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Abstract

Characterization of Parkin, Tau, and Zinc Interactions
with the Microtubule Network
by

Alison Nisbet Killilea
Doctor of Philosophy in Comparative Biochemistry
University of California, Berkeley
Professor Kenneth H. Downing, Co-chair
Professor Tom Alber, Co-chair

The microtubule cytoskeleton is essential for regulation of cell morphology, trafficking
within the cell and cell cycle progression. These diverse functions involve complex microtubule
dynamics and the interaction of microtubule-associated proteins (MAPs), molecular motors, and
various small ligands. Here we investigate three distinct aspects of microtubule activity: the
interactions of microtubules with parkin and tau which may be involved in Parkinson’s disease
and Alzheimer’s disease, respectively, and effects on microtubule stability in prostate cancer.

Autosomal Recessive Juvenile Parkinson’s disease (ARJP) is a degenerative disorder of
the central nervous system. Over 50% of ARJP cases result from mutations that occur within the
PARK2 gene that encodes the protein parkin. Recent evidence has suggested that parkin binds to
microtubules and can stabilize microtubules against depolymerization. Visualization of the
parkin-tubulin complex would help us understand the mechanism of this interaction and provide
insights on the role of parkin in the cell. Parkin was expressed, purified and used to decorate
microtubules for cryo-electron microscopy. Fourier transforms of images suggest that parkin
binds specifically to the tubulin dimer. Further cryo microscopy of the interaction of parkin with
microtubules will help define the etiology of ARJP and may reveal novel targets of therapeutic
intervention.

Hyperphosphorylation of the microtubule-associated protein tau results in a pathological
form of the protein found in plaques of patients with Alzheimers disease. Our work has been
focused on clarification of the two current models proposed for tau binding along the outside and
the inside of the microtubule.

Microtubule networks are also clinically important as targets of many chemotherapeutic
drugs. Prostate cancer is commonly treated with the microtubule-targeted drug paclitaxel (taxol).
A previous report indicated that supplemental zinc sensitized prostate cancer cells to taxol-
induced apoptosis, suggesting that increased zinc levels might affect taxol efficacy. We tested
taxol’s effect in two prostate cancer cell lines maintained under moderately zinc deficient
conditions. Taxol-induced apoptosis was reduced in LNCaP cells from zinc-deficient conditions.
The IC50 for paclitaxel-induced cell cycle arrest was higher in LNCaP cells. Extracellular zinc
levels were thus shown to be an important factor in paclitaxel activity in a prostate cell cancer
line.
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Chapter 1.
Tubulin and Microtubules:
Structure, function, and interactions

Introduction

Tubulin

Microtubules are major structural components of the cytoskeleton responsible for cellular
division, movement and trafficking. They are polymers of repeating alpha- and beta-tubulin
heterodimers that assemble head-to-tail to form longitudinal protofilaments that associate
laterally to create the hollow tube of the microtubule with a diameter of about 25 nm (Figure 1).
Most microtubules in mammalian cells have 13 protofilaments while microtubules made in vitro
often have a range of protofilaments (11-16 protofilaments). Cellular microtubules are nucleated
from complexes containing gamma-tubulin, which likely provide constraints regarding
protofilaments number.

Humans express 6 a-tubulin and 7 p-tubulin isotypes that have different tissue
distribution and display different inherent properties. Alpha- and beta-tubulin are globular
proteins of approximately 450 amino acids with a sequence homology of 40% and similar
secondary structure. Each monomer can be divided into three structural domains: the N-terminal
domain has a Rossmann fold with alternating parallel B-strands and a-helices and is involved in
GTP binding; an intermediate domain is composed of mixed B-sheets and a-helices that are
involved in lateral and longitudinal interactions between the subunits and also contains the
majority of the hydrophobic pocket necessary for binding of the microtubule stabilizing drug
paclitaxel (Taxol, a trademark of Bristol-Meyers Squibb); and the C-terminal domain is formed
by two antiparallel helices that cross the N-terminal and intermediate domains and plays a role in
microtubule regulation (Nogales et al. 1998). The last 15 residues of the C-terminal sequence
contain the most heterogeneity, with around 85% variation among all isotypes, which lends to
their unique characteristics (Sullivan and Cleveland 1986).

The of-tubulin heterodimer was solved to atomic resolution in a 3.7A structure
determined by electron crystallography (Nogales et al. 1998) with subsequent refinement to 3.5
A (Figure 2) (Lowe et al. 2001). Zinc ions were used to form a 2D crystal of tubulin by inducing
the formation of antiparallel protofilaments (zinc sheets). Building on this work, Li et al. used a
combination of cryo EM and image processing to obtain a 3D reconstruction of the microtubule
at a resolution of 8 A (Li et al. 2002). Docking the crystal structure of tubulin into the
microtubule density map revealed how the lateral interactions in the microtubule differed from
those found in the zinc sheets. In zinc sheets, the protofilaments are anti-parallel to each other
allowing the M loop to interact with helices H12 and H5. In the microtubule structure, where the
protofilaments are parallel, the M loop interacts with the N-terminal H1-S2 loop (N loop) and to
a lesser extent with helix 3 (Figure 3). Taxol appears to have the same effect in stabilizing the M
loop to enhance interprotofilament interactions in the two different structures.
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Figure 1. Schematic of tubulin heterodimer, protofilament and microtubule structures.
The a-tubulin (blue) and pB-tubulin (blue) monomers assemble into stable heterodimers. Tubulin
heterodimers assemble head-to-tail to form linear protofilaments. The protofilaments form lateral
interactions with adjacent protofilaments to form the microtubule (13 protofilament shown). A
typical image of a frozen hydrated microtubule image taken at a defocus of 4 pm.
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Figure 2. Ribbon diagram of the functional domains of the tubulin heterodimer. The
nucleotide binding sites in the tubulin heterodimer are identified with bound GTP and GDP (blue
spheres). The taxane binding site in the tubulin heterodimers is identified with a bound taxol
molecule (yellow ball and stick structure). Polarity of the tubulin heterodimer ends is indicated
with plus and minus symbols. The figure was made in Chimera (Pettersen et al. 2004) using the
coordinates from the Protein Database file 1JFF (Lowe et al. 2001).

2



Both subunits of tubulin bind GTP, but hydrolysis of GTP to GDP only occurs in f-
tubulin and usually only following polymerization. GTP hydrolysis by B-tubulin is an important
step in the ability of microtubules to oscillate between the growing and shrinking phases of
dynamic instability. Microtubule dynamics vary throughout the cell cycle. While interphase
microtubules can have a half-life of 1.5-5 minutes, microtubules in the highly dynamic stage of
mitosis can have a half-life of as little as 3-22 seconds (Saxton et al. 1984). The stable
microtubule arrays found in interphase have the ability to completely disassemble and reorganize
into the highly dynamic mitotic spindle. Microtubules in mitosis must be dynamic in order to
search the cell for their attachment sites (kinetochores) on chromosomes and then with the help
of microtubule motors and associated proteins pull the chromosomes to the poles in order for
cellular division. Even more interesting are microtubules in differentiated neuronal cells. The
microtubules found in axons are often associated with factors that influence their stability.
Microtubule stability in both dividing and differentiated cells is promoted by a class of proteins
called MAPs (microtubule-associated proteins). These proteins bind to, stabilize and promote
the assembly of microtubules (Hyams and Lloyd 1994). Neuronal MAPs are unique in their
ability to stabilize microtubules for long periods of time, and they do so by suppressing
catastrophes (the transition from microtubule polymerization to depolymerization) and
promoting rescues (the transition from microtubule depolymerization to polymerization) in the
cell (Pryer et al. 1992). Many of the processes in which microtubules take part in the cell
involve modulation of microtubule dynamics by accessory proteins that stabilize or destabilize
the microtubule, which emphasizes why identifying other microtubule binding proteins and

defining their function is so important.
- >

showing two protofilaments. 3-tubulin features are labeled (M loop, N loop, H3). The nucleotide
(orange) and taxol (green) are shown as ball and stick models. The figure was made in Chimera

using the coordinates from the Protein Database file 1JFF docket into microtubule density from
(Li et al 2002).
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When microtubules depolymerize the protofilaments peel back and form rings and
spirals. The tubulin in these structures is bound by GDP. The tubulin that is added to the
microtubule is bound by GTP and believed to be constrained in a straighter conformation. A
model for microtubule polymerization describing the straight and curved conformations has
recently come from the Nogales lab using atomic models from electron crystallography of zinc-
induced sheets to model tubulin heterodimers in the straight conformation and tubulin
heterodimers bound to RB3 (a stathmin homologue that depolymerizes microtubules) and the
microtubule depolymerizing drug colchicine obtained by X-ray crystallography to represent the
curved tubulin conformation. These models along with two other microtubule intermediates
(GDP tubulin rings and ribbon structures stabilized with non-hydrolysable GTP analogue
GMPCPP) were used to explain how GTP bound heterodimers are added to the growing
microtubule lattice. Divalent cations were used to produce GDP rings in the absence of
depolymerizing agents like stathmin or colchicine. Docking of the -tubulin from the RB3 model
and the a-tubulin from the zinc sheet model into the 12 A resolution map obtained by cryo EM
for the GDP rings revealed that the bent conformation of GDP tubulin, specifically the bending
of the intra-dimer and inter-dimer interfaces, would make addition to the growing microtubule
unlikely due to absence of the lateral contacts (Wang and Nogales 2005). To investigate the
GTP form, cryo EM and helical reconstruction were used to obtain an 18 A resolution structure
of ribbons that form in the presence of GMPCPP. This map depicts an intra-dimer bend of 5°
versus 12° seen in the GDP ring structure. This confirmed that the interfaces straighten
significantly but not completely upon GTP binding and the straighter conformation of the GTP
tubulin is what allows for lateral contacts when the heterodimers is added to the growing
microtubule. A final straightening is required in order to produce microtubule closure (Wang
and Nogales 2005). The presence of a GTP cap at the growing end of the microtubule stabilizes
the body of the microtubule that consists mainly of GDP tubulin since GTP is hydrolyzed after
incorporation into the microtubule. Loss of the GTP cap results in protofilament peeling and
catastrophe (Caplow and Shanks 1996, Mitchison and Kirschner 1984). When depolymerization
occurs, protofilaments peel back from the tube of the microtubule indicating that
depolymerization occurs by weakening of the lateral interactions versus the longitudinal
interactions (Janosi et al. 1998).

Precisely controlled dynamic properties are required for microtubule functions. To better
understand how tubulin’s dynamics are embedded in its primary sequence we investigated in
vivo the consequences of altering a single, highly conserved residue in B-tubulin that lies at the
interface between two structural domains. The residue differs between the cold-adapted Antarctic
fish and temperate animals in a manner that suggests a role in microtubule stability (Detrich et al.
2000). Fungi, like the Antarctic fish, have a phenylalanine in this position (F200), while
essentially all other animals have tyrosine. A remarkable architectural change occurs during
microtubule depolymerization that allows rapid peeling and curling of microtubule ends
(Mandelkow et al., 1991; Desai and Mitchison, 1997; Tran et al., 1997). F200 is positioned at an
internal interface between the nucleotide-binding and intermediate domains (Figure 4A). It has
been hypothesized that movement of these domains is the principal conformational change
required for depolymerization of microtubules (Amos and Lowe, 1999, Ravelli et al. 2004). Our
examination of residues at this interface in various species indicates that the bulk remain constant
or display only conservative substitutions (Figure 4C). Unique to this class is the residue
corresponding to position 200 in mammalian (-tubulin (red in Figure 4A and 4B), which

4



displays a phyla-specific pattern of conservation (arrow in Figure 4C). The conservation of this
critically positioned residue in organisms living in contrasting thermal environments further
supports its role in microtubule stability.

X.laevis IB!’:
D.melancgaster E D

Figure 4. Conservation of an internal residue in mammalian B-tubulin. A and B. Ribbon
diagram of o/ tubulin dimer. Green: nucleotide binding domain comprising residues 1-240; red:
residue 200; yellow: nucleotide; blue: remainder of protein. B. Contacts made between the
nucleotide-binding (left) and intermediate (right) domains of porcine B-tubulin. Atoms in
residues involved in contacts are shown as spheres. Backbone worm is superimposed to indicate
secondary structure with selected helices and sheets labeled for orientation. Residues colored in
aqua are highly conserved among all known B-tubulins (126 sequences from Swiss Prot); purple
residues show only conservative substitutions; yellow residues show non-conservative
substitutions. Residue 200 falls into this last class and is colored red for distinction. Numbered
atoms are those implicated in benzimidazole binding. Alpha helices H5, H6, and H7, beta
strands S6 and S7, and the M-loop (Lowe et al., 2001) are indicated. C. Primary B-tubulin
sequences from representative eukaryotes showing the immediate region of interest: Plants (A.
thalania, Z. Mays, O. Sativa), Human (H. sapiens), mouse (M. musculus), chicken (G. gallus),
pig (S. scrofa), Frog (X. laevis), Fly (D. melanogaster), psychrotolerant fish (G. morhua), worm
(C. elegans), psychrophilic fish (N. coriiceps, C. rastrospinosus) and fungi (S. cerevisiae, A.
nidulans, S. pombe). Numbering is according to human B-tubulin. The conserved phyla-specific
residue corresponds to human Y200, Antarctic fish F200 and S. pombe F200 and is indicated by
an arrow. Residues are colored as follows: orange= G, P, S, T; red= H, K, R; blue= W, Y; aqua=
F; green= I, L, M, V; and white= A, C, N, D, E, Q. The histogram at the bottom of the
sequences reflects conservation of amino acids at each position.



We mutated the corresponding residue in fission yeast to tyrosine. Temperature effects were
subtle, but time-lapse microscopy of microtubule dynamics revealed reduced depolymerization
rates and increased stability. Mitotic exit signaled by breakdown of the mitotic spindle was
delayed. In meiosis, microtubules displayed prolonged contact to the cell cortex during horsetail
movement, followed by completion of meiosis I but frequent asymmetric failure of meiosis II
spindle formation. Our results indicate that depolymerization dynamics modulated through
interdomain motion may be important for regulating a subset of plus-end microtubule complexes
in Schizosaccharomyces pombe (Paluh et al. 2004).

Microtubule drugs

Because of their key role in cellular division, microtubules have been identified as
excellent targets for many drug therapies directed against cancer that act by inhibiting cellular
division. Microtubule-binding drugs fall into two general classes-those that stabilize microtubule
dynamics (stabilizers) such as taxol and epothilone, and those that inhibit microtubule assembly
(destabilizers) such as colchicine, vinblastine, vincristine (Table I and Table II). Destabilizing
drugs are known to bind to two sites on B-tubulin, the vinca domain and the colchicine site,
while with the exception of laulimalide and peloruside (Pryor et al. 2002, Huzil et al. 1998) all
other known microtubule-stabilizing drugs (i.e. discodermolide, eleutherobin, sarcodictyin) bind
to the taxane site (Downing 2000).

Stage in

Stabilizing drugs Structure Source IC., clinical trial
I M

Paclitaxel R = Pacific Yew tree = 2nM Approved for use

. ot
Epothilone b Ao Myxobacterium  0.1-0.6nM  Phase I-III

SN
v‘;n \
AL Approved for

Ixabepilone p ~~on Semi-synthetic 3nM limited use
Discodermolide xXx - - . Marine sponge ~ 7nM Phase I

. Ll

[ ‘7‘\(
Eleutherobin J "‘" 29~ Marine soft coral 2nM -
e oo 1)
Sarcodyctyin L’A'- o Marine coral 200-500nM
A
_ / AL ,fl;
Peloruside A 195§ Marine sponge 10nM
" oo "e ,\ !\'\\ A, cw

HO i‘ )

Laulimalide ~ 80 Marine sponge 2nM -

Table I. Chemical structure of microtubule stabilizing drugs. Structures for drugs, origin,
ICso, and stage in clinical trial for the microtubule stabilizing drugs discussed in text.
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The taxol binding site on tubulin was revealed in the 3.7 A structure of tubulin
determined by electron crystallography (Nogales et al. 1998). The electron densities along with
photoaffinity labeling (Rao et al. 2001), X-ray crystallography (Mastropaolo et al. 1995), nuclear
magnetic resonance (NMR) spectroscopy (Barboni et al. 2001) and molecular modeling (Snyder
et al. 2001) have been used to determine the binding site and conformation of taxol (Figure 2).
The diterpenoid taxol belongs to the taxane class of drugs and was the first example of a
microtubule-stabilizing drug. Taxol was isolated from the bark of the pacific yew tree in 1967
after the National Cancer Institute initiated a screen of over 35,000 plants for potential anti-
cancer compounds. After supply shortages (one dose requires the bark from one tree) and
difficulties synthesizing such a complex structure, Nicolaou and Holton completed the full
synthesis of taxol independently in 1994 (Nicolaou et al. 1994; Holton et al. 1994). Taxol was
approved for clinical use to treat breast and ovarian cancer in 1995. It has been one of the best
selling chemotherapeutics but has been plagued with issues such as insolubility, cytotoxicity and
acquired resistance. Taxol binds to B-tubulin reversibly with a stoichiometry of 1:1 in a
hydrophobic pocket located in the lumen of the microtubule. Binding inside the microtubule
raises questions about how taxol can reach its target size so fast. The near atomic resolution map
of the microtubule revealed a downward shift of the M loop that was not seen in the structure
using zinc sheets. (Li et al. 2002). This shift of the M loop creates a pore in the microtubule
wall of approximately 17 A. Taxol can easily diffuse through a pore this size to bind inside the
lumen of the microtubule, which explains how it can attain its fast binding rates.

Stage in
Destabilizing drugs Structure Source IC,, clinical trials
0
0 A 0
o Y v
Colchicine o Meadon saffrom nM Approved for gout
HN
P
» (r‘ R I.".--<
L\ Wa T Approved for
Vinblastine 7S (\ ] Periwinkle plant nM lymphomas
=3 -."\ H‘-
Yy
-~ A T
wS o Approved for
Vincristine RY. H(\ A Periwinkle plant nM lymphomas
)J NN M
e ¢,
0 H 0
S 1 AN 0 .
Nocodazole Q] [ )—NH synthetic nM Research
0
AN -0
Benomyl N a synthetic nM Fungicide
7~NH

Table II. Chemical structure of microtubule destabilizing drugs. Structures for drugs, origin,
ICs0, and stage in clinical trial for the microtubule destabilizing drugs discussed in text.
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There are two current hypotheses to explain how taxol stabilizes microtubules. The first
uses the near atomic structure of tubulin obtained from taxol-stabilized zinc sheets. This model
supposes that binding of taxol to tubulin most likely stabilizes the M loop thereby increasing
interprotofilament interactions against depolymerization (Nogales et al. 1998). The second model
suggests that taxol stabilizes the movement between the intermediate and N-terminal domains
seen as an 11° rotation in the crystal structures of FtsZ and the tubulin stathmin complex (Amos
and Lowe 1999, Ravelli et al. 2004). It is possible that both of these models are correct to some
extent in their explanation for how taxol stabilizes microtubules. This stabilization effect inhibits
dynamics necessary for chromosome attachment and movement in mitosis and triggers the G2/M
checkpoint that leads to eventual apoptosis. The effect of taxol on dynamics can be abrogated by
overexpression of the multidrug transporter p-glycoprotein (Kavallaris 1997), modification of
microtubule regulatory proteins (Larsson et al. 1999, Poruchynsky et al. 2001), mutations or
changes in isotype distribution that result in more dynamic microtubules (Gonzalez-Garay et al.
1999) and mutations that interfere with drug binding (Giannakakou 1997). The new generation
of microtubule-targeted drugs is overcoming these obstacles. One example is epothilone, a more
water-soluble drug than taxol that is effective against many taxol-resistant cancers (Kowalski et
al. 1997, Giannakakou et al. 1997). One of the most promising microtubule stabilizing drugs is
ixabepilone, an analogue of epothilone with more anti-tumor activity than taxol (Lee et al. 2001).
Unlike taxol, ixabepilone is not affected by overexpression of p-glycoprotein and has activity
against taxol-resistant cells in vitro and in vivo that are overexpressing the PIII isotype
(Dumontet et al. 2009).

One method for overcoming the effect of microtubule drugs is upregulation of the BIII
tubulin isotype, which is thought to be more dynamic or unstable. In vitro experiments using BIII
tubulin illustrated that it was 7 times less sensitive to stabilization effects incurred by taxol on
microtubule dynamics (Derry et al. 1997). Studies in several tumor cell lines including prostate,
breast and ovarian, show resistance to microtubule drugs in tumors expressing increased levels of
the PIII (Rangathan et al 1998, Banerjee et al. 2002, and Kavallaris et al. 1997). Conversely,
selection of human leukemia cells with the destabilizing agents vinblastine or vincristine resulted
in a decrease of the BIII isotype (Kavallaris et al. 2001). It is possible that since the BIII isotype
is a dynamic isotype, it is the increase in dynamics that overcomes taxol’s stabilizing effect and
enhances the destabilizing effects of vincristine and vinblastine.

Epothilone was first discovered in the soil-dwelling myxobacterium Sorangium
cellulosum and determined to be more soluble in water and 20-50 times more potent than
paclitaxel in microtubule polymerizing assays. Early experiments showed that epothilone could
displace *H-labeled paclitaxel, indicating that the two drugs could share overlapping binding
sites (Bollag et al. 1995). Although the two structures are distinct from each other, some groups
proposed that the two drugs might share a common pharmacophore based on mutations in
epothilone resistant cell lines and resulting molecular models (Giannakakou et al. 2000, He et al.
2000). The structure of epothilone has been solved by X-ray crystallography (Hofle et al. 1996),
in solution bound to a-, B-tubulin by NMR spectroscopy (Carlomango et al. 2003), and recently
bound to a-B-tubulin in two-dimensional zinc sheets by electron crystallography (Nettles et al.
2004). The electron crystallographic model indicates that although paclitaxel and epothilone bind
to the same pocket on B-tubulin, they utilize different amino acid residues and in fact share only
one common contact through the C7-OH of each drug. While paclitaxel uses this hydroxyl for a
long and weak polar interaction with Thr274, epothilone uses it for hydrogen bonding to Thr274
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and Arg284. Thus, although the drugs share the same binding pocket, the actual binding residues
differ leaving no common pharmacophore.

MT binding proteins
MAPs

Microtubule associated proteins (MAPs) were first identified as proteins contaminating
tubulin purified from brain preparations. These initial MAPs (MAP1, MAP2, tau in neurons and
the ubiquitous MAP4) have been designated as the classical MAPs (Keats and Hall 1975,
Murphy and Borisy 1975, Sloboda et al. 1976, Weingarten et al. 1975). Most MAPs utilize
tubulin’s highly acidic C-terminal tail for binding (Serrano et al. 1984) and are regulated through
phoshphorylation that weakens their electrostatic interaction causing removal from the
microtubule lattice (Marklund et al. 1996, Horwitz et al. 1997, Chang et al. 2001). There are
many kinases involved in the regulation of MAPs some of which include MAP kinase, MAP/MT
affinity regulating kinase (MARKS), casein kinase II, the stress activated protein kinases (SAP),
cyclin-dependent kinase 5 (cdk5), Ca*" calmodulin-dependent protein kinase II (for review see
Cassimeris and Spittle 2001).

Tau is the most abundant MAP in neurons where it likely stabilizes the microtubules in
the axon bundle. Tau is also associated with the neurofibrilliary tangles that characterize
Alzheimer’s disease. It is the most well studied MAP, including investigations by cryo EM.
There are currently two very different models of tau binding microtubules. The first came from
the Milligan lab and used cryo EM to identify tau binding longitudinally along the outer ridge of
the microtubule (Al-Bassam et al. 2002). The second study came from the Amos lab and also
used cryo EM but suggested that tau binds partially on the inside of the microtubule and has the
ability to displace taxol (Kar et al. 2003). It had originally been assumed that tau binding only
occurred on the outer microtubule wall but the notion of an interior binding site was strengthened
when evidence was published a year after the Amos structure describing two different binding
constants for tau that were dependent on whether addition of tau was before or after
polymerization of microtubules (Makrides et al. 2004). Additional work to obtain structures of
both tau-binding models at higher resolution is in progress in our lab and is described in chapter
3.

There are several other types of MAPs that don’t bind to the microtubule lattice including
cytoplasmic associated linker proteins (CLASPs) that bridge the interaction between
microtubules and membranes by binding to microtubule tips (Lansbergen et al. 2006), katanin,
which forms rings on the outside of the microtubule wall resulting in a microtubule severing
(McNally and Vale 1993), and XMAP215, which binds to free tubulin and facilitates its addition
to the microtubule lattice (Gard and Kirschner 1987). These are just a few examples of the
growing field of microtubule binding proteins. One of the more recently described MAPs is
parkin, a protein often found to be mutated in patients with Parkinson’s disease. We are studying
the novel interaction of parkin with microtubules and will discuss it further in chapter 2.

Microtubule motors

Microtubule motors are proteins that hydrolyze ATP in order to move cargo along a
microtubule. There are two classes of motors: kinesins, mostly plus-end directed motors, and
dyneins, minus end motors. Kinesins encompass a large family of motors that usually move
cargo to the plus end of the microtubule or away from the centrosome. One exception to the
anterograde transport is found in the kinesin-14 family members that walk towards microtubule
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minus ends (Ambrose et al. 2005). Conventional kinesins consist of a heavy chain with the
motor domain connected by a flexible linker to the coiled-coil stalk that ends in the tail region
formed by the light chain. The heavy chain or head is where ATP hydrolysis occurs and also
binds the microtubule, and the light chain or tail region is used for binding cargo (Vale and
Milligan 2000). Recent work from our lab has used cryo EM of kinesin-decorated microtubules
to describe the relationship of kinesin’s switch I and switch II regions to the nucleotide state
(Sindelar and Downing 2007).

Dyneins are much larger, multi-subunit proteins that can be further subdivided into either
axonemal or cytoplasmic dynein. Both groups of dynein have similar structures although some
protein subunits differ between the two groups. In general, like kinesin, dynein has two heavy
chains where hydrolysis takes place but these heavy chains do not make contact with the
microtubule. The coiled-coil stalk connects the globular heavy chains to a smaller globular
domain that interacts with microtubules (Holzbaur and Vallee 1994, Kardon and Vale 2009).
Dynein also has several intermediate and light chains that interact with the multiprotein complex
dynactin that mediates cargo binding.

Tubulin isotypes and posttranslational modification

One factor that contributes to the differences in microtubule dynamics is that cells often
contain several a- and pB-tubulin isotypes. Humans express 6 a-tubulin and 7 (3-tubulin isotypes.
B-tubulin isotypes have the greatest sequence variation in their C-terminal tail and N-terminal
region (residues 33-57) (Sullivan and Cleveland 1986). Microtubule assembly rates vary among
the different isotypes and these differences are lost if the C-terminal tail is cleaved through
subtilisin cleavage pointing to dynamic properties inherent to the individual isotypes (Lu and
Luduefia 1994). The 8 A microtubule structure revealed that it is more likely that the N loop
plays a stronger role in interprotofilament interactions with the M loop than the previously
suspected H3 (Li et al. 2002). The N loop contains a region of variability between different
isotypes that might explain the difference in microtubule dynamics seen between different
isotypes. Unlike (-tubulins, a-tubulins are highly conserved, at least 94% identical, and have
similar tissue distribution (Luduefa and Banjeree 2008). Like B-tubulins, a-tubulins display the
greatest sequence variation at their C-terminal tail and N-terminal region (residue 35-60)
(Sullivan 1988). There are six a-tubulin isotypes in humans but much less is known about the
differences in their dynamic properties.

All but one type of posttranslational modification occurs at the C-terminal tails of o-
tubulin and P-tubulin, leading to distinctive dynamic properties (Panda et al. 1994, Bode et al.
2003, Westermann and Weber 2003). These include tyrosination/ detyrosination,
polyglutamylation, polyglycylation, and phosphorylation. The motor protein Kinesin-1 binds
preferentially to a-tubulin that has been detyrosination whereas tyrosination of oa-tubulin results
in recruitment of +TIP proteins, proteins that localized to the plus-end of the microtubule (Liao
and Gundersen 1998, Peris et al. 2006). Polyglutamylation and polyglycylation are both
modifications seen in cilia and flagella where they effect formation, motility and transport
(Thazhath et al. 2002, Xia et al. 2000, Ikegami et al. 2007). Work from the Detrich lab has also
suggested that reduced glutamylation may explain why microtubules from Antarctic fish can
assemble at low temperatures (Redeker et al. 2004). Phosphorylation is the least common of all
modification but does occur on the C-terminal tail on f-tubulin although its function is unknown
(Eipper 1974). Acetylation at lysine 40 on a-tubulin is the only posttranslation modification not
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to occur on the C-terminal tail. Instead, it occurs on the lumen of the microtubule that is
inaccessible to most proteins. This modification is associated with microtubules that have longer
lifetimes in the cell and higher resistance to destabilizing microtubule drugs (Geyp et al. 1996).

Zinc and microtubules

The cytoskeleton is a known site of zinc binding in the cell, especially in microtubules.
Studies have shown that zinc stabilizes microtubules against cold depolymerization and reduces
the critical concentration of tubulin necessary for polymerization (Eagle et al. 1983). It has been
proposed that microtubule dynamics may be disrupted when cellular zinc levels drop (Hesketh,
1982, Oteiza et al. 1990) and a report by Uzzo et al. showed that excess zinc improved the
efficacy of Taxol in prostate cancer cells (PC-3 and DU145 lines) (Uzzo et al. 2002). Current
drugs approved for use or in clinical trials to treat prostate cancer (taxol, docetaxel, and 2-
methoxyestradiol) target the microtubule network resulting in cell death (Lapidus et al. 2004,
Gilbert and Parker, 2005, Qadan et al. 2001). What is unknown is if zinc deficient individuals
might have alterations in the microtubule network such that the activity of these
chemotherapeutic agents is altered. Therefore, we tested the hypothesis that inadequate amounts
of zinc disrupt microtubule function and decreases efficacy of microtubule-targeting
chemotherapeutic agents in prostate cancer cells. As described in more detail in chapter 4, we
found that taxol had reduced efficacy in causing cell cycle arrest and apoptosis when prostate
cancer cells were maintained under moderately zinc deficient conditions (Killilea et al. 2007).
Since zinc deficiency is common in the US, this nutritional status may be of importance when
creating a treatment strategy for prostate cancer. Reduced efficacy of these drugs might
exaggerate side effects and promote resistance within the cancer.
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Chapter 2.
Parkin Interactions with Microtubules

Introduction

Parkinson’s Disease

Parkinson’s Disease (PD) is a disease of the central nervous system that affects 1-2% of
the population over 65 years of age. PD is a degenerative disorder where the primary symptoms,
muscle rigidity, tremor and bradykinesia, are a result of insufficient levels of the
neurotransmitter dopamine leading to excessive muscle contraction (Forno 1996). The
dopaminergic (dopamine-secreting) neurons connect the substantia nigra with the striatum in the
nigrostriatal pathway. Dopamine regulates movement through a direct pathway that facilitates
voluntary movement and an indirect pathway that inhibits involuntary movement thereby
resulting in a smooth coordinated movement. The loss of dopaminergic neurons projecting into
the striatum results in inhibition of the direct pathway and excitation of the indirect pathway
(Hauber 1998). This results in inhibition of voluntary movement and disinhibition of involuntary
movement. There is presently no cure for PD although current therapies available for treatment
of PD symptoms include pharmacological or surgical strategies. Levodopa (L-dopa) is a
metabolic precursor to dopamine that can cross the blood brain barrier and temporarily alleviate
some PD symptoms (Cotzias 1968). When L-dopa treatment is no longer successful, surgical
options such as a pallidotomy (ablation of the globus pallidus to relieve dyskinesias),
thalamotomy (ablation of the thalamus to relieve tremors), and even stem cell therapy to create
new dopamine producing cells have proven effective (Kluger et al. 2009). The cause for the loss
of the dopaminergic neurons in the substantia nigra remains unknown but environmental factors,
oxidative stress/mitochondrial dysfunction, and dopamine have all been suggested as possible
culprits in sporadic PD.

PD is the second most frequently diagnosed neurodegenerative disorder in the elderly.
Most cases of PD are sporadic (sPD) but approximately 5% of all cases have a genetic mutation
and are termed familial PD (fPD). sPD has a usual age onset of over 60 years of age and is
idiopathic. Current theories suggest that sPD is caused not by one insult but instead by the
combination of many factors, both environmental and genetic. fPD has a usual age onset of <40
years of age and as young as 20 years of age. 50% of all cases result from a mutation in the
PARK2 gene that produces parkin, an E3 ubiquitin ligase.

Environmental toxins can simulate many of the same effects of parkinsonism. These
toxins include the pesticide rotenone, a complex I inhibitor and microtubule depolymerizer that
causes the loss of dopaminergic neurons and the formation of Lewy bodies in mice (Betarbet et
al. 2000). Trichloroethylene, another complex I inhibitor was used as an industrial solvent until
it was banned in the 1970’s. It has more recently been linked to Parkinson-like symptoms after it
was used to clean military weapons during the Gulf War (Gash et al. 2008). 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) is a byproduct of opioid production that in 1982 caused rapid
onset of Parkinson like symptoms in 7 Santa Cruz residents by selectively killing dopaminergic
neurons (Chiueh et al. 1994, Fahn 2002). It was only after this incident that researchers had a
way to induce Parkinson like symptoms in mice using MPTP.

Initial studies focused on oxidative stress as the cause of PD after autopsy tissues from
patients with PD revealed a reduction in the activity of complex I and increased oxidative
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damage to its components in the substantia nigra (Mizuno et al. 1989). Such damage has not
been seen in other neurodegenerative diseases and cannot be linked to levodopa treatment.
Several proteins involved in oxidative stress are mutated in the genetic form of PD. Five of the
nine known genes that affect PD are associated with the mitochondria (a-synuclein, parkin, DJ-
1, PINK1, LRRK1 and HtrA2).

The neurotransmitter dopamine is unique to dopaminergic neurons and may be one cause
of their susceptibility to oxidative stress. Metabolism of dopamine results in production of the
reactive oxygen species peroxide, superoxide and hydroxyl radicals (Lotharius and Brundin
2002, Stokes et al. 1999). Dopamine can also easily oxidize into the dangerous protein modifier
dopamine quinone. LaVoie et al. observed that upon oxidation to dopamine quinone, a covalent
interaction occurs with parkin, an E3 ubiquitin ligase, eventually disabling its ubiquitin ligase
activity (LaVoie et al. 2005). Under the same conditions, similar E3 ubiquitin ligases (HHARI
and c-cbl) were shown to be insensitive to such oxidation. Wong et al. demonstrated that parkin
is sensitive to dopamine oxidation because of two cysteines (C268, C323) that are unique to
parkin among similar E3 ubiquitin ligases (Wong et al. 2007).

While the cause of sporadic PD remains unknown, the presence of genetic mutations in
the familial form, Autosomal Recessive Juvenile Parkinsonism (ARJP), provides insights into
the mechanism of neuronal loss associated with PD. ARJP has an onset at <40 years of age and
over 50% of cases are associated with mutations that occur throughout the PARK?2 gene while
only 18% of sporadic PD occurs with mutations in the PARK?2 gene (Lucking et al. 2000).
Kitada et al. first identified the PARK2 gene in 4 Japanese ARJP patients with chromosomal
deletions using positional cloning (Kitada et al. 1998). Their initial analysis identified that
PARK?2 contained 12 exons and that deletions in exons 3-7 were the cause of ARJP in sequenced
patients. PARK?2 is highly conserved across species of vertebrates and invertebrates (Kahle et al.
2000) and with 1.5 Mbp it is the second largest gene in the human genome. The introns in the
PARK2 gene are unusually large (over 180 kb) and that, along with the presence of over twice as
many transposable elements in the beginning of intron 2, could explain the high frequency of
recombinant events observed in PARK2 that result in deletions and duplications seen in exons
2,3 and 4 (Hedrich et al. 2004, Periquet et al. 2001). Furthermore, the PARK?2 gene is located in
a particularly active fragile site in the genome (FRAGE, chromosome 6q25-q27) that is
associated with genomic instability such as exon deletions, alterations and rearrangements
(Hedrich 2004).

Overall structure and function of parkin
Domain structure

Parkin belongs to a class of proteins described as RING E3s. Typical RING (Really
Interesting New Gene) fingers are identified by the cysteine-rich consensus sequence CX2CX(9-
39)CX(1-3)HX(2-3)C/HX2CX(4-48)CX2C. RING fingers are a type of zinc finger that mediate
protein-protein interactions similar to zinc fingers that mediate protein-DNA interactions.
Classical RING finger motifs coordinate 2 zinc atoms in a cross brace system by utilizing 4
cysteines for the first zinc ion and 3 cysteines and 1 histidine to ligate the second zinc atom
(Figure 5). Borden and colleagues demonstrated that these domains require zinc ligation for
proper folding and function by expressing a RING finger in the presence and absence of zinc and
using NMR spectroscopy to evaluate whether the RING finger was properly folded (Borden et
al. 1995, Capilli et al. 2004).
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Figure 5. Schematic of classical and non-classical RING finger domains with
representative structures. RING1 of c-cbl, a classical RING finger that binds 2 zinc ions in a
cross brace manner (left structure). RING2 (the C-terminal RING from the human homologue of
Drosophila Ariadne) is shown as an example of a non-classical RING finger that binds one zinc
ion (blue circle) in a linear fashion (right structure). C-cbl and HHARI ribbon diagrams made in
Chimera using the coordinates from the Protein Database files IFBV and 1WD2, respectively.

RING domains seem to be important for the formation of multi protein complexes and
have been found in proteins that are involved in very diverse processes such as transcriptional
repression in the case of the RING-containing KAP-1 (Peng et al. 2000), translational repression
by inhibition of the eukaryotic translation initiation factor 4E (eIF4E) by the RING finger protein
promyelocytic leukemic (PML) proto-oncoprotein (Cohen et al. 2001), and finally in the
ubiquitin-proteosome pathway by E3 ubiquitin ligases (Joazeiro and Weissman 2000). The
cysteines that form the RING finger domains in parkin are highly conserved throughout species
emphasizing the importance of each domain in parkin (Figure 6).

Parkin has five domains, which include the Ubl (ubiquitin-like), linker, RING1, IBR (in
between RING), and RING2 domains (Figure 7). Parkin has RING finger motifs in its RINGI,
IBR and RING2 domains. These domains make up the RIR (RING-IBR-RING) superdomain.
Proteins containing the RIR superdomain have only been found in eukaryotes and thus far all
have E3 ligase activity (Joazeiro and Weissman 2000). Recently, a new RING, RINGO, has been
proposed in the linker domain (Hristova et al. 2009). This final RING finger was likely not
identified before due to the unusual gap of 26 residues between the two zinc sites. This
arrangements points to the possibility that the two zinc ions will not be coordinated in the
classical crossbrace manner but instead linearly as in the IBR domain of parkin.

14



15 Linker (RINGO)
_ i | M RNG

..... - T50. 3 IRR

W EINGT
Figure 6. Alignment of parkin protein sequences from representative eukaryotes reveal
conservation of cysteines in RING fingers. Parkin sequences were retrieved from the National
Center for Biotechnology Information (NCBI) for Mus musculus (mouse), Rattus norvegicus
(rat), Homo sapiens (human), Takifugu rubripes (pufferfish), Danio rerio (zebrafish), Drosophila
melanogaster (fruitfly), and Caenorhabditis elegans (nematode). Sequences were aligned using
ClustalX. Conserved cysteines are highlighted in colors used to distinguish domains in legend at
bottom of figure. Residues are colored as follows: orange= G, P, S, T; red= H, K, R; blue=W, Y;
aqua= F; green=1, L, M, V; and white= A, C, N, D, E, Q. The histogram at the bottom of the
sequences reflects conservation of amino acids at each position.
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Figure 7. Domain structure of the mammalian PARK2 gene with mutations associated
with Parkinson’s Disease. The parkin gene (PARK2) has five highly-conserved domains
identified as the ubiquitin-like domain (Ubl), linker domain (Linker), RING1 domain (RI), in
between RING domain (IBR), and RING2 domain (R2). Bars below domain structure indicate
known microtubule-binding regions. Mutations found in Parkinson’s Disease not associated with
RING finger domains are indicated in black text. Mutations found in Parkinson’s Disease
associated with RING finger domains are indicated in orange text.
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Parkin’s N-terminal ubl domain consists of 76 amino acids and shares 32% sequence
identity with ubiquitin (Kitada et al. 1998). The solution structure obtained by NMR reveals a
similar fold between parkin and ubiquitin (Figure 8), two a-helices and five f-sheets arranged
similarly (Sakata et al. 2003). Two mutations in the N-terminal ubl domain in parkin resulted in
the inability of target protein ubiquitination even though the E2 could be recruited (Shimura et al.
2000). This could indicate that the ubl domain is responsible for recognizing the target protein.
Additional ARJP mutations in this domain cause unfolding, inability of the ubl to recognize the
proteosome and protein instability (Safadi and Shaw 2007). The ubl domain also binds to the
Rpnl0 subunit of the 26S proteosome and may act to facilitate proteosome recognition and
processing (Sakata et al. 2003).
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Figure 8. Ubiquitin and the parkin ubiquitin like domain share a similar fold. Ubiquitin
(left) has a similar fold to the ubiquitin like domain from parkin (right). The proteins share 20%
sequence identity. Figures made in Chimera using the coordinates from the Protein Database
files for ubiquitin (1D3Z) and the ubl for parkin (1IYF).

The linker region of parkin was thought to be mostly unstructured until recent work by
Hristova et al. used limited trypsin digestion, circular dichroism and inductively coupled plasma
atomic emission spectroscopy to identify a new RING finger domain, RINGO (Hristova et al.
2009). The positions of the cysteines that coordinate the zinc ions in this new RING finger are
similar to those of the RING1 and RING2 domains but a 26-residue linker that is atypical of
other RING fingers separates each pair of cysteines. Five of the 6 ARJP mutations that map to
the linker domain reside within the new RING finger. Recently, Kitami et al. have suggested
that two mutations in the linker domain result in loss of substrate binding and hypothesize that
this domain might also be responsible for recognizing the target protein (Tanaka et al. 2001).

Of the five RING finger domains in parkin, RING1 is the only classical RING finger that
is predicted to coordinate zinc ions in a crossbrace fashion. Although no structure exists for
RINGTI in parkin, similar RING finger domains that ligate zinc in a crossbrace fashion have been
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determined using NMR for the PML structure and crystallographic methods for c¢-Cbl (Casitas
B-lineage Lymphoma), also an E3 ubiquitin ligase (Borden et al. 1995, Zheng et al. 2000
respectively). These RING fingers are both very spherical and ligate two zinc ions (Figure 5).
The PML RING finger comprises four -strands, a 3o helix and many loops and turns while the
c-Cbl RING domain has three (3-strands, an a-helix and two large loops.

The RIR superdomain consists of two RING finger domains (RING1 and RING?2)
flanking another RING finger domain, the IBR domain. Parkin’s IBR domain was solved using
NMR spectroscopy and was shown to lack both a-helical or p-sheet secondary structure
(Beasley et al. 2007). It displays a unique hydrophobic core and binds two zinc ions linearly
unlike a classical RING domain. These domains were described by Beasley et al. as forming a
dual scissor-like and GAG knuckle-like structure (Figure 9) when binding the 2 zinc ions
(Beasley et al. 2007). The IBR domain aids in recognition of the E2 conjugating enzyme.

Figure 9. Ribbon diagram of the IBR RING finger in parkin forms a scissor-like GAG
knuckle. The IBR forms a bilobal fold over two zinc ions with no notable secondary structure.
The scissor-like domain is colored red (zinc binding site I cysteines are labeled). Site I resembles
a zinc ribbon with extended loops resulting in ‘scissor-like’ term. The GAG knuckle domain is
colored blue (zinc binding site II cysteines are labeled). A typical GAG knuckle is very short and
made from two short B-strands,a turn and a short helix. The figure was made in Chimera using
the coordinates from the Protein Database file 2JMO (Beasley et al. 2007).

The C-terminal RING finger of the human homologue of Drosophila Ariadne (HHARI),
another RIR with E3 ligase activity, has also been solved using NMR spectroscopy (Capilli et al.
2004). The C-terminal RING finger of HHARI is predicted to be similar to the RING2 domain in
parkin and surprisingly binds only one zinc atom in a zinc ribbon motif (Figure 5). It is possible
that parkin may adopt a similar fold and bind one zinc ion since like HHARI it is missing 2 of
the hydrophobic residues thought to be necessary for folding into a typical cross brace structure
that binds two zinc atoms. Recent experiments done by the Beasley group contradict this and
use electrospray ionization-MS and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) to confirm the presence of eight zinc ions in parkin, two in each RING finger
domain.
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Function

The ubiquitin-proteosome system is responsible for protein quality control, cell cycle
progression, and signaling cascades. The system is composed of a ubiquitin molecule, a series of
three enzymes, E1, E2, and E3 and the proteosome. Ubiquitin, a highly conserved protein
consisting of 76 amino acid residues, is most frequently added covalently to a single lysine in the
target protein. A minimal chain of four ubiquitin molecules (polyubiquitination) is required as a
signal for degradation by the proteosome (Hershko and Ciechanover 1998). Monoubiquitination
is a non-proteolytic signal used in many processes including receptor internalization, DNA repair
and endosomal sorting (Mukhopadhyay and Riezman 2007). Multiubiquitination, addition of
ubiquitin to multiple lysines on one substrate, can also play a role in receptor internalization and
endocytosis (Haglund et al. 2003). These processes are regulated by the deubiquitinating
enzymes termed DUBs. There are over 100 of these DUBs in humans and their role in the cell is
to reverse the ubiquitination of target proteins (Reyes-Turcu et al. 2009). DUBs also regenerate
monoubiquitin from polyubiquitin chains and are believed to negatively regulate ubiquitin
conjugation by associating with E3 ligases (Ventii and Wilkinson 2008).

The ubiquitin activating enzyme (E1) initially forms a thioester bond with the ubiquitin
molecule through an ATP dependent process. A similar thioester bond is formed with the
ubiquitin conjugating enzyme (E2) when the ubiquitin is transferred from the E1. At this point,
the ligating enzyme (E3), parkin in this case, recognizes the E2 with the activated ubiquitin and
also recognizes the substrate protein and facilitates the transfer of the ubiquitin molecule to the
substrate. E3 ubiquitin ligases are divided into two main categories: HECT E3s and RING E3s.
HECT (homologous to E6AP carboxy terminus) E3’s form an intermediate with the ubiquitin
molecule whereas RING E3s only provide a scaffold for E2s and substrate proteins to interact
and never form an intermediate with ubiquitin (Rankin et al. 2001).

Eukaryotic cells have one E1, a few dozen E2s and over a hundred E3s. The two E2s that
interact with parkin are Ubc7 and Ubc8 (Zhang et al. 2000). A crystal structure of UbcH7 bound
to c-Cbl, another E3, was solved by the Pavletich group (Zheng et al. 2000). c-Cbl shares some
similarity to parkin in that they both have a linker domain and a classical RING finger domain
but c-Cbl lacks any other RING finger domains. It is possible that the E2 UbcH7 will bind to
parkin in a very similar manner as c-cbl. The structure from the Pavletich group revealed that
both the linker and the RING finger are involved in binding of UbcH7. They showed that UbcH?7
loops L1 and L2 insert into the shallow grove provided by the RING domain.

Substrates

In the last ten years parkin’s known substrates have slowly been revealed. It is still
unclear what method parkin uses to recognize its substrates. In yeast, some E3s bind to exposed
hydrophobic areas of the substrate protein, (Johnson et al. 1998) while the E3 CHIP (carboxyl
terminus of the Hsc70-interacting protein) binds to chaperones that then identify substrate
proteins (Cyr et al. 2002), and other E3s recognize substrates that have been phosphorylated;
these motifs are called phosphodegrons (Rogers et al. 1986). The first of these substrates to be
identified was the synaptic vesicle- associated protein CDCrel-1, (cell division control-related
protein 1) a member of the septin family (Zhang et al. 2000). CDCrel-1 is expressed primarily in
the nervous system and its association with synaptic vesicles could signify some involvement in
dopamine secretion but its role in vesicles is still unclear. Overexpression of CDCrel-1 in
substantia nigral neurons results in dopamine-dependent neurodegeneration (Dong et al. 2003)
and it is not surprising that CDCrel-1 accumulates in the brains of ARJP patients (Choi et al
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2003). In addition, it has been shown to interact with the C-terminal RING domain of parkin and
mutations in ARJP inhibit its degradation by parkin (Zhang et al. 2000).

Another parkin substrate is Pael-R, (Parkin associated endothelin-receptor like receptor) a
G-protein coupled transmembrane protein (Imai et al 2001). Pael-R is expressed in brain tissue
and can induce the unfolded protein response (UPR) when it is unfolded or insoluble and then
becomes a substrate for parkin ubiquitination. Expression of UPR is a stress response to
accumulation of misfolded or unfolded proteins in the endoplasmic reticulum (Mori 2000).
Upregulation of parkin mRNA results in protection of cells from UPR. Additional experiments
using transfected cells resulted in an increased resistance to UPR whereas a mutant parkin
protein lacking the ability to recruit E2s resulted in no protection from UPR (Imai et al. 2000).
Parkin, like other RING E3s (e. g Mdm-murine double minute oncogene) is also its own
substrate and self-ubiquitinates to promote its own degradation (Zhang et al. 2000, Yamamoto et
al. 2005). Many of the mutations associated with ARJP in the RING finger domains within the
RIR either impair or inhibit parkin’s self-ubiquitination.

One of the most well studied parkin substrates is o-synuclein. a-synuclein is found
mainly in the presynaptic termini of neurons but as of yet has no known function although it does
interact with several proteins that regulate dopamine release (Murphy et al. 2000). Ubiquitinated
a-synuclein is the major component of the Lewy bodies (inclusion bodies for protein aggregates
specific to neurons) seen in sporadic PD, which are not present in ARJP. This is a distinct
difference between the familial and genetic form of PD and could be explained if parkin’s ability
to ubiquitinate proteins is required for Lewy body formation. As of yet, only a rare form of O-
glycosylated a-synuclein has been identified as a substrate for parkin and this same rare form has
been shown to accumulate in the brains of ARJP patients (Shimura et al. 2001). While searching
for parkin substrates using a yeast two-hybrid screen, the Feng group identified MAP1A as a
positive clone. They observed that the binding was very weak but significantly stronger at 37°C
versus 4°C indicating that parkin might be binding to MAP1A indirectly (Ren et al. 2003). This
led them to identify a- tubulin and B-tubulin as substrates for parkin. They showed that parkin
enhances both the ubiquitination and the degradation of o- tubulin and B-tubulin. They also
demonstrated that parkin mutants associated with ARJP patients were not able to ubiquitinate or
degrade a- tubulin and B-tubulin.

Parkin-microtubule associations

Alpha- and beta-tubulin are not only substrates for parkin’s E3 ligase activity but may
also act as unique binding partners. In addition to their work showing a- tubulin and B-tubulin
as ubiquitination substrates for parkin, the Feng group also used confocal microscopy to
demonstrate that parkin colocalizes with tubulin in rat neuron and glial cells (Ren et al. 2003).
They also used coassembly assays to demonstrate that parkin binds to assembled microtubules in
vitro even in the presence of 2M salt (Ren et al. 2003) and more surprisingly suggested that
parkin remains bound to the heterodimer in the presence of the microtubule depolymerizer
colchicine. To date, no other microtubule binding protein has demonstrated the ability to remain
bound to the heterodimer after microtubule depolymerization. Yang et al. used coassembly
assays to define the microtubule binding domains in parkin as the linker, RING1 and RING2
domains (Yang et al. 2005). These are large domains so specific amino acid interactions are still
not known.
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Parkin has recently been shown to enhance taxol’s ability to stabilize microtubules in
vitro and in MCF7 breast cancer cells in a dose dependent manner (Wang et al. 2009). Binding
experiments using parkin and preformed microtubules with or without subtilisin treatment to
remove the C-terminus were preformed and followed by cosedimentation. Parkin remained in
the pellet of the microtubules without subtilisin but was found in the supernatant in subtilisin-
treated microtubules indicating that not only is the C-terminal tail required for parkin binding but
that parkin binds along the outside of the microtubule (Wang et al. 2009).

To further investigate the role of parkin with microtubules, Wang et al. evaluated parkin
expression in breast cancer tissues taken from patients who had received preoperative taxol
treatment. They observed that patients with the highest parkin expression had the best response
to the taxol treatment and those with no or low parkin expression had the poorest response to
taxol treatment; no relationship was observed between parkin expression and drugs that did not
target microtubules. In addition, Wang et al. investigated taxol sensitivity in primary cultures of
breast cancer cells taken from patients who did not elect for preoperative chemotherapy. He
found similar results in those primary cells treated with taxol. Samples taken from patients who
had the highest parkin expression levels responded the best to taxol treatment whereas those
samples with no or low parkin expression had little if any response to taxol treatment.
Interestingly, the effect of parkin on taxol sensitivity was abrogated by deletion of the
microtubule binding domain indicating that a physical interaction between parkin and the
microtubule must occur. It is unfortunate that in Wang’s publication they are unclear as to which
microtubule-binding domain was deleted and thus these experiments should be repeated if
possible.

It is clear that parkin plays a critical role as an E3 ubiquitin ligase and that alteration of
this activity is most likely related to ARJP. What hasn’t been addressed is the role of
microtubule binding in parkin’s function. Our goal was to define the interaction interfaces
between parkin and the microtubule by using a combination of cryo EM and image processing.
Our lab has previously used methods that resulted in an 8 A resolution map of the microtubule
(Li et al. 2002) and 8-9 A maps of kinesin bound to a microtubule (Sindelar and Downing 2007,
Sindelar and Downing, in preparation). Similar methods will be used to determine the
orientation of parkin bound to microtubules including docking of the solution structures for the
ubl and IBR domains. At the expected resolution of 9 A, we would be able to dock the known
structures of the ubl and IBR domains precisely into the parkin structure. This would provide
insights on how the domains of parkin, a new microtubule associated protein, interact with each
other and with tubulin, and also show where the mutations associated with ARJP are within in
the structure. In order to test whether we would be able to distinguish the RING domains from
each other in an experimental density map, we calculated 3-D maps of candidate RING domains
at the resolution that was achieved in earlier work with kinesin in our lab. We used known
structures of RING finger domains, (c-cbl to represent parkin’s RING1 domain and HHARI to
represent parkin’s RING2 domain) obtained from both crystallographic and NMR methods,
along with the "copy from pdb" function in SPIDER, to produce maps at about 8 A resolution.
At this resolution the differences in the domain structures are sufficiently clear that we expect
that we could identify the individual domains in a map of parkin bound to microtubules at this
resolution. Understanding the relationships among these various elements should improve our
understanding of how parkin function is lost, and could even eventually lead to therapies to
recover its function.
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Experimental Procedures

Cloning

We have investigated expression and purification of full length human parkin, a version
truncated by removal of the ubl, and full length rat parkin. All reagents were purchased from
Sigma unless otherwise noted. PARK2 cDNA (human) was a generous gift from Jian Feng
(State University of Buffalo). Full length PARK2 cDNA and a truncated PARK2 cDNA (minus
the N-terminal 76 amino acids) were originally cloned into the pMAL p2X expression vector
with the malE gene encoding the maltose binding protein (MBP; 42,000 Daltons) fused to the
lacZa gene, disruption of which causes a color change in colonies when spread on Xgal plates
(New England Biolabs) (Figure 10A). The recognition site for Factor Xa (IEGR) is located
between the malE gene and the multiple cloning site. Resistance is conferred by the ampicillin
gene. This vector was chosen because the MBP tag would not interfere with the ligase activity
located at the C-terminal end of parkin and previous reports that parkin with a His tag was
insoluble. The pMAL p2X vector also has a short signal peptide to direct the fusion protein to
the periplasm to assist with proper protein folding. PARK2 cDNA was amplified by PCR using
oligos  with  incorporated EcoRI =~ and BamHI restriction sites  FullPARK
5’=CGTCTAGGATCCATGATAGTGTTTGTCAGGTTC, TruncPARK 5= CGTCTA-
GGATCCGGTCAAGAAATGAATGCAACTG; PARK 3’=GTGTACGAATTCCTAC-
ACGTCGAACCAGTGG. Utilizing the EcoRI and BamHI sites for cloning of PARK2 ¢cDNA
leaves an isoleucine and a serine after removal of the MBP tag by Factor Xa. Both constructs
were transformed into RIPL BL21 codon specific E. coli competent cells to avoid mistranslation
of lysine for arginine. RIPL BL21 competent cells contain extra copies of the tRNA genes for
arginine, isoleucine, proline and leucine. The plasmid containing the tRNAs confers
chloramphenicol resistance.

PARK2 B PARK2
EcoRI BamHI BamHI Xbal

malE lacZ 6xHis

Factor Xa MBP TEV

pMAL 2CT
construct construct

\_/mpk \/npk

PARK2
Notl

C EcoRI I
GST
Thrombin

pGEX4T2
construct

‘/“p ’

Figure 10. Schematic of expression vectors. A. pMAL construct with N-terminal MBP tag and
Factor Xa cleavage site. B. 2CT construct with 6xHisMBP tag and TEV cleavage site. C.
pGEX4T2 construct with GST tag and thrombin cleavage site.
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Additionally, full length and truncated PARK2 cDNA were cloned into the 2CT vector
(Figure 10B) using BamHI and Xbal restriction sites (Macro Lab, University of California,
Berkeley). The 2CT vector has an N-terminal 6His and MBP tag followed by a Tobacco Etch
Virus (TEV) cleavage site (ENLYFQG). The ampicillin gene confers resistance.

Rat PARK2 cDNA was a generous gift from Edward Fon (McGill University). Full
length rat PARK2 cDNA was amplified by PCR using oligos with incorporated EcoRI and Notl
restriction sites pGEX 5= GGGCTGGCAAGCCACGTTTGGTG and pGEX 3’= CCG-
GGAGCTGCATGTGTCAGAGG. Cloning into the pGEX4T1 expression vector utilized the
EcoRI and Notl sites (Figure 10C). The pGEX4T1 vector has an N-terminal glutathione S-
transferase (GST) tag (26,000 Daltons) followed by a thrombin cleavage site (LVPRGS). The
ampicillin gene conferred resistance. The pGEX4T1 parkin was transformed into RIPL BL21
codon plus E. coli competent cells (Stratagene).

All transformants (full length and truncated PARK?2 in pMAL, full length and truncated
PARK?2 in 2CT and full length PARK?2 in pGEX4T2 vectors) were grown in LB supplemented
with 50 pg/ml ampicillin and 50 pg/ml chloramphenicol.

Purification

For all constructs, cells were grown at 37°C to an ODggo of 0.6. Cells were then moved
to 15°C and protein expression was induced with 50uM IPTG for 16 hours in the presence of
500uM ZnSO4. Harvested cells were resuspended in lysis buffer (20mM Tris HCI pH 7.4, 120
mM NaCl, ImM DTT) with EDTA-free protease inhibitor (Roche) and stored at -20C. All
remaining purification steps took place at 4°C.

For pMAL and CT2 parkin purification, cells were lysed using three passes through an
EmulsiFlex-C5 (Avestin) followed by centrifugation at 9,000 x g for 20 minutes. Supernatant
from the spin was applied to an amylose column on a Pharmacia FPLC using 10mM maltose for
elution. Collected fractions were assayed for protein content prior to cleavage. The MBP tag
was cleaved from the pMAL parkin constructs using Img Factor Xa for every 100mg of parkin
fusion protein.

The 6xHisMBP tag was cleaved from the 2CT parkin constructs with Img TEV
protease/20 mg parkin for 16 hours. Parkin was separated from the 6HisMBP tag using a
HisTrap FF (GE Life Sciences) column after addition of an additional 300 mM NaCl. The flow
through was desalted and concentrated using an Amicon Ultra (Millipore) with a 10 KDa cutoff
and separated on a Superdex 200 gel filtration column (GE Life Sciences).

For pGEX4T1 parkin, cells were lysed using three passes through an EmulsiFlex-C5
(Avestin). The cell lysate was supplemented with Trition X-100 to a final concentration of 1%
and rotated end-on-end at 10 seconds/rotation for 30 minutes prior to centrifugation at 20,000 x g
for 20 minutes. Supernatant from the spin was applied to a GSTrap FF column (GE Life
Sciences) on a Pharmacia FPLC using 20 mM reduced glutathione for elution. Collected
fractions were assayed for protein content prior to combined dialysis and cleavage with 10 units
thrombin/mg of pGEX4T1 parkin for 16 hours. Parkin was dialyzed 300 fold against 20mM Tris
HCI pH 7.4, 120 mM NaCl, ImM DTT using a Slide-a-lyzer cassette (Pierce) for removal of
glutathione. The GST tag was removed using a GSTrap FF column. Protease inhibitor was
added to the flow through to inactivate the thrombin and parkin was concentrated using an
Amicon Ultra (Millipore) with a 10 KDa cutoff and then separated on a Superdex 200 gel
filtration column (GE Life Sciences).
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Binding assay

Collected samples were used in microtubule pelleting assays to verify binding to
microtubules. Tubulin (Cytoskeleton Inc.) was centrifuged for at 4°C for 10 minutes at 100,000
X g to remove aggregates. Microtubules were polymerized by adding GTP to a final
concentration of 1mM with incubation at 37°C for 30 minutes and then stabilized with 50uM
Taxol. Parkin was added in equimolar and two molar excess to preformed microtubules and
incubated for 10 minutes at 37°C before centrifugation at 50,000 x g for 20 minutes. Samples
from the supernatants and pellets were separated using a denaturing 4-20% polyacrylamide
gradient gel (Pierce) and stained for protein using GelCode (Pierce) or transferred to PVDF
(Millpore) and probed with mouse anti-tubulin or mouse anti-parkin antibodies (Sigma) and a
goat anti-mouse HRP secondary antibody (Santa Cruz Biotechnology).

Computational alignment
Protein sequences obtained from the UniProt database were used for multiple sequence
alignments using ClustalW (Jain et al. 2009).

Cryo electron microscopy

Parkin was added to taxol-stabilized microtubules in two- to four- molar excess. Parkin
decorated microtubules were prepared for EM by applying 3 ul of solution to Quantafoil 300
mesh copper grids at room temperature with 80% humidity. All grids were glow discharged for
15-20 seconds. The grid was blotted for 3.5-4 seconds using #1 Whatman filter paper and then
plunge frozen in liquid ethane using a Vitrobot (FEI). Negatively stained samples were prepared
by applying 3 ul of sample to a carbon coated 300 mesh grid, washing with water, blotting with
#1 Whatman filter paper, floating the grid over a 15 ul drop of 2% uranyl acetate and blotting
with #1 Whatman filter paper. Frozen-hydrated samples were examined using a JEOL 4000
electron microscope at 400 kV with the specimen held at approximately -170°C. Images were
taken 1-2 um underfocus on film (Kodak) at a magnification of 60,000.

Image processing and analysis

Film was scanned on a Nikon scanner robot with a 6.35 pm step size, resulting in a pixel
size of 1.14 A. Microtubules were boxed into short segments with 90% overlap according to the
criterion of Egelman (Egelman 2007). The segments were binned 4 fold to speed computation,
and masked such that 2 helical turns were present in each image using programs from the EMAN
(Ludtke et al. 1999) and SPIDER (Frank et al. 1996) processing packages. The segments were
then subjected to cycles of reference-free classification using a topology-representing network
algorithm (van Heel et al. 1996) to generate node images alternating with multi-reference
alignment using the IMAGIC software package (Ogura et al. 2003), implemented as described
by Ramey et al. (Ramey et al. 2009). This procedure sorts segments based on microtubule
protofilament number, the presence of bound protein, and helical order. Power spectra and 1-D
projections were generated using a procedure implemented in the SPIDER processing package
(Frank et al. 1996).
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Results

Purification

All constructs of parkin were expressed cytoplasmically in RIPL BL21 cells at reasonable
levels, 3-4 mg/liter of culture. Proper expression requires supplementing the media with zinc,
since parkin coordinates 5-8 Zn++ ions chelated by interactions with cysteines and will not fold
properly without the zinc ions resulting in aggregation (Capilli et al. 2004). pMAL parkin
expressed in the absence of zinc had increased aggregation and unsuccessful cleavage of the
MBP tag. Cleavage of full length parkin and truncated parkin should result in parkin fragments
with a size of 52,000 and 42,000 Daltons, respectively. Cleavage using Factor Xa resulted in
parkin fragments that didn’t match expected molecular weight sizes. Western blots of cleavage
reactions using an antibody to parkin detected a fragment with a molecular weight of 34,000
Daltons. Western blots using an MBP antibody detected an MBP fragment at 60,000 Daltons for
the full length construct and at 49,000 Daltons for the truncated construct. This cleavage pattern
indicated the presence of a possible secondary cleavage site. Secondary cleavage cites become
more accessible to Factor Xa if the protein is unstable or unfolded. A glycine/arginine site is
present in the linker region of parkin (residue 139-140) and cleavage at this site results in a
parkin fragment of 34,000 Daltons as seen above.

Full length and truncated parkin were cloned into the 2CT vector due to the higher
specificity of the thrombin site. Prior to these experiments, DTT was not used in the interest of
the cysteines used to coordinate zinc ions. Further inspection of the parkin sequence revealed 2
cysteines out of 36 that were not involved in RING fingers. Because of these additional
cysteines and the previous problems with aggregation, ImM DTT was added to all purification
buffers. Even with protection against cysteine crosslinking, protein aggregation increased after
cleavage of the N-terminal tag from the truncated CT2 vector accounting for approximately 90%
of total protein (Figure 11). Full length constructs in the CT2 vector reproducibly had immense
protein aggregation and an unexplained cleavage in the linker domain leaving a 35 KDa
truncated protein. Truncated parkin in the CT2 vector also suffered from protein aggregation
and the same 35 KDa truncation. Increasing the DTT concentration was not possible based on
experiments performed using increasing amounts (0.1, 1 and 10mM) of DTT on taxol stabilized
microtubules that showed 10mM DTT unraveled microtubules (data not shown). Aggregation
increased after removal of the MBP tag and resulted in final protein yields of < 50 pg.

In hopes of avoiding both the truncation and aggregation problems, rat parkin in
pGEX4T2 was expressed in BL21 codon specific competent cells. Hristova et al. demonstrated
that the rat parkin sequence differed enough from human at the highly susceptible linker region
to be stable during purification (Hristova et al 2009). After removal of the GST tag the parkin
concentration was ~ 6mg/ml. Gel filtration of rat parkin designated half of the total protein as
aggregated (Figure 11). The total soluble parkin content was still considerably higher than
previous constructs using human parkin and rat parkin could be concentrated to higher levels
than human parkin for unknown reasons.
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Figure 11. Aggregation levels differ between rat and human parkin. Representative
chromatogram from gel filtration of human (red line) and rat (blue line) parkin protein using a
Superdex 200 column. The left peaks are in the high molecular range (>500,000 Daltons) of
elution while the peaks on the right are approximately 50,000 Daltons as determined by sizing
calibration beads. The additional peak seen in the rat parkin profile is approximately 35,000
Daltons and corresponds to thrombin. Human parkin has a higher tendency to form protein
aggregates as seen by the larger distribution of parkin in the left, high molecular weight peak.
Rat parkin has an equal distribution of aggregated (left peak-blue) to non-aggregated parkin

(right peak-blue) distribution.

Binding assay

Parkin was added to taxol-stabilized microtubules in two-fold excess for binding assays.
To confirm parkin was bound to microtubules, the complex was centrifuged and samples from
the supernatant and pellet were analyzed by Western blot. Parkin bound to microtubules remains
in the pellet fraction while unbound parkin is found in the supernatant fraction. As seen in the
tubulin blot in the 1:1 and 2:1 pellet lanes (Figure 12) parkin cosediments with microtubules. A
positive control, parkin without microtubules, is shown in the parkin blot in the 1:0 and 2:0 pellet

lanes (Figure 11) to confirm that parkin alone does not pellet.
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Figure 12.  Parkin binds to microtubules in pelleting assays. Western blots show
hybridization of parkin protein (left) and tubulin protein (right) in pelleting fractions at different
molar ratios. Parkin was added to taxol-stabilized microtubules in one- and two-fold excess for
binding assays. To confirm parkin was bound to microtubules, the complex was centrifuged and
samples from the supernatant and pellet were analyzed by Western blot. Parkin bound to
microtubules or highly aggregated parkin remains in the pellet fraction while unbound parkin is
found in the supernatant fraction. Parkin without microtubules is shown in the 1:0 and 2:0 lanes
on the parkin blot to confirm that parkin alone does not pellet. Blots were probed with mouse
anti-tubulin or mouse anti-parkin antibodies and a goat anti-mouse HRP secondary antibody.
Western blots are not quantitative.

Electron microscopy

Initial preparations of parkin bound to microtubules prepared for cryo EM resulted in
microtubules with partial parkin decoration (Fig 13). The monomeric repeat of tubulin produces
a 40 A layer line in the Fourier transform of an image. The 80 A dimer spacing is very weak due
to the similarity of a-tubulin and p-tubulin and therefore indistinguishable at low resolution. An
object bound to the dimer will produce an 80 A spacing. The presence of an 80 A layer line in
the power spectrum suggests parkin bound specifically to the dimer (Figure 14). The low
intensity of the 80 A layer line denotes incomplete occupancy of parkin on the microtubule. Full
decoration of the microtubule by parkin would result in a much stronger 80 A layer line.
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Figure 13. Electron micrograph of parkin-decorated microtubules. Parkin decorated
microtubules were imaged on the JEOL 4000 electron microscope at a magnification of 60,000
in cryo conditions. The protofilaments number of pictured microtubules were identified as 14
based on the profile of intensity across the microtubule and the variation of contrast along the
microtubule. Scale bar=50nM.
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Figure 14. Class average and associated power spectrum of parkin-decorated microtubules.
Small segments from micrographs of parkin decorated microtubules were assigned different
classes based on similarity and averaged. The left image is one of many class averages with an
increased signal to naoise ratio. The power spectrum shows the 40 A layer line that correlates to
the monomeric spacing of tubulin. An 80 A layer line represents parkin binding to the dimer and
not individual monomers. The weak intensity in the 80 A layer line (in comparison to the 40 A
layer line) indicates incomplete decoration of the microtubule by parkin.
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Discussion

This work reports the first attempt to visualize the E3 ubiquitin ligase parkin bound to
microtubules. Previous groups reported a strong binding affinity between parkin and not only
the microtubule but also the heterodimers (Ren et al. 2003). Their work lacked evidence to
confirm that parkin was binding to intact microtubules and not aggregated tubulin. They also did
not attempt to describe how parkin was binding along the microtubule.

Initial attempts at parkin purifications were plagued by complications arising from
improper folding of the RING fingers, due to the requirement for 8 zinc atoms per parkin
molecule, truncation of the protein caused by cleavage in the linker domain by an unspecified
source, and aggregation presumably from free cysteines forming disulfide bonds. To ensure
proper folding of RING fingers initial cultures were expressed in 500 uM ZnSO; and all buffers
used during purification procedures were supplemented with 100 uM ZnSO,. In addition to the
ZnS0O4, 1 mM DTT or 1 mM TCEP was used to keep the remaining cysteines reduced. Work
done in the 1970’s by Cornell and Crivaro revealed that metal ions can form stable complexes
with low molecular weight thiols (Cornell and Crivaro, 1972) which would explain why our
initial attempts to use ImM DTT with 100 uM ZnSO4 were unsuccessful. This study showed
that 20 uM Zn"* was sufficient to completely reverse the inhibitory action that 1.7 mM DTT
would have on rat liver histadase. While TCEP is tolerant of nickel, making it useful for
histidine tagged protein purification, metals like copper, silver and zinc completely inactivate
TCEP (Thermo Scientific 2009). Using ZnSO4 in the growth media during protein expression
and leaving zinc out of the buffers used in the purification strategy circumvented these problems.
This allowed for the use of | mM DTT during the purification.

Hristova et al. have been the only group to successfully purify parkin free of a tag by
using rat parkin in a pGEX4T1 expression vector. We along with several other groups observed
a 12 KDa cleavage product when purifying human parkin (Rankin et al. 2001, Hrsitova et al.
2009). The cleavage occurs in the linker domain resulting in a protein missing the ubl domain
and the first 28 residues of the linker domain (Figure 7). This region contains the most
variability between human and rat parkin and use of the rat gene may account for the successful
purification of several milligrams of full length parkin by Hristova et al. Therefore, we switched
to the rat parkin cloned in a pGEX4T]1 vector, which reduced aggregation, and obtained a full
length form of parkin. The improvement in aggregated to non-aggregated parkin is clear in the
elution profile from gel filtration (Figure 11).

Alignment of rat and human parkin protein using ClustalW confirmed that the linker
domain was the area with the most variation. (Figure 15) Analysis of the cysteine content
revealed that the rat parkin has one less cysteine in the linker region than human parkin. Thirty-
two of the thirty-six cysteines in parkin are located in the RING finger domains. Of the
remaining four cysteines, three are found in structured domains. The remaining cysteine is in an
area of the linker believed to be unstructured. This cysteine is not present in rat parkin, and its
absence could be responsible for the improved solubility of rat parkin. In the future, mutating
this cysteine could prove to be useful.

To confirm earlier experiments by Feng et al. that showed parkin binding to
microtubules, full length rat parkin was added to taxol-stabilized microtubules and used in a
binding experiment. The results from the Western blot show that parkin pellets with
microtubules in a binding experiment but that parkin alone does not pellet (Figure 12). One
interesting observation on the tubulin blot is seen in the tubulin control (0:1 lanes in the super
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and the pellet). During the pelleting assay, some tubulin that does not assemble into
microtubules remains in the supernatant fraction. This unassembled tubulin is not seen in the
lanes where parkin has been added, consistent with the observation that parkin enhances tubulin
polymerization (Wang et al. 2009). This effect has been observed in several Western blots and
has also been observed by the Zhou group (Wang et al. 2009). In their experiments using parkin
with an MBP tag they showed that increasing amounts of parkin resulted in increased taxol
binding, increased G2/M arrest and increased ability to promote microtubule assembly.
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Figure 15. Alignment of parkin protein sequences from human and rat. Parkin sequences
were retrieved from the National Center for Biotechnology Information (NCBI) for Rattus
norvegicus (rat) and Homo sapiens (human. Sequences were aligned using ClustalX. Variability
among sequences seen in the linker region. Arrow identifies cysteine 95 in human parkin and the
corresponding serine in rat. Residues are colored as follows: orange= G, P, S, T; red= H, K, R;
blue= W, Y; aqua= F; green= 1, L, M, V; and white= A, C, N, D, E, Q. The histogram at the
bottom of the sequences reflects conservation of amino acids at each position.

Promising results have been obtained in our early attempts to visualize the parkin-
microtubule complex. Initial attempts to view parkin bound to taxol-stabilized microtubules
using 2% uranyl acetate were unsuccessful. The expected 80 A layer line was not visible in the
Fourier transform of the images. On the other hand, cryo EM samples had an obvious 80 A layer
line visible in transforms of the raw images indicating that parkin is binding to the dimer repeat
(Figure 14). It was observed that the 80 A layer line was weaker than the 40 A layer line,
indicating that microtubules were not fully decorated or occupied. Addition of more parkin to
taxol-stabilized microtubules prior to sample preparation for EM should solve this problem. If
there is an unforeseen issue with how parkin binds additional constructs can be prepared that
solely contain the RIR supradomain (R1, IBR, and R2). It is also still unclear in which part of the
linker the microtubule-binding domain resides. Peptides representing different segments of the
linker region could be synthesized and used in binding assays to map this region. Currently,
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more EM data is needed at a better occupancy for a reconstruction with sufficient detail to
provide insights on the nature of the parkin-tubulin interaction.
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Chapter 3.
Tau-Microtubule Interactions

Introduction

Structure and function of tau

Tau was first identified as a microtubule binding protein by the Kirschner group and
accounts for greater than 80% of total MAPs in neural tissue (Weingarten et al. 1975, Cleveland
et al. 1977). MAPT, the gene that encodes the tau protein, is located on the long arm of
chromosome 17 and has 16 exons. Alternative splicing of exons 2, 3, and 10 produces the 6
major isoforms of tau found in adult brains ranging in size from 352-441 amino acids (Andreadis
et al. 1992). Splice variants differ in the presence of two inserts at the N-terminal region and
three (3R) or four (4R) imperfect repeats in the C-terminal region (Figure 16). Fetal brains have
only one isoform, 3R, and is more highly phosphorylated than tau in adult brain (Goedert et al.
1995). All tau isoforms promote tubulin polymerization and stabilize microtubules. 3R tau
induces slower microtubule assembly than 4R tau and has a weaker stabilizing effect. Since the
developing brain needs to have a more dynamic cytoskeleton, the 3R isoform would allow for
such dynamics. An imperfect repeat domain in tau makes up the microtubule-binding domain
(Gustke et al. 1994, Goode and Feinstein 1994). This distinction separates tau into 2 domains:
the projection domain that encompasses the N-terminal two-thirds of the protein and the
microtubule domain, which consists of the C-terminal third of protein. The role of the projection
domain is still unclear although it is postulated to participate in determining the spacing between
microtubules in neurons (Chen et al. 1992). The microtubule binding domains are positively
charged allowing them to bind to the highly negatively charged C-terminal tail of tubulin and
promote microtubule assembly and stabilize microtubules once formed in the axons. The 3R and
4R repeats in the microtubule binding domains are composed of repetitive sequences of 31 or 32
residues (Figure 17). Each repeat contains a proline-glycine-glycine-glycine (PGGG) repeat that
binds tightly to microtubules but does not promote assembly and has been suggested by
Mandelkow to form a B-turn (von Bergen et al. 2001).

Tau shares similar characteristics with the other neuronal MAP, MAP2. MAP2 has three
to four microtubule binding domains at its C-terminal and like tau and has a highly negatively
charged projection domain, although the MAP2 projection domain is much larger accounting for
its molecular weight (280,000 Da versus 45,000-60,000 Da for tau). Splicing of the MAP2 gene
results in 4 isoforms; MAP2a and MAP2b, which have the largest projection domains and
MAP2c and MAP2d with sizes closer to those of tau. MAP2c is only expressed during early
phases of neuronal development and is then downregulated (Garner et al. 1988). MAP2b is
expressed constitutively while MAP2a expression rises as MAP2c levels drop (Dehmelt and
Halpain 2005). In rats, MAP2d expression is detected at day five postnatal but mRNA is detected
throughout all stages of development (Fehrat et al. 1994). Unlike tau, MAP2c and MAP2d have
been shown to interact with f-actin through their microtubule-binding domains and this
interaction is essential for neurite initiation (Griffith and Pollard 1982, Roger et al. 2004, Ferhat
et al. 1996).

Phosphorylation is important for tau’s physiological function and also key to
understanding its pathological activity. Human tau has an unusually high cysteine and threonine
content that is susceptible to phosphorylation (45 serines and 35 threonines). Tau can be
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phosphorylated by several kinases including cAmp-dependent protein kinase, Ca*"-calmodulin-
dependent protein kinase, casein kinases, cdc2 kinase, protein kinase C, and MAPK (for review
see Cassimeris and Spittle 2001). Phosphorylation of tau can result in weakening of the
electrostatic interactions between tau and the microtubule and removal from the microtubule

lattice (Marklund et al. 1996, Horwitz et al. 1997, Chang et al. 2001).
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Figure 16. Schematic of the six isoforms of tau. Alternative splicing of tau yields six isoforms
that differ in their combination of two domains in the N-terminal projection domain and the four
C-terminal microtubule binding repeats. Molecular weights are listed on the N-terminal region.
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Figure 17. Alignment of tau microtubule binding repeats from human protein sequence.
Microtubule binding repeats R1, R2, R3, R4 were aligned using ClustalX. PGGG region is
completely conserved in all domains. Residues are colored as follows: orange= G, P, S, T; red=
H, K, R; blue= W, Y; aqua= F; green=1, L, M, V; and white= A, C, N, D, E, Q. The histogram
at the bottom of the sequences reflects conservation of amino acids at each position.
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Alzheimer’s disease

Tau is highly expressed in neurons where it can form paired helical filaments (PHF)
found in brain tissue of patients suffering from Alzheimer’s disease (Goedert et al. 1988, Kondo
et al. 1988). Alzheimer’s disease is the most common form of dementia and is estimated to
affect 35 million people worldwide. In the AD brain, tau is hyperphosphorylated at physiological
sites but additionally at sites considered to be pathological. Hyperphosphorylated tau assembles
into paired helical filaments that form the neurofibrillary tangles (NFT) found in the plaques of
AD brains (Grundke-Igbal et al. 1986, Lee et al. 1991). Abnormal phosphorylation of tau seen in
AD is a result of upregulation of tau specific kinases or downregulation of tau phosphatases and
not mutation of the tau sequence. Tau mutations are seen in a familial form of dementia,
frontotemporal dementia, where most mutations cluster in the microtubule-binding domain
emphasizing the importance of these domains in a functional tau (Hong et al. 1998, Bunker et al.
2006). Over 30 sites of phosphorylation in tau found in AD patient brains have been identified
though only a few have been characterized. Phosphorylation of sites Thr231 and Thr181 seem to
be an early event in the process that leads to AD (Arai et al. 2000, Hansson et al. 2006).
Phosphorylation of Ser262 in the microtubule-binding domain results in the inability of tau to
bind microtubules resulting in highly unstable microtubules (Drewes et al. 1995).

Microtubule-tau interaction

Under normal conditions tau is associated with microtubules in neurons. Overexpression
of tau inhibits the motor protein kinesin from binding to microtubules and thus interferes with
plus-end directed trafficking of vesicles, mitochondria and other cargo (Ebneth et al. 1998).
Kinesin binds along the crest of the microtubule protofilaments and results indicating
competition between kinesin and tau have been interpreted to indicate that tau is also binding
along the crest of the protofilament (Trinczek et al. 1999). Secondary protein prediction, rotary
shadowing and circular dichroism experiments have led people to believe that tau proteins are
highly linear polypeptides with no detectable secondary structure (Voter and Erickson 1982,
Schweers et al. 1994) but others suggest that the microtubule binding domain of tau could adopt
a helical structure upon binding to the microtubule (Eliezer et al. 2005, Gamblin 2004)

Three models have been proposed for how tau binds to the microtubule. The first two
models come from the Itoh lab’s work on MAP2 (Ichihara et al. 2001). In their first model they
suggest that MAP2 or tau could form a ‘hoop’ by bridging between dimers between adjacent
protofilaments on the outside of the microtubule (Figure 18; model I). This stabilizing hoop
surrounding the microtubule would decrease the curvature of protofilaments and restrict them
from peeling away from the microtubule as seen in depolymerization. Their other model
suggests that MAP2 or tau could bind along single protofilaments stabilizing the interdimer
contacts (Figure 18; model II). In this model tau serves as a splint restricting curvature in the
protofilament. They fail to clarify in the model whether tau would bind along the crest of the
protofilaments or in the groove between the two protofilaments. A case can be made for both
since binding along the crest of the protofilament supports data suggesting competition between
kinesin and tau (Trinczek et al. 1999) while binding in the groove between protofilaments could
stabilize the interprotofilament interaction. A third model was inspired by the observation that
the PGGG motif in tau matches a part of the a-tubulin sequence that fills a site analogous to the
taxol binding site (Nogales et al. 1999), along with subsequent experiments which showed
competition between tau and taxol (Figure 18; model III) (Kar et al. 2003, Makrides et al. 2004).
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This model is very similar to the ‘hoop’ model in directionality and stabilization method but on
the inside of the microtubule lumen versus the outside. These observations suggested a binding
site for tau on the inside of the microtubule.

== Model I
== Model II
- Model II1

Figure 18. Three models for tau binding to microtubules. Schematic of microtubule showing
tau binding models in green, forming a ‘hoop’ by bridging between dimers between adjacent
protofilaments on the outside of the microtubule, purple, binding along single protofilaments
stabilizing the interdimer contacts restricting curvature in the protofilament, and orange, bridging
between dimers between adjacent protofilaments on the inside of the microtubule.

The first attempt to determine tau’s orientation on microtubules came from the Milligan
lab and resulted in a structure with the resolution of around 20 A (Al-Bassam et al. 2002). Their
data showed that tau runs longitudinally along the outside ridge of the protofilaments and
interacts with helices H11 and H12. Their labeling of MAP2c with undecagold demonstrated that
it binds specifically to sites on the dimer, rather than indiscriminately to alpha and beta
monomers. Their data on MAP2c can be translated to tau since both proteins appear to bind in
the same manner.

A second cryo-EM study by the Amos lab suggested an opposing model for tau binding
where tau binds partially on the inside of the microtubule and can be displaced by Taxol (Kar et
al. 2003). Again, a gold label attached to one of the microtubule-binding repeats of tau localized
to beta tubulin in the microtubule lumen, with minimal density on the microtubule exterior. Both
models indicate that one tau molecule binds to two heterodimers or one tau for every four
monomers of tubulin. The report from the Amos lab was not initially supported until meticulous
kinetic analysis showed that binding constants for tau could dramatically change if tau is added
before or after microtubule polymerization (Makrides et al. 2004). Adding tau before
microtubule polymerization allows for incorporation inside of the microtubule lumen resulting in
a tau molecule that is irreversibly bound. Addition of tau to taxol-stabilized microtubules results
in tau decoration along the outside of the preformed microtubule. By obtaining our own models
of tau binding under the two polymerization conditions at higher resolution we hope to clarify
the discrepancy between the two models at limited resolution.
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Experimental Procedures

Binding assays

4R-Tau was a generous gift from Christopher Berger (University of Vermont). As
described in previous work tau in BRB80 buffer (80 mM PIPES, 1 mM MgSO,, 1 mM EGTA)
was added at a 1:4 molar ratio to tubulin samples for both polymerization conditions binding to
microtubules. We performed binding experiments using the 1:4 molar ratio followed by
centrifugation at 50,000 x g to pellet microtubules and bound tau. Samples of supernatant and
pellet fractions were collected and applied to a denaturing 4-20% polyacrylamide gradient gel
(Pierce) and stained for protein using GelCode (Pierce) (Figure 19). For tau added after tubulin
polymerization, microtubules were stabilized with 50 pM taxol prior to tau addition and then
centrifuged through a 20% glycerol cushion to remove excess tau and tubulin (unbound and
unpolymerized, respectively). For polymerization in the presence of tau, tau was mixed with
tubulin on ice in a buffer containing 0.1 M TMAO and 5% DMSO. GTP was added to 1 mM and
the sample was warmed to 37°C to polymerize microtubules. Both samples were resuspended in
a low salt buffer. Microtubules polymerized in the presence of tau lack taxol and were kept at
37°C to ensure stabilization in the absence of taxol.

Additional samples of tau decorated taxol-stabilized microtubules were prepared using a
molar ration of tau to tubulin of 1:2 and 1:10.

SRR

B

IS 3P 45 5P

Figure 19. Co-sedimentation of tau and tubulin. 4-20% gradient polyacrylamide denaturing
gel. S - supernatant; P - pellet. Lanes 2,3 - tau added to Taxol-stabilized microtubules; lanes 4,5,
tau added before microtubule polymerization. Tau added with dimeric tubulin strongly enhances
polymerization, although apparently not as much as Taxol. In all cases, essentially all tau pellets
with the microtubules.

Computational alignment
Protein sequences obtained from the UniProt database were used for multiple sequence
alignments using ClustalW (Jain et al. 2009).

Cryo electron microscopy

Tau-decorated microtubules were prepared for EM by applying 3 pl of solution to
Quantafoil 300 mesh copper grids at room temperature or at 37°C with 80% humidity. All grids
were glow discharged for 15-20 seconds. The grid was blotted for 3.5-4 seconds using #1
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Whatman filter paper and then plunge frozen in liquid ethane using a Vitrobot (FEI). Frozen-
hydrated samples were examined using a JEOL 4000 electron microscope at 400 kV with the
specimen held at approximately -170°C. Images for high resolution structure work were taken 1-
2 um underfocus on film (Kodak) at a magnification of 60,000. To more clearly visualize
protofilaments images were recorded at 4 pm.

Image processing and analysis

Film was scanned on a Nikon scanner robot with a 6.35 pm step size, resulting in a pixel
size of 1.14 A. The image processing approach was basically similar to that described in chapter
2 for images of parkin-decorated microtubules.

Image analysis:

Images of microtubules were boxed into short segments that were then treated as single
particles for alignment and averaging. Unlike the parkin case, where it was necessary to identify
the tubulin dimer as well as the seam in the microtubule lattice, for this stage of the work the
microtubule could be considered as a true helix with no difference between alpha and beta
tubulins. This allowed easier averaging within each box and refinement of helical parameters in
order to improve the alignments. The boxed images were first aligned parallel to the box edge
using the strategy described by (Li et al. 2002) and then subjected to supervised classification to
ensure that they were sorted into classes of the correct microtubule type. The iterative helical
real space reconstruction strategy (IHRSR; Egelman, 2007) was applied to refine the symmetry
parameters and reconstruct density maps.

Image extraction and in-plane rotation alignment:

The coordinate of the head and tail of each microtubule were marked out manually and
used to calculate the approximate orientations of the microtubules, along with the centers of each
box along the microtubule. To align the microtubule segment within each box, following the
methodology described by (Li et al. 2002), the power spectrum of each box was subjected to a
Radon transform. The peak position in the resultant sinogram provided the in-plane rotational
angle to precisely align the microtubules parallel to the box edge.

Supervised classification based on multiple model volumes:

Classification of images by the type of microtubule (i.e., the number of protofilaments)
was carried out using a supervised classification strategy. Models for several microtubule types
were generated using the tubulin structure (PDB ID 1JFF, (Lowe et al., 2001)) and the
theoretically predicted symmetry parameters (Chretien and Wade, 1991). The model maps for
supervised classification were filtered to resolution of 36A in order to avoid biasing the results.
Projections of the models were calculated and used as the reference set for correlation with the
images to determine PF number, polarity, and start number of the microtubule, as well as the
orientation. All of the images from a given microtubule were processed as a group, and only
when the majority of the images (70%) fell into a certain class, the class of that group was
confirmed.

Refinement of symmetry parameters:

In order to ensure that addition of tau did not alter the symmetry parameters for the
microtubules, the iterative helical real space reconstruction (IHRSR) sqtrategy was applied to the
images of each microtubule type separately. The final 3D volume was obtained by weighted
back projection following (Sindelar and Downing, 2007, Yonekura and Toyoshima, 2000). The
symmetry was then imposed followed by compensation for the falloff in structure factor
amplitudes at high resolution.
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Results and Discussion

Previous reports on visualization of tau and MAP2¢ bound to microtubules had all used
helical reconstruction methods based on selection of microtubules with 15-protofilaments. Our
lab has developed procedures that take advantage of the parallel protofilaments in 13-
protofilament microtubules, which are more amenable to averaging within short microtubule
segments, and led to a series of 3D reconstructions at much higher resolution. Our original
approach of selecting the 13-protofilament microtubule images for data processing was not
giving a signal for tau when a report appeared indicating that the presence of tau induces
formation of 14-protofilament microtubules based on X-ray scattering (Choi et al. 2009). We
confirmed this observation by taking cryo-EM images of microtubules without tau, with 1:10 and
1:2 (tau:tubulin monomer) at sufficiently high defocus to easily visualize protofilaments. These
images were analyzed for the presence of a moiré pattern and characteristic longitudinal fringe
patterns generated by projection of the protofilaments from the front and back of the microtubule
wall that are characteristic of each type of microtubule (Figure 20). Our results confirmed that
increasing concentrations of tau resulted in a shift from 13- to 14- protofilament microtubules.
30% fewer 13-protofilament microtubules were observed in the 1:10 samples and 40% fewer 13-
protofilament microtubules were observed in the 1:2 samples (Figure 21).

Figure 20. Increasing concentrations of tau result in a shift from 13- to 14- proto-filament
microtubules. Cryo-EM images of microtubules with 1:10 tau (tau:tubulin monomer) at
sufficiently high defocus to visualize protofilaments. Images were analyzed for the presence of a
moiré pattern and characteristic longitudinal fringe patterns to determine protofilament number.
Black arrows indicate protofilaments. White arrow identifies moiré pattern.
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Figure 21. Addition of tau to taxol-stabilized microtubules decreases fraction of 13-
protofilaments. Cryo-EM images of microtubules without tau, with 1:10 and 1:2 (tau:tubulin
monomer) at high defocus were used to categorize the distribution of proto-filament number in
microtubules. Of the 13- and 14-protofilament microtubules counted 30% fewer 13-
protofilament microtubules were observed in the 1:10 samples and 40% fewer 13-protofilament
microtubules were observed in the 1:2 samples.

no tau 1:2

Therefore, we altered our processing strategy to select the images of 14-protofilament
microtubules. Initial experiments have focused on tau bound to Taxol-stabilized microtubules. A
reference-based approach, previously used in the lab for the reconstruction of bare microtubules
with different protofilament numbers, as well as the iterative helical real space reconstruction
approach (IHRSR) were used since we did not expect to be able to distinguish the difference
between the monomers of tubulin when tau is bound along the outside. These two methods gave
indistinguishable results. For reasons that could be related to specimen preparation, the
resolution in the reconstructions is limited to around 16-20 A (Figure 22). Comparing the tau
structure to a reconstruction of a bare 14-protofilament microtubule there is clearly extra density
along the crest of the protofilament after tau decoration, comparable to the report by Al-Bassam
and Milligan but somewhat more distributed across the tubulin monomer. Adding more data to
this reconstruction will improve the resolution, since only 30 microtubules were used for this
figure, compared to the typical 100 for our usual 8 A reconstructions. Being more selective in
which images are used and perhaps more careful in proper CTF correction with these images will
help us approach our target resolution. We have collected but not yet processed additional
images of microtubules that were polymerized in the presence of tau.

In addition to the 4R construct the Berger lab will also provide us with a mutated 4R tau
in which only one cysteine remains. This will allow for the use of Monomaleimido-
NANOGOLD (Nanoprobes, Inc) for gold labeling. Nanaogold uses a discrete gold compound of
either 0.8 or 1.4 nM in size versus colloidal gold. Each nanogold particle has a single maleimide
group incorporated into the ligand on the surface of the gold particle that reacts specifically with
sulthydryl groups. Nanogold is well suited for electron microscopy and has been used by both
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the Amos and Milligan labs. The gold labeled tau should distinguish specific binding to the
dimer and be especially useful for the inside model where tau is proposed to bind to f-tubulin.

Figure 22. Reconstruction of a tau decorated microtubule. Superposition of maps of bare 14-

pf microtubule (blue) and tau-decorated microtubules (yellow). Resolution in both is cut off at
15-20 A, and isosurface levels were chosen to produce the same surface on the inside of the
microtubule.
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Chapter 4.
Zinc Deficiency Reduces Taxol Efficacy in
Human Prostate Cancer Cells

Introduction

According to 2006 statistics from the American Cancer Society, 1 out of every 6 men will
be diagnosed with prostate cancer during his lifetime; consequentially, prostate cancer will result
in nearly 10% of all cancer deaths in men (ACS 2007). This makes prostate cancer the second
most common cancer (after skin cancer) and second leading cause of cancer death (after lung
cancer) in men from the United States. If the prostate cancer is detected at an early stage,
treatments including surgery, radiation, and hormone therapy are preferred. However, advanced
stages of prostate cancer often become too complex for surgical removal and refractory to
hormone therapy, so chemotherapy is then a recommended therapeutic approach. One of the
most common drug classes for chemotherapy used in the treatment of prostate cancer are the
taxanes, such as the first generation drug taxol. Taxol and related taxanes suppress normal
microtubule dynamics, resulting in mitotic block and eventual apoptosis (Schiff et al. 1979,
Downing 2000, Xiao et al. 2006). Taxol has been used to successfully treat a variety of cancers
from ovarian, breast, and lung (Jordan and Wilson 2004). More recently, taxol and other taxanes
have been shown to improve survival in prostate cancer patients, especially in combination with
estramustine (Vaughn et al. 2004, Athanasiadis et al. 2003). However, the taxanes have a narrow
therapeutic window and often cause significant negative side-effects. Therefore, any approach
that enhances the efficacy of the taxanes would be valuable to reduce the amount of drug
necessary for clinical effect.

In 2002, Kolenko and colleagues reported that taxol activity was enhanced by increased
levels of the micronutrient zinc in cultured prostate cancer cell lines (Uzzo et al. 2002).
Increased intracellular zinc was achieved by addition of zinc to the culture media along with a
selective ionophore. This treatment resulted in increased cellular sensitivity to taxol compared to
sham-treated cells. This finding will have clinical importance if elevated zinc availability
similarly increases taxol efficacy in vivo. However, zinc deficiency - not zinc excess - is a major
public health problem; in the United States, approximately 50% of men over the age of 50 are
getting less than the recommended daily allowance (RDA) and over 10% are getting less than the
estimated average requirement (EAR), two standard deviations below the RDA (Moshfegh et al.
2005). In fact, there is epidemiological evidence that inadequate zinc can promote cancer
development, including in prostatic tissue (for reviews, see Kristal et al. 1999, Ames and
Wakimoto 2002, Prasad and Kucuk 2002, Ho 2004). This observation prompted us to
investigate whether reduced zinc availability could cause decreased sensitivity to taxol in
prostate cancer cells.

We found that the ability of taxol to arrest the cell cycle and to cause apoptosis in a
prostate cancer cell line was significantly reduced when cells were maintained under zinc-
deficient conditions. Reduced zinc alone had no apparent affect on cellular growth, viability,
cell cycle distribution, or apoptosis levels, indicating that the cell lines adapted well to zinc-
deficient conditions. However, zinc deficiency did appear to alter the physiologic context of
cellular response to taxol, resulting in reduced sensitivity. It is too early to speculate whether
this observation is relevant to the success rate of taxanes in treating prostate cancer patients, but
if so, then zinc supplementation may be an inexpensive and safe co-therapy. It should be noted
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that excessively high zinc supplementation has actually been associated with increased risk of
prostate cancer (Leitzmann et al. 2003). Thus we suggest that correcting zinc deficiency (rather
than supraphysiological zinc dosing) along with taxane chemotherapy may be worth
investigation.

Experimental Procedures

Reagents

LNCaP and PC3 prostate-derived cell lines were purchased from American Type Culture
Collection (Rockville, MD). Fetal bovine serum (FBS) was purchased from Hyclone (Logan,
UT). RPMI-1640 growth media, 4°,6-diamidino-2-phenylindole (DAPI), trypsin-EDTA, and all
other cell culture reagents were purchased from InVitrogen (Carlsbad, CA). AG MP-50 (100-
200 mesh), BioRex MSZ 501D (25-35 mesh), and Chelex-100 (50-100 mesh) resins were
purchased from BioRad (Hercules, CA). Sample 1577b bovine liver reference material was
purchased from National Institute of Standards and Technology (NIST; Gaithersburg, MD).
OmniTrace 70% HNOs; and OmniTrace water were purchased from VWR International (West
Chester, PA). Tris(2-aminoethyl)amine-agarose (TAEA; A-1579), Duolite C467 (16-50 mesh)
resin, diethylenetriamine pentaacetic acid (DTPA), and all other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO), unless otherwise indicated.

Cell culture

LNCaP and PC3 cell lines were cultured in 90% RPMI-1640 media supplemented with
10% FBS in an incubator maintaining 100% humidity and 5% CO,. Cultures were passaged
weekly with trypsin-EDTA and counted using a Z2 Coulter Counter (Beckman Coulter,
Fullerton, CA). Cell lines were adapted to standard or zinc-deficient media for 3 months.
Afterwards, a subset of zinc-deficient cultures was transferred to media in which zinc levels were
returned to control levels. Cells were continuously cultured under these conditions during drug
sensitivity testing.

Zinc-deficient media

FBS was depleted of zinc by incubation with immobilized TAEA (10% w/v) for 10 min
at 4°C and then elemental content of calcium, iron, magnesium, potassium, rubidium, sodium,
sulfur, and zinc was measured as described below. Non-zinc metal levels in all TAEA-stripped
FBS were adjusted to levels in control FBS with appropriate metal salts as needed. Additionally,
the zinc levels in the zinc-repleted condition were adjusted to control FBS levels with zinc
sulfate. All metal salts were cell culture-certified. Then TAEA-stripped FBS was sterilized
using 0.22um Millex-GV filters (Millipore, Billerica, MA) and periodically checked for
endotoxin (Endosafe Endochrome-K assay; Charles River Laboratories, Charleston, SC). FBS
used for control media was prepared in an identical fashion but without TAEA resin (sham).
FBS protein content was measured by a commercial bicinchoninic acid (BCA) assay (Pierce
Biotechnology Inc, Rockford, IL) using bovine serum albumin as the standard according to
manufacturer’s instructions.

Cell viability assays
Cell viability was assessed for early toxicity using an MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay. Reduction of MTT by reductases in the cell result in
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a purple precipitate and is an indicator of cell viability. Vital dye exclusion (trypan blue) was
used to measure end-stage toxicity. Trypan blue is a bulky, charged dye that only enters cells if
there are large holes present, as in late stage apoptosis. For early toxicity, cells cultured in multi-
well plates were incubated with CellTiter-Blue Cell Viability Assay (Promega Corporation;
Madison, WI) for 2 hours according to manufacturer’s instructions. Fluorescence yield was
monitored using a microplate fluorescence reader at an excitation of 560nm and emission at
590nm. For end-stage toxicity, cells cultured in multi-well plates were incubated with 0.2%
trypan blue in PBS for 5 min and then scored for exclusion of trypan blue dye.

Elemental analysis

The elemental content of media and cells was determined by inductively-coupled plasma
atomic emission spectrometry (ICP) (Killilea et al. 2003). Media or cell pellets were dissolved
in OmniTrace 70% HNO; for 12-16 hours at 60°C with orbital shaking. Lysates were then
diluted with OmniTrace water to 5% HNO; and introduced via a pneumatic concentric nebulizer
using argon as the carrier gas into a Vista Pro ICP (Varian Inc., Palo Alto, CA). Elemental
values were calibrated using NIST-traceable elemental standards and validated using NIST-
traceable 1577b bovine liver reference material. The coefficient of variation (CV) of intraassay
precision for zinc was 4.8% (n=10 in 1 run) and interassay precision for zinc was 7.0% (12
independent runs) for the NIST reference material. Total intraassay precision for all elements
measured in the NIST reference material had CVs ranging from 1.1-7.8% (n=10 in 1 run).
Cesium (50 ppm) was used for ionization suppression and yttrium (5 ppm) was used as an
internal standard. All reagents and plasticware were certified or routinely tested for trace metal
work. Data were collected and summarized using native software (ICP Expert; Varian Inc.).

Immunocytochemistry

Cells were cultured on glass chamber slides precoated with polylysine. Slides were
washed with TBS, fixed in 100% methanol for 5 min at -20°C, rehydrated in TBS, permeabilized
with TBS and 0.1% Triton X-100 (TBST), and then incubated in blocking solution (TBST and
2% bovine serum albumin).  Cells were incubated with 500pug/ml monoclonal mouse anti-
human B tubulin antibody (Sigma-Aldrich) for 1 hour, washed with TBST, incubated with
10pg/ml donkey-anti-mouse IgG secondary antibody labeled with Alexa Fluor 488 (InVitrogen),
and co-stained with 300nM DAPI. Slides were mounted and imaged by fluorescence
microscopy. Apoptotic cells were defined as having pinocytotic nuclei, membrane blebbing, and
non-filamentous microtubule staining. The identity of the culture conditions was randomly
coded prior to scoring for apoptosis by a trained observer.

Cell cycle analysis

Randomly cycling cell populations were analyzed for cell cycle distribution by propidium
iodide staining. Cells were harvested by trypsin-EDTA treatment and washed in PBS. Pellets
were resuspended in staining solution (50pg/ml propidium iodide, 0.1mg/ml sodium citrate,
2pg/ml ribonuclease A, and 0.03% Triton X-100) and vortexed for cell lysis (Krishan 1975).
DNA content was analyzed using a FACSCalibur flow cytometer (BD, Franklin Lakes, NJ).
Data were collected using 500,000 events per sample and mean fluorescence was summarized
using native software (CellQuest Pro, BD).
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Statistical analysis
Graphing, regression, and statistical analysis were performed using Prism 4.0 (GraphPad,
San Diego, CA) software. Significance was accepted at p<0.05.

Results

The predominant source of the zinc in culture media for LNCaP and PC3 cell lines is
FBS, so chelation was used to deplete zinc levels. Previous approaches have removed zinc from
FBS using dialysis and/or non-selective metal chelators, but many metals other than zinc are
depleted with these methods. A search for a commercially available chelator with high
selectivity for zinc revealed TAEA as a good option (Table III). TAEA at 10% w/v depleted the
level of zinc in FBS from 32.6+4.0uM (n=15) to 11.4£2.7uM (n=15), a significant reduction of
65% of zinc compared to control media. However, all other metals analyzed were depleted by
<15%, except for copper which was depleted by 30-40%. All TAEA-stripped FBS was repleted
with copper and other metals as needed, while zinc-repleted media was also supplemented with
zinc to levels of control media. TAEA-stripped FBS were routinely measured for endotoxin,
which was never detectable above sham treated FBS levels (data not shown). Additionally,
resins with bound metal ions can trap proteins, so TAEA-stripped FBS protein levels were
routinely measured. Total protein recovery was 95.7+£3.9% (n=5).

sham AG MP-50 BioRex MSZ Chelex-100 Duolite C467 TAEA
Ca | 99.6+25 302422 45+03 29+2.1 | 43+02 | 89.1 = 1.1
Cu | 1093+270 458+ 10.3 625+ 6.1 608+ 126 | 844+270 | 375+0.1
Fe | 10335+122 69+ 119 739+ 8.2 668 +2.6 | 0.7+12.1 | 87.7 = 0.1
K | )87 +2.2 9.7+0.1 193+ 0.1 774412 | 762+ 1.6 | 89.8 = 0.4
Mg | 992+2.1 2.6+ 0.1 26+0.1 052+0.1 | 03+0.1 | 87.6 = 0.1
Na 992+2.2 254+0.1 33.7+06 1028 +0.7 1482+24 993 = 0.6
Rb | 981+ 19 40+19 13.6+ 03 722+ 1.1 | 722+08 | 88.0 =04
S | 394428 69.4+ 0.6 623+ 1.1 923+ 1.1 | 927+1.1 | 88.0=02
| Zn | 89.1+4.7 169+ 1.0 75.6+23 384+ 1.2 | 422+ 1.7 | 306+ 0.7

Table III: Extraction profile of commercial immobilized chelators in FBS. Chelators were
incubated with FBS at 10% w/v for 10 min at 4°C with constant rotation. Remaining elemental
content was determined by ICP. Representative data shows mean + SD for n=2-3 replicate
measurements. For TAEA extractions, only copper (Cu) and zinc (Zn) were decreased by more
than 15% of sham treatment.

Freshly thawed LNCaP and PC3 cell lines were passaged directly into control or zinc-
deficient media and cultured for 3 months for adequate adaptation. After this time, a
subpopulation of zinc-deficient cells was transferred to zinc-deficient media supplemented with
zinc to the level of control media (zinc-replete media). The cells were then tested for changes in
cell physiology and drug sensitivity. During this time, no change in cell population growth rates
was observed (Figure 23A-B). These data were fit to a linear regression model, yielding a high
goodness of fit (r2 > 0.99) for all cells and conditions. Average native doubling times were
calculated as 1.8-1.9 days for LNCaP cells and 1.6-1.7 days for PC3 cells. Additionally, no
change in relative viability between culture conditions was observed for either cell type when
tested for resazurin dye reduction (Figure 23C-D). Cells were plated at varying densities to
detect changes in viability over a range of culture confluency. There was no significant loss of
cell viability in zinc-deficient compared to zinc-replete conditions for either cell type. These
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findings were corroborated with experiments showing no difference in trypan blue dye exclusion
as an end-stage cell viability marker (data not shown).
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Figure 23: Zinc deficiency did not reduce cellular growth rates or viability in prostate cell
lines. Mean population doublings were plotted as a function of time in culture for LNCaP (A)
and PC3 (B) cells under control (circle), zinc-deficient (ZnDf; open square), or zinc-replete
(ZnRp; solid square) conditions, and then fit with linear regression model (r* > 0.99, all
conditions). The slopes for ZnDf and ZnRp conditions were less than 3% lower compared to
control for each cell type. Cell viability was determined by resazurin dye reduction in LNCaP
(C) and PC3 (D) cells under control (solid), zinc-deficient (ZnDf; open), or zinc-replete (ZnRp;
hatched) conditions. Cells were plated at indicated concentrations as allowed to grow for 3 days
before application of CellTiter-Blue reagent for an additional 2 hours. Fluorescence was
measured at 560nm/590nm and plotted in conjunction with culture confluency. PC3 cells in
ZnDf media at the 2000 cells/cm® density were significantly different from control conditions
using two-tailed ANOVA with Tukey post test; however, this trend was not consistent with other
plating densities.
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LNCaP and PC3 cell lines were also tested for changes in cell physiology following the 3
months adaptation period. There were no changes in cell cycle distribution from cultures
maintained in zinc-deficient conditions in either cell type (Figure 24A-B). There were also no
detectable differences in apoptosis rates between culture conditions for each cell type (Figure
26A-B - no drug treatment). Additionally, the severity of zinc deficiency was assessed by
analyzing intracellular zinc content. Even after months of exposure to reduced extracellular zinc,
the levels of total intracellular zinc from cells maintained in zinc-deficient media showed no
consistent variation from control cells in either cell type (Figure 24C-D). Linear regression
analysis indicated that the slopes of the fit data were not significantly different from each other
and not significantly different from zero, indicating no change in intracellular zinc over time.
Thus, zinc-deficient culture conditions appeared to be mild and well-tolerated by LNCaP and
PC3 cells and could be used to test the influence of zinc status on chemotherapeutic activity.
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Figure 24: Zinc deficiency did not alter cell cycle distribution or intracellular iron levels in
LNCaP and PC3 cells. Representative data show mean + SD of cells in randomly-cycling
populations within each phase of the cycle after 3 months acclimation to control (solid), zinc-
deficient (ZnDf; open), or zinc-replete (ZnRp; hatched) conditions (A). No significant
differences were observed in either cell type from zinc-deficient or replete conditions compared
to control using one-way ANOVA with Tukey post test. Cells from same conditions were also
sampled for total intracellular zinc levels as determined by ICP. Representative data show mean
+ SD of zinc content normalized to 1x10° cells (B). No consistent trend was detectable in either
cell type or media conditions. Linear regression analysis of data indicated that slopes were not
significantly different from each other and were not significantly non-zero.
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The effect of taxol on LNCaP and PC3 cell cycle distribution was then investigated as a
function of zinc status. Taxol disrupts normal microtubule function during mitosis and thereby
stalls the cell cycle in G2/M phase. Randomly-cycling cells were plated and cultured until
approximately 60-70% confluent before being exposed to a range of taxol concentrations for 24
hours. Cells were then analyzed for cell cycle distribution by propidium iodide staining of DNA
content quantitated by flow cytometry. In PC3 cells, taxol demonstrated similar efficacy in all
groups (Figure 25B). However in LNCaP cells, taxol demonstrated decreased efficacy in zinc-
deficient conditions, resulting in a significant increase in IC50 by a factor of 5 compared to
control and zinc-repleted cells (Figure 25A). The calculated IC50 values of cells under standard
media conditions were similar to literature reported values (Perez-Stable 2006). In 4
independent experiments, the average IC50 for taxol-induced G2/M arrest in zinc-deficient
conditions in LNCaP cells was 2.4-fold greater than matched controls. In 4 independent
experiments, the average IC50 for taxol-induced G2/M arrest in zinc-deficient conditions in PC3
cells was 0.9-fold greater than matched control.
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Figure 25: Zinc deficiency was associated with reduced paclitaxel-induced cell cycle arrest
in LNCaP cells. Subconfluent cultures were exposed to increasing paclitaxel concentrations for
16 hours and then analyzed for G2/M arrest by flow cytometry. Representative data show
summarized mean data fit to sigmoidal dose-response curves for cells from control (circle/solid
line), zinc-deficient (ZnDf; open square/dotted line), or zinc-replete (ZnRp; solid square/solid
line) conditions. In LNCaP cells, the dose-response curve of paclitaxel in zinc-deficient
conditions was significantly right-shifted relative to control conditions, whereas zinc-replete
conditions were similar to control (A). The mean £ SEM ICs, were determined to be 4.6 £ 1.8
nM, 18.3 £ 1.7 nM, and 5.1 £ 1.7 nM for control, ZnDf, or ZnRp conditions respectively. In
PC3 cells, the dose-response curve of paclitaxel in all conditions was similar (B). The mean +
SEM ICsy were determined to be 6.9 + 1.6 nM, 4.2 £ 2.0 nM, and 5.5 £ 1.6 nM for control,
ZnDf, or ZnRp conditions respectively.
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The eventual consequence of stalled mitosis is apoptosis. To see if taxol-stimulated
apoptosis was determined in LNCaP and PC3 cell lines as a function of zinc status. Randomly-
cycling cells were plated and cultured until approximately 60-70% confluent before being
exposed to 25 nM taxol for 24 hours. Cells were then fixed and visually scored for apoptotic
cells with pinocytotic nuclei, membrane blebbing, and disrupted microtubule networks using
fluorescence microscopy. In LNCaP cells, taxol treatment resulted in a reduced number of cells
with pinocytotic nuclei in zinc-deficient compared to zinc-replete conditions; the number of cells
positive for apoptosis was reduced by approximately 50% in zinc-deficient conditions (Figure
26). In PC3 cells, taxol treatment under the same conditions resulted in similar efficacy in all
groups (Figure 26). This pattern was also seen when analyzing cell cycle distribution described
above for increases in cells containing sub-G1 DNA content, indicative of late apoptosis (data
not shown). In LNCaP cells, taxol treatment resulted in fewer cells with sub-G1 DNA content as
compared to control and zinc-repleted cells. In PC3 cells, taxol demonstrated similar efficacy in
all groups. These data paralleled the findings from taxol-induced changes in cell cycle
distribution.
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Figure 26: Zinc deficiency reduced Taxol’s efficacy in LNCaP, but not PC3, to intiate
apoptosis. Cultures were acclimated for 4 months under zinc deplete or replete conditions. Cells
were exposed to increasing Taxol concentrations for 16 hours and then scored for apoptosis.
Representative data shows cells in control media with (B) or without Taxol (A) or zinc deficient
media with (D) or without Taxol (C) for each cell type, with quantitation in subsequent graphs.
In LNCaPs, Taxol-mediated apoptosis was reduced.
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Discussion

A report showing that excess zinc improved the efficacy of taxol in prostate cancer cells
(Uzzo et al. 2002) stimulated our interest in whether taxol would be less efficacious when zinc
was limited. This question has important public health implications because zinc deficiency is
surprisingly common (Moshfegh et al. 2005, DRI 2001). Zinc deficiency is especially
pronounced in the elderly and underprivileged groups due in part to excessive consumption of
calorie-rich, micronutrient poor diets (Wakimoto and Block 2001, Ames 2006). Zinc is an
essential micronutrient that is required for a vast number of physiological functions, including
reproductive health (DRI 2001). In men, the prostate may be particularly sensitive to zinc
deficiency due to the high levels of zinc required for proper function (Boyle et al. 2003). In fact,
zinc uptake in prostate epithelial cells can be up to 10 times higher than other cells types in the
body; interestingly, zinc levels in prostate epithelial cells rapidly decline upon transformation to
a cancerous phenotype (Costello and Franklin 1998, Huang et al. 2006). Zinc homeostasis may
play important regulatory roles in both normal growth and carcinogenesis within the prostate,
though the exact details remain obscured.

To study the effects of zinc deficiency on prostate cancer cells, culture media with
reduced zinc content was prepared. Previous approaches to deplete zinc in culture media have
employed dialysis against chelators such as EDTA and DTPA (Pilz et al. 1982, Mackenzie et al.
2002). However, these chelators are not selective for zinc and cause severe depletion of many
divalent metals. In some cases, the investigators repleted at least some of the lost non-zinc
metals, but it is difficult to assess whether exogenously added metals return to correct functional
pools. Our laboratory and others have previously extracted zinc from FBS with EDTA-analogs
immobilized on beads (e.g. Chelex-100) that had somewhat better specificity for zinc than other
methods (Tate et al., 1999, Ho and Ames 2002). We continued to evaluate other immobilized
chelators and found TAEA extracted a sizable fraction of zinc with only a modest depletion of
other metals. To our knowledge, the selectivity of TAEA for zinc has not been previously
reported. Additionally, TAEA did not substantially trap protein or add detectable amounts of
endotoxin. The main drawback is that zinc extraction capacity for TAEA (60-70%) is somewhat
lower than EDTA-analogs (often >90%) in FBS, but this level was sufficient for this study.
Therefore, TAEA was used to prepare the zinc-deficient culture media.

Both LNCaP and PC3 prostate cell lines appeared to adapt well to moderately zinc-
deficient conditions. No losses in cellular growth, viability, cell cycle distribution, or apoptosis
rates were detected under zinc-deficient conditions alone. Moreover, the total intracellular zinc
content was not significantly altered despite months of culturing in zinc-deficient conditions.
We previously found that several other cell types did respond with reduced intracellular zinc
levels when cultured in culture media containing zinc-depleted FBS prepared using Chelex-100
(Ho and Ames 2002, Ho et al. 2003). This is likely due to cell type differences and a more severe
zinc deficiency. In the current study, we calculated that the number of moles of zinc in the zinc-
deficient media was still 100-fold greater than the moles of zinc in the combined intracellular
volume of plated cells. Thus cells cultured in zinc-deficient media would still be able to meet
intracellular zinc requirements by increasing zinc intake and/or reducing zinc export. Moreover,
other reports have shown that some cell types are efficient in maintaining their intracellular zinc
levels (Walsh et al. 1994, Uzzo et al. 2006). The lack of severe phenotypic alteration due to
zinc-deficient conditions was beneficial for this study because it provided a cell model that was
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uncomplicated by additional toxicities for evaluating the chemotherapeutic drug taxol. The major
phenotypic difference we detected in zinc-deficient media was a loss of sensitivity to the taxol-
induced cell cycle arrest and apoptosis. This effect was not seen with zinc deficiency alone, but
zinc deficiency was necessary for the effect since cells cultured in zinc-deficient media repleted
with zinc responded to taxol similarly to control cells.

Zinc-dependent loss of taxol activity was observed in LNCaP, but not PC3, cell lines.
The means by which zinc deficiency confers taxol sensitivity to LNCaP cells are unclear, though
earlier studies have also shown differential responses of LNCaP and PC3 cells to alterations in
zinc homeostasis. For example, Feng and colleagues reported a greater inhibition of cell growth,
delayed cell cycle kinetics, and increased apoptosis for LNCaP compared to PC3 cells when
exogenous zinc was added to culture media (Liang et al. 1999). Other groups have shown
increased LNCaP cell sensitivity to apoptosis sensitizing agents such as camptothecin,
nutraceuticals such as lycopene, and anti-proliferative hormones such as vitamin D3 (Wang et al.
1999, Ivanov et al. 2007, Zhuanh and Burnstein 1998). Two known differences in these cell
lines may explain these findings. LNCaP cells are p53+/+ whereas PC3 cells are p53-/-. P53 is a
known zinc-dependent enzyme and severe zinc deficiency has been shown to inactivate p53 (Ho
and Ames 2002), which may make LNCaP cells more sensitive to zinc-deficient conditions.
Also, LNCaP cells are androgen-sensitive whereas PC3 cells are androgen-insensitive.
Androgens are known to regulate prostate cell zinc homeostasis in vitro and in vivo (Liu et al.
1997), thus androgen-sensitivity may cause LNCaP cell physiology to be more affected by zinc-
deficient conditions. However, other cell lines differences to be revealed in future studies may
also play a role.

The molecular mechanisms through which zinc deficiency diminishes taxol efficacy in
the LNCaP cell line are not yet known, though several possibilities can be proposed. Zinc levels
modulate key apoptosis-related proteins such as bax, bcl-2, and caspases (Feng et al. 2000,
Untergasser et al. 2000, Ganju and Eastman 2003, Kondoh et al. 2005, Zago et al. 2005), so
reduced zinc could alter apoptotic cascades. However, these perturbations would occur
downstream to the effects on cell cycle kinetics and thus not explain the changes seen in cells
cultured in zinc-deficient media. It has been proposed that microtubule dynamics themselves
may be disrupted by altered intracellular zinc levels, perhaps due to reduced tubulin
polymerization rates (Hesketh 1982, Oteiza et al. 1990). However, intracellular zinc levels were
not decreased in our study; moreover, zinc deficiency alone had no effect on cell cycling. Yet
we cannot rule out that zinc deficiency might have caused a decrease in the labile zinc pool,
which represents a small fraction of the total zinc in the cell, that was sufficient to affect taxol
action on the microtubule network. Another reported consequence of zinc deficiency was
increased oxidative stress and depressed oxidative damage repair systems (Ho and Ames 2002,
Ho et al. 2003, Zago et al. 2005, Oteiza et al. 2000, Clegg et al. 2005). Taxol targeting of
microtubule networks may be influenced by redox imbalances, although this has not been
previously reported. Moreover, the zinc-deficient conditions in our study were more moderate
than in most previous studies, so oxidative stress levels were probably not pronounced. In fact,
preliminary experiments in LNCaP and PC3 cells did not show any increase in protein carbonyl
levels in zinc-deficient conditions (data not shown). Yet the involvement of subtle or regional
bursts of oxidants cannot be ruled out.

An alternative mechanism for zinc-dependent loss of taxol efficacy could involve
changes in signal transduction caused by decreased extracellular zinc levels. Hershfinkel,
Moran, and colleagues have reported that at least some cell types contain membrane-bound
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receptors that sense extracellular zinc levels and couple with intracellular signal transduction
pathways without necessitating a concomitant rise or fall in intracellular zinc levels (Hershfinkel
et al. 2001). In their studies, zinc deficiency conditions triggered an extracellular zinc receptor
resulting in activation of the mitogen-activated protein kinase (MAPK) pathway; these findings
support previous work showing increased MAPK signaling with exposure to reduced zinc levels
(Zago et al. 2005). MAPKs phosphorylate a variety of target proteins in the cell, including a
family of proteins called microtubule-associated proteins (MAPs). MAPs are normally present
along the microtubule network and serve to both stabilize microtubules and regulate microtubule
dynamics (Mandelkow and Mandelkow 1995). Phosphorylation of MAPs typically causes
dissociation from the microtubule network and thereby results in increased microtubule
dynamics (Illenberger et al. 1996). Increased dynamics in the microtubule network can reduce
the ability for taxol to bind and stabilize the microtubules (Derry et al. 1997). A microtubule-
stabilizing drug like taxol would therefore be less efficacious when microtubules do not contain
MAPs. Currently, no studies have reported the presence of the extracellular zinc receptor or
difference in MAP content between LNCaP and PC3 cells, so the plausibility of this mechanism
is unclear at this time.

This study shows that some prostate cancer cells cultured in zinc-deficient conditions
demonstrate reduced sensitivity to the chemotherapeutic taxol. There are no data as to whether
zinc status has any consequence on the efficacy of taxol or other taxane compounds in
individuals being treated for prostate cancer. If zinc availability does attenuate taxol activity in
vivo, this would have important clinical implications since zinc is a common micronutrient
deficiency in the United States. Adjusting zinc intake by dietary means or modest zinc
supplementation might prove to be a safe and inexpensive approach to improving success with
taxol. This would also highlight the importance of the nutritional context for evaluation of
therapeutic efficacy, an issue that in our assessment is greatly underappreciated.
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Chapter 5.
Summary

Tubulin interacts with an astounding number of proteins that play such diverse roles as
maintaining cellular shape, transporting cargo along microtubules and proper segregation of
chromosomes during cellular division. The goal of this work is to advance our understanding of
the structural interactions between tubulin and it’s molecular partners in order to reveal the
complex interplay that takes place in the cell.

Parkin plays the role of a multi-faceted neuroprotective agent in the cell. Through its
ubiquitin ligase activity it protects cells from the unfolded protein response (Imai et al. 2000).
Phosphorylation of parkin by PTEN-induced kinase 1 (PINKI1) results in translocation to the
mitochondria where it acts as a signal for autophagy, protecting dopaminergic neurons from
accumulation of defective mitochondria (Narendra et al. 2008). Recently it has been suggested
that the absence of parkin in many tumor biopsies, its presence in a fragile site of the
chromosome and its high frequency of loss of heterozygosity (LOH) could implicate it as a
tumor suppressor (Cesari et al. 2003). Another recent role for parkin as a transcriptional
repressor of p53 has been suggested (da Costa et al. 2009). This seems feasible since parkin is a
member of the RIR family of proteins that has several members that participate in transcriptional
repression. One such member is MDM2, another transcriptional repressor and E3 ubiquitin
ligase for p53 (Geyer et al. 2000).

Our work with parkin has revealed that it is highly sensitive to aggregation and the
substitution of human parkin for rat parkin is sufficient to improve solubility. It is possible that
loss of a cysteine (C95) located in the linker domain of human but not rat parkin could be the
reason for improved solubility (Figure 15). Parkin-decorated microtubules were used for cryo
EM studies to identify the interaction interfaces involved in binding. The class averages and
associated power spectra indicate that parkin is binding to the dimer and not the monomer of
tubulin. Due to insufficient decoration we were unable to obtain a final reconstruction of parkin
binding to microtubules. The incomplete decoration of microtubules is easily solved and
additional samples can be prepared for cryo EM using higher parkin to microtubule ratio. These
samples should solve the problem of low occupancy seen during processing. If there is an
unforeseen issue with how parkin binds, additional constructs can be prepared that solely contain
the RIR supradomain (R1, IBR, and R2).

In the future, it would be interesting to make a complex of parkin decorated microtubules
with UbcH7 (the E2 for parkin) and a possible substrate bound to parkin. Since crystallization of
parkin with its partners has so far been unsuccessful, this complex would further help us
understand the geometry that occurs during ubiquitination. Several labs have demonstrated
through coimmunoprecipitation (Shimura et al. 2001), NMR analysis (Sakata et al. 2003), and x-
ray crystallography and molecular modeling (Tomoo et al. 2008) that parkin binds to the lid of
the 26S proteosome through the ubiquitin like and linker domains. Cryo EM would be an ideal
method to investigate this interaction.

In work with tau-decorated microtubules, we were perplexed when our standard
processing approach to select 13-protofilament microtubule images was not giving a clear signal
for tau. The results from tau pelleting assays were clearly indicating that tau was fully decorating
microtubules. It wasn’t until a report appeared indicating that tau induces formation of 14-pf
microtubules that we could explain the lack of tau in micrographs with 13-protofilament
microtubules (Choi et al, 2009). We were initially skeptical but performed experiments using
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increasing amounts of tau bound to microtubules, recording images by cryo EM at high defocus.
These images confirmed that protofilament number shifted distribution from 13 to 14 upon
increasing concentration of tau. We set about processing the 14-protofilament images of tau
bound to Taxol-stabilized microtubules and have a reconstruction at 16-20 A but so far have only
processed 30 microtubules. Many more micrographs await processing and we are confident that
the addition of more microtubules to the data set will greatly improve the resolution. We also
anticipate receiving a mutated version of the 4R tau that will make addition of a gold label
possible. A gold labeled tau would distinguish specific binding to the dimer and be especially
useful for the inside model where tau is proposed to bind to B-tubulin.

With regards to our research investigating the role that zinc plays in microtubule drug
binding we were able to establish a novel cell culture model for zinc deficiency using a more
zinc selective chelator than had been used in previous work. Zinc deficiency was more
moderate, and thus more physiological, than previously described studies; moreover, cells were
exposed for many months to these new zinc levels to allow them to fully acclimate. Our
characterization studies showed that the prostate cancer cell lines LNCaPs and PC3s tolerated
these culture conditions well with no obvious lack of viability. Because there are few studies
reported on the role of zinc in microtubule structure/function relationships, we characterized the
effects of zinc on purified microtubules in addition to the microtubules from the cell lines. We
found that zinc levels did affect dynamics in isolated microtubules. The dynamic nature is
critical for normal cellular division and thus a major target of anti-cancer therapeutics. These
findings now need to be assessed in cells, as different cell types can have radically different
microtubule assemblies due to differential expression of tubulin isoforms and/or microtubule-
associating proteins. These studies are underway, but preliminary evidence suggests that
microtubule dynamics may be altered by zinc status in (prostate) cells as well. Additionally,
chromatin processing, an immediate downstream target of microtubule activity, may also be
altered during zinc deficient conditions. The most translational part of the study is the
interaction between zinc status and chemotherapeutic efficacy. We found that a drug used to
treat prostate cancer (taxol) had reduced efficacy in causing cell cycle arrest and apoptosis when
prostate cancer cells were maintained under moderately zinc deficient conditions. These findings
should now be tested to animal models to sece if the effect translates to whole animals, and
molecular studies should determine the mechanisms. Since zinc deficiency is common in the
US, this nutritional status may be of importance when creating a treatment strategy for prostate
cancer. Reduced efficacy of these drugs might exaggerate side effects and promote resistance
within the cancer.
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