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HANK SCHMIDT 

AKAP350: A Centrosome Associated Scaffold Protein 

(Under the direction of JIM GOLDENRING) 

A-kinase anchoring proteins (AKAPs) are recognized as key components of 

compartmentalization and transduction in intracellular cAMP signaling. They allow 

localization of the Type II cAMP-dependent protein kinase to specific subcellular 

domains, effectively positioning the enzyme near its substrate to await activation by 

cAMP. The role of AKAPs as protein scaffolds allows binding of multiple enzymes, 

regulatory molecules, and structural elements, functioning as a virtual platform for 

modulation of specific cellular events (i.e. membrane channel activity, receptor 

clustering). We have cloned a novel350 kDa AKAP (AKAP350) from human gastric 

eDNA, and identified partial clones in human lung and rabbit parietal cells. The genomic 

region containing AKAP350, found on chromosome 7q21, is multiply spliced, producing 

at least three distinct AKAP350 isoforms as well as yotiao, an NMDA receptor-

associated protein. We identified three unique AKAP350 C-termini (AKAP350A, -B, 

and -C) resulting from alternative splicing of the 3' end of the gene. AKAP350 is 

associated with centrosomes, as well as with the cleavage furrow during anaphase and 

telophase by immunocytochemistry. Polyclonal antibodies to individual AKAP350 C-

terminal splice variants demonstrate tissue dependent combinations of centrosomal and 

non-centrosomal distribution. In the polarized HCA-7 colon cell line AKAP350A is 



purely non-centrosomal while AKAP350B and -C are centrosomal. Anti-AKAP350C is 

limited to mitotic cells, suggesting that this isoform may be expressed only at entry into 

M phase. A yeast two-hybrid screen of a rabbit parietal cell library identified a novel 

TACC (Transforming Acidic Coiled coil Containing) protein family member as a ligand 

of the final pair of arginine residues iii the AKAP350A splice variant. A GFP fusion with 

the novel AKAP interacting protein verified co-localization with AKAP350 at the 

centrosome exclusively during mitosis. Microinjection of dividing sea urchin embryos 

with GST fused to the AKAP interacting protein arrested cell division. Therefore, the 

AKAP350 protein scaffold may function as a large docking station, providing kinase I 

phosphatase signals for coordination of cytoskeletal dynamics as well as cell division. 

INDEX WORDS: AKAP, PKA, A-kinase, centrosome 
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INTRODUCTION 

As one ascends the phylogenetic scale from simple to complex life forms, the 

distinction between higher and lower organisms results in part from acquisition of higher 

order physiologic functions allowed by the intricate orchestration of a greater number of 

parts. In order to coordinate achievement of multiple tasks simultaneously, function

specific subunits (organ systems) are essential. Most human tissues respond to 

physiologic changes or stimuli in some manner directed at maintaining global homeostasis, 

requiring extensive regulatory mechanisms to coordinate an efficient response. One of the 

most common means by which individual cells have the capacity to receive signals from the 

extracellular milieu involves binding of a hormone, or other agonist, to a pre-positioned 

cell-surface receptor. Ligand-triggered cell-surface receptors include receptor tyrosine 

kinases, bound by insulin and epidermal growth factor; receptor tyrosine phosphatases, 

bound by the leukocyte CD-45 protein; adrenergic receptors bound by epinephrine and 

norepinephrine; ion-channel receptors such as those for acetylcholine; receptor guanylate 

cyclases, binding atrial naturitic factor; and the receptor serine/threonine kinases, bound by 

transforming growth factor beta (1). Frequently, the generation of the appropriate response 

requires that this signal be transmitted beyond the membrane in the form of a second 

messenger (the first messenger being the ligand itself) such as cyclic AMP, small GTP 

binding proteins, calcium, diacylglycerol, or inositol 1,4,5-trisphosphate (IP3). 

1 
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The role of cAMP as a second messenger in regulation of cell function has been 

well established in many tissues (Figure I). Many signals are transmitted from the 

extracellular environment by means of a hormone binding a G-protein-associated cell 

surface receptor. This mechanism then allows stimulation of adenylate cyclase to produce 

elevation of intracellular cAMP. Tlie primary effectors in the second messenger cascade are 

the cAMP dependent protein kinases known as protein kinase A (A-Kinase). 

Phosphorylation of intracellular proteins by PKA may either increase or decrease their 

particular functional activity. These kinases exist in a heterotetrameric holoenzyme 

complex composed of two regulatory subunits and two catalytic subunits. Two types of 

cAMP dependent protein kinases, each with a unique regulatory subunit (RI and RII), have 

been identified as Type I and Type II A-Kinase. Elevation of intracellular cAMP levels 

results in cAMP binding to the regulatory subunits, allowing dissociation of active catalytic 

subunits. Initially, the regulatory subunits seemed to function only to inhibit catalytic 

activity of the kinase in the absence of cAMP binding. It was later found that RI is 

primarily cytosolic,.whereas RII is distributed in both cytosolic and particulate fractions(2-

4 ). Further localization studies revealed that RI and RII sometimes inhabit different 

subcellular domains in many cell types and may associate preferentially with certain 

organelles (3,4). These studies suggested that RII may dictate subcellular kinase 

distribution. In spite of its primarily cytosolic localization, investigators have recently 

found that some proteins have affinity for both types of regulatory subunits; however, the 

functional importance of having two isoforms remains unclear. 

Present Knowledge of Protein Kinase A Anchoring 

The concept of intracellular compartmentalization of the Type IT cAMP dependent 

kinase has led to the recognition of a family of proteins known as A-Kinase anchoring 



Figure 1. AKAPs facililtate cAMP signaling. 

Signals initiated by a hormone (red) binding its 

receptor (purple) induce G-protein activation of 

adenylate cyclase. cAMP then binds the regulatory 

subunits of the PKA holoenzyme complex anchored 

to the AKAP. This allows dissociation and activation 

of the catalytic subunits, and subsequent 

phosphorylation of nearby substrates. 
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proteins (AKAPs). These proteins bind the RII subunit of the Type II A-kinase, thereby 

localizing the kinase activity to a particular domain of the cell to await activation by cAMP. 

The AKAPs give an enhanced degree of specificity to transmission of a "broad band" 

signal from the cell membrane, allowing transduction to a more specific target. Although 

an increasing number of AKAPs have been described in recent literature, relatively little is 

known about their general structure and function. All of the AKAPs possess an 

amphipathic a:-helical domain responsible for RII binding (5-8). Further sequence 

homology among the known AKAPs, however, is minimal. In spite of their differences, 

all of these proteins appear to be scaffolds for collection of a variety of enzymes and other 

regulatory elements. 

5 

Through its interaction with AKAPs, the Type II A-kinase associates with specific 

organelles and cytoskeletal elements, a phenomenon that allows specificity of PKA 

function through targeting (Figure 2). The A-kinase holoenzyme has been shown to 

associate with the mitochondria (4), Golgi (9,10), centrosomes (10,11), filopodia (12), 

nuclear membrane (13), nuclear matrix (7), postsynaptic densities (14), and microtubules 

(9, 15). Among the group of proteins with known RII binding capacity is the microtubule

associated protein (MAPs) family, which has been particularly well characterized in 

neuronal systems as MAP-2. This molecule has been shown to influence microtubule 

nucleation, a function that is abolished when MAP-2 is phosphorylated by A-kinase (16). 

A significant number of other AKAPs characterized to date have been shown to associate 

with some element of the cell cytoskeleton. The HT-31 RII-binding protein localizes to the 

thyroid cytoskeleton (5). AKAP95 associates with nuclear matrix, whereas AKAP 

78/Ezrin binds the cytoskeletal F-actin (17). AKAP150 has been described as part of the 

rat dendritic cytoskeleton ( 18). 



Figure 2. AKAPs anchor Type II cAMP-dependent 

protein kinase to a variety of organelles as well as 

the cytoskeleton. These include centrosomes 

(yellow), sarcoplasmic reticulum (white), nucleus 

(gray), mitochondria (brown), peroxisomes (purple), 

microtubules (aqua), and actin (red). 
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AKAP350 was initially reported as an Rll-binding protein in association with the 

centrosomes in a human lymphoblastic cell line (II). In spite of its recognition over one 

hundred years ago as a key organelle in cell life cycles, the multitude of studies on 

centrosome structure and function have yet to unlock its secrets. Early microscopists 

recorded impressive amounts of morphological data on centrosomes that form the 

foundation of our knowledge today. The centrosome has been defined as a pair of 

centrioles surrounded by a centrosomal matrix known as the peri-centriolar material 

(PCM). Centrosomes function as organizing centers for microtubules as well as anchors 

for spindle formation in mitosis. Each centriole is composed of 9 triplets of micro tubules 

arranged in a longitudinal fashion forming a tube. Looking down the central axis of the 

centriole, one observes a central hub, connected to the outer microtubules by spokes, that 

tend to disappear as centrioles mature. These features are evident only at the ultrastructural 

level via electron microscopy. Centriolar size may range from 300-750 nm in length by 

150-200 nm in diameter. The pair of centrioles are typically oriented at right angles to one 

another in the PCM, located in the Golgi-peri-nuclear region during interphase (19,20). 

The PCM is itself a mystery in that it seems to play a role in microtubule nucleation, 

however until recently its structural components were largely unknown. Since Oakley and 

Oakley first identified gamma tubulin as what they thought to be a beta tubulin temperature 

sensitive mutant in Aspergillus nidulans (21), this tubulin subtype has become a marker for 

the centrosome and the PCM. Gamma tubulin seems to be found both in centrioles and in 

the PCM; however, many cell types display large amounts of non-centrosomal gamma 

tubulin which also may nucleate microtubules. Two laboratories simultaneously defined 

the gamma tubulin ring complex (gamma-TuRC) as the major component of the PCM 

(22,23). Using sucrose gradient sedimentation and gel filtration, Xheng eta!. described a 

complex of gamma tubulin as well as six additional proteins with a combined mass of 
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approximately 2000 Kda isolated from Xenopus oocytes. Electron microscopic studies 

revealed a left handed helical ring structure with a diameter of 25-28 nm, bound to gamma 

tubulin. Microtubule minus ends were located at these complexes. Centrosomes function 

as microtubule organizing centers (MTOC) for nucleation of microtubules in interphase 

cells, and form the anchors for poles of the spindle apparatus required for mitosis. These 

organelles are very insoluble and appear to be a platform for a multitude of regulatory 

proteins directed around these important cell functions. Like the centrosome itself, the 350 

kDa AKAP is quite insoluble, and may be extracted with the RII subunit from a centrosome 

prep. This protein was recognized by the same antibody used to visualize an antigen 

consistently found in the peri-centriolar material by Bomens et al (1993). Subsequently, 

the same nucleotide sequence with some 5-prime variability was described as AKAP450 

(24) and the centrosome and golgi localized PKN-associated protein (CG-NAP)(25), all 

found in genomic sequence on human chromosome 7 q21 (24,25). The presence of RII 

binding proteins associated with the centrosome suggests microtubule nucleation (initiation 

of microtubule polymerization from a specific locus) and spindle formation may be 

regulated by cAMP dependent mechanisms. 

Targeting of A-kinase Anchoring Proteins 

A-kinase anchoring proteins, many of which are named for their molecular weight, 

therefore function as an adaptor protein, mediating appropriate attachment of the PKA to a 

particular location. This phenomenon dictates that AKAPs possess two critical structural 

domains (Figure 3). The first is a targeting sequence which will obviously differ for every 

AKAP, allowing the anchoring protein to bind a specific site in its particular domain. The 

second is a common tethering motif for the A-kinase regulatory subunit. The regulatory 

subunit dimer of the PKA heterotetramer binds the amphipathic alpha helical domain typical 
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Figure 3. A-kinase Anchoring Proteins possess two key 
structural domains. AKAPs bind a specific subcellular 
structure by means of a targeting domain. The anchoring 
motif allows binding of the type II regulatory subunit of PKA. 
{from Deii'Acqua et at., 1997) 
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of AKAPs (6). The structure of the regulatory subunit sequence that binds the amphipathic 

alpha helix of AKAPs has been well studied. The sequence typically includes a pair of 

basic amino-acids such as Leu-Phe, Leu-Val, Leu-Leu, or lie-lie (depending on the R 

isoform), each with large hydrophobic side-chains that interdigitate with the acidic face of 

the alpha helix on the AKAP(26). Only recently have nuclear magnetic resonance studies 

further defined the common Rli subunit dimerization and AKAP binding surface as an X

type four-helix bundle with multiple contacts along an extended hydrophobic face (27). 

Targeting domains of individual AKAPs have been characterized for only a few members 

of this protein family. AKAP75 appears to be targeted to the post-synaptic densities by 

two non-contiguous N-terminal basic regions of amino acids in the AKAP sequence (28). 

The MAP-2 protein on the other hand contains a series of three segments near the C

terminus, comprising octadecapeptide repeats required for binding of microtubules (29,30). 

A second level of regulation in targeting is achieved by alternative splicing of 

AKAP genes. This mechanism has been described in AKAP350, AKAPKL, AKAP18, 

and the D-AKAP family, in most cases for directing various isoforms to different cellular 

targets. In the case of AKAP350, splicing in the 5-prime end of the gene generates amino

terminal variability seen in the AKAP350, AKAP450, and CG-NAP proteins, as well as 

the NMDA receptor-associated yotiao protein. Alternative splicing of the AKAP350 gene 

also occurs in the 3-prime portion as well, generating multiple C-terminal isoforms, also 

with differential localization (discussed in a later chapter). In the AKAP-KL family, both 

5-prime and 3-prime alternative splicing are responsible for generation of six distinct 

isoforms, all of which localize to the subapical cytoskeleton in epithelium(31). The 18 kDa 

AKAP associated with L-type calcium channels forms another example of differential 

targeting as a result of alternative splicing. In this case, deletion of a single exon shifts 
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localization from an apical to a basolateral distribution (32). Finally, splice variants in the 

D-AKAP family, whose members bind both type I and type II regulatory subunits of PKA, 

have been well studied. In this protein family, amino terminal splicing dictates localization 

to mitochondria or endoplasmic reticulum. Carboxyl terminal splice variants are found in 

tissue specific expression patterns, however, their unique function is not known (33). 

AKAPs as protein scaffolds 

A variety of proteins influence protein targeting and allow specification of a primary 

cell signal to a particular domain. Stimulus response, or signal propagation toward that 

end, may begin with activation of a kinase, such as tyrosine kinase, protein kinase A 

(PKA), or protein kinase C (PKC), which then phosphorylates a nearby substrate. In the 

case of PKA, catalytic subunits maintained in the inactive state when bound to the 

regulatory subunits are activated when local cAMP concentration rises. This activation is a 

result of cAMP binding to tbe regulatory subunits and therefore allows dissociation of the 

active catalytic subunits. A-kinase anchoring proteins clearly play an important role in 

protein targeting to specific intracellular loci allowing rapid initiation of a response when 

PKA is activated by the second messenger. Additional specificity is provided in cell signal 

transduction by the existence of multiple PKC isoforms, differentially distributed through 

the cell. This distribution of various isoforms depends on a number of PKC targeting 

proteins such as RACKs (receptors for activated C kinase), PICKs (proteins that interact 

with C-kinase), and SBPs (substrate binding proteins). Locus specificity of tyrosine 

kinase activity is determined by placement of the transmembrane receptor tyrosine kinase, 

with adjacent membrane associated proteins such as adenylate cyclase and phospholipase C 

acting as primary effectors. Autophosphorylation of the intracellular portion of these 

receptors allows binding of target proteins containing the src homology domain 2 (SH2), 
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such that the specific sequence around the SH2 docking site determines which SH2 

containing targets may dock. In addition to SH2, other domain structures are important in 

binding substrates with catalytic enzymes and other adapter molecules. PDZ (PSD-95, 

disc-large, Z0-1) domains are known to allow clustering of transmembrane receptors at 

subcellular locations as in the case of the 95 kDa post-synaptic density protein PSD-95 

(34). Proteins with multiple PDZ domains therefore have the capacity to form clusters 

containing heterogeneous groups of proteins. In addition, proteins with PDZ domains also 

contain other modular interaction domains such as PTB (phospho-tyrosine binding) 

domains, WW domains binding proline-rich motifs, and PH (pleckstrin homology) 

domains, important in phospholipid recognition. Highly sophisticated signalling networks 

provide a host of additional examples of protein targeting. 

Since some molecules localize multiple enzymes and other regulatory proteins to the 

same subcellular domain, these virtual platforms have come to be collectively termed 

scaffolding proteins. AKAPs are one type of scaffolding protein, important in localizing 

kinases and phoshatases to various subcellular domains; however, other molecules apart 

from the PKA signaling pathway have also been characterized as protein scaffolds. A 

similar mechanism of anchoring PKC isoforms is accomplished by RACKs, PICKs, and 

SBPs (above). Since these proteins exist primarily to target specific PKC subtypes to 

unique substrates or subcellular domains, as in the case of AKAPs, it is logical that they 

too might localize additional enzymes, regulatory molecules, and cytoskeleton within the 

domain of an anchored protein kinase C. In fact, substrate-binding proteins, for example, 

form a ternary complex at a given subcellular structure consisting of the SBP itself, 

phosphatidylserine, and PKC (35). This phenomenon also allows overlap in nomenclature 

in that a protein scaffold functioning as an AKAP may also harbor PKC, thereby 

functioning as a RACK, SBP, or PICK. The PKC substrate-binding protein 
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clone72/SSeCK (Src Suppressed C Kinase Substrate) that may allow PKC modulation of 

actin stress fibers was recently identified in rat testis as a putative AKAP by ability to bind 

the RII subunit in vitro (36). Thus far, three AKAPs (AKAP75/79, AKAP250, and 

AKAP350/450/CG-NAP/yotiao), two of which also bind PKC, have been identified as 

ligands of other regulatory enzymes in addition to protein kinase A. AKAP75, isolated 

from bovine brain, and its human homolog AKAP79 localize PKA, PKC, and protein 

phosphatase 2B (PP2B) also known as calcineurin (CaN) to post-synaptic densities(37). 

The specific role for each of these enzymes in this environment remains to be fully 

identified; however, it is obviously a strategic location for transmission and modulation of 

post-synaptic signals. AMPA-kainate responsive channels are known to be positively and 

negatively regulated by PKC and PP2B respectively. Since phosphorylation of AKAP79 

by PKC has no influence on their binding, this AKAP would be considered a PICK rather 

than a PKC substrate-binding protein. AKAP250, also known as Gravin, localizes both 

PKA and PKC to the membrane cytoskeleton and filopodia found in human 

erythroleukemia cells (12). This comprises another environment where the AKAP250 

scaffold targets enzymes that regulate specific functions which have yet to be clearly 

identified. Localization of regulatory elements to filopodia suggests a role in modulation of 

cytoskeletal rearrangement necessary for cell locomotion. Its submembrane locale also 

places it adjacent to transmembrane receptors which are likely regulated in part by PKA and 

PKC. Likewise, the yotiao protein localizes both PKA and the protein phosphatase-! 

(PPl) to the NRIA subunit of the membrane NMDA receptor (Figure 4). Here is one of 

the most lucid examples of the role of AKAPs in targeting kinase/phosphatase activity to a 

specific channel for modulation of its activity. PPI maintains the receptor in the resting 

state until stimulation by PKA results in increased channel activity. The other splice 

variants of this protein, AKAP350/450/CG-NAP, form a large protein scaffold for PKA, 



Glutamate 
and cAMP 

NMDA 

Figure 4. The yotiao protein scaffold allows 
NMDA receptor modulation. Anchored protein 
phosphatase 1 (red) limits channel activity until 
PKA becomes active (yellow) and channel phos
phorylation occurs, thereby increasing ion flow. 
(from Edwards et a/., 2000) 
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the rho kinase (PKN), and PP2A at the centrosome (24,25,38). Although the function of 

this collection of enzymes is as yet unkriown, the centrosome is an environment rich in 

signaling molecules involved in a number of key processes such as microtubule nucleation, 

spindle assembly, centrosome duplication, and vessicle trafficking, all of which require 

recruitment and modulation of a variety of substrates. 

A-kinase anchoring proteins are not the only protein scaffolds in nucleated cells. 

Other examples of scaffolding are found in Saccharomyces cerevisiae in the Sterile 5 

scaffolding protein. This protein functions as a platform for a large number of sequentially 

activated proteins involved in activation of the MAPK (mitogen activated protein kinase) 

cascade (39). Another well studied scaffolding protein is the InaD complex in Dmsophila 

which binds regulatory molecules important for phototransduction in the eye (40). InaD 

localizes an eye-specific PKC, and phospholipase C-beta to the transient receptor potential 

(TRP) calcium channel. Phospholipase C activation of the channel allows transduction of 

light activated signal in photoreceptor cells. InaD has recently been characterized as a 

RACK in that TRP channel deactivation results from PKC phosphorylation of both InaD 

and the channel itself. Protein phosphatase one and protein phosphatase 2a (PP1/PP2A)

like enzymes may also play a role in dephosphorylating these same components (41,42). 

Other examples of protein scaffolding include the membrane associated protein caveolin 

which binds the endothelial nitric oxide synthase in preparation for its activation by 

calcium/calmodulin (43). In addition, the cytoskeletallinker protein plectin also functions 

as a scaffolding protein, simultaneously associating vimentin, MAP-2, intermediate 

filaments and microtubules ( 44 ). 
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. The following chapters detail a course of investigation into the centrosome

associated 350 kDa AKAP. The initial cloning of AKAP350 from a variety of eDNA is 

presented with characterization of AKAP350 distribution using the monoclonal anti

AKAP350 (1402) antibody, produced in the Goldenring laboratory, in 

immunohistochemical and immunocytochemical studies. Next, further investigation of 

multiple splicing in AKAP350 is reported including characterization of three new 

polyclonal antibodies against three C-terminal splice variants of AKAP350: the 

AKAP350A, AKAP350B, and AKAP350C. In these experiments the functional 

significance of multiple splicing in the AKAP is addressed with regard to protein targeting, 

ligand specificity, and localization of the scaffold itself. The hypothesis that each C

terminal splice variant may have a unique ligand led to the evolution of the final collection 

of data presented here. These studies involve identification and characterization of a novel 

AKAP350 interacting protein isolated in a yeast two hybrid screen using the AKAP350A as 

bait. 
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CHAPTER 1 

AKAP350: A MULTIPLY SPLICED A-KINASE ANCHORING PROTEIN 
ASSOCIATED WITH CENTROSOMES 

Abstract: A-kinase anchoring proteins (AKAPs) localize the second messenger response 

to particular subcellular domains by sequestration of the Type II A-kinase. Previously, 

AKAP120 was isolated from a rabbit gastric parietal cell eDNA library; however, a 

monoclonal antibody raised against AKAP 120 labeled a 350 kDa band in western blots of 

parietal cell cytosol. Recloning has now revealed that AKAP120 is a segment of a larger 

protein, AKAP350. We have now obtained a complete sequence of human gastric 

AKAP350 as well as partial eDNA sequences from human lung and rabbit parietal cells. 

The genomic region containing AKAP350 is found on chromosome 7q21 and is multiply 

spliced, producing at least three distinct AKAP350 isoforms as well as yotiao, a protein 

associated with the NMDA receptor. Rabbit parietal cell AKAP350 is missing a single 

exon in the middle of the molecule located just after the yotiao homology region. Two 

carboxyl terminal splice variants were also identified. Both the internal and carboxyl-

terminal major splice variants showed tissue- and cell-specific expression patterns. · 

Immunofluorescence microscopy demonstrated that AKAP350 was associated with 

centrosomes in many cell types. In polarized MDCK cells, AKAP350 localized 

asymmetrically to one pole of the centrosome and nocodazole did not alter its localization. 

During the C!!ll cycle, AKAP350 was associated with the centrosomes, as well as with the 

cleavage furrow during anaphase and telophase. Several epithelial cell types also 

demonstrated non-centrosomal pools of AKAP350, especially parietal cells, which 

contained multiple cytosolic immunoreactive foci throughout the cells. The localization of 
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AKAP350 suggests that it may regulate centrosomal and non-centrosomal cytoskeletal 

systems in many different cell types. 
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INTRODUCTION 

Transduction of signals from extracellular stimuli is most commonly accomplished via 

ligand-receptor binding and generation of a second messenger response. While increases 

in intracellular second messengers have traditionally been viewed as global cellular events, 

second messenger effects are often limited to particular regions or organelles within cells. 

Investigations over the past decade have led to a greater understanding of the mechanisms 

responsible for the compartmentalization of second messenger effects. These studies have 

identified a diverse group of scaffolding proteins that sequester both protein kinases and 

protein phosphatases within specific cellular domains (1,2). In the case of cAMP

dependent protein kinases, A-kinase anchoring proteins (AKAPs) tether the A-kinase 

holoenzyme through binding to the regulatory subunit dimer. A growing group of AKAPs 

which bind the regulatory subunit of Type ll A-kinase (R11 ) have been reported over the 

past several years. The first R11 binding protein was identified over 15 years ago when the 

Microtubule Associated Protein (MAP-2) was described(3,4). Since that time several 

AKAPs have been identified, localizing the Type ll A-kinase to thyroid cytoskeleton (5), 

mitochondria (6), the Golgi apparatus (7,8), centrosomes (8,9), and microtubules (7,10), 

among others. More recently, an AKAP with binding capacity for the regulatory subunits 

of Type I A-kinase has also been reported (11). 

A number of AKAPs are associated with the cell cytoskeleton and appear to regulate 

plasma membrane events possibly through anchoring at the sites of interaction between 

cytoskeletal elements and membrane receptors and channels. Ezrin, a member of the ERM 

family ofF-actin associated proteins which is phosphorylated in response to mediators that 

elevate cAMP responses in gastric parietal cells (12), contains an amphipathic alpha helix 

which binds R11 (13). AKAP100, which is enriched in cardiac and skeletal muscle (14), 

localizes the Type ll A-kinase to sarcoplasmic reticulum, and is hypothesized to play a role 
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in the regulation of membrane channel activity. Similarly, A-kinase anchoring to the 

postsynaptic densities (15) by AKAP79 is required for modulation of AMPA-kainate 

currents in hippocampal neurons (16). AKAP15 targets Type II A-kinase to L-type 

calcium channels in transverse tubules of skeletal muscle and influences rapid voltage

dependent potentiation (17). The MAP-2 protein binds Type II A-kinase and sequesters it 

in association with dendritic microtubules (4). Phosphorylation ofMAP-2 by A-kinase 

inhibits microtubule nucleation in vitro (3). The distribution of all of these AKAPs suggests 

that specific scaffolding functions can account for subcellular signaling specificity. 

We have previously reported the cloning and initial characterization of an A-kinase 

anchoring protein, AKAP120, from a rabbit gastric parietal cell eDNA library (18). It is 

now apparent that the initial AKAP120 sequence is a fragment of a larger 350 kDa AKAP 

(AKAP350). We have completed the sequence of human AKAP350, which represents a 

multiply spliced family of proteins coded for by a single gene sequence on human 

chromosome 7q21. Irnmunolocalization demonstrates that AKAP350 is associated with 

centrosomes in many cells and also shows non-centrosomal organization in certain 

tpithelial cells, including gastric parietal cells. 

MATERIALS AND METHODS 

Materials. Recombinant R11 was purified from bacteria expressing the protein based on a 

pETlld-R11 expression vector (a gift of Dr. John Scott, Vollum Institute). A human 

tracheal epithelia-enriched LambdaZap eDNA library was a gift from Drs. S. Gabriel and 

D. Fenstermacher (University of North Carolina, Chapel Hill). Cultured CalU3 and 

HBE!6Eo cells were a gift of Dr. J. Stutts (University of North Carolina, Chapel Hill). 

Polyclonal anti-y-tubulin antibody was purchased from Babco (Berkeley, CA). Rat 
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monoclonal anti-Z0-1 was obtained from Chemicon. Monoclonal anti-y-tubulin was 

purchased from Sigma (St. Louis, MO). Cy2, Cy3 and Cy5-conjugated secondary 

antibodies were purchased from Jackson IrnrnunoResearch Labs (West Grove, PA). 

Effectene transfection reagent was obtained from Qiagen (Valencia, CA). Prolong antifade, 

DAPI and Alexa 488-conjugated secondary antibodies were from Molecular Probes 

(Eugene, OR). E-GFP-C2 vector, Advantage Taq, and Marathon cloning kits were 

purchased from Clontech. All DNA sequencing was performed using dye terminator 

chemistry automated sequencing in the Molecular Biology Core Facility at the Medical 

College of Georgia or the DNA Sequencing Facility, University of North Carolina. 

Oligonucleotides were also synthesized by the Molecular Biology Core Facility. [a-32P]

dCTP was purchased from DuPontNEN (Boston, MA). Random priming kits were 

purchased from Pharmacia. HCT116 cells were obtained from ATCC. 

Monoclonal antibody Production. Recombinant polyhistidine-tagged AKAP120(183-

1022) was prepared by the methods of Dransfield, eta!. (18). Recombinant protein was 

used to immunize mice and serum titers were monitored by ELISA using the recombinant 

protein (19). Splenocytes were harvested and fused with myeloma cells. Culture 

supernates from the resulting hybridomas were screened by ELISA and productive cell 

wells were cloned to monoclonal by serial dilutional screening. Four monoclonal 

antibodies were prepared which also detected protein in western blots. The 14G2 

monoclonal, an IgG1, was used for the present studies because of its detection sensitivity. 

Monoclonal antibodies were concentrated by preparation of purified lgG from culture 

supernates (Univeristy of Georgia Monclonal Facility, Athens, GA). 

EGFP-AKAP 120. Full length AKAP 120 nucleotide sequence previously cloned into 

pBluescript (18) was excised with an EcoRI restriction digest and ligated in-frame into the 
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E-GFP-C2 vector (Clontech). 100 ng of plasmid DNA was transiently transfected into 

MDCK cells (35 rnm dishes) with the Effectene reagent (Qiagen) according to the 

manufacturer's instructions (20). Cells were grown to confluency and lysed with I% SDS 

stop solution. 

Western blot analysis. Sample extracts from cells and tissues were resolved by 

SDSIP AGE (3-10% gradient gels) and transferred for two hours at 750 rnA to 

nitrocellulose (0.22~-Lm) for subsequent western blotting. Nitrocellulose blots were blocked 

with 5% non-fat dry milk in 25 mM Tris-HCI, pH 7.5, 150 mM NaCl for 16-24 hours at 4 

degrees C. Blots were then probed in 0.5% non-fat dry milk in 25mJ\1 Tris-HCI, pH 7 .5, 

150 mM NaCI for 1 hat room temperature with a monoclonal antibody against AKAP350 

(14G2; 1:500). After the primary incubation, the blots were washed three times for 15 min 

each with 25mM Tris-HCI, pH 7.5, 150 mM NaCI and then incubated with horseradish 

peroxidase-conjugated anti-mouse IgG (1 :2500) for 1 h at room temperature. The blots 

were finally washed three times for 15 min each with 25mM Tris-HCI, pH 7 .5, 150 mM 

NaCI and immunoreactivity was detected with chemiluminescence (Renaissance, NEN) and 

autoradiography. 

Cloning and sequencing of AKAP350. Both 3' and 5' -Rapid Amplification of eDNA Ends 

(RACE) were used to clone the human gastric AKAP350 beginning with sequence 

information from the human genomic BAC AA004013 which showed homologies with the 

original AKAP120 sequence. A single 3' RACE and multiple rounds of 5' RACE were 

performed with the Marathon system (Clontech) to complete the recloning of human 

AKAP350 from an end-adapted human gastric eDNA (Marathon eDNA, Clontech). 

Similarly, a rabbit parietal -cell eDNA with Marathon adapters was constructed from poly A

mRNA from a greater than 95% pure rabbit parietal cell preparation. All RACE products 
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were cloned into pB!uescript-T (21). Further human sequence information was obtained 

from the total sequencing of an expressed sequence-tagged eDNA from the human 

promyeloblast cell line KGla, PMY2245 (22). Finally, biotinylated recombinant R11 was 

used to screen a human tracheal eDNA library in LambdaZap using a standard protein 

overlay technique. Phage plaques were identified by incubation in streptavidin-alkaline 

phosphatase followed by colorimetric detection with a NBT/BCIP substrate. Clones were 

rescued into pBluescript and sequenced. One clone showed homology with rabbit 

AKAP120 and was sequenced completely. 

Northern blot analysis. Total rabbit RNA was prepared from >95% pure parietal cells, 

gastric fundic mucosa, and lung (23). mRNA was resolved on 1% agarose/formaldehyde 

gels and transferred to Magnagraph (MSI, Westboro, MA). A human multi-tissue 

northern blot was purchased from Clontech. Rabbit blots were probed with a 1650 nt 

probe corresponding to the 3' end of rabbit AKAP350 labeled by random priming in the 

presence of [o:-32P]-dCTP. Human blots were probed with both a 1650 nt probe 

corresponding to the 3' end of human gastric AKAP350 or a 1600 nt probe corresponding 

to the 5' end of human lung AKAP350. Blots were probed overnight at 42 C and then 

washed to high stringency (O.lX SSC, 65 C). Dried blots were exposed to either X-ray 

film at -70 C or phosphorimager screens for 72 hrs. 

Splice-variant analysis. Total RNAs were prepared from tissues and cells using 

RNASTAT-60 (23). The Advantage RT for PCR kit (Clontech) was used to construct 

eDNA from 2 J..Lg of total RNA using random hexamer primers. Rabbit cDNAs were 

constructed for parietal cell, spleen, liver, kidney, lung, heart, forebrain, hindbrain, 

cerebellum and for mucosa from fundus, antrum, duodenum, jejuneum, ileum and colon. 

Human cDNAs were also prepared from total RNA obtained from stomach, lung, and 



kidney, as well as the Ca!U3 and HBE 16Eo cell lines. Gene specific primers were 

constructed immediately upstream and downstream from the Splice 1 exon (sense: 

GAACAGTTGGAAGATATGAGACAGGAAC, antisense: 
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GATGCCTCTGCTTCTGACCTCCA), and products were amplified using Advantage 

Polymerase (Clontech) with 40 cycles: 95 C 15s, 60 C lOs, 68 60s. Amplified products 

were separated on 2% Nuseive 3:1 agarose gels. To amplify the alternative 3' end coding 

sequences (Splice 2) in human samples, a common sense primer 

(GGTCGGCCGTCAGAGTATCC) paired with antisense primers specific for either the 

gastric sequence (AGGATTATCTTCTCATGCCAGCA) or the sequence derived from 

human lung (ATCCT AATGAGTGTGAAAGAA TT) were employed using the same 

amplification protocol described above. The identities of amplified products were 

confirmed by gel isolation and DNA sequencing. 

Immunocytochemistry in rabbit tissues. For investigation of tissue distribution, under 

anesthesia New Zealand White rabbits were canulated through the distal aorta and perfused 

sequentially with phosphate buffered saline (PBS) followed by 4% paraformaldehyde in 

phosphate buffer, pH 7 .4. Tissues were excised and post-fixed for 2 hours in 4% 

paraformaldehyde and then infiltrated with sucrose and embedded in OCT medium. Five 

J.Im frozen sections were cut and mounted on chrome allum-coated slides. For staining of 

gastric glands, isolated gastric glands were prepared from New Zealand White rabbits as 

previously described (24). Glands were fixed in 4% paraformaldehyde for 30 min at 4 C, 

washed in cold PBS and then permeabilized with 0.3% Triton X-100 in PBS. Glands 

were then adhered to poly lysine-coated slides. 

For staining glands and frozen tissue sections, slides were blocked with 17% 

donkey serum for 30 min and then incubated with 14G2 monoclonal antibody (1:50) or a 

class-matched non-specific monoclonal IgG (Sigma) for 2 hours at room temperature or 
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overnight at 4 C. Following washing, antibody localization was detected with incubation 

with Cy3-donkey anti-mouse IgG antibodies for 30 min at room temperature. Slides were 

mounted with Prolong Antifade solution (Molecular Probes). Tissut< sections were 

examined under a Zeiss Axiphot microscope equipped with a Sensys digital camera 

(Photometries). Gastric glands were examined with confocal fluorescence microscopy 

(Molecular Dynamics, IMMAG Imaging Core Facility) using maximum intensity 

projections assembled from forty 0.29 j.lm optical sections. 

Immunocytochemistry in cultured cells. HCT116 colon adenocarcinoma cells were plated 

sparsely on No. 1 glass coverslips for 24 hours. Cells were washed in PBS and briefly 

permeabilized in 1% Triton X-100, 45 mM Pipes, 45 mM Hepes, pH 6.9, 10 mM EGTA, 

5 mM MgC12, 0.5 mM AEBSF for 60 seconds at 4 C followed by fixation in -20 C 

methanol for 6 minutes. Cells were blocked with 17% donkey serum, 0.1% Tween-20 in 

PBS and then incubated simultaneously with 1402 (1:30) and rabbit anti-y-tubulin (1:400) 

for 2 hours at room temperature. The cells were then simultaneously incubated with 

ALEXA-488-conjugated anti-mouse IgG and Cy5-conjugated anti-rabbit IgG for 60 min. 

Following washing in PBS the cells were incubated in DAPI (1 mM) for 5 min and washed 

in PBS. Coverslips were inverted and mounted with Prolong antifade. Cells were 

examined for triple labeling on an Axiophot microscope as described above. 

For immunolocalization in MDCK cells, MDCK (type II) cells were grown on 23 

mm Transwell-clear filters for 3 days to establish highly polarized monolayers. HBE cells 

were cultured on Transwell filters for 3 days. Cells were then fixed as above for HCT116 

cells. Cells were permeabilized and blocked in 10% donkey serum and then incubated with 

the following primary antibodies: 1402 monoclonal antibodies (1:30); polyclonal rabbit 

anti-R11 (1:1000) (13), rat monoclonal anti-Z0-1 (1:100, a tight junction marker); rabbit 
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anti-y-tubulin (1:400) or murine anti-y-tubulin (1:250). Antibodies were visualized with 

secondary antibodies conjugated with Cy2, Cy3 and Cy5. Irnrnunostained cells were 

examined by confocal microscopy using maximum intensity projections of forty 0.29 f!m 

optical sections. 

Parietal cell preparations. Isolated gastric glands and isolated parietal cells were prepared 

from New Zealand White rabbits as previously described (25). Subfractions of gastric 

parietal cells were prepared by sequential centrifugation of homogenates at I 000, 4000, 

15000, and 100000 g to prepare four microsomal pellets and a final high-speed supernate 

fraction (26). Parietal cells were maintained in primary culture on matrigel coated 

coverslips, as previously described (27). For immunocytochemistry, cultured cells were 

fixed as for HCT116 cells. Cells were dual-stained as described above with 14G2 and 

polyclonal anti-y-tubulin. 

RESULTS 

Identification of endogenous AKAP 120 immunoreactivity. Recombinant polyhistidine

tagged AKAP120(183-1022) was used to make a monoclonal antibodies against the 

AKAP. Western blots of rabbit parietal cell cytosolic proteins probed with the monoclonal 

antibody for AKAP120 (14G2) revealed a major band at 350 kDa and a variably detected 

250 kDa band (Figure 5). A 200 kDa band was also intermittently noted. In parietal cells, 

the variable observation of the 200 and 250 kDa immunoreactive bands in multiple 

preparations has suggested that they are proteolytic breakdown products. In preparations 

of protein from rabbit parietal cell subfractions, greater than 85% of the total AKAP350 

was found in the high speed supernatant (data not shown). A similar banding pattern was 

seen in a survey of other rabbit tissues by western blots of protein from duodenum, 
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jejunum, ileum, colon, and liver (Figure 5). While the most prominent immunoreactive 

species in all rabbit tissues was a 350 kDa band, 250 kDa and 200 kDa species were also 

observed. Western blots of cultured epithelial cell Iysates also were examined including 

non-polarized HeLa cells and polarized MDCK cells (Figure 5). Both cultured cell lines 

demonstrated the 350 kDa and 250 kDa immunoreactive bands. In the MDCK cells the 250 

kDa species was consistently more prominent, although the ratio between the 250 and 350 

kDa bands varied considerably. 

Although AKAPs tend to migrate in acrylamide gel electrophoresis to higher than 

predicted molecular weights (28), in light of the western blots, it was necessary to 

investigate the possibility that the full-length sequence of the AKAP had not been cloned. 

A single experiment provided the necessary evidence that the sequence was incomplete. 

The known AKAP120 sequence was cloned into the E-GFP-C2 vector and transiently 

transfected into MDCK cells. Duplicate western blots of cell Iysates were then probed with 

anti-AKAP120 (14G2) and anti-E-GFP antibodies. The 14G2 antibody recognized the 

endogenous 250 and 350 kDa bands as well as a 150 kDa band; however, only the 150 

kDa band was seen when probing with anti-E-GFP (data not shown). This result indicated 

that AKAP120 eDNA sequence could not account for endogenous immunoreactive 

proteins, and therefore the full-length sequence had not been cloned. 

Cloning of AKAP350. We sought to complete the cloning from rabbit parietal cell and 

human gastric cDNAs. Both 3' and 5' RACE were used to identify the remainder of the 

nucleotide sequence. Because a human genomic DNA sequence from chromosome 7q21 

corresponding to AKAP120 became available at the time, we chose to focus on the human 

clone. This has led to the cloning of the full-length human sequence composed of 11,490 

base pairs with an open reading frame of 10,593 nucleotides (Figure 6). The 5' end of the 



Figure 5. Immunoreactivity with 14G2 
monoclonal antibody. Left panel: immunoreactivity 
was compared between isolated rabbit parietal cells 
(PC) and rabbit gastrointestinal tissues: duodenum 
(0), jejunum (J), ileum (1), colon (C), and liver (L). 
Right panel: Comparison of rabbit parietal cells (PC) 
with lysates from HeLa cells (H) and MOCK (M) 
cells. Western blots demonstrated a 350 kDa 
immunoreactive band (upper arrow), as well as the 
intermittently detected 250 (lower arrow) and 200 
kDa bands in protein extracts (50 f.Jgllane). 
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sequence contains a strong consensus initiation sequence which is preceded by two 

upstream in-frame stop codons. From the first in-frame ATG, this sequence codes for 

3531 amino acids with a predicted molecular mass of 409 kDa and a pi of 4.8. Because of 

its migration in SDS-PAGE, we have named this new full-length sequence AKAP350. 

The sequence contains 58 phosphorylation sites for protein kinase C, 56 for casein kinase 

II, and three for tyrosine kinase. A-kinase phosphorylation sites are predicted at residues 

1860, 2285, 2727, and 3076. An R11 binding region previously identified in the AKAP120 

sequence is found from amino acid 2174 to 2187 in the human AKAP350 (Figure 6). 

These sites are identical except for a single isoleucine to valine substitution, which should 

not affect the integrity of the amphipathic helix. Four leucine zipper motifs are present 

between amino acids 313 to 334, 391 to 412, 2651 to 2672, 3211 to 3239 (Figure 6). 

A closer examination of the peptide sequence for AKAP350 reveals a structure 

involving multiple coiled-coil domains throughout the protein, especially from amino acids 

739 to 2270. The AKAP350 protein is 15.3% glutamate, 9.3% glutamine, and 12.4% 

leucine by total amino acid composition. In 62 individual locations, two consecutive 

glutamate residues are found, and in 21 locations, two consecutive glutamine residues are 

found. 

By conducting searches of on-line databases through FAST A and BLAST search 

engines, other proteins possessing significant homology with the human AKAP350 were 

identified. The original rabbit parietal cell AKAP120 protein sequence is 78% identical to 

the human gastric AKAP350 (HGAKAP350) sequence. Yotiao, a recently described 

ligand of the NR-1 subunit of the NMDA receptor (29) shares the·same genomic DNA 

region as AKAP350. This protein is 99% identical to amino acids 1 to 1249 (YHR, Figure 

7) ofHGAKAP350. The human AKAP350 eDNA inaps onto chromosome 7q21 in the 

genomic DNA of BACs 4013, 0066, 3086, and 0120 while splicing in and out of yotiao 
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'I' I 5 S 8 P E R 'I' N I Q N L H 0 L R E D E L G 5 D I 5 A L T L R I S E L E S 0 V 

'I'GTTCAAA.'I'GCII.TACTNJTTTGA'I"M'T~T'I'GCAGAAIIAAAA'J'Gt"l'TTAGhh'hhCh''hChiiCC'J'GCTAGAACTACACAACCTA'l"''GGAGGGCAATGACAA 

Y E M H T 5 L I L E K B Q Y E I A B K N V L E K B K X L L B L 0 K L L E C N B X 
II aft pc•c•c•Cr.t;II'IIG h P • 'CJI • ft "C"' ftCC:CCTCAIIGA'I'GTT'CAAC'J'TCTCAAGIICAACTIICTGAGCTAT'I'TCA.TACCIIATGAACAAIIGTGGA'l"'"M"J'TAATGAAC'l'CGAGCCTt;TTIIG 

X 0 R E K E K « R S P Q D V B V L K T 'I' 'I' E L P H S N B B S G P P N E L B A L R 

AGC'J'GAM'CAGTGGCTACCAAAGCAGAACTTGCCAG'I"''A'r'"IICPP''GC~1"J'GG'''"hahCha'C~a•yATGACATC'TC'T'l'CACAATTAACCCA 

A B S V A T K A B L A 5 t K E K A B X L 0 B B L L V K B T N M T S L 0 K D L 5 Q 
AGTTAGGGA'fCACC'fCGCIIG'C'-nCP"~"G'C'''T'J'GTCC'AT'M'TIIIaAA.UoGAACA'I'GACACT'CAGG~~ACTTCCTA'I'AAAAC"''GAG 

V R D H L A E A K B K L S I L E K E D E T E V 0 E S K K A C M P B F L F I K L 5 
TAACIICCA'I'TGCA'fCCCAIJN!IIGATGGGAC'l'C"''GAAIGA'J'CAG'J'IIGCACCAA'fCACACTCCACAM.'I'TCTTC'l'TA.U.AAT'CCIIGGAA'I'ACAAM"''A.UTGAA'l'GTTCC'fCACA 

K S I A 8 Q T D G T L X I S S S N 0 'I' P Q I L Y X N A G I 0 I N L Q 8 E C 5 S B 
ACAIIGT'I'ACt"G.AAATAII.TCAGTCACTTTAC'I"CAAAAAJJ,'J'TCIIGAACATGCJWliiAC'l'ACATGCTGCTGAAATT'J"J'GGACA'l'GGAATCCIIGACII.TA'l"TT'CACAAAICTGAAACCT'I'AAAGAC 

B Y T E I I 5 0 F T E K I B K H Q B L H A A B I L P H E S R H I S E T E T L K R 
GGAACACTA'!'G'I"J'GCCC'J"fCAG'''TAC'I'GIIa'OGGII 0 '1'GTGG1'ACC'I'TGAIIGGCAGTGATIIC.\GT'C'fC'I'GAGAIIGTAAIICIIGGGA'I'CC'fCA.IIn'Cct'CACC'l'ACCII&AT'I'C'J'GII.TGC'l'TA 

E H ! V A Y Q L L K E B C G T L K A V I 0 c L R 8 K B G S S I P B L A H S D A ! 
CCAGIII:•IICIIGJI'II'rA'l'GC'fCCAGTCA'J"fCTGCAre~oGAC'I'GCGG'J'CAGGGAAT'I"J'A'I'C'J'TACACN:AG'fCAGGGATTTGIICII.'I'm'l'CACAACGCCG'GGIIC'PCII''G'J'GAAIIGTCC 

Q T R E I C 5 8 D S G s P W G 0 C I Y L T H S 0 G P D I A 5 E G R C B E 8 B 8 A 

AIICACA'I"''CC'TT'TCCTAAIIGGGA'l"J'AC1'GAGAGC1'GTCCAT.U'I'OAACGC'ATGCAGGTCCTTTCTCTCACTGAGT'C"''CCCTA'I'AGTGATGGACAGGIICCA'I"''C1'A'I"J'CACCA 

'I' D 5 F P X K I K C L L R A Y H N E C H Q V L 8 L T E S P I 5 D G B D H 5 I 0 0 
CCT'J'TCAGAACCT'J'GGCT'G" •c; 'ChC" "' IIGC'l'TIICII.TCAoUIIC.U'fC'I'CATC'I'CTAAAGGATTTAA'l'TAC.U.IIGA'I'CCIIACTGCAAAGIIGAAGCCCAGGTTTA'I'GA'I'AG'I'TC'TCAAT't' 

V 8 E P W L E B R K A I I N T I 8 8 L K D L I T K M Q L 0 R E A B V I D S S Q 5 
'I'CAT'CAGAGC1'1'C'fCACACT'CCCCAGGTGAIICTACTGC'l'T'GCCC'l"l'CAACJWlTT'l'TCTTAGAAGAGCC'I'AG'I'GTT'l"J'AC'I'AGCACCATT~CTGACAGCTCTAGGTII&TAC 
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7BOC 

2472 
7512C 
2!112 
80tC 
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25!12 
82BC 

2632 
8toc 
2672 

1152C 

:1613 D A V C L L N C L B 0 Jl. I 0 B 0 C V B ! Q A A M B C L 0 K A D R R S L L 5 B I 0 271:1 
8!>21 CGCIICTGC~TGG~'!'G'II'"''GhJICAioCIIGAG'I'GAGMIICC.U.CCCAII.CA.IICTC'ITAT.UTATACIIGCAGAACCACTCTAAATGC'T'CCII. 1164C 
2713 A L H A Q M N G R K I T L K R B Q B 5 B K P 5 0 E L L B I N I 0 0 X Q 5 Q H L E :175:1 

86t1 CA'I'GCAIIG'I'GGAGC't'CAGCTATGAAACACAC~AGCTGAI:i'I'TC~'I'GGTGG'l"''CCT'GAACTGAIICIIGTGACCTTGCIICAAACTAM.'I'TGGAACT 876C 
2153 M Q V E L 5 5 M X D R A T E L Q B 0 L 5 5 E K M V V A E L K 5 E L A Q 'I' K L E L 27!1:1 
67 61 aca PAC' ACACTCAII.CCCN:Af3l:A'l'AAACACC'I'AAAACAII.'l"''CGAGGCT'l'TCACG'l'TCG.\IIG'I"''AAACATAACACIIGA'!'GJWlTACA'I''l"'WC''"J'AAT'CACACATTIIGCAAC'I'CIIACACAA 88 BC 
27!13 E T T L It A Q H K H L X B L B A P R L E Y X D K 'I' D E V H L L R D T L A s E Q K 2832 

8881 AAAATCAACAGAGCTCCAGt'CCGCT'I'~CIICCCAG'I'GAAGAACGCCII.T'"IIC"'G"'C~AGAAACAAAG !IOOC 
2833 K S R B L Q W A L E X E K A X L G R 8 B E R D X B B L B D L K P 5 L E 8 Q K 0 R 2812 

!1001 GAA'l'C'I'T'CAGC''U.AM'CT~CIIGC'''''''I'IIC.U.'fCACACAGAATGCTATATGA~'fCACAIICAIICAAGGTCGAAA !112C 
2813 N L 0 L R L L L E Q Q K Q L L N B 5 Q Q K I E S 0 R M L I D A 0 L 5 E E 0 C R N 2912 

!11:11 CTTACACC'I"l'CACG1'ACT'J'CT'COACAAIIG'I'TCGAAT'fCGGGAM'I'GAC'I'AGTII&CCTAGII.TJI.GGGIGCGGGMTTGCAC~TCA'I'GC'I'AC'I'GCACAGTC !12tC 
2!11J L E L Q Y L L B S E K V R I R B M 8 S 'I' L D R B R B L H A 0 L Q 8 S D G T G Q 5 2!152 

!12 4 1 TCGCCCACCCTTGCCC'l'C'ACAGGACC'I'ACTGAAIIGAGCTCCAGIIa ICACC'I'AGAGGh" h h aCPC'C'I'CCCII.TACTACAATTGT'I'AAII.TCACAC'J'GAAAAA'I'ATAAIIC'I'GGAncTT'I'GCA !ll6C 
2!153 R P P L P S E D L L X B L 0 X Q L B E K H 5 R I V E L L N B T 2 K ! X L D S L Q :1!1!1:1 

!1361 AIICACCACIIGCAAAl'CGAAAAIIGATAGGCAGG'I"''CACIIGGIIP 0 'oCIICTCCPC"ChCa ac•GG•r-cca.ACIIC'J'GAGGGACACAII.IIAAAATCCATCAGCTCCAC'I'CCAAACTGQAIIGA'l'CT !It 8C 
2!1!13 TROOMBXDROVHRXTLO'I'BQEANTBGOKKMHELQ8KVBDL 303:1 
!1481 TCAGCGCCAGCT'CGJIIIG~c••••c.cPac•hCTTTATA.IoCTT~~CM'IICCIILGIIICTAGAIICGNlAIIG'h'hftCG'Gh !160C 

3033 QRQLBBKROQVIXLDLBGORLOGIMOEPQKOBLEREBKRE 301:1 
960 1 IINJ.VoGAAGAII.TfCT'CTA'J'C.IIGAJICC'l'TAII'I'CAGCCAACeACGt"CCAGCTTAACCAGTGII.TAGAACTAG.II.IIA%T'CGG'I'TCT'l"C' ~CIIC'' • ''!'aCII 'GC'C'' hCAAAIIGAA'fCAAACTA Ill 2C 



3073 S R R I L I Q N L N B P 7 T W S L T S D R 't R N tl V L Q Q K I E G B T K E S N I 3112 

9121 CC:C:TAAA't'rGATTGAAATGAATGGAGGAGGAACCGGCTGTAA'f'CATGAATTAGAAATGATCAGACA.lAA.GcncAATGTGTAGCTTCAAAACTACAGG'I'TCTN:CCCAGAAAGCCT'CTGA 9640 

3113 A K L I E M N G G G T G c N H B L E M I R Q It L Q C V A S K L Q V L P Q )( A 8 E 3152 
9641 GM;N;TACAG't't'fGAMCAOCAGATGATGAA!iATTT'CAT'fl'GGGTT'CAGGMAATATTGATGAAATTATTT'fAC.V.CT~AGAAAT'f.V.C'I'GCCCAOCAAI:iiJ,'l'GAAGAGCCCAGCTTGGT 9960 
3153 R L Q F E 't A D D E D F I 111 V Q B N I D E I I L Q L Q K L T G Q Q G E E P S L V 3192 
9961 GTCCCCAAGTACTTCTTCTGGCTCATTGACTGAAAGJICTACTGI'/:.ACAAAATGCTGAGCTGACAGGGCATAT'CAGTI:AAC'rGACTGAAGAGAAGAATGAC'rTA.IIGGAACATGGTTATGAA 10080 
3193 S P S T S C G S L 't E R 3H2 

10081 l020C 
3233 II E E Q I R W t R Q 't G A G R D N S s R P S L N G G A N I B A I I A s E J< E V W 3272 

10201 <:.AACAGAaAAAAA'I'TGACTCTCCAGMA.TCTTTGAAAAGGGC'AGioGGCTGAAGTA'rAC~TGAAAGC'tGAACTAAGAAATGACTCTTTii:'I'TCMN:TCTGAGCCCTCA'M'CTGAACA 1032C 
3273 N R E K L 'l L Q K S L K R A E A E V I K L K A B L R N D S L L Q T L S F D S E H 3312 

10321 'tGT'CAC1'TTAAAGAGAATT'fATGGTMA.TN:.TTGAGGGCAGAAAGT'fTTCGAAAGGCTCTCAT'fTACCAGAACiAAAT~CTGCTGCTG1'TACTGGG'rGGGTTCCAGGAAl'G'l"GAAIGATGC l044C 
3313 V T L It R I I G K I L R A B S F R K A L I I Q K K I L L L L L G G F Q E C B D A 3352 
l 04 4 l CACCTTGGCCCTGCTTCCCCGGATGGGGG:GGC'AGCCAGCl'T'I'CACGG:ATCTA.GAGGTGATCACCA.UeCC:CCAAAGGC:C:T'l'CN:CAGG'r'M'CGG:TCGGCCG'rCACAGTATCCATTGCAAT 1 056C 
3353 T L A L L A R M G G Q P A F T D L B V I T N R P K G P T R F R S A V R V S I A I 3392 
1056 1 TTCCAGAA'l'GAAAT'TT'rT'GGTTCGACGGTGGCA'l'CCAGTCAC'AGG'M'CTG'I'T'I'CCATCAATATTAACAGAGATGGCTTTGGACTGAATCAACGTGCAGAAAJ\CACTGN:T'CAT'rT'fAT'CA 1 068C 
3393 S R M K F L V R R W H R V T G S V S I N I N R D G P' G L N Q G A B K 'l D S P' f H 3432 

10681 TTC'I'TCTGGTGGGCTGGAGTTATATGGAGNICCAAGACATACTACG'l'ATCGC'I'CAAGATCAGATCTCGACTA'l'ATTAGGTCCCCTT'I'ACCATTTCAGMTAGGTACCCAGGCAC'T'CCAGC 1060C 
3433 S S G G L E L f G E P R H T T t R S R S D L D Y I R S P L P F Q N R Y P G T P A 3412 

10801 TGAT'rTCAATC:CTGGT'rCTTTAGCATGTTCTCAGCTTCAGAA'l'TACGATCCTGACAGAGCCCTAACAGATTATAKACTCGGCTAGAGGCACTGCAAAGACGACTTGGAACTATACAGTC 1092C 
3413 D F N P G S L A C S Q L Q N I D P D R A L T D ! I T R L E A L Q R R L G T t Q S 3512 

10921 AGG'l'TCAACTACTCAATTT'CA'tGCTGGCATGACAAGATAATCCTTl'GAAACATCA'rTAATTGAAGTGATT'l'TAAATAACATTTCCtTTTCTAAATCAATGG'M'CtTTTGTGCtTTTGTAT 1104C 
3513 G S T T Q F !1. A G M R R 3524 
11041 TGTGAA'tArTCAATGGGACCAATATGAAC:ACAGCTTATGA'TTGTATACAAATCCCTTGCCAGCACATGAAAACAAA.CTGGAATTTGTATA'rATAAOCA'lTGTGTATGTATTCATGCACAA 1116C 
11161 T.U.l'TATTGAAT'TAC=TATATTTG'l'GGAATGCTAATTTAAAACA'J'TAAAT'rA'rAAACC'l"l'GTGTATT'l'ATCAAM'GGGTGAAAAGATTAAACTTT'l'ACGCA'lTACAATACTGCTGAA'l' l128C 
1128 1 GTGTAGCKGAGGTGTCcroCACl'TTTCTTATAAGGC'rAC'T'Giu\GTTACATGT'l''I"'GCCTAA'l'ATATl'CT~TGGTGATGAAGACAGATAATA'rCAC'l"l'GTAGAGACCTATTT'T'l'TTATA 11 40C 
114 0 1 ATGGTAGAAGTTTI'GAATTTTA'I'GGGGTATTTTG'rCAJIGT.\CTGAAATAAAAATGACTTCACCA'rTTT'CACCIII • • A • u u • • 11 4 6 3 

Figure 6. Alignment of nucleotide and amino acid sequence 
for human gastric AKAP350. The positions of the R11 binding 
site (underlined) and the four leucine zippers (highlighted) are 
noted. 
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exons. Approximately 50% of the coding sequence for yotiao is found in exons for 

AKAP350. Another protein with significant homology is pericentrin, a 220 kDa coiled-coil 

protein found in centrosomes and pericentriolar material. Pericentrin shares a 21% identity 

and 47% similarity with AKAP350. Other centrosomal associated proteins sharing 

similarity with AKAP350 include CENP-F (20.7%), and CEP250 (20.2%). Other 

cytoskeletal proteins with 20 to 24% identity include two intermediate filament binding 

proteins, plectin and tricohyalin as well as a number of other proteins with extensive coiled

coil domains including myosin heavy chain, giantin, and the Golgi antigen, GCP372. 

Additional sequences for AKAP350 were acquired by examination of other cDNAs 

obtained from human lung, rabbit parietal cell, and the longest EST with homology to the 

known AKAP sequence, PMY2245 (Figure 7). Sequencing of the PMY2245 clone from a 

human promyeloblast cell line revealed 100 % identity to the human gastric AKAP350 

(HGAKAP350) over approximately 4 kb of sequence at the 3' end (Figure 7). Human 

lung eDNA yielded a clone (HLAKAP350) with 99% protein identity and 95% DNA 

identity over a 4 kb segment also at the 3' end of the AKAP. From rabbit parietal cell 

eDNA, a partial sequence was obtained from 5' and 3' RACE products accounting for all 

but the 1000 nt at the 5' end, 91% of the total human gastric AKAP350, with 87% protein 

identity and 87% DNA identity to HGAKAP350. 

AKAP350 genomic structure. A comparison of the resolved eDNA sequences from human 

stomach, human lung, rabbit parietal cells, and the expressed sequence tag eDNA 

(PMY2245) with the genomic sequences have allowed us to map the exons of this gene. 

The AKAP350 exons are scattered over 200 kb of genomic DNA (Figure 8A). This 

genomic region apparently codes for a multiply-spliced gene which includes DNA for the 

yotiao protein and several forms of AKAP350. Upstream from the first yotiao exon, there 



Figure 7. Comparison of cDNAs coding for 
AKAP350. The human gastric AKAP350 
(HGAKAP350) is compared with the structures of the 
PMY2245 promyeloblast expressed sequence 
clone, a human lung eDNA (HLAKAP350), rabbit 
parietal cell AKAP350 (RAKAP350) and the original 
rabbit AKAP120 sequence (RAKAP120). The 
HGAKAP350 sequence contained an amino terminal 
yotiao homology region (YHR) followed immediately 
by a site of major splice variants (S1). The 
RAKAP350 sequence is missing a single exon at the 
S 1 splice site. Note also the region recognized by 
the 14G2 monoclonal antibody to AKAP350 (amino 
acids 1478 to 1547 in RAKAP350 and 1854 to 1958 
in HGAKAP350) and the position of the R11 binding 
site. 
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is a GC-rich region which likely represents a TAT A-less promoter. The first exon of 

AKAP350 lies between exons 8 and 9 of yotiao. Upstream from the AKAP350 first exon 

is a promoter region which contains 2 putative TATA box elements. 

At least three major sites of alternate splicing exist in the AKAP350 sequence. The 

first location is a highly spliced region where three se~arate splice choices are made 

including a read through to complete the final yotiao exon or a choice in AKAP350 of two 

different splice acceptors for a common splice donor (Figure SB). The latter splice variant 

(Figure SB) was observed in the rabbit parietal cell AKAP350 eDNA sequence representing 

the loss of an entire exon immediately following the yotiao homology region. To examine 

the incidence of this splice variant, this region was amplified from multiple rabbit tissue 

cDNAs with specific primers (Figure 9A). Most mucosal tissues from rabbit 

gastrointestinal tract predominantly express the transcript with the S I region deleted. 

Overloading of samples reveals that parietal cells and other gastrointestinal mucosae do 

express a small amount of the larger transcript. In contrast with the mucosal samples, in 

smooth muscle from the gastric wall the larger splice variant predominates. Other rabbit 

tissues such as heart and brain reveal the presence of the larger variant exclusively. The 

third (highest) band observed in forebrain, hindbrain, and cerebellum was sequenced and 

found to be an artifactual amplification of phosphofructokinase. 

Alternative splicing also was found at the C-terminus of the protein (Figure 8C). 

While the human gastric, rabbit parietal cell and promyeloblast cDNAs all showed the same 

3' sequences, the eDNA obtained from the tracheal eDNA library (HLAKAP350) 

demonstrated a different 3' sequence resulting from a read through extension past the splice 

donor site (similar to that seen for the final yotiao exon). This "missed splice" allows the 

eDNA sequence to continue for another 435 base pairs before terminating. The incidence 

of these variants was again surveyed using locus specific primers and amplification from 



Figure 8. Multiple splicing in AKAP350. (A) 
Exons composing the DNA sequencE] for both yotiao 
and AKAP350 are labeled according to the bacterial 
artificial chromosome (BAG) in which they are found. 
81 and 82 denote the sites of alternative splicing to 
generate isoforms. (B) Map of 81 splice region and 
corresponding amino acid sequence. The shaded 
region codes for the terminal 3' end of the yotiao 
sequence. A splice before this sequence to the next 
exon occurs in human gastric AKAP350, whereas in 
rabbit AKAP350 this exon is spliced out. (C) Map of 
82 splice region and corresponding amino acid 
sequence. The 3' end of both human and rabbit 
parietal cell AKAP350 splice into the last exon at a 
point read through by the AKAP350 sequence in 
human lung. The HLAKAP350 therefore contains 18 
additional amino acids resulting in a larger 3' end in 
this isoform. 
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eDNA of several human tissues and the Ca!U3 and HBE cultured cell lines (Figure 9B). 

Both splice variants were observed in pancreas, gastric and lung cDNAs (Figure 9B). 

However, the 497 bp product, which is characteristic of the eDNA derived from the human 

tracheal eDNA, was not observed in either Ca!U3 or HBE cells. Only the 397 bp product 

was observed in these cell lines. 

Finally, comparison of the PMY2245 eDNA from promyeloblasts with the 

sequences from human lung and human stomach showed a loss of 8 amino acids (24 nt). 

Examination of the genomic sequence showed that a variation in the choice of splice donor 

sites accounted for this small sequence deletion. There are also several instances in the 

rabbit AKAP350 sequence where 1-3 amino acids have been lost or gained. Because the 

rabbit genomic sequence is not available we cannot presently evaluate whether these 

differences f:lre due to splice variation or interspecies variations. 

Northern blot analysis of AKAP350 expression. Northern blotting with the 3' end of 

HGAKAP350 as a probe, revealed an 11 kb message found in rabbit parietal cells and 

rabbit fundus, as well as in rabbit lung (Figure 10). Human multi-tissue northern blots 

probed with either a 1.6 kb fragment of the 5' end ofHLAKAP350 (Figure 10), or the 3' 

end of RAKAP350 (data not shown), demonstrated two bands, 9.5 kb and 11 kb, most 

prominent in kidney and skeletal muscle, and to a lesser extent in lung. Only the 9.5 kb 

message was noted in liver, and only the 11 kb message was observed in heart and brain. 

AKAP350 localization in rabbit tissues. To investigate the subcellular localization of 

AKAP350, the 14G2 monoclonal antibody was used to stain rabbit tissue sections and 

isolated gastric glands. In the gastric fundus, parietal cells demonstrated multiple foci of 

immunostaining throughout the cytosol (Figure 11a). Confocal fluorescence microscopic 



Figure 9. Tissue survey for splice variants by 
PCR method. The S 1 region was amplified in an 
array of rabbit tissues including parietal cells (PC), 
fundus (F), gastric wall smooth. muscle (GW), antrum 
(A), jejunum (J), ileum (1), colon (C), liver (V), spleen 
(S), kidney (K), lung (L), heart (H), forebrain (FB), 
hindbrain (HB), cerebellum (CE). The 82 region was 
amplified from eDNA from human pancreas (P), 
stomach (G), lung (L), Calu-3 cells (C), and human 
bronchial epithelium (B). For each eDNA two · 
reactions were performed: one with an antisense 
primer specific for the longer 3' end splice variant (1) 
and a second time with an antisense primer specific 
for the shorter splice (2). 
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Figure 10. Northern blots of AKAP350 mRNA 
expression. Rabbit (right) tissues were probed with 
the 3' end of HGAKAP350 revealing an 11 kb 
message tor rabbit parietal cell (PC), fundus (F), and 
lung (L). Human tissue, including kidney (K), 
skeletal muscle (S), liver (V), lung (L), placenta (P), 
brain (B), and heart (H), was probed with a 1kb 
fragment of HLAKAP350. 
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examination of isolated gastric glands also demonstrated multiple foci of staining in parietal 

cells (Figure 11 b). This immunostaining in parietal cells did not coincide with staining for 

. either the H/K-ATPase-containing tubulovesicles or F-actin-staining secretory canalicular 

membranes (data not shown). In the esophagus, basal cells appeared to show a single 

point of bright fluorescence (Figure 11c). In the jejunum, the most prominent staining was 

observed in submucosallymphoblasts which showed a single focus of perinuclear staining 

(Figure 11d). In the ileum and colon, epithelial cells of the deep crypts were strongly 

stained with multiple bright foci just beneath the apical membranes (Figure 11e,f). In 

pancreatic islets, strong AKAP350 immunostaining was present in all of the endocrine cells 

of the islet (Figure 11g). In many cells, multiple foci of staining were apparent in the 

perinuclear region. In contrast, adrenal medullary cells demonstrated only a single focus of 

AKAP350 immunostaining in all cells (Figure 11h). In kidney collecting duct, AKAP350 

staining was observed as a single focus of staining deep to the apical membrane (Figure 

1li). Single foci of immunostaining also were observed in primary and secondary germ 

cells in the testes (Figure llj). Finally, in the epithelial cells lining the ductus efferens and 

the bronchial epithelium, mutiple foci of AKAP350 immunostaining were observed deep to 

the apical membranes (Figure 11k,l). 

AKAP350 is associated with centrosomes. The perinuclear localization of AKAP350 in 

many cells suggested its association with centrosomes. We therefore studied the 

localization of AKAP350 in HCT 116, a moderately differentiated colonic adenocarcinoma 

cell line. In interphase cells, AKAP350 immunostaining colocalized with y-tubulin staining 

(Figure 12). During metaphase, AKAP350 immunostaining was concentrated in both 

centrosomes colabeling with y-tubulin. However, in both anaphase and telophase cells, 



Figure 11. Distribution-of AKAP350 in rabbit 
tissue sections and isolated gastric glands (b). 
AKAP350 staining was localized in frozen sections 
of a) gastric fundic mucosa, c) esophagus, d) 
jejunum, e) ileum, f) colon, g) pancreatic islet, h) 
adrenal medulla, i) renal collecting duct, j) testes, k) 
ductus efferens, and I) tracheal epithelium. Multiple 
points of AKAP350 immunofluorescence were 
observed in parietal cells of gastric glands (b) 
visualized through confocal fluorescence 
microscopy with maximum intensity reconstruction 
of forty 0.29 fJm optical sections. Bar= 12 fJm 
(a,g,i,l), 3 fJm (b), 24 fJm (c,d,e,f,h,j,k). These 
sections demonstrate a broad spectrum of AKAP350 
distribution: focal, multifocal, apical, basolateral, 
and perinuclear. 





Figure 12. Distribution of AKAP350 during 
mitosis. HCT116 cells were triple labeled with 
polyclonal anti-y-tubulin, monoclonal anti-AKAP350 
(14G2) and DAPI. A triple label overlay of the 
staining patterns is shown at the right. At interphase, 
a single nidus of AKAP350 staining coincided with 
the y-tubulin staining adjacent to the nucleus. In 
metaphase, AKAP350 stained both of the · 
centrosomal poles and, in addition, a diffuse 
cytosolic staining was also observed. During 
anaphase and telophase, AKAP350 immunostaining 
was associated with the centrosomes, but discrete 
foci of staining were also present in the cleavage 
furrow. Bar 3 pm. 
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while AKAP350 immunostaining colocalized with y-tubulin-staining centrosomes, several 

discrete foci of staining also were present in the cleavage furrow of dividing cells. An 

identical distribution during the cell cycle was also observed in HeLa cells (data not 

shown). These results indicate that AKAP350 is associated with centrosomes in rapidly 

dividing cells. 

Since HCT 116 cells are not polarized, we also sought to investigate AKAP350 

distribution in polarized cells. MDCK cells, a well-established polarized kidney cell line, 

were grown on permeable filters. While multiple foci of immunostaining for R11 were 

present throughout the cytosol, AKAP350 staining was only present in one focus per cell 

co labelling with major points of R11 staining (Figure 13b ). Co labeling of MDCK cells for 

AKAP350 and y-tubulin showed clear colocalization at the centrosomes; however, there 

was obvious asymmetry between the poles. Higher resolution projections demonstrate that 

AKAP350 staining predominates in one centriole as a projection radiating towards the 

nucleus. Examination of centrosomal staining with R11 antibodies (Figure 13m-a) showed a 

similar R11 immunostaining projection from one pole of the y-tubulin-staining centrosome. 

Treatment of MDCK cells with nocodazole (33 !1M) to disrupt microtubules did not alter 

the association of either AKAP350 or R11 with the centrosomes (data not shown). 

Finally, since several rabbit cells including gastric parietal cells and bronchial 

epithelium showed multiple foci of AKAP350 staining, we also examined in greater detail 

AKAP350 staining in primary cultures of rabbit parietal cells and human bronchial 

epithelial cells. In parietal cells, multiple foci of AKAP350 staining were observed 

throughout the cell (Figure 14 ). One perinuclear focus coincided with staining by 

antibodies against y-tubulin, but the vast majority of AKAP350 foci did not correspond 



Figure 13. Association of AKAP350 with . 
centrosomes in polarized MDCK cells. MOCK 
cells (a-c) grown on permeable filters cells were 
triple stained with (a) polyclonal anti-R11, (b) murine 
monoclonal anti-AKAP350 (14G2), and (c) rat 
monoclonal anti-Z0-1 (tight junctions). Cells were 
imaged as maximum intensity projections of forty 
0.29 pm optical sections. ArrowHeads show regions 
of colocalization of AKAP350 staining with staining 
for R11• (d-1) cells were triple labeled with murine 
monoclonal anti-AKAP350 (d,g,j), polyclonal anti-y
tubulin (e,h,k) and rat monoclonal anti-Z0-1 (f). 
AKAP350 labeled the poles of the centrosomes 
assymetrically (arrowheads). Cells were imaged as 
maximum intensity projections of forty 0.29 pm 
optical sections. X-Y (g-i) and X-Z (j-1) projections of 
a single pair of centrioles shows that AKAP350 
immunoreactivity was concentrated as a projection 
from one of the centrioles (duqllabel overlaps in 1 
and 1). A similar distribution was observed for R11 

immunostaining (m) in association with y-tubulin 
staining centrioles (n). The duallabel image (o) of 
the X-Z reconstruction of a pair of centrioles shows a 
similar pattern of a projection from one pole of the 
centriole. Bar 5 pm (a-c), 3 pm (d-f), 1 pm (g-o). 
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with the centrosomes. AKAP350 foci also did not coincide with F-actin staining of the 

intracellular canaliculus (data not shown). In human airway epithelial cells, the major 

staining was associated with centrosomes; however, prominent staining of foci associated 

with the lateral aspects of the subapical regions also were present. A similar pattern of 

noncentrosomal staining was observed in T84 and HCA-7 colon adenocarcinoma cells 

(data not shown). 

DISCUSSION 

A-kinase anchoring proteins represent a diverse superfamily of scaffolding 

proteins. This report clarifies the characteristics of a novel multiply-spliced AKAP family. 

Monoclonal antibodies raised against AKAP120 identified a protein of 350 kDa in most 

tissues and cells. AKAP120 was originally cloned from a rabbit parietal cell eDNA 

expression library using e2P]-R11 as a probe. The single clone isolated yielded an open 

reading frame of 3500 nt eDNA coding for a recombinant expressed protein migrating with 

an apparent molecular weight of 120 kDa (18). As described above, eukaryotic expression 

of this AKAP sequence as a fusion with the EGFP indicated that the AKAP 120 clone could 

not account for the endogenous 350 kDa immunoreactive species. The results of our 

cloning experiments reported here show that the original clone was not full length and 

included an erroneous stop codon. The full-length sequence of AKAP350 contains at least 

2 major areas for alternative splicing. In addition, the genomic sequence also contains a 

major spliced product which codes for the previously described yotiao protein (29). The 

present sequence length matches the m<ljor mRNA length observed in rabbit and human 

tissues of over 11 kb. Our results demonstrate that splice variants may be differentially 

distributed among tissue and cell types. Indeed, since smaller 9.5 kb species of mRNA 



Figure 14. Non-centrosomal AKAP350 in 
cultured Cf!JIIS. Primary cultures of gastric parietal 
cells (a, b) and human airway epithelia (c,d) were 
dual stained with antibodies against AKAP350 (a, c) 
and y-tubulin (b-d). Single 0.29 fJm optical sections 
were used to evaluate the distribution of the 
immunostaining. In parietal cells, while AKAP350 
staining could be seen in association with 
centrosomes (arrowheads), the majority of the 
staining was not associated with y-tubulin staining. 
In airway epithelial cells, the majority of AKAP350 
staining was associated with centrosomes, but 
discrete foci of AKAP350 staining were also present 
in the apical region of the cell especially near the 
lateral borders (arrows). Bar: 3 fJm 





have been identified in northern blots, it is possible that further splice variants may be 

present. 
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Previously, a multiply' spliced murine AKAP gene has been described yielding six 

isoforms, collectively known as AKAP-KL (30). Parallel cloning of the AKAP350 in both 

rabbit and human has revealed multiple-splice variants. Additionally, tli.e existence of the 

yotiao protein coding region as a 5' -end splice variant indicates that the AKAP350 genomic 

region produces a complex family of protein products from internal alternative ex on 

splicing as well as alternative splicing at both the 5' and 3' -ends. The function of specific 

spliced exons remains to be determined. It is tempting to suggest that specific spliced 

exons may account for proper targeting of the AKAP or interaction with specific proteins. 

This possibility appears especially possible for the highly spliced region within BAC 

AA0066 which contains the alternate splice point for the terminal exon of yotiao as well as 

the major internal alternatively spliced exon in AKAP350, immediately following the yotiao 

homology region. The AKAP350 sequence lacking this exon was the major sequence in 

rabbit parietal cells as well as in most gastrointestinal mucosae. In contrast, the sequence 

including this 140 nt sequence was predominant in gastric wall smooth muscle and brain 

tissue. Interestingly, this exon includes a pair of adjacent cysteines, perhaps indicative of 

a possible covalent crosslinking point either for homodimerization or interaction with other 

proteins. 

A second major splice variation occurs at the C-terminus of AKAP350 as described 

above. The AKAP350 sequence isolated from the tracheal eDNA library results in an 

alternative 16 carboxyl terminal amino acids not found in the human gastric or the 

promyeloblast sequence due to a splice variant in·the next to last exon. Since the end of 

_ this exon coincides with multiple consecutive adenosines, it is unlikely that this is the true 

3' end in this mRNA. It is more probable that oligo-dT priming occurred internally at the 
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poly-adenine in the mRNA 3'-untranslated region. Analysis of this splice variant has 

demonstrated its presence in several tissues. However, while both 3' splice variant 

sequences were detected in whole lung eDNA, when we examined eDNA from Ca!U3 cells 

(a lung serous cell line) and a human bronchial epithelial cell line, we were unable to detect 

the 3' splice variant originally isolated from the bronchial epithelial cell library. Since the 

library was constructed from only an enriched population of tracheal epithelial cells, it 

seems likely that the message must emanate from a non-epithelial lung cell. These data 

further suggest that there is a cell specific distribution of these AKAP350 isoforms. In 

addition to the two major splice variants, the PMY2245 expressed sequenced tag eDNA 

also demonstrated a minor splice variant yielding a deletion of 8 amino acids (24 nt) 

because of an alternate splice donor choice. Given the theoretical function of AKAPs, it 

appears reasonable that these.splice variants may define either specific intracellular targeting 

for particular AKAP350 isoforms in different cell types or their association with specific 

scaffolding components. 

Alternative splicing of this nature has been well characterized in several complex 

spliced protein families including odorant receptors (31 ), neurexins (32) and myofibrillar 

proteins (33). Contractile protein genes provide a model system for study of this process. 

Either a particular gene among members of a multigene family is selected for expression, or 

a spectrum of different proteins may be generated from a single gene. A prime example of 

both is found in troponin T, a member of the thin filament of vertebrate sarcomere with 

specific subtypes in cardiac, as well as fast and slow skeletal muscle (Tc, Tf, Ts). Each 

subtype is coded by a gene with a unique promoter region and terminates at a single 

polyadenylation site. Within each subtype, however, a series of adjacent exons are 

intermittently spliced out forming a large number of isoforms (32 for Tf) coded by the same 



gene. Gene transcripts are assembled from variations in both donor and acceptor splice 

site selection (33). 
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The results of our investigations have shown that AKAP350 and yotiao are 

products of the same genomic region on chromosome 7q21. Yotiao was identified as a 

protein in brain that interacts with the NMDA receptor subunit NRl (29). Interestingly, the 

regions that mediate this interaction also are present in the amino terminal region of 

AKAP350. Examination of the genomic sequence region upstream of the yotiao coding 

region suggests that there is a GC rich putative promoter region. The genomic region 

upstream of the 5'-end of the AKAP350 sequence contains a putative TATA box and other 

putative regulatory elements. Thus, the two proteins likely have separate transcriptional 

regulators. The 14G2 antibody that we have used in our immunolocalization studies 

recognizes a region of AKAP350 that is not contained in yotiao. Thus, our localization 

studies are specific for AKAP350. In contrast, the antibodies used in studies of yotiao are 

raised against regions that are predicted to cross-react with AKAP350 (29). Indeed, it is 

interesting to note that the size of the major species observed in whole brain was 

considerably larger than the size ofyotiao protein exogenously expressed in fibroblasts 

(29). Some of the assignment of yotiao staining and distribution may need to be 

reevaluated with more specific antisera against the far amino or carboxyl termini ofyotiao. 

In addition, it will be of interest to identify whether AKAP350 in brain also interacts with 

an NMDA receptor. 

An extensive amount of study has been dedicated to elucidating the function of the 

centrosome and its components as they relate to the general physiology of the cell. The 

centrosome is the principal microtubule organizing center in most cells, composed of a pair 

of centrioles and a surrounding matrix, also referred to as the peri-centriolar material. Each 
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centriole has bilateral appendages at one pole known as transitional fibers (34). y-tubulin is 

a major component of the centriole cores in a variety of cells (35), and several studies 

suggest this protein may be essential for microtubule nucleation from centrosomes (36). 

As one might expect for an organelle central to cytoskeletal organization, a number of 

regulatory molecules also are associated with the centrosome. The importance of protein 

phosphorylation in microtubule nucleation is underscored by the presence of the p34'd'2 

kinase and Type II A-kinase at the centrosome (7 ,8,37). Keryer and colleagues 

subsequently studied the distribution of R11 isoforms a. and ~ in a human lymphoblast cell 

line, finding the R1c~ localized to the Golgi-centrosomal area (9). The characteristics of the 

350 kDa AKAP that we have cloned appear similar to those of the centrosomal AKAP350 

identified by Keryer, eta!. (9) in R11 blot overlay of isolated centrosome proteins from the 

KE37 human lymphoblast cell line. These investigators immunoprecipitated the protein 

using the serum 0013 polyclonal antibody, previously reported as a specific marker for 

human centrosomes (20,22,38). No further characterization of this protein in the literature 

has been submitted, however, since the initial report. Nevertheless, several lines of 

evidence suggest that this protein may indeed be identical to the protein cloned here. First, 

western blots with our 14G2 monoclonal show a similar pattern of 250 kDa and 350 kDa 

proteins as seen by Keryer, eta! (9) with the 0013 polyclonal serum and R11 overlays. 

Second, immunocytochemistry with the 14G2 monoclonal also shows prominent 

localization of the protein with the centrosomes of both polarized and non-polarized cells. 

Third, as noted for the.350 kDa AKAP protein previously described by Keryer, eta!. (9), 

the distribution of 14G2 immunoreactive AKAP350 in MDCK cells was not altered by 

treatment of cells with nocodozole. 
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AKAPs are well characterized as scaffolding proteins, sequestering the R 11 subunit 

and consequently the catalytic subunit of the A-kinase in a location where phosphorylation 

of a particular substrate will be needed for some key regulatory process (39,40). 

Centrosomes, as the site of microtubule nucleation and mitotic spindle formation as well as 

a binding site for several centrosomal-associated proteins, provide a host of possible 

substrates for regulation by A-kinase phosphorylation. A role for AKAPs in microtubule 

nucleation has previously been established in the case of MAP-2(3). In 

immunocytochemical analysis, y-tubulin has become the marker of choice for the 

centrosomes; however, it is now clear that many cell types also have non-centrosomal 

pools of y-tubulin. This does not seem to be the case in the MDCK cell line where y

tubulin staining, as well as AKAP350, were limited to the discrete pair of centrioles 

forming the centrosome. Parietal cells, at the other end of the spectrum, display multiple 

foci of AKAP350 labeling throughout the cell. These other sites do not correlate withy

tubulin staining in parietal cells. While most tissues and cells demonstrate AKAP350 

distribution in association with centrosomes, several epithelial cells also showed non

centrosomal staining patterns. In the human airway epithelial cell line, for example, the 

majority of AKAP350 staining appears at the centrosome; however, it is also apparent in a 

lateral subapical pattern. Similar permutations of AKAP350 distribution in these and other 

epithelial cells (e.g. colonic epithelial cells) allows us to speculate that the A-kinase is likely 

targeted to cytoskeletal elements other than centrosomes in many cell types. 

Confocal immunofluorescence microscopy demonstrated AKAP350 staining 

associated with large globular complexes scattered throughout the cytosol of parietal cells, 

lending support to the idea that this protein is part of a complex of re~ulatory molecules. 
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The presence of multiple AKAP350-containing structures in parietal cells may reflect its 

involvement in the massive cytoskeletal reorganization which takes place when parietal cells 

are stimulated to secrete acid (27). Other less differentiated cell types, especially those 

which have undergone transformation into a phase of unregulated growth, may require 

AKAP350 simply for microtubule nucleation at the centrosome, hence the distribution is 

strictly limited to this organelle. Examination of the mitotic spindle apparatus in the stages 

of mitosis in HeLa and HCT116 colon adenocarcinoma cells demonstrated the presence of 

AKAP350 not only at the centrosome througout mitosis, but also at the cleavage furrow in 

anaphase and telophase for both cell types. This finding might suggest a possible role for 

AKAP350 in establishment or activation of contraction to form the contractile ring in 

telophase cells. Interestingly, no R11 was observed in association with AKAP350 in the 

cleavage furrow. This may suggest that an alternate splice variant, different from 

centrosomal AKAP350, is associated with a different cytoskeletal system. Of note, the 

extensive coiled-coil structure in AKAP350 shows homology not only to centrosomal

associated proteins (e.g. pericentrin), but also to intermediate filament-associated proteins 

and myosins. In addition to alternate cytoskeletal association, it is also likely that 

AKAP350 is scaffolding other regulators beyond Type II A-kinase. Along these lines, 

AKAP79 is associated with both protein phosphatase and protein kinase C ( 41 ). Further 

investigations will be required to elucidate components of the AKAP350 scaffolding 

complex and the basis of its cytoskeletal targeting. 

In summary, we have cloned and characterized a new family of 350 kDa AKAPs 

that are the products of a multiply spliced gene region that also produces the previously 

described yotiao protein. In most cells, AKAP350 localizes to the centrosome. However, 

in several epithelial cell types multiple extra-centrosomal foci are present. These results 

suggest that AKAP350 may be a multifunctional scaffolding protein. 
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CHAPTER 2 

IDENTIFICATION OF CENTROSOMAL AND NON-CENTROSOMAL 
SPLICE VARIANTS OF THE AKAP350 SCAFFOLDING PROTEIN 

Abstract: The type II cAMP-dependent protein kinase, or PKA, is localized to specific 

subcellular domains by the family of A-kinase anchoring proteins (AKAPs). We have 

recently described a large 350 kDa scaffolding protein (AKAP350) which anchors a 

number of regulatory enzymes at the centrosome. AKAP350 appears to be one member of 

a multiply spliced gene family resulting from multiple alternative splice. sites in the 

chromosome 7q21 genomic region. Three unique C-termini have been cloned for 

AKAP350 which are denoted AKAP350 A, B, and C. AKAP350A and B were previously 

described (Schmidt eta!., 1999) as clones isolated from human gastric and lung eDNA 

respectively. AKAP350C, also identified in human lung, is the result of a splice donor 

read through at AKAP350 nucleotide 8594 (AKAP350 amino acid 2737) with a subsequent 

length of 1112 base pairs to the 3-prime end. In Jurkat celllysates, polyclonal antibodies 
. . 

specific for the 3-prime end denoted AKAP350A immunoprecipitated a 350 kDa protein 

immunoreactive with the 14Gi monoclonal anti-AKAP350 antibody by western blotting. 

Tissue specific expression of the various AKAP350 isoforms was demonstrated by PCR in 

a large panel of human eDNA. All three AKAP350 3-prime splice variants are located at 

the centrosome in Jurkat cells as evidenced by immunofluorescence microscopy. 

Individual isoform localization differs, however, in the polarized HCA-7 cell line where 

AKAP350A is purely non-centrosomal while AKAP350B and C are centrosomal. 

Immunostaining of centrosomes by anti-AKAP350C appears limited to mitotic cells, 
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suggesting that this isoform may be upregulated at entry into M phase. Given that 

AKAP350 is a large scaffolding protein, the co-localization of all three isoforms in non

polarized cells such as lymphoblasts implies that, rather than differential targeting, 3-prime 

splice variation in AKAP350 may serve as unique points of interaction with other signaling 

molecules or cytoskeleton. 

Introduction 

A-kinase anchoring proteins (AKAPs) form a family of molecules contributing to the 

transduction of cell signals via the cAMP second messenger system. Many AKAPs have 

now been defined that localize the type I or type II cAMP-dependent protein kinase (PKA) 

to specific subcellular domains. This pre-positioning of the enzyme for eventual activation 

by cAMP allows a higher order of signal specificity by defining a discrete target 

environment (1-3). This particular domain then defines an area where phosphorylation by 

PKA is required for signal propagation. Upon elevation of cAMP levels, often generated 

via a membrane stimulus that is subsequently translated to adenylate cyclase, this diffusible 

second messenger binds the regulatory subunits of the PKA heterotetramer, allowing 

activation of the catalytic subunits (4). Binding of cAMP by the regulatory subunits 

stimulates subsequent dissociation or release of the catalytic subunits, allowing them 

mobility to phosphorylate nearby substrates (5,6). Simultaneous dephosphorylation of the 

regulatory subunits occurs, thereby enhancing the affinity for reassembly of the 

heterotetramer when cAMP levels decrease (7 ,8). Transduction of signals by PKA 

phosphorylation in this manner has been identified in a number of membrane bound 

channels as well as a variety of cell organelles (9-13). Consequently, the number of 

identified A-kinase anchoring proteins unique to particular cell domains continues to grow. 



74 

Recent studies of compartmentalization of second messenger effects have defined the 

concept of scaffolding proteins. AKAPs function as protein scaffolds for sequestration of 

not only PKA, but also a variety of protein kinases, phosphatases, additional regulatory 

molecules, and cytoskeletal elements (14). As this concept expands, additional ligands of 

several AKAPs are being identified. AKAP75, isolated from bovine brain, and its human 

homolog AKAP79localize PKA, PKC, and protein phosphatase 2B (PP2B) also known 

as calcineurin (CaN) to post-synaptic densities (15,16). AKAP250, also known as Gravin, 

localizes both PKA and PKC to the membrane cytoskeleton and filopodia found in human 

erythroleukemia cells( 17). More recent investigations demonstrate that this AKAP is 

essential for interaction of ~-2 adrenergic receptors and protein kinases and phosphatases 

modulating agonist induced attenuation and recovery (18). MAP-2, the microtubule 

associated protein, has also been described as a protein scaffold, anchoring PKA for the 

purpose of regulating microtubule nucleation from various sites in the cytosol (19). 

Yotiao, an NMDA receptor associated AKAP, anchors P~ as well as the type 1 protein 

phosphatase (PPl) at these transmembrane channels (20). This scaffold therefore, allows 

the two ligands to act in opposition to modulate channel activity in synaptic transmission. 

Finally, the centrosome is a location with a dense collection of proteins dedicated to 

microtubule and mitotic spindle dynamics, trafficking, and nuclear signaling. Some 

organization is provided in this environment by a large, high molecular weight protein 

scaffold that has been denoted AKAP350 (21), AKAP450 (22), and CG-NAP (23). 

Evidence that this protein apparently interacts with PKA, PKN, PPl, and PP2A has only 

recently been uncovered; therefore, a centrosomal protein of such magnitude likely forms 

other important protein-protein interactions that have yet to be defined. 
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We have previously reported the cloning of a 350 kDa AKAP from human gastric and 

lung eDNA, as well as a partial AKAP350 sequence from rabbit parietal cell eDNA (21). 

This protein localizes to the centrosome throughout the cell cycle in a variety of cell types 

and can be found in isolated centrosome preparations (unpublished data). In the process of 

cloning the AKAP350, a number of regions of splice variation were identified in the 

genomic sequence from human chromosome 7q21, generating multiple AKAP350 

isoforms as well as the NMDA receptor-associated AKAP known as yotiao. We have now 

identified additional AKAP350 splice variants found at the centrosome, each with unique 

tissue and cell specific expression patterns. Further characterization of this multiply spliced 

family of proteins has been accomplished thi'ough purification of polyclonal antibodies to 

three particular carboxyl-terminal splice variants of AKAP350. 

Methods: 

Materials- EGFP-C2 vector, Advantage Taq, and Marathon cloning kits were 

purchased from CLONTECH. All DNA sequencing was performed using dye terminator 

chemistry automated sequencing in the Molecular Biology Core Facility at the Medical 

College of Georgia. Oligonucleotides were also synthesized by the Molecular Biology 

Core Facility. Polyclonal anti-pericentrin was purchased from Babco (Berkeley, CA). 

Cy2-, Cy3-, and Cy5-conjugated secondary antibodies were purchased from Jackson 

ImrnunoResearch Labs (West Grove, PA). Effectene transfection reagent was obtained 

from Qiagen (Valencia, CA). Prolong Antifade, 4' ,6-diamidino-2-phenylindole, and Alexa 

488-conjugated secondary antibodies were obtained from Molecular Probes, Inc. (Eugene, 



OR). [a-32P]dCTP was purchased from NEN Life Science Products. Jurkat cells were 

obtained from Dr. David Munn, Medical College of Georgia. 
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Polyclonal Antibody Production- Peptides corresponding to unique regions in each of 

the 3-prime splice variants were conjugated to KLH using Imject Immunogen EDC Kit 

(Pierce Chemical; Rockford, IL). The peptides synthesized in the Molecular Biology Core 

Facility at MCG included AKAPendl: GSTTQFHAGMRR; AKAPend2: 

TSWQHHSARPTA; and AKAPend3: SSHSHNVKDTIYINYSRG. Polyclomil antibodies 

were developed in the Antibody Facility at the University of Georgia. 

Immunoprecipitation- To prepare Jurkat extracts, cell cultures were were washed 

twice in cold PBS and resuspended in extraction buffer (50mM Tris-HCl pH 7 .4, 250 mM 

NaCI, and 2 mM EDTA) and protease inhibitors (see below). Samples were placed in ice 

for 5 minutes and spun at 1000 rpm in an Eppendorf table top centrifuge for 15 minutes at 

4 degrees C. Supernatant was then saved as extract and pellets were discarded. J urkat cell 

extracts or parietal cell cytosol (-300 f,lg) were added to 50 f.ll of poly clonal anti

AKAP350A antibody and allowed to mix on a nutator for 2 hours at room temperature. 

Also, 200 J11 of sheep anti-rabbit IgG conjugated Dynabeads (Dynal, Oslo) were blocked in 

I ml of low salt PBS (!50 mM sodium phosphate pH 7.4) with protease inhibitors (PI's = 

5mM benzamidine, O.lmM AEBSF, 1.75 f.lg/ml aprotinin, 2.5 f.!g/ml soybean trypsin 

inhibitor, 1 f.lg/ml chymostatin, 1 f.!g/ml pepstatin A, 1 f.lg/mlleupeptin) with 2 mg/ml BSA 

on a nutator for 2 hours at room temperature. Beads were washed 3 times 10 minutes in 1 

ml1ow salt PBS with PI's. The antibody/protein mixture was then added to the beads and 

mixed on a nutator for 1 hour at room temperature. Voids were then aspirated and saved at 

-80 degrees C. Beads were washed 2 times for 10 minutes in low salt PBS with PI's. 
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1.5X SDS stop solution was then added to the beads and briefly vortexed. Samples were 

then heated to 95 degrees C for 15 minutes, vortexed, and allowed to cool to room 

temperature. Samples were then loaded on a 3-10% gradient polyacrylamide gel for 

electrophoresis. 

Western Blot Analysis- Sample extracts from cells and tissue were resolved by SDS

PAGE (3-10% gradient gels) and transferred for 2 hours at 750 rnA to nitrocellulose 

(0.22~m) for subsequent Western blotting. Nitrocellulose blots were blocked with 5% 

nonfat dry milk in 25 mM Tris-HCl, pH 7.5, 150 mM NaCl for 16-24 hat 4 degrees C. 

Blots were then probed in 0.5% nonfat dry milk in 25mM Tris-HCl, pH 7.5, 150 mM 

NaCl for 1hour at room temperature with a monoclonal antibody against AKAP350 (1402; 

1:500). After the primary incubation, the blots were washed three times for 15 min each 

with 25 mM Tris-HCl, pH 7.5, 150 mM NaCl and then incubated with horseradish 

peroxidase-conjugated anti-mouse IgG (1:2500) for 1 hour at room temperature. The blots 

were finally washed three times for 15 min each with 25 mM Tris/HCl pH 7.5, 150 mM 

NaCl, and immunoreactivity was detected with chemiluminescence (Renaissance; NEN 

Life Science Products)'and autoradiography. 

Cloning and Sequencing -AKAP350A and B were cloned as previously described 

(Schmidt, 1999) using the Marathon system (CLONTECH). AKAP350C was al~o cloned 

from a Marathon Human Lung eDNA using a 3' -RACE technique with sense primer 5'

ATCAATACAATCTCATCTCTAAAG-3'. 

Immunocytochemistry - J urkat cells grown in suspension were spun down onto glass 

coverslips and permeabilized in 1% Triton X-100, 45 mM Pipes, 45 mM Hepes, pH 6.9, 
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10 mM EGTA, 5 mM MgC12, 0.5 mM AEBSF for 60 seconds at 4 degrees C followed by 

fixation in -20 degrees C methanol for 6 minutes. Cells were stained with affinity purified 

AKAP350A, and crude sera against AKAP350B and AKAP350C at concentrations of 

1:300, 1 :50, and 1 :50, respectively for 2 hours. Cells were washed in low salt PBS ( 150 

mM sodium phosphate pH=7.4) and stained with Cy2, Cy3, or Cy5-conjugated anti-rabbit 

IgG for 60 min. Following washing in PBS the cells were incubated in DAPI (1 mM) for 

5 min and washed in PBS. Coverslips were inverted and mounted with Prolong antifade. 

HCA 7 cells were grown to confluency on glass coverslips, fixed and stained as described 

above. 

Parietal Cell Preparations - Isolated gastric glands and isolated parietal cells were prepared 

from New Zealand White rabbits as described previously (24). Subfractions of gastric 

parietal cells were prepared by sequential centrifugation of homogenates at 1000, 4000, 

15,000, and 100,000 x g to prepare four microsomal pellets and a final high speed 

supernatant fraction (25). 

Results 

We have denoted three C-terminal splice variants of AKAP350 as AKAP350A 

(AF083037), -B (AF091711), and -C (AF247727) (Figure 15). AKAP350A was initially 

cloned from human gastric eDNA and subsequently from a rabbit parietal cell eDNA. The 

genomic sequence for ends A and B may be found on chromosome 7q21, corresponding to 

bacterial artificial chromosome sequence from Genbank ACOOO 120. This BAC contains 

the final two exons of the AKAP350 gene, exons 42 and 43. AKAP350B, initially 

identified in human lung eDNA, is generated when a splice donor in exon 42 is read 



Figure 15. Comparison of cDNAs for three C

terminal splice variants of AKAP350. AKAP350A 

denotes the original clone from human stomach. 

AKAP3508, cloned from human lung, contains a 

unique C-terminal tail beginning at AKAP350A 

nucleotide 10922. AKAP350C, also from human lung, 

differs from AKAP350A and -8 beginning at 

AKAP350A nucleotide 8594. YHR denotes the yotiao 

homology region. 81 is another major area of 

splicing. mAb denotes the anti-AKAP350 14g2 

antibody epitope. R/1 denotes the initial PKA 

regulatory subunit binding site in AKAP350. (B) 

Partial genomic map of AKAP350C C-terminal splice 

variant. 
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through, translating an additional 30 amino acids before a stop codon is encountered. 

Therefore, AKAP350B does not contain exon 43. Also found initially in lung eDNA, the 

AKAP350C is a third C-terminal splice variant, also constructed by a splice donor read 

through at exon 31 of AKAP350 (AC0040 13). This allows transcription of an additional 

1112 base pairs, yielding a unique 53 amino acids at the C-terminus of this AKAP350 

isoform, and truncating the final 12 exons (Figure 15B). Consequently, the C-terminus of 

AKAP350C protein is 613 amino acids shorter than AKAP350 A. By analyzing only the 

unique sequence for each of the three C-terminal splice variants using on-line public 

databases, we find strong prediction of asparagine glycosylation, as well as serine/tyrosine 

phosphorylation of the AKAP350C protein. This sequence also contains a predicted a1pha

amphipathic region not found in AKAP350A or B. AKAP350A and·C are both more 

positively charged whereas AKAP350 B has a neutral isoelectric point. AKAP350B also 

contains a consensus sequence highly indicative of protein kinase C phosphorylation (26). 

Primers were designed to specifically amplifY each of the three 3' ends from a human 

eDNA array of both normal and cancer cell lines in order to determine the prevalence of 

these AKAP350 messages. Tissue specific expression patterns were noted for all three 

ends (Figure 16). AKAP350A and B seemed to be present in most tissues sampled; 

however, AKAP350C was less frequently amplified. No other patterns in this data set, 

however, are readily apparent. While these reactions are neither quantitative, nor indicative 

of message levels, they do suggest a pattern of differential expression among tissue types. 

Initial characterization of the AKAP350 protein included development of a monoclonal 

antibody (1402). The epitope for this particular antibody, however, is the product of a 

region upstream from the R11 binding sequence in the AKAP350 gene. Therefore, in order 



eDNA A 8 c 
brain + + 
SW620 + + + 
SW480 + + 
WI DR + + + 
HT-29 + + + 
VAC0235 + + + 
LIM1215 + 
MOSER + + + 
NHEK + + + 
NHEM + + + 
NHDF + + + 
HGT + + 
CaCo2 + + + 
GM03440 + + + 
HCA-7 + + 
HCT-15 + + 
HCT-116 + + 
DK0-1 + + 
DLD-1 + + 
DK0-4 + + 
DKS-8 + + 
MCF-10 + + 
MCF-7 + + 
SWUC4 + + + 
SWUC5 + + + 

Figure 16. Tissue specific e.1pression 

patterns of AKAP 350A. AKAP 3508, and 

AKAP350C splice variants are implied by 

ability to amplify each unique segment 

11sing gene-specific primers for a standard 

n11mber of cycles in a eDNA panel. The 

inset displays an example of amplification 

of each splice mriant. 

cDJSA A 8 c 
MKN28 + + 
MKN45 + + + 
MKN74 + + + 
MKNB7 + 
Ovary + + 
Breast + + + 
Gall bladder + + 
HK + + + 
HGT + + 
ANC1fTy + + 

HKe-3 + + 
HCF-1 + + 
Heart + + 
Stomach nl + + + 
Stomach ca + + + 
Brie + + 
FET + + + 
ALA + + + 
HMEC + 
HS57BT(-dex) + 
HS57BT(+dex) + 

CarcB + 
PDV + 
SN161 + 
MKN7 + + 
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Figure 17. lmmunoprecipitation of AKAP350 
with anti-AKAP350A. Upper panel demonstrates 
anti-AKAP350 immunoreactive band from affinity 
purified polyclonal anti-AKAP350A from parietal 
cell cytosol (S=supernate, Vc=control void, V= 
antibody void, Ec=control elute where control is 
beads minus antibody). Lower panel demonstrates 
result of immuno-precipitation with anti-AKAP350A 
from Jurkat eel/lysate (V=void, E=elute). 
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to investigate the subcellular localization of C-terminal splice variants, polyclonal 

antibodies against each isoform were made using recombinant polyhistidine-tagged 

AKAP350A-(3513-3524), AKAP350B-(TSWQHHSARPTA), and AKAP350C

(SSHSHNVKDTIYINYSRG). To confirm the specificity of these antibodies, 

immunoprecipitation experiments were performed using rabbit parietal cell cytosol as well 

as Jurkat celllysates (Figure 17). Western blots confirm that anti-AKAP350A 

immunoprecipitates a 350 kDa band immunoreactive with the 14G2 monoclonal anti

AKAP350. Antibodies against AKAP350B and AKAP350C, however, did not adequately 

immunoprecipitate. This finding is not entirely surprising in that the 14G2 monoclonal also 

fails to immunoprecipitate AKAP350. These antibodies were then used to study 

localization of C-terminal splice variants by immunocytochemistry in a variety of cultured 

cells (Figure 18). Relatively higher levels of AKAP350 in human lymphoblasts have been 

previously documented (13), and thus we examined staining in the rapidly dividing Jurkat 

cell line. In these cells we observed colocalization of 14G2 anti-AKAP350 

immunoreactivity with staining from antibodies against each C-terminus: AKAP350A, -B, 

and -C. Unlike some cell types, Jurkats display a very large nuclear : cytoplasmic volume 

ratio and absence of non-centrosomal AKAP350. All 14G2 staining is localized to the 

centrosome which resides in a very tight perinuclear position. Some non-specific staining 

noted with the anti-AKAP350B polyclonal antibody was also seen with pre-immune serum 

and indicates a need for further affinity purification. Centrosomal colocalization with the 

14G2 staining as observed with anti-AKAP350A and -C, however, is apparent. 

Since previous characterizaiton of AKAP350 included description of both centrosomal 

and non-centrosomal distributions in some tissues, the HCA-7 colonic adenocarcinoma cell 

line was used to examine splice variant localization in polarized cells (Figure 19). Anti-



Figure 18. Distribution of anti-AKAP350A, -8, and 

-C immunoreactivity in Jurkat cells. The left 

column demonstrates staining with anti-AKAP350A, 

-8, or -C as indicated. Centrosomallocalization of 

immunoreactivity in each case is confirmed by co

localization with 14G2. Anti-AKAP350A was affinity 

purified for these experiments, whereas anti

AKAP350B and -C were unpurified serum. 
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AKAP350B and anti-AKAP350C again localized to the centrosome in these cells. Anti

AKAP350A, however, demonstrated a diffuse, multifocal, subapical staining pattern that 

excludes the centrosome. This particular staining pattern is similar to that seen in frozen 

sections from several rabbit tissues stained with 1402 (21). In Figure 19 the center of each 

panel displays a dividing cell for comparison with surrounding interphase cells. One 

notices a distinct loss of anti-AKAP350A staining in panel A. Anti-AKAP350B · 

immunoreactivity localizes to the spindle poles (panel B) as previously described for 1402. 

Interestingly we observed anti-AKAP350C staining only at M phase centrosomes as 

demonstrated in panel C. Surrounding interphase cells fail to show any appreciable level of 

anti-AKAP350C staining. This phenomenon indicates cell cycle phase-specific changes in 

expression of this isoform. 

Discussion 

Generation of protein diversity may be accomplished via selective expression (of a 

particular gene from a multigene family), DNA rearrangement, or alternative splicing. In 

the case of selective expression, generating various protein products implies the presence of 

a multigene family, where a particular trigger (e.g. a transcription factor) plays a role in 

selection of a unique genomic segment for transcription. The latter two mechanisms, 

however, make use of a single gene sequence for generation of multiple protein isoforms 

(27). One of the most well characterized examples of DNA rearrangement is found in VDJ 

recombination, where a limited number of V, D, and J exons are used to produce a wide 

variety of immunoglobulins. With the rapid progress in sequencing of the human genome, 

protein families generated by alternative splicing of an isolated gene sequence continue to 

become a more common finding. This mechanism facilitates generation of protein isoforms 

displaying extensive identity, except for the presence of 



Figure 19. Distribution of anti-AKAP350A, -B, and 

-C in HCA-7 cells. The left column demonstrates 

immunoreactivity of anti-AKAP350A, -8, or -C as 

indicated. y-tubu/in staining reveals the non

centrosomalloca/ization of anti-AKAP350A, but 

centrosomal co-localization with anti-AKAP350B and -

C. A m~totic cell-is present in the center of each field 

for comparison. anti-AKAP350A staining is 

conspicuously absent in the mitotic cell in the upper 

panel. Anti-AKAP3508 staining appears centrosomal 

in all cases. Anti-AKAP350C staining is limited to 

mitotic centrosomes. 
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unique domains. These specific regions, therefore, provide an opportunity for fine control 

of protein function (28). Alternative splicing has been found to influence an array of 

factors including protein localization, modulation of function or activity, determination of 

differential function, developmental regulation, RNA turnover, and translational efficiency 

(28). 

Several AKAPs have been characterized as members of multiply spliced protein families. 

As the function of AKAPs is to effectively pre-position the cAMP dependent protein kinase 

at various cell locations, one might initially surmise that alternative splicing in these 

proteins may direct localization of individual isoforrns. This in fact does seem to be the 

case for some AKAPs, most recently demonstrated for splice variants of the L-type calcium 

channel-associated AKAP18. A single exon coding 23 amino acids determines targeting 

of the AKAP18 to the apical membrane (AKAP18B). whereas absence of this exon results 

in targeting to lateral (AKAP18a) membrane in polarized epithelial cells (29). Additionally, 

absence of a lipid modification domain in the AKAP18y isoform results in cytosolic 

localization. The authors point out that such differential targeting adds yet another degree 

of specificity to cAMP mediated signaling. Another example of alternative splicing is 

found in the murine AKAP-KL family, where the role of six individual isoforms is less 

clear. As in the AKAP350 gene, alternative splicing generates variability at the C- and N-
' 

terminus of the protein. AKAP-KL isoforms are designated A or B according to presence 

or absence of a 124 residue N-terminal domain produced via selection of one of two 

possible translation start codons. Isoforms, both A and B, are further subdivided into three 

C-terminal splice variants. A 218 nucleotide deletion causes a frame shift, thereby coding a 

novel 6 amino acids and a stop codon truncating the original 90 C-terminal residues 

(AKAP-KL3). AKAP-KL2 isoforms are generated by excision of 13 codons, without 
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frame shift, resulting in a third novel C-terminus (30). Tissue specific expression of these 

isoforms is present, however, all appear to be localized to the sub-apical cytoskeleton in 

epithelium. This scenario implies some other role for alternative splicing in this protein 

family. One of the most well characterized examples of alternative splicing in AKAPs is 

found in the D-AKAP family. These proteins bind the amino terminus of both type I and 

type II regulatory subunits ofPKA. D-AKAPI, initially cloned from a mouse eDNA 

library, exists in four isoforms resulting from both an amino terminal and carboxyl terminal 

splice variant (31). Selective targeting of the D-AKAPl to either mitochondria or 

endoplasmic reticulum is determined by theN-terminal splice site. It is now known that 

multiple C-terminal splice variants exist in the mouse including D-AKAPla, S"AKAP84, 

AKAPIOO, and D-AKAPlc (AKAP121) (32). Alternative splicing in the D-AKAP family 

may have other roles beyond localization. The AKAP149, a splice variant of S-AKAP84, 

contains a KH domain RNA binding motif, suggesting a putative role in RNA processing 

(33). 

Co-localization of AKAP350 C-terminal splice variants at the centrosome in Jurkat cells 

would seem to indicate that in the case of AKAP350, splice variation exists for some 

reason other than targeting. However, the existence of additional AKAP350 splice variants 

for which localization has not been determined may refute this hypothesis. Data presented 

above suggests that in the case of some polarized cell types, such as HCA-7, alternative 

splicing of AKAP350 may in fact occur for the purpose of differential targeting. This is 

not an unreasonable finding in that yotiao, itself a C-terminal splice variant of the 

AKAP350 gene, is also targeted to a non-centrosomal structure, namely, the membrane 

bound NMDA receptor. Targeting of AKAP350 to non-centrosomal structures appears to 

be limited to the AKAP350A isoform, whereas AKAP350B and -C are localized to the 
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centrosome. Further experimentation, however, with GFP AKAP350B and -C transfected 

cells (not shown) has failed to demonstrate centrosomal targeting. This may be indicative 

of a dual component, non-adjacent targeting motif, only part of which may be included in 

our constructs. Another possibility is that a secondary structure requirement not 

reproduced in the GFP fusion protein may be responsible for lack of targeting. Another 

question remaining is the identity of the non-centrosomal target. Previous experiments 

with the anti-AKAP350 monoclonall4G2 antibody in a variety of tissue sections 

demonstrate immunoreactivity in a multifocal, subapical configuration. This pattern was 

particularly evident in epithelium of the gastrointestinal tract, bronchial epithelium, and 

ductus efferens. Further immunohistochemical studies with the polyclonal anti

AKAP350A antibody in conjunction with 14G2 should reveal if this subapical pool is 

AKAP350A isoform specific. It seems unlikely that the AKAP350A is targeted to the 

membrane or a membrane bound protein, as staining appears subapical rather than 

membranous. This does not rule out the possibility that the target may be subapical 

cytoskeleton or a local adapter protein. It is plausible that a scaffold protein could be 

involved in microtubule organization both at the centrosome as well as subapical regions of 

epithelial cells. This putative role for AKAP350 as a cytoskeletal associated protein is 

obviously not limited to rnicrotubules. Particularly in polarized epithelial cells, scaffolding 

of protein kinases and phosphatases may be an important asset in the ability to modulate 

actin cytoskeleton or intermediate filament dynamics. 

Finally one must consider that alternative splicing in AKAP350 may have different roles 

according to cell type. As described above, alternative splicing likely induces differential 

targeting in polarized epithelial cells, however, this is obviously not the case in Jurkat cells. 

In cell types such as human lymphoblasts (non-polarized), alternative splicing in the 
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AKAP350 C-terminus may exist for the purpose of ligand specificity. This prospect is 

suggested by the recent identification of unique ligands for individual AKAP350 C-terminal 

splice variants in yeast two hybrid screens (unpublished data). It is conceivable that 

various diffusible cytosolic signaling proteins may bind a particular C-terminus thereby 

becoming a substrate for an adjacent enzyme bound by the AKAP. 

In summary, we have further characterized alternative splicing in the AKAP350 gene. 

Depending on cell type, splice variants may target the centrosome or non-centrosomal 

structures. This indicates that multiple AKAP350 isoforms may exist for as yet 

undetermined purposes in addition to targeting. 
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CHAPTER 3 

A NOVEL TACC FAMILY MEMBER BINDS THE CENTROSOMAL 
SCAFFOLD PROTEIN AKAP350 

Abstract: AKAP350 has recently been characterized as a large multi-protein scaffold 

found at the centrosome in most eukaryotic cells. This signaling complex harbors a variety 

of kinases and phosphatases whose direct substrates have yet to be determined. In light of 

the fact that extensive alternative splicing occurs in the AKAP350 gene, generating multiple 

isoforms, we hypothesized that. additional enzymes and/or regulatory molecules may also 

be associated with this protein complex. A yeast two-hybrid screen of a rabbit parietal cell 

library using the final 2700 nucleotides of AKAP350A (human gastric) as bait, yielded a 

single positive clone with a length of 1259 base pairs and a complete 3-prime end. The 

isolated sequence revealed significant homology to both human and murine Transforming 

Acidic Coiled Coif-containing protein 3 (T ACC3), primarily limited to the region of the C

terminal coiled-coil region. Yeast binary assays with the AKAP350 bait failed to 

demonstrate any interaction with the known human T ACC clones. Additional binary 

assays substituting alternate splice variants AKAP350B and C for the bait also yielded no 

interaction with the target. By using truncations of the AKAP350A bait plasmid, we 

defined the final pair of arginine residues as necessary for the interaction. This gene is 

ubiquitously expressed at extremely low levels with a message size of approximately 2000 

base pairs. A green fluorescent protein fusion with the AKAP350 interacting protein 

(AKAPIP) transfected into MDCK cells revealed co-localization with the AKAP350 at the 

centrosome, exclusively during mitosis. In addition, injection of dividing sea urchin 

embryos with recombinant GST -AKAPIP consistently arrested cell division, whereas 
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GST injected control embryos continued to divide. These observations indicate that 

AKAPIP, likely a novel TACC family member, specifically interacts with one C-
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terminal splice variant of AKAP350 and may provide a signal required for mitotic cell cycle 

progression. 

Introduction 

Rapid-transmission of membrane initiated signals to appropriate intracellular targets 

is facilitated by signal compartmentalization. This concept provides definition of various 

cell domains allowing amplification of an initial, general second messenger response to a 

higher order of specificity. Since there are an extensive number of cAMP dependent 

signaling pathways operating simultaneously in the cell, stimulation of a single unique 

target at exactly the appropriate time is allowed by A-kinase Anchoring Proteins (AKAPs). 

By localizing the type II cAMP-dependent protein kinase (PKA) to a particular organelle or 

cytoskeletal element, AKAPs effectively pre-position the inactive enzyme at or near its 

eventual substrate, awaiting stimulation via cAMP. All AKAPs appear to have a common 

amphipathic alpha helical region which binds the regulatory subunits of the PKA 

heterotetramer (1). A unique targeting motif enables binding of the individual AKAP to its 

particular domain. 

Further organization in cell signaling is provided by the concept of AKAPs as 

protein scaffolds. The attatchrnent of two or more enzymes, typically protein kinases and 

phosphatases, cytoskeletal elements, or other regulatory molecules by a single protein 

forms a platform or "scaffold" for coordination of multiple events often directed at a 

specific physiologic process. AKAPs are by no means the only example of protein 

scaffolds. Others such as the InaD receptor in Drosophila and the Sterile5 complex in S. 

cerevisiae have been previously reviewed (2,3). AKAP75, isolated from bovine brain, and 



100 

its human homolog AKAP79 localize PKA, PKC, and protein phosphatase 2B (PP2B) 

also known as calcineurin (CaN) to post-synaptic densities ( 4,5). The specific role for 

each of these enzymes in this environment remains to be fully identified; however, it is 

obviously a strategic location for transmission and modulation of post-synaptic signals. 

AMPA-kainate responsive channels are known to be positively and negatively regulated by 

PKC and PP2B respectively. AKAP250, also known as Gravin, localizes both PKA and 

PKC to the membrane cytoskeleton and filopodia found in human erythroleukemia cells 

(6). Localization of regulatory elements to filopodia suggests a role in modulation of 

cytoskeletal rearrangement necessary for cell locomotion. Its submembrane locale also 

places it adjacent to transmembrane receptors which are likely regulated in part by PKA and 

PKC. More recent investigations of tbe yotiao scaffolding protein have revealed its 

essential role in tethering both PKA and the type 1 protein phosphatase (PP 1) to synaptic 

NMDA receptors (7). Demonstration of PP 1 suppression and PKA activation of NMDA 

receptor current upregulation defines the role of yotiao as a protein scaffold. 

The centrosome form~ yet another environment where both strucutural and 

functional organization of cell signaling are enhanced by protein scaffolds. This organelle 

plays a key role in botb mitotic spindle formation and microtubule nucleation, hosting a 

dense array of additional regulatory molecules. Recent studies have identified a single, 

multiply spliced gene from human chromosome 7q21 which generates multiple isoforms of 

a large protein scaffold with botb centrosomal and non-centrosomal variants. Tl:)e NMDA 

receptor- associated AKAP mentioned above known as yotiao is one of these splice 

variants. AKAP350, AKAP450, and CG-NAP have also been recently described as 

products of this same gene, localizing to the centrosome (8-10). AKAP350, initially 

described in rabbit as AKAP120, was first identified as an A-kinase anchoring protein 

( 11). Takahashi eta!. then identified CG-NAP as a ligand for the serine/threonine kinase 
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PKN, PP1, as well as the protein phosphatase 2A (PP2A) (10). Previous studies of the 

AKAP350 gene describe some of the regions of alternative splicing in this genomic 

segment (8). We have recently cloned additional splice variants in the 3-prime end of the 

AKAP350 gene (unpublished data), all apparently localizing to the centrosome. Alternative 

splicing has been observed in other AKAPs as well, typically directing variation in 

targeting of individual isoforms as in the case of D-AKAP1 and AKAP18 (12,13). We 

reasoned that the presence of multiple AKAP350 isoforms co localized at the centrosome 

might imply existence of a unique ligand for each C-terminal variant; therefore, we used the 

·.AKAP350A C-terminal fragment in a yeast two hybrid screen of a rabbit parietal cell 

library. This experiment led to identification of what appears to be a novel TACC family 

member interacting exclusively with the AKAP350A splice variant. 

Methods 

Materials- EGFP-C2 vector, Advantage Taq, and Marathon cloning kits were purchased 

from CLONTECH. All DNA sequencing was performed using dye terminator chemistry 

automated sequencing in the Molecular Biology Core Facility at the Medical College of 

Georgia. Oligonucleotides were also synthesized by the Molecular Biology Core Facility. 

Cy2-, Cy3-, and Cy5-conjugated secondary antibodies were purchased from Jackson 

ImmunoResearch Labs (West Grove, PA). Effectene transfection reagent was obtained 

from Qiagen (Valencia, CA). Prolong Antifade, 4' ,6-diamidino-2-phenylindole, and Alexa 

488-conjugated secondary antibodies were from Molecular Probes, Inc. (Eugene, OR). 

[a-32P]dCTP was purchased from NEN Life Science Products. 
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Yeast Two Hybrid Screening- A rabbit parietal cell two hybrid library was obtained from 

Stratagene (La Jolla, CA) and screened using the Clontech (Palo Alto, CA) Matchmaker 

protocol with the final2.7 kb of AKAP350A (human gastric clone) constructed in the 

binding domain vector pBDGal-4-Cam (Stratagene). TheY 190 yeast strain harboring the 

HIS3 and ~-galactosidase reporter genes was used for screening of approximately one 

milllion clones. A single positive clone was subcloned into the pADGal-4-Cam vector to 

generate Gal4 activation domain fusion proteins. Deletion constructs were tested for 

interaction in the yeast two hybrid assay by using HIS3 and (-gal as reporter genes. 

AKAP350 interacting protein was isolated from yeast (Clontech Matchmaker protocol) and 

transformed into XL-1 Blue E. Coli (Stratagene). DNA was prepared using Quiagen 

mini prep kits and the clone was sequenced by the MCG Molecular Biology Core 

Sequencing Facility. 

Western Blot Analysis- Sample extracts from cells and tissue were resolved by SDS

PAGE (3-10% gradient gels) and transferred for 2h at 750 rnA to nitrocellulose (0.22!!m) 

for subsequent Western blotting. Nitrocellulose blots were blocked with 5% nonfat dry 

milk in 25 mM Tris-HCl, pH 7.5, 150 mM NaCl for 16-24 hat 4 (C. Blots were then 

probed in 0.5% nonfat dry milk in 25mM Tris-HCl, pH 7 .5, 150 mM NaCl for 1h at room 

temperature with a monoclonal antibody against AKAP350 (14G2; 1:500). After the 

primary incubation, the blots were washed three times for 15 min each with 25 mM Tris

HCl, pH 7.5, 150 mM NaCl and then incubated with horseradish peroxidase-conjugated 

anti-mouse IgG (1 :2500) for 1 hat room temperature. The blots were finally washed three 

times for 15 min each with 25 mM Tris/HCl pH 7.5, 150 mM NaCl, and immunoreactivity 

was detected with chemiluminescence (Renaissance; NEN Life Science Products) and 

autoradiography. 
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Immunocytochemistry - MDCK cells were grown on glass coverslips to greater than 50% 

confluence and transfected with the Effectene reagent (Quiagen), removing complexes after 

4 hours and fixing after 24 to 36 hours. Cells were washed in PBS and briefly 

permeabilized in 1% Triton X-100, 45 mM Pipes, 45 mM Hepes, pH 6.9, 10 mM EGTA, 

5 mM MgC12, 0.5 mM AEBSF for 60 seconds at 4 C followed by fixation in -20 C 

methanol for 6 minutes. Cells were blocked with 17% donkey serum, 0.1% Tween-20 in 

PBS and then incubated simultaneously with 14G2 (1:30) and rabbit anti-y-tubulin (1:400) 

for 2 hours at room temperature. The cells were then simultaneously incubated with 

ALEXA-488-conjugated anti-mouse IgG and Cy5-conjugated anti-rabbit IgG for 60 min. 

Following washing in PBS the cells were incubated in DAPI (1 mM) for 5 min and washed 

in PBS. Coverslips were inverted and mounted with Prolong antifade. Cells were 

examined for triple labeling on a Zeiss Axiophot microscope. 

Parietal Cell Preparations - Isolated gastric glands and isolated parietal cells were prepared 

from New Zealand White rabbits as described previously (14). Subfractions of gastric 

parietal cells were prepared by sequential centrifugation of homogenates at 1000, 4000, 

15,000, and 100,000 x g to prepare four microsomal pellets and a final high speed 

supernatant fraction (15). 

Preparation of Recombinant Protein- AKAP350IP DNA was cloned into the pGEXS-1 

vector (Pharmacia) and transformed into E. Coli. A 1 L culture of pGEX5-l-AKAP350IP 

or empty pGEXS-1 was induced with lmM IPTG at OD600 = 0.5-0.8 and allowed to grow 

for 4 hours at 37 degrees C. Bacteria were collected via a 5000g spin for 15 minutes and 

the pellet was resuspended in 25 m1 of lysis buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 

100 mM NaCl, 0.1 mgfmllysozyme, benzamidine 5mM, and AEBSF 0.1 mM). The 
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lysate was sonicated on ice with 4 x 10 sec bursts. Triton X -100 was then added to a final 

1% and the mixture was nutated at 4 degrees C for 30 minutes. A 20,000 x g supernate 

was then collected with a 10 minute spin in Oak Ridge tubes and subsequently filtered 

through a 0.45 urn filter. This filtrate was then added to approximately 2 m1 of glutathione 

sepharose beads (Pharmacia) prepared by washing 2 times in 10 volumes PBS, 1 time in 

PBS 1% Triton, and 3 times in lysis buffer without Triton. This mixture was then nutated 

at 25 degrees C for 30 minutes. Void was removed with a 500 x g 5 minute spin and the 

beads were then washed 3 x 10 bead volumes of PBS followed by 1 wash in PBS 250 mM 

NaCI. Beads are then transferred to a 1.5 m1 Eppendorf tube and protein is eluted with 1 

bead volume of elution buffer (10 mM reduced glutathione, 50 mM Tris-HCl pH 8) for 10 

minutes at 25 degrees C. 

In vitro binding assay- 100 ul ofGST-AKAP350IP bound glutathione beads (prepared as 

above without elution step), GST bound glutathione beads, or glutathione beads were 

blocked in PBS-2mg/ml BSA at 4 degrees C for 2 hours. 1 m1 of parietal cell 100,000 x g 

supernate was then added to each aliquot of beads and the mixture was nutated at 4 degrees 

C for 4 hours. Voids were collected and placed in 3X SDS stop, heated at 95 degrees C 

for 5 minutes and added 1/10 final volume of ~-mercaptoethanol. Beads were washed 3 x 

1 ml PBS and added to 1.5X SDS stop. Samples were heated at 100 degrees C for 15 

minutes, beads were pelleted at 500 x g for 5 minutes and removed. ~-mercaptoethanol 

was added to 1110 final volume. 

Preparation of Sea Urchin Eggs- Adult Leytechinus pictus obtained from Marin us (Long 

Beach, CA) were injected with 0.5M potassium chloride to stimulate secretion of eggs or 

sperm. Sperm was collected dry. Artificial Sea Water (ASW) was prepared by dissolving 
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Instant Ocean (Aquarium Systems, Mentor, OH) per the manufacturer's directions and 

adjusting the osmolarity to 1000 ± lOmosM and pH 8. Eggs were collected in artificial sea 

water, dejellied by several passes through Nitex mesh, and washed three times in ASW at 

12 degrees C. 50 mm culture dishes were coated with 20 111 of 0.1 mg/ml poly-L-lysine 

for 60 seconds and washed thoroughly with distilled water. Washed eggs were theri added 

to approximately 500 Ill of sea water in the culture dish and allowed to settle and adhere 

(approximately 1 minute). Non-adherent eggs were then carefully washed away with 

ASW. 2111 of collected sperm was diluted 1:50 in sea water and 100 Ill was then added to 

the culture dish. Embryos were allowed to progress to the two cell stage (approximately 2-

2.5 hours) at 16 degrees C. 

Egg Injection- Embryos were injected using the Eppendorf Transjector 5246 in 

combination with a Zeiss Axiophot microscope and fluorescent I DIC imaging. Fluorescein 

dextran (Molecular Probes; Eugene, OR) was diluted in recombinant GST-AKAP350IP or 

GST. This mixture was then loaded into a sterile Eppendorf Femptotip micropipette. 

Images were captured using a cooled charge-coupled device camera (Photometries, Sensys) 

with X40 1.0 numerical aperture objective. 

Results 

Yeast two hybrid screening of the Hybrizap adult rabbit parietal cell library with the 

last 2.7 kb of AKAP350A (human gastric AKAP350) yielded a single positive clone of 

1259 base pairs including a 3-prime poly-A tail and an incomplete 5-prime end (Figure 20). 
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ACG AGG GGT GCG GGG CCT GTG GCT GCC GAG CCC TCG CCC CCG AGC CAG CAG CCG TGT GTG 
T R G A G P V A A E P S P P S Q Q P C V 
GCT TTG GTG GGC GAC GCA CCT GAG GTA CAG ACG GTG GCC GAG ACC CCA GGA CCA GGA GAC 
A L V G D A P E V Q T V A E T P G P G D 
GAG CAG GGA ACC CGG GAG TCC CCC AGC ACG CCG ACG CCC AGG AGC TGT CCG GGC AGG GGG 
E Q G T R E S P S T P T P R S C P G R G 
CCT GTG GCC CTG GAG CTG GAG GAG GAG AGC TTC AGA GAC CCC GCC GAG GTC CTA GGC ACG 
P V A L E L E E E s F R D P A E V L G T 
GGG GCC GAG ATC GAT TAC CTG GAG CAG TTC GGG ACC TCC TCG TTC AAG GAG TCG GCC CTG 
G A E I D Y L E Q F G T S S F K E S A L 
AGG AAG CAG TCC CTG TAC CTG AAG TTC GAT CCT CTC CTG AGA GAG AGT CCT GTG CGA CTC 
R K Q S L Y L K F D P L L R D S P V R L 
GTG CCG CTG GCC ACG GCC GCT GAG GCG GAC AGC ACG CAG GTC GCC GCT GAG CCC TCG GGG 
V P L A T A A E A 0 S T Q V A A E P S G 
GGC CCC CTG GAC ACG CTG CTC GTG GAC CTG GAC CTC GGG GGA GCC CTG CCT GTC CCT GTG 
G P L 0 T L L V 0 L D L G G A L P V P V 
AGC GCG TCG GGC CCC CTG GAG CCG CAG GTG CCG GCC CAA CCC CTG TGT ATC CTG GAG CCC 
S A S G P L E P Q V P A , Q P L C I L E P 
AGC TGT CCA CCC CTG CCC GTG GGG CCC ATC GTG GAC GTG CTG CGG TAC AGC CAG CGA GAC 
S C P p L P V G P I V 0 V L .R Y S Q R D 
CTG GAC GCC GCA GTG CAG GCG GCA CAG CAG GAG AAC CTG GAG CTG AGG AGC CGG TGT GAG 
L 0 A A V Q A A Q Q E N L E L R S R C E 
GAG CTC CAC ACC AAG AAC CTG GAG ATG GGG AAG ATC ATG GAC GGG TTT GAG GGG ATC GTG 
E L H T K N L E M G K I M D G F E G I V 
TAC CAG GCG ATG GAG GAG GTC CAG AGG CAG AAG GAG GCT GCC AGA GCG GAA GTG CAG AAG 
Y Q A M E E V Q R Q K E A A R A E V Q K 
GTC CTG AAG GAC AGG GAG CAG CTC GCC GCG GAC CTG AGC TCC ACG GAG AAG TCC TTC TCC 
V L K D R E Q L A A D L S S T E K S F S 
GAC CTC TTC AAG CGC TTC GAG AAG CAG AAG GAG GTG ATC GGC GGC TAC CGC AAG AAC GAG 
D L F K R F E K Q K E V I G G Y R K N E 
GAG TCG CTG AAG AAG TGC GTG GAG GAC TAC GCG GCG CGG GTG GAG AAG GAG GCC CAG AGG 
E S L K K C V E D Y A A R V E K E A Q R 
TAC CAG GCG CTG AAG GCC CAC GCG GAG GAG AAG CTC AAG CTG GCG AGC GAG GAG ATC GCC 
Y Q A L K A H A E E K L K L A S E E I A 
CAG GTC CGC AGC AAG GCC CAG GCG GAG GCC CTG GCC TTC CAG GCG AGC ATG AGG AAG GCG 
Q V R S K A Q A E A L A F Q A S M R K A 
CAG ATG CAG ATC CAG TCG CTG GAG AAG ACC GTG GAG CAG AAG GTG AAG GAG AAC GAG GAG 
Q M Q I Q S L E K T V E Q K V K E N E E 
CTG ACG CGG ATC TGC GAC GAC CTC ATC TCC AAG ATG GAG AAG ATC TGA GCT CGC TGC TGC 
L T R I C 0 0 L I S K M E K I * A R C C 
TTT CAG CCG CTC TCT TTG GCT GCT GAA TAA AGT TCC CCT TAG GCT GCA AAA AAA AAA AA 
F Q P L S L A A E * 

Figure 20. Partial nucleotide sequence and amino acid 
sequence for AKAP350 interacting protein. 
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Careful examination of the protein sequence reveals a predicted coiled-coil region 

encompassing the entire C-terminal half of the molecule. This region is also punctuated by 

two 28 amino acid alpha amphipathic regions as well. BLAST search of available public 

databases with this novel sequence finds significant identity with two members of the 

TACC (Transforming Acidic Coiled-coil Containing protein) gene family. The 

AKAP350IP demonstrates 88% identity with human and 83% identity with murine C

terminal regions of TACC3. Since this novel protein binds a large scaffolding protein 

(AKAP350) which harbors multiple kinases and phosphatases, we identified numerous 

potential sites for phosphorylation. As a ligand for an A-kinase anchoring protein, it seems 

appropriate that a predicted cAMP dependent protein kinase phosphorylation site (RKQS) 

is present at residue I 0 I. This sequence also contains numerous consensus sites for 

protein kinase C and casein kinase II phosphorylation, and includes a single C-terminal 

tyrosine phosphorylation site. 

The alignment of the novel AKAP350 interacting protein, human and murine 

• TACC3 is shown in Figure 21. Clearly, the majority of existent homology is found in the 

C-terminal portion of the AKAP350-IP sequence. One may also notice the result of 

apparent insertion of a single large exon, 996 nucleotides in human TACC3 (16) that is not 

found in the murine TACC3. The corresponding region appears to be missing, for the 

most part, from the rabbit AKAP350-IP as well. Like the TACC family members, theN

terminal AKAP350-IP sequence outside the coiled-coil domain is rich in serine and proline 

residues. Also like the TACC family members, the AKAP350-IP peptide sequence has an 

acidic isoelectric point of 4.8. 

We took advantage of the existence of multiple AKAP350 C-terminal splice 

variants, all of which are products of the same gene, in order to map the interaction 
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Figure 21. Alignment of amino acid sequence for AKAP-
350 IP, human TACC3, and mouse TACC3. Gray defines 
regions of identity. 
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between the AKAP350~IP and the AKAP350 C-terminal bait. AKAP350B denotes the 

AKAP350 clone initially isolated from human lung eDNA with a slightly longer sequence 

(18 amino acids). AKAP350C, a third C-terminal splice, is the result of a an early stop 

codon, truncating approximately the last 1000 base pairs of AKAP350A. Each of these 

ends was amplified by PCR from the same start site as the original AKAP350A bait 

fragment, and cloned into pBDGal-4-Cam binding domain vector. Binary assays were 

performed by co-transformation of the AKAP350-IP target in pADGal-4-Cam and one of 

the AKAP350 C-terminal splice variants. Only the AKAP350A bait plasmid yielded an 

interaction. This narrowed the binding region in the AKAP350 sequence to the final12 

amino acids. Upon truncation of the pair of arginine residues at AKAP350A(3529), 

interaction with the AKAP350-IP was lost. The levels of sequence identity with human and 

murine T ACC3 suggested that this novel clone may simply be the rabbit version of 

TACC3. In order to address this possibility, clones for human TACCl, 2, and 3 in the 

pACT activation domain vector were also tested in binary assays with the AKAP350A bait. 

None yielded a detectable interaction. The AKAP350IP sequence was amplified by PCR 

from nucleotide 1 to 516 and from 516 to 1259 (end). These fragments were cloned into 

pADGal-4-Cam for binary assays with the original AKAP350A bait plasmid (Figure 22). 

Nucleotide 516 was chosen since this location approximately marks the transition from the 

unique 5-prime portion of the sequence to the 3-prime coiled-coil domain. AKAP350-

IP(l-515) failed to interact with the AKAP350A bait, while the interaction was preserved 

in the 516-end fragment. Two additional truncations were constructed, narrowing the 

putative binding region to a short segment from amino acid 188 to 278. 

In vitro binding assays were performed using a recombinant glutathione-S

transferase AKAP350-IP fusion protein attached to glutathione sepharose for the purpose 

of biochemical confirmation of the interaction observed in yeast. A 100,000 x g parietal 



Figure 22. Yeast two-hybrid binary assays map 

AKAP350-IP interaction with AKAP350. A series of 

amino- or carboxyl-terminal truncations of the 

AKAP350-/P nucleotide sequence were cloned into 

the pADGai-4-Cam vector to test interaction with the 

AKAP350 binding domain construct in yeast. These 

experiments mapped the interaction to a region of 

AKAP350-IP between amino acids 188 and 278. 
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cell supernate was added to glutathione beads alone, GST -glutathione beads, or GST

AKAP350-IP glutathione beads. Eluted protein samples were then subjected to SDS

PAGE and western blotting with 14G2 anti-AKAP350 monoclonal antibody (Figure 23). 

The 350 kDa immunoreactive band indicates that GST-AKAP350-IP specifically bound 

AKAP350, thus confirming the yeast two hybrid result. 

Immunocytochemistry in a variety of cell lines transfected with a GFP-AKAP350-

IP fusion protein allowed localization of this interaction. AKAP350 has been previously 

described at the centrosome throughout the stages of the cell cycle. In MDCK cells 

cultured and transfected on glass coverslips, GFP-AKAP350-IP displays a multifocal, 

cytosolic pattern in interphase cells. During mitosis, however, colocalization with 

centrosomal AKAP350 is observed (Figure 24). 

The centrosome and many of its resident proteins are known to play a key role in 

microtubule nucleation and mitotic spindle formation. Although AKAP350 is a known 

centrosomal protein, its function beyond scaffolding kinases and phosphatases has yet to 

be determined. Since immunocytochemistry experiments suggest that interaction between 

AKAP350 and the novel AKAP350-IP may be important in and/or limited to mitosis, we 

chose to examine this possibility further in dividing sea urchin embryos. In a separate set 

of experiments, injection of anti-AKAP350 monoclonal antibody or recombinant 

AKAP350 protein fragments had no effect on dividing sea urchin embryos (unpublished 

data). Injection of the GST-AKAP350-IP fusion protein, however, into one half of a two

cell stage embryo caused division to arrest, while the non-injected half progressed (Figure 

25). As a control, recombinant GST protein was similarly injected and all embryos 

continued normal division. 
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Figure 23. GST-AKAP350-IP interacts with 
AKAP350 in parietal cell cytosol. 100, OOOxg 
parietal cell supernate (S) was added to gluta
thione beads alone (c), glutathione beads fused 
to GST (g), or glutathione beads fused to 
GST-AKAP350-IP (i). Void (V) and Elution (E) 
are shown for each. 



Figure 24. GFP-AKAPIP co-localizes with 

AKAP350 at the centrosome but not the midbody 

during mitosis in MDCK cells. The AKAP350 

interacting protein sequence was cloned into the 

EGFP-C2 vector and transient transfection was 

performed into MOCK cells in culture. Co-localization 

with AKAP350 as well as the centrosome was 

obseryed by 14G2 immunoreactivity. DAPI staining 

allowed tracking of DNA and definition of stages of 

mitosis. 
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Discussion 

In this study we have identified a novel T ACC family member which interacts with 

AKAP350 in a cell cycle dependent manner. Discovery of yet another protein-protein 

interaction further defines the role of this large centrosomal scaffold as a signal complex 

which appears to have some influence on cell division. Previous studies of this protein 

have determined its association with a number of enzymes including PKA, PPl, PKN, and 

PP2a. Functional relationships involving AKAP350 and its multiple ligands as well as the 

surrounding environment, however, remain unclear. The classical definition of A-kinase 

anchoring proteins involves, as the name aptly suggests, anchoring, or binding, of the 

PKA to a substrate, thereby targeting the cAMP response to a unique domain. Our study 

of AKAP350 is confounded by the nature of this domain, in that the centrosome is known 

to be a complex environment composed of numerous resident proteins and cytoskeleton. 

Dissection of protein-protein interactions in this environment is also made more difficult in 

that it is a highly regulated cell domain, where multiple key signaling events must take place 

in a carefully orchestrated fashion. Centrosomes play a role in a number of cellular 

functions such as microtubule nucleation, spindle formation, proteolysis, morphology 

determination, nuclear signaling, and vessicle trafficking. Therefore, the enzymes and 

other ligands of AKAP350 could participate in any one of these pathways. Thus the 

question remains: what is the substrate for PKA in this particular domain? We may look to 

the elegant studies of the yotiao protein for one possible scenario. At the NMDA receptor 

subunit, the yotiao protein scaffold harbors PKA and PP 1 which cooperate for the unified 

purpose of modulating channel activity. Likewise, protein kinases and phosphatases 

anchored at a large centrosomal scaffold may coordinate opposite signals as an on/off 

switch for a single event or process. Collection of these regulatory enzymes by the 

scaffold provides for tight regulation and may effectively filter noise from a specific control 



Figure 25. Microinjection of sea urchin embryos 

with GST-AKAPIP arrests division. The nucleotide 

sequence for the AKAP350 interacting protein was 

cloned into the pGEX5-1 vector allowing purification 

of recombinant fusion protein of glutathione-s-

. transferase and the AKAPIP. Sea urchin embryos 

were fertilized and allowed to progress to the two cell 

stage at which time one cell was injected with GST

AKAPIP (A). In control experiments, embryos at the 

same stage were injected with GST alone (8). In 

each arm of the experiment the non-injected cell of 

the two-cell stage embryo acts as an internal control. 

Injected embryos were visualized via fluorescein 

·dextran. 
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pathway. Another scenario might be that all or at least some enzymes bound by AKAP350 

may each influence a distinct, unrelated event. It is conceivable that kinases and 

phosphatases could even be paired such that n/2 events are regulated where n is the number 

of catalytic enzymes anchored. Alternatively, a single phosphatase may regulate two or 

more kinases to influence a single event. These are just a few of numerous possible 

scenarios. The idea of these enzymes functioning independently suggests existence of 

additional ligands of AKAP350, functioning either as co-factors, adaptor molecules, or 

substrates. A third possibility is that the AKAP350 complex is analagous to the role of the 

Ste5p complex in the yeast pheromone mating response (3). In this scenario each enzyme 

in the complex would be sequentially activated by the previous component of a common 

pathway. This process would likely involve additional AKAP binding proteins to facilitate 

signal transmission along the scaffold. As in the case of Ste5p, dimerization of the 

AKAP350 protein might also promote kinase/phosphatase activation. In fact, existence of 

a very large AKAP350 containing complex has been documented in some polarized cells 

where molecular seiving column chromatography projects a size of 2-3 million daltons 

(Schmidt and Goldenring, unpublished data). 

This novel AKAP350 interacting protein is the sixth member of the T ACC gene 

family described in the literature. Although the function of TACC gene products remains 

unclear, three human family members have been identified (TACC1,2,3) as well as murine 

T ACC3 and most recently, the D-TACC protein from Drosophila ( 16-18). TACC family 

members were initially identified as genes overexpressed in human cancers. TACCl and 2 

were localized to breast cancer amplicons from human genomic 8p 11 and 1 Oq26 

respectively. Likewise, TACC3 was mapped to 4p16, a region incorporating frequent 

translocation breakpoints in multiple myeloma. T ACCs I, 2, and 3 are each mapped close 

to the corresponding Fibroblast Growth Factor receptor gene (FGFRl, 2, and 3) in human 
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genomic sequence, indicative of an ancestral gene linkage (16). The name, transforming 

,acidic coiled coil-containing protein, sterns from the fact that each family member contains 

significant amounts of acidic residues and a homologous C-terminal coiled coil domain. In 

addition, transfection of mouse fibroblasts with T ACC 1 containing plasmid resulted in a 

transformed phenotype (17). A number of factors suggest that the AKAP350 interacting 

protein is a novel TACC family member. Certainly, the shared homology with C-terminal 

coiled coil regions of other TACCs and the unique N-terminal region are indicative of a 

TACC protein. A putative tyrosine phosphorylation site, common to TACCs 1-3 is also 

found in the C-terminal region of the AKAP350 interacting protein. Like other TACC 

family members, this novel protein also displays enrichment in serine and proline residues 

in theN-terminal half of the sequence. Given the homology of this protein with TACC3, 

one must entertain the possibility that this is merely a rabbit clone of this previously 

characterized family member. Two factors, however, suggest that this is not the case. 

First, human and murine T ACC3 demonstrate significant homology even in the first 200 

nucleotides. Alignment of the AKAP350 interacting protein,however, reveals homology 

with these two sequences that is limited to the C-terminal coiled coil domain. Second, a 

yeast two hybrid binary assay with activation domain plasmid containing human TACC3 

failed to interact with the human AKAP350A C-terminus. The validity of this result is 

obviously dependent on the possibility that the binding site in rabbit TACC3 may be 

somewhat different from human TACC3. When all data is taken into account, however, it 

seems more likely that this protein is in fact a novel T ACC family member. Confirmation 

of mapping the gene to human or rabbit genomic sequence adjacent to the FGFR4 coding 

region would be required for the naming ofT ACC4. 

Without specific knowledge of the function ofTACC family members, it is difficult 

to assess the purpose of their interaction with other proteins. Initial data from Still and 
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colleagues indicate that each of these T ACCs are candidate proto-oncogenes. All are found 

in regions of amplification or genomic instability in cancer cell lines. T ACC 1 appears to 

induce a transformed phenotype when overexpressed. Additionally, TACCs I and 3 are 

upregulated transiently during embryogenesis, suggesting a role in growth and 

differentiation (16). More recent evidence is found in a study of the centrosomal D-TACC 

protein found in Drosophila . The authors demonstrate that disturbance of D-TACC via 
' 

mutation or antibody injection induces abnormal spindle formation, chromosomal 

missegregation and early embryonic demise in Drosophila embryos (18). Similar results 

described above for AKAP350 interacting protein injection in sea urchin embryos are likely 

attributable to the same mechanism. This data then implies that some interaction between 

AKAP350 and the novel TACC protein may be essential for proper spindle assembly. 

Unfortunately, this is a complex process, requiring recruitment of several proteins, 

centrosomal replication, and extensive microtubule rearrangement. Obviously any one of 

these steps may require catalytic enzymes or other ligands from a centrosomal scaffold. 

Centrosome and spindle defects have been well documented in the recent literature for a 

variety of tumor specimens, illustrating the effects of lost regulation in this process ( 19-

24). One putative effector, well studied in breast carcinoma, is the 

aurora2/STK14/BTAKIIPL1 family of serine/threonine kinases known to be involved in 

normal chromosome segregation (23,25-27). Overexpression of this centrosome 

associated kinase was observed in a variety of human tumors, and ectopic expression of 

STK15 in fibroblasts caused centrosome amplification, transformation and aneuploidy. 

Likewise, proper spindle formation may require a signal from a TACC protein, either 

directly or indirectly, that is phosphorylation state specific. This hypothesis suggests that 

recruitment of the rabbit TACC to the AKAP350 protein at mitosis may then allow 

phosphorylation/dephosphorylation of the TACC or a second T ACC binding protein via 

PKA or PP2A. The resulting state change would then provide signal transmission to the 
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next step in the sequence of spindle assembly. Further studies will be required to 

determine changes in phosphorylation state and possibly verify a role for the rabbit TACC 

in spindle assembly. 

As we learn more about both catalytic and non-catalytic ligands of AKAP350, its 

specific function(s) in centrosome associated physiology should be discovered. It is not 

unreasonable to believe that the AKAP350 protein scaffold itself may form some essential 

mechanical interaction at the centrosome, as well as harboring other proteins. The 

existence of multiple C-terminal splice variants of this protein, all localized to tbe 

centrosome, suggests a unique ligand for each isotype. In this study we have confirmed 

the existence of one such protein, a novel TACC family member, interacting with only one 

AKAP350 C-terminus. Since tbis interaction appears to be transient, occurring only in 

mitosis, the AKAP350 C-terminus may function as a docking station for cytosolic proteins. 

A specific interaction between a ligand and a particular splice variant product might occur 

for the purpose of phosphorylation/dephosphorylation, conformational change, or adapter 

protein binding. Once modified in some way, these ligands would then depart from the 

protein scaffold. Therefore, tbe search for other ligands of the AKAP350 C-terminus 

should continue. 
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CONCLUSION 

A-kinase anchoring proteins are now recognized as a key component in the process 

of compartmentalization of intracellular signals mediated by cAMP. By targeting several 

enzymes to a specific site, these scaffolding proteins provide multiple levels of regulation 

for a given adjacent substrate. In the above studies initial cloning and characterization of 

the 350 kDa AKAP is described in terms of both centrosomal and non-centrosomal 

distributions. Tissue specific patterns of this distribution were characterized via 

immunohistochemical studies of a number of samples from rabbit. Immunocytochemistry 

allowed preliminary definition of AKAP350 distribution during the cell cycle as well. In the 

process of cloning the AKAP350 gene, exons were identified spanning over 200,000 base 

pairs of genomic DNA from human chromosome 7q21, and several regions of alternative 

splicing were identified. These include a major region of splicing near the 5-prime end 

where yotiao, AKAP350, or a rabbit AKAP350 with a single exon deletion may be 

formed. In addition, multiple splice variants have been identified from the 3-prime end of 

AKAP350. It is interesting that three independent laboratories have published their results 

in cloning of this same gene; all groups cloned the same C-terminal coding region, 

however, there is some disagreement in the composition of the 5-prime start site. This 

controversy too may be the result ofN-terminal splice variants. Since A-kinase anchoring 

proteins are known to form a protein family where multiple splicing often dictates 

differential targeting of isoforms, polyclonal antibody development and characterization 

revealed that the same appears true for AKAP350. It is also apparent, however, that 

targeting of AKAP350 C-terminal splice variants is variable m;nong different cell types. 
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The fact that greater than one AKAP350 isoform exists at the centrosome indicates that 

alternative splicing in the C-terminus has an as yet unknown function. For this reason we 

chose to search for additional ligands of this protein scaffold that may be specific for 

individual C-terminal splice variants. This led to identification of a novel AKAP350 

interacting protein, specific for binding only the AKAP350A variant. Careful sequence 

analysis led to the finding that this novel protein also appears to be a novel member of the 

TACC gene family. Biochemical confirmation of this interaction was achieved by eluting 

the AKAP350 from a GST-AKAPIP fusion protein column. Further mapping studies 

using the yeast two hybrid binary assay localized the region of interaction to the C-terminal 

coiled-coil domain of the AKAPIP, and the final pair of arginine residues in the 

AKAP350A C-terminal tail. Finally, the influence of this novel T ACC protein on the 

mitotic apparatus was implied by arrested division of sea urchin embryos injected with 

GST-AKAPIP. 

As is the case with many novel proteins, early studies usually breed as many 

questions as they answer. This is obviously the case for AKAP350 as well. It is now 

apparent that many AKAPs will be defmed as scaffolding proteins for multiple catalytic 

enzymes. In the case of AKAP350/450/CG-NAP, Dr. Ono and colleagues observed not 

only PKA, but also PKN, PPl, and PP2A bound to the scaffold. Although the number of 

enzymes bound to the protein suggests a role in multiple regulatory pathways, or sequential 

steps of a single pathway, the substrates for these enzymes remain unknown. This leaves 

the question of why the protein kinase A is anchored at the centrosome in the hands of 

future investigators. The logical choices would be involvement in the two primary 

functions of centrosomes, namely, microtubule nucleation and spindle pole formation in 

mitosis. Other possibilities include modulation of other mitotic regulatory proteins, 

transcription factors, the centrosome cycle of replication, or proteins involved in vessicle 
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trafficking. Some clues to possible roles for AKAP350 are found in several studies in 
( 

which investigators have attempted to localize the effects of cAMP or a specific isoform of 

PKA to particular phases of the cell cycle. Measurement of global cAMP and PKA levels 

in cycling Xenopus extracts revealed that the concentration of cAMP and PKA activity both 

decrease at onset of mitosis and increase at the mitosis to interphase transition ( 1). Of 

course this may not necessarily correlate with PKA activation at the AKAP350. In cycling 

Xenopus cell extracts, use of the PKA inhibitor (PKI) caused abbreviation of interphase 

and early onset of mitosis. Prolonging the effects of PKA by addition of 8-Br-cAMP 

prolonged interphase, delaying the onset of mitosis. This study also proposed the 

existence of a PKA stimulated serine/threonine phosphatase which dephosphorylates 

cdc25. The activity of the cdc25, itself a phosphatase modulating cdc2 activation, 

correlates with its degree of phosphorylation. By inhibiting cdc25, PKA also inhibits 

activation of the maturation promoting factor p34cdc2, delaying the onset of mitosis (1). A 

second study also using Xenopus oocyte extracts found that inhibition of PKA by addition 

of GST -RII caused cells to arrest before mitosis (2). Depletion of the inhibitor and 

reactivation of PKA by cAMP addition allowed cells to continue through mitosis. Addition 

of cyclin B activated PKA which was followed by degradation of cyclin B-cdc2. The 

conclusion was that exit from mitosis requires mitosis-promoting factor activation of PKA. 

Since there is yet no evidence that AKAP350 binds the Type I cAMP dependent protein 

kinase, studies of PKA regulatory subunits may also provide important clues. The 

Bornens laboratory identified both RIIalpha and beta at the centrosome in vivo, and in 

isolated centrosomes (3). Both can be phosphorylated by the p34cdc2 kinase, thereby 

decreasing their affinity for binding the catalytic subunit of PKA. This becomes important 

in light of their observation that centrosomal RII immunolocalization leaves the Golgi

centrosomal area at the metaphase-anaphase transition (4). Other studies have implicated 

cAMP and PKA aciivation in cell cycle progression via exit from mitosis or entry into G 1 
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through promotil;m of p27k1
"

1 thereby inhibiting the cyclin D-cdk4 complex (5). Finally, 

Kotani and colleagues demonstrated that PKA is responsible for phosphorylation and 

subsequent inhibition of the anaphase promoting complex (APC) (6). Since the APC is a 

ubiquitin ligase regulating metaphase to anaphase transition, its inhibition by PKA may be 

the means of allowing exit from mitosis. Therefore a number of possibilities exist for 

involvement of the AKAP350 anchored PKA in mitotic progression. 

A significant body of research has been conducted regarding the relevance of tbe 

centrosome and its associated proteins in spindle pole formatimi and the surrounding 

microtubule dynamics. This field was fueled by evidence from Mitchison and Kirschner in 

1984 that centrosomes have the ability to nucleate microtubules in vitro (7). The fact that 

dividing animal cell spindle poles are anchored by centrosomes, therefore, bred the idea of 

the centrosome as a microtubule organizing center, responsible for spindle formation. 

Since that time a wealth of data has been uncovered regarding ultrastructural 

characterization of the environment immediately surrounding the centrosome and the 

affiliated regulatory proteins involved in local microtul;lllle dynamics and cell cycle 

progression (8). Much of this data has been acquired in the Xenopus and S. Cerevisiae 

systems, particularly in identification of proteins in the yeast spindle pole body (9). The 

Doxsey laboratory has recently found that the integral centrosome proteins pericentrin and 

garnma-tubulin form a protein complex and are organized into a lattice structure 

surrounding the centrosome that disassembles at exit from mitosis ( 1 0). Since these two· 

proteins are known to be important in microtubule nucleation , the lattice may form a 

mitosis specific platform for microtubule organization around the spindle pole which 

subsequently breaks down once cell division nears completion. Careful analysis of the 

role, if any, for AKAP350 in this process can be performed. This will require antibody 

staining techniques in large dividing embryos and embryo extracts. Unfortunately, 
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preliminary studies in our laboratory with injection of antibodies and small peptides has 

yielded no gross defects such as arrest of mitosis; however, detailed immunocytochemical 

analysis of these injected embryos may yield important information. A number of cancer 

cell lines have been ascribed centrosomal hypertrophy with resultant spindle pole defects. 

Does the AKAP350 expression change as a result of, or as a contribution toward this 

phenomenon? In addition it will be interesting to ultimately overexpress the full length 

AKAP350 and possibly observe changes in cell cycle progression, microtubule nucleation, 

and spindle assembly. Likewise, studies of localization of AKAP350 to the centrosome 

presented here have only scratched the surface of its structural characterization and relativity 

to the surrounding environment. Both immunogold electron microscopy and high 

resolution confocal microscopy with deconvolution, for which preliminary studies have 

been done, will be useful in determining whether AKAP350 binds directly to the 

centrosome or exists as a component of the pericentriolar matrix. Another question 

remaining in the AKAP350 saga is the mysterious localization of anti-AKAP350 

immunoreactivity to the midbody in the region of the cleavage furrow of dividing cells. 

The AKAP350 labeled in the midbody also seems to be dissociated from the PKA 

regulatory subunit (type II), for which no staining has been recorded. Some investigators 

have suggested that the midbody functions as a waste basket for some select cell cycle

associated proteins that are discarded and regenerated for each round of division. This 

hypothesis is supported by the fact that AKAP350 is only seen in this location after 

metaphase to anaphase transition. If this is in fact the case for AKAP350, does this finding 

not all but implicate AKAP350 as a player in cell cycle regulation? Another possibility is 

that the AKAP350 in the midbody is required for some function independent of PKA, since 

this large protein scaffold obviously harbors multiple catalytic enzymes. Further 

investigation will be required to rule out the prospect that the AKAP, or ?ne of its binding 
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proteins, is involved in the dynamics ofthe contractile ring, perhaps promoting completion 

of cytokinesis at the end of telophase. 

Application of additional techniques in imaging will be key to evaluating further the 

asymmetric segregation of the AKAP350 (recognized by the 14G2 monoclonal antibody) 

between the two centrioles. This appears to be a very consistent finding in some cell types 

(MDCK cells) and is likely important with respect to at least one function of this AKAP. 

Production of a GFP construct whose targeting to the centrosome mimics signals seen with 

the AKAP antibody would allow live cell imaging to track changes in this distribution 

through the cell cycle. It is likely that AKAP350 preferentially targets either the mother or 

the daughter centriole (the pair of which makes up each centrosome) indicating a possible 

role in the centrosome duplication cycle. As in the case of spindle formation, the 

centrosome duplication cycle also has its own set of regulatory proteins responsible for 

directing centrosomal replication. The polo-like kinase and NIMA-related kinase 2 have 

both been implicated in this process (II). There is evidence from Xenopus embryos that 

this cycle proceeds as usual even in the absence of normal cell cycle induced by 

cycloheximide (12). InS. Cerevisiae the CDC4 and CDC34 ubiquitin ligase components 

have been identified as candidates causing proteolysis of other regulatory factors and 

allowing centriolar separation and subsequent centrosome duplication (13). A number of 

theories exist as to the means by which centrosome separation occurs in prophase. These 

include interactions between astral microtubules, nuclear envelope and opposing forces 

mediated by both plus and minus end directed microtubule dependent motors and 

cyclin/cdk2 kinase activity (14,15). PKA anchored by AKAP350 at the mother or daughter 

centriole could play a role in any one of these pathways. 
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The initial body of data presented here characterizes AKAP350 as divisible by at 

least two compartments: centrosomal and non-centrosomal. This concept also provides 

fertile ground for future study dedicated to determining specificities of what may be two 

distinct species of AKAP350. This may be yet another classic example of alternative 

splicing in AKAPs for the purpose of differential targeting, as suggested by anti

AKAP350A antibody data. Further experiments will be required to verify this theory. If 

this proves to be the case, do both isoforms perform similar duties but simply at different 

locations or do they involve more complex levels of signaling? Are interactions with the 

cytoskeleton similar in centrosornal as well as lateral or subapical non-centrosomal 

AKAP350? Is there dynamic exchange between these two pools or possibly recruitment of 

cytoskeletal and motor proteins dependent on cell cycle? One might ask how non

centrosomal AKAP350 interacts with cell membranes, membrane bound or integral 

membrane proteins, or the subapical cytoskeleton. Is it possible that an isoform of 

AKAP350 may be anchored to a receptor for channel activity modulation as in the case of 

the yotiao protein? All of these questions will likely require refinement in further 

differentiation and possibly purification of non-centrosomal AKAP350. This prospect is 

particularly of interest in terms of the parietal cell, where greater than 90% of AKAP350 is 

non-centrosomal, existing in very large cytosolic complexes. Partial purification of this 

complex has been achieved from rabbit parietal cell cytosol via stabilization with chelating 

agents, equilibrium gradient centrifugation, and gel filtration. This sequence has allowed 

measurement of an AKAP350 containing product that is 2-4 million daltons. Future 

studies will emphasize maximization of yield based on this protocol which should then 

allow component identification through two dimensional electrophoresis and mass 

spectrometry using matrix assisted laser desorption ionization time of flight (MALDI-TOF). 

Purification of the complex in quantity using a scaled up process provides the opportunity 

for a number of traditional in vitro studies regarding phosphorylation, component 
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interactions, and microtubule nucleation. The parietal cell complex is yet another arena 

where live cell imaging could be an incredibly valuable asset for studying the role of non

centrosomal AKAP350 in the physiology of this specialized cell type. Once again, 

however, this opportunity is dependent on production of a GFP construct capable of 

targeting this complex. Preliminary studies of immunocytochemistry with anti-AKAP350 

monoclonal antibody in parietal cells stimulated with histamine is suggestive of some 

translocation of AKAP350 containing complexes to the subcanalicular membrane. This 

implies a putative role for AKAP350 in the massive cytoskeletal reorganization which 

occurs, shuttling large amounts of additional membrane and H+-K+-ATPase to the apical 

surface. Additional experiments will be required to confirm this hypothesis. 

Another hypothesis which opens the door to collateral investigations is that the 

sheer size of the AKAP350 protein scaffold makes it likely that additional proteins, yet to 

be identified, form an interaction with the AKAP, possibly stable or transient. Yeast two 

hybrid techniques have been productive in initiating these studies, allowing the isolation of 

two distinct novel protein-protein interactions in parietal cells. An important remaining 

question is whether AKAP350 interacts with the cytoskeleton, particularly microtubules. 

Careful sequence analysis has revealed no microtubule binding motifs such as those from 

tau or MAP-2. The fact that AKAP350 contains four leucine zippers, two N-terminal and 

two C-terminal suggests that homodimerization of the molecule may occur, serving some 

as yet undetermined structural role at the centrosome. Ce1tainly this phenomenon is 

implied by AKAP350 purification efforts. 

Finally the connection between the AKAP350 and the TACC gene family remains a 

mystery. This appears to be a transient interaction with centrosomal AKAP350 limited to 

mitosis. Once again this data points to a role for AKAP350 as a docking station at the 
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centrosome with implications for mitotic progression. Unfortunately there is less 

knowledge of the T ACC protein function than that of the AKAP350. A number of 

questions remain for future study. As mentioned above, mapping of the rabbit gene for 

FGFR4 as wellas the novel AKAP350 interacting protein will be needed to verify that this 

protein is in fact T ACC 4. Similar experiments will be required in human tissue as well 

once cloning of this homolog is complete. Is the interaction b~tween these two elements 

limited to the centrosome, or is there an additional interaction between the novel AKAP 

interacting protein and non-centrosomal AKAP350? What is the purpose of this interaction 

and what are its modulators with regard to targeting and cell cycle localization? Are the 

TACC proteins proto-oncogenes as their name suggests? Hopefully other laboratories 

studying T ACC proteins as well may answer some general questions regarding their 

function. Although the injection data from dividing sea urchin embryos is interesting and 

very consistent, we are currently left with somewhat of a "black box" regarding arrest of 

mitotic division. Studies are currently underway to verify the specificity of injected 

recombinant T ACC protein for the AKAP350 at the centrosome in this model. Similar 

assays in other embryo systems may also contribute to an understanding of the role of this 

T ACC in the cell cycle. Dr. Still and colleagues have recently performed a homologous 

study in Drosophila for a novel T ACC protein in that species. This study defined not only 

targeting of the D-TACC protein to the spindle pole, but also defective spindle assembly 

and arrest of embryonic division(l6). This project is another example of an appropriate 

application for live cell imaging with a GFP-T ACC containing cell line to monitor the 

dynamics of this novel interaction with respect to cell cycle progression. Unfortunately 

data presented above does not contain antibody characterization for the new T ACC; 

however, production of this reagent is currently underway. A rabbit T ACC antibody 

accesses an exciting realm of possibilities including not only localization of bound and 

unbound T ACC in a variety of tissues, but also opportunities for immunoprecipitation of 
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the complex from parietal cell cytosol. The initial premise for the cloning of TACCl was 

the possibility that this gene, and not the nearby FGF receptor, might be the inciting agent 

for transformation in breast tumors containing the 8p 11 amplicon. As other T ACCs 

described in the literature also seem to be amplified or in regions of translocations in 

malignancy, it will be interesting to examine levels of this novel TACC protein in neoplastic 

cells. This question may be an appropriate application for a future eDNA array experiment 

once further initial characterization of the protein is complete. 

As various tools such as yeast two hybrid and protein chip technology allow 

definition of novel protein-protein interactions with AKAP350, the challenge remains to 

verify these interactions and their physiologic relevance in live cells. The use of both novel 

and traditional techniques in biochemistry and molecular biology should make this idea a 

reality. Furthermore, an even greater challenge then becomes evident in light of the study 

of molecular medicine. After defining the role of the AKAP350 scaffold and the associated 

ligands in normal human cell signaling, future investigators must determine their behavior 

in disease states toward the end of intervening in this deconstructive process via novel drug 

therapy. 
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