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Abstract 

 Phosphorylase Kinase (PhK) is an essential regulatory enzyme in the glycogenolysis 

cascade. PhK is a large, 16-subunit enzyme complex with the subunit stoichiometry (abgd)4, and 

is subject to extensive regulation by small molecules and reversible phosphorylation. Because 

of its large mass of 1.3 MDa, only limited experimental tools are available to study the structure 

of PhK and elucidate the structural changes that occur within the complex concomitant with 

activation. Therefore, our understanding of the roles of PhKôs subunits in regulating its kinase 

activity is woefully incomplete. The goal of this work was to revisit several aspects of PhKôs 

activity and further explore the roles of the enzymeôs individual subunits. 

         Chemical crosslinking was the principal technique used in these studies because it is 

well-suited to study large, multi-subunit complexes. Using chemical crosslinking, plus additional 

methods, three major discoveries are presented regarding PhKôs activation and substrate 

recognition. First, zero-length oxidative crosslinking was used to selectively study 

conformational changes in the regulatory b subunits, which led to the formulation of a model for 

activation of PhK. The model proposes that modification of the N-terminus of b is key to 

activation of the catalytic g subunit and to conformational changes in the b subunits, which likely 

cause global structural changes in the complex. Secondly, a two-step crosslinking approach 

revealed novel interactions between the regulatory a and b subunits and PhKôs substrate, 

glycogen phosphorylase, establishing the first direct evidence of substrate binding sites on the 

regulatory subunits of the enzyme. Lastly, a temperature-dependent conformational change in 

the b and g subunits was discovered to occur between the standard assay temperature of 30 °C 

and the physiological temperature of 40 °C. This temperature-dependent conformational change 

coincides with a surprising activation of PhK at physiological temperature. 

         Steady progress continues to be made in studying the PhK complex. While the picture is 

still far from complete, this work contributes important details regarding the a, b, and g subunits 
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and their expanded roles in PhKôs activation and substrate interaction. Further exploration of the 

structure and activity of PhK is necessary to fully understand its critical function in 

glycogenolysis.  
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Chapter I: Introduction 

Overview  

Glycogen is a highly branched polysaccharide found in many organisms, including 

bacteria, fungi, and mammals. The polysaccharide is composed of D-glucose, linked by 1-4 a 

glycosidic bonds and 1-6 a glycosidic bonds that form branch points every 10-14 residues. 

Glycogen particles can contain up to 55,000 glucose molecules, providing a convenient way to 

store large amounts of cytosolic glucose (1). Large deposits of glycogen are found in the muscle 

and liver tissues of mammals, but smaller amounts of glycogen still play important roles in other 

tissues such as brain, skin, and cancer cells (2-4). In muscle, the fast release of glucose from 

glycogen helps sustain muscle contraction. In liver tissue, glycogen is catabolized between 

meals to maintain blood glucose levels. In the brain, glycogen is found in both neurons and 

astrocytes, and its metabolism is essential for memory formation and synaptic plasticity (5, 6). 

Emerging evidence also suggests glycogen metabolism is important for cancer cell growth and 

angiogenesis (7, 8). The function and regulation of glycogen throughout the body remains an 

active and fascinating field of study. 

 Studying the regulation of glycogen metabolism is essential to understanding the diverse 

roles glycogen plays throughout the body. Several enzymes are responsible for the coordinated 

synthesis and degradation of glycogen. Mutations in many of these enzymes, including their 

tissue specific isoforms, result in diseases characterized by dysfunctional glycogen storage and 

diverse phenotypes, such as exercise intolerance, growth retardation, and hepatomegaly, to 

name a few (1). Collectively, these diseases are known as glycogen storage diseases and affect 

thousands of people around the world (9, 10).  

Degradation of glycogen will be the focus herein, with particular emphasis on two 

proteins critical for glycogen catabolism. In the cytosol, glucose-1-P is released from the non-
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reducing ends of glycogen by glycogen phosphorylase (GP) (11). GP is regulated by allosteric 

effectors and reversible phosphorylation by phosphorylase kinase (PhK) (reviewed in (12)). 

Despite GP and PhK being two of the earliest enzymes characterized in the burgeoning field of 

biochemistry during the 1940s and 1950s, questions still surround GP and PhK, including their 

interaction with each other. Further investigation into GP and PhK continues to fill the gaps in 

our understanding, revealing important details on the strict cellular regulation of glycogen 

metabolism. 

Glycogen Phosphorylase 

GP is the enzyme responsible for the phosphorolysis of the non-reducing ends of 

glycogen in the cytosol, releasing glucose-1-P for the cellôs use (Figure 1.1). GP is a member of 

the large glycosyl hydrolase family of enzymes and is sub-classified alongside 

glucosyltransferases that act on Ŭ-1,4 glycosidic linkages. In addition to the Ŭ-1,4 glycosidic 

linkages, glycogen also contains Ŭ-1,6 branch sites, therefore the complete degradation of 

glycogen also requires glycogen debranching enzyme, which removes the Ŭ-1,6 branch sites 

during catabolism (13). The sequence and structure of GP is highly conserved, and its 

homologs are found in all branches of life, from E.coli to humans (14). Three isoforms of GP 

(muscle, liver, and brain) are found in mammals, and they share 80-83% identity (15). Muscle 

GP is the most thoroughly studied isoform, and is well characterized in terms of its structure, 

activity, and regulation. GP was one of the earliest enzymes to be studied, and it remains an 

important focus of investigation today. Developing inhibitors of GP as a way of blocking 

glycogen degradation is a common therapeutic strategy for treating type 2 diabetes and cancer 

(7, 16). 
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Figure 1.1 The GP reaction. Phosphorolysis of the non-reducing ends of glycogen to form 

glucose-1-P. 
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Structure 

 GP is a dimer of two identical subunits, each containing 843 amino acids (Figure 

1.2)(17). The dimer of GP has two distinct faces, a convex side known as the regulatory face 

and a concave side known as the catalytic face as shown in Figure 1.2B (18). The substrate 

binding and active sites are located on the catalytic face of GP, buried in a ~5 Å channel that is 

partially blocked in the inactive state by the 280s loop (19). Also contained within the active site 

channel is a pyridoxal phosphate (PLP) group, an essential cofactor for GP, covalently bound to 

Lys680 (20, 21). Adjacent to the catalytic channel is the nucleotide inhibitor binding site (22). 

The substrate glycogen, in addition to binding to the active site, also binds a secondary site 30 

Å away with a Kd of 1mM (23, 24). This second binding site, called the glycogen storage site, is 

also the site of tetramer formation between two GP dimers, as seen in the abundant x-ray 

crystal structures available for GP (19). GP readily crystallizes, suggesting that tetramer 

formation happens readily at high concentrations, however it is not known if GP tetramers exist 

in vivo. 

 The regulatory face of GP has two allosteric binding sites near the subunit interface. The 

first binding site, called the AMP binding site, binds IMP and glucose-6-P in addition to AMP, the 

main allosteric activator of GP (25, 26). The ñnew allosteric effector siteò binds small molecule 

inhibitors of GP and is located 15 Å away from the AMP binding site (27). The 20 residues at the 

N-terminus of GP are flexible and disordered in the non-activated complex. The first 10 residues 

do not resolve in X-ray crystal structures and residues 11-20 are often poorly ordered (19). 

Additionally, the N-terminus is highly susceptible to proteolytic attack by trypsin or subtilisin, 

supporting the notion that this region is disordered (28). Importantly, contained within this 

flexible N-terminal tail of GP is the enzymeôs single phosphorylation site at Ser14 (29).  
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Figure 1.2 Structure of GP. (A) Ribbon diagram of GP, facing the regulatory side of the dimer. 

The N-termini are shown in blue and the C-termini are shown in red. GP was modeled with I-

TASSER to generate a full-length model (the N-terminal 9 residues do not resolve in the crystal 

structures) and the homodimer was constructer with HADDOCK docking software. (B) Ribbon 

diagram of GP with one subunit in teal and the other in fuchsia. The left model views the 

regulatory face of GP and on the right model is a side-view of GP. 
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Catalytic Mechanism 

 GP carries out a rapid equilibrium, random bi-bi kinetic mechanism (30). Inorganic 

phosphate and glycogen bind in the active site channel, and inorganic phosphate undergoes a 

general acidic attack promoted by the 5ô phosphate of PLP, forming a carbocation intermediate 

at the C1 position on the terminal glucosyl residue, cleaving the 1-4 glucosidic bond (31). The 

phosphate undergoes a nucleophilic attack on the carbocation, returning a proton to the PLP 

phosphate, completing the reaction. While glycogen degradation is GPôs physiologically relevant 

activity, the reverse reaction (glycogen synthesis) proceeds readily in the presence of high 

concentrations of glucose-1-P. GP is commonly assayed in the direction of glycogen synthesis 

in vitro (32).  

 PLP is an integral part of GPôs catalytic mechanism, but its role is unique from all other 

known PLP-containing enzymes. It is the phosphate group of PLP utilized in GP, and not the 

Schiff base that is used by all other known PLP-containing enzymes (33). Removal of the PLP 

in GP abolishes activity, but reduction of the Schiff base, which is attached to Lys680, has a 

minimal effect on activity (34). While PLP has an unconventional use in GP, it is found in every 

phosphorylase protein currently known, from yeast to humans.  

Regulation  

Phosphorylation of GP on Ser14 or binding AMP causes activation through significant 

tertiary structural changes at the subunit-subunit interface and quaternary changes that mediate 

the transition from the inactive T state to the active R state (Figure 1.3)(12). Although the bulk of 

GP (~60%) remains unchanged between the T and R states, the N-terminus undergoes 

significant rearrangement. Upon phosphorylation, the N-terminus rotates nearly 120°, switching 

from interacting with residues on the same subunit to making contacts across the subunit- 
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Figure 1.3 Regulation of GP. (A) AMP is an allosteric activator of GP. (B) Reversible 

phosphorylation regulates GPôs activity and is controlled by the action of PhK and protein 

phosphatase 1.  
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subunit interface. This transition is driven by both electrostatic and hydrophobic interactions. 

The N-terminus has several basic residues that interact with an acidic patch on the surface of 

GP, but after phosphorylation, the phosphoserine repels this acidic environment to make 

contact with Arg69 and Arg43 near the interface. The hydrophobic residues surrounding 

phospho-Ser14, Ile13 and Val15, fit into nonpolar pockets at the interface. The rearrangement 

of the N-terminus also alters the AMP binding site located at the subunit interface. In the T state, 

AMP binding is facilitated solely through interactions with the phosphate group of AMP. In the 

phosphorylated R state, additional contacts are made with the ribose and adenine rings of AMP, 

accounting for the 100-fold increase in AMP affinity upon phosphorylation (19). 

 These changes near the subunit interface of GP cause a slight rotation of the two 

subunits (19). Accompanying these quaternary changes is movement of the tower helices on 

the catalytic face. The two tower helices, one from each subunit, cross one another at the 

interface, and in the T state their movement pulls the 280s loop from its location in the R state, 

exposing the active site to the solvent. GP is one of the first enzymes to have the signal 

transduction from effector binding to activation so thoroughly understood at the structural level. 

 Despite promoting similar conformational changes, AMP and phosphorylation do not 

have identical effects on GP. The differences between activation by AMP-binding and 

phosphorylation is even more pronounced among the different tissue isoforms of GP. In the 

case of the muscle isoform of GP, phosphorylated GP is active without AMP, but AMP binding 

can stimulate activity an additional 10-20% (35, 36). Conversely, AMP only weakly activates the 

liver isoform of GP, making phosphorylation the primary method of regulating GP activity in liver 

(37, 38).  
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Phosphorylation of GP 

 Reversible phosphorylation is a key mechanism for regulating GP activity. Despite the 

fact that many targets of protein phosphorylation are often targeted by multiple protein kinases, 

muscle GP is only known to be phosphorylated by one kinase, PhK, in response to the cAMP 

signal cascade. Phosphorylation by only one kinase is somewhat surprising because Ser14 on 

GP is likely to be solvent exposed, easily accessible, and the basic sequence surrounding 

Ser14 resembles the target sequences for multiple kinases, including the cAMP-dependent 

protein kinase (PKA) and protein kinase C. These results may indicate that Ser14 on GP is 

either not as accessible as previously thought or there is structure features near Ser14 that 

sterically block interactions with other kinases. 

Phosphorylase Kinase 

PhK is a large, regulatory kinase in the glycogenolysis cascade. The muscle isoform of 

PhK isolated from the fast-twitch psoas muscle of New Zealand White rabbits has been studied 

for over 60 years. PhK also has an important role in regulating glycogen metabolism in tissues 

other than muscle, such as brain and liver, where different isoforms of PhK are expressed (7, 

39, 40). PhK is notable for several reasons: not only was it the first protein kinase to be isolated 

and characterized in 1955 by Edmond Fischer and Edwin Krebs, its immense size, structure, 

and complex regulation set it apart from all other known protein kinases (41). 

Structure 

The PhK holoenzyme has sixteen subunits, four copies of four distinct subunits: the 

catalytic subunit, g, and three regulatory subunits, a, b, and d (Table 1.1)(42). Altogether, the 

hexadecamer (abgd)4 has a mass of 1.3 MDa, making it nearly a third the size of the eukaryotic 

ribosome. Because of its immense size, PhK has eluded high resolution structural analysis, with 

the exception of the catalytic domain of g and the small d subunit. Decades of structural studies 
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utilizing cryo-electron microscopy (cryoEM), chemical crosslinking, and top-down mass 

spectrometry (MS), have revealed the likely arrangement of the subunits within the complex and 

how their interactions change upon activation (Figure 1.4)(43-46). The PhK hexadecamer is 

composed of two octamers stacked in D2 symmetry, creating a bilobal structure connected by 

four bridges (45). The regulatory b subunits form the central bridge-containing core of the 

protein (47). Around the b core are arrayed trimers of a, d, and g. The a, d, and g subunits form 

the distal portion of the lobes and can be expressed as soluble, stable trimers (48). Crosslinking 

and top-down MS studies suggest that every subunit within PhK makes physical contact with 

the remaining three types of subunits, creating a complex structural network within the 

holoenzyme (46). 

g Subunit 

 The catalytic site of PhK is located on the g subunit, which has a mass of 45 kDa and is 

separated into two domains: a catalytic domain and a regulatory domain (49). The N-terminal 

catalytic domain spans approximately 300 residues and has a typical protein kinase sequence 

and corresponding bilobal structure. The N-terminal lobe of the kinase is composed of 

predominately b sheets, connected to the larger C-terminal lobe which is composed mostly of a 

helices. The hinge between these two lobes creates the conserved ATP binding site and the site 

of catalysis (50). A truncated form of g containing only the catalytic domain has been 

successfully crystallized with and without a bound peptide substrate (51). The g structures have 

revealed important information regarding substrate binding to the PhK active site, including the 

importance of basic residues surrounding the phosphorylation site for interactions with residues 

on g (51).  

The C-terminal regulatory domain of g (gCRD) contains two high affinity calmodulin 

(CaM) binding sites (52), one of which directly interacts with the d subunit of PhK, which is CaM 
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Figure 1.4 PhK Structure. (A) Cryo-EM reconstruction of the non-activated PhK molecule with 

the approximate locations of the four subunits in two of the four protomers (used with 

permission from (46)). (B) Schematic drawing of the PhK hexadecamer to illustrate the D2 

symmetry of the complex. 
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(53). The gCRD has also been shown to be proximal to the other two regulatory subunits, a and 

b (54, 55). Crystal structures are not available for full-length g; however computational modeling 

using the threading program I-TASSER suggest the structure of the gCRD is similar to the 

regulatory domains of some other CaM-dependent protein kinases (CaMK), such as the death 

associated protein kinase (56).  

d Subunit 

 Although PhK is a member of the CaMK family (42), it is an atypical member because in 

the absence of Ca2+, d/CaM remains bound to the complex, unlike other CaM kinases that 

dissociate from CaM without Ca2+ present (57, 58). The integral nature of CaM in PhK may be 

due to an interaction between the third EF hand of d and the g subunit (53). In addition to 

anchoring d regardless of Ca2+ concentrations, the interaction with the EF hand likely explains 

why PhK only binds 3 out of the 4 expected Ca2+ ions for CaM (59). Dimers of g and d, which 

have been successfully isolated from the holoenzyme and expressed recombinantly, carry out 

Ca2+ dependent phosphorylation of substrates (60, 61). Isolated g also binds free CaM with high 

affinity (Kd = 25 nM) (62). 

a and b Subunits 

Over 80% of the mass of PhK is composed of the large, regulatory a and b subunits. 

Homologs of one another, a and b have masses of 138 kDa and 125 kDa, respectively (63). 

Based on sequence similarity, both subunits contain calcineurin B-like domains in their C-termini 

and glucoamylase-like domains resembling those of the glycosyl hydrolase family 15 (GH15) in 

their N-termini (64, 65). In the glucoamylase-like domain of the a subunit, the two catalytic 

glutamate residues necessary for GH15 hydrolysis activity are present (64). Additionally, a 

binds glycogen and a small amount of glycogen hydrolysis has been observed (66). Both 

subunits are the target of effectors and reversible phosphorylation. The phosphorylation sites 
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are located in unique regions of the homologous subunits. Phosphorylation of the unique N-

terminus of b is a key regulatory event in PhK activation, and is targeted by autophosphorylation 

and PKA phosphorylation (63). The a subunit contains a short multiphosphorylation sequence in 

its C-terminus (67).  

Catalytic Mechanism 

 PhK catalyzes the transfer of the g phosphoryl group of ATP to a hydroxyl group on a 

target protein (Figure 1.5). Thus far, all known protein kinases proceed via a sequential 

mechanism, with the phosphate group being transferred directly from ATP to the substrate, as 

opposed to forming a phospho-enzyme intermediate (68). Whether the substrate binding is 

ordered or random appears to be dependent on the individual kinase. In the case of PKA, 

binding is random, but with a bias towards ATP binding before the protein substrate (50). For 

PhK, a random mechanism has been reported, suggesting that ATP and GP may bind in either 

order (69). Kinetic mechanisms appear to differ from one kinase to another, ruling out the 

possibility for a universal mechanism to describe all kinases. Additionally, several aspects of the 

kinase reaction have still not been resolved, including the reaction intermediate (associative vs 

dissociative) and the role of several universally conserved residues in the kinase active site (50, 

68). Given several conserved charged residues in the active site, some postulated that kinases 

utilize general acid-base catalysis to abstract a proton from the target hydroxyl group; however, 

most of the evidence from mutational studies, computational modeling, and kinetics do not 

support this hypothesis (50). The role of the conserved active site residues may instead be to 

orient the substrates and stabilization of the reaction intermediates. The catalytic Asp149 in PhK 

is absolutely conserved, and from crystal structures, interacts with the essential Mg2+ that 

coordinates the b and g phosphates of ATP, likely orienting them for phopsho-transfer (70).  
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 Kinetic studies on PhK have been relatively sparse and generally disagree with one 

another. There are several reasons for this (see below), but one consequence is a considerable 

range of reported kinetic constants. Previous reports support a rapid equilibrium, random bi-bi 

mechanism for PhK (69, 71). A more recent report by Skamnaki et al. (70) argues against a 

rapid equilibrium, but the reported Michaelis constant for GP is still similar to those reported 

previously (5 ɛM compared to 20 ɛM) (Table 1.2). With full length GP as substrate, the reported 

Km values for phospho-activated PhK range from 5.5 ɛM to 125 ɛM (72, 73).  

 Two reasons for the discrepancies in reported kinetic values are 1) PhKôs non-linear 

activity and 2) differences in assay conditions between studies. Non-activated PhK has a lag in 

activity (enzymatic hysteresis) (74), precluding analysis using Michaelis-Menten kinetics, which 

requires linear initial activity. Thus, most kinetic studies with PhK have been performed on the 

activated complex, which has no hysteretic behavior. The lag was initially thought to be due to 

auto-activation of PhK by phosphorylation or complex dissociation, but later results suggest that 

the hysteresis is likely due to a slow conformational change caused by binding divalent cations 

(75). Whether activation of PhK changes its Vmax or Km values is not known because of the 

hysteretic behavior of non-activated PhK. Krebs and Fischer postulated in 1964 (74) that a 

change in Km for GP gives rise to PhK activation, but this has been challenged several times. A 

Km effect is also inconsistent with the supersaturating amounts of GP present in muscle cells, 

making Km changes practically irrelevant in vivo (76, 77). A later publication by Newsholme (73), 

suggest a Vmax effect associated with PhK activation. 

 Experiments performed with PhK, kinetic experiments in particular, vary considerably in 

their design and composition from one report to another. Some experiments utilize the 

hexademcameric PhK complex, others truncated g, with either full length GP or peptide 

substrates. PhKôs activity is sensitive to multiple factors that often vary between studies 

including the buffer, 
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Table 1.2 Km and Kd Values Reported for PhK

Reference Km (GP) 
Reported a 

Rapid 
Equilibrium? 

Kd Methodology 

Tabatabai and 
Graves (69) 

20 mM Yes 36 mM 
Initial Velocity 

Kinetics 

Skamnaki et al 
(70) 

ND No 5 mM 
Viscosity 

Experiments 

Xu (110) ND ND 2-40 nM ELISA 
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pH, Mg2+ concentration, salt concentration and temperature (78-81). These differences likely 

contribute to some of the differences among reports.  

 Substrates 

 PhK catalyzes a bimolecular reaction between MgATP and a protein substrate and the 

products of this reaction are MgADP and a phosphorylated protein. MgATP has a Km value of 

0.20mM at pH 7.5 for activated PhK (69). In the case of PKA, ADP release is slow and the rate-

limiting step (82), however it is not clear if the rate limiting step for PhK is also ADP/product 

release.  

GP is considered to be PhKôs primary target in vivo, however, in vitro PhK 

phosphorylates several other protein targets. Glycogen synthase is phosphorylated by PhK 

nearly as well as GP, but because synthase is the target of multiple protein kinases, the 

biologically significant PhK phosphorylation is unknown (83). Other PhK substrates include the 

regulatory a and b subunits of PhK (via autophosphorylation), myosin light chain, troponin, tau, 

neurogranin, and water (ATPase activity) (84-88). These additional substrates of PhK are 

phosphorylated at a much slower rate than GP or glycogen synthase and paradoxically, ATP-

analog affinity labels cause variable rates of inactivation depending on which protein substrate 

is being used (89). Additionally, peptide substrates stimulate auto-phosphorylation of PhK, even 

at high peptide concentrations, when one would expect to see competitive inhibition (90). These 

results, along with other seemingly paradoxical findings, led to an early hypothesis that PhK had 

two distinct active sites (reviewed in (91)). Today, we know there is only the one kinase active 

site on the g subunit, but the explanation for the dissimilar behavior towards two distinct groups 

of protein substrates remains unresolved given that each protomer in a tetrahedral complex will 

be identical. 
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 The importance of the amino acid sequence surrounding Ser14 on GP for PhK 

phosphorylation has been studied in great detail, usually with synthetic peptides. One key 

characteristic of the N-terminus of GP is the four basic residues surrounding Ser14, making PhK 

a basophilic kinase. Peptide studies have revealed a critical role for Arg16, in that charge 

removal or reversal of Arg16 cause a large reduction in PhK phosphorylation of the peptide (72). 

Peptides with an Ala substitution for Arg16 are equally good substrates for PKA and PhK (92). 

Furthermore, although full length wild-type GP is not a substrate for PKA, an R16A GP mutant 

can be slowly phosphorylated by PKA (93). This suggests that Arg16 plays an important role in 

selecting for phosphorylation by PhK, but not PKA. Mutation of any of the residues proximal to 

Ser14 typically produced a peptide that was a poorer substrate than the wild-type peptide (72). 

The corresponding point mutations of full length GP were also poorer substrates than wild-type, 

but the difference was less pronounced than observed with the peptide mutants (93).  

 Peptide studies based on known protein substrates are valuable but inherently biased by 

the existing sequences of known substrates. To study the unbiased, optimal target sequences 

for kinases, the Cantley group designed an oriented peptide library screening approach (94). 

The optimized sequence for PhK from the peptide library had Phe and Met residues flanking the 

phopshoryaltable serine and did not resemble the phosphorylation site on GP. Although this 

unusual sequence may be optimized for PhK phosphorylation, it lacks the context of the intact 

GP molecule, which may assist with substrate binding and phosphorylation. What the optimized 

peptide does reveal is the necessary flexibility near the active site of g to accommodate 

significantly different sequences, which is further supported by the observation that PhK can 

phosphorylate the CaM binding peptide mellitin (95). When the sequence of mellitin is compared 

to the GP sequence, it is only when mellitin is viewed from the C- to N-terminus that the 

sequences align, raising the possibility that g may be able to bind a substrate sequence in the 

reverse orientation.  
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Regulation 

 PhK is subject to a high degree of regulation, from small molecule effectors to reversible 

phosphorylation (reviewed in (96)). Given PhKôs large size, one might question why a single-

function enzyme like PhK requires and has evolved such a complex structure. One possibility is 

that PhK acts as a signaling hub for regulating glycogen degradation, evolving multiple 

regulatory sites to respond to diverse cell signaling pathways (hormonal, neuronal, and 

metabolic) (Figure 1.6). Alternatively, PhK may have additional functions or protein targets that 

are currently unknown, potentially in tissues other than muscle.  

 A truncated form of g that contains only the catalytic domain, either expressed 

recombinantly or proteolytically derived from muscle PhK, is constitutively active and Ca2+/CaM-

independent (97, 98). Unlike other kinases that require phosphorylation of the activation loop 

near the active site for activation, Glu182 on the activation loop of PhK appears to obviate the 

need for phosphorylation (51). In contrast, the homologous residue on PKA, Thr197, requires 

phosphorylation in order to become active (51). Furthermore, truncated g has the same specific 

activity as maximally activated PhK, arguing for auto-inhibition of g in the non-activated 

hexadecameric complex. The role of the regulatory subunits and domains of PhK, which 

account for 90% of the enzymeôs mass, inhibit the activity of g in the holoenzyme through 

quaternary constraints (99, 100). A common mechanism in kinases is for an auto-inhibitory 

sequence to block enzyme activity and PhK contains several potential auto-inhibitory segments: 

two sequences in the gCRD and one in the b subunit that inhibit g as peptides (52, 101). All 

three regulatory subunits are 
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Figure 1.6 PhK Regulation. Muscle PhK is regulated by several different signaling pathways, 

including neuronal, hormonal, and metabolic signals.  
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proximal to the gCRD, which reportedly acts as an allosteric switch mediating signals from the 

regulatory subunits to the nearby active site (55). 

 Ca2+ is absolutely required for PhK activity and Ca2+ binding is mediated by the d subunit 

of PhK (42). Ca2+ has also been shown to cause global conformational changes to the PhK 

complex (44). In addition to Ca2+, other divalent cations also regulate PhKôs activity. Mg2+ and 

Mn2+ bind at the active site of g and at a second binding site. Free Mg2+ binding to the second 

site on PhK stimulates activity, whereas Mn2+ inhibits PhK (102). While Ca2+ binding is clearly 

mediated by d, Mg2+ and Mn2+ likely exert their opposing effects through binding the g subunit 

(102). Mg2+ is also known to cause considerable physiochemical changes to the PhK 

holoenzyme (80). 

 The PhK a and b subunits are the targets of phosphorylation by PKA and by PhK itself. 

Phosphorylation of the b subunits is key for activation, with the selective dephosphorylation of b 

by protein phosphatase 1 leading to inactivation of the enzyme, regardless of the amount of 

phosphate incorporated into the a subunit (103, 104). Phosphorylation of b by PKA happens 

rapidly, incorporating 1 mol phosphate per mol of b while phosphorylation of a rises gradually, 

eventually incorporating multiple phosphates per mol of a (104). The phosphorylation of a 

causes an additional increase in PhK activity (104). Autophosphorylation also leads to 

phosphorylation of b and a, but whether the phosphorylation sites are the same as those with 

PKA phosphorylation or autophosphorylation occurs in vivo is unclear.  

 In addition to phosphorylation, PhK is activated at pH values above 7.0, reaching a 

maximum at pH 8.2 (74). The ratio of PhKôs GP phosphorylation activity at pH 6.8 (non-

activated) and pH 8.2 (fully-activated) has been the standard method for reporting PhK 

activation for over half a century.  



23 

 

Several additional effectors have been reported to regulate PhKôs activity in vitro. ADP is 

an allosteric activator of PhK and has two distinct binding sites on the complex: a high and low 

affinity site (Kd = 2 ɛM and 17 ɛM) (79). The allosteric activation site of ADP binding is very 

likely on the b subunits, but the location of the second ADP binding site is less certain (79). In 

addition to ADP, AMP, FAD, and glycogen bind and activate PhK in vitro (105-107). 

 Lastly, PhK is activated in vitro by limited proteolysis by multiple proteases. The a 

subunits of PhK are particularly susceptible to digestion, likely due to their exposed location 

near the lobe tips of PhK (108). More recently, PhK has been shown to be the target of caspase 

3 cleavage (109). The relevance of proteolytic cleavage of PhK in vivo is not known. 

 Activation of PhK by Ca2+ binding, phosphorylation, and/or alkaline pH is associated with 

several conformational changes to the complex. Many of the structural changes appear to be 

accompanied by changes in the b subunits. The bridges, composed of the b subunits, appear to 

shift upon activation accompanying global changes in the lobes (44). Contacts among the b 

subunits appear to strengthen in the activated complex while interactions between the other 

three subunits appear to weaken (46). Activation of PhK and the corresponding conformational 

changes is clearly a complex process and one that will require further investigation. 

Interaction Between GP and PhK 

Although there is still much we do not know about PhK and GP independently, we know 

even less about their interactions with each another. For example, we still do not know how 

tightly GP binds to PhK, how many GP molecules can bind to a single PhK holoenzyme, or 

whether GP binds to any regulatory regions of PhK.  

Studies on the interactions between PhK and GP are few in number. The sizes of PhK, 

GP, and the complex they form when bound together (>1.5 MDa) are not amenable to many 

traditional binding techniques. Previous attempts to use fluorescence anisotropy, capillary 



24 

 

electrophoresis, light scattering, and Hummel-Dreyer chromatography to determine a 

dissociation constant for the PhK-GP complex were not successful (110). One approach utilizing 

a modified ELISA was successful in determining the apparent dissociation constant for the PhK-

GP complex and produced unexpected results (111). GP was detected to tightly bind PhK with 

nanomolar affinity (39.6 nM) that was enhanced 30-fold by Ca2+, Mg2+, and Mn2+ (2.9-5.2 nM). 

Importantly, these results from direct ELISAs agreed with the dissociation constants from 

competition ELISAs, which monitored the PhK-GP interaction in solution.  

This tight nanomolar affinity was unexpected considering published kinetic studies. 

Although it is usually an over-simplification to equate a Michaelis constant with a Kd, if an 

enzyme undergoes a rapid equilibrium bi-bi kinetic mechanism, the Km can equal Kd. From an 

early kinetic study of PhK that reported a rapid-equilibrium for PhK, the apparent Kd for GP was 

36 ɛM (69). A later kinetic study by Skamnaki et al. (70), defined individual rate constants for the 

PhK reaction using viscosity experiments and although the authors found that PhK did not 

undergo a rapid-equilibrium with substrates, the Kd calculated directly from their rate constants 

was 5uM. The apparent Kd values based on these kinetic studies (5 and 36 ɛM) are 1000-fold 

higher than the Kd values from the ELISAs (Table 1.2)(69, 70). The reason for the 1000-fold 

discrepancy between the binding affinity from the ELISA study and the kinetic studies is not 

known. Application of new methods to measure PhK and GP binding will hopefully resolve this 

discrepancy in the future.  

Details on the physical binding sites on PhK and GP for each other have not been well 

defined. The interactions between an enzyme and its protein substrate can be subdivided into 

two kinds of interactions. The first is the physical contacts made at the active site between the 

atoms or bonds to be modified and the surrounding residues that help position or stabilize the 

reaction. The other type of interactions are all those physically separated from the active site. 

These distal interactions can serve important functions in substrate recognition and binding 
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(112). Distal interactions are generally specific to a given kinase-substrate pair and are less well 

studied than active site interactions. For most kinases, including PhK, consensus sequences 

that encompass the active site interactions have been identified after years of work with peptide 

substrates but little is known about distal contact sites and their significance. 

The ELISA studies discussed above also revealed important information about potential 

distal contact sites between PhK and GP. GPô, which lacks the N-terminal 16-18 residues, binds 

to PhK with nanomolar affinity, but does not bind to isolated g (113). These results suggest PhK 

has distal contact sites for GP (apart from the obligatory interaction between the N-terminus of 

GP and g) and that these sites may be responsible for the nanomolar affinity binding detected in 

the ELISA experiments. It is not known where the GP docking site(s) reside on PhK, but yeast 

two-hybrid experiments have suggested that the a subunit of PhK may bind to GP and isolated 

d/CaM has been shown to bind an N-terminal fragment of GP (114, 115). A previous report 

utilizing fluorescence polarization postulated that two molecules of the GP dimer may bind to 

PhK, however, given the short half-life of the fluorescence label utilized, it is unclear whether 

these results are accurate (116). Low resolution cryoEM experiments have been performed on 

PhK + GP, but sample heterogeneity, uncertainty in the percent GP bound, and unintended 

proteolysis of the PhK molecule complicate the interpretation of these results (117). Even so, 

with GP bound, the density of the lobes appear to increase, suggesting that GP is binding to the 

distal portions of the lobes which are composed of a, g, and d as opposed to the central bridge 

region of PhK that is composed of the b subunits.  

In muscle cells, both GP and PhK are likely associated with the glycogen particle (118). 

Andreeva et al. (119) proposed that glycogen, PhK, and GP form a ternary complex, in which 

both enzymes are bound to each other and glycogen, PhK through its a subunits and GP 
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through its storage sites. The authors suggest that binding to glycogen may promote the 

interaction between PhK and GP.  

 Despite the clear challenges facing researchers studying PhK and GP together, their 

interaction is absolutely essential to the cellular degradation of glycogen and warrants continued 

effort to understand their complex interaction. 

Research Aims 

In the six decades since its discovery in 1955, a great deal has been discovered 

regarding the structure, regulation, and activity of PhK. Nevertheless, PhK remains an important 

target of investigation, especially given the emerging roles for glycogen metabolism in diseases 

like cancer and diabetes (3, 4, 16). Furthermore, as techniques in structural biology continue to 

improve and expand, working with difficult, complex structures like PhK becomes more feasible. 

Several key questions still remain regarding multiple aspects of PhKôs activity. The work 

presented herein seeks to address three of these outstanding questions and is outlined below. 

1) How is phosphorylation of PhK associated with activation of g and conformational 

changes in the b subunits? 

2) What regulatory subunits of PhK are involved in GP binding? 

3) How are PhKôs activity, conformation, and interaction with GP altered when investigated 

under more physiological conditions? 

In addressing these questions, valuable insight into the activity of PhK and its essential 

interaction with its substrate GP will be gained.  
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Chapter II: A model for activation of the hexadecameric phosphorylase 
kinase complex deduced form zero-length oxidative crosslinking 

This chapter has previously been published in whole without any adaptations since publication and is 
reprinted with permission. Thompson, J. A., Nadeau, O. W., Carlson, G. M. (2015) A model for activation 
of the hexadecameric phosphorylase kinase complex deduced from zero-length oxidative crosslinking. 

Protein Sci. 24, 1956-63. 

Introduction 

Phosphorylase kinase (PhK) is a key regulatory enzyme in the glycogenolysis cascade, 

catalyzing the Ca2+-dependent phosphorylation and activation of glycogen phosphorylase in 

response to neural, hormonal, and metabolic signals (96). PhK, a member of the Ca2+/CaM-

dependent protein kinase family, is a 1.3 MDa hexadecamer composed of 4 copies of 4 

subunits, a, b, g and d. In non-activated PhK the regulatory a, b and d subunits exert quaternary 

constraint on the catalytic g subunit, inhibiting its kinase activity (59, 100). Release of this 

constraint, i.e., activation, is achieved through phosphorylation by cAMP-dependent protein 

kinase, principally within the N-terminus of the b subunit (104). 

Because of its large size and heterogeneous post-translational modifications, a high 

resolution structure is not available for PhK. Low to moderate resolution methods for structure 

determination, such as electron microscopy, small-angle X-ray scattering, native MS, chemical 

crosslinking and partial proteolysis, have illuminated approximate subunit locations and 

interactions in the PhK complex (45-47). The large, regulatory b subunits have been localized to 

the core of the complex, forming four central bridges that connect two octameric lobes [i.e., 

2(abgd)2] (47).  

One goal of our work has been to elucidate the structural mechanism for activation of the 

PhK complex by phosphorylation. Proximal regions of the b and g subunits have been shown to 

be structurally and functionally coupled, in that activators of PhK, including phosphorylation, 

increase solvent accessibility of epitopes on both subunits (120). Moreover, phosphorylation 

promotes global conformational changes in PhK that alter interactions among the b subunits 
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within its b4 core and between its b and g subunits (46, 122). A large body of evidence points to 

the N-terminus of b as an important regulatory region in the structural and functional coupling of 

b and g. This region of b contains two phosphorylatable serines, 11 and 26, whose 

phosphorylation is associated with activation of the kinase (55, 63, 104, 123). Two approaches 

have shown that within the PhK complex the N-terminus of b is proximal to both the C-terminal 

regulatory domain of g (gCRD) and to its active site. First, Lys303 within the gCRD is crosslinked 

to Arg18 at the N-terminus of b by N-[g-maleimidobutyrloxy]succinimide ester (GMBS) (55). 

Second, autophosphorylation at the N-terminus of b occurs intramolecularly (124), indicating 

that this region of b can bind directly to the active site of g. The interaction of the N-terminus of b 

with the g subunit has also been studied using a synthetic peptide corresponding to the N-

terminal 22 residues of b (referred to herein as the Nb peptide), which contains the 

phosphorylatable Ser11. Nb peptide inhibited phospho-activated PhK; and when present during 

crosslinking with GMBS, Nb not only blocked crosslinking of b to g, but was itself crosslinked to 

the same Lys in the gCRD as was the b subunit (55). These results indicate that the Nb peptide 

is a true mimetic of the N-terminus of b, competing for the same binding site(s) within the PhK 

complex. Phosphorylation of Ser11 on Nb blocked the peptideôs ability to inhibit phospho-

activated PhK (55).  

Given that previous work suggested that the N-terminal region of b influenced both b-b 

and b-g interactions in the PhK complex, our goal in this current study was to directly examine 

the effect on b self-association of disruption of the b-g interaction by the Nb peptide. This 

approach required a highly selective crosslinker capable of forming b-b dimers in reasonable 

amounts within the intact PhK hexadecamer. Oxidative crosslinking, an emerging tool for 

studying protein-protein interactions (125), was the technique that was used to capture the b-b 

dimers. Oxidation of susceptible side chains can lead to reactive centers that are readily 
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attacked by nearby nucleophiles, creating zero-length crosslinks within a protein (126). The 

general oxidizing agent periodate was selected for this study because it was found to be highly 

selective and efficient in crosslinking PhK.  

Results 

Characterization of the Products of Periodate Crosslinking 

Periodate oxidation of PhK led to formation of three new species: a high molecular mass 

(~180 kDa) crosslinked conjugate running slower than the heaviest subunit of PhK, and two low 

molecular mass species migrating slightly slower than the g subunit (Figure 2.1). The 

crosslinked heavy conjugate was determined to be intramolecular, as opposed to intermolecular 

(i.e., formed within one PhK hexadecamer as opposed to between two), based on co-elution of 

the crosslinked PhK with the native enzyme on a size exclusion column (data not shown). 

Because common buffer components are potentially susceptible to oxidation, we performed 

control reactions with alternative buffers and without sucrose and found that periodate still 

formed the same reaction products to the same extent, indicating that the modification of PhK 

was directly caused by periodate as opposed to a byproduct of periodate-oxidized buffer 

components.  

The compositions of the three new species were determined using densitometry, 

apparent molecular masses, Western blot analyses, and N-terminal sequencing. The time-

course of crosslinking shows a time-dependent loss of the monomeric b and g subunits, while 

the heavy crosslinked species appears at a rate similar to the loss of b before approaching a 

plateau at 15 min (Figure 2.1). The a and d subunits, on the other hand, show no change in 

density over time, and 



30 

 

Figure 2.1 Time-dependent modification of PhK by periodate.  (A) Coomassie stained 6-18% 
SDS-PAGE, time course of crosslinking.  (B) Percent change in the densities over time of the 

crosslinked b-b (ǒ) and monomeric b (ƺ) bands.  Error bars represent standard deviation of 
triplicate samples. 
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thus manifest no evidence of participation in the periodate crosslinking. The apparent molecular 

mass of the heavy conjugate (180 kDa) is consistent with a b-dimer (theoretical 220 kDa) or a 

bgg-trimer (theoretical 190 kDa). It should be noted, however, that crosslinked proteins may 

display a smaller apparent mass than the simple sum of their individual components due either 

to crosslinking in central regions of the polypeptides or to additional intra-polypeptide chain 

crosslinking, both leading to smaller effective Stokes radii and thus faster migration. Western 

blots of the periodate-modified enzyme, using subunit-specific monoclonal antibodies for a, b, 

and g (Figure 2.2), revealed the heavy conjugate to be composed of only b, consistent with a b-

dimer. The three new species were N-terminally sequenced, and g was detected with high 

confidence in the two lighter bands only. The b subunit is acetylated at its N-terminus (63) and 

thus was not detected. To further confirm that the heavy conjugate is a b-dimer, b was 

phosphorylated to a known extent by PKA and the resultant PhK crosslinked with periodate. If it 

is a b-dimer, the specific radioactivity of the crosslinked product should be equivalent to the 

specific radioactivity of the monomeric b. If instead the heavy conjugate is composed of b and g, 

its specific radioactivity would be expected to be lower than monomeric b. The specific 

radioactivities of the heavy conjugate and the b monomer corresponded, indicating that the 

heavy conjugate is composed entirely of b (data not shown). We therefore concluded that the 

heavy molecular mass species is a b-dimer. 

The cause of the plateau in b-b crosslinking after approximately 15 min is unknown. 

Although virtually all of the native g is modified, over 50% of the monomeric b remains (Figure 

2.1). Importantly, addition of more periodate after crosslinking reached its plateau did not cause 

more b-dimer to form, indicating that the plateau is not due to exhaustion of the periodate but 

instead to an inability of the remaining b to be crosslinked. This could be explained by the 

presence of a subpopulation of b that is exclusively targeted by periodate, or alternatively 
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oxidation of b over time leading to modification of the same amino acid residues that would have 

otherwise participated in crosslinking. We think that this second possibility is highly possible, 

given that at least 8 different amino acids can be oxidized by periodate (see Discussion). 

Oxidation of any of these residues would be occurring simultaneously with, and could compete 

with, a crosslinking reaction by forming an oxidized dead-end side chain incapable of 

crosslinking. 

The two low molecular mass species formed by periodate oxidation appear to be 

composed entirely of g (Figure 2.2). The apparent molecular masses of these two species are 

43 and 45 kDa, or two and 4 kDa heavier than native g, respectively. Although the increase in 

apparent mass is consistent with conjugation with a small peptide, we found no evidence for 

this. The oxidative modification of g likely causes the anomalous gel migration, as has been 

seen with oxidation of superoxide dismutase and is analogous to the altered migration 

frequently observed with other proteins after their phosphorylation (127, 128). 

PhK Effectors and b Crosslinking 

Several small molecules, such as divalent cations and nucleotides, bind to PhK and 

modulate its activity by bringing about conformational changes in the enzyme complex. 

Nucleoside diphosphates, in particular, are hypothesized to target the b subunit and promote 

conformational changes within the b-core of the enzyme (79). We therefore crosslinked PhK 

with periodate in the presence of four known effectors: Mg2+, Ca2+, deoxyADP and deoxyGDP. 

Deoxyribonucleotides were used instead of ribonucleotides to avoid oxidative cleavage of the 

ribose ring by periodate. Removal of the 3ô hydroxyl group from ADP does not significantly 

change its activating effect on PhK (79). Surprisingly, we found that b-dimer formation was 

unchanged in the presence of these four known PhK effectors. There are several potential 

reasons for this, including the possibility that 
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Figure 2.2 Immunodetection of the a, b, and g subunits in the products of periodate 
crosslinking of PhK for 10 min. 1, Native PhK; 2, Crosslinked PhK. 
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the crosslinked region of the two b subunits does not change in the presence of these specific 

effectors, despite other conformational changes taking place elsewhere in the b subunits, as 

indicated by past studies (44, 120). Another possibility is that the effector binding sites on the 

enzyme are being oxidized, altering or eliminating binding before an effect on crosslinking is 

seen.  

Nb Peptides and b Crosslinking 

The b subunits are the structural and regulatory core of the PhK enzyme complex (47), 

and their N-termini have been shown to crosslink to the catalytic g subunit, although the 

crosslinker used was relatively long (55). The synthetic Nb peptide inhibited that b-g crosslinking 

and was, in fact, crosslinked to g itself, i.e., even within the PhK complex it mimics and 

competes with the N-termini of the b subunits to which it corresponds (55). Importantly, Nb 

inhibits the kinase activity of phospho-activated PhK, but not that of non-activated PhK, while 

phospho-Nb inhibits neither form of the kinase (55). The sum of these results suggests that 

phosphorylation of the N-terminal region of b diminishes its interaction with g. Given that 

phosphorylation of the N-terminus of b also promotes b self-association (46, 122), we 

hypothesized that the Nb peptide, by mimicking and competing with the N-termini of the b 

subunits, would disrupt b-g interactions in the non-activated (non-phosphorylated) holoenzyme 

complex, thus inducing an increase in b-dimer formation by periodate. As predicted, periodate 

crosslinking of PhK in the presence of the Nb peptide caused an increase in b-dimer formation 

(Figure 2.3). Also as expected, phosphorylated Nb peptide was considerably less effective in 

promoting b-dimer formation (Figure 2.3), which is consistent with our hypothesis that 

phosphorylation of the peptide inhibits its ability to compete with the native N-terminus of b in 

interacting with the g subunit.  
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Figure 2.3 Nb peptide and periodate crosslinking of the b subuntis of PhK.  (A) SDS-PAGE 

of PhK treated with 500 mM periodate for 2.5 min in the presence of the Nb peptide or 

phosphorylated Nb peptide (1 mol abɔd: 100 mol peptide).  (B) Density of the b and b-b 

bands for the different conditions.  The b densities are normalized to the monomeric b in 

native PhK and the b-b densities are normalized to the b-b in control crosslinked PhK (Xlink).  
Error bars represent standard deviation of quadruplicate samples. 
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Discussion 

Herein we report the selective crosslinking of the large regulatory b subunits of PhK by 

the general oxidizing agent periodate. Although this oxidant is frequently used to cleave the 

carbon-carbon bond between vicinal hydroxyl groups in saccharides, we have successfully used 

low concentrations of periodate (Ó10 ÕM) to oxidize susceptible amino acid side chains and thus 

introduce a zero-length crosslink into the hexadecameric structure of non-activated PhK, 

allowing the study of b subunit interactions. Although it would be useful to know the exact amino 

acids in b that are crosslinked, which we have achieved with other PhK crosslinkers (55, 129), 

that would not be trivial with periodate, given that it likely modifies numerous residues not 

involved in crosslinking. Periodate has been reported to oxidize the side chains of Tyr, Met, Trp, 

Cys, Asp, Asn, Arg and His (130, 131), but the only crosslink that has been characterized is a 

3,3ô-dityrosine that it formed in ovotransferrin (132, 133). A variety of crosslinking reagents has 

been successfully used to study subunit interactions in PhK, but only two of these have been 

zero-length, forming a-a, a-b and g-d dimers (53, 134, 135). Zero-length crosslinkers are 

desirable because they demonstrate that two subunits directly interact, as opposed to being 

only proximal. The only crosslinker previously shown to be selective for PhKôs b subunits was 

1,5-difluoro-2,4-dinitrobenzene (DFDNB), which has a 3-5 Å spacer arm and also forms b-b 

dimers, but only in small amounts and only with activated  conformers of PhK (79, 122). 

Because the four b subunits form the four central bridges that interconnect PhKôs 2 lobes (45, 

47), the b-dimers formed by periodate or DFDNB could be either intralobal or interlobal, as the 

subunits could potentially interact with each other within or across each lobe. Although we do 

not know the specific regions of b that DFDNB and periodate crosslink to form b-dimers, it is 

likely that they target distinct areas of the subunit given their different responses to effectors of 

PhK on their crosslinking (122).  
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 The quaternary structure of non-activated PhK inhibits the activity of its catalytic g 

subunit (i.e., quaternary constraint) (100, 136, 137), and subunit interactions within the complex 

are altered concomitant with enzyme activation (i.e., relief of quaternary constraint) (46, 54, 55, 

122). Overall, subunit interactions within the PhK complex are destabilized by phosphorylation, 

except for those of its b subunits, whose self-association is strengthened (46), and it is the 

phosphorylation of b that is the key activator of PhK (104, 137). Within the hexadecameric PhK 

complex, regions of the b and g subunits have been shown to be not only proximal (55), but to 

be structurally coupled to each other and with enzyme activation (120). Moreover, in native MS, 

b-b dimers are observed only in phospho-activated PhK, whereas b-g dimers are present in only 

non-activated PhK (46). Thus, findings using multiple techniques link the phosphorylation of the 

N-terminus of b with activation of g and increased self-association of b. The initiator of these 

linked events is the phosphorylation of the N-terminus of b, and this region has, in fact, been 

shown to control b dimerization. In yeast two-hybrid experiments designed to detect self-

association of b to form homo-dimers, no self-association was observed with full-length b; 

however, removal of the first 31 residues from its N-terminus or phospho-mimetic SerŸGlu 

mutations in the N-terminus of full length b both led to homo-dimerization (55). So, how might 

phosphorylation of this region of b relate to activation of g? In addition to its being zero-length, 

another major utility of periodateôs crosslinking of PhK is that it targets a region of b that is 

sensitive to the interactions of its N-terminus (Figure 2.3), the site at which activating 

phosphorylation occurs. The sum of the above facts allows construction of a theoretical low 

resolution structural model for the activation of PhK by phosphorylation.  

In this model (Figure 2.4), we envision for the non-activated enzyme a direct interaction 

between the g subunit and the N-terminus of b. This b-g interaction can be thought of as an 

equilibrium between the non-activated state of PhK (intact b-g interaction and weak b subunit 

association) and an activated state (no, or limited, interaction between g and the N-terminus of b 
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and enhanced b subunit self-association). In the non-phosphorylated enzyme, the b-g interaction 

would stabilize the non-activated state of g (Figure 2.4A). The above scenario is consistent with 

the findings that both the N-terminus of b and the Nb peptide crosslink to the C-terminal 

regulatory region of g, albeit with a 7.3-10 Å crosslinker (55). Previously, from results with 

peptide mimetics, the N-terminus of b has been hypothesized to inhibit non-activated PhK 

through either a direct or indirect interaction with g (55, 138). In our model, successful 

competition of the Nb peptide for the binding site on g for the N-terminus of the b subunit would 

free that N-terminus and thus strengthen b self-association (Figures 2.3 and 2.4B); however, the 

g subunit would remain in the non-activated state because it would still have the Nb peptide 

bound to it (Figure 2.4B). Consistent with this last point, the Nb peptide has no effect on the 

activity of non-phosphorylated PhK (55). Phosphorylation of the Nb peptide is predicted to 

impair its binding to g, thus it would compete poorly with the N-terminus of the g subunit, leaving 

g in the non-activated state and not strongly promoting b self-association (Figures 2.3 and 2.4C). 

Finally, we propose that phosphorylation of the N-terminus of b at Ser11 or Ser26 disrupts the 

b-g interaction, again leading to activation of g and enhanced b self-association (Figure 2.4D). 

Our model predicts that the Nb peptide could readily bind to the g subunit in this state and bring 

about inhibition, which is the case (55). It should be noted that in this model enhanced b self-

association is a consequence of activation, not its cause. It is attenuation of the interaction 

between the catalytic g subunit and the N-terminus of b that gives 
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Figure 2.4 Model for Activation of PhK.  We propose a model for activation of PhK mediated 

by the phosphorylatable N-terminus of the large, regulatory b subunits.  In the non-activated 

enzyme complex (A), the unphosphorylated N-terminus of b interacts with the ɔ subunit, 

inhibiting kinase activity.  In the presence of a competing peptide (Nb), or phosphorylation, 

the N-terminus of b loses strong contact with ɔ and promotes self-association of the b 

subunits (B and D).  The phosphorylated Nb peptide does not compete as well for the 
interaction with ɔ (C). 




















































































































