
thickness values given by the script) was the smallest, was considered the most 
accurate width measure. This criterion was used, because when the image is perfect 
and the automated measurement is also perfect the thickness global and thickness real 
space should be the same, therefore a smaller difference should indicate higher quality 
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of the image and crops.  
When two sets of crops were made, and from one of the two sets a value was 

discarded (higher than 1.3), and the 2 crops would have a lower average difference, an 
extra control step was introduced. The crop of the set of three that gave the largest 
difference between the 2 thickness values was discarded for the comparison. If the 
result of the comparison was still the same, the set of two was taken. If not three new 
crops were generated and new comparisons were made. If there was no difference 
between the 2 sets of crops (a single case) a third set of three was made. 
 
4.2.3. Results 
 
4.2.3.1. Knockdown of dpark9 and the effect on the IFM 

Of the three RNAi lines tested 1 was completely viable when knocked-down with 
Mef2GAL4 (GD29174, VDRC), 1 was delayed (2E1, home made hairpin) and 1 was 
lethal (KK105477, VDRC). The two more severe lines were dissected to study muscle 
morphology. This was done at 72 hours and at 90 hours (at 27 °C). Both lines showed 
a similarly obvious phenotype at both time points: thinner sarcomeres (the result at 90 
hours is shown in Figure 66,). The similarity in phenotypes of both RNAi lines shows 
that the knock-down phenotype of dpark9 is specific. Additionally, the results show 
that a dpark9 knock-down results in an IFM specific phenotype before pupal eclosion. 

The next step was to both quantify the sarcomeric phenotype and to assess whether 
the phenotype is zinc related. This was done with the stronger RNAi line 
(KK105477). The affect of zinc on the phenotype was assessed by increasing the zinc 
content in the food or by removing the zinc from the cells by zinc chelation through 
TPEN. The results clearly showed that the sarcomeres of dpark9 RNAi flies were 
thinner and shorter (Figures 67 and 68). The quantification also indicates that the zinc 
treatment has no effect on the sarcomere length or width (Figure 68), while the TPEN 
treatment shows an effect on sarcomere length (Figure 67F), but not on width (Figure 
67E). As the chelation of zinc by TPEN results in a partial rescue of the phenotype, it 
is likely that Dpark9 is involved in zinc homeostasis. 
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Figure 66: RNAi specificity 
Wild-type 90 h APF control image with antibodies against Actin and Kettin (A). RNAi CG32000-2E1 
against dpark9 (B) has myofibrils that are thinner than the control. RNAi CG32000-105477 against 
dpark9 (C), also has myofibrils that are thinner than the control. While both sarcomeric phenotypes 
match, for further experiments the RNAi CG32000-105477 was used as it resulted in late pupa 
lethality, while RNAi CG32000-2E1 resulted in delayed eclosion. Scale bar is 5 microns. 
 

Figure 66: RNAi specificity
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Figure 67: TPEN treatment 
TPEN treated control pupa (93 hours, at 25°C) stained for Actin (red) and Kettin (green) (A). 
TPEN treated RNAi lines (B) have thinner myofibrils. C control flies with the no TPEN control 
treatment stained against Kettin and Actin. The RNAi line with the no TPEN treatment (D) also 
had thinner myofibrils than the control (C). Scale bar is 5 microns. Continued on the next page 
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Figure 67 continued: 
Quantification of sarcomere width (fibrillar width) (E) and sacromere length (F) of the different 
lines and treatments shows that the TPEN treatment has no effect on sarcomere width (E), but a 
significant effect of the treatment can be observed in the length of the sarcomere (F). The graphs 
show the median, interquartile range and whiskers extend the 5 to 95 percentile range. Statistics 
were performed with Kruskal-Wallis one-way ANOVA (asterisks indicate significance).  
 



 141 

 
Figure 68: Zinc treatment 
High zinc treated control pupa ((93 hours, at 25°C) stained for Actin and Kettin (A). Stainings of high 
zinc treated RNAi lines showed thinner fibrils (B). Stainings of the RNAi line with the low zinc 
treatment (D) showed thinner fibrils than the control with the low zinc treatment (C). Scale bar is 5 
microns. Continued on the next page 
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Figure 68 continued: 
Quantification of sarcomere width (fibrillar width) (E) and sarcomere length (F) of the different lines 
and treatments. No significant effect on the sarcomere width (E) or length (F) due to the zinc content in 
the food could be observed. The graphs show the median, interquartile range and whiskers extend the 5 
to 95 percentile range. Statistics were performed with Kruskal-Wallis one-way ANOVA (asterisks 
indicate significance). 
 
4.2.3.2. Disruption of the zinc homeostasis in IFMs leads to severe muscle defects 

The next step involved the assessment, whether the defects observed in the RNAi 
lines were a direct effect of a disturbed zinc homeostasis, or a defect resulting from 
other possible functions of dpark9. For this purpose, the gmrGAL4, UAS-Zip1GFP / 
CyO, Tb; RNAiZnT63C / RNAiZnT63C strain was crossed to the y[1], w[1118]; Mef2-
GAL4. This would lead to an over-expression of zinc/iron regulated transporter-
related protein 42C.1 (Zip1) (a zinc importer) and the knockdown of ZnT63C, a zinc 
exporter, resulting in a cellular zinc accumulation in the muscle. The resulting 
phenotype (Figure 69) is very severe. The location normally occupied by the IFMs is 
empty. An F-actin dense blob can be observed in the ventral region of the thorax 
(Figure 69B’), which could consist of degenerating IFM material. Thus, IFMs have 
degenerated. Additionally the mortality of this line was very high: only females could 
be dissected (normally males are used because RNAi is more effective in males). 
These results clearly illustrate the importance of zinc homeostasis for the formation of 
the IFM. 
 

 
Figure 69: Zinc toxicity 
Zinc accumulation in the muscle cells in gmrG4, UAS-Zip1GFP / + ; UAS-RNAiZnT63 / Mef2-Gal4 
resulted in a strong phenotype where there were no flight muscles left (compare the control 
A,A’,A’’,A’’’ with the experimental line B,B’,B’’,B’’’). An actin rich clump was left over in the 
experimental line, see asterisks (B,B’,B’’,B’’’), which could be the left over of the IFMs. Samples were 
female pupa, 90 hours APF. Scale bar is 400 microns. 
 
4.2.3.3. Fosmid functionality 

The tagged fosmid (CG32000-GFP), was reported by Dr. Navarro to localize as 
expected, but the results of this work indicate that it is not functional. The strains 
w[1118] / w[1118] ;; fosmid{CG32000} / TM3 ,Sb ; unc13{act5C-GFP} / sk2 and 
w[1118] / w[1118] ;; fosmid{CG32000} / TM3, Sb ; unc13{act5C-GFP} / sk3 were 
homozygous lethal. For the first strain 186 adults were screened and no flies 
homozygous for the sk2 allele were found. For the second strain 68 adults were 
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screened and no flies were found that were homozygous for sk3. In order to exclude 
off-target effects on the fourth chromosome, due to the CRISPR approach, the two 
lines were crossed together and screened for the combination of the alleles sk2 and 
sk3. 103 adult flies were screened but no trans-heterozygous flies were found. 
 
4.2.4. Discussion and conclusion 
These results clearly show that dpark9 has an effect on muscle development. The 

fact that zinc chelation with TPEN can slightly reduce the phenotype, is an indication 
that a disrupted zinc homeostasis is the cause of this phenotype. Unfortunately, TPEN 
also slows pupal development, which can be observed by the large variation in the 
sarcomere length of the TPEN treated control fly strain. This makes the interpretation 
a bit less straight forward. 

The observation that the zinc treatment had no significant effect on the sarcomere 
phenotype, is likely because the zinc concentration in the food is still relatively low. A 
higher zinc concentration in the food, than used in this work, may very well result in a 
more severe phenotype. However, that could also lead to other forms of zinc 
poisoning and non-muscle related effects that may also indirectly affect muscle 
development. 

Disruption of the zinc homeostasis by Zip1 and ZnT63C in the muscle cells clearly 
showed the detrimental effect of zinc accumulation in the IFMs. At 90 hours there are 
no muscles left. This is likely do be a degeneration phenotype based on the F-actin 
dense blobs observed in the ventral part of the thorax (Figure 69B’) 

Together, the data from my collaborators and the results presented here confirm 
that Dpark9 plays a role in zinc homeostasis, and a disruption of the zinc homeostasis 
can lead to developmental muscle defect and subsequent muscle degeneration.  
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5. Discussion 
This project is the start of a very interesting direction for the functional analysis of 

PEVK domains of titin like molecules in Drosophila. Several new aspects have come 
to light with the alleles generated so far. Unfortunately, this project has only been the 
start of an exciting journey to the understanding of connecting filaments. While every 
approach taken in this study has given new insights, not a single approach was 
completely finished and many more aspects can be discovered. In this section, the 
results found during this PhD project will be discussed and compared to what is 
known in literature. Additionally, potential future directions for this project as well as 
promising variations of the used methods will be discussed. 
 
5.1. Splicing 

The splicing of the Projectin PEVK domain found in this project (Chapter 3.1.1. 
Figure 17) confirmed the data presented by Southgate and colleagues (Southgate and 
Ayme-Southgate, 2001); (Ayme-Southgate et al., 2005), and added a few extra 
elements. First, the full length PEVK domain between exon 11 and exon 22 is 
expressed in larvae and second a previously uncharacterized exon was discovered 
between exon 11 and exon 12 (this new exon was not present in the long larval 
isoform). The mRNA-SEQ data indicated that this exon is highly expressed in jump 
muscle (Chapter 3.5.4. Figure 35). 

The mRNA-SEQ data on sls showed a few differences with the data presented by 
Burkart (Burkart et al., 2007): First, the additional open reading frame within the 
second PEVK region (open reading frame 20, Chapter 1.8.1.1. Figure 11) did not 
show up as an additional exon in the mRNA-SEQ data (Chapter 3.1.2 Figure 18), and 
it was also not predicted in Flybase. This open reading frame was described to be only 
present in the presence of both exon 31 and exon 32 (Burkart et al., 2007) and it could 
potentially be skipped to link the two PEVK reading frames together. More careful 
matching of the data presented by the Burkart study (Burkart et al., 2007) with the 
gene sequence on Flybase showed that this reading frame was contained within the 
predicted exon 31.  

A new careful examination of our mRNA-SEQ data showed the presence of many 
peaks in the predicted exon 31, which could be interpreted as multiple exons (Chapter 
3.1.2 Figure 18). However, these are most likely artifacts caused by low diversity in 
the base pair sequence within these exons (a high content of PEVK coding codons). 
Additionally, within the fly strain w,y,act5C-Cas9,lig4[169] sequencing of exon 31 
revealed the presence of an allele with a high number of SNPs. Two alleles were 
found, of which one was exactly as predicted and the second contained 24 SNPs and 
the insertion of a tripled, most of these SNPs were silent. It is not known whether this 
different allele was also present in the fly strain used for the generation of the mRNA-
SEQ database, but if so this may result in additional noise in the data. After 
considering this information it was decided to ignore this open reading frame and treat 
it as a part of exon 31 for this project. 
The SH3 domain, which was predicted to be present in the same open reading 

frame as the second part of the second PEVK domain (open reading frame 21 or exon 
32, Chapter 1.8.1.1. Figure 11), could not be predicted in exon 32 with the SMART 
(http://smart.embl-heidelberg.de) protein domain predictor tool, because of this I 
assume that it is part of a different exon.  
The mRNA-SEQ data suggest a genetic link between zormin and sls, although it 

was only found during pupal development (not shown in the results), supporting 
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literature (Burkart et al., 2007). As this connection between Zormin and sls was only 
found during pupal development, it is likely to be a very minor developmental 
isoform. 

 
5.2. Assessment of the gene modification methods used in this work 
 
5.2.1. BAC recombineering, an assessment of the method in our hands 

The precise recombineering of the BAC in bacteria was very inefficient in our 
hands. The first step was successful only twice and in both cases we obtained only a 
single colony. The second step was successful only once. When looking back on the 
process of generating these constructs, I could have tried different homology arm 
lengths and I could have shifted the location of the homology arms slightly in order to 
achieve higher efficiency. However, even if such modifications would have been 
successful, the final problem would not have been overcome: bt-wt-BAC is not 
completely functional, while it can rescue viability of the bt[11th-exon-dsRed] allele (a 
null allele), the rescued flies still have a flight defect. This flight however, is less 
severe than when bt-wt-BAC is expressed in the wild-type background, indicating 
potential defects depending on expression levels. 
An important disadvantage was that there is no BAC covering the complete sls 

locus available, excluding the possibility to study sallimus with this method.  
That being said when a higher recombineering efficiency is obtained and there is 

access to a null allele of the target gene, the BAC recombineering can be a very 
efficient platform for gene modification, if it proves to be functional in the null 
background. 
 
5.2.2. Modifications in the Projectin PEVK domain by the BAC 

Despite the low efficiency in the recombineering protocol used for the BAC and 
the fact that the BAC was not completely functional, it still provided to interesting 
insights. The single successful modified allele, bt-HA-IFM-BAC, was shown to be 
sufficient for viability when expressed in the homozygous null background. This 
result was very surprising and suggests that either the Projectin PEVK region is not a 
very dominant factor in larval and adult tubular muscle stiffness or muscle function 
(the IFMs are not required for viability) or that it is possible for the flies to 
compensate. This could potentially be achieved through posttranslational 
modifications of Projectin Ig-domains or by altered expression of sallimus. Future 
studies combining bt-HA-IFM-BAC with sls[31-V5-short], sls[32-V5-short], or an 
allele that lacks both sls exons 31 and 32 could prove useful to gain more insights. 

On a more subtle level, the BAC alleles did give us insights in the importance of 
alternative splicing of the PEVK region and protein levels in general for the IFM. The 
flight assays showed that bt-wt-BAC has a strong flight defect in the wild-type 
background when homozygous, a weaker flight defect is observed when Projectin-wt-
PEVK-BAC (bt-wt-BAC) is expressed homozygous in combination with the 
homozygous bt[11th-exon-dsRed] allele and is a good flyer when expressed 
heterozygous in the wild-type background (Figure 45).  
Projectin-HA-IFM-PEVK-BAC (bt-HA-IFM-BAC) showed the same pattern when 

expressed in the wild-type background. However, when expressed homozygous in 
combination with the homozygous bt[11th-exon-dsRed] allele, there was no 
improvement of the flight capability compared to the homozygous expression in the 
wild-type background (Figure 45). These results, could confirm the expected a high 
sensitivity to altered sarcomere stiffness in the IFMs. 
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While the flight test is a convenient tool to assess the differences between fly 
strains with a high flight capability and a very low flight capability smaller variations 
are difficult to assess, due to noise in the experimental procedure and method of 
testing. As such, the above described data, which suggests a phenotype when there is 
forced expression of only the short IFM specific PEVK isoform, should be further 
validated with more sensitive tests to proof whether this potential phenotypic 
difference is real. 
Additionally, bt-wt-BAC was not able to rescue flight of the flight defective bt[1] 

allele when both were homozygous. This is not surprising as both alleles show a flight 
defect when they are expressed separately. While bt-wt-BAC can rescue the viability 
of the homozygous bt[I-b] allele the flies appeared to completely flightless. On the 
other hand the bt-wt-BAC could rescue viability of the homozygous bt[I-k] allele and 
the rescued flies could fly (Figure 45).  

The adult climbing assay indicated that the climbing defect of the homozygous 
bt[1] allele could not be rescued by bt-wt-BAC just like flight. bt-HA-IFM-BAC 
homozygous in the wild-type background performed exceptionally well (when 
compared to wild-type (w-) (Figure 46). In the larval crawling experiment bt-wt-BAC 
homozygous in the wild-type background displayed remarkably high crawling speeds 
(Figure 47). 

These results together suggest, that the PEVK region of Projectin is not required 
for adult viability, larval or tubular muscle function, but could be important for the 
functioning of the flight muscles. Especially since the results suggest that the the 
IFMs are very sensitive to the amount of Projectin that is expressed. Combined 
deletions in both Sallimus and Projectin may shed more light on this. Finally, mutant 
alleles appear to be expressed in the presence of either bt-wt-BAC and may influence 
the functioning in both climbing and flight (see the bt[1] combinations in the Figures 
45, 46). 
 
5.2.3. The two-step CRISPR-Cas9 RMCE approach 

The advantages of our two-step CRISPR-Cas9 RMCE approach are numerous: 
sgRNAs can be efficiently tested in S2 cells (Figure 27B). One can work directly at 
the endogenous locus. Screening of the resulting flies (by presence or absence of the 
dsRed marker is very efficient. There is an enormous flexibility in the location of the 
sgRNA target sites and the size of the region to be altered can be very large. In this 
project we have been able to delete a genomic region of slightly more than 9 kb 
(Figure 49C). The only disadvantages appear to be that the efficiency seems to be 
highly dependent on the target locus (Table 13) and the attR-linker regions left behind 
in the intron after the RMCE step can result in splicing defects (even if special care 
has been taken to insert the attR-linker between the splice donor and the branch site) 
(Figure 31B). In addition, splicing defects are very likely to occur when attR linker 
sites are inserted into very small introns. Another disadvantage is the potential 
occurrence of ends-in events.  

A final downside is that the splice acceptor termination combination used in this 
work may be leaky and not always result in a complete termination. This is not a 
problem when the mutant obtained after the first step is not used for detailed 
characterization or when the deletion results in a frame shift when the splice acceptor 
of the donor cassette is skipped, like it was the case in the deletion of exon 11 in bent. 
But with exons like exon 32 and 31 in Sallimus, which are multiples of 3, this can 
cause problems, when the dsRed alleles are characterized, as they may not be 
complete truncations (see Chapter 5.4.3. for an example for this).  
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All of these problems can be solved. Splicing problems caused by the attR-linker 
fragments can be solved by relocating them, or by retargeting the dsRed allele with 
sgRNAs to generate a seamless integration (Figure 36). Ends-in results can be 
resolved by the RMCE step (Figure 54A), alternatively an FRT site could be 
integrated in the dsRed cassette to allow for resolving of the ends-in event before the 
RMCE step (an example of such an FRT integration is given in Chapter 5.5.4. Figure 
71). The notion that the splice acceptor of the dsRed construct might be leaky can be 
inconvenient, but an even stronger termination could be inserted in the second step. 

 
 
5.3. Modifications of the bt locus by two-step CRISPR-Cas9 RMCE 
approach 
 
5.3.1. bt[11th-exon-dsRed] and bt[kinase-dsRed] induced embryonic phenotypes 

As expected, both the bt[11th-exon-dsRed] and the bt[kinase-dsRed] alleles were 
embryonic lethal as truncations before the kinase domain have been described to be 
homozygous lethal, e.g. bt[D], which has been described as a truncation right before 
the kinase domain (Ayme-Southgate et al., 1995). What was surprising is that the 
muscle structure in flies expressing these alleles looked very similar. Both alleles 
completely abolished any sarcomeric structure as visualized by Zasp66-GFP, when 
expressed homozygous, indicating that either the Z-disc structure is completely 
disrupted or that Zasp66-GFP is mis-localized (Figure 30). This was so surprising as 
bt[11th-exon-dsRed] does not contain any FnIII-domains to interact with the thick 
filament, while bt[kinase-dsRed] truncation deletes, apart from the kinase domain, 
only a single FnIII-domain and 6 Ig-like domains (based on the prediction of the 
SMART protein structure prediction tool http://smart.embl-heidelberg.de).  

Because of this I would have expected a more severe sarcomeric phenotype for 
bt[11th-exon-dsRed] as it would not be able to connect to the thick filament at all and 
thus not bear any force. The fact that the phenotypes of both alleles look so similar on 
the structural level seems to suggest one of two things. Either the Ig-domains C-
terminal of the kinase domain are required for proper a connection to the thick 
filament to allow for proper force bearing. Or, more likely, the kinase domain 
performs a crucial role in the formation or stability of the sarcomere. 

However, before real conclusions can be made, additional imaging experiments 
with different sarcomeric markers should be conducted to confirm that the sarcomeric 
structure is really disrupted or whether there is a localization defect in Zasp66-GFP. If 
the Z-disc disruption is confirmed the next step should be to disrupt the kinase 
function to assess the effect on the sarcomere structure. If the kinase domain does not 
appear to be crucial attention should be shifted to the Ig-like-domains C-terminally of 
the kinase domain. 
 
5.3.2. Lethality of the exon 11 RMCE alleles and identification of the new exon 

The homozygous lethality of the bt[11-HA-attR] and bt[11-V5-attR] alleles was 
unexpected as Projectin-HA-IFM-PEVK-BAC was able to rescue the bt[11th-exon-
dsRed] allele when homozygous (Figure 31B). This suggested that the tags could not 
be the cause of lethality. The additional observation that the bt[11-WT-attR] allele is 
also homozygous lethal gave strong indications that the lethality might be caused by 
splicing defects introduced by the attR-linker regions inserted in the introns.  
Interestingly, the tagged exons do express the tags with the same localization 

pattern as Projectin-HA-IFM-PEVK-BAC in the IFM, which is also similar to the 
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expression pattern of Projectin in wild type flies in the IFM. In addition, no obvious 
structural phenotypes in the IFMs were observed (compare Figures 24, 25, 33, 34). 
The tag is spliced into the protein but there is still a lethal defect, likely caused by 
either miss-splicing or potentially by drastically reduced expression levels. Too low 
expression levels of Projectin could result in drastically impaired muscle function 
resulting in lethality. 

In order to assess what the reason for the potential miss-splicing could be, I turned 
to the mRNA-SEQ data. Due to the addition of new samples to the database since the 
start of this project and the continuous improvement of the data analysis, I could 
identify a potentially new exon between exon 11 and exon 12 (Figure 35). Expression 
of this exon is not required for viability as the fly strain bt-HA-IFM-BAC / bt-HA-
IFM-BAC; bt[11th-exon-dsRed] / bt[11th-exon-dsRed] does not express this exon and 
is viable. However, the insertion of the attR-linker site could affect splicing if the 
splice donor or branch site and splice acceptor were disturbed. Expression problems 
could also have arisen if the attR-linker site was inserted in this new exon. To our 
surprise, the attR site was positioned such that its location would have been predicted 
to have no effect on the splicing or exon expression. Taken together the precise defect 
caused by these alleles is still unknown, but is likely to involve splicing or expression 
levels. 
 
5.3.3. Seamless integration of a tag into exon 11  

The seamless integration of the tag into exon 11 of bent, clearly showed that the 
limiting step in our CRISPR approach is in the repair through the provided donor 
strand. The sister chromosome appears to be much more efficiently used for DNA 
repair, than a provided circular donor DNA. This is expected as DNA damage has to 
be reliably repaired and the sister chromosome is the default template and should be 
preferred over a foreign plasmid, even if that does contain homology. What was 
surprising was the efficiency of the CRISPR-Cas9 induced double stranded breaks. 
More than half of the fertile adults gave rise to offspring that lost the dsRed allele, but 
the incorporation of the correct allele only occurred in 1 or 2 founders per injection 
(Table 13 (bt[HA-11] and bt[V5-11]), in addition to repair with the sister 
chromosome. 
 
5.3.4. Localization of the Projectin PEVK domain in IFMs 

In IFMs the Projectin PEVK domain is localized in the I-band, very close to the Z-
disc. The I-band localization is demonstrated by presence of the double peaks found 
flanking the Z-discs (Figure 38). Because this result was only observed in a single 
sample, it could be a dissection artifact (e.g. muscle stretch during sample handling). 
However, even if the IFM were stretched in this image it does show that the PEVK 
domain is localized in the I-band and not within the Z-disc. 

The distance between the localization of the tag and thus the PEVK domain and 
the Z-disc based on the data of this work has to be less than 200 nm (the resolution 
limit of the microscope). This is because the data show that the double peaks of the 
HA-tagged Projectin on each side of the Z-disc cannot be fully separated (Figure 38). 
This is supported by the notion that no separation is observed in the other stainings, 
suggesting that the observation of partial separation was in stretched muscle (which 
could have resulted in Ig-domain unfolding).  

However, a rough estimation of the distance between the HA epitopes, and thus the 
start of the PEVK domains, can be given. The thickness of the Z-disc of the 
Drosophila IFMs is 80 nm (Van Straaten et al., 1999), and the N-terminal region of 
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Projectin N-terminal of the tag can be estimated at around 36 nm if straitened. This 
means that if the N-terminus of Projectin would not enter the Z-disc at all but just 
touch it the HA epitopes of opposing Projectin-HA-PEVK molecules would be 
approximately 150 nm apart if not a single Ig-domain is unfolded. Literature suggests 
that the N-terminus of Projectin is embedded in the Z-disc disc (Ayme-Southgate et 
al., 2005), which would further reduce this distance. A distance between the epitopes 
less than 150 nm seems likely due to the strong overlap of the peaks in the intensity 
plots (Figure 38). 

Taken together with the data from this work I have to conclude that the data of this 
work supports the notion from literature that in the IFM the N-terminus of Projectin 
could be imbedded in the Z-disc (Ayme-Southgate et al., 2005). But unlikely very 
deep as the distance between the epitopes would then be even shorter and separation 
of the HA-epitopes over the Z-disc would have likely never been observed in this 
work.  

An additional striking observation was that in the IFM at 48 hours APF Projectin 
appears to be not only localized to the Z-disc, but also displays diffuse cytoplasmic 
localization. In the tubular muscles this diffuse cytoplasmic localization was not 
observed at 48 hours or later (Figures 42A and 43A). This would suggest that at 48 
hours APF the IFM contain relatively higher levels of cytoplasmic Projectin (or Z-
disc protein complex) than the tubular muscles. Possible explanations for this 
observation could be that either the timing of muscle development between the 
imaged IFMs and tubular muscles differs, and the tubular cytoplasmic Projectin 
storage is already used up, or that larger amounts of Projectin need to be present in the 
IFMs for proper sarcomere and muscle formation as compared to the tubular muscles. 
Both of these explanations are very speculative. In addition, these observations were 
not quantified, and as such these results would have to be verified and quantified in 
future experiments. 
 
5.3.5. Localization of the Projectin PEVK domain in tubular, gut and larval 
muscles 

In literature, the localization of Projectin in adult insect tubular muscles and larval 
body wall muscles is always associated with the thick filament (Vigoreaux et al., 
1991); (Ohtani et al., 1996). However our results with the bt[HA-11] allele in the 
tubular muscles of the thorax and legs clearly show localization of the HA-tag next to 
the thick filaments (Figure 39B,B’,B’’,D). However, a small degree of overlap with 
the thick filaments is possible. In addition, our results support the notion that Projectin 
is connected to the thick filaments of the adult tubular leg muscles, as the distance to 
the Z-disc seems to increase as the sarcomere grows in size during the pupal stage 
(Figure 42). However, additional measurements during development of a single 
specific tubular muscle at different stages of development are required for a detailed 
study and to proof this suggestion. 

In the peripheral longitudinal gut muscles, it was observed that the HA-tagged 
Projectin localizes primarily to the I-band next to the thick filaments. However, 
localization was also observed over the thick filament, but was excluded from the M-
line and the Z-disc (Figure 40). The results indicate that the primary location of the 
Projectin PEVK domain in the gut muscle is similar to the tubular and the IFM. The 
broader localization may indicate a lower degree of structure in the visceral gut 
muscles. 

In larvae, the Myofilin-GFP fosmid was not used, thus thick filament co-stainings 
are absent. However, based on the pattern of the HA-staining, I expect that the HA tag 
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of Projectin-HA-PEVK co-localizes with the I-band and that overlap with the A-band 
is likely (Figure 41). 

Taken together, the results do suggest that Projectin in adult tubular and gut 
muscles and in larval body wall muscles is connected to the thick filaments, extents 
into the I-band but does not connect to the Z-disc. The N-terminal region upstream of 
the PEVK domain only contains up to 8 Ig domains (Southgate and Ayme-Southgate, 
2001), which corresponds to about 36 nm (Bullard et al., 2006); (Improta et al., 1996), 
which is too short to reach the Z-disc, when the PEVK domain flanks the thick 
filament. Similar localization of the Projectin N-terminal region as found in the adult 
tubular muscles in this project has been obtained from crayfish (Oshino et al., 2003). 
In this study it was found that the N-terminal region of crayfish Projectin extents into 
the I-band without reaching the Z-disc.  
 
5.3.6. The seamless integration of the HA tag in bent exon 11 is functional 
None of the assays showed any sign of a phenotype caused by the seamless 

integration of the HA tag in exon 11 of bent (bt[HA-11]). There is no increased adult 
lethality (Figure 44); the flight capability of the flies was very high (Figure 45); the 
adult climbing and larval crawling assays initially seemed to indicate potential defects 
due to very slow outliers. However, control lines in which the bt[HA-11] allele was 
expressed over the bt[11th-exon-dsRed] allele, or over bt[11th-exon-dsRed] in 
combination with a single copy of the bt-HA-IFM-BAC allele showed that these 
outliers were likely due to genetic background effects (Figures 46, 47). In retrospect 
these background effects could be expected, as 2 subsequent rounds of CRISPR 
induced double stranded breaks could accumulate DNA damage by minor off-target 
effects.  

These results show that the inclusion of the tag does not interfere with the function 
of the protein, indicating that the bt[HA-11] allele is fully functional. 
 
5.3.7. A new model for the Projectin localization and function in tubular muscles 
of adult flies 

Our observations of the localization of the Projectin PEVK domain in especially 
the adult tubular muscles in the thorax, but also in the larval body wall muscles and 
the adult gut muscles, suggests a function of the Projectin N-terminal region in the I-
band. This localization combined with the longer Projectin PEVK domain length in 
the adult tubular and larval body wall muscles (when compared to the IFM) would 
suggest a function in muscle stiffness of the Projectin PEVK domain in these muscles. 
However our data also indicate that the Projectin N-terminal region cannot reach the 
Z-disc. So how could Projectin contribute to the sarcomere stiffness without reaching 
the Z-disc? 

In order to come up with a hypothesis I looked back into literature. There I found 
the suggestion that the localization of Projectin could be dependent on the length of 
the sarcomere. In short sarcomeres, up to 4 µm it would be possible for Projectin to 
reach the Z-disc, while in longer sarcomeres 4 µm to up to 10 µm this would not be 
possible (Ohtani et al., 1996). However, the researchers then showed Projectin 
localization in a beetle leg muscle, with a rest length of 6 µm, on the myosin filament 
in a back to back and side by side organization. However, since the researchers used 
antibodies raised against crayfish Projectin and a vertebrate titin antibody, it might be 
possible that there was cross-reactivity with for example Stretchin. 
The data from adult gut and tubular muscle and the larval muscle of this work 

clearly show the presence of the Projectin PEVK domain in the I-band. As such the 
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data presented here support the hypothesis of the researchers but not the results. As 
described above (Chapter 5.3.5.) I suggest that the C-terminal region of Projectin in 
Drosophila tubular muscles may interact with the thick filaments. This is likely to be 
the same as in the IFMs. Due to the longer I-bands in tubular muscles, Projectin 
cannot reach the Z-discs and just inserts into the I-band, as previously hypothesized 
(Ohtani et al., 1996). 

The next question that remains is: How could the N-terminal region of tubular 
muscle Projectin contribute to sarcomere stiffness? What could be the potential 
interaction partner? In order to make an hypothesis on this I looked at the Projectin 
Kettin localization model in the IFM described by (Bullard et al., 2002) (see Chapter 
1.6.). This model describes how Projectin and Kettin co-localize together and interact 
along the actin filament and split off to reach the thick filament, either together or just 
Projectin. In the tubular muscles, the connecting filaments may form a similar 
structure, but instead of Projectin reaching the Z-disc it may interact with specific 
Sallimus isoforms as soon as it enters the I-band. Projectin may be connected to the 
actin filaments through Sallimus, which then connects to the Z-disc (Figure 70). 

This model should be further investigated by EM studies in fly lines that have both 
the bt[HA-11] allele and a tagged sls allele. If co-localization of the HA tag with 
Kettin and, or Actin is observed, in vitro experiments could be used to assess possible 
interactions. Cross-linking experiments could introduce artifacts as the Projectin N-
terminal region may be flexible and interactions could be transient. In addition, the 
integration of a tension sensor in Projectin (e.g. a FRET based tension sensor see also 
Chapter 5.7.2) could allow for the verification of actual tension over the molecule. 
Such experiments could be used to confirm whether Projectin has a tension related 
function.  
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Figure 70: A new model for the localization of Projectin in the tubular muscles of the thorax in 
Drosophila melanogaster 
The model of the IFM (A) as proposed by Bullard and colleagues (Bullard et al., 2002) (see Chapter 
1.6.). A model of Projectin localization pattern and interactions based on the results in the tubular 
muscles (in the ventral region of the thorax at the base of the legs and in the legs) in this work (B), and 
the suggested IFM model (in Figure A): The Projectin N-terminal region extends into the I-band, with 
a longer PEVK domain (compared to the IFM), but does not reach the Z-disc. The PEVK domain 
localizes within the I-band, directly flanking the Z-disc. Projectin contributes to sarcomere stiffness by 
interaction with Sallimus and possible interactions with Actin likely through Sallimus (or potentially 
direct). 
 
5.3.8. The kinase domain 

The homozygous lethality of the bt[WT-kinase] allele was not very surprising after 
the results of the other attR alleles for bt, because the intron between exon 39 and 38 
is even shorter than between exon 10 and 11. As such interference with the splicing 
machinery is a likely possibility. Potential miss-splicing of the kinase domain and the 
down-stream regions may well be lethal, as truncating of Projectin directly 5’ of the 
kinase domain has been demonstrated to be lethal (Ayme-Southgate et al., 1995). 
 
5.4. Modifications in the sls locus by two-step CRISPR-Cas9 RMCE 
approach 
 
5.4.1. Embryonic phenotypes induced by the sls[31-dsRed] and sls[32-dsRed] 
alleles. 

The embryonic phenotypes of sls[31-dsRed] and sls[32-dsRed] were surprisingly 
different. Based on the truncation point in the protein it was expected that the 
phenotypes would be quite similar, as the major effect, was expected to be caused by 
the removal of the region that can interaction with the thick filament (exon 33 and 
further). The difference in PEVK length was not expected to make much difference if 
the interaction with the thick filament was abolished. However, the sls[31-dsRed] 
allele over the deficiency strongly resembles a strong loss of function allele at the 
structural level of the sarcomere, with complete loss of the striation pattern (Figure 
51B, B’) (other strong loss of function alleles are described in (Zhang et al., 2000)) as 
marked by Zasp52-GFP, while sls[32-dsRed] over the deficiency shows ruptured 
sarcomeres (Figures 51C,C’, 52), which is not described well in previous literature 
but seems to resemble hypomorphic alleles (Clark et al., 2007). 
The loss of striation pattern in sls[31-dsRed] over the deficiency should be further 

investigated with different Z-disc markers and M-line markers in order to prove 
whether the striation pattern is really lost or whether Zasp52-GFP is mis-localized. 
Homozygous sls[31-dsRed] is early larval lethal and appears to be weaker than 
previous described strong alleles (which are embryonic lethal), while homozygous 
sls[32-dsRed] flies experience increased lethality in later larval stage and a significant 
portion may achieve pupal stage. 

The unexpected stark difference between the sls alleles is very hard to explain on 
the basis of the location of the termination. The sls[31-dsRed] allele appears to be too 
strong compared to the sls[32-dsRed] allele. This led me to speculate that the splicing 
machinery might be capable of splicing over the Mhc splice acceptor used in the 
dsRed donor cassette. As both exon 31 and 32 are multiples of three skipping an exon 
will not lead to a frame shift. If the splicing over the Mhc splice acceptor is possible 
for the splicing machinery, it is much more likely to happen in the sls[32-dsRed] 
allele as it only contains a single copy, while sls[31-dsRed] is ends-in and not only 
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has 2 copies of the cassette but also a stretch of bacterial DNA and homology arms 
between the 2 copies increasing the chance that the splicing machinery would not be 
able to completely skip the insert. The ability to skip the inserted cassette also 
explains the hatching of the larvae. If the truncation was 100%, the connection 
between the thick and thin filaments in the larval muscles would be ablated (as Kettin 
is unlikely to reach the Z-disc in larval muscles due to its short length) resulting in a 
complete ablation of the stiffness and potential stretch based signaling functions of 
the long Sallimus isoforms. Such a mutation was expected to result in embryonic 
lethality.  

In short, the phenotypes in these experiments suggest that in some cases the splice 
acceptor and termination combination used in this project could be leaky. As such, 
when a protein truncation is required when using the same method as was used in this 
project it is important that the removed exon would also result in a frame shift if the 
Mhc splice acceptor would be skipped by the splicing machinery. 

There could be another explanation for the difference in the lethality, which is 
based on the speculative model we described for Projectin. If the Projectin N-terminal 
region would interact with exon 31 of Sls but not with exon 30 the strong difference 
in phenotype could be explained by the loss of the interaction between Sallimus and 
Projectin in the sls[31-dsRed] allele. However, this is very speculative and unlikely. 
 
5.4.2. Larval and pupal phenotypes caused by the sls[32-dsRed] allele. 

At the larval and pupal stage only the sls[32-dsRed] allele was studied in this 
project, and unsurprisingly the sarcomeric phenotype of larvae carrying the sls[32-
dsRed] allele over the deficiency deteriorated during the larval development (Figure 
52). Over time it appeared that the ruptured sarcomeres became more frequent and at 
the late L3 stage some muscles were completely absent (this was not quantified). 
Observations of living larvae showed that the muscles with ruptured sarcomeres 
(holes) could still contract (not shown). The sls[32-dsRed] / Df(3L)BSC366 pupae 
appear as long and narrow with an aspect ratio slightly higher, but comparable with 
measured sallimus hypomorphic alleles in previous studies (Clark et al., 2007). The 
larval and pupal lethality also resembles the observations in hypomorphic alleles 
(Clark et al., 2007). Finally, I have observed some escapers carrying the sls[32-
dsRed] allele homozygous but only in combination with balancers on the second 
chromosome, and only very few. The survival is probably possible if other mutations 
such as balancers result in a lowered contractility of the muscle. As less force is put 
on the muscles, less muscle damage may accumulate, which may allow some 
individuals to reach the adult stage. 
 
5.4.4. Adult localization of Sls31-V5-short and Sls32-V5-short 
Dominant Sls isoforms in the IFM are Kettin and Sls(700) neither of which contain 

a long PEVK domain. There are some observations that suggest an Sls isoform of 
around 800kD with a PEVK domain (likely coded by exon 32 (Burkart et al., 2007)) 
in the IFM, but this is, if expressed at all, a minor isoform (Kulke et al., 2001). The 
data obtained in this work do not support the presence of a PEVK containing isoform 
in the IFMs, as neither Sls31-V5-short nor Sls32-V5-short are observed in the 
antibody stainings performed in this work. However, from the mRNA-SEQ data, it 
could be inferred that the IFMs do express some minor isoforms containing exon 32 
at 90 hours APF (Figure 18), and that this expression is gone in 1 day old adult flies. 
In addition, the data presented on a potential PEVK containing Sls isoform in the IFM 
suggest that the PEVK domain may be cryptic when the muscle is not stretched 
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(Kulke et al., 2001). If this is indeed the case the V5 epitope of Sls32-V5-short may 
actually be cryptic in the IFM unless the IFMs are stretched. That being said, the low 
expression levels in 90 hours APF in IFM indicated by the mRNA-SEQ data could be 
noise and there may actually be no expression. 

In the assessment of the localization of Sls31-V5-short and Sls32-V5-short in the 
tubular muscles (in the ventral region of the sarcomere at the base of the legs) it was 
observed that Sls31-V5-short appeared to have a broader staining pattern within the 
sarcomere (Figures 56, 57). This broader Sls31-V5-short expression in these tubular 
muscles could be due to staining artifacts, or it could mean that, within the same 
muscle, Sls31-V5-short is expressed in a wider variety of isoforms than Sls32-V5-
short. 

Aside from that, the current images do show some other interesting differences in 
expression patterns between the two alleles. Sls32-V5-short is expressed in all 
observed tubular muscles, while Sls31-V5-short is expressed in most but not all 
tubular muscles (Figure 58).  
Additionally, in the cardiac muscle Sls32-V5-short is expressed in all 

cardiomyocytes, while Sls31-V5-short is not expressed in the cardiomyocytes, but is 
expressed in the longitudinal muscles that are part of the dorsal diaphragm that may 
support the heart ventrally. This expression is apparently at relatively low levels 
compared to the abdominal tubular muscles (Figure 59).  
The differences in expression indicate that different kinds of tubular muscles 

express different Sallimus isoforms. The difference in the cardiac expression could 
very well be explained by the presence of shorter Sallimus isoforms (e.g. Sls(1000) 
using exon 32 and not exon 31 (Burkart et al., 2007) and the absence of longer 
isoforms using exon 31.  

The viability and mobility assays showed very surprising results, as not a single 
functional defect was identified. None of the assays performed indicated a functional 
defect whether it being adult viability, flight, adult climbing speed, or larval crawling 
speed (Figures 60, 61, 62 and 63).  
These were very surprising results as all available data from literature indicates 

that shorter PEVK domains in titin like molecules result in stiffer muscles, which is 
expected to have profound effects on the mechanical and functional properties of the 
sarcomeres. This means that Drosophila either has the capability to compensate for 
these shorter PEVK domains or that the Sls PEVK domains are not important for 
muscle formation and functioning in lab conditions.  

The possibility for compensation is likely through alternative splicing of the 
unique region of sallimus (see Chapter 5.4.5) or through post-translational 
modifications resulting in for example unfolded Ig-domains, compensating for the lost 
length. Alternative splicing of Projectin is unlikely to be able to compensate as the 
Projectin PEVK region is very short compared to the exon deletions performed in 
sallimus in this work. Alternatively it could be that these PEVK exons are not very 
important for the muscle properties and functioning (at least in the experimental 
conditions used in this work). A similar situation was observed in the human soleus 
muscle, here the muscle was much stiffer than the titin isoform would suggest, and it 
is very unlikely that the PEVK domain would contribute significantly to the stiffness 
of this muscle (see Chapter 1.7.3.1.).  

In short the results show either an extreme potential for adaptation or a surprising 
amount of redundancy, neither was expected. However, as the assays used in this 
work are very simple and the genetic backgrounds of the different lines were not 
controlled, minor defects could still be observed in more controlled and more precise 
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experiments that also expose the flies to higher stress levels. However, instead of 
focusing on minor defects, larger PEVK deletions (complete deletions of exon 31 and 
32 or even bigger deletions) may result in stronger more obvious defects. 
 
5.4.5. The unique sequence regions in sallimus 

The sls exons described as unique can be very interesting in the unraveling of the 
function of the Sls PEVK domain. This is because exon 29 has 60% PEVK content 
(higher than exon 31 (49% and exon 32 59%) exon 28 has 32% PEVK content and 
exon 25 has 34% PEVK content. These PEVK percentages would indicate that these 
exons, especially exon 29 are in fact PEVK exons.  
Interestingly, even though these exons contain a large portion of PEVK exons they 

are described as unique (Burkart et al., 2007). This may be due to other aspects of the 
exons. Exon 29 for example contains a 213 bp section that is repeated 14 times, which 
may hint to another function. Aside from that, no information about these exons is 
available to my knowledge. I believe that these 4 exons are PEVK coding exons or 
have a PEVK-like function in addition to potential other functions. This information 
suggests that it might be possible that alternative expression of the exons 25, 28 and 
29 might allow for compensation of the shortening of the exons 31 and 32 in Sls31-
V5-short and Sls32-V5-short. 
 
5.5. Future experiments and alternative approaches 

Although this project has gained many new insights in connecting filaments, most 
of the approaches are unfinished. As such, in this chapter a short summary of future 
and alternative approaches will be presented as a guideline to continue the project. 
  
5.5.1. Future experiments with the BAC lines 

Due to the difficulties with the cloning of the BAC and the observation of a defect 
the flight capability of flies carrying the homozygous bt-wt-BAC in the combination 
with the homozygous bt[11th-exon-dsRed] allele, I consider it is not worth it to 
continue to attempt to make new versions of the BAC. However, the existing fly 
strains carrying the BAC can be utilized to expand our understanding of the 
functioning of the PEVK domain.  

The most obvious experiment would be to combine bt-HA-IFM-BAC and bt-wt-
BAC with sls[31-V5-short] and sls[32-V5-short] in the bt null background (bt[11th-
exon-dsRed]) and assess potential lethality or tubular muscle phenotypes in those 
situations. This could potentially eliminate some compensation ability. 

In addition to that bt-wt-BAC and bt-HA-IFM-BAC could be used to gain insight in 
the role of Projectin in IFM stiffness. The flight test results show that the flight 
capability of strains carrying the homozygous bt-wt-BAC allele can be partially 
rescued when the allele is expressed in combination with the homozygous expression 
of the bt[11th-exon-dsRed] allele. This partial rescue is not observed for the bt-HA-
IFM-BAC allele, suggesting a functional phenotype in the IFM when only the short 
IFM specific isoform is expressed. This observation could be confirmed with more 
extensive flight tests in a more controlled genetic background. However, this should 
only be attempted if future attempts with the CRISPR approach are not successful as 
the BAC is not completely functional. 

The combination of the BAC alleles with the Sls short alleles would be the most 
informative experiment, while the extensive flight tests with the two BAC lines is 
more a back up experiment that could still yield some interesting and useful data. 
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5.5.2. Future experiments with the bt[HA-11] allele 
In this work, a detailed localization pattern of the Projectin PEVK domain was 

performed. With these observations a new model for the localization of the Projectin 
PEVK domain in tubular muscles could be drafted (Figure 70). The next step in my 
opinion would be to use EM to obtain higher resolution images to see if this model 
can hold true. If the EM images support the idea that the Projectin N-terminal region 
interacts with either Actin or Sallimus, in vitro experiments could be used to verify 
possible interaction partners. For these experiments I would suggest to not use cross-
linking methods as this may lead to strong artifacts, especially if the interaction 
between Projectin and its interactor is transient. 

A second set of potential experiments involves the insertion of a C-terminal tag in 
bt[HA-11]. This tag should inserted be as close to the C-terminus as possible. This 
could allow for the assessment whether or not Projectin is localized in a stretched 
linear fashion. The distance between the epitopes should be close to 200 nm if the 
protein is localized in a stretched fashion. Drosophila Projectin is estimated to be 
between 200 and 300 nm long (Nave and Weber, 1990). Muscle stretch should allow 
for an increase in the distance between the epitopes that is large enough that the 
epitopes could be separated under a light microscope. If this is not the case EM or 
super resolution microscopy could be used to assess the distance between the epitopes 
and gain some information of the Projectin conformation in the muscle. It would be 
interesting to observe whether this is similar in different muscle types like the IFM 
and tubular muscle.  
 
5.5.3. Generation of new CRISPR alleles for the bent PEVK domain 
The investigation of Projectin has provided many new insights, however in order 

to be able to continue new alleles have to be generated. First and foremost the 
deletion and subsequent modification of the PEVK domain is required. This would 
allow for confirmation of the observations with bt-HA-IFM-BAC in the flight test, and 
could provide a clean system to really assess the effects of altered Projectin PEVK 
lengths in the different muscle types. This work already contains a design for the first 
step of the deletion of the entire PEVK domain and insertion of a donor construct. 
Initial experiments indicate that the sgRNAs are functional in the fly. Unfortunately 
the initial attempt for the donor integration has not been successful (Figure 48C). 

A new deletion that should allow the integration of tags and other constructs in 
exon 11 has been performed (Figure 48B). This allele needs to be verified. When 
these modification steps are completed, antibody stainings and mobility assays should 
be used to assess the generated alleles. 
 
5.5.4. New CRISPR strategies for the bt kinase domain and future targets 

The silencing of the Kinase domain cannot be done with our two-step approach as 
the return of a wild-type fragment leads to lethality and a shift in location of the 
sgRNAs to a bigger intron would require a shift of the 5’ sgRNA target site of about 
10 kb upstream. This leaves three different possibilities to silence the kinase domain. 
The first is to perform a seamless integration, just as in the generation of the bt[HA-
11] allele. The second method would utilize a single sgRNA to generate a double 
strand break and offer a single stranded oligo as a repair template. The third method 
would be to redesign the approach into a CRSIPR-Cas9 piggybac approach. 

The second approach would have 2 major advantages and 2 disadvantages. The 
advantages would be a potentially higher integration efficiency (see for example 
(Yang et al., 2014)) and no risk of ends-in events, while the disadvantages would be 
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that there would be no marker to selectively screen, resulting in an inefficient PCR 
screening method and this approach is more dependent on the presence of a PAM site 
within close proximity of the target site. A seamless integration as used in bt[HA-11]  
would allow for the simultaneous integration of a tag and the point mutation. While 
the screening would be more efficient than with the oligo the integration efficiency is 
likely to be lower and there is a possibility for end-in events that cannot be resolved. 
The final method, the CRISPR-Cas9 piggybac procedure, would allow for a seamless 
integration of the final construct. At the same time the screening would still be based 
on the integration of the dsRed marker. And Finally large modifications or multiple 
modifications, like the insertion of a tag and a point mutation, simultaneously would 
be possible. This approach relies on the excision of the dsRed marker cassette (as 
used in this work) by an excision only piggybac transposase instead of RMCE.  

If the dsRed cassette is combined with a FRT site, possible ends-in events could be 
removed by flip-out. The excision of the piggybac element should be complete and 
should allow for a scar free excision (Thibault et al., 2004). As natural piggybac 
elements appear to primarily insert themselves within the coding region of genes and 
the distribution between introns on one end and the 5’ gene flanking regions and 
exons on the other hand appears to be roughly equal (Thibault et al., 2004), they may 
be ideal for this approach in which the piggybac element is designed in an intron. 

For this approach the donor construct should include the final desired genetic 
fragment followed by the dsRed cassette combined with a FRT site. The dsRed-FRT 
cassette should be flanked by the piggybac feet, and is called the piggybac cassette. In 
this initial rough design of this approach the location of the piggybac cassette is 
assumed to be intronic (Figure 72). This approach would have 2 disadvantages: First, 
the donor cassette may become very large as the desired final construct and the 
piggybac cassette need to be combined in a single construct. This larger size may 
result in lower insertion efficiencies in the homology directed repair pathway. Second, 
this approach would not give an efficient platform for several different independent 
second steps like the CRISPR-Cas9 RMCE approach. A potential additional problem 
could be excision difficulties. While it is known that natural piggybac elements can 
readily insert themselves into TTAA sites in introns and are capable of remobilization 
in the presence of piggybac transposase (Thibault et al., 2004), there may be other 
unknown factors that could be important. As such, it is not known how efficient the 
excision of the piggybac element from this artificial construct would be. A general 
design of this procedure including the resolving of an ends-in event is illustrated in 
Figure 71. 

The piggybac approach may also be useful for the modification of the bent PEVK 
region if any of the approaches described in (Figure 48) appears to not allow for 
homozygous viable flies after RMCE. 

Aside from choosing a potential new approach it may also be interesting to not 
only mutate D166, but also to mutate D184 to glutamate to see whether the kinase 
domain is active, like suggested in literature (Bogomolovas et al., 2014), or just a 
scaffold like the titin kinase domain, as potential ligands should still be able to bind 
with this mutation. 
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Figure 71: The CRISPR-Cas9 piggybac procedure 
The donor construct (A) in this approach contains the final desired sequence (red) and a dsRed cassette 
(blue) flanked by piggybac feet (green), the dsRed cassette also contains an FRT (orange) site. The 
whole construct is flanked by homology arms of 1 to 2 kb each. The dsRed cassette (aprt from the FTR 
sites) is the same as used for this project (it contains a splice acceptor a stop codon in all reading 
frames a poly A termination signal, the 3xP3 promoter the dsRed gene followed by a poly A 
termination signal). The dsRed piggybac cassette is inserted in the donor construct in such a way that it 
resembles a natural intronic piggybac insertion (at the TTAA site, B). Continued on the next page. 
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Figure 71 continued: 
Normal insertion of the construct (B): first double stranded breaks allow for the insertion of the donor 
construct by homology directed repair. Then the dsRed piggybac cassette is removed by remobilization 
(by means of excision only piggyback transposase), leaving the desired insertion and restoring the 
TTAA sequence in the intron resulting in a seamless integration.  
The removal of the dsRed piggybac cassette should be possible to do by means of plasmid micro-
injection (the plasmid should code for an excision only piggybac transposase) or by using flies that 
express the piggybac transposase (as described in for example (Thibault et al., 2004)) 
The FRT insertion in this design should allow for resolving of an ends-in situation (C) by flip out. This 
process can be screened efficiently by first screening for a decrease in fluorescence intensity followed 
by PCR and sequence verification. After the ends-in situation is resolved, the dsRed piggybac cassette 
can be removed as described in B. 
 
5.5.5. Future Sls experiments 

Aside from the recombination of the short sallimus alleles with the BAC lines, 
there are several experiments that should be performed. The most crucial part is the 
generation of wild-type tagged alleles of exons 31 and 32. The version for exon 32 is 
in verification (Figure 54B), while the exon 31 version, still needs to be generated. 
Next to that larger deletions are required, currently the first steps have been made to 
be able to generate a combined deletion of the exons 31 and 32 by means of in trans 
flip-out by FRT sites (Figure 54). The fly strains containing the FRT sites are 
currently under verification. When the generation of these flies is completed it can be 
attempted to generate a deletion of both exon 31 and 32 by in trans flip-out.  

Finally a reduction of the size of the exon 18 PEVK region and the insertion of a 
tag in this exon might yield new insights of the localization of different isoforms in 
different muscle types. In a more distant future it would be very interesting to study 
the functionality of the unique region encoded by sallimus. 
 
5.5.6 Assessment of tension in connecting filaments during muscle development 

Previous studies (Weitkunat et al., 2014) and (Weitkunat et al., 2017) have shown 
the importance and development of tension during muscle development. However, 
there is no data available on the development of tension on the molecular level in the 
sarcomere. 

There is currently a lot of effort made to build tension sensors (based on FRET 
measurements) and to apply those not only to cell lines but also to multi-cellular 
organisms (e.g. (Grashoff et al., 2010); (Yamashita et al., 2016)). Integration of these 
tension sensors in connecting filaments could allow for the assessment of forces in the 
sarcomeres on the molecular level. The fly strains generated in this work could be 
used to assess this. By means of the RMCE method tension sensors could be 
integrated in the exons 31 and 32 of Sallimus, while seamless integration or the new 
dsRed inserted lines (bt[exon-9-new-dsRed] and bt[PEVK-dsRed-2]) could be used to 
insert a tension sensor in Projectin. With this, the tension over connecting filaments 
could be measured for example during development of the abdominal muscle for 
example. Development of the involved techniques could allow for measurements in 
skinned muscle fibers to assess tension during contraction and stretch (prevention of 
the bleaching of the fluorophores in the tension sensors may be the biggest hurdle 
here).  

Direct measurements of force over connecting filaments in different muscle types 
could greatly increase our understanding of the presence and requirements of tension 
in different muscle types in different situations. This project could be an ideal starting 
point for such research. 
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6. Appendix 

6.1. protocols  
 
6.1.1. Protocol 1A: PureLinkTM HiPure Plasmid Miniprep Kit, InvitrogenTM, 
modified lab protocol standard culture volume. 
 

1. Equilibrate the HiPure Mini Column by applying 2 ml Equilibration buffer 
(EQ1) to the column and allow the column to drain by gravity flow 

2. Pellet 1-3 ml overnight culture (high copy number plasmids) 
3. Add 0.4 ml resuspension buffer (R3) containing RNAse A to the pellet and 

resuspend until homogeneous 
4. Add 0.4 ml lysis buffer (L7). Mix gently by inverting the capped tube 5 times. 

Do not vortex. Incubate the lysate at room temperature for 4 minutes 
5. Add 0.4 ml precipitation buffer (N3). Mix immediately by inverting the 

capped tube until the mixture is homogeneous. Incubate on ice for 4 minutes 
6. Centrifuge at >15000 x g for 10 minutes at 4°C 
7. Carefully remove and load the supernatant from step 6 onto the equilibrated 

column. Allow the column to drain by gravity flow and discard the flow 
through. 

8. Wash the column twice with 2.5 ml Wash Buffer (W8). Allow the column to 
drain by gravity flow and discard the flow through. 

9. Add 850 µl pre-warmed (50°C) elution buffer (E4) to the column and allow to 
drain by gravity flow. Catch eluted solution in a 1.5 ml eppendorf tube (this 
contains the DNA). 

10. Add 595 µl isopropanol to the elution tube mix well and centrifuge at >15000 
x g for 20 minutes at 4°C. 

11. Discard the supernatant 
12. Add 800 µl 70% ethanol to the pellet. Centrifuge at >15000 x g for 2 minutes 

at 4°C. 
13. Discard the supernatant 
14. Air dry the pellet (4 to 10 minutes) and resuspend the pellet in EB buffer, 

overnight at 4°C 
 
6.1.2. Protocol 1B: PureLinkTM HiPure Plasmid Miniprep Kit, InvitrogenTM, 
modified lab protocol high culture volume (15 to 20 ml). 

1. Equilibrate the HiPure Mini Column by applying 2 ml Equilibration buffer 
(EQ1) to the column and allow the column to drain by gravity flow 

2. Pellet 15-20 ml overnight culture (low/single or high copy number plasmids) 
3. Add 0.8 ml resuspension buffer (R3) containing RNAse A to the pellet and 

resuspend until homogeneous 
4. Split the sample in 2 equal part (this allows the use of normal 1.5 ml 

eppendorf tubes 
5. Add 0.4 ml lysis buffer (L7). Mix gently by inverting the capped tube 5 times. 

Do not vortex. Incubate the lysate at room temperature for 4 minutes (do this 
for both tubes) 

6. Add 0.4 ml precipitation buffer (N3). Mix immediately by inverting the 
capped tube until the mixture is homogeneous. Incubate on ice for 4 minutes 
(both tubes) 

7. Centrifuge at >15000 x g for 10 minutes at 4°C (both tubes) 
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8. Carefully remove and load the supernatant from step 6 of both tubes onto the 
equilibrated column. Allow the column to drain by gravity flow and discard 
the flow through 

9. Continue with step 8 from protocol 1A 
 
Remarks: 
When working with plasmids that are mixed with sgRNAs use RNAse free materials 
and reagent from step 9 in protocol 1A 
 
6.1.3. Protocol 2: induction of the BAC to high copy number with arabinose 

1. Prepare 2 ml overnight E. coli containing the BAC culture in LB containing 
15µg/ml chloramphenicol at 37°C 

2. Dilute 1 ml in  9 ml fresh LB containing 15µg/ml chloramphenicol ad 10 µl 
10% arabinose solution (final concentration 0.01%) 

3. Let grow for 5 hours at 37°C 
4. The BAC is now ready for harvesting 

 
6.1.4. Protocol 3: Transformation of the SW102 strain with the BAC 

1. Plate the SW102 line on LB agar (no antibiotics are required) and incubate 
overnight at 32°C. 

2. Pick a single colony and inoculate in I ml LB medium. 
3. Grow overnight at 32°C 
4. Inoculate 20 µl in 1 ml fresh LB. 
5. Grow at 32°C to an OD of 0.6 (approximately 2 hours). 
6. Prepare the cuvettes for electroporation (Eppendorf 2510 electroporator was 

used for this work) by putting them on ice and pre-cool the eppendorf 
centrifuge to 2°C. 

7. Put the bacteria on ice and transfer them to a 1.5 ml eppendorf tube (from this 
step until electroporation the bacteria need to bekept as close to 0°C as 
possible to obtain good electrocompetent cells). 

8. Centrifuge for 30 seconds at 2°C, 10000g. 
9. Remove the supernatant, resuspend the pellet in ice-cold ddH2O by pipetting 

slowly up and down. 
10. Centrifuge for 30 seconds at 2°C, 10000g. 
11. Repeat step 9 and 10. 
12. Resuspend the pellet in 50µl ice-cold ddH2O 
13. Add 1 µl 100 ng/µl BAC to the cell suspension mix briefly and let stand for 1 

minute on ice. (If low efficiency is obtained the BAC concentration can be 
increased up to 1000 ng/µl). 

14. Transfer the cell suspension to a chilled electroporation cuvette. Try to prevent 
air bubbles, but if they are there carefully knock the cuvette on the bench to 
remove them. 

15. Use the program, that gives 1800V, 5.6 ms. 
16. Check that the voltage and time were actually correct (if to high or too low the 

electroporation was not successful, and this cannot be repeated with the same 
sample) 

17. Add 1 ml LB without antibiotics to the cuvette, pipet gently up and down and 
transfer the cells to either and 1.5 ml eppendorf or a falcon for bacterial 
cultures (15 ml falcon). 
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18. Incubate at 32°C for 2 hours. Shake at 1000 RPM (eppendorf tube in bench 
shaker) or 220 RPM (falcon tube). 

19. Plate on LB medium containing 15µg/ml chloramphenicol and grow overnight 
at 32°C (plate 100µl on one plate and the rest on an other). 

20. Alternatively for direct use in stead of plating: transfer 100µl to a new falcon 
tube (for liquid cultures) with 1 ml LB containing 15µg/ml chloramphenicol 
and grow until the culture is saturated (16 to 20 hours, typically). 

 
6.1.5. Protocol 4: golden gate cloning with a single recognition site in one of the 
DNA fragments 
Prepare the reaction mix as described in the normal golden gate protocol (Zhang et 
al., 2014b). The protocol 4 deviates from the standard protocol starting from the 
ligation reaction in the thermocycler. 
 

1. Run the following program in the thermocycler: 10 cycles of (37°C, 10 min 
and 16°C, 10 min) / 37°C, 25 min / 16°C, 12 hrs 

2. Run the following program in the thermocycler: 85°C, 1:30 min (insert the 
sample only when the cycler is at 85°C) / 80, 25 min / 80 - 25°C (0.2°C per 
second) / 25°C 5 min / hold at 4°C. (This step is meant to heat-inactivate all 
the enzymes while minimizing re-digestion of the DNA fragments.) 

3. Add 1.7 µl ATP (25 mM stock solution) equates to roughly 10 mM final 
solution (assuming a 15 µl reaction mix from step 2). 

4. Add 0.5 µl t4 ligase. 
5. 1 hour ligation at room temperature. (This step is to ligate any digested 

homology arms.) 
Continue to run the plasmid safe treatment as described in (Zhang et al., 2014b). 

 
6.1.6. Protocol 5: Larval dissections: immunolabeling of larval filets 

1. Stabilize first posterior then anterior end of larva with insect pins 
2. Cover with relaxing solution (without fix) or PBS and stretch the larva slightly 
3. Make a small hole at the ventral (in this case) or dorsal midline near the 

posterior end with small dissection scissors 
4. Open larva by cutting along the midline from posterior to anterior end 
5. Carefully remove organs with fine forceps 
6. Stretch and pin down the epidermis on both lateral sides with 2 pins (carefully 

remove remaining organs and trachea) 
7. Remove relaxing solution and fix filet in a drop of 4% PFA in relaxing 

solution (done here) or PBS for 15 minutes 
8. Remove the fix and wash 2x with BPST, 15 minutes each (0.3% Triton-X 100) 
9. Remove pins, first lateral ones, then from anterior and posterior ends and 

carefully transfer the filet into a 24 well plate or black embryo plates with 
PBST (0.3% Triton-X 100 and 3% NGS) 

10. Block for 30 minutes 
11. Remove blocking solution and apply primary antibody in PBST. Incubate for 
1 hour at RT or at 4 degrees overnight o/n 

12. Remove primary ab, wash 2x for 15 minutes in PBST 
13. Incubate with 2nd antibodies for 2 hours at RT (keep dark from here on) 
14. Wash 2x for 15 minutes in PBST 
15. Mount filets in a drop of Vectashield, put a cover slide and seal with nail 
polish 
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6.1.7. Protocol 6: trackmate settings for larval crawling analyses 

1. convert the camera file to AVI in iMovie 
2. in Fiji, convert the images to gray values and delete the images such that only 

the first frame of any second is kept (the file has 25 images per second) 
3. set the scale based on an object with a known size in the frame (like a ruler) 
4. crop the image to the size of the petri dish 
5. open trackmate and set the z-axis to time 
6. select the DoG detector 
7. set estimated blob diameter at 3.0 mm and the threshold at 1.0 turn on median 

filter and turn of the sub pixel localization 
8. in the next window with initial thresholding take the whole window 
9. select hyperstack displayer 
10. select the simple LAP tracker 
11. set the settings for the Simple LAP tracker: set the linking max distance at 15 

mm, the Gap-closing max distance at 15 mm and the Gap-closing max frame 
gap at 2 

12. run the automated tracking 
13. open the track scheme (in the display options window) and manually remove 

the artificial tracks generated by the program and verify the actual tracks to 
see whether they meet the criteria  

14. after that in the same window open the analyses and take the data of interest 
from there  

15. capture the overlay, export the tracks to XML file and safe the stack as a tiff 
file. 

 
6.2. Gblock sequences 
 
6.2.1. Sls 31 V5 short 
GGCGACCAATACTACATCAAGCcgtctctCTAGCAGGCTAGGATTTATAGGGATA
ATTTCATAACAAAACTGCATACATGATCGATATTTTGTCAAATTTATATCTACT
AACTTATCTAATGTACGTGGGACATTAATTTAAAACTATATACCGTTAAGTGT
GACATGGGTTAAGCTTTTATAAACTAAACAGATTTCAGGTTAAACAGAGAT
TTGCGACAATATAAACTATCAAAGTATTTTGTAAATATTTTTTATAATGTGGTT
TAGGTTTATAAAAGAGTAACCCGCCATTAAATAAAATCAGTTTTCTAACCAA
CTCATCTCTAAGCGCAAAACTTTGTTCTTCATACAAAGTTTGTGCGTTGTAA
AGCATTATATAAAATGCAAATATAAATTTAAAAACTAGTTTAGTGCTAACAC
AAAACACATAATTTTTTCTTAAACAGACCAATACTACAAAGAGTACACTATC
ACTGAACCTGAAGAGGCAAGTGCAGGaGGaTCgGGtGGcTCgGGCAAGCCCA
TCCCCAACCCCCTGCTGGGCCTGGATAGCACCGGtGGtTCcGGtGGtTCgACA
GTTAAACATAAGAAAACAAAACCAGACACACAAAAAAGCGTTGAAACAA
GTAAGTTACTAGAAGAGAGTTATTGGAGCCACCAAATCCTGCTGCAGTACC
TTCTGCTCCTTTGTCTGTGTCTTTCGCATTTGTTTGTCCCCCTTGAAACACA
CCGTTGATTTCCAATTGTTACGCCTTTTCCCACCTATAGCTaGAGACGGGAA
ATCAACGATGTCGAAGAG 
 
6.2.2. Sls 32 V5 short 
GGCGACCAATACTACATCAAGCGAAGACaaCTAGGTTTCTCTTCTCTTTTT
CGCTGTTGGTCTCGGATCTCTTAATTTGAGTCCTAATCTTTTCCAGTTAAC
CAGTCCCAAAAACAGTCACTTTACATAACAATATCGTATGCATGTTAAATG
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TTTTAAACCATAAAAGTGTTGTTCTATAGTCCTAACACATTCTCCCTACCA
TCACGATTTTCACGCATTAATAGTTGAAACAAATTATAAGCAGTAGAACGA
AATTAACATCATAAAATTTTGATATTTATGATTCCACACTAAACACACACTA
AACCCACATGCCCACATATTAATAATGTTCGTCTTTAACAGTTTCCTTCAA
AAATCTAATTGTTTATTTTGGTTCAGTTTTTAAATGTTTTCCTTCAACTGCT
GTCCGTGTAAATAAAGCCTCGAATTATGTATTTTGTCCAGTTCACCGAAAA
GCTTGCTTTGCGAAAGCAATGCGTGGTTCCACGGGTTTCTCTACCGTATT
AAGCATTATTCATTGAAACCTTAATGCATTTTTTATAACAGGTGAACTACC
AGAGGTTCATAAAGACTATCAAATTAGCATCATCCACGAAGGaGGaTCgG
GtGGcTCgGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGATAGCAC
CGGtGGtTCcGGtGGtTCgTCTCTTACCTTTAAAAAGAAGCGTAAGGTTGTG
CAACAACTTTTCAATGAAGGTAAGTCGGCTTATGTGGCCAGTAACGGTAA
ATTTTGTATACATCAAAAAATGCTTTACTTTTACATAAATAAATATCAGCTT
ATATGATATCAGAGTGGCAAGGTAAAAATACCCAATTTAAATGTTGGTTG
CTAACGCTATAACAATTCAGCTttGTCTTCGGAAATCAACGATGTCGAAGA
G 
 
6.2.3. Sla 32 V5 WT 
GGCGACCAATACTACATCAAGCAACCAAAGGCCCCTGAAGAACAACCAAC
GGATTTCACCTTCGCCACAAAGGATTCCGAAAAGAAGCCGACTGTGGAAG
AGCTGCCCGAGGAACAGGTCACGATTCAAAAAAAGAAAAAGAAGGCACC
AGTACCAGAGGTAGTTGAAGAACCCGAAGCTGAGTTTTTGGTTAAGCCAA
AGACGCCTGTCCAAGAAGTTACTGAAGAAGCTAAGATAACGAAGTCTAAG
AAACCTGTAAAGGAAGAAGAGGCCGCGGCAGAGCTTAAAGTAACGATCAC
TGAAGAAATTCCCACTGAACCAGAAGTTCAAGAAATTATCGAGGAGATCG
AAGAGATCGAGGAAGAAAAACCCGCAGAGTATGTGATCGAAGTTAAGGAA
AGCCAACCAGAAGCTGTAGAAGATAAGGAAGTTAGCTTACCGAAAAAGAA
ACCTAAGGCTCCAATAGTTGAAGAGCCAGAAGCTGAAATAACTTTGAAGC
CAAAGGTAAAGTCGGAAGAAGTTCAGGAAGAAGCAAAGATAGTGAAGAA
AAAGCCAAAGAAAATCGGaGGaTCgGGtGGcTCgGGCAAGCCCATCCCCAAC
CCCCTGCTGGGCCTGGATAGCACCGGtGGtTCcGGtGGtTCgGACGAAGTTGC
AGTAGCCGACGAGCTTACGGTCAAGGTTGAAGAAGAGGTTGTCCCAGAGC
CGATTGTTGAAGAAGAAGTGATAGAAGAGTTCGAAATTAAAGGAAATCAA
CGATGTCGAAGAG 
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6.3. Fly stock list	
strain nr genotype

300 y[1],w[1118]/y[1],w[1118];;sls[32-dsRed]/TM3,Sb
301 y[1],w[1118]/y[1],w[1118];;sls[31-dsRed]/TM3,Sb
302 w[1118]/w[1118];;sls[32-dsRed]/TM6c,Sb,Tb
303 w[1118]/w[1118];;sls[31-dsRed]/TM6c,Sb,Tb
304 w[1118]/w[1118];;sls[32-dsRed]/TM3, Sb, Kr-Gal4, UAS-GFP
305 w[1118]/w[1118];;sls[31-dsRed]/TM3, Sb, Kr-Gal4, UAS-GFP
306 y[1],w[1118]/y[1],w[1118];;sls[32-V5-short]/sls[32-V5-short]
307 y[1],w[1118]/y[1],w[1118];;sls[31-V5-short]/sls[31-V5-short]
308 y[1],w[1118]/y[1],w[1118];;bt-wt-BAC (in VK33)/tb-wt-BAC (in VK33)
309 y[1],w[1118]/y[1],w[1118];;bt-HA-IFM-BAC (in VK33)/bt-HA-IFM-BAC (in VK33)
310 w[1118]/w[1118];Zasp52-GFP/Zasp52-GFP;sls[32-dsRed]/TM6c,Sb,Tb
311 w[1118]/w[1118];If/CyO;sls[32-dsRed]/TM6c,Sb,Tb
312 w[1118]/w[1118];If/CyO;sls[31-dsRed]/TM6c,Sb,Tb
313 w[1118]/w[1118];Zasp52-GFP/CyO;sls[31-dsRed]/TM6c,Sb,Tb
314 w[1118]/w[1118];;Df(3L)BSC366/TM6c,Sb,Tb
315 w[1118]/w[1118];Zasp52-GFP/CyO;Sb/TM3,Ser
316 w[1118]/w[1118];;Df(3L)BSC366/TM3, Sb, Kr-Gal4, UAS-GFP
317 w[1118]/w[1118];Zasp52-GFP/Zasp52-GFP;Sb/TM3,Ser
318 w[1118]/w[1118];Zasp52-GFP/CyO;sls[31-dsRed]/TM3, Sb, Kr-GAL4, UAS-GFP 
319 w[1118]/w[1118];Zasp52-GFP/CyO;sls[32-dsRed]/ TM3, Sb, Kr-GAL4, UAS-GFP
400 w[1118]/w[1118];;;ci[D]/ey[D]
401 w[1118]/w[1118];;;ci[D]/bt[I-b]
402 ci[D]/bt[I-k]
404 w[1118]/w[1118];;;bt[11th-exon-dsRed]/ci[D]
405 w[1118]/w[1118];;;bt[11th-exon-dsRed]/P{ActGFP}unc-13
406 w[1118]/w[1118];;;bt[HA-11-attR]/ci[D]
407 w[1118]/w[1118];;;bt[V5-11-attR] /ci[D]
408 w[1118]/w[1118];;;bt[11-WT-attR] /ci[D]
409 w[1118 /w[1118];;;bt[HA-11-attR]/P{ActGFP}unc-13
410 w[1118]/w[1118];;;bt[V5-11-attR]/P{ActGFP}unc-13
411 w[1118]/w[1118];;;bt[11-WT-attR]/P{ActGFP}unc-13
412 w[1118]/w[1118];;;bt[HA-11]/bt[HA-11]
413 w[1118]/w[1118];;;bt[V5-11]/bt[V5-11]
414 w[1118]/w[1118];;Ly/TM3,Sb;bt[HA-11]/bt[HA-11]
415 w[1118]/w[1118];;Ly/TM3,Sb;P{ActGFP}unc-13/ci[D]
416 w[1118]/w[1118];;bt-wt-BAC (in VK33)/TM3,Sb;ci[D]/ey[D]
417 w[1118]/w[1118];;bt-wt-BAC (in VK33)/bt-wt-BAC (in VK33);bt[I-b]/ci[D]
418 bt-wt-BAC (in VK33)/bt-wt-BAC (in VK33);bt[I-k]/bt[I-k]
419 bt-wt-BAC (in VK33)/bt-wt-BAC (in VK33);bt[1]/bt[1]
420 w[1118]/w[1118];;bt-HA-IFM-BAC (in VK33)/TM3,Sb;ey[D]/ci[D]
421 w[1118]/w[1118];;;bt[kinase-dsRed]/ci[D]
422 w[1118]/w[1118];;;bt[kinase-dsRed]/ P{ActGFP}unc-13
423 w[1118]/w[1118];;bt-wt-BAC (in VK33) /bt-wt-BAC (in VK33);bt[11th-exon-dsRed]/bt[11th-exon-dsRed]
424 w[1118]/w[1118];;bt-HA-IFM-BAC (in VK33)/+;bt[11th-exon-dsRed]/bt[11th-exon-dsRed]
425 w[1118]/w[1118];;Sb/TM3 Ser;bt[I-b]/ci[D]
426 Sb/TM3,Ser;bt[I-k]/ci[D]
427 Sb/TM3,Ser;bt[1]/ci[D]
428 bt[1]/bt[1]
429 w[1118]/w[1118];;bt-HA-IFM-BAC (in VK33)/HAIFMBAC (in VK33);bt[11th-exon-dsred]/bt[11th-exon-dsred]
430 w[1118]/w[1118];;bt-wt-BAC (in VK33)/TM3,Sb;bt[11th-exon-dsred]/ci[D]
431 w[1118]/w[1118];;bt-wt-BAC (in VK33)/+; bt[11th-exon-dsred]/bt[11th-exon-dsred]
432 w[1118]/w[1118];;bt-HA-IFM-BAC (in VK33)/TM3,Sb;bt[11th-exon-dsred]/ci[D]
433 w[1118]/w[1118];;Ly/TM3,Sb;bt[kinase-dsred]/ci[D]
434 w[1118]/w[1118];;Ly/TM3,Sb;bt[kinase-dsred]/P{ActGFP}unc-13
435 w[1118]/w[1118];;Zasp66-GFP/Zasp66-GFP;bt[11th-exon-dsred]/P{ActGFP}unc-13
436 w[1118]/w[1118];;Zasp66-GFP/Zasp66-GFP;bt[kinase-dsred]/P{ActGFP}unc-13
437 w[1118]/w[1118];;Mef2-Gal4/TM3,Sb;ci[D]/P{ActGFP}unc-13



 167 

 
 
6.4. Plasmid list	

438 w[1118],Act88F-Gal4/w[1118],Act88F-Gal4;; ci[D]/ey[D]
439 w[1118]/w[1118];Y-hs-hid;;;ci[D]/ey[D]
440 w[1118]/w[1118];;If/CyO;ci[D]/P{ActGFP}unc-13
441 w[1118]/w[1118];;;ci[D]/P{ActGFP}unc-13
442 w[1118]/w[1118];;Zasp66-GFP/TM3,Sb;ci[D]/P{ActGFP}unc-13
443 w[1118]/w[1118];;Ly/TM3 Sb;ci[D]/bt[11th-exon-dsred]
444 y[1] w[1118],Act5c-Cas9,lig4[169]/y[1],w[1118],Act5c-Cas9,lig4[169];;;ci[D]/bt[kinase dsred]
445 y[1],w[1118],Act5c-Cas9,lig4[169]/y[1],w[1118],Act5c-Cas9,lig4[169];;;ci[D]/bt[11th-exon-dsred]
446 y[1],w[1118],Act5c-Cas9,lig4[169]/y[1],w[1118],Act5c-Cas9,lig4[169];;;bt[HA-11]/bt[HA-11]
447 w[1118]/w[1118];;;bt[PEVK-dsred2]/ci[D]
448 w[1118]/w[1118];;;bt[exon9-new-dsred]/ey[D]
449 w[1118]/w[1118];;;bt[kinase-WT-attR]/ci[D]
600 gmrG4,UAS-Zip1GFP/CyO;RNAiZnT63C/TM6B
601 CG32000 fosmid in VK33/CG32000 fosmid in VK33
602 UAS-CG32000RNAi [kk105477]/UAS-CG32000RNAi [kk105477]
603 w[1118]/w[1118];;;sk3/unc13{Act5C-GFP}
604 w[1118]/w[1118];;;sk2/unc13{Act5C-GFP}
605 gmrG4, UAS-Zip1GFP/CyO, Tb;RNAiZnT63C/ TM3, Ser
606 w[1118]/w[1118];;CG32000 fosmid (in VK33)/TM3, Sb;unc13{Act5C-GFP}/sk3
607 w[1118]/w[1118];;CG32000 fosmid (in VK33)/TM3, Sb;unc13{Act5C-GFP}/sk2
608 w[1118]/w[1118];;Ly/TM3, Sb;unc13{Act5C-GFP}/sk3
609 w[1118]/w[1118];;Ly/TM3, Sb;unc13{Act5C-GFP}/sk2
610 y[1],w[1118]/y[1],w[1118];;;mimic CG32000 [MID4450]/ci[D]
611 gmrG4, UAS-Zip1GFP/CyO, Tb; RNAiZnT63C/ RNAiZnT63C
612 w[1118]/w[1118];;CG32000 fosmid (in VK33)/TM3, Sb;unc13{actGFP}/ci[D]
613 UAS-CG32000-2E1/TM3, Sb

strain nr genotype

plasmid number name description/additional information
pWK1 CHORI 321-04O10 vg BAC
pWK2 CHORI 321-38A11 bt BAC
pWK3 CHORI 321-76M05 bt BAC
pWK4 CHORI 321-01E20 zormin BAC
pWK5 CHORI 321-39L15 strn-MLCK BAC
pWK6 CHORI 321-86E08 tey BAC
pWK7 CHORI 321-12N20 sr BAC
pWK8 pgalK galK plasmid BAC recombineering
pWK9 pHA HA plasmid
pWK10 pBS pBluescript
pWK11 pcDNA-IFM Projectin IFM PEVK specific cDNA in pBS
pWK12 pcDNA-leg Projectin long leg PEVK specific cDNA in pBS
pWK13 pcDNA-larva Projectin long larval PEVK specific cDNA in pBS
pWK14 pHAIFM as pWK11 but with HA-tag in pBS
pWK15 pHALEG as pWK12 but with HA-tag in pBS
pWK16 pHALARVA as pWK13 but with HA-tag in pBS
pWK17 pPEVK-tag bt dsred construct for tag at the PEVK domain
pWK18 pPEVK-del bt dsred construct for PEVK deletion
pWK19 pkinase-dsred bt dsred for kinase domain deletion
pWK20 psls18 dsred sls dsred for exon 18 deletion
pWK21 psls31 dsred sls dsred for exon 31 deletion
pWK22 psls32 dsred sls dsred for exon 32 deletion
pWK23 HAIFM-attB bt RMCE construct IFM PEVK with HA
pWK24 HALEG- attB bt RMCE construct leg PEVK with HA
pWK25 HALARVA-attB bt RMCE construct larva PEVK with HA
pWK26 vasa plasmid plasmid for co-injection RMCE
pWK27 pCl1/XZ19 base dsRed cassette for golden gate cloning in pJect
pWK29 p1309 base attB plasmid for RMCE cassette insertion
pWK30 V5 - attB bt RMCE V5 tag PEVK domain
pWK31 HA - attB bt RMCE HA tag PEVK domain
pWK32 kinase WT -attB bt RMCE WT cassette kinase domain
pWK33 sls31 short V5 - attB sls RMCE short tagged exon 31
pWK34 sls32 short V5 - attB sls RMCE short tagged exon 32
pWK35 seamless integration HA seamless integration fof the HA tag in exon 11 of bt
pWK36 seamless integration V5 seamless integration fof the conditional V5 tag in exon 11 of bt
pWK37 V5-tag gblock sls 32 WT in pJet V5-tag gblock fragment for sls 32 WT in pJet
pWK38 sls 32 WT in attB sls exon 32 WT full sequence in attB
pWK39 bt exon 11 in attB bt RMCE exon 11 wild-type construct
pWK40 sls 32 WT V5 in attB sls RMCE exon 32 wild type full sequence tagged with V5 in attB
pWK41 FRT step 2 insert RMCE FRT attB plasmid used for sls exons 31 and 32
pWK42 new PEVK del dsred bt bt dsred PEVK deletion new design
pWK43 new tag dsred bt bt dsred deletion exon 9-new exon new design
pWK44 sls 32 WT in pJet sls exon 32 full sequence in pJet

gift from Klaus FörstemannpWK47 GFP expression plasmid for S2 cells
pWK50 pGalKBAC bt BAC region between exon 11 and exon 22 exchanged for galK cassette
pWK51 HAgalK BAC bt BAC galK cassette inserted in exon 11
pWK52 HAIFMBAC 14.1 bt HA tagged IFM isoform in the BAC
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