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ABSTRACT
These studies were aimed at characterizing the coiled-coil forming region in the necks of
the kinesin-like motor proteins, Kif3A and Kif3B, and illuminating the contributions of
the electrostatic residues in the flexible hinge region of Kif3 A and Kif3B to heterodimer
formation by these two proteins. Synthetic peptides based on the neck regions of the
motor proteins Kif3A and Kif3B were used to characterize the homodimeric and
heterodimeric neck region coiled-coils of the proteins. The ability of complementary
charged regions to specify heterodimer formation in coiled-coils was examined by
synthesizing analogs of the neck coiled-coil regions of Kif3A and Kif3B, with and
without various negatively and positively charged extensions to the C-terminus of the
neck coiled-coil, and by characterizing these analogs by circular dichroism spectroscopy.
The regions of the necks we studied were able to form coiled-coils and overall the
unstructured charged regions control specificity of heterodimerization without affecting

stability of the heterodimeric coiled-coil.
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CHAPTER I

INTRODUCTION

This thesis deals with studies of the neck region of kinesin-like motor proteins.
The first part of this introductory chapter comprises a general overview of the kinesin
field beginning with a description of initial studies conducted to identify and characterize
the kinesin molecule. Our work was carried out using peptides from the MmKif3A/B
motor protein and so a description of this protein will conclude this section of the
introduction. Many of the studies conducted were an attempt to understand how the
stability of two-stranded o—-helical coiled-coils might be affected by regions rich in
charged residues, and so there is a section addressing the coiled-coil motif and one

addressing the functional role of charged residues in proteins.

I. Kinesin and Kinesin-like Proteins

1) General introduction to the kinesin field: A brief history.

The discovery of the kinesin motor protein was a result of investigations initiated
in an attempt to explain the movement of membranous particles in nerve cell axons.
Neurons have an intriguing topology. Emanating from a central cell body, there are
multiple extensions, termed dendrites, and usually a single long appendage, termed the
axon (see Fig. I-1A). As early as the 19" century it was discovered that the dendrites and
axons were replenished by the cell body; their removal from the cell body led to their
subsequent decay. It was postulated that a type of circulation within the cell might lead

to the continual rejuvenation of the neuron’s extensions.



Chapter I Introduction 2

The axon, being larger and longer than dendrites, has been the favored extension
for investigation. In the 20™ century, with light microscopy alone, small particles were
observed moving through axons on straight pathways. Experiments using a variety of
neurons were conducted using radiolabeled precursor molecules. The rate of movement
of the radioactivity down the axon was examined for compounds such as the enzymes
involved in the metabolism of neurotransmitters such as norepinephrine, acetylcholine,
and serotonin. The rate of movement of radioactivity was determined by measuring, over
time, the amount of radioactivity reaching a lesion in the axon.

Radiolabeled molecules were found in membrane bound vesicles after
sedimentation of the cell contents. Notably, neurosecretory granules, containing
hormones and hormone binding proteins, glycoproteins, plasma membrane precursors,
and organelles such as the mitochondrion and portions of the smooth endoplasmic
reticulm (SER), were all found to be transported down the axon at velocities approaching
400mm/day. This type of transport was termed fast axonal transport. Furthermore, this
type of intracellular transport appears to be a rational consequence of the
compartmentalization found in eukaryotic cells. For example, secretion of a protein
requires the movement of membrane bound vesicles from the endoplasmic reticulm (ER)
to the Golgi, and finally to the cell surface. Thus large cells with a polarized structure
such as neurons require the organized transport of membrane bound vesicles, formed in
the cell body, to the periphery of the axon. [For extensive reviews see: Grafstein and
Forman, 1980; Smith, 1980].

Along with swiftly moving particles, seen with light microscopy, tubular rod-

shaped filaments were also seen. These were characterized as microtubules, composed of
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alpha and beta subunits, which polymerize to give filaments with stable and dynamic
ends, termed the minus and plus ends, respectively. The minus end is located in the cell
body and the ever shortening and elongating plus end is located in the axon [Inoue, 1997,
Review].

With the development of electron microscopy in the latter half of the 20® century,
close-up views of the internal structure of the axonal organelles could be observed. In an
attempt to characterize the organelles moving from the cell body to the axon, the
anterograde direction, a portion along the length of an axon was frozen using liquid
nitrogen, a technique that became known as a cold block. An alternate method was to
create a lesion along a small portion of the axon’s length. Organelles partaking in fast
transport in the anterograde and retrograde directions conglomerated at the proximal
(closest to the cell body) and distal regions of the cold block, respectively. On the
proximal side, tubulovesicular particles (membrane limited structures) and mitochondria
were observed to predominate [Smith, 1980, review; Tsukita and Ishikawa 1980]. The
blocked organelles were closely associated with microtubules and their longitudinal
arrangement gave them the look of pearls on a string (see Fig. I-1B, C). Further, electron
microscopy led to the observation of cross-bridges between transported vesicles and
microtubules (see Fig. I-2A, B, C). A model was proposed giving a role to the cross-
bridge structures in the movement of membrane-enclosed vesicles along the
microtubules. The cross-bridge structures were thought to behave similarly to the
behavior of myosin heads with F-actin [Schmitt, 1968]. The cross-bridges were thought
to oscillate while continually binding, unbinding, and rebinding to microtubules. Hence

the cross-bridge structures were thought to be protein (see Fig. I-2D).



Fig. I-1. Panel A depicts a schematic representation of a typical nerve cell. Panel B
shows membrane bound vesicles, round structures, associated with long fibers identified
as microtubules (adapted from Miller and Lasek, 1985). Panel C shows an axon, crushed
in the center to create a lesion. The arrowhead pointing upward shows the point of
lesion, the arrowhead facing downward points at the axonal membrane. The dark regions
right of the lesion are organelles such as mitochondria, on the left and near the top, are
small particles, which are small membrane bound vesicles. Notice the linear structures
they form. Prox, represents proximal, or side of the lesion closest to the cell body, while
Dist, represents distal, or the side of the lesion furthest from the cell body (adapted from

Smith, 1980).
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Fig. I-2. Panels A and B show lower resolution electron micrographs of vesicles
associated with microtubules. The arrow heads are pointing to cross-bridge structures
that tether the vesicles to the microtubule (adapted from Miller and Lasek, 1985). Panel C
shows a higher resolution electronmicrgraph of a membrane bound vesicle tethered to a
microtubule. The atrows are pointing to cross-bridge structures (adapted from Hirokawa
and Yorifuji, 1986). Panel D depicts schemtatic model of a cross-bridging protein
responsible for microtubule-based fast axonal transport of membrane bound vesicles.
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In the early 1980s, along with the development of video-enhanced contrast-
differential interference contrast (AVEC-DIC) microscopy, enabling better resolution of
moving organelles, a number of key experiments focused on identifying the protein
translocator responsible for fast axonal transport. In 1981, it was shown that there were
three different waves in axonal transport, a fast component where membrane bound
organelles were found to move at 400 mm/day, and two slow components with transfer
rates of 0.3-1.0 mm/day and 2-4.0 mm/day, respectively [Tytell et al., 1981]. Using 2-D
gel electrophoresis it was discovered that each transport component was composed of a
distinct set of proteins. It was thought that perhaps each rate component represented a
discrete macromolecular assembly that moved as a unit [Tytell et al., 1981]. With the
increased resolution of AVEC-DIC microscopy it was possible to see structures as small
as one-tenth the resolution limit of the light microscope. With this technological
advancement, researchers were able to track particles 30nm in diameter. For the first
time they could identify more particles than could ever be seen before moving in the
anterograde direction [Allen et al, 1982]. This phenomenon was not unlike going to the
country and observing stars that were always present but because of our city location we
were unable to detect them.

1982 saw the development of an extruded axoplasm from the giant squid axon
[Brady and Lasek, 1982]. Extruded axoplasm was the result of removing the plasma
membrane and insulating layer of glial cells from the axon. Removal of the axonal
contents is like squeezing toothpaste from a tube. The benefits of mechanically extruded
axoplasm over a detergent permeablized axon are that (1) microtubules that delineate the

linear pathways that most particles follow could be seen better since there is less light
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scattering; (2) there is less likelihood of components being lost or extracted; (3) the
resulting preservation of polypeptide components and axonal organization leads to a
greater extended life span for the model; (4) the fact that fast axonal transport continues
in extruded axoplasm discounts the theory that fast axonal transport might be regulated
by action potentials traversing the axonal membrane [Brady and Lasek, 1982].

The extruded axoplasm system led to a further refinement in the search for the
reasons behind fast axonal transport. From extruded axoplasm, dissociated axoplasm was
developed by mechanically disrupting the axoplasm. This technique enabled the isolation
of individual microfilaments with associated organelles to be observed with AVEC-DIC
and electron microscopy [Schnapp et al, 1985]. With this system of dissociated
axoplasm, researchers were able to observe single microfilaments support bi-directional
organelle movement. Through labeling the microfilaments with anti-alpha-tubulin
antibodies, the isolated filaments were shown to be composed of tubulin. Lastly, a single
dissociated transport filament could be isolated, rapidly frozen and observed by electron
microscopy. The filaments were seen to have structural characteristics exactly the same
as purified microtubules; hence, researchers were able to identify the microfilaments in
axoplasm responsible for fast axonal transport to be microtubules composed of tubulin.
Furthermore, they were able to observe that a direct relationship exists between organelle
movement and microtubules. Moreover, the observation that single microtubule
filaments supported bi-directional movement indicated that the transport filaments have
more than one “track” for organelle movement [Schnapp et al., 1985].

The improved visualization of microtubule filaments in dissociated axoplasm also

led to improved visualization of organelle movement. It was seen that mitochondria



Chapter I Introduction 9

moved along filaments while attached by a portion of their entire lengths; unattached
segments of mitochondria exhibited Brownian motion. Organelles could be seen to
switch filaments, so that, when mitochondria switched filaments, one end was seen
attached to a crossing filament while the other end remained attached to the original
filament; the trailing end subsequently detached from the original and reattached to the
crossing filament. These observations led to the hypothesis that organelles have multiple
attachment sites for microtubules [Vale et al, 1985a]. Investigators determined that
organelle movement requires ATP [Vale et al, 1985a], and by showing that organelles
moved on dissociated axoplasmic microtubules, they proved that organelle movement did
not require the microtubules to be associated with the interlocking network of thin
neurofilaments found in the axonal cytoplasm, These findings cast doubt on two
previously postulated hypotheses that explain transport by contraction of a cytoplasmic
lattice [Ellisman and Porter, 1980] or cytoplasmic streaming through low viscosity
channels [Weiss and Gross, 1982].
2) Isolation of kinesin

The year 1985 could be described as the “Big-Bang” for the kinesin field. With
the isolation of a soluble factor that could promote organelle movement on stabilized
microtubules, it was possible to show that the soluble factor was proteinaceous. It was
shown fhat heat or trypsin treatment of the soluble factor, prior to adding it to the
reconstituted system of stabilized microtubules and purified organelles, inhibited
organelle movement [Vale et al, 1985b]. Organelles were observed making stable
complexes with microtubules in the presence of AMP-PNP, adenylylimidodiphosphate; a

nonhydrolyzable form of ATP [Vale et al, 1985b]. Initial purification of the soluble
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factor, or translocator protein, made use of this property, and so microtubules with bound
organelles were isolated and the protein translocator was released from microtubules with
ATP [Vale et al, 1985c]. The protein was initially identified from squid axoplasm and
was found to have a mammalian homologue in bovine and chicken brain tissue [Brady,
1985]. The protein was found to have two subunits, a heavy subunit approximately 110
kD and a light subunit approximately 65 kD. The protein was termed kinesin from the
Greek kinein, to move [Vale et al, 1985¢]. Later it was determined that the kinesin
molecule was likely to be composed of two heavy subunits or chains and two light
subunits or chains resulting in a tetramer [Bloom et al., 1988]. Heavy chain and light
chain are terms coined to describe the two subunits of kinesin. However, the spacial
organization of the four chains was still unknown.

Using a cold block, whereby a small segment of an axon is frozen to arrest
transport of vesicles, investigators were able to cool squid axons and concentrate moving
vesicles on microtubules on both sides of the cold block. The microtubules on the
periphery of the axon were isolated and the concentrated vesicles were subjected to
electron microscopy. Examination of the concentrated vesicles by electron microscopy
revealed cross-bridges between the vesicles and microtubules. The mean distance of
organelles and vesicles from microtubules was measured and determined to be 17nm, and
the length of the cross bridges was 16-18nm in length [Miller and Lasek, 1985]
suggesting that the cross-bridging structures were responsible for holding the vesicles
near microtubules. In permeabilised and reactivated walking-leg crayfish axons, bi-
directional organelle movement was seen on microtubules. Examination with electron

microscopy of the axon at the periphery and in central locations led to the observation of
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cross-bridges between membrane bound organelles and microtubules. In this instance the
measurement of the cross-bridges was 25nm + 4nm. It was thought that the cross-bridges
were visualizations of the kinesin molecule [Miller and Lasek, 1985; Hirokawa and
Yorifuji, 1986] because it had been shown to be responsible for microtubule directed
movement [Vale et al, 1985b; Vale et al 1985c]. The first direct evidence to show
kinesin binding to vesicular structures and microtubules was presented in 1989 [Pfister et
al., 1989]. Monoclonal antibodies were developed to the two subunits of the kinesin
molecule. The antibodies were used to show that kinesin bound to punctate cytoplasmic
structures, indicative of membrane bound organelles, in a variety of cultured mammalian
cell types. Furthermore, double-labeling experiments made use of antibodies of tubulin
and kinesin to show that kinesin was found highly concentrated where microtubules were
found in abundance {Pfister et al., 1989]. Three of the kinesin antibodies were specific to
the heavy chain, and two were specific to the light chain.

3) Characterization of kinesin

1) Quaternary Structure

Electron microscopy and antibody decoration were used to elucidate the spacial
arrangement of the four chains in the proposed kinesin tetramer [Hirokawa et al., 1989].
Kinesin had been predicted to be a highly elongated molecule, [Bloom et al., 1988] and
upon its visualization through electron microscopy, the molecules were seen to be rod-
shaped with an overall length of 80.4 nm + 8.1 nm [Hirokawa et al., 1989].
Morphologically, the molecule was seen to have two globular structures that were termed
heads. The opposite end was termed the tail and was found to have a fan-like structure

[Hirokawa et al., 1989]. The two ends of the molecule were connected with a relatively
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straight shaft, which was occasionally observed to have a bend, called a hinge [Hirokawa
et al,, 1989]. The long and short diameters of the head were foundtobe 10 +2and 9+ 2
nm, respectively. The tail region was determined to have a width of 15 + 3 nm. The
position of the occasionally observed hinge was found 35 nm from the near edge of the
heads [Hirokawa et al., 1989]. Next, using antibodies with epitopes for the light chain,
kinesin molecules were observed decorated with either of the two antibodies, termed L1
or L2. The antibodies were clearly shown, through electron microscopy, to bind to the
fan-shaped tail region. When the antibodies with epitopes to the heavy chains were
bound to kinesin, the head regions appeared unusually large and globular. Thus the light
chains were thought to comprise the fan-shaped tail region while the heavy chains were
thought to comprise the globular head region [Hirokawa et al., 1989] (see Fig. I-3). Upon
observing, by electron microscopy, the kinesin molecule bound to microtubules, it was
further determined that kinesin, using its globular head regions, bound to microtubules
[Hirokawa et al., 1989]. Investigators visualized the globular head regions to be close to
the microtubules while the fan-shaped tail regions were further away.

ii) Enzymatic Activity

It was determined that axonal transport is dependent upon ATP to provide the necessary
energy for organelle movement [Grafstein and Forman, 1980]. Upon the isolation of
kinesin, it was found thaf kinesin is a microtubule-activated ATPase [Vale et al., 1985a].
On its own, however, kinesin’s ATPase activity was determined to be low. A hydrolysis
value of 0.06 — 0.08 umol ATP/ minemg of kinesin was reported in one case; however
upon the addition of purified microtubules, the ATPase activity was seen to increase to

2.1 [Kuznetsov and Gelfand, 1986]. Upon kinetic analysis of kinesin’s ATPase activity,
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it was found that kinesin’s Km for ATP decreased when microtubules were introduced
[Kuznetsov and Gelfand, 1986]. The rate-limiting step in the cycle of ATP hydrolysis by
myosin and dynein is the dissociation of the products of hydrolysis. The mechanism of
kinesin stimulation, however, differs from that of myosin and dynein and so during this
initial characterization of kinesin’s ATPase activity, it was thought that the rate-limiting
step of the mechanochemical cycle of kinesin was the hydrolysis of ATP itself
[Kuznetsov and Gelfand, 1986]. Thus, the lower concentration of ATP required for
kinesin to reach Vmax/2 implies that binding of the protein to microtubules increases its
affinity for ATP. There seems to exist a type of communication between the nucleotide-
binding pocket of kinesin and the microtubule-binding domain. In 1988, evidence was
put forward for ADP dissociation as the rate-limiting step for kinesin ATPase activity. It
was also observed that ADP dissociation was increased through the binding of
microtubules [Hackney, 1988; Sadu and Taylor, 1992]. Similar to myosin, kinesin must
cycle through bound and unbound states between itself and its polymer, i.e. microtubules.
Perhaps conformational changes in the microtubules binding site can be relayed to the
nucleotide-binding site to enhance kinesin’s catalytic efficiency, ATP binding, or
dissociation of hydrolysis products. Kinesin’s microtubule activated ATPase activity was
confirmed by other researchers [Cohn et al., 1987; Penningroth et al., 1987; William et
al., 1988]. Furthermore, through demonstrating how both ATP hydrolysis and kinesin’s
microtubule translocating ability were sensitive to the same inhibitors, it was shown that
both activities were coupled [Cohn et al., 1987]. Lastly, the requirement of Mg** ions
equimolar to ATP for enzymatic activity was also shown [Cohn et al., 1987]. Mg-free

ATP behaved as a competitive inhibitor and quenched ATPase activity.
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Through the use of [0—"*P] labeled ATP, investigators were able to determine that
the heavy chain was responsible for binding ATP [Penningroth et al., 1987]. Also,
through the development of monoclonal antibodies to kinesin’s heavy chain, Ingold et al.
(1988) were able to inhibit kinesin’s microtubule mobility, presumably through antibody
binding and blocking of the microtubule binding site on the protein’s heavy chain
subunits. Interestingly, inhibition of microtubule binding through antibody binding to the
catalytic domains led to the stimulation of kinesin’s ATPase activity [Ingold et al., 1988].
This finding further supports the idea that a binding interaction at the microtubule
binding site may transmit a change to the nucleotide binding environment through side-
chain interactions in kinesin’s catalytic core. Evidence to further the idea that the heavy
chain subunit was responsible for ATPase activity and microtubule binding was found
when examiners isolated a 45Kda fragment from the kinesin heavy chain with ATPase
and microtubule binding abilities [Kuznetsov et al., 1989]. This fragment was unable to
support translocation on microtubules and was seen to have an enhanced ATPase activity.
It was postulated that somehow the uncoupling of the ATPase and translocating activities
might activate the ATPase [Kuznetsov et al., 1989].

Concomitant to kinesin’s isolation, peculiarities in its behavior were noticed.
Indeed, its unique behavior enabled its isolation. Immediately upon characterization of
its activity, kinesin was compared to myosin and dynein, two mechanochemical motors.
Kinesin formed a strong complex with microtubules when presented with a non-
hydrolyzable ATP analogue [Lasek and Brady, 1985]. Kinesin’s mechanochemical cycle
seemed to differ from that of myosin and dynein, and was investigated using ATP

analogues and inhibitors of ATPase activity. Intermediate states in kinesin’s hydrolysis
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cycle were prolonged and kinesin’s affinity for microtubules was assessed [Romberg and
Vale, 1993]. The results show that when in the ATP or ADP<P bound state, kinesin will
adhere to a microtubule, while myosin’s affinity for F-actin is weak in these nucleotide
bound states. Further, kinesin-ADP was discovered to dissociate from microtubules
while myosin-ADP will form rigour complexes with F-actin (rigour complexes is a term
coined to describe the strong binding associations between the myosin and F-actin
proteins in the completely ATP depleted state) [Romberg and Vale, 1993].

It has been noted that the binding of ATP to kinesin is associated with a
conformational change in its structure [Sadu and Taylor, 1992]. -A conformational
change has also measured for the binding of ATP to myosin or dynein [Taylor, 1992;
Holzbaur and Johnson 1986]. Myosin and dynein dissociate their respective polymers
upon ATP binding, while kinesin does not. The question that remained to be answered
was how kinesin utilized its conformational change upon ATP binding. Could it be
stored for use later or is ATP binding directly coupled to mechanical work?

iii) Mechanochemical Motor Domain

Early on, investigators began comparing kinesin to myosin and dynein, but were
these comparisons warranted? All three seem to transduce chemical energy to
mechanical motion and each interacts with a filamentous protein structure. Upon solving
the crystal structure for kinesin’s catalytic core in 1996, comparisons between kinesin
and myosin were seen to be justified since seven of the eight B-strands, and all six major
helices of the kinesin motor domain, were seen to overlap with corresponding structural
elements in myosin with a root mean squared deviation of 3.5A [Kull ef al., 1996]. Upon

analysis of the molecule, a core of eight-stranded mostly-parallel f3-sheet, flanked on
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either side by three a-helices, was seen. This first crystal structure was solved with
MgeADP in the nucleotide binding pocket [Kull et al., 1996].

The structural similarity between kinesin’s core and myosin’s was not foreseen.
No sequence similarity between the proteins is notable, and the regions of sequence
responsible for forming the secondary structural units of the catalytic cores in the two
proteins are not found with the same topology within the two proteins. With different
lengths, (kinesin’s catalytic core~340aa’s while myosin’s~850aa’s), different sequences,
and different linear organization of the structural forming regions, the two proteins are
still able to fold into tertiary structures that overlap [Kull et al., 1996].

Upon the availability of the crystal structure of rat brain kinesin [Sack et al.,
1997], the comparisons to myosin became questionable. This rat brain crystal structure
was more ordered at its N and C termini. The C-terminus was seen to form 2 f3-strands,
39 and P10, with the latter being seen to interact with 7 in the core of the molecule.
Following 10 there is an extended loop, L.13, following loop13; begins a7, the coiled-
coil of the neck-region. In this structure it was noted that the neck helix is not where one
would expect it when compared to myosin’s lever arm helix. Moreover, kinesin’s neck
helix ran in a different direction relative to the core domain, approximately at a right
angle [Sack et al., 1997]. Investigators felt that the difference in the structural placement
and orientation of the neck helix suggested that kinesin’s mechanism of force generation
was different from myosin’s mechanism as well. Furthermore, they cite the difference
between the kinetics of the two mechanochemical cycles of the two proteins. For
example, while myosin spends most of its cycle dissociated from actin, and is non-

processive, kinesin spends most of its cycle attached to microtubules and is capable of
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continued uni-directional motion. Also, kinesin is seen to function as a dimer while
conventional myosin forms filamentous structures.
iv) Microtubule-based Movement

Although it has been postulated that kinesin moves to its successive microtubule
binding sites in a hand-over-hand manner, how it achieves this has been a question
researchers thought might be explained by the unraveling of the neck coiled-coil.
Structurally, the dimer is too small to “walk” in 8nm steps along microtubules, yet it has
been observed to make over 100 steps at 8nm per step without dissociating. Originally,
the helix of the neck coiled-coil was thought to serve as a mechanical amplifier of ATP
hydrolysis. However, evidence to date does not favor this idea. Rather, the ability of
kinesin to reach its successive binding site is thought to be through the disorder-to-order
transition of the neck linker region of kinesin, namely (39, $10 and L13, which precedes
the neck coiled-coil [Rice et al., 1999]. Using paramagnetic resonance, fluorescence, and
cryro-electron microscopy Rice et al. (1999) were able to show that there is a large
structural change in the B9, p10 and L13 regions during the ATPase cycle of kinesin.

Though the hypothesis whereby the unwinding of the neck coil as the method
used to reach each successive tubulin-binding site has fallen out of favour, the neck
coiled-coil was specifically shown to help tether the molecule to tubulin through an
electrostatic attraction with tubulin [Thorn et al., 2000]. Perturbation of the neck coiled-
coil has also been shown to decrease the rate of the kinesin’s movement [Romberg et al.,
1998]. Lastly, it is essential for kinesin to be a dimer in order to move processively in a
hand-over-hand manner along a microtubule and to enable it to approach rates of

movement similar to fast axonal transport. The neck coiled-coil for kinesin has been
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shown to form in solution, while the coiled-coil of kinesin-like proteins is predicted to
form by sequence similarity, but none have been explicitly shown [Tripet et al., 1997].
While the neck linker region sequence homology is conserved among kinesin-like
proteins [Fletterick and Vale, 1997], the coiled-coil region, though seemingly present in
the majority of identified sequences, does not appear to be as highly conserved.
4) The kinesin superfamily

Kinesins are known as molecular motors because they transduce the chemical
energy of adenosine triphosphate (ATP) into mechanical motion and move in a
processive manner. After the initial discovery of a kinesin from squid axonal extracts
(Vale et al., 1985a), many other kinesin-like proteins were discovered (Review: Miki er
al., 2001). This finding led to the organization of a new superfamily of kinesin-related
proteins (Goodson et al., 1994; Kim and Endow, 2000), and recently many of the related
kinesin proteins found in different organisms have been grouped, categorized and placed
into sub-families (Miki et al., 2001). PCR techniques using primers for the catalytic
domain were used to isolate novel motor regions. Interestingly, when the known
sequences are aligned based on their catalytic motor regions, they are not only grouped
by sequence similarity, they also tend to be grouped based on the spacial organization of
the protein. This yielded three general classes of kinesin-like motor proteins, termed N-
type, C-type and M-type, referring to the location of the catalytic head domains in the
protein [Fletterick and Vale, 1997]. Furthermore, the sequence alignments of the motor
domains grouped proteins with similar cellular functioning, and this led investigators to
propose that a motor was fine-tuned to suit its biological functions. Though their

biological specificity is thought to be dictated by the tail regions, it is felt that
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classification of all kinesin superfamily proteins based on tail regions could lead to the
same groupings based on motor-head domain sequences. Thus, the protein molecules,
though they contain three distinct domains, are not completely independent of each other.
Each is suited specifically for its role in the transport process; thus each domain plays its
role in generating an unique and highly specific transport protein [Fletterick and Vale,
1997]. For example, there are bipolar kinesin-like proteins that form tetramers through
their o-helical stalk domains. Also, conventional kinesin is known to form a homodimer
with its motor-stalk-containing domains, giving it two heads; not all kinesins reportedly
function with two heads, since some apparently work as monomers. Further, not all
kinesin-like proteins that form dimers with their motor-stalk domains form homodimers;
some form heterodimers and have motor-stalk domains that are neither the same
sequence nor the same length [Kim and Endow, 2000]. Also, each different type of
kinesin-like protein is thought to carry a distinct set of membrane bound organelles or
vesicles. This hypothesis is supported by the growing evidence that the types of cargo
carried by a specific kinesin-like protein are unique to that protein [Review: Kamal and

Goldstein, 2000; Review: Goldstein and Philp, 1999].

5) Kif3 heterotrimeric motor protein: A kinesin-like protein

Conventional kinesin has been shown to be composed of two heavy and two light
chains [Bloom et al., 1988; Kuznetsov et al., 1988; Hirokawa et al., 1989]. The second
protein in the kinesin superfamily of proteins to be completely characterized was found to
be a heterotrimeric complex composed of two motor subunits with microtubule activated

ATPase activity and an accessory protein [Wedaman et al., 1996]. This heterotrimeric
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protein was termed kinesin-II but is also called the Kif3 complex where Kif represents
kinesin family [Yamazaki et al., 1996].

Cole et al. (1993) set out to sequence and characterize the subunits of the Kif3
complex, isolated from sea urchin. The 85kDa subunit was fully sequenced, and termed
spKRP8S5 for Strongylocentrotus purpuratus Kinesin Related Protein-85kDa. The
heterotrimeric complex was shown to move in the anterograde direction on microtubules
[Cole et al., 1993]. Kondo et al. (1994) reported a mouse analogue, Kif3A, for Kinesin
Family. In 1995, Rashid et al. published the sequence of the 95kDa subunit found in sea .
urchin, followed by the sequence publication of Kif3B by Yamazaki et al., (1995). The
accessory proteins in sea urchin and mouse were sequenced and reported in 1996
[Wedaman et al., 1996; Yamazaki et al., 1996]. These proteins have since been named
KAP:s for Kinesin-like Associated Proteins.

Upon analysis of the spKRP85/95 and Kif3A/B motor subunits, it was noted that
the N-terminal regions (approximately residues 1-350) were likely to comprise a motor
domain similar to conventional kinesin, based on sequence homology. The N-terminal
domains were predicted to be separated from the small globular C-terminal domains by a
central o-helical segment thought to form a coiled-coil similar to the one shown for
conventional kinesin [de Cuevas et al., 1992]. A similar stalk-like structure as seen for
conventional kinesin was noted for the Kif3A/B complex in electron micrographs
[Yamazaki et al., 1995].

From sequence analysis, it appeared that spKRP85 and Kif3A were orthologues,
having a 73% homology along their full lengths; it was predicted that spKRP95 would be

the orthologue to Kif3B [ Rashid et al., 1995]. It is interesting to note that while
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spKRP85 has 699 amino acids, Kif3A is comprised of 701, while both spKRP95 and
Kif3B were originally reported to have 742 amino acids, with the extra residues found at
the C-termini [Rashid et al., 1995; Yamazaki et al., 1995].

Within the same organism, SpKRP85 was found to have 52% identity with the
full-length spKRP95, and 73% within the motor region. Kif3A and Kif3B were found to
have 47% identity along their full length and 61% in their motor regions. Interestingly,
in the similarity profiles between spKRP85/Kif3A and spKRP95/Kif3B, a short region of
sequence between the proteins was found to have strikingly low homology. This region
was found located in the predicted coiled-coil stalk domain, but indicated low probability
for o-helix formation [Cole et al., 1993; Rashid et al., 1995; Yamazaki et al., 1995].
When these regions were further scrutinized, it was noted that spKRP85/Kif3A had a
stretch of amino acids that were comprised of a number of negatively charged amino
acids closely spaced side-by-side (11 and 13 for spKRP85 and Kif3A, respectively). This
negatively charged segment was followed by a segment of positively charged amino
acids (9 for both proteins). This region of sequence disparity in spKRP95/Kif3B, was
found to begin with a stretch of positively charged amino acids (8 in each protein) and is
followed by a segment of negatively charged amino acids (11 and 14 for spKRP95 and
Kif3B, respectively) (see Fig. I-4).

It was postulated that these complementary charged regions could help the motor
subunits form spKRP85/95 and Kif3A/B heterodimers through the destabilization of
homodimers, and stabilization of heterodimers through electrostatic attractions [Rashid et
al., 1995]. It was also noted that non-ideal and charged residues were located in the stalk

region’s a and d positions [Rashid et al., 1995]. The a and d positions are classically
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reserved for hydrophobic residues in a coiled-coil, [Hodges et al., 1972] and it was
predicted that the formation of heterodimers would prevent electrostatic repulsions at the
hydrophobic core of the coiled-coil stalk [Rashid et al., 1995]. This hypothesis has been
bolstered by the recent findings of De Marco et al. (2001).

Investigations of the Kif3 complex found in sea urchins led to observations of the
Kif3 complex bringing condensed chromosomes to the metaphasic plate during mitosis,
as well as new membrane to the cleavage furrow during cytokinesis [Morris and Scholey,
1997]. In Caenorhabditis elegans and Chlamydomonas, the Kif3 complex was found to
be important in maintaining sensory neurocilia and the flagella, respectively [Cole et al.,
1998], and it has been located in the photoreceptor rod cells in fish retina [Beech et al.,
1996; Muresan et al., 1999]. Lastly, the Kif3A complex has been shown to be involved
in the left-right asymmetry determination during embryonic development and mutations
in the gene are thought to lead to situs inversus or the misplacing of internal organs in

mammals [Marszalek et al., 1999; Takeda et al., 1999].

IL. Coiled-coils
1) Hydrophobic repeat

The rod shaped region observed by electron microscopy in kinesin [Hirokawa et
al., 1989] and the Kif3 heterodimeric complex {Hiroto et al., 1995] were thought to be
long a-helical regions that were predicted to form coiled-coils. These predictions were
verified by CD analysis of conventional kinesin [de Cuevas et al., 1992; Tripet et al.,

1997]. The coiled-coil motif is typically comprised of two parallel o-helix forming
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polypeptide chains. Coiled-coils were predicted to form in the stalk regions because the
sequences were noted to have the characteristic hydrophobic repeat. The regular 3-4
spacing of the hydrophobic residues will lead to the formation of an amphipathic helix,
and can be characterized by a seven-residue (heptad) repeat designated abedefg, where
positions a and d contain hydrophobic residues. The 3-4 hydrophobic repeat
HXXHXXXHXXH.... where H is a hydrophobic residue) ensures that there is a strip of
hydrophobes along one side of the helix (see Fig. I-5). A characteristic of a-helices that
contributes to their ability to form a coiled-coil is the fact that there are 3.6 residues per
each full turn. This non-integral number of residues per turn, prevents the stacking of
hydrophobic residues throughout the length of the sequence. Instead, the hydrophobes
shift around the circumference of the helix such that the hydrophobic residues snake
around the helix. Thus, the hydrophobic strip winds its way down the helix from the N-
terminus to the C-terminus.

A coiled-coil is a dimer formed through the association of two amphipathic
helices, and they associate through the burial of their hydrophobic residues away from
their surrounding aqueous environment (see Fig. I-6A). As a consequence of the
hydrophobes coiling around the helical structure, the individual helices accomplish the
burial of their hydrophobes through coiling about each other. Thus, the separate o.-
helices, which can be seen as coils, twist about each other to form a coiled-coil. Hence,
the main need for formation of coiled-coils is the correct periodicity of hydrophobic and
hydrophilic residues, which will control the type of secondary structure present in order
to maximize the burial of hydrophobic side chains in the core of the protein [DeGrado et

al., 1989; Kaiser & Kezdy, 1983; Kamtekar et al., 1993; Xiong et al., 1995]. The 3-4
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hydrophobic repeat (HXXHXXXHXXH.... where H is a hydrophobic residue) was
experimentally demonstrated in the 284-residue coiled-coil tropomyosin, in which 71 of
82 a and d positions contained hydrophobic residues [Hodges et al., 1972]. Extensive
studies on the role of the a and d positions in coiled-coil folding and stability have been
reviewed [Adamson et al., 1993; Betz et al., 1995; Cohen & Parry, 1994; Hodges, 1992,
1996; Kohn & Hodges, 1998]; also see Tripet et al., (2000) and Wagschal et al., 1999).
Not only is the presence of a hydrophobic residue important in either of the
hydrophobic positions, the amino acid’s side-chain structure is also deemed important.
For example, though the aromatic ring of phenylalanine and the indole ring of tryptophan
are hydrophobic, they are not the best side-chains because of their large size. In fact -
branched amino acids have been shown to prefer the first, or a position [Zhou et al.,
1992; Wagschal et al., 1999], while leucine is preferred in the d position [Harbury et al.,
1993; Tripet et al., 2000]. Thus, not only is hydrophobicity important for stable coiled-
coil formation, the side-chain packing is also of importance, (Fig. I-6B). The fact that the
a and d positions do not contribute equally to stability and that they are indeed not
equivalent was shown in the elegant experiments of Zhou et al., (1992a,b, 1993) and
through analysis of the GCN4 coiled-coil X-ray crystal structure [O’Shea et al., 1991].
Comparison of the crystal structures of coiled-coils has revealed two distinct types of
packing arrangements at the a and d positions of two-stranded coiled-coils. In the case of
the a position, the C*-CP vector projects out of the interior of the core roughly parallel to
the C*-CP vector, and thus is termed “parallel packing”. In contrast, at a d position, the
C*-CP vector projects, roughly, perpendicular to the C*CP vector, and thus is termed

“perpendicular packing”. As a result of these steric differences, differences in the
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Fig. I-6. Schematic illustrations of a parallel two-stranded o-helical coiled-coil. In (A)
the coiled-coil is viewed in a cross-sectional helical-wheel representation where the
direction of polypeptide chain propagation is into the page from N to C terminus.
Interchain a-a’ and d-d’ (prime indicating a position on the other helix) van der Waals
packing interactions between side-chains in the hydrophobic core are depicted with
arrows. Potential interhelical interactions between residues at position g of one helix and
position e’ of the other helix are also depicted with arrows. Residues that make up the
entire dimerization interface are included in the box. In (B), the coiled-coil is viewed
from the side. N and C refer to the N and C termini, respectively. The “knobs into
holes” packing at the dimer interface is depicted. For example, the side-chain at position
a’ packs into the hole between four residues on the upper helix. Similarly, a side-chain
at position d packs into the hole between four residues on the lower helix.

28
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frequency of occurrence, and contribution to coiled-coil stability of certain residues, has
been ascribed to their ability to pack better in each of these positions.
2) Hydrogen bonding associations

The more tightly the side-chains can pack together in the hydrophobic core, the
better able they will be to exclude water. The exclusion of water is important for the o-
helical backbone so that H-bonding associations with the peptide backbone will be
maintained. The better able a peptide backbone is at forming H-bonding associations,
which favor an a-helical structure, the greater the likelihood of helix formation. It has
been noted that, statistically, certain amino acids are found more often in helical
structures than other secondary structures [Chou & Fasman, 1978; Munoz & Serrano,
1994]. These o-helix-favoring residues are thought to have a helical propensity, and the
more of them found in a sequence, the greater the likelihood that sequence will form an
o-helix. The thermodynamic contributions of each amino acid, to an d-helical structure
have also been assessed [Tripet et al., 2000; Wagschal et al., 1999; Zhou et al., 1994].
The side-chains of amino acids with high helical propensity must be able to adopt more
easily the phi and psi angles required for helix formation; this may promote H-bonding
associations within the backbone.
3) Electrostatic interactions in coiled-coils

Another force that can contribute to the stability of a coiled-coil is ionic
attractions. Typically, electrostatic forces can be found to involve amino acid side chains
on both polypeptides; this is known as an interchain interaction [Lavigne et al., 1996].
These interactions usually occur from a g position on one chain to the e position in the

subsequent heptad of the partner chain. Often, a residue on the partner chain is denoted
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by its letter with a prime, so that in this case we would expect a g-e interaction or an i-
i’ +5 interaction. Another type of stabilizing electrostatic interaction occurs between
charged residues on the same chain, known as intrachain electrostatic interaction. They
have also been noted to affect coiled-coil stability, though not as greatly as interchain
attractions [Zhou et al., 1992].

Nature has used the coiled-coil as a motif to bring proteins together such as the
DNA binding transcription factors fos-jun or myc-max. Not only is the coiled-coil able
to form a dimer, its dimer forming ability can be regulated. This can be seen for the jun
‘transcription factor, found to form a jun-fos heterodimer preferentially as a result of the
interchain electrostatic interactions between the g and e’ positions of each transcription
factor [O’Shea et al., 1989]. For the transcription factors myc and max, the formation of
the max homodimers has been noted but, again, there is a preference for heterodimer
formation, and this is again controlled through preferential electrostatic interactions,
although in this instance the interaction occurs between residues found in the a and d

positions [Lavigne et al., 1995].

IIl. Electrostatics

Electrostatic interactions are seen in protein-protein interactions throughout cell
biological processes. Their contribution to protein folding remains a topic of study, and
though they appear to contribute, to some extent, to stabilizing a protein’s threg-
dimensional fold, their roles in orienting and directing proteins to increase successful

interactions have been increasingly studied.
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The amino acid make-up of proteins involved in macromolecular assemblies
characterizes their associations by providing complementary surfaces for interacting
macromolecules. Further, they are responsible for providing the binding strength to hold
the macromolecule together. The twenty different amino acids, in addition to the
structure of their side-chains, differ in their polarity and charge such that the twenty
commonly occurring amino acids are composed of hydrophobic or non-polar, polar
uncharged and charged side-chains.

In 1976, the preeminent force for the association of two macromolecules was
considered to be the burial of hydrophobic surface area. Hydrogen bonding associations
and salt-bridgés (H-bonded ion pairs) were considered to provide very little in terms of
binding energy, but were thought to provide specificity because the presence of unpaired
charges and hydrogen bonding groups was thought unfavorable [Fersht, 1984, (Review);
Hunenberger et al., 1999]. Elements involved in bringing two subunits or an enzyme-
ligand together such as burial of hydrophobic residues, formations of H-bonding
associations, and electrostatic interactions are the same forces that contribute to
determining the specificity and stability of a protein’s final 3-dimensional structure.
Burial of hydrophobic residues and surface area is still considered to contribute greatly to
protein folding [Creighton, 1990; Dill, 1990; Pace et al., 1996]. Not only is there a
favorable interaction between hydrophobic side-chains through van der Waals
associations but, unlike for charged side-chains, desolvation of hydrophobic side-chains
also contributes to the free energy of the folded state.

Charged residues such as Glu, Asp, Arg, Lys, and His can participate in protein

folding and recognition in two additional ways: either through forming H-bonding
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associations to form a salt-bridge or by the long range force of attraction, or repulsion
termed electrostatic interaction.

Realisation of the contribution of H-bonding associations to stability seems to
have emerged in the two decades following the late *70s [Creighton, 1990]. It has been
suggested that, taking into account the unfavorable desolvation of the polar functional
group involved, an individual H-bonding association could donate 0.6 kcal/mol to the
stability of a folded protein. The major problem with H-bonding associations is that in
order for them to be present in a protein structure, their polar components, the carboxyl
oxygen and amide nitrogen atoms, must be desolvated. One way for polar functional
groups participating in H-bonding associations to overcome their loss of solvation energy
was shown to be through being partially solvent exposed or to participate in more than a
single association. This way, the polar functional groups can either minimize their loss of
solvation energy or maximize the number of H-bonding associations each functional
group participates in to overcome the loss of solvation energy [Ben-Naim, 1991].

Proteins have been shown to be only marginally stable in solution, showing
stabilities approximately just 5-10 kcal/mol when the buried hydrophobic surface would
lead to predictions of values much greater [Privalov et al., 1988]. It has been noted that
not all H-bonding associations for polar atoms in folded proteins are fulfilled and it has
been suggested that the burial of polar residues in proteins counters the hydrophobic
effect, thus explaining the discrepancy between theory and empirical evidence [Vogt et
al., 1997].

These views seem to be supported by analyses of thermophilic proteins, which

show a greater number of polar atoms on their surfaces and greater burial of nonpolar
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atoms compared to their mesophilic counterparts [Vogt et al., 1997]. Furthermore, the
number of unsatisfied internal H-bonding associations in thermophiles was seen to be
lower than for the mesophilic counterparts. Thus H-bonding associations can stabilize a
protein given the functional groups involved can overcome the penalty of desolvation.
Whether charged amino acids forming a salt bridge in the core of a protein
contributes to a protein’s overall stability would be best determined by comparing the
stability of the folded molecule to the stability of the unaltered protein when it is
completely unfolded. However, this is not always the case when analyses are done
experimentally. Experimental analyses have been conducted where pKa shifts of specific
salt bridges have been measured. A particular example is the His30-Asp71 salt bridge in
T4 lysozyme in which the experimental reference molecule, for pKa-shift experiments,
would not be the unfolded protein, but rather it would be either a negatively or positively
charged ion-pair-containing protein, depending on whether the pH of the solution was
basic or acidic. Also, mutations have been used to discern the contribution of the His30-
Asp71 ion-pair to T4 lysozyme’s stability. The reference molecule for the mutations of
His30 or Asp71 would be the mutant protein, which is less than ideal since structural
relaxations may occur upon the introduction of a mutant side-chain [Anderson et al.,
1990; Hendsch et al., 1994]. One type of analysis makes use of solved crystal structures
of proteins and solves the electrostatic potential of buried salt bridges between
themselves and between the salt bridges and the partial charges on the atoms of the
protein using the Poisson-Boltzman equation. Such an analysis takes into account the
free energy of desolvation, the free energy of coulombic interaction, and the free energy

of interaction of the salt bridge with other protein atoms. The computational analysis
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bases its results on a reference state termed a hydrophobic isostere of the molecule.
Essentially, it is the same molecule, with the same side-chain packing but the charge
component of the salt-bridge is “turned off” [Hendsch & Tidor, 1994; Lounnas & Wade,
1997]. The findings indicate that, relative to their hydrophobic isosteres, salt bridges
destabilize a protein. These calculation-based conclusions are mirrored in the
experimental work on a DNA binding protein known as ARC repressor protein. Random
mutagenesis of a salt-bridged triad led to the discovery of more stable mutants with
hydrophobic residues replacing the charged amino acids. Functional mutants were
crystallized to show that the hydrophobes replacing the charged triad had a similar
packing interaction to the wild-type charged residues [Waldburger et al., 1995].

The formation of a salt-bridge is seen as the necessary consequence of desolvating
charged polar groups [Ben-Naim, 1991]. The amount that H-bonding associations
contribute to the free energy of folding is thought to vary due to the distance between
charged or polar functional groups (hence the length of the H-bond) and the number of
H-bonding associations that the charged or polar functional groups form [Creighton,
1990; Hendsch, 1994; Pappenberger et al., 1997]. Salt bridges tend to destablize proteins
relative to their hydrophobic isosteres because the coulombic interaction between the
charged atoms does not appear to counterbalance energetically their desolvation free
energy [Hendsch & Tidor, 1994]. One way to have them contribute, favorably, to
stabilizing a fold, is to ensure that they are more solvent exposed. This has been shown
to be an effective way to increase the stability of the ubiquitin protein [Loladze et al.,
1999]. Lastly, the charged atoms of a salt bridge can interact with the partial charges of

the atoms in a protein, and this can increase the contribution of the salt bridge to a
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protein’s free energy of folding. It has been estimated that partial charges up to 8 A in
distance, from a salt bridge interaction, can help stabilize that buried charged pair
[Lounnas & Wade, 1997]. The desolvation penalty can be further reduced through
protein-salt bridge contacts by the formation of a network of H-bonding associations
between the salt bridge and other polar and charged groups in the protein. An example of
a protein-charge electrostatic interaction leading to the stabilization of a two-stranded
alpha-helical coiled can be seen between the charged side-chain of glutamic acid and the
helix dipole [Kohn et al., 1997a].

The role for long-range electrostatic forces in protein folding and macromolecular
association appears, generally, to lie in the realm of steering and orientating molecules
prior to their specific binding through the meeting of hydrophobic surfaces. The current
theory for the role of electrostatics also involves their interaction in the formation of an
encounter complex, an unspecified number of loosely associated macromolecules. Again,
this is formed prior to their formation of a tight, hydrophobically held complex [Camacho
et al., 1999]. Empirical examples of charge controlled, enzyme-ligand, protein-protein,
and protein-nucleic acid binding abound in the literature [(enzyme-ligand): Bagger &
Wagner, 1998; Fischer et al., 1998; Radic et al., 1997; Soriano et al., 1998; Wade et al,,
1998; Vijayakumar et al., 1998, (protein-protein): Kohn et al., 1995, O’Shea et al., 1989;
Vaughan et al., 1999, (protein-nucleic Acid): Nadassy et al., 1999].

The Poisson-Boltzman equation, used to describe tﬁe interactions of charge
species in solution, has been increasingly used to calculate electrostatic contributions to
protein-protein recognition. Classical electrostatic theory of charged solutes in solution

has made resurgence in the scientific literature [Review; Honig & Nicholls, 1995]. Early
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attempts at calculations treated proteins as solid spheres with a uniform charge
distribution on their surfaces. However, with greater computational power available to
investigators, solving the Poisson-Boltzman equation for charged solutes has led to the
ability for analysis of charges on proteins at atomic resolution. Investigators can now
more accurately assess the contribution of charged amino acids to protein recognition by
assigning separate dielectric constants to the protein and solvent, through no longer
treating the charged residues as if they were evenly distributed on a uniform spherical
surface. This type of refined analysis takes into account the non-uniformity of protein
surfaces such that a distinct placement of charged residues leads to the formation of
microenvironments in terms of a protein’s surface electrostatic potential.

Thus, long-range electrostatic interactions are thought to contribute to protein
recognition through the non-uniform distribution of charged residues on a protein’s
surface [Honig & Nicholls, 1995]. For proteins with a net negative charge that interact
with net negative ligands, there are thought, based on calculations of electrostatic
potential, force fields steering the ligand, electrostatically, toward the microenvironment

of the positively charged region in the active site.
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MATERIALS AND METHODS
A. Materials

1. Chemicals and reagents

Unless otherwise stated, all chemicals and solvents used were analytical grade.
Most of the chemicals used in this project are available from common sources, so
suppliers are listed below generally only for uncommon chemicals as well as a few other
selected reagents that were used (Table I1.1). All solutions were prepared in water that
was run through a Milligen Milli-Q deionization purification system. DIEA, DCM were

distilled prior to use in peptide synthesis

Table II.1  List of reagents

Reagent Supplers(s)

Amino Acids (protected for peptide Advanced Chemtech, Louisville, KY

synthesis Bachem, Torrance, CA
Novabiochem, San Diego,CA

DCM BDH Inc., Toronto, ON

DIEA Caledon Laboratories, Georgetown, ON

DMF General Intermediates of Canada, ON

GdnHCI (ultra pure) ICN Biomedicals Inc., Aurora, OH

HF Matheson Gas Products, Edmonton, AB

HBTU Advanced Chemtech, Louisville, KY
Novabiochem, San Diego, CA

HOBt Advanced Chemtech, Louisviile, KY

MBHA resin Bachem, Torrance, CA

NMP General Intermediates of Canada,
Edmonton, AB

TFA General Intermediates of Canada,
Edmonton, AB

TFE Aldrich Chemical Co., Milwaukee WI

Urea (ultra pure) Life Technologies Inc., Gaithersburg, MD
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B. Methods
1.Peptide synthesis

Peptide synthesis can be performed by two general types of procedures: the
classical solution-phase method and solid-phase peptide synthesis (SPPS), based upon the
method developed by Merrifield (1963). In SPPS, the growing peptide chain is attached
to an insoluble matrix (polymeric resin bead), which allows easy washing away of excess
reagents and reaction by-products at each synthesis step. SPPS is convenient for most
peptide synthesis because of its efficiency, speed, and successful automation. Solution-
phase synthesis is still used, however, in large-scale synthesis and specialized
applications. Some good general references for solid-phase synthesis include Bodansky,
(1988), Fields, (1997), Novabiochem, (2000), and Stewart & Young, (1984).

A general outline of the SPPS procedure is given in Figures II-1 and 2. Peptide
synthesis is always carried out in the C- to N-terminal direction through the activation of
the incoming amino acid’s carbonyl group; made electron deficient through various
techniques.

Normally, the four major steps in SPPS consist of: anchoring, deprotection,
coupling, and cleavage (release). The added steps of acetylation and neutralization can be
used to terminate any o.-amino groups that remain unreacted after the coupling (amide
bond formation) step, and neutralize any remaining acid from the deprotection step with
the added bonus of abstracting a proton from the free amino groups, thereby making them
more electronegative or electron rich. Typically, the amino acids used in SPPS must be
derivatized at the N* group as well as at any reactive side-chain functionalities to prevent

side reactions during formation of the peptide bond. The methodology used for
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deprotection, neutralization, coupling, and acetylation was a modified procedure taken
from Ball et al. (1996). The typical cycle of reactions used to elongate the peptide, bound
to a solid support, was deprotection, neutralization, coupling, and acetylation.
A. Anchoring

Anchoring consists of placing the first amino acid onto the resin linker, typically
a functional group such as an amine capable of forming an amide bond. The resin comes
with a specific maximum level of substitution, i.e., the number of free amine groups per
dry gram weight of resin. For longer peptides it is desirable to use a lower substitution
and this can be done either manually, by reacting the resin with activated amino acid for a
short period of time and then acetylating the unreacted free amino groups on the resin, or
by purchasing a lower substitution resin. The peptides in the current study were all
synthesized with a C-terminal amide, which required the use of a linker that presents an
amino moiety that can be directly reacted (coupled) with the carboxylate group of the
first amino acid to form an amide bond. Figure II-1, bottom panel, depicts anchoring of
the first amino acid.

The synthetic peptides used in these studies were prepared by manual solid-phase
synthesis methodology (Merrifield, 1997; Serada et al., 1993) using a 4-
methylbenzylhydrylamine (MBHA) hydrochloride resin with conventional N-t-
butyloxycarbonyl chemistry. The peptides were prepared at a 0.25 millimole scale and
0.5g of MBHA resin with a substitution of 0.5mmol/g was used for each peptide.

B. Deprotection
Deprotection of our newly added amino acid is required at its o-amino group. As

stated above, the amino acids used were N*-derivatized with a t-butyloxycarbonyl group
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and, thus, in preparation for addition of another amino acid to our growing peptide chain,
we removed the t-Boc group through rinsing with a 7TmL, 90% trifluoroacetic acid (TFA)
in dichloromethane (DCM). The peptide was allowed to stand for one min. in the rise
mixture before the mixture was flushed. This was followed by 5 min. of shaking the
peptide-resin in another 7mL of 90% TFA in DCM. The t-Boc group is acid labile and it
was found to be readily removed in mixtures of TFA/DCM ranging from 50-90%
although the reaction time was increased to 25 min. at 50% TFA. Fig. II-2 depicts
deprotection.
C. Neutralization

Neutralization was carried out prior to the addition of an amino acid. This step
will lead to the removal of a proton from the now free amino groups, giving the neutral
NH,-peptide species instead of the NH,*-peptide species. This step aids the next coupling
step by creating a more electron rich, nucleophilic amino group, thus enhancing the
amide bond forming reaction. We chose to neutralize the peptide-resin with 3 washes
with 5% diisopropylethanolamine (DIEA) in DCM (7mL). To prepare the peptide resin
for the addition of the next amino acid (coupling), we followed our neutralization step
with 3 separate washes, using 7mL each time, of DCM, 3 washes of dimethylformamide
(DMF), and 3 washes with N-methylmorpholine (NMP) for a total of 21mL for each
solvent. The peptide-resin was now ready to have activated amino acid added. We chose
NMP as the coupling solvent for its resin swelling properties, thereby making the amino
groups of the attached peptide more accessible to the added reagents. We also chose this

reagent because its polar character facilitates the formation of the activated ester moiety
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utilized for the addition of the next amino acid to the growing peptide chain; see coupling
below.
D. Coupling

Coupling of the amino acid to the growing peptide chain was done through the
addition of coupling reagents that make the carbonyl carbon of the amino acid more
electropositive. The coupling reagents of choice were 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxy-benzotriazole (HOBT).
The peptides were synthesized from the C-terminus to the N-terminus; hence the free
amino group would be located on the growing peptide, bound to the resin. The next
amino acid was added to the growing peptide chain by activating the incoming amino
acid’s carbonyl group. The coupling reaction contained 1.0mmol of amino acid, giving a
4X excess of amino acid to free amino group on the resin. Amino acids were activated in
a 2.0mL solution of 0.45M HBTU/HOBT in DMF plus 0.5mL of a 4:1 mixture of
DIEA/NMP giving a final volume of 2.5mL.. The amino acids were allowed to activate
and form an activated ester moiety at room temperature for 5 minutes before introducing
them to the resin for coupling. Fig. II-1, top panel, depicts amino acid activation; the
bottom panel depicts the activated ester moiety. After activation the amino acid was
added to the resin, where coupling time was generally kept atlh, during which the
reaction vessels were placed on a shaker. Afterwards, the coupling mixture was drained
from the reaction vessels and the resin was washed 3X with DCM. After each coupling
step, the extent of each coupling was qualitatively determined by conducting a Kaiser test
(Fontenot et al., 1991), where the reagents turn blue in the presence of free amines. The

extent of the coupling reaction was determined by comparing the degree of yellow
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(negative, meaning no free amines) between our resin and a blank with no added resin.
Any unreacted amino groups were capped by acetylation.
E. Acetylation

Acetylation was used to terminate any unreacted amino groups from our coupling
step. The peptide-resin was mixed with 2.0mL of 50:50 DCM:DMF to which 50pL of
each of acetic anhydride and DIEA were added. The reaction vessel was allowed to
shake for S min. to “cap” any unreacted amino groups. Acetylation was also carried out
to aid in the purification of the final peptide since it is easier to purify truncated peptides
away rather than longer deletion peptides that would be very similar to our desired
peptide. After shaking, the acetic anhydride was drained from the reaction vessels and
the peptide resin was washed 3X with DCM, 1 alternating wash of DMF, DCM, then
DMF, and finally 3X with DCM. After this wash, the peptide-resin was ready to undergo
another cycle of deprotection, neutralization, coupling and acetylation until the final
amino acid was added. After the final amino acid was added, the peptide was subjected
to another deprotection step followed by an acetylation to give a peptide with an N*-
acetyl group.

F. Cleavage

After the addition of the last amino acid and the final acetylation, the peptide was
released (cleaved) from its solid support using a Low TFMSA — High HF procedure.
100mg of peptide-resin was placed in a 50mL round bottom flask containing a micro-
stitbar. The reaction flask was cooled to —5°C. The following chemicals were added in

order: 100uL of m-cresol, 300uL. of DMS, 500uL. of TFA, and 100uL of TFMSA. The
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mixture was allowed to stir at —5°C for 3 h. Next, the contents of the flask, were
transferred to a fritted glass funnel of medium porosity. The peptide-resin was washed
3X with cold diethyl-ether and dried under vacuum suction to remove any residual ether.
The dried solid was transfer to a clean HF flask containing a micro-stirbar. To the HF
flask containing the dried peptide-resin, 100uL of anisole, 100uL of DMS, and 20uL of
p-thiocresol was added, followed by 10mL of HF. The mixture was stirred and kept at
—4°C using an ice-salt-water slurry for 1.5 h. The HF was removed under vacuum and
cold ether was used to transfer the contents to a fritted glass funnel of medium porosity
and a further 3 washes with cold ether were carried out. The ether was stored, and the
peptide was dissolved and extracted from the glass frit using a 50:50 mixture of
acetonitrile:water containing 0.05% TFA which was subsequently lyophilized. The crude

peptide that results from the cleavage is depicted in Fig. 1I-3.

2. Peptide purification

Purification of each peptide was performed by reversed-phase high-performance
liquid chromatography on a Varian 5000 (Varian, Walnut Creek, CA) using a Brownlee
Aquapore RP-300 C; column (250 X 7.0 mm. inner diameter, 7.0um particle size, 300-A
pore size) with a linear AB gradient (ranging from 0.2% to 1.0% B/min) at a flow rate of
2ml/min, where solvent A is aqueous 0.1% trifluoroacetic acid and solvent B is 0.1%
trifluoroacetic acid in acetronitrile. The column was kept at 80°C throughout the duration
of the purification using a column heater. A typical purification increased the acetonitrile
concentration at 1%B/min. for 10 min, followed by a less steep gradient of 0.25%B/min.

for the duration of the purification. Fractions were analysed for purity by electrospray
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Figure I1-3. The top panel shows the reversed-phase HPL.C chromatograph

of a crude 64 amino acid peptide synthesized using the methodology described.
The eluted peptide was detected at 210 nm on a Hewlett-Packard HP 1090 Series
II chromatograph (Avondale, PA) using an analytical standard bore Zorbax C8
RP-column (250 X 4.6 mm internal diameter, 5 wm particle size, 300 A pore

size; Rockland Technologies, Newport, DE). Run conditions were: linear AB
gradient (1%B/min), where eluent A is 0.05% aqueous TFA (pH 2.0) and eluent

B is 0.05% TFA in acetonitrile; flow rate, Iml/min; room temperature. The bottom
panel shows a purified fraction used for experimentation and secondary structure
determination. The sequence of the peptide is CGGKDALLRQFQKEIEELKKKL
EEGEEVSGSKISGSEEDDEEGELGEDGEKRKKRRDQAGKKYV.
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Figure II-4. The top panel shows the RP-HPLC chromatograph of a crude 39 amino
acid peptide synthesized using the methodology described. The peptide is run on an
analytical standard bore Zorbax C8 RP-column at a 1%B/min gradient rate and_
Iml/min flow rate. The bottom panel shows a purified fraction used for experimentation
and secondary structure determination. The sequence of the peptide is
CGGKDALLREFQEEIARLKAQLEKRSIGRRKRREKRREG.
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mass-spectrometry, amino acid composition analysis, and analytical reversed-phase
HPLC. A typical pure fraction obtained from our purification procedure is shown in Fig.
II-3 and Fig. 11-4.
3. Amino acid composition analysis

For amino acid analysis, purified peptides were hydrolyzed in 6N HCI containing
0.1% phenol for 1.5 h at 160°C in evacuated, sealed tubes. Following HCIl removal by
vacuum, samples were re-dissolved in an appropriate volume of sample dilution buffer
(0.2 M NaCitrate/HCI, thiodiglycol 0.5%, benzoic acid 0.1%, pH2 buffer) and run on a
Beckman model 6300 amino acid analyzer utilizing post column ninhydrin detection
analysis. Typical runs consisted of isocratic gradient steps using the following buffers:
0.2 M NaCitrate, pH 3.0; 0.2 M NaCitrate/HCI, pH4.3; and 0.2 M NaCitrate, 0.9 M NaCl

5% Phenol, pH 6, with coincident temperature changes between 46-66°C.

4. Mass spectrometry

The correct molecular masses of the purified peptides and proteins were
confirmed by electrospray mass spectrometry using a Fisons VG Quattro mass
spectrometer (VG Biotech, Cheshire, England) calibrated with horse heart myoglobin
(Mr 16, 951.51). Briefly, the samples (~10uL at 1pug/pl conc.) were injected and
delivered to the analyzer using a SOpL/min flow of 50:50 acetonitrile:water buffer in
positive ion mode and scanned 7-10 times. Acquired data were then baseline subtracted,
smoothed and centered. Determination of the transformed molecular weight was carried

out by choosing “Manual mode processing” and picking adjacent ion peaks for the



Figure II-5. The two panels show typical mass spectral analyses of a peptide fraction.
The top panel shows a 39 residue peptide and the bottom a 64 amino acid peptide.
Spectra were collected in positive mode from an eluent solution of 50:50 (v/v) water and
acetonitrile containing 0.1% TFA. The mass spectrum (shown on the right) contains
several peaks at different mass to charge ratios (the mass spectrometer measures the mass
to.charge ratio rather than the absolute mass). The polypeptide in the top panel contains
14 Lys residues; each can pick up a proton. For the 39 residue peptide in the top panel,
the +6 peak (at 786 as a result of the ion with 6 positive charges) is most abundant,
followed by the +7 peak (at 674), the +5 peak (at 943), and a small +8 peak (at 590). The
data are transformed to deconvolute the mass/charge axis to absolute mass, as shown on
the left of the top panel. The calculated mass is an average based on all the peaks present
in the mass spectrum. The deconvoluted mass of 4709.98 Da is very close to the
theoretical value of 4710.49 Da. The bottom panel is of the 64 residue peptide which has
15 Lys residues. The ion distribution approximately follows a gaussian distribution
centered about +8. The calculated mass of 7222.35 is close to the theoretical 7221.9.
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transformation. The molecular masses were determined with an uncertainty of + 2-3 Da.

A typical mass spectral analysis is shown in Fig. II-5.
S. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a Jasco J-720 spectropolarimetre,
interfaced to an Epson-Equity 386/25 computer running the Jasco DP-500/PS2 system
software (version 1.33a). The temperature-controlled cuvette holder was maintained at
the desired temperature with a Lauda model RMS circulating water bath. The instrument
was calibrated with an aqueous solution of re-crystallised d-10-(+)-camphorsuifonic acid

at 290.5 nm. Results were expressed as mean residue molar ellipticity [0] (deg'cmz‘dmol'

") calculated by using the equation :
[6] = (8,,, - MRW)/(10 X [ X ¢)

where, 0, is the observed ellipticity expressed in millidegrees, MRW is the mean residue
molecular weight (molecular weight of the peptide divided by the number of amino
acids), { is the optical path length in cm, and c is the final peptide concentration in
mg/mL. For wave scans, data were collected from 190 to 250 nm at 0.05-nm intervals,
and the average of 10 scans reported (see figure II-6). GdnHCI and urea denaturation
studies were carried out by preparing mixtures of a stock solution of peptide in buffer
(0.1IM KCl, 0.05M PO,, pH 7), buffer alone and a solution of 8M GdnHCl or 10M urea in
buffer where the ratios of buffer and 8M GdnHCI or 10M urea solutions were varied to
give the appropriate final GdnHCI or urea concentrations. Urea/temperature studies were

carried out by preparing mixtures of a stock solution of peptide in buffer (0.1M KCl,
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0.05M PO, pH 7), buffer alone, and a solution of 10M urea in buffer where the ratios of
buffer and 10M urea solutions were varied to give the appropriate final urea
concentrations. The peptides in the urea/temperature studies were then subjected to
thermal denaturation at fixed concentrations of urea. All peptide concentrations were

determined by amino acid analysis on a Beckman model 6300, amino acid analyzer.

A. % orhelix -To solve the % o-helix the following equation was used: -40,000(1-4.6/n)=

[O4eod (Gans et al., 1991)

where n = the length of reduced peptide, [0y..,] = theoretical molar ellipticity for a
peptide with helix forming sequence throughout its length, n. To calculate the % o-helix,

[04] was subsequently divided by [0,.,,]-

B. Protein unfolding measurements — Denaturation midpoints: GdnHCl,,, urea, ,, and
T,, values were determined by following the change in molar ellipticity at 222 nm using a
Jasco J-720 spectropolarimeter (as described above). Ellipticity readings for GdnHCI and
urea denaturations were normalized to the fraction of the peptide population that was
folded (f;) using the standard equation f; = ([6] — [6],) / ([6], — [6],), where [0], and [0],
represent the ellipticity values for the fully folded and fully unfolded peptide population,

respectively. [0] is the observed ellipticity at 222nm at any denaturant condition.

Ellipticity readings for urea/temperature denaturations, where peptides were
thermally denatured in fixed concentrations of urea, were normalized to the fraction of

peptide population folded (f;) using equation: f; = ([0];x; — [6], ) | COLa vy — [O1upanyy)
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where [0] .\, represents the observed ellipticity at 222 nm at each temperature point for a
fixed concentration of urea, i.e., the observed ellipticity for the peptide, in a fixed
concentration of urea, as the temperature was changed. [0],yy,, is the ellipticity value for
when the peptide population is fully folded at 4°C and the lowest used concentration of
urea. [0], sy represents the ellipticity value for a fully unfolded peptide population. It is
the smallest ellipticity value for each peptide observed at an 8M concentration of urea at
88°C. Figure I1-7 depicts the data generated from this type of “mixed-mode”

denaturation technique.

The calculation of apparent T,, (T, in the absence of urea) was estimated by
extrapolating the observed T, values at each urea concentration to zero concentration,
assuming that the T, values and urea concentration are linearly related by the equation

T = T, "™° — m[urea]. T, values were experimentally determined.

C. Calculation of denaturant midpoints, free energy of unfolding (AGu™?’) and
differences in the free energies of unfolding (AAGu™?).

Denaturation midpoint values for the unfolding of the various peptides from
folded (f) to unfolded (u) states were determined by following the change in molar
ellipticity at 222 nm at 20°C. Ellipticity readings were normalized to the fraction of the
peptide folded (fy) or unfolded (f,) using the standard equations:
fe= (101 - [61) / (18], - [61)
f,=(1-f)

Each curve was then fit to a sigmoidal equation (e.g., (max-min)/(1+(denaturant

conc./midpoint)*slope)+min).
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Figure II-6. The top panel shows the circular dichroism spectrum of a fully
folded two-stranded alpha-helical coiled-coil. The molar ellipticity values

at each wavelength is from the average of 10 scans over the range of 190 to

250 nm. The molar ellipticity values were recored every 0.05 nm but values
every 1 nm are shown here for clarity. The bottom panel shows the characterisic
circular dichroism spectrum of a random coil peptide.



Figure 1I-7. Panels A and B depict the temperature melting curves of two peptides
denatured at varying concentrations of urea. The T, value has shifted to the left with
increasing concentrations of urea. The alpha-helical content was monitored at 222 nm
over the course of the denaturations. The ellipticity values were normalized to 1.0
fraction folded, for each peptide, at each individual urea concentration. The fraction
folded values were plotted against temperature to disclose the temperature at which the
peptide populations were 50% folded. This temperature was taking to be the T,,. Each of
the T, values, recorded for a peptide, was plotted against urea concentration to yield the
plot in panel C. The shift in the T, value, for each peptide, when denatured by
temperature in increasing concentrations of urea, gives a linear correlation between the
T,, and urea concentration used in the temperature denaturation. This linear correlation
can be used to extrapolate to a urea concentration of OM to give the T, in benign

medium.
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Calculation of AGu™° (the free energy of unfolding in the absence of guanidine

hydrochloride) was estimated by extrapolating the free energy of unfolding at each‘
denaturant concentration to zero concentration assuming they are linearly related by the
equation AGu = -RT In (K,), where K, = (f/f;) for the oxidized peptides and (2P(f,%/(1-
f,)) for reduced peptides (De Francesco et al., 1991) and P, is the total peptide
concentration (M).

When the difference in free energy change (AAGu™°) was sought between a
series of analogues relative to a specific analogues, the AAGu™® values were calculated

using the equation given by Serrano and Fersht (1989):

AAGu = ([denaturant],, ,-[denaturant], , ;)(m,+mg)/2, where [denaturant],, , and
[denaturant],, ; are the midpoints of unfolding of analogue A and B, respectively, derived
from the plots of fraction folded versus GdnHC] concentration, and m, is the slope

determined from the equation AG, = AG™2’— m [denaturant] (as described above). This

approach calculates the value of AAG, at the denaturant concentration half-way between
the [denaturant],,, values of the peptides being compared. This method has been shown
to be more accurate for determining small differences in protein stability because small
errors from extended extrapolation are avoided and linearity between AG, and denaturant
concentration is assumed across only a small range of denaturant concentration.
6. Preparation of oxidized peptides

Formation of homo-two-stranded disulfide-bridged molecules was carried out by

dissolving 5 mg of each peptide into 2 mL of 100mM NH,HCO, pH 8 buffer and the
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reaction vessel stirred overnight at room temperature. Oxidized peptides were re-purified
by RP-HPLC and oxidation verified by mass spectrometry (as described above).
7. Sedimentaion equilibrium studies

Conventional sedimentation equilibrium experiments were performed on a
Beckman Model XL-I analytical ultracentrifuge (Beckman, Palo Alto) at 20°C. Standard
charcoal-filled Epon double sector centerpieces (12 mm) were used, and a sample volume
of 120 uL was added into each sample sector. Peptide samples were initially dialyzed
against the desired buffer at 4°C overnight prior to analysis. Experiments were
conducted at various rotor speeds depending on the size of the complex (~18, 000 to
32,000 rpm). Data were acquired by averaging 5 radial scans at a spacing of 0.001 cm.
Equilibrium was confirmed by the superimposition of the concentration gradient
measured after 20 and 24 h. The data were fit to the following equation:

¢, = CoeXp{ [My, yp(1- V,p)(r*-1,)0"V/2RT}

app
where My, ., is the apparent molecular mass, v, is the partial specific volume, ¢ is the
molar concentration, r is radial distance, and p is the solvent density. The partial specific

volume of each sample was calculated from amino acid composition using the program

SEDINTERP (Hayes et. al., 1998).
8. Redox experiments

Oxidized, homo-two-stranded peptides were mixed together from stock
concentrations to final concentrations of 100uM each in 0.1M KCl, 0.05M PO, pH 7.0
buffer (Monera et al., 1993; O’Shea et al., 1989). To the mixture, reduced and oxidized

glutathione were each added at 1.0 mM final concentration. The final reaction volume
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was 800uL and reactions were carried out at room temperature in Reacti vials
(Chromatographic Specialties, Inc.) with fitted triangular stir bars and screw caps fitted
with rubber septums. Prior to the reaction, buffers were equilibrated overnight with
nitrogen gas by blowing a steady stream of N, through the buffers for 16 h.

15uL aliquots were taken from the Reacti vials at set time intervals and the reaction was
quenched with either 10uL of 3% aqueous phosphoric acid or 10uL of 5% trifluroacetic
acid. The time-points were monitored by reversed-phase HPLC (Zorbax, 300SB- C,, 150
X 2.1 mm LD., Sum particle size, 3004 pore size; Agilent Technologies) to disclose the
peptide ratios (homostranded and heterostranded) in the reaction mixture. Typically,
H,PO,? was used as our ion pairing agent during RP-HPLC for monitoring redox

reactions.

9. Heterostranded peptide formation

Hetero-two stranded peptides were made using two techniques. To prepare the
Kif3A/Kif3B coiled-coil, the reagent 2,2’ -dithiobis(5-nitropyridine) (DTNP) was utilized
(Rabanal et al., 1996). DTNP activated a peptide’s cysteine sulfur atoms and, upon the
introduction of another peptide with a free sulthydryl group, the 5-nitro-2-
pyridinesulfenyl group was removed through an Sy2 style nucleophilic substitution
reaction to produce hetero-stranded oxidized peptide. The benefit of DTNP activation is
that the heterostranded peptide is formed at pH 4.5 and so no homostranded peptides are
formed.

The reaction’s progress can be monitored with either RP-HPLC or mass

spectrometry. Fig. II-8 and Fig. 1I-9 depict the progress of this reaction by mass spectral
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analysis. Fig. II-8 shows the change in the molecular mass of a synthetic MmKif3A neck
region coiled-coil peptide through the derivatization by DTNP. Fig. lI-9 shows the mass
of synthetic MmKif3B neck region coiled-coil peptide before and after it has reacted with
the DTNP derivatized MmKif3A peptide. The final mass is the combination of the two
reduced peptides.

The second technique we used to form heterostranded peptides was to mix the
two reduced peptides together at equimolar amounts at pH 5.0. The peptides were stirred
at room temperature for 3-4 h and then the pH was raised to 8.0 using a small amount of
KOH. The reaction was monitored using RP-HPLC. This technique was used only for
peptides possessing complementary charged regions on their C-terminus. This technique

led to the formation of 100% heterostranded peptide.
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Figure I1-8.The top panel shows the molecular mass of synthetic MmKif3A
coiled-coil peptide, 2932.2 Da. The bottom panel shows the MmKif3 A peptide
derivatized with DTNP, giving a final mass of 3085.64 Da. The difference in
mass arises from the addition of the 5-nitro-2-pyridinesulfenyl group, added to
the peptide's cysteine side-chain sulfur atom by mixing the peptide with DTNP
in 3:1 acetic acid:water
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Figure II-9. The top panel shows the molecular mass of synthetic MmKif3B coiled-
coil peptide (2943.89 Da) prior to adding it to the derivatived MmKif3A peptide.
The bottom panel shows the final molecular mass of the heterostranded peptide that
is formed after mixing the two peptides. 5873.32 Da is the sum of the two reduced
peptides less 2 Da because forming a disulfide bridge leads to the loss of two protons.
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CHAPTER III

The Role of Unstructured Highly Charged Regions on the
Stability and Specificity of Dimerization of Two-Stranded
o-Helical Coiled-Coils: Analysis of the Neck-Hinge Region
of the Kinesin-like Motor Protein KIF3a'

A. Introduction

Intracellular transport of, membrane bound vesicular structures, and organelles, is
a natural consequence of the compartmentalization found in eukaryotic cells. For
example, secretion of a protein requires the movement of membrane bound vesicles from
the endoplasmic reticulum to the Golgi and finally to the cell surface. Also, large cells
with a polarized structure such as neurons require the movement of pre-synaptic vesicles,
formed in the cell body, to the periphery of the axon. Intracellular transport of this type
relies on the dynamic cytoskeleton and its associated proteins. A structural component of
the cytoskeleton includes microtubules, which are polarized filaments that have stable —
ends and dynamic + ends that extend outward to the periphery of non-polarized cells, and
to the axon from the cell body in polarized cells such as neurons. Two proteins associated
with microtubules are kinesin (Allen et al., 1985; Brady, 1985, Vale et al., 1985) and
dynein (Gibbons et al., 1965; Summers et al., 1971). Kinesins are responsible for fast
anterograde movement toward the + end of the microtubules and dynein for retrograde
movement toward the - end of the microtubules. In addition, some kinesin-like motor
proteins have also been shown to display retrograde movement (McDonald et al., 1990;

Case et al., 1997). Kinesins are known as molecular motors since they transduce the

! A version of this chapter has been published: Chana, M.C., Tripet, B.P., Mant, C.T., and Hodges, R.S.
(2002). Journal of Structural Biology, In press.



Chapter I Neck region of kinesin-like Motor Protein Kif3A 64

chemical energy of adenosine triphosphate (ATP) into mechanical motion and move in a
processive manner. After the initial discovery of a kinesin from squid axonal extracts
(Vale et al., 1985), many other kinesin-like proteins were discovered (Review: Miki et
al., 2001). This led to the organization of a new super family of kinesin-related proteins
(Goodson et al., 1994; Kim and Endow, 2000). Recently, many of the related kinesin
proteins found in different organisms have been grouped, categorized and placed into
sub-families (Miki et al., 2001).

The catalytic core of the kinesin superfamily of proteins has structural similarity
to the catalytic core of myosin and G-proteins (Review: Vale, 1996). For example, in a
similar manner to myosin, many kinesins function as multi-protein complexes that
include heavy and light chains. The heavy chains are responsible for ATP hydrolysis,
binding the intracellular network of microtubules and providing processive movement or
fast transport. In addition, for some kinesins, the heavy chains form a dimer via a two-
stranded ot-helical coiled-coil (de Cuevas et al., 1992; Hirokawa et al., 1989; Yang et al,,
1989).

Kinesin and myosin heavy chains share structural similarity, with many of
discovered kinesins beginning with an N-terminal globular head domain, followed by a
flexible neck region and a C-terminal stalk coiled-coil. The neck region of conventional
kinesin consists of a neck linker and a neck coiled-coil (Morii et al., 1997; Tripet et al.,
1997), followed by a hinge (Kozielski et al., 1997; Sack et al., 1997) termed hinge 1. The
neck linker and coiled-coil, taken together, have been termed the neck region and are
included with the globular head domain in forming the motor domain (Vale et al., 1997).

The transduction of chemical energy into mechanical movement has been shown to
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involve the neck linker region (Rice et al., 1999), while the neck coiled-coil is thought to
fine-tune the motor’s run distance (Thorn et al., 2000).

A unique feature of the kinesin-like heterodimeric motor protein Kif3A/Kif3B is
the highly charged regions that interrupt the coiled-coil between the neck and stalk. These
highly charged regions exhibit opposite polarity from one chain to the other (Fig. III-1,
top panel).  These regions have been proposed to specify heterodimer formation
(Rashid et al., 1995). The hinge region has been shown to have a string of negatively
charged amino acid side-chains followed by a string of positively charged amino acid
side-chains for kinesin-like SpKRP 85 (Rashid et al., 1995) and MmKif3 A proteins
(Yamazaki erf al., 1995), both now termed Kif3A (Miki et al., 2001). For kinesin-like
SpKRP 95 and MmKif3B proteins, both now termed Kif3B (Miki et al., 2001), which
heterodimerize with SpKRP 85 and MmKif3A, respectively, hinge 1 contains a stretch of
positively charged amino acids followed by a stretch of negatively charged amino acids.
It was shown that Kif3A forms a heterodimer with Kif3B in vivo (Rashid et al., 1995;
Yamazaki et al., 1995), and it was postulated that heterodimer formation could be the
result of charged amino acid interactions leading to the destabilization of homodimers, or
alternatively the stabilization of heterodimers (Rashid ez al., 1995).

To elucidate whether preferential heterodimer formation can be attributed to
electrostatic interactions in hinge 1, a region rich in charged residues that follows the
neck region of Kif3A and Kif3B, the present study was designed to show: (1) whether the
predicted Kif3A neck coiled-coil region (Rashid et al., 1995) would form an autonomous
folding unit; (2) whether there is structure in the charged hinge 1 region of Kif3A; (3)

whether electrostatics have a role in specifying heterodimer formation even when the two
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strands of the coiled-coil are identical; and (4) whether negatively and positively charged

extensions can affect the stability of the putative Kif3A coiled-coil neck region.

B. Results

Autonomous folding of predicted neck coiled-coil region

As a first step towards characterizing the biophysical properties of the neck region
of Kif3A and the putative role of its hinge region, it was first necessary to determine
whether the putative neck coiled-coil-forming sequence of Kif3A was an autonomous
folding unit and would form a two-stranded oi-helical coiled-coil in the absence of the
rest of the Kif3A molecule. In this regard, peptide P2 (residues 356-377) was synthesized
(Fig. III-1, bottom panel) and analyzed by circular dichroism spectroscopy (CD). The CD
spectrum of disulfide-bridged P2 (Fig. I1I-2A) is characteristic of a fully folded o-helical
coiled-coil based upon the following characteristics: high molar ellipticity value in
benign medium, double minima at 208 nm and 222 nm and a maximum at 190 nm; an o.-
helical content of 94% and 21 calculated o-helical residues out of 22 (Table II-1); the
addition of 50% trifluoroethanol (TFE) does not increase the o-helical content
(determined at 222 nm) (Table III-1); the [0],,,/[0],4; ratio in benign medium (1.03) is
characteristic of coiled-coils, i.e., >1.0 (LLau ef al., 1984) and this value decreases to 0.90
in the presence of the helix-inducing solvent TFE. Although TFE stabilizes the helical
structure of individual P2 strands, it denatures tertiary and quaternary structure, i.e., the
coiled-coil is dissociated to single-stranded a-helices as was clearly demonstrated by
high-performance size-exclusion chromatography of coiled-coils (Lau ef al., 1984a,b;

Monera et al., 1993; Zhou et al., 1992a,b; Mant et al., 1997).



Figure III-1. Top Panel shows a schematic of the kinesin-like heterodimeric motor
protein (Kif3A/Kif3B). This protein consists of two different polypeptide chains Kif3A
and Kif3B, which resemble conventional kinesin heavy chains. Each polypeptide chain
contains a N-terminal globular motor domain, followed by a potential neck coiled-coil
region, a highly charged hinge region, a coiled-coil stalk region and the C-terminal tail
region (which binds to an accessory unit, the so-called kinesin associated protein KAP).
Bottom Panel shows the amino acid sequences of the Kif3A peptides used in this study
and the sequence of Kif3B for reference. The native mouse Kif3A sequence 356-416 is
shown above the synthetic peptides P1-P5 prepared for this study. The open box around
the native sequence indicates the predicted neck a-helical coiled-coil region. The heptad
repeat of the coiled-coil is denoted abcdefg, where positions a and d are the non-polar
residues (shown in bold) involved in the 3-4 hydrophobic repeat. The boxed regions
below the peptide sequences denote the predicted coiled-coil region and the highly
negatively charged and positively charged regions. The negatively charged residues and
positively charged residues are indicated by a (-) or (+) sign, respectively. CGG
represents a flexible linker added N-terminally to each peptide. Ac- denotes N®-acetyl
and —amide denotes C*-amide. All of the synthetic peptides are aligned to the native
sequence except P4, which consists of the coiled-coil region 356-377 combined with the
positively charged region 403-416 and deleting the negatively charged region 378-402.
The flexible CGG linker was added to the N-terminus of each peptide to allow the
formation of homodimeric or heterodimeric coiled-coils through the use of a covalent
linkage. The disulfide bond enabled us to observe the selective formation of homo- or
heterodimeric coiled-coils during Redox experiments (see Methods). The disulfide
linkage also removed the monomer-dimer equilibrium when studying coiled-coil
stability.
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I Globular Motor | Neck ! 1
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Domains Region Relgi%; Stalk Region Tail Region
Microtubule
. binding site
Kif3A,
—— e e Coiled-coil KAP3
Nucleotide L L L L L L L «a§- Light Chain
binding site vy ~ 100 KDa
+++ - -
Heavy Chains
. 85~ 95KDa
K|f3B Microtubule
binding site
Kinesin-like Kif3A/Kif3B Heterodimer
Neck Region Charge-Rich Hinge Region
351 363 375 387 399 411
KIF3B ! I | | I I
Native IKDALLREFQEE IARLKAQLEKR}S IGRRKRREKRREGGGSGGGGEEEEEEGEEGEEDGDDKD
Sequence defgabcdefgabcdefgabed
356 377 395 403 416
KIF3A | | I l l
Native |KDALLRQFQKE IEELKKKLEE—GIEEVSGS DISGSEEDDEEGELGEDGEKRKKRRDQAGKKKY

Sequence defgabcdefgabede fgabed

P1 Ac-CGGKDALLRQOFOKEIEELKKKLEEGEEVSGSDI SGSEEDDEEGELGEDGEKRKKRRDQAGKKKV-amide
I Coiled coil !—— = mm—ee— - == -l++++++-— +++j

P2 Ac-CGGKDALLROFQKEIEELKKKLEEG-amide
[ Coiled coil l

P3 Ac-CGGKDALLRQFOKEIEELKKKLEEGEEVSGSDISGSEEDDEEG-amide
[ coiled coil e — |

P4 Ac-CGGKDALLROFQKEIEELKKKLEEGKRKKRRDQAGKKKV-amide
| Coiled coil l++++++— +++|

P5 Ac-CGGEEVSGSDISGSEEDDEEGE LGEDGEKRKKRRDQAGKKKV-amide
l—— - e - - -h+++++-— +‘++l
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Figure III-2. Circular dichroism (CD) spectra of synthetic disulfide-bridged
two-stranded peptides P2, P5, and P1 in a benign buffer (0.1 M KCl, 0.05M PO,,
pH 7) (open symbols) and in the presence of 50% trifluoroethanol (TFE)-benign
buffer (closed symbols) at 25°C are shown in Panel A (peptide P2), Panel B
(peptide P5), and Panel C (peptide P1). The peptide sequences are shown in Fig.
II-1.
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Similarly, the CD spectrum of P2 in its reduced state (Fig. III-3A and Table I1I-2)
shows a helical content indicative of coiled-coil formation. The [8],,, values for the
oxidized and reduced peptides were —29,700 and -20,500, respectively (Table III-1 and
2). The decrease in helical content for the reduced peptide is expected due to end fraying
(Zhou et al., 1992b) and the concentration dependence of the monomer-dimer
equilibrium where the monomer is unfolded and the dimer folded (Zhou ez al., 1992b,c).
In figure I11-3, the reduced peptides were compared at a concentration of 100 uM. In
Table I1I-2, data for peptide P2 are shown at 100 uM and 500 uM. The results clearly
show an increase in helical content as the concentration increases (compare [0],,, values
of —20,500 and 26,390 for 100 uM and 500 puM, respectively). The helical content is
approaching that of the disulfide-bridged P2 peptide where the helical content is
concentration independent. These results indicate that, although Kif3A forms a
heterodimer with Kif3B in vivo (Yamazaki ef al., 1995), there is no intrinsic sequence
specificity in the coiled-coil region that precludes homodimer formation in the Kif3A
region.

To determine the stability of the coiled-coil, peptide P2 was denatured by
temperature, urea and guanidine hydrochloride in its reduced state or in its disulfide-
bridged form using CD spectroscopy. The transition midpoints from temperature
denaturation of the reduced and disulfide-bridged coiled-coil were 41.5°C and 81°C,
respectively (Fig.'III-4). The urea and GdnHCl transition midpoints of the disulfide-
bridged coiled-coil were 6.7 M and 3.2 M, respectively (Table III-3). These results show
that, despite the short size of the coiled-coil (P2 is 22 residues or 3 heptads), the sequence

is able to form a stable homodimer similar to many other known native coiled-coils.
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Interestingly, this substantial coiled-coil stability occurs despite the presence of
destabilizing residues in the hydrophobic core positions “a” and “d”: Lys at “d” (residue
356d) and Gly at “d” (residue 377a). These residues have been shown to destabilize
coiled-coils substantially by 1.8 and 3.6 kcal/mol, respectively, compared to Ala in the
hydrophobic core of model a-helical coiled-coils when substitution site was in the center
of the coiled coil (Tripet et al., 2000, Wagschal et al., 1999a,b). However, these
destabilizing residues in Kif3 A are at the ends of the coiled-coil (Fig. I1I-1, bottom panel)
and it has been shown that the contribution of these positions to stability of the coiled-
coil was considerably less than internal positions (Zhou et al., 1992a,b). Nevertheless, the
coiled-coil sequence has 5 large hydrophobes in a row to stabilize the coiled-coil. It has
been shown that coiled-coils containing as few as 5 large hydrophobes can form

extremely stable coiled-coils (Su et al., 1994).

Secondary structure of the charge-rich hinge region

We now addressed the question of whether the charge-rich region that follows the
neck coiled-coil of Kif3A can form secondary structure. Thus, we prepared two peptides:
peptide PS5 (Kif3A residues 378-416), representing the highly charged region alone, and
peptide P1, compﬁsed of both the neck coiled-coil and the highly charged region (Kif3A
residues 356-416) (Fig. III-1, bottom panel). These peptides were first compared in the
disulfide-bridged state since it is well-known that an interstrand disulfide-bridge
stabilizes coiled-coil structure and removes the concentration dependence of the
monomer-dimer equilibrium (Zhou et al., 1992a,b,c; Zhou et al., 1993). In addition,

many groups have used a Cys-Gly-Gly linker added to the N-terminus to permit disulfide
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Figure III-3. Circular dichroism (CD) spectra of synthetic peptides in the
absence of the disulfide-bridge. The peptides P1, P2 and P3 denote the peptide
sequences shown in Fig. IIl-1 where the disulfide-bridge is prevented from
forming by the presence of dithiothreitol (DTT). The open symbols show the
CD spectrum of the peptide in benign buffer (0.1 M KCl, 0.05 M PO, pH 7)
and closed symbols show the spectrum in the presence of 50% trifluoroethanol
(TFE)-benign buffer at 25° containing 2 mM DTT.
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bridge formation and to provide a flexible linker that allowed unconstrained helical
alignment (O’Shea et al., 1989a; Wagschal et al., 1999a,b). The CD spectrum of the
highly charged region alone (peptide P5) shows that the region has no secondary
structure in benign medium, i.e., the spectrum is indicative of a random-coil structure
(Fig. I1I-2B). Even in the presence of helix inducing solvent, 50% TFE, negligible -
helical structure was induced (Fig. III-2B). When this highly charged region was
connected to the neck coiled-coil (peptide P1), there was no induction of o-helix in this
region by the coiled-coil. In fact, the addition of the highly charged region not only
decreased the molar ellipticity at 222 nm, as would be expected when adding a non-
helical region to the coiled-coil (compare [0] values of 29,700° and 8,950° for peptides
P2 and P1, respectively, in benign medium; Fig. III-2C and Table III-1), but the
calculated number of o-helical residues decreased to 14 compared to 21 for P2 (Table III-
1). This suggests ‘that the highly negatively charged region that follows the neck coiled-
coil actually destabilizes the coiled-coil. This destabilization was confirmed by
temperature denaturation studies (Fig. III-4). The T, values for the disulfide-bridged
coiled-coil and the reduced coiled-coil of peptide P2 (representing the neck coiled-coil
sequence alone) v;fere 81°C and 41.5°C, respectively. The T,, values of the disulfide-
bridged and reduced peptide P1 (representing addition of the charge-rich region to the
neck coiled-coil) were significantly lower than P2, i.e., 68°C and 22.6°C, respectively.
Addition of 50% TFE to peptide P1, (Fig. II-2C) increases the number of o-helical
residues to 20, the identical number observed for the neck coiled-coil region alone (P2) in
50% TFE (Table III-1). Similarly, peptides P1 and P3 in the reduced state at 100 pM

concentration showed a reduction in the number of o-helical residues (Table III-2 and
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Figure IlI-4. Thermal denaturation of peptides P1, P2, and P3.
Denaturation profiles were obtained by monitoring the ellipticity value at
222 nm for each peptide. Each peptide was incrementally heated by 2°C
from 4-88°C. Reduced peptide concentration was 100 uM. The closed
symbols denote the disulfide-bridged, two-stranded peptides, and the open
symbols denote the peptides with the disulfide bridge reduced. P1 (circles),
P2 (squares), and P3 (triangles). The arrows denote the decrease in stability
by addition of highly charged regions to the coiled-coil alone (peptide P2).
Peptide sequences are shown in Fig. 1. The T, values for the reduced
coiled-coils at 100 uM were P1 (23°C), P2 (41°C), P3 (18°C) and the
values for disulfide-bridged coiled-coils were P1 (68°C), P2 (81°C) and P3
(68°C).
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Fig. ITI-3) and reduced stability compared to P2 (Fig. 11I-4). Thus, these results clearly
show that the highly charged hinge region remains unstructured in the presence of the

Kif3A neck coiled coil and destabilizes the homostranded coiled-coil.

Role of charge-rich regions in dimer formation

In Kif3A, the hinge region consists of a negatively charged unit followed by a
positively charged unit, while Kif3B consists of a positively charged unit followed by a
negatively charged unit. In the heterodimeric complex, these charged units pair as shown
in Fig. III-1, (top panel). In addition, the coiled-coil regions of Kif3A and Kif3B, though
highly homologous, are different in sequence. Thus, in order to elucidate whether
regions rich in chérged residues can specify heterodimer formation through electrostatic
attractions alone, it was decided to keep the neck coiled-coil sequence constant (Kif3A)
but vary the charge-rich region that follows C-terminal to this coiled-coil and have only a
single charged unit. Thus, two further peptides, P3 and P4, were synthesized, P3
containing the coiie_d—coil neck region of Kif3A plus the highly negatively charged region
(residues 378-395 of the native sequence), while P4 contains the same coiled-coil
sequence plus the highly positively charged region (residues 403-416 of the native
sequence) (Fig. I1I-1, bottom panel). We arbitrarily chose the cut-off for the negatively
charged segment of P3 at residue 395 so that this segment would have a similar length,
concomitant with maximizing the number of charges, to that of the positively charged
segment of P4.

The CD spectra of peptides P3 and P4 indicate that both charge extensions are not

o-helical in benign medium (Fig. I1I-5A). The negatively charged extension on the neck



- Chapter I Neck region of kinesin-like Motor Protein Kif34 78

O —l ¥
-5 ;.
-10 |
o~ 15 |
o I
o -
_5 -20
NS -25
o -
®
o0 SEAN N L B L B PO &~ - = =1 T 2
- - ;
& SF E
o - .
= -10 F -
> - :
o -15 g
— C .
-20 F 3
-25 | 3
-30 F =
PO TR M W I | ll PR YR WU N KK SO TN YUONU SN FUNNK T SHUEE SHNN N AU TN NN WY M N 1:
200 210 220 230 240 250
Wavelength (nm)

Figure III-5. Circular dichroism (CD) spectra of synthetic peptides derived
from Kif3A motor protein. All peptides are disulfide-bridged two-stranded
molecules, either homostranded (open symbols) or heterostranded (closed
symbols). Panel A shows the peptides in benign buffer (0.1 M KCIl, 0.05 M
PO,, pH 7) and Panel B shows the peptides in a 50 % TFE/benign buffer at
25°C. P3 (open diamonds), P4 (open circles), P2 (open triangles) and
heterostranded P3 /P4 (closed squares). Peptide sequences are shown in Fig.
Im-1.
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coiled-coil (peptide P3) decreases the molar ellipticity at 222 nm to a similar magnitude
as that observed for peptide P1 (i.e., a drop to 11,700° from the 29,700° observed for P2;
Fig. ITI-5A, Table I1I-1) and the number of a-helical residues was decreased to 13 in
benign medium from 21 observed for the coiled-coil alone (Table III-1). Peptide P4
exhibited considerably more o-helical content than peptide P3 (20,050° for P4 compared
to 11,700° for P3; Fig. III-5A, Table III-1) and contained 21 a-helical residues in benign
medium, suggesting that the coiled-coil region is fully folded. These results suggest that
in the homo-two-stranded coiled-coil of P3, the negative charge repulsions are very
destabilizing of o-helical structure and the full folding of the coiled-coil. In contrast, the
positive charge repulsions of the homo-two-stranded coiled-coil of peptide P4 have little
effect on the folding of the coiled-coil region. The difference in the negatively and
positively charged extensions on the coiled-coil is shown by the fact that, in the former
(P3), only the coiled-coil region can be induced to fold in the presence of 50% TFE,
whereas the positively charged region of P4 is inducible into a-helical structure in the
presence of 50% TFE (Fig. IlI-5B, Table II1-1). These results are in agreement with
stability data shown in Fig. IlI-4, where the negatively charged extension on peptide P3
and its presence in peptide P1 destabilize the neck coiled-coil (compare results for P1 and
P3 with those of P2) in the absence or presence of a disulfide-bridge between the
individual peptide strands (Fig. II1-4, Table I1I-3).

To determine if the charged regions C-terminal to the neck coiled-coil of Kif3A
(when of opposite polarity) could specify a heterostranded peptide, we designed a redox
equilibrium experiment (see Methods). Peptides P3 and P4 were oxidized to form the

disulfide-bridged homo-two-stranded coiled-coils. Thus, disulfide-bridged P3 would be
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Table III-3: Denaturation data for disulfide-bridged Kif3A synthetic peptides

GdnHCl,,°  Urea,,’ T, ¢ T,app°
Peptide® ™M) ™M) & C)
P2 3.2 6.7 81 81
P3 2.8 3.8 68 67
P4 29 6.8 80 80
P3/P4 3.0 7.2 82 83

Disulfide-bridged homostranded peptides, P2, P3, and P4.
Disulfide-bridged heterostranded peptide P3/P4. The amino acid
sequence for each peptide is shown in Fig ITI-1.

GdnHCl, , is the transition midpoint, the concentration of guanidine
hydrochloride (M) required to give a 50% decrease in the molar
ellipticity at 222 nm.

Urea, ,, is the transition midpoint, the concentration of urea (M)
required to give a 50% decrease in the molar ellipticity at 222 nm.
T,, is the observed transition midpoint in the absence of urea, the
temperature (°C) at which there is a 50% decrease in the molar
ellipticity at 222 nm.

T,,app is the apparent transition midpoint in the absence of urea,
obtained from extrapolation of T, values determined in the presence
of varying concentrations of urea (see Fig III-9).

80
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Figure I1I-6. RP-HPLC elution profiles of start and end points from redox experiments
with oxidized P3 and P4 peptides. Panels A and B depict two time points from the redox
reaction (as monitored by RP-HPLC) between the oxidized, homostranded P3 and P4
peptides. (Panel A, reaction time O min; Panel B, reaction time 5 min). See Methods.
Peptide sequences are shown in Fig. III-1.
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comprised of a coiled-coil region followed by negatively charged regions and disulfide-
bridged P4 would be comprised of the coiled-coil followed by positively charged regions.
These peptides were then mixed in a 1:1 ratio in the presence of a 10 times molar excess
of reduced and oxidized glutathione at pH 7.0. This redox buffer allows for strand
exchange and the formation at equilibrium of the most stable oxidized product. The
progress of the reaction was monitored by RP-HPLC. Equilibrium was reached in 5 min.
(Fig. lI-6A and B) with greater than 95% formation of heterostranded peptide (reaction
A, Fig. II1-7). This level of reaction completeness suggests that the oppositely charged
regions provide specificity and drive the exchange of peptide strands to favor the
formation of the hetero-two-stranded product. Note the differences in the final
equilibrium positions for the redox equilibrium experiments that involved the mixing of
either P3 or P4 with P2 (reactions B and C, Fig. III-7). The formation of heterostranded
products in these reactions (reactions B and C) involves only the removal of charge-
charge repulsions. The final mol percent of heterostranded product is 60% in both cases.
The final equilibrium position for the reaction that involved mixing P2 with N-terminally
Trp-labelled P2 (P2W) yields 50% of the disulfide-bridged heterostranded peptide, (one
peptide P2 and one peptide P2W; reaction D, Fig. III-7). This represents nonselective
peptide exchange and would result from the random mixing of two peptides with no
selectivity. Any mixture that deviates significantly from a 1:2:1 ratio of homostranded:-
heterostranded:homostranded peptide implies that there is some specificity for the
exchange of peptide strands to form a more thermodynamically stable product. To
demonstrate that the charged attractions drive heterodimerization, we carried out the

redox experiments in the presence of various concentrations of NaCl. Thus, at a



Figure III-7. The formation of oxidized, heterostranded P3/P4, P2/P3, P2/P4, and
P2/P2W from redox experiments as a function of time. P2W is peptide P2 with an N-
terminal tryptophan. Reaction A represents the redox results of oxidized peptides P3 and
P4, (closed triangles in plot). Reactions B and C represent the redox reactions of oxidized
P2 with either P3 or P4, respectively (open squares and open circles). Reaction D
represents the redox reaction of peptide P2 with N-terminally labeled P2 (open
diamonds). The percent heterostranded peptide was calculated by dividing the integrated
area of the hetero-two-stranded HPLC peak by the total integrated area of both homo-
and the heterostranded peptides for each time-point. Peptide sequences are shown in Fig.
II-1.
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concentration of 1M NaCl, screening of the charges on the charge-rich regions of P3 and
P4 has decreased heterodimer formation to ~65% from the original 95% (Fig. 111-8). A
further increase in salt concentration to 3M NaCl reduces heterodimer formation even
further, to a level seen for that of the oxidized P2/P3 and P2/P4 peptides in benign
medium (Fig. I1I-7), i.e., the ratio of heterodimerization approached that for random
peptide exchange [P2/Trp-labelled P2 in the absence (Fig. III-7) or presence (Fig. I11-8)

of 3 M NaCl].

Effect of charge-rich regions on coiled-coil stability

To assess how the stability of the Kif3A coiled-coil is affected by adding charged
extensions, we denatured the a-helical structure of the neck coiled-coil using the
chemical denaturants guanidine hydrochloride and urea. Since GAnHC] masks
electrostatic interactions, repulsions and attractions (Monera et al., 1994a), the
denaturation midpoints of the disulfide-bridged homostranded peptides P2, P3 and P4 ,
and the disulfide-bridged heterostranded peptide P3/P4 were very similar (3.0 M + 0.2;
Table II1-3), i.e., the stability results reflected the stability of the coiled-coil’s
hydrophobic core, which is identical in all the coiled-coil constructs (Fig. III-9A and
Table I1I-3). Urea, an uncharged denaturant, does not mask electrostatic interactions
(Monera et al., 1994a) and so the stability results reflect the effect of the interactions of
the charged regions on the stability of the coiled-coil (Fig. III-9 and Table III-3). The
negatively charged regions destabilize the homostranded coiled-coil (compare P2, 6.7 M
to P3, 3.8 M; Fig. MI-9B, Table III-3), while the positively charged region has no effect

on the coiled-coil stability (compare P2, 6.7 M to P4, 6.8 M; Fig. I1I-9B, Table III-3).
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Figure III-9. Denaturation profiles of Kif3A synthetic, disulfide bridged
peptides. Denaturation profiles of oxidized, Kif3A motor protein,
synthetic peptides at 25°C in 0.1 M KCl, 0.05 M PO,, pH 7 buffer with
guanidine hydrochloride (Panel A) or urea (Panel B) as a denaturant. The
fraction folded (fy) of each peptide was calculated as f; = ([0] - [6],) / [0],
- [8],), where [6] is the observed mean residue ellipticity at 222 nm for
any particular denaturant concentration and {0], and [0], are the mean
residue ellipticities at 222 nm of the native “folded” and “unfolded”
states respectively. P2 (open triangles), P3 (open circles), P4 (open
squares), and heterostranded P3/P4 (closed diamonds). Peptide sequences
are shown in Fig. ITI-1.
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Figure ITI-10. Determination of apparent T,, in the absence of urea. The
Kif3A synthetic, disulfide-bridged peptides were subjected to thermal
denaturation in fixed concentrations of urea; the T,, values from each
denaturation were plotted against urea concentration and T, in the
absence of urea was extrapolated from the acquired, T, values in the
presence of various urea concentrations. Heterostranded P3/P4 (closed
squares), P4 (open circles), P2 (open triangles), and P3 (open diamonds).
Peptide sequences are shown in Fig. III-1.
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The hetero-two-stranded peptide (P3/P4) exhibits a coiled-coil stability ([urea],,, value of
7.2 M) similar to the most stable homo-stranded peptide P4 (6.8 M). As a result of the
high stability of the disulfide-bridged coiled-coils to temperature or urea denaturation, we
employed a combination of physical and chemical denaturants by denaturing the coiled-
coils with increasing temperature of various fixed urea concentrations. Tm and Tm app
values for the peptides followed the order of stability found for the peptides using urea
alone (Fig. I1I-10 and Table III-3). This method of temperature denaturation in the
presence of various urea concentrations was carried out here for the Kif3A coiled-coils to
validate this method since both temperature denaturation in the absence and presence of
chemical denaturants could be performed. It is known that Kif3B is a more stable coiled-
coil and the disulfide-bridged peptides of Kif3B could not be denatured by temperature
alone (unpublished results). There is a significant advantage to studying the disulfide-
bridged peptides in comparative stability studies since there is no concentration

dependence on stability with the removal of the monomer-dimer equilibrium.

C. Discussion
We have explored the ability of oppositely charged regions to specify heterodimer
formation in coiled-coils, restricting our analysis to Kif3A and studying its neck coiled-
coil (residues 356-377) and its charged region (residues 378-416) (Fig. III-1). The
charged region was examined by CD spectroscopy and it was found to adopt a random
coil structure in the absence or presence of the coiled-coil. The negatively and positively
charged regions (residues 378-395 and 403-416, respectively) were added to the C-

terminus of the neck coiled-coil of Kif3A. The peptides were further linked using a
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disulfide bridge from the CGG flexible linker added to the N-terminus to form homo-
two-stranded peptides selectively with either negatively or positively charged extensions
on the C-termini of the peptide strands.

To assess the ability of the charged regions to specify heterodimer formation of a
coiled-coil, we mixed disulfide bridged homo-two-stranded peptides with negatively and
positively charged extensions together in redox buffer (Lavigne et al., 1995; O’Shea et
al., 1989b). Contrary to the findings of De Marco et al., 2001, where it was suggested
that the charged regions were not absolutely necessary for heterodimer formation, we
observed that oppositely charged regions specified the formation of a hetero-two-stranded
peptide, hetero in the sense that it has one negatively charged extension and one
positively charged extension on an identical sequence in the coiled-coil region (Fig. ITI-1,
peptides 3 and 4, and Fig. III-6B). Furthermore, mixing the disulfide-bridged Kif3A neck
coiled-coil together with an N-terminal tryptophan-labeled coiled-coil, led to a 1:2:1 ratio
of homostranded:heterostranded:N-terminally labeled homostranded peptides, the ratio
expected from a ﬁonspccific random pairing of peptides (Fig. ITI-7, reaction D). The
ability of the oppositely charged extensions on the C-terminus of the neck coiled-coil of
the Kif3A to form preferentially a heterostranded peptide was diminished through charge
screening in the presence of NaCl (Fig. III-8). Similar charge screening by salt has been
described in the classic study on electrostatics by Schreiber and Fersht (1996) and Kohn
et al. (1997).

To assess how charged extensions may affect thé stability of the neck coiled-coils,
we denatured the peptides in urea, a denaturant shown to reveal the effects of

electrostatics on protein stability (Hagihara ef al., 1994; Kohn ez al., 1995a,b; Monera et
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al., 1994b). The results indicate a decrease in the stability of the coiled-coil by the
addition of negatively charged residues in the homostranded peptide. Contrary to what
was expected, the addition of the positively charged region (residues 403-416) of Kif3A
C-terminally to the neck coiled-coil did not affect the stability of the coiled-coil. The
pairing of a negatively charged extension with a positively charged extension gave a
peptide with stability similar to the homostranded peptide having positive extensions. The
net charge of the coiled-coil alone at neutral pH is essentially 0. The homostranded
peptide with negative extensions has a net charge of —~18; the homostranded peptide with
positively charged extensions has a net charge of +16; and the heterostranded molecule
has a net charge of only —1. Thus, it is the electrostatic attractions that drives formation of
the heterostranded molecule. Interestingly, the removal of charge-charge repulsions
(either negatively' charged or positively charged) had little effect on heterodimerization
(Fig. I11-7, reactions B and C). That is, it is the electrostatic attractions that drive the
specificity of heterodimerization, not the removal of positive or negative charge-charge
repulsions.

In accordénce with the postulate of Rashid et al. (1995) we see that
complementary charged regions can specify hetero-two-stranded coiled-coil formation.
However, our results suggest that it is not through the destabilization of the homodimers
relative to the heterodimer; for while the pairing of negatively charged regions led to a
decreased stability in the homostranded Kif3 A neck region, the pairing of positively
charged regions did not. In fact, the addition of the positively charged regions had little
effect on stability of the coiled-coil (Table III-3). The heterostranded coiled-coil has not

lost any stability and, indeed, has a stability similar to that of the most stable
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homodimeric coiled-coil, i.e., formation of the heterostranded coiled-coil maintains
stability similar to that of the most stable homostranded molecule (Table III-3) and the
unstructured oppositely charge regions drive specificity. The same phenomenon has been
observed for the Fos-Jun heterodimeric coiled-coil. The Fos-Jun heterodimer was shown
to form to the exclusion of homodimers. The stability of the heterodimeric coiled-coil
Fos-Jun was shown to be similar to the stability of the Jun homodimer, the most stable
homodimer (O’Shea et al., 1989b). The major difference between these two systems is
that in the Fos-Jun coiled-coil, control of specificity is within the coiled-coil sequence,
whereas here unstructured charged regions outside the coiled-coil sequence are
responsible for heterodimer formation.

Lysine residues have been shown to destabilize coiled-coils through electrostatic
repulsions at the dimer interface (e and g positions) of the coiled-coil (Monera et al.,
1994b; Zhou et al., 1994). The positively charged region of Kif3A is outside the coiled-
coil, does not adopt any structure in benign conditions and does not show any effect on
stability, suggesting that unstructured positively charged regions are not repulsive, unlike
negatively charged unstructured regions. It is possible that the 4-carbon aliphatic side-
chain of lysine provides a counteractive nonspecific hydrophobic force that negates the
repulsive force of the side-chain €-amino group or simply allows the positively charged
groups to remain at a greater distance from each other.

The results of De Marco et al. (2001), using truncated mutants of Xklp3A and
Xklp3B (highly homologous in the neck-hinge region to MmKif3A and MmKif3B)
showed in a co-translation experiment in an in vitro reticulocyte system (complex

formation was tested by immunoprecipitation with antibodies) that no heterodimers were
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observed unless the C-terminal four heptads of the stalk (in the region of residues ~570 to
598) distant from the neck coiled-coil region were present. Their interpretation of their
results was that the charged regions and neck coiled-coil do not have any significant role
in heterodimer formation. However, to clarify further the heterodimerization and function
of the constructs described by De Marco er al. (2001), it will be necessary to express
individually and purify in vitro the individual molecules and truncated constructs for
biophysical and structural analysis in detail. Although we cannot explain their results at
this time, it is extremely clear from the studies reported here that the neck coiled-coil in
Kif3A can form an autonomous folded coiled-coil on its own or in the presence of the
charged extensions and that these oppositely charged extensions can drive heterodimer
formation when these regions are studied in solution independently from the complete
protein. It is aléo conceivable that other interactions in the native protein (e.g. head and/or
stalk regions) could modulate the interactions identified with the short peptides in this
study to provide greater control of heterodimerization. Thus, the neck coiled-coil with the
charged hinge region, unidentified interactions in the head region and the C-terminal
region in the stalk identified by De Marco et al. (2001) are all essential and could work in

concert to control/modulate heterodimerization.
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CHAPTER IV

An investigation into the effects of highly charged regions on the stability of the neck
region coiled-coil of kinesin-like motor protein Kif3B?

A. Introduction

Along with actin and intermediate filaments, microtubules comprise the
cytoskeleton of eukaryotic cells. Intracellular transport occurs along these filamentous
structures, with unconventional myosins using the actin based skeleton, and dynein and
kinesin using microtubules. Conventional kinesin has been characterized and has been
shown to be composed of two heavy chains and two light chains (Bloom et al., 1988;
Kuznetsov et al., 1988; Hirokawa et al., 1989). Another protein in the kinesin superfamily
of proteins to be completely characterized was found to be a heterotrimeric complex
composed of two motor subunits with microtubule activated ATPase activity and an
accessory protein-(Wedaman et al., 1996). This heterotrimeric protein was termed
Kinesin-II but is also called the Kif3 complex where Kif represents the kinesin family
(Yamazaki et al., 1996).

Cole et al. (1993) began the sequence identification and characterization for the
subunits of the Kif3 complex, isolated from sea urchin. The 85kDa subunit was fully
sequenced, and termed spKRP85 for Strongylocentrotus purpuratus Kinesin Related
Protein-85kDa. The heterotrimeric complex was shown to move in the anterograde
direction on microtubules (Cole et al., 1993). Kondo et al. (1994) reported a mouse
analogue, Kif3A for Kinesin Family. In 1995, Rashid et al. published the sequence of the
95kDa subunit found in sea urchin, and Yamazaki et al. published the sequence of Kif3B.

In the following year, the accessory proteins in sea urchin and mouse were sequenced and

?A version of this chapter has been submitted for publication: Chana, MS, Tripet, BP, Mant, CT, and
Hodges, RS. (2002). Journal of Protein Science, In Submission.
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reported (Wedaman et al., 1996; Yamazaki et al., 1996). These proteins have since been
named KAPs for Kinesin-like Associated Proteins.

Upon analysis of the spKRP85/95 and Kif3A/B motor subunits, it was noted that
the NH, termini (approximately residues 1-350) were likely to comprise a motor domain
similar to conventional kinesin, based on sequence homology. The NH, terminal domains
were predicted to be separated from the small globular COOH terminal domains by a
central o-helical segment thought to form a coiled-coil similar to the one shown for
conventional kinesin (de Cuevas et al., 1992). A stalk-like structure similar to that seen in
conventional kinesin was noted for the Kif3A/B complex in electron micrographs
(Yamazaki et al., 1995). See Fig. IV-1 for a schematic of the structure of the kinesin-like
Kif3A/Kif3B heterodimer.

From sequence analysis, it appeared that spKRP85 and Kif3A were orthologues,
having a 73% homology along their full lengths, and it was predicted that spKRP95
would be the orthologue to Kif3B (Rashid et al., 1995). It is interesting to note that while
spKRP85 has 699 amino acids, Kif3A is comprised of 701, while both spKRP95 and
Kif3B were originally reported to have 742 amino acids, with the extra residues found at
the COOH termini (Rashid et al., 1995; Yamazaki et al., 1995).

Within the same organism, spKRP85 was found to have 52% identity with the
full-length spKRP95 , and 73% within the motor region. Kif3A and Kif3B were found to
have 47% identity along their full length and 61% in their motor regions. Interestingly, in
the similarity profiles between spKRP85 and spKRP95 or Kif3 A and Kif3B, a small
portion of the sequence was found to have strikingly low homology. This region was

located between the putative neck coiled-coil and coiled-coil stalk domain and had
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dramatically low probability for a-helix formation (Cole et al., 1993; Rashid et al., 1995;
Yamazaki et al., 1995). These regions in spKRP85/Kif3A had a cluster of negatively
charged amino acids, 11 and 13, respectively. This negatively charged segment was
followed by a segment of positively charged amino acids, 9 for both proteins. This region
of sequence disparity in spKRP95/Kif3B was found to begin with a stretch of positively
charged amino acids, 8 in each protein, followed by a segment of negatively charged
amino acids, 11 and 14, respectively.

It was postulated that these complementary charged regions could help the motor
subunits form spKRP85/95 and Kif3A/B heterodimers through the destabilization of
homodimers, and stabilization of heterodimers through electrostatic attractions (Rashid et
al., 1995).

DeMarco et al. (2001) demonstrated the necessity for the C-terminal coiled-coil
region in the stalk domain (region 515-597 of Xklp3 A and region 515-592 of Xklp3B) to
form heterodimers and that heterodimers could form between the C-terminal regions of
the stalk in the absence of the highly charged regions and neck coiled-coil (approximately
350-415). Recently, Chana et al. (2002) showed that the neck coiled-coil in Kif3A can
form an autonomous folded coiled-coil on its own or in the presence of the charged
extensions and that these oppositely charged extensions can drive heterodimer formation
when these regions are studied in solution independent of the complete protein. Thus, it
seems reasonable-to assume that the neck coiled-coil with the charged hinge region and
the C-terminal region in the stalk could both be essential and work in concert to

control/modulate heterodimerization.
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To lend further support to the importance of the neck coiled-coil and charged
extensions in heterodimerization, the present study was designed to: (1) show that the
predicted Kif3B neck coiled-coil region (residues 351-372) would form an autonomous
folding unit and compare its stability to the Kif3A coiled-coil; (2) identify whether there
is structure in the charged hinge region of Kif3B (residues 373-411); (3) determine
whether negatively and positively charged extensions can affect the stability of the
putative Kif3B coiled-coil neck region in a similar manner to Kif3A; (4) show whether
electrostatics specify heterodimerization even when the two strands of the coiled-coil are
identical and (5) determine whether coiled-coil stability can affect the rate at which the
oppositely charged extensions can drive the formation of the heterostranded peptide when
the strands of the coiled-coil are identical.

B. Results
Folding of the prédicted neck coiled-coil region of Kif3B

As a first step toward characterizing the biophysical properties of the neck region
of Kif3B and the putative role of its coiled-coil and hinge region, it was necessary to
determine whether the putative neck coiled-coil-forming sequence of Kif3B would form
a two-stranded Oc;helical coiled-coil in the absence of the rest of the Kif3B molecule (Fig.
IV-1). In this regard, we chose to study a series of disulfide-bridged two-stranded
peptides (Fig. IV-2) to remove the concentration dependency of the monomer/dimer
equilibrium found in non-crosslinked peptides. The peptides shown in Fig. IV-2 were
synthesized and subsequently analyzed by circular dichroism spectroscopy (CD).

Peptide P7 (Fig. IV-2), representing the putative neck coiled-coil region (residues

351-372), showed a CD spectrum (Fig. IV-3A) characteristic of a folded o-helical coiled-
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coil with a high molar ellipticity value, double minima at 208 nm and 222 nm and an o-
helical content of 87%, giving 19 calculated a-helical residues out of 22 (Table IV-1)
(Gans et al.,1991). In addition, the peptide appeared to be fully folded in benign medium,
since there was no change in the molar ellipticity value at 222 nm when the helix
inducing solvent, trifluoroethanol (TFE), was added. The [0]2:2/[0]20s ratio greater than
1.0 is a value used to characterize coiled-coils in benign medium and this value decreases
to ~0.90 in the presence of the helix-inducing solvent TFE (Lau et al., 1984a). Although
TFE stabilizes the helical structure of the individual strands of a coiled-coil, it denatures
tertiary and quaternary structure, i.e., the coiled-coil is dissociated to single-stranded o-
helices as was clearly demonstrated by high-performance size-exclusion chromatography
of coiled-coils (Lau et al., 1989a, b; Monera et al., 1993; Zhou et al., 1992 a, b; Mant et
al., 1997). The value observed for the [0],2,/[0]20s ratio for the disulfide-bridged Kif3B
peptide, P7, was 1.05 in benign medium and 0.89 in the presence of 50% TFE (Table IV-
1). Kif3B forms é heterodimer with Kif3A in vivo (Yamazaki et al., 1995), yet we
observe in vitro that Kif3B’s neck region forms a homo-stranded coiled-coil. Thus, there
appears to be no intrinsic sequence specificity in the Kif3B neck coiled-coil region that
precludes its homodimer formation.
Secondary structure of the charge-rich hinge region

We then addressed the question whether the charge-rich region that follows the
neck coiled-coil region of Kif3B has any secondary structure. We prepared two disulfide-
bridged two-stranded peptides, peptide P10 (Kif3B residues 373-411) which represents
the highly charged region on its own, and peptide P6, which contains the coiled-coil and

the highly charged region together (Kif3B residues 351-411) (Fig. IV-2, top panel). The
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CD spectrum of the highly charged region alone showed no apparent secondary structure
and the spectrum is indicative of a random-coil (Fig. IV-3B). Even in the presence of
helix inducing solvent, 50% TFE, very little a-helical structure could be induced (Fig.
IV-3B). When this highly charged region was connected to the C-terminus of the neck
coiled-coil, there was no increase in o-helix over that observed for the coiled-coil alone.
In fact, addition of the highly charged region decreased the molar ellipticity at 222nm.
This is to be expected when residues in a non-helical conformation are added to the
coiled-coil region. The calculated number of a-helical residues decreased from 19 in
peptide P7 to 17 in peptide P6 in benign medium (Table I'V-1). This suggests that the
highly positively charged region that follows the coiled-coil does not significantly affect
the coiled-coil. The spectra in Fig. IV-3C represent the additivities of the absorption
spectra for the peptides in panels A and B. Thus, the peptide appears to have a folded -
helical section and an unfolded random coil section.
Role of oppositely charged regions in dimer formation

To deterrﬁine how the oppositely charged unstructured extensions, when added C-
terminally to the neck coiled-coil of Kif3B, would affect the structure, stability and
heterodimerization of the coiled-coil, we prepared peptides P8 and P9 (Fig. IV-2 top
panel). We linked the peptides by the N-terminal cysteine residues to create disulfide-
bridged homo-tw;)-stranded P8 and P9 peptides as well as hetero-two-stranded P8/P9.
The results of our circular dichroism (CD) analysis are presented in Fig. IV-4. The CD
spectrum of peptide P9 suggests that the negatively charged extension is not helical in
benign medium (F ig. IV-4A) which is evident by the loss in the overall molar ellipticity

value for P9 compared to P7. However, the extension does not appear to decrease the



Figure IV-1. Top Panel shows a schematic of the kinesin-like heterodimeric motor
protein (Kif3A/Kif3B). This protein consists of two different polypeptide chains Kif3A
and Kif3B which resemble conventional kinesin heavy chains. Each polypeptide chain
contains an N-terminal globular motor domain, followed by a potential neck coiled-coil
region, a highly charged hinge region, a coiled-coil stalk region and the C-terminal tail
region (which binds to an accessory unit, the so-called kinesin associated protein KAP).
The middle panel compares the putative neck coiled-coil regions of Kif3B and Kif3A.
The regions of the sequence that are identical are boxed. The a and d positions denote the
hydrophobic core positions of the heptad repeat abedefg that form the coiled-coil. The
(...) show the interactions between a and a” and d and d’ in the heterodimeric coiled-coil.
The lower panel shows the hinge region that follows the coiled-coil sequence in Kif3A
and Kif3B. The positively charged and negatively charged regions are boxed.



Chapter IV Neck region of kinesin-like motor protein Kif3B

| ] ] ] ] ]

| Globular.Motorl Neck { Hinge Stalk Region ' Tail Region '
Domains Region Region

Microtubule
binding site

Kif3A

Coiled-coil

KAP3

101

Nucleotide VAR AN N AR A — 4 - Light Chain
binding site ~100 KDa
+44 - -
Heavy Chains
Klf3B Microtubule 8~ %5 Kba
binding site
Kinesin-like Kif8A/Kif3B Heterodimer
Putative Neck Coiled-coil Region
351 372
d a d a d a d
Kif3B Ac-[KDALLR|EF OEE IARIL KA QL EJ[K R —amide
Kif3a AcHKDALLRQ|F Q[KIE I|E BL KIK K| EJE G ~amide
356 377
Hinge Region
37|3 315 395 4\1
Kif3B SIGRRKRREKRREGGGSGGGGEEEEEEGEEGEEDGDDKD
+++++-+++-] l----—-- - == ——+-]

378 403 416

Kif3a




Figure IV-2. Amino acid sequences of the Kif3B and Kif3A peptides used in this study.
P6-P10 are Kif3B peptides and P2 to P4 are Kif3 A peptides described previously (Chana
et al., 2002). The boxed regions below the peptide sequences denote the predicted coiled-
coil region and the highly negatively charged and positively charged regions. The
negatively charged residues and positively charged residues are indicated by a (-) or (+)
sign, respectively. CGG represents a flexible linker added N-terminally to each peptide.
Ac- denotes N*-acetyl and —amide denotes C*-amide. All of the synthetic peptides are
aligned to the native sequence except P9, which consists of the coiled-coil region 351-
372 combined with the negatively charged region 394-411, deleting the positively
-charged and glycine spacer region 373-393.
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Figure IV-3. Circular dichroism (CD) spectra of synthetic peptides. CD spectra of
disulfide-bridged two-stranded peptides in benign buffer (0.1 M KCL, 0.05M PO4,pH 7)
(open symbols) and in the presence of 50% trifluoroethanol (TFE) —benign buffer (closed
symbols) at 25°C. Panel A (peptide P7), Panel B (peptide P10), and Panel C (peptide P6).
The peptide sequences are shown in Fig IV-1.
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number of helical residues in the coiled-coil since the number of calculated helical
residues, 19, is the same for the coiled-coil peptides P7 and P9 (Table IV-1). In contrast,
the positively charged extension on P8 actually increases the helical content slightly since
the number of calculated helical residues is 23 compared to 19 for peptide P7 (Table IV-
1). This small increase in the number of a-helical residues is probably due to the removal
of end effects. It is obvious that both charged extensions on the coiled-coil are mainly
unstructured since the molar ellipticity decreases for P8 and P9 or P8/P9 relative to P7
(Fig. IV-4A). As shown in Fig. IV-4A, the spectrum of the hetero-stranded disulfide-
bridged molecule P8/P9 is representative of the additivity of the spectra of the individual
homo-stranded peptides P8 and P9.

To examine whether the charged regions could be induced into o-helical
structure, when C-terminus to the coiled-coil, we determined the spectra of peptides P7,
P8, P9 and P8/P9 in the presence of 50% TFE. As shown in Table IV-1 and Fig. IV-4C,
further helical structure is induced in P8, P9 and P8/P9 compared to the same peptides in
benign buffer. The induction of a-helical structure in the presence of 50% TFE for the
positively charged extension is significantly greater than for the negatively charged
extension (P8 and P9, Table IV-1). This can be explained by the higher helical propensity
of the Lys and Arg residues in the positively charged extension versus the Glu and Asp
residues in the negatively charged extension (Zhou et al., 1994). Interestingly, in the
formation of the heterostranded peptide P8/P9, where the charge extensions are
oppositely charged, these potential attractions have no significant effect on the number of

helical residues in the coiled-coil in benign medium (Table IV-1).



"T-AT 314 Ut umoys ore seousnbas papuensoreivy ‘(serenbs pasopo) sprded pepuensoreiey ‘6d/8d ‘(sejBuein
uado) 64 ‘(serenbs uado) g4 “(se[ono uado) Ld "D,ST 16 JPNQ UBIIL/FAL %05 W sepndad o axe  pue ) sjoued pue (LHd *04
NS00 ‘IO T°0) 1o53nq uSruaq ur sopuded o) sxe g pue v sjaueq ') pue v sjoued ur umoys sspydad swres ot yo sepndad paonpax
oy} are (J pue g s[oueq "(SJOQMAS Paso]d) PapuBLso1aley 1o (Sjoquiks uedo) pspuensOwoy ISmIo ‘sa[nostow papuens-om} pagpriq
~SpyInsIp oy3 axe ) pue v sjoued ur sopndad o1, geyry woxy poatop sspidad oneyyuAs Jo enoods WSIOIYOIP JENOI) *p=AT 3Ly



Chapter IV Neck region of kinesin-like motor protein Kif3B 109

LANLAR DU I [ B 2 M A L S N A M A N Y N B BN NN S

220 230 240 250

Wavelength (nm)

210

200

Lo o dagaal e danaadan s d ool ]d

- j
250

1 i W B
240

230

H L
220
Wavelength (nm)

210

1
200

RNE SN ENE RN VE RN IS RIIE W NN WE RERWE SN RS PEE RN DR EEe N

o wn o W (=) 7o} (o) o wn o W (] e (] [fo]
[ - -— o I P s -~ ~— N o™ o« C‘?

9 1 s N ] [l 1 1 £ t

(j-lowrp-wu>33p) .01 X [6] (g-lowrp ;ur> 3ap) 01 X [0]



Chapter IV Neck region of kinesin-like motor protein Kif3B 110

To assess how the stability of the Kif3B coiled-coil is affected by adding charged
extensions, we denatured the o-helical structure of Kif3B’s coiled-coil using the
chemical denaturants guanidine hydrochloride and urea. Since GdnHCI masks
electrostatic interactions, repulsions and attractions (Monera et al., 1994), it was not
unexpected that the denaturation midpoints were essentially identical (~3.9M), with the
stability results reflecting the stability of the coiled-coil’s hydrophobic core, which is
identical in all the coiled-coil constructs (Fig. IV-5A and Table IV-2). Urea, an
uncharged denaturant, does not mask electrostatic interactions and so the stability results
reflect the contribution of interactions of the charged regions to the stability of the coiled-
coil. As observed in Fig. IV-5B and Table V-2, the negatively charged regions
destabilize the homostranded coiled-coil (compare urea,;, values for P7, 8.9M to P9,
6.9M, Table IV-2), while the positively charged region has little if any effect on coiled-
coil stability (compare urea,;, values for P7, 8.9M to P8, 8.7M, Table IV-2). The hetero-
two-stranded peptide P8/P9 in which electrostatic attractions have replaced the
electrostatic repulsions of the negatively charged regions in P9 exhibits stability (urea;,
value of 8.5M) similar to the most stable homo-stranded peptide P8.

To characterize further the effects of the charged regions on the coiled-coil of
Kif3B, we reduced the peptides so that they were no longer covalently linked through a
disulfide bond. We denatured the peptides in the presence of excess DTT with increasing
concentrations of urea or increasing temperature (Fig. IV-6A and B respectively).
Though the overall stability of the reduced, unlinked peptides decreases relative to the
disulfide-bridged peptides (compare P70x, urea;,, value of 8.9M to P7red, urea;;, value of

3.1M; Table IV-2), the relative stabilities, whether reduced or oxidized, between peptides
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P9 and P7, and P8 and P8/P9 are similar (Table IV-2). The relative order of stabilities of
the peptides (reduced or oxidized) are P7, P8 and P8/P9 >>> than P9. The negatively
charged regions, when placed adjacent to the coiled-coil, decrease the stability of the
coiled-coil, while the positively charged regions do not.

To ascertain whether there was any difference between the oxidized and reduced
peptides structurally, we collected the CD data of the reduced peptides (Fig. IV-4, panels
B and D; Table IV-3). The a-helical content of the reduced peptides is less than that of
the oxidized peptides due to the concentration dependence of the monomer to dimer
equilibrium. At the concentration of 90 uM, the [6]22, value is less for all peptides in
benign medium or in the presence of TFE, though the relative order remains the same for
the disulfide-bridged or reduced peptides (compare panels A and B in benign medium or
panels C and D in 50% TFE; Fig. IV-4, Tables IV-1 and IV-3.)

Similar to the oxidized peptides, the negatively charged extensions of P9 are not
helical, and the effect on the o-helical content is substantial at this concentration, where
the reduced peptide has only 6 calculated helical residues while the oxidized coiled-coil
has 19 in benign medium.

Stability of the neck coiled-coil Kif3B with Kif3A

To understand the effect of coiled-coil stability on the rate of heterodimerization
by the oppositely charged regions we first compared the stabilities of the coiled-coils
alone (Kif3A and Kif3B). The results show that the coiled-coil of Kif3B’s neck region is
more stable than that of Kif3A (Fig IV-7). Surprisingly, Kif3A and Kif3B have high
sequence homology (Fig IV-1) and very little difference in their hydrophobic a and d

residues, which constitute the hydrophobic core of the two-stranded coiled-coil. The only
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Figure IV-5. Denaturation profiles of Kif3B synthetic, disulfide-bridged peptides.
Denaturation profiles of oxidized, Kif3B synthetic peptides at 25°C in 0.IM KCl,
0.05M POy, pH 7 buffer with guanidine hydrochloride (Panel A) or urea (Panel B) as a
denaturant. P7 (open triangles), P8 (open circles), P9 (open squares), and
heterostranded P8/P9 (closed squares). Peptide sequences are shown in Fig IV-1.
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Table IV-2: Denaturation data for Kif3B synthetic peptides

Oxidized Reduced
GdnHClyp®  Ureays,® T Urear,’
Peptide” (M) ™) - (°0) M)
P7 3.7 8.9 46 3.1
P8 3.9 8.7 44 3.1
P9 3.7 6.9 29 1.4
P8/P9 3.9 8.5 46 3.1

a

Disulfide-bridged homostranded peptides, P7, P8, and P9.
Disulfide-bridged heterostranded peptide P8/P9. The amino

acid sequences for each peptide is shown in Fig IV-2.
GduHCly; is the concentration of guanidine hydrochloride (M)

required to give a 50% decrease in the molar ellipticity at 222

nm.

Ureay; is the concentration of urea (M) required to give a 50%
decrease in the molar ellipticity at 222 nm.

T is the temperature required to give a 50% decrease in the
molar ellipticity at 222 nm for the reduced peptides in benign
medium (100mM KCl, 50mM POy, at pH 7.2mM DTT).

Ureayy, is the concentration of urea (M) required to give a 50%

decrease in the molar ellipticity at 222 nm for the reduced

peptides.
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Figure IV-6. Denaturation of reduced Kif3B peptides. Panel A depicts the
thermal denaturation of the reduced two-stranded o-helical coiled-coil
peptides. Panel B shows the urea denaturation for the reduced peptides.
Reduced peptides were denatured in 0.1M KCl, 0.05M POy, 2mM DTT, pH
7 buffer with urea. The fraction folded (fp) of each peptide was calculated as
fr= ({0] — [0]w) / ([0]n — [O]), where [0] is the observed mean residue molar
ellipticity at 222 nm for any particular denaturant concentration and [0], and
[6]. are the mean residue ellipticities at 222nm of the native “folded” and
“unfolded” states, respectively. Peptide P7 (open triangles), P8 (open
circles), P9 (open squares), and peptide P8/P9 (closed squares).
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difference in the a and d positions is the C-terminal d position which has Arg in Kif3B
and Gly in Kif3A. Tripet et al. (2000) have shown that the differences in the contribution
of these residues to stability (if the substitutions were made in the center of the coiled-
coil) could account for only 0.7 kcal/mol in favor of Kif3B. It has also been shown that
the a and d positions at the ends of the coiled-coil contribute less to stability relative to
the internal positions (approximately 1/3) (Zhou et al., 1992 a, b). Thus, this change
would not be expected to account for the stability difference observed in Fig. IV-7. We
summed the o-helical propensity values at positions b, ¢, e, f and g for Kif3A and Kif3B
sequences. The difference between Kif3 A and Kif3B was 2.2 kcal/mol using the values
for single-stranded a-helices (Zhou et al., 1994) or 1.2 kcal/mol when corrected for
coiled-coils (Kwok et al., 1999). Though electrostatic interactions (intra- and interchain)
can make major éontributions to the stability of coiled-coils (Kohn et al., 1995 a,b, 1997,
1998; Zhou et al., 1993, 1994), there is only one possible difference observed between
Kif3A and Kif3B that would favor the higher stability of Kif3B, thatis, anitoi’ +2 (e to
g’) interchain electrostatic repulsion between Lys residues at 371(e) and 373(g’) in
Kif3A. It has been shown by Kohn et al. (1995a) that Glu residues at positions e and g’ (i
to 1" + 2) do not lead to destabilization. Similarly, O’Shea et al. (1991) concluded that the
bulky hydrophobes at position d hinder side-chains in the i to i’ + 2 orientation from
interacting to form Lys-Glu salt bridges. Thus, the difference in stability between Kif3A
and Kif3B (Fig. IV-7) could be accounted for by the combined effects of differences in
the hydrophobic cores at position d and differences in helix propensity at positions b, ¢,

e, fand g.
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Figure IV-7. Peptide stabilities. The above panel shows the difference in the
stabilities between oxidized P7 and P2 as determined by urea denaturation. The
fraction folded (fg) of each peptide was calculated as fr = ([0] — [0]w) / ([0]a —
[6]u), where [0] is the observed mean residue molar ellipticity at 222 nm for
any particular denaturant concentration and [0], and [0], are the mean residue
ellipticities at 222 nm of the native “folded” and “unfolded” states,
respectively. Peptide P7 (closed circles), P2 (open circles).
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Selective heterodimer formation

As described above, we have established the differences between Kif3 A and
Kif3B’s neck coiled-coil stabilities and compared the effects of adding negatively and
positively charged extensions to the C-terminus. We now wished to determine if there
would be a difference in the results of redox equilibrium experiments between oxidized
peptides P3 and P4 (the neck coiled-coil of Kif3 A with, respectively, a negatively or
positively charged extension added C-terminally) and oxidized peptides P8 and P9 (the
neck coiled-coil of Kif3B with, respectively, a positively or negatively charged extension
added C-terminally) (Fig. IV-2). The results show that the redox equilibrium state is
reached more slowly for oxidized peptides P8 and P9 forming the heterostranded
molecule P8/P9 (Fig. IV-8). We attribute this slower rate to the greater stability of
Kif3B’s neck coiled-coil. Thus, the rate of peptide strand exchange will depend upon the
stability of the coiled-coils. At a fixed concentration, a more stable coiled-coil will
dissociate less frequently (Ozeki et al., 1991), since the folded dimer is in equilibrium
between its fully folded and unfolded states.

Since the redox equilibrium experiments for mixing oxidized peptides P3 and P4
or mixing oxidized peptides P8 and P9 led to the formation of the hetero-two-stranded
peptide P3/P4 or P8/P9, respectively, the charged regions of Kif3A and Kif3B clearly
have the ability to drive heterodimer formation when the coiled-coil strands are identical

(Fig. IV-8).



Figure VI-8. The formation of oxidized heterostranded peptides of Kif3A coiled-coil
(P3/P4) and of Kif3B coiled-coil (P8/P9) from the corresponding disulfide-bridged
homostranded peptides during redox equilibrium experiments. The bottom panel depicts
the different rates of formation of the heterostranded peptides of Kif3A (open triangles)

and Kif3B (open circles).
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C. Discussion

Our investigation into the predicted neck coiled-coil and highly charged region of
the Kif3B motor protein has led us to conclude that the neck region (residues 351-372;
Fig. IV-2, top panel) can form a coiled-coil (Fig. IV-3A). In its oxidized state this region
formed 19 helical residues out of a possible 22 (Table IV-1). The inability of the coiled-
coil to form the full 22 helical residues can be explained by fraying of the coiled-coil at
its C-terminus (Zhou et al., 1992). Based on the behavior of Kif3B’s neck coiled-coil in
aqueous medium and 50% trifluoroethanol, we could conclude that the peptide was fully
folded and the maximum number of residues that could be helical had indeed adopted
that secondary structure when the peptide was covalently linked through a disulfide bond
(Fig. IV-3A and Table IV-1).

We next investigated whether the highly charged region of Kif3B, complementary
to the charged region in Kif3A, can adopt an ordered secondary structure in solution. Our
results, based on circular dichroism spectroscopy, indicated that on its own, and when
located C-terminaliy on Kif3B’s neck coiled-coil, the highly charged region of Kif3B
does not form any organized secondary structure (Fig. IV-3B and IV-3C).

We found-that there was a large difference in stability between the neck coiled-
coil of Kif3B and the complementary neck coiled-coil region of Kif3A, where the coiled-
coil of Kif3B was more stable (Fig. IV-7), even with the high sequence homology
between Kif3A and Kif3B (Fig. IV-1, middle panel). The major contributor to the
stability of any fold is thought to be the burial of hydrophobes away from the aqueous
environment (Dill, 1990; Pace et al., 1996). The differences in stability between the

coiled-coils of Kif3A and Kif3B can be explained by a combination of the contribution of
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residues at position a (Arg 372 in Kif3B and Gly 377 in Kif3A), a-helical propensity
differences at positions b, ¢, e, f and g throughout the coiled-coil, and possibly the
occurrence of an i to i’ + 2 electrostatic repulsion of Lys residues at positions 371 and 373
in Kif3A (Fig. IV-1).

It has been predicted that the complementary charged regions found on the motor
subunits of the heterotrimeric motor proteins could lead to destabilization of homodimers
and stabilization of heterodimers (Rashid et al., 1995). To monitor how the charged
region of Kif3B could affect coiled-coil stability, the positively and negatively charged
segments of the charged region were individually added to the C-terminus of Kif3B’s
neck coiled-coil, producing peptides P8 and P9 (Fig. IV-2). We linked the peptides with a
disulfide-bridge to produce homostranded peptides P8 and P9 and heterostranded peptide
P8/P9. Peptide P8/P9 is considered heterostranded, even though the coiled-coil strands
are identical, because one chain has a positively charged C-terminal segment, while the
other chain has a negatively charged C-terminal segment. The repulsive effect of the
negatively charged region in P9 had no effect on the number of calculated o-helical
residues in the neck region’s coiled-coil (Table IV-1). However, the negatively charged
regions did dramatically destabilize the coiled-coil (Table IV-2). In comparison, placing
the positive extenﬁions C-terminally (P8) led to no loss in stability of the coiled-coil
(Table IV-2). This result was surprising considering we would have expected repulsions
between the positively charged residues and destabilization of the coiled-coil as observed
with the negatively charged extensions. However, the long side-chains of the lysine
residues may allow the charged e-amino groups to be appropriately distant from each

other, causing minimal repulsive interactions and thus having little effect on the stability
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of the coiled-coil. In contrast, the shorter side-chains of glutamic acid residues do not
allow the negatively charged groups to distance themselves from the polypeptide
backbone, resulting in destabilization of the coiled-coil. Peptide P8/P9, which has
oppositely-charged extensions, should show electrostatic attractions between the strands;
however, these interactions did not enhance the stability of this construct compared to the
coiled-coil alone (P7) or the stability of the homostranded coiled-coil with positively
charged extensions (P8) (Table IV-2). In contrast, peptide P8/P9 was dramatically more
stable than the homostranded peptide with negatively charged extensions (P9) (Table I'V-
2). Thus, as shown by our redox experiments (Fig. IV-8), it seems that the electrostatic
attractions between the unstructured regions drive specificity for heterodimerization,
rather than playing the role of enhancing stability. We found that both positively and
negatively charged segments of Kif3B’s highly charged regions were required to be
located C-terminally to the neck coiled-coil to drive the almost exclusive formation
(95%) of heterostranded peptide. Thus, the two oppositely charged regions seem to attract
each other leading to the formation of heterostranded product similar to that observed
with the Kif3A coiled-coil (Chana et al., 2002).

It is interesting that the positively charged extension is found C-terminally on the
more stable coiled-coil, Kif3B. This extension had no effect on the stability of the Kif3B
coiled-coil (urea,,, value of 8.7M for P8 compared to the Kif3B coiled-coil alone, P7,
with a urea,, value of 8.9M). On the other hand, the negatively charged extension 1s
located C-terminally on the less stable coiled-coil, Kif3A. This extension dramatically
destabilized the Kif3A coiled-coil (urea,,, value of 3.8M for P3 compared to the Kif3A

coiled-coil alone, P2, with a urea,,, value of 6.7M). The net result is that this situation
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enhances the stability difference between the Kif3B and Kif3A molecules (urea,,, value
of 8. 7M for P8 and 3.8M for P3 relative to that of the coiled-coils alone, 8.9M for P7 and
6.7M for P2), which allows a greater driving force for heterodimerization between Kif3A
and Kif3B proteins. Thus, over all, electrostatic attractions seem to be important for
specificity of heterodimer formation while maintaining the stability of the heterodimer
equivalent to the most stable homodimer.

Electrostatic interactions in large numbers or in clusters have been suggested to
play unique roles in proteins. For example, it has been reported that electrostatic
networks could contribute to thermostability of thermophilic proteins through resilience
rather than rigidity, whereby ionic networks can increase the kinetic barrier to unfolding
so that instead of increased hydrophobic packing in the core, individual structured
elements in a protein are linked together through an extensive ion-pairing network. Thus,
if sections of a protein come apart, they will be drawn back together by electrostatic
forces (Aguilar, 1997). In addition, Schreiber and Fersht (1996) have shown that long-
range electrostatic forces can accelerate the interaction of two molecules (faster than
diffusion) to form an initial encounter. Thus, as occurs in the present study, the
electrostatic bias leads to the law of mass action favoring the folding of the heterodimeric
complex in the absence of any significant difference in stability of the heterodimer versus

the most stable homodimer.
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Chapter V

Stability and specificity of heterodimer formation
for the neck regions of the

motor proteins Kif3A and Kif3B*

A. Introduction

Conventional kinesin has been characterized and has been shown to be composed
of two heavy and two light chains (Bloom et al., 1988; Kuznetsoz et al., 1988; Hirokawa
et al., 1989). The second protein in the kinesin superfamily of proteins to be completely
characterized was found to be a heterotrimeric complex composed of two motor subunits
with microtubule activated ATPase activity and an accessory protein (Wedaman et al.,
1996). This heterotrimeric protein was termed Kinesin-II but is also called the Kif3
complex, where Kif represents kinesin family (Yamazaki et al., 1996).

The sequence identification and characterization for the subunits of the Kif3
complex, isolated from sea urchin, have been completed. The 85kDa subunit was the first
to be characterized and was termed spKRP8S5 for Strongylocentrotus purpuratus Kinesin
Related Protein-85kDa (Cole et al., 1993). The characterization of the mouse protein
homologue Kif3A has also been reported (Kondo et al., 1994). In 1995, the sequence of
the 95kDa subunit found in sea urchin, termed spKRP95, was published (Rashid et al.,
1995), it was followed by the sequence publication of its mouse homologue, Kif3B

(Yamazaki et al., 1995). The accessory proteins in sea urchin and mouse were sequenced

3 A version of this chapter is in preparation for submission to the Journal of Biological Chemistry.
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and reported in 1996 (Wedaman et al., 1996; Yamazaki et al., 1996). These proteins have
since been named KAPs for Kinesin-like Associated Proteins.

Upon analysis of the spKRP85/95 and Kif3A/B motor subunits, it was noted that
the NH, termini (approximately residues 1-350) were likely, based on sequence
homology, to comprise a motor domain similar to conventional kinesin. The NH,
terminal domains were predicted to be separated from the small globular COOH terminal
domains by a central a-helical segment thought to form a coiled-coil similar to the one
shown for conventional kinesin (de Cuevas et al., 1992). A similar stalk-like structure as
seen for conventional kinesin was noted for the Kif3A/B complex in electron
micrographs (Yamazaki et al., 1995).

From sequence analysis, it appeared that spKRP85 and Kif3A were orthologues,
having a 73% homology along their full lengths. Similarly, it was predicted that
spKRP95 would be the orthologue to Kif3B (Rashid et al., 1995). It is interesting to note
that while spKRP85 has 699 amino acids, Kif3A is comprised of 701, while both
spKRP95 and Kif3B were originally reported to have 742 amino acids, with the extra
residues found at the COOH termini.

Within the same organism, spKRP85 was found to have 52% sequence identity
with the full-length spKRP93, and 73% within the motor region. Kif3A and Kif3B were
found to have 47% sequence identity along their full length and 61% in their motor
regions. Interestiﬁgly, in the similarity profiles between spKRP85/Kif3A and
spKRP95/Kif3B, a small portion of sequence was found to have strikingly low
homology. This region was found located in the predicted coiled-coil stalk domain, but

had low probability for a-helix formation (Cole et al., 1993; Rashid et al., 1995; Yamazki
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etal,, 1995). When these regions were further scrutinized it was noted that
spKRP85/Kif3 A had a stretch of amino acids that had a number of negatively charged
amino acids closely spaced side-by-side (11 and 13 negatively charged amino acids in
spKRP85 and Kif3A, respectively). This negatively charged segment was found to be
followed by a segment of positively charged amino acids (9 in both proteins). This
region of sequence disparity in spKRP95/Kif3B was found to begin with a stretch of
positively charged amino acids (8 in each protein) followed by a segment of negatively
charged amino acids (11 and 14, respectively, in spKRP95 and Kif3B) (Fig. V-1). It was
postulated that these complementary charged regions in the hinge region could help the
motor subunits form spKRP85/95 and Kif3A/B heterodimers through the destabilization
of homodimers, and stabilization of heterodimers through electrostatic attractions (Rashid
et al., 1995). It was also noted that polar and charged residues were found in the stalk
region a and d positions of the coiled-coil (Rashid et al., 1995). The a and d positions
are classically reserved for hydrophobic residues in a coiled-coil (Hodges et al., 1972),
and it was predicted that the formation of heterodimers would prevent electrostatic
repulsions in the hydrophobic core of the coiled-coil stalk region of the homodimeric
proteins (8). Support for the possible role of a and d positions in the stalk region in
heterodimer formation has been ’bolstered by a recent study (De Marco et al., 2001),
where the ability of the C-terminal heptads of the stalk domain to form heterodimers was
demonstrated.

In our efforts to characterize the neck region coiled-coil and complementary
charged regions (hinge region; Fig. V-1) of the motor proteins Kif3A and Kif3B, we have

analyzed the ability of each neck region to form a coiled-coil on its own (Chana et al.,
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2002a,b). Furthermore, in recent studies, we focused on the effects of complementary
charged regions on the formation of the homodimeric coiled-coils of Kif3A and Kif3B
(Chana et al., 2002a,b). That is, the coiled-coil segment was homodimeric but, with
oppositely charged regions attached, the molecules were heterostranded. We
demonstrated that the negatively charged segments of both Kif3A and Kif3B charged
regions, when attached directly to the neck region coiled-coils, destabilized their
respective neck region coiled-coils, while, in contrast, the positively charged segments
did not affect the stability of the coiled-coil neck regions. Furthermore, it was shown that
a negative and positive charged extension was required to specify heterostranded peptide
formation in the presence of identical coiled-coil sequences.

In the present study, we are examining the formation of heterodimeric molecules
of Kif3A and Kif3B, where both the coiled-coil regions and the charged segments
represent the sequences found in native Kif3A and Kif3B. These results allowed us to
determine the rolé of the complementary charged regions in determining the specificity
and stability of the heterodimeric Kif3A/Kif3B coiled-coil.

B. Resuits
Secondary structure of the complementary charged regions of Kif3A and Kif3B

The complementary charged regions we have investigated are those of Kif3A
(residues 378-416) and Kif3B (residues 373-411). We synthesized two peptides to
represent these regions (P5 and P10, respectively) (Fig. V-1). CD analysis of the
peptides showed that, on their own and mixed equally at a 1:1 ratio, they did not adopt
any regular secondary structure (Fig. V-2A). Interestingly, when the peptides were

linked by a disulfide bond at the N-terminus using a flexible CGG linker, they still did
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Figure V-1. Top panel shows a schematic of the kinesin-like heterotrimeric motor
protein Kif3A/Kif3B/KAP3. This protein consists of two different polypeptide chains,
Kif3A and Kif3B, which resemble conventional kinesin heavy chains. Each polypeptide
chain contains a N-terminal globular motor domain, followed by a potential neck coiled-
coil region, a highly charged hinge region, a coiled-coil stalk region and the C-terminal
tail region (which binds to an accessory unit, the kinesin-like associated protein KAP3).
Bottom panel shows the amino acid sequences of the complementary charged regions in
Kif3A and Kif3B. Shown are the charged regions, residues 378-416 and 373-411, which
comprise the nonhomologous regions of Kif3A and Kif3B, respectively. The charged
region of Kif3A begins with negatively charged amino acids followed by positively
charged amino acids; the analogous region in Kif3B begins with a positively charged
region followed by a glycine spacer and then a negatively charged region. CGG
represents a flexible linker added N-terminally to each peptide. Ac- denotes N*acetyl

‘and —amide denotes C*%amide.
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not adopt any detectable, regular secondary structure. Thus, the oxidized (disulfide-
linked) peptides P5 and P10 showed a random coil spectrum (Fig. V- 2B). The oxidized
heterostranded peptide P5/P10 also showed a spectrum characteristic of a random coil
peptide (Fig. V-2B).
Folding of neck region coiled-coil

We now characterized the neck region coiled-coil of Kif3A/B to show that the
heterostranded neck region coiled-coil does indeed form a coiled-coil in the absence of
the rest éf the molecule. Peptide P2 (Kif3A residues 356-377) and peptide P7 (Kif3B
residues 351-372) were synthesized (Fig. V-3, top and bottom panels) and analyzed by
CD spectroscopy. The CD spectrum of disulfide-bridged P2/P7 (Fig. V-4A) was
characteristic of a fully folded o-helical coiled-coil, based upon the following
characteristics: high molar ellipticity value in benign medium, double minima at 208 nm
and 222 nm, and a maximum at 190 nm; an o-helical content of 100% and 22 calculated
o.-helical residues out of 22 (Table V-1); the addition of 50% TFE did not increase the -
helical content (determined at 222 nm) (Table V-1); the [0],,,/[0],45 ratio in benign
medium (1.05) is characteristic of coiled-coils, i.e., >1.0 (Lau et al., 1984b) and this value
decreased to 0.86 in the presence of the helix-inducing solvent TFE. Although TFE
stabilizes the helical secondary structure, it denatures tertiary and quaternary structure,
i.e., the coiled-coil is dissociated to single-stranded o-helices as was clearly demonstrated
by high-performance size-exclusion chromatography of coiled-coils (Monera et al., 1993;
Lau et al.,1984a,b; Zhou et al., 1992a,b; Mant et al., 1997) oxidized heterostranded
peptide P2/P7 is compared with the spectra of the oxidized homostranded peptides P2

and P7. The flexible Cys-Gly-Gly linker was used to link peptides P2 and P7 to ensure
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Figure V-2. Circular dichroism (CD) spectra of the complementary charged regions.
Panel A depicts the random coil spectra of the non-linked (reduced) peptides denoted
P5r, P10r and P5 mixed P10 (1:1) denoted P5/P10r. Panel B shows the random coil

spectra of the disulfide bridged (oxidized) homostranded peptides

denoted P5x, P10x

and the heterostranded peptide P5/P10x. P5 open squares, P10 open triangles, and

P5/P10 closed circles. The peptide sequences are shown in Fig V-3.
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Figure V-3. Amino acid sequences of the Kif3A and Kif3B peptides used in this study.
The native mouse Kif3A and Kif3B sequences, residues 356-416 and 351-411, are shown
above the synthetic peptides prepared for this study. The open box around the native
sequence indicates the predicted neck o-helical coiled-coil region. The heptad repeat of
the coiled-coil is denoted by abedefg, where positions a and d are typically the non-polar
residues (shown in bold) involved in the 3-4 hydrophobic repeat. The boxed regions
below the peptide sequences denote the predicted coiled-coil region and the highly
negatively charged and positively charged regions. The negatively charged residues and
positively charged residues are indicated by a () or (+) sign, respectively. CGG
represents a flexible linker added N-terminally to each peptide. Ac- denotes N™-acetyl
and —amide denotes. C*-amide. All of the synthetic peptides are aligned to the native’
sequence except peptides P4 and P9, which consist of their respective coiled-coil regions,
residues 356-377 and 351-372, respectively, combined with the positively charged
region, residues 403-416, and the nega’avely charged region, residues 394-411,
respectively.
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that we were exclusively analyzing the heterostranded peptide. The values observed by
CD spectroscopy for the heterostranded and homostranded peptides are shown in Table
V-1. The heterostranded peptide shows an increased o-helical content and complete
folding compared to the two homostranded peptides.

Role of complementary charged regions in dimer formation

The neck region coiled-coil and complementary charged regions of Kif3A and
Kif3B (peptide P1 and P6, respecﬁvely) are comprised of residues 356-416 and 351-411,
respectively (Fig. V-3). To understand the role of charged regions on specificity and
stability of the heterodimeric coiled-coil, we synthesized a series of peptides derived
from these sequences (Fig. V-3). The top panel of Fig. V-3 shows the native sequence
taken from Kif3A; the neck region coiled-coil-forming residues are boxed in the native
sequen;:e and depicted by a box beneath each of the synthetic peptides. The residues
found in the hydrophobic a and d positions are shown in bold. The individual charged
extensions added C-terminally are depicted by the boxes containing — and + signs,
representing the charged amino acids. Similarly, the bottom panel shows the native
Kif3B and derived peptide sequences.

In our previous studies, we showed the need for both positively and negatively
charged regions to be present in order to specify the formation of heterostranded peptide
(Chana et al., 2002a), and that the stability of the coiled-coil could affect the rate of
heterostranded peptide formation when the starting peptides were homostranded (Chana
et al., 2002b). In the present study, the results of redox equilibrium experiment (see
Methods) showed that the presence of charged extensions C-terminal to the coiled-coil-

forming sequences can specify the formation of a truly heterodimeric coiled-coil (Fig. V-



Figure V-4. Comparison of hetero-two-stranded coiled-coil with homo-two-stranded
coiled-coil neck regions. Panel A depicts the CD spectra of the 3 heptad coiled-coils for
the neck regions of Kif3A/Kif3B, Kif3A, and Kif3B (peptides P2/P7, P2 and P7
respectively). Panel B depicts the relative stabilities of the neck region coiled-coils in
guanidine hydrochloride. Panel C depicts the relative stabilities of the neck region
coiled-coils for the homo- and hetero-two-stranded peptides in urea. Homostranded
Kif3A neck region, P2, (open circles), homostranded Kif3B neck region, P7, (open
squares), heterostranded Kif3A/Kif3B neck region, P2/P7, (closed triangles). Peptide
sequences are shown in Fig V-3.
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5, reactions A, B, C). Notice that the presence of two segments of complementary
charged regions C-terminal to the coiied—coils behave similarly (Fig. V-5, reaction A) to
one segment of complementary charge (Fig. V-5, reactions B and C) in specifying
heterostranded coiled-coil formation. The absence of charged regions leads to the
formation of only 50% heterodimer, a value expected for random exchange of
polypeptide strands (Fig. V-5, reaction D), that is, no specificity for heterodimer
formation. In this study, we tested the ability of the complementary charged region found
in Kif3A and Kif3B to specify formation of heterostranded coiled-coil in the presence of
3M NaCl (Fig. V-6). We see that in redox buffer (O’Shea et al., 1989; Lavigne et al.,
1995) containing 3M NaCl there was a decreased ability of the charged regions to
contribute to the formation of heterostranded coiled-coil, producing only ~60% (Fig. V-
6) heterostranded coiled-coil product instead of the original 95% (Fig. V-5). The
percentage of heterostranded coiled-coil formed approaches the amount formed by
random mixing of the coiled-coils without charged extensions in 3M NaCl (Fig. V-6,

reaction D).

Effect of complementary charged regions on coiled-coil stability

To assess how the stability of the heterostranded coiled-coil is affected by adding
complementary charged extensions in comparison to the homostranded coiled-coils of
Kif3A and Kif3B, that have repulsive charged extensions, we denatured the o-helical
structure of the neck coiled-coil using the chemical denaturants GdnHCl and urea. Since
GdnHCI masks electrostatic interactions, repulsions and attractions (Monera et al.,

1994a), the denaturation midpoints of the disulfide-bridged homostranded peptides P2



Figure V-5. The formation of oxidized, heterostranded P1/P6, P3/P8, P4/P9, and P2/P7
from redox experiments as a function of time. Reaction A represents the redox results of
oxidized peptides P1 and P6, (closed triangles in plot). Reactions B and C represent the
redox reactions of oxidized P3 with P8 and P4 with P9, respectively (open diamonds and
open squares). Reaction D represents the redox reaction of peptide P2 with P7, (open
circles). The percent heterostranded peptide was calculated by dividing the integrated
area of the hetero-two-stranded HPLC peak by the total integrated area of both the homo-
and heterostranded peptides for each time-point. Peptide sequences are shown in Fig V-
3.
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and P7 and the disulfide-bridged heterostranded peptide P2/P7 will be a reflection of the
stability of the coiled-coils’ hydrophobic cores (Fig. V-4B; Table V-2A). The
denaturation midpoint value of the heterostranded peptide P2/P7 (3.6M) is approximately
intermediate between the values for the homostranded peptides (P2, 3.1M and P7, 3.9M;
Fig. V-4B; Table V-2A). Urea, an uncharged denaturant, does not mask electrostatic
interactions (Monera et al., 1994a) and so the stability results will reflect the combined
effect of the hydrophobic interactions in the hydrophobic core and the effect of charged
regions on the stability of the coiled-coil. Since there are no charged extensions on
peptides P2 and P7, the denaturation midpoints of these coiled-coils in urea will reflect
the stabilities of the coiled-coils alone and this serves as our control experiment. Again
the stability of the heterostranded P2/P7 coiled-coil (8.1M; Fig. V-4C; Table V-2A) is
approximately intermediate between the values of the two homostranded coiled-coils, P2
and P7 (P2, 6.7M and P7, 8.8M; Fig. V-4C; Table V-2A).

For peptides with only one segment of the complementary charged region added
C-terminally to the coiled-coil-forming sequences, peptides P3 and P8, we expect a
relative stability pattern in GdnHCI between the homostranded and heterostranded
peptides to be similar to the stability pattern for the coiled-coils alone, since, as noted
above, GdnHCl rﬁasks electrostatic interactions. The stability of the heterostranded P3/P§
in GdnHCI, was slightly higher than the expected midpoint (3.5M; Fig. V-7A; Table V-
2B, compared to a theoretical 3.3M). The denaturation midpoint values of the
homostranded peptides P3 and P8 in GdnHCI were 2.8M and 3.7M, respectively (Fig. V-
7A and Table V-2B). In urea, where the effects of the charged region interactions can be

observed, it would be expected that the value for the heterostranded peptide would not lie
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Table 2A: Denaturation data for
synthetic coiled-coil peptides

Oxidized
GdnHCli,®  Ureayp®
Peptide” (M) M)
P2 3.1 6.7
P7 3.9 8.8
P2/P7 3.6 8.1

Table 2B: Denaturation data for
synthetic peptides with one charge segment
Oxidized
GdnHCll/zb Ureamc
Peptide® (M) M)

P3 2.8 3.9
P8 3.7 8.2
P3/P8 3.5 7.6

Table 2C: Denaturation data for
synthetic peptides with both charge segments

Oxidized
GdnHCl 1/2b Urea1 /zc
Peptide® (M) M)
P1 2.7 3.9
P6 3.6 8.0
P1/P6 3.1 7.8

® Disulfide-bridged homostranded peptides,

P7, P8, and P9. Disulfide-bridged heterostranded
peptide P8/P9. The amino acid sequence for each
peptide is shown in Fig. V-1.

GdnHCl,; is the concentration of guanidine hydro-
chioride (M) required to give a 50% decrease in
the molar ellipticity at 222 nm.

¢ Ureayp is the concentration of urea (M) required to
give a 50% decrease in the molar ellipticity at 222

nm.
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intermediate between the values of the two homostranded peptides. In fact, the hetero-
two-stranded peptide (P3/P8) exhibited a coiled-coil stability (urea,, value of 7.6M)
closer to the most stable homostranded peptide P8 (8.2M; Fig. V-7B; Table V-2B). A
urea denaturation midpoint value that came half way between the values of the two
homostranded-peptides (3.9M and 7.6M) would be 5.8M. The heterostranded peptide is
considerably more stable than the homostranded peptide P3 (compare urea,,, values of
7.6M and 3.9M, respectively).

Lastly, for the peptides that incorporate the full length charged region found in
Kif3A and Kif3B, peptides P1 and P6 (Fig. V-3), the GdnHCI midpoint value of the
heterostranded P1/P6 (3.1M; Fig. V-8A; Table V-2C) appeared to come between the
GdnHCI midpoint values for the homostranded peptides P1 and P6 (2.7M and 3.6M,
respectively). In ﬁrea, we see that the heterostranded peptide (P1/P6) again exhibited a
stability (urea,,, value of 7.8M) similar to the most stable homostranded peptide P6
(8.0M; Fig. V-8B, Table V-2C). The heterostranded peptide P1/P6 is substantially more
stable than the homostranded peptide P1 (compare urea,,, values of 7.8M and 3.9M

respectively).

C. Discussion
We have explored the ability of oppositely, complementary charged regions to
specify heterodimer formation in the neck region coiled-coil found in the heterotrimeric
motor protein complex Kif3A/Kif3B/KAP3. The complementary charged regions alone
(residues 378-416 and 373-411 for Kif3A and Kif3B, respectively) were examined by

CD spectroscopy and they were found to adopt a random coil structure by themselves and
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Figure V-7. Comparison of stabilities of oxidized peptides P3, P8, and P 3/P8:
coiled-coils with the first segment of the complementary charged region. Panel A
depicts the relative stabilities, in guanidine hydrochloride, for homostranded peptide
P3, heterostranded peptide P3/P8, and homostranded peptide P8. The peptides are
comprised of the neck region coiled-coils with the first segment from the
complementary charged regions found in Kif3A and Kif3B (Fig V-3) added C-
terminally. Panel B depicts the relative stabilities of peptides P3, P3/P8, and P8 in

urea.

Homostranded peptides P3 and P8 ( open circles and open squares,

respectively); heterostranded peptide P3/P8 (closed triangles). Peptide sequences
are shown in Fig V-3.
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Figure V-8 Comparison of stabilities of oxidized peptides P1, P6, and P1/P6:
coiled-coils with both segments of complementary charged residues. Panel A
depicts the relative stabilities of the coiled-coil neck regions for homostranded P1,
heterostranded P1/P6, and homostranded P6 in guanidine hydrochloride. The
“peptides are comprised of the coiled-coils with the full complementary charged
regions (Fig V-3) added C-terminally. Panel B dep icts the stabilities of the
peptides in urea. Homostranded peptides Pl and P6 (open circles and open
squares, respectively); heterostranded peptide P1/P6 (closed triangles). Peptide
sequences are shown in Fig V-3.
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when mixed together in a 1:1 ratio. Peptides, including the neck coiled-coil and the
complementary charged regions (residues 356-416 and 351-411 for Kif3A and Kif3B,
respectively) were studied in their disulfide-bridged form (CGG linker added to the N
terminus) either as homo-two-stranded peptides or hetero-two-stranded peptides. To
assess the ability of the complementary charged regions to specify heterodimer formation
of a coiled-coil, we mixed disulfide-bridged homo-two-stranded Kif3A and Kif3B
peptides with their respective charged regions attached, in redox buffer (O’Shea et al.,
1989; Lavigne et al., 1995). Contrary to recent findings (De Marco et al., 2001), where it
was suggested that the charged regions were not necessary for heterodimer formation, we
observed that oppositely charged regions specified the formation of a hetero-two-stranded
peptide (Fig. V-3 and Fig. V-5, reactions A, B, C). Fuﬁhérmore, mixing the disulfide-
bridged Kif3 A neck coiled-coil together with the disulfide-bridged Kif3B neck coiled-
coil led to a 1:2:1 ratio of Kif3A homostranded: Kif3A/B heterostranded: Kif3B
homostranded peptides, the ratio expected from a nonspecific random pairing of peptides
(Fig. V-5 reaction D). The ability of the complementary charged extensions on the C-
terminus of the neck coiled-coil of the two proteins to form preferentially a
heterostranded peptide was diminished through charge screening in the presence of NaCl
(Fig. V-6). Similar charge screening by salt has been reported elsewhere (Schreiber et
al., 1996; Kohn et al., 1997).

To assess how complementary charged extensions may affect the stability of the
heterodimeric neck coiled-coils in comparison to the homodimeric coiled-coils, we
denatured the peptides in urea, a denaturant shown to reveal the effects of electrostatics

on protein stability (Hagihara et al., 1994; Kohn et al., 1995a,b; Monera et al., 1994b).
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The results indicate that for the neck region coiled-coils alone, the heterodimeric coiled-
coil made up of the neck regions of both Kif3A and Kif3B has an intermediate stability
between the homodimeric neck coiled-coils (Fig. V-4C, Table V-2A). With
complementary charged regions added to the C-terminus of the heterodimeric neck
region coiled-coil, the stability of the coiled-coil is increased relative to the intermediate
stability position and is similar to the stability of the more stable homodimeric neck
region of Kif3B (Fig. V-7B, Table V-2C).

In accordance with the original postulate (Rashid et al., 1995) for the functional
role of the complementary charged regions in the Kif3 complex, we see that
complementary charged regions can specify hetero-two-stranded coiled-coil formation.
However, the results of this study and our previous investigations (Chana et al., 2002a,b)
show the effects of the charged extensions on the stability of the coiled-coil regions.
Thus, the pairing of negatively charged regions directly C-terminus to the coiled-coil led
to a dramatic decrease in stability of the homostranded Kif3A neck region, while the
pairing of positively charged regions did not decrease the stability of homostranded
Kif3B neck region (compare Table V-2A and V-2B) (Chana et al., 2002a,b).
Interestingly, adding a second and oppositely-charged segment to the single charged
extension already present in either Kif3A or Kif3B had no effect on the stability of the
coiled-coil (Table V-2B, V-2C). The heterostranded coiled-coil with complementary
charged C-terminal extensions maintained essentially the same stability as the most stable
homodimeric coiled-coil in urea (Table V-2C). The unstructured, oppositely and
complementary charged regions seem to drive specificity. Perhaps in the full-length

molecule, the negatively charged segment of the Kif3A charged region functions to
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destabilize its homodimeric neck region while the negatively charged segment of the
Kif3B charged region functions to destabilize its homodimeric stalk region. The
positively charged regions of Kif3A and Kif3B lie in between the neck and stalk coiled-
coil regions, do not adopt any structure in benign conditions, and do not exhibit any
effect on neck coiled-coil stabilities, suggesting that unstructured positively charged
regions are not repulsive, unlike negatively charged unstructured regions.

The results of a previous study (De Marco et al., 2001), which makes use of
truncated mutants of Xlklp3A and XlIklp3B (Xenopus laevis kinesin-like protein subunits
3A and 3B), homologous to the neck and highly charged regions of Kif3A and Kif3B,
respectively, demonstrated the ability of the C-terminal heptads of the stalk domain to
form heterodimers. It was shown that heterodimers could form between the C-terminal
regions of the stalks in the absence of the highly charged regions (De Marco et al., 2001).
When the investigators used full-length X1Klp3A protein, and a C-terminally truncated
XIKIp3B (and vice-versa) protein that still had the complementary charged region
present, they were not able to detect heterodimers, but this can be explained by their
results pertaining to the C-terminal region of the stalk. Thus, these investigators found
that there was a distinct need for the C-terminal portion of the stalk domain in order for
the two proteins to bind together so that they could be immunoprecipitated. Hence, the
inability of the investigators’ C-terminally truncated mutants to form heterodimers with a
full length partner does not preclude the importance of the complementary charged
regions described in the present study in heterodimer formation. The complementary
charged regions may simply be one component in a two-component system that favors

heterodimer formation. The C-terminal heptads of the stalk could be important for
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binding and specificity, while the complementary charged regions next to the neck
coiled-coil could further increase binding specificity. These two regions could work in

concert to control/modulate heterodimer formation.
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Chapter VI

Future Investigations

Kinesin-like proteins:

Structural investigations of the kinesin neck region have demonstrated the
existence of a stable two-stranded o-helical coiled-coil. Since many other members of
the kinesin superfamily are predicted to contain similar coiled-coil regions, our future
work has taken the direction of establishing the presence of these structures and their
thermodynamic stability. Following are examples of results we would generate from
studying the kinesin family of proteins.

The discovered kinesin-like proteins have been identified as either N, M, or C-
type depending on where their motor domains are located [Vale and Fletterick, 1997],
The vast array of kinesin-like proteins have been grouped and organized into a kinesin-
superfamily, and the various kinesin proteins homologous among different organisms
have been grouped under the title of KifX, where X is a number and Kif stands for
kinesin superfamily [Miki et al., 2001]. Among the N-type Kif proteins there are many
sub-classes, denoted N-1, N-2 . . .N-11 sub-classes (Fig. VI-1). We have analyzed the
neck regions of a number of N-type kinesins from the different sub-classes (Fig. VI-
2A,B) and have aligned them based on their -linker regions found in the neck region of
the proteins. From this type of alignment, one can see that the Kif proteins in the sub-
types N-1 to N-5 have a very similar structural motif in their neck regions (Fig. VI-2A).
The neck regions are thought to comprise the B-linker and a-helical coiled-coil that

follows
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The Kinesin
Superfamily N-4

Figure VI-1. The un-rooted kinesin superfamily tree depicts the three types of kinesin
motors, N, M, and C. The motors differ in the placement of the motor region so the N-
type kinesins have their motor domains located N-terminally, the M-type in the middle,
and the C-type C-terminally in the protein. The N-type are further divided into sub-types,
N-1, N-2, N-3, etc. Each of the sub-types represents different kinesin families; some
family names are indicated in the darkened boxes. Proteins that are listed for the N-sub-
types: N-1, N-2, N-3, N-4, and N-5 were analyzed in the present study. This tree was
modified from Miki et al., (2001) and was created by comparing the homology among the
motor domains of the proteins. '
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immediately afterward. The formation of a coiled-coil in the neck region of conventional
kinesin has been demonstrated [Morii et al., 1997; Tripet et al., 1997} for human kinesin,
which is analogous to MmKif5B. Figure VI-2A also represents the regions we have
predicted to form o-helical coiled-coils in the Kif proteins. It is clear that not all of the
sequences are predicted to have coiled-coils, but all seem to have a f-linker region with a
level of relatedness (Fig. VI-2B). To determine whether the regions predicted to form o-
helices would form coiled-coil structures, we synthetically prepared the sequences shown
in bold in figure VI-2A and are further depicted in figure VI-3. To determine whether the
putative neck coiled-coil forming sequences of the listed N-type kinesin-like proteins
(Fig. VI-3) were able to form autonomously folded two-stranded «-helical coiled-coils,
the peptides representing the neck coiled-coils of XIEgS, AnBimC, MmKiflA,
Ceuncl104, MmKif3A, MmKif3B, and MmKif4 were synthesized (Fig. VI-3). The
circular dichroism spectra (Fig. VI-4A) show a characteristic o-helical pattern, with
double minima at 208 nm and 222 nm. The 222nm/208nm ratios were calculated where a
ratio > 1.0 typically indicates a fully folded two-stranded peptide population [Lau et al.,
1984b]. The 222nm/208nm ratio values (Table VI-1) are <1.0 for the synthesized
peptides, indicating that the peptides are in a state of flux between the two-stranded
coiled-coil, and single-stranded random coil states [Tripet et al., 1997]. The spectra
determined in the presence of 50% trifluoroethanol, a helix inducing solvent, shows that
the peptides were not fully folded in benign medium since a greater amount of helicity
was induced as is shown by the increase in the absolute values of the 222nm molar

ellipticity values for the peptides (Fig. VI-4B, Table VI-1).



Figure VI-2. Alignment of Mus Musculus kinesin family motor proteins (Kif) by the
beta-linker neck regions. Capital letters are those residues that were aligned using the
DALIGN algorithm, which aligns sequences based on segment similarity. The light gray
boxes depict the f-linker region in the necks for these molecules. The dark gray boxes
represent known and predicted o-heilx forming regions. Those sequences shown in bold
have been shown to form two-stranded o-helical coiled-coils with the exception of
MmKif4, see text. Secondary structure predictions were done using “Stable Coil,” a
program designed to predict the location and stability of alpha-helical coiled-coil
conformations within protein sequences (www.pence.ca/stablecoil/). The letters a and d
above each N-type family's sequences represent the a and d positions of the heptad repeat
denoted abcefg.
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Figure VI-4. The circular dichroism spectra of the synthetic peptides. Panel A
shows the peptides in benign medium (0.1M KCl, 0.05M PO,, 2mM DTT, pH 7) and
Panel B shows the peptides in 50% trifluroethanol/benign buffer at 25°C. - AnBimC
(circles), CeUnc104, (hatched squares), XIEgS (squares), MmKif3A (downward
triangle), MmKif3B (crosses), and MmKifl1A (upward triangles).
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To assess the stability of the coiled-coil forming peptides, MmKif1A, MmKif3B,
X1Eg5, Ceunc104, and AnBimC, we denatured the o-helical structure of the peptides
using guanidine hydrochloride, a denaturant shown to disrupt secondary and quaternary
structures in proteins [Monera et al., 1994a] (Fig. VI-5A). The most stable coiled-coil
was the neck region of MmKiflA with a GdnHCI,,, of 2.4M while the weakest was that
of AnBimC with a GdnHCl,,, of 0.6M. The stability values for the peptides are shown in
Table VI-2. The differences in the core residues between the coiled-coils of MmKif1 A
and AnBimC are an Ile to Leu substitution in an a position, a Leu to a Phe in a d position
and a Val to an lle in an a position. According to Wagschal et al. (1999) the substitution
of Ile to Leu, and Val to Ile in an a position would lead to a difference in the free energy
of unfolding of these peptides. In their paper, the AG for unfolding of coiled-coil
analogues with all twenty amino acids substituted into the core of a peptide were
determined. The difference in the free energy of unfolding relative to the alanine
analogue was then calculated for each analogue. Using the AAG values for the Ile, Leu,
and Val analogues of 3.88, 3.48, and 4.10 kcal/mol, respectively, the substitutions
between the MmKifl A and AnBimC coiled-coils could thus be analyzed in a quantitative
manner. Thus, an Ile to Leu substitution would decrease stability by 0.04kcal/mol and
the substitution of Ile for Val would lead to a further destabilization by another
0.06kcal/mol.

Furthermore, the study conducted by Tripet et al. (2000) determined the AAG free
energy of unfolding for the substitution of all 20 natural amino acids relative to Ala in the
d position. Subtracting the two AAG values for the Leu and Phe analogues (3.8-1.2

kcal/mol) shows a difference of 2.6 kcal/mol in the stability between the MmKiflA and
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AnBimC coiled-coils. Taking the determined differences in the AAG of unfolding for the
a and d substitutions between MmKif1A and AnBimC, there should be a 3.6 kcal/mol
difference between their free energies of unfolding. This 3.6 kcal/mol would come
through the substitutions of residues in the hydrophobic cores.

In the present study, the AGs of unfolding for the peptides were determined by

denaturing the peptides with guanidine hydrochloride. AG™2° for each peptide was

determined, in benign medium, by extrapolating from the AG, values determined at
various denaturant concentrations, in a similar manner to Wagschal et al. (1999) and

Tripet et al. (2000) (Fig. VI-5B). The AG™° of unfolding for MmKif1 A was determined

to be 11 kcal/mole while that of AnBimC was determined to be 8 kcal/mol. Thisisa
difference of 3.0 kcal/mole, not far from the calculated value of 3.6 kcal/mole. This
result suggests that differences in the hydrophobic core can explain differences in
stability in this case, but helical propensity and electrostatics can make major
contributions to stability (Lee et al., 2001).

Interestingly MmKif3B and AnBimC have the exact same hydrophobic core
residues, except at the final d position. The difference in their GdnHCl,, points is 1.7-0.6

= 1.1M, while the difference in their extrapolated AG™° values is 1.5 kcal/mole. The

cross-sectional view of the coiled-coils formed by the neck regions of MmKif3B and
AnBimC are shown in figure VI-6. Analysis of the a and d hydrophobic residues reveals
the similarity between the hydrophobic core residues. The sequences are presented in a

linear format below the cross-sectional view. The hydrophobic residues are
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Figure VI-5. Denaturation profiles of the synthetic peptides. Panel A shows the
denaturation profiles, with guanidine hydrochloride, of the coiled-coils formed by
the neck regions in the examined proteins. Panel B shows the extrapolation of AG,
(the free energy of unfolding) values for each of the coiled-coil forming peptides.
AG, at each guanidine hydrochloride concentration was calculated using the
equation —RTIn(K;), where Ky=(fy/f). f, is fraction unfolded and f; is fraction
folded for the peptide at each respective guanidine hydrochloride concentration. R,
the ideal gas constant, was 0.0019872 kcal X K' X mol”, and T was 298K.
MmKiflA (upward triangles), MmKif3B (crosses), XIEg5 (squares), CeUnc104
(hatched squares), and AnBimC (circles).



Chapter VI Future Investigations 162

Table VI-2. Neck-region coiled-coil stability data

*Peptide *[GdnHCl],, *AGH° AAG
M) kcal/mol kcal/mol
MmKiflA 24 11 3.0
MmKif3B 1.75 - 9.5 1.5
XIEgS - 1.3 8.9 0.9
CeUnc104 1.0 84 0.4
AnBimC 0.6 8.0 0

*Reduced peptides AnBimC CeUnc104, X1Eg5, MmKifiA, MmKif3A, MmKif3B. The
amino acid sequence for each peptide is shown in Fig. VI-3.

® GdnHCl,,, is the transition midpoint, the concentration of guanidine hydrochloride (M)
required to give a 50% decrease in the molar ellipticity at 222 nm.

® AG™° was determined by the extrapolation of AG, values. AG, at each guanidine
hydrochloride concentration was calculated using the equation —RTIn(K},), where AG, is
the free energy of unfolding for the peptides at various GdnHCI concentrations, AG™°, is
the free energy of unfolding in benign medium, Kp=(fy/fy). f, is fraction unfolded and f;
is fraction folded for the peptide at each respective guanidine hydrochloride
concentration. R, the ideal gas constant, was 0.0019872 kcal X K™ X mol”, and T was
298K.

¢ AAG is the experimentally determined difference in the free energy of unfolding for the

kinesin-like coiled-coil neck regions relative to the free energy of unfolding value
obtained for AnBimC.
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shown in bold and a line is drawn between each core residue. Residues that are exactly
identical are boxed. It is known that the ends of a coiled-coil "breathe”, and it was
elegantly depicted that mutations of Leu to Ala in the hydrophobic core positions are
more destabilizing to coiled-coil structure than those made at the termini [Zhou et al.,
1992a]. Therefore, the Arg to Thr substitution at the C-terminal d position is not likely to
be as important for the difference in the stability between the coiled-coils. We hesitate to
apply the results from Tripet et al. (2000) to describe the difference between an Arg to
Thr substitution since the substitution data collected were for substitutions made directly
in the center of the coiled-coil while the difference between MmKif3B and AnBimC is
observed at the C-terminus. Interestingly, the coiled-coils of AnBimC and MmKif3B are
only 3 heptads long. It was shown by Su et al. (1994) that 3 heptads are required to
initiate the formation of a two-stranded coiled-coil for a model coiled-coil sequence. The
peptides were shown to increase in stability with an increase in their lengths. Perhaps the
3 heptad coiled-coil is more sensitive to what would be considered a minor difference for
a stable 4 or 5 heptad coiled-coil?

An analysis of the average helical propensity [Zhou et al., 1994c], throughout the
sequences (Fig. VI-7) of MmKif3B and AnBimC, shows that the AnBimC sequence has
a lower helical propensity overall. Remarkably, not only do both peptides have the same
helical propensity patterns, the pattern ’seems to mimic the stability results determined for
the individual heptads found for the 5 heptad neck coiled-coil of conventional kinesin
[Tripet et al., 1997]. Helical propensity is a factor, which contributes to overall stability
of the individual peptide backbones, and as was shown by Zhou et al. (1993b) and Kohn

et al. (1997), that increasing the stability of helical structure of each peptide's backbone



165

Chapter VI Future Investigations

‘(sa1o115 uado) puIgUy pue (so[SueLs pesold) GEIISTWIA oUW € 18 SanpisaY Inoj Jo senjea Asuadoxd

[eor[oy oy} Suideroae pue Surppe ‘saousnbes oY) Jo SNUTULIY-) O} 0} PIAOW A[[EJUSIAIOU] USY) SEM SSNPISAI JNOJ JO MOPUIM

SIY], "POSRIOAE PUE POWIUNS SI0M SONPISAL INOJ ‘SNUTULIA)-N oyl 18 Suniels “(op661 “Te 10 noyyz) senfea Aysuadoid feorjoy

Sursn psurns dI9M DUIIGUY pue gEIWA Jo seousnbes ayy, ojd Aysuedoid [eorjey mopuim onpiser-y  °L-JA 9anSif
INPISIY

Gl Ol 1}

¥ ¥ L) 1 — ) % ¥ 1 _ 4 1 1 i _ K L ' 1 _ l L) i 1 _ ] ¥ 1 I .v-o

o
™
wn
QO
(&)
LY
o

wn
o

©
o

llllllll]llll

™~
o

IIlllJllI!lllllJJl

o8]
o
MOpPUIM INPISAI-f Aq
padesaae Aysuadoad feorpH

LA L ‘ LB L I ]

s
(o)}
o

OWIgUY MOPUIM ¥ —o—
gEIN MOPUIM § —v—




166

Chapter VI Future Investigations

"SUTBYo-opIs
ploe ourure Sunoerayur A[renusiod oy Sunosuuos seur] umy) ‘TSI Aq UMOYS oTe maoﬁsmom oﬂm\.s
$ONpISaI 9y SUROUU0D ST Peolq “YIep Aq UMOYS S8 SUOTIORIIE ONEISONIS[ "XI[9Y oY) UMOp
Kem 531 spum souenbes o) puE TUIULIS)-N 94} ST¢ SOOIy oy} Jo sdo} oYL, DUIGUY PUe geIrSIUn
UL SnPISaI 9y} JOJ SUOTIORISIUT OTUOT UMRYORIUL S1} JO UONEIussaIdol ONewoyos ¥ "g-TA omSLy

auliguy geiuiy



Chapter VI Future Investigations 167

through intrachain electrostatic attractions led to the increased stability of the dimeric
coiled-coil. Thus, factors that contribute to the stability of the helical backbone
contribute to the stability of the dimer. In addition to simple electrostatic interactions,
complex associations that lead to the formation of an ion network seem to have a greater
stabilizing effect on protein structure. lon networks have been found in thermophilic
proteins [Vogt et al., 1997], and are thought to add resiliency to their folded structures
[Aguilar et al., 1997]. The MmKif3B backbone has 6 potential intrahelical ionic
attractions (Fig. VI-8) and 2 intrachain repulsions, while the backbone of AnBimC has 3
attractions and 1 repulsion. Though the net difference for intrachain attractions is +4 - +2
= +2, which is a small difference, the short length of these coiled-coils may exacerbate
the difference. It is also apparent that MmKif3B's backbone electrostatic interactions
create an extensive ion network. Furthermore, not only is the region of the backbone with
the lowest helical propensity fortified by intrachain attractions, the N-terminal Lys also
plays a role in this network, and this may serve to increase MmKif3B's stability relative
to that of AnBimC, through decreasing N-terminal fraying of the backbone, leading to

the concomitant increase in dimer stability.

Electrostatics:

The results generated from the systematic study of the complementary charged
regions found in the Kif3A and Kif3B motor proteins lead to the interesting result
showing how segments of sequence, abundant in positively charged amino acids, do not
disrupt the stability of a coiled-coil when placed at the C-terminus of the coiled-coil.

Modifying the side-chain of lysine to see how the aliphatic portion contributes in
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counteracting repulsions between the charged amino groups, would be an interesting next
step.
Stalk region of Kif3A/Kif3B:

The next step in our research would also be to characterize the coiled-coil of the
stalk region in Kif3A/Kif3B, C-terminal to the complementary charged hinge region.
Once the regions capable of forming a coiled-coil are identified, we could determine
which portions of the stalk coiled-coil, if any, can exclusively form heterodimer. Also,
through studying the portions of the coiled-coil forming regions of the stalk separately,
we might obtain some insight into which regions are more important for specifying

heterodimer formation between the Kif3A and Kif3B motor proteins.
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