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The calcium/calmodulin-activated protein phosphatase 2B (PP2B, or calcineurin) 

regulates diverse biological processes including glucose homeostasis and 

synaptic plasticity. PP2B is targeted to specific substrates, such as the GluRI 

subunit of the AMPA receptor, by the scaffolding molecule A-kinase anchoring 

protein 79 (AKAP79), which also interacts with protein kinase A (PKA). AKAP79 

contains a short linear motif that is the primary site of interaction with PP2B. We 

have identified an auxiliary interaction site for PP2B at the N-terminal region of 

AKAP79. Using hybrid approaches including single particle EM, chemical 

crosslinking/mass spectrometry, biophysical techniques, and in vitro protein-

protein interaction assays, I show that this additional interaction exclusively binds 

activated PP2B through a conserved LxVP mechanism. I mapped a 16 amino 

acid region in AKAP79 that is necessary for the LxVP interaction and show that 

the peptide can effectively compete for binding. I use FRET reporters for PP2B 

activity to show that this auxiliary interaction is important for tuning the activity of 

PP2B towards specific substrates. Preliminary negative stain EM studies reveal 

that AKAP79 forms multiple simultaneous contacts with PP2B in the presence of 

calcium and calmodulin. This structural model shows that AKAP79 has a greater 

role in regulating PP2B activity and targeting than previously appreciated. This 

work describes a dynamic model of PP2B anchoring in which the active 
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phosphatase is anchored differently than the inactive form. A bipartite interaction 

allows control of localization through the PxIxIT motif, while simultaneously 

allowing fine control of PP2B sensitivity to calcium through the dynamic LxVP 

motif.
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Chapter 1:  Introduction to AKAPs and phosphatase anchoring 
 

Characterizing PKA anchoring 
The cAMP-dependent protein kinase PKA was first identified and described by 

Edwin G. Krebs in 1968 as catalyzing the transfer of phosphate from ATP to a 

target serine or threonine residue in substrate proteins (Walsh et al., 1968). Since 

the initial identification of this ubiquitous kinase, many studies have defined its 

regulation by regulatory subunits (R-subunits), of which there are four isoforms 

(RIα, RIβ, RIIα, RIIβ) (Taylor et al., 2012).  PKA regulatory subunits inhibit the 

activity of the PKA catalytic subunit (C-subunit) by occupying the substrate 

binding site of the C-subunit and preventing the phosphorylation of substrate 

proteins (Corbin et al., 1978). When cAMP binds to the R-subunits and inhibition 

is released, the C-subunit is able to assume its catalytic activity and 

phosphorylate nearby targets. In addition, each R-subunit isotype contains an N-

terminal docking and dimerization domain (D/D domain) that is the basis for the 

formation of a heterotetramer composed of 2 R-subunits, each of which bind 1 C-

subunit (2:2 stoichiometry)(Corbin et al., 1975;Newlon et al., 1999). In addition to 

the formation of R-subunit dimers, this D/D domain is responsible for docking to a 

genetically diverse but functionally related family of proteins called A-kinase 

anchoring proteins (AKAPs) (Scott et al., 1990;Newlon et al., 2001). 

 

The first AKAP to be identified was microtubule-associated protein 2 (MAP2) by 

analysis of associated cAMP-dependent kinase activity (Theurkauf and Vallee, 

1982). The number of AKAPs identified since has vastly increased due to use of 

a far-Western technique known as the RII overlay (Carr et al., 1991), as well as 

through more recent development of computational algorithms designed to 

predict R-subunit binding regions (Burgers et al., 2015). Some of the most 

characterized AKAPs include AKAP79/150, gravin, AKAP15/18, and mAKAP 

(Wong and Scott, 2004). In addition, some AKAPs have been shown to bind RI 

subunit isoforms, either with dual-specificity for RI and RII, or preference for the 
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RI types (Huang et al., 1997b;a;Lacana et al., 2002;Kovanich et al., 2010;Means 

et al., 2011). However, the majority of AKAPs interact primarily with RII isoforms. 

 

AKAPs tether pools of readily stimulated PKA holoenzymes to subcellular 

compartments and organelles through a variety of mechanisms (Langeberg and 

Scott, 2015). Importantly, AKAPs also bind other signaling enzymes such as 

phosphodiesterases (PDEs), G-protein coupled receptors (GPCRs), ion channels, 

and protein phosphatases to form complexes that are able to integrate and 

modulate multiple second messenger signaling pathways and fine-tune cellular 

signaling responses. Many excellent reviews have described the range of binding 

partners these AKAPs associate with (Wong and Scott, 2004;Carnegie et al., 

2009;Welch et al., 2010;Diviani et al., 2011;Sanderson and Dell'Acqua, 2011). In 

this introduction, I focus on the structural basis for anchoring of PKA as well as 

the protein phosphatases that oppose cAMP-mediated signaling. 

 

Structural basis for PKA anchoring 

Though AKAPs are not typically related to one another on a sequence level, a 

common unifying feature is their ability to bind the D/D domain of R-subunit 

dimers through a short (14-18 residues) amphipathic helix, which appears to 

have arisen relatively early in evolution (Peng et al., 2015). This helix is often one 

of the few ordered regions, as most AKAPs are intrinsically disordered (Gold et 

al., 2008). Therefore, this helix serves as a short linear motif (SLiM), an emerging 

concept in cellular signaling with important implications for protein-protein 

interactions and drug development (Van Roey et al., 2014). For example, a 

recent study examining the scaffolding properties of the yeast deubiquitinating 

enzyme Ubp10 showed that the interplay of SLiMs and intrinsic disorder is 

essential for facilitating interactions with diverse substrates and binding partners 

(Reed et al., 2015). SLiMs are often isolated within intrinsically disordered 

proteins and can serve to facilitate transient interactions which allows a single 

anchoring protein to interact with a dynamic range of signaling partners (Ren et 
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al., 2008). The first atomic model of an AKAP helix was solved using peptides 

derived from AKAP79 and Ht31 (AKAP-Lbc) (Newlon et al., 1999). It was 

obtained using NMR techniques and was solved in complex with the D/D domain 

(residues 1-44) of RIIα. Subsequently, other structures of the D/D domain in 

complex with various AKAP-derived helices have been solved using X-ray 

crystallography (Figure 1.1A) (Gold et al., 2006;Kinderman et al., 2006;Sarma et 

al., 2010). The D/D domain has been shown to adopt an anti-parallel four-helix X-

type bundle that forms a platform with a hydrophobic groove. This groove is the 

basis for a high affinity interaction with the hydrophobic face of amphipathic 

AKAP helices. The D/D domain is then connected via a flexible linker to two 

cAMP-binding cassettes per protomer that display cooperative binding of cAMP 

(Vigil et al., 2004;Zawadzki and Taylor, 2004). Upon binding of cAMP, a 

conformational change occurs that relieves inhibition of the PKA C-subunit and 

allows it to phosphorylate nearby substrates. Crystal structures have been solved 

for the cAMP-binding cassettes in complex with C-subunit or with cAMP (Figure 

1.1B) (Su et al., 1995;Diller et al., 2001;Wu et al., 2007;Zhang et al., 2012). 

Together with the known structure of the D/D in complex with AKAP helices, 

these structures have provided insights at the atomic level about the intricate 

topology and organization of the different functional elements of PKA 

holoenzyme. 
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FIGURE 1.1. Structural basis for protein kinase A (PKA) holoenzyme formation 
and anchoring. (A) Crystal structure of the synthetic A-kinase anchoring protein 
(AKAP) helix AKAP’s (orange) in complex with the RIIα docking/dimerization 
(D/D) domain, residues 1–44 (blue). The AKAP amphipathic helix binds to a 
hydrophobic groove created by the antiparallel X-type helix bundle of the RII D/D 
domain. PDB ID: 2IZX. (B) Left: RIIβ cAMP-binding cassettes (blue) in complex 
with cAMP (red). Right: RIIα cAMP binding cassettes in complex with PKA 
catalytic subunit (green). With cAMP bound at each of two sites, RII releases 
inhibition of the catalytic subunit. When cAMP is not present, RII presents an 
inhibitory sequence to the active site, preventing phosphorylation of PKA 
substrates. PDB IDs: 1CX4, 2WVS. (C) A pseudo-atomic model of the PKA 
holoenzyme in complex with AKAP18γ derived from low-resolution EM data. This 
illustrates that the PKA holoenzyme has a constrained range of flexibility (∼300 
Å) provided by AKAPs, allowing the catalytic subunits to be poised near potential 
substrates. PDB IDs: 3J4Q, 3J4R. Models were prepared using PyMol 
(Schrödinger). 
 

Yet, there is currently no high-resolution structural information available for the 46 

(in mammals) amino acid flexible linker that connects the D/D domain to the 

pseudosubstrate region that binds the C subunit and to the tandem cAMP binding 

cassettes. Therefore, a recent study used single particle electron microscopy 
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studies to examine the structure of an AKAP18γ-PKA holoenzyme complex 

(Smith et al., 2013). This study revealed that although many crystal structures of 

RII and C subunits showed surface contact between each heterodimer of RII and 

C, the complexes likely occupy a much broader conformational space that is 

constrained by the length of the linker, yet facilitated by the intrinsic disorder of 

the linker (Figure 1.1C). This linker-guided conformation sampling may be a 

mechanism by which PKA preferentially phosphorylates substrates within the 

same macromolecular complexes upon elevation of cAMP levels. cAMP 

phosphodiesterases (PDEs) have been suggested to form a ‘fence’ around 

subcellular pools of elevated cAMP (Baillie et al., 2005). AKAP18γ has been 

shown to form a complex with PDE4D3 and regulate its activity via PKA 

phosphorylation (Stefan et al., 2007). In combination with local restraint of PKA 

conformations by the RII flexible linker, these local PDE fences represent an 

intriguing scheme by which spatiotemporal specificity may be regulated by 

macromolecular signaling complexes. 

 

Targeting the PKA/AKAP interaction for therapeutics 

Since PKA activity modulates a variety of physiological events, such as cardiac 

remodeling, disrupting the PKA/AKAP interface has been a long-standing area of 

interest for therapeutics (Troger et al., 2012)(Table 1). One of the first disruptors 

of the AKAP/RII interaction is the 24 amino acid peptide Ht31, named after 

human thyroid clone 31, which was later realized to represent a biologically 

active segment of the multifunctional scaffolding protein AKAP-Lbc (Carr et al., 

1992a). The Ht31 peptide has since been lipid modified with a stearic acid group 

to increase its membrane permeability for treatment of cell lines and elucidation 

of anchored PKA signaling events (Vijayaraghavan et al., 1997;Gold et al., 2012). 

In silico approaches have resulted in optimized peptides that mimic the AKAP 

amphipathic helix and bind to RII or RI with high affinity (Alto et al., 2003). 

Additionally, structure-based approaches have further increased the specificity of 

the peptide superAKAPis for RII to the low nanomolar affinity range with a 
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12,000-fold preference for RII over RI (Gold et al., 2006). Conversely, the RI-

anchoring disruptor peptide (RIAD) has been engineered to specifically disrupt 

RI/AKAP interactions (Carlson et al., 2006). Several groups have developed 

peptidomimetics that imitate amphipathic helix structures and are able to disrupt 

RI/RII interactions with AKAPs (Schafer et al., 2013;Singh et al., 2014). Recent 

work has centered on developing stapled AKAP-mimetic peptides that are cell-

permeable and have increased stability (Wang et al., 2014;Kennedy and Scott, 

2015;Wang et al., 2015). These properties increase the utility of these peptides 

for therapeutic purposes as well as for molecular dissection of the mechanisms 

by which AKAPs influence local PKA signaling pathways.  

 

Since there are numerous AKAPs and only four R-subunit isoforms, any disruptor 

that relies on an interaction with an R-subunit is by definition non-selective. In 

order to disrupt a specific AKAP’s ability to bind PKA, anchoring disruptors must 

bind to an AKAP helix with high affinity and recognize the unique structural 

features of one AKAP helix preferentially.  In order to select variants that exhibit 

preferential binding to specific AKAPs, a phage-display screening approach used 

immobilized AKAP helices to enrich for phage variants that displayed mutant RII 

D/D domains. These mutant D/D domains are termed Rselects, and have been 

shown in preliminary work to bind and label AKAPs in a cellular context as well 

as in vitro with purified proteins (Gold et al., 2013). Further development of these 

Rselects could lead to high affinity binding variants that could disrupt individual 

pools of anchored PKA while allowing other anchored PKA signaling events to 

proceed unperturbed. The potential to isolate spatially constrained post-

translational modifications is an important step forward for targeted therapeutics.  

However, utility of this approach as a cell-based means of selectively interrupting 

particular PKA-AKAP interfaces has yet to be rigorously established.  

 

Small molecule disruptors are another attractive means to pharmacologically 

target the PKA-AKAP interface. Although these studies are still in their formative 
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stages, there have been a few successful attempts at moderate-throughput 

screening for small molecule AKAP disruptors (Schachterle et al., 2015).  

Perhaps the most notable example is the development of 3,3'-diamino-4,4'-

dihydroxydiphenylmethane (FMP-API-1), a small molecule antagonist that 

appears to allosterically inhibit the RII-AKAP interaction and activate anchored 

PKA C subunit (Christian et al., 2011). Despite extensive characterization of this 

compound, the mechanism of action of FMP-API-1 has yet to be defined.  

Nevertheless, the future is bright for the discovery and development of cell 

soluble chemical entities that target PKA-AKAP interfaces.    

 

Protein phosphatase anchoring 

Classically, protein phosphatases are considered to oppose the action of kinases, 

by removing phosphate groups from serine, threonine, or tyrosine residues. In 

addition, a burgeoning family of pseudokinases and pseudophosphatases are 

emerging as key players in cell signaling (Reiterer et al., 2014).  Protein 

phosphatases fall into two main classes: serine/threonine phosphatases, and 

tyrosine phosphatases.  While there are 428 serine/threonine kinases, there are 

only ~40 serine/threonine phosphatases (Moorhead et al., 2007). This disparity in 

gene number implies that additional mechanisms come into play as a means to 

modulate and vary the substrate specificity of these critical regulatory enzymes.  

Philip and Tricia Cohen were the first to recognize that regulation of protein 

phosphatases by association with regulatory and targeting subunits is a crucial 

mechanism to allosterically modulate substrate specificity (Stralfors et al., 

1985;Cohen and Cohen, 1989). Others have shown that most of the three 

classes of serine/threonine phosphatases are modulated by targeting subunits 

(Langeberg and Scott, 2015). Here, I focus exclusively on protein phosphatase 1 

(PP1) and protein phosphatase 2B (PP2B, or calcineurin), since these ubiquitous 

phosphatases often oppose the action of PKA and are especially reliant on 

anchoring for their regulation. 
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Protein phosphatase 1 regulation by auxiliary proteins 
PP1 has an important role in a number of physiological processes, notably 

regulation of glycogen synthesis (Hubbard et al., 1990), nuclear events (Helps et 

al., 1998) and synaptic long term potentiation (LTP) and long term depression 

(LTD) (Morishita et al., 2001;Malinow and Malenka, 2002). The latter two events 

occur through phosphatase opposition of calcium/calmodulin-dependent kinase II 

(CaMKII) and PKA phosphorylation of glutamate receptors at the post-synaptic 

density. The PP1 catalytic subunit (PP1c) associates with over 200 regulatory 

subunits, many of which bind via a conserved short linear peptide motif called the 

RVxF motif (Cohen, 2002;Roy and Cyert, 2009).  

 

Some of these subunits serve primarily to inhibit the catalytic activity, such as the 

protein Inhibitor 1 (I-1) and dopamine and cAMP-regulated phosphoprotein 32 

(DARPP32)(Williams et al., 1986). Notably, some of these inhibitors are activated 

by PKA phosphorylation. Other regulatory subunits contain localization 

signatures that target PP1 to specific subcellular regions and may or may not 

also inhibit the enzymatic activity of PP1c. The most recognized examples of 

these targeting subunits are the myosin phosphatase targeting subunit MYPT1, 

the GM regulatory subunit, p53-binding protein 2 (53BP2), and PP1 nuclear 

targeting subunit (PNUTS). Recent investigation of PNUTS has highlighted 

several properties shared by many PP1-binding proteins (Choy et al., 2014). First, 

the RVxF motif serves as a short linear interaction motif (SLiM) and is 

responsible for the primary interaction with PP1. Second, intrinsic disorder in 

PNUTS facilitates extended contact with PP1 on additional surfaces to fine-tune 

the phosphatase. Third, binding of PP1 to these surfaces inhibits its activity 

towards some substrates without physically blocking the active site of the 

phosphatase (Figure 1.2A). 

 

A number of AKAPs have been shown to interact with PP1c, including D-AKAP1 

(Steen et al., 2000), AKAP220 (Schillace and Scott, 1999), and yotiao (Westphal 
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et al., 1999).  Likewise, some isoforms of AKAP18 are thought to sequester PP1, 

although it would appear that this occurs via indirect mechanisms (Singh et al., 

2011). All direct PP1-AKAP interfaces utilize some version of the degenerate 

RVxF motif. D-AKAP1 was suggested to be involved in anchoring PP1 for 

efficient nuclear envelope reassembly after mitosis (Collas et al., 1999;Steen et 

al., 2000). AKAP220 has been shown to anchor PP1 through a modified KVxF 

motif, and this has been proposed to play a role in regulating the activity of 

glycogen synthase kinase 3β (GSK3β) through modulation of the 

phosphorylation state of serine 9. Phosphorylation of this residue results in 

suppression of GSK3β activity (Schillace et al., 2001;Tanji et al., 2002). Yotiao, a 

product of the AKAP9 gene, also contains an RVxF motif and has been shown to 

regulate the phosphorylation state of NMDA receptors through localization of PP1 

(Lin et al., 1998;Westphal et al., 1999). AKAP18 does not appear to interact 

directly with PP1, but some reports indicate that it binds Inhibitor-1 to promote its 

phosphorylation by PKA (Singh et al., 2011).  The net effect of this later 

phosphorylation event is to promote local inhibition of PP1c. 

 

PP2B regulation by auxiliary proteins 
PP2B, also known as calcineurin, is a broadly-expressed obligate heterodimeric 

protein phosphatase that is activated by calcium and calmodulin (Stewart et al., 

1982). Like PP1, PP2B is involved in diverse processes such as synaptic 

plasticity (Mulkey et al., 1994), glucose metabolism (Hinke et al., 2012), cardiac 

signaling (Tandan et al., 2009), and immune responses (Clipstone and Crabtree, 

1992). In addition, activation of PP2B can mobilize a phosphatase cascade, 

through dephosphorylation of PP1 regulatory subunits (Mulkey et al., 1994). The 

catalytic A subunit of PP2B contains an autoinhibitory region that occludes the 

active site in the absence of calcium. Upon elevation of calcium levels, calcium 

ions bind directly to the regulatory B subunit and to calmodulin, which in turn 

interacts with the autoinhibitory region and allows PP2B to resume catalytic 

activity towards phosphosubstrates (Li et al., 2011). Because calcium transients 
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often envelop the whole cell rather than occurring locally, regulation of PP2B’s 

activity towards substrates is accomplished primarily through protein-protein 

interactions. The best-known PP2B substrate is the nuclear factor of activated T-

cells (NFAT) family. These transcription factors contain phosphoserine-rich 

regions and, when dephosphorylated, dimerize and translocate to the nucleus, 

where they are responsible for controlling a range of transcriptional responses 

such as inflammation in response to immune system signaling (Li et al., 2012). 

The common immunosuppressants FK506 and cyclosporine target PP2B and 

mediate their primary effect through inhibition of NFAT signaling (Liu et al., 1991). 

 

Not only is NFAT a typical PP2B substrate, it also contains two SLiMs, which are 

both typical of PP2B interacting proteins – the PxIxIT motif and the LxVP motif 

(Roy et al., 2007;Rodriguez et al., 2009). The PxIxIT motif forms a beta strand 

that binds to a hydrophobic groove formed by a beta sheet on the PP2B A 

subunit (Li et al., 2007). This surface of the PP2B A subunit is analogous to the 

region of PP1 which interacts with the RVxF motif (Figure 1.2A). Proteins that 

contain PxIxIT motifs include NFAT, regulator of calcineurin 1 (RCAN1) (Mehta et 

al., 2009), TWIK-related spinal cord potassium channel (TRESK) (Roy and Cyert, 

2009) and notably, AKAP79/150 (Dell'Acqua et al., 2002). The LxVP motif is a 

degenerate sequence that binds to the interface of the A and B subunits of PP2B, 

and only binds to activated calcineurin (Rodriguez et al., 2009). It has been 

challenging to describe a consensus LxVP sequence. Therefore, many LxVP 

motifs have been identified without originally being aware of their identity. The 

first LxVP motif to be described was that of the RII subunit by Edwin Krebs and 

colleagues in 1986 (Blumenthal et al., 1986), although it was not recognized as a 

conserved binding mode until it was found in NFAT. Many substrates of PP2B 

contain an LxVP motif, and it has been suggested that all efficient substrates 

contain some type of sequence that interacts with the LxVP binding region on 

PP2B (Grigoriu et al., 2013). The characterization of multiple SLiMs that interact 

with various surfaces of PP2B parallels that of PP1, and suggests other shared 
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mechanisms, such as fine-tuning the location and activity of PP2B through a 

combination of disorder and SLiMs. Recently, a structure of PP2B in complex 

with a viral inhibitor peptide from African swine fever revealed the binding site for 

the LxVP motif in atomic level detail (Grigoriu et al., 2013). This crystal structure 

reveals that the leucine residue occupies a pocket formed by two aromatic 

residues, and when these are mutated to alanine residues they no longer interact 

with the LxVP motif. In addition, this binding site overlaps with the binding sites 

for cyclosporine and FK506 complexes (Figure 1.2B). However, no structure has 

been solved of the PP2B heterodimer bound to calmodulin in the fully active state, 

so the question of how LxVP motifs are able to impact PP2B activity remains 

unclear. 
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FIGURE 1.2. Structural basis for phosphatase regulation and anchoring. (A) Left: 
PP1 catalytic subunit (gray) in complex with RVxF and auxiliary anchoring motifs 
from protein phosphatase 1 (PP1) nuclear targeting subunit (PNUTS; orange). 
Right: PP2B (gray) in complex with PIAIIIT sequence from AKAP79 (orange). 
Comparison reveals that similar surfaces are used for anchoring, and that 
multiple motifs can simultaneously interact with varied portions of the molecule. 
PDB IDs: 4MOY, 3LL8. (B) Left: PP2B in complex with cyclosporin 
(red)/cyclophilin (yellow) complex. Right: PP2B in complex with a viral peptide 
A238L, containing a PxIxIT motif, as well as an LxVP motif (red). Cyclosporin and 
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LxVP peptides bind to overlapping surfaces on PP2B, formed by both the 
catalytic and regulatory subunits of PP2B. This surface does not occlude the 
active site of the phosphatase, yet immunosuppressants are able to allosterically 
inhibit PP2B activity toward substrates. PDB IDs: 1MF8, 4F0Z. Models were 
prepared using PyMol (Schrödinger).  
 

Some AKAPs have been shown to bind PP2B, including the aforementioned 

AKAP79 and mAKAP (Li et al., 2010). In addition, the AKAP gravin has been 

suggested to be in the same complex as PP2B and beta-adrenergic receptors, 

however, evidence for a direct interaction is not immediately apparent (Shih et al., 

1999). The mAKAP interaction has been mapped to the residues 1286-1345 in 

the mAKAPα splice variant. However, this region does not contain an easily 

identifiable PxIxIT or LxVP sequence. Loss of mAKAP-PP2B binding was shown 

to result in reduced cardiac myocyte hypertrophy in response to norepinephrine, 

as well decreased atrial natriuretic factor expression. Interestingly, the pool of 

PP2B bound to mAKAP appeared to be active, and required to dephosphorylate 

NFAT efficiently in response to phenylephrine treatment. Formation of the 

PP2B/mAKAP complex was enhanced in vitro by calcium/calmodulin, suggesting 

that the interaction may occur via a similar mechanism to the LxVP motif (Li et al., 

2010). 

 

AKAP79 is perhaps the best characterized AKAP, and its interaction with PP2B 

has been extensively investigated. Although original studies suggested an 

interaction site was restricted to the N-terminal third of AKAP79 (Coghlan et al., 

1995), later work described the primary site of interaction as being a PxIxIT motif 

from residues 337-343 (Dell'Acqua et al., 2002;Oliveria et al., 2007). Use of a 

transgenic mouse model in which AKAP79 lacks this region, known as the 

AKAP79∆PIX mouse, has revealed that AKAP79-anchored PP2B is required for 

NMDA-dependent hippocampal long-term depression and NFAT signaling in 

neurons (Oliveria et al., 2007;Sanderson et al., 2012). Intriguingly, the 

AKAP79∆PIX mouse shows improved insulin sensitivity, indicating that this 



 17 

interaction may be a possible therapeutic target for Type II diabetes (Hinke et al., 

2012). 

 

Because of the importance of the AKAP79-PP2B interaction, much emphasis has 

been placed on understanding the structural basis of this interaction. Native mass 

spectrometry and biochemical approaches have suggested an additional 

interaction site for PP2B between residues 1-153 of AKAP79 that is dependent 

on calcium/calmodulin (Gold et al., 2011). Although a crystal structure of PP2B in 

complex with a synthetic PxIxIT motif was solved in 2007 (Li et al., 2007), the first 

structure of PP2B bound to a natural PxIxIT motif was that of AKAP79 (Li et al., 

2012). This structure matched closely with the previously solved structure, in that 

crystal packing is such that each PIAIIIT sequence contacts two PP2B A subunits 

along the PxIxIT binding region. This, along with native mass spectrometry 

approaches, raises the question of whether AKAP79 is capable of binding two 

PP2B molecules simultaneously.  

 

Because of PP2B’s importance in a range of physiological contexts, there is great 

interest in developing disruptors that target specific PP2B anchoring proteins 

(Table 2). One of the first targeted approaches resulted in an optimized high-

affinity PxIxIT motif called the VIVIT peptide (Aramburu et al., 1999), which is the 

aforementioned synthetic peptide that was co-crystallized with PP2B. In addition, 

fluorescence polarization screens for small molecules that disrupt binding to the 

PxIxIT motif have yielded a potential candidate known as INCA-6 that is able to 

inhibit PP2B-NFAT signaling with similar potency to cyclosporine and FK506, but 

through an alternate mechanism (Kang et al., 2005). Recently, an approach 

disrupting the LxVP interaction in macrophages through lentiviral expression of 

an LxVP peptide was shown to reduce inflammation and confer resistance to 

arthritis and contact hypersensitivity (Escolano et al., 2014). Understanding the 

molecular basis for PP2B anchoring has led to potential for therapeutics and the 

realization that primary and secondary binding sites may both be targeted for 
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diverse physiological effect. Because the AKAP79-PP2B interaction is important 

in many processes, specifically targeting this interaction may be of great promise. 

 

PKA phosphorylation events and the phosphatases that oppose these events are 

tightly regulated by anchoring proteins. Recently, the use of new and 

sophisticated biochemical, biophysical, and structural techniques has forged two 

important concepts. First, the combination of SLiMs and intrinsic disorder allow 

anchoring proteins to allosterically and spatially control the range and specificity 

of phospho-signaling. Second, AKAPs are not just static anchors, but are 

conformationally and compositionally flexible. This allows them to adapt to a 

varied and continually changing cellular signaling environment. A recent paper 

characterizing binding partners of the AKAP ezrin by quantitative mass 

spectrometry revealed that conformational switches in ezrin are accompanied by 

changes in the complement of enzymes present in the complex (Viswanatha et 

al., 2013).  This may well prove to be the case for many AKAPs allowing them to 

perform cell-type specific roles.  Moreover, the concept of AKAPs as 

conformational switches could account for how the same anchoring protein can 

simultaneously perform distinct functions at multiple locations within a single cell. 

 

These new biological insights have been demonstrated by using hybrid structural 

techniques such as x-ray crystallography, NMR, hydrogen/deuterium exchange 

experiments and crosslinking/mass spectrometry (Burns-Hamuro et al., 

2005;Gold et al., 2011;Choy et al., 2014). The advent of direct electron detectors 

for cryo-electron microscopy has increased attainable resolutions (Campbell et 

al., 2012), and will likely contribute to increased structural understanding of these 

flexible multi-protein complexes. In addition, computational advances in 

understanding heterogeneous cryo-EM samples will also advance our knowledge 

of multiple conformational states (Behrmann et al., 2015). Already, negative-stain 

approaches such as random conical tilt (RCT) experiments are allowing 

researchers to understand structural heterogeneity in protein complexes (Veesler 
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et al., 2014). Combining these approaches with biosensors for enzymatic activity 

(Mehta et al., 2014;Mehta and Zhang, 2014) will provide a more comprehensive 

picture of how the structural properties of anchored kinase and phosphatase 

complexes are able to influence local signaling in a cellular context. Finally, as 

exemplified by a recent structure-guided pharmacophore screen for inhibitors of 

PP2B anchoring, atomic resolution structural insights will guide design of small 

molecules that target anchoring protein interactions in the context of short linear 

motifs and intrinsic disorder (Matsoukas et al., 2015).  

 

My research takes advantage of hybrid structural techniques including electron 

microscopy (EM), crosslinking-mass spectrometry approaches (XL-MS), and 

biophysical characterization of multiple interaction sites to characterize an 

activity-dependent conformational switch that occurs in the AKAP79-PP2B 

complex upon activation of the phosphatase. I describe the first structure of an 

AKAP-phosphatase complex and show that active PP2B forms a secondary 

interaction with AKAP79 via an LxVP-type motif, Additionally, using Förster 

resonance energy transfer (FRET) reporters for PP2B activity, I find that the 

LxVP motif contained in AKAP79 is important for fine-tuning phosphatase activity 

within anchored complexes. This work contributes significantly to our 

understanding of how disordered proteins can contribute to a balance between 

dynamic and tonic interactions thereby fine-tuning enzyme activity. 
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Chapter 2: Purification and electron microscopy of AKAP79/PP2B 

Introduction:  

AKAP79 (AKAP150 in rodents, AKAP75 in bovine, gene designation AKAP5) 

was originally identified and cloned by Charles Rubin, and was the first PKA-

binding protein to be designated an AKAP (Sarkar et al., 1984;Hirsch et al., 1992). 

AKAP79 was the first AKAP shown to interact with both kinases and 

phosphatases (Coghlan et al., 1995). The opposing actions of the kinases PKA 

and protein kinase C (PKC), and the phosphatase PP2B have been well 

characterized in a variety of physiological systems. In addition, AKAP79 has 

been shown to integrate multiple second messenger signaling pathways, such as 

cAMP- and calcium-mediated signaling. AKAP79 is localized to the plasma 

membrane by three membrane binding basic regions (MBBR A, B, and C), as 

well as by palmitoylated cysteine residues in the N-terminal third of the molecule 

(Dell'Acqua et al., 1998;Delint-Ramirez et al., 2011). Through these sets of 

anchored enzymes, AKAP79 is able to regulate ion channels such as the CaV1.2 

calcium channel (Hall et al., 2007;Oliveria et al., 2007), the KCNQ potassium 

channel (Hoshi et al., 2003), and the GluA1 subunit of the AMPA receptor 

(Colledge et al., 2000;Lu et al., 2007). Other studies have also shown that 

AKAP79 can regulate TRPV1 channels (Schnizler et al., 2008;Brandao et al., 

2012), NMDA receptor subunits (Dell'Acqua et al., 2006), and Kv channels 

(Nystoriak et al., 2014). These characteristics are often shared by members of 

the AKAP family, and together with the large body of literature regarding AKAP79, 

make AKAP79 an attractive target for studying general principles of anchoring 

proteins. 

AKAP79 is named for its apparent molecular weight as measured by SDS-PAGE, 

however, its predicted molecular weight is approximately 49 kDa, and this has 
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been confirmed by mass spectrometry approaches. Purified AKAP79 expressed 

in insect cells or bacterial expression systems appears to have no post-

translational modifications by mass spectrometry (Gold et al., 2011), although 

previous studies have shown that AKAP79 can be lipid modified for membrane 

localization (Delint-Ramirez et al., 2011;Keith et al., 2012) and phosphorylated for 

unknown function (Dell'Acqua et al., 1998). The human form of the protein is 427 

amino acids in length, while the mouse and rat forms (known as AKAP150) are 

745 and 714 amino acids, respectively, due to an inserted repeat region of 

unknown function. Hereafter, all numbering and descriptions will refer to the 

human form, unless otherwise noted. 

The PKA binding helix of AKAP79 resides near the C-terminus of the molecule, 

at residues 391-408 (Carr et al., 1992b). PP2B binds through a modified PxIxIT 

motif (PIAIIIT) located at residues 337-343 (Oliveria et al., 2007). Other direct 

interactions that have been well characterized include PKC (residues 31-52) 

(Klauck et al., 1996), calmodulin (residues 31-52) (Faux and Scott, 1997), the 

membrane-associated guanylate kinase (MAGUK) family members SAP97 and 

PSD-95 (unknown binding region) (Colledge et al., 2000), and the L-type calcium 

channels (C-terminal leucine zipper) (Altier et al., 2002). In addition, AKAP79 has 

been shown to bind F-actin, cadherin, PIP2 phospholipids and adenylyl cyclases 

(Dell'Acqua et al., 1998;Gorski et al., 2005;Efendiev et al., 2010;Willoughby et al., 

2010). It is clear that a small protein is unlikely to interact with all of these binding 

partners simultaneously, therefore it has been suggested, and shown in some 

cases, that AKAP79 complexes exist in compositionally diverse forms within a 

cell (Hoshi et al., 2005). Many physiological studies have indicated an important 

role for AKAP79-anchored PP2B, which in some cases has been shown to be 

more important for regulation of ion channels and signaling events than even 

PKA anchoring. A long-standing question has been how PP2B and 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) are differentially activated: 

they often have opposing action on a shared substrate, yet are both activated by 
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calcium and calmodulin (Barria et al., 1997a;Barria et al., 1997b). Therefore, 

understanding the molecular mechanism of PP2B anchoring is of great interest. 

The first study describing PP2B anchoring by AKAP79 suggested that an N-

terminal peptide, which was able to inhibit phosphatase activity in vitro, was 

involved in the binding interaction (Coghlan et al., 1995). However, later studies 

pointed towards the region spanning residues 315-360, while the modified PxIxIT 

motif contained within this region was shown to be particularly crucial for binding 

(Oliveria et al., 2007).  

 

The importance of the PxIxIT motif in AKAP79 has been underscored by 

numerous studies, biochemical as well as physiological. In particular, a 

transgenic mouse model in which the PxIxIT motif has been deleted has been 

shown to improve glucose clearance and increased insulin sensitivity. This model 

recapitulated the results seen in a global AKAP150 KO mouse, indicating that 

anchored PP2B played a more crucial role in this signaling pathway than other 

anchored enzymes did (Hinke et al., 2012). Similarly, a series of knockdown 

experiments using AKAP150-directed siRNA in rat brain slices showed deficits in 

hippocampal NMDA-receptor dependent long-term depression (LTD) that could 

be rescued by constructs deficient in PKA binding but not by constructs unable to 

bind PP2B (Jurado et al., 2010). Again, this underscored the important role for 

PP2B in regulating ion channel activity through dephosphorylation of local 

substrates.  

 

This AKAP79 PxIxIT sequence contains an additional isoleucine that is not found 

in most other PxIxIT motifs in nature. Structural studies showed that this caused 

Ile-338 to occupy the binding pocket on PP2B that was typically occupied by the 

first proline in other PxIxIT motifs (Li et al., 2007;Li et al., 2012). In addition, this 

peptide forms a beta strand that has hydrophobic residues on both sides of the 

strand, whereas most other PxIxIT peptides found in nature have hydrophobic 
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residues on only the side which interacts with PP2B (Aramburu et al., 1999;Roy 

and Cyert, 2009). This gave rise to the hypothesis that AKAP79’s PxIxIT motif 

may be able to interact simultaneously with two protomers of PP2B. While this 

hypothesis was also supported by crystal packing in the structure of PP2B with 

AKAP79’s PIAIIIT sequence, it has remained unclear whether this occurred in 

solution and in vivo (Li et al., 2012).  

 

A native mass-spectrometry experiment estimated the size of an 

AKAP79/PP2B/CaM/RII D-D complex to be 466 kDa. This suggested that 

AKAP79 formed a dimer, each protomer binding two PP2B molecules. In addition, 

crosslinking and collision-induced mass-spectrometry have also suggested that 

AKAP79 is capable of forming dimers (Gold et al., 2011). However, it is also 

known that AKAP79 is prone to aggregation when expressed as an untagged 

protein in bacterial or insect cells. Therefore, the possibility remains that these 

results are artifacts of such a preparation, or that AKAP79 exists in a state of 

equilibrium between dimer and monomer. 

 

This study also suggested that an additional binding site was present. Three 

fragments of AKAP79 were expressed and purified as GST fusion proteins 

(residues 1-153, 154-296, 297-427). These immobilized fragments were 

incubated with purified Flag-PP2B under basal conditions, or with calcium and 

calmodulin supplemented. Surprisingly, PP2B bound not only to a fragment 

comprised of residues 297-427 (which contains the PxIxIT domain), but also to a 

fragment comprising residues 1-153 exclusively in the presence of calcium/CaM 

(Gold et al., 2011). Because of this evidence suggesting a dynamic bipartite 

interaction, I investigated the structural basis for this complex by purifying an 

AKAP79/PP2B/CaM complex under calcium or EDTA conditions, and used a 

single particle electron microscopy approach called random conical tilt (RCT), 

which is designed to characterize multiple conformations. 
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RCT is a low-resolution EM technique that is very powerful for resolving global 

structural changes. Images are collected of negatively stained particles in an 

untilted view, and a large (45-60˚) tilted view (Veesler et al., 2014). Individual 

particles are selected, correlated to their untilted views, and then aligned to one 

another and computationally separated into different classes based on their 

similarity to one another. Angular information about the view of each particle is 

inferred by 1) the rotation needed to align the particles into classes, and 2) the 

known angle of the sample in the tilted images. The angular information is then 

used to create a separate 3-D reconstruction for each class. These 3-D 

reconstructions can be used to tell whether particular classes correspond to 

different views of the same conformation or to conformational variability with the 

complex. 

 
Results: 

To understand the topology and architecture of AKAP79 complexes, I first 

conducted bioinformatic analyses of the primary structure of the anchoring 

protein using algorithms designed to predict disorder and locate potential short 

linear motifs (Figure 2.1A). Analysis of the AKAP79 sequence using the IUPred 

(Dosztanyi et al., 2005a;b) and PONDR (Li et al., 1999) disorder prediction 

algorithms identified extended regions of disorder, especially in the first ~350 

amino acids (Figure 2.1B and 2.1C). Conversely, the C-terminal portion of 

AKAP79 is predicted to be more ordered (Figure 2.1B and 2.1C). This is 

consistent with experimental and structural evidence showing that this region 

contains the PKA-binding helix (blue) that is required for high affinity interaction 

with the regulatory subunits of the PKA holoenzyme (Sarkar et al., 1984). The 

ANCHOR (Dosztanyi et al., 2009;Meszaros et al., 2009) and SLiMPred programs 

(Mooney et al., 2012) search for motifs within disordered regions that are 

predicted to adopt static conformations upon association with protein binding 

partners. Both algorithms identified regions corresponding to the known binding 

sites for protein kinase C/calmodulin (green), and PP2B (yellow). Other potential 
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short linear motifs of unknown function were also evident, including a prominent 

peak between residues 122 to 136 of the anchoring protein (Figure 2.1D and 

2.1E). 



 26 

 

 

FIGURE 2.1. Characterizing disorder and short linear motifs in AKAP79 
complexes. (A) Primary topology of AKAP79, with well-described binding sites 
notated and aligned to subsequent figures. (B) IUPred prediction of disordered 
regions of AKAP79. (C) PONDR prediction of disordered regions of AKAP79 (D) 
ANCHOR prediction of short linear interaction motifs in AKAP79. (E) SLiMPred 
prediction of short linear interaction motifs in AKAP79. (F) Coomassie gels and 
constructs used to purify individual subunits of an MBP-AKAP79/PP2B/CaM 
complex. (G) Gel filtration of a fully assembled complex of MBP-
AKAP79/PP2B/CaM. (H). Coomassie gel of the peak containing the full complex. 
(I) SEC-MALS of MBP-AKAP79/PP2B/CaM. A280 in blue, molecular weight 
measurement in red. Denaturing and native gels confirming presence of all 
subunits migrating as a single complex. 
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In order to empirically determine whether selected AKAP79-enzyme 

macromolecular assemblies adopt a range of conformations, I purified individual 

components of an AKAP79/PP2B/CaM complex (Figure 2.1E). AKAP79 was 

expressed in E. coli as a His tagged-MBP fusion protein and purified on nickel 

resin (Figure 2.1F). A bicistronic plasmid was used to express the PP2B subunits 

(GST-PP2B A and PP2B B) in bacteria. The phosphatase holoenzyme was 

purified on glutathione sepharose (Figure 2.1F). Likewise GST-calmodulin was 

expressed and purified in a similar manner (Figure 2.1F). In both cases the GST 

tags were removed by cleavage with PreScission Protease (GE Life Sciences). 

MBP-AKAP79 was incubated with molar excesses of PP2B and CaM and the 

complex was isolated by gel filtration chromatography. The elution profile for this 

complex on a Superdex 200 column suggested an extended configuration of the 

complex, rather than a folded globular conformation (Figure 2.1G). SDS-PAGE 

analysis confirmed that the first peak contained all expected subunits (Figure 

2.1H). I performed size-exclusion chromatography with inline multi-angle light 

scattering measurements (SEC-MALS) to show that the molecular weight of the 

complex corresponds to a 1:1:1:1 ratio of subunits (~160 kDa), although it 

migrates on gel filtration where a globular protein of ~450-550 kDa would (Figure 

2.1I). Denaturing SDS-PAGE confirmed that this peak contains all subunits, and 

when the isolated complex is applied to native PAGE, it migrates with the same 

pattern as a 480 kDa globular protein, lending further support to the hypothesis 

that AKAP79 complexes exist in a disordered non-globular state (Figure 2.1I). 
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FIGURE 2.2. Analysis of compositional and conformational changes in the 
presence and absence of calcium. (A) Schematic showing structural 
rearrangement and relief of PP2B autoinhibition upon addition of calcium and 
calmodulin. (B) Comparison of identical MBP-AKAP79/PP2B/CaM complex preps 
obtained in the presence (blue) or absence (orange) of calcium. (C) Coomassie 
gel of pooled peak fractions showing lack of CaM in the inactive complex form. 
(D) GraFix purification and crosslinking stabilizes complexes into single bands as 
visualized on coomassie gels. (E) Western blots for MBP and the c-terminal 
region of AKAP79 confirm incorporation of full-length protein. (F) Western blots of 
PP2B A and B subunits confirm incorporation. (G) Western blot for CaM confirms 
that it is only present in the active form of the complex. (H) Example micrographs 
of the inactive complex in untilted and tilted views. Sample particles have been 
marked to illustrate correlation between the two views. 
 

PP2B is autoinhibited by a helical segment of the A subunit and, upon binding of 

calcium and activated calmodulin, a conformational change occurs that relieves 

this inhibition and allows substrates to access the active site (Figure 2.2A)(Li et 

al., 2011). This structural rearrangement is not well understood; therefore I 

investigated whether there were changes in the overall conformation and 

composition of the AKAP79/PP2B/CaM complex. Complexes were assembled as 

before in the presence of calcium or in the presence of EDTA. I observed a 2 mL 

shift in the elution profile of the complex in the presence of EDTA, indicating a 

possible conformational or compositional change (Figure 2.2B). SDS-PAGE 

analysis of the peak fractions showed that calmodulin is no longer present in the 

complex when calcium has been chelated (Figure 2.2C). This confirmed that 

compositional changes were occurring. I wanted to investigate possible 

conformational changes, however the flexibility of the complex proved refractory 

to crystallographic screens, so I used single particle EM studies. 

 

I used a random conical tilt (RCT) approach to characterize these complexes with 

electron microscopy. Early attempts to prepare negatively stained samples 

suggested that the complex was dissociating upon application to EM support 

grids. Therefore, I used a modified gradient fixation (GraFix) approach to stabilize 

the complex (Kastner et al., 2008;Stark, 2010). I applied complexes purified by 
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gel filtration to a 5-30% w/v continuous glycerol gradient that was also a 0-0.15% 

glutaraldehyde crosslinker gradient. This provided more stringent purification and 

separation from aggregates and partial complexes. In addition, it facilitated 

isolation of crosslinker-stabilized complexes that migrates as a single band on 

SDS-PAGE (Figure 2.2D). I performed western blots on these complexes to 

confirm that each expected subunit was present (Figure 2.2E-G). As expected, 

the inactive complex did not contain CaM (Figure 2.2G). I then applied the 

samples to grids and stained using 2% uranyl formate. I acquired tilt-pair images 

of these samples at 0˚ (Figure 2.2H) and -55˚ angles (Figure 2.2I). The 

micrographs for each complex showed particles that are approximately 15 nm in 

diameter. Individual particles were selected, aligned, correlated to their tilted 

pairs, and used as the basis for 3-D reconstructions (Figure 2.2H-I). 

 

I obtained reference-free class averages and, over several iterations, used these 

to discard unsuitable particles that were auto-picked (edges of artifacts, small 

subcomplexes, etc). After class averages of sufficient quality were obtained, I 

chose a representative set of templates to use for reference-based alignment. 

The results of this alignment were used to make 3-D models. 

 

 

 



 31 

 

FIGURE 2.3. Random conical tilt analysis of inactive complexes. (A) Reference-
based class averages of the complex obtained by negative stain EM. (B) Sample 
3-D models of MBP-AKAP79/PP2B illustrating representative states of the 
complex, from extended to more compact. 
 

For the inactive form of the complex, the class averages obtained from reference-

based alignment suggested that the complex adopts a range of conformations 

from extended to more compact (Figure 2.3A). The RCT models derived from 

each class had resolutions ranging from ~50-80 Å. The quality of reconstructions 

was reliable, as indicated by the fact that individual particles were properly 

aligned and classified, and that the models built from tilted views closely 

resembled the class averages from the untilted views (Figure 2.3B). In addition, 

the size of the complexes were consistent with our MALS measurements 

indicating that this complex exists in a 1:1 ratio of AKAP79:PP2B. 
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FIGURE 2.4. Random conical tilt analysis of active complexes and comparison to 
inactive complexes. (A) Reference-based class averages of the complex 
obtained by negative stain EM. (B) Sample 3-D models of MBP-
AKAP79/PP2B/CaM illustrating representative states of the complex, from 
extended to compact. (C) histogram plots of class diameters, fit with gaussian or 
sum of gaussian curves. 
 

The active form of the complex also yielded good quality RCT models (Figure 

2.4A). It appears that this form adopts some similar conformations as the inactive 

form of the complex (Figure 2.4B). In addition, docking of the known crystal 

structures of PP2B, CaM, and MBP into the density map suggests that AKAP79 

does not adopt a globular conformation. This is supported by the fact that in 

many conformations there is unaccounted for density, but not enough for a 

globular protein. 

 

Visual comparison of the class averages obtained suggests that the inactive form 

is more likely to adopt an extended conformation, while the inactive form is more 
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likely to be compact. This is consistent with the knowledge that an additional 

binding site is generated upon activation of PP2B. I measured the largest 

diameter of each class and then weighted these diameters by the number of 

members in each class. I then plotted the values on a histogram and fit either a 

Gaussian curve or the sum of two Gaussian curves to the histogram. This 

allowed me to test whether there were multiple populations of conformational 

states. I found that the inactive form had both a larger overall mean diameter, 

and also contained a larger population that was in a more extended form (Figure 

2.4C). 

 

Discussion: 

This work represents the first structural models of AKAP79 complexes, and also 

characterizes the flexibility and disorder inherent in the complex. We show that 

predictions of disorder and SLiMs align closely with known binding sites and 

regions of secondary structure in AKAP79. In addition, there are at least two 

prominent predicted short linear motifs that have not been well characterized, 

one of which I will describe in the following chapter (residues 122-136). Because 

intrinsic disorder is often important to the function of proteins, especially 

anchoring proteins, my characterization of multiple conformational states of 

AKAP79 has implications for its function and regulation of binding partners. 

 

Use of the GraFix preparative technique allowed me to stabilize a flexible 

complex for EM analysis, and the analysis shows that conformational flexibility is 

not removed by this crosslinking step. In addition, visual comparison of the two 

states of the complex seems to suggest that the inactive state is more likely to 

assume an elongated form, while the active state covers a range of 

conformations that is more compact. This could be explained by reports of an 

additional site of contact between PP2B and AKAP79 located in the N-terminal 

third of AKAP79 (Coghlan et al., 1995;Gold et al., 2011). The range of 

conformational space that this complex occupies is likely facilitated by the 
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intrinsic disorder of AKAP79. This is a similar concept to the recent work done 

characterizing an AKAP18-PKA holoenzyme complex by EM. This study showed 

that intrinsic disorder in the complex facilitated a constrained range of motion, 

allowing PKA to exert its enzymatic activity on nearby substrates in a precisely 

tuned manner (Smith et al., 2013). Therefore, it is important to determine the role 

of AKAP79 in tuning the activity of its interacting kinases and phosphatases. 

 

In addition, the active form of the complex seems to preferentially occupy closed 

conformational states and likely utilizes multiple phosphatase targeting motifs. 

This is similar in concept to anchoring of PP1, and is likely important for directing 

a non-specific phosphatase towards specific substrates under specific cellular 

signaling conditions. For example, a long-standing question in neuronal signaling 

has been the relative activity of CaMKII and PP2B in response to postsynaptic 

influxes of calcium. Both enzymes are activated by calcium/CaM, and have many 

overlapping substrates, but obviously have opposite effects on the 

phosphorylation state of substrates such as the GluA1 subunit of the AMPA 

receptor, the NMDA receptor and other postsynaptic targets. 

 

Use of negative stain and random conical tilt techniques have allowed low-

resolution characterization of multiple conformational states. However, it remains 

unclear exactly how each subunit is arranged in these states. While docking of 

crystal structures into the EM density maps allows guesses at where the subunits 

are localized, more sophisticated approaches will facilitate confident subunit 

mapping. Future work on these complexes will first focus on localizing subunits 

within the EM models using Fab fragments of antibodies directed towards each 

subunit. These antibodies will be complexed with AKAP79/PP2B/CaM complexes 

and then analyzed by EM to obtain class averages. These class averages will be 

compared to those obtained without Fab fragments to localize the subunits in the 

EM models.  
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In addition, assembly of larger complexes including the PKA holoenzyme have 

been performed. These larger complexes containing additional subunits may be 

suitable for cryo-electron microscopy. Use of the deleted linker RII construct that 

was developed for EM studies of AKAP18 could help align images properly, 

given advances in direct electron detectors and alignment of low contrast, noisy 

images that are inherent in cryo-EM (Campbell et al., 2012;Campbell et al., 

2014;Campbell et al., 2015). 
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Chapter 3: Identification and characterization of an LxVP motif in AKAP79 
 

Introduction: 
The original study describing the AKAP79-PP2B interaction identified a region of 

AKAP79 that appeared to have similarity to FKBP12, and a series of lysine and 

arginine residues. This was located between residues 88-102 of AKAP79. A 

peptide corresponding to this region was shown to inhibit PP2B activity, although 

the mechanism of this inhibition was unclear (Coghlan et al., 1995). In addition, 

as mentioned before, there appear to be global changes in the conformation that 

are instigated by activation of PP2B in the presence of calcium and CaM, and 

generation of an N-terminal binding site for PP2B on AKAP79 (Gold et al., 2011). 

Therefore, I hypothesized that AKAP79 may contain a site similar in mechanism 

to an LxVP motif. 

 

As briefly mentioned, previous studies of the structural basis for LxVP anchoring 

include a computational prediction of the complex of PP2B and the NFATc1 

LxVP motif (Roy et al., 2007). In addition, a crystal structure of a virally derived 

peptide in complex with PP2B was solved and used to predict a binding model of 

the RII LxVP motif on PP2B (Grigoriu et al., 2013). This LxVP motif seems to 

serve as a secondary binding site in many cases, as most PP2B interacting 

proteins also contain PxIxIT motifs. This is a similar concept to PP1 anchoring 

proteins that often utilize multiple short, medium affinity motifs to interact with 

distinct surfaces of the phosphatase to form an overall stronger interaction. 

Previous studies have implicated the LxVP motif in optimally positioning 

phosphoresidues for efficient dephosphorylation (Roy and Cyert, 2009;Escolano 

et al., 2014). This is supported by studies showing that PP2B activity towards 

phosphopeptide substrates is diminished in the presence of LxVP peptides, while 

PP2B activity towards small molecule substrates such as pNPP and diFMUP is 

enhanced (Rodriguez et al., 2009). The proposed model is that LxVP peptides 
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stabilize an active conformation of the enzyme; they also occupy a crucial binding 

interface for many PP2B substrates found in nature. 

 

This also explains the molecular basis for the efficacy of the 

immunosuppressants cyclosporine and FK506. Both of these form complexes 

with immunophilin proteins that bind to the same interface as the LxVP motif, and 

inhibit PP2B activity towards NFAT, likely by competing directly with the LxVP 

motif present in NFAT (Rodriguez et al., 2009). Therefore, I used chemical 

crosslinking, mass spectrometry, structural modeling, peptide array approaches, 

AlphaScreen protein-protein interaction assays, and mutational analysis to probe 

the molecular basis for the N-terminal interactions with AKAP79. 

 

Results: 
I purified MBP-AKAP79/PP2B/CaM complexes and then incubated with either 5 

mM CaCl2 or 5 mM EDTA overnight. After gel filtration to isolate these complexes, 

the complexes were crosslinked, trypsin digested, and subjected to mass 

spectrometry analysis to identify crosslinked peptides.  
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FIGURE 3.1. Crosslinking/mass-spectrometry of AKAP79/PP2B interactions. (A) 
Crosslink map of residues observed in EDTA conditions. Thick lines indicate 
intermolecular crosslinks, and orange lines indicate crosslinks from PP2B to 
AKAP79. (B) Crosslink map of residues that were observed in calcium conditions. 
Thick lines indicate intermolecular crosslinks, and orange lines indicate 
crosslinks from PP2B to AKAP79. (C) Colored patches indicate intermolecular 
crosslinks between PP2B and AKAP79 mapped onto the crystal structure of 
PP2B (PDB: 1MF8). Arrows indicate where these residues crosslinked on the 
primary sequence of AKAP79. (D) Comparison of structures of PP2B in complex 
with cyclosporine/cyclophilin (PDB: 1MF8), or the A238L viral peptide containing 
an LxVP motif (PDB: 4F0Z), showing the overlap in binding surfaces. 
 

I mapped these peptides onto the primary sequences of the subunits (Figure 

3.1A and B). As expected, PP2B crosslinked near the PxIxIT motif of AKAP79 

under both conditions. A unique crosslink between AKAP79 and PP2B was 

observed in the calcium condition. This crosslink was between residue 113 of 
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AKAP79 and residue 165 of PP2B B subunit. This peptide is shown in orange on 

the structure of PP2B (Figure 3.1C). In addition, I mapped the other 

intramolecular crosslinks onto the structure of PP2B and observed that they are 

close to the known binding site for the PxIxIT motif. Comparison of these 

crosslinks with the structures of PP2B in complex with cyclosporine/cyclophilin or 

an LxVP peptide shows that the unique binding site appears to occupy the same 

surface of the molecule. This is consistent with the mode of calcium-sensitive 

interaction being via an LxVP motif, since it overlaps with the known binding site. 

 

In order to more precisely determine whether LxVP motifs competed for the same 

binding surface on PP2B as the N-terminal interaction site does, I used 

fragments of AKAP79 corresponding to residues 1-153, 154-296, and 297-427, 

termed N, M, and C, respectively (Figure 3.2A). I expressed these fragments as 

GST fusions and immobilized them on glutathione beads. I then incubated them 

with purified Flag-tagged PP2B in the presence or absence of calcium/CaM or 

the presence of the NFATc1 LxVP peptide or a scrambled control. As expected, 

the C fragment interacted with PP2B in all cases, since this interaction relies on 

the PxIxIT motif, which is not sensitive to calcium, and does not occupy the same 

surface as the LxVP peptide. The M fragment did not interact in any cases, and 

the N fragment only interacted in the presence of calcium/CaM. This N-terminal 

interaction was successfully competed away by the LxVP peptide, but not by the 

scrambled control (Figure 3.2 B). This indicates that the N-terminal interaction is 

a bona fide LxVP interaction. I also carried out phosphatase assays on the same 

samples using a small molecule substrate (diFMUP) so that the presence of the 

LxVP motif would not interfere with the ability of PP2B to display activity towards 

the substrate. The results of this assay mostly mirrored the amount of PP2B 

pulled down, although it appeared that in the C fragment samples, there was a 

slight increase in activity upon addition of the LxVP peptide (Figure 3.2 C). 
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FIGURE 3.2. Mapping and characterization of the LxVP binding interfaces for 
AKAP79 and PP2B. (A) The fragments of AKAP79 used in subsequent 
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experiments. (B) GST-AKAP79 fragment precipitations of Flag PP2B in the 
presence of calcium and calmodulin, and competition with an LxVP peptide. 
Lanes 5-8 show deletion of a putative motif abolishes binding. (C) Phosphatase 
activity assays of the samples from panel B against a small molecule, diFMUP. 
(D) Overlay of peptides that exclusively bound PP2B in the presence of 
calcium/calmodulin (top) compared to the PxIxIT motif. (E) AlphaScreen 
competition assay to calculate Kd values for interactions between PP2B and full-
length AKAP79 (green), or fragments of AKAP 79 (C – blue, N – orange). (F) 
Mutations were made to PP2B that are predicted to abolish the LxVP binding 
pocket. GST fusion protein precipitations were used to test whether this mutant 
could bind to the N-terminal fragment of AKAP79. (G) Structural model showing 
PP2B (gray) with the mutated residues (green) interacting with an LxVP motif 
(orange). (H) CABS-dock prediction of a likely binding site for AKAP79 122-136 
(red) overlaps with the known LxVP binding pocket. 
  
Because crosslinking-mass spectrometry experiments showed a unique crosslink 

under PP2B activation conditions, I hypothesized that this peptide represented an 

LxVP motif. In addition, ANCHOR and SLiMPred algorithms predict that this 

peptide is a SLiM (Figure 2.1D and E), and sequence alignments showed a high 

degree of conservation. Finally, this sequence contained a four amino acid 

segment, LKIP, which is similar to the LxVP consensus motif. Therefore, I 

deleted this sequence in the context of the N-terminal fragment. Upon deletion of 

this motif, I observed a loss of binding to the N-terminal sequence (Figure 3.2B), 

and a similar loss of associated phosphatase activity (Figure 3.2C). This 

experiment showed that residues 122-136 were necessary for binding of PP2B to 

the N-terminal fragment of AKAP79. 

 

I then tested whether this sequence was sufficient to bind PP2B in vitro by 

synthesizing 20-mer peptides that stepped by 4 residues down the entire 

sequence of AKAP79. I overlaid these peptide arrays with PP2B in the presence 

or absence of calcium/CaM. The sequence corresponding to the LxVP motif only 

bound PP2B in the presence of calcium/CaM, while the sequence corresponding 

to the PxIxIT motif overlaid with PP2B in both conditions (Figure 3.2D) 
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I then used an AlphaScreen protein-protein interaction assay to determine the 

binding affinity of PP2B for various fragments of AKAP79. This assay relies on 

conjugating purified biotin-PP2B to streptavidin donor beads, that when excited, 

release singlet oxygens that are able to diffuse a short distance in solution and 

excite a nickel acceptor bead that is conjugated to His-tagged AKAP79 fragments. 

This assay therefore relies on the interaction of PP2B and AKAP79 to give a 

signal. Untagged PP2B was used to compete away the interaction in order to 

approximate the Kd values. I found that the N-terminal fragment had a lower 

affinity (81 μM) than the C-terminal fragment (5.6 μM), which was similar to the 

binding affinity of the full-length protein (12 μM) (Figure 3.2E). This indicates that 

the PxIxIT motif is likely the primary binding determinant, while the LxVP motif is 

an auxiliary interaction. 

 

Previous structures of PP2B in complex with LxVP motifs suggest that two 

aromatic amino acids (W352 and F356) are important for forming a binding 

pocket for the LxVP motif (Rodriguez et al., 2009). I mutated both of these 

residues to alanines and used the mutant form of PP2B in the same GST protein-

protein interaction assay format as before. I found that the mutant form had 

reduced binding to the N-terminal fragment of AKAP79, while still interacting 

normally with the C-terminal fragment (Figure 3.2F and G)). Together, these 

results indicate that the binding surface on PP2B for the N-terminal fragment of 

AKAP79 is the same as the LxVP motif, and that the mode of interaction is the 

same. 

 

As a final test of whether the peptide I identified from AKAP79 was likely to 

interact with PP2B in the same manner as LxVP motifs, I used the CABS-dock 

server to computationally predict the structure of AKAP79 122-136 in complex 

with PP2B (Blaszczyk et al., 2015;Kurcinski et al., 2015). The lowest energy 

conformation was assumed to be the most accurate and showed overlap with the 
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LxVP binding site and the binding pocket that was previously mutated (Figure 

3.2H). 

FIGURE 3.3. Use of AKAP79-CaNAR biosensors for anchored PP2B activity 
reveal that AKAP79 fine-tunes PP2B sensitivity towards physiological ranges of 
calcium.  (A) Schematic of the fusion biosensors designed and used in this study. 
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(B) Confocal images of AKAP79-CaNAR variants (green), PP2B (red) and DAPI 
(blue) showing proper trafficking of various mutants. (C). Co-immunoprecipitation 
of PP2B with AKAP79-CaNAR variants under basal (lanes 1-5) and ionomycin 
treated (lanes 6-10) conditions. (D) Time course of FRET ratio signal upon 
stimulation with 1 μM ionomycin at t=0. (E) Average maximum FRET responses 
summarized by AKAP79-CaNAR variant. Columns 1 and 2 are not significantly 
different. (F) Kinetics of FRET responses to 1 μM ionomycin as described by time 
to half-max response. Columns 1 and 2 are significantly different. (G) 
Representative frames of FRET movies comparing wild-type AKAP79-CaNAR 
with AKAP79∆LxVP-CaNAR signals. Colors are representative of the ratio value 
as described by the key to the right of each row. (H) Treatment of cells with 100 
nM ionomycin reveals differences in the max response of each variant. (I) Use of 
the calcium indicator RCaMP shows that changes in max response are not due 
to differences in cellular calcium levels. 
 

In order to test for functional effects of the bipartite interaction between AKAP79 

and PP2B on anchored substrates, I took advantage of a FRET biosensor for 

PP2B activity called calcineurin activity reporter (CaNAR) (Mehta et al., 

2014;Mehta and Zhang, 2014). I designed a series of modifications to this 

reporter, first making alanine mutations to the PxIxIT motif contained in the 

reporter itself to show that this was sufficient to abolish FRET responses to 

increases in intracellular calcium (see methods). This variant was termed the 

CaNARpax variant. This loss of FRET responses was rescued by fusing a C-

terminal fragment of AKAP79 that contained the PxIxIT motif to the N-terminus of 

CaNAR. Next I designed a series of full-length AKAP79-CaNAR reporters that 

either had both binding sites, were lacking the LxVP site, or the PxIxIT site, or 

had both PP2B-binding sites deleted (Figure 3.3A). 

 

Because the LxVP motif partially overlaps with a region that has been implicated 

in membrane trafficking, we used confocal fluorescent imaging to confirm that 

each variant was trafficked normally. All four variants localized to the membrane 

in HEK293 cells (green), while PP2B had similar cytoplasmic localization in all 

cases (red) (Figure 3.3B). 
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In order to assess whether changes in FRET signal were due to differences in 

the ability of the AKAP79-CaNAR reporters to interact with PP2B, I carried out 

co-immunoprecipitation experiments in HEK cells (Figure 3.3C). Cells were lysed 

under basal conditions (lanes 1-5) or after 10 minutes stimulation with 1 μM 

ionomycin (lanes 6-10). As expected from previous studies, and from my 

AlphaScreen approximation of affinities, loss of the PxIxIT motif caused a 

complete loss of interaction, while the deletion of the LxVP motif caused a 

decrease but not a complete loss. There seemed to only be a small change in the 

amount of PP2B recruited upon stimulation with ionomycin, indicating that as 

suspected, the PxIxIT motif is a tonic interaction. 

 

FRET ratios were measured in HeLa cells after stimulation with 1 μM ionomycin 

(Figure 3.3D). Both constructs lacking the PxIxIT sequence did not respond to 

ionomycin treatment, which is consistent with co-immunoprecipation 

experimental results. The wild-type and ∆LxVP constructs both gave robust 

responses over the course of 20 minutes. The ∆LxVP construct plateaued more 

quickly and reached a slightly lower average maximum response. Statistical 

analysis of the maximum responses indicated that the difference between wild-

type and ∆LxVP constructs was not significantly different (Figure 3.3E). However, 

it appeared that the speed at which the constructs responded varied. Analysis of 

the time to half-maximal response showed that there was a statistically significant 

difference (Figure 3.3F). This is especially evident at the 3- and 4-minute time 

points in the frame-by-frame comparison (Figure 3.3G). I hypothesized that these 

changes in speed were due to increased sensitivity to lower levels of calcium by 

the ∆LxVP variant.  

 

In order to test whether this was the case, a new set of experiments was carried 

out in which the max response was measured after application of a 10-fold lower 

concentrations of ionomycin (Figure 3.3H). We also used the calcium indicator 

RCaMP (Akerboom et al., 2013) to ensure that the changes in max response 
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were not due to changes in the overall level of cellular calcium (Figure 3.3I). In 

this experiment, the ∆LxVP construct had a significantly higher maximum 

response, indicating that the LxVP motif serves to desensitize PP2B towards low 

levels of calcium, while allowing PP2B to still maintain maximal activity at higher 

levels of calcium. Therefore, the LxVP motif in AKAP79 serves to fine-tune PP2B 

sensitivity towards a range of calcium levels.  

 

Discussion: 
This portion of my project leverages hybrid structural techniques such as 

chemical crosslinking and mass spectrometry, and combines them with powerful 

biochemical and functional approaches, such as structure-guided mutagenesis, 

molecular docking/modeling, and the use of custom FRET biosensors for 

anchored phosphatase activity. I characterized a new binding site for PP2B on 

AKAP79, showed that this site is an LxVP motif, and investigated the interplay 

between the dynamic LxVP motif, and the tonic PxIxIT binding site. 

 

Importantly, this LxVP site is located squarely within a region of AKAP79 that is 

predicted to form a SLiM (Chapter 2). Characterization of the binding affinities 

indicated that the PxIxIT motif is the primary determinant of binding. This is 

expected, as mouse models and previous biochemical studies have shown that 

loss of the PxIxIT motif is sufficient to completely disrupt binding to PP2B. 

Therefore, the LxVP motif is analogous to the MyPhonE or SILK motifs in PP1, 

while the PxIxIT motif is similar to the RVxF motif (Roy and Cyert, 2009). The 

combination of multiple binding motifs for a single enzyme allows fine-tuning of 

binding affinities under different enzymatic states, while also possibly influencing 

substrate selectivity. 

 

Other proteins that have LxVP motifs have been shown to use them for various 

purposes. For example, the LxVP motif in RII was shown to be part of the 

minimal requirement for efficient dephosphorylation by Ed Krebs (Blumenthal et 
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al., 1986). NFAT family members use the LxVP motif to stimulate 

dephosphorylation of phosphosites located between the LxVP motif and the 

PxIxIT motif (Roy and Cyert, 2009). The scaffold protein KSR2 appears to only 

have an LxVP motif and this promotes dephosphorylation of upstream distal 

serine and threonine residues (Grigoriu et al., 2013). Because of the flexibility 

inherent in the LxVP motif, it is likely that most proteins contain regions of 

disorder surrounding the LxVP motif that act analogously to the disorder in RII, 

allowing a range of nearby phosphosites to occupy a constrained yet flexible 

conformational space so multiple sites can be dephosphorylated by a single 

anchored PP2B molecule. 

 

My experiments involving the AKAP79-CaNAR FRET reporters addressed this 

concept by tethering AKAP79 to an artificial substrate and testing whether 

anchored PP2B could efficiently dephosphorylate local targets. The results of 

these experiments clearly show that AKAP79 can target PP2B to local substrates 

with full efficacy. Surprisingly, I found that the LxVP motif in AKAP79 actually 

attenuates PP2B’s response to low levels of calcium, while maintaining its 

readiness to respond to local “floods” of calcium, such as those facilitated by the 

NMDA receptors and/or the L-type calcium channels in the postsynaptic density. 

Therefore, the LxVP motif in AKAP79 may be a possible mechanism regulating 

the different responses of PP2B and CaMKII to calcium stimulation during long-

term synaptic plasticity events. 

 

In addition, recent studies have implicated neuronal pools of AKAP79-anchored 

PP2B in dephosphorylation of NFAT in response to calcium entry via the L-type 

calcium channel (Oliveria et al., 2007;Li et al., 2012). Because NFAT 

dephosphorylation is the major target of the immunosuppressants cyclosporine 

and FK506, this raises the intriguing possibility that AKAP79-anchored PP2B 

may respond differently to immunosuppressants than cytosolic PP2B does, 
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thereby allowing some transcriptional events to occur in neurons, while being 

suppressed in immune cells. 

 

Future experiments would help shed light on what physiological substrates might 

be regulated by AKAP79’s LxVP motif. Obvious examples include the L-type 

calcium channel, NFAT, AMPA receptor subunits, and possibly AKAP79 itself. 

Technically challenging, but conceptually simple experiments could involve 

measurement of AMPA receptor currents in the context of AKAP79 KO neurons 

rescued with viral expression of AKAP79 mutants lacking various PP2B binding 

domains. In addition, SiteScan (MIT) predicts several phosphosites on AKAP79 

that have unknown function but could be regulated by PP2B. There is also a 

possibility that AKAP79-anchored PP2B regulates the MAGUK proteins SAP97 

and PSD-95. In summary, there are a variety of possible targets that could be 

regulated by the LxVP motif I have characterized in this work. 
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Chapter 4: Experimental methods 
 

Bioinformatic predictions 
For all predictions, the amino acid sequence of human AKAP79 was used. 

Disorder predictions were obtained using default parameters on IUPred 

(iupred.enzim.hu) and PONDR (pondr.com) (Li et al., 1999;Dosztanyi et al., 

2005a;b). Predictions of short linear interaction motifs were obtained using 

ANCHOR (anchor.enzim.hu) and SLiMPred (bioware.ucd.ie) (Dosztanyi et al., 

2009;Meszaros et al., 2009;Mooney et al., 2012). Graphs were prepared using 

Prism 6.0 (GraphPad Software). 

 

Protein expression and purification 

All proteins were transformed and expressed in BL21 (DE3) pLysS cells (Life 

Technologies). AKAP79 was expressed as an MBP fusion in a modified pMAL 

c5x backbone (NEB) in which the TEV cut site was replaced with a site 

recognized by Prescission protease (GE Life Sciences). In addition, a 10x His-tag 

was placed at the C-terminus of the AKAP79 sequence. AKAP79-transformed 

BL21 cultures were grown in Terrific Broth (Sigma) until OD600 = ~0.5, and 

expression was then induced with 0.4 mM IPTG at 37˚C for 4 hours. Cells were 

then pelleted, frozen at -20˚C and thawed and resuspended in 30 mL/liter of 

culture Buffer A (200 mM NaCl, 20 mM HEPES, pH 7.5) 4 mg/ml lysozyme, 1 

mM AEBSF, 2 μg/ml leupeptin, 16 μg/ml benzamidine. After resuspension, Triton 

X-100 was added to 0.5%, and benzonase (Sigma-Aldrich) was added at a 

1:20,000 dilution. After incubation for an additional 30 minutes, the lysate was 

cleared by spinning at 20,000 rpm in an SA-600 rotor (Sorvall) for 30 minutes. 

Clarified lysate was incubated with nickel affinity resin (Roche) for 1 hour, and 

then allowed to flow through by gravity. 2 mL wash/elution fractions were 

collected and analyzed by coomassie staining containing the following 

concentrations of imidazole: 10, 20, 30, 50, 75, 100, 250, 500 mM (x5). Fractions 

containing MBP-AKAP79 were then combined and concentrated to <5 mL and 
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applied to a HiLoad 16/600 Superdex 200 gel filtration column for separation at 

0.5 mL/min. The peak corresponding to soluble MBP-AKAP79 was pooled and 

concentrated and flash-frozen, then stored at -80˚C.  

 

GST-PP2B was cloned into the pGEX-6P1 backbone as a bicistronic expression 

vector containing a Shine-Dalgarno sequence between the A subunit and the B 

subunit. Calmodulin was also expressed as a GST fusion in the pGEX-6P1 

vector. PP2B and calmodulin were both purified by affinity chromatography, the 

GST tag was cleaved and gel filtration chromatography was performed as 

described previously (Gold et al., 2011). 

 

Complexes were formed by incubating 1 mg of MBP-AKAP79 with PP2B and 

CaM in a 1:2.5:3 molar ratio overnight in 20 mM HEPES, pH 7.5, 200 mM NaCl, 

and either 2 mM CaCl2 or 2 mM EDTA. These samples were then injected onto to 

a Superdex Increase 200 10/300 column (GE) using an AKTApurifier FPLC using 

the same buffer they were incubated in overnight. Peaks were analyzed by SDS-

PAGE and coomassie staining. The first peak, which elutes after the void volume, 

was pooled for further experimental analysis. 

 

Light scattering 

The SEC-MALS system was an AKTApure FPLC (GE), with an on-line Optilab T-

Rex refractometer (Wyatt), and a Dawn Heleos II light scattering instrument 

(Wyatt). 500 μl of purified complex (~2 mg/mL) was injected onto a WTC-050S5 

SEC column (Wyatt) and eluted at 0.5 mL/min directly into the on-line MALS 

instruments. Data was collected and processed to determine molecular mass 

using Astra 6 (Wyatt). 

 

Crosslinking and native PAGE 
Samples were stabilized for native PAGE analysis by crosslinking with 250 μM 

BS3 (Sigma) for 30 minutes at room temperature. The crosslinking reaction was 
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quenched by addition of Tris, pH 8.0 to 0.5 mM. The sample was then applied to 

NativePAGE 4-16% Bis-Tris gels (Life Tech.) according to the manufacturers 

instructions. 

 
Grafix preparation 

In order to prepare AKAP79/PP2B/CaM complexes for EM analysis, ~2 mg 

purified complex was concentrated to ~100 μL and applied to a continuous 

density/glutaraldehyde gradient. This gradient was prepared as described 

previously, with 5-30% (w/v) glycerol and 0-0.15% glutaraldehyde (Kastner et al., 

2008;Stark, 2010). Samples were spun in an SW41Ti rotor (Beckmann-Coulter) 

at 35,000 rpm for 18 hours at 4˚C. The gradients were fractionated in ~200 ul 

aliquots and analyzed by SDS-PAGE. Fractions that contained a single stabilized 

band were selected for further analysis. 

 

Western blotting 

All western blots were performed by transferring samples from SDS-PAGE gels 

to nitrocellulose membranes at 1.00A for 36 minutes. Membranes were blocked 

in 5% milk in TBS/T plus 0.02% sodium azide. The following primary antibodies 

were used – mouse monoclonal anti-MBP-HRP 1:1000 (NEB), mouse 

monoclonal anti-FLAG-HRP 1:4000 (Sigma), rabbit polyclonal anti-AKAP79 C-

terminus (Millipore), rabbit polyclonal anti-PP2B A subunit (Millipore), mouse 

monoclonal anti-PP2B B subunit (Abcam), and rabbit polyclonal anti-CaM (Santa 

Cruz). Blots were incubated in primary antibody dilutions overnight at 4˚C, and 

then washed 3 times for 5 min in TBS/T. Blots were then incubated with the 

appropriate secondary antibody conjugated to HRP at 1:10,000 dilution for 1 hour 

at room temperature. After 3 more TBS/T washes, blots were developed and 

imaged. 
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Negative stain grid preparation 
For random conical tilt experiments, I used C-flat holey carbon support grids 

(Protochips, prod #CF-2/.5-4C) that were coated with a thin layer of carbon 

evaporated onto mica and then floated on ultrapure water. For other negative 

stain experiments, I used standard carbon support grids (Ted Pella, G-400) 

coated with carbon by evaporation. All grids were glow discharged and then ~5 

μL of sample was allowed to adsorb to the grid for approximately 20 seconds. 

Grids were then blotted dry and 2% uranyl formate was added for 2 minutes. 

After blotting excess uranyl formate and allowing to dry, grids were ready to 

image. 

 

Random conical tilt data acquisition 

Micrographs of untilted and -55˚ tilted views were acquired on a FEI T12 Spirit 

operated at 120 kV, spot size 5, 52000x nominal magnification, pixel size 2.07 Å, 

defocus values between -0.7 and -1.5 μm, and a dose of 30 e-/Å2. Data collection 

was automated using the MSI-RCT application within the Leginon software 

package (Suloway et al., 2005;Suloway et al., 2009). For 2-D analysis, data was 

collected using the MSI-Raster application. 

 

EM data processing  

Data was processed in the Appion pipeline with the following programs (Lander 

et al., 2009). Particles were picked using DoGPicker, and tilt-pairs were 

determined using AutoTiltPicker (Voss et al., 2009). The contrast transfer 

function was determined using CTFFind (Mindell and Grigorieff, 2003), and 

corrected using the EMAN 1.9 phase flip method. Individual particles were 

clustered using Xmipp 3 cl2d reference-free alignment to yield initial sets 

(Sorzano et al., 2010). After discarding classes with junk particles for several 

iterations, references were selected and used for reference-based alignment with 

the SPIDER AP MQ command (Frank et al., 1996). These references were then 

used to create RCT volumes using SPIDER within the Appion interface. 
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Protein crosslinking, sample preparation, and mass spectrometry. 

Eluted proteins in 1 mL of 20 mM HEPES pH 8.5, 200 mM NaCl, and either 2 mM 

CaCl2 or 2 mM EDTA were crosslinked with 10 mM Biotin-Aspartate Proline-PIR 

n-hydroxyphthalimide (BDP-NHP) (Weisbrod et al., 2013). As necessary, the pH 

was adjusted to ~8.0 with 100 μl of 200 mM HEPES pH 8.5. The reaction was 

allowed to continue for 1 hour at room temperature. Crosslinked proteins were 

denatured by the addition of urea buffer (8 M urea, 100 mM Tris-Cl pH 8.0), 

reduced (5 mM dithiothreitol, 30 min, 55˚C), and alkylated (15 mM iodoacetamide, 

1 hour, dark, room temperature). Crosslinked proteins were then digested with 

sequencing grade trypsin (Promega) overnight at 37˚C. Resulting peptides were 

desalted with C18-SepPaks (Waters) and dried by vacuum centrifugation. 

Crosslinked peptides were injected onto an in-house pulled C8 column (3 μm, 

200Å, Magic) and analyzed by Real-time analysis of crosslinked peptide 

technology (ReACT) (Weisbrod et al., 2013). Spectra generated from ReACT 

were searched against a target-decoy database using SEQUEST (Eng et al., 

1994), as previously described (Weisbrod et al., 2013). Crosslinked sites were 

mapped to proteins using xiNet (Combe et al., 2015). 

 

Structural modeling – Pymol/Chimera 

Crosslinked peptides on PP2B, the PP2B/cyclosporine complex, and the 

PP2B/A238L complex were modeled using Pymol (Schrödinger). RCT volume 

data was modeled using Chimera (UCSF), and crystal structures were fit in the 

maps using the Fit in Map command. 

 
GST protein-protein interaction assays 
GST protein-protein interaction assays were performed as described previously 

(Gold et al., 2011). An LxVP peptide derived from NFATc1, or a scrambled 

version of this peptide, was added to a final concentration of 200 μM during the 

incubation step. The scrambled control version of this peptide was obtained by 
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writing each amino acid residue letter code onto a piece of paper, putting the 

pieces of paper into a hat, and asking a postdoc (Dr. Simon Amadeus Hinke) to 

draw one letter out at a time, with the order corresponding to the peptide 

sequence from the N-terminus to C-terminus. After the final wash, PP2B activity 

buffer (Calbiochem) was added and a phosphopeptide substrate was included to 

measure phosphatase activity in these samples.  

 

Alphascreen competition assays 
Alphascreen competition assays were performed in 25 mM HEPES, pH 7.5, 100 

mM NaCl, 0.1% BSA, 3 mM CaCl2, 2 μg/mL CaM. 10 μL of biotinylated PP2B 

and 10 μL of a His-tagged AKAP79 fragment (final concentration of each - 100 

nM) were mixed and incubated for 15 minutes. 10 μL serial dilutions of untagged 

PP2B were added to the wells for 15 minutes and then Alphascreen beads 

(streptavidin donor, and nickel acceptor) were added and incubated for 60 

minutes. Following this, the AlphaScreen signal was detected using a BMG 

PolarStar Omega plate reader. Data was analyzed using Prism 6.0 (GraphPad), 

and fit using a one-site IC50 model. Because of the concentrations used, the 

IC50 is able to approximate the Kd value of the interaction. 

 

Solid phase peptide synthesis and overlay 

Peptides were synthesized onto a cellulose membrane using the Intavis MultiPep 

solid-phase peptide synthesizer as described previously (Alto et al., 2003). 20-

mers that stepped by 3 residues along the entire sequence of AKAP79 were 

spotted. After resolubilizing in ethanol, the peptides were overlaid with Flag-PP2B 

at ~1 mg/mL in 1% BSA/TBS-T in the presence of either 100 μg/mL CaM and 5 

mM CaCl2 or 5 mM EDTA. After washes in TBS/T supplemented with calcium or 

EDTA, the dot blots were developed. 
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Computational peptide/protein docking 
The putative LxVP peptide in AKAP79 (KSRLKIPCIKFPRG) was computationally 

docked onto a crystallographic model of PP2B using the CABS-Dock server 

(Blaszczyk et al., 2015;Kurcinski et al., 2015). The peptide was assumed to form 

a random loop (as suggested by previous predictions), and the known binding 

site for the PxIxIT motif was excluded from being a possible binding site. The 

lowest energy conformation was assumed to be the most accurate binding 

prediction. 

 
Design of AKAP79/CaNAR reporters 

AKAP79 was fused to the N-terminal of the CaNAR2 sequence in the pcDNA 3.1 

backbone. Mutation of the PxIxIT motif in NFAT (PRIEIT) to PRAEAT was done 

to abolish direct PP2B binding. Fusing a short peptide from AKAP79 to the 

CaNAR2 sequence and testing whether this was capable of producing a FRET 

response to ionomycin confirmed the sufficiency of the AKAP79 PxIxIT motif. 

After fusing the full-length sequence of AKAP79 to CaNAR, mutants were made 

which were lacking residues 122-136, 337-343, or both. 

 
Confocal imaging of AKAP79-CaNAR mutants 

HEK293 cells were seeded on 12 mm poly-D-lysine and laminin coated 

coverslips (Fisher cat#: 08-774-385) and transfected with 0.3 μg of the wild type 

and mutant CaNAR reporter constructs. After 48 hrs, cells were fixed in 4% 

paraformaldehyde at room temperature for 10 minutes and permeabilized for 1 

hour in PBS with 0.1% Triton X-100. Coverslips were blocked in PBS with 10% 

donkey serum for 2 hours at room temperature before primary antibody staining 

overnight with mouse anti-PP2B antibody (BD Biosciences cat#: 610259). 

Samples were washed 3x and incubated with goat anti-mouse Alexafluor-555 

secondary antibody. Nuclei were stained with DRAQ5 (Cell Signaling Technology, 

cat#: 4084) for 15 minutes at room temperature and then washed 3x before 

mounting in ProLong Gold anti-fade reagent (Invitrogen cat#: P36935) onto glass 
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microscope slides. Maximum projection images were acquired with a Zeiss 

scanning laser confocal microscope using a 63X oil immersion objective. 

 
Immunoprecipitation of AKAP79-CaNAR 
2 μg of each AKAP79-CaNAR variant were transfected into HEK293 cells for 48 

hours. Cells were lysed in IP buffer (0.5% NP-40, 100 mM NaCl, 50 mM Tris-HCl, 

pH 7.4) supplemented with protease inhibitors. After lysates were cleared, they 

were incubated with 2 μg of mouse anti-GFP (Life Technologies), and 25 μL of 

protein A/G agarose for 2 hours. Following this, the beads were washed in IP 

buffer 3x and then SDS sample buffer was added. The samples were run on 

SDS-PAGE and transferred to nitrocellulose for western blotting as described 

above. 15 μg of lysate was also western blotted as an input. 

 
FRET measurements in response to ionomycin, high and low levels 

CaNAR2PAX was generated by substituting the isoleucine residues at positions 

115 and 117 within the NFAT domain of CaNAR2 (Mehta et al., 2014) with 

alanines (113PRIEIT118 à 113PRAEAT118) via site-directed mutagenesis, thereby 

eliminating the endogenous calcineurin-docking PxIxIT motif. AKAP-tethered 

CaNAR2PAX constructs were subsequently generated by PCR-amplifying full-

length wild-type AKAP79, AKAP79ΔLKIP, AKAP79ΔPIX, and AKAP79ΔLKIPΔPIX using 

HindIII/BamHI-linker primers and ligating the resulting PCR fragments into 

HindIII/BamHI-digested CaNAR2PAX in pcDNA3, yielding AKAP79WT-CaNAR2PAX, 

AKAP79ΔLKIP-CaNAR2PAX, AKAP79ΔPIX-CaNAR2PAX, and AKAP79ΔLKIPΔPIX-

CaNAR2PAX, respectively. All constructs were verified by sequencing. 

 

HeLa cells were cultured in Dulbecco minimal Eagle Medium (DMEM; Gibco, 

Grant Island, NY) containing 1 g/L D-glucose and supplemented with 10% fetal 

bovine serum (FBS; Sigma, St. Louis, MO) and 1% pen/strep (Sigma-Aldrich, St. 

Louis, MO). Cells were maintained at 37 °C in a humidified incubator with 5% 

CO2. Prior to imaging experiments, cells were plated onto sterile 35-mm glass-
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bottom dishes, transfected with the indicated biosensor constructs at 70-80% 

confluency using Lipofectamine2000 (Invitrogen), and then grown for and 

additional 48 h. 

 

Cells were washed twice with Hank’s Balanced Salt Solution (HBSS; Gibco) 

supplemented with 20 mM HEPES, pH 7.4, and 2.0 g/L D-glucose, then imaged 

in the dark at 37 °C. Ionomycin (iono; Calbiochem, San Diego, CA) was prepared 

at a stock concentration of 1 mM in DMSO and directly added to imaging dishes 

at the indicated concentrations. Images were acquired on an Zeiss Axio 

Observer.Z1 microscope (Carl Zeiss, Thornwood, NY) equipped with a 40x/1.3 

NA oil-immersion objective lens, a Definite Focus system (Zeiss), and an 

electron-multiplying cooled charge-coupled device camera (Roper Scientific, 

Trenton, NJ) controlled by Metafluor 7.7 software (Molecular Devices, Sunnyvale, 

CA). Dual emission ratio imaging was performed using a 420DF20 excitation filter, 

a 450DRLP dichroic mirror, and two emission filters (475DF40 for CFP and 

535DF25 for YFP). Filter sets were alternated using a Lambda 10-2 filter changer 

(Sutter Instruments, Novato, CA). Exposure times were 50–500 ms, and images 

were acquired every 30 s. Fluorescence was quantified in each channel by 

calculating the average fluorescence intensity in a manually defined region of 

interest (ROI). ROIs were draw around individual cells, and only cells with clear, 

plasma membrane-localized fluorescence were selected. Background correction 

of the fluorescence images was performed by subtracting the intensities of 

untransfected cells or regions of the imaging dish with no cells. Time-courses 

were normalized by setting the emission ratio before drug addition equal to one. 

Graphs were plotted using GraphPad Prism version 5.0f (GraphPad Software, La 

Jolla, CA), and statistical analyses were performed using the same software. 

Statistical significance was set at p < 0.05. 
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