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1. Introduction
1.1 Objective of thesis

Zymogen granules (ZGs) are lysosomes, digestive vesicles, which are important in
the digestive process of proteins, fats and carbohydrates. The surface of the cell membrane
of these granules is covered with various molecular motor proteins.! Among them are
several species of myosin; myosin lc¢, myosin 5c, myosin 6 and myosin 7b. Other important
signaling and transport proteins include dynein, rab27b, vamp2 and syntaxin 7 and 12.

The presence of these various myosins would necessitate the transportation along
actin filaments while tethering cargo during exocytosis. In order to investigate the
movement of ZGs, the use of a single beam optical trap that has become ubiquitous in
biophysics research is used. The ability of infrared optical traps to measure nanometer-
scale steps and piconewton scale forces has been invaluable since their development.? The
usefulness of optical traps has been increasing rapidly in their development and the
relatively low amounts of protein and cellular damage caused by low power infrared traps
make them amazing tools for conducting in vivo trapping experiments.

Our experiments utilizing the infrared optical trap allows us to safely trap freshly
purified ZGs and manipulate them over actin filaments. We can then identify stepping,
determine information about the myosins involved, and attempt to characterize the

complicated process of ZG transport.
1.2 Specific aims

Our first objective in this thesis is to provide some biological background. The

functioning of the pancreas and production of ZGs is explored and along with the roles and



importance of cytoskeletal motors. In particular myosins are introduced as the various roles
and functions they play are essential for the proper functioning of a variety of cells and
systems. Further details are given for four myosins; myosin 5, myosin 6, myosin 1 and
myosin 7. These particular isoforms are relevant to our ZG studies as they have been found
on the ZG membrane. A brief introduction to basic total internal reflection fluorescence
(TIRF) microscopy and optical trapping follows as a backdrop for the main experimental
techniques that follow.

Secondly, a discussion of various methods and experimental protocols will provide
further background and details including various protein and reagent preparations,
purifications, and labelling procedures. Next a more thorough explanation of our
microscope and optical trap setup are given. The various methods for calibrating and
preparing the trap along with the basic chamber preparation for trapping and data collection
is discussed

The third aim will be to demonstrate the ability of our setup to trap ZGs. By
verifying the attachment of ZGs to actin filaments while inside the trap we will then show
the stepping behavior observed in the presence of ATP. The effects of varying ATP
concentration and ionic strength has been observed along with the effects observed using
a myosin 6 inhibitor.

1.3 The pancreas
The pancreas produces liters of fluid a day containing the enzymes needed to

breakdown and digest most all the organic compounds ingested. An important organ of

the exocrine system, the pancreas produces trypsin and chymotrypsin, among other



enzymes, to digest proteins, amylase to digest carbohydrate, and lipase to digest fats.’> The
highly active pancreas produces these enzymes in specialized cells called acinar cells.
There are many physiological stresses on these acinar cells that are associated with high
levels of protein synthesis and the production and storage of potentially dangerous
digestive enzymes. These stresses that include high levels of intracellular trypsin build-up
can lead to acinar cell destruction and several pathologies. In a properly functioning
exocrine system, these enzymes are stored in precursor forms and are not activated until
they reach the duodenum.’

The storage unit inside these acinar cells for these enzymes are vesicles called
zymogen granules (ZGs). These ZGs must traffic and function properly to avoid being
harmful to themselves or other cells. If something goes wrong and these enzymes are
activated elsewhere there can be disastrous effects. For example, trypsin is able to activate
the pro-inflammatory NF-«xB signaling pathway. This deregulated inflammation, improper

activation, and over accumulation of these digestive enzymes can lead to tissue damage

and acute inflammatory diseases like pancreatitis.*
1.4 Zymogen granules and vesicle transportation

Vesicles and vesicle transport are vital to the performance and proper functioning
of all cellular organisms. Vesicles are formed by lipid bilayers that are capable of
maintaining an environment that segregates the inter- and intra-vesicle environment.
Maintaining cellular organization, transporting cargo, metabolizing material, and other
important functions are carried out by various vesicles. These roles are essential to life and

the proper functioning of all organisms. For example, the malfunctioning of vesicles has



been linked to several diseases including Alzheimer’s, 3 diabetes, © epilepsy’ and various
forms of cancer® involve a disorganization of vesicle formations and transportation. The
wide variety of processes affected by vesicles and their impact on a variety of diseases
illustrates their diverse roles and importance.

There are several types of vesicles: vacuoles, lysosomes, transport vesicles,
secretory vesicles, extracellular vesicles, and others, including gas vesicles which aid in
maintaining buoyancy for some microorganisms.’ Vacuoles are used by plant cells to store
nutrients and to maintain the proper osmotic pressure to keep the cells from lysing.'°
Lysosomes contain digestive enzymes that are used to break down food during digestion.!
Transport vesicles move cargo between areas of the cell, from the endoplasmic reticulum
to the Golgi apparatus for example, and perform other duties necessary for functioning.

The majority of vesicle traffic is carried out by the molecular motors kinesin and
dynein utilizing microtubules as tracks or myosin utilizing actin filaments as tracks. The
cytoskeletal tracks allow for the motors to bind and move along in a directed fashion while
carrying the vesicles as cargo. In addition to vesicle transport varying for particular
vesicles, vesicle size also ranges widely from synaptic vesicles that are 40 nanometers in
diameter'? to extremely large apoptotic bodies that could be 5-10 microns in diameter.'®
One particular example of a vesicle is the ZG (Figure 1.1). ZGs are specialized storage
organelles in the exocrine pancreas that allow the sorting, packaging, and regulated apical
secretion of digestive enzymes.'* ZGs have been shown to contain several species of
myosin in their cellular membrane,! and their size of approximately one micron in diameter

makes them great candidates for study using optical tweezers. During the trafficking of



ZGs, and any other vesicles using actin or microtubule binding molecular motors, the motor
proteins generate pico-newton forces and propel the vesicle in nanometer sized steps along
the filament track. In order to measure these forces and step sizes optical tweezers are

uniquely suited for the task.

Molecular topography of pancreatic zymogen granule protein
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Figure 1.1 Molecular topography of pancreatic zymogen granule protein. Cartoon of
various membrane and transmembrane proteins found on zymogen granules. Figure from
Chen (2008)."°

1.5 Cytoskeletal motors
Molecular motors consist of two major types. One generates linear movement while
the other creates rotational movement. The former has two different tracks they move

along; actin filaments and microtubules. One can further classify these motors into four




major groups; myosin, kinesin, dynein, and rotational motors, e.g. F1F0. Myosin is an actin
binding motor, while kinesin and dynein are microtubule motors. The myosin motors are
classified based on their amino acid sequence homology and all different isoforms of

myosin are called the myosin superfamily tree (Figure 1.2).1¢
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Figure 1.2 Myosin superfamily tree The 35 classes of myosin found in eukaryotes. Figure
from Oronditz and Kollmar (2007).




Myosins are classified currently into 35 classes in all eukaryotic cells.!” Myosins
are motor proteins that bind ATP (Adenosine triphosphate) and hydrolyze it to ADP
(adenosine diphosphate) and Phosphate (Pi). The hydrolyzed energy may be used for force
generation. They are involved in a wide variety of cellular functions including muscle
contraction, maintaining the morphology of organs, and the transportation of cargo.

The one common function of molecular motor myosins is their ATPase cycles.
Molecular motors exchange the energy from ATP hydrolysis to mechanical force. The
ATPase cycle has many steps (Figure 1.3), including the conformational change of myosin.
When myosin binds to ATP, the affinity of the motor domain of myosin to actin decreases
and dissociates from actin. This step is called the weakly-binding state. Then, the motor
domain hydrolyzes ATP to ADP and phosphate (Pi) and changes the conformation. The
affinity between myosin and actin increases. This is called the strongly-binding state. The
motor domain binds to actin and releases Pi. Then, the motor domain changes the
conformation, termed a power stroke. After the power stroke, the motor domain releases
ADP. In the Figure 1.3 A, one motor domain is shown instead of two motor domains to
make the illustration simpler. Figure 1.3 B. shows the ATPase pathway with weakly-
binding and strongly-binding states. The Green is the common pathway of the ATPase

cycle.
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Figure 1.3 ATPase cycle. (A) ATPase cycle of single-headed motor. ATP as an orange
star, ADP as blue star, Pi as green hexagon. “-“means binding. (B) ATPase scheme of
myosin only (bottom) and actomyosin (top).




In general, myosin’s structure consists of three parts; motor domain, neck region,
and tail region (Figure 1.4). The motor domain has an ATP binding site and an actin binding
site. The neck region binds a small protein called calmodulin and calmodulin-like proteins
that are about 18 ~ 26 kDa in size. These light chains and/or calmodulin stabilize the o-
helix structure working as a lever arm. However, a single o-helix (SAH) structure was
found that also works as a lever arm without calmodulin for myosin.'® The tail region of
myosin has a wide variety of structure. For example, class 2 myosin has a tail region that
forms a coiled-coil to make a dimer of two myosin monomers, termed the heavy chain, and
forms myosin filament with about 50~100 myosin molecules. Other domains, named
FERM, SH3, MyTH4, PH, ankyrin repeats, and globular tail domains have their own

functions in protein-protein binding.

Dimerization Targeting

Motor domain Lever arm domain region
—~ - b - - -
L and/or spacer

NN
- LAE

Reverse gear C%i}ecj ;2:1
IQ motif/CaMm ana/or

Figure 1.4 Myosin Molecule. Illustration of a myosin molecule. All myosins contain a
motor head with an ATP binding region. The lever arm, dimerization domain and cargo
binding domain are variable between myosin classes. Note: the reverse gear after the motor
domain in unique to myosin 6. Figure from Sweeney and Houdusse (2010).
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There are single- or two-headed myosins. To form two-headed dimers, the tail
region has a coiled-coil amino acid sequence. For example, myosin 1, 3, 9, and 14 are

single headed myosins, while myosin 2, 5, 7, and 10 are two-headed myosins.

< Double headed
< Single headed

Conventional
Myosine 11

Figure 1.5 Single and double headed myosin. Portion of the myosin family tree showing
common single and double headed myosin species. Figure adapted from Hodge and Cope
(2000)."

One of the important features of molecular motors is processivity. This means that
a single motor protein continuously moves along tracks and takes multiple steps without

dissociation from the tracks. On the other hand, non-processive means that the motor
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molecule dissociates from the track without movement (steps). In order to understand the
processivity, the duty-ratio is an important factor which is the fraction of an ATPase cycle
the motor remains bound to actin. The difference between a processive and non-processive
motor is the duty-ratio that is the fraction of myosin-actin binding time in the ATPase cycle.
A high-duty ratio (e.g. > 50%) suggests that the motor is processive, on the other hand, a
low duty-ratio (e.g. < 50%) suggests that the motor is non-processive. This means that two-
headed motors bind on an actin filament and the trailing head of the molecule is detached
from the actin by the power stroke of the leading head that is still tethering the myosin to
the actin filament. Before the leading head dissociates, the trailing head swings forward to

a new binding site on the acting filament.
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Figure 1.6 Hand-over-hand motion of myosin 5. Schematic showing the stages of the
myosin stepping process.

Recent studies suggested that myosin 5 may be involved in vesicle transportation
and has been found localized in melanosomes and synaptic vesicles.? 2! It has also been
shown to act like a tether, anchoring organelles and vesicles in place in vast actin networks
within the cell. Mutations that result in defects of human myosin 5a genes have been shown
to cause Griscelli disease??, a fatal disease which causes the onset of uncontrolled

macrophage activation and is fatal if not treated with a bone marrow transplant.




13

It has long been thought that microtubules direct long range transport, while myosin
moving along actin filaments mediates short range transport.®> Studies have shown that a
new model where transport is divided into centrifugal (actin dependent) and centripetal
(microtubule dependent) relies on myosin 5a transporting cargo predominantly
centrifugally around the cell and that transport along actin tracks can indeed be long
range.”* This method of transport along vast networks allows vesicles to move
directionally globally yet randomly locally.®> Myosin 5a has also has been shown to
mobilize GLUT4 vesicles in muscle cells.?*2° Several myosins, including 5a, non-muscle
myosin 2, and several other non-conventional myosins are being found to have a profound
role in the exocytosis of secretory vesicles.?

The myosin superfamily is very diverse and ubiquitous to all animal cells. There
various structures and amino acid sequences allow them the ability to perform a myriad of
tasks for the proper function of the organism. In particular, their role in vesicle transport is
important for many cellular functions from endo- and exocytosis to neurotransmitter
secretion. Many important functions of vesicles themselves are an important area of
research to help develop novel treatments for many diseases. The mutation of a number of
these myosins can lead to disastrous effects and their study also may lead to the treatment
or characterization of many diseases as well. The recent discoveries of the link between
myosin and vesicle transport should be an interesting area in the future as these two very
diverse and important aspects of physiology come together to perform many amazing

functions that are yet to be fully understood.
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1.6 Myosin 5

Myosin 5 is a plus-end directed two-headed high duty-ratio motor that has been the
most studied myosin in two decades.?”> ?® Class 5 myosin in mammalian cells has three
isoforms, myosin 5a, myosin 5b, and myosin 5c. These myosins are used as vesicle
transporters in cells. Myosin 5a and 5b are processive motors, meaning that a single
molecule continuously moves along an actin filament without dissociation, while myosin
5c is a non-processive motor.

A factor that increases the duty ratio and therefore the processivity of some
isoforms of myosin 5 is that when both heads are bound to actin, the front head dissociation
kinetics decrease 50-fold, thereby increasing the chances of the trail head detaching while
the front head remains bound.?’

Myosin 5a is known to be involved in the trafficking of melanosomes, which are
responsible for pigmentation.’® Mutations in the gene encoding for myosin 5a leads to
Griscelli syndrome, a hypopigmentation that results in pale skin and ashen hair.3! Myosin
Sais also found in the brain and mutations in the myosin 5a gene have been shown to have
disastrous neurological effects ranging from mild cognitive and motor impairment to fatal
neurodegeneration.>?

Myosin 5b has plays a role in several physiological processes including

33.3% and epithelial polarization.** 3> Mutations in the gene encoding

postsynaptic plasticity
for myosin 5b has been linked to microvillus inclusion disease®®, which is a disease of the

intestinal tract. Specialized cells of the intestinal lining lack microvilli in people with

microvillus inclusion disease and severe cases can be life threatening.
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Myosin 5S¢, being very similar in structure and function to other class 5 myosins,
are also essential is membrane organelle and vesicle transport. While myosin 5c¢ is a low
duty ratio non-processive motor, when two myosin 5S¢ molecules are coupled together, they
have been shown to become processive.’” This ability to develop processive movement
with multiple myosin 5¢ motors may be crucial for it to fulfill its various cargo transport

roles that it is thought to be involved in.
1.7 Myosin 6

Myosin 6 is a unique member of the myosin family as its movement is directed
toward the minus-end of actin filaments, meaning that it walks backwards compared to the
majority of other myosins.>® Myosin 6 is predominately a monomer, however studies have
shown that artificial dimeric myosin 6 can be processive with large step sizes around 30
nm.>* Newer studies have theorized that while the myosin 6 found in cells are
predominately monomers, there are cargo induced mechanisms that induce dimerization.*’
The motor activity of myosin 6 seems to be regulated by cargo and proteins called dimeric
adapter proteins. One such protein, optineurin, targets myosin 6 near the Golgi apparatus
where it enables the dimerization of myosin 6 to help stabilize the Golgi.*! There are other
mechanisms for the dimerization of monomer myosin besides the use of these adapter
proteins. It has been shown that myosin 6 clustered at high densities can lead to

dimerization as well.*?

Even monomeric myosin 6 is capable of generating large steps, 18-
30 nm, and has been shown in vitro to be capable of processive movement,** though this

monomeric locomotion may not be possible in vivo under the forces and stresses

encountered. This ability of myosin 6 to move in either dimeric or monomer form would
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allow it to aid in tethering or moving cargo even when there are no adapter proteins present
or if the cargo itself has a very low concentration of myosin 6 where no cluster density
dimerization would take place.

If myosin 6 and other similar myosins cannot function as monomers then models
for dimerization become necessary. One such model posits that myosin 6 is a non-
functional monomer in a folded state unless bound to cargo.** When two such monomers
are in close enough proximity, the folded regions that prevent dimerization normally are
exposed. This unfolding is aided by cargo binding and allows the dimerization to take place.
One possible reason for the existence of these non-functional monomers that only become
active when bound to cargo may be that the monomers can diffuse through the cortical
actin network easier in this state.** These dimers are critical in anchoring cargo, not only
in processive movement. The dimerized myosins gated heads, their ability to coordinate
themselves, are essential in these anchoring scenarios, not only in processive movement.
Myosin 6 dimers that have defective gating are not able to stabilize stereocilia in mouse
hairs and leads to deafness.*

Whether it be processive movement of cargo or cargo anchoring, myosin 6 plays
several roles in many cell processes including endocytosis, Golgi function, cell adhesion,
cytokinesis, stereocilia stabilization, and many others.*’

1.8 Myosin 1
Myosin 1 proteins were first discovered*® in 1973 and exist in several isoforms.

Myosin 1 has been shown to be involved in endocytosis, exocytosis, intracellular

trafficking and nuclear organization.*’ During exocytosis, when vesicles fuse to the plasma
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Two stepping traces are shown in Figure 3.11. The variance of both are slightly
increased 20 ~ 30 nm from that (~10 nm) of higher trap stiffness (0.05 pN/nm). The
stepping traces show that ZGs keep stepping around 3 to 4 steps and get pulled back to the
center of the trap which is similar behavior to the higher trap stiffness (0.05 pN/nm) case.
However, when the dwell times are fit with the dwell time equation above with two rates,
ki and ko, the slow rate k» decreased (see Figure 3.13) while the fast rate, ki, (~60 s™) was

the same as | mM ATP with the high trapping stiffness.
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Figure 3.13 Low power dwell time. ADP association rate, k2, decreases when trapping at
low power.
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The results suggest that the decreasing trapping stiffness will decrease the external
force that prevents the dissociation between the myosin head and actin. The detached and
swinging forward trailing head can have more time to find a new binding site on the actin

filament.
3.7 Myosin inhibitors

There are several known small molecule inhibitors to a number of myosin
species. One highly characterized myosin 2 inhibitor, blebbistatin, acts by binding to the
motor domain and stabilizing the closed ADP/Pi bound intermediate state.”* Another
myosin 2 inhibitor, N-benzyl-p-toluene sulphonamide (BTS), works by inhibiting the rate
of actin-activated ATPase activity and is unique in its selective effect on fast-twitch skeletal
myosin 2.”° 2, 3-Butanedione monoxime (BDM) is another small molecule that has been
shown to reversibly inhibit contraction of skeletal muscle and inhibit the ATPase activity
of skeletal myosin 2.7 BDM also inhibits Pi release like many other myosin 2 inhibitors
but has a rather low affinity for myosin compared to other inhibitors requiring
concentrations near 10-mM. There are also studies suggesting the specificity of BDM is
no just relegated to myosin 2 but may also inhibit myosin 5 and myosin 6. However,
reports with contradictory data have also been published and there is no consensus as to
the specificity of BDM.”®

One identified myosin 1 inhibitor is pentachloropseudilin (PCIP). Studies have
shown that PCIP binds to the motor domain of myosin near the residues where there is

binding site for blebbistatin and reduces ATPase activity.”” The specificity of PCIP seems
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to be altered at high concentrations (>90 uM) however where it may also inhibit non-
muscle myosin 2 and myosin 5b.

The antibiotic pentabromopseudilin (PBP) belongs to the same pseudilin family as
the previous mentioned myosin I inhibitor and reversibly inhibits the ATPase of myosin
5a. PBP binds to the same motor domain pocket as PCIP and more selectively inhibits
class 5 myosins due to their increased hydrophobicity of this binding site.”® This molecule
also exhibits an effect on a wider range of myosins at higher concentrations reducing its
specificity.

An additional inhibitor, 2, 4, 6-triitodophenol (TIP), is a myosin 6 inhibitor that may
also bind to the sites used by PCIP/PBP or blebbistatin and similarly reduces ATPase
activity.”

3.71 TIP

Given that myosin 6 on the surface of ZGs is a backward walking myosin, we
conduct stepping experiments to examine the effects of ZG stepping patterns in the

presence of the myosin 6 inhibitor TIP.
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Figure 3.14 Stepping trace in the presence of TIP. Example stepping graph using the
myosin 6 inhibitor TIP. Position fluctuations and standard deviation shown.
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Figure 3.15 Histogram of ZG stepping events in the presence of TIP. Histogram of ZG
stepping events showing 4 distinct peaks corresponding to the most frequent step sizes
observed. From left to right the peaks are -32.1 nm, 19.5 nm, 36.2 nm, and 72 nm.

Similar to Figure 3.8, we observe stepping that correlates with the 36 nm actin
helical repeat of ~36 nm as well as several intermediate steps. However, when calculating
the back stepping percentage in the presence of TIP, which is a myosin 6 inhibitor that
reduces its ATPase activity by ~60%, we see a reduction in the back steps to approximately

16%.
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3.8 Conclusion

We have demonstrated the ability to stably trap purified ZGs using a single beam
optical trap. The use of optical trapping techniques has been used to examine the
complicated behavior of ZG trafficking and the experiments we have performed has shown
the complicated movement involved. Considering the various myosin species on the ZG
membrane surface, we believe that the multiple motors working together allow for its
transport, as even single molecule non-processive motors are known to be processive when
working together. Further, we believe that myosin 6 is responsible for much of the ZG back
stepping behavior and perhaps this myosin and possibly others have a variety of other

functions, perhaps tethering and anchoring, in addition to their trafficking capabilities.
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Zymogen granules are enzymatic vesicles in the pancreas. The surface of these
zymogen granules (ZGs) has several different kinds of myosin molecules, such as myosin
Ic, 6, 5c, and 7b. These molecular motors may contribute to ZG transportation in cells. To
understand the molecular motors involved in the vesicle trafficking, we observed the in
vitro motility of purified ZGs from rat pancreas and examined the stepping behavior and
force that is generated using a single beam optical trap. To be involved in trafficking,
molecular motors have certain characteristics, a high duty ratio and the ability to move
continuously along actin tracks. The high duty ratio means that during most of the ATPase
cycle the motor is in a bound state with actin. Interestingly, Myosin 1c and 5c are low duty
ratio motors, meaning that the molecule itself cannot move continuously along the actin
filament. Recently our laboratory demonstrated that two myosin 5c molecules, when
tethered with DNA origami, move continuously and suggested that more than two
molecules of myosin 5S¢ may be able to transport the ZGs. Besides, the surface curvature

of ZGs (diameter: 1 um) is much flatter than that of a neuronal vesicle (diameter: 40 nm)
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that is transported by a high duty ratio motor, myosin 5a. In this case, although myosin 1c
and 5c are low duty ratio motors, these motors may be able to transport the ZGs. We found
that the complicated stepping of ZGs allow for movement using an ensemble of motors,
even non-processive motors, that when acting together on the ZG surface display
movement and kinetics much different than single molecule studies. Additionally, we
attempt to explore the impact of myosin 6, a backwards stepping motor, on the movement

in this ensemble of motors.
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