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Abstracts / RésumésKinetochore proteins in cytokinesis
D. Bouck and K. Bloom
Department of Biology, University of North Carolina, Chapel Hill, NC 27599-3280, USA

Kinetochore proteins in all organisms are highly dynamic
and exhibit localized programmed cell cycle changes. Sev-
eral kinetochore proteins remain on the DNA, while others
bind interpolar microtubules (MTs). They then migrate to
the midzone during anaphase, where they function in cyto-
kinesis. In Saccharomyces cerevisae, the centromere DNA-
binding complex CBF3 is transported to the plus-ends of
interpolar MTs during anaphase, where it accumulates in the
spindle midzone. As the spindle disassembles, CBF3 remains

bound to depolymerizing MT positive strand ends and travels
toward the spindle pole bodies. This association requires
survivin (Bir1p), a member of the aurora kinase (Ipl1p) com-
plex, and Cdc14p phosphatase. These results indicate that
Bir1p functions to recruit CBF3 to the midzone complex in
late anaphase and is critical for coordinating the completion
of chromosome segregation with cytokinesis.

This work is supported by grant GM-32238 to K.B.

Pex3p initiates the formation of a preperoxisomal
compartment from a subdomain of the ER in
Saccharomyces cerevisiae

Y.Y.C. Tam, A. Fagarasanu, M. Fagarasanu, and R.A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada

Peroxisomes are dynamic organelles that often proliferate
in response to compounds they metabolize. Peroxisomes can
proliferate by one of two apparent mechanisms: division of
preexisting peroxisomes or de novo synthesis. Evidence for
de novo peroxisome synthesis comes from studies of cells
lacking the peroxisomal integral membrane peroxin Pex3p.
These cells lack peroxisomes, but peroxisomes can assemble
upon reintroduction of Pex3p. The source of these peroxi-
somes has been the subject of debate. Here, we show that
the amino-terminal 46 amino acids of Pex3p of Sac-
charomyces cerevisiae targets a subdomain of the ER and

initiates the formation of a preperoxisomal compartment for
de novo peroxisome synthesis. Confocal video microscopy
showed that this preperoxisomal compartment can import
both peroxisomal matrix and membrane proteins, thus leading
to the formation of bona fide peroxisomes through the
continued activity of full-length Pex3p. Peroxisome forma-
tion from the preperoxisomal compartment depends on the
activity of the genes PEX14 and PEX19, which are required
for the targeting of peroxisomal matrix and membrane pro-
teins, respectively. Our findings demonstrate a direct role for
the ER in de novo peroxisome formation.

799



Inp1p is a peroxisomal membrane protein required
for peroxisome inheritance in Saccharomyces
cerevisiae

M. Fagarasanu, A. Fagarasanu, Y.Y.C. Tam, J.D. Aitchison, and R.A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

Eukaryotic cells have evolved molecular mechanisms that
permit the efficient transmission of organelles from mother
cell to daughter cell during cell division. While the mecha-
nisms of inheritance of other organelles have become more
clearly defined, little is known about the inheritance of per-
oxisomes. Inp1p is a peripheral membrane protein of per-
oxisomes of Saccharomyces cerevisiae. Cells lacking Inp1p
exhibit a heterogenous peroxisome phenotype, with some
cells containing only a few enlarged peroxisomes and others
containing peroxisomes similar in number and size to those
of wild-type cells. A large percentage of mother cells of di-
viding inp1 cells lack peroxisomes, in contrast to dividing
wild-type cells where essentially all mother cells retain
peroxisomes. Overproduction of Inp1p leads to preferential
retention of peroxisomes in the mother cell and large num-

bers of buds lacking peroxisomes. In vivo video microscopy
showed an inability of mother cells to retain a subset of
peroxisomes in dividing inp1 cells, while cells overexpressing
the INP1 gene exhibited immobilized peroxisomes that failed
to be partitioned to the bud. The abnormal distribution of
peroxisomes in cells lacking or overproducing Inp1p was
not due to a defect of the actin cytoskeleton. Overproduced
Inp1p localizes to peroxisomes and to the cell cortex. The
levels of Inp1p oscillate with the cell cycle, peaking at G2–M.
Inp1p binds Pex25p, Pex30p, and Vps1p, all of which have
been implicated in controlling peroxisome division. Our
findings are consistent with Inp1p acting as a factor to retain
peroxisomes in cells. Inp1p is the first peroxisomal protein
directly implicated in the inheritance of peroxisomes.

The yeast mitochondrial DNA polymerase
harbours a carboxyl terminal extension essential
for respiratory competence

M.J. Young and D.A. Court
University of Manitoba, Winnipeg, MB R3E 0W3, Canada

Fungi possess mitochondrial DNA polymerases (MIPs),
which in comparison to the animal enzymes, harbour unique
carboxyl terminal extensions (CTEs) of varying lengths and
unknown function. To analyze the role of the 277 amino-acid-
long CTE in mitochondrial DNA (mtDNA) maintenance and
replication, several CTE truncation mutants were constructed
in a Saccharomyces cerevisiae background: Mip1∆351,
Mip1∆279, Mip1∆216, and Mip1∆176. Saccharomyces
cerevisiae is ideal for mtDNA replication studies because of
its ability to survive without mtDNA when provided with a
fermentable carbon source. The respiratory competence of
the MIP1∆176 mutant is indistinguishable from that of the
wild-type when grown on glycerol, a nonfermentable carbon
source. In contrast, strains harbouring the Mip1∆351and
Mip1∆279 polymerase variants rapidly lose respiratory ability,

as indicated by the lack of growth when colonies are
subcultured from initial transformation plates onto glycerol.
As well, partially respiratory competent Mip1∆216 isolates
were discovered at low frequency on transformation plates
and these strains show a temperature-sensitive phenotype
when grown on glycerol at the nonpermissive temperature of
37 °C. Interestingly, MIP1∆351, MIP1∆279, and MIP1∆216
mutants with compromised respiration formed small colonies
on the glucose-containing transformation plates, probably
resulting from the lack or impairment of respiratory metabo-
lism. The lack of respiratory competence could be due to er-
ror-prone replication, large deletions (rho–), or complete loss
of mtDNA (rhoo) as essential components of the electron
transport chain are encoded by the mtDNA. To distinguish
between these possibilities, DAPI-stained yeast cells were

© 2005 NRC Canada
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examined by fluorescence microscopy, which revealed the
complete absence of mtDNA in Mip1∆351 and Mip1∆279
strains, as well as its rapid loss in the MIP1∆216 strains under
non-selective conditions. In conclusion, the data indicate that
only the polymerase-proximal segment of the CTE is neces-

sary for mitochondrial function. Comparison of this essential
segment with the emerging sequences of other fungal mtDNA
polymerases may reveal novel features common to the fungal
enzymes.

Functional links between the nuclear pore
complex protein Nup60p and DNA replication

D.W. Van de Vosse, R.J. Scott, C.P. Lusk, D.J. Dilworth, J.D. Aitchison,
and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

An accumulating body of evidence supports a model in
which the nuclear pore complex (NPC) contributes to the
epigenetic control of gene expression by interacting with
specific domains of chromatin. NPC interacting proteins
have been proposed to function in gene silencing (Mlp1p
and Mlp2p) (Galy, V. et al. 2000. Nature (London), 403:
108–112; Feuerbach, F. et al. 2002. Nat. Cell Biol. 4: 214–
221) and the establishment of chromatin boundaries (Nup2p)
(Ishii, K. et al. 2002. Cell, 109: 551–562). The interactions
of these proteins with the NPC occur through Nup60p, and
strains lacking Nup60p exhibit altered epigenetic states. Other
observations also suggest that there are functional links
between Nup60p and chromatin structure. For example, var-
ious genetic screens have detected functional interactions be-
tween NUP60 and genes encoding proteins that function in

DNA replication, chromatid cohesion, and the DNA damage
checkpoint (Tong, A.H. et al. 2004. Science (Washington),
303: 808–813). We have taken several approaches to investi-
gate the physiological basis for these interactions. Consistent
with the reported genetic interactions with the DNA replica-
tion machinery, using morphological analysis and by moni-
toring cellular levels of cell cycle regulators we have shown
that nup60∆ strains are delayed in progression through S-
phase of the cell cycle. Moreover, using chromosome loss as-
says, we show that cells lacking Nup60p exhibit an increased
frequency of chromosome loss that may be caused by de-
fects in sister chromatid cohesion and the spindle assembly
checkpoint. Data supporting these latter conclusions will be
presented.

The nuclear transport machinery controls the
localization of Mad1p and modulates its function
in the spindle assembly checkpoint

R.J. Scott, C.P. Lusk, and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada

Nuclear pore complexes (NPC) are the transit sites for all
transport between the cytoplasm and nucleus. NPCs also act
as a docking site for proteins whose known functions have
not been linked to nuclear transport, including Mad1p and
Mad2p, 2 Saccharomyces cerevisiae proteins required for a
functional spindle assembly checkpoint (SAC). To examine
this relationship, we have used truncation mutants to identify
2 regions of Mad1p that interact with the distinct elements
of the nuclear transport machinery. We show that an N-

terminal region is necessary and sufficient for the associa-
tion of Mad1p with the NPC and is capable of binding the
nucleoporin Nup53p, while a C-terminal nuclear localization
signal (NLS) interacts with the Kap95p–Kap60p karyopherin
complex. In the absence of its NPC binding domain, the
C-terminal region of Mad1p is capable of targeting kineto-
chores. Strikingly, the kinetochore association of this domain
is dependent on functional Kap95p, as the Mad1p NLS,
Kap95p, and energy are required for this event. We also

© 2005 NRC Canada
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have identified Nup60p as an important component for the
localization of Mad1p to the NPC, as deletion of NUP60 re-
sults in the concentration of Mad1p in nuclear foci. Analysis of
strains expressing various Mad1p truncations showed that
the N-terminal NPC-binding domain is not required for the
SAC function of Mad1p. Instead, an examination of a nup53
mutant suggests that NPC association may act as a negative
regulator of the SAC function of Mad1p. In contrast, NLS
dependent accumulation of the C-terminus of Mad1p at

kinetochores was required for robust SAC function. We pro-
pose that the NPC acts as a repository for Mad1p until SAC
activation, at which point a pool is targeted to kinetochores
by a mechanism requiring Kap95p and energy. More gener-
ally, we envision that the NPC serves as a platform from
which various nuclear processes, including the SAC, can be
orchestrated and regulated.

Role of Vps54 in the GARP complex: implications
for compartment recognition by a tethering
complex

N. Quenneville, C. Chao, and E. Conibear
Centre for Molecular Medicine and Therapeutics, University of British Columbia,
Vancouver, BC V5Z 4H4, Canada; Department of Biochemistry and Molecular Biology,
University of British Columbia, Vancouver, BC V5Z 4H4, Canada; Department of Medical
Genetics, University of British Columbia, Vancouver, BC, Canada

The golgi-associated retrograde protein (GARP) complex,
comprising Vps51, Vps52, Vps53, and Vps54, is a tethering
complex responsible for docking endosome-derived vesicles
with the yeast late golgi. The N- and C-terminals of Vps54
each uniquely contribute to the function of the GARP com-
plex.

We have found that the N-terminus of Vps54 is sufficient
for GARP’s assembly and stability. To a limited extent, it
also allows GARP to recycle proteins from early and late
endosomes. Conversely, the C-terminus of Vps54 may be
important for recognizing endosome-derived vesicles or endo-
some membranes. Overexpressed Vps54 C-terminus localizes

to a polarized compartment labelled with the endocytic dye
FM4-64 and colocalizes with the early endosome marker
Rcy1, but not with the late golgi protein Sec7. Mutation of
two highly conserved residues in the C-terminus renders the
truncated protein incapable of polarized localization; how-
ever, in the context of the GARP complex, they may only
mildly affect the capacity of GARP to mediate recycling
from early or late endosomes. We propose that a domain in
the C-terminus of Vps54 contributes to GARP’s recognition
of endosome-derived vesicles while the N-terminus forms
part of a core GARP complex.

Characterization of exon–exon junction
components in plant cells

N. Park and D.G. Muench
Department of Biological Sciences, University of Calgary, Calgary, AB T2N 1N4, Canada

Post-transcriptional control of gene expression involves
numerous steps in eukaryotic cells, including pre-mRNA
processing, mRNA export into the cytoplasm, mRNA local-
ization, and translation. Two proteins, Mago Nashi and Y14,
are components of a protein complex called the exon junc-
tion complex (EJC) that is assembled upstream of the exon–
exon junction region of spliced mRNAs. In Drosophila,

Mago Nashi and Y14 are required for oskar mRNA localiza-
tion to the posterior pole of the oocyte. Recently, a protein
called PYM has been identified that interacts with Mago
Nashi and Y14 in Drosophila. Here we describe biochemical
interactions of the plant paralogs of Mago, Y14, and PYM.
To demonstrate the specific binding of these proteins in
Arabidopsis, we carried out in vitro binding assays using re-

© 2005 NRC Canada
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combinant GST- and His-tagged fusions to these proteins.
We also observed the localization of these 3 proteins in
plant cells using transient expression assays. AtMago and
AtY14 are normally localized in nucleoplasm and nuclear
speckles, whereas AtPYM is localized in particles in the
cytosol. We are currently identifying components of the plant
EJC using a tandem affinity purification (TAP) method in
transgenic plants.

Expression of a GFP–MFP fusion protein in epidermal

cells demonstrated that MFP is localized to both peroxisomes
and MTs, and transient associations between MTs and per-
oxisomes in the cell cortex suggests that the MFP–MT inter-
action functions in protein import. Based on these results,
and on our recent identification of additional peroxisomal
matrix proteins that possess MT-binding activity, we pro-
pose a working model that links MT–MFP–mRNA interac-
tions to translational autoregulation and peroxisomal protein
import.

Deriving a consensus sequence necessary for
mRNA localization

N. Najand and A.J. Simmonds
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada

The highly conserved proto-oncogene wingless (wg) encodes
a diffusible signalling protein responsible for the establishment
and maintenance of the parasegmental boundaries in the early
embryo of Drosophila melanogaster. The transcripts of the
wg gene localize apically in the epithelial cells of the
Drosophila embryo. Normal WG signalling requires apical
localization of the wg mRNA; however, the reasons for the
necessity of this localization are not understood. This local-
ization is dependant on the presence of three regions in the 3′
untranslated region of the mRNA, known as wingless local-
ization elements (WLEs). While there is no apparent se-
quence similarity between the WLEs, each appears to be
sufficient for apical localization of a reporter construct. To
identify potential candidates using this mechanism to regu-
late their function, we are deriving a consensus sequence for
WLE2 by mutational analysis. Various substitutions and

deletions were introduced into the WLE2 sequence, which
were then attached to a β-galactosidase reporter. Each of
these reporter – mutated WLE2 constructs was used to make
transgenic flies. Using labelled RNA probes to perform fluo-
rescent in-situ hybridization, the localization of LacZ
reporter and wild-type wg transcripts were compared in mid-
stage embryos expressing this construct. The affects on
localization were divided into 3 categories where the muta-
tion (i) disrupted apical localization, (ii) had no affect on lo-
calization, or (iii) partially disrupted localization. Using
these results, we hope to gain a better understanding of the
mechanisms of cis-acting elements controlling wg mRNA
trafficking and localization, as well as derive a consensus
sequence to aid in the search for other transcripts that are
recognized by the same trans-acting protein complex.

Funding provided by CFI, AHFMR, Rx&D, and CIHR.

Alteration of epithelial structure and function
associated with PtdIns(4,5)P2 degradation by a
bacterial phosphatase

D. Mason, G.V. Mallo, M.R. Terebiznik, B. Payrastre, B.B. Finlay, J.H. Brumell,
and S. Grinstein
Hospital for Sick Children, Toronto, ON M5G 1X8, Canada

Elucidation of the role of PtdIns(4,5)P2 in epithelial function
has been hampered by the inability to selectively manipulate
the cellular content of this phosphoinositide. We here report
that SigD, a phosphatase derived from Salmonella, can

effectively convert PtdIns(4,5)P2 to PtdIns(5)P. When micro-
injected into epithelial cells forming confluent monolayers,
wild-type SigD induced striking morphological and functional
changes that were not mimicked by a phosphatase-deficient
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SigD mutant (C462S). Depletion of PtdIns(4,5)P2 in intact
SigD-injected cells was verified by detachment from the
membrane of the pleckstrin homology domain of phospholipase
Cδ, which was used as a probe for the phosphoinositide by
conjugation to green fluorescent protein. SigD has previously
been reported to have functions other than the hydrolysis of
PtdIns(4,5)P2. To rule out this possibility, both a tandem
PLC-δ PH domain and the CAAX box conjugated phosphatase
domain of mammalian synaptojanin 2 were expressed. Similar
morphological effects were observed in both cases. Single-cell
measurements of cytosolic pH indicated that the Na+/H+

exchange activity of epithelia was markedly inhibited by
depletion of PtdIns(4,5)P2. Similarly, anion permeability,
measured using a halide-sensitive fluorescent protein, was
depressed in cells expressing SigD. Depletion of PtdIns(4,5)P2
was associated with marked alterations in the actin cytoskeleton

and its association with the plasma membrane. The junctional
complexes surrounding the injected cells gradually opened
and the PtdIns(4,5)P2-depleted cells eventually detached from
the monolayer, which subsequently underwent rapid restitution.
Similar observations were made in intestinal and renal epithelial
cultures. In addition to its effects on phosphoinositides, SigD
has been shown to convert inositol 1,3,4,5,6-pentakisphosphate
(IP5) into inositol 1,4,5,6-tetrakisphosphate (IP4), and the
latter has been postulated to mediate the diarrhea caused by
Salmonella. The effects of SigD were not mimicked by micro-
injection of IP4 into epithelial cells. We suggest instead that
opening of the tight junctions and inhibition of Na+/H+

exchange combine to at least partially account for the fluid
loss observed during Salmonella-induced diarrhea.

Characterization of a novel cytoplasmic organelle,
GW bodies, as a site of mRNA localization in
normal and malignant breast cell lines and tissues

L.M. Luft, E.K.L. Chan, M.J. Fritzler
Faculty of Medicine, University of Calgary, Calgary, AB T2N 4N1, Canada; Department of
Oral Biology, University of Florida College of Dentistry, Gainesville, FL 32612-0424, USA

GW bodies (GWBs) were initially characterized using human
autoimmune serum to screen a HeLa expression cDNA library
that recognized a novel protein that was named GW182. By
indirect immunofluorescence (IIF), the GW182 protein was
identified in discrete cytoplasmic structures designated GWBs,
which did not colocalize with markers of other cellular
organelles such as lysosomes, peroxisomes, or endosomes.
Relevant features of the GW182 protein include >35 glycine
(G) and tryptophan (W) repeats, a potential nuclear localization
signal (NLS), and an RNA recognition motif (RRM) that
bound specific mRNAs. Current evidence suggests that GW182
and another glycine-tryptophan rich protein GW2 are in-
volved in pathways of mRNA degradation because of their
colocalization with hDcp1 and hLSm proteins and potential
interaction with hAgo2. Tissue array analysis of a total of 59
different malignant tissues showed varying levels of GW182
reactivity ranging from 1% in brain tumor and melanoma to
41% in breast cancer. Differences in GWB frequency, local-
ization, and expression in malignancy were investigated in
pathological breast tissue using an antigen retrieval method
(ARM) and IIF using polyclonal human and murine mono-

clonal antibodies. Comparison of regions of high GW182 reac-
tivity with conventional hematoxylin and eosin showed that
GW182 is over-expressed in cancer, particularly in areas of
rapid proliferation. To further study the dynamics of GWBs
in malignancy, primary breast cell lines (HS 578Bst normal
fibroblast-like breast cells and Hs 578T carcinoma breast
cells) derived from adjacent tissues in the same patient were
used for further comparison of malignant and non-malignant
phenotypes. Using murine monoclonal and human polyclonal
antibodies by IIF, individual Hs 578T malignant cells show
an approximate six-fold increase in the number of GWBs
present as compared with HS 578Bst normal cells. Addi-
tionally, proteins contained within GWBs are more prevalent
in distinct cytoplasmic foci in malignant cells as compared
with a diffuse cytoplasmic staining in normal cells. It is
hypothesized that GW182 has a role in the degradation of
specific mRNAs that may be up-regulated or defective in
malignant tissue and that autoantibodies to GWBs may be
used as unique reagents to study mRNA localization and
degradation in normal and pathological tissues.
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The role of protein synthesis in the regulation of
mRNA partitioning to the endoplasmic reticulum

R.S. Lerner, M.C. Reedy, and C.V. Nicchitta
Department of Cell Biology, Duke University Medical Center, Durham, NC 27710, USA

mRNA localization is essential to the establishment of cell
polarity and plays an important role in the compartmentalization
of protein synthesis. For both lower and higher eukaryotic
cells, mRNAs encoding secretory and membrane proteins
bear an encoded signal sequence and are translated on endo-
plasmic reticulum (ER)-bound ribosomes, whereas mRNAs
encoding soluble proteins and lacking an encoded signal se-
quence are translated on free ribosomes in the cytosol. In
current views, mRNAs are thought to traffic to and from the
ER membrane in concert with the initiation and termination
reactions of protein synthesis. In past studies, however, we
reported that ribosomes remained in stable association with
the ER membrane following the termination of protein
synthesis. The compartmental fate of the mRNA following
termination was not determined and is the subject of the cur-
rent study.

To address these questions, we sought physiological sce-
narios whereby the initiation reaction of protein synthesis is
inhibited to allow global termination. One such scenario
occurs in response to infection with picornaviruses, such as
coxsackie B virus (CBV). Infection of cells with CBV results
in the production of protease 2A and the proteolytic cleav-
age of eIF4G and polyA binding protein (PABP) to yield the

inactivation of cap-dependent translation. As a consequence,
synchronized termination ensues, allowing the global analysis
of mRNA partitioning during the termination reaction of
protein synthesis. Preliminary data obtained from these studies
demonstrate that following the first few hours of viral infec-
tion, eIF4G and PABP are cleaved and, coincident with the
cleavage, cap-dependent translation is suppressed, yielding
the conversion of polyribosomes to monosomes in the
cytosol and ER fractions. Though there is a conversion of
the majority of polyribosomes to monosomes as a conse-
quence of termination, these membrane-bound ribosomes
remain in association with the ER. During CBV infection,
these ER-bound ribosomes also maintain their association
with mRNAs in the form of small polyribosomes. In con-
trast, mRNAs in the cytosol loose their association with
polyribosomes and are associated exclusively with monosomes
after viral infection. These findings suggest that eukaryotic
cells regulate translation differently on cytosolic and
membrane-bound ribosomes. Stabilization of mRNAs on
membrane-bound polyribosomes during CBV infection im-
plies that membrane-bound ribosomes are protected against
some effects of the viral infection, and may thus act as a
privileged site of protein translation.

Screening for cis- and trans-acting factors
involved in mRNA localization in later stages of
Drosophila development

J. Haskins and A.J. Simmonds
Department of Cell Biology, Faculty of Medicine and Dentistry, University of Alberta,
Edmonton, AB T6G 2H7, Canada

All cells interact with their environment by selectively
producing proteins from information encoded by their DNA.
In eukaryotic cells, nuclear DNA is transcribed into a mes-
senger intermediate (mRNA), which is then exported to the
cytoplasm for translation into proteins. Recently, it has be-
come apparent that mRNA, rather than being a passive
messenger between the nuclear DNA and the cytoplasmic
translation machinery, is actively regulated in several ways
within the cytoplasm. For example, in differentiated cells

like neurons and epithelial cells, some mRNAs are selectively
trafficked to specific regions within the cytoplasm following
nuclear export. The localization of these transcripts has a
direct effect on how the proteins made from these mRNAs
are produced and (or) secreted. mRNA localization in epithelial
cells is relatively difficult to study in cell culture; fortunately,
these same genes are found in the model system Drosophila
melanogaster. For example, the Drosophila WINGLESS
(D-Wnt-1) signalling protein, a functional homologue of hu-
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man int-1, is regulated in part by the apical localization of
its mRNA in embryonic epithelial cells.

Our laboratory is currently performing an in vivo screen
to identify additional trans-acting protein factors that bind to
the wingless mRNA, as well as a parallel screen to identify
other transcripts localized during later stages of Drosophila
embryogenesis and larval development. We are also per-
forming live-labelling experiments to characterize the cellular
mechanics of wingless transport in early embryos. A second
focus of lour aboratory is to extend a highly sensitive in situ
hybridization protocol to examine the localization of the
wingless mRNA at the ultrastructural level within the cyto-

plasm using transmission electron microscopy (TEM). Most
of the currently used methods for in situ hybridization in
Drosophila use enzymatic reaction producing coloured or
fluorescent substrate that can diffuse away from the site of
the probe and (or) mRNA target and, as such, are not useful
for high-resolution TEM studies. Preliminary results indicate
that wingless mRNA may be transported apically via inter-
action with a cellular vesicle transport system. Examination
of other localized transcripts using in situ TEM in Drosophila
embryos indicates that at least some of these mRNAs are
trafficked in a similar manner.

Funding was provided by CFI, AHFMR, Rx&D, and CIHR.

Vertebrate Nup53 interacts with the nuclear
lamina and is required for the assembly of a
Nup93-containing complex

L.A. Hawryluk-Gara, E.K. Shibuya, and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada

The nuclear pore complex (NPC) works in conjunction
with soluble transport factors, known as karyopherins, to
facilitate traffic of macromolecules across the nuclear enve-
lope (NE). It is an evolutionarily conserved, elaborate struc-
ture comprising ~30 proteins, termed nucleoporins, that are
each present in multiple copies and organized into sub-
complexes of interacting nucleoporins. We have investigated
the function of the human nucleoporin Nup53, the ortholog
of Saccharomyces cerevisiae Nup53p. Rat liver nuclei frac-
tionation data suggests that Nup53 tightly associates with
the NE membrane and the nuclear lamina. In vitro binding
data demonstrate that Nup53 physically interacts with lamin
B and a group of nucleoporins including Nup93, Nup155,

and Nup205. Moreover, depletion of Nup53 using RNA in-
terference causes a decrease in the cellular levels of these
nucleoporins, as well as the spindle checkpoint protein Mad1.
Removal of this subcomplex of nucleoporins, induced by de-
pleting either Nup53 or Nup93, results in dramatic alter-
ations in nuclear morphology, a phenotype reminiscent of
that previously observed in cells depleted of lamin A and
Mad1. On the basis of these data, we propose a model in
which Nup53 interacts with the pore membrane and the
lamina. Here, it plays a role in the assembly of an NPC
subcomplex containing Nup93, Nup155, and Nup205, and in
anchoring Mad1 to the NPC.
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Changes in structure and function of
phosphoenolpyruvate carboxykinase from
Escherichia coli when activation by Ca2+ is
abolished by partial digestion with trypsin

H. Goldie and K. Klemmer
Department of Microbiology and Immunology, University of Saskatchewan, 107 Wiggins
Drive, Saskatoon, SK S7N 5E5, Canada

Ca2+ binds to monomeric phosphoenolpyruvate carboxykinase
from Escherichia coli (Pck) at an activator site very close to
the MgATP substrate site in the high-resolution structure.
Binding of MgATP causes a 20° rotation of the C-terminal
domain, but binding of Ca2+ is accompanied only by subtle
changes in protein structure. Activation by Ca2+ is abolished
by partial digestion with trypsin, which cuts after both Arg2
and Arg396, removing the C-terminal domain that comprises
25 percent of the protein. Digestion with limiting concentra-
tions of trypsin led to gradual loss of basal activity and loss
of activation by Ca2+, while time-limited digestion with

large amounts of trypsin led to rapid cleavage at Arg396,
more gradual loss of the six-fold activation by Ca2+, and a
gradual two-fold increase in basal activity. Mutations and
deletions of the C-terminal domain destabilise Pck or inter-
fere with protein folding, even in derivatives with fusions of
GST to the N-terminus of Pck. We have characterised puri-
fied trypsin-digested Pck and the kinetics of trypsin diges-
tion, which suggest that a slow conformational change or
refolding occurs after loss of Ca2+ activation during diges-
tion by trypsin.

Cex1p is a novel cytoplasmic component of the
Saccharomyces cerevisiae nuclear tRNA export
machinery that may play a role in unloading of
tRNA from the tRNA nuclear export receptor
complex at the NPC

A.T. McGuire, H. Dehghani, R.A.B. Keates, S.C. Chafe, and D. Mangroo
Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON
N1G 2W1, Canada

A yeast tRNA three-hybrid interaction approach and an in
vivo nuclear tRNA export assay based on amber suppression
was used to identify proteins participating in the nuclear
tRNA export process in Saccharomyces cerevisiae. This
strategy identified a novel 85-kDa protein designated Cex1p.
Cex1p is a non-essential cytoplasmic protein homologous to
an uncharacterized ORF found in every eukaryotic genome
sequenced to date. Like the S. cerevisiae Los1p and Utp8p
and mammalian exportin-t proteins, which are known to
facilitate nuclear tRNA export, overexpression of Cex1p re-
stored export of tRNATyr am mutants defective in nuclear
export. A double mutant strain of Cex1p and Arc1p, a cyto-
plasmic tRNA chaperone that delivers certain species of

non-aminoacylated tRNAs exiting the nucleus to their cog-
nate aminoacyl-tRNA synthetases, grows very slowly. This
double mutant strain is being used to test if putative mam-
malian homologues of Cex1p are involved in nuclear tRNA
export. Using colocalization analyses, we also found that a
small amount of Cex1p associates with the NPC. Sequence
comparisons and structural modeling suggest that the
N-terminal half of Cex1p forms a structure similar to serine
(threonine) protein kinase related to p38 MAP kinase and
human Cdk2 kinase of the Hanks CMGC kinase family.
However, Cex1p does not contain signature sequences or the
catalytic residues of kinases. Proteins with a kinase structure
but lacking kinase activity are called kinase accessory pro-
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teins and are responsible for delivering substrates to the ap-
propriate kinases. Cex1p also contains a HEAT repeat motif.
Cex1p binds tRNA saturably, indicating that it has a tRNA-
binding site. Furthermore, TAP purification using extract
from cells with a chromosomal Cex1–TAP fusion gene, fol-
lowed by Western blot analysis with an anti-Los1p antibody,
suggests that Los1p copurifies with Cex1p. Based on these
findings, we suggest that Cex1p may be a kinase accessory

protein that binds the export receptor – tRNA complex at the
NPC and recruits a kinase, which then phosphorylates the
receptor, allowing Cex1p to remove the aminoacylated tRNA
cargo. It is also possible that the kinase domain of Cex1p
allows the protein to interact with the receptor, thereby facil-
itating removal of the aminoacylated tRNA cargo by Cex1p.

Reconstructing the secretory system of the last
common eukaryotic ancestor

J.B. Dacks, M.C. Field, R.P. Hirt, L. Gedamu, T.M. Embley, and W.F. Doolittle
Department of Biological Sciences, University of Calgary, 2500 University Drive NW,
Calgary, AB T2N 1N4, Canada; Department of Pathology, University of Cambridge,
Tennis Court Road, Cambridge CB2 1QP, UK; School of Biology, Devonshire Building,
Devonshire Terrace, Newcastle-Upon-Tyne NE1 7RU, UK; Department of Biochemistry
and Molecular Biology, Dalhousie University, 5850 College Street, Halifax, NS B3H 1X5,
Canada

Intracellular transport and secretion of material via the
organelles of the endomembrane system is critical to eukaryotic
cells: the evolution of these organelles would have been a
key evolutionary step in the march from a prokaryotic to
eukaryotic state. Increasingly detailed knowledge about the
protein machinery underpinning intracellular transport and
secretion is emerging from studies in yeast and metazoan
models. However, our understanding of the evolution of the
endomembrane system is still in its infancy. Progress in this
understanding will depend upon studying membrane-trafficking
machinery from organisms spanning the breadth of eukaryotic
diversity. Through comparative genomics, molecular biology,
and phylogenetics, it is possible to begin reconstructing the
membrane-trafficking system of the last common eukaryotic
ancestor (Dacks, J.B., and Doolittle, W.F. 2001. Cell, 107(4):
419–425). Here, evolutionary details have been deduced

about the molecular machinery for vesicle formation and fu-
sion, including the retromer and the coatomer and adaptin
complexes (Dacks, J.B., and Field, M.C. 2004. CRC Press,
London, UK. pp. 309–334), as well as the syntaxin family
(Dacks, J.B., and Doolittle, W.F. 2004. Mol. Biochem.
Parasitol. 136(2): 123–136). What emerges is a picture of a
highly complex ancestor with a nearly complete complement
of protein families and organelles (Dacks, J.B. et al. 2003.
Proc. R. Soc. Lond. B Biol. Sci. 270(1530, Suppl. 2): 168–
171) seen in the membrane-trafficking system of eukaryotic
cells today. However, some intriguing simplicities do exist.
These simplicities may point both to the early stages of
eukaryotic cellular evolution and to key novelties in the
well-studied model organisms. Such novelties may need to
be considered when deriving broader generalities from those
models.

Nuclear import of parvovirus mice minute virus

S. Cohen, A. Behzad, J. Carroll, and N. Panté
Department of Zoology, University of British Columbia, Vancouver, BC V6T 1Z4, Canada

Parvoviruses are small DNA viruses that replicate in the
nucleus of their host cells. Because of their ability to replicate
efficiently in host cells, parvoviruses have recently attracted
attention as vectors for gene therapy. After entering the cell
by receptor-mediated endocytosis, the virus is released into

the cytoplasm and enters the nucleus. Entry of parvoviruses
into the host cell has been studied in some detail. However,
very little is known about trafficking of parvoviruses from
late endosomes on. In particular, the mechanisms underlying
parvovirus’ nuclear import remain largely undefined. Never-
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theless, it has been largely assumed that parvovirus enters
the nucleus through the nuclear pore complex (NPC). To
study this problem, we microinjected the parvovirus mice
minute virus (MVM) into the cytoplasm of Xenopus oocytes
and used electron microscopy (EM) to visualize its nuclear
import. In contrast to oocytes microinjected with other
import substrates (including capsids of hepatitis B virus)
that have shown the substrate crossing the NPC, we did not
see MVM in transit through NPCs. Instead, we found that
MVM caused damage to the nuclear envelope (NE) in a
time- and concentration-dependent manner. Damage was
predominantly to the outer nuclear membrane (ONM) and
was often near the NPCs. As early as 30 min after injection,
we observed small breaks of 119 ± 13 nm in the ONM; by
2 h post-injection large sections of both the outer and inner
nuclear membranes were disrupted. MVM particles were
often associated with the ONMclose to where the NE was
disrupted. Occasionally, we observed virus particles between
the outer and inner nuclear membranes in close proximity to
breaks in the ONM. Our findings suggest that MVM is
imported into the nucleus using a unique mechanism that is

independent of the NPC, and involves disruption of the NE
and import through the resulting breaks. To demonstrate that
this mechanism is used by MVM during infection, we then
infected mouse fibroblast cells with MVM and examined the
cells by fluorescent microscopy after performing double
immunolabeling with anti-lamin A/C and anti-MVM anti-
bodies. Consistent with our results on Xenopus oocytes we
found abnormal gaps in the lamin A/C immunostaining. This
is in contrast to control (mock infected) cells displaying nor-
mal continuous rim staining of lamin A/C. To further char-
acterize these NE perturbations at the ultrastuctural level,
MVM-infected cells were also analyzed by EM. We found
that MVM infection was associated with dramatic alterations
in the nuclear shape and NE morphology. In addition to
breaks in the ONM, we found numerous invaginations of the
NE and distension of the outer and inner nuclear mem-
branes. Our findings represent a novel form of viral-induced
damage to host cell nuclear structure, and are consistent with
a mechanism of nuclear entry of MVM that involves disrup-
tion of the NE and import through the resulting breaks.

Nuclear fission and fusion: PML nuclear body
dynamics in mammalian cells

R.W. Ching, G. Dellaire, C.H. Eskiw, and D.P. Bazett-Jones
Program in Cell Biology, The Hospital for Sick Children, Toronto, ON M5G 1X8, Canada

Promyelocytic leukemia nuclear bodies (PML NBs) are
subnuclear compartments of mammalian cells composed of
PML and PML-associated proteins. PML NB integrity corre-
lates with the normal differentiation of promyelocytes, indi-
cating a role in cell differentiation. PML NBs have also been
implicated in many other cellular pathways, including tran-
scriptional regulation, apoptosis, DNA repair, tumor suppres-
sion, proteolysis, and antiviral response. Yet, the mechanism
for PML NB formation and its function in the various cellu-
lar processes is still unclear. What is clear is that PML NBs
are dramatically altered in structure and dynamics in response
to a number of cellular stresses including heat and heavy
metal shock, DNA damage, and viral infection. To study the
dynamic properties of NBs, we employ 4D live-cell imaging

and correlative light and electron spectroscopic imaging
(LM/ESI), which allows the correlation of events observed
at the LM level with the underlying ultrastructural changes
that occur at and in the vicinity of NBs. We observe that
PML NBs divide in S-phase by a mechanism of supramo-
lecular fission and fusion events. We demonstrate that the
integrity of these bodies is compromised during S-phase. As
a result, new bodies primarily form by fission of PML micro-
bodies from pre-existing bodies. Furthermore, PML NBs
undergo constrained diffusion owing to their association with
chromatin. We propose that PML NB division may play a
role in monitoring genome integrity during DNA synthesis
and in the continued maintenance of functional chromosomal
domains before mitosis.

© 2005 NRC Canada

772 Biochem. Cell Biol. Vol. 83, 2005



The Pex19p-binding regions of peroxins Pex30p
and Pex32p are required for their peroxisomal
localization but are separate from their
peroxisomal targeting signals

F.J. Vizeacoumar, W.N. Vreden, J.D. Aitchison, and R.A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

The assembly of proteins at the peroxisomal membrane is
a multistep process requiring their recognition in the cytosol,
their targeting to the peroxisomal membrane, their insertion
into that membrane and their stabilization within the lipid
bilayer. The farnesylated peroxin (protein required for peroxi-
some assembly) Pex19p has been suggested as the receptor
that recognizes and targets newly synthesized peroxisomal
membrane proteins (PMP). However, other evidence has im-
plicated Pex19p not as an import receptor for PMPs but as a
chaperoning molecule required for the stabilization of PMPs
at the peroxisomal membrane. Differentiation between these
two purported roles for Pex19p could be achieved by deter-
mining whether a PMP’s targeting signal (mPTS) and region
of Pex19p binding are one and the same or different. We
have addressed the role of Pex19p in the assembly of 2
Saccharomyces cerevisiae PMPs, Pex30p and Pex32p. Pex30p
and Pex32p are dispensable for normal peroxisome function,
as cells lacking one or both of these proteins can still grow
on medium containing oleic acid, the metabolism of which

requires functional peroxisomes. Systematic truncations from
the carboxyl terminus, together with in-frame deletions of
specific regions, have identified the mPTSs essential for the
targeting of Pex30p and Pex32p to peroxisomes. Both Pex30p
and Pex32p interact with Pex19p in regions that do not over-
lap with their experimentally identified mPTSs. However,
Pex19p is required for localizing Pex30p and Pex32p to
peroxisomes, because mutations that disrupt the interaction
of Pex30p and Pex32p with Pex19p lead to their mislocalization
to a compartment other than peroxisomes. Mutants of Pex30p
and Pex32p that localize to peroxisomes but exhibit the
phenotypes of cells lacking these proteins demonstrate that
the peroxisomal targeting and cellular biological activities of
these two proteins are separable. Together, our data show
that the interaction of Pex30p and Pex32p with Pex19p is
required for their roles in peroxisome biogenesis and are
consistent with a role for Pex19p in stabilizing or maintaining
membrane proteins in peroxisomes.

Applying a divide and conquer strategy to
biomarker discovery

J.D Chapman, M.H. Simonian, E. Betgovargez, and J.S. Hobbs
Proteomics Development Group, Beckman Coulter Inc., Fullerton, CA, USA

Despite attempts to analyze entire proteomes, it is clear
that such complexity and breadth of dynamic range in protein
concentration presents a significant challenge for today’s
technologies. As a result, strategies for simplifying the sample
before analysis are being developed. In this presentation, we
propose a so-called “divide and conquer” strategy, which
begins at the cellular level, includes sub-cellular fraction-

ation, and uses selective protein enrichment techniques before
protein fractionation and identification. Selective enrichment
techniques such as protein partitioning and affinity capture
are used upstream of multidimensional protein fractionation.
Online capillary concentration techniques have been developed
to allow rapid CE-based analysis of digested peptides from
the lower abundance fractions.
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What proteins impact Sup35 foci and filament
formation?

C.M. Dobson and R.A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada

The [PSI+] prion of Saccharomyces cerevisiae is a self-
propagating, altered form of Sup35p that cannot carry out its
normal function of translation termination. Over-expression
of the N (N-terminal) and M (middle) domains is known to
lead to prion formation in control cells. In our attempts to
determine factors affecting prion formation and propagation,
we induced and over-expressed Sup35NM-GFP in over 100
deletion mutant strains of S. cerevisiae. These mutant strains
were selected based on literature searches of prion- and
amyloid-interacting proteins and include members of the
ubiquitin-proteasome degradation pathway, chaperones, and
transcription factors. Upon microscopic examination, some
strains, like hsp104∆, contained fewer prions than normal
cells, while others, like sse1∆, contained more.

Previous studies show that Sup35NM can form protease-
resistant amyloid filaments in vitro and form one or more
distinct foci in [PSI+] cells in vivo. However, we observed
that Sup35-NM over-expressed for a prolonged period
(>25 days) could be found in elongated, filamentous struc-
tures that form a network within the cytoplasm, thus being
more similar in appearance to the formation of amyloid.
Additionally, 20 deletion strains exhibited this increased fil-
ament formation, as opposed to the characteristic distinct
foci, within the first three days of over-expression. Eight of
these proteins whose genes were deleted appear to be in-
volved in some aspect of the Hsp90 complex.

Inp2p is a peroxisomal protein required for the
Myo2p-driven transport of peroxisomes during cell
division in Saccharomyces cerevisiae

A. Fagarasanu, M. Fagarasanu, G. Eitzen, J.D. Aitchison, and R.A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

The faithful inheritance of each of the organelles during
cell division is essential to eukaryotic cells. In Saccharomyces
cerevisiae, actin-based myosin motors are responsible for
partitioning intracellular compartments. Myo2p, a class V
myosin, is involved in the bud-directed transport of a number
of different organelles, including the peroxisome. Myo2p
binds to different organelles through interaction between
distinct domains in its globular tail and specific organelle re-
ceptors. The identification of the specific receptor that rec-
ognizes the class V myosin involved in the transport of a
particular organelle represents the grail for laboratories that
study organelle inheritance. Using several actin and myosin
mutants we have determined that the dynamics of peroxisomes
is dependent on the actin cytoskeleton and Myo2p in both
the mother cell and the bud. To identify the protein that
recruits Myo2p to peroxisomes, we have systematically
screened the S. cerevisiae deletion library to isolate strains

compromised in peroxisome inheritance. Our screening
identified one protein, Inp2p, as a solid candidate for the
peroxisome-specific Myo2p receptor. A significant percent-
age of the budded cells of the inp2∆ strain lack readily iden-
tifiable peroxisomes in the bud. 4D live cell video microscopy
showed that peroxisome movement to the bud was either abol-
ished or drastically delayed in inp2∆ cells. The segregation of
other organelles is unaffected in cells lacking Inp2p. Also,
these cells contain a normally polarized actin cytoskeleton.
Therefore, Inp2p appears to be required solely for peroxisome
inheritance. Microscopic analysis and subcellular fractionation
showed Inp2p to be a novel peroxisomal protein. Interestingly,
the levels of Inp2p in individual peroxisomes varied signifi-
cantly, with Inp2p being preferentially enriched in peroxi-
somes in the bud. Yeast two-hybrid analysis showed that
Inp2p strongly interacts with the Myo2p globular tail. We
have also detected an interaction between Inp2p and Pex19p.
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The levels of Inp2p fluctuate in relation to the cell cycle, being
maximal when peroxisome inheritance occurs. In conclusion,
we have identified Inp2p as the first peroxisomal protein
involved directly in the insertion of peroxisomes into the

forming bud. Inp2p has all the hallmarks of a myosin V
organelle receptor subject to spatial and temporal regulation.

Harnessing a global regulator of chromatin
structure for gene-specific control of transcription

J.S. Williams and M.C. Schultz
Department of Biochemistry, University of Alberta, Edmonton, AB T6G 2H7, Canada

Antisilencing factor 1 (Asf1), a highly conserved histone
chaperone, acts on a global level to control the compaction
state of nuclear DNA. Asf1 is therefore thought to function
by a non-specific “hit and run” mechanism in which its
histone-binding capacity is harnessed to promote either nucleo-
some assembly or disassembly. In contrast to this mecha-
nism of action, we find that Asf1in budding yeast can be tar-
geted to a specific gene, where it regulates transcription by
contributing to localized assembly or stabilization of nucleo-
somes. This new function of Asf1 was uncovered when we
investigated the mechanistic basis for induction of a subset
of DNA damage-response genes in asf1 cells. The specific
focus of our work is RNR3, which encodes a subunit of
ribonucleotide reductase. Under normal conditions Asf1 can
be cross-linked to the promoter and coding region of RNR3,
but not to many other genes. In asf1 cells, the chromatin
structure of RNR3 is disrupted and the specific crosslinking
of histone H3 to the promoter is perturbed; these changes

are associated with spurious derepression of RNR3. Further-
more, RNR3 induction by DNA damage signals is misregulated
in asf1 cells. These results are consistent with a model in
which Asf1 specifically localized to RNR3 contributes to the
deposition/stabilization of nucleosomes that repress transcrip-
tion. This model is supported by our finding that Asf1 cross-
linking to RNR3 approaches undetectable levels in genotoxin-
treated cells, and the nearly identical effect on histone cross-
linking to RNR3 of ASF1 deletion and genotoxin treatment
of wild type cells (the latter reported in Zhang, Z., and
Reese, J.C. 2004. EMBO J. 23: 2246–2257). We conclude
that yeast cells use Asf1 not only to control the global
compaction state of chromatin, but also to locally modulate
chromatin structure in a way that contributes to the physio-
logical regulation of transcription. Evidence in the literature
supports the notion that Asf1 functions by the same mecha-
nism in higher eukaryotes.

Utp8p is required for the transport of tRNAs from
the nucleolus to nuclear export receptors in
Saccharomyces cerevisiae

B.R. Strub, M. Steiner-Mosonyi, and D. Mangroo
Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON
N1G 2W1, Canada

In Saccharomyces cerevisiae, as is true for all eukaryotes,
tRNA precursors are transcribed in the nucleus where they
undergo a number of maturation steps before being exported
to the cytoplasm. Recently it has been shown that for the
majority of tRNA species, aminoacylation also occurs in the
nucleus, likely as a quality control measure to ensure that
tRNAs are fully mature and properly folded before export.

Export is then carried out by the action of tRNA export
receptors. Our goal was to determine the role of Utp8p, an
essential nucleolar protein in S. cerevisiae required for the
nuclear export of tRNA. Depletion of Utp8p results in nucleo-
lar accumulation of tRNATyr, but does not interfere with its
aminoacylation. A failure in nuclear aminoacylation of
tRNATyr also results in nucleolar accumulation of tRNATyr,
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strongly suggesting that aminoacylation occurs in the nucleo-
lus. Therefore, we tested for an in vivo interaction between
Utp8p and the tyrosyl-tRNA synthetase Tys1p and found
that these two proteins copurify by tandem affinity purifica-
tion from whole cell lysates. In addition, Utp8p appears to
shuttle between the nuclear pore complex (NPC) and the
nucleolus in nup120 mutants, in which the NPCs cluster op-

posite the nucleolus. Tandem affinity purification also showed
an interaction between Utp8p and Los1p, a nuclear tRNA
export receptor. These data are consistent with the idea that
Utp8p is picking up aminoacylated tRNAs from the aminoacyl-
tRNA synthetases in the nucleolus and delivering them to
the nuclear export receptors. These data also point to a
Utp8p-mediated tRNA channelling mechanism.

Protein–protein phosphorylation is required for
recruitment of ICP4 to nuclear replication
compartment

V.M.I. Provencher and L.M. Schang
Department of Medical Microbiology and Immunology and Department of Biochemistry,
University of Alberta, Edmonton, AB T6G 2H7, Canada

Replication compartments (RCs) are the nuclear domains
where the genomes of herpes simplex virus 1 (HSV-1) are
transcribed and replicated. RCs contain 8 HSV-1 DNA repli-
cation proteins, UL9, UL5, UL8, UL52, UL30, UL42, ICP8,
and a viral activator of transcription, ICP4. RCs also contain
HSV-1 genomes and selected cellular proteins, such as p53,
pRb, DNA pol δ, PCNA, and DNA ligase. Pre-RCs are
smaller nuclear domains formed earlier in infection, which
contain HSV-1 genomes and a subset of the HSV-1 replica-
tion proteins (UL9, UL5, UL8, UL52, and ICP8). Pre-RCs
are thought to be the precursors to RCs.

Early in infection, ICP4 is expressed diffusely through the
nucleus, but it is recruited to small or large pre-RCs and RCs
at later times. ICP4 may be recruited by the ICP4 binding
sites in the HSV-1 genomes previously accumulated in pre-
RCs, or it may bind proteins at the core of the pre-RCs or
RCs. A pharmacological CDK inhibitor (PCI), roscovitine
(Rosco) inhibits CDK-dependent phosphorylation of ICP4.
Rosco also prevents transcription initiation from HSV-1
genomes in a genome-specific manner. Based on these re-
sults, our hypothesis is that Rosco prevents CDK-mediated
phosphorylation of ICP4 or its binding partners, thereby in-
hibiting ICP4 recruitment to RCs. To test this hypothesis, we
analyzed the effects of Rosco on ICP4 expression. As ex-
pected, ICP4 was expressed at significantly lower levels in
cells infected in the presence rather than in the absence of
Rosco. Surprisingly, ICP4 did not localize to RCs in the
presence of PCIs. It instead localized diffusely through the
nucleus in approximately 80% of cells and to pre-RCs in the
rest. Because this inhibition of ICP4 recruitment to RCs
could be due to the low levels of ICP4 expressed in the pres-
ence of Rosco, we analyzed ICP4 expression in single cells.

High levels of ICP4 expression directly correlated with its
recruitment to RCs in the absence of PCIs, but not in their
presence. We then tested whether over-expression of ICP4
could overcome the effect of PCIs. Addition of cyclohexamide
(CHX) before infection allowed ICP4 transcripts to accumu-
late in the absence of protein synthesis. Upon removal of
CHX and simultaneous addition of Rosco, the previously ac-
cumulated ICP4 transcripts were translated, and ICP4 was
over-expressed. Inhibition of ICP4 accumulation into RCs
may also be a consequence of inhibition of HSV-1 DNA
replication. We thus also analyzed ICP4 localization to RCs
when HSV-1 DNA replication was inhibited by an HSV-1
DNA polymerase inhibitor, phosphonoacetic acid (PAA).
ICP4 over-expressed after CHX treatment localized diffus-
ively through the nucleus when DNA replication was inhib-
ited by Rosco. In contrast, it localized to pre-RCs when
HSV-1 DNA replication was inhibited by PAA. Therefore,
ICP4 expression levels or HSV-1 DNA replication alone do
not determine whether ICP4 localizes to RC. ICP4 may also
be prevented from localizing to RCs by inhibition of RC for-
mation. Therefore, we tested the effects of Rosco on ICP4
localization to preformed RCs. We added Rosco at 5 h post-
infection, when RCs were formed in approximately 40% of
cells. Further ICP4 recruitment to preformed RCs was fully
inhibited for 2 h by Rosco, but only by approximately 50%
by PAA. Therefore, recruitment of ICP4 to RCs in the pres-
ence of Rosco is not a direct consequence of the effects of
Rosco on ICP4 expression levels, HSV-1 DNA replication,
or RC formation. Since ICP4 DNA-binding activity is not
regulated by phosphorylation, we have shown that ICP4 re-
cruitment to RCs requires CDK-dependent phosphorylation
of ICP4 or its binding partners.
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Ataxin-3, a nucleocytoplasmic shuttling protease:
implications for Machado–Joseph disease

D. Pinchev, J. Taylor, D. Vasquez, J.L. Howell, and R. Truant
McMaster University, Hamilton, ON L8S 4L8, Canada

The polyglutamine neurodegenerative disease family of
proteins are all caused by the expansion of CAG DNA triplets
in the disease genes, resulting in expanded polyglutamine
tracts in the encoded proteins. To date, there are 9 poly-
glutamine diseases known, including Huntington’s disease
(HD) and the spinocerebellar ataxias (SCAs). The normal
biological functions of most of the polyglutamine disease
proteins are unknown. In past studies of Huntingtin, SCA1,
and SCA7, we have discovered that all of these proteins
have the ability to shuttle in and out of the nucleus. Other
groups have shown that the androgen receptor and atrophin-1

also have shuttling ability and, importantly, like Huntingtin,
SCA1, and SCA7, this ability is disrupted in polyglutamine-
expanded mutants. In ataxin-7, three nuclear import signals
(NLS) and one nuclear export signal (NES) have been iden-
tified. Sequence analysis of ataxin-3, the Machado–Joseph
disease protein, indicates that there is a putative NES within
the Josephin protease domain and an NLS upstream of the
polyglutamine tract. We will present FRAP data in live cells
that demonstrate that ataxin-3 is capable of nucleocytoplasmic
shuttling. This data suggests that ataxin-3 is a nuclear shuttling
protease.

Kap121p regulations the SUMOylation of the
septin Cdc3p

T. Makhnevych, J.D. Aitchison, and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103-8904, USA

Nuclear pore complexes (NPC) span the nuclear envelope
and facilitate the transport of molecules between the cyto-
plasm and nucleoplasm. The NPC also acts as a docking site
for several proteins that play no obvious role in regulating
nucleocytoplasmic transport. One of these is the SUMO-
deconjugating enzyme Ulp1p, which functions both in the
removal of SUMO from SUMOylated substrates and in the
processing of the pre-SUMO to a mature form. Ulp1p is
associated with the NPC through its interaction with the
karyopherins Kap121p and Kap60p/Kap95p (Panse, V.G. et
al. 2003. Nat. Cell Biol. 5(1): 21). We investigated the role
of karyopherins in regulating the function of Ulp1p, focus-
ing on the cell cycle specific oscillation in the SUMOylation
of the septins, particularly Cdc3p (Johnson, E.S., and

Blobel, G. 1999. J. Cell Biol. 147(5): 981–994.). We show
that the M-phase-specific increase in SUMOylation of Cdc3p
is inhibited in a kap121p temperature-sensitive mutant. This
affect appears to be linked to alterations in Ulp1p function.
We show that overexpression of the Kap121p binding domain
(KBD) of Ulp1p has similar affects on Cdc3p SUMOylation,
which is predicted to affect the association of the endoge-
nous Ulp1p with Kap121p. The overexpression of the KBD
domain of the Ulp1p, however, does not strikingly affect the
localization of the endogenous ULp1p to the NPC, suggest-
ing that the role of Kap121p in the regulation of Ulp1p may
not be linked to simply tethering it to the NPC. These and
other data examining the effects of karyopherins on Ulp1p
functional will be discussed.

© 2005 NRC Canada

Abstracts / Résumés 777



Nup53p is a target of two mitotic kinases, Cdk1p
and Hrr25p

C.P. Lusk, D. Waller, T. Makhnevych, D. Thomas, M. Whiteway, and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Biotechnology Research Institute, 6100 Royalmount Ave., Montreal, QC H4P 2R2,
Canada

The nucleoplasm is compartmentalized by the nuclear en-
velope (NE), a double membrane lipid bilayer impermeable
to most molecules. Nuclear pore complexes (NPCs) form
channels across the NE and provide the sole sites of molecular
exchange between the cytoplasm and nucleoplasm. The NPC
is a target of a number of post-translational modifications
including phosphorylation, yet the functions of these modifi-
cations are ill defined. We have investigated the phosphory-
lation of Nup53p, a component of the yeast NPC. The
phosphorylation of Nup53p occurs throughout mitosis, but is
most striking in cells arrested in metaphase by activating the
spindle assembly checkpoint. Using a proteomics approach,
we screened 119 of 122 yeast kinases for their ability to

phosphorylate Nup53p. We identified Hrr25p, a casein kinase
that distributes to numerous cellular structures including spindle
pole bodies, as a major contributor to Nup53p phosphorylation.
Using solution binding assays, we show that Hrr25p directly
binds Nup53p in an interaction that is destabilized by the
phosphorylation of Nup53p. The functional significance of
this may be reflected in vivo, as Hrr25p does not associate
with Nup53p during mitosis. We also provide evidence that
Nup53p is a target of the mitotic kinase Cdk1p–Cdc2p–
Cdc28p. The mutation of Cdk1p phosphorylation sites
within Nup53p impacts on Nup53p function, as the resulting
nup53 allele cannot fully complement NUP53 synthetic
lethal interactions.

The role of Sp1 and Sp3 in the regulation of
estrogen-responsive genes in breast cancer cell
lines

L. Li and J.R. Davie
University of Manitoba, Winnipeg, MB R3E 0W3, Canada

Estrogen-regulated gene expression is dependent on inter-
action of the estrogen receptors (ER). In human breast cancer
cells, many characterized estrogen responsive genes have
binding sites for the transcription factor Sp1 and Sp3 (Sp1/3
site), with or without a neighbour estrogen response element
(ERE or half ERE), an ER binding site. Sp1 and Sp3 are
ubiquitously expressed in mammalian cells including breast
cancer cells. These 2 factors belong to a family of transcrip-
tion factors united by 3 conserved Cys2–His2 zinc fingers
that form the DNA binding domain. Sharing more than 90%
sequence homology in the DNA-binding domain, Sp1 and
Sp3 recognize and bind to the same cognate DNA element
(Sp1/3 site) with similar affinity. To explore the role of Sp1
and Sp3 in the regulation of estrogen-responsive genes, this
study used chromatin immunoprecipitation (ChIP) to examin
the kinetics association of ER, Sp1, and Sp3 to ER target
promoters with different contexts (Sp site and ERE). Several

well-established estrogen-responsive genes were studied in
2 ER positive (ER+) breast cancer cell lines (MCF-7, ZR-
75). MCF-7 or ZR-75 cells were grown in estrogen-
depleted media for 3 d and then treated with α-amanitin for
2 h to synchronize the cells. Following the addition of hor-
mone at various times, cells were cross linked for ChIP as-
say. Our data show a differential cyclic association of ER,
Sp1, and Sp3 with the promoters before and after estrogen
treatment. The dynamic association of ER, Sp1, and Sp3 are
promoter- and cellular-context dependent. The differential
kinetics association pattern of Sp1 and Sp3 suggests that
Sp1 and Sp3 play different functional roles in the regulation
of estrogen-responsive genes. However, the anti-Sp3 anti-
body used in this study recognized all four Sp3 isoforms. To
determine the individual functional role of Sp1 and Sp3
isoforms, the Gal4 system is employed. In this study, each
of the Sp1 and Sp3 isoforms were fused to the Gal4 DNA-
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binding domain. The fusion protein was artificially recruited
to the Gal4 binding site, replacing the Sp1/3 site of different
estrogen responsive gene promoters in a luciferase reporter

gene. The luciferase assay helped elucidate the functional
role of Sp1 and Sp3 isoforms in the regulation of estrogen
responsive genes.

Molecular mechanism for the coordination of
organelle growth and division

C. Gregg, T. Guo, T. Boukh-Viner, A. Alexandrian, F. Banu, A. Cerracchio,
S. Haile, L. Makoroka, S. Milijevic, C. Sison, J. Solomon, V. Wong, J.-M. Nicaud,
R.A. Rachubinski, A.M. English, and V.I. Titorenko
Department of Biology and Department of Chemistry and Biochemistry, Concordia
University, Montreal, QC H4B 1R6, Canada; Laboratoire de Génétique des
Microorganismes, Thiverval-Grignon, France; Department of Cell Biology, University of
Alberta, Edmonton, AB T6G 2H7, Canada

During the cell cycle, organelles must double in size and
divide to be accurately partitioned during cell division and
inherited by the daughter cells. We describe an unusual mech-
anism for the coordination of organelle growth and division
in the yeast Yarrowia lipolytica. Yeast peroxisomes do not
grow and divide at the same time (Titorenko, V.I., and
Rachubinski, R.A. 2001. Nat. Rev. Mol. Cell Biol. 2: 357–368;
Titorenko, V.I., and Rachubinski, R.A. 2001. Trends Cell
Biol. 11: 22–29). The growth of immature peroxisomal
vesicles, termed P1 to P5, which is accomplished by the
stepwise import of distinct subsets of matrix proteins and the
uptake of lipids, and their development into mature per-
oxisomes, P6, occur before completely assembled mature
peroxisomes undergo division (Titorenko, V.I. et al. 2000. J.
Cell Biol. 148: 29–43; Guo, T. et al. 2003. J. Cell Biol. 162:
1255–1266). Pex16p, a protein that associates with the inner
face of the peroxisomal membrane, negatively regulates the
division of immature peroxisomal vesicles (Guo, T. et al.
2003. J. Cell Biol. 162: 1255–1266). We have now estab-
lished that Pex16p in the inner membrane leaflet of imma-
ture peroxisomal vesicles binds lysophosphosphatidic acid
(LPA). The binding of Pex16p to LPA prevents the formation
of diacylglycerol (DAG), a particularly potent inducer of
negative curvature and membrane bending, in a membrane-

associated biosynthetic pathway. The stepwise import of dis-
tinct subsets of matrix proteins into different immature inter-
mediates along the peroxisome assembly pathway causes the
redistribution of a peroxisomal protein, acyl-CoA oxidase
(Aox), from the matrix to the membrane. A significant redis-
tribution of Aox occurs only in mature peroxisomes, P6.
Inside mature peroxisomes, Aox interacts with Pex16p. This
interaction between Aox and Pex16p greatly decreases the
affinity between Pex16p and LPA, thereby allowing LPA to
enter the 2-step biosynthetic pathway leading to the forma-
tion of DAG. The resulting accumulation of DAG in the in-
ner leaflet of the peroxisomal membrane triggers a cascade
of events ultimately leading to peroxisome division. This
cascade of events is initiated by the spontaneous flipping of
DAG, which is known for its very fast transbilayer translocation,
between the 2 membrane leaflets. The resulting movement
of DAG into the outer leaflet promotes the reorganization of
the bilayer configuration of the membrane into negatively
curved non-bilayer intermediates and recruits the dynamin-
like protein Vps1p to the outer surface of the peroxisome.
The subsequent destabilization, bending, scission and fission
of the peroxisomal membrane ultimately lead to the division
of mature, metabolically active peroxisomes.

© 2005 NRC Canada

Abstracts / Résumés 779



Regulation of smooth ER – mitochondria
association in normal and transformed cells by
cytosolic free calcium

J. Goetz, H. Genty, A. Raz, R. Sauvé, and I.R. Nabi
Department of Cellular and Physiological Sciences, University of British Columbia,
Vancouver, BC V6T 1Z3, Canada; Département de Pathologie et de Biologie Cellulaire et
Département de Physiologie, Université de Montréal, Montréal, QC H3T 1J4, Canada;
Laboratoire de Pharmacologie et Physicochimie des Interactions Cellulaires et
Moléculaires, UMR 7034, Université Louis Pasteur, Illkirch, France; Karmanos Cancer
Institute, Wayne State University, Detroit, MI 48201, USA

Antibodies to autocrine motility factor receptor (AMFR)
are a specific marker for mitochondrial-associated smooth
endoplasmic reticulum (SER). Elevation of free cytosolic
calcium levels in MDCK cells using the calcium ionophore
ionomycin and the SERCA inhibitor thapsigargin reversibly
promotes SER–mitochondrial dissociation. Similarly, ATP
stimulation of an IP3R-mediated calcium transient induces
SER–mitochondria dissociation. Conditions that induce
SER–mitochondria dissociation disrupt the continuity between
the AMFR-labeled SER and the calnexin-labeled ER, yet
both ER domains still overlap with SERCA. This would

suggest that calcium regulates not only mitochondrial inter-
action, but also the integrity of this SER domain. Transfor-
mation of NIH-3T3 fibroblasts by either the Ras oncogene
(NIH-Ras) or by overexpression of autocrine motility factor,
the AMFR ligand, is associated with an increase in cytosolic
calcium concentration and concomitant SER–mitochondria
dissociation. Reduction of free cytosolic calcium concentra-
tions restores association between the two organelles in trans-
formed cells. Increases in cytosolic free calcium upon cellular
transformation therefore impact directly on the integrity and
mitochondrial association of the SER.

Trafficking defects of dominant and recessive
distal renal tubular acidosis mutants of the kidney
anion exchanger 1

E. Cordat, S. Kittanakom, P.-T. Yenchitsomanus, J. Li, K. Du, G.L. Lukacs,
and R.A.F. Reithmeier
Department of Biochemistry, University of Toronto, Toronto, ON M5S 1A8, Canada;
Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand 10700;
Hospital for Sick Children, Program in Cell and Lung Biology, Toronto, ON M5S 1A8,
Canada

Distal renal tubular acidosis (dRTA) is an inherited kidney
disease caused by a defect of urinary acidification, that can
be the result of dominant or recessive mutations occurring
within kidney anion exchanger 1 (kAE1), a glycoprotein ex-
pressed in the basolateral membrane of renal α-intercalated
cells. We developed a cellular model of dominant and reces-
sive dRTA using infected polarized epithelial MDCK cells
expressing normal or mutant forms of kAE1. Immunoblot, pulse-
chase, immunofluorescence, and FACS analysis showed that

kAE1 was targeted to the basolateral membrane of the cells,
reflecting the situation in kidney cells. In contrast, two domi-
nant dRTA mutants (R589H and S613F), although properly
folded, were retained in the ER and rapidly degraded. Two
recessive mutants (G701D and S773P), despite their mis-
folding, were able to escape the ER and were either retained
in the Golgi (G701D) or reached the basolateral membrane
(S773P). The localization of the G701D mutant in the Golgi
may be due to the exposure of a Golgi retention signal
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caused by shortening of a critical transmembrane segment.
Recessive mutants co-expressed with WT kAE1 could be
targeted to the cell surface, whereas dominant mutants in-
duced ER retention of WT kAE1. Co-expression of the two
recessive mutants as found in compound heterozygotes did

not result in functional protein at the cell surface. These traf-
ficking defects account for the dominant and recessive phe-
notypes observed.

Supported by a CIHR Fellowship and Operating Grant.

Protein trafficking to the peroxisome: a role for
mRNA–cytoskeleton interactions?

S.D.X. Chuong, N.-I. Park, M.C. Freeman, R.T. Mullen, and D.G. Muench
Department of Biological Sciences, University of Calgary, 2500 University Dr. NW,
Calgary, AB T2N 1N4, Canada; Department of Botany, University of Guelph, Guelph, ON
N1G 2W1, Canada

The subcellular localization of mRNA is important in fa-
cilitating the efficient targeting of proteins to distinct regions
of the cytoplasm and to the surface of organelles. Using a
biochemical screen aimed at identifying rice proteins that
may function in mRNA localization, we identified a protein
that possessed both microtubule- and RNA-binding activi-

ties. This protein was purified to homogeneity and was iden-
tified as the multifunctional protein, a peroxisomal matrix
protein that possesses multiple enzymatic activities involved
in the β-oxidation of fatty acids. The recombinant multi-
functional possessed microtubule- and RNA-binding activi-
ties, in addition to its β-oxidation activities.

Dynamics of the endoplasmic reticulum and Golgi
apparatus in live plant cells

F. Brandizzi, S. Hanton, L. Renna, L. Bortolotti, and G. Stefano
Department of Biology, University of Saskatchewan, Saskatoon, SK, Canada

The secretory pathway is common to all eukaryotes. It is
primary for the synthesis of secretory proteins and essential
for proper cell function, maintaining organelle definition and
cell polarity. Despite the universal central role of the secre-
tory pathway in the synthesis and modification of proteins,
lipids, and sugars in all kingdoms, organization of its major
organelles, the endoplasmic reticulum (ER) and Golgi, dif-
fers substantially among kingdoms. In particular, the plant
ER envelopes the vacuole, underlying minute mobile Golgi
stacks, and moves via actin filaments (Brandizzi, F. et al.
2002. Plant Cell, 14: 1293–1309). This asset is unique across
kingdoms. In plants, the mechanisms and molecular vectors
that control protein transport from the ER to the Golgi are
only now beginning to be explored. Here, we use laser scan-
ning microscopy and quantitative fluorescence imaging tech-
niques (Brandizzi, F. et al. 2002. Plant Cell, 14: 1293–1309;
Brandizzi, F. et al. 2002. Nat. Rev. Mol. Cell Biol. 3: 520–

530) to investigate in vivo where the export of protein cargo
from the plant ER to the Golgi apparatus takes place and the
requirements for its maintenance. We found that the cargo
collection operated by Golgi stacks occurs while they move
on the ER. In addition, the domains of the ER dedicated to
cargo export (ER export sites) form secretory units that
move along the surface of the ER together with the Golgi
bodies, but movement does not influence the rate of cargo
transport between these two organelles (daSilva, L.L.P. et al.
2004. Plant Cell, 16: 1753–1771). These findings support
the view that the sites of protein export and Golgi stacks be-
have as a single secretory system that is mobile along the
surface of the ER. In addition, by means of COPI and COPII
mutants we determined that ER export sites and the Golgi
complex form a dynamic, steady-state system, whose
identity is maintained by the combined activities of the Arf1–
coatomer and Sar1–COPII systems.
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Mitochondrial porins on a cholesterol-free diet: do
sterols influence tertiary interactions in
detergent-solubilized porins?

D.C. Bay, J.D. O’Neil, D.A. Court
Department of Microbiology, Department of Chemistry, University of Manitoba,
Winnipeg, MB R3T 2N2, Canada

Mitochondrial porins are general diffusion channels re-
sponsible for the permeability of the mitochondrial outer
membrane. These channels are presumed to form β-barrels
based on primary sequence analysis, which is supported by
the high β-strand content (30%–60%) observed in detergent-
solubilized mitochondrial porins analyzed by circular dichroism
(CD) spectrapolarimetry. Functional examination of both
native and recombinant porins using black lipid bilayers
demonstrates that the addition of a sterol to mitochondrial
porins in the presence of detergent is required for channel
formation. Additionally, native mitochondrial porins solubilized
in detergent have shown to copurify with sterols. However, it
is unclear what role sterols play with respect to mitochon-
drial porin secondary and tertiary structures. To investigate
these interactions, detergent solubilized Neurospora crassa
recombinant porin was incubated with various sterols
(cholesterol, 4-cholesten-3-one, and ergosterol) and the re-
sultant protein structures were probed with UV absorption
spectroscopy, fluorescence spectroscopy, and CD spectra-

polarimetry. Interestingly, the presence of sterols does not
alter the secondary structure of porins suspended in the de-
tergents, lauryl dimethylamine oxide (LDAO), dodecylphos-
phocholine (DPC), and mixtures of sodium dodecylsulfate
(SDS) and dodecyl maltopyranoside (DM). Further analysis
using near-UV CD spectrapolarimetry and fluorescence
spectroscopy indicate that detergent-sterol-solubilized porins
possess slightly different tertiary interactions as compared
with porin suspended in detergent alone. These differences
are detected in the environments surrounding phenylalanine
and tryptophan residues, as small changes in signal intensity
in both the near-UV CD and fluorescence spectra. The sub-
tle differences between the tertiary contacts established in
the presence and absence of sterols suggests that either the
apparently slight and (or) small changes in tertiary interactions
are sufficient for the formation of an insertion-competent
structure, or the role of the sterol is to facilitate insertion
into the black lipid bilayers.

Identification of a novel microtubule related
function for the �-karyopherin Kap123p

A.M. Anderson, R.J. Scott, D.J. Dilworth, J.D. Aitchison, and R.W. Wozniak
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

Karyopherins are responsible for the exchange of macro-
molecules between the nucleus and the cytoplasm. We have
characterized a yeast strain bearing a null mutation of the
gene encoding the β-karyopherin Kap123p and propose a
link between Kap123p and microtubule function. Using drug
sensitivity assays, we demonstrated a hypersensitivity of
kap123∆ null strains to microtubule-destabilizing drugs.
Several lines of evidence suggest this sensitivity is not the
result of a defect in the spindle assembly checkpoint. In con-
trast to spindle assembly checkpoint mutants, kap123∆ cells
(i) remain viable upon exposure to nocodazole, (ii) arrest in
nocodazole-containing media and maintain high levels of the

mitotic cyclin Clb2p, and (iii) show increased benomyl sen-
sitivity in the absence of the checkpoint protein Mad2p. We
suggest the phenotypes observed in kap123∆ cells are indic-
ative of a requirement for Kap123p in microtubule stability
or organization. In agreement with this, we have shown that
kap123∆ cells lose viability in the absence of a functional
spindle assembly checkpoint. Moreover, a population of
kap123∆ cells has unusual mitotic spindle structures, produc-
ing bi- or multi-nucleated cells. Data will also be presented
that demonstrate genetic and physical interactions between
Kap123p and the α-tubulins, Tub1Fp and Tub3p, as well as
proteins functioning in microtubule assembly and stability.
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Navigating the chaperone network: an integrative
map of physical, genetic, and chemical–genetic
interactions mediated by the yeast Hsp90
chaperone system

R. Zhao, M. Davey, Y.-C. Hsu, P. Kaplanek, A. Tong, A.B. Parsons, N. Krogan,
G. Cagney, D. Mai, J. Greenblatt, C. Boone, A. Emili, and W.A. Houry
Department of Biochemistry, Medical Sciences Building, 1 King’s College Circle,
University of Toronto, Toronto, ON M5S 1A8, Canada; Banting and Best Department of
Medical Research, University of Toronto, Toronto, ON M5G 1L6, Canada; Department of
Medical Genetics and Microbiology, University of Toronto, Toronto, ON M5S 1A8,
Canada

Physical, genetic, and chemical–genetic interactions cen-
tered on the conserved chaperone Hsp90 were mapped at
high resolution in yeast using systematic proteomic and genomic
methods. Physical interactions were identified using genome-
wide 2-hybrid screens combined with large-scale affinity pu-
rification of Hsp90-containing protein complexes. Genetic
interactions were uncovered using synthetic genetic array
technology and by a microarray-based chemical–genetic screen
for hypersensitivity to the Hsp90-inhibitor geldanamycin in
a set of ~4700 viable yeast gene deletion mutants. An extended

network consisting of 198 putative physical interactions and
451 putative genetic and chemical–genetic interactions was
found to connect Hsp90 to cofactors and substrates involved
in a wide range of cellular functions. Two novel Hsp90
cofactors, Tah1 (YCR060W) and Pih1 (YHR034C), were
also identified. These cofactors interact physically and func-
tionally with the conserved AAA ± type DNA helicases Rvb1
and Rvb2, which are key components of several chromatin-
remodeling factors, thereby linking Hsp90 to epigenetic gene
regulation.

Observing RNA synthesis, movement, and
localization in living cells

R.H. Singer, Y. Shav-Tal, X. Darzacq, S. Huettelmaier, A. Rodriguez, W. Gu,
and S. Shenoy
Department of Anatomy & Structural Biology, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Bronx, NY 10461, USA

We developed a system for following gene expression in
real time, and used it to follow individual mRNPs. An array
of genes coding for a functional mRNA that contains 24 re-
peats of the MS2 coat protein binding motif combined with
the MS2 coat protein fused to GFP or YFP allowed us to de-
tect single molecules of RNA in live cells. In these studies,
we used photo bleaching and photo activation of GFP-labeled
mRNAs. The analysis demonstrated that nuclear RNA mobility
was not directed, but governed by rules of simple diffusion.
This approach can also be coupled with mathematical model-
ing to reveal the dynamics of synthesis of RNAs at the
genomic locus of their transcription. Our analysis reveals the in

vivo rates of the different steps of the pol II transcription
process.

Once in the cytoplasm, mRNAs can be directed to their
destinations. β-actin mRNA can be localized to sites of active
F-actin polymerization in migrating fibroblasts or growing
neurons. In yeast, mating-type switching depends on the
asymmetric distribution of Ash1 protein owing to localized
translation of ASH1 mRNA sorted to the bud tip. In both of
these systems, it is possible to directly observe this process
in real time to deduce the mechanisms governing localization.
This demonstrates that a spatial and temporal sequential
process regulates RNA localization. The RNA binding pro-
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tein, ZBP1, contributes to the asymmetric sorting of β-actin
mRNA by inhibiting its translation until it reaches its desti-
nation. Like β-actin mRNA, translation of ASH1 mRNA
must be inhibited before it is localized. One of these proteins
is Puf6p, a novel protein of the PUF family, originally iden-

tified in Drosophila and C. elegans. Using the variety of
technologies developed, we can envision following an RNA
molecule from its birth, through its travels, and finally to its
expression.

ER retention or export: the role of RNA
localization

T.W. Okita
Institute of Biological Chemistry, Washington State University, Pullman, WA 99164-6340,
USA

Rice synthesizes and accumulates 2 major classes of stor-
age proteins, prolamines and glutelins, which are stored in
different subcellular compartments of the secretory pathway.
Prolamines are deposited directly as spherical protein
intracisternal granules within the endoplasmic reticulum
(ER) lumen, whereas glutelins are exported from the ER
lumen to the protein-storage vacuoles. Past efforts from this
laboratory have demonstrated that these storage protein
RNAs are not randomly translated on the cortical ER com-
plex. Instead, prolamine RNAs are localized on the protein
body-ER that bound the prolamine intracisternal inclusion
granule while glutelin RNAs are enriched on the cisternal
ER. Our present results indicate that (i) RNAs are trans-

ported from the nucleus to the cortical ER by 2 regulated
pathways, as well as by a third constitutive pathway; (ii) the
transport and targeting of RNAs to the protein body ER
requires at least 2 cis-elements (zip codes), although an ini-
tiation codon is essential, suggesting a role for translation;
(iii) a hierarchy of sorting signals may exist with the glutelin
signal determinant dominant to the prolamine type; and
(iv) RNA localization is responsible for the eventual local-
ization of the coded protein as supported by RNA mistargeting
studies and mutant analysis. The implications of these results
as it relates to protein synthesis and accumulation in plant
cells will be discussed.

Localized mRNA translation at the endoplasmic
reticulum: the unfolded protein response reveals
new mechanisms for the compartmentalization of
protein synthesis

Christopher Nicchitta
Duke University Medical Centre, Durham, NC 27710, USA

mRNA localization is an established mechanism for direct-
ing protein expression to discrete compartments in the cell.
Commonly, mRNA localization functions in concert with
protein targeting signals to yield complementary, redundant
mechanisms for controlling spatial aspects of protein expres-
sion. We have recently initiated investigations into mRNA
localization at the endoplasmic reticulum (ER), where all
mRNAs encoding secretory and membrane proteins undergo
translation. We, and others, have observed that numerous
mRNAs encoding soluble proteins are also translated on ER-

bound ribosomes and, in addition, that a subset of such
mRNAs is highly partitioned to the ER. In current studies,
we are examining how mRNA partitioning to the ER is
coupled to translation, particularly during physiological sce-
narios in which global translation is inhibited. In one such
scenario, the unfolded protein response (UPR), the accumu-
lation of unfolded proteins in the ER yields the activation of
the eIF2α-directed kinase PERK and the suppression of the
initiation stage of protein synthesis. As a consequence, poly-
ribosomes breakdown ensues, as ribosomes undergo termi-
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nation and are unable to initiate de novo protein synthesis.
Surprisingly, we now report that post-termination ribosomes
retain their association with the ER translocon and can par-
ticipate in the translation of mRNAs encoding stress pro-
teins. Whereas mRNA translation on cytosolic ribosomes is
dramatically suppressed during the UPR, translation on ER-
bound ribosomes is sustained, albeit at reduced rates. Unex-

pectedly, mRNAs encoding soluble stress proteins, such as
the stress-induced transcription factor ATF4, were found to
undergo preferential translation on ER-bound ribosomes
during cell stress. These data, describing novel functions for
the ER in the regulation of mRNA partitioning and transla-
tion, will be presented.

Molecular mechanisms in clathrin-mediated
endocytosis revealed through quantitative
subcellular proteomics

Peter S. McPherson
Department of Neurology and Neurosurgery, Montreal Neurological Institute, McGill
University, Montreal, QC H3A 2B4, Canada

Subcellular proteomics combines subcellular fractionation
and mass spectrometry to identify the protein complement of
cellular compartments. We used subcellular proteomics to
analyze clathrin-coated vesicles (CCVs) from adult brain.
Development of a peptide accounting approach allows for a
quantitative assessment of relative protein levels within CCVs
and other cellular compartments. We observed the expected
1:1:1:1 stoichiometry for the subunits of the clathrin adaptor
protein 2 (AP-2) heterotetramer and a 1:1 stoichiometry for
clathrin heavy and light chain (CHC and CLC) dimers.
Surprisingly, when applied to a proteomics analysis of CCVs
isolated from liver, peptide accounting reveals a striking deficit
of CLC compared with CHC. Western blot analysis confirms

this deficit in essentially all non-brain tissues examined, sug-
gesting a level of regulation of clathrin cage formation spe-
cific to brain. In addition, we have identified a number of
novel proteins that participate in CCV formation and func-
tion. Characterization of 2 of these proteins, NECAP 1 and
2, has led to the identification of a new consensus motif for
interactions with AP-2. Database searches with the motif
identify a previously uncharacterized protein that contains
DENN domains, is highly enriched on CCVs, and interacts
with AP-2. These studies highlight the ability of proteomics
to reveal new insights into the mechanisms and functional
roles of subcellular compartments.

Complex biological queries on the protein
interaction network

Trey Ideker
University of California, San Diego, La Jolla, CA 92093-0412, USA

With the appearance of large networks of protein–protein
and protein–DNA interactions as a new type of biological
measurement, methods are needed for constructing cellular
pathway models using interaction data as the central frame-
work. The key idea is that, byquerying the molecular inter-
action network with other biological data sets, it will be
possible to organize the network into modules representing
the repertoire of distinct functional processes in the cell.
Three distinct types of network queries will be discussed, in-

cluding queries to identify the following: (i) networks in
control of gene expression changes; (ii) networks correlating
with systematic phenotypes and synthetic lethals; and
(iii) protein interaction networks that are conserved across
species. Using these computational modeling and query tools,
we are constructing network models to explain the physio-
logical response of yeast to an array of DNA damaging
agents.
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Observing RNA synthesis, movement, and
localization in living cells

Robert H. Singer, Yaron Shav-Tal, Xavier Darzacq, Stefan Huettelmaier,
Alex Rodriguez, Wei Gu, and Shailesh Shenoy
Department of Anatomy and Structural Biology, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Bronx, NY 10461, USA

We developed a system for following gene expression in
real-time, and used it to follow individual mRNPs. An array
of genes coding for a functional mRNA that contains 24 re-
peats of the MS2 coat protein binding motif combined with
the MS2 coat protein fused to either green or yellow flourescent
protein (GFP or YFP) allowed us to detect single molecules
of RNA in live cells. In these studies, we used photo bleaching
and photoactivation of GFP-labeled mRNAs. The analysis
demonstrated that nuclear RNA mobility was not directed,
but governed by rules of simple diffusion. This approach can
also be coupled with mathematical modeling to reveal the
dynamics of synthesis of RNAs at the genomic locus of their
transcription. Our analysis reveals the in vivo rates of the
different steps of the polII transcription process.

Once in the cytoplasm, mRNAs can be directed to their
destinations. β-actin mRNA can be localized to sites of active

F-actin polymerization in migrating fibroblasts or growing
neurons. In yeast, mating-type switching depends on the asym-
metric distribution of Ash1 protein owing to localized trans-
lation of ASH1 mRNA sorted to the bud tip. In both of these
systems, it is possible to directly observe this process in real
time to deduce the mechanisms governing localization. This
demonstrates that a spatial and temporal sequential process
regulates RNA localization. The RNA binding protein, ZBP1,
contributes to the asymmetric sorting of β-actin mRNA by
inhibiting its translation until it reaches its destination. Like
β-actin mRNA, translation of ASH1 mRNA must be inhibited
before it is localized. One of these proteins is Puf6p, a novel
protein of the PUF family, originally identified in Drosophila
and C. elegans. By use of the variety of technologies devel-
oped, we can envision following an RNA molecule from its
birth through its travels and finally to its expression.

Chromosome looping, telomere anchoring, and the
functional impact of yeast chromatin dynamics

F. Neumann, M. Gartenberg, A. Taddei, F. Hediger, K. Bystricky, T. Laroche,
G. van Houwe, M. Blaszczyk, and S.M. Gasser
Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, CH-4058
Basel, Switzerland

Live-cell fluorescence microscopy reveals the long-range
organization of whole chromosomes in the G1-phase nucleus
of budding yeast. It has been established that centromeres
cluster near the spindle pole body and that the 32 telomeres
of haploid cells form 5–8 perinuclear foci. Time-lapse mi-
croscopy of telomere pairs tagged on opposite chromosomal
arms shows that they interact reversibly with varying fre-
quencies. The right and left telomeres of chromosomes 3
and 6 interact with each other significantly, forming whole
chromosomal loops, whereas right and left telomeres of
chromosomes 5 and 14 maintain a proximity that appears to
reflect their chromosome territory with more limited direct
interaction. Disruption of perinuclear telomere anchoring by
complete deletion of yku70 or sir4 largely eliminates telomere–

telomere contact, but allow coordinated movement of telomeres.
These mutations thus interfere with a Rabl organization, and
show that coordinated chromosome movement is a property
of a chromosome domain.

Using optimized in situ hybridization and live imaging
techniques we have determined compaction ratios and fiber
flexibility for interphase chromatin in budding yeast. Unlike
previous studies, this is based on an examination of non-
repetitive chromatin monitored at intervals short enough to
be meaningful for the yeast genome. We reconcile high-
resolution FISH data from intervals of 14 to 100 kb along
single chromatids with measurements of whole chromosome
arms (122–623 kb in length), which are monitored in intact
cells through the targeted binding of bacterial repressors
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fused to green fluorescent protein derivatives. The results
are interpreted with a flexible polymer model and argue that
interphase chromatin exists in a surprisingly compact higher-
order conformation with a persistence length of 170–210 nm
and a mass density of ~110–150 bp/nm. This degree of com-
paction is equivalent to 7–10 nucleosomes per 11 nm turn
within a 30 nm fiber structure. Comparison of long and short
chromatid arm measurements demonstrates that chromatin
fiber extension is also influenced by nuclear geometry. That
this is observed for transcriptionally competent chromatin in
growing yeast cells suggests that transcription requires only
a transient opening of higher order chromatin structures.

Subtelomeric chromatin and the silent mating-type loci of
budding yeast are transcriptionally repressed by a hetero-
chromatin-like structure composed of Sir proteins. Telomeres

are held together in clusters at the nuclear periphery by redun-
dant pathways that require Ku and Sir proteins. To ascertain
whether silent chromatin determines its subnuclear localiza-
tion autonomously, the HMR mating-type locus was excised
from the chromosome by inducible site-specific recombina-
tion, and real-time cytological techniques were used to study
the position and dynamics of the excised ring. HMR remains
associated with the nuclear periphery in a SIR-dependent
fashion following excision, while non-silent rings move
without detectable constraint throughout the nucleoplasm.
Anchorage of silent rings requires the combined action of
Ku and Esc1. Importantly, silent rings are as dynamic as
non-silent rings if the two anchorage pathways are ablated,
demonstrating that chromatin-mediated repression is not lo-
cation dependent when Sir proteins are uniformly dispersed.

Global discovery of Golgi–endosomal transport
complexes in yeast

Cayetana Schluter, Jochen Brumm, Jenny Bryan, and Elizabeth Conibear
Centre for Molecular Medicine and Therapeutics, University of British Columbia,
Vancouver, BC V5Z 4H4, Canada; Department of Statistics, University of British
Columbia, Vancouver, BC V6T 1Z2, Canada; Department of Medical Genetics, University
of British Columbia, Vancouver, BC, Canada

We are using genome-wide phenotypic profiling to dis-
cover novel trafficking complexes and to identify compo-
nents of the Golgi–endosomal sorting machinery. Classical
genetic and genomic approaches have implicated as many as
300 genes in the post-Golgi transport of newly synthesized
carboxypeptidase Y (CPY), but whose role in protein sorting
is not well understood. Individual components of multi-subunit
complexes often display identical mutant phenotypes. Using
a robotic platform to carry out quantitative genome-wide
screens on three yeast genome deletion collections, we gen-
erated 300 000 measurements that cover a range of traffick-
ing phenotypes. Clustering algorithms were used to identify
groups of mutants that exhibit similar characteristics across
all functional assays. Remarkably, subunits of previously de-

scribed trafficking complexes fell into well-defined clusters.
Genes of unknown function that clustered together were
chosen for more detailed investigation. Using this approach,
we were able to identify novel trafficking complexes, including
one containing Vps55p and Vps68p. The Vps55–Vps68 com-
plex localizes to late endosomal and vacuolar membranes,
and is required for efficient transport on endosome-to-vacuole
and endosome-to-Golgi pathways. Because loss of the Vps55–
Vps68 complex does not impair the formation of lumenal
endosomal vesicles formation nor prevent vacuolar fusion,
this complex is likely to regulate a novel aspect of endo-
somal trafficking.
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Dynamic localization of RNA interference effector
proteins in Schizosaccharomyces pombe

Jon B. Carmichael, Cezar Stoica, Henry Parker, J. Michael McCaffery,
and Tom C. Hobman
Departments of Cell Biology and Medical Microbiology and Immunology, University of
Alberta, Edmonton, AB T6G 2H7, Canada; Integrated Imaging Center, Department of
Biology, Johns Hopkins University, Baltimore, MD 21218, USA

Ago1, Dcr1, and Rdp1 are the core components of the
RNA interference (RNAi) machinery in the fission yeast
Schizosaccharomyces pombe. These proteins function in 2
distinct RNAi-related pathways that direct homology-
dependent degradation of mRNA and chromatin modifica-
tion. In addition, Ago1 and Dcr1 functionally diverge from
the RNAi pathway to regulate cell cycle events; specifically,
enactment of cell cycle checkpoints that use inhibitory phos-
phorylation of the cyclin-dependent kinase Cdc2. Functioning
of the RNAi apparatus in these divergent pathways would
appear to require differential localization of Ago1, Dcr1, and
Rdp1. As a first step toward understanding the intracellular
trafficking patterns of RNAi components, we have constructed

functional GFP- and HA-tagged Ago1, Dcr1, and Rdp1
chimeras. The localizations of these chimeras were studied
by fluorescence and immuno-electron microscopy. Our
results indicate that Rdp1 is predominantly localized to the
nucleus where it is thought to function in siRNA generation.
In contrast, Ago1 and Dcr1 are predominantly associated
with large cytoplasmic complexes. Blocking Crm1-dependent
nuclear export did not result in nuclear accumulation of these
proteins; however, in the absence of Ago1, nuclear localization
of Dcr1 was evident. In addition, conditions that blocked
cell cycle progression at the G1/S phase resulted in nuclear
localization of both pools of Ago1 and Dcr1.

Analysis of cytokinesis in cells that do not divide

Craig A. Mandato
Department of Anatomy and Cell Biology, McGill University, Montreal, QC H3A 2B2, Canada

Interactions between the microtubule and F-actin cyto-
skeletons are critical for a variety of cellular processes,
including directed cell locomotion, cytokinesis, and the es-
tablishment and maintenance of cell architecture (Rodriguez
et al. 2003. Nat. Cell Biol. 5: 599–609). However, the com-
plexity of these two cytoskeletal systems and the intricacy of
the processes they control have long frustrated efforts to ana-
lyze their mutual dependence. In particular, the abundance
and dynamic nature of microtubules and F-actin have posed
a serious challenge to efforts to distinguish between real and
fortuitous interactions between the two in living cells.
Similarly, the diverse array of cellular inputs necessary to
accomplish directed cell movement and cytokinesis greatly
complicates efforts to tease apart the individual and interde-
pendent contributions made by microtubules and F-actin during
these processes. Several distinct mechanisms of microtubule-
F-actin interaction could potentially occur during a particular
cellular contractile process. To characterize such mechanisms
and assess their relative contributions in an in vivo system

that lends itself to experimental manipulation, we have
employed time-lapse, confocal (4D) microscopy to follow
microtubule-F-actin interactions in wounded Xenopus oocytes.
Wounding triggers microtubule-modulated formation and
closure of an actomyosin array around wounds (Bement et
al. 1999. Curr. Biol. 9(11): 579–587). The actomyosin array
develops as the result of both cortical flow of stable F-actin
cables toward the wound, which assemble with myosin-2
into a contractile ring, and the formation of a zone of actin
and myosin-2 polymerization around the wound (Mandato
and Bement. 2001. J. Cell Biol. 154(4): 785–797; Mandato
and Bement. 2003. Curr. Biol. 13: 1096–1105). The zone of
polymerization surrounds the contractile ring and works in
concert with it to close the cell cortex over the site of original
damage. Using this system, we provide direct evidence for
F-actin-microtubule transport interactions, as well as
microtubule-dependent control of the zone of polymeriza-
tion.
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Systems approach to deciphering the
transcriptional regulatory network controlling
peroxisome induction in yeast

Jennifer J. Smith and John D. Aitchison
Institute for Systems Biology, Seattle, WA 98103, USA

Cells respond to stimuli by reorganizing metabolic pro-
cesses and intracellular structures. Elucidating the regulatory
networks controlling these changes will lead to a better
understanding of these coordinated systems-level responses.
Peroxisomes are organelles that have many regulated meta-
bolic roles including fatty acid metabolism, cholesterol and
hormone biosynthesis, and nerve myelination. The biogenesis
of peroxisomes responds considerably to various stimuli. In
yeast, peroxisomes are dispensable under standard growth
conditions and are dramatically induced by fatty acids, a
response that is controlled, at least to a large extent, at the
level of transcription. Such a dynamic, controllable, and dis-
pensable system lends itself well to systems-level analysis.

To decipher the transcriptional regulatory network con-
trolling peroxisome induction we are taking the following
approach: (i) generate transcriptome-profiling data during
exposure to fatty acid; (ii) mine the data to identify candidate
peroxsiome-related transcriptional regulators; (iii) identify

targets of each candidate using 2 complimentary approaches —
a large-scale chromatin localization analysis of each factor
under conditions of peroxisome induction and repression and
compare the transcriptome profiles of deletion strains to that
of the wild-type strain for each transcription factor under
peroxisome inducing conditions using microarrays; (iv) integrate
the data with relevant data in the literature and generate
models using network visualization and analysis software
termed Cytoscape; and (v) test predictions and refine the
models. This approach has revealed the dynamics and
modularity of the regulatory response controlling peroxisome
induction. The network includes 3 known peroxisome-related
regulators, a novel transcriptional regulator, as well as regula-
tors not previously implicated in this response. Relationships
between these factors and their targets are revealed by the
structure of the network, such as network motifs and pro-
moter architecture, and suggest mechanisms of the response
and coordination with other cellular processes.

Lipids on the move

Gerrit van Meer, Nanette Kälin, Quirine Lisman, and Joost Holthuis
Department of Membrane Enzymology, Institute of Biomembranes, Utrecht University,
Padualaan 8, 3584 CH Utrecht, Netherlands

The various intracellular membranes have different pro-
tein and lipid compositions. In view of the rapid transport
between these membranes via vesicles, there must be selec-
tivity in this pathway. It is now believed that the basis for the
selective transport of lipids resides in the aggregation of cer-
tain lipids into microdomains. These “rafts” are thought to
be involved in protein sorting and in signal transduction at
the plasma membrane. A second mechanism of selective
lipid transport resides in proteins that pump lipids across the
lipid bilayer of the cellular membranes. We and others have
observed that the expression of Mdr2/3 and other ABC-
transporters correlated with an increased ability of cells to
transport certain lipids from the cell interior to acceptors

outside. Right from the start these observations led to the
proposal that these proteins act as lipid translocators. Unfor-
tunately, solid evidence that ABC-transporters can translocate
natural lipid molecules across lipid bilayers is still missing.
We have developed various assays for lipid translocation in
living cells, and have observed a function of specific lipid
translocators in vesicle budding in endocytosis. We hope to
identify the lipid translocators, to determine their substrate
specificity and regulation. It’ll be a challenge to unravel how
the interplay between the various translocators contributes to
the dynamics and specificity of traffic of membrane lipids
and proteins in the living cell in health and disease.
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Impaired trafficking of human CDw92/CTL1 at the
plasma membrane and inhibition of choline
transport during monocytic cell differentiation to
macrophages

Morgan Fullerton, Laura Wagner, Zongfei Yuan, and Marica Bakovic
Human Biology and Nutritional Sciences, University of Guelph, Guelph, ON N1G 2W1,
Canada

The objective of the present study was to elucidate the role
of CDw92/CTL1 in choline transport. Several potential choline
transporters were compared based on changes in gene ex-
pression and the levels of choline uptake in THP-1 human
monocytic cells during differentiation to macrophages. Transport
inhibitors such as hemicholinium-3, 1-methyl-4-phenyl-
pyridinium iodide, quinine and corticosterone were used to
test the contribution of various transporters to choline uptake
during the process of cell differentiation. Choline transport
is highest in monocytic cells and is significantly decreased
after induction of differentiation. Comparison of several trans-
porter mRNA levels reveals CDw92/CTL1 and OCT-1 as the
most plausible candidate transporters in THP-1 cells. Kinetic

studies, however demonstrate that the hemicholinium-
sensitive transport attributed to CDw92/CTL1 is predominant
and that OCT-1 accounts only for residual, quantitatively in-
significant transport. Changes in the rate of choline uptake
are associated with changes in the surface expression of the
CDw92/CTL1 protein, which is largest in monocytic cells
and considerably diminished during cell differentiation. Low
hemicholinium-sensitive choline uptake is maintained in dif-
ferentiated macrophages, as well as low surface expression
of CDw92/CTL1 without decreased protein mass or mRNA
level, further supporting the role of reduced protein trafficking
to the cell surface as the main inhibitor of this transport ac-
tivity in differentiating THP-1 cells.

Physiological role for a cytokinesis checkpoint in
fission yeast

Mithilesh Mishra, Jim Karagiannis, Susanne Trautmann, Hongyan Wang,
Mayalagu Sevugan, Volker Wachtler, Pritpal Singh, Dannel McCollum,
and Mohan K. Balasubramanian
Cell Division Laboratory, Temasek Life Sciences Laboratory, Department of Biological
Sciences, National University of Singapore, Singapore 117543; Department of
Microbiology and Molecular Genetics, University of Massachusetts Medical School,
Worcester, MA 01655-0122, USA

Fission yeast mutants defective in actomyosin ring forma-
tion exhibit a prolonged G2 delay following cytokinesis fail-
ure. This delay depends on the SIN, a signaling network
essential for cytokinesis, and the Cdc14p family phosphatase,
Clp1p/Flp1p, and has been proposed to signify a cytokinesis
checkpoint mechanism. However, the physiological relevance
of this proposed checkpoint is unclear since all previous
studies were carried out using mutations in essential actomy-
osin ring components under fully restrictive conditions and
thus these cells would have died regardless of the presence
of the checkpoint. Here we show that delays in cytokinesis

caused by minor perturbations to different components of
the cytokinetic machinery, which normally cause only mild
defects, become lethal when the cytokinesis checkpoint is
inactivated. We further show that the cytokinesis checkpoint
does not function simply to inhibit further rounds of nuclear
division, but also allows damaged actomyosin rings to be
maintained and reformed in order to facilitate completion of
cell division.

Clp1p is cytoplasmic during cytokinesis and its cytoplasmic
retention is important for checkpoint function. Cytoplasmic
retention of Clp1p is mediated by the 14-3-3 protein Rad24p
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and rad24 mutants are themselves cytokinesis-checkpoint
defective. Cytoplasmic retention of Clp1p prolongs SIN signal-
ing thereby ensuring completion of cytokinesis, via the SH3
domain protein Cdc15p and the novel protein kinase Lsk1p.
The G2 delay in the checkpoint-activated state appears to be

mediated by Cdc25p and Wee1p. Thus, a G2 delay and a
mechanism to “repair” damage to the cell division structures
enhances cell viability in response to challenges to the cell
division apparatus.

Regulation of cell morphology and the actin
cytoskeleton by CKIP-1

M.E.K. Olsten, D.A. Canton, and D.W. Litchfield
University of Western Ontario, London, ON N6A 5C1, Canada

CKIP-1 (CK2-interacting protein-1) is a 46 kDa pleckstrin
homology (PH) domain containing protein, originally identified
as an interaction partner of the alpha catalytic subunit of
protein kinase CK2. The serine (threonine) protein kinase
CK2 has a huge number of substrates, and has been linked
to a variety of cellular processes; however, its regulation
remains puzzling. It has been speculated that CK2 may be
regulated through interactions with other proteins, and with
this in mind we set out to determine the cellular function of
CKIP-1. We recently demonstrated that CKIP-1 is capable
of recruiting a proportion of the cellular CK2 to the plasma
membrane, and that the PH domain itself is required for both
the interaction with CK2 and recruitment to the plasma
membrane. To facilitate the characterization of the role of
CKIP-1 in cells, we developed a tetracycline-inducible cell
line with regulated expression of Flag-CKIP-1. Expression
of Flag-CKIP-1 in this cell line resulted in distinct changes
in cellular morphology, with overall changes in the actin
profile. In order to understand the mechanistic basis behind
this phenotype, Tandem-Affinity Purification (TAP) was per-
formed, which identified the heterodimeric capping protein
as an interaction partner of CKIP-1 that is capable of being
phosphorylated by CK2. Overall, our studies have demon-
strated a role for CKIP-1 both as a possible targeting–adaptor
molecule for CK2, and as a possible regulator of the actin
cytoskeleton.

In order to further understand the functions of CKIP-1 in
cells, we have established an additional tetracycline-inducible
cell line with regulated expression of Myr-CKIP-1. Myr-CKIP-1
is a form of CKIP-1 that has the PH domain replaced by a
myristylation signal. This mutant is no longer capable of in-
teracting with CK2α, or targeting it to the plasma mem-
brane, offering us a strategy to examine whether the cellular
effects that we see with CKIP-1 are dependent on CK2.
However, it is likely that CKIP-1 will have both CK2-dependent
and independent functions. As mentioned previously, upon
expression of Flag-CKIP-1 in human osteosarcoma U2-OS
cells, we have noted a distinct change in cellular morphology,
with the cells taking on an elongated fibroblast-like shape,
rather than their normal honeycomb-like shape. This elongated
morphology is not seen with expression of Myr-CKIP-1. In
addition to the shape change seen with CKIP-1 overexpression,
there seems to be an increase in membrane ruffling and re-
traction fibers. All of these observations point to changes in
the actin cytoskeleton with the possibility of having an effect
on both adhesion and motility, since membrane ruffling may
very well indicate inefficient adhesion at the leading edge of
cells. With this in mind, studies are underway to examine the
effect of expression of either Flag-CKIP-1 or Myr-CKIP-1
on the adhesion and motility of the inducible cell lines.
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Bax oligomerization in solution and at the
membrane — a fluorescence correlation
spectroscopy approach

Dmitri Satsoura, Brian Leber, David W. Andrews, and Cécile Fradin
Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton,
ON L8N 3Z5, Canada

Pore formation at mitochondria is one of the fundamental
processes that regulates apoptosis. Bcl-2 family proteins
play a pivotal role in both the regulation and the formation
of large pores in the outer mitochondrial membrane. In par-
ticular, oligomerization of the pro-apoptotic protein Bax is
believed to result in the formation of pores in the outer
membrane of mitochondria. Determining molecular mobility
and oligomerization state of this protein is essential for
understanding the molecular mechanism of action of Bcl-2
family proteins. The molecular mobility of a protein is ex-
pected to decrease when it interacts with membranes or if it
binds to other proteins or oligomerizes. Molecular brightness,
however, is expected to increase only upon oligomerization.
The molecular brightness and mobility of Bax was assessed

in the presence of a peptide that can trigger Bax insertion
into artificial membranes, both in the absence and in the
presence of membranes. Traditionally, protein-membrane in-
teractions have been studied using small or large unilamellar
vesicles. In this study, we used giant unilamellar vesicles
(GUVs), which, owing to their large size, have minimum
curvature of the membrane and therefore are better models
for mitochondrial membrane. Also, GUVs are suitable for
optical microscopy enabling us to apply single-molecule
spectroscopy to studies of protein–membrane interactions.
We report on the application of fluorescence correlation
spectroscopy (FCS) to studies of Bax oligomerization in so-
lution and in GUVs with a lipid composition mimicking that
of the outer mitochondrial membrane.

Localization patterns of chloroplast mRNAs using
FISH

James Uniacke and William Zerges
Biology Department, Concordia University, Montreal, QC H48 1R6, Canada

Chloroplasts carry out a variety of essential processes in
plant and eukaryotic algae cells. The light-dependent reac-
tions of photosynthesis occur in an elaborate network of
thylakoid membranes. Chloroplasts contain small genomes
that encode many of the subunits of the photosynthetic appa-

ratus and organellar gene expression system. We are using
fluorescence in situ hybridization to characterize the intra-
organellar localization patterns of several chloroplast mRNAs
for the assembly and repair of the photosystem complexes in
the unicellular algae Chlamydomonas reinhardtii.
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The function of ERp57 in folding and assembly of
MHC class I molecules

Yinan Zhang and David B. Williams
Department of Biochemistry, University of Toronto, Toronto, ON M5S 1A8, Canada

Major histocompatibility complex class I (MHC I) pro-
teins, found on all nucleated cell surfaces, present peptide
antigens to cytotoxic T lymphocytes to allow T cells to dis-
tinguish “self” from “non-self”. Class I molecules consist of
three subunits: a transmembrane heavy chain, a soluble sub-
unit termed β2-microglobulin (β2m), and an 8–9 residue pep-
tide ligand. The biogenesis of class I molecules starts within
the endoplasmic reticulum where the heavy chain folds and
assembles with β2m with the assistance of the chaperone
calnexin and a thiol oxidoreductase ERp57. Subsequently,
the heterodimer enters a peptide loading complex consisting
of calreticulin, ERp57, a peptide transporter termed TAP,
and tapasin. Although it has been widely assumed that ERp57
catalyzes class I disulfide formation and isomerization, its
role in class I biogenesis, or in the biogenesis of other proteins,
has remained elusive. Here we present in vivo evidence that
ERp57 does indeed participate in oxidative folding of the
class I heavy chain. After reducing the expression level of

ERp57 by RNA interference, delayed disulfide bond formation
of the heavy chain was observed. Concomitantly, the folding
of the heavy chain α3 domain was slowed and there was a
slight delay in class I-tapasin association and the transport of
class I from ER to golgi. No effects were observed on other
proteins known to bind ERp57 including calnexin, calreticulin,
and tapasin. β2m association was normal, indicating that the
interaction between heavy chain and β2m does not depend
on a native α3 domain. Likewise, the peptide-loading com-
plex assembled properly except for the absence of ERp57
and an ERp57–tapasin complex. Interestingly, more class I
molecules were observed on the cell surface after removing
ERp57. The basis for this increase is unclear since there
were no observable changes in the stability of surface class I
molecules. These studies constitute the first demonstration
that ERp57 is involved in productive disulfide formation in
vivo.

Mechanism of actin remodeling in association
with membrane fusion

Sabina Isgandarova and Gary Eitzen
Department of Cell Biology, University of Alberta, MSB 5–14, Edmonton, AB T6G 2H7,
Canada

Actin is known to be involved in various intracellular
trafficking events. It has recently been reported that actin
remodeling is needed specifically for the completion of
membrane fusion. We have been studying the mechanism of
actin remodeling in association with yeast vacuole membrane
fusion reactions. For that we used various pretreatments of
purified membrane fractions with fusion reaction conditions
and incubation with cytosolic components. We have designed
an assay to examine actin remodeling in association with
membrane fusion reactions using the inherent fluorescence
of pyrene-labeled actin, which increases threefold when poly-
merized. Our results show that isolated membrane fractions
themselves possess the ability to stimulate the polymeriza-
tion of exogenously added pyrene–actin. Previous work has
shown an important role for cytosol in membrane fusion.
Our present work also provides preliminary evidence that

cytosol can stimulate the actin polymerization mechanism
during membrane fusion. Particularly, the addition of cytosol
to membrane fractions prior to fusion reactions greatly
increases actin polymerization kinetics compared to cytosol-
free samples. Membranes isolated from various actin mutants
show little actin polymerization activity. However, the addi-
tion of wild-type cytosol to these samples before fusion re-
stores actin polymerization. Both membrane fusion and actin
remodeling are thought to be strictly ATP-dependent. Our
studies on actin polymerization during membrane fusion
show that external ATP improves actin polymerization, but
is not completely necessary. The addition of ATP to actin-
mutant membranes before fusion also restores actin poly-
merization in these samples to a similar extent than did
cytosol. When both ATP and cytosol are added maximal
kinetics of actin polymerization can be achieved. This sug-
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gests that actin remodeling by purified membranes is con-
trolled by two modes, one which is ATP-dependent and
another is ATP-independent. Our study also includes a com-
parative analysis of the stimulation of actin polymerization
by membrane rafts isolated from various actin mutants. In

addition, the effect of various fusion and actin polymeriza-
tion drugs will be studied to clarify actin remodeling stages
in membrane fusion.

This work is supported by the CIHR, CFI, and AHFMR.

Phosphorylation-mediated regulation of membrane
fusion

Lynden Jones and Gary Eitzen
Department of Cell Biology, University of Alberta, Edmonton AB T6G 2H7, Canada

The study of membrane fusion and fission is paramount to
the understanding of many vital cellular processes. Hormone
secretion, the release of neurotransmitter into synapses,
phagocytic endocytosis of pathogens by immune cells and
their subsequent lysosomal degradation, as well as the simple
organization of sub-cellular organelles are all events that
require strictly controlled membrane fusion and fission events.
Fusion and fission of membranes, while appearing to be a
simple mixing or fragmentation of phospholipid bilayers, is
in fact a highly regulated process that involves a large number
of proteins interacting in both spatial and temporal synchrony.
The majority of advances in this field can be attributed to
the model system of yeast vacuolar fusion, our lab also uses
this system to study these processes. Many proteins involved
in this process, and their functions, have been well charac-
terized including SNARE interactions, calmodulin activation
by calcium flux, modifications to the actin cytoskeleton, and
activation of various GTPases. An abundance of post-
translational modifications are also known to occur which
act to regulate fusion–fission events, including lipid modifi-

cation and changes in phosphorylation state. Protein phos-
phorylation itself has been implicated as both an activator and
an inhibitor of membrane fusion events. For example,
dephosphorylation of t-SNARE proteins has been shown to
promote trans-SNARE assembly; this conclusion points to
phosphorylation as a negative regulator of membrane fusion.
Conversely, phosphorylation of Munc-18, a protein that blocks
trans-SNARE pairing (an event needed for membrane fusion),
has been shown to disrupt this interaction; this conclusion
supports the idea of phosphorylation as a positive regulator
of fusion. In our studies, we have used in vitro yeast vacuole
fusion reactions to characterize various phosphorylation events.
We have noted dramatic phosphorylation state changes in
vacuolar membrane proteins over the course of a fusion reac-
tion. Our goal is to fully understand the important kinases,
target proteins, and activity changes surrounding these state
changes. Specific results will be presented on the poster
itself.

This work was supported by funding from the CIHR, CFI,
and AHFMR.

The role of SNARE-mediated membrane trafficking
in cell motility

M.J. Kean, M.A. Tayeb, Q. Yi, C. Cha, and M.G. Coppolino
Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON
N1G 2W1, Canada

Cellular motility is a fundamental component of many bi-
ological processes within multicellular organisms. For exam-
ple cell migration occurs as a highly regulated cycle of cell
polarization, membrane extension at the leading edge, adhe-
sion, contraction of the cell body, and release from the

extracellular matrix. Similarly cellular invasion involves the
movement of cells through a 3-dimentional matrix and the
secretion of metalloproteinases, which digest this matrix.
Research in our laboratory has demonstrated the involve-
ment of SNARE-mediated membrane trafficking in cell
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migration, invasion, and other forms of cellular motility.
Currently we are using a dominant-negative form of the en-
zyme N-ethylmaleimide-sensitive factor (NSF) as a general
inhibitor of SNARE-mediated membrane traffic as well as
specific toxins and inhibitory peptides to target individual
SNAREs. Transwell migration assays were used to deter-
mine that serum-induced migration of CHO-K1 cells is
dependant upon SNARE function. Inhibition of SNARE-
mediated membrane traffic led to a decrease in the protru-

sion of lamellipodia and the formation of PMA-induced
membrane ruffles. Cell migration, unlike membrane ruffling,
was also found to be dependent upon VAMP3 function. We
are now examining the role other SNARE proteins, such as
SNAP-23 and Syntaxin 13 in cell migration. These studies
will help elucidate the role of specific SNARE-mediated
pathways in these forms of motility and extend to the char-
acterization of cellular invasion.

The role of Rac2 in primary granule secretion
from human neutrophils

Troy Mitchell, Dalia Abdel-Latif, Gary Eitzen, and Paige Lacy
Department of Cell Biology, and, Pulmonary Research Group, Department of Medicine,
University of Alberta, Edmonton, AB T6G 2H7, Canada

The neutrophil is a granulocytic white blood cell that initi-
ates and modulates inflammation during an immune re-
sponse. They are host to a number of secretory vesicles or
granules; primary (azurophilic), secondary (specific) and ter-
tiary granules, each containing specifically associated en-
zymes, that play role in mediating an immune response.
Upon stimulation of a membrane bound receptors such as
the formyl methionyl peptide receptor, these granule popula-
tions translocate to and fuse with the plasma membrane and
its contents are secreted. Recently it has been shown that
Rac2, a Rho GTPase specific to hematopoietic cells, plays
an integral role in mediating primary granule secretion. We
have shown a significant reduction in primary granule trans-
location and release in stimulated neutrophils from Rac2
deficient mice. This implicates Rho GTPases as pivotal mo-
lecular switches that play a role membrane fusion, and may
be acting similarly in the degranulation pathway. Recent ex-
periments using human neutrophils has shown that primary
granule release can be stimulated via the use of the calcium
ionophore drug A23187. This is in line with results indicat-
ing that the final step of membrane fusion requires calcium
influx. These results suggest that the release of calcium from

intracellular stores may be triggering the final steps of primary
granule docking and fusion with the plasma membrane. Our
lab has recently shown using a yeast vacuole model fusion
system that Rho GTPases may signal to actin remodeling re-
actions necessary for membrane fusion. We have examined
the role of actin in degranulation, specifically with respect to
primary granule release. Results using the filamentous actin
stabilizing drug jasplakinolide indicate that pre-exposure of
neutrophils to this drug causes a reduction in primary granule
release in response to A23187 similar to that seen in the
Rac2 deficient mice. This suggests that one downstream
effect of Rac2 signaling may be actin rearrangement that is
necessary for the final steps of fusion and (or) granule trans-
location. Currently we are examining the primary granule
secretion form neutrophils transfected with recombinant Rac2
(either dominant negative or constitutively active forms).
This should allow us to mimic a Rac2 deficient phenotype in
human neutrophils as well as observe the effects of over
active Rac2 on primary granule release.

Funding for this project provided by CIHR, CFI and
AHFMR.
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Hsp104p nucleocytoplasmic trafficking depends
on active nuclear import and nuclear retention
systems

Johnny M. Tkach and John R. Glover
Department of Biochemistry, University of Toronto, Toronto, ON M5S 1A8, Canada

Hsp104p is the most potent thermotolerance factor in yeast.
Yeast expressing Hsp104p show a 100- to 1000-fold increase
in survival when challenged with a lethal heat shock com-
pared to cells not expressing Hsp104p. It is thought that
Hsp104p’s ability to mediate the resolubilization and reacti-
vation of heat induced protein aggregates underlies its critical
role in thermotolerance. To date, there has been little re-
search regarding the subcellular location of potential critical
targets of Hsp104p. When ectopically expressed in unstressed
cells, Hsp104p localizes to both the nucleoplasm and cytoplasm,
either as an unfused protein, as detected by immunofluore-
scence, or as a GFP fusion, as detected by fluorescence in
live cells. Since Hsp104p exceeds the size restriction for
passive diffusion through the nuclear pore complex, we
hypothesized that Hsp104p contains primary sequence ele-
ments that mediate its transport into the nucleus. We identi-
fied a 17 amino acid fragment in the C-terminus of Hsp104p

(NLS17) that is sufficient to concentrate a GFP–β-galactosidase
reporter protein in the nucleus of yeast. Additionally, the nu-
clear localization activity of NLS17 is highly dependent on
Kap121p and to a lesser extent, Kap95p. Consistent with
these results, NLS17 contains three lysine residues that are
important for the NLS activity of the sequence. This se-
quence is also necessary for normal Hsp104p localization in
vivo since a GFP Hsp104p mutant harbouring three lysine to
alanine substitutions (Hsp104p KA) localizes predominately
in the cytoplasm. Interestingly, as an unfused protein,
Hsp104p KA supports the refolding of firefly luciferase tar-
geted to the nucleus, and also provides wild type levels of
thermotolerance. In addition to the C-terminal NLS17, we
have also identified an N-terminal segment of Hsp104p that
is sufficient to concentrate a dual GFP reporter in the nucleus,
but not the larger GFP–β-galactosidase reporter, suggesting
that Hsp104p also contains a nuclear retention signal.

GTPase signaling to membrane fusion: regulation
of Rho1p activation by the vacuolar membrane
microenvironment

Troy Mitchell, Kelly Tedrick, Sabina Isgandarova, Lynden Jones, and Gary Eitzen
Department of Cell Biology, University of Alberta, Edmonton AB T6G 2H7, Canada

Organization of lipids into membrane microdomains is a
vital mechanism of protein processing. We have recently
shown that overexpression of ERG6, a gene involved in
ergosterol synthesis, elevates sterol levels 1.5-fold on the
vacuole membrane and greatly enhances their homotypic fu-
sion. The mechanism of sterol-enhanced fusion is not via
more efficient sorting, but instead promotes increased kinet-
ics of fusion subreactions. Rho GTPases plays an integral
role in regulation of membrane docking subreaction. We
therefore examined whether elevation of membrane sterols
affected the localization and activation of Rho1p and Cdc42p,
two Rho GTPases that are enriched on vacuole membranes
and are needed for their fusion. Our initial results show that
fusion of vacuole membranes enriched in sterols are 5-fold

more resistant to Rho-GDI, a protein previously shown to
inhibit fusion at low micromolar concentration. Rho-GDI
binds and extract both Rho1p and Cdc42p from membranes
when in their inactive (GDP-bound) state. Sterol-enriched
membranes showed reduced extraction of only Rho1p, while
Cdc42p remained unchanged. A possible explanation for this
observation is that increased membrane sterols results in en-
hancement of the activated state (GTP-bound), specifically
for Rho1p. Indeed, we found that incubation of Rho1p in the
presence of liposomes with increasing ergosterol composi-
tion resulted in an increased interaction with its native acti-
vator, Rom2p-GEF. Ergosterol is the yeast equivalent of
cholesterol, a major component of lipid rafts. Hence we next
studied the association of Rho1p with lipid rafts. Lipid rafts
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were isolated by floatation of detergent-extracted vacuoles
isolated from wild-type and ERG6 overexpression strains.
We found significant amounts of Rho1p associated with de-
tergent resistant lipid rafts, whereas, little if any Cdc42p was
localized to raft fractions. Much to our surprise, we found
that sterol enrichment reduced the association of Rho1p with

raft fractions. Our preliminary results suggest that Rho1p lo-
calization to lipid rafts is important for interactions with its
activation complex including the Rho1p-GEF, Rom2p, how-
ever to mediate downstream signaling for membrane fusion,
Rho1p must dissociate from lipid rafts.

This work is supported by the CIHR, CFI, and AHFMR.

Structure and mechanism of the nuclear pore
complex

F. Alber, B.T. Chait, D. Devos, S. Dokudovskaya, O. Karni, J. Kipper, M.P. Rout,
A. Sali, C. Strambio-de-Castillia, A. Suprapto, L.M. Veenhoff, R. Williams,
and W. Zhang
The Rockefeller University 1230 York Avenue, New York, NY 10021, USA

Nucleocytoplasmic transport occurs through nuclear pore
complexes (NPCs), macromolecular structures embedded
within reflexed membrane pores in the nuclear envelope.
Composed of nucleoporins (nups), NPCs mediate bidirectional
trafficking between the cytoplasm and the nucleus and act as
a dynamic barrier to control access to the nucleus. The mobile
phase consists of transport substrates bearing specific signal
sequences, and soluble transport factors such as karyopherins
(kaps). Our group studies the structure and function of the
NPC in the model eukaryote Saccharomyces (yeast). We
have catalogued and located all the nups in the yeast NPC.
We are now continuing our studies of the NPC’s functional
architecture by determining the protein interactions that
maintain the structure of the NPC and mediate nucleocyto-

plasmic transport. By using emerging techniques for the
immunopurification of nup complexes and the mass spectro-
metric identification of their components, we have obtained
a large nup interaction dataset and an estimate of the shape
of individual nups. By using computational methods on the
resulting data, we have mapped the structure of the NPC at
macromolecular resolution. Moreover, structural modeling
and biochemical analyses of individual nups have allowed
us to propose an evolutionary origin for the NPC. Our re-
sults have also allowed us to propose a mechanism for nu-
clear transport. These approaches show great promise as a
novel method for studying large, flexible or transient macro-
molecular complexes.

From homology to function: bringing the
Huntington’s disease protein and the karyopherins
closer to the same family

Jianrun Xia, Randy Atwal, Sanjay Anandaram, Deborah Pinchev, Jill Taylor,
and Ray Truant
Department of Biochemistry and Biomedical Sciences, McMaster University,
HSC 4H45 1200 Main Street West, Hamilton, ON L8N 3Z5, Canada

HEAT repeats are a series of leucine-rich repeat sequences
originally defined as functionally unknown stretches of
sequence similarity between four proteins, including the
Huntington’s disease (HD) polyglutamine disease protein,
huntingtin. This sequence similarity of huntingtin has been

extended to other HEAT-repeat proteins including the
adenomatous polyposis coli (APC) tumor suppressor and the
karyopherin nuclear import factors, into a higher order family
of scaffolding proteins. Karyopherins beta and alpha have
been recently shown to have additional functions in the cell
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related to damage signaling in neurons. We have recently
discovered that huntingtin protein contains a highly conserved
vesicle-associated membrane protein (VAMP) - like vesicu-
lar and endoplasmic reticulum targeting signal. This signal’s
activity in huntingtin can be modulated by phosphorylation
within this targeting sequence, with phosphoserine at one
position turning off huntingtin vesicular targeting. The net
result of huntingtin switching off of vesicles is nuclear entry
via the HEAT-repeat homology domain in common with
karyopherins. Like karyopherin beta, these HEAT-repeats
can modulate nuclear import and export. Inhibition of the
kinase that phosphorylates huntingtin’s amphipathic alpha
helical membrane targeting domain by a specific compound
can prevent huntingtin polyglutamine aggregation due to in-
creased protein targeted to moving vesicles. Like APC, in
addition to nuclear shuttling ability via the HEAT-repeat
motifs, huntingtin has a typical leucine-type nuclear export
signal. The data suggests that the normal biological function
of huntingtin, an essential protein in all cells and in all verte-
brates, may be to transduce signals to the nucleus in a regu-
lated pathway tied to vesicular trafficking and uptake of cell
growth factors by endocytosis. These observations are by

live cell multi-color AFP fluorescent imaging and image
deconvolution, and inverted FRAP studies in live cells by la-
ser confocal microscopy.

Fragmentation of huntingtin protein due to the presence of
polyglutamine expansions and caspase attacks is seen during
HD. Huntingtin proteolysis results in loss of its NES and nu-
clear accumulation of protein. Very similar models of nuclear
shuttling by polyglutamine disease proteins, disrupted by
polyglutamine expanded mutant proteins, have been defined
by our group for ataxin-1, ataxin-7, and ataxin-3 in addition
to huntingtin. In total, of the 8 polyglutamine neurodegenerative
disease proteins known to date, 6 are nuclear shuttling pro-
teins, and in all cases, export is disrupted by polyglutamine
expansion in the proteins, but for different reasons. This
theme of disrupted nuclear transport is the only commonality
in these very functionally different proteins.

Recent successes in therapeutic treatment of Kennedy’s
disease patients by chemical inhibition of the androgen
receptor’s function indicate that understanding and preventing
nuclear signaling of polyglutamine disease proteins may be
a real target for drug design.

Huntingtin contains a membrane-targeting signal
that can affect huntingtin nuclear entry

R.S. Atwal, D. Pinchev, S. Anandaram, A. Rezvanpour, and R. Truant
Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton,
ON L8N 3Z5, Canada

Huntington’s disease (HD) is a dominant genetic disorder
characterized by a CAG DNA triplet repeat expansion result-
ing in large poly-Q tracts in the protein appropriately named
huntingtin. Although the exact cellular function of huntingtin
still remains ellusive, protein activity has been implicated in
vesicular transport and fast axonal trafficking. The first 18
amino acids of huntingtin, before the polyglutamine tract, are
absolutely conserved in highly divergent species. Using pre-
dictive computer protein structural modeling and visualiza-
tion, together with extensive point mutational anlysis and live
cell microscopy, we have now defined this sequence as a

membrane-targeting domain similar to a vesicle-associated
membrane protein (VAMP) targeting domain. We have
defined key charged residues and a single serine in this
sequence that can modulate targeting to vesicles and endo-
plasmic reticulum. Turning off the membrane targeting abil-
ity of this sequence by a single phospho-mimicry mutant
resulted in huntingtin nuclear entry. Nuclear import activity
was localized to a region of huntingtin protein in the amino
terminus with homology to importins. This huntingtin mem-
brane targeting activity and its modulation suggests a mech-
anism of regulated huntingtin nuclear import.
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The dynamin-like protein Vps1p of the yeast
Saccharomyces cerevisiae associates with
peroxisomes in a Pex19p-dependent manner

Franco J. Vizeacoumar, Wanda N. Vreden, Gary Eitzen, John D. Aitchison,
and Richard A. Rachubinski
Department of Cell Biology, University of Alberta, Edmonton, AB T6G 2H7, Canada;
Institute for Systems Biology, Seattle, WA 98103, USA

Organelle division is a dynamic process regulated by
multimeric protein machineries, the details of which are just
beginning to be unveiled. The mechanisms underlying the
accurate partitioning of yeast peroxisomes, mitochondria and
vacuoles are distinct, yet share common elements. These
organelles all move along actin filaments and require fusion
and fission to maintain normal morphology. Dynamins are
thought to play important roles in the fission of peroxisomes
and mitochondria. The dynamin-related protein Vps1p is
suggested to be involved in peroxisome fission, as cells lack-
ing Vps1p contain a few enlarged peroxisomes. But if and
how Vps1p associates with the peroxisomal membrane is
unclear. Pex19p has been shown to function as an import re-

ceptor for peroxisomal membrane proteins (PMP) and (or)
as a chaperone acting to stabilize PMPs at the peroxisomal
membrane. Pex19p recognizes two regions in Vps1p. Mutation
of these Pex19p-binding regions does not affect vacuolar
assembly, while mutation of only the first, more amino-
terminal region leads to cells with reduced numbers of
enlarged peroxisomes, the phenotype of cells lacking Vps1p.
Vps1p does not associate with peroxisomes once its interac-
tion with Pex19p is disrupted. However, overproduction of
Pex19p does not alter the normal distribution of Vps1p
within the cell. Together, our data suggest that Pex19p stabi-
lizes the association of Vps1p with peroxisomes and that
this interaction is required for peroxisome fission.
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