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RYAN SHANKS
AKAP350 Targets to the Golgi Apparatus Where it Interacts with CLICSB and CIP4/5
(Under the direction of JIM GOLDENRING)
A-kinase anchoring proteins (AKAPs) are defined by their ability to scaffold
PKA, but their function depends upon their targeting of PKA and other scaffolded
signaling proteins to specific subcellular compartments. We have investigated one
AKAP, AKAP350, which can scaffold a number of protein kinases and phosphatases at
the centrosome and the Golgi apparatus. The AKAP350 gene is multiply spliced to
create three carboxyl terminal splice variants which we have designated AKAP350A,
AKAP350B and AKAP350C. Immunocytochemistry in HCA-7 cells demonstrated that
AKAP350A was localized specifically to the Golgi apparatus. GFP-fusion proteins
representing the carboxyl terminus of AKAP350A identified a carboxyl terminal region
responsible for the Golgi apparatus targeting of AKAP350A. Yeast two-hybrid analysis
was utilized to screen a rabbit gastric parietal cell library with a 3.2kb segment of
AKAP350 (nucleotides 3611-6813) which is weakly homologous to pericentrin. This
screen yielded two positive clones representing rabbit chloride intracellular channel 1
(CLICl) and rabbit Cdc42 interacting protein 5 (CIPS). Further yeast-two hybrid binary
analysis determined that CLICl and CIPS bound to AKAP350 through adjacent domains
located with in the PHR. CLICl belongs to a family of proteins which all contain a high

degree of homology in their carboxyl termini, and this conserved domain is responsible
for several CLIC family member's ability to bind AKAP350. We isolated the human
homologue of bovine p64, CLIC5B, from an HCA-7 colonic adenocarcinoma ceil eDNA.
A splice variant of CLIC5, the predicted molecular weight of CLIC5B corresponds to the
molecular weight of a major CLIC immunoreactive protein in HCA-7 cells.
Immunocytochemistry determined that CLIC5B colocalized with AKAP350 at the Golgi
apparatus. Yeast-two hybrid binary analysis determined that the final 120 amino acids of
CLIC5B interacted with AKAP350. Furthermore, expression of a GFP-fusion protein
containing the final 120 amino acids targeted to the Golgi apparatus in HCA-7 cells.
CIP5 contains high homology to the human protein Cdc42 interacting protein 4 (CIP4).
Yeast-two hybrid binary analysis determined that the first 117 amino acids of both human
CIP4 and CIP5 interacted with AKAP350. Immunocytochemistry in HCA-7 ceiis
determined with an antibody recognizing CIP4 and CIP5 localized to the Golgi apparatus.
These results suggest that AKAP350 associates with CLIC proteins and CIP4/5, and
· these proteins interact with the AKAP35A splice variant at the Golgi apparatus.
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INTRODUCTION

Cells contain a dynamic organization of signaling molecules and proteins required
for the transduction of intracellular signaling events. Thus, cellular organization is
crucial for intracellular signals to propagate precisely. ·The study of how the cell
completes this task has identified molecular scaffolds, which allow spatial control of
signaling events (Faux, M. C. 1996, Burack, W. R. 2000). The investigation of signaling
molecules, which are scaffolded in specific locations within the cell has led to an
expanded understanding of the cellular functions that they control.

Scaffolding proteins
Spatial organization of cellular signaling molecules provides the cell with the
ability to utilize one enzyme for one or more signaling mechanisms. One method to
accomplish this is through the tethering of one signaling molecule to one or more
subcellular locations. Furthermore, spatial organization of a cluster of enzymes will
allow for a coordinated signaling cascade in response to different stimuli. Scaffolding
proteins are one means by which the cell can partition enzymes to specific areas of the
cell. Scaffolding proteins are defined by their ability to bind and organize a specific
group of proteins, and also to anchor these proteins to unique subcellular compartments.

1

PHEROMONE

STE5
COMPLEX

2

Fig 1. The STES signaling complex: The signaling cascade
stimulated by pheromone is propagated via enzymes scaffolded to
the STE5 protein. Modified from: Faux, M. C. 1996 85 9-12
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Finally, scaffolding proteins are often incorporated into larger macromolecular ·
complexes where they function together with other protein complexes (Dodge, K. 2000).
A classical example of how scaffolding proteins function in a cell is observed in
the S. cerevisae Sterile 5 (STE 5) complex. Here, several proteins are bound to the STE 5
protein in close proximity to one another, facilitating the coordination of signaling events
between the bound proteins (Fig 1) (Elion, E. A. 2001). These proteins combine to form
a 350-500kDa codependent signaling complex. This complex is utilized following the
stimuli created by the presence of pheromone. This response is started with the
activation of a G-protein coupled receptor. This stimulates the signaling cascade along
the STE5 protein. Since this pathway utilizes the signaling molecules scaffolded by
STE5, the process can be tightly regulated and spatially controlled (Choi, K. Y. 1999,
Faux, M. C. 1996).
The scaffolding of a large group of interactive signaling molecules is also
demonstrated in higher eukaryotes. For example, protein kinase C (PKC) is bound by
scaffolding proteins known as RACKs (receptors for activated C-kinase), STICKs
(substrates that interact with C-kinase) or PICKs (proteins that interact with C-kinase).
RACKs bind to catalytically active PKC; PICKs are thought to be substrates for PKC,
and STICKS are thought to not only bind PKC, but also to be phosphorylated by PKC
(Chapline, C. 1998). The PKC family encompasses a large class of protein kinases with
similar structure, but different activation mechanisms. Scaffolding of PKC molecules
allows spatial regulation of a wide range of stimulatory second messengers in the cell
(Nishizuka, Y., 1995). The distribution of the PKC isoforms is often dependent on the
presence and localization of these scaffolding proteins in the cell.

4

This thesis will focus on another class of scaffolding proteins referred to as
AKAPs (A kinase anchoring proteins). The AKAPs are defined by their ability to bind
the regulatory subunit of protein kinase A (PKA), but they also may bind protein
phosphatases and other signaling molecules. The study of AKAPs and their associated
proteins has given insight into the characterization of many cellular signaling events.

A-kinase
PKA is a regulator of many cellular functions.

This kinase is a tetramer

consisting of a regulatory subunit dimer and two catalytic subunits. Dissociation of the
PKA holoenzyme results from an elevation in the intracellular second messenger, cyclic
adenosine mono-phosphate (cAMP). Two cAMP molecules bind each of the regulatory
subunits causing the dissociation of the active catalytic subunits. There are two types of
PKA, type I and type II, which exist in most cells. The type II PKA has a unique trait in
that its regulatory subunits are substrates for phosphorylation by the catalytic subunits.
This phosphorylation event creates a second line of regulatory control of PKA in that the
phosphoryl group must be removed by a phosphatase in order to allow the catalytic
subunits to bind back to the regulatory dimer (reviewed in Scott J.D. 1991).

Cyclic adenosine mono-phosphate
cAMP is one of several second messengers in the cell that can translate
extracellular stimuli into intracellular signaling cascades. The ability of the cell to create
large amounts of signal from such a small extracellular stimuli led researchers to believe
that increased cAMP is a global amplification response. However, it is now believed that

5

B.
lla
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Fig 2. PKA binding domain: A. top: schematic of Rll subunit of
PKA with AKAP binding and dimerization domain, catalytic
binding domain (phosphorylation site in orange) and two cAMP
binding domains. Bottom: structural model of the PKA-AKAP
complex. Adapted from: Colledge, M. et al. 1999 9 216-221 B.
schematic model indicating structural changes involved in the
binding of typel PKA (Ria) versus typell PKA (Rlla). Binding is
determined by amino acid 6 where an aliphatic side chain
differentiates typel from typell PKA. Adapted from: Miki, K. et
al. 1999 274 29057-29062
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this response can be localized to specific regions or organelles in the cell. The levels of
cAMP are controlled by forming and breaking the 5' ,3' bond of cAMP through the
actions of adenylyl cyclase and 5,'3' phosphodiesterase, respectively. Since the levels of
cAMP dictate the activation of PKA, the formation and the breaking of this 5' ,3' bond
will control localized PKA activation. The discovery of AKAPs has proven that PKA
can be localized to specific regions, and that the localized increase in cAMP could be
activating a specific scaffolded PKA. For example, AKAP350A, a carboxyl terminal
splice variant of AKAP350, contains two PKA binding sites and is localized to the Golgi
apparatus where localized concentrations of cAMP could activate this kinase for a
cellular response.

AKAPs

A kinase anchoring proteins, as the name implies, are defined by their ability to
bind to the serine/threonine kinase, PKA. This interaction takes place via an interaction
of an amphipathic alpha helix in AKAPs with the PKA regulatory subunit. Although this
interaction was predicted to exist long ago (Carr, D. W. 1991), the recent structural data
on the Rlla/HT31 peptide (a peptide from the HT31 AKAP which binds to RII) has
confirmed this definitively (Newlon, M. G. 1999). The interaction takes place between
hydrophobic residues on PKA's regulatory subunit and its binding site on AKAP (Fig
2A) (Colledge, M. 1999). Although the PKA/AKAP interaction was long thought to be a
characteristic of the type II regulatory subunit of PKA, recent investigations have
discovered that the type I regulatory subunit can also bind to a similar but distinguishable
amphipathic alpha helix motif (Fig 2B) (Miki, K. 1999). To date only the D-AKAP

8

NAME
MAP2B
AKAPIS0/75/79
AKAP121/84,149/
DAKAPl
AKAP95

Pericentrin
AKAP450/350,
CG-NAP
Yotiao
AKAP78 (Ezrin)
AKAPIS/18
Gravin
D-AKAP2

AKAP-KL
AKAP82
AKAPllO
AKAPlOO
AKAP220
Myosin VIlA
Scar/ W AVE-l
DAKAPSSO
DAKAP200
AKAPCE

TISSUES I CELLS
Ubiquitous
Brain
Testis, thyroid, heart,
lung, liver, skeletal
muscle, kidney
Heart, liver, skeletal
muscle, kidney,
pancreas
Ubiquitous
Brain, pancreas, goat,
kidney, heart, skeletal
muscle, lung, liver
Brain, thyroid, heart,
testis
Secretory epithelia .
Brain and skeletal
muscle
Endothelial cells
Testis, kidney, heart,
skeletal muscle, liver,
lung, spleen, brain
Kidney, lung, thymus,
cerebellum
Testis/ sperm cells
Testis/ sperm cells
Cardiac, skeletal
muscle, brain
Testis, brain
Ubiquitous
Brain
Drosophila

Drosophila

LOCALIZATION
Cytoskeleton
Pericarion
Mitochondria, ER, nuclear
envelope
Nucleus

Centrosome
Centrosome, Golgi apparatus

Plasma membrane/ receptor
Plasma membrane/ channel
Plasma membrane/ channel
Cytoplasm
Unknown

Plasma membrane/ actin
Fibrous sheath
Axoneme
Sarcolemma
Peroxisome! cytoskeleton
Cytoskeleton
Cytoskeleton
Plasma membrane, cytoplasm
Plasma membrane
Unknown

C. elegans

9

Table I. AKAP expression and localization: AKAPs maintain a
wide diversity in expression and in intracellular localization.
Adapted from: Feliciello, A. et al. 2001 308 99-114 and Colledge,
M. et al. 1999 9 216-221.

10

family and AKAPce• found in C. elegans, utilize an interaction with the type I regulatory
subunit (Huang, L. J. 1997, Angelo, R. 1998). By far the most common description of an
AKAP is by its binding to the type IT regulatory subunit of PKA. Ranging in size from
15 to 550kDa, AKAPs have a diverse expression pattern and intracellular localization
pattern (Table I) (Feliciello, A. 2001, Colledge, M. 1999). The wide range of targeting
domains found in these AKAPs allows them to localize PKA to a plethora of cellular
organelles and structures. The ability to target PKA to these specific locations gives the
cell the ability to focus the signaling capabilities of PKA to specific targets. In many
cases, an AKAP will be found in different areas of the cell, and often this phenomenon
will depend on splicing events enabling differential targeting of the same AKAP (Huang,
L. J. 1999). This thesis will outline a series of experiments supporting the differential

targeting of AKAP350 splice variants to the Golgi apparatus and centrosome.
Although named because of their ability to bind to PKA, AKAPs can target a
multimeric complex of proteins to a specific region in the cell. As in the case of the yeast
scaffolding protein STE5 (Fig 1), AKAPs function as a coordination site for a vast array
of signaling proteins. Often these scaffolded signaling proteins will interact together to
create a localized on/off mechanism for a specific physiological process. This is
achieved because AKAPs can bind to a wide range of kinases and phosphatases that can
work together to counter act each other at a specific cellular. location. Furthermore,
AKAPs can interact with effector proteins (i.e. transmembrane receptors, channels and
chromatin) to control signaling events at specific target proteins.
A classic example of this coordination of scaffolded signaling proteins is
demonstrated by AKAP79. AKAP79 binds PKA, the protein phosphatase PP2B and

11

12

Fig 3. Schematic diagram of the proposed AKAP79 signaling
complex: AKAP79 is capable of interacting with PKC, PP2B,
PKA, ~2-adrenergic receptor, and the MAGUK scaffolding protein
to form a interactive complex which functions together to control
signaling at the post synaptic densities. Adapted from: Dodge, K.
et al. 2000 476 58-61
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PKC and is localized to the postsynaptic densities in mammalian synapses (Fig. 3)
(Coghlan, V. M. 1995, Faux, M. C. 1997, Faux, M. C. 1999, Dodge, K. 2000). In this
model system PKA and PKC control the attachment of the protein to acidic
phospholipids at the postsynaptic densities by phosphorylation of AKAP79. PP2B is
bound to AKAP79 in an inactive form, and upon activation counters the inhibitory PKA
phosphorylation of phospholipase C. AKAP79 also binds to the
and PKA enhances the activity of the
One downstream effect of this

~2-adrenergic

~2-adrenergic

receptor,

receptor independent of its agonist.

AKAP79/~2-adrenergic

receptor interaction is switching

from the Gas signaling cascade to the Gai signaling cascade, and subsequent activation
of the MAP kinase cascade (Daaka, Y. 1997). AKAP79 is also able to form a large
macromolecular structure with its ability to bind to the MAGUK (membrane-associated
guanylate kinase homologs) scaffolding proteins that in turn bind to glutamate receptors
(Colledge, M. 2000). The MAGUK family of scaffolding proteins has the ability bind to
each other and to link this intricate signaling mechanism to cytoskeletal elements
(Dimitratos, S.D. 1999, Fanning, A. S. 1999). Clearly, these proteins work through an
intricate system of signaling at the postsynaptic densities, and all are scaffolded by
AKAP79.
Although many AKAPs do function to control signaling at membrane components
(e.g. plasma membrane or at internal organelle locations), several interact with cellular
components such as the centrosome, the nucleus and the cytoskeleton. One interesting
example of how AKAPs can function is demonstrated by AKAP95 (Fig 4) (Landsverk,
H. B. 2001). AKAP95 is targeted to the nucleus, where it can interact with the nuclear
matrix (Akileswaran, L. 2001). Interestingly, AKAP95 only interacts with RITa during
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1

CHROMATIN

Fig. 4.. Model for the function of AKAP95 during mitosis:
AKAP95 and PKA are in distinctly different localizations in
interphase, but upon the onset of mitosis, PKA interacts with
AKAP95 following phosphorylation by CDKl. AKAP95 controls
the condensation of chromatin during mitosis and is released from
the chromatin following the dephosphorylation of PKA. Adapted
from: Landsverk, H. B. et al. 2001114 3255-3264
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mitosis (Hausken, Z. E. 1996). This interaction may be due to phosphorylation of Rlla
by the mitotic kinase CDK1 (cycli-dependent kinase 1) (Keryer, G. 1998). Following
entry into mitosis AKAP95 interacts with the Eg7 component of the 13S condensing
complex.

Blocking the AKAP95/Eg7 interaction will block the condensation of

chromatin (Steen, R.L. 2000, Collas, P. 1999). Threonine dephosphorylation of AKAP95
during mitosis exit causes the dissociation of Rlla from AKAP95 (Landsverk, H, B.
2001). This model presents yet another mechanism of how AKAPs can function as
signaling scaffolds to localize signaling proteins for many different cellular functions.

AKAP350

AKAP350 was first identified as a 350kDa PKA binding protein localized at the
centrosome (Keryer, G. 1993). The first cloning of AKAP350 identified a protein of
120kDa and the AKAP was subsequently named.AKAP120. AKAP120 was recognized
as the first AKAP that was enriched in gastrointestinal tract tissue, and was also found to
have a high affinity for Rli as observed by a novel Rli binding microtiter plate assay
(Dransfield D. T. 1997). When a monoclonal antibody, 14G2, was developed against
AKAP120, western blot analysis displayed irmnunoreactive bands of 350-450kDa.
Although the AKAP350 irmnunoreactive bands separated at 350-450kDa by western blot
analysis, we will refer to this protein as AKAP350 in reference to the original Keryer et
al. report (1993). Subsequently, sequences similar to AKAP350 were reported as CGNAP (centrosome and Golgi localized-PKN assodated protein), and AKAP450
(Takahashi, M. 1999, Witczak, 0. 1999). These proteins represent expression of the
same gene as AKAP350. Final cloning of AKAP350 revealed an 11,000 nucleotide
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Fig S~·Schematic diagram of the four known splice variants of
AKAP350. J\KAP350A, AKAP350B and AKAP350C all contain
overlap with a brain specific splice ':ariant Yotiao (Black).
AKAP350A, AKAP350B and AKAP3"50C each have 2 RII
binding sites. CG-NAP/AKAP450 are homologous to AKAP350A
except for an alternate 5' start site (dashed line). Also displayed
are two carboxyl terminal LZ regions of the four present in
AKAP350 (blue), and the unique ends specific for each splice
variant (yellow, red, green).
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clone that encoded 3,555 amino acids, and supported the size seen by western blot
analysis. The AKAP350 gene spans more than 200kb of genomic DNA on chromosome
7q21 (Schmidt P. H. 1999). Interestingly, this protein is multiply spliced at the amino
and carboxyl termini. To date we have identified 3 carboxyl terminal splice variants that
we have named AKAP350A, B, and C (Fig 5) (Schmidt, P. H. 1999, unpublished results).
The proteins identified as CG-NAP and AKAP450 contain the carboxyl terminus of
AKAP350A, but they utilize an alternative 5' start-site upstream of the start site for
AKAP350. Therefore, CG-NAP/AKAP450 encompass the entire amino terminal length
of Yotiao, the smallest carboxyl terminal splice variant of AKAP350 that binds to the
NMDA receptor (Fig 5) (Takahashi, M. 1999, Witczak, 0. 1999, Schmidt, P. H. 1999,
Lin, J. W. 1998).
The AKAP350 protein sequence contains many potential phosphorylation and
protein-protein interaction sites.

The protein contains 58 consensus PKC

phosphorylation sites, 56 consensus casein kinase II sites, three consensus tyrosine kinase
sites, and four consensus PKA sites. The protein contains two RII binding sites and four
leucine zipper motifs as well (Fig 5). AKAP350 is 99% identical to yotiao in its amino
terminal region (Fig 5) (Lin J. W. 1998). The centrosomal protein, pericentrin, also
shares a region of similarity with one portion of the AKAP350 protein (amino acids
1076-2142) which we therefore designated the PHR (pericentrin homology region)
(Schmidt, P. H. 1999).

20

AKAP350 Targeting

AKAPs are in-part defined by their ability to target to specific subcellular
compartments, and therefore, AKAP350 must target to specific subcellular regions to
localize the effects of the AKAP350 complex. Keryer eta!. (1993) originally reported an
AKAP of 350kDa localized exclusively at the centrosome. In 1999, Schmidt et a!.
arrived at the same conclusion, but a monoclonal antibody, 1402, also demonstrated noncentrosomal staining in several cell lines including rabbit tissues and human bronchial
cells. Subsequently, two polyclonal antibodies developed against two separate regions in
AKAP350 demonstrated Golgi apparatus staining in HeLa and COS7 cell lines, and led
to the naming of AKAP350 as CO-NAP (Takahashi, M. 1999). Interestingly, Keryer et
a!. (1993) reported that there was no Golgi apparatus staining in KE 37 lymphoblasts.
Schmidt eta!. (1999) reported a domain located in the middle of AKAP350 that
contained weak homology to the centrosomal protein pericentrin.

Interestingly,

Giliingham and Munro (2000) reported that AKAP350 also contained a region of
homology to pericentrin in its carboxyl terminus. This region was named the PACT
(pericentrin-AKAP450 centrosomal targeting) domain (Giliingham, A. K. 2000). This
AKAP350 domain was able to target specifically to the centrosome. The homologous
domain found in pericentrin was also able to target to the centrosome (Giliingham, A. K.
2000). Since the PACT domain was present in AKAP350A, and we have discovered the
localization of AKAP350A at the Golgi apparatus, we investigated the possibility of a
second targeting domain in AKAP350A.

This thesis report wili outline several

experiments that describe AKAP350 as containing both a centrosomal and a Golgi
apparatus targeting domain. These experiments validate the immunocytochemical

21

staining of the Golgi apparatus by anti-AKAP350 polyclonal antibodies observed by
Takahashi et a!. (1999).
Interestingly, the anti-AKAP350 monoclonal antibody, 1402, also displays
staining at the midbody of cells during division (Schmidt, P. H. 1999). Schmidt et a!.
(1999) established that during the late stages of the cell cycle in HCT116 cells, a "beads
on a string" type pattern is present at the midbody. The presence of AKAP350 at the
midbody during anaphase and telophase is not yet understood, but AKAP350 could
mediate the formation and/or function of the contractile ring. Furthermore, after division,
a small vesicle positive for anti-AKAP350 staining is abandoned between the two
dividing cells (Schmidt, P. H. unpublished results).

Therefore, the cell could be

potentially utilizing the division process as a "dumping ground'_' for AKAP350.

AKAP350 Complex
Differential targeting of AKAP350 allows AKAP350 to scaffold PKA to different
locations in the cell. Although defined by their ability to bind to PKA, A-kinase
anchoring proteins also function as multi-protein scaffolds and hence form multimeric
protein complexes. AKAP350 is no exception to this AKAP dogma. Previous studies
have reported that AKAP350 can bind to. protein kinase N (PKN), proteins phosphatase
2a (PP2a), protein phosphatase 1 (PP1), phosphodiesterase 403 (PDE4D3) and protein
kinase C epsilon (PKC£) (Fig 6) (Takahashi M. 1999, Tasken, K. A. 2000, Takahashi M.
2000). This list of proteins, reminiscent of proteins bound to AKAP79, has the potential
to control one or more signaling mechanisms with its ability to maintain kinases and
phosphatases in a controlled and localized environment.
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Fig 6. Schematic diagram of AKAP350 including binding
domains of interacting proteins: AKAP350 interacts with PKN,
PPl (green), PDE4D3, PP2A, PKCe, and contains two Rll binding
sites (red). Four leucine zipper regions (LZ) (purple) and the
pericentrin homology region (PHR) (blue) are also shown. Amino
acid numbers are denoted in accordance with the AKAP350
sequence (Schmidt P. H. et all999).
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AKAP350 binds to hypophosphorylated PKCE, an unactivatable form. Interestingly,
during this hypophosphorylated state, PKCE is localized to the centrosome and Golgi
apparatus. However, after the phosphorylation of serine 729, PKCE is localized mainly to
the cytosol (England, K. 2000). Although this PKCE can autophosphorylate at serine
729, PDK1 (phosphoinositide-dependent protein kinase-1) phosphorylates proteins
containing a structure similar to PKCE around serine 729 (Balendran, A. 1999).
Interestingly, PKN, another AKAP350 associated protein, binds to PDK1, and therefore,
could affect PDK1 phosphorylation of PKCE (Dong, L. Q. 2000). Furthermore, PKCE
translocation is affected by an increase in PKA activity, which could account for the
binding of PKCE to an AKAP (Graness, A. 1997). PKCE also interacts with actin
filaments in a phorbol ester-dependent fashion. The association of PKCE with actin
maintains PKCE in an activated form (Prekeris, R. 1998).
PDE4D3 could directly control the activation of PKA by controlling localized
concentrations of cAMP in the area of AKAP350. Since PKA activity is required for the
budding of vesicles from the trans-Golgi network, this localized control of cAMP could
provide a control mechanism (Muniz,

1\;1·

1997). PDE4D3 localizes to the centrosome

and the Golgi apparatus, where phosphorylation of PDE4D3 by ERK2 inhibits enzyme
activity (Hoffmann, R. 1999, MacKenzie, S. J. 2000). Interestingly, the combined
actions of ERK2 and PKA cause translocation of PDE4D3 from membranes to cytosol
(Liu, H. 1999). Furthermore, PDE4D3 activity is increased upon its interaction with
phosphatidic acid, hence lowering cAMP levels and decreasing PKA activity (Grange, M.
2000). Therefore, there could be a tightly controlled mechanism by which PDE4D3
functions to control localized cAMP concentrations. Although many of the interactions
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between AKAP350 interacting proteins have been described in the literature, it is
important to note that these interactions may not be taking place in every cell type.
Therefore, the data noted here simply implicates these proteins in a highly evolved
signaling mechanism, which could be organized by the AKAP350 molecule.
AKAP350 binds to several kinases and phosphatases, but in order to understand
the function of this complex, AKAP350' s interaction with effector proteins must be
discovered. AKAP350 would likely serve to localize these signaling proteins to specific
locations in the cell to control the function of these effector proteins. We have obtained
recent data demonstrating that AKAP350 also binds to a novel protein, TACC4. TACC4
appears to be involved in the assembly of the microtubule spindle pole during division
(Steadman, B. submitted).

This thesis will detail experiments that describe the

interaction of the chloride intracellular channel (CLIC) family of proteins with
AKAP350. Specifically, we will identify a novel human CLIC family member, CLIC5B,
and describe its interaction with AKAP350A at the Golgi apparatus. Furthermore, this
thesis will also describe the interaction of a novel protein, Cdc42 interacting protein 5
(CIP5) with AKAP350. The function of the AKAP79 signaling complex was discovered
based on its interaction with the

~2-adrenergic

receptor, and the AKAP95 signaling

complex functions by interacting with the chromatin condensing complex. Accordingly,
the interaction of AKAP350 with CLICs and CIP5 will lead to a further understanding of
the AKAP350 signaling complex.
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NAME/SPECIES DISCOVERED
p64
(bovine)

p62
(chicken)

CLICl
(NCC27)
(human/rabbit)
CLIC2
(human)
CLIC3
(human)
CLIC4
(p64Hl)
(rat/human)
Parchorin
(rabbit)
CLIC5A
(human)

CLIC5B
(human)

TISSUE/CELLS LOCALIZATION

Found in kidney
microsomes with
Golgi apparatus
markers
Affinity
purification of
chloride activity
in ruffled
borders
eDNA screen of
Panel cells

Ubiquitous

Golgi apparatus, intracellular
vesicles

Bone marrow
mononuclear
cells

Plasma membrane/ruffled
borders

Ubiquitous

Intracellular vesicles, apical
membrane, nucleus

Human,ESTs

Unknown

Unknown

Yeast twohybrid screen
withERK7
Yeast twohybrid screen
with rhodopsin
120kDa
phosphoprotein
in parietal cells
Microsequencing
of Actin
associated
proteins in
placental
microvilli
Splice variant of
CLIC5Aihuman
p64

Placenta, heart,
lung, skeletal
muscle, pancreas
Ubiquitous

Nucleus, cytoplasm

Gastric mucosa,
choroids plexus

Vesicles in hippocampal
neurons, caveolin in transGolgi network
Moves from cytosol to apical
membrane of parietal cells

Kidney, skeletal
muscle, lung,
placenta, heart

Apical plasma membrane

Small intestine

Golgi apparatus
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Table II: CLIC family members including species, how
discovered, expression and localization.
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cue protein family
The CLIC protein family consists of nine members, which all have several common
attributes. The family consists of parchorin, p64, p64hl, and CLIC1-CLIC5. Each
protein in this family has a high amino acid homology at the C terminal end of the
protein. This homologous region consists of about 200 amino acids and contains a
putative hydrophobic membrane-spanning domain. Although expression patterns and
localization differ for each of the family members (Table II), there is a common
association with membranous organelles. Interestingly, several of these proteins,
including parchorin and CLICl, are localized in the cytoplasm, but even these two
examples associate with the apical membrane and nucleus/apical membrane/vesicles,
respectively.
The CLIC family proteins have differences in both size and structure. Ranging in
size from 34kDa to 120kDa, these proteins are distinguished largely by differences in
their amino terminal length. These structural differences may have allowed these
proteins to diversify in function, although data demonstrating their functions are
inconclusive to date. For example, CLIC3, the smallest member of the family, binds to
ERK7, a member of the MAP kinase family (Qian Z. 1999). Parchorin, the largest CLIC

family member at 120 kDa, translocates in a cAMP-dependent fashion from the
cytoplasm to the plasma membrane where it presumably stimulates ion transport. Unlike
several other members of the CLIC family, parchorin does not have a PKA
phosphorylation site. Thus, the movement of this protein to the plasma membrane is
controlled by an intermediate protein and not directly by PKA. Its function as a
potentiator for water secretion might be connected to a kinase which to date has not been
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characterized (Nishizawa T. 2000). CLICl, which was originally named NCC27 (nuclear
chloride channel of 27kDa), was first identified as a nuclear chloride channel. The
protein's association with the nuclear membrane, however, this now appears
controversial. Subsequent observations have indicated that this protein is localized to the
apical membrane and to the cytosol.

Similarly, cellular fractionation and

immunocytochemistry demonstrates that CLIC1 functions as both a cytosolic and
membrane-associated protein (Tolk, B. M. 1998, Berryman, M. 2000).
The ability of the CLIC family of proteins to function as independent chloride
channels has been a subject of much debate in the literature. The p64 protein was the
first CLIC family member discovered.

It was isolated from bovine renal cortex

microsomes, where it was found as a component of an intracellular kidney chloride
channel. Antibodies recognizing this 64kDa protein inhibited chloride channel activity
(Landry D. 1993). Further support for CLIC's role in regulating membrane ion flux was
observed with recombinant CLIC1, which increased the conductance of chloride ions
across reconstituted membranes (Tulk, B. 2000). CLIC4 was observed within one bead
diameter of membranes by immunogold, therefore supporting its intimate association
with the membrane (Chuang, J. 1999). However, CLIC1, CLIC3, CLIC4, CLIC5, p64
and parchorin all are present both in soluble and membrane-associated fractions. This
demonstrates that CLIC proteins maintain an equilibrium between membrane association
and soluble forms (Tulk, B. M. 1998, Qian, Z. 1999, Edwards, J. C. 1999, Berryman, M.
2000, Edwards, J. C. 1998, Nishizawa, T. 2000). Furthermore, several CLICs, including
CLIC1, CLIC4 and CLIC5, are observed in several different cellular fractions, supporting
the hypothesis that CLIC association with the membrane is transient (Berryman, M.
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Fig 7. Crystal structure of CLICl at 1.4 angstroms: Yellow bar
represents the conserved transmembrane domain conserved among
CLIC family members. H7, H8 and H9 represent the conserved
AKAP350. binding domain. Adapted fr9m: Harrop, S. J. et al.
2001 276 44993-45000
.
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2000). Further evidence against a role for CLICs as membrane channels was presented in
the recently published crystal structure of CLICL Due to the high degree of homology
found in the carboxyl terminus of the CLIC family of proteins, it is believed that
structurally these family members will maintain a high degree of similarity in this region.
The conserved putative transmembrane domain in CLIC proteins was located in an
internal hydrophobic region of the protein structure (Fig 7)' (Harrop, S. J. 2001).
Therefore, Harrop et al. (2001) determined that a major structural reorganization of this
protein would have to occur to make this domain available for insertion into a membrane.
Harrop et al. (2001) also reported that this feature could account for the presence of CLIC
family members in different cellular fractions. Since family members such as p64
interact with chloride channels, it is possible that CLIC proteins are regulatory proteins
for these channels and not channels themselves. Finally, it is possible that these CLIC
family members are not associated with chloride movement at all, because to date no
conclusive evidence has been presented as to their chloride function in intact cells, and
indeed, all current evidence is based upon reconstituted vesicles and membranes. Current
technology does not allow the study of the movement of chloride ions in internal
membrane structures.

CLIC5/p64

Herein we will describe the interaction of the CLIC proteins with AKAP350, with
a specific focus on a novel human member of this family CLICSB. CLICS, the most
recently described CLIC, is localized to the apical membrane where it associates with the
plasma membrane and the actin cytoskeleton. Interestingly, CLICS has 94% identity
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with the carboxyl-terminal half of bovine p64 (Berryman, M. 2000). Although little is
known about the functional significance of CLIC5, bovine p64 has intriguing
characteristics; First, p64 was initially isolated from bovine kidney microsomes that
contained remnant Golgi apparatus markers (Landry, D. 1993).

Second, p64 is

phosphorylated in vivo, and furthermore, dephosphorylation with alkaline phosphatase
changes the functional characteristics of p64 in reconstituted microsomes (Edwards, J. C.
2000, Edwards, J. C. 1998). CLIC5, as well as p64, contain consensus phosphorylation
sites

for

PKA,

PKC

and

casein

kinase.

Thes data suggest that

phosphorylation/dephosphorylation will affect the function of CLIC5 and p64.

CIP4

CIP4 (Cdc42 interacting protein 4) was first isolated by yeast two-hybrid utilizing
a constitutively active mutant of cdc42. Further analysis revealed that CIP4 was specific
for active Cdc42 and unable to bind dominant negative Cdc42, or other small GTPases
such as Rae and Rho. Northern analysis of this protein displayed a strong signal at 2.2kb.
Interestingly, signals at 3.5kb and 5kb were also observed, and most likely represent
alternative splice variants of CIP4. Expression of CIP4 was ubiquitous with the highest
levels of expression determined to be in heart, placenta and skeletal muscle (Aspenstrom,
P. 1997). CIP4 was subsequently identified utilizing WASP (Wiskott-Aldrich syndrome
protein) as bait in a yeast two-hybrid screen. Tian et al. (2000) also identified the Cdc42
interacting domain, the carboxyl terminal SH3 domain and the amino terminal
microtubule-binding domain in CIP4 (Fig 8). Deletion mapping of the CIP4/WASP
interaction determined that WASP interacted with CIP4's SH3 domain. Furthermore,
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Fig 8. Schematic diagram of the CIP4 binding domains and
interacting protein signaling: . CIP4 contains a microtubule
(blue), Cdc42 (green) and SH3 (red) binding domain. Fgdl
selectively activates the small GTPase Cdc42 by allowing Cdc42
to exchange GDP for GTP. Activated Cdc42 can bind to CIP4,
and activated Cdc42 can also bind to WASP, which interacts with
CIP4· via the SH3 domain. WASP serves to activate the actin
nucleation complex ARP2/3.
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CIP4 was capable of interacting with microtubules through its amino terminus.
Immunocytochemistry with CIP4 antibodies in COS7 cells and macrophages revealed
colocalization of CIP4 with microtubules and a strong peri-nuclear staining.
Overexpression of CIP4 caused WASP to translocate from actin to rnicrotubules (Tian, L.
2000). Therefore, CIP4 could be a key link between actin and microtubules.
Most of the speculation as to CIP4's function has revolved around its ability to interact
with WASP and active Cdc42 (Fig 8). One common symptom of Wiskott-Aldrich
syndrome is a weakening of the immune system. This is in part due to mutations in
WASP that immobilize macrophages due to a loss of their ability to form podosomes
(Linder, S. 1999). Furthermore, mutations in WASP have been linked to dislocation of
the Arp2/3 complex, which is responsible for actin polymerization (Machesky, L. M.
1999) (Fig 8). Although the mechanism is unknown, this dislocation causes the
depolarization of macrophages leaving them unable to respond properly to stimuli
(Linder, S. 2000). Interestingly, although WASP alone can induce polymerization of
actin, this process is enhanced with the activation of Cdc42, and its subsequent
interaction with WASP (Fig 8) (Higgs H. N. 2000). This implies that the functional
WASP/CIP4 interaction may also be enhanced with the binding of activated Cdc42.
This thesis will report the interaction of AKAP350 with CIPS, which contains
high homology to CIP4. Subsequent to this discovery, this protein was named FBP17
(formin-binding protein 17), and was described as an MLL-fusion partner in acute
myelogeneous leukemia (Fuchs, U. 2001). For the purposes of this thesis we will refer to
FBP17 as CIPSA. An antibody developed against this protein displayed cytoplasmic
staining in histological slides. After reviewing more than 250 histological slides, CIPSA
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was found to be most abundant in the respiratory system; gastrointestinal and urinary
tracts, and the reproductive system. Most interesting was the apparent association of
CIPSA with sorting nexin 2 (SNX2) (Fuchs, U. 2001). All of the known sorting nexins
localize with membranes. SNX2 colocalizes with the Golgi apparatus, as do several
other family members (Teasdale, R. D. 2001).

Sorting nexins also have yeast

homologues which participate in vesicle sorting and retrograde transport from endosome
to the trans-Golgi network (Haft, C. R. 2000).
To date, investigations of the localization of CIP4 and CIP5 have not focused on
the Golgi apparatus. This thesis will investigate the interaction of CIP5 and CIP4 with
AKAP350, which is localized to the centrosome and Golgi apparatus. Interestingly,
several CIP4- and CIP5-interacting proteins are also localized witl_l the Golgi apparatus.
Besides SNX2, cdc42 has also been described as a Brefeldin A sensitive component of
the Golgi apparatus (Erickson, J. W. 1996). Subsequent reports have demonstrated that
Cdc42 regulates the transport of proteins from the trans-Golgi network to apical and
basolateral membranes. Interestingly, Musch eta!. (2001) also described the importance
of the cdc42-based formation of actin at the Golgi apparatus in maintaining correct
transport mechanisms. Furthermore, a recently reported guanine nucleotide exchange
factor for Cdc42, Fgd1, was recently localized to the Golgi apparatus (Fig 8) (Estrada, L.
2001). Finally, the Golgi apparatus was recently described as a microtubule-organizing
center, a description that was previously given only to the centrosome (Chabin-Brion, K.
2001). Since CIP4 and CIP5 contain a microtubule-binding domain, they could associate
with the Golgi apparatus microtubules.
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Hypothesis
To gain a complete understanding of any signaling molecule, one must first
understand where this molecule functions and decipher what other proteins it interacts
with in the cell. As previously mentioned, AKAPs are defined by their ability to bind
PKA.

Furthermore, AKAPs must anchor PKA to specific subcellular locations.

Therefore, since AKAP350 is localized to the centrosome and to the Golgi apparatus, we
believed that there were distinct domains within the AKAP350 molecule serving as
targeting domains for the centrosome and the Golgi apparatus. AKAPs are also defined
by their ability to scaffold a large multimeric complex of proteins, which in turn will
control localized signaling events and effector proteins. Therefore, we hypothesized that
AKAP350 would interact with one or more effector proteins, which could be the
recipients of such signaling events. Taken together, our hypothesis states: AKAP350

targets a multimeric protein complex to the Golgi apparatus where a compendium
of signaling molecules works together to coordinate the function of one or more
effector proteins.

Specific aims
I.

Characterize the non-centrosomallocalization of AKAP350
A . Define the localization of the non-centrosomal targeting
observed with the anti-AKAP350 antibody 1402 utilizing
intracellular markers for subcellular compartments.
B. Utilize a polyclonal antibody specific for the carboxyl-terminal
splice variant of AKAP350, AKAP350A, to determine if these
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splicing events convey specificity to the localization of
AKAP350.
C. Define the targeting domain present in AKAP350 which
differentially localizes this protein to the centrosome versus other
locations.
II.

Investigate the interaction of the potential effector proteins of the AKAP350
molecule, CLICs and CIP4/5
A. Characterize the interaction domains of these proteins and where
they bind to AKAP350.

B. Define the localization of these proteins, and their possible
function at these locations.
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MATERIALS AND METHODS

Materials -

Oligonucleotides were synthesized by the Medical College of Georgia

Molecular Biology Core Facility. Cy3 or Cy5-conjugated species-specific secondary
antibodies were purchased from Jackson ImmunoResearch Labs (West Grove, PA).
Prolong Antifade, and Alexa 488 or 564-conjugated species-specific secondary
antibodies were from Molecular Probes, Inc. (Eugene, OR). [cx- 32p]dCTP was purchased
from NEN Life Science Products.

Yeast Two-Hybrid Screening- A rabbit parietal cell two-hybrid library in pAD-GAU
(14) was screened with 3.2 kb of AKAP350 sequence (nucleotides 3611-6813, GenBank
Accession AF083037) cloned into the binding domain vector pBDGal-4-Cam
(Stratagene) with the use of EcoRI and Sail sites. The Y190 yeast strain harboring the
HIS3 and

~-galactosidase

reporter genes was used to screen approximately 1 million

clones as previously described (Lapierre, L. 1999). The isolated clones were rescued into
XL-1 Blue bacteria, and plasmid DNA was prepared using Qiagen miniprep kits. All
DNA sequencing was performed using dye terminator chemistry automated sequencing
in the Molecular Biology Core Facility at the Medical College of Georgia. The isolated
clones and the 'bait' pBDGal-4-Cam vector both gave negative results when analyzed by
themselves in yeast two-hybrid control ~ssays.
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Yeast Two-Hybrid Binary Assays- Deletion constructs of the CLIC5B and the PHR
region of AKAP350 (nucleotides 3611-6813) were cloned into pADGal-4 and pBDGal-4Cam, respectively, using EcoRl and Sa!I sites, and tested for interaction in the yeast-two
hybrid assay as previously described (Lapierre, L. 1999). Similiarly, CIP4 (Tian, L.
2000) and CIP5A/B were cloned into pADGal-4 and pBDGal-4-Cam, respectively, using
EcoRl and Sa!I sites, and tested for interaction in the yeast-two hybrid assay also as
previously described (Lapierre, L. 1999). Full-length human CLICl, CLIC4, CLIC5A
and parchorin constructs (Berryman, M. 2000, Nishizawa, T. 2000) were cloned into
pADGal-4, and tested for interaction with the AKAP350-PHR-pBDGal-4-Carn bait in the
yeast two hybrid assay again as previously described (Lapierre, L. 1999). Positive results
were recorded if the 13-galactosidase assay was positive within 3 hours. The pADGal-4
vectors produced negative results when analyzed alone.

Antibodies-

The 14G2 monoclonal anti-AKAP350 antibody was developed as

previously described (Schmidt, P. H. 1999). The 121, 656 and Bl32 polyclonal antiCLIC antibodies, gifts from Mark Berryman and John Edwards, were prepared as
previously described (Berryman, M. 2000, Schlesinger, P. H. 1997). The anti-CIP4
polyclonal antibody was prepared as previously described (Tian, L. 2000).

For

production of AKAP350A -specific antibodies, a peptide corresponding to the unique
region in the carboxyl terminus of the human gastric AKAP350A splice variant was
conjugated to keyhole limpet hemocyanin using an Imject Immunogen EDC Kit (Pierce
Chemical; Rockford, IL).

The AKAP350A peptide (GSTTQFHAGMRR) was

synthesized in the Molecular Biology Core Facility. Rabbit polyclonal antibodies were
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developed in the Antibody Facility at the University of Georgia. The antibody was
affinity purified using the Amino-Link system (Pierce) with the AKAP350A peptide.
lOOmM glycine, pH 2.5 was used to elute the AKAP350A antibody from the AminoLink column. Immunostaining in western blots of HCA-7 celllysates showed one band
at an estimated 350-450kDa band which was blocked upon pre-incubation with 50 Jlg/!lL
of the AKAP350A peptide (data not shown). Immunocytochemical staining with the
AKAP350A polyclonal antibody was also blocked by pre-incubation with 10!JM peptide.

Co-immunoprecipitation experiments- HCA-7 cells were incubated in lysis buffer [1%
NP-40, 50mM Tris-HCl pH 7.4, 250mM NaCI, 2mM EDTA, 5mM benzamidine, 0.1mM
AEBSF, and protease inhibitors (Sigma)] for 5 minutes on ice and spun at 1000xg for 15
minutes at 4°C. 300 J.Lg of the HCA-7 lysate proteins were incubated with 15 J.LL of 656
anti-CLIC antisera or anti-AKAP350A purified antibody for 2 hours at room temperature.
DynabeadM-280-coupled sheep anti-rabbit IgG (Dynal) was washed twice in phosphate
buffered saline with protease inhibitors for 10 minutes at room temperature,

an~

then

blocked using 0.2% bovine serum albumin and protease inhibitors (Sigma) for 1 hour at
room temperature. The lysate/antibody mixture was then incubated with the blocked
Dynabeads for 1 hour at room temperature. The beads were washed with phosphate
buffered saline with protease inhibitors 3 times for 15 minutes. The beads were then
boiled in the presence of 1% SDS and 1/5 volume of 2-mercaptoethanol. The samples
were separated on a 3-10% gradient SDS-PAGE gel and transferred to nitrocellulose for
western blot analysis, or separated on a 10% SDS-PAGE gel and the protein was stained
. with Coomassie blue dye.
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GST-fusion protein binding experiments- CIP5B was cloned from the yeast two-hybrid,
rabbit parietal cell library clone into the pGEX5x1-GST expression vector (Amersham
Pharmacia) utilizing EcoRI/Sall sites. 1mM IPTG stimulated production of GST -CIP5B
in JM109 bacteria. Glutathione Sepharose 4B beads (Amersham Pharmacia) were
utilized to purify GST-CIP5B. 200JlL of the GST-CIP5B beads were incubated at room
temperature for 2 hours with 200Jlg of parietal cell lysate prepared by incubating isolated
parietal cells in lysis buffer [1% NP-40, 50mM Tris-HCl pH 7 .4, 250mM NaCl, 2mM
EDTA, 5mM benzamidine, 0.1mM AEBSF, and protease inhibitors (Sigma)] for 5
minutes on ice and spinning at 1000xg for 15 minutes at 4•c. Following incubation and
washing with phosphate-buffered saline for 2x10 minutes at room temperature, the beads
were heated at 95•c in the presence of 1% SDS and 1/5 volume of 2-mercaptoethanol.
The samples were separated on a 3-10% gradient SDS-PAGE gel and transferred to
nitrocellulose for western blot analysis.

Cellular fractionation- HCA-7 cells were grown to confluence and washed twice in
phosphate-buffered saline. The cells were scraped in phosphate-buffered saline and
pelleted at 1500xg for 10 minutes at 4°C as a final wash. The cells were then lysed in
phosphate-buffered saline with protease inhibitors using 20 passes through a 1 mL pipet
tip, 10 passes through a 25 gauge needle and 30 passes through a 27 gauge. The lysate
was centrifuged at 4°C sequentially at 1,000xg for 10 minutes, 5,000xg for 15 minutes,
15,000xg for 15 minutes, and lOO,OOOxg for 1 hour. The microsomal pellets from each
sequential centrifugation and the final supernate from the 100,000xg spin were
resuspended in equal volumes of i% final SDS solution, boiled for 15 minutes, cooled to
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room temperature, and 1/5 volume of 2-mercaptoethanol was added. Equal volumes of
sample were separated on a 10% SDS-PAGE gel for western blot analysis with the 656
and B 132 antibodies.

Western Blot Analysis - Sample extracts from cells and tissue were resolved by SDSPAGE (3-10% gradient gels for 14G2 and 10% gels for 121, 656 and B132) and
transferred (2h at 750 rnA for 14G2 and overnight at 100 rnA for 121, 656 and B132) to
nitrocellulose (0.22J.Lm) for subsequent western blotting. Nitrocellulose blots were
blocked with 5% nonfat dry milk in Tris-buffered saline for 16-24 h at 4°C. Blots were
then probed in 0.5% nonfat dry milk in Tris-buffered saline for the monoclonal 14G2
antibody (1:500) and the polyclonal antibodies 121 (1:500) and 656 (1:500) or in 1%
nonfat dry milk for B132 (1:4000) and anti-C1P4 (1:1000) in Tris-buffered saline for 1h
at room temperature. After incubation with primary antibody, the blots were washed
three times for 15 min each with Tris-buffered saline and then incubated with horseradish
peroxidase-conjugated anti-mouse IgG (1:2500) or anti-rabbit IgG (1:20,000) (Jackson)
as appropriate for 1 hat room temperature. The blots were finally washed three times for
15 min each with Tris-buffered saline, and immunoreactivity was detected with
chemiluminescence (Supersignal, Pierce) and subsequent exposure to BioMax film
(Kodak).

Cloning of CLICSB and CIPSA- Total RNA were prepared from HCA-7 cells using
RNASTAT-60 (Teltest). The Advantage RT for PCR kit (Clontech) was used to
construct eDNA from 2 J.Lg of HCA-7 total RNA using random hexamer primers. Gene
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specific primers were constructed at the putative start site of CLIC5B and at the
termination

s it e

for

CLIC5A

GCGCGAATTCCCATGAATGACGAAGACT ACAGCACCA,

(sense:
antisense:

GCGCGTCGACCTGGATCGGCTGAGGCGTTTGGCGACATCAG), or the start site of
GeneBank accession number AK023681 (CIP5) and the termination site of AK023681
(sense:

GCGCGAATTCATGAGCTGGGGCACCGAGC,

antisense:GCGCGTCGACAATATAAGTCTTAGCACCTTTGGCATT) and products
were amplified using Advantage Polymerase (Clontech) with 40 cycles: 95•c 15s, 60°C
lOs, 6s•c 120s utilizing gastric eDNA (Clontech) for CLIC5B and HCA-7 eDNA for
CIP5.

The resulting products for CIP5 and CLIC5B were cloned into pTOPO

(Invitrogen) and the inserts were sequenced with flanking vector primers.

Northern blot analysis- A human multi-tissue northern blot was purchased from
Origene. The blot was sequentially probed with a 336 nucleotide probe corresponding to
the 5' end of human CLIC5A (nucleotides 1-336, GenBank accession AF216941) or a
516 nucleotide probe corresponding to the 5' end human CLIC5B (nucleotides 1-516
GenBank accession AY032602). Blots were probed overnight at 42•c and then washed
with high stringency (O.lX SSC, 65°C). Blots were exposed to X-ray film (Biomax) at-

1o•c for 24 hrs.

Immunocytochemistry- HCA-7 cells were grown on glass coverslips to confluence.
The cells were then incubated in the absence or presence of 10 J.Lg/mL Brefeldin A (BFA)
for 1 hour at 37•c. Cells were washed in phosphate-buffered saline and fixed with 4%
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paraformaldehyde for 15 minutes at room temperature. Cells were blocked with 17%
donkey serum and 0.3% Triton-XlOO in phosphate-buffered saline and then incubated
simultaneously with 1402 (mouse anti-AKAP350) (1:85), and rabbit anti-CIP4 (1:200)
or rabbit 121 (anti-CLIC) (1:300) for 2 hours at room temperature. Separate slides were
incubated simultaneously with mouse anti-p58 (1:100), and rabbit anti-AKAP350A
(1:300), rabbit 121 (anti-CLIC) (1:300), or rabbit anti-CIP4 (1:200) for 2 hours at room
temperature. The cells were then simultaneously incubated with Alexa-488-conjugated
anti-rabbit IgG and Cy3-conjugated anti-mouse IgG for 60 minutes. Coverslips were
inverted and mounted with Prolong antifade. Cells were examined for triple labeling by
confocal microscopy (Molecular Dynamics, Sunnyvale, CA) using maximum intensity
projections of 0.3 11m optical sections in the apical region of the cell or utilizing the
Axiophot imaging system (Nikon).

GFP-chimera expression- Targeting constructs were amplified utilizing primers specific

for

exons

2-6

shared

by

CLIC5A

and

CLIC5B

GCGCGAATTCTTTGTGAAGGCTGGAATCGATGGAGA

and

(sense:
anti-sense:

GCGCGTCGACCTGGATCGGCTGAGGCGTTTGGCGACATCAG). EcoRI and Sail
sites were utilized to clone into EGFP-C2 (Clontech). The CIP5A construct was
constructed from full length CIP5A cloned from HCA-7 cell eDNA as described above
and cloned into EGFP-C2 (Clontech) with the use of EcoRI and Sail. The CIP5B
construct was cloned into EGFP-C2 (Clontech) from the yeast two-hybrid parietal cell
library construct with the use of EcoRI and Sail. These constructs were transfected with
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Effectene (Qiagen) into HCA-7 cells, which were grown on glass coverslips overnight.
Cells were fixed and stained as described above.
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DIFFERENTIAL TARGETING OF AKAP350

AKAP350 carboxyl terminal splice variant, AKAP350A, is associated with the Golgi
apparatus in HCA-7 cells- AKAP350 was originally identified as a centrosomal AKAP
that is multiply spliced at the carboxyl terminus (Fig 5) (Schmidt, P. H. 1999). While our
original study was performed with methanol fixation (Schmidt, P. H. 1999), utilization of
4% paraformaldehyde fixation revealed additional staining of the Golgi apparatus with
the monoclonal anti-AKAP350 antibody, 14G2 (Fig 9). This observation was confirmed
by disruption of the 14G2 Golgi apparatus staining following treatment with Brefeldin A
(Fig 9). These data agreed with the previously published work showing Golgi apparatus
localization of CG-NAP (Takahashi, M. 1999). Furthermore, immunocytochemical data
obtained with two other polyclonal antibodies developed against Yotiao colocalized with
the Golgi apparatus marker anti-p58 (unpublished results). Each of the anti-Yotiao
antibodies recognized the 350-450kDa 14G2 immunoreactive band characterized as
AKAP350. To study the distribution of AKAP350 in HCA-7 cells, we performed
immunocytochemistry with an affinity-purified polyclonal antibody specific for the
carboxyl terminal end of the human gastric clone of AKAP350, AKAP350A. Dual
immunocytochemical staining with the Golgi apparatus marker p58 and anti-AKAP350A
showed partial colocalization of these antibodies at the Golgi apparatus in human colonic
adenocarcinoma cells (HCA-7) (Fig 10). No centrosomal staining was observed in HCA7 cells with this AKAP350A-specific antiserum. To confirm localization with the Golgi
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Fig 9. The noncentrosomal staining of AKAP350 is to the Golgi
apparatus: Top: Microscopy of HCA-7 cells fixed with 4%

paraformaldehyde and stained with the anti-AKAP350 antibody
(1402). The arrows are pointing to the Oo1gi apparatus staining.
Bottom: Microscopy of HCA-7 cells treated. with Brefeldin A
fixed with 4% paraformaldehyde and stained with the antiAKAP350 antibody (1402). Notice the centrosomal AKAP350
staining is unaffected by Brefeldin A (points of staining).
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Fig 10. AKAP350A localizes to the Golgi apparatus: Confocal
microscopy of HCA-7 cells stained with anti-AKAP350A, the
Golgi marker (anti-p58), and an overlay of the two with antiAKAP350A staining in green and anti-p58 staining in red (third
column). First row represents control HCA-7 cells and the second
row represents BFA treated cells.
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apparatus, we treated HCA-7 cells with brefeldin A (BFA) and stained with the antiAKAP350A and anti-p58. The staining of both p58 and AKAP350A was disrupted
following BFA treatment, and there was a loss of colocalization of AKAP350A with the
Golgi apparatns marker (Fig 10). The p58 and AKAP350 staining was also disrupted by
nocodazole treatment, and staining was dispersed in dividing cells (data not shown). All
of these results suggest that the noncentrosomal staining of AKAP350 (CO-NAP) in
HCA-7 cells represents targeting of AKAP350A to the Golgi apparatns (Schmidt, P. H.
1999).

Characterization of a Golgi apparatus targeting sequence in AKAP350-

Since

AKAP350A is localized to the Golgi apparatns, AKAP350A should contain a sequence
which targets AKAP350A to this subcellular location.

Previous studies have

characterized a carboxy1 terminal region which is responsible for the centrosomal
targeting of AKAP350 (Gillingham, A. K. 2000).

This region is shared by two

AKAP350 carboxyl terminal splice variants, AKAP350A and AKAP350B (Fig 11). The
immunocytochemical data with anti-AKAP350A determined that AKAP350A is
localized to the Golgi apparatus. Therefore, we utilized deletion constructs of the regions
surrounding the known centrosomal targeting sequence in AKAP350A in order to
determine if AKAP350's carboxyl terminus also contained a Golgi apparatns targeting
domain (Fig 12). Previous stndies in our lab determined that a GFP construct including
the most carboxyl terminal leucine zipper region (LZ) (GFP-AKAP350A) was unable to
specifically target (data not shown) (Fig 12). Evaluation of the Gillingham et al. (2000)
report revealed that their constructs that targeted to the centrosome did not contain this
LZ region. Therefore, we developed a GFP construct that represented the carboxyl
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Fig 11. Location of the centrosomal targeting sequence in
AKAP350: Schematic diagram of AKAP350 splice variants
depicting centrosomal targeting location confined to AKAP350A
and AKAP350B. Also shown are the Yotiao Homology Region
(YHR), unique carboxyl tails, and the leucine zipper regions.
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Fig 12. GFP deletion constructs of the carboxyl terminus of
AKAP350A: Diagram depicts the full length AKAP350A with
leucine zipper regions (LZ (purple) and RII binding sites (red).
Constructs represent the following amino acids in AKAP350A:
GFP-AKAP350A (3074-3524), GFP-AKAP350AiloLZ (32593524), GFP-LlOO (3424-3524), GFP-C (330~~3424),' GFP-GB
(3259-3307).
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Fig 13. Localization of GFP-AKAP350AnoLZ in HCA-7 cells:
Microscopy of HCA-7 cells transiently transfected with GFPAKAP350noLZ. Top: Immunocytochemistry with the antiAKAP350 monoclonal antibody (14G2) (left column), GFPAKAP350AnoLZ (middle column), and an overlay of the two
(right column: GFP-green, 14G2-red). Short arrows point to the
Golgi apparatus, and long arrows point to the centrosome. Bottom:
Immunocytochemistry with the Golgi apparatus marker antibody
(anti-p58) (left column), GFP-AKAP350AnoLZ (middle column),
and an overlay of the two (right column: GFP-green, anti-P58-red).
Short arrows point to colocalization at the Golgi apparatus, and the
long arrow identifies a point of GFP localization at the centrosome,
which does not stain for p58.
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terminal of AKAP350A and did not include the LZ region (AKAP350AnoLZ) (Fig 12).
HCA-7 cells were transiently transfected with GFP-AKAP350AnoLZ and costained with
the 14G2 monoclonal antibody and the Golgi apparatus marker antibody, anti-p58 (Fig
13). GFP-AKAP350AnoLZ colocalized with AKAP350 and the Golgi apparatus. GFPAKAP350AnoLZ also colocalized with AKAP350 staining at distinct points of staining
which was attributed to the centrosomal staining of AKAP350.
Previous studies in or lab as well as the report from Gillingham et al. (2000) have
eliminated the last 100 amino acids (LlOO) of AKAP350A as a targeting domain because
GFP-LlOO does not specifically target when expressed in cells (Fig 12 and data not
shown). Therefore, we expressed a GFP-Golgi bind (GFP-GB) sequence representing the
sequence of AKAP350A found between the most carboxyl terminal LZ region and the
centrosomal targeting sequence (Fig 12). GFP-GB Was expressed in HCA-7 cells and
these cells were costained with the anti-AKAP350 antibody, 14G2, and the Golgi
apparatus marker, anti-p58 (Fig 14). GFP-GB colocalized with the AKAP350 and the
Golgi apparatus, but this GFP-construct did not colocalize with the anti-AKAP350
(14G2) stained centrosome. The GFP-GB transiently transfected cells did display both
cytoplasmic and nuclear staining. However, this nuclear and cytoplasmic staining was
observed by Gillingham and Munro (2000) with their GFP-centrosomal targeting fusion
protein. To control for this staining, we transiently transfected HCA-7 cells with the
centrosomal targeting domain (GFP-C). Fignre 15 verified the centrosomal targeting of
this domain, and also displayed the cytoplasmic and nuclear staining siroilar to the GFPGB transiently transfected cells. Therefore, we believed that GFP-GB represented the
Golgi apparatus targeting domain in AKAP350A.
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Fig 14. Localization of GFP-GB in HCA-7 cells: Microscopy of
HCA-7 cells transiently transfected with GFP-OB. Top:
Immunocytochemistry with the anti-AKAP350 monoclonal
antibody (1402) (left column), OFP-OB (middle column), and an
overlay of the two (right column: OFP-green, 1402-red). Arrows
point to colocalization. Arrowheads point to a pair of 1402
staining centrioles, which do not colocalize with OFP-OB.
Bottom: Immunocytochemistry with the Oolgi apparatus marker
antibody (anti-p58) (left column), OFP-OB (middle column), and
an overlay of the two (right column: OFP-green, anti-P58-red).
Arrows point to colocalization at the perinuclear Oolgi apparatus.
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Fig 15. Localization of GFP-C in HCA-7 cells: Microscopy of
HCA-7 cells transiently transfected with GFP-C.
Top:
Immunocytochemistry with the anti-AKAP350 monoclonal
antibody (14G2) (left column), GFP-C (middle column), and an
overlay of the two (right colurim: GFP-green, 14G2-red). Arrows
point to colocalization at the centrosome. Bottom:
Immunocytochemistry- with the Golgi apparatus marker antibody
(anti-p58) (left column), GFP-C (middle column), and an overlay
of the two (right column: GFP-green, anti-P58-red). Arrows point
to the centrosomal targeting of GFP-C, which does not colocalize
with the Golgi apparatus marker p58.
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Carboxyl-terminai end of AKAP350 ~calizes to the midbody of dividing HCA-7 cellsSchmidt et al. (1999) demonstrated that the anti-AKAP350 antibody, 14G2, stained a
"beads on a string" pattern during anaphase and telophase of cell division. Since
AKAP350 contains targeting information for the centrosome and the Go1gi apparatus in

..
its carboxyl

termin~s, transfe9t~d

..

.

.

HCA-7 cells were also utilized to determine if the

AKAP350AnoLZ construct would localize to the midbody of dividing cells. Figure 16
reveals midbody localization of AKAP350AnoLZ in a cell in telophase. The antiAKAP350A antibody should recognize this construct, and costaining with this antibody
demonstrated that the majority of the AKAP350A staining is present with GFPAKAP350~oLZ.

It is interesting to note that not all of the anti-AKAP350A staining is

present at the midbody. Therefore, the localization of this construct to the midbody may
not be representative of AKAP350A, but of another carboxyl terminal splice variant.
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AKAP350A
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GFP-AKAP350AnoLZ
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OVERLAY

Fig 16. Localization of GFP-AKAP350AnoLZ in dividing
HCA-7 cells: Microscopy of a dividing HCA-7 cells transiently
transfected
with
GFP-AKAP350noLZ.
Top:
Immunocytochemistry, 'wl.th the anti-AKAP350A poly clonal
antibody (first column), GFP-AKAP350AnoLZ (second column),
DAPI (third column) an overlay of the three (right column: antiAKAP350A-red, GFP-green, DAPI-blue. Notice the-localization
of GFP-AKAP350AnoLZ at !he midbody of the dividing cell.
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AKAP350 INTERACTS WITH THE CLIC PROTEIN FAMILY

Identification of an interaction of the chloride intracellular channel (CUC) family of
proteins with AKAP350- AKAP350 interacts with several signaling proteins including
protein phosphatase 1, protein kinase N, protein phosphatase 2A (Takahashi,

'

.

M. 1999),

protein kinase Ce (Takahashi, M. 2000), phosphodiesterase 4D3 (Tasken, K. A. 2001)
and Type II PKA (Fig '6) (Schmidt, P. H. 1999, Takahashi, M. 1999, Keryer, G. 1993).
To investigate further the function of AKAP350 as a scaffolding protein, we performed a
yeast two-hybrid screen of a rabbit gastric parietal cell library. We screened the library
with a 3.2 kb segment of AKAP350 (amino acids 1076-2143), previously termed the
pericentrin homology region (PHR) due to its weak homology (41% similarity) with the
centrosomal protein, pericentrin (Fig 17) (Schmidt, P H. 1999). One positive clone was
identified as a full-length eDNA of the rabbit homologue of human CLIC1 (NCC27)
(GenBank accession number U93205). Subsequent yeast two-hybrid binary assays
confirmed the interaction of rabbit CLIC1 with the PHR of AKAP350. The rabbit CLICl
sequence and deletion constructs of the PHR of AKAP350 were used in yeast two-hybrid
binary assays to map the rabbit CLIC1-binding site in AKAP350. The CLICl binding
region of AKAP350 was limited to a 133 amino-acid region between amino acids 1388·
and 1515 of AKAP350 (Fig 17B).
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Fig 17. CLIC interaction with AKAP350: A: Diagram of the
full length human gastric clone splice variant of AKAP350
including the 4 leucine zipper regions (LZ), and the binding sites
for Ru. PKN, PPl, and PKCe. Also shown is the Pericentrin
Homology Region (PHR). B: Constructs of the PHR used to map
the CLIC binding region (shown in grey). Rabbit CLICl binding
to the PHR constructs in yeast two-hybrid assays is indicated to the
right.
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Co-immunoprecipiwtion of AKAP350 and CUC family members- To characterize the
CLIC1/AKAP350 interaction, co-immunoprecipitation experiments were performed
using a rabbit polyclonal anti-CLIC antibody, 656. This antibody was chosen for its
ability to recognize a range of CLIC family members. The antibody was developed
against a region of the carboxyl terminus of the avian CLIC, p62, and is known to
recognize avian p62, bovine p64 (Schlesinger, P. H. 1997) and human CLIC1 and CLIC4
(J. C. Edwards, unpublished results).

Dynabeads with only anti-rabbit secondary

antibody or Dynabeads incubated with the anti-pan-CLIC antibody, 656, were incubated
with 1% NP-40 extracts from HCA-7. The bound protein was separated by SDS-PAGE
and subjected to western blot analysis with the monoclonal anti-AKAP350 antibody,
1402. The anti-CLIC antibody 656, specifically immunoprecipitated AKAP350 when
compared to Dynabeads alone (Fig 18). Western blot analysis with 656 confirmed that it
did not recognize AKAP350 (data not shown). These biochemical data confirmed the in
situ association of AKAP350 with a CLIC family member in HCA-7 cells.

CUC family members in HCA-7 cells- To determine which CLIC family members
might interact with AKAP350 in HCA-7 cells, western blot analysis was used to identify
the CLICs present in HCA-7 cells. Two pan-CLIC rabbit polyclonal antibodies, 656 and
121, were utilized. The unpurified 121 antibody also recognizes the conserved carboxyl
terminus of CLICs, because it was developed against full-length CLIC1 (Berryman, M.
2000). Figure 19A demonstrates that both antibodies recognized one major 46kDa
protein. Both of these antibodies also recognized less abundant bands at 31kDa, 32kDa
and 88kDa. The 31kDa and 32kDa bands likely represent CLIC1 and CLIC4 since their
apparent molecular weights are consistent, and the 656 antibody is known to cross-react
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Fig 18. Anti-CLIC antibodies immunoprecipitate AKAP350:
Anti-AKAP350 (14G2) western blot analysis of an
immunoprecipitation experiment performed with anti-rabbit
Dynabeads coated with the anti-CLIC antibody (656) and antirabbit Dynabeads alone. Lanes represent the HCA-7 NP-40
protein lysate starting material (25 J.Lg) (Lysate), protein that did
not bind to the beads (25 J.Lg) (Void), and protein bound to the
beads (all bound protein from 300 J.Lg total starting material)
(Eluate).
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with CLICl and CLIC4 (J. C. Edwards, unpublished results). Non-detergent membrane
fractionation of HCA-7 cells and subsequent western blot analysis with the 656 antibody
revealed that this 46kDa protein was abundant in all the fractions (Fig 19B). Note that
other 656-reactive bands were detected in some fractions, but they were much less
abundant when compared to the 46kDa band. Since no CLIC protein has been described
to migrate at 46kDa, we used several specific CLIC antibodies to determine if they
recognized this protein. Antibodies specific for CLICl and parchorin, the largest CLIC
family member, did not recognize this protein (data not shown). However, a polyclonal
antibody affmity purified against CLIC5 (B132) did recognize a 46kDa band (Fig 19C).
These results suggested that a CLIC5 immunoreactive protein was the major CLIC
species in HCA-7 cells.
The high homology between bovine p64 and the more recently· documented
CLIC5 led us to hypothesize that a CLIC5 splice variant might represent the human
homologue of bovine p64 (Landry, D. 1993, Berryman, M. 2000). Human CLIC5 and
bovine p64 show extensive identity in their carboxyl termini, but have little similarity in
their amino terminal sequences. We performed a search with the 5' coding sequence of
bovine p64 against genomic BAC sequences containing the human CLICS eDNA. This
search revealed an alternate initiation site for CLIC5 defined by the sequence homology
between p64 and CLIC5. This alternate initiation site is present 65 kb upstream of the
published start site of human CLIC5. Utilizing a sense primer against this putative
alternative start site and an antisense primer against the 3' end of the CLIC5 coding
sequence, we were able to amplify a 1230 bp sequence from HCA-7 cell eDNA. This
sequence encodes for a protein with an apparent molecular mass of 46 kpa,
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Fig 19. CLIC proteins in HCA-7 cells: A: Western blot
analysis of HCA-7 NP-40 protein lysates using the anti-pan-CLIC
antibodies (121 and 656). B: Western blot analysis of equal
volumes of fractionated HCA-7 cells with the 656 antibody. The
lanes are denoted S 1 for starting material, P1 for the 1,OOOxg
pellet, P2 for the 5,000xg pellet, P3 for the 15,000xg pellet, S4 for
the lOO,OOOxg, supernate and P4 for the 100,000xg pellet. C:
Western blot analysis utilizing the same blot as shown in B probed
with the B132 antibody showing that B132 recognizes a band
separating at the same size.
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Fig 20. CLICSB sequence: A: Nucleotide sequence and deduced
amino. acid sequence of CLIC5B, amplified from an HCA-7
eDNA. The highlighted sequence and corresponding amino acids
represent the novel first exon of CLIC5B created by an alternate
start site upstream of the start site of CLIC5A. B: Diagram of the
CLIC5 gene in chromosome 6 (GenBank reference 13643945)
showing the alternate start site of CLlC5B upstream of CLIC5A.
Nucleotide numbers which correspond to the following exons are:
CLIC5B exon 1 (195221-194681), CLIC5A exon 1 (130521130458), exon 2 (54373-44262), exon 3 (48510-48380), exon 4
(40780-40674), exon 5 (13537-13355), and exon 6 (2384-2218).
The bar represents 10 kb and the double line breaks represent 20
kb.
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corresponding to the moleeular weight of the major CLIC protein seen by the 656, 121
and B132 antibodies (Fig 20A). We named this protein CLIC5B (GenBank:accession
number AY032602) and have renamed the previously published CLIC5 as CLIC5A
(Berryman, M. 2000). The only difference between these proteins is found in their ftrst
exons. The first exon of CLIC5A encodes for its ftrst 21 amino acids, while the ftrst
exon of CLIC5B encodes for its ftrst 180 amino acids (Fig 20B). Since human CLIC5B
shows 72% identity with bovine p64, CLIC5B most likely represents the human
homologue of bovine p64. Overall, these results indicate that CLIC5B represents the
major CLIC species in HCA-7 cells recognized by these antibodies.

Northern analysis of CLICSB·

To determine the tissue distribution of these two

mRNAs, northern blot analysis of 12 different human tissues was performed. Due to the
CLIC5 splicing, we designed a CLIC5A-speciftc probe which included a region of the 5'
untranslated sequence and the unique ftrst exon of CLIC5A (Fig 21A). The message size
of CLIC5A was consistent with the previously published size of 6.4 kb (Berryman, M.
2000).

We noted the highest expression of CLIC5A in lung, with a lower level of

message in the heart, kidney and skeletal muscle. CLIC5A mRNA was also detected in
colon and placenta upon longer exposure (data not shown). As Berryman et al. described
(Berryman, M. 2000), the CLIC5A speciftc probe also recognized less intense bands at
3.8 kb and 2.3 kb in some tissues (data not shown). A probe designed against the unique
ftrst exon of CLIC5B was used to evaluate the tissue distribution of CLIC5B. CLIC5B
expression was detected only in the small intestine. The CLIC5B mRNA migrated at a
slightly higher size (6.6kb) than CLIC5A (Fig 21B).
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Fig 21. Northern blot analysis of CLICSA and CLICSB
expression in human tissues: A: Northern blot analysis of a
human multi-tissue blot with a probe created from 5' untranslated
and exon 1 of CLIC5A. B: Northern blot analysis of the same
human multi-tissue blot reprobed with a probe representing the
first exon of CLIC5B. Lanes containing mRNA from whole
organs are denoted as: 1-brain, 2-colon, 3-heart, 4-kidney, 5-liver,
6-lung, ?-skeletal muscle, 8-placenta, 9-small intestine, 10-spleen,
11-stomach, 12-testis.
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CLICSB interacts with AKAP350- The CLIC family of proteins is defined by their high
homology in their carboxyl termini, which contain two conserved putative
transmembrane domains (Valenzuela, S. M. 1997). To determine the specificity of
AKAP350 binding to members of the CLIC family, clones of human CLIC1, CLIC4,
CLICSA, CLICSB and rabbit parchorin (Berryman, M. 2000, Nishizawa, T. 2000) were
paired with AKAP350 PHR in yeast two-hybrid binary assays. Each of these CLIC
f~mily

members interacted with the PHR of AKAP350 (Fig 22A). These results

suggested that the conserved carboxyl terminus in the CLIC family contained the binding
site for AKAP350 (Fig 22A).
Constructs that contained the first and second halves of the conserved region of
CLICSB were used in yeast two-hybrid binary assays to determine the region responsible
for binding to AKAP350. The binding region was contained in the final 120 amino acids
of CLICSB. The entire region was necessary for the binding of AKAP350 to CLICSB,
since any further truncations of this region were unable to bind to AKAP350 (Figure
22B).

CLIC staining and AKAP350A staining colocalize with the Golgi apparatus in HCA-7
cells - Fig23A displays AKAP350A localized to the Golgi apparatus (described in Fig
10).

To explore the localization of AKAP350 and CLICSB, we performed dual

immunocytochemical analysis in HCA-7 cells with two antibodies:

the 14G2

monoclonal anti-AKAP350 which recognizes all known AKAP350 splice variants and
the anti-CLIC 121 antibody, which, as shown above, detects the 46kDa CLIC 5
immunoreactive species in HCA-7 cells. The anti-CLIC 121 staining colocalized with
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_Fig 22. AKAP350 interaction with CLIC: A: Diagram
representing parchorin, CLIC1, CLIC4, CLIC5A and CLIC5B
which all interact with AKAP350 in yeast two-hybrid assays
(indicated at the right). Constructs of the conserved region (gray)
in CLIC5B were used to defme where AKAP350 binds. The last
120 amino acids (290-410) were able to interact with AKAP350,
but deletion constructs of this region were unable to bind. B:
Carboxyl terminal AKAP350 binding domain of CLIC family
proteins: Protein alignment of the last 120 amino acids of CLIC5B,
which bind to AKAP350, compared to parchorin, CLIC1, CLIC4,
CLIC5A and p64 bovine. The highlighted regions represent
homology when compared to CLIC5B.
The putative
transmembrane domain 1s underscored with X' s.
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Fig 23. Immunocytochemical localization of AKAP350A and
CLICSB in HCA-7 cells: A: Confocal microscopy of HCA-7
cells stained with anti-AKAP350A, the Oolgi marker (anti-p58),
and an overlay of the two with anti-AKAP350A stainjng in green
and anti-p58 staining in red (third column). First row represents
control HCA-7 cells and the second row represents BFA treated
cells. B: Confocal microscopy of HCA-7 cells stained with the
anti-CLIC antibody (121) (first column), the anti-AKAP350
antibody (1402) (second column), and an overlay of the two with
the 121 staining in green and the 1402 staining in red (third
colu.mil). First row represents control HCA-7 cells and the second
row represents BFA treated cells. C: Confocal microscopy of
HCA-7 cells stained with the anti-CLIC antibody (121) (first
column), the Oolgi marker (anti-p58) (second column), and an
overlay of the two with the 121 staining in green and the anti-p58
staining in red (third column). First row represents control HCA-7
row represents BFA treated cells.
.cells and the second
.
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the anti-AKAP350 staining (14G2) at the Golgi apparatus (Fig 23B). Upon brefeldin A
treatment, anti-AKAP350 and anti-CLIC staining no longer showed extensive
'

colocalization (Fig 23B). The 14G2 anti-AKAP350 monoclonal antibody also stained the
centrosomes, but staining of centrosomes by 14G2 was not altered by brefeldin A (Fig
23B). The 121 immunoreactivity also colocalized with the Golgi apparatus marker p58,
and this staining pattern was also sensitive to BFA treatment. The 121 anti-CLIC
staining remained largely colocalized with the Golgi apparatus marker p58 after brefeldin
A treatment (Fig 23C). These results support the interaction of CLIC5B with AKAP350
at the Golgi apparatus.

GFP-CUCSB(178-410) targets to the Golgi apparatus- To investigate further the
localization of CLIC5B with the Golgi apparatus, a GFP-chimera [GFP-CLIC5B(178410)] was constructed utilizing amino acids 178-410 of CLIC5B. This region represents
the shared exons 2-6 of CLIC5A and CLIC5B (Fig. 20). The HCA-7 cells were then
stained with the Golgi apparatus marker p58 (Fig 24). HCA-7 cells expressing GFPCLIC5B(178-410) show colocalization with the Golgi apparatus. Staining with the antiAKAP350 14G2 antibody was unchanged in cells expressing this GFP-chimera (data not
shown). These data suggest that the region coding for exons 2-6 is sufficient for targeting
of CLIC5B to the Golgi apparatus.
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Fig 24. Targeting of GFP-CLIC5B(178-410) in HCA-7 cells:
HCA-7 cells were transfected with GFP-CLIC5B(l78-410). These
cells were then stained with the Golgi apparatus marker, p58.
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AKAP350 INTERACTS WITH CIP415 AT THE GOLGI APPARATUS

Identification of an interaction between CIPS and AKAP350- AKAP350 interacts with
several signaling proteins (Fig 6), and therefore, can localize th~ signaling capabilities of
these proteins to specific subcellular regions (Takahashi, M. 1999, Takahashi, M.
2000, Tasken, K. A. 2001, Schmidt, P. H. 1999, Takahashi, M. 1999, Keryer, G. 1993).
Additional yeast two-hybrid screens of the rabbit gastric parietal cell library with a 3.2kb
segment of AKAP350 (amino acids 1076-2143) (Fig 25) revealed another clone that
interacted with AKAP350. This clone contained 75% amino acid similarity to the human
Cdc42 interacting protein 4 (CIP4), and therefore, we named this protein CIP5.
Subsequent yeast two-hybrid binary assays confirmed the interaction of CIP5 with the
PHR of AKAP350. CIP5 and deletion constructs of the PHR of AKAP350 were used in
yeast two-hybrid binary assays to map the CIP5-binding site. The CIP5-binding region
of AKAP350 was limited to a region between amino acids 1382 and 1544 of AKAP350
(Fig 25). Utilizing the CLIC minimal binding site we were able to determine that CIP5
was unable to interact with this region (data not shown, see Fig 17). Therefore,
AKAP350 contains adjacent binding sites for CLIC5B and CIP5.

Characterization of the CIPS gene- Although rabbit CIP5 was highly homologous to the
human CIP4 protein, CIP5 is transcribed from a different gene. A GenBank search with
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Fig 25. AKAP350 interacts with CIPS: A: Diagram of the full
length human gastric clone splice variant of AKAP350 including
the 4 leucine zipper regions (LZ), and the binding sites for Rn,
PKN, PPl, and PKCe. Also shown is the Pericentrin Homology
Region (PHR). B: Constructs of the PHR (green) utilized to map
the CIPS binding region (shown in blue). Rabbit CIPS binding to
the PHR constructs in yeast two-hybrid assays is indicated to the
right.
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the rabbit CIP5 sequence revealed the human sequence for CIP5 (GenBank accession
number AK023681). Rabbit CIP5 displayed an 85% amino acid identity with this
sequence. Interestingly, this human sequence contained a large region that was missing
from the middle of the rabbit CIP5 clone. The shorter rabbit CIP5 sequence was created
by alternative and exclusion of exons 7-10 and 13 (Fig 26A). We named the smaller
CIP5 splice variant, originally cloned from rabbit parietal cells, CIP5B, and the larger
splice variant CIP5A. Scanning the human genome with this·human CIP5 sequence
revealed it was located on chromosome 9 while CIP4 was located on chromosome 19.
Fig 26A demonstrates the intronlexon genomic structure for the CIP5A and CIP5B genes.
To further investigate the similarity between CIP4, CIP5A and CIP5B, the similarity and
identity of the exons in CIP4 and CIP5A were evaluated (Fig 26B). Interestingly, the
exons containing the microtubule-binding domain, Cdc42-binding domain and the SH3
domain showed the highest homology.

In vitro binding of CIPS and AKAP350-

In order to further characterize the

CIP5/AKAP350 interaction, an in vitro binding assay was performed utilizing GSTrabbit CIP5. GST-rabbit CIP5 was attached to beads, and subsequently incubated with
1% NP-40 gastric parietal celllysates. Following the incubation, washes were performed
to remove any protein that was not specifically bound to GST-rabbit CIP5. Control
samples also were utilized to account for proteins nonspecifically binding to the beads
(Beads) and to GST (GST Beads). The interacting proteins were eluted, separated by
SDS-PAGE, and western blot analysis was performed with the anti-AKAP350 antibody,
14G2 (Fig. 27). Western blot analysis identified a greater amount of AKAP350
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Fig 26. Schematic diagrams of the CIPS gene and an exon-byexon comparison of CIP4 and CIPSA: A: Schematic diagram
representing to scale the gerie structure of CIPS on chromosome 9
(exons in red). CIPSB is an alternate splice variant of CIPSA that
does not include exons 7-10, and 13 (light blue). The splicing
event does not interrupt the exons comprising the microtubulebinding domain (yellow box), Cdc42 interacting domain (red
diamond) or the SH3 domain (green box). B: Exons 1-15 of
CIPSA (top orange boxes) and 1-14 of CIP4 (bottom orange boxes)
demonstrate high identity (top number) and similarity (bottom
number). The domains shared by CIPSA and CIP4 are denoted as
in A. Notice the high homology these proteins share in these
regiOns.
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Fig 27. GST-CIP5B interacts with AKAP350: Equal volumes
of 1% NP40 parietal cell extract was incubated with glutathione
beads alone (Beads), glutathione beads bound to GST(GST-Beads)
and glutathione beads bound to a GST-rabbit CIPSB fusion protein
(CIPSB-Beads). Bound proteins were eluted off and subjected to
SDS-PAGE followed by western blot analysis with the antiAKAP350 monoclonal antibody. S100 represents 25J..Lg of
1%NP40 gastric parietal cell protein extract.
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immunoreactive protein bound to the GST -rabbit CIP5 beads than to the controls. These
biochemical data confirmed the interaction of AKAP350 with CIP5 observed by yeast
two-hybrid analysis.

Expression pattern of CIPSA and CIPSB in tissues- PCR analysis of cDNAs developed
from specific organs and tissues in the rabbit and human cell lines was utilized to
investigate if the CIP5 splicing event was tissue or species specific. Primers, specific for
rabbit or human, were designed to amplify the region spliced out of CIP5B. PCR
reactions were separated on an agarose gel and the presence or absence of the splice
variant was obtained by observing the presence or absence of bands at 754bp (CIP5A)
and/or 234bp (CIP5B). This analysis determined that the larger splice variant (CIP5A)
was ubiquitous in rabbit tissues, while the smaller splice variant (CIP5B) exhibited a
much more restricted distribution (Fig 28). Also note that Figure 30 displays results from
·the screening of several human cDNAs. The presence of both splice variants was
detected in human cDNAs.

Characterization of the AKAP350 binding site in CIP4 and CIPS- Due to the high
homology between CIP5A, CIP5B and CIP4, yeast two-hybrid binaries were performed
in order to determine if CIP5A, CIPSB and CIP4 could bind to AKAP350. All three
proteins were capable of interacting with AKAP350 by yeast two hybrid binaries (Fig
29). The interaction of each of these proteins with AKAP350 was most likely due to the
high homology between CIP4 and CIP5A/B in several of the functional domains
described for CIP4. Therefore, deletion constructs of CIP4 were utilized for yeast two-
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Fig 28. PCR analysis of CIP5A and CIP5B splice variants in
rabbit tissue cDNAs and human cell lines cDNAs: Primers were
developed for rabbit and human CIPS. to amplify the region spliced
out of CIPSB from cDNAs specific for rabbit tissues or human cell
lines. Flanking sequence was included around the spliced out
region so that the CIPSB template would produce an amplified ·
product of 234bp. CIPSA template produced a 754bp amplified
product. Results were determined by the presence (red for CIPSA
and yellow for CIPSB) of either the 234bp or 754bp amplified
product. The green N/D denotes that no band was detected.
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Fig 29. The AKAP350-bind.ing domain in CIP4 and CIPS was
located in the first 117 amino acids: Yeast two hybrid binaries
were completed with the PHR of AKAP350 and CIP5A, CIP5B,
CIP4, CIP4L1N, and CIP4L1C. Positive and negative results are
denoted to the right. The first 117 amino acids (blue) have also
been defined as the microtubule binding domain. Also shown are
the Cdc42 binding domain (green) and SH3 domain (green/black
hash). Identity and similarity p·ercentages are given for these
domains.
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hybrid binaries to determine where the AKAP350-binding domain was located. The
deletion of the microtubule-binding domain (amino acids 1-117) from CIP4 resulted in an
inability of the CIP4 to interact with AKAP350 (Fig 29). Therefore, the AKAP350binding site was located within the first 117 amino acids of CIP4. Due to the high
homology CIP4 shares with CIPS (Fig 29), the AKAP350 binding site is found in the first
117 amino acids of CIPS as well.

Anti-CIP4-immunoreactive protein colocalizes with AKAP350 at the Golgi apparatus
in HCA-7 cells- Although CIPSB was originally isolated from an AKAP350 screen of a
gastric parietal cell library, we wanted to determine which of these proteins (CIP4,
CIPSA!B) was interacting with AKAP350 in vivo. Polyclonal antibodies developed
against a region of CIP4 (amino acids 118-481) (Tian, L. 2000) were utilized for
immunocytochemical analysis of HCA-7 cells. HCA-7 cells were dual labeled with the
anti-CIP4 polyclonal antibody and either the Golgi apparatus marker antibody (anti-p58)
or the anti-AKAP350 monoclonal antibody (14G2). Co-staining with the anti-CIP4
polyclonal antibody and anti-AKAP350 monoclonal antibody demonstrated partial
colocalization of these antibodies at Golgi apparatus structures. Treatment with brefeldin
A redistributed the staining pattern of the anti-CIP4 antibody and confirmed the presence
of anti-CIP4 immunoreactivity at the Golgi apparatus. We also observed an absence of
anti-CIP4 staining at the centrosome that exhibited immunoreactivity with the antiAKAP350 antibody (Fig 30A). The anti-CIP4 polyclonal antibody partially colocalized
with the Golgi apparatus marker, anti-p58. Treatment with brefeldin A disrupted the
staining pattern of both anti-p58 and anti-CIP4 (Fig 30B). Although these data support
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Fig 30. Immunocytochemical localization of anti-CIP4
immunoreactive protein in HCA-7 cells: A: Microscopy of
HCA-7 cells stained with anti-AKAP350(14G2) (first column) and
the anti-CIP4 antibody (second column). First row represents
control HCA-7 cells and the second row represents Brefeldin A
(BFA) treated cells. Arrows indicate points of colocalization in the
first row, and indicate the absence of anti-CIP4 immunoreactive
protein at the centrosome in second row. B: Microscopy of HCA-7
cells stained with the anti-p58 antibody (first column) and the antiCIP4 antibody (second column). First row represents control
HCA-7 cells and the second row represents BFA treated cells.
Arrows indicate points of colocalization in the first row, and
indicate CIP4 staining unaffected by BFA in the second row.
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the presence of CIP4 immunoreactivity at the Golgi apparatus, there is also staining with
the anti-CIP4 antibody at non-Golgi apparatus structures. The anti-CIP4 polyclonal
antibody was developed against a region of CIP4 (amino acids 118-481) containing
similarity to CIP5A and CIP5B. · Control experiments demonstrated that the anti-CIP4
antibody was capable of interacting with CIP5A and CIP5B when overexpressed in
HCA-7 cells (data not shown). Therefore, these data suggest that in HCA-7 cells the
anti-CIP4 immunoreactive protein, possibly representing CIP4, CIP5A and CIP5B,
colocalizes with anti-AKAP350 at the Golgi apparatus.
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DISCUSSION

Dodge eta!. (2000) described AKAPs by three criteria: 1) AKAPs are defmed by
their ability to bind to the regulatory dimer subunit of PKA, 2) AKAPs are able to
localize· themselves via a targeting domain to specific subcellular compartments, and 3)
AKAPs are able to assemble large macromolecular structures consisting of signaling
enzymes and effector proteins that work together to control specific cellular functions.
Many of the AKAPs described to date meet these criteria. In order to incorporate the
current knowledge of AKAP350 as a scaffolding protein, these criteria will be used as the
backbone of this discussion.

I. AKAP350: The discovery of a multiply spliced A-kinase anchoring protein
Keryer et a!. (1993) first described the presence of a 350 kDa protein capable of
binding to PKA at the centrosome. Dransfield et a!. (1997) later discovered a protein
identified as AKAP120 based upon the predicted molecular weight of the clone. In
addition, Dransfield et a!. (1997) was able to characterize a PKA binding site in the
AKAP120 clone, which contained a high affinity for Rll. Further cloning revealed a
much larger protein, which was determined to migrate on SDS-PAGE analysis between
350 and 450 kDa (Schmidt, P. H. 1999). However, Dransfield et a!. (1997) were able to
characterize a PKA binding site in the AKAP120 clone, which contained a high affinity
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site for Rll. This affinity was measured via a novel microliter plate technique and
determined to be in the 50 to 120 nM range. Subsequent to this report, it was discovered
that AKAP350 contained another Rll binding site upstream of the site characterized by
Dransfield et al. (1997) (Takahashi, M. 1999). Interestingly, a carboxyl terminal splice
variant of AKAP350, Yotiao, shared the amino terminal exons of the AKAP350 gene,
and also contained the upstream Rll binding site. Therefore, Yotiao was also defmed as
an AKAP (Lin, J. W. 1998). Further, cloning of the carboxyl terminal end of the
AKAP350 gene revealed that this protein contained further carboxyl terminal splice
variants. These splice variants were named AKAP350A (representing the original fulllength clone), AKAP350B (Schmidt, P. H. 1999) and AKAP350C (Schmidt, P. H.
unpublished results). Taken together these data describes AKAP350 as a multiplyspliced protein containing two high-affinity Rll binding sites (one for Yotiao), and
therefore, this information satisfies the first criteria for AKAPs, as set forth by Dodge, et
al. (2000).

IL AKAP350: Differential targeting of carboxyl terminal splice variants
AKAP350 was originally defined as a centrosomal AKAP (Keryer, G. 1993). The
report of Keryer et al. (1993) was validated by western blot analysis with the antiAKAP350 monoclonal antibody, 1402, which recognized a 350-450 kDa
immunoreactive band.

Immunocytochemistry performed with the 1402 antibody

revealed centrosomal staining, which confirmed the findings of this report (Schmidt, P.
H. 1999). However, the 1402 antibody also displayed a noncentrosomal-staining pattern
in nonlymphoid cell types. This thesis reports the colocalization of the 1402 antibody
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with the Golgi apparatus marker, p58, and demonstrates that the 14G2 staining pattern is
sensitive to Brefeldin A.

These data were subsequently confirmed by a report

characterizing AKAP350 as a J;.entrosome and Golgi localized PKN-;!ssociated nrotein
(CG-NAP) (Takahashi, M. 1999). Interestingly, the smallest carboxyl terminal splice
variant of AKAP350, Yotiao, was localized to the post-synaptic densities of neurons.
Cellular fractionation studies demonstrated that Y otiao was present in the plasma
membrane fraction of neurons (Lin, J. W. 1998). Since this carboxyl terminal splice
variant was differentially localized, we developed polyclonal antibodies to the unique
carboxyl terminal ends of AKAP350A, AKAP350B and AKAP350C to determine if
these carboxyl terminal splice variants were also differentially targeted. The antiAKAP350A antibody localized to the Golgi apparatus and not to the centrosome. Taken
together these data led us to believe that AKAP350 contained more than one targeting
domain.
Gillingham et a!. (2000) recently described a centrosomal targeting domain shared
by both AKAP350A and AKAP350B. However, the Golgi apparatus localization was
not observed with the staining techniques utilized by Gillingham et a!. (2000). Since we
had localized AKAP350A to the Golgi apparatus, deletion constructs of the end of
AKAP350A were utilized to determine if there was also a Golgi apparatus targeting
sequence. We determined that the Golgi apparatus sequence was upstream and adjacent
to the recently defined centrosomal targeting domain. Gillingham et a!. (2000) used
COS7 cells for expression of the GFP-centrosomal targeting domain fusion protein. In
HCA-7 cells, expression of the same fusion protein also displayed nuclear and
cytoplasmic localization. The same nuclear and cytoplasmic localization was also
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observed with the Golgi apparatus targeting domain. For both the GFP-centrosomal and
GFP-Golgi apparatus targeting domain fusion proteins, the localization at the centrosome
and Golgi apparatus, respectively, was clearly distinguishable from the nuclear and
cytoplasmic staining, and this localization clearly supports our immunocytochemistry
with the anti-AKAP350, anti-Yotiao, and anti-AKAP350A antibodies. The nuclear and
cytoplasmic localization of the GFP-fusion proteins utilized to define the targeting
domains of AKAP350 are possibly due to a proteolytic degradation of the fusion proteins,
or this localization is due to the overexpression and overabundance of these fusion
proteins.
AKAP350A and AKAP350B contain both a centrosomal and a Golgi apparatus
targeting domain. Interestingly, preliminary immunocytochemical results have localized
AKAP350B and AKAP350C to the centrosome (Schmidt, P. H. and Shanks, R. A.
unpublished results). The differential targeting of AKAP350A and AKAP350B could
reside in the unique sequence of AKAP350A or AKAP350B. The carboxyl terminal
sequence could interaCt with different proteins or lipids causing differential localization,
or these unique sequences could function as autoinhibitory domains that fold back to
mask a specific targeting domain. Whatever the nature of the interaction of AKAP350
with the Golgi apparatus, brefeldin A treatment displaces AKAP350 from the Golgi
apparatus. Therefore, the. interaction is contingent upon a structural component that is
lost when the structure of the Golgi apparatus is disrupted.

Interestingly,

immunocytochemical analysis with the anti-AKAP350A antibody in the Jurkat
lymphoblast cell line demonstrated a centrosome staining pattern (unpublished results).
However, all non-lymphoblast cells utilized for immunocytochemical studies with the
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anti-AKAP350A antibody exhibits Golgi apparatus staining. Therefore, in at least one
case (lymphoblasts), AKAP350A is-capable of utilizing the centrosomal binding domain
while masking the Golgi apparatus binding domain. Taken togeth.er these results
demonstrate the differential targeting of AKAP350 to the Golgi apparatus and the
centrosome through unique targeting domains located in the carboxy1 terminus of
AKAP350A and AKAP350B.

III. AKAP350: The formation of a macromolecular complex

AKAP350 and CLICs: the interaction

AKAPs scaffold signaling proteins to specific locations required for specialized
functions throughout cells. The signaling proteins associated with an AKAP often defme
the functions of these scaffolds (Dodge, K. 2000). In this report, we have identified the
interaction of AKAP350 with CLIC family members, and specifically the colocalization
of CLIC5B and AKAP350A with the Golgi apparatus of HCA-7 cells. This thesis
demonstrates for the first time that AKAP350 not only scaffolds enzymatic systems, but
also interacts with non-kinase/phosphatase effector proteins.
The CLIC family of proteins currently consists of 8 members that are linked by a
highly conserved region found in their carboxyl termini. These family members include
CLIC1, CLIC2, CLIC3, CLIC4, CLIC5A, p64, p62 and parchorin (Landry, D. 1993,
Berryman, M. 2000, Schlesinger, P. H. 1997, Valenzuela, S.M. 1997, Heiss, N. S. 1997,
Quian Z. 1999, Edwards, J. C. 1999, Duncan, R. R. 1997). CLIC5B, the ninth family
member, is formed through an alternate start site of the CLIC5A gene. CLIC5B likely
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represents the human homologue of bovine p64 due to a 72% shared identity. The final
120 amino acids of CLIC5B are required for its interaction with AKAP350. This region
of the CLIC family is highly conserved between species. The recent publication of the
structure of CLIC1 has .shown that the last 120 amino acids are found predominately on
'

the outside of the protein, thereby allowing

an interaction with AKAP350 (Harrop, S. J.

2001). Based on the structure of CLIC1 in this region, it is conceivable that the entire
region is required to form a three-dimensional structure for the AKAP350 interaction
with members of the CLIC family.
Previous studies have demonstrated the association of CLIC family members with
the cytoskeleton (CLIC5A), nucleus (CLIC3, CLIC1), Golgi apparatus (CLIC5B, bovine
p64), cytoplasm (CLIC1), and sub-apical membranes (CLICI, CLIC4, CLIC5A, and
parchorin) (Landry, D. 1993, Berryman, M. 2000, Nishizawa, T. 2000, Quian Z. 1999,
Edwards, J. C. 1999). Targeting domains in CLICs responsible for their localization have
not been elucidated. However, it has been proposed that a glutathione-binding site found
in CLIC1 could be responsible for targeting (Harrop, S. J. 2001). CLIC5A interacts with
an actin-containing complex at the subapical surface of the cell, and interestingly, actin is
a glutathione-modified protein (Harrop, S. J. 2001). Both CLIC5A and CLIC5B share
the glutathione-binding site found in CLIC1 despite an apparent difference in their
targeting. Interestingly, the region conserved in CLIC5A and CLIC5B localized to the
Golgi apparatus when overexpressed as a GFP-chimera protein in HCA-7 cells.
Therefore, the ability to localize to the Golgi apparatus is at least partially maintained in
the conserved region of CLIC5A and CLIC5B. The first exon of CLIC5A may therefore
code for a motif required for cytoskeletal targeting. Immunocytochemistry in HCA-7
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cells determined that CLIC5B was localized to the Golgi apparatus. Furthermore, the
bovine homologue of CLIC5B, p64, was originally isolated from kidney microsomes
containing Golgi apparatus markers (Landry, D. 1993). Although AKAP350 can bind to
CLIC5B and could sequester it to the Golgi apparatus, we have shown that AKAP350
can bind to all CLIC family members. Therefore, interactions with AKAP350 may not
be sufficient for organelle specific targeting of CLIC family members.
In summary, we have described the interaction of CLIC family members with
AKAP350. In HCA-7 cells, CLIC5B, the human homologue of bovine p64, colocalizes
with AKAP350 at the Golgi apparatus where one AKAP350 splice variant, AKAP350A
is also localized._ These studies indicate that AKAP350 not only scaffolds enzymatic
signaling molecules but also conveys organelle-specific interactions with nonkinase/phosphatase effector molecules.

AKAP350 and CUCs: the function
Although the function of CLIC5B at the Golgi apparatus is unclear, CLIC family
members have been described as independent chloride chaunels. Amino acids 24-46 in
CLIC1, conserved in CLIC5B, recently have been described as a putative transmembrane
domain (Harrop, S. J. 2001). Indeed, this region is highly conserved among all the CLIC
family members. A mounting volume of evidence (see Introduction) describes the CLIC
proteins as integral membrane proteins that can exist as membrane and/or cytosolic
proteins based on a significant conformational change in the amino terminus (Harrop, S.

J. 2001). This new conformation would expose the putative transmembrane domain. The
large conformational change required in CLIC1 for the exposure of this domain could
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require signaling through kinases and phosphatases. Since AKAP350 contains putative
binding sites for protein phosphatase 1, protein kinase N, protein phosphatase 2A
(Takahashi, M. 1999), protein kinase CE ( Takahashi, M. 2000), phosphodiesterase 4D3
(Tasken, K. A. 2001) and possesses two PKA (Takahashi, M. 1999, Schmidt, P. H. 1999)
binding sites, it is conceivable that these enzymes could play a role in the function of
CLICSB as well as other CLIC family members. In fact, Edwards and colleagues have
suggested that phosphorylation and dephosphorylation of CLICSB's bovine homologue,
p64, has an effect on its ability to control chloride anion movement (Edwards, J. C.
1998). Since in Brefeldin A-treated HCA-7 cells, CLIC staining remained localized with
Golgi apparatus fragments while AKAP350A did not, the association of these proteins at
the Golgi apparatus would require independent targeting. This dynamic association of
CLICSB with AKAP350 provides another mechanism for the modulation of CLIC
- '

function at the Golgi apparatus.
Signaling events will likely control the movement and function of the CLIC
family of proteins. In this report, we describe the interaction of all CLIC family members
with a conserved region found in AKAP350A, AKAP350B and AKAP350C splice
variants (Schmidt, P. H. 1999, Schmidt unpublished results). Therefore, it is possible that
other CLIC family members will be scaffolded by AKAP350 in other intracellular
locations in particular cell types. Although we have not established that AKAP350 is
present wherever CLIC family members are localized, a more comprehensive study of
other cell types could lead to the discovery of other similar AKAP350/CLIC interactions.
This interaction is intriguing because of the plethora of localized signaling molecules
AKAP350 can target to affect the function of CLICs. Many of the CLIC family members
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share phosphorylation motifs for enzymes scaffolded by AKAP350. For example
CLIC4, p64, CLIC5A and CLIC5B all share a conserved A-kinase phosphorylation site
in their extreme carboxyl termini (Martin, M. E. 1999, Molloy, S. S. 1998). Although
specific phosphorylation by PKA has not been described to date, cAMP-dependent
phosphorylation of CLIC proteins by PKA could potentially regulate their distribution
and function.
The data presented here suggest that the CLIC5 gene encodes for at least two gene
products. Northern blot analysis for CLIC5A and CLIC5B also demonstrated different
mRNA expression patterns for these proteins. Multiple message sizes have been reported
for CLIC1, CLIC4, CLIC5A and p64 (Landry, D. 1993, Berryman, M. 2000, Edwards, J.
C. 1999, Tulk, B. M. 1998), suggesting that each of the members of this family of
proteins contains several multiply spliced species. Due to the high homology among
CLIC family members, splicing events could provide distinguishing characteristics
enabling a single gene with the ability to encode for proteins with a diverse range of
functions. Interestingly, northern analysis with full-length probes specific for bovine p64
and CLIC5A display similar multiple message sizes (Landry, D. 1993, Berryman, M
2000). The different splicing events discovered in the CLIC5A/B/p64 family warrant
further investigation to determine the functional diversity of the splice variants and the
potential role of AKAP350 in their function.

AKAP350 and CIP415: the interaction

CIP5, Cdc42 interacting protein 5, was first isolated from a rabbit gastric parietal
celllibr~

utilizing the PHR of AKAP350 as bait. Subsequent yeast two-hybrid binary
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assays and in vitro binding assays were utilized. to verify this interaction. The rabbit
CIP5 clone isolated from the rabbit gastric parietal cell library was actually a smaller
splice variant of a larger CIP5 clone. The smaller splice variant was named CIP5B, and
the larger splice variant, CIP5A. Interestingly, both splice variants were capable of
interacting with AKAP350. Furthermore, CIP4, which contained high homology to
CIP5A and CIP5B in the microtubule-binding domain, the Cdc42 binding domain and the
SH3 domain, were also capable of interacting with AKAP350. Deletion mapping with
the CIP4 clone determined that the amino terminal portion of these proteins was required
for an interaction with AKAP350. The CIP5 interaction with AKAP350 was verified by
a GST-CIP5B pull down of AKAP350. These data determined that AKAP350 can bind
to CIP5A, CIP5B and CIP4 in vitro.
To ascertain whether this interaction existed in an intact cell,
immunocytochemistry was performed in HCA-7 cells. A polyclonal antibody, anti-CIP4,
developed against a region of CIP4 highly homologous to CIP5 demonstrated
colocalization with the Golgi apparatus. However, due to the homology between CIP4
and CIP5 in the region utilized for the production of this antibody, anti-CIP4 crossreacted with both CIP5A and CIP5B. PCR analysis of HCA-7 eDNA determined that
CIP4, CIP5A and CIP5B were both present in the HCA-7 cell line. Therefore, the
specific anti-CIP4 immunoreactive protein recognized in HCA-7 cells remains elusive.
However, these data do confirm the interaction of AKAP350 with a CIP4/5 family
member at the Golgi apparatus in HCA-7 cells.
To date, investigations of the localization of CIP4 and CIP5 have not focused on
interactions with the Golgi apparatus. However, reports describing CIP4 distribution
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have observed a perinuclear localization of CIP4 (Aspenstrom, P. 1997, Tian, L. 2000).
At the time of these investigations, the existence of Cll'5 was unknown. Therefore, this
perinuclear staining pattern could be attributable to CIP4 or CIP5. Interestingly, several
CIP4- and CIP5-interacting proteins are also localized with the Golgi apparatus. Cdc42
'

has been described as a Brefeldin A sensitive component of the Golgi apparatus
(Erickson, J. W. 1996)~ and CIP5 interacts with sorting nexin 2 (SNX2), which has been
associated with Golgi apparatus transport. Furthermore, a recently reported guanine
nucleotide exchange factor for Cdc42, Fgd1, was localized to the Golgi apparatus
(Estrada, L. 2001). Finally, the Golgi apparatus was recently described as a microtubuleorganizing center, a description that was previously given only to the centrosome
(Chabin-Brion, K. 2001). Since CIP4 and CIP5 contain a microtubule-binding domain,
they could associate with the Golgi apparatus microtubules. Thus, the literature provides
significant evidence for the localization of a Cdc42 interacting protein at the Golgi
apparatus.

AKAP350 and CIP415: the function

The interaction of AKAP350 with CIP4 and CIP5 is intriguing because of the
functional implications it bestows on AKAP350A at the Golgi apparatus. Due to the high
homology these proteins share in the microtubule-binding domain, Cdc42-binding
domain and SH3 domain, this discussion will focus on the possible functional
implications of this interaction based on the current knowledge of both CIP4 and CIP5.
We have determined that the Cdc42-interacting domain in CIP4 is also contained
in CIP5. Interestingly, reports have demonstrated that Cdc42 regulates the transport of
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proteins from the trans-Golgi network to apical and basolateral membranes. Musch et al.
(2001) also described the importance of the Cdc42-based formation of actin at the Golgi
apparatus in maintaining correct transport mechanisms. Most of the research on Cdc42
has focused on its role in cell movement via filopodia formation and the polymerization
of actin filaments (Kaibuchi, K. 1999, Zigmond, S. H. 2000, Evers, E. E. 2000).
However, the actin cytoskeleton has been shown to be an important part of the Golgi
apparatus both structurally and functionally (Campli, A. 1999). The actin cytoskeleton is
a key part of the morphology of the Golgi apparatus, and could potentially provide a
means of exporting proteins (Campli, A. 1999). Cdc42 could therefore be bound by CIP4
or CIP5 and control the formation of actin. AKAP350 in turn could provide a molecular
anchor for these Cdc42-binding proteins at the Golgi apparatus.
CIP4 interacts with the Wiskott-Aldrich syndrome protein (WASP) via an amino
terminal SH3 domain, which is conserved in CIP5 (Tian, L. 2000). WASP and Cdc42
are known to interact and collectively control the nucleation of actin filaments (Higgs H.
N. 2000). WASP directly binds to the Arp2/3 complex and controls the nucleation of
actin (Machesky, L. M. 1999). Although the Arp2/3 complex is actually the target
effector protein of both WASP and Cdc42, the collective interactions of each of these
three proteins is required for successful promotion of actin filament formation (Higgs H.
N. 2000). However, the localization and/or interaction of these proteins at the Golgi
apparatus has not been investigated. Data presented here determined that AKAP350 can
bind CIP4 and CIP5, and target a CIP-immunoreactive protein to the Golgi apparatus.
Together these data suggest that CIP4 and CIP5 could act as a scaffold for. Cdc42 and
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WASP, and thereby controlling the localized effects of these proteins at the Golgi
apparatus.
CIP4 and CIPS also share a microtubule-binding domain, and therefore, these CIP
proteins could function as links between microtubules and the actin cytoskeleton. This
cytoskeletallink could provide a mechanism by which the cell activates the nucleation of
actin based upon the presence or absence of microtubules. This speculation is supported
by the recent report that determined that the Golgi apparatus is actually a microtubule
organizing center much like the centrosome (Chabin-Brion, K. 2001). During cellular
division the Golgi apparatus disperses and reforms.

One could envision that the

reformation of the Golgi apparatus creates a microtubule-organizing center, to which CIP
proteins could bind. The presence of the Cdc42 and WASP bound to CIP4 or CIPS could
initiate the nucleation of actin and provide more structural stability to the Golgi
apparatus. Since AKAP350 can bind to CIP4 and CIPS, the AKAP350 signaling
complex could provide a control mechanism for the cytoskeleton surrounding the Golgi
apparatus.
CIPS has recently been discovered to int~ract with sorting nexin 2 (SNX2)
(Fuschs, U. 2001). The interaction of these proteins was not confirmed by experiments
other that yeast two-hybrid assays, so this interaction must be considered questionable in
intact cells. However, the SNX2 protein could provide additional functionality to the CIP
family of proteins. These sorting nexins are described as membrane proteins involved in
transport processes ·(Haft, C. R. 2000). Interestingly, SNX2 has been specifically
localized to the Golgi. apparatus (Teasdale, R. D. 2001), a site at which it could
presumably interact with CIP4 or CIPS. The interaction of CIP proteins and sorting
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nexins could be a possible link between the Golgi apparatus cytoskeleton and vesicle
movement.

This interaction would also give further functional significance to

AKAP350A at the Golgi apparatus because through its colocalization of signaling
pathway effectors it could function in the regulation of vesicle movement.

III. AKAP350: One complex complex

This thesis has described AKAP350 as targeting to the centrosome and the Golgi
apparatus, potentially binding to all members of the CLIC protein family (specifically
one family member CLIC5B at the Golgi apparatus) and interacting with a CIP protein.
Furthermore, AKAP350 has been described as scaffolding a large host of signaling
molecules. Deciphering the interplay between these scaffolded proteins will provide
valuable insight into the function of AKAP350 at the Golgi apparatus and the
centrosome. The proteins bound directly to AKAP350 will be important, but the
AKAP350 complex will most likely function together with other scaffolding proteins to
create a large macromolecular complex that controls many cellular processes. Schmidt et
a!. (unpublished results) was the first to demonstrate this with the isolation of a 2-3
million dalton complex from gastric parietal cells staining positive for AKAP350. These
data indicate that AKAP350 is not merely an independent signaling complex, but is
directly bound to a large macromolecular structure. ·Analysis of immunoprecipitations
performed with the anti-AKAP350A antibody ·from HCA-7 cells also supports the idea of
a large macromolecular structure. Figure 31 displays the large number of proteins
immuno-isolated with AKAP350A when compared to the (control) immuno-isolations
performed in the presence of the anti-AKAP350A blocking peptide.. It wiii be important
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Fig 31. Immunoisolation of the AKAP3SOA complex: A: AntiAKAP350 (1402) western blot analysis of an anti-AKAP350A
immunoprecipitation from HCA-7 cells. Lanes denoted: starting
material (25J.Lg) (SM), supernate following incubation with antiAKAP350A coated beads (25J.Lg) (S), bead wash (WA), and
protein eluted from beads (IP). Second four lanes denoted as
+PEP contained beads coated with antibody that was preincubated
with a blocking peptide. B: Coomassie stained gel of an
AKAP350A immunoprecipitation from HCA-7 cells. Lanes
denoted: molecular weight markers (M) size denoted to the left, 25
J.Lg starting material (SM), protein eluted from beads incubated
with HCA-7 cell protein extract with out antibody (BA), protein
eluted from beads coated with antibody that was preincubated
with a blocking peptide (PEP), proteins eluted from beads coated
with anti-AKAP350 incubated with HCA-7 cell protein extract
(IP).
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to understand the difference in the structural components of the AKAP350 complex at the
Golgi apparatus and at the centrosome. By utilizing an antibody specific for AKAP350A
at the Golgi apparatus, we have isolated the Golgi apparatus complex independent of the
centrosomal AKAP350. Recent advances in proteomics will provide more insight into
the structural components of the AKAP350 complex by determining which proteins
interact with AKAP350 at the Golgi and at the centrosome. Furthermore, this same
strategy could be considered when isolating AKAP350 complexes from different tissues
and cell types, and this technique could also determine if AKAP350 splice variants
dimerize or oligomerize in cells such as Jurkats where all AKAP350 is localized at the
centrosome. In summary, AKAP350 should not be considered just a single scaffolding
complex, but several differentially-localized complexes (AKAP350A, AKAP350B,
.

'

AKAP350C). Certainly, characterization of each of these AKAP350 complexes will
provide valuable insight into the cellular processes they control.
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