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ABSTRACT OF THE DISSERTATION 
 

Molecular Basis for Isoform-specific Targeting of PKA  

by 

Francis Sean Kinderman 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2006 

Professor Susan S. Taylor, Chair 

 

cAMP-dependent protein kinase (PKA) mediates physiological 

responses through phosphorylation of protein substrates.  Two major types of 

PKA (I and II) are distinguished by inhibitory, regulatory (R) subunits, which 

are similar in domain organization, but functionally non-redundant. Here we 

examine the molecular basis for targeting RI and RII-isoforms of PKA to two 

dual-specific A Kinase Anchoring Proteins (AKAPs), D-AKAP1 and D-AKAP2. 

Although D-AKAP1 has multiple splice variants, the A Kinase Binding 

(AKB) domain was localized to residues 317-425 in the conserved core and, 

based on surface plasmon resonance, binds tightly to RIα and RIIα (21 nM 

and 3nM).  H/D exchange coupled with mass spectrometry showed the AKB 

domain was fully solvent-exposed, but RI and RII binding showed protection 

along a putative, ampipathic helix, defining a common interaction site for both 

isoforms. 
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To define the molecular determinants for RII targeting, we solved the 

crystal structure of the N-terminal dimerization/docking (D/D) domain of RIIα 

bound to a 21-residue peptide of D-AKAP2.  This structure revealed a novel 

targeting mechanism that requires the ordering of one flexible N-terminal tail of 

RIIα, upon AKAP binding. The two anti-parallel chains of the D/D domain form 

a stable hydrophobic core and the flexible tail is recruited to bolster the 

hydrophobic docking site.  The D-AKAP2 peptide presents a hydrophobic 

ridge, enriched with branched side chains for docking.  

To further define isoform-diversity, I characterized the N-terminal 

disulfide bonds of RIα, a unique feature of RI-subunits.  Mutagenesis showed 

the disulfide bonds were not required for dimerization or AKAP binding.  Cys37 

and Tyr19, however, were essential for AKAP binding.  Tyr19 likely contributes 

to dimer packing and promoting disulfide bonding.  Analysis of the NMR 

structures for RIα D/D domain suggests that RI may employ a mechanism 

similar to RII, but recruitment of the N-terminus may be regulated by the 

geometry and dynamics surrounding the disulfide bond. 

I also crystallized RIα D/D domain free and bound to the D-AKAP2 

peptide used for the RIIα structure. The crystals diffracted to 2.0 Å and we are 

now completing the phasing.  These structures will elucidate how the flexible 

N-terminus contributes to RI targeting. 
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CHAPTER 1: 
 

Introduction 
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1.1 Cell signaling and protein kinases 

Extracellular signals such as hormones, neurotransmitters, growth factors, 

and stress elicit specific physiological responses through a process known as 

signal transduction (Johnson et al., 2001).  Signal transduction pathways 

incorporate elaborate networks of proteins and second messengers capable of 

transmitting signals from the surface of the cell all the way to the nucleus, where 

expression of specific genes is modified to alter the cell’s actions.   The cell is 

programmed to integrate multiple signals at once, through the interaction of 

various pathways, to generate the appropriate output.  Reversibility of the 

signaling processes is regulated as well; turning off a signal is as important as 

turning it on.   Enzymes involved in signal transduction are tightly regulated and 

carefully organized spatially to ensure fidelity of the signal.  The specificity of 

signaling enzymes is enhanced by the assembly of dynamic, multi-protein 

complexes promoting efficiency through proximity.  Subcellular localization 

provides spatial and temporal resolution for signaling pathways. 

Protein kinases are responsible for the major mechanism for regulating 

the catalytic and binding functions of signaling proteins.  Protein kinases mediate 

the transfer of the γ-phosphate of adenosine triphosphate (ATP) to side chain 

hydroxyl groups of protein substrates (Fischer and Krebs, 1955).  

Phosphorylation of a protein often changes its conformation, consequently 

affecting activity.  Phosphorylated side chains can also serve as docking sites for 

effector molecules. Protein kinases serve as molecular switches, shifting the 

equilibrium state of proteins between active and inactive states.  Protein kinases 
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are phosphorylation substrates themselves, and kinase activity is often 

modulated by phosphorylation.  Signal transduction pathways incorporate 

phosphorylation cascades, whereby a signal is propagated by a series of 

phosphorylation events, including kinases phosphorylating other kinases 

downstream in the pathway.  Precise regulation of protein kinases is imperative, 

for dysregulation of kinase activity can result in cancer, inflammation, 

autoimmune disorders, cardiac disease and diabetes (Narayana et al., 1999).   

Therefore, protein kinases are important targets for formulating pharmaceutical 

therapies. 

The protein kinases make up one of the largest gene families, 

representing roughly two percent of the human genome (Manning et al., 2002).  

The presence of a diverse array of kinases in the cell is crucial for generating the 

intricate specificity of cell signaling.  About one-third of mammalian proteins are 

phosphorylated.  Depending on which substrate amino acid is phosphorylated, 

protein kinases can be divided into two major subfamilies, serine/threonine-

specific kinases and tyrosine-specific kinases.  In addition, the kinases can be 

categorized into smaller groups based on function and mode of regulation.    

Despite the vastness of the kinase superfamily and the diversity in biological 

outputs mediated by each kinase, the catalytic domain of all kinases share a 

common tertiary fold conserved for ATP and substrate binding and promoting 

effective phoshoryl-transfer activity (Huse and Kuriyan, 2002; Johnson et al., 

2001; Knighton et al., 1991). 
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In order to increase the specificity of signal transduction, proteins are 

organized into microdomains, linking enzymes with substrates, effector 

molecules, and downstream enzymes at specific cellular locations.  Mechanisms 

exist to influence the assembly of these multi-protein complexes through 

specialized protein-protein interactions motifs.  Src-homology 2 (SH2) domains 

recognized sequences that contain phosphotyrosines, such as the 

autophosphorylated tyrosines on receptor tyrosine kinases.  SH2 domains, thus, 

allow normally cytoplasmic proteins to be recruited to discrete locations upon 

receptor stimulation (Songyang et al., 1993).  Similarly, pTyr-binding (PTB) 

domains bind other phosphotyrosine sequences preceded by a β-turn and are 

often found primarily on adapter proteins that link other proteins to tyrosine 

receptor kinases (Zhou et al., 1995).  14-3-3 domains are adapters that function 

in a similar matter to PTB domains, but bind phosphorylated serines and 

threonines (Morrison, 1994).  PDZ domains recognize small peptide sequences 

at the C-terminus of proteins (Doyle et al., 1996).  These domains are often used 

to bind the accessible C-terminus of ion channels.  Src homology 3 (SH3) 

domains bind proline-rich peptide sequences (Yu et al., 1994), identified by the 

PXXP motif, while WW domains bind PPXY or PPLP peptides (Sudol, 1996; 

Verdecia et al., 2000).  All the aforementioned protein-protein interaction motifs 

are commonly found on signaling proteins, mediating the protein-protein 

interactions necessary for these networks to function (Pawson and Scott, 1997). 

Signaling enzymes are often modular proteins, containing multiple protein 

binding domains or recognition motifs for these domains.  Anchoring, adapter, 
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and scaffold proteins generally contain many of these domains, providing a 

molecular framework for signaling molecules to assemble. 

1.2  cAMP-dependent protein kinase 

One of the first protein kinases to be discovered and purified (Walsh et al., 

1968), cAMP-dependent protein kinase or protein kinase A (PKA), has served as 

a prototype for studying the protein kinase superfamily.  PKA is the major 

receptor for the second messenger adenosine 3’,5’-cyclic monophosphate 

(cAMP) and mediates the phosphorylation of numerous protein substrates 

involved in such processes as cell growth and development, apoptosis, 

metabolism, and neurotransmission (Taylor et al., 1990).  At low concentrations 

of cAMP, PKA exists as an inactive holoenzyme, with a dimer of regulatory 

subunits (R), with each R subunit bound to a catalytic (C) subunit.  Each 

protomer of R contains an N-terminal dimerization/docking (D/D) domain followed 

by a PKA inhibitor site and two tandem cAMP-binding domains, which also bind 

the C subunit in the absense of cAMP.  Increases in cellular cAMP levels 

promote cAMP binding to R, with two cAMP molecules binding to each protomer 

of R.  Cooperative binding of cAMP to the tandem cAMP-binding domains 

induces a conformational change in R that allows dissociation of active C 

subunits (Figure 1.1). 

The C-subunit of PKA has been thoroughly characterized for decades.  It 

was first studied as an important regulator of glycogen metabolism (Walsh et al., 

1970).  Upon receptor stimulation by the hormone glucagon, cellular cAMP levels 

are elevated, activating PKA phosphorylation of phosphorylase kinase and  
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Figure 1.1: Receptor stimulation leads to activation of PKA. 
 
Hormonal signals are converted to increases in cellular cAMP, which are bound 
by PKA R subunits and cause the release of active PKA C subunits.   Specificity 
of PKA phosphorylation is regulated by the subcellular localization of the 
holoenzyme. 
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glycogen synthase.  This leads to the breakdown of glycogen to free glucose for 

energy.   PKA is now known to phosphorylate a large spectrum of proteins in all 

mammalian cells.  PKA is a serine/threonine-specific kinase preferring substrate 

sequences of R-R-X-S/T-Y, where X is any amino acid and Y is a large 

hydrophobic amino acid.  In addition to inhibition by R subunits, PKA is regulated 

in cells by the heat-stable protein kinase inhibitor (PKI), which is insensitive to 

cAMP (Walsh et al., 1992).  PKI binds the C subunit with high affinity (Ki= 0.2nM) 

and actively transports the C subunit out of the nucleus (Wen et al., 1995). 

The two types of PKA holoenzyme (I and II) in cells are determined by the 

isoform of regulatory subunit.  RI subunits (RIα and RIβ) form the type I 

holoenzymes, while RII subunits (RIIα and RIIβ) form the type II holoenzymes 

(Figure 1.2).  Although the R subunits all have similar domain structures, they are 

functionally nonredundant.  RI isoforms are more sensitive to cAMP activation 

than RII (Doskeland et al., 1993).  RI subunits require ATP for tight interaction 

with the C subunit, while RII subunits do not (Herberg and Taylor, 1993).  RII 

subunits are phosphorylated by the C subunit at the pseudosubstrate site in the 

linker, between the D/D domain and the cAMP binding domains.  The linker of RII 

subunits was shown to be flexible, where the linker of RIα is shorter and more 

ordered (Li et al., 2000).  This contributes to a more compact homodimer 

structure predicted for RI subunits than RII subunits by small angle X-ray 

scattering (Vigil et al., 2004).  Type I PKA is generally diffuse throughout the 

cytoplasm, but is known to be associated with mitochondria (Yang et al., 1998),  
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Figure 1.2: Domain organization of the regulatory subunit of PKA 

Despite sequence differences, the RI and RII subunits share a common fold 
including an N-terminal D/D domain and two tandem cAMP binding domains.  
Each R isoform forms homodimers that can bind AKAPs with the D/D domain 
dimer and two C subunits, one to each protomer of R. 
 
microtubules (Imaizumi-Scherrer et al., 2001), and the neuromuscular junction  

(Barradeau et al., 2001).  RIα has also been shown to localize at the 
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immunological synapse in CD4+ T cells following antigenic stimulation (Skalhegg 

et al., 1994).   Type II PKA is commonly localized to various organelles or 

membranes, by interacting with A kinase anchoring proteins (AKAPs) (Wong and 

Scott, 2004).  Isoform specificity in PKA function is very important, for example, 

RIα, but not the other isoforms, has been implicated in disorders such breast 

cancer (Glazer and Rohlff, 1994) and Carney disease (Kirschner et al., 2000).   

Also, RIα knockout mice are embryonic lethal, whereas knocking out RIIα causes 

no apparent abnormalities in mice due to compensation and increase sensitivity 

by RIα (Amieux et al., 2002; Burton et al., 1997; Cummings et al., 1996). 

 The region with the highest sequence divergence between RI and RII 

subunits, is the D/D domain.  This domain is thought to be functionally well 

segregated from the cAMP binding domains where the C-subunit binds (Heller et 

al., 2004).  The D/D domain dimer forms an anti-parallel four-helix bundle that 

provides the docking surface for the amphipathic helices of AKAPs to bind 

(Banky et al., 2003; Newlon et al., 2001; Newlon et al., 1999). Although the fold 

of the D/D domain is conserved in all R subunits, sequence differences in RI and 

RII provide one mechanism for introducing specificity into the PKA signaling 

pathway. RII subunits present a purely hydrophobic docking surface flanked by 

flexible N-termini from each protomer (Newlon et al., 1999).  The RI isoforms, 

however, contain an abundance of charges on their AKAP binding surface.  In 

addition, the N-terminus of the RI subunit contains a well ordered helix, called the 

N-1 Helix, which is regulated by an intramolecular disulfide bond.  The disulfide 

bond between Cys16 and Cys37 provides a stable anchor to the C-terminus of 
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Helix I of the opposite protomer (Banky et al., 2003; Bubis et al., 1987).  The N-

terminus of RI is clearly more flexible when the cysteines are reduced. These 

differences influence the isoforms ability to recognize AKAPs, a major 

mechanism for regulating PKA. 

 
1.3  A kinase anchoring proteins 
 

Compartmentalization of the cAMP signal is an important mechanism for 

achieving specificity.  This is especially true for substrate proteins that associate 

with membranes.  This was first shown in cardiac cells, where β-adrenergic 

stimulation by isopreternol was shown to activate PKA in particulate fractions of 

PKA and promote glycogen metabolism and contraction (Buxton and Brunton, 

1983).  However, stimulating the same cells with PGE1 activates cytosolic PKA 

and does not demonstrate the same effects as isoproterenol.  This suggests that 

the broad specificity of PKA can be regulated by localization, which directs PKA 

to certain substrates and restricts its access to others (Buxton and Brunton, 

1986).  Furthermore, different receptors access different pools of PKA for specific 

responses (Steinberg and Brunton, 2001).  Subcellular anchoring of PKA was 

first demonstrated by the association of type II PKA and microtubules, through an 

interaction of the R subunit with microtubule-associated protein 2 (MAP2)  

 
(Steinberg and Brunton, 2001).  Numerous proteins, termed A kinase anchoring 

proteins (AKAPs), have since been discovered to tether PKA to organelles and 

other cellular locations (Table 1.1).  Most were identified by gel overlay assays 

using RII subunits.  Some, especially AKAPs that bind to RI subunits, have been 
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identified by yeast two- hybrid screens (Carlson et al., 2003; Huang et al., 1997a; 

Huang et al., 1997b).  In addition to their roles as anchoring proteins, AKAPs also 

serve as scaffolds facilitating the congregation of multiple signaling enzymes, 

forming discrete microdomains for the cAMP signal (Figure 1.3).  AKAP79, for 

example, associates with Protein Kinase C (PKC) and Protein Phosphatase 2B 

(PP2B), as well as PKA (Hoshi and Scott, 2006).  These enzymes are utilized in 

different combinations for different biological outputs.  For example, the activities 

of PKA and PP2B are coordinated by AKAP79 in the pancreas (Lester et al., 

2001) to regulate insulin secretion, while only PKC anchoring is necessary for 

muscarinic inhibition of M-type potassium current in neurons (Hoshi and Scott, 

2006).   AKAPs also facilitate tight regulation of PKA activity by associating with 

phosphodiesterases (PDEs), which breakdown cAMP.   One example, mAKAP, 

binds PDE4D3, which is phosphorylated and activated by PKA (Dodge et al., 

2001).  Formation of this complex accelerates the feedback inhibition loop, 

creating short, controlled pulses of the cAMP signal.  

Disruption of PKA anchoring can produce deleterious biological effects.  AKAP4 

is a sperm-specific protein and major component of fibrous sheath of the sperm 

flagellum (Eddy et al., 2003).  Gene deletions of AKAP4 have been 
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Table 1.1: Summary of AKAPs and binding partners 

 

AKAP  Subcellular 
localization 

Binding partners 

D-AKAP1 Mitochondria 
Endoplasmic reticulum 

PKA 
PP1 
PTPD1 
-Tubulin 

AMY-1 
D-AKAP2 Mitochondria 

Synaptic vesicles 
PKA 
PZDK1 

mAKAP Perinuclear space PKA 
PDE4D3 

AKAP18 Plasma membrane PKA 
Voltage-gated Ca2+ channels 
Voltage-gated Na+ channels 

AKAP350 Centrosomes PKA 
PKC 
PKN 
PP2A 

AKAP79 Plasma membrane PKA 
PKC 
PP2B 
NMDA receptor 
AMPA receptor 
KCNQ2 channel 
L-type voltage-gated Ca2+ 
channels 

AKAP220 Cytoskeleton PKA 
PP1 
Glycogen synthase-3  (GSK 
3 ) 

MAP2 Microtubules PKA 
Tubulin 

AKAP-Lbc Cytoskeleton PKA 
Rho 
14-3-3 
PKC 
PKD 
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Figure 1.3: AKAPs recruit PKA to signaling microdomains 
 
Through the interaction with AKAPs, PKA can assemble with kinases, 
phosphatases, and other signaling molecules, which amplifies the cAMP signal 
into a microdomain of signaling.  AKAPs localize PKA to many different 
compartments of the cell.  This figure was taken from a published review, 
courtesy of John Scott (Wong and Scott, 2004). 
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associated with infertility in men.  AKAP4 knockout mice are infertile due to a loss 

of sperm motility.  Sperm of these mice exhibited a loss of subcellular localization 

of PKA. Evidently, AKAPs are diverse in sequence and function, homologous 

only in their ability to bind PKA.  The signature motif that distinguishes AKAPs is 

an amphipathic helix about 19 amino acids long, which displays a hydrophobic 

surface for docking to the D/D domain of PKA (Carr et al., 1991).  Human thyroid 

anchoring protein (Ht31) was the first PKA binding motif generated as an 18-

amino acid peptide and shown to be an effective disruptor of cAMP signaling in 

cells (Carr et al., 1992a).  Ht31 was shown to uncouple PKA from AMPA-type 

glutamate receptors, reducing the AMPA-mediated sodium current.  This 

amphipathic helix motif is conserved among all known AKAPs and is important 

for anchoring both type I and type II PKA (Burns et al., 2003). 

 

1.4  Isoform-specific AKAPs 

Typically, AKAPs bind with high affinity (KD = 1-5 nM) (Carr et al., 1992b; 

Herberg et al., 2000) to RII subunits, whereas some AKAPs, termed dual-

specificity AKAPs or D-AKAPs, bind to both RI and RII.  Two dual specific 

AKAPs, D-AKAP1 and D-AKAP2, were first discovered in our lab as binding 

partners for RIα by a yeast 2 hybrid screen (Figure 1.4) (Huang et al., 1997a; 

Huang et al., 1997b). FSC1 is an AKAP shown to possess an RI specific binding 

site (Miki and Eddy, 1998).  In Caenorhabditis elegans, AKAPCE is known to 

anchor the sole isoform of PKA homolog RCE, which is most similar to RIα  
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Figure 1.4: AKAPs contain multipe domains for signaling interactions 
 
D-AKAP1 and D-AKAP2 were discovered in our lab by yeast 2 hybrid as binding 
partners for RI and RII subunits of PKA.  D-AKAP1 localization can be regulated 
by the alternative splicing of the N-terminal targeting domains, N1 and N0.  D-
AKAP1 also has splice variants at its C-terminus.  Longer variants contain a KH 
and Tudor domain, which are involved in RNA binding.  D-AKAP2 contains two 
N-terminal RGS domains and a C-terminal PDZ binding motif.  The only similarity 
between the two D-AKAPs is the presence of an A kinase binding (AKB) domain 
which binds RI and RII.
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(Angelo and Rubin, 1998).  Isoform-specific anchoring of PKA adds diversity to 

the cAMP-signaling pathways. 

D-AKAP1 contains a conserved 527 amino acid core, which can be 

modified by alternative splicing (Huang et al., 1997b).  The core contains an N-

terminal targeting domain and an A kinase binding (AKB) domain at the C-

terminal end.  In addition to binding PKA, D-AKAP1 is known to bind protein 

phosphatase 1 (PP1) (Steen et al., 2000), protein tyrosine phosphatase D1 

(PTPD1) (Cardone et al., 2004), β-tubulin (Cardone et al., 2002), and Associate 

of Myc-1 (AMY-1) (Furusawa et al., 2001).  D-AKAP1 can localize to either the 

mitochondria or the endoplasmic reticulum (ER) based on the splicing of its N-

terminus (Huang et al., 1999).  A 30 amino acid domain found at the N-terminus 

of D-AKAP1a and 1c splice variants, called the N0 domain, is necessary and 

sufficient for targeting D-AKAP1 to the mitochondria (Huang et al., 1999; Ma and 

Taylor, 2002).  D-AKAP1b and 1d contain an additional 33 residue domain N-

terminal to the N0 domain known as the N1 splice, which suppresses the 

mitochondrial targeting signal and re-directs D-AKAP1 to the ER (Huang et al., 

1999; Ma and Taylor, 2002).   The N1 splice alone is not sufficient for ER 

targeting (Huang et al., 1999).  D-AKAP1a and 1b have a short C-terminus 

known as the C1 splice of know function, while D-AKAP1c and 1d employ a 

longer C2 splice, which contains two RNA binding domains (Huang et al., 

1997b).  D-AKAP1c was shown to be essential in PKA-dependent mRNA 

stabilization and expression at the mitochondria of manganese-dependent 

superoxide dismutase (MnSOD) and F0-f subunit of ATPase (Ginsberg et al., 
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2003) and the translation inhibition of lipoprotein lipase in adipocytes 

(Ranganathan et al., 2002).  The D-AKAP1: PKA complex was also shown to be 

involved in inhibiting apoptosis (Affaitati et al., 2003) and promoting oxidative 

phosphorylation (Livigni et al., 2006). 

D-AKAP2 is a modular protein that contains two putative RGS domains 

followed by the AKB domain and a C-terminal PDZ binding motif (Huang et al., 

1997a).  A single-nuleotide polymorphism of D-AKAP2, changing a Val in the 

AKB domain to an Ile, was identified that reduces affinity only for RI (Kammerer 

et al., 2003).  The abundance of the Ile allele is diminished in older populations, 

suggesting it may be correlated with shorter life span.  This mutation has been 

associated with cardiac dysfunction. The biophysical properties of the AKB of D-

AKAP2 have been characterized extensively using a variety of solution methods.  

Protection of both the peptide and the D/D domains of RIα and RIIα was mapped 

by hydrogen/deuterium exchange coupled with mass spectrometry (H/DMS) 

(Burns-Hamuro et al., 2005), while the specificity requirements for binding RI vs 

RII were mapped using a peptide array (Burns-Hamuro et al., 2003).  

Interestingly, D-AKAP2 binds RII with tighter affinity than RI (KD = 2nM and 48nM, 

respectively) (Burns et al., 2003); however, RI binding protects a broader region 

of D-AKAP2 (Burns-Hamuro et al., 2005) and requires greater sequence 

stringency for binding (Burns et al., 2003; Burns-Hamuro et al., 2003).  These 

differences are caused by the diversity of D/D domains for RI and RII.  Based on 

these sequence differences, modified AKB peptides were generated to bind with 

increased specificity for RI or RII (Burns-Hamuro et al., 2003). 
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Although we can design AKAP peptides specific for RI and RII and can 

use them to disrupt cell function (Alto et al., 2003; Burns-Hamuro et al., 2003), 

we still cannot predict specificity a priori using an amphipathic helix as a 

template.  How do we distinguish, for example, an amphipathic helix that has 

specificity for an AKAP from one that serves as a nuclear export signal (Wen et 

al., 1995)?  Elucidating the stringent rules for AKAP specificity for PKA is major 

goal that requires extensive structural and biochemical information to reach.  

Using both D-AKAP1 and D-AKAP2, we have provided new data that reveals the 

atomic determinants for RI and RII specificity and suggests new mechanisms 

that mediate AKAP binding.  In chapter 2, we describe the purification and 

characterization of the functional domains of D-AKAP1.  Chapter 3 describes the 

crystal structure of the D/D domain of RIIα bound to the AKB peptide from D-

AKAP2. Chapter 4 discusses the importance of the disulfide bonding in RIα.  

Chapter 5 describes the crystallization of the same D-AKAP2 peptide to the D/D 

domain of RIα. 
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CHAPTER 2: 
 
Characterization of the Functional Domains 

of D-AKAP1 
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 2.1  Introduction 
 

Like most AKAPs, D-AKAP1 is a modular protein containing multiple 

functional domains strung together by linkers of low sequence conservation.  The 

527 amino acid core region of the protein, found in all four splice variants, 

includes the PKA binding region or AKB domain (Huang et al., 1997b).  Different 

splice variations at the N- and C-terminus allow for diversity in D-AKAP1 function 

by equipping the protein with different interaction modules in different tissues 

(Figure 2.1).  By isolating and studying each domain, we have gained new insight 

into how this complex protein may function in cells. 

D-AKAP1was first discovered in our lab, using a deletion mutant of RIα as 

a probe for a yeast 2 hybrid screen (Huang et al., 1997b).  A cDNA probe was 

made from the R binding fragment of D-AKAP1 and was used to screen a mouse 

embryonic cDNA library for full length sequences. The results produced a 

conserved core region with several splice variants.  Two sequences were found 

that only differed at the 3’ end; these were termed C1 and C2.  A sequence was 

found, which overlapped the 5’ regions of C1 and C2, but contained an additional 

sequence on the N terminus, termed N1.  The genomic structure reveals the 

presence of introns dividing the proposed splice variations, which supports the 

hypothesis that these are products of splicing.  Northern blot analysis determined 

that the C1 isoform was mainly present in the testis, whereas, C2 was 

predominantly found in heart, lung, liver, muscle and kidney.  The N1 splice was 

found primarily in liver. 
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Figure 2.1: Functional domains of D-AKAP1 
 
D-AKAP1c is depicted illustrating its many interaction sites.  Interacting partners 
for D-AKAP1 include PP1, PTPD1, and 3’UTR mRNA of LPL, MnSOD, and Fo-f.  
The AKB domain contains a predicted helix, which is believed to be the specific 
site for docking to the PKA R subunits.  The greatest sequence homology is 
found in the mitochondrial targeting domain, the KH domain, and the Tudor 
domain.  The sequences shown above are from rat, mouse, human, pufferfish, 
anopheles, drosophila, and C.elegans. 
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 The N terminus of the conserved core, termed the N0 and the N1 splice 

variants, were expressed in mouse fibroblasts each fused to an HA tag.  

Immunofluorescent staining revealed that the N0 variant was co-localized to the 

mitochondria, while the N1 variant co-localized to the endoplasmic reticulum 

(Huang et al., 1999; Ma and Taylor, 2002).  The N0 splice was shown to contain 

a 14-residue section which is sufficient for mitochondria targeting and is 

expressed with two possible translational start sequences.  This region is 

predicted to form a hydrophobic helix and is highly homologous to the targeting 

region of hexokinase, which allows hexokinase to lie on the outer mitochondrial 

membrane (Wilson, 1997).  Recent evidence suggests, however, that D-AKAP1 

may associate with the inner mitochondrial membrane (Ma, 2006). It is the 

hydrophobicity of the region, not specific residues, that is required for 

mitochondrial targeting.   This region is also required for ER targeting in 

conjunction with the N1 splice.  An ER targeting element is proposed to be 

present in the N0 segment, but suppressed by mitochondrial targeting.  In the 

presence of N1, mitochondrial targeting is inhibited and the ER targeting signal is 

somehow exposed (Ma and Taylor, 2002).  The regulation of D-AKAP1 targeting 

is quite complex and still not fully understood. 

D-AKAP1 was demonstrated to possess a high affinity for both RIα and 

RIIα subunits of PKA.  Thus, it is described as a dual specific AKAP.  The 

fragment pulled out of the original screen was sufficient for binding RI and RII, so 

it was labeled the AKB domain of D-AKAP1 (Huang et al., 1997a). In addition to 
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PKA, the core of D-AKAP1 can interact with two phosphatases.  Protein 

phosphatase 1 (PP1) is a serine/threonine-specific phosphatase that was shown 

to bind endoplasmic reticulum targeted D-AKAP1 (Steen et al., 2000).  PP1 is 

then recruited to the nuclear envelope (NE), where it dephosphorylates B-type 

lamins and maintains the integrity of the NE during the G1-phase  of the cell-

cycle (Steen et al., 2003). D-AKAP1 was also shown to bind Protein Tyrosine 

Phosphatase D1 (PTPD1), which binds and dephosphorylates the C-terminal tail 

of the tyrosine kinase, Src.  D-AKAP1 was shown to recruit PTPD1 and Src to the 

mitochondria (Cardone et al., 2004).   In principle, this complex allows for tight 

regulation of Src at the mitochondria, since PTPD1 activates Src (Cardone et al., 

2004), while PKA indirectly inhibits Src by phosphorylating the C-terminal Src 

Kinase (Csk) (Vang et al., 2001).  The assembly of these proteins was shown to 

modulate EGF signaling and oxidative metabolism (Livigni et al., 2006). 

The shorter forms of D-AKAP1contain the conserved core protein plus a 

short seventeen residue C-terminal region known as the C1 splice.  The longer 

splice variants contain the C2 splice, which is 310 amino acids, in addition to the 

core.  The C2 splice contains a KH domain, a highly conserved RNA binding 

domain, and a Tudor domain, which is found in RNA and DNA binding proteins.  

Recently, work has been published indicating that these putative RNA binding 

domains can bind in vitro to the 3’ untranslated region (UTR) of mRNA transcripts 

for lipoprotein lipase (Ranganathan et al., 2002), Fo-f subunit of ATPase, and 

Mn-dependent superoxide dismutase (Ginsberg et al., 2003).  This association 

with RNA suggests a role for D-AKAP1 involvement in the regulation of 
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translation in addition to its ability to anchor PKA. D-AKAP1 is proposed to be 

phosphorylated by PKA, which induces mRNA binding and the inhibition of LPL 

expression (Ranganathan et al., 2002) or the relocation of MnSOD message to 

the mitochondria (Ginsberg et al., 2003). 

In order to study the structure and function of D-AKAP1 in vitro, we have 

worked on cloning, expressing and purifying D-AKAP1in E.coli.  The highly 

conserved core of the protein (527 amino acids) was expressed; however, due to 

proteolysis, we were unable to obtain large amounts of D-AKAP1 in purity 

suitable for biophysical analysis. For the purpose of characterizing D-AKAP1:PKA 

binding, we decided to express a fragment derived from the original yeast 2 

hybrid product, which we knew could bind RI and RII.  We expressed and purified 

the stable 113 amino acid AKB domain, which serves as a minimal model for 

establishing the mechanism for dual-specificity. The AKB is a good model system 

for studying the R binding properties of D-AKAP1 and mapping the isoform-

specific interactions.  Using surface plasmon resonance to determine the binding 

constants, we report a moderate preference for RII subunits.  We also employed 

hydrogen/deuterium exchange coupled with mass spectrometry to gather 

information about the dynamic properties of the D-AKAP1and to determine the 

interface for D-AKAP1 interactions with RI and RII subunits.  We also expressed 

and purified the C terminal end of D-AKAP1c/d known as the C2 splice as a 

glutathione-S-transferase (GST) fusion protein. This segment contains both RNA 

binding domains.  With this piece, we  confirmed the RNA binding properties of 

D-AKAP1.  
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2.2  Experimental Procedures 

Cloning and expression of AKB domain 

 The AKB domain of murine D-AKAP1 was subcloned into pET28a, using 

NcoI and HindIII.  This vector contains a thrombin cleavable His 8 tag and a 

IPTG-inducible promoter and kanamycin resistance.  The clone was then 

transformed into BL21 (DE3) E.coli (Novagen) and grown in LB media with 

70ug/ml kanamycin.  Cells were grown at 370 C, shaken at 225 rpm, and induced 

at A280 =0.8 with 0.5 mM IPTG.  Following induction, cells were allowed to grow 

for 6 additional hours at 240 C before harvesting. Pellets from a 6L culture were 

resuspended in 180 ml of 20mM Tris (pH 8) 100 mM NaCl, β-mercaptoethanol 

(BME), 5 mM, and protease inhibitors, then lysed with a French pressure cell.  

After centrifugation, the supernatant was incubated with a 3 ml packed volume of 

Talon Resin (Clontech) for 90 minutes.  The resin was then centrifuged washed 

twice with lysis buffer, then twice with lysis buffer + 10mM imidazole.  His-tagged 

protein was then eluted with 20 mM Tris (pH 7.0), 100 mM NaCl, 5 mM BME, and 

150 mM imidazole.  Elutions were pooled and then cleaved with thrombin 

overnight.  Cleavage was quenched by adding 1 mM 4-(2-aminoethyl) 

benzenesulphonyl fluoride (AEBSF) and mixing for 1hr.  Protein was next 

dialyzed into 25mM potassium phosphate pH 6.5, 100 mM NaCl, and 1mM DTT 

and concentrated to 6ml.  Protein was then injected onto an S75 size exclusion 

column equilibrated in the same buffer. 

 

Expression, purification of R subunits 



  26  17   

 

  Murine RIIα and bovine RIα subunits and D/D domains were transformed 

into E.coli 222.  They were cloned, expressed, and purified as described 

previously (Banky et al., 2000; Burns et al., 2003). 

 

Cloning and expression of the C2 splice 

The C-terminus of D-AKAP1 c/d was subcloned into pGEX- KG 

downstream of the GST protein and thrombin cleavage site using NdeI and 

HindIII.   The plasmid was then transformed into RP codon-plus E.coli BL21 

(Stratagene), grown in ampicillin-containing LB media, and grown to A280 =0.8 

and induced with 0.5 mM IPTG for 4 hours at 24°.   Cells were centrifuged as 

described above and resuspended in phosphate buffered saline (PBS), 5 mM 

BME, 0.1% NP40, and protease inhibitors, AEBSF, pepstatin, leuptein, 

benzamide, N-tosyl-L-phenylalanyl chloromethyl ketone (TPCK) and N-tosyl-L-

lysine chloromethyl ketone (TPCK) .   Resuspended cells were lysed and 

centrifuged again, as described above.  The resulting supernatant was incubated 

with Glutathione Sepharose 4B (GE Healthcare) in PBS for 90 min.  The protein 

was then washed three times with lysis buffer, then once with of 20 mM Tris (pH 

8.0), 100 mM NaCl, 5 mM BMe, and 0.1% NP40.  GST-fused D-AKAP1 C2 was 

then eluted with 20 mM Tris pH 8.0, 100 mM NaCl, 5 mM BME, 0.1% NP40 and 

10 mM glutathione.  Protein was then dialyzed into PBS overnight to remove the 

excess glutathione. 

 

RNA pull downs  



  27  17   

 

 mRNA was isolated from mouse tissues using Qiashredder and Oligotex 

purification kits (Qiagen) and following the provided manuals.  10 µg mRNA was 

added to 50 µg GST D-AKAP1C2 or GST alone and incubated for 45 min with 20 

µl glutathione resin.  The resin was washed three times with 1 ml of PBS.  

Protein was then denatured with urea and phenol and any remaining RNA was 

ethanol precipitated. Reverse transcriptase PCR was performed using the One-

Step RT-PCR kit (Eppendorf) and protocol and primers for the 3’UTR of LPL.  

Reactions were subsequently analyzed on 2% agarose gels and stained with 

ethidium bromide. 

 

Surface plasmon resonance 

 Surface Plasmon Resonance (SPR) binding studies were performed using 

a BIAcore 3000 instrument.  RIα and RIIα subunits were immobilized on to a 

CM5 chip via 8-AHA-cAMP as described previously (Herberg et al., 2000).  R 

subunit was injected onto one flow cell of the chip at 50 µl/min, which accounted 

for an increase of approximately 1000 response units (RU).  Reactions were 

performed in HBS buffer, 10 mM Hepes, 150 mM NaCl, 3 mM β-mercaptoethanol 

and 0.005% polysorbate, pH 8.0, at room temperature.  A concentration series of 

D-AKAP1 AKB was then injected onto both flow cell 2, which contained R 

subunit, and flow cell 1, which only contained immobilized cAMP. Following each 

injection of AKB, the chip was regenerated with 0.2% SDS and buffer to remove 

the R subunits from the chip,.  Experimental data was analyzed with 

BIAevaluation software.  Sensograms of flow cell 1 were subtracted from 
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corresponding sensograms from flow cell 2.  Furthermore, the sensogram taken 

from buffer injection was subtracted from the sensograms of each injection of 

AKB.  The corrected sensograms were globally fitted to a 1:1 Langmuir binding 

model.  Binding constants were determined as previously described (Burns et al., 

2003). 

 

H/D exchange mass spectrometry 

Protein samples were prepared in 10 µl aliquots which included 30 µg of 

D-AKAP1 AKB.  Complex samples included the same amount of AKB plus RIα 

D/D or RIIα D/D domain amounts, which would correspond to 99% complex.  

Percentage complexity can be calculated using equation 1 (Mandell et al., 2001): 

fbound = {A0 + B0 + KD + [(A0 + B0 + KD) 2 – 4 A0B0]1/2}/ 2A0   

%Complexation = fbound * 100% 

 

where A0 = AKB, B0 = RIα or RIIα.  These samples were then diluted into 30 µl of 

deuterated buffer, 10 mM sodium acetate pH 5.0, 150 mM NaCl, 3 mM EDTA, 

and incubated for 10 s, 30 s, 100 s, 300 s, 1000 s, or 3000 s at room 

temperature.  Also, a non-deuterated sample was prepared by simply adding 30 

µl of H20 instead of buffer to AKB alone and a fully- deuterated sample was 

created by incubating AKB alone in deuterated buffer for 24 hours.  Deuteration 

was quenched by shifting the pH to 2.2-2.5 at 0° by adding 60 µl of 3.2M 

guanidinium HCl and 0.5 M TCEP to each sample.  After incubating at 0° C for 

5min to allow the protein to denature and the disulfide bonds to be reduced, the 
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samples were quickly frozen with dry ice.  Each sample was thawed promptly 

before injection onto a  pepsin/HPLC/MS apparatus.  Protein samples were 

processed as described previously (Hamuro et al., 2002).  Peptides were 

fragmented and separated for sequencing with Finnigan LCQ.  The sequences 

were identified using Sequest software (Finnigan).  Peptide masses were 

analyzed on Micromass QTOF mass spectrometer.  Data was analyzed and 

matched with corresponding peptides on DXMS software (Sierra Analysis). 

 

2.3   Results 

Expression of D-AKAP1 A kinase binding (AKB) domain 

 Yeast 2 hybrid screening with the Ret/ptc2 oncogene yielded a 125 

residue protein, RPP7, which was demonstrated to bind both RI and RII subunits.   

This sequence is a fragment of D-AKAP1 and was used here to comprehensively 

characterize the PKA  

binding properties of D-AKAP1.  When expressed and purified in E.coli, RPP7 

experienced proteolysis at the C-terminus (Figure 2.2).  Using MALDI-TOF mass 

spectrometry, we identified the 12 C-terminal residues that were being 

proteolyzed.   RPP7 was then re-cloned as a 113 residue fragment, excluding the 

portion of the protein that was proteolyzed.   The new construct was expressed 

as a soluble, stable protein and purified to one band on a gel.  We refer to this 

stable domain as the A kinase binding (AKB) Domain or D-AKAP1-AKB.  Circular 

dichroism spectroscopy reveals that AKB is primarily disordered or randomly 

coiled. 
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Figure 2.2: Purification of the AKB domain of D-AKAP1 
 
(A) The resulting clone from yeast 2 hybrid was expressed in E.coli for 
characterization; however, protealysis (evident from the gel) prevented us from 
using this protein for further studies.   MALDI studies enabled us to identify that it 
was the last 12 amino acids that were getting cleaved, so a new construct was 
subcloned to exclude these residues. 
(B) The new clone of the AKB was expressed and purified to large amounts and 
validated with mass spectrometry to be intact.  M on the gel stands for molecular 
weight marker.  The other lanes are the following: 1. Total cell lysate 2.  Pellet 
from lysate centrifugation 3. Supernatant from lysate centrifugation 4.  Flow 
through after resin incubation 5-7.  Resin washes 8-11.  Elutions 12. Resin after 
the elutions. 
(C)  The sequence of the AKB is shown with the sequence that was truncated 
from the C-terminus in the final version shown at the bottom. 
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Expression and characterization of the C2 splice of D-AKAP1 

The C2 splice of D-AKAP1 was expressed and purified in E.coli fused to a GST 

tag.  This region contains the KH and Tudor domains, which are proposed to be 

involved in mRNA stabilization.  The 525 amino acid fusion protein, which we call 

D-AKAP1-C2 was purified to one band on a gel (Figure 2.3A).   We demonstrated 

that this fragment of D-AKAP1 was sufficient to bind full length LPL mRNA 

(Figure 2.3B).   GST and GST D-AKAP1-C2 was incubated with mRNA isolated 

from mouse tissues then pulled down with GST resin and  washed.  Next, bound 

RNA was extracted and subjected to reverse transcriptase PCR with primers 

specific to the 3’ UTR of LPL and run on an agarose gel.  Samples pulled down 

with GST D-AKAP1C2 displayed a PCR product of the LPL UTR on the gel, while 

samples pulled down by GST alone did not.  This was the first time D-AKAP1 

was shown to bind full length mRNA from cells, whereas previous studies linked 

D-AKAP1 only to small oligonucleotides.  This experiment also demonstrated that 

only the C-terminal region of D-AKAP1 is necessary for RNA binding and that 

PKA phosphorylation is not required. Quantitation of Binding Affinities 

 Using a Biacore 3000 apparatus, binding constants and kinetic rates were 

established for D-AKAP1 AKB interactions with RIα and RIIα.  To immobilize R 

subunits, 8 -AHA- cAMP was amine coupled to the dextrose chip.  AKB was 

flowed across the chip surface for measurement of on and off-rates (Figure 2.4). 

The results summarized in Table 2.1 revealed that the  D-AKAP1 AKB possesses 

a preference for RIIα over RIα.  The difference in affinities, 3 nM for RIIα and 21 

nM  
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Figure 2.3: Purification and functional analysis of GSTD-AKAP1C2 
 
(A)  The C-terminal region of D-AKAP1c/d was cloned and purified as a GST 
fusion protein to analyze its capabilities the putative RNA binding domains.  M on 
the gel stands for molecular weight marker.  The other lanes are the following: 1. 
Total cell lysate 2.  Supernatant from lysate centrifugation 3. Pellet from lysate 
centrifugation 4.  Flow through after resin incubation 5-7.  Resin washes 8-11.  
Elutions 12. Resin after the elutions. 
(B) As a functional assay, we tested the ability of the protein to bind mRNA from 
tissues.  After pulling down mRNA’s with either GST alone or GSTD-AKAP1C2, 
we performed RTPCR with primers for LPL, an established binding partner for D-
AKAP1.  We observed the presence LPL bound only to GSTD-AKAP1C2 and not 
to GST alone, as observed by the agarose gel seen here of the PCR products.  
The gel includes the following samples: L= ladder; + = RTPCR of mRNA pre-pull 
down (shows that LPL was present); 1,9 are pull downs with mRNA from brain; 
2,10 from liver; 3,11 from lung; 4,12 kidney; 5,13 from adipose; 6,14 from heart; 
7,15 muscle; 8,16 testes.  The bands on the gel on the right signify postive hits 
for the RTPCR, implying that LPL was successfully pulled down by GSTD-
AKAP1C2, but not by GST alone.
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Figure 2.4: Isolated AKB domain from D-AKAP1 exhibits tight interactions 
with RI and RII by surface plasmon resonance.   
 
(A) Full length RIα was immoblilized to a cAMP.  A concentration series of AKB 
was flowed across the chip’s surface.  Data was fit to a 1:1 binding model to 
determine on and off-rates and KD’s. 
(B)  The same experiments were performed with full length RIIα.  SPR 
experiments reveals a clear preference for RIIα with a KD= 3.16 nM compared to 
21.5 nM for RIα.
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Table 2.1:  Kinetic data for interactions of dual-specific AKAPs with RI and 
RII subunits of PKA  

 
 
 
*KD= kd/ ka

AKAP R isoform ka(M-1s-1)106 kd(s-1)10-3 *KD(nM)   
     
D-AKAP1 AKB RIα 0.20 ± 0.02  4.46 ± 0.74 21.5 ± 4.1 
 RIIα 1.89 ± 0.05 5.85 ± 1.5 3.16 ± 0.38     

     
D-AKAP2 AKB RIα 1.74 ± 0.07  84.4 ± 5.3 48.6 ± 4.8 
 RIIα 1.85 ± 0.08  12.2 ± 0.1 6.6 ± 0.3 
     
D-AKAP2 RGS A to 
C-terminus 

RIα 0.035 ±  15.5 ±  446 ±  

 RIIα 1.3 ±0.10 18 ± 0.60 14 ± 1.5 
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for RIα, was surprisingly due to the on-rate for RIIα, which is 9 fold greater for 

RIIα than for RIα. 

 

Amide Hydrogen/Deuterium Exchange of D-AKAP1 A Kinase Binding Domain 

 To identify the region of the D-AKAP1 AKB that was protected upon the 

binding to D/D domains, the AKB alone was first subjected to 

hydrogen/deuterium exchange coupled with mass spectrometry. Peptide 

fragments were generated and sequenced under denaturing conditions with 2M 

GuHCl, and these overlapping peptides encompassed the entire domain (Figure 

2.5A).  On-exchange experiments of D-AKAP1-AKB were performed by 

incubating AKB in 75% deuterated buffer for various time points, then quenching 

in 2M GuHCl, and injecting onto pepsin/HPLC/MS apparatus.  Centroid mass 

values for peptides generated from deuterated protein were compared to 

corresponding peptides from non-deuterated controls to measure deuteron 

incorporation. The on-exchange of D-AKAP1-AKB revealed that this protein is 

quite solvent accessible (Figure 2.5).  Although most of the domain is nearly fully 

deuterated within 10 seconds,  peptides which include a predicted helix from 

residues 26-43 showed slight protection in shorter time points (Figure 2.6). 

 On-exchange experiments were also conducted on D-AKAP1-AKB in 

complex with the dimerization/docking domains of RIα and RIIα.   The AKB 

showed slight protection in the vicinity of the predicted helix (26-42) when 

complexed with either domain.  AKB showed greater protection in the presence 
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A 

B 

 

Figure 2.5: H/DMS analysis of D-AKAP1 AKB domain 
 
(A) Digestion optimization of the AKB domain yielded full peptide coverage of the 
domain.  Black lines represent the highest quality peptides that were identified.   
(B) On-exchange experiments were performed on the AKB domain alone and in 
complex with RIα and RIIα D/D domains.  Deuteration levels are indicated for 
pepsin generated peptides of the AKB.  Deuteration for each peptide was 
measured after 10, 30, 100, 300, 1000, and 3000 seconds of incubation in 
deuterated buffer.  Protection is localized around the predicted helix, especially in 
the presence of the D/D domains.  The rest of the protein is highly deuterated in 
each state.  
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Figure 2.6: Amide protection was observed for peptides containing or 
adjacent to the predicted R binding helix. 
 
Each plot depicts the deuteration of a peptide over time for AKB alone, AKB + 
RIα D/D domain, and AKB + RIIα D/D domain.  RII binding appears to cause the 
greatest degree of protection on these peptides complexed with either D/D 
domain.   
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 of the RIIα D/D domain compared to the RIα D/D domain. 

 

2.4   Discussion    

D-AKAP1 A kinase binding domain 

 While little is known about the global structure of AKAPs, work is being 

conducted to elucidate the properties of important sections of these proteins.  

The A kinase binding domain of D-AKAP1 is a stable 113 amino acid protein 

fragment that we believe is important in PKA binding.  Other AKAPs are known to 

have a short helix (17-20 amino acids), but no domain has been discovered for 

binding PKA.  AKB is stable enough to be purified in high amounts, but 

surprisingly, there is no apparent secondary structure based on CD 

spectroscopy.  

 

RNA binding domains of D-AKAP1 

 mRNA binding was localized to the C-terminal region of D-AKAP1, which 

we were able to express as a GST fusion (Figure 2.3).  This piece was able to 

bind mRNA’s from tissues without the involvement of PKA or any other proteins.  

Further characterization of this interaction by the Kern lab later demonstrated that 

the KH domain alone was sufficient to bind LPL 3’UTR and inhibit in vitro 

translation, but PKA phosphorylation of the KH domain enhanced this effect 

(Ranganathan et al., 2005).  They also showed that LPL translation is inhibited 

by epinephrine in white adipose tissue, where D-AKAP1 is abundant, but not in 

brown adipose tissue, which does not express significant levels of D-AKAP1.  
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Also, knock downs of D-AKAP1 in 3T3-F442A adipocytes resulted in a loss of 

epinephrine-mediated LPL inhibition.  Thus, tissue-specific D-AKAP1 expression 

may be a mechanism for regulation of LPL. 

 

Binding affinities of D-AKAP1:R subunit interactions 

Targeting RI vs. RII is important because type I and II PKA exhibit different 

functions in the cell.  Type I is generally thought to be more diffuse in the cell 

than type II.  Characterization of the AKB domain of D-AKAP1 showed a 3nM 

affinity for RII and 21nM affinity for RI (Table 2.1).   Apparently, D-AKAP1-AKB is 

able to bind both isoforms of PKA with nanomolar affinity despite its lack of 

secondary structural elements.  Binding kinetics for two fragments of D-AKAP2 

were determined previously, using the same method (Burns et al., 2003).  

Interestingly, the 40 amino acid D-AKAP2 AKB showed a similar preference for 

RIIα (2.2 nM) over RIα (48 nM) as seen in Table 2.1.  Unlike D-AKAP1-AKB, 

however, the difference was in the off-rate, which was 8-times faster for RI than 

RII.  A 372 amino acid fragment of the D-AKAP2 including RGS A through the C-

terminus also showed a preference for RII; however, the difference was caused 

by a much slower on-rate for RI.  No difference was apparent in the off-rates.  

Possibly these larger fragments (D-AKAP1 AKB and D-AKAP2 RGS A to C-term)  

contain additional elements that regulate binding.  Possibly phosphorylation of 

the full length proteins may have an effect on the AKAPs conformation and R 

subunit binding capabilities. 

Dynamics of A kinase binding domain 
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H/D exchange experiments on D-AKAP1 AKB showed very little protection 

(Figure 2.4), suggesting that this piece is completely solvent accessible and most 

likely unstructured, which we deduced based on CD.  Other regions of D-AKAP1 

may help to stabilize this domain in the full length protein, as was the case with 

D-AKAP2 (Hamuro et al., 2002).  These results are still a little surprising 

considering we have a 113 amino acid fragment that is expressed as a stable 

fragment and can bind with such high affinity to both R subunits.  The peptides 

containing the putative R binding helix exhibit the slowest rates for exchange, 

suggesting those residues are the most structured.  This is expected, because 

these amide hydrogens are probably forming hydrogen bonds to stabilize the 

helical structure.  H-bonds are known to slow the rate of hydrogen exchange.  

Thus, exchange data for D-AKAP1 AKB indicates that it is relatively unstructured, 

but contains a region possibly forming an amphipathic helix. 

 

Hydrogen/Deuterium Exchange of AKB domain- D/D domain Complexes 

 On exchange experiments of AKB complexed with RIα and RIIα D/D 

domains confirm the location of the R binding region on D-AKAP1.  We see 

definite protection on peptides that overlap with the predicted amphipathic helix.  

This suggests that both RIα and RIIα D/D domain bind this region and that both 

contribute to the stabilization of the helix.  We saw a greater degree of protection 

in the presence of RIIα D/D.  This is not too surprising, considering the tight 

binding we observed for AKB and RIIα.   The data also suggests that the 
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segment of D-AKAP1 containing the AKB remains rather solvent exposed, even 

when binding tightly to PKA. 

 Like the AKB of D-AKAP2, the protein was almost completely solvent 

accessible in its free state.  Very slight protection was seen in the peptides 

corresponding to residue 19-45, whereas no protection was seen for the AKB of 

D-AKAP2.  Unlike the D-AKAP2 AKB, however, which showed strong protection 

in the presence of the D/D domains, the D-AKAP1 AKB showed only slight 

protection when it was bound to the D/D domain from RIα or RIIα.  Like we did 

for D-AKAP2 (Burns et al., 2003), we labeled D-AKAP1 AKB cysteines with 

tetramethylrhodamine-maleimide in order to develop a fluorescence anisotropy 

assay of D-AKAP1:PKA binding.  Suprisingly, this labeled AKB was not able to 

bind to either RIα or RIIα even though the cysteines are not close to the apparent 

R binding region.   It is unclear what role these cysteines play in binding the R 

subunits. 

 A stable form of D-AKAP2, including part of RGS A to the C-terminal, was 

also expressed and analyzed with H/DMS (Hamuro et al., 2002) (Figure 2.7A).  

In contrast to the isolated D-AKAP2 AKB, the AKB in the full length D-AKAP2 was 

fully protected at all time points suggesting other portions of the D-AKAP2, most 

likely the RGS B domain, are stabilizing the AKB.  Additional domains that flank 

the RGS B domain were also protected and these could also contribute 

protection of the AKB.  Since the isolated AKB’s bind the R subunits even better 

than full length D-AKAP2, there may be a mechanism to inhibit or regulate PKA  
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Figure 2.7: Model for binding of D-AKAP2 
 
(A) H/DMS studies of D-AKAP2 revealed highly protected regions for the RGS B 
domain and  the AKB domain (Hamuro et al., 2002).  RGS A and the linkers 
between the RGS B and the AKB are very solvent accessible. 
(B) Since the isolated AKB is not very protected, we propose that the protection 
of the AKB in the full length is caused by the C-terminal regions of the RGS B.  
Furthermore, because the AKB fragment is known to bind tighter than the full 
length D-AKAP2, we propose a conformation change may regulate the binding of 
R subunits and is mediated by PKA phosphorylation of D-AKAP2 at the site 
highlighted on the model. 
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binding, so that targeting is not constitutive.   RI subunits, especially, are known 

to bind dynamically to AKAPs and binding may be regulated. We hypothesize 

that R binding to D-AKAP2 may be modulated in some way by PKA 

phosphorylation (Figure 2.7B).  This may account for differences in H/D 

exchange patterns of the free AKB bound to the D/D domains of RIα and RIIα 

and the AKB protection in the full length D-AKAP2.  Because the full length D-

AKAP1a underwent proteolysis when it was expressed in E. coli, we were never 

able to determine if the AKB was shielded from deuterium exchange, when more 

for the D-AKAP1 protein was included.
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CHAPTER 3: 
 
A Novel and Dynamic Mechanism for AKAPs 

Binding to RII Isoforms of PKA 
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3.1   Introduction 

Signal transduction is mediated by protein: protein interactions frequently 

regulated dynamically by peptides docking to relatively small binding motifs.  

SH2, SH3, WW, and PDZ domains are examples of signaling modules that 

interact with short linear peptides where specificity is typically achieved by mostly 

hydrogen bonds and electrostatic interactions (Bhattacharyya et al., 2006).  In 

contrast, the targeting of cAMP-dependent protein kinase PKA is mediated 

primarily by docking of an amphipathic helix where specificity is achieved not by 

backbone/side chain contacts but rather by the interactions of hydrophobic side 

chains.  One of the most important mechanisms for targeting PKA is through 

AKAPs where the signature motif of the AKAP is an amphipathic helix that docks 

to the PKA regulatory subunits (Carr et al., 1991).  AKAPs thus serve as 

scaffolds to target PKA and other signaling molecules to microdomains in the cell 

in close proximity to their substrates (Wong and Scott, 2004). This targeting is an 

essential feature of PKA signaling and is an important mechanism for achieving 

specificity.  

 D-AKAP2 is considered a dual-specific AKAP because it binds with high 

affinity to both RII and RI (KD= 2 nM and 48 nM, respectively) (Burns et al., 

2003).  The biological importance of RI vs. RII specificity was suggested by SNP 

analysis in which a mutation in D-AKAP2 that reduces affinity only for RI has 

been associated with a shorter life span and possibly cardiac dysfunction 

(Kammerer et al., 2003).  As summarized in Figure 3.1A, D-AKAP2 is a modular 

protein that contains two putative RGS domains followed by an A Kinase Binding  
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Figure 3.1: Amphipathic helices mediate D-AKAP2 interaction with RIIα  D/D 
domain.  
 
(A) Full length D-AKAP2 contains two putative RGS domains, a PDZ binding 
motif, and the A Kinase Binding (AKB) Domain, which forms an amphipathic helix 
for binding the D/D domain.  This fragment corresponds to residues 623-649 
(numbering according to Swiss-Prot entry O8845).  For our studies, a 22-residue 
peptide was synthesized, including residues 631-649 of D-AKAP2 and three extra 
residues (shown in turquoise) on the C-terminus for functional purposes.  For 
simplicity, we have numbered the peptide 1-22.  Residues highlighted in red 
correspond to the surface of the helix involved in docking to the D/D domain of 
RIα and RIIα (Burns-Hamuro et al., 2005).   
(B) The dimerization/ docking domain resides at the N-terminus of RIIα subunit, 
which also includes an inhibitor sequence that binds the active site of the PKA 
catalytic subunit and two cAMP binding domains.  Each protomer of the D/D 
domain forms a helix-turn-helix motif (Helix I and Helix II are labeled).  The 
conserved hydrophobic, dimer interface is highlighted in red.  Residues essential 
for dimerization are denoted by a green star and residues that are essential for 
AKAP binding, but do not effect dimerization are denoted by a red star (Hausken 
et al., 1994; Li and Rubin, 1995). 
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(AKB) domain and a C-terminal PDZ binding motif (Gisler et al., 2003; Huang et 

al., 1997a).  The AKB of DAKAP2 has been characterized with a multitude of 

biophysical and biochemical techniques in order to understand the basis for dual-

specificity. With H/DMS experiments, the PKA binding site was localized to small 

19 amino acid peptide (Burns-Hamuro et al., 2005).  Sequence preferences for 

binding RI vs RII were characterized in detail using peptide arrays (Burns-

Hamuro et al., 2003).   In order to establish the basis for isoform specific 

anchoring of PKA, crystal structures are needed to appreciate the mechanism for 

docking at an atomic resolution. 

To determine the binding parameters for RI and RII, we have crystallized 

the same AKAP peptide from D-AKAP2 with the D/D domain of RIα and RIIα.  In 

chapter 3, we describe the crystal structure of the D/D domain of rat RIIα bound 

to a 22-residue peptide from the AKB domain of D-AKAP2 (Figure 3.1A).  Our 

structure reveals a novel docking mechanism and allows us to fully appreciate for 

the first time how hydrophobic side chains contribute to docking.  In addition to a 

solvent-excluded hydrophobic interaction surface between the helical peptide 

and the D/D domain described previously by NMR (Newlon et al., 2001), we see 

for the first time the critical contributions of the dynamic N-terminus of RIIα.  The 

essential roles of Ile3 and Ile5, specifically, were not revealed in the earlier NMR 

structures.  The N-terminal tail of the second protomer within the dimer in our 

structure is disordered.  Binding of the D-AKAP2 peptide thus introduces 

asymmetry into the D/D domain, and this asymmetry provides greater docking 

possibilities for the AKAPs.  The crystal structure, correlated with extensive 
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biochemical and biophysical data, defines for the first time the atomic 

determinants for RII:AKAP docking and reveals that the hydrophobic docking site 

is assembled in a highly dynamic manner where a key participant is the flexible 

N-terminal tail. 

 
 
 
3.2   Experimental Procedures 

Protein expression and purification 

Rattus norvegicus RIIα D/D (1-44) (Figure 3.1B) was cloned into a 

pET15b vector (Novagen) downstream of the His-tag and thrombin cleavage 

sequence, using NdeI and BamHI restriction sites.  The clones were expressed 

in BL21 (DE3) competent E.coli (Stratagene) and grown in YT media containing 

10 µg/ml ampicillin.  Cells were grown to O.D.600 = 0.8, then induced with 0.5 mM 

IPTG for 6 hours.  Cells were resuspended in 20 mM Tris, 100 mM NaCl and 

ruptured in a French pressure cell.  The his-tagged RIIα D/D was purified using 

ProBond resin (Invitrogen) and eluted with 10 mM EDTA. The his-tag was then 

cleaved with thrombin for 36 hours.  The protein was purified further using a 

Mono S cation exchange column in 20 mM potassium phosphate (pH 5.0) with a 

gradient of 10-500 mM KCl followed by gel filtration on an S75 column 

(Pharmacia).  Gel filtration was performed in the final buffer consisting of 10mM 

Na acetate (pH 5.0), 75 mM NaCl, 1 mM TCEP, and 10% glycerol.  The protein 

was quantified based on the extinction coefficient 5960 M–1 cm–1 at 280 nm. 
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Crystallization of the RIIαD/D:peptide complex 

The D-AKAP2 peptide QEELAWKIAKMIVSDVMQQCKK (Figure 3.1A) 

was synthesized and HPLC-purified to purity greater than 95% by Anaspec (San 

Jose).  Residues 1-19 of this peptide correspond to residues 631-649 in D-

AKAP2.  Here we use the numbering indicated in Figure1A.  The C-terminal 

residues are not part of D-AKAP2, but do not interfere with binding.  Cys20 was 

added as a site for covalent labeling with a fluorophore (Burns-Hamuro et al., 

2003), while the Lys21 and Lys22 improve the peptides solubility.  Peptide was 

added to the purified RIIα D/D in a 2-fold molar excess.  The complex was 

concentrated with a 3 kDa cutoff Amicon Ultra (Millipore) to 50mg/ml and 

subjected to crystallization trials using the hanging drop method.  The complex 

crystallized in 100mM HEPES (pH 7.5), 20% PEG 8000 at 277 K after 1 week. 

 

Crystallographic data collection and refinement 

 Data was collected at cryogenic temperature (100 K) using 20% glycerol 

as cryoprotectant.  Data was collected with the same crystal on a home source x-

ray at UCSD and on synchrotron beamline 5.0.3 at the Advance Light Source 

(ALS), Lawrence Berkeley National Labs (Berkeley, California).  Data was 

processed using Denzo/HKL2000.  Diffraction images from the ALS displayed 

dense ice rings at 3.75 Å, 2.24 Å, and 1.92 Å.  Data bins including the 

corresponding ice rings showed 63.5%, 60.8 %, and 56.4 % completeness, 

respectively.  Overall, the final data was 87.9% complete between 35.0-1.60 Å.  

The initial model for the molecular replacement was constructed using the least 
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varied region of the RIIa dimer from the NMR ensemble (residue 10 - 44) 

(Newlon et al., 2001). Molecular replacement using MOLREP (Vagin and 

Teplyakov, 1997) of the CCP4 package (CCP4 1994) found two dimers in the 

asymmetric unit.  Subsequent molecular replacement trials using the same 

region of the D/D domain with the peptide failed to reproduce the same solution. 

The resulting electron density map clearly located the two dimers, but not the D-

AKAP2 peptides.  After a few rounds of manual model building followed by 

refinement, additional density was identified at the periphery of each placed 

dimer and the peptide was then built in.  The final refinement implemented the 

TLS parameters for the whole molecule and converged to R and Rfree values of 

0.21 and 0.23, respectively, for the 35.0–1.6 Å range of experimental data.  The 

final model includes residues 1 to 43 of one protomer and residues 5 to 43 of the 

other protomer.  This is consistent in both molecules of the asymmetric unit.  The 

shorter protomer is denoted with an (‘) for the sake of distinguishing the two 

protomers in our model.  Residues 2 to 22 and 2 to 20 were included for the 

AKAP peptides, as well as more than 200 water molecules.  The coordinates 

have been deposited in the Protein Data Bank under the accession code XXXX 

[PDB].  Molecular representations in Figures 3.2, 3.3, 3.4A, and 3.7 were made 

using PyMol (DeLano Scientific) (DeLano, 2002) and Figure 3.4D was made with 

Insight II (Accelrys) (Accelrys, 2003). 

 

Amide H/D Exchange Coupled with Mass Spectrometry (H/DMS) 
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The H/D exchange experiments performed on D-AKAP2 and RIIaD/D were 

previously described (Burns-Hamuro et al., 2005). 

 

Peptide Array Binding Studies 

Peptider Array experiments were performed using the C-terminus of D-AKAP2 as 

were previously described (Burns-Hamuro et al., 2003)  

 

3.3   Results  

Summary of the RIIα D/D: D-AKAP2 AKB complex structure 

 The fully refined structure of the D/D domain bound to a 22 residue AKAP 

peptide from DAKAP2 showed two dimer:AKAP complexes in the asymmetric 

unit (Dimer I and Dimer II) (Figure 3.2).  Although each dimer:AKAP complex has 

a unique set of crystal contacts, they align with an rmsd of 0.32 Å2 for 64 

equivalent CA atoms. Crystallographic data and refinement statistics are included 

in Table 3.1.  The backbone trace of the dimerization/docking domain of our 

model forms a four helix bundle and aligns nicely with the previous NMR solution 

structures (Newlon et al., 2001), as discussed later.  Each protomer contains two 

helices which pair to form an X-type, four-helix bundle.  As previously reported, 

Helix I and II from one protomer interact in an antiparallel manner with their 

counterparts on the other protomer, Helix I’ and II’, respectively (Figure 2A).  The 

two molecules in the asymmetric unit are joined through a stacking interaction 

(Figure 2D) between RIIα residues Pro25’ and Pro26’ of one molecule (Dimer I) 

and His2 of the other molecule (Dimer II).  Gln24’ of Dimer I also forms a  
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Figure 3.2: High resolution crystal structure depicts RIIα  D/D domain 
complexed with the D-AKAP2 peptide.  
 
(A-C) The crystal structure of the RIIαD/D:D-AKAP2 complex is displayed at 
three different angles.  The two protomers of the D/D domain, RIIαD/D and 
RIIαD/D’, are displayed in tan and grey, respectively.  The D-AKAP2 peptide, 
shown in red, is bound to Helix I and Helix I’ of the RIIαD/D domain dimer.  
Prolines 6, 7, 25, and 26, which stabilize the loops between helices, as well as, 
contribute to crystal packing, are highlighted. 
(D) The two molecules in the asymmetric unit are associated by contacts 
involving Gln24’, Pro25’, and Pro25’ of Dimer I and His2 and Gln4 of Dimer II. 
(E) The hydrophobic core of the D/D domain is stabilized by several aromatic 
side chains, extending from all four helices.
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Table 3.1: Structure determination and statistics
 

Data set   Home source (Cu Kα)   ALS beamline 5.0.3 
 

Space group   C2 C2 
Cell constants (Å, °)   98.9, 44.3, 72.9 98.9, 44.3, 72.9 
Number of crystals   1   1   
Wavelength (Å)   1.542   1.000   
Dmin (Å)  2.67 1.6 
Mosaicity (°)   0.6 0.6   
Unique reflections   14461 40139 
Average redundancy   2.6 (2.4)  23.5 
Rsym

◊ (%)   5.4 (19.1) ⊥ 4.5 (41.1)   
Completeness (%)   97.9 (98.1)            87.9§  (99.9)   
<I>/<σI>   22.2 (2.93)   28.3 (2.8)   
Resolution range for refinement (Å)   20 to 2.0 
Total reflections used     30976 
Number of protein atoms     1663 
Number of water molecules     214 
RMSD bond lengths (Å)     0.013  
RMSD bond angles (°)     1.50 
Rwork

|| (%)     22.0 
Rfree

¶ (%)     23.9 
Average B factor (Å2)   

 
  

 
17.6 

  
◊Rsym = ΣhΣi|I(h) - I(h)i|IΣhΣi I(h)i, where I(h) is the mean intensity after rejections.  

⊥Numbers in parentheses correspond to the highest resolution shell of data, 
which were 2.8 to 2.7 Å for the Cu Ka data set and 1.66 to 1.6 Å for the ALS 
data set. 

§The diffraction images from ALS showed three ice rings at 3.75 Å, 2.24 Å, and 
1.92 Å. Each data bins including corresponding ice rings showed 63.5%, 60.8 
%, and 56.4 % completeness respectively. 

|| Rwork = Σh||Fobs(h)| -|Fcalc(h)||IΣh|Fobs(h)|; no I/σ cutoff was used during 
refinement.  

¶ 5.1% of the truncated data set was excluded from refinement to calculate Rfree.  
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hydrogen bond with Gln4 of Dimer II.  Symmetrically related molecules cluster 

together by the N termini of the D/D domains as well as by contacts between 

several residues of the D-AKAP2 peptide with D/D domains of neighboring 

molecules.  For example, Trp6 of the D-AKAP2 peptide forms a crystal contact 

with Pro25 and Pro26 of RIIα in a symmetrically related molecule. 

 The dimer interface of each D/D domain is comprised of hydrophobic side 

chains from each helix (residues Leu12, Leu13, Tyr16, Thr17, Val20, Leu21, 

Leu28, Val29, Phe31, Ala32, Val33, Tyr35, Phe36, Thr37, and Leu39 from each 

protomer) forming a tight, solvent-excluded core.  The structure includes over 

200 water molecules, none of which are found within the dimer interface.  The 

center of the dimer is especially enriched with phenylalanines and tyrosines 

which stack together to form the core (Figure 3.2E).  Additionally, two motifs, 

characterized by two conserved adjacent prolines, are created by Pro6, 7 and 

Pro25, 26 (Figure 3.2B).  Prolines 6/7 tether the N-terminal tail to Helix I, while 

prolines 25/26 stabilize the loop between Helices I and II.  These two proline 

pairs (6, 7 and 25, 26) are also in close proximity to each other on the exposed 

surface of the D/D domain.  As indicated above, Pro25 and Pro26 also contribute 

to crystal packing, suggesting that this surface may have a propensity to bind 

other proteins.   

 

Assembly of an asymmetric, hydrophobic binding pocket is revealed by the 

crystal structure 
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Two elements in the D/D domain, one stable and one flexible, create an 

asymmetric groove for the AKAP helix (Figure 3.3A).  The stable hydrophobic 

surface is formed by the antiparallel packing of Helix I and Helix I’, while the N-

terminal tail from only one protomer is recruited to the site and creates an 

inherent asymmetry.  Side chains from the D-AKAP2 peptide form a hydrophobic 

ridge that nicely complements the surface displayed by RIIα.  No water was 

found at the hydrophobic interface between the RIIα D/D domain and the D-

AKAP2 peptide.  The interface occludes an area of 360 Å2 (Lee and Richards, 

1971).  Figure 3C summarizes the multiple contacts between the D-AKAP2 

peptide and the RIIα D/D domain.   

The stable component of the AKAP binding site is created by the 

antiparallel helices (I and I’) in the D/D domain as seen in Figure 3.3B.  A cluster 

of hydrophobic residues from each protomer of RIIα D/D domain (Leu9, Thr10, 

Leu13, Val16, Thr17, and Leu21) line the groove where the AKAP helix docks.  

Many of these hydrophobic side chains also stablize the dimer.  Leu 21 in this 

stable core is the only hydrophobic residue known to disrupt AKAP binding, but 

not dimerization, when mutated (Li and Rubin, 1995).  As indicated in Figure 

3.1B, mutations of other residues abolish dimerization and, as a secondary 

consequence, prevent AKAP binding (Li and Rubin, 1995). 

 Our structure reveals that the solvent-exposed and flexible N-terminal 

segment (residues 1-5) of RIIα is also an essential feature of the AKAP binding 

site.  The side chains of Ile3 and Ile5 of one protomer extend in towards the  
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Figure 3.3: Complementary hydrophobic surfaces on RIIα  D/D domain and 
D-AKAP2 mediate a tight interaction between helices.   
 
(A) The D-AKAP2 peptide is removed from the interface and rotated 180° to see 
the interacting surfaces of the peptide and the RIIαD/D domain.  The 
hydrophobic residues of the peptide form a ridge required for PKA binding.  The 
RIIαD/D domain displays a complementary hydrophobic surface, formed by Helix 
I and I’, that allows the peptide’s hydrophobic ridge to dock.    
(B) Helix I and Helix I’ interact in an anti-parallel manner to form the stable 
binding site for AKAP docking.  Arrows represent the hydrophobic interactions 
between the two helices. 
(C) Specific side chain interactions between residues of the D/D domain and 
peptide were elucidated for the first time in the crystal structue.  These 
interactions are listed. 
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peptide, making multiple hydrophobic contacts with D-AKAP2 (Figure 3.4A); the 

N-terminus of the other protomer is disordered.  Ile3 contacts Leu4, Ala5, and 

Ile8 of the D-AKAP2 peptide while Ile5 contacts Ile8 and Ile12.  Leu21’ from the 

other protomer also extends upward into the docking surface to contact the D-

AKAP2 peptide where it is juxtapositioned against Ile3 and Ile5.  As seen in 

Figure 3.4, Ile3, Ile5, and Leu21’, previously identified by mutagenesis to be 

required for AKAP binding (Hausken et al., 1994; Li and Rubin, 1995), create a 

well-defined hydrophobic pocket.   Our structure confirms that these residues are 

critical AKAP contact points.  This binding module was not revealed by the 

previous NMR structures, as the N-termini were not well ordered. This essential 

hydrophobic recognition site requires the clustering of at least three residues: 

Leu21’ is part of the stable core while Ile3 and Ile5 are recruited from the flexible 

tail.  The side chain of Leu9, which initiates Helix I, is also a stable part of this 

pocket; however, no mutants of Leu9 have been studied.  The symmetry-related 

site in the same molecule is partially disordered, allowing one to appreciate the 

dynamic features of this binding element.  Leu21 and Leu9, both part of the 

stable core, are in place, Ile5’ is close, but Ile3’ is not seen at all. 

 Docking of the nonpalindromic D-AKAP2 peptide to the hydrophobic 

pocket of RIIα created by Ile3, Ile5, and Leu21’ induces inherent asymmetry.  

Because the D/D domain is symmetrical, there are two possible binding modes 

for the AKAP. Thus, the chances of forming a productive complex are increased.  

This allows the AKAPs to dock with multiple approaches and orientations.  Leu21  
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Figure 3.4: RIIα  D/D domain forms an asymmetric pocket upon D-AKAP2 
binding.   
 
(A) Ile3, Ile5, Leu9 and Leu21’ make critical contacts with peptide residues Leu4, 
Ala5, Ile8, and Ile12.  These residues are highlighted to show their proximity to 
each other and the importance of the branching of the isoleucine sidechains.   
(B and C) The surface of the RIIαD/D domain is displayed alone and with the 
AKAP.  The Ile3, Ile5, Leu21 are shown in green.  Ile5’ and Leu21’ are shown in 
brown.  These residues are highlighted to illustrate the two potential docking sites 
created Ile3, Ile5 and Leu21’ and Ile5’ and Leu21.  However, the N-terminal 
extension of RIIαD/D’ is disordered in our crystal, so it cannot be seen in our 
model. 
(D) The binding pocket of the RIIα D/D domain is illustrated with a stereo-
representation of the D/D domain surface. 
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(21’), and Leu9 (9’) are located at the C- and N-termini of Helix I (I’),  and are all 

held in place by the packing of the four-helix bundle.  However, only one N-

terminus is ordered by AKAP binding; the other is disordered suggesting that the 

stable docking site for the AKAP is only assembled as a tight fit when the AKAP 

is bound.  This induced fit, stimulated by AKAP docking, most likely accounts for 

the slow off-rate associated with the interaction (Burns et al., 2003) and may 

contribute to the high affinity binding of the RII subunit. 

 

The crystal structure combined with biochemical and biophysical studies reveal 

an intricate binding mechanism for D-AKAP2. 

 Using peptide arrays, the AKB of D-AKAP2 was systematically mutated 

previously to identify the determinants for RI and RII specificity (Burns-Hamuro et 

al., 2003).  The previous array data, summarized in the supplementary data, 

confirmed the helicity of the AKAP peptide, the specific importance of 2 turns of 

the helix, and the stringent requirement for Ile-specific sites.  Based on the 

arrays, the most critical residues for binding on our peptide are Ile8, Ala9, Ile12, 

and Val13, because RIIα binding was abolished for nearly all mutations of these 

residues (Figure 3.5).  These residues define the center of the hydrophobic ridge 

on the peptide that docks to the hydrophobic pocket of the D/D domain; they 

represent only two turns of the D-AKAP2 helix.  In the crystal structure, Ile8 of the 

peptide contacts Ile3 and Ile5 of the D/D domain, and only an isoleucine is 

uniquely able to make these multiple contacts.  The branching of the side chain 

at Cβ is critical for bridging to both Ile3 and Ile5.  Ile12 also uses both branches 
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Figure 3.5: Crystal structure expands on peptide array data and provides 
new insight into specificity 
 
Each position of the D-AKAP2 AKB (residues 623-649) was mutated previously 
(Burns-Hamuro et al., 2003) to every possible residue and tested for binding 
(binding is indicated by a black spot seen on the array).  The side chains 
highlighted with a red dot (Ile8, Ala9, Ile12, and Val13 from our peptide) are the 
most intolerant of substitutions.  These residues are interact with the hydrophobic 
pocket of the D/D domain and represent only two turns on the helix. Leu4 and 
Ala5, in purple, are crucial to binding, but can accept hydrophobic substitutions, 
presumably because of the induced fit of the D/D domain.  Val16, in green, 
demonstrates less stringent rules for substitutions, but valine is still preferred to 
other residues. 
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 to contact Ile5 and Leu13 of the D/D domain.  Peptide residues Leu4 and Ala5, 

which also participate in docking but can accept most hydrophobic substitutions, 

are not at all buried in the pocket.  Moreover, the N-terminus of RIIα is flexible 

enough to accommodate substitutions at these positions. Val16 is clearly 

preferred for its position, but the peptide can bind with reduced affinity when 

Val16 is replaced with other hydrophobic residues.  This is consistent with our 

structure, which reveals that Val16 is located in the hydrophobic groove of the 

D/D domain. 

Backbone amide H/D exchange followed by mass spectrometry (H/DMS) 

was used to characterize the binding interfaces of D-AKAP2 and RI and RII D/D 

domains (24). The H/D protection data is consistent with our structure and also 

correlates nicely with the B-factors (Figure 3.6).  Although the D-AKAP2 fragment 

(residues 623-662) alone was highly deuterated, indicating that it was fully 

exposed to solvent, increased amide protection was detected upon binding to 

RIIα D/D domain.  Based on higher deuteration levels at both ends, the binding 

surface was restricted to 634-647.  Residues 1-19 of our peptide coincide with 

631-649 of D-AKAP2 while residues 4-17 correspond to the protected regions.  

This region was shown to be involved in binding to the D/D in the structure.  

Furthermore, there is a rise in B-factors for residues 18-22 on the peptide 

consistent with the lack of protection.  The H/D exchange profile was also 

characterized for the RIIα D/D domain in the presence and absence of the D-

AKAP2 peptide.  Protection of RIIα D/D domain in the absence of the AKAP was  
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Figure 3.6: The B-factors of the crystal structure correlate with H/D 
exchange protection data.   
 
The B-factor at the Cα position for each residue in the structure is plotted for D-
AKAP2 peptide and RIIα D/D domain.  We see a sharp rise in B-factor at the C-
terminus of the peptide, which corresponds with a high deuteration rates 
demonstrated by previous H/DMS experiments (Burns-Hamuro et al., 2005).  The 
colored bars represent the deuteration levels of peptides from D-AKAP2 AKB 
(631-649) in complex with RIIα D/D domain and the peptides of D/D domain in 
the presence of the AKB domain.  In addition, we see elevation in B-factors at the 
termini of the RIIα D/D domain, which corresponds to high deuteration rates as 
well.  The helix I and helix II are highly protected when bound to the AKAP. 
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localized on helix I and helix II, and both of these helices showed increased 

protection upon D-AKAP2 binding.  Clearly, as reported previously, AKAP binding 

is sensed across helix bundle, not just at the binding interface (Burns-Hamuro et 

al., 2005; Fayos et al., 2003; Newlon et al., 1999). 

 

3.4   Discussion 

Comparison of the crystal structure of RIIα DD-D-AKAP2 and the NMR solution 

structures of RIIα D/D with Ht31 and AKAP79. 

 The NMR solution structures revealed that the hydrophobic faces of the 

AKAP amphipathic helices of Ht31 and AKAP79 docked onto a well-ordered 

solvent-accessible hydrophobic groove on the surface of the D/D domain 

(Newlon et al., 2001).  Additional solution studies revealed that the residues in 

the solvent-accessible groove experience increase in dynamics upon complex 

formation (Fayos et al., 2003).  We hypothesized that this increase in dynamics 

would facilitate binding to the diverse sequences within the AKAP family of 

proteins as the hydrophobic groove could accommodate multiple sequences by 

altering the contour of the hydrophobic groove once bound to an AKAP.  The 

current structure of the D-AKAP-2 complex allows us to expand upon this theme. 

 Despite the obvious similarities in global structure, the new 

crystallographic model reveals novel accommodations that the D/D domain can 

make upon peptide binding.  The importance of the N-terminal extended region 

of RIIα containing Ile3 and Ile5 was first revealed by mutagenesis (Hausken et 

al., 1994).  While interactions between the side chains of Ile3 and Ile5 were 
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suggested in the NMR analysis, the presence of two protonated histidines at pH 

4.0, necessary for NMR analysis, likely de-emphasized their hydrophobic 

interactions (Newlon et al., 2001).  The crystal structure demonstrates that these 

two isoleucines each contact multiple hydrophobic side chains on D-AKAP2.  

Furthermore, both branches of the isoleucines’ side chains interact with D-AKAP2 

residues, explaining their stringent requirement for binding. 

 In Figure 3.7 the NMR structures are aligned with the crystal structure.  

The inherent flexibility of the N- and C-termini is most apparent from the NMR 

structures but also correlates with the temperature factors in the crystal.  The 

peptides bind in nearly the same space; however, the crystal structure reveals a 

change in helical register between the AKAPs by as much as a quarter-turn.  

Despite this, the Ht31 and AKAP79 peptides display a hydrophobic ridge similar 

to what we see with D-AKAP2 (Figure 3.8).  This highlights that helix-helix 

interactions do not determine the precise position of the helix backbone, because 

only the side chains are involved in the recognition process.  In the case of D-

AKAP2, Ht31, and AKAP79, the ridge comprised of hydrophobic side chains 

represents the recognition motif. 

 The NMR studies of the RIIα:AKAP complex also demonstrated a lack of 

restraints at the C-terminus of the AKAP peptide,  as reflected in the numerous 

conformations computed for the peptide in this region.  This also correlates with a 

sharp rise in B-factors in the crystal structure after residue 16 of the peptide and 

H/DMS (Figure 3.6).  The C-terminus of the AKAP peptide may also be dynamic 

in the complex.  The slight twist of the C-terminus of Ht31 compared to D-AKAP2  
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Figure 3.7:  Crystal and NMR structures reveal differences in AKAP 
positioning in complex. 
 
Both Dimer I and Dimer II of the crystal structure (in red) are aligned with NMR 
structures of RIIα D/D domain bound to Ht31 (gray) and AKAP79 (olive) and 
depicted in stereo (Newlon et al., 2001).  The structures are aligned based purely 
on Helix I and Helix I’.  The AKAP peptides differ in helical register. 
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Figure 3.8: Structures reveal conserved hydrophobic ridge on AKAPs. 
 
(A) The sequences of D-AKAP2, Ht31, AKAP79 involved in RIIα binding are 
aligned according to the structural alignment.   
(B). Despite the diversity of sequence these AKAPs display a hydrophobic ridge 
that interacts with the D/D domain of RIIα.  Ht31 and AKAP79 peptides are each 
taken from one structure in an ensemble. 
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and AKAP79 suggests that there may be some variability in the docking of this 

segment of the AKAP peptide. 

 

Plasticity of the D/D domain and the AKAP facilitates the diversity of cAMP 
signaling 
 More than 50 structurally diverse, but functionally similar, AKAP family 

members have been discovered to date (Michel and Scott, 2002).  All AKAPs 

contain an amphipathic helix of 14–18 residues, which binds to the N-terminal 

dimerization/ docking domain of the R subunits of PKA (Carr et al., 1991; Newlon 

et al., 1997; Newlon et al., 2001).  The crystal structure of RIIα D/D domain and 

D-AKAP2 provides insight into how RIIα binds such a wide array of AKAPs with 

high affinity.   In the structure, the N-terminus of one protomer of RIIα is tightly 

bound to the AKAP, while the other is disordered.  The malleability of the N-

terminus and the presence of two potential docking modes in the dimer enables 

the D/D domain to accommodate various sequences of AKAP peptides (Figure 

3.8).  The variability in helical register for bound AKAPs in the crystal and NMR 

structures confirms the plasticity and versatility of the dimerization/ docking 

domain.  In addition, peptide array data showed that only four residues on D-

AKAP2 have strict sequence requirements for binding RIIα.  The structure 

demonstrates how the RIIα D/D domain binding pocket can accommodate 

various sidechains at the other positions of the AKAP peptide.  This tight 

interaction can be summarized as a stable helix docking to a bipartite surface, 

where the surface created by Helix I and Helix I’ is rigid and the N-terminal tail is 

flexible.  The plasticity of the D/D domain, conveyed by the flexible N-termini, is 
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likely to be crucial for facilitating PKA interactions with numerous AKAPs, 

allowing for amplified cAMP signaling at many cellular microdomains.  

D-AKAP2 also has enhanced versatility compared to most AKAPs, 

because it can bind to both RI and RII isoforms with high affinity.   Although the 

hydrophobic core of RIα and RIIα are superimposable the RI isoforms contain an 

abundance of charges on their AKAP binding surface (Banky et al., 2003).  In 

addition, the N-terminus of the RI subunit contains a well ordered helix, called the 

N-1 Helix.  This helix, absent in RII subunits, replaces the N-terminal extended 

tail in RIIα.  The flexible N-terminus of the RIIα subunit is positioned by two 

conserved prolines (Pro6 and Pro7) that are linked to the hydrophobic core by an 

intervening glycine.  In contrast, the N-terminus of RIα is regulated by an 

intramolecular disulfide bond.  The disulfide bond between Cys16 and Cys37 

provides a stable anchor to the C-terminus of Helix I of the opposite protomer.  

Surprisingly, these two cysteines correlate spatially with Ile3 and Leu21’ in the 

RIIα structure (Figure 3.9).  The N-terminus of RI is clearly more flexible when 

the cysteines are reduced.  Moreover, the linker between the N-1 Helix and Helix 

I is dynamic, based on NMR structures (Banky et al., 2003).  Crystal structures of 

RIαD/D:AKAP complexes will reveal how D-AKAP2 can adapt to such 

differences. We expect that a network of both hydrogen bonds and salt bridges 

will contribute to the interface, in sharp contrast with the predominantly 

hydrophobic character of the RIIαD/D/D-AKAP2 complex.   
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Portions from Chapter 3 were taken from “A novel and dynamic mechanism for 

AKAP binding to RII isoforms of cAMP-dependent protein Kinase,” which is 

currently in submission. 
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Figure 3.9: Model for AKAP docking motifs for RI and RII D/D domains 
 
A cartoon representation of the D/D domain of RIIα subunits demonstrates the 
presence of a stable core and two flexible N-terminal tails.  Upon binding to an 
AKAP, one of these tails is stabilized.  RI subunits possess two conserved 
cysteines (Cys16 and Cys37), which can stabilize the N-1 helix when disulfide 
bonded.   Cys16 and Cys37’ are located in analogous positions to Ile3 and 
Leu21’ of RIIα (Banky et al., 2003), which are essential for binding.  Crystal 
structures of the RIα D/D domain may detail the specific involvement of these 
residues in AKAP docking. 
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CHAPTER 4: 

 
Relevance of Cysteines and Disulfide 

Bonding for AKAP Binding to RIα
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4.1  Introduction 
 

Isoform-specific features of the PKA regulatory subunits provide an 

important mechanism for creating diversity in the cAMP-signaling pathway.  As 

summarized in Chapter 1, there are a number of functional differences that 

distinguish the RI and RII subfamilies.  For example, the RII subunits are 

phosphorylated at their inhibitor site and are thus substrates as well as inhibitors 

of PKA.  In contrast, RI subunits have a pseudo-substrate sequence at their 

inhibitor site and require MgATP to form a holoenzyme complex.  Another unique 

feature of the RI subunits is the presence of two interchain disulfide bonds.  

These bonds were first discovered when full length RIα was shown to run as a 

dimer on non-reducing gels (Potter and Taylor, 1980).  To locate the disulfide 

bond, RIα was digested with trypsin and resolved into two major fragments by ion 

exchange chromatography.  The N-terminal fragment was separated from the 

cAMP binding domains and shown to run as a dimer on a size exclusion column, 

while the isolated cAMP binding fragment ran as a monomer, confirming that the 

N-terminus was responsible for dimerization.   Furthermore, alkylation of the N-

terminal cysteines (Cys16 and Cys37) was possible only after reduction with β-

mercaptoethanol (BME), while the other 2 cysteines in RIα were readily alkylated 

without BME (Zick and Taylor, 1982).   Subsequently, the arrangement of the 

dimer was shown to be anti-parallel based on characterization of the disulfide 

bonded peptides (Bubis et al., 1987).  These disulfide-bonded cysteines also 

allow for the formation of stable heterodimers between RIα and RIIβ, as reported 
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in human B cells and T cells (Tasken et al., 1993).  This enables a novel hybrid 

isozyme to contribute further diversity to the PKA signaling pathway. 

NMR solution structures confirmed the antiparallel alignment for both the 

RIα and RIIα D/D domains (Banky et al., 2003; Newlon et al., 1999).  As seen in 

Figure 4.1, both D/D domains form a stable four helix bundle, but they differ at 

the N-terminus. NMR of the RIα D/D domain also confirmed that Cys16 and 

Cys37 formed stable, interchain disulfide bonds.   Despite the presence of two 

disulfide bonds, the regions flanking the disulfide bonds exhibit considerable 

flexibility in this region as suggested by the diverse conformations computed for 

the region (residues 17-24) that joins N-1 Helix and Helix I (Figure 4.2).   This is 

in contrast to the stable helical core and N-terminal helices; both overlay well 

when the different ensemble structures are aligned.  Based on the NMR 

structures, Banky et al (Banky et al., 2003) proposed that the disulfide bond 

might be stabilized by the presence of two neighboring aromatic side chains, 

Tyr19 and His23 in RIα, through S-π electron interactions, as is found in other 

disulfide bonded proteins (Bodner et al., 1980; Morgan et al., 1978; Zauhar et al., 

2000). In the NMR ensemble, these residues are found in the flexible linker 

where the deviation in the structures is greatest (Banky et al., 2003) (Figure 4.3).   

The dynamics also suggest that the RI can adopt different conformations, where 

some may promote disulfide bonding, while others may destabilized the disulfide 

bond.  These conformations also will clearly influence the AKAP binding surface.  

In some, for example, the N-1 Helix would introduce obvious steric hindrance for 

AKAP docking. 
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Figure 4.1: NMR structures of RI and RII dimerization/ docking domains 
reveal isoform-specific features. 
 
(A) The RIα D/D domain forms an anti-parallel, four-helix bundle similar to the RII 
isoforms.  However, RI isoforms contains a unique, interchain disulfide bond and 
additional N-terminal helix, known as the N-1 Helix (Banky et al., 2003). 
(B) The RIIα forms a stable helical core flanked by flexible N-terminal tails, which 
are the greatest source of variation in the NMR ensemble (Newlon et al., 1999).  
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Figure 4.2: Dynamics of the RIα  D/D domain 
 
The disulfide bond that anchors the N-1 Helix in the RIα D/D domain does not 
completely rigidify the molecule, but instead provides a hinge point for the helix to 
move about (Banky et al., 2003).  The NMR ensemble reveals multiple possible 
conformations for this region. 
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Figure 4.3: Disulfide bonds in RIα D/D domain can be stabilized by 
neighboring aromatic residues, Tyr19 and His23. 
 
(A) The NMR ensemble reveals multiple possible conformations for the D/D 
domain of RIα (Banky et al., 2003).  Here two extremes are depicted to 
demonstrate the possibility of conformations that allow Tyr19 and His23 to 
interact and stabilize the disulfide bond (on the left) and conformations that 
possibly destabilize the disulfide bond (on the right).  The inset shows a closeup 
view of the disulfide bond: tyrosine interaction.  The conformation is also 
stabilized by the tyrosine hydrogen bonding to the backbone of the opposite 
protomer and the histidine stacking with the tyrosine. 
(B) Sequences of the RIα demonstrate that these four residues are conserved 
throughout the evolution of eukaryotes.  Residues marked with a red star caused 
a decreased binding affinity to AKAPCE when mutated to alanine in RCE (Angelo 
and Rubin, 2000).  Green stars indicate residues that affected dimerization of 
RCE when mutated to alanine. 
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Recent studies report that disulfide bonding of RIα, may influence the targeting of 

type I PKA.  RIα purified from beef muscle and heart were analyzed by mass 

spectrometry to identify post-translational modifications for cytoplasmic and 

membrane bound PKA (Boeshans et al., 1999).  While no differences in 

phosphorylation state were identified, membrane bound RIα was disulfide 

bonded in greater amounts than the cytosolic RIα.  No other structural changes 

or modifications were detected.  A separate study reports that RIα is commonly 

reduced in cardiac myocytes, but under conditions of oxidative stress, disulfide 

bonding is induced and type I PKA is translocated from cytoplasmic fractions to 

particulate fractions (Eaton, 2006).  Under these conditions of oxidative stress, RI 

was shown to bind alpha-myosin heavy chain (αMyHC) and localize to the 

myofilament compartment, where it phosphorylates myosin binding protein C and 

phospholamban.  This increases the amplitude of myocyte contraction.  Thus, the 

cysteines of RIα may represent a redox switch that controls the localization and 

function of type I PKA in the cell. 

 To further our understanding of RIα docking to AKAPs, we chose to 

examine the importance of disulfide bonding of RIα for dimerization and binding 

to D-AKAP1 and D-AKAP2.  In collaboration with Alison Getz, a rotation student, 

mutants of RIα were made to determine the importance of the disulfide bonded 

cysteines as well as other residues in the D/D domain.  Native gels were used to 

evaluate the dimeric state of the RIα subunit mutants.  AKAP binding studies 

were performed under oxidizing and reducing conditions to determine whether 



  78 

 

binding affinities were affected by the presence or absence of the disulfide 

bonds.  Our results suggest that the cysteines, especially Cys37, contribute to 

AKAP binding; however, disulfide bonds are not required.  In addition, Tyr19 is 

essential for AKAP binding.  We hypothesize that Tyr19, while packing in the 

dimer interface, interacts with the cysteines, forming a cluster of side chains that 

requires precise assembly for both dimerization and AKAP binding.  Binding of 

the wild type RIα D/D domain to D-AKAP2 is independent of the oxidation state of 

the protein.  Preliminary results, however, show that the oxidizing agent, diamide, 

has an inhibitory effect on D-AKAP2 binding of RIα, possibly due to stabilization 

of a conformation that does not favor binding.  Further investigation is clearly 

required to elucidate the role of the cysteines and the disulfide bond under 

physiological conditions. 

 

 
4.2  Experimental Procedures 

Purification of RIα D/D domain 

 Full length R subunits were purified as described in Chapter 2.  

 

Purification of RIα D/D domain 

Bovine RIa (1-61) was cloned into a pRSETc vector (Novagen) 

downstream of the His-tag and, using the EcoRI restriction site.  The plasmid 

was transformed in BL21 (DE3) E.coli (Stratagene) and grown in YT media 

containing 10 µg/ml ampicillin.  Cells were grown to O.D.600 = 0.8, then induced 
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with 0.5 mM IPTG for 6 hours.  Cells were resuspended in 20mM Tris, 100 mM 

NaCl and ruptured in a French pressure cell.  The his-tagged RIa D/D domain 

was purified using ProBond resin (Invitrogen) and eluted with 10 mM EDTA. The 

his-tag as well as residues 1-11 were cleaved with trypsin for 36 hours, which 

cuts after Arg11.  The protein was then finally isolated by gel filtration on an S75 

column (Pharmacia).  Gel filtration was performed in the final buffer consisting of 

20 mM Tris (pH 7.0) and 100 mM NaCl.  The protein was quantified based on the 

extinction coefficient 6210 M–1 cm–1 (for the dimer) 280 nm. 

 

 

Purification of D-AKAP1 AKB 

D-AKAP1 AKB was expressed and purified as described in Chapter 2 

except that protein was not cleaved with thrombin.  Instead, it was isolated by gel 

filtration chromatography directly following the elution steps. 

 

Pull down assays 

 A 20 µl slurry volume of Talon resin (Clontech) was washed three times in 

a tube with 50 µl of phosphate buffered saline, 0.1% Trition X-100, and 5 mM 

BME.  After each wash, resin was centrifuged for 2 min and supernatant was 

removed by aspiration.  50 µg of D-AKAP1 AKB was added to each tube, except 

the negative controls, and incubated for 1 hour at 4 °C.  Samples were wash 

three times again with buffer, then 45 µg of R subunit was added to each tube.  
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After 1-hour incubation, samples were washed three more times.   Finally, 

sample buffer was added to each sample and samples were resolved on a gel. 

 

Fluorescent labeling and purification of the D-AKAP2 peptide 

The 27 amino acid D-AKAP2 peptide 

(VQGNTDEAQEELAWKIAKMIVSDVMQQC) was synthesized and purified by 

Peptron (Seoul, South Korea) to greater than 95% purity by HPLC.  0.5 mg of the 

peptide was incubated overnight with 2 fold molar excess of fluorescein-5-

maleimide (Molecular Probes).  The labeled peptide was purified by HPLC and 

placed in a rotary evaporator to evaporate the organic solvent.  Concentrations 

were determined using the aborbance at 485 nM wavelength and extinction 

coefficient 90,000 M–1 cm–1. 

 

Fluorescence Polarization Binding Assays 

Samples were prepared in a binding buffer: 50 mM HEPES (pH 7.0), 150 

mM KCl, and 0.005 % Triton-X-100.   Buffers and peptide were pipetted in flat-

bottom, black 96-well untreated Costar (Corning) plates. A two fold concentration 

series of RIα D/D domain was prepared and added to the wells last, unless 

indicated otherwise.   Final concentrations of D/D domain were 512, 256, 128, 

64, 32, 16, 8, 4, 2, 1, 0.5, 0 nM, while 5 nM of peptide was used throughout.  The 

final volume of each sample was 80 µl, and 3 wells containing binding buffer 

alone were used as blanks.  Fluorescence readings were taken on a GeniosPro 

microplate reader (Tecan, Research Triangle Park, NC) with 485 nm excitation 
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(20 nm bandpass) and 535 nm emission (20 nm bandpass) filters and the 

supplied 510 nm dichroic mirror.  FP values (P) were calculated in 

millipolarization units (mP),  
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where I║ and I⊥ are the emission intensities recorded, respectively, in the parallel 

and perpendicular directions relative to the plane of excitation polarization, after 

background intensity correction. G-factor values (G) for the fluorescein spectral 

window were measured with 1 nM fluorescein.  

 

4.3  Results 

Mutational analysis of RIα Cys16 and Cys37  

 In order to examine the role of the cysteines (Cys16, Cys37) in the 

D/D domain of RIα, three alanine mutations were carried out using full length 

RIα: C16A, C37A and the double mutant, C16A:C37A.  These studies were 

carried out in collaboration with Alison Getz, a rotation student in the lab.  The 

mutations were introduced and the proteins were purified as described in 

Chapter 2.  Their ability to form dimers was assessed by native gel 

eletrophoresis (Figure 4.4A).  All three readily formed dimers, demonstrating that 

disulfide bonds were not required for dimerization.  Non-reducing, denaturing 

gels confirmed that the RIα  
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Figure 4.4: Mutations of RIα  can affect disulfide bonding without affecting 
dimerization. 
 
(A) Native gel electophoresis was performed for wildtype and mutant forms of 
RIα to determine if the mutants affected the aggregation state.  All proteins were 
prevalent at the same mobility as the wild type, which is known to be dimer.  
Monomer is expected just below the dimer, as shown previously (Banky et al., 
1998). 
(B) Nonreducing, denaturing gels provide a method to determine if these proteins 
are disulfide bonded.  Because the disulfide bond is interchain, reduced proteins 
will run as monomers, whereas proteins crosslinked by disulfide bonds will run as 
dimers.  We observe that the mutants show a reduction in disulfide bonding.  
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protomers’ ability to crosslink was abolished by mutation of either or both 

cysteines (Figure 4.4B).   

Pull-down assays with His-tagged D-AKAP1 AKB were used initially to 

qualitatively assess the binding properties of the mutant proteins.  These pull-

down assays demonstrated that C37A abolished AKAP binding, while C16A did 

not have an effect (Figure 4.5).   These results confirm that disulfide bonds are 

not required for AKAP binding, since C16A was successfully pulled down.   The 

results also suggest that the chemistry of the C37A contributes to D-AKAP1 

binding. 

Fluorescence polarization was then used to quantitatively measure the binding 

affinities for the D-AKAP2 peptide with the cysteine mutants.  The data, 

summarized in Table 4.1, showed that the C16A mutant exhibited a 2.7 fold 

reduced binding affinity for D-AKAP2, but the mutation of Cys37 showed a much 

greater reduction (16-fold) as predicted from the pull-down assays.  

 

Importance of Tyr19 and His23 to disulfide bond formation, dimerization, and 

AKAP binding. 

The residues thought to stabilize disulfide bonding (Tyr19, His23) were 

also mutated to test the effect of disulfide destabilization on AKAP binding and 

dimerization.  These mutants also formed dimers on native gels (Figure 4.4); 

however, on the non-reducing, denaturing gels, these mutant proteins were less 

disulfide bonded than wild type protein.  Y19A mutant was mostly reduced, while 

the H23A mutant was half reduced and half disulfide bonded.  This confirms that 
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Figure 4.5: Pull downs with D-AKAP1 AKB provides qualitative assessment 
of RIα  mutants. 
 
D-AKAP1 AKB was purified with the his-tag included and used to test the AKAP 
binding capabilities of each RIα mutants.  Proteins were incubated with cobalt 
resin and wash before samples were spun down and run on the gel.  For 
negative controls, R subunits were incubated with resin without D-AKAP1 AKB.  
Wt, H23A, and C16A proteins seemed to successfully pull down with D-AKAP1 
AKB.  C37A did not pull down at all.  Y19A showed a slight band in the absence 
of D-AKAP1 AKB, but did not show any more protein being pulled down when D-
AKAP1 was present.  This suggests that a small amount of this protein had 
denatured or was insoluble.  The majority of protein was soluble and did not pull 
down. 
 



  85 

 

Table 4.1: Summary of Mutational Analysis of RIα .  R subunit mutants were 
each assayed for D-AKAP2 binding by fluorescence polarization. 

 
 

RIα  Construct *KD(nM) 

Wild Type 48 

C16A 125.6 

C37A 744.6 

Y19A 1329 

H23A 197.8 

 

* KD = EC50 value calculated from curves fit to a 1:1 binding model 
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Tyr19 and His23, to a lesser extent, are important for stabilization of the disulfide 

bond. 

Pull-downs with the D-AKAP1 AKB showed that binding was reduced by 

Y19A, but not H23A (Figure 4.5).  Qualitatively, H23A was able to pull down with 

D-AKAP1 AKB, though not as well as wild type.  A small amount of the Y19A 

mutant was pulled down in the absence of D-AKAP1 AKB, suggesting that it was 

precipitating into the pellet.  In the presence of D-AKAP1 AKB, however, no 

additional protein pulled down over the background.  The majority of Y19A 

protein, which was soluble, was not able to bind D-AKAP1. 

Binding to D-AKAP2 was measured by fluorescence polarization (Table 

4.1) for the tyrosine and histidine mutants and showed decreased binding for 

both.  The H23A mutant had a 9-fold reduction in affinity, while the Y19A showed 

a 27-fold decrease in affinity.  This was significantly greater than the effect of 

replacing the cysteines to alanine.  This suggests that the tyrosine contributes to 

the chemistry of this site in several ways.  It does not just stabilize the disulfide 

bond.  His23 is also involved in AKAP docking, but its contributions are not as 

pronounced as Tyr23 or Cys37. 

 

Disulfide bonds play a role in the RI binding mechanism to D-AKAP2. 

 Based on the report that disulfide bonds could be influenced by oxidation 

state, we looked more closely at the effect of the disulfide bonds for binding to 

AKAPs.  We first tested RIα:AKAP binding using wild type D/D domain to 
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determine if RI will bind D-AKAP2 better or worse in the presence of reducing 

agent.  Binding was monitored with fluorescence polarization in the presence and 

absence of DTT.  DTT, however, still showed no effect on binding.  With DTT the 

RIα bound the peptide with an average KD of 10.0 nM and without DTT it bound 

with a KD of 11.3 nM (Figure 4.6).  Increasing DTT concentration to 50 nM still did 

not show an effect.  Non-reducing, denaturing gels verified that D/D domain was 

disulfide bonded in the absence of DTT and reduced in the presence of 10 mM 

DTT (Figure 4.7).   Clearly, the oxidation state of RIα does not have a great effect 

on D-AKAP2 binding. 

The oxidizing agent, diamide, was also used in binding assays to ensure 

disulfide bonding and demonstrated some interesting results.  Compared to the 

other samples, samples with diamide bound with a much higher KD initially, but 

when allowed to incubate for 90 minutes, finally reached equilibrium where the 

binding affinity was the same as the other samples (Figure 4.6).  Interestingly, 

both the diamide and buffer samples were disulfide bonded (Figure 4.7B) after 

three-hour incubation.  This rules out the possibility that diamide had lost its 

oxidizing capability over time, resulting in reduction of the cysteines and the 

tighter affinity over time.  

To determine if the diamide was affecting the D/D domain, we pre-

incubated the RIα D/D domain for 3 hours with diamide before adding the 

peptide.  This sample showed the same delayed equilibrium effect despite the 3 

hour incubation.  This rules out any possibility of some modification caused by 

diamide that is resolved over 3 hours.  Therefore, we know that the diamide  
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Figure 4.6: Diamide delays the equilibrium of RIα: AKAP binding 
 
(A) Fluorescence polarization is measured for RIα D/D domain equilibrium 
binding to the D-AKAP2 peptide.  Polarization is plotted against concentration of 
R subunit, which demonstrates a saturation of peptide at higher concentrations. 
(B) Data was transformed to log scale and hill coefficients are calculated to 
determine EC50 values.  The data reveals a reduced affinity in the presence of 
diamide, compared to DTT or no reducing/oxidizing agent. 
(C) When KD is plotted over time, we observe that reduction of binding by 
diamide is diminished after 90 min.  Thus, we believe that equilibrium state is 
somehow hindered by diamide. 
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Figure 4.7: Diamide inhibition of RIα binding is not reversed rapidly by 
reduction. 
  
(A) In order to test whether the diamide is inhibiting binding by securing the 
disulfide bond, we used DTT to quench the diamide and reduce the disulfide 
bond.  This experiment, however, did not have a conclusive result, for adding 50 
mM DTT did not induce equilibrium any faster. 
(B) Non-reducing, denaturing gels were run to confirm that DTT was indeed 
reducing the D/D domain and diamide was effectively promoting the disulfide 
bond.  On the gel, disulfide bonded D/D domain will run as a dimer (12 Kda) and 
reduced D/D will run as a monomer (6 Kda)  The lanes contain the following 
samples: 1. 50 mM DTT, 2. 25mM DTT, 3. 10 mM DTT, 4. No DTT or Diamide, 5. 
1mM Diamide, 6. 50 mM DTT and 1mM Diamide.  From the gel we can 
determine that samples with DTT are infact un-disulfide bonded, samples with 
diamide or no reducing/oxidizing agents are disulfide bonded, and excess DTT 
can quench diamide and reduce the disulfide bonds in RIα D/D domain. 
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effects the peptide recognition of the D/D domain.  Diamide may be effecting the 

conformation of the D/D domain, somehow stabilizing one conformation that is 

not favored for AKAP docking, and the peptide might have to select for optimal 

conformation.  Based on the NMR structures, there are multiple conformations of 

the disulfide bonded RIα D/D domain, as discussed later.  We tried to reverse the 

diamide effect by adding excess DTT (Figure 4.7A).  However, after diamide was 

added to the mixture of peptide and D/D domain, the time to reach equilibrium 

was not much different.  Additional experiments are needed to clarify the effect of 

diamide and disulfide bonding on the RI:AKAP interaction.  The crystal structures 

of RIα D/D domain, as discussed in Chapter 5, with and without diamide may 

shed some light on any possible conformational changes. 

 

4.4  Discussion 

 By creating alanine mutants of Cys16 and Cys37, we established first that 

neither cysteine was required for dimerization and that Cys16 did not contribute 

much to AKAP binding.  This is consistent with previous work, which 

demonstrated that deleting the first 17 residues of RIα did not affect dimerization 

or AKAP binding (Banky et al., 1998).  This rules out the possibility that disulfide 

bonds are required for binding.  Cys37, however, is very important for binding as 

suggested by the clear decrease in affinity for D-AKAP1 and D-AKAP2.  

Mutants of Tyr19 and His23 confirmed that these residues provide a 

favored environment for disulfide bonding.  Eliminating these aromatic side 

chains, especially Tyr19, significantly reduced the disulfide bonding of RIα.  
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Morgan and co-workers first discussed the high frequency of contacts between 

sulfur-containing residues and aromatic residues found in crystal structures 

(Morgan et al., 1978).  They described a unique interaction between the sulfur 

atom and the π electrons.  The geometry of this interaction is restricted in a 

manner where the lone pairs of the sulfur are pointed away from the center of the 

ring.   This interaction has been suggested as a mechanism for stablization of 

disulfide bonds as well because, while interacting with the cysteines, the 

aromatics can also shield the cysteines from reducing agents (Bhattacharyya et 

al., 2004).   The mutation of Tyr19 also abolished binding to D-AKAP1 and D-

AKAP2.  The results suggest that Tyr19 is involved directly in AKAP docking and 

not just for stabilizing the disulfide bond because eliminating the tyrosine side 

chain is worse than eliminating the cysteines.  

Subsequent to our mutational studies a similar analysis was done for RCE 

and AKAPCE, a homolog of RIα subunit and its corresponding AKAP in 

C.elegans (Angelo and Rubin, 2000).   In RCE, the homologous cysteines were 

mutated to alanines and displayed reduced binding.  Mutating Tyr26, the 

equivalent of Tyr19, showed the most severe effects as it disrupted dimerization.  

The findings for this homolog are quite comparable to our results; although, we 

observed a stable dimer for the Y19A mutant according to native gels and gel 

filtration chromatography. 

To analyze the importance of the disulfide bonds for introducing 

conformational heterogeneity, we refer back to the ensemble of NMR structures.   

In the NMR structures of the RIα D/D domain, the tyrosine side chain packs 
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against the disulfide bond, but also resides within the dimer interface of Helix I 

and Helix I’ (Figure 4.8).  This is quite conserved within the ensemble, whereas 

the orientation of Lys22 and His23 are quite varied.  As we discussed at the end 

of chapter 3 (Figure 3.9), RIIα employs a novel mechanism for tight AKAP 

binding in which Ile3 and Ile5 from the dynamic N-terminus of one protomer, 

cluster together with Leu21 of the opposite protomer to provide an essential 

docking site for the AKAP helix.  Overlays of the RI and RII D/D domain 

structures show that the α carbon of Cys37 of RIα is located at the same position 

as Leu21 of RIIα, and Cys16 and Tyr19 may adopt a similar function as the two 

essential isoleucines of RIIα (Figure 4.8).  Similar to RIIα, we believe that the 

clustering together of critical elements from each protomer is an essential feature 

for the RIα: AKAP interaction.  In RIIα, the mechanism is mediated by the 

dynamic N-terminus.  We believe that the dynamics of the flexible linker region of 

RIα will play a critical role in regulating RI binding.  The disulfide bond and N-1 

helices, unique to RI, suggest a more complex system for RI :AKAP binding.  The 

clustering of key residues may be modulated more by hydrophobic contributions 

of Tyr19 than by the disulfide bond.  In NMR ensemble, we see the tyrosine side 

chain tucked in between Helix I and Helix I’, possibly stabilizing the hydrophobic 

dimer interface as suggested previously (Angelo and Rubin, 2000; Banky et al., 

1998).  Tyr19 also is capable of hydrogen bonding Asn24 as well as nearby 

backbone carbonyl groups (Figure 4.9). 

Fluorescence polarization binding assays showed that diamide initially 
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Figure 4.8: RI and RII subunits organize clusters of residues from each 
protomer to promote AKAP binding. 
 
The stable core of RIα and RIIα D/D domains align well.  Helix I and Helix I’ of 
each are depicted above to show the similarity.  Also shown is one N-termini 
from each structure.  The N-1 helix of RIα replaces the flexible tail of RIIα that 
contains the essential isoleucines (Banky et al., 2003).  Cys37 of RIα is located 
at the same position as Leu21 of RIIα, both of which are required for binding.  
Tyr19 of RIα packs against the disulfide bond and anchors into the interface of 
Helix I and Helix I’, where it is positioned similarly to Ile5 of RIIα. 
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Figure 4.9: Variation of geometry and environment of the N-terminal 
disulfide bonds of RIα  D/D domains. 
 
The disulfide bond of the RIα D/D domain is stabilized by the surrounding side 
chains. Tyr19 and His23 were shown my mutagenesis to effect disulfide bonding, 
possibly by S-π.  Positioning of Tyr19 may also be stabilized by hydrogen bonds 
to Asn24 and the backbone of the opposite protomer (Banky et al., 2003).  
Above, structures from the NMR ensemble are compared to depict the variability 
of the environment around the disulfide that is affected by dynamics of this 
region. 
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reduced AKAP binding.  This inhibition, however, is reversed over time.  Although 

KD’s are essentially the same, surface plasmon resonance will be required to 

determine diamides effect on on-rates and off-rates of binding.  Diamide is a 

chemical oxidizing agent that promotes disulfide bondage by a two-step 

mechanism, where cysteines react with a double bond on diamide and then are 

attacked by another cysteine(Kosower and Kosower, 1995).  The RIα D/D 

domain without diamide is already disulfide bonded according to non-reducing 

gels (Figure 4.4).  An unfavorable RIα conformation of some type appears to be 

present in the presence of diamide.  D-AKAP2 peptide is needed to select for the 

optimal state for binding and push the equilibrium over time to that preferred 

state.  We know from the NMR structures that the variation around the disulfide 

bond can also alter the accessibility of the surface and the side chains that are 

presented on the surface.  One hypothesis is that diamide promotes an 

orientation of the disulfide bond, that results in a more closed conformation of the 

D/D domain where the N-1 Helices block the AKAP binding surface.  In Figure 

4.10, the possible open conformation is depicted in black, where the orientation 

of the dynamic regions promotes a less-hindered surface.  We speculate that 

these conformations may be controlled by the geometry of the disulfide bond, 

which may be R or S (Richardson, 1981).  Crystal structures may be needed to 

resolve the conformers of the disulfide bond.  In Chapter 5, we describe the 

crystallization of the RIα D/D domain with and without D-AKAP2 in order to 

address our questions about the conformations of the RIα D/D domain and the 

contributions of specific residues.
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Figure 4.10: Alternate conformations of the N-terminus of RIα  

(A) NMR structures were aligned by the N-1 helix of one protomer and shown 
here displaying only Helix I and II’ (Banky et al., 2003).  Each structure from the 
ensemble showed a conserved helix for this region, but they vary in orientation to 
the rest of the D/D domain.  Tyr19 is anchored between Helix I and I’ in each 
structure, but His23 is quite dynamic in relation to this region. 
(B) Focusing on two possible states, we can see how dynamics of this region can 
drastically the chemistry and the sterics of the binding surface.  The structure 
shown in black is more open and the His23 is pointed into the binding site, while 
the structure in purple is sterically closed and the histidine is pointed away.  The 
black structure also appears as though the N-1 Helix and Helix I are almost 
contiguous, only kinked by residues 22 and 23.   
(C) The disulfide bond in these structures also vary quite a bit.  This may be an 
important element of regulation. 
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(D) The two structures highlighted in B are opposite in disulfide bond 
conformation, suggesting that the geometry of the disulfide may effect the 
binding surface. 
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CHAPTER 5: 
 

Molecular basis for RIα  binding to AKAPs



  99   

 

5.1  Introduction 

 Despite the similarities in domain organization, RI and RII isoforms have 

distinct qualities that introduce diversity into PKA signaling.  One major difference 

is the subcellular localization of RI and RII subunits.  RII subunits are known to 

bind tightly to AKAPs, permanently linking type II PKA to discrete regions of the 

cell.  On the other hand, RI subunits are typically found mostly in the cytoplasm.  

There are exceptions such as in erythrocytes where 100% of RI is localized to 

the plasmamembrane (Rubin, 1979) and in cardiac myocytes where half of the RI 

is localized to membranes (Reinitz et al., 1997; Robinson et al., 1996).  The 

abundance of cytoplasmic RI often masks the visualization of targeted RI by 

immunocfluorescence imaging (Barradeau et al., 2002).  Numerous studies have 

recently been published, however, documenting the presence of targeted RI in 

the cell.  Furthermore, RI targeting can be triggered by a stimulus, like T-cell 

activation (Skalhegg et al., 1994), EGFR activation (Tortora et al., 1997), integrin 

binding to the leading edge of leukocytes (Ginsberg, 2006), or oxidative stress 

(Eaton, 2006), to be transported to specific parts of the cell. This dynamic 

recruitment suggests a more sophisticated mechanism of targeting and may 

explain the need for transient or highly reversible RI: AKAP binding. 

 NMR structures of RIα and RIIα D/D domain demonstrate the differences 

in RI and RII that may account for the different mechanisms for AKAP binding  

(Banky et al., 2003; Newlon et al., 2001)(Figure 5.1).  D/D domains of both 

isoforms form a four-helix bundle representing the stable core that is held  
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Figure 5.1: Sequence and structural diversity within the D/D domain 
 
(A) The NMR structure of the RIα D/D reveals a similar X-type, four-helix bundle 
to the RII structure (Banky et al., 2003).  The inter-protomer disulfide bond and 
the N-1 Helices are distinguishing factors for RI subunits. 
(B) Crystal structure of the RIIα D/D complexed with the D-AKAP2 peptide 
incorporates the flexible N-terminus (see chapter 3) on protomer while the other 
is disordered.  The N-terminus is a crucial element of the hydrophobic binding 
site. 
(C) The sequence comparisons of RI and RII D/D domains are quite different.  
Asteriks mark the charged residues that are found on the AKAP binding surface 
of RIα.  Cysteines 16 and 37, tyrosine 19, and histidine 23 are highlighted on the 
structure and in the sequence.  These residues are discussed in detail in chapter 
4.  The tandem proline-proline motif is found only in RII. 
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together by a hydrophobic interface.  As mentioned in Chapter 4, the sequence 

and structure of the D/D domains diverge primarily at the N-terminus.  In Chapter 

3, we showed that the flexible N-terminus of RIIα is a critical part of the docking 

site that binds to AKAPs.  The flexible N-termini is recruited to the stable 

hydrophobic surface, where Ile3 and Ile5 associate with Leu21 of the opposite 

protomer and make crucial contacts with the AKAP helix.  The N-terminus of RIα, 

however, has an additional N-terminal helix, or N-1 Helix, which is anchored by 

disulfide bonds, instead of the short, flexible extension.  Despite the presence of 

a stable disulfide bond on the surface, RIα D/D displays quite a lot of flexibility in 

the joining region (residues 17-24), between the N-1 Helix and Helix I.  

Positioning of the N-1 Helix and the geometry around the disulfide bond varies 

and reduction of the disulfide may alter the flexibility of this region (Figure 4.2 and 

4.3).  In Chapter 4, we discussed the importance of the cysteine residues and the 

surrounding environment, which may play a comparable role to the Ile3, Ile5, and 

Leu21 cluster of RII; however, the precise mechanism is likely more complex for 

RI.  Furthermore, unlike the hydrophobic AKAP docking surface on RII, RI also 

contains critical charged residues on its AKAP binding surface.  These charges 

create a novel surface chemistry for the RI D/D domains. 

The binding specificity of RI isoforms was characterized extensively, 

similar to RII, using peptides from D-AKAP2.  Unlike RII, RI binding to D-AKAP2 

did not show enhanced binding with high salt, suggesting that the interaction is 

not merely governed by hydrophobic packing (Burns et al., 2003).  Key charged 

residues on the D-AKAP2 peptide were shown to be essential for RI binding.  
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H/DMS analysis shows a greater range of protection on the D-AKAP2 AKB for 

RIα than RIIα D/D domain, despite the lower affinity for RIα (Burns-Hamuro et 

al., 2005).  Peptide arrays also provided evidence that a much larger segment of 

the D-AKAP2 is important for binding (Burns-Hamuro et al., 2003).  Residues 

critical for RI binding were localized to three turns of the helix as opposed to two 

for RII (Figure 5.2).  In the case of RII binding, only the hydrophobic surface of 

helix seemed to be critical for binding.  RI, however, dictates strict sequence 

requirements on a few key residues on the polar surface of the AKAP helix, 

including Asp15, Trp6, and Lys7.  

In order to clarify the specific interactions of RI binding, we crystallized the 

complex of RIα D/D domain with the same D-AKAP2 peptide used for 

crystallizing with RIIα D/D domain.  We are also interested in learning more 

about D-AKAP2 and how this small helical motif discriminates between its two 

binding partners.  We also crystallized the RIα D/D domain alone, to compare 

with the RIα D/D domain in complex and also with the NMR structures.  In the 

case of RIIα, the NMR structures were valuable, especially for identifying the 

flexible regions of the D/D domain, but were not enough to appreciate the 

contributions of certain key binding elements.  However, we feel that the 

combination of NMR and crystal structures can elucidate the dynamics and the 

positioning of side chains of these molecules.  Finally, we also crystallized the 

RIα D/D domain with diamide, an oxidizing agent that will preserve the disulfide 

bond on the D/D domain surface. 
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Figure 5.2: Peptide arrays show a stringent sequence requirement on three 
turns of the D-AKAP2 helix important for RI binding. 
 
The arrays show strict requirement for the residues mark with a red spot: Leu4, 
Ala5, Ile8, Ala9, Ile12, Val13 (Burns-Hamuro et al., 2003).  Val16, marked in 
green, also shows strong preference for valine or isoleucine.  Asp15, marked in 
blue, is preferred as an aspartic acid or glutamic acid.  This correlates with 
previous data, which showed that mutating the acidic residues, especially Asp15, 
diminishes binding to RI, but not RII.  This emphasizes the importance of the 
electrostatic interactions in RI:D-AKAP2 binding, in contrast to the mainly 
hydrophobic interaction with RII.  Spots circled in green maintain RI binding, but 
not RII.  Spots boxed in yellow maintain RII binding, but show reduced RI 
binding.  
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5.2 Experimental Procedures 
 

Protein expression and purification 

RIα D/D domain (12-61) was expressed and purified as described in chapter 4. 

 

Crystallization of RIaD/D free and bound to residue 631-649 of D-AKAP2 

The D-AKAP2 peptide QEELAWKIAKMIVSDVMQQCKK (Figure 3.1A) 

used for crystallization was the same peptide used and described in chapter 3.  

Peptide was added to the purified RIaD/D domain in a 2-fold molar excess.  The 

complex was concentrated with a 3 kDa cutoff Amicon Ultra (Millipore) to 20 

mg/ml and subjected to crystallization trials using the under-oil microbatch 

method.  RIα D/D domain apo and + diamide samples were concentrated in the 

same method without peptide to 20 mg/ml concentrations and screened with the 

same crystallization conditions.  For samples with diamide, 5 mM diamide was 

added to the gel filtration buffer before the protein was added to the S75 column. 

Crystallographic data collection and refinement 

 Data was collected at cryogenic temperature (100 K) on a home source x-

ray at UCSD and on synchrotron beamlines 8.2.1. and 8.2.2 at the Advance Light 

Source (ALS), Lawrence Berkeley National Labs (Berkeley, California).  Crystals 

were frozen and stored in liquid nitrogen.  Data was processed using 

Denzo/HKL2000 and was fit to a P32 space group.  Phaser and molrep were 

used for initial rounds of molecular replacement.  Data processed for RIα D/D:D-
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AKAP2 complex, RIα D/D domain apo , and RIα D/D domain + diamide included 

reflections to 2.1 Å, 2.0 Å, and 2.9 Å, respectively. 

 
5.3  Results 
 

The dimerization/ docking domain of bovine RIα was purified through a 

his-tag, which was cleaved off along with residues 1-11.  The D/D domain was 

isolated with an S75 gel filtration column and ran as expected for a dimer, with or 

without diamide.  Protein was isolated in large amounts and was concentrated to 

20 mg/ml, based on extinction coefficient, for crystallization.  Protein was 

screened with pH, anion, and cation crystallization trials (Molecular Dimensions).  

These conditions were varied in pH and ionic strength, for standard buffer and 

precipitant systems.  Crystals formed readily for all states of RIα D/D domain in 

conditions with pH = 8.5- 9.5 at room temperature (Figure 5.3).  These conditions 

were different from the RIIα D/D domain, which crystallized in pH = 7.5 at 4° C.  

Unlike RIIα, which only formed one diffracting crystal, there was an abundance of 

crystals for RIα, all with a similar diamond-like morphology.  The crystals used for 

data collection were formed in 0.1M Succinic acid, Phosphate, Glycine system 

(SPG) buffer (pH 9.0), and 25% PEG 1500 for bound RIα D/D and 0.1M Bis Tris 

propane (pH 8.5), 0.2M sodium formate, and 20% PEG 3350 for the free states. 

Crystals were screened on the home source X-ray and frozen for data 

collection at the synchotron, except for the RIα D/D domain + diamide, where we 

collected data only on the home source (Figure 5.3).   Diffraction images were 

indexed and scaled in a P32 space group with one molecule in the asymmetric  
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Figure 5.3: Crystallization of the RIα  D/D domain. 
 
(A) Crystallization of RIα D/D domain in complex with the D-AKAP2 peptide was 
achieved at room temperature in  0.1M Succinic acid, Phosphate, Glycine system 
(SPG) buffer (pH 9.0), and 25% PEG 1500.  Crystals were small and diamond-
shaped. 
(B) Apo RIα D/D and RIα D/D + diamide were crystallized in 0.1M Bis Tris 
propane (pH 8.5), 0.2M sodium formate, and 20% PEG 3350.  The morphology 
of the crystals was similar to the complex crystals. 
(C) Diffraction images were collect for each of the samples and indexed in a P3 
space group.  The image above is a diffraction image from RIα D/D + D-AKAP2 
complex.  
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Table. 5.1: Summary of crystallographic data for the RIα  D/D domain. 
 

Crystal RIα 
D/D domain 

bound 

RIα 
D/D domain 

free 

RIα 
D/D domain 

free + diamide 
 

X-ray source 
 

ALS 8.2.2 
 

ALS 8.2.1 
 

Home Source  
 

Space group 
 

P32 
 

P32 
 

P32 
 

Cell constants (Å)  
 

44.1, 45.1, 94.2 
 

43.3, 43.3, 92.4 
 

43.8, 43.7, 93.0 
 

Wavelength (Å)   
 

1.000 
 

1.000 
 

1.542 
 

Dmin (Å)  
 

2.1 
 

2.0 
 

2.9 
 

Mosaicity (°)  
 

1.1 
 

0.6 
 

1.0 
 

Unique reflections 
  

 
20365 

 
25172 

 
9997 

 
Average 

redundancy  

 
3.6 (2.8) 

 
3.2 (3.0) 

 
5.6 (4.4) 

 
Rsym

◊ (%)   
 

7.2 (30.1) 
 

4.6 (26.8) 
 

7.8 (26.8) 
 

Completeness (%) 
  

 
99.2 (99.2) 

 
99.0 (97.2) 

 
99.3 (98) 

 
<I>/<σI>   

 
25.9 (6.1) 

 
18.4 (3.6) 

 
36.0 (5.6) 

 

◊Rsym = ΣhΣi|I(h) - I(h)i|IΣhΣi I(h)i, where I(h) is the mean intensity after rejections.  

⊥Numbers in parentheses correspond to the highest resolution shell of data, 
which were 2.22 to 2.09 Å for the bound set, 2.19 to 2.03 Å for the free set and 
2.95 to 2.85 Å for the diamide set. 
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unit, but we are unsure if this will be the final symmetry for our model.  Current 

statistics for the diffraction data is displayed in Table 5.1.  The NMR ensemble of 

free RIα D/D domain was used as a probe for molecular replacement.  The probe 

only included the core region of the D/D domain, including parts of Helix I and 

Helix II that are most conserved in the ensemble (Figure 5.4).  We excluded 

regions that suspect are  dynamic.  We are currently working on the phasing for 

all three structures, which has been very challenging. 

 

5.4  Discussion 

 The structure determination is underway for the RIα D/D domain bound 

and free forms.  These structures will provide valuable information about the 

mechanism of RI targeting.  From the complex structure, we hope to finally 

visualize the side chain interactions between the RIα D/D domain and the D-

AKAP2 peptide.  We predict a network of salt bridges and hydrogen bonds to 

accompany the hydrophobic sidechain-sidechain interactions.  We are interested 

to see what role, if any, the N-1 Helices play in docking, which we believe can be 

positioned to either block or promote binding.  We are also interested in the 

oxidation state of the cysteines on the D/D domain and whether they make 

contact to the peptide.  Our model suggests a possible role for Cys37 in AKAP 

binding because of its spatial analogy to Leu21 of RIIα, which is required for 

binding.  Our previous studies showed that Cys37 and Tyr19 are required for 

binding, but we don’t know how exactly they contribute to docking.  We also want 

to compare the complex structure with the apo structure, to look for any 
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Figure 5.4: Stable core of RIα  dimerization/ docking domain was used for 
molecular replacement. 
 
The hydrophobic core and stable docking surface is formed by the four-helix 
bundle of Helix I and Helix II of each protomer of RIα.  The four helices, 
highlighted in red, are the most conserved in the NMR ensemble.  This region 
was used as a probe for our molecular replacement efforts.  The varied regions, 
including the N-termini, loops, and C-termini were excluded. 
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conformational changes caused by AKAP binding.  We are interested to see if N-

1 Helices need to be reoriented at all to accommodate the peptide.  We know 

from NMR that this area can be dynamic, allowing for multiple conformations 

(Banky et al., 2003).  NMR and H/DMS have also showed that AKAP binding is 

sensed throughout the D/D domain (Burns-Hamuro et al., 2005; Fayos et al., 

2003).  Finally, we are interested in comparing the free and bound structures to 

the free state with diamide.  We presume that the diamide sample is disulfide 

bonded, which we know from non-reducing gels (Figure 4.7).  We are interested 

to see if diamide causes any further conformational changes as suggested in 

Chapter 4.  Crystal structures will be crucial for defining the roles of critical 

residues of RIα and the contributions of RI specific features to AKAP binding.   

Crystal structures will also complement the NMR structures in explaining possible 

dynamics and conformational changes, as we learned from the RIIα structures. 
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