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ABSTRACT 

Boateng, L.R. Determining the binding partners of PKA in the axoneme of 

Chlamydomonas reinhardtii flagella. Master of Science in Biology. August, 2009. 93 pgs 

(D. Howard) 

 

The structural axoneme found in both cilia and flagella is critical for proper embryonic 

development, brain development, functional eyesight, mucosal clearing of the lungs, and 

fertility.  Though much of the axoneme structure has been determined, the regulation of 

these structures must be understood to develop therapies for blindness, Kartagener’s 

syndrome, ciliary disease, and infertility.  Protein Kinase A (PKA) has been shown to 

regulate motility of the axoneme in mammals, as well as the green alga, Chlamydomonas 

reinhardtii.  Mammalian PKA localizes to specific sites in the cell via A Kinase 

Anchoring Proteins (AKAPs).  In this study, the putative AKAP binding domain of PKA 

was cloned from Chlamydomonas into a pET22b
+
 expression vector and fused to a HIS 

tag.  Protein was successfully expressed and purified.  The purified AKAP binding 

domain was used in blot overlays and column affinity experiments to detect if 

Chlamydomonas PKA binds other axonemal proteins including RSP3, a known AKAP.  

Potential protein binding was detected; however, the binding was inconsistent and was 

not able to be confirmed as a true interaction.  This PKA clone will be useful in future 

studies that may determine which proteins PKA binds in the axoneme, and therefore, how 

it functions to regulate motility.       
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CHAPTER 1 

 

  CLONING AND EXPRESSION OF AKAP BINDING DOMAIN OF  

PROTEIN KINASE A 

 

Introduction 

Function of Cilia and Flagella 

Cilia and flagella are organelles that play critical roles in human embryonic 

development and in the proper functioning of a variety of tissues in the human body.  

Though cilia and flagella have major structural similarities, they are slightly different.  

Flagella are long, slender organelles that project from a cell and are usually found singly 

or in pairs per cell.  Flagella often function to translocate cells from one area to another.  

For example, the long flagella of sperm propel them toward the egg before fertilization.  

In contrast, cilia are shorter projections and are usually in greater numbers per cell.  In 

metazoans, cilia function to move fluids across the cell surface or help transport materials 

through a tissue or organ system.  For example, cells lining the respiratory tract contain 

many cilia that are responsible for removing foreign particles such as dust, pollen, or 

pollution from our lungs and airways.  Furthermore, cilia are important for sensory 

functions in the retina (Hunter et al., 1986; Liu et al., 2007) as well as proper organismal 

development during embryogenesis (Nonaka et al., 1998; Hirokawa et al., 2006).   
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Diseases or conditions resulting from defective cilia or flagella.  Defects in the 

structure of cilia or flagella can result in numerous diseases (reviewed by Afzelius, 2008).  

Primary ciliary dyskinesia (PCD) is a disease which includes a large variety of 

phenotypes due to immotile or dysmotile cilia (Afzelius, 1976).  Genetic mapping of 

PCD patients has not been able to identify a specific locus responsible for the disease, but 

instead reveals extensive genetic heterogeneity (Blouin et al., 2000).   Though the 

severity of symptoms may differ, PCD is a multisystem disease which most often affects 

the respiratory tract.  Respiratory infections caused by bacteria or viruses can become 

chronic and life-threatening by decreased ciliary motility.  The defective cilia are unable 

to clear mucus and foreign particles out of the airways.    

In addition to respiratory distress, 50% of all PCD patients have varying degrees 

of situs inversus (Kartagener’s syndrome), in which the left-right asymmetry of the 

viscera is abnormal (Afzelius, 1998).  Severe cases of Kartagener’s syndrome result in 

congenital heart malformations which can be lethal (Zlotogora et al., 1986).  Finally, 

male patients with PCD commonly experience infertility due to dysmotile or completely 

immotile flagella (Neesen et al., 2001).  Electron microscopic investigation of sperm tails 

reveal multiple anomalies suggesting that several genes are implicated in this condition 

(Afzelius, 1998).  In vitro fertilization has resulted in only one live birth from a PCD 

patient; however, microfertilization techniques such as intracytoplasmic sperm injection 

have resulted in a 45% pregnancy rate (for review see Chemes and Rawe, 2003). 

Poorly functioning flagella and cilia result either from improper formation of the 

organelle or from deregulation of the proteins involved in motility.  To construct a cilium 

or flagellum, proteins must be moved from the cell body to the tips of the growing 

A B 
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organelle.  This process of intraflagellar transport (IFT) is required for both flagellar 

growth and maintenance (Pazour et al., 2000; Pazour et al., 2002).   Both retinal 

degeneration and polycystic kidney disease result from defects in IFT.  In the retina, cilia 

of the photoreceptor cells serve to relay signals and are constantly being sloughed off and 

replaced.  Intraflagellar transport is critical for rebuilding and maintaining ciliary 

function; therefore, when photoreceptor cells are incapable of IFT, the receptors are not 

able to receive signals, ultimately leading to blindness (Rosenbaum et al., 1999).  In the 

kidney, IFT maintains the primary cilia responsible for detecting fluid flow through the 

nephrons and for preventing the formation of cysts (Moyer et al., 1994).  Those with 

polycystic kidney disease develop cysts from over-proliferation of epithelial cells which 

may eventually destroy the kidney (Pazour et al., 2000).   

In other cases, defective cilia and flagella may contain all their structural 

components, but are simply deregulated.  Deregulation of motility in cilia and flagella 

results from malfunctions in the signaling pathways which initiate and inhibit motility.  

Because defective cilia and flagella can disrupt many aspects of human physiology, it is 

important to understand how their motility is regulated and which proteins are involved 

in this regulation.  Once the regulatory proteins are known and signaling pathways are 

understood, then treatments may be designed to restore ciliary or flagellar motility. 

Conserved Axoneme Structure and Function 

Though cilia and flagella may differ in size, the major structure that gives the 

cilium or flagellum its combined rigid shape and flexibility is conserved.  The axoneme is 

conserved in nearly all major divisions of eukaryotic organisms, from paramecia and 

algae to ferns and mammals.  Because the axoneme is so well conserved, we can study 
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the regulation of its components in a simple model organism and relate these functions to 

complex, multicellular organisms, including humans.   

    The green alga, Chlamydomonas reinhardtii, is an excellent model organism for 

studying the regulation of axoneme motility (Harris, 2001).  Chlamydomonas is a 

unicellular green alga with two independently regulated flagella (Figure 1).  The process 

of IFT, and the proteins involved, were first discovered in Chlamydomonas (Kozminski 

et al., 1993).  To study intraflagellar transport during the development of the axoneme, 

Chlamydomonas flagella can be removed and quickly re-grown by adjusting pH levels to 

4.5 and 7.0 respectively.  Methods for isolating Chlamydomonas axonemes and 

reconstructing them are well established and a variety of mutants lacking specific 

portions of the axoneme are available.  

 

Figure 1.  Chlamydomonas cells contain two flagella, shown in confocal DIC image (A) 

and confocal fluorescence (B).  Mictrotubules were labeled with primary anti-α tubulin 

and secondary fluor-conjugated antibody, Alexa 488.  

 

The axoneme consists of three major structural components including 

microtubules, dynein motor proteins, and radial spokes.  To form the cytoskeleton, nine 

doublet microtubules are arranged in a ring surrounding a central pair of singlet 

microtubules (9 + 2 arrangement) (Figure 2).  This cytoskeleton provides the structural 

scaffold for a complex protein composition of more than 250 different proteins (Dutcher, 
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1995; Porter and Sale, 2000).   These proteins remain bound to the axoneme after 

demembranation, and isolated axonemes retain their motility.  Several major proteins 

involved in motility have been characterized; however, the regulation of flagellar motility 

remains a mystery.     

Dynein motors generate motility in the axoneme.  The primary proteins known 

to generate motility in the axoneme are the dynein motor proteins.  Dyneins are arranged 

in rows creating an outer row attached toward the periphery of the axoneme and an inner 

row facing the center (Figure 2).  When dynein binds and hydrolyzes ATP, it reaches 

proximally to grasp the B tubule of the adjacent doublet and pulls distally to walk toward 

the cell body in a minus-end direction (Fox and Sale, 1987).  To create a controlled 

bending motion, dyneins must be tightly regulated along the length of the axoneme in a 

time-specific fashion.  The dyneins are sequentially activated and inactivated along the 

length of the axoneme (Brokaw, 1991).  Moreover, dyneins on one side of the axoneme 

must be activated while those on the opposing side must be deactivated in both principal 

and reverse bends. 

A
 A 

 A  
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Figure 2.  A) The conserved axoneme found in both cilia and flagella (Permission of 

Michael W. Davidson, Florida State University).  B) Nine doublet microtubules surround 

the central pair microtubules in a “9 + 2” axoneme (David Howard, University of 

Wisconsin-La Crosse). 

 

Such complex regulation can be achieved because there are several different 

isoforms of dynein.  First, the outer and inner arms differ by their composition of heavy 

and light chains.  The outer arm dyneins are uniform along the length of the microtubules 

and each is composed of three heavy chains and 10 intermediate and light chains 

(Mitchell, 2000; Kamiya, 2002).   The elliptical head of the outer dynein arm is attached 
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to the A tubule through two spherical feet.  A slender stalk then binds to the B tubule in 

an ATP-dependent manner (Goodenough, 1985; Oda et al., 2007).  The primary functions 

of the outer dynein arms are to add power and increase beat frequency approximately 

twofold (Brokaw and Kamiya, 1987).  However, the outer dynein arms appear to have 

little role in regulation of flagellar motility.  Instead, the more diverse inner arm dyneins 

are regulated to control the overall motility of the axoneme.   

The inner arm dyneins are structurally and functionally diverse, each presumably 

having different roles in motility which determine the size and shape of the waveform.  

Because they are structurally diverse, they are attractive targets for regulation of motility.  

At least eight inner arm heavy chains and a variety of intermediate and light chains are 

combined into seven distinct isoforms.  Six single-headed isoforms and one double-

headed isoform (I1 dynein) have a complex arrangement which repeats every 96 nm 

along the axoneme (Figure 3; Witman, 1992; Mastronarde et al., 1992).   
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Figure 3.  Longitudinal view of dynein and radial spoke arrangement in axoneme. 

 

   The I1 inner arm isoform is structurally most similar to the outer dynein arm, 

consisting of two dynein heavy chains, three intermediate chains (97, 138, 140 kD), and 

three light chains (8, 11, and 14 kD) (Piperno et al., 1990; Witman, 1992).  The 

phosphorylation state of intermediate chain 138 of inner arm I1, has been shown to alter 

microtubule sliding velocities in reconstitution experiments (Habermacher and Sale, 

1997).  Furthermore, the 138 kD intermediate chain is the only phosphorylated subunit in 

I1, and microtubule sliding is inhibited when phosphorylated (Habermacher and Sale, 

1997).  To become activated, Chlamydomonas I1 dynein requires the presence of tightly 

bound axonemal phosphatases, suggesting that phosphorylation acts to inhibit motility of 

the axoneme (Habermacher and Sale, 1996).   This provides evidence that I1 dynein is a 

key regulator of flagellar motility in Chlamydomonas.  Though we know that I1 is 

phosphorylated, we do not know which proteins are involved in regulating its 
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phosphorylation state.  Structural and genetic evidence have implicated that the radial 

spokes are key for altering dynein activity (Smith and Sale, 1994).   

Radial spokes play a role in regulation of axoneme motility.  Located 

conveniently near the I1 dyneins, the radial spokes are in a prime position to regulate I1 

activity.  The radial spoke is a macromolecular complex consisting of at least 23 proteins 

which form a T-shaped complex (Yang, et al., 2006).  The spokes repeat in pairs (S1 and 

S2) every 96 nm along each outer doublet microtubule (Figure 3).  A thin stalk is 

anchored to the doublet microtubule near the inner dynein arms and projects toward the 

center of the axoneme (Goodenough and Heuser, 1985; Witman et al., 1978).  The 

importance of radial spokes in regulating motility is demonstrated in mutants completely 

lacking spokes due to a defect in their assembly.  In Chlamydomonas pf14 mutants 

lacking spokes, the flagella are paralyzed (Curry and Rosenbaum, 1993); however, in 

sliding disintegration assays (in vitro), slow dynein-driven microtubule sliding still 

occurs (Witman et al., 1978).  Therefore, paralysis is not caused by a simple defect in the 

structure of the axoneme, but may be due to a defect in regulation via the radial spokes.  

The role of radial spokes as an activator of motility is shown in double mutants lacking 

outer dynein arms and radial spokes (pf14pf28).  These double mutants have a slower 

sliding velocity than those just lacking the outer dynein arms alone (pf28) (Smith and 

Sale, 1992).  When the outer arms are missing, the inner arm dyneins were still walking 

along the microtubules at a slow pace.  However, when radial spokes were also missing, 

the motility of the inner arm dyneins decreased further.  These and other experiments 

indicate the radial spokes play a critical role in regulating the motility of the axoneme. 
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To determine if spokes modify dynein directly, Smith and Sale (1992) utilized in 

vitro reconstitution experiments in which inner arm dyneins were removed from one 

axoneme and reconstituted on another that had its endogenous inner arms extracted.  

When inner arm dyneins were removed from pf28 axonemes that lack outer arms and 

reconstituted onto extracted pf14pf28 axonemes lacking radial spokes and outer arms, the 

sliding velocity was restored to pf28 levels.  In other words, the modification introduced 

to dyneins originally in the presence of radial spokes was maintained so that dynein 

activity was the same after reconstitution onto spokeless axonemes.  Furthermore, when 

dyneins from pf14pf28 axonemes were reconstituted onto pf28 axonemes, the sliding 

velocity remained low as if the dyneins retained their modification from the spokeless 

axoneme (Smith and Sale, 1992).  The radial spokes are thus capable of modifying 

dyneins even after being extracted and reconstituted onto other axonemes. 

Though these experiments suggest that radial spokes are capable of modifying 

dynein-driven motility, the mechanisms and specific proteins involved in this 

modification are unknown.  The location of the radial spokes near inner arm dynein, I1, 

suggests that I1 may be an attractive target for regulating motility.  I1 is located just 

proximally to the radial spoke, S1 (Piperno et al., 1990; Mastronarde et al., 1992).  

Furthermore, the phosphorylation of I1 intermediate chain IC 138 reduces axonemal 

motility.  Two kinases (CKI and CAMKII) have been shown to phosphorylate dyneins 

(Yang and Sale, 2000; Smith, 2002); however, protein kinase A (PKA) has received the 

most attention.   
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Protein Kinase A (PKA) activity and localization in mammalian cells   

Mammalian cytoplasmic PKA is a heterotetramer composed of a regulatory 

subunit dimer (RII) and two catalytic subunits (Figure 4).  In this configuration, PKA is 

held in its inactive state.  Activation of PKA occurs when a secondary messenger, cAMP, 

is produced by adenylyl cyclase.  Two molecules of cAMP bind to each regulatory 

subunit to remove the autoinhibitory contact allowing the catalytic subunits to be released 

(Dell’Acqua et al., 1997).  Once released, the PKA holoenzyme can phosphorylate 

nearby proteins containing serine or threonine residues (consensus sequence:  Arg-Arg-

Xaa-Ser/Thr or Lys-Arg-Xaa-Xaa-Ser/Thr).   

In addition to inhibiting PKA activity, the RII dimer functions to localize PKA to 

specific scaffolding proteins located on a variety of organelles and structures throughout 

the cell.  These scaffolding proteins that bind RII are known as A Kinase Anchoring 

Proteins (AKAPs) (Edwards and Scott, 2000).  Many AKAPs have been identified and 

are located at centrosomes, the endoplasmic reticulum, the Golgi, mitochondria, nuclear 

matrix, plasma membrane, and microtubules (Divani and Scott, 2001; Hausken et al., 

1996).  Furthermore, several AKAPs have been identified in mammalian axonemes.  The 

first axonemal AKAP discovered in humans was found in the cilia of the respiratory tract 

at 28 kD (AKAP28; Kultgen et al., 2002).  Another AKAP (AKAP3) at 110 kD was 

discovered in human spermatozoa and was shown to bind PKA (Luconi et al., 2004).   
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Figure 4.  Mammalian PKA consists of two catalytic subunits and two regulatory 

subunits.  The catalytic subunits become active when the regulatory subunits are released 

in a cAMP-dependent manner.   

 

PKA inhibits motility in Chlamydomonas axonemes.  Like mammalian PKA, 

Chlamydomonas PKA is inhibited by PKI or the addition of mammalian RII subunits.  

However, unlike most mammalian PKAs, Chlamydomonas PKA does not seem to be 

regulated by cAMP (Howard et al., 1994).  This suggests that Chlamydomonas PKA may 

be lacking the cAMP binding domains found in mammalian PKA.  Though most 

mammalian PKA’s may be regulated by cAMP, several mammalian RII-like proteins 

which lack cAMP binding were recently discovered in the flagella of mammalian sperm.  

These RII-like proteins still localize to AKAPs like a normal PKA (Newell et al., 2008).  

It is possible that Chlamydomonas PKA utilizes an RII-like domain that is comparable to 

these proteins.   

The role of PKA phosphorylation in controlling Chlamydomonas flagellar 

motility was first suggested by the results of Hasewega et al. (1987) in which PKA 

activity was inhibited with a highly specific protein kinase inhibitor (PKI).  PKI inhibits 

free catalytic subunits by binding to the active site as a pseudosubstrate.  PKI treatment 

increased the percentage of reactivated Chlamydomonas axonemes in vitro.  These results 
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suggested that PKA acts to inhibit motility in Chlamydomonas flagella.  In other 

experiments, radial spokes were found to prevent the inhibition of motility by PKA by 

either bypassing the inhibitory effects of phosphorylation, inactivating PKA, or activating 

a protein phosphatase (Howard et al., 1994).  When inhibitors of PKA were applied to 

spoke-deficient axonemes, the velocity of microtubule sliding increased.  Microtubule 

sliding increased because in addition to the inhibition of PKA, there was no opportunity 

for radial spokes to alter dynein-driven motility.  Therefore, the motility observed was 

due to the inhibition of PKA alone.  This suggests that the ultimate target in the PKA 

pathway is the dyneins. 

To identify a potential PKA in Chlamydomonas the amino acid sequence of the 

catalytic domain was used to perform a basic local alignment search (BLAST search) 

against the Chlamydomonas genome database (Joint Genome Institute).  Several kinases 

were identified based on sequence similarity.  However, the protein sequence encoded by 

genie 214.2 has several characteristics that make it the best PKA candidate.  First, when 

the sequences of the catalytic domains for the predicted kinases in the Chlamydomonas 

genome are used in a BLAST search against all known proteins, only genie 214.2 

matches high against known PKAs.  For genie 214.2, 35 of the first 40 matches were 

PKAs, with scores ranging from 202 to 404 and e values from 4
-51

 and 1
-110

.  The other 

kinases in the Chlamydomonas genome share the most sequence similarity with PKG or 

other kinases.  Furthermore, the catalytic domain sequence of genie 214.2 contains a 

conserved motif previously identified to be critical in PKI binding.  Two acidic residues, 

asp-324 and glu-331 in mammalian PKA, that contact a critical arginine in PKI (Walsh et 

al., 1992 and Knighton et al., 1991) have conservative substitutions in genie 214.2 to an 
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asparigine and aspartic acid.  In contrast, these residues are changed to a basic (or small 

polar) group at position 329 and a proline at residue 331 in yeast PKA and mammalian 

PKGs which bind PKI with 200 or 30,000 fold, respectively, lower affinities than 

mammalian PKA (Glass et al., 1992).  Other characteristics of a PKA are found at the 

amino terminus.  Domain analysis reveals a potential AKAP binding domain (AKBD), 

followed by three cyclic nucleotide binding domains.  Though cyclic nucleotide binding 

domains exist in the gene sequence, cAMP does not appear to have an effect on PKA 

activity in axonemes (Howard et al., 1994).  This may suggest that the cyclic nucleotide 

binding domains are not present in the final protein product via alternative splicing.  If 

the cyclic nucleotide binding sites are removed (exons 3-7), the resulting PKA product 

would consist only of the AKAP binding domain and the catalytic domain (exons 

1,2,8,9,10; Figure 5).   

  

 

                          74-207  210-329                335-456           611-870  871-932 

                                                                                                            

 

 

 

Figure 5. SMART analysis of Genie 214.2 sequence. A) Complete Genie 214.2 before 

alternative splicing. B) Predicted PKA product after alternative splicing.  The cyclic 

nucleotide domains are removed so that the AKAP binding domain is fused with the 

catalytic domain (David Howard, University of Wisconsin-La Crosse).   

 

1-85 487-935 

AKBD 

AKBD 

A 

B 
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In summary, multiple lines of evidence strongly suggest that an unusual form of 

PKA controls dynein activity in Chlamydomonas flagella.  However, neither an RII 

domain nor catalytic subunit of PKA has been positively identified in Chlamydomonas.  

The most likely candidate in the Chlamydomonas genome is a gene designated GENIE 

214.2 consisting of 10 exons which may have several exons spliced out.   

Thesis Rationale 

 The objective of this study is to clone the AKAP binding domain (AKBD) of 

PKA in Chlamydomonas using genie 214.2 as the target sequence.  Once the AKBD has 

been cloned into an expression vector, protein can be expressed and utilized for further 

experiments.  This will allow us to determine if genie 214.2 does encode a PKA and if 

PKA is expressed in Chlamydomonas.  If PKA is expressed in Chlamydomonas, then it 

may be studied to further understand human conditions resulting from deregulated cilia or 

flagella. 

 

Materials and Methods 

RNA isolation of flagellar cDNA in Chlamydomonas 

 The AKAP binding domain of the predicted PKA gene in Chlamydomonas was 

cloned from freshly isolated RNA.  To express flagellar RNA, Chlamydomonas cultures 

(cc125) were induced to lose their flagella and regrow them.  A 100 ml culture of 

Chlamydomonas was prepared and the cells were grown with aeration for three days.  

Density of cells was monitored by counting samples with a hemocytometer.  When the 

cells reached a density of 3.5 x 10
6
 cells/ml, they were pelleted by centrifugation at 2100 

x g for 5 minutes at 4 °C.  The pellets were washed with 30 ml of 10 mM HEPES and re-
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pelleted, then resuspended in another 30 ml of 10 mM HEPES.  To induce loss of 

flagella, cells were treated with 0.5 M acetic acid until the pH reached 4.5.  Immediately 

the pH was adjusted back to 7.0 with 1.0 M NaOH to provide favorable conditions for re-

growth of flagella (Lefebvre, 1995).  Deflagellation was confirmed under the microscope 

and cells were placed under light to encourage regrowth of flagella.  When the flagella 

appeared to be growing (30-40 minutes), the cells were lysed for RNA isolation using the 

RNeasy Plant Mini kit following the protocol for plants and fungi (Qiagen).  To lyse the 

cells, they were incubated in lysis buffer RLT at RT for 30 minutes with frequent 

vortexing.  The RNA was eluted with 50 µl RNase-free water and the isolated RNA was 

treated with 1 µl DNase to remove any contaminating genomic DNA.  The DNase was 

heat inactivated by incubating the samples at 65 °C for 20 minutes.  

Amplification of the AKAP binding domain with RT-PCR 

To amplify the AKBD region of PKA, primers flanking the first 207 bp of GENIE 

214.2 were designed for RT-PCR.  The forward primer (5’-CGG TGG CCA TGC AAA 

TTC ACT TGC GAC AGG C-3’) contained 23 nucleotides of the amino terminus and 

extended eight nucleotides beyond the 5’ end of the predicted gene to provide a specific 

restriction site.  The reverse primer (5’-GCG CTC GAG GGC CTC CAG AAT GGC-3’) 

was 24 bp in length and the expected RT-PCR product was a 210 bp fragment.  RT-PCR 

was performed with a One Step RT-PCR kit by Qiagen.  Reverse transcription of the 

isolated RNA occurred at 50° C for 30 minutes and 95° C for 15 minutes.  The first five 

PCR cycles started at 94° C for one minute, then 54° C for 30 seconds and 72° C for one 

minute.  The remaining 35 cycles were performed at 72° C for one minute, 63° C for 30 

seconds, and 72° C for one minute.  The PCR products were separated by agarose gel 
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electrophoresis using 2% agarose in TBE.  A band ~ 200 bp was excised from the gel and 

placed in a 0.5 ml microfuge tube consisting of fiberfill (0.5 cm from bottom) and a 

needle-poked hole at the bottom.  The 0.5 ml microfuge tube was placed in a 1.7 ml 

microfuge tube and centrifuged at 8,000 x g for 10 minutes to isolate DNA and water 

from the agarose (Miskowski JA, personal communication).  

Cloning the AKAP binding domain of PKA 

Cloning AKBD into a TOPO vector.  After the PCR product was purified, it 

was immediately ligated into a TOPO vector by using the 2.1 TOPO-TA cloning kit.  

White colonies were chosen from the Blue/White screening for analysis.  To confirm 

successful clones, TOPO plasmids were isolated with the Qiagen Mini Prep kit and 

digested with restriction enzymes HindIII and XhoI (NEB).  The plasmids of digests 

producing expected fragment sizes were confirmed by automated sequencing at the UW-

Madison Biotechnology Center.      

Sub-cloning AKBD in pET22b
+
 vector for protein expression.  To express 

AKBD protein, it was necessary to sub-clone the fragment into an expression vector.  The 

pET22b
+
 expression vector (Novagen) contains an ampicillin resistance gene for 

selection and a lacZ promoter selectively inducible by isopropyl β-D-1-

thiogalactopyranoside (IPTG; Figure 6).  Cloning AKBD into the pET22b
+
 vector 

allowed transcription to begin directly at the start codon.  This was important because the 

first five amino acids are critical for binding of PKA to AKAPs.   Additional amino acids 

could be detrimental in binding experiments.  Secondly, cloning into pET22b
+
 adds a 

pelB signal sequence to the amino terminus of the expressed protein.  The pelB signal 

transports the synthesized protein to the periplasmic space of bacteria, allowing for easier 
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purification of the expressed protein from fewer contaminating cytoplasmic proteins.  

Finally, pET22b
+
 fuses a HIS tag to the carboxyl terminus of the AKBD protein.  

Antibodies for the HIS tag were used for purification via nickel-agarose columns and 

identification on western blots via HIS-tag antibodies. 

 

Figure 6.  AKBD was cloned into pET22b
+
 vector between FatI and XhoI restriction 

enzyme sites.    

 

Directional cloning was performed by digesting the pET22b
+
 vector with 

restriction enzymes FatI and XhoI.  Digested plasmids were purified from insert 

fragments by gel electrophoresis and fibrofill-centrifugation purification.  Consequently, 

the AKBD insert was also digested with FatI and XhoI to allow for directional and in-

frame cloning with the pelB leader sequence and HIS tag.  Since FatI would digest the 

TOPO vector multiple times, AKBD was first removed from the vector with a BamHI 

and XhoI digest.   After purifying the insert by agarose gel excision and fibrofill 

centrifugation, it was then digested with FatI.  Ligations of the cut pET22b
+
 vector and 

AKBD fragments were performed with T4 DNA Ligase overnight at 16° C.    
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E. coli transformation and AKBD protein expression.  To improve chances for 

a successful transformation, the ligation reaction was first transformed into non-

expression NovaBlue cells and grown on ampicillin (50 mg/ml) selective media 

overnight.  Colonies were selected from the plate and cultured in 5 ml LB + AMP media 

for 16 hours at 37° C.  To confirm successful clones, plasmids were isolated from 4 ml of 

cultured cells using a Qiagen Mini Prep kit, and digested with NdeI and XhoI which cut 

in the pET22b
+
 vector and the carboxyl terminus of AKBD, respectively.  The insert 

(~270 bp) was confirmed by gel electrophoresis.  Furthermore, automated sequencing of 

the plasmid containing the insert was performed at UW-Madison Biotechnology Center.  

The T7 terminator primer was used to confirm the fusion of the pelB signal sequence 

with the AKBD sequence followed by the HIS tag. 

To express AKBD protein, the cloned pET22b
+
 plasmid was transformed into 

B21(DE3) Escherichia coli cells following the protocol.  Transformed colonies were 

isolated from ampicillin (50 µg/ml) selective plates and cultured in 5 ml LB-AMP media 

overnight at 37 °C with shaking at 250 rpm.  Three ml of starter culture was used to 

inoculate a 50 ml LB-AMP media until OD600  measured 0.7.  The cultures were induced 

to express AKBD by adding 1.0 mM IPTG.  Induction occurred for 16 hours at 30° C, 

250 rpm, and cells were harvested by centrifugation at 10,000 x g for 10 minutes at 4 °C.  

Total cell protein, medium, and periplasmic fractions were prepared according to the pET 

System Manual (Novagen).  All protein samples were resuspended in SDS buffer and 2-

mercaptoethanol, boiled for 5 minutes at 95 °C, then separated by SDS-PAGE (15% 

acrylamide, 180 v for 55 min).   
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Immunoblots to confirm AKBD Expression 

The purified protein fractions were separated by SDS-PAGE and blotted to a 

PVDF membrane at 0.35A, 40 min.  The membrane was wetted in Tris-Buffered Saline 

Tween 20 (TBST), rinsed twice, and blocked in 3% gelatin, TBST.  Subsequently, the 

blot was incubated in 1% gelatin, TBST containing the primary antibody, mouse anti-HIS 

IgG (1 µg/ml), for one hour.  Excess antibody was removed and the membrane was 

washed three times with TBS-T.  The membrane was incubated with a secondary 

antibody, HRP-conjugated donkey anti-mouse IgG (200 ng/ml) for one hour and washed 

again.  The donkey anti-mouse IgG was conjugated with a peroxidase enzyme which 

cleaves the OPTI-4CN substrate producing a visible signal.   

Cloning the kinase domain of PKA in Chlamydomonas 

 The kinase domain from the predicted protein sequence of GENIE 214.2 was 

cloned into a TOPO vector using the 2.1 TOPO TA kit.  Forward primer 5’ CTG GTG 

GAG GTG ATT GCG GTC 3’ and reverse primer 5’ ACT GGA TCG ACG ACA AGC 

AAG TAA 3’ were used to amplify the kinase domain via RT-PCR.  The resulting PCR 

produced was excised from an agarose gel and was ligated into the TOPO vector.  Blue-

white screening was used to select positive clones.  Overnight cultures were grown at    

37 °C and 250 rpm and the plasmids were isolated using the Qiagen Mini Prep kit.  

Plasmids were digested with PstI to confirm the presence of inserts.    
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Results 

 Cloning AKBD into a TOPO vector 

Initial efforts to clone the purified AKBD fragment directly into pET22b
+
 

expression vector had failed; therefore, the purified DNA product was cloned into a 

TOPO vector.  Twenty white colonies were chosen from blue/white screening and 

plasmids were isolated for analysis by restriction digest with XhoI and HindIII.  Of the 20 

colonies, 16 produced expected fragment sizes of 170, 100, and 36 bp (Figure 7).  After 

sequencing the plasmids of 16 colonies, five produced 100% alignments with the 

expected AKBD product (data not shown).  Once the AKBD insert was successfully 

cloned into a circularized plasmid, FatI was able to bind and cut at the 5’ end of AKBD.  

This allowed for a successful digest of the insert from the TOPO vector and subsequent 

ligation into the pET22b vector.    
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Figure 7. Digest analysis of successful AKBD clones.  TOPO plasmid digest with XhoI 

and HindIII; fragments separated by 2% agarose gel electrophoresis.  Lanes 3 and 7-10 

produced expected fragments 170, 100, and 36 bp. 

 

Sub-cloning AKBD in pET22b
+
 vector for protein expression  

To express AKBD for protein-binding experiments, it was sub-cloned into 

pET22b
+
 expression vector.  After ligation and transformation, 13 colonies were visible 

on ampicillin selective plates (50 µg/ml).  After culturing the 13 colonies and isolating 

their plasmids for restriction digest analysis, ten samples revealed a likely insert of 

approximately 274 bp (Figure 8).  Two of the ten samples that were sequenced confirmed 

exact clones of the AKBD insert ligated in-frame with the pelB leader sequence at the 5’ 

end and the HIS-tag at the 3’ end (Figure 9).  
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Figure 8. Digest of pET22b
+
 plasmid with NdeI and XhoI reveals a 274 bp AKBD insert  

by 2% agarose gel electrophoresis (arrow).  Lanes 5, 8, and 9 contain plasmids isolated 

from BL21(DE3)pLySs cells which contain a second plasmid. 

 

E. coli transformation and AKBD protein expression 

 Once AKBD was cloned successfully into the pET22b
+
 vector, the plasmid was 

transformed into B21(DE3) expression cells and cultured for expression.  After collecting 

total cell, medium, and periplasmic fractions, the proteins were separated on SDS-PAGE.  

Visible IPTG-induced bands near 16 kD were visible by Coomassie staining in the total 

cell protein, medium, and periplasmic fractions (Figure 10).  The presence of AKBD-HIS 

was visible in all three fractions by Western blotting with anti-HIS antibody.  The signal 

produced by Western blotting appeared to be weaker than the signal produced by 
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Coomassie staining.  The expected protein size was 7.9 kD; however, a band near 16 kD 

was consistently produced.  To consider the possibility of dimer formation, the proteins 

were treated with B-mercaptoethanol and run on 8M UREA SDS-PAGE gels (Figure 11).  

Regardless, a 16 kD AKBD-HIS band was retained. Previous RII studies have shown that 

separating the monomers in an RII dimer is difficult and often requires the use of excess 

synthetic peptides that bind the RII dimerization domain (Scott et al., 1990).   

 

Clone#10__Rever  ATTGTGAGCG GATAACAATT CCCCTCTAGA AATAATTTTG TTTAACTTTA 

Clone#13__Rever  ATTGTGAGCG GATAACAATT CCCCTCTAGA AATAATTTTG TTTAACTTTA 

vector-pelB-AKB  ATTGTGAGCG GATAACAATT CCCCTCTAGA AATAATTTTG TTTAACTTTA 

 

 

Clone#10__Rever  AGAAGGAGAT ATACATATGA AATACCTGCT GCCGACCGCT GCTGCTGGTC 

Clone#13__Rever  AGAAGGAGAT ATACATATGA AATACCTGCT GCCGACCGCT GCTGCTGGTC 

vector-pelB-AKB  AGAAGGAGAT ATACATATGA AATACCTGCT GCCGACCGCT GCTGCTGGTC 

 

 

Clone#10__Rever  TGCTGCTCCT CGCTGCCCAG CCGGCGATGG CCATGCAAAT TCACTTGCGA 

Clone#13__Rever  TGCTGCTCCT CGCTGCCCAG CCGGCGATGG CCATGCAAAT TCACTTGCGA 

vector-pelB-AKB  TGCTGCTCCT CGCTGCCCAG CCGGCGATGG CCATGCAAAT TCACTTGCGA 

 

 

Clone#10__Rever  CAGGCTGTAA GAGATCAAAT TAGGAAGCTT GCGGTCGGTG GGCCGCAAGC 

Clone#13__Rever  CAGGCTGTAA GAGATCAAAT TAGGAAGCTT GCGGTCGGTG GGCCGCAAGC 

vector-pelB-AKB  CAGGCTGTAA GAGATCAAAT TAGGAAGCTT GCGGTCGGTG GGCCGCAAGC 

 

 

Clone#10__Rever  CAAGGAGGAG AAGGAGAAGA TTTACGAGGT CAGCGACTCA GAGGATGAGG 

Clone#13__Rever  CAAGGAGGAG AAGGAGAAGA TTTACGAGGT CAGCGACTCA GAGGATGAGG 

vector-pelB-AKB  CAAGGAGGAG AAGGAGAAGA TTTACGAGGT CAGCGACTCA GAGGATGAGG 

 

 

Clone#10__Rever  AGCTGGAGGA CGACCCAAGC GAGAGGACCA CACTCTCTGG CGACTGGTAC 

Clone#13__Rever  AGCTGGAGGA CGACCCAAGC GAGAGGACCA CACTCTCTGG CGACTGGTAC 

vector-pelB-AKB  AGCTGGAGGA CGACCCAAGC GAGAGGACCA CACTCTCTGG CGACTGGTAC 

 

 

Clone#10__Rever  AAACCCCAGG AGGTGACGGA CGCCATTCTG GAGGCCCTCG AGCACCACCA 

Clone#13__Rever  AAACCCCAGG AGGTGACGGA CGCCATTCTG GAGGCCCTCG AGCACCACCA 

vector-pelB-AKB  AAACCCCAGG AGGTGACGGA CGCCATTCTG GAGGCCCTCG AGCACCACCA 

 

 

Clone#10__Rever  CCACCACCAC TGAGATCCGG CTG------- ---------- ---------- 

Clone#13__Rever  CCACCACCAN TGAGATCCGG CTNTACAANN ANNAG----- ---------- 

vector-pelB-AKB  CCACCACCAC TGAGATCCGG CTGCTAACAA AGCCCGAAAG GAAGCTGAGT 

 

Figure 9. DNA alignment of two AKBD clones matching the predicted sequence, flanked 

by plasmid pelB leader sequence and HIS tag. 

 

pelB Leader 

HIS tag 

AKBD 

 Sequence 
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Figure 10.  A) Coomassie stain of AKBD-HIS expression in total cell, medium, and 

periplasmic fractions on a 5-20% acrylamide gel.  B) Anti-HIS labeling of AKBD on 

Western blot.  AKBD-HIS consistently ran at approximately 16 kD on SDS-PAGE gels.  

Antibody labeling appeared to be weaker than the signal produced by Coomassie 

staining.   
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Figure 11. AKBD on UREA gels (15% acrylamide) after incubation in β-

Mercaptoethanol and SDS.  The dimer form remains most prevalent (arrow).  Coomassie 

stained gel and (A) and western blot labeled with anti-HIS antibody (B).  Again, the 

antibody labeling was weak compared to the amount of protein shown by Coomassie 

stain.  

 

Cloning the kinase domain of PKA in Chlamydomonas 

 In a separate set of experiments, the kinase domain containing exons 8,9, and 10 

was cloned into a TOPO vector.  Plasmids from positive clones were analyzed by 

restriction digest with PstI and 8 colonies produced the expected insert fragments of 

2985, 1190, 620, and 471 bp (Figure 12).  Though an unexpected band was present near 

1400 bp, sequencing confirmed that the clones matched the sequence of the kinase 

domain in GENIE 214.2. 
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Figure 12.  A) PstI digest sites in TOPO vector containing kinase domain (forward 

clone).  B) TOPO clones consisting of the kinase domain sequence.  Digest of plasmids 

with PstI produced expected fragment sizes of 2985, 1190, 620, and 471 bp on 2% 

agarose gel (Lanes 2, 3, and 5). 

 

Discussion 

Protein Kinase A has long been suspected to regulate motility of the axoneme 

found in both cilia and flagella of eukaryotic organisms.  To confirm this idea, it was 

necessary to first clone and express PKA for future experiments that may determine its 

specific roles in cell motility pathways.  Attempts to clone the entire PKA gene have been 

difficult; therefore only the amino and carboxyl termini containing the AKAP binding 

domain (AKBD) and kinase domains, respectively, have been cloned.  For this study, the 

amino terminus containing the AKBD was cloned into an expression vector for future 

protein binding experiments.  Expression and purification of AKBD was confirmed by 

immunoblotting and protein sequencing.  The expressed AKBD product was predicted to 
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have a molecular weight of 7.9 kD, but instead ran consistently near 16 kD on SDS-

PAGE.  Since it was nearly twice the predicted size, it is likely that AKBD forms a self-

dimer.  Though the dimer could not be separated even with high amounts of urea (8M) or 

β-mercaptoethanol, such strong dimers are common for RII subunits.  In addition, it is 

well established that the regulatory domains of mammalian PKA must dimerize before 

they can bind PKA or localize to AKAP proteins (Li and Rubin, 1994).  Since AKBD is 

acting like the regulatory domain found in mammalian PKA, this data supports the idea 

that AKBD is part of a true PKA in Chlamydomonas flagella.  Expression of AKBD-HIS 

will allow for protein binding experiments which may determine which proteins AKBD 

interacts with.  Such binding experiments may help determine where PKA is localized in 

the axoneme, and therefore, which nearby proteins may be its substrates for 

phosphorylation. 

In addition to cloning the amino terminus of PKA, the carboxy terminus including 

the kinase domain was also cloned.  However, this fragment must yet be cloned into an 

expression vector before the activity of the kinase domain can be assayed.  In addition, 

multiple attempts have been made to clone the middle fragment of PKA which would 

link all fragments together to produce a complete clone.  However, successive attempts 

with different primer pairs have failed to produce a fragment which matched the 

sequence of the various exons that could be alternatively spliced in PKA.  Regardless, 

cloning of the amino and carboxyl termini provides evidence that there is a PKA 

expressed in Chlamydomonas. 
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CHAPTER 2 

DETERMINATION OF AKBD BINDING TO AXONEME PROTEINS 

 

Introduction 

Protein Kinase A may regulate axoneme motility 

Protein Kinase A (PKA) has been long suspected to regulate motility of the 

flagella in Chlamydomonas reinhardtii.  However, Chlamydomonas PKA has not been 

fully cloned and its location or activity has not been determined.  The amino terminus 

containing the proposed AKAP binding domain (AKBD) has been cloned into an 

expression vector.  To determine how flagellar PKA is regulated, what its targets are, and 

where it localizes in the flagella, it will be important to express AKBD and determine the 

axonemal proteins to which it binds.   

A Kinase Anchoring Proteins localize PKA to specific organelles and 

structures.  In mammalian cells, PKA is known to localize in the cytoplasm via A-

Kinase Anchoring Proteins (AKAPs).  AKAPs consist of two major domains, the 

targeting domain and the anchoring domain.  The targeting domain is responsible for the 

specific localization of the PKA-AKAP complex in the cell.  The number of identified 

AKAPs is increasing and AKAPs have been found anchored to centrosomes, the 

endoplasmic reticulum, the Golgi, mitochondria, nuclear matrix, plasma membrane, and 

microtubules (Divani and Scott, 2001; Hausken et al., 1996).  The AKAP anchoring 
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domain functions to bind the regulatory subunit of PKA through a conserved anchoring 

motif with several critical leucines and isoleucines (Fig 8).  Conversely, the RII subunit 

of PKA binds to AKAPs also through a conserved AKAP binding domain with an 

amphipathic helix at the amino terminus.  Site-directed mutagenesis of residues 3 and 5 

to a hydrophilic amino acid completely disrupts AKAP binding while RII dimerization 

remains intact (Hausken et al., 1994).  Regulatory subunit dimerization requires residues 

13-36 and dimerization must occur before mammalian PKA can bind an AKAP (Scott et 

al., 1990; Li and Rubin, 1994).  This finding suggests that the binding of PKA and 

AKAPs may be similar to a leucine zipper, where the RII dimer forms one side of the 

zipper while the AKAP contains the other side (Figure 13).  The localization of PKA 

within the cell allows for tight regulation by PKA phosphorylation of nearby proteins.  If 

AKAPs are located near the dynein arms in the axoneme, then it is possible that PKA 

may play a role in regulating axoneme motility.  To study this possibility, it is important 

to clone and characterize PKA in a model organism, such as Chlamydomonas.  This 

would allow for the elucidation of which molecular pathways PKA is involved in 

regulating motility of the axoneme. 
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Figure 13.  Cytoplasmic PKA in mammals is a heterotetramer consisting of two 

regulatory subunits (RII) which bind two catalytic PKA subunits to an AKAP via 

amphipathic helices.  When bound to AKAPs, mammalian PKA activity is inhibited. 

 

In the RII subunit of mammalian PKA, the first seven amino acids are required 

for binding to AKAPs.  Site-directed mutagenesis has narrowed down the critical 

residues to the third and fifth isoleucines.  When Chlamydomonas PKA was aligned with 

bovine and human RII, these residues are at least partially conserved (Figure 14).  Instead 

of having isoleucine at the fifth residue, our predicted AKAP binding domain sequence 

has a leucine.  Because isoleucine and leucine are both hydrophobic branched amino 

acids, the binding of Chlamydomonas AKBD to an AKAP should not be affected.  In 

fact, site-directed mutagenesis of isoleucine 5 to leucine, does not affect binding of 

mammalian RIIα to AKAPs.  However, mutations of leucines 3 and 5 to hydrophilic 

amino acids abolishes RII binding to AKAPs (Hausken et al., 1996).   
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HUMAN_RIIb       MSHIQIPPGLTELLQGYTV--EVLRQQPPDLVEFAVEYFTRLREARAPASVLPA 

BOVINE_RIIb      MSHIQIPPGLTELLQGYTV--EVLRQRPPDLVDFAVDYFTRLREARSRASTPPA 

Genie_214.2      -MQIHLRQAVRDQIRKLAVGGPQAKEEKEKIYEVSDSEDEELEDDPSERTTLSG 

                   :*::  .: : ::  :*     ::.  .: :.: .   .*.:  :  :. ..  

 

 

Figure 14.  Alignment of human and bovine RIIb subunits with the cloned GENIE 214.2 

amino acid sequence.  Arrows show third and fifth isoleucines critical for mammalian RII 

binding to AKAPs.  The methionine residue on RIIb is normally removed post-

translationally, making the serine amino acid number one. 

 

Similar to the tethering of mammalian cytoplasmic PKA to AKAPs, 

Chlamydomonas flagellar PKA is known to be structurally bound to the axoneme because 

PKA activity is still present after axoneme isolation (Hasegawa et al., 1987; Howard et 

al., 1994).  Binding of PKA directly to the axoneme sequesters its activity to a specific 

cohort of proteins on or near the axoneme.   

Radial Spoke Protein 3 is a known AKAP in Chlamydomonas.  Recently, two 

AKAP proteins were discovered in Chlamydomonas axonemes.  Radial spoke protein-3 

(RSP3) and AKAP240 are located at the base of the radial spoke and in the C2 central 

pair microtubule, respectively (Gaillard et al., 2001).  Since RSP3 is located at the base of 

the radial spoke, it is conveniently placed near the I1 inner arm dynein in 

Chlamydomonas (Figure 15).  Several lines of evidence suggest that RSP3 is a true 

AKAP.  RSP3 is capable of binding mammalian RII regulatory subunits at amino acids 

144-180 which has sequence characteristics of RII binding domains in mammalian 

AKAPs (Gaillard et al., 2001).  More specifically, site-directed mutagenesis of valine 169 

and leucine 170 to alanines completely disrupts RSP3 binding to RII.  These residues are 

highly conserved in RII binding domains of other known AKAPs.  Therefore, it is likely 

that Chlamydomonas RSP3 localizes PKA by an RII-like binding domain.  Construction 
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of RSP3 mutants has provided further evidence supporting the hypothesis that PKA may 

bind to RSP3. 

 
Figure 15.  Proposed mechanism of PKA binding to RSP3, and localization near inner 

arm dynein, I1.  In Chlamydomonas, PKA is active when bound to the axoneme.  

  

RSP3 mutants (Chlamydomonas strain 388) consisting of a non-functional RII 

binding domain display an abnormal phenotype in which half of the cells are motile and 

the other half are paralyzed.  The motile cells display a range of motility from normal to 

twitching or swimming in circles.  However, when reactivated cells are treated with PKI 

to inhibit PKA, motility doubles to nearly wild-type levels (Gaillard et al., 2006).  

Furthermore, when reactivated cells are first treated with microcystin, a phosphatase 

inhibitor, followed by PKI, the motility rescuing effects of PKI are inhibited.  This shows 

that a dephosphorylation event is required for PKI rescue of motility.  Taken together, the 

results from experiments with 388 mutants indicate that the AKAP domain plays a role in 

the regulation of motility and suggest that PKA is involved in this pathway.  Defective 

radial spokes may fail to suppress PKA activity.  If PKA activity was not suppressed, 
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then the dynein arms would consistently be over-phosphorylated, therefore resulting in 

inappropriate inhibition of motility.   

In summary, recent work indicates that the radial spoke protein, RSP3, is located 

adjacent to the dynein arms and that RSP3 is a functional AKAP.  Furthermore, 

mutations in the RII binding domain of RSP3 inhibit motility in a phosphorylation-

dependent manner.  It is possible that RSP3 may localize PKA by binding to an RII 

domain in PKA.   

Thesis Rationale 

The objective of this study was to test if this putative PKA in Chlamydomonas 

binds to flagellar AKAPs, such as RSP3.  This would provide evidence that this potential 

PKA exhibits one of the hallmarks of PKA function.  If Chlamydomonas PKA binds to 

RSP3, then we will know that it is localized to the axoneme by AKAPs.  Therefore, this 

PKA would be suitably located near the I1 dynein and may regulate its activity.  Testing 

this hypothesis is an important step toward understanding the regulation of flagellar 

motility.   

To test if this putative PKA binds to RSP3, the AKAP binding domain (AKBD) 

of the predicted PKA gene was first cloned and the sequence confirmed.  Once 

confirmed, AKBD was sub-cloned into an expression vector containing a HIS tag at the 

carboxyl terminus and transformed into an inducible strain of Esherichia coli for protein 

expression.  To detect if AKBD binds to RSP3 in the axoneme, Chlamydomonas 

axonemes were isolated and blotted on PVDF membranes.  Binding was determined by 

performing blot overlays in which the axoneme proteins were transferred to the blot and 

purified AKBD was incubated over the blot.  Bound AKBD was detected by 
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immunoblotting with His-tag antibodies.  The location of AKBD would indicate the size 

of the protein with which it is interacting.  Therefore, if AKBD was able to bind RSP3, 

then a band corresponding to 97 kD would be visible.   

 

Materials and Methods 

Expression of AKAP binding domain of PKA 

BL21(DE3) Escherichia coli cells transformed with the pET22b
+
 vector carrying 

the AKBD sequence were grown in 1 L cultures for large-scale production and 

purification.  The pET22b
+
 vector places a pelB leader sequence at the amino terminus, 

allowing for localization of the protein to the periplasmic space of E. coli, and a HIS-tag 

at the carboxy terminus for purification and identification purposes.  A 5 ml starter 

culture containing 50 µg/ml ampicillin was inoculated with 2 µl of glycerol stock of cells 

containing the plasmid and grown at 37 °C overnight at 250 rpm.  The 5 ml culture was 

used to inoculate a 50 ml culture grown under the same conditions for six hours until 

OD600 measured 1.200.  Subsequently, the 50 ml culture was used to inoculate the 1 L 

culture and grown 6 hours at 37 °C and 150 rpm until OD600 measured 1.000.  The 

culture was induced to transcribe AKBD with 1 mM IPTG, and incubated overnight at 30 

°C and 150 rpm to encourage movement of AKBD proteins to the periplasmic space.   

Purification of AKBD-HIS protein 

Osmotic Shock Method.  Cells were harvested by centrifugation at 10,000 x g 

for 10 minutes at 4 °C in 500 ml conical bottles and using an J-S 5.3 rotor.  Pellets were 

resuspended in 30 ml 30 mM Tris-HCl, 20% Sucrose, 1.0 mM EDTA, pH 8.  Cells were 

stirred slowly at room temperature with magnetic stir bar for 10 minutes, then collected 
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by centrifugation at 10,000 x g for 10 minutes at 4 °C.  Pellets were resuspended in 30 ml 

ice-cold 5 mM MgSO4 and stirred slowly with stir bar for 10 minutes on ice to induce the 

release of periplasmic proteins.  To confirm successful osmotic shock, cells were checked 

under a microscope for an alteration from rod shaped to spherical shaped cells.  The 

supernatant was collected by centrifugation of the cell bodies at 10,000 x g for 10 

minutes at 4 °C. 

To purify the HIS-tagged AKBD protein from induced cells, the periplasmic 

supernatant was incubated with Nickel-agarose beads in Nickel-binding buffer (50 mM 

NaH2PO4; 30 mM NaCl; 10 mM Imidazole; pH 8) for one hour at 4 °C with gentle 

agitation.  The agarose beads were loaded onto a column and washed with 15 ml of the 

primary wash buffer (10 mM Imidazole; 300 mM NaCl; 50 mM NaH2PO4, pH 8), then 

15 ml of the secondary wash buffer (50 mM Imidazole; 300 mM NaCl; 50 mM NaH2PO4, 

pH 8).  After washing, the bound proteins were eluted with 15 ml of elution buffer (250 

mM Imidazole; 300 mM NaCl; 50 mM NaH2PO4, pH 8) and collected in 1 ml fractions.  

Fractions used for SDS-PAGE were precipitated with Trichloracetic Acid and 

resuspended in 100 µl 1x PBS and 100 µl 5x SDS buffer, boiled at 95° C for 5 min, and 

stored at -20° C for gel electrophoresis and Western blotting experiments.  Pure AKBD 

fractions used in overlay experiments were dialyzed with Slide-A-Lyzer (Pierce) 

cassettes in PBS, twice for 24 hours, and supplemented with 10 mM EDTA. 

Chloroform Shock Method.  Chloroform shock was used to increase yield of 

AKBD at the expense of reducing its purity.  Five ml LB media containing 50 µg/ml 

ampicillin was inoculated with 2 µl of glycerol stock of E. coli strain BL21(DE3) 

containing the AKBD clone.  The culture was grown overnight at 37 °C, 250 rpm, 
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OD600= 1.000-1.200.  The 5 ml culture was used to inoculate 50 ml LB-AMP media and 

was grown for another 4 hours until OD600=1.000.  The culture was induced to express 

AKBD with the addition of 1 mM IPTG and incubated overnight (12-16 hours).  Cells 

were harvested by centrifugation (Avanti JE, SS-34 rotor) at 10,000 x g for 10 minutes at 

4 °C.  Pellet was resuspended in 50 ml Tris Buffer (10 mM Tris, pH 8.0, 22 °C) and 10 

ml Chloroform was added with gentle swirling.  Cell mixture was incubated at RT for 15 

minutes with occasional inversion.  After incubation, 100 ml Tris Buffer was added and 

cells were pelleted by centrifugation at 10,000 x g for 20 minutes at 4 °C.  The aqueous 

phase was removed and applied to a Ni Agarose column for purification of HIS-tagged 

AKBD. 

Detection of AKBD binding to AKAPs in the axoneme 

Isolation of Chlamydomonas axonemes.  Wild-type (ccl24) and mutant (ida4 

and ida7-1) Chlamydomonas cells were cultured in 200 ml modified Sager and Granick 

media (Witman, 1986) with aeration for three days.  Each 200 ml culture was used to 

inoculate a 3 L culture chamber which was grown with aeration for 5 days.  For each cell 

type, a total of 9 – 12 L was grown for axoneme isolation.  To concentrate the cells a 

Tangential Flow Filter was used to reduce the volume to 1 L and the cells were pelleted 

by centrifugation at 1,500 x g for 5 minutes at 4 °C with a JS-5.3 rotor (Avanti J-E).  The 

cell pellets were resuspended and washed in 1 L, 10 mM HEPES, and re-pelleted by 

centrifugation.  The washed pellet was resuspended in 48 ml deflagellation buffer (10 

mM HEPES, 5 mM MgSO4, 1 mM DTT, 4% Sucrose), then 600 µl of 0.1 M CaCl2 was 

added before swirling the mixture.  To deflagellate the cells, 1.2 ml of 250 mM 

Dibucaine in ethanol was added and cells were triturated vigorously.  After confirming 
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deflagellation with a phase contrast microscope, 150 ml of deflagellation buffer 

containing 1 mM EGTA was added and the mixture was swirled.   

To isolate flagella from cell bodies, the mixture was centrifuged in a JS-5.3 rotor 

at 1,500 x g, 5 minutes at 4 °C, and supernatants were saved.  The flagella were further 

purified by centrifugation with a high-density sucrose underlay to collect contaminating 

cell bodies.  Supernatants (40 ml) were placed into 50 ml centrifuge tubes and underlaid 

with 5 ml of the sucrose solution (10 mM HEPES, 5 mM MgSO4, 1 mM DTT, 1 mM 

EGTA, 25% Sucrose).  The tubes were centrifuged at 2,400 x g, 10 minutes at 4 °C and 

supernatants were saved.  To harvest remaining purified flagella, supernatants were 

centrifuged in JA-25.50 rotor at 27,000 x g for 20 minutes at 4 °C.  To isolate axonemes 

from the flagellar membranes, pellets were resuspended in 9.5 ml NaLOW buffer (10 

mM HEPES, 5 mM MgSO4, 1 mM DTT, 0.5 mM EDTA, 30 mM NaCl) and 0.5 ml NP-

40 was added with mixing.  Axonemes were collected by centrifugation at 27,000 x g for 

20 minutes at 4 °C and pellets were resuspended in 500 µl of NaLOW buffer.  The 

concentration of protein was measured with the Bradford Assay (Bio-Rad). 

AKBD blot overlay on axoneme proteins.  The purified axoneme proteins from 

wild-type (ccl24), ida4, and ida7-1 were separated by SDS-PAGE at 180V, 55 minutes, 

and transferred to a PVDF membrane 0.35A, 40 minutes in a Tris-Glycine transfer buffer.  

After air-drying, the blot was wetted in Phosphate-Buffered Saline Tween 20 (PBST).  

The wetted blot was rinsed twice in PBST and incubated in 3% blocker (Opti-4CN 

Substrate Kit, Bio-Rad) for one hour.  After blocking, the blot was washed twice with 

PBST, 5 minutes each, and incubated in PBST containing 1% BSA and purified AKBD 

protein (2 µg/ml) overnight at 25° C with gentle agitation.  Excess AKBD was removed 
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and blot was rinsed twice with PBST.  For primary antibody labeling, the blot was 

incubated in PBST, 1% BSA containing mouse anti-HIS IgG (20 ng/ml), for one hour.  

Excess primary antibody was removed with two washes in PBST before addition of the 

secondary antibody.  The blot incubated in the secondary antibody, donkey anti-mouse 

IgG (200 ng/ml), for one hour at 25 °C.  After washing excess secondary antibody, the 

blot was incubated in 5 ml diluted Bio-Rad Amplification Reagent for 10 minutes.  

Subsequently, the blot was rinsed three times with 20% DMSO/PBST and two more 

times with PBST.  Thereafter, the blot was incubated in diluted Streptavidin-HRP (1 

µg/ml) for 30 minutes.  After three PBST washes and one PBS wash, the blot was 

developed with the OPTI-4CN substrate kit.  All washes were 5 minutes.    

Determination of potential AKBD binding to RSP3 

Expression and purification of RSP3-GST.  To express Chlamydomonas RSP3 

protein for binding experiments, several clones containing full-length and truncated 

forms of RSP3 were cultured (Figure 16).  Clones were created in pGEX-2T plasmids 

containing the RSP3 cDNA fused to GST, and transformed in E. coli strain 

BL21(DE3)PLySs (Generous gift of M. Wirschell and W.S. Sale, Emory University 

School of Medicine).  Four different clones of RSP3 were grown in addition to a control 

consisting of GST alone.  Each clone was grown overnight (OD600~1.500) in 5 ml LB 

media containing 100 µg/ml ampicillin and 50 µg/ml chloramphenicol.  For each clone, a 

50 ml culture (no antibiotics) was inoculated with 4 ml of starter culture.  The 50 ml 

cultures were grown 4 hours at 37 °C and 250 rpm (OD600~1.000), then induced with 1 

mM IPTG for 2-4 hours.  Cells were pelleted by centrifugation at 8,000 x g for 5 minutes 

at 4 °C.  The pellets were resuspended in 4 ml lysis buffer (30 mM HEPES, 1 mM 
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EDTA, 1 mM PMSF, 2 mM DTT) and cells were lysed by bead-beating for six 

increments of 30 seconds.  To keep soluble proteins in solution, 0.1% Triton-x-100 was 

added before centrifugation at 13,000 x g for 10 minutes at 4 °C.  Supernatants were 

saved for purification of GST fusion proteins. 

 

Figure 16.  Full-length and truncated RSP3 clones were expressed for protein binding 

experiments.  Three of the clones contained the RII binding domain and all clones were 

fused with the GST protein for identification and purification purposes.  The RII binding 

domain is within amino acids 144-180. 

 

 To purify RSP3-GST fusion proteins, the supernatant from cell lysates was 

incubated with 4 ml glutathione agarose beads (Molecular Probes) while rocking at 4 °C 

for 30 minutes.  The beads were loaded onto a column and washed with 40 ml PBS.  The 

bound proteins were eluted by washing the column with 20 ml 50 mM Tris-HCl, pH 8, 

containing 5 mM glutathione and collected as 1 ml fractions. 

AKBD blot overlays on RSP3-GST.  Full-length and truncated forms of RSP3 

were expressed in E. coli and the cell lysates were run on SDS-PAGE.  The separated 

proteins were transferred to PVDF by blotting for 40 minutes at a constant 0.35 A.  After 

air-drying, the blot was wetted in Tris-Buffered Saline Tween-20 (TBST) and washed 
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twice, five minutes each.  The blot was blocked for 40 minutes in 3% gelatin-TBST and 

subsequently washed twice with TBST.  To allow for potential AKBD binding to RSP3, 

diluted AKBD (200 µg/ml) was added to the blot and incubated overnight at 4 °C with 

gentle agitation.  Thereafter, excess AKBD was removed by washing twice with TBST.  

For labeling AKBD that remained bound to the blot, a primary mouse anti-HIS antibody 

was diluted (1 µg/ml) and incubated over the blot for one hour.  After washing twice, the 

secondary goat-anti mouse HRP (Bio-Rad) was applied (1 µg/ml) and incubated for one 

hour.  Excess antibodies were removed with washing in TBST three times, five minutes 

each, and with TBS once.  Blots were developed with OPTI-4CN Substrate for 3-30 

minutes, depending on level on sensitivity. 

 Reciprocal blot overlays were performed by blotting pure AKBD and incubating 

the blot in diluted RSP3 (10 µg/ml).  The blots were labeled using mouse anti-GST (1 

µg/ml) primary antibody and goat anti-mouse HRP (1 µg/ml) as the secondary antibody.  

The smallest truncated form of RSP3 (1-90) containing the RII-binding domain was used 

for the experimental overlay, while GST alone was used as a control.       

Renatured blot overlays with AKBD and RSP3.  To examine potential protein-

protein interactions in their native conformations, blots consisting of denatured proteins 

via SDS-PAGE were renatured by incubating blots in a series of varying concentrations 

of guanidine-HCl.  After proteins were transferred to PVDF, the blot was air-dried, 

wetted in TBST, and placed in a 6 M guanidine-HCl buffer (1% Glycerol; 0.1 M NaCl; 

20 mM Tris, pH 7.5; 1 mM EDTA; 0.1% Tween 20; 6 M Guanidine; 0.5 g milk powder; 

1mM DTT) for 30 minutes at room temperature.  Following this denaturation, the blot 

was washed with buffers containing 3 M, 1 M, 0.1 M and 0 M guanidine-HCl buffers 
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containing the same solutions.  In the 0.1 M and 0 M guanidine-HCl buffers, the blot 

incubated 30 minutes and overnight, respectively, both at 4 °C.  After renaturing, the blot 

was washed with TBST twice, blocked in 3% gelatin-TBST, and labeled as previously 

described in far-western blot overlays.    

RSP3-GST column affinity experiment with AKBD.  After expression of RSP3 

1-90, E. coli cells were lysed by bead beating in lysis buffer (30 mM HEPES, 1 mM 

EDTA, 1 mM PMSF, 2 mM DTT) and supernatants were saved for purification on a 

glutathione agarose column as previously described.  The soluble proteins from the cell 

lysate were incubated with 4 ml agarose beads for 30 minutes at 4 °C.  After the beads 

were loaded on the column and washed with 30 ml PBS, 1 ml of purified AKBD (0.400 

mg/ml) was added to the column.  The flow-through was collected, and the column was 

washed with 60 ml PBS.  GST proteins bound to the column were eluted with 20 ml of 

50 mM Tris-HCl buffer, pH 8, containing 5 mM glutathione and 1 ml fractions were 

collected.  Samples from AKBD flow-through, washes, and elutions were denatured in 

SDS by boiling at 95 °C for five minutes.  Samples were run on SDS-PAGE, blotted on 

PVDF at 0.35A constant for 40 minutes, and immunoblotted for HIS-tagged AKBD as 

well as RSP3-GST.   

 

Results 

Purification of AKBD-HIS protein 

 To obtain adequate amounts of AKBD protein for binding experiments, expressed 

AKBD-HIS proteins were purified via a nickel agarose column.  To avoid contamination 

of other cellular proteins in purified AKBD-HIS samples, the periplasmic fraction was 
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used for purification.  In addition to osmotic shock, chloroform shock was attempted for 

release of periplasmic proteins.  Though protein yield was far greater after chloroform 

shock, purification from osmotically shocked samples resulted in greater purity (Figure 

17).  Comparison of Coomassie stained gels (Fig. 17A, lanes 4, 5) and matching blots 

stained with anti-his (Fig. 17B, lanes 4, 5) shows that although two non-HIS labeled 

proteins less than 15 kD elute with AKBD-HIS, most of the protein eluted off nickel 

columns contains the HIS tag.  The most pure sample of AKBD-HIS was obtained from 

fractions eluted at 2 ml and 3 ml (0.400 mg/ml) from the osmotic shock purification, and 

were used for protein binding experiments.  Unfortunately, antibody labeling of HIS-

tagged proteins was weak in comparison to Coomassie stained proteins.  The weak 

labeling of AKBD-HIS may have had detrimental effects on identifying sensitive levels 

of AKBD in the western blot overlay experiments.   
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Figure 17.  HIS-tagged AKBD protein purified by osmotic shock vs. chloroform shock.  

AKBD was visible in Coomassie stained gels (15% acrylamide) (A) and by Western blot 

labeling with anti-HIS antibodies (B).  Total cell protein is shown in lane 2.  Bacterial 

proteins were released via osmotic shock (lanes 3-6) or chloroform shock (lanes 7-10) 

and AKBD was eluted from nickel columns.  Lanes 3-6 and 7-10 show elutions collected 

from 2-5, ml respectively. 

 

Detection of AKBD binding to AKAPs in the axoneme 

 In previous experiments, RII blot overlays have been used to identify AKAPs in 

many instances, including Chlamydomonas flagella (Gaillard et al., 2001).  Unlike these 

previous experiments, this study attempted to use a non-radioactive method of labeling 

and uses a protein endogenous to Chlamydomonas.  Instead of using mammalian RII, the 

AKAP binding domain (AKBD) of a putative PKA from Chlamydomonas was used to 
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identify AKAPs in the axoneme.  To determine if AKBD binds to AKAP proteins in the 

axoneme of Chlamydomonas, flagella were isolated from wild-type (cc124) cells and 

fractioned into whole flagella, axoneme, and membrane matrix fractions.  Isolated 

axonemes were denatured and separated by SDS-PAGE (Figure 18).  A typical protein 

banding pattern for axoneme proteins was observed where both tubulin and the dynein 

heavy chains were identified.  Axoneme proteins were blotted to PVDF membranes for 

AKBD binding overlay experiments.  Detection of AKBD-HIS binding to axoneme 

proteins was determined by immunoblotting for the HIS-tag.  Previous RII overlays in 

Chlamydomonas revealed AKAPs near 97 kD and 240 kD (RSP3 and AKAP240).  In 

contrast, initial overlay attempts with AKBD revealed consistent bands near 250 kD and 

270 kD (Figure 19).  However, these initial experiments lacked a negative control such as 

performing an overlay without AKBD.   
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Figure 18. Axoneme proteins were purified and separated by SDS-PAGE with 10% 

acrylamide.  Lanes 2 consists of 10 µl of axoneme sample, while lanes 3-5 were diluted 

as shown.  Dynein heavy chains and tubulin ran at their typical locations on SDS-PAGE 

(upper and lower arrows, respectively).  
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Figure 19.  Potential AKBD binding to axoneme proteins of high molecular weight (~250 

kD and 270 kD).  A) Proteins from intact flagella, axonemes, or membrane-matrix 

fractions were blotted from a 10% acrylamide gel and stained with anti-HIS antibodies.  

Lanes 1 and 2 contain non-specific binding of HIS antibody to standards (diluted 

standards in lane 2).  Positive control AKBD spot shown at arrow.  Arrowheads indicate 

two intensely staining bands at or above 250 kD.  B) AKBD overlay experiment showing 

an increase in background, but with the same high molecular weight bands.  Proteins 

were separated by a 7% acrylamide gel during SDS-PAGE.   
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When the AKBD overlay experiments produced consistent bands near 250 and 

270 kD, the possibility of AKBD binding to dynein heavy chains was considered.  

Though dynein heavy chains have a much larger molecular weight (approximately 400 

kD) they tend to run near 200-300 kD on mini gels.  If AKBD was binding to dynein 

heavy chains, then a mutant lacking particular dynein heavy chains would not be able to 

bind AKBD, therefore resulting in a missing band.  In previous RII overlay experiments, 

Chlamydomonas mutants lacking the radial spokes or the central pair microtubules were 

used to show the lack of RII labeling of AKAPs which were missing in those mutants.  

Similarly, dynein mutants (ida4 and ida7-1) were cultured in this study to determine if 

AKBD binding was specific to dynein heavy chains.  The mutants ida4 and ida7-1 were 

lacking inner arms I2 and I1 respectively.  Axoneme proteins from wild-type and mutant 

strains were separated on SDS-PAGE and blotted on PVDF for AKBD overlays.  Instead 

of showing the consistent band labeling (near 250 and 270 kD) for the wild-type 

axoneme, the AKBD overlay experiments resulted in non-specific background labeling at 

the previously optimized antibody dilutions (Figure 20).  In addition, the control 

experiment performed without AKBD showed no difference in labeling.  Increased 

dilution of the primary antibody (50 ng/ml instead of 200 ng/ml) allowed for reduction of 

background labeling and the high molecular weight bands at 250 and 270 kD became 

slightly visible.    Regardless, achieving consistent labeling of potential AKBD bands in 

overlay experiments was challenging due to the delicate balance between reduction of 

background labeling and detection of true AKBD labeling.  Furthermore, re-optimization 

of antibody dilutions was required to achieve this balance.  Due to the lack of 

consistency, differences between AKBD overlays performed with and without AKBD 
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were usually non-detectable.  Therefore, true AKBD labeling in overlay experiments was 

not determined.  

 
 

Figure 20.  AKBD overlays were performed with wild-type (WT) and mutant axonemes 

(ida4 and ida7-1) separated by 10% acrylamide during SDS-PAGE. Overlays performed 

with (A) or without (B) AKBD-HIS had no detectable differences in labeling when using 

previously optimized antibody dilutions (primary 200 ng/ml; secondary 50 ng/ml).  (C) 

Reduction of primary antibody to 50 ng/ml removed some background and high 

molecular weight bands became slightly visible (arrows).  

  

 At this point, the ability of the primary antibody to detect AKBD-HIS was tested.  

Three anti-HIS antibodies were compared side-by-side to determine if there were any 

differences in labeling capabilities (Figure 21).  AKBD overlays were performed on 

mini-blots containing a standard lane and a wild-type axoneme lane.  All blots had 

similar results and had similar levels of background labeling.  In addition, each mini-blot 

overlay had a control AKBD stripe which showed similar levels of positive signaling 

regardless of the primary anti-HIS antibody used.  The control blot which did not have 
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AKBD protein during the overlay had similar results as those which had AKBD.  This 

suggests that the bands showing on the blots are background labeling and not specific for 

AKBD.  The ability for each of the primary antibodies to produce a positive AKBD 

signal and the fact that they produced similar background bands suggests that there was 

little difference in the labeling capabilities of the different primary antibodies.  Blots 

labeled with only secondary antibodies resulted in no background or non-specific 

labeling (data not shown).  These results suggest that the primary antibodies are able to 

bind AKBD-HIS successfully, however, the primary antibodies are also the source of the 

non-specific background labeling.   
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Figure 21.  No differences in AKBD labeling or non-specific background were detected 

when comparing three different anti-HIS antibodies.  Wild-type axonemes were separated 

by SDS-PAGE using 7% acrylamide.  AKBD overlays were performed in parallel with 

(B,C,D) or without AKBD (A).  No differences were detected whether AKBD was 

present in the overlay or not.  Blots were labeled with (1:5,000) primary Profinia mouse 

anti-HIS (A and D), BioRad mouse anti-HIS (B), and ABM mouse anti-HIS (C).  Each 

blot was then labeled with (50 ng/ml) secondary donkey anti-mouse HRP conjugate.  

Control AKBD (1 µg) was marked on each blot for a positive control of labeling (arrow). 

 

To consider the possibility that bound AKBD may have been removed with 

consecutive wash steps, blot overlays were performed with a fixative treatment after a 

single 5 minute wash.  However, treatment of the blot with 4% paraformaldehyde or 

2.5% glutaraldehyde for 30 minutes did not produce any visible differences from the non-

treated blot overlays (data not shown).  The typical non-specific labeling of the standards 

was present; however, no other bands were detectable.  
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Expression and Purification of RSP3-GST 

 The inability to detect AKBD binding to AKAPs in the axoneme may be due to 

having a relatively small amount of AKAP proteins (thin band on PVDF) binding a small 

amount of AKBD (from overlay).  Such small levels of protein interaction may be too 

sensitive to detect with Western blot overlays.  To consider this possibility, a large 

amount of a known AKAP in Chlamydomonas was expressed and purified for binding 

experiments with AKBD.  The Radial Spoke Protein 3 (RSP3) AKAP, which has been 

shown to interact with mammalian RII, was expressed and purified by its fusion with 

GST.  Expression of full-length RSP3-GST (1-516) was identified in both soluble and 

insoluble cell fractions (Figure 22), but the soluble fraction was used for purification.  

Full-length and truncated RSP3-GST fusion proteins were expressed via IPTG induction 

and separated by SDS-PAGE (Figure 23).  Though expression of RSP3 was successful, 

both full-length and truncated proteins showed signs of degradation.  The larger the 

protein, the more breakdown products appeared.  It is possible that the PMSF used to 

inhibit protease activity was not working well.  With each RSP3 expression, the pattern 

of degradation products appeared to be consistent.  This suggests that proteases were 

acting consistently on the same regions of the proteins to produce similar fragment sizes.  

The GST control and the smallest truncated form of RSP3 (1-90) expressed better than 

the larger RSP3 products.  To purify large amounts of RSP3, the truncated RSP3 1-90 

was used.     
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Figure 22. A) Expression of full-length RSP3 1-516 on SDS-PAGE (8% acrylamide).  

The non-induced and induced fractions are shown for total cell protein (TCP), soluble 

(SOL) and insoluble (INS) samples. B) Western blot labeled with anti-GST reveals the 

expressed RSP3 for each induced fraction.  Full-length RSP3 shown at arrow and 

consistent fragment sizes are shown at smaller molecular weights. 
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Figure 23. Full-length and truncated forms of RSP3 expressed in soluble protein 

fractions.  Proteins were separated by SDS-PAGE with 8% acrylamide and are visible in 

Coomassie stained gels (A) and by Western blotting with anti-GST (B).  Control (C) and 

IPTG induced (I) lanes are shown for each expressed RSP3 clone.  Full-length proteins 

are shown at arrows and remaining bands represent fragments which still contain the 

GST fusion protein.    

 

To determine if a large amount of RSP3 would improve detection of potential 

AKBD binding, it was necessary to purify RSP3 from the remainder of the soluble 
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proteins.  Since truncated RSP3 1-90 had the highest level of intact protein, it was used 

for purification and protein binding experiments with AKBD.  GST was expressed and 

purified for use as a negative control in the binding experiments (Figure 24).  During 

purification of both truncated RSP3 1-90 and GST, the fractions eluted at 2 ml and 3 ml 

were enriched for protein and saved.   

 

 

Figure 24.  Coomassie stained gel (8% acrylamide) showing purification of GST and 

truncated RSP3-GST fusion protein (1-90).  Lanes 1 and 6 show total cell protein in the 

column flow through.  Lanes 2 and 7 show the wash before elution and lanes 3,4,5, and 

8,9,10 are fractions 1, 2, and 3 from the elution.  The enriched RSP3 1-90 in lane 10 

reveals fragmentation.  

 

Determination of potential AKBD binding to RSP3 

 After expression of full-length and truncated RSP3 forms, the soluble fractions 

were obtained from lysed cells and AKBD overlays were performed.  The soluble 

fractions were separated on SDS-PAGE and blotted on PVDF.  AKBD overlays were 

performed overnight and labeled with anti-HIS antibodies along with a secondary HRP 
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peroxidase-conjugated antibody; however, no AKBD binding was detected.  Overlays 

were attempted with and without 4% formaldehyde treatment (Figure 25) and overlays 

were performed with a positive control lane consisting of pure AKBD as a positive 

control of AKBD labeling (Figure 26).  In these experiments, bands specific for an 

AKBD-RSP3 interaction were still not present.  Instead of bands appearing where RSP3 

was located on the blot, bands showed up at non-specific, low molecular weight positions 

on the blot that was fixed with formaldehyde.  Because a negative control overlay 

(without AKBD) was not performed, it was not clear whether the formaldehyde fixative 

treatment created non-specific binding of the anti-HIS antibody, or if the bands were 

actually labeling AKBD and the AKBD bound to different proteins.  Furthermore, the 

fixed overlay blot had bands present in the lane consisting of GST alone (no RSP3).     

 

Figure 25.  Binding of AKBD to RSP3 was non-detectable on western blot overlay 

experiments without (A) or with (B) formaldehyde fixative treatment.  Several low 

molecular weight bands appeared after fixative treatment, but were non-specific to RSP3. 
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Figure 26. AKBD binding to full-length RSP3 (1-516) was not detectable even when pure 

AKBD produced a strong positive signal after labeling (arrows).  Overlays were 

performed with (A) and without (B) 4% formaldehyde fixative treatment.  Several 

smaller molecular weight bands appeared in the total cell protein (TCP) fraction on the 

fixed blot, but do not match with the expected size of full-length RSP3.   

 

 

The inability to detect AKBD binding to RSP3 may have been due to the 

denatured state of RSP3 after SDS-PAGE and blotting.  Though mammalian RII labeling 

was successful with denatured axoneme proteins, it is possible that the binding domain 

for AKBD was disrupted enough that AKBD binding was too weak or non-existent.  To 

allow RSP3 to be in its native state during blot overlays, reciprocal overlays were 

performed in which the purified RSP3 1-90 was overlaid on blots containing pure AKBD.  

The blots were labeled with anti-GST antibodies.  Again, no binding between RSP3 1-90 

and AKBD was detected (data not shown).  Though RSP3 1-90 was not denatured in this 
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experiment, AKBD was denatured on the blot and binding may have, once again, been 

disrupted.   

Thus far, attempts to detect a true binding interaction between purified AKBD 

and purified RSP3 1-90 have not been successful.  Though there were large amounts of 

each protein, binding was not detected with AKBD or RSP3 overlays.  However, in each 

of the blot overlay experiments performed, one of the proteins was denatured on the blot.  

To allow both proteins to be folded in their native state, blots containing full-length and 

truncated RSP3’s were renatured before AKBD overlays were performed.  Renaturing 

proteins after blotting may also allow incorrectly folded proteins to re-fold in their correct 

conformations.  After SDS-PAGE and blotting, RSP3-GST proteins were denatured with 

a guanidine-HCl treatment, then gradually allowed to renature with washes containing 

less and less guanidine.  After overlaying blots with AKBD (and without AKBD), the 

blots were labeled with mouse anti-HIS and a secondary donkey anti-mouse HRP.  

Again, binding of AKBD to RSP3 was not detected (Figure 27).  The typical background 

labeling of the standards was present, but no bands were unique to the blot overlaid with 

AKBD.     
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Figure 27. AKBD binding was not visible after renaturing blotted axoneme and RSP3 

proteins.  Blots overlaid with (A) and without AKBD (B) had no visible differences.   

 

RSP3-GST column affinity experiment with AKBD 

 Since detection of AKBD or RSP3 after blot overlays was inconsistent and 

difficult to optimize, a different protein-protein binding experiment was attempted.  

Native AKBD was allowed to bind native RSP3-GST bound to glutathione agarose in a 

column and bound proteins were eluted with glutathione.  The truncated RSP3 1-90 

which had expressed and purified well was used for binding experiments.  GST alone 

was used as a negative control.   GST proteins (GST and RSP3-GST) were bound to the 

column and incubated with AKBD before elution.  The columns were washed after 

adding soluble proteins to remove contaminating proteins, AKBD was added to the 

column, and the columns were thoroughly washed before elution of 1 ml fractions.  

Proteins present in the AKBD flow through, washes, and elutions were separated by 
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SDS-PAGE and blotted for detection of AKBD or RSP3 1-90.  Though RSP3 1-90 was 

strongly detected, AKBD was not detected in the flow-through or eluted fractions (Figure 

28A).  However, it was realized later that this truncated RSP3 (1-90) actually lacks the 

RII binding domain (Gaillard et al., 2001).  The RII binding domain of mammalian 

AKAPs (microtubule associated AKAPs) have been located near the amino terminus 

within amino acids 1-30 (Scott et al., 1996); however, the RII binding domain of 

Chlamydomonas RSP3 is within amino acids 144-180.  Therefore, RSP3 1-90 should 

theoretically not bind AKBD.  In these column affinity experiments, AKBD should be 

detected in the flow-through fraction and not in the elution fraction.  Instead, AKBD 

could not be detected in any of the fractions.  After 40 minutes of labeling with the 

Amplified OPTI-4CN Substrate kit (BioRad), only non-specific background proteins 

(primarily GST and RSP3-GST) were detected (Figure 28B).     
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Figure 28.  AKBD binding to RSP3 1-90 was not detectable under native column affinity 

conditions.  (A) Coomassie stained gel showing purified GST (lanes 2-5) and purified 

truncated RSP3 1-90 (lanes 7-10).  (B)  Western blot labeled for AKBD-HIS.  No AKBD 

is detected with eluted GST or RSP3 1-90.   

 

  

The inability to detect AKBD in either the flow through or elution fractions posed 

the question as to whether AKBD detection had failed or if AKBD was too dilute.  

Control blots containing dilutions of AKBD-HIS were produced and labeled with 

primary mouse anti-HIS antibody and a secondary donkey anti-mouse HRP-conjugated 
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antibody.  In this control blot, pure AKBD was barely detected (Figure 29).  AKBD 

labeling on the Coomassie stained gel was much stronger than the AKBD labeling via 

western blot.  Furthermore, multiple AKBD bands became visible in lane 3.  These 

additional bands may suggest that some AKBD proteins could no longer dimerize or that 

dimerization was incomplete.  If dimerization was incomplete, then AKBD would not be 

capable of binding to AKAPs.   

 

Figure 29.  The ability to detect diluted AKBD was weak.  Coomassie stained gel (10% 

acrylamide) (A) and western blot (B) showing control AKBD dilutions and the lack of 

AKBD detection in GST and RSP3 1-90 column affinity experiment.  Lane 3 reveals 

multiple AKBD-HIS bands which may suggest that the AKBD dimer was becoming 

weak. 
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To determine if poor labeling was due to the signaling ability of the secondary 

HRP peroxidase-conjugated antibody, similar western blots were produced and labeled 

with a new secondary goat anti-mouse HRP (data not shown).  Though the positive 

control signal for AKBD was stronger, no AKBD was detected in the column affinity 

flow-through or elution fractions.  Since the positive control lane containing AKBD was 

detected strongly but no AKBD was detected in the flow-through, it was likely that 

AKBD was too dilute for proper detection.  In addition, it became obvious that the 

original HRP enzyme used in the experiments had reduced its ability to produce a signal. 

Future column affinity experiments should use a more concentrated sample of purified 

AKBD that is dimerizing well, and fresh supplies of the secondary HRP conjugated 

antibody for labeling. 

 

Discussion 

Expression and purification of AKBD-HIS protein  

The purpose of this study was to determine if a putative PKA binds to known 

AKAPs in the axoneme.  The amino terminus containing the theoretical AKAP binding 

domain (AKBD) was cloned and fused with a HIS tag for expression.  Once expressed, 

AKBD-HIS was purified for protein binding experiments.  Cloning, expression, and 

purification of AKBD-HIS was successful.  This clone may be used in future studies to 

help determine if the protein encoded by GENIE 214.2 has some of the hallmark 

characteristics of a true PKA in Chlamydmonas. The HIS tag allows for easy purification 

of the expressed AKBD protein and allows for identification on blots using anti-HIS 

antibodies.  Furthermore, AKBD-HIS contained a pelB leader sequence at the amino 
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terminus which directed expressed proteins to the periplasmic space of E. coli.  Purifying 

AKBD-HIS from the periplasmic space allowed for a purer protein sample compared to 

other methods (Chloroform shock) which use the soluble total cell protein sample for 

purification.  However, protein yield from the periplasmic space was greatly reduced.  To 

increase yield, prolonged induction of 16-24 hours was required.   

When separated on SDS-PAGE gels, the AKBD-HIS protein revealed one of the 

important characteristics of the regulatory domain of PKA in mammals. Expressed and 

purified AKBD-HIS ran primarily at a molecular weight near 16 kD, nearly twice the 

expected molecular weight of 7.9 kD.  This suggests that AKBD was forming a dimer 

which was resistant to denaturing by SDS and β-mercaptoethanol.  Such dimer formation 

is common for the regulatory (RII) domain of PKA in mammals.  To bind AKAP 

proteins, the RII subunits must dimerize to form the proper AKAP binding site.  This 

dimer forms one side of a leucine zipper while the AKAP forms the other.  For example, 

bovine RII which binds a cytoskeletal AKAP, MAP2, requires amino acids 1-30 to 

dimerize.  Mutant RII subunits lacking this binding domain are not capable of binding 

MAP2 (Scott et al., 1990).  Furthermore, RII dimers are difficult to break down into 

monomers.  To form bovine RII monomers for gel filtration chromatography, the RII 

dimers are first denatured with 8M UREA and the monomers are stabilized with the 

addition of a small peptide containing amino acids 1-14 to bind the dimerization domain.  

Because AKBD dimers still appear after 8M UREA denaturation and separation on SDS-

PAGE, it suggests that AKBD may form resilient dimers such as mammalian RII 

subunits.   
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Detection of AKBD binding to potential AKAPs in the axoneme 

 Western blot overlay experiments were used in an attempt to determine if AKBD 

binds to axonemal proteins.  We expected to see AKBD binding to known flagellar 

AKAPs, RSP3 and AKAP240 (97 kD and 240 kD respectively). After performing 

AKBD-HIS overlays on wild-type axonemal proteins, potential AKBD-HIS binding was 

detected for axoneme proteins with estimated molecular weights of 250 and 270 kD.  

Dynein heavy chains are one of the few axonemal proteins that run at these locations on 

SDS-PAGE gels.  If AKBD was binding to dynein, it may provide evidence that PKA 

can interact with dynein.   

In an effort to provide additional evidence that AKBD-HIS may be binding a 

dynein protein, two mutant Chlamydmonas strains were cultured and their axonemes 

were isolated for protein binding experiments with AKBD-HIS.  Though the original 

intent was to isolate axonemes from a variety of dynein mutants, only axonemes from 

mutants ida4 and ida7-1 were isolated for protein binding experiments.  Culturing of 

additional mutants was halted when the results of AKBD-HIS blot overlay experiments 

became inconsistent.  Unfortunately, the binding interaction between AKBD-HIS and the 

high molecular weight axonemal proteins was not clearly detectable for each overlay 

experiment containing both wild-type and mutant axonemes.   

One possible explanation for the inconsistencies of AKBD overlay results is that 

the AKBD-HIS may wash off in some experiments.  To try to overcome the possibility 

that AKBD was removed with wash steps, several blot overlay experiments were fixed 

with 4% formaldehyde the AKBD-HIS overlay and a short wash.  However, after 

fixation, no detection of AKBD binding was visible.  The inability to detect AKBD-HIS 



66 

 

after fixing could be due to chemical disruption of the HIS epitope or an inability of the 

formaldehyde to fix the AKBD-HIS to the membrane.   

Secondly, the inconsistencies of AKBD detection may have been due to a 

weakening in the ability of antibodies to bind or produce a signal.  The signaling ability 

of the HRP enzyme faded after storage at -20 °C for six months.  When OPTI-4CN 

substrate was added to equal amounts of aged (six months) and new HRP enzyme, the 

signal produced by the aged sample was pale purple while the new sample was very dark 

purple (data not shown).  Over time it is possible that the HRP enzyme signaling ability 

had faded considerably so that sensitive levels of true AKBD binding could not be 

detected.  On the other hand, the ability of the primary antibodies to bind AKBD 

appeared to be unaffected.  Control experiments showed that there were no differences of 

background labeling or positive AKBD labeling between the different brands of primary 

anti-his antibodies (BioRad, ABM, or Profinia). 

A third possibility for the inconsistent binding results is that AKBD simply does 

not bind axoneme proteins or that it must have a post-translational modification before it 

can bind.  If AKBD does not bind axoneme proteins, then the initial results showing a 

potential positive binding interaction may have been false positives.  If a modification of 

AKBD is required before it can bind to AKAP proteins, then whether AKBD has the 

modification would depend on the conditions in which it was expressed and purified from 

E. coli.   

At this point, it is impossible to determine if the inability to reproduce the initial 

labeling of AKBD-HIS binding to high molecular weight proteins was simply a false 

positive result in the initial experiment or whether the blot overlay technique lacks the 
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sensitivity to detect the AKBD-HIS when it binds.  If consistent binding between AKBD-

HIS and high molecular weight proteins is achieved again, it will be necessary to 

administer a negative control overlay without AKBD to determine if the result is a true 

binding interaction.  If sensitivity continues to be an issue, future blot overlay 

experiments should be performed with radioactively labeled AKBD or enhanced 

chemiluminescence.  Such experiments would be more similar to the radioactively 

labeled mammalian RII subunits of PKA which have been successful for identifying 

AKAPs in Chlamydmonas (Hausken et al., 1994; Gaillard et al., 2001) and mammals 

(Lohman et al., 1984; Bregman et al., 1989; Brown et al., 2002).   

Expression and purification of RSP3-GST  

 Because detection of AKBD-HIS binding to axoneme proteins appeared to be 

very sensitive and inconsistent, and because there was no evidence of AKBD-HIS 

binding to the known AKAPs in Chlamydomonas, we decided to express and purify the 

known RSP3 AKAP for additional blot overlay experiments.  Having a greater 

concentration of AKAP protein may provide more binding sites for AKBD-HIS and 

therefore, a stronger (detectable) signal that binding is occurring on a western blot.  

Furthermore, if AKBD-HIS binding to RSP3 could be detected, this interaction would 

provide evidence that this putative PKA is showing another hallmark characteristic of a 

true PKA.  Radial Spoke Protein 3 is an AKAP that is located near the I1 inner dynein 

arm, which is known to regulate flagellar motility.  If a PKA is bound to RSP3 near the I1 

dynein, then it would be in a prime location to phosphorylate I1 or other proteins nearby 

that may be involved in regulation.   

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1345661#ref4
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To determine if AKBD-HIS can bind RSP3, full-length and truncated RSP3-GST 

fusion proteins were expressed.  Though expression of RSP3 was successful, the proteins 

appeared fragmented after mechanical cell lysis.  Though cells were lysed by bead 

beating, the fragmentation was likely a result of E. coli proteases because band sizes of 

the fragments were consistent.  The PMSF used as protease inhibitors was aged and may 

have not been working well.  On the other hand, mechanical shearing of proteins would 

have resulted in a smeared appearance.  Generally, the larger RSP3 proteins expressed 

were more fragmented than the smaller truncated proteins.  To acquire a large amount of 

an RSP3 protein that had less fragmentation, the smallest truncated RSP3 clone (1-90) 

was purified.  Expression and purification of RSP3 1-90 and GST alone on glutathione 

agarose columns was successful and relatively pure samples were obtained.   

AKBD binding to RSP3 was not determined 

 The inconsistencies between potential AKBD binding and non-specific 

background binding made detection of a true interaction difficult.  To amplify the signal 

for a potential interaction between AKBD and an AKAP protein, RSP3 was purified and 

blotted for AKBD overlay experiments.  AKBD was not detected after blot overlays on 

RSP3 proteins.  Though pure AKBD was detected in control lanes, no AKBD binding to 

RSP3 specific bands was detected.      

To determine if AKBD-HIS binding to RSP3-GST was prevented by the 

denatured state of the RSP3 proteins, blots were renatured after SDS-PAGE and blotting.  

Performing AKBD blot overlays after renaturation of RSP3 failed to produce any positive 

signal for AKBD-HIS binding.  However, without a positive control experiment, we 

cannot conclude that the actual renaturation of the RSP3 proteins was successful.     
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 The inability to detect AKBD binding to RSP3 in these overlay experiments 

suggested that either AKBD simply doesn’t bind RSP3 or that the blot overlay 

experiments are unable to detect such sensitive levels of protein-protein interactions.  

Since RSP3 is located at the base of the radial spokes near the I1 dynein arms, it remains 

an attractive target for potential PKA binding and localization in the axoneme.  

Localization of PKA near the dynein arms would suggest that PKA acts to regulate 

axonemal motility either directly or indirectly through the inner dynein arms.  To further 

test if AKBD binds to RSP3, other methods for detecting protein-protein interactions can 

be attempted.  For example, using radioactively labeled AKBD in blot overlay 

experiments, immunoprecipitation, yeast-2-hybrid, or column affinity experiments may 

allow for more sensitive detection of protein-protein interactions.   

Overall, the western blot overlay experiments performed in this study were not 

able to detect an interaction between purified AKBD and other axonemal proteins.  Even 

if AKBD does not normally bind the known axonemal AKAPs, 240 or RSP3, we would 

expect it to bind or interact with other unidentified AKAPs in Chlamydomonas flagella.   

Before more overlay experiments are performed, it would be best to determine if the 

western blot overlay technique is a sensitive enough assay for detecting a known and 

confirmed protein binding interaction.  This positive control would confirm that such a 

technique can continue to be used for detecting new and unknown protein interactions.  

Though RII blot overlays have been used in many studies to find unknown AKAP 

proteins in a variety of organisms, the overlay technique used in this study does not use 

radioactivity.  Replacing radioactivity with immunoblotting and HRP signaling may have 

reduced the level of sensitivity needed for detecting protein binding on western blots.  To 
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be sure that the immunoblotting assay (performed in this study) is capable of detecting 

protein binding, a positive control experiment should be created and tested first. 

Aside from the radioactivity used in the RII labeling experiments, another major 

difference between the RII experiments and the experiments presented here is worth 

noting.  To add the radioactive label, the RII subunits were phosphorylated with P
32 

using 

casein kinase II (Gaillard et al., 2001; Hausken et al., 1996).  This modification of the RII 

subunit could be critical to its ability to bind an AKAP.  In general, PKA’s involvement 

in a highly regulated cellular pathway requires that PKA itself can be regulated by other 

proteins.  Therefore, it is possible that the AKBD of PKA in Chlamydomonas must be 

phosphorylated before it is capable of binding AKAP proteins.  Future blot overlay 

experiments may consider phosphorylating AKBD before performing the overlay and 

labeling with antibodies 

RSP3-GST column affinity experiment requires more optimization 

 Due to the failure to detect binding on western blot overlays, a different method 

for detecting AKBD binding to RSP3 proteins was attempted.  This final attempt was a 

column affinity experiment in which a truncated RSP3-GST (1-90) was bound to 

glutathione agarose beads, and AKBD was washed through the column.  Initially RPS3 

1-90 was chosen for the column affinity experiments because not only did it express well, 

but also it was believed to contain the RII binding domain.  The RII domain in 

mammalian microtubule-bound AKAPs is located at amino acids 1-30 (Scott et al., 

1996).  However, Chlamydomonas RSP3 binds to mammalian RII subunits with amino 

acids 144-180 (Gaillard et al., 2001).  Therefore, RSP3 1-90 should lack the RII binding 
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domain and theoretically would not bind to AKBD.  Regardless, AKBD was not detected 

in the flow-through or the eluted RSP3 fractions.   

One possible explanation for the lack of AKBD detection in the flow-through or 

elution fractions is that AKBD may have been too dilute for detection.  Though a large 

amount of AKBD was used, future column affinity experiments should utilize even more 

concentrated samples of AKBD so that it may be detected after becoming diluted through 

the column, washes, and elution steps.  After purification of AKBD, TCA precipitation 

could be used to concentrate multiple purifications together and acquire a high 

concentration of AKBD.   

A second possible explanation for the lack of AKBD detection in the column 

affinity experiments is that the ability to detect AKBD on a western blot had faded.  To 

determine if AKBD labeling was effective, pure and diluted AKBD was immunoblotted 

to determine the sensitivity of labeling.  The AKBD-HIS labeling was detectable when 10 

µl of sample was loaded on the gel for blotting.  However, a 1:10 dilution was not able to 

be detected on the western blot (Figure 29).  Furthermore, the labeling produced by the 

10 µl AKBD sample added straight to the gel was very faint compared to the amount of 

protein stained by Coomassie on an identical gel.  At this point, it was obvious the HRP 

enzyme conjugated to the secondary donkey-anti mouse antibody (BioRad) had 

weakened in its ability to produce an amplified signal after storage at -20 °C for 4 

months.  The faded signaling ability of the HRP enzyme may have had detrimental 

effects overall on the experiments which required the ability to detect sensitive amounts 

of AKBD labeling.  Antibodies containing the HRP enzyme should be used within a short 

time to ensure that the full signaling power of HRP is available.  This HRP signal fading 
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would explain why blot overlays performed over several months needed consistent re-

optimization.  It may also explain why labeling seen in the initial experiments near 250 

and 270 kD was no longer visible in later experiments.  To achieve consistency in 

labeling, it is likely that new fresh antibodies would have to be ordered often to avoid the 

fading effect of aging HRP enzymes.   

 A third explanation for lack of AKBD detection is that AKBD simply may not 

bind to RSP3.  However, in this experiment RSP3 1-90 which lacks the RII binding 

domain was used.  Therefore a lack of binding would be the expected result and AKBD 

should have been detected in the flow-through fraction.  The lack of AKBD detection in 

the flow-through fraction suggests that AKBD labeling was the critical set-back for 

interpreting column affinity results.  Future column affinity experiments should use an 

RSP3 which contains the RII binding domain to detect a potential positive interaction 

with AKBD.  One potential problem with the column affinity approach is that large 

amounts of pure concentrated proteins are required to detect binding proteins in either the 

flow-through or elution fractions.  To use smaller amounts of protein, 

immunoprecipitation may be a more attractive method.  In addition, other experiments 

may be performed to determine the role of PKA in vivo.  

 To determine the role of PKA in vivo, AKBD could be over-expressed in 

Chlamydomonas.  Electroporation of proteins in Chlamydomonas has previously been 

successful with the p28 light chain of inner-arm dyneins (Hayashi et al., 2002).  In this 

case, AKBD expression would act as an inhibitor for endogenous PKA binding to 

AKAPs in Chlamydomonas.  AKBD would bind competitively for AKAP sites and 

because it lacks a catalytic domain, the usual PKA activity would be interrupted.  If PKA 
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is not able to bind to its sub-cellular locations via AKAPs, then PKA would not be able to 

inhibit motility of dyneins, and therefore, the flagella should be deregulated. 

Conclusion 

The AKAP binding domain (AKBD) of PKA was successfully cloned with a HIS 

tag, expressed, and purified.  AKBD may bind axoneme proteins; however, initial 

western blot overlay results showing potential AKBD binding were inconsistent.  The 

interaction of AKBD with two potential axoneme proteins was present with the initial 

three blot overlay experiments performed.  However, repeated attempts failed to show 

any AKBD specific bands.  Failure of detecting AKBD after blot overlays was possibly 

due to poor antibody labeling, disruption of binding domains after denaturation, removal 

of bound AKBD with wash steps, or simply a lack of AKBD binding to axoneme 

proteins.  If sensitivity of detection of an interaction between AKBD and axoneme 

proteins continues to be an issue, then future experiments with AKBD binding should be 

performed with chemiluminescence or radioactively labeled AKBD.   

The Chlamydomonas axonemal AKAP, RSP3, was successfully expressed and 

purified for binding experiments with AKBD.  Blot overlay experiments failed to 

produce any positive binding results.  Again, this could be due to a simple lack of binding 

between AKBD and RSP3, defects in the binding domains, or lack of AKBD detection.  

A column affinity experiment was performed between RSP3 and AKBD in their native 

conformational state.  However, these experiments were inconclusive because AKBD 

could not be detected.  Future column affinity experiments should use large amounts of 

AKBD and fresh samples of HRP-conjugated antibodies to obtain a strong signal for the 

presence of AKBD.   
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