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Abstract 

Ca2+/Calmodulin-dependent protein kinase kinase β (CaMKKβ) is a serine/threonine 

directed kinase which is activated following increases in intracellular Ca2+. CaMKKβ activates 

Ca2+/Calmodulin-dependent protein kinase I (CaMKI), Ca2+/Calmodulin-dependent protein 

kinase IV (CaMKIV), and the AMP-dependent protein kinase (AMPK) in a number of 

physiological pathways including learning and memory formation, neuronal differentiation, and 

regulation of energy balance. The purpose of the work presented in this dissertation is to better 

understand the regulation of CaMKKβ activity and specificity in CaMKKβ-dependent signaling 

cascades. First, the CaMKKβ-AMPK signaling complex is examined using biochemical assays. 

In both brain and cell lysates CaMKKβ and AMPK form a stable complex which can be 

examined by co-immunoprecipitation. This complex lacks the AMPKγ subunit and is not 

allosterically activated by adenosine 5’-monophohphate (AMP) binding. Using a series of 

CaMKKβ and AMPK mutants it was determined that the kinase domains of CaMKKβ and 

AMPK are necessary for their interaction and CaMKKβ must be active and bound to adenosine 

5’-triphosphate (ATP) to form a complex with AMPK. However, CaMKKβ need not be active or 

bound to ATP to bind CaMKIV. This illustrates that the CaMKKβ-AMPK signaling complex 

differs from the CaMKKβ-CaMKIV signaling complex. These observations indicate that the 

CaMKKβ-AMPK signaling complex could be specifically targeted without effecting CaMKKβ-

CaMKIV signaling. 

Second, the regulation of CaMKKβ by multi-site phosphorylation is examined. Three 

phosphorylation sites in the N-terminus of CaMKKβ were identified by mass spectrometry which 

regulates its Ca2+/CaM-independent autonomous activity. The kinases responsible for these 
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phosphorylations are identified as CDK5 and GSK3. These phosphorylation events are sequential 

with CDK5 priming for subsequent GSK3 phosphorylation. In addition to regulation of 

autonomous activity, phosphorylation of CaMKKβ regulates its half-life as determined in a 

radioactive pulse-chase assay. Examination of CaMKKβ in a cerebellar granule neuron model 

system demonstrates that CaMKKβ levels correlate with CDK5 activity and are regulated 

developmentally. In addition, appropriate phosphorylation of CaMKKβ is critical for its role in 

neurite development. These results reveal a novel regulatory mechanism for CaMKKβ-dependent 

signaling cascades.  

Overall the work presented in this dissertation illustrates additional levels of regulation of 

CaMKKβ-dependent signaling pathways. In the future, these novel methods of CaMKKβ 

regulation will need to be considered when studying CaMKKβ-dependent signaling pathways.  
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1. Introduction to CaM-Dependent Signaling 

1.1 Calcium and Calmodulin - A Dynamic Duo 

Calcium, in its ionic form Ca2+, is essential for life and influences biological processes as 

diverse as contraction of skeletal and cardiac muscle, processing and storage of information in the 

CNS and cell division and differentiation to list but a few. Ca2+ accomplishes these functions by 

acting as a second messenger and relaying extracellular signals into meaningful changes in cell 

function. In order to accomplish such diverse functions Ca2+ signals must be tightly regulated, but 

flexible enough to produce multiple outcomes. In cells the concentration of free Ca2+ is tightly 

controlled due to the actions of Ca2+ binding proteins and Ca2+ pumps whose combined efforts 

work to quickly sequester free Ca2+ back into intracellular stores or outside the cell. Thus, while 

the concentration of Ca2+ in extracellular fluids is in the range of 10-3 M, the intracellular 

concentration of free Ca2+ is only 10-7 M. This large difference in Ca2+ concentrations establishes 

the potential for Ca2+ to enter the cell and act as a second messenger. There are two ways that 

Ca2+ can gain entry into the cytoplasm of a cell (reviewed in [1, 2]). First, Ca2+ can inter the cell 

through extracellular membrane channels. This is the case in excitable cells such as neurons 

which become depolarized leading to the influx of Ca2+ through voltage-dependent Ca2+ channels. 

Alternatively, Ca2+ can be released into the cytoplasm from intracellular stores. The best studied 

example of this occurs following activation of a subset of heterotrimeric G-protein coupled 

receptors, such as those coupled to Gq, which stimulate phospholipase C (PLC) to activate 

protein kinase C (PKC) which leads to the generation of inositol 1,4,5-trisphosphate (IP3). IP3 

binds to IP3 receptors on the surface of the endoplasmic reticulum leading to the release of Ca2+.  

The versatility of Ca2+ signaling arises due to changes in location, time and amplitude of 

the Ca2+ signal [1, 3, 4]. Ca2+ enters the cell in small pulsatile bursts called elementary events. 

Elementary events are believed to be caused by the opening of a single channel on the membrane 
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or receptor on an intracellular store. These leads to Ca2+ elevation that is restricted both spatially 

and temporally. Elemental events are usually of high amplitude. If the strength of the signal 

initiating the elementary events is high enough, it can lead to recruitment of several receptors or 

channels, and Ca2+ can also work on these in a feed-forward mechanism leading to the generation 

of global Ca2+ waves. While these waves are usually lower in amplitude they can disperse 

throughout the cell leading to different forms of Ca2+ signaling.  

Increases in intracellular Ca2+ concentration are translated into changes in cellular 

function by directly binding to proteins. There are several classes of Ca2+ binding proteins. Some 

proteins directly bind Ca2+ leading to a change in their function. Other Ca2+ binding proteins work 

as Ca2+ buffers or transporters and sequester Ca2+ from the cytoplasm. The final class of Ca2+ 

binding proteins is the Ca2+ sensors. The most abundant and well studied Ca2+ sensor is 

Calmodulin (CaM), which will be focused on here [5]. CaM is a highly conserved protein 

expressed in all eukaryotic cells which participates in numerous signaling pathways. CaM is 

small consisting of 148 amino acids and having a molecular weight just under 17 KDa. CaM 

binds Ca2+ through a series of four conserved structural motifs called E-F hands [6]. An E-F hand 

is made up of a helix-loop-helix motif with the central loop being responsible for coordination of 

Ca2+. In CaM there are two E-F hands in both the N- and C- terminal domains which are 

connected to each other through a central flexible linker. CaM assumes different conformations in 

the absence and presence of Ca2+ [7]. In the absence of Ca2+ CaM assumes a “closed” 

conformation in which the helices of the E-F hands stack against each other in the N-terminal 

domain while the C-terminal domain remains “semi-open”. In the presence of Ca2+, the Ca2+ ion 

becomes bound to the loops of the E-F hands leading to dramatic changes in the conformation of 

the helices of the E-F hands into a more “open” conformation. This shift from a closed to an open 

conformation leads to the exposure of hydrophobic patches in CaM to solvent and release of free 
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energy. It is this ability to turn Ca2+ binding into free energy that allows CaM to translate a Ca2+ 

signal into a meaningful change in cellular function.  

1.2 The CaM-Dependent Kinases 

CaM exerts its effects on cellular function by directly binding to downstream target 

proteins. There are numerous known CaM binding partners, and a number of them are involved in 

regulation of protein phosphorylation such as the phosphatase calcineurin and the family of CaM-

dependent kinases (CaMKs), which will be focused on here. Binding of Ca2+/CaM to the CaMKs 

involves a short conserved α-helix present in many CaM-regulated proteins [8]. In the CaMKs 

this CaM-binding domain is contained within an autoregulatory segment and binding of 

Ca2+/CaM to this domain leads to an extraordinary conformational change which activates the 

kinase. The structural changes which occur upon Ca2+/CaM binding which allow for activation 

are exemplified by CaMKI, which has been crystallized in its inactive form [9]. In this structure 

the autoregulatory domain, containing both the autoinhibitory and CaM-binding domains, extends 

across the catalytic core of the enzyme effectively blocking substrate binding as well as 

obstructing nucleotide binding. Binding of Ca2+/CaM leads to the removal of this autoinhibitory 

region allowing for exposure of the active site and substrate binding.  

The CaMK family can be divided into two main catagories: the dedicated kinases which 

have only one substrate and the multifunctional kinases which have several substrates (reviewed 

in [10]). The dedicated CaMKs include phosphorylase kinase, myosin-light chain kinase, and 

eukaryotic elongation factor-2 kinase (CaMKIII). The multifunctional CaMKs include CaMKI, 

CaMKII and CaMKIV. While Ca2+/CaM binding to the multifunctional CaMKs leads to release 

of autoinhibition as described above, these kinases are also activated by phosphorylation. In the 

case of CaMKII this is a unique two step process involving Ca2+/CaM binding followed by 

autophosphorylation [11]. CaMKII exist as an oligomer containing between 8 and 12 CaMKII 
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monomers. Following release of the autoinhibitory segment upon Ca2+/CaM binding, a threonine 

in the activation loop of the kinase is exposed allowing it to be phosphorylated by another kinase 

domain in the oligomeric holoenzyme. Phosphorylation of this threonine residue keeps CaMKII 

active in the absence of Ca2+/CaM by preventing rebinding of the autoinhibitory segment and 

increases the affinity of CaM for the enzyme by reducing the rate of dissociation several 

thousand-fold. The regulated activation and deactivation of CaMKII is critical for its 

physiological function [12]. During low frequency Ca2+ spikes, Ca2+/CaM dissociates from the 

enzyme too fast to allow for generation of autonomous activity. However, once one subunit 

becomes activated by Ca2+/CaM it can phosphorylate the adjacent subunits that are also 

Ca2+/CaM bound. This occurs during high frequency Ca2+ spikes and leads to the rapid activation 

of the enzyme and generation of autonomous activity. This method of CaMKII activation allows 

it to “decode” Ca2+ signals which is critical for regulating pathways in the brain, heart, and other 

tissues. 

In contrast to CaMKII, CaMKI and CaMKIV are monomeric and require phosphorylation 

by an upstream kinase following Ca2+/CaM binding to obtain maximal activity. To date two 

Ca2+/CaM-dependent protein kinase kinases (CaMKKα and CaMKKβ) have been identified 

which are encoded by separate genes. Interestingly, both CaMKKα and CaMKKβ are themselves 

Ca2+/CaM binding proteins. Thus, CaMK cascades exist which are analogous to mitogen-

activated protein kinase (MAPK) cascades [13]. One of the primary interests in our lab is the 

understanding and characterization of CaMK cascades. Recent work has focused on signaling 

cascades regulated by CaMKKβ, and these pathways will be focused on here.  
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1.3 CaMKKββββ-Dependent Signaling Cascades 

1.3.1 CaMKK-CaMKI signaling pathways 

There are four isoforms of CaMKI (α, β, δ and γ). CaMKIα was the first identified and is 

the best studied. It is ubiquitiously expressed and has a cytoplasmic localization. CaMKIβ, δ and 

γ have a more limited tissue distribution and are enriched in various regions of the brain. A splice 

variant of CaMKIβ is nuclear, but a role for this kinase in regulation of gene transcription has not 

been established. CaMKIγ (also known as CLICK-III) is prenylated and associates with 

membranes and lipid rafts [14, 15].   

All isoforms of CaMKI must bind Ca2+/CaM prior to phosphorylation by the CaMKKs, 

but unlike CaMKII and CaMKIV they do not generate autonomous activity [16]. It is possible to 

generate peptides against which basal and phosphorylated CaMKI have equal activity [17]. This 

implies that CaMKI could phosphorylate some substrates in the absence of Ca2+/CaM, but the 

physiological relevance of this has not been determined.   

Very few substrates of CaMKI have been identified. While CaMKI will phosphorylate 

synapsin I and CREB in vitro, it is unknown if this is important in vivo. Recently a multiprotein 

signaling complex containing CaMKKβ, CaMKI, the guanine nucleotide exchange factor (GEF) 

βPIX and the adaptor molecule GIT1 was identified in neurons [18]. Interestingly, structure- 

function studies of this complex imply that the N-terminus of CaMKKβ acts as a scaffold binding 

both βPIX and CaMKI. Within this complex CaMKI phosphorylates βPIX increasing its GEF 

activity and subsequent activation of Rac1. Rac1 is a known enhancer of spinogenesis, and 

inhibition of this CaMKKβ-CaMKI-βPIX pathways using small molecule inhibitors, dominant-

negative constructs or siRNAs leads to decreases in spinogenesis in cultured hippocampal 

neurons.  
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CaMKK-CaMKI pathways have also been implicated in various aspects of neuronal 

differentiation, although the substrates of CaMKI responsible for these functions are unknown. 

CaMKIγ, which localizes to lipid rafts, contributes to dendritic growth downstream of BDNF 

signaling in cortical neurons [18]. While this effect on dendrite growth is blocked by inhibition of 

the RacGEF STEF, the mechanism by which this takes place remains to be elucidated. CaMKK-

CaMKI pathways also influence neurite outgrowth. Inhibition of CaMKK with the small 

molecule inhibitor STO-609 or use of dominant negative constructs lead to decreased neurite 

outgrowth due to collapse of the axonal growth cone in cultured hippocampal neurons [19]. 

Similar results were obtained by inhibiting CaMKI, but not CaMKIV or CaMKII. Another study 

demonstrated that while CaMKIα is necessary for axon growth, CaMKIγ is necessary for dendrite 

growth in cortical neurons [20]. Finally, a study in hippocampal neurons implicates a CaMKK-

CaMKIg pathways in not only the growth of axons, but in axon initiation [21]. Here expression of 

a constitutively active CaMKI leads to a multiple axon phenotype, while suppression of CaMKK 

or CaMKI leads to a failure of neurons to extend any neurites. Thus, CaMKK-CaMKI pathways 

are important in a number of biological processes, but more work is required to determine how 

these pathways work and are regulated. 

1.3.2 CaMKK-CaMKIV signaling pathways 

Previous work from our lab has characterized a CaMKK-CaMKIV-PP2A signaling 

complex and studied its function in CREB-dependent transcription [22-25]. Phosphorylation of 

CaMKIV following a Ca2+ stimulus is transient with levels reaching their peak about 5 min after 

stimulation and then rapidly decreasing. This indicates tight regulation which is most likely due 

to the fact that CaMKIV directly bind activators such as CaMKK and Ca2+/CaM and the 

deactivating phosphatase PP2a. Furthermore, binding of Ca2+/CaM and PP2a are mutually 

exclusive as they both associate with the same region of the autoregulatory domain of CaMKIV. 
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While activation of CaMKIV is transient, it does lead to the generation of an autonomous form of 

CaMKIV which is phosphorylated, but not bound to Ca2+/CaM. This form of the enzyme is 

responsible for entering the nucleus and driving CaMKIV-mediated gene transcription.   

CaMKIV is one of the kinases responsible for phosphorylation of the cAMP-response 

element binding protein (CREB) on Ser-133, which activates the protein. The study of CaMKIV 

null mice show that this CaMKK-CaMKIV-CREB pathway is critical a number of cell types. 

While CaMKIV has a limited tissue distribution, it is enriched in various regions of the brain, T-

lymphoctes. CaMKIV is also found in lower levels in testis, ovary, adrenal, skin and bone 

marrow. The CaMKIV null mice display defects in cerebellar granule cell differentiation and 

migration [26]. This is partially due to a decrease in CREB-mediated BDNF transcription. In 

addition to defects in the cerebellum, CaMKIV mice have defects in hematophoietic stem cell 

maintenance [27]. These defects are characterized by increased apoptosis and proliferation of 

these cells leading to a failure to reconstitute blood cells upon serial transplantation. These 

defects were found to be partially due to a decrease the CREB-mediated transcription of the pro-

survival factor Bcl-2. Another study in dendritic cells of CaMKIV mice again show a failure to 

increase pSer133CREB and Bcl-2 as well as Bcl-xl in response to a LPS stimulus leading to death 

of these cells [28]. Thus, CaMKIV is a well characterized activator of CREB-mediated 

transcription is a number of tissues and cell types.  

1.3.3 CaMKKββββ-AMPK signaling pathways 

AMP-dependent protein kinase (AMPK) is the most recently identified CaMKK 

substrate. Unlike with CaMKI and CaMKIV, only CaMKKβ, but not CaMKKα, appears to be a 

physiological relevant regulator of AMPK. This is further addressed in section 3.2 of this text. 

The regulation of AMPK by CaMKKβ is Ca2+/CaM-dependent, but is not influenced by 

alterations in the AMP:ATP ratio [29]. A CaMKKβ-AMPK signaling pathway has been 
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implicated in the regulation of feeding behavior in the arcuate nucleus of the hypothalamus [30]. 

CaMKKβ-AMPK signaling pathways are discussed in more detail in section 3.1 of this text. 
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2. Materials and Methods 

In this chapter I have written in detail the methods used throughout my dissertation work. 

Many methods were well established in the lab prior to my arrival, but over the years I have made 

modifications to these standard procedures to suit my specific purposes. Methods may also have 

been altered due to change in availability of reagents. I have done my very best to provide the 

most information possible to allow for accurate repetition of my work. 

2.1 Reagents 

At the end of this chapter I have included tables describing all antibodies, plasmids, small 

molecules and primers used in my research. Unless specifically noted in the methods I used 

chemicals from the general lab supply to make standard buffers and solutions.  

2.2 Protein Purification 

Purification of CaMKKβ from E. coli – CaMKKβ was produced in Escheria coli 

following a procedure developed by H. Tokumitsu [31]. While milligram quantities of CaMKKβ 

can be produced in E. coli per liter of staring culture, the protein has very low activity. This is not 

due to the N-terminal GST tag, as removal of the tag has no effect on CaMKKβ activity. The 

problem appears to be with proper folding of CaMKKβ in E. coli. In the protocol outlined below 

CaMKKβ is purified over a glutathione-sepharose column followed by a calmodulin-sepharose 

column. The calmodulin chromatography is critical as it selects for properly folded, active protein 

which constitutes about 5% of the total protein purified from the glutathione-sepharose step. 

Thus, it is important to follow the protocol described below very carefully in order to obtain 

active protein.  

To start, pGEX-KG-PreS-CaMKKβ was transformed into chemically competent 

BL21(DE3) E. coli (Stratagene, 200131) according to the manufactures protocol. E. coli were 
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grown on LB-agarose plates containing 100 µg/ml ampicillin overnight at 37˚C. A single colony 

was then used to inoculate a 50 ml LB starter culture containing 100 µg/ml ampicillin, which was 

incubated overnight at 37˚C with constant shaking. The starter culture was then used to inoculate 

a 1 liter culture of NYZ media containing 100 µg/ml ampicillin. This culture was kept at 37˚C 

with constant shaking until it reached an optical density at 600 nm of 0.7. At this time, protein 

production was initiated by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a 

final concentration of 1 mM. The culture was induced overnight for 18 h at room temperature 

with constant shaking. E. coli were collected by centrifugation at 6000 x g, and lysed by 

sonication in 20 ml of PBS with 100 µg/ml pefabloc per liter starting culture. Lysate was clarified 

by centrifugation at 35,000 x g for 1 h and filtered through a 0.45 µM syringe filter (Millipore). 

Clarified lysate was then applied to a glutathione-sepharose column (0.5 ml resin volume). 

Column was then washed with 50 ml of lysis buffer, followed by elution of GST-CaMKKβ with 

a buffering containing 50 mM Tris-HCl pH7.5 and 10 mM Glutathione. CaCl2 was added to the 

elute at a final concentration of 2.0 mM and applied to a calmodulin-sepharose column pre-

equilibrated with calmodulin column buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.2 mM 

CaCl2, 1mM DTT, and 100µg/ml pefabloc). Column was washed with 10 ml of calmodulin 

column buffer, followed by elution with calmodulin column buffer where CaCl2 was replaced 

with 1mM EDTA and 2mM EGTA. GST was removed from CaMKKβ by adding 5 µl of 

PreScission protease (GE Healthcare, 27-0843-01) per ml of elute followed by overnight 

incubation at 4˚C with constant rotation. Cleaved GST was removed from CaMKKβ by passing 

the digestion reaction over a gluthathione-sepharose column. CaMKKβ was concentrated using a 

Millipore centricon spin column with a 10,000 MWCO pore site. 
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Purification of Trimeric AMPK from E. coli – Plasmid encoding all three subunits of 

AMPK (pγ1β1His-α1) was obtained from the Schlattner lab [32]. Trimeric AMPK was 

transformed into BL21-CodonPlus (DE3)-RIL competent cells (Stratagene, 230245) following 

manufactures protocol. Transformed bacteria were plated onto LB-agar plates containing 150 

µg/ml ampicillin and 25 µg/ml chloramphenicol and incubated at 37˚C overnight. The following 

day a single colony was used to inoculate a 50 ml starter culture which was incubated overnight 

at 37˚C with constant shaking. The starter culture was added to a 1 liter flask of NYZ media 

containing 100 µg/ml ampicillin and 25 µg/ml chloramphenicol. Bacteria were grown at 37˚C 

with constant shaking to an optical density at 600 nm of 0.6 before being induced to produce 

protein by the addition of 0.4 mM IPTG. Following addition of IPTG, bacteria were returned to 

the 37˚C shaker for 4 h. After induction, the cells were harvested by centrifugation at 6000 x g, 

washed in 154 mM NaCl and collected again by centrifugation. Cells were resuspended in 10 ml 

of lysis buffer (0.44 M sucrose, 50 mM sodium phosphate buffer pH 8.0, 50 mM NaCl, 10 mM 

imidazole, and 1mM β-mercaptoethanol) per liter of starting culture. Cells were lysed by three 

rounds of sonication lasting 2 min each at 50% duty cycle and an output of 5. Lysate was clarified 

by centrifugation at 30,000 x g for 30 min and filtered through a 0.45 µM filter. Lysate was then 

applied to a Ni-NTA agarose (Qiagen) column with a 0.5 ml bead volume and allowed to pass 

through by gravity flow. Column was then washed with 50 ml of wash buffer (lysis buffer 

containing 20 mM imidazole). AMPK was then eluted in 10 fractions of 200 µl of lysis buffer 

containing 250 mM imidazole. Fractions were subject to SDS-PAGE analysis followed by 

coomassie brilliant blue staining. Fractions containing AMPK were pooled and dialyzed into 1X 

phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4) overnight in Slide-A-Lyzer G2 Dialysis Cassettes with 10K MWCO (Thermo 

Scientific) to remove imidazole. When required, AMPK was concentrated using Millipore 
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centricon spin columns with a 10,000 MWCO pore site. Protein concentrations were determined 

spectophotometrically. Final AMPK was stored with 50% glycerol at -80˚C. 

Purification of GST-CaMKI – Protocol for purification of GST-tagged CaMKI constructs 

from pGEX vectors was adapted from one developed by Sara Hook [17]. CaMKI construct was 

transformed into chemically competent BL21(DE3) E. coli (Stratagene, 200131) according to the 

manufactures protocol. E. coli were grown on LB-agarose plates containing 100 µg/ml ampicillin 

overnight at 37˚C. A single colony was then used to inoculate a 100 ml LB starter culture 

containing 100 µg/ml ampicillin, which was incubated overnight at 37˚C with constant shaking. 

The starter culture was then used to inoculate a 1 liter culture of NYZ media containing 100 

µg/ml ampicillin. This culture was kept at 37˚C with constant shaking until it reached an optical 

density at 600 nm of 0.5-0.7. At this time, protein production was initiated by the addition of 

IPTG to a final concentration of 0.4 mM. Bacteria were collected by centrifugation at 3000 x g 

and then resuspended in10 ml of PBS per liter of starting culture. Cells were lysed by three 

rounds of sonication for 30 sec each at 50% duty cycle. Lysate was then clarified by 

centrifugation at 30,000 x g for 30 min and filtered through a 0.45 µm syringe filter (Millipore). 

Clarified lysate was then applied to a glutathione-sepharose column (0.5 ml bead volume) pre-

equilibrated in PBS and allowed to pass through by gravity flow. Column was washed with 50 ml 

of PBS before eluting the GST-CaMKI in a buffer containing 50 mM Tris-HCl pH 7.4 and 10 

mM glutathione. GST-CaMKI was eluted in five 200 µl fractions which were run on an SDS-

PAGE gel and stained with coomassie brilliant blue to visualize protein. Fractions containing 

CaMKI were pooled and stored at -80˚C following addition of glycerol to a final concentration of 

40%. Protein concentrations were determined spectophotometrically.  

Purification of CaMKKs from mammalian cells - For purification from mammalian cells, 

desired FLAG-tagged CaMKK construct was expressed from the pSG5 vector transiently 
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overexpressed in HEK 293a cells using Lipofectamine 2000 (Invitrogen, 11668-019). For each 

transfection, 20 µg of DNA and 40 µl of Lipofectamine 2000 were used per 15 cm dish following 

the manufactures suggested protocol. HEK 293a cells were about 75% confluent at the time of 

transfection, and cultures were maintained in DMEM (Mediatech, 10-013-CV) with 10% FBS 

(Gemini Bio-Products, 900-108). 24-36 hours after transfection, cells were lysed in 1 ml/ plate of 

NP-40 lysis buffer (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.5% Nonident P-40, 25 mM 

NaH2PO4, 2 mM EGTA, 2 mM EDTA, 40 mM NaF, 10 µg/ml leupeptin, 100 µg/ml pefabloc, 

and 100 nM okadaic acid). Lysate was clarified by centrifugation at 18,000 x g for 30 minutes. 

Supernatant was then incubated for 2 hours with constant rocking at 4˚C with 20 µl of anti-FLAG 

M2-agarose (Sigma, A2220) per ml of lysate. The resin was washed twice with 1 ml of lysis 

buffer and once with 1 ml of TBS prior to elution for 1 hour on ice with 40 µl of TBS containing 

300 ng/µl FLAG peptide (Sigma, F3290). For λ-phosphatase treated CaMKKβ, purification was 

performed as above up to the washes in lysis buffer. At this point the resin was washed twice with 

0.5 ml 1X λ-phosphatase reaction buffer (NEB, P0753) before being resuspended in 50 µl λ-

phosphatase reaction buffer plus 2.0 µl λ-phosphatase (NEB, P0753) per ml of starting lysate. 

Phosphatase reaction was incubated at 30˚C for 30 min before being washed 3 times with 1ml 

lysis buffer, once with 1ml of TBS and eluted as above.  

Purification of CaMKKs following this procedure yielded low µg quantities (1-5µg) of 

CaMKK, which varied depending on the stability of the construct used. Due to the small 

quantities of protein produces, a Bradford assay was not sensitive enough to measure protein 

concentration. Instead, protein concentrations were measured by fractionating aliquots of each 

preparation on a 10% SDS-PAGE gel along with BSA standards followed by quantification of 

Coomassie blue stained bands. Stained gels were scanned with the Odyssey Infrared imager (Li-

Cor Biosciences), and quantification of bands was performed with the Odyssey software v 3.0. 
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Immunoprecipitation of CaMKK complexes - For immuneprecipitation of CaMKKs from 

HEK 293a cells, 10 µg of each FLAG-CaMKK construct was transiently transfected using 20 µl 

of Lipofectamine 2000 per 100 mM dish according to the manufacture’s protocol. For co-

immuneprecipitation of FLAG-CaMKKβ and GST-AMPK constructs, 7 µg of FLAG-CaMKKβ 

and 7 µg of GST-AMPK were co-transfected using 28 µl of Lipofectamine 2000 per 100 mM 

dish according to the manufacture’s protocol. For co-immuneprecipitation of FLAG-CaMKKβ 

and p35, 7 µg of FLAG-CaMKKβ and 7 µg of CMV-p35 were co-transfected using 28 µl of 

Lipofectamine 2000 per 100 mM dish according to the manufacture’s protocol. Lysates were 

made from cells 36-48 h after transfection in NP-40 lysis buffer. When testing requirement for 

Ca2+/CaM or Mg2+/ATP, lysis buffer also contained 2mM EGTA and 2mM EDTA. Lysates were 

clarified by centrifugation at 18,000 x g for 30 min, and then incubated with 10 µl of anti-FLAG 

M2 agarose (Sigma, A2220) for 2 h at 4˚C with constant rocking. Beads were then washed twice 

with 1 ml NP-40 lysis buffer, once with 1 ml TBS, and eluted in 40 µl 1x TBS containing 300 

ng/µl FLAG peptide (Sigma, F3290). Immuneprecipitates were then subjected to immuno-blot 

analysis. 

2.3 Biochemical Assays 

CaMKK activity against AMPK or CaMKI- CaMKK catalytic activity was assessed by its 

ability to phosphorylate a bacterially expressed, catalytically-inactive AMPK α1D139Aβ1γ1 

heterotrimer or a truncated, inactive GST-CaMKI 1-294, K45A. The AMPK and CaMKI 

constructs used were made catalytically inactive in order to reduce background caused by 

autophosphorylation. Truncated CaMKI, which lacks the CaM binding and autoinhibitory 

domains, was used as it does not require the binding of CaM prior to phosphorylation by 

CaMKK. Purification of trimeric AMPK and GST-CaMKI are both described above in Section 
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2.2. For each 25 µl assay, approximately 50 ng of partially purified CaMKK was incubated in a 

buffer containing 1.5 µM AMPKα1D139Aβ1γ1 or GST-CaMKI 1-294, K45A, 0.1% Tween-20, 

50 mM HEPES pH 7.0, 150 mM NaCl, 6.25 mM MgCl2, 0.5 mM DTT, 200 µM ATP and 2 µCi 

EasyTides [γ-32P]ATP (Perkin Elmer). Assays measuring Ca2+/CaM autonomous activity also 

contained 1 mM EGTA, while assays measuring Ca2+/CaM-dependent activity contained 1 mM 

CaCl2 and 1 µM bovine testis CaM. Reactions were terminated by the addition of SDS-loading 

buffer followed by boiling of the samples. The samples were resolved on 10% SDS-PAGE gels 

and stained with Coomassie blue. Gels were dried and subjected to autoradiography. Bands 

corresponding to the α-subunit of AMPK or GST-CaMKI were cut from the gel, and the amount 

of 32P incorporated was measured using scintillation counting. 

Phosphorylation of CaMKKβ by p35/CDK5 and GSK3β - GST-CaMKKβ was purified 

from E. coli through the glutathione-sepharose step [31]. Five µg of GST-CaMKKβ D311A or 

GST-CaMKKβ D311A, S137A were then incubated with 0.234 µg of active CDK5/p35 

(Millipore, 14-477) in a 25 µl reaction containing 0.1% Tween-20, 50 mM HEPES pH7.0, 150 

mM NaCl, 6.25 mM MgCl2, 0.5 mM DTT, 200 µM ATP and 5 µCi EasyTides [γ-32P]ATP 

(Perkin Elmer). Reactions were terminated at the indicated times by adding SDS-PAGE loading 

dye and boiling. The samples were resolved on 10% SDS-PAGE gels and stained with Coomassie 

blue. Gels were dried and subjected to autoradiography. 

To examine the requirement for CDK5/p35 priming of CaMKKβ, 0.5 µg phosphatase 

treated FLAG-CaMKKβ purified from HEK 293a cells was preincubated with 0.234 µg active 

CDK5/p35 (Millipore, 14-477) in a 25 µl reaction containing 0.1% Tween-20, 50 mM HEPES 

pH7.0, 150 mM NaCl, 6.25 mM MgCl2, 0.5 mM DTT and 200 µM ATP for an hour. Samples 

were then treated with 1 µM roscovitine (Santa Cruz, sc-24002) to inhibit CDK5 before addition 
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of 0.234 µg active GSK-3β (Millipore, 14-538). Reactions were terminated at the indicated times 

by addition of SDS-PAGE loading dye and boiling. Samples were then fractionated on 10% SDS-

PAGE gels and immuno-blotted with the indicated antibodies.  

Two Dimensional Gel Analysis1 - Isoelectric focusing step was performed in the Protean 

IEF cell (Bio Rad) using ReadyStrip IPG strips (BioRad, 163-2015) with a pH range of 4-7. 

FLAG purified CaMKKβ was diluted directly into 200 µl of rehydration buffer (8 M Urea, 2% 

CHAPS, 50 mM DTT, 0.2% Bio-lyte ampholytes 3-10 and 0.001% bromophenol blue) and IPG 

strip was rehydrated in the PROTEAN IEF focusing cell under active conditions for 12 h. 

Following rehydration gels were focused in a single step according to the manufactures suggested 

protocol. Prior to the second dimension, IPG strips were equilibrated in Buffer I (6 M Urea, 0.375 

M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol and 2% (w/v) DTT) for 10 min followed by 

equilibration in Buffer II (6 M Urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol and 2.5% 

(w/v) iodoacetamide) for an additional 10 min. For the second dimension the IPG strip was 

resolved on a Criterion 12.5% Tris-HCl precast gel (BioRad, 345-0102). Two dimensional gels 

were then analyzed by immuno-blot.  

CaMKKβ  phosphopeptide sequencing2 - FLAG-CaMKKβ (100 ng) was heated for 5 min 

at 100°C, then reduced and alkylated with iodoacetamide, and digested in solution with trypsin 

(Promega) overnight at 37°C. In solution digestion was required for identification of the 121-139 

and 121-142 peptides. Digests were acidified with formic acid and analysed by LC-MS/MS. 

Chromatography was performed on a Pepmap100 C18 column running at 500 nl/min with buffer 

A: 0.1 % formic acid and buffer B: 80 % acetonitrile / 0.1 % formic acid using a Dionex 3000 

                                                      

1 Two Dimensional gel analysis was performed in the Casey lab with the help of Ian Cushman.  
2 All mass spectrometry was performed by our collaborators in Bruce Kemp’s lab at St. Vincent’s Institute of Medical 
Research at the University of Melbourne in Fitzroy, Australia. Protocols included here were provided by Bruce Kemp.  
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RSLC-nano LC. Peptides were resolved with a 40 min 4 – 60% B solvent gradient. Mass 

spectrometry was performed on a 5600 TripleTOF MS (AB-Sciex) using a MS/MS program that 

specifically targeted CaMKKβ 121-139 and 121-142 peptides as well as a standard information 

dependent acquisition (IDA) MS/MS method.  

CaMKKβ TOF analysis3- FLAG-CaMKKβ was eluted from anti-FLAG M2-agarose 

beads by washing with 100 mM glycine pH 2.7, precipitated with methanol and resuspended in 

30% acetic acid before injection onto the LC-MS. Chromatography was performed on a Dionex 

3000 LC using a 2.1 mm x 100 mm 300SB-C8 column (Agilent) at a flow rate of 250 ul/min. 

Buffer A: 0.1% formic acid, Buffer B: acetonitrile / 0.1% formic acid. Proteins were resolved on 

a 3-55% B gradient over 30 min. Mass spectrometry was performed on a QSTAR Pulsar i Q-TOF 

(Applied Biosystems) using a Turboionspray source (Applied Biosystems). Source Conditions: 

Gas = 16 psi, Gas Temperature = 120°C, Source Voltage = 5000V. 

32P-Labeling4 - FLAG-CaMKKβ was transiently over-expressed in HEK 293a cells and 

labeled for 4 h with 0.77 mCi/ml of 32P-orthophosphate. CaMKKβ was then partially purified 

using anti-FLAG M2-agarose. The sample was split and half was treated with λ-phosphtase 

(NEB, P0753) for 1 h while the other half was left untreated. After phosphatase treatment, 

CaMKKβ attached to anti-FLAG M2-agarose was washed extensively before CaMKKβ was 

eluted using the FLAG peptide. Samples were run on a SDS-PAGE gel, silver stained, and then 

visualized on autoradiograph film.  

                                                      

3 All mass spectrometry was performed by our collaborators in Bruce Kemp’s lab at St. Vincent’s Institute of Medical 
Research at the University of Melbourne in Fitzroy, Australia. Protocols included here were provided by Bruce Kemp.  
 
4 32P-labeling was performed in the Haystead lab under the guidance of Tim Haystead. I sincerely apologize to all 
members of the Haystead lab for contaminating their centrifuge. The original purpose of these experiments was to label 
CaMKKβ in order to identify phosphorylated residues by first separating digested CaMKKβ by liquid chromatography 
followed by mass spectrometry of labeled fractions. These experiments were unsuccessful as the form of mass 
spectrometry used did not identify the three desired CaMKKβ N-terminal phosphorylation sites (S129, S133 and 
S137). 
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Pulse-Chase Analysis for Determination of CaMKKβ half-live - Primary mouse 

embryonic fibroblast (MEFs) were infected with concentrated lentivirus stocks expressing wild 

type FLAG-CaMKKβ or FLAG-CaMKKβ (S129, 133, 137A). MEFs were trypsinized and sorted 

by Flow Cytometry for GFP positive cells 48 h after infection. Gates were set to collect 

populations of MEFs from both infections that had the same amount of GFP expression. Between 

2-4 x 105 cells were plated in 60mM culture dishes in DMEM (Mediatech, 10-013-CV) media 

containing 10% FBS, 1 mM HEPES (Gibco, 13630) and penicillin-streptomycin solution 

(Mediatech, 30-002-CI) for 24 h after sort. Before labeling, cells were switched to DMEM 

lacking cysteine and methionine (Gibco, 21013-024) containing 10% FBS, 1 mM HEPES and 

penicillin - streptomycin solution for 15 min. Cells were then labeled with 0.44 mCi/ml EasyTag 

EXPRE35S35S protein labeling mix (Perkin Elmer, NEG772) for 10 min. After the 10 min pulse, 

cells were chased in regular DMEM supplemented with 10% FBS, 5mM cysteine, 5mM 

methionine, 1 mM HEPES and penicillin/streptomycin solution. At the indicated times, cells were 

lysed in NP-40 lysis buffer, and FLAG-CaMKKβ was immunoprecipitated using anti-FLAG M2 

agarose as described above. Immunoprecipitates were fractionated on an SDS-PAGE gel and 

silver stained to visualize protein. 35S incorporation into CaMKKβ bands was determined using a 

Storm 840 phosphoimager (Amersham Biosciences) and signal was quantified using ImageQuant 

v5.2 software (Molecular Dynamics). 

Measurement of AMPK activity using SAMS peptide- Measurement of AMPK activity 

against the SAMS peptide was performed following a procedure modified from R. Hurley from 

L. Witters’ lab [29, 33]. CaMKKβ-AMPK complexes were isolated by co-immunoprecipitation. 

To measure activity of AMPK co-immuneprecipitated with CaMKKβ, 100 ng of the purified 

complex was incubated in a buffer containing 20 µM SAMS peptide, 0.1% Tween-20, 50 mM 

HEPES pH 7.0, 150 mM NaCl, 0.5 mM DTT, 1mM CaCl2, 1 µM CaM, 10 mM MgCl2, 2 µCi 
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EasyTides Adenosine 5’-triphosphate γ-32P (ATPγ-32P, Perkin Elmer), and 200 µM ATP. 

Reactions testing the the effects of AMP on activation of the CaMKKβ-AMPK complex also 

contained 100 µM AMP. Reactions were incubated at 30˚C for 20 min before being spotted onto 

P81 filters (Whatman) and washed extensively in 75 mM phosphoric acid. The amount of 

radioactivity on filters was quantified by scintillation counting. 

CaMKKβ-AMPK in vitro binding assay- FLAG-CaMKKβ beads were purified as 

described in the protein purification section. Prior to elution, FLAG-CaMKKβ beads were 

incubated with bacterially purified trimeric AMPK α1β1γ1, also described in the protein 

purification section, in a buffer containing 25 mM Tris-HCl pH7.4, 50 mM NaCl, and 0.5% 

Nonident P-40. Reactions also contained 1mM CaCl2 and 1 µM CaM or 10 mM MgCl2 and 400 

µM ATP as indicated. After 2 h incubation with constant rocking at 4˚C, samples were washed 

extensively in the same buffer as above. FLAG-CaMKKβ and associated AMPK was then eluted 

off the anti-FLAG M2 agarose using 300 ng/µl FLAG peptide diluted in TBS. Eluted samples 

were then subjected to immuno-blot analysis.  

Immuno-blotting- Extracts were resolved on 8% or 10% SDS-PAGE gels and transferred 

to Immobilon-FL PVDF membranes (Millipore, IPFL00010). Membranes were blocked in a 

buffer containing 0.2 X PBS, 0.1% casein, 0.5% fish gelatin and 0.04% sodium azide for 1 h at 

room temperature. Primary antibodies were diluted in blocking buffer with 0.1% Tween-20. For 

concentration of antibodies used see table at the end of this chapter. After incubation with 

primary antibody membranes were washed with 1X PBS containing 0.1% Tween-20 three times 

for 5 min each. Membranes were then incubated with appropriate fluorescently-conjugated 

secondary antibodies, either IRDye800 goat anti-mouse IgG (Rockland, 610-132-121) or Alexa 

Fluor 680 goat anti-rabbit IgG (Molecular Probes, A21109), at a 1:5000 dilution in blocking 

buffer containing 0.1% Tween-20 and 0.02% SDS for 1 h at room temperature protected from 
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light with constant rocking. Membranes were washed with 1X PBS containing 0.1% Tween-20 

three times for 10 min each. Membranes were then scanned with an Odyssey Infrared imager (Li-

Cor Biosciences). Quantification of bands was performed using the Odyssey software v 3.0.  

2.4 Cloning and Site-Directed Mutagenesis 

Generation of Point Mutants by Site-Directed Mutagenesis – All single point mutants 

were generated using protocols from the QuikChange II XL Site-Directed Mutagenesis kit 

(Stratagene, 200521). Primers were site specific and are listed in table at end of chapter. 

Mutations were confirmed by sequencing the entire coding region of mutated constructs at the 

Duke University DNA Analysis Facility. 

Cloning of CaMKK Chimerias – CaMKKα/CaMKKβ chimerias were constructed using a 

PCR based method. First, the desired fragments of the CaMKKs were amplified by PCR using 

primers which also contained overhangs matching the segment of the other CaMKK to which 

they were to be attached. To amplify the N-terminus of CaMKKα (1-128) the following primers 

were used: forward: 5’-CGC GGA TCC ATG GAC TAC AAG GAC GAC- 3’ and reverse: 5’- 

CAC GTT GAC TTG GTC ATG TGC GAC TTC CTA C -3’. The body of CaMKKβ (164-587) 

was amplified using the following primers: forward: 3’- GTG CAA CTG AAC CAG TAC ACG 

CTG AAG GAT G -5’and reverse: 5’-GCG GGA TCC CTA CTC CGG CTC CAT G- 3’. To 

amplify the N-terminus of CaMKKβ (1-164) the following primers were used: forward: 5’-CGC 

GGA TCC ATG GAC TAC AAG GAC GAC- 3’ and reverse: 5’-CTC CGA CGT AGG ACT 

CCT AGG GCG-3’. The body of CaMKKα (128-505) was amplified using the following 

primers: forward: 3’-GTG TGC AGC TGA ATC AGT ACA AGC TGC AGA GTG AG-5’and 

reverse: 5’-GCG GGA TCC TCA GGA TGC AGC CTC- 3’. The second round of PCR 

combined the products from the first round. Products from the second round of PCR were run on 

a 1% agarose gel and stained with ethidium bromide. Bands at the correct size were excised and 
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purified using a QIAquick gel extraction kit (Qiagen, 28704). Purified products were then cut 

with Bam HI and ligated into the Bam HI site of the pSG5 vector.  

A similar procedure to the one above was used to switch the RP domains from CaMKKα 

and CaMKKβ, however this required three separate reactions in the first round of PCR. To make 

the CaMKKα construct containing the CaMKKβ RP domain (203-225)  the following primers 

were used: Reaction 1 forward: 5’-CGC GGA TCC ATG GAC TAC AAG GAC GAC- 3’, 

reverse: 5’-GTG GAA AGC CGG CCT GCT TCA GTA ACT TCT TTT TGG-3’; Reaction 2 

forward: 5’-CCA AAA AGA AGT TAC TGA AGC AGG CCG GCT TTC CAC-3’, reverse: 5’-

CTC CAG GGG CAG CAG GGG CTG GAT GCA GCC-3’; Reaction 3 forward: 5’-GGC TGC 

ATC CAG CCC CTG CTG CCC CTG GAG-3’, reverse: 5’-GCG GGA TCC TCA GGA TGC 

AGC CTC-3’. To make the CaMKKβ construct containing the CaMKKα RP domain (167-189) 

the following primers were used: Reaction 1 forward: 5’-

CGCGGATCCATGGACTACAAGGACGAC- 3’, reverse: 5’-GCG AGG AAA GCC ATA CTG 

TCG GAT CAG CTT C-3’; Reaction 2 forward: 5’-GAA GCT GAT CCG ACA GTA TGG CTT 

TCC TCG C-3’, reverse: 5’-GGA GGG CCA GCC AAA CAG AGG GGC CCC ATC GAG-3’; 

Reaction 3 forward: 5’-CTC GAT GGG GCC CCT CTG TTT GGC TGG CCC TCC-3’ and 

reverse: 5’-GCG GGA TCC CTA CTC CGG CTC CAT G-3”. PCR products from the above 

reactions were then combined in a second round of reactions. Products from the second PCR 

reaction were run on a 1% agarose gel and stained with ethidium bromide to visualize products. 

Bands at the correct size were excised and purified using a QIAquick gel extraction kit (Qiagen, 

28704). Purified products were then cut with Bam HI and ligated into the Bam HI site of the 

pSG5 vector. All constructs were sequenced in the Duke University DNA sequencing facility to 

ensure accuracy.    
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Construction of CaMKKβ Viral Constructs – CaMKKβ lentivirus was first constructed in 

the lab by Manabu Kokubo for use in cerebellar granule cells (CGCs) and is described in his 

paper published in the Journal of Neuroscience [26]. Full length mouse CaMKKβ was inserted 

into the pRRLsin.PPT.hPGK.IRES.EGFP lentiviral vector. This version of lentiviral CaMKKβ 

was untagged. For my experiments I needed to be able to purify CaMKKβ, so I added an N-

terminal FLAG tag. FLAG-tagged CaMKKβ lentivirus was constructed by inserting two annealed 

primers containing the FLAG sequence and Nhe1 overhangs into a Nhe1 cut 

pRRLsin.PPT.hPGK.IRES.EGFP- mouse full length CaMKKβ. Initial attempts to make point 

mutants of lentiviral CaMKKβ were unsuccessful, most likely due to the large homologous 

recombination domains of the lentivirus vector which are difficult for the PFU polymerase used 

in site-directed mutagenesis to read through. Thus, for all point mutants CaMKKβ was sub-

cloned into the Nhe I and Sal I sites of the pEGFP-N1 vector. As moving the CaMKKβ construct 

to the pEGFP-N1 vector removed the FLAG tag, it was added again to the Nhe I site. The second 

Nhe I site, which flanked the FLAG tag, was then removed by site-directed mutagenesis leaving a 

single Nhe I site directly before the start codon. After being moved to pEGFP-N1, CaMKKβ was 

mutated by site-directed mutagenesis before being cut and ligated back into the 

pRRLsin.PPT.hPGK.IRES.EGFP lentiviral vector. All lentiviral DNA was amplified in Stbl3 

chemically competent E. coli (Invitrogen, C7373-03) and sequenced in the Duke University DNA 

sequencing facility.  

Lentivirus was produced following a protocol from the Reya lab. In this protocol virus 

was produced in HEK 293T cells transfected with constructs to make active lentivirus. HEK 

293T cells were grown in 150 cm2 flasks with 20 ml of DMEM plus 10% FBS and were about 

50% confluent at the time of transfection. For transfection, 30 µg of lentivirus expression 
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construct, 10.5 µg of the pMD2.VSV.G vector, and 19.5 µg of the CMV∆R8-74 vector were 

diluted in 300 µl of DMEM and 180 µl of Fugene 6 (Roche) was diluted in 420 µl of DMEM. 

DNA and Fugene mixtures were then combined and incubated at room temperature for 30 min. 

The DNA-Fugene mix was then added drop-wise to 10 ml of culture media before being added to 

the HEK 293T cells. The day following transfection, media was discarded and replaced with 34 

ml of fresh media. Media was then collected 48 and 72 h post-transfection. Active virus was 

collected from this media by centrifugation at 50,000 x g for 3 h and stored in culture media at -

80˚C.  CaMKKβ lentivirus stocks were titered in either HEK 293a cells, MEFs or CGCs 

depending on experiment. Infection efficiency was measured by determining the percentage of 

GFP positive cells by FACS analysis. The concentration of lentivirus stock that gave 90% 

infection was used in most experiments. 

Construction of CaMKKβ-GFP Fusions- Early in my graduate career I made an N-

terminal GFP-CaMKKβ fusion construct (N-terminal relative to CaMKKβ) by inserting full 

length rat CaMKKβ into the pEGFP-C1 vector. This construct did not express well in HEK 293a 

cells. As described above, I generated a C-terminal mouse CaMKKβ- GFP fusion as a cloning 

intermediate while making lentivirus constructs. These constructs express well in HEK 293a 

cells. After generating point mutants by site-directed mutagenesis, these pEGFP-N1-CaMKKβ 

constructs were used in experiments.  

Immunofluorescent staining of 293a cells - HEK 293a cells were cultured on fibronectin 

(20µg/ml) coated coverslips placed in 6-well dishes. Cells were transfected with 2 µg per well of 

pSG5-HA-CaMKKβ using Lipofectamine 2000 according to the manufactures protocol. 

Following transfection cells were cultured for an additional 24 h before being fixed in 4% 

formaldehyde diluted in PBS for 15 minutes at room temperature. Following fixation, cells were 

permeabilized and blocked in a solution containing 1% normal donkey serum and 0.2% Triton X-
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100 diluted in PBS for 45 min at room temperature. Cells were then incubated overnight with an 

anti-HA antibody directly conjugated to Alexa Fluor 594 (Molecular Probes, A-21288) diluted 

1:100 in PBS at 4˚C in a humidified chamber. The next day coverslips were washed with PBS, 

incubated with Oregon Green 514 phalloidin (Molecular Probes, O-7465) diluted 1:1000 and 

1µg/ml DAPI diluted in PBS for 10 minutes, and washed again with PBS. Coverslips were 

mounted onto slides using ProLong Gold antifade mounting media (Invitrogen, P36934). Stained 

HEK 293a cells were visualized on a Zeiss LSM 510 inverted confocal microscope using a 63x 

oil immersion objective. 

Detergent Fractionation – Cytoplasm and membrane fractions from HEK 293a cells 

transfected with FLAG-CaMKKβ were isolated following a previously published procedure [34]. 

HEK 293a cells were grown in 150 mm dishes and transfected following the same protocol used 

in CaMKK kinase preparations which is described in Section 2.2. Cells were fractionated 24-36 h 

after transfection. For fractionation media was removed and cells were washed on ice with 1X 

PBS. Cytosolic fraction was then extracted by adding 2 ml of digitonin extraction buffer (0.015% 

digitonin, 300 mM sucrose, 100 mM NaCl, 10 mM PIPES pH 6.8, 3 mM MgCl2
.6H2O and 

protease inhibitor cocktail (Roche)) directly to the dish which was incubated on ice for 10 min 

with occasional rocking by hand. Following incubation on ice, digitonin extraction buffer 

containing cytosolic fraction was removed and stored. Cells were washed a second time with 1X 

PBS before extraction of the membrane/organelle fraction with 2 ml of  Triton X-100 extraction 

buffer (0.5% Triton X-100, 300 mM sucrose, 100 mM NaCl, 10 mM PIPES pH 7.4, 3 mM 

MgCl2
.6H2O and protease inhibitor cocktail (Roche)). Cells were incubated on ice for 30 min 

with occasional rocking by hand before removal of the Triton X-100 extraction buffer which now 

contained the membrane/organelle fraction. Both the membrane and cytosolic fractions were then 

clarified by centrifugation at 18,000 x g for 15 min to remove insoluble cellular debris. 
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Equivalent volumes of each fraction were then used for subsequent co-immunoprecpitation 

assays or analysis by immunoblot.     

RNA isolation and quantitative real-time PCR - Total RNA was extracted from 

approximately 2 x 106 fresh or 1 day in vitro cerebellar granule neurons using the RNeasy Mini 

Kit (Qiagen, 74104) including the optional on-column DNase digestion (Qiagen, 79254). RNA 

yield was determined spectrophotometrically. Single-stranded cDNA was synthesized using 

SuperScript II RNase H- Reverse transcriptase (Invitrogen, 18064-022) according to the 

manufacturer’s protocol. Real-time PCR was carried out on a CFX 96 Realtime System (BioRad) 

using iQ SYBR Green Supermix (BioRad, 170-8882) and the following primers: CaMKK2, 5’-

CATGAAGGACGCTGC-3’ (forward) and 5’-TGACAACGCCATAGGAGCC-3’ (reverse), 18s 

ribosomal protein, 5’-AGGGTTCGATTCCGGAGAGG-3’ (forward) and 5’-

CAACTTTAATATACGCTATTGG-3’ (reverse). Relative levels of CaMKK β mRNA were 

calculated using the (∆∆C(t)) method with 18S ribosomal protein as a reference gene. 

2.5 Animals and Primary Cell Culture 

Animals- Camkk2-/- mice were generated in our lab as previously described [30] and 

backcrossed into a C57BL/6J background for 10 generations. Control mice were generated from 

F1 heterozygous matings and backed-crossed into the C57BL/6J background for 10 generations. 

All animals were bred in the Duke University Medical Sciences Research Building animal facility 

under a 12 h light (6:00 AM-6:00PM), 12 h dark (6:00 PM-6:00 AM) cycle. Food and water were 

provided ad libitum and all animal care was in compliance with the National Institute of Health 

and Duke University institutional guidelines governing the use of laboratory and experimental 

animals. CDK5 conditional knockout brains and matching controls were a kind gift from the L-H. 

Tsai lab, and are described elsewhere [35]. These mice were generated by crossing CDK5 floxed 

mice into a mouse line expressing Cre from the CaMKIIα promoter [36].  
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Primary Cerebellar Granule cell (CGC) isolation- CGCs were isolated from 6 day-old 

mice using procedure derived from the Wechsler-Reya lab [26]. Six day old mice were sacrificed 

by decapitation and the entire cerebellum was dissected out. Cerebella from multiple mice were 

combined in sets of three. Cerebella were then minced in Dulbecco’s PBS (DPBS, Gibco Life 

Technologies) and transferred to a 15 ml tube. Cerebella were then digested in DPBS containing 

10 U/ml papain (Worthington, Lakewood, NJ), 200 µg/ml L-cysteine, and 250 U/ml DNase 

(Sigma) for 30 min at 37˚C. Following digestion, buffer was removed and replaced with DPBS 

containing 8 mg/ml soybean trypsin inhibitor, 8 mg/ml bovine serum albumin (BSA), and 250 

U/ml DNase. Tissue was triturated using Pasteur pipets and P1000 pipet tips to obtain a single-

cell suspension. Cells were collected by centrifugation and resuspended in DPBS containing 200 

µg/ml BSA.  To remove debris, cells were filtered through a cell strainer (Becton Dickinson, 

Franklin Lakes, NJ). Cell suspension was then under-layed with a 35% percoll solution followed 

by a 65% percoll solution and centrifuged at 1340 x g for 12 min. CGCs were removed from the 

35% to 65% Percoll interface and washed with DPBS with 200 µg/ml BSA. Cells were counted 

in a hemocytometer prior to plating. Cells were cultured in Neurobasal (NB, Gibco, 21103) media 

supplemented with B27 (Gibco, 17504-044), sodium pyruvate, L-glutamine, 0.06 mg/ml glucose 

and 25 mM KCl. CGCs were plated at a density of 2-4 x 106 cell/ well in 6-well dishes which had 

been coated overnight with 10 µg/ml poly-D-lysine. CGCs were harvested for either protein or 

RNA analysis after 24 h in culture.  

Cerebellar granule cell transfection and axon growth measurement-  CGCs were plated 

on 12 mm round poly-D-lysine coated coverslips placed in 24-well dishes at a density of 250,000 

cells per well in NB media supplemented with B27, sodium pyruvate, L-glutamine, 0.06 mg/ml 

glucose, 25 mM KCl and 10% Donor Equine Serum. After allowing the cells to rest for 4 h, 

medium was removed and replaced with NB medium with no supplements. Cells were transfected 
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in this medium with Lipofectamine 2000. For each well, 1 µg of total DNA and 2 µl of 

Lipofectamine 2000 were used. After an 45 min incubation with the DNA/Lipofectamine 2000 

complexes, the medium was replaced with the original culture medium. CGCs were then cultured 

for an additional 3 days at 37˚C with 5% CO2. After 3 days, cells were fixed in 4% formaldehyde 

in 1 X PBS for 15 min at room temperature. Cells were permeabilized and blocked for 45 min at 

room temperature in a solution containing 0.2% Triton-X100, 1% Normal Donkey Serum and 1 X 

PBS. Primary antibodies were diluted as follows in 1 X PBS: anti-GFP (Molecular Probes, 

A11122) 1:200 and anti-Tau (Sigma, T9450) 1:500. Coverslips were incubated with primary 

antibody overnight at 4˚C in a humidified chamber. The next day, coverslips were washed with 1 

X PBS before incubation with appropriate secondary antibodies, Alexa Fluor 488 anti-mouse IgG 

(Molecular Probes,) or Cy3 anti-rabbit IgG (Jackson Immunoresearch), diluted 1:500 in 1 X PBS. 

After application of secondary antibody, coverslips were washed with 1 X PBS with the last wash 

also containing 0.25 µg/ml DAPI. Coverslips were mounted on slides using ProLong Gold 

antifade mounting media (Invitrogen, P36934).  

Stained CGCs were visualized on a Zeiss LSM 510 inverted confocal microscope using a 

63x oil immersion objective. GFP staining was used to indicate transfected neurons, and care was 

taken to find GFP positive neurons that did not overlap allowing for accurate measurement of 

neurite length. Length measurements were made with the line trace function of MetaMorph 

Premier software v 7.6.5. Neurons were characterized as polarized when the longest neurite was 

more than twice as long as the next longest neurite, as has been previously described [37]. In all 

experiments there were very few dead cells as determined by nuclei condensation and only live 

cells were considered for analysis. Transfection efficiency was estimated by counting the number 

of GFP positive cells as a percentage of total cells. For CGCs transfected with GFP alone 
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transfection efficiency was about 10%. All GFP-CaMKKβ constructs used had similar 

transfection efficiencies around 7%.  

Primary Mouse Embryonic Fibroblast (MEF) isolation and culture – Protocol for the 

isolation of MEFs was adapted from the Jackson Lab protocol. Pregnant mouse was sacrificed by 

cervical dislocation 13 days after appearance of a vaginal plug. Embryos were dissected out and 

placed in Hanks balanced salt solution with penicillin and streptomycin (HBSS + P/S). Embryos 

were transferred to the tissue culture hood where the placenta attached to each embryo was 

removed before the embryos were placed in separate 60 mm tissue culture dishes each containing 

4 ml HBSS + P/S. The rostal portion of the embryo’s head, above the eyes and caudally to 

include the brain stem, was removed and saved for PCR analysis. Hematopoietic tissue was then 

removed. Embryos were then transferred to a new set of 60 mm dishes containing 1 ml 0.01% 

trypsin-EDTA solution, and minced using dissection scissors. Minced embryos were digested in 

trypsin solution for 30-45 min in the 37˚C tissue culture incubator. Following digestion, trypsin 

solution was neutralized in 4 ml DMEM plus 15% heat inactivated FBS. Trypsinized embryos 

were suspended in the DMEM plus 15% heat inactivated FBS by vigorously pipetting up and 

down against the bottom of the 60 mm dish. Suspended embryos were then grown in 75 cm2 

flasks in a final volume of 20 ml DMEM plus 15% heat inactivated FBS at 37˚C and 5% CO2. 

Once cells reached a high level of confluence, following greater than 48 hours in culture, each 75 

cm2 flask was split into two 175 cm2 flasks and cultured for an additional 3-4 days until the cell 

again reached confluence. MEFs were then collected (30 tubes per 175 cm2 flask) in cell freezing 

media (25% heat inactivated FBS, 10% tissue culture grade DMSO and 65% DMEM) before 

being stored in liquid nitrogen.  
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2.6 Data Analysis 

Statistical analysis - All statistical analysis was performed using Prism GraphPad 

software. In all cases p-values were calculated using an unpaired Student’s T-test. Values are 

presented as means plus or minus the standard error. All data analysis was performed on at least 

three independent experiments.  

Analysis of CaMKKβ crystal structure - The CaMKKβ structure used is contained in 

PBD file 2ZV2. Images were generated using PyMol software [38]. 



 

 

 

 

Table 1: Plasmids 

Name Source/Generation Vector Backbone Use/Description 

pSG5-FLAG-rCAMKKβ, FL WT 
Cloned in lab by K. 
Anderson pSG5 Expression of CaMKKβ in mammalian cells 

pSG5-FLAG-rCaMKKβ, FL D311A Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL K193A Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, RP deletion 
Cloned in lab by K. 
Anderson pSG5 

Expression of mutant CaMKKβ lacking RP domain in 
mammalian cells 

pSG5-FLAG-rCaMKKβ, P210A 
Cloned by M. Green pSG5 

Expression of CaMKKβ RP domain point mutant in 
mammalian cells 

pSG5-FLAG-rCaMKKβ, P217A Cloned by M. Green pSG5 
Expression of CaMKKβ RP domain point mutant in 
mammalian cells 

pSG5-FLAG-rCaMKKβ, P219A Cloned by M. Green pSG5 
Expression of CaMKKβ RP domain point mutant in 
mammalian cells 

pSG5-FLAG-rCaMKKβ, 
Q203E,P210A R213E, P217A Cloned by M. Green pSG5 

Expression of CaMKKβ RP domain point mutants in 
mammalian cells 

pSG5-FLAG-rCaMKKβ 1-460 
Cloned in lab by K. 
Anderson pSG5 

Expression of truncated CaMKKβ lacking 
autoregulatory domain 

pSG5-FLAG-rCaMKKβ 1-460 D311A Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ truncation mutant 
in mammalian cells 

pSG5-FLAG-rCaMKKβ 1-460 K193A Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ truncation mutant 
in mammalian cells 

pSG5-FLAG-rCaMKKβ, FL S129A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 
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pSG5-FLAG-rCaMKKβ, FL S133A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL S137A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL T462A Cloned by M. Green pSG5 

Expression of CaMKKβ phospho mutant in mammalian 
cells 
 

pSG5-FLAG-rCaMKKβ, FL S100A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL S511A 
Cloned by M. Green pSG5 

Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL S572A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL S495A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 

pSG5-FLAG-rCaMKKβ, FL S100A, 
S511A Cloned by M. Green pSG5 

Expression of CaMKKβ lacking putative 14-3-3 
binding sites in mammalian cells 

pSG5-FLAG-rCaMKKβ, FL S100A, 
S495A, S511A  Cloned by M. Green pSG5 

Expression of CaMKKβ lacking putative PKA sites in 
mammalian cells 

pSG5-FLAG-rCaMKKβ, FL S129A, 
S133A, S137A Cloned by M. Green pSG5 

Expression of CaMKKβ lacking N-terminal phospho 
sites in mammalian cells 

pSG5-FLAG-rCaMKKβ, FL S129D, 
S133D, S137D Cloned by M. Green pSG5 

Expression of CaMKKβ phospho mimetic in 
mammalian cells 

pSG5-FLAG-rCaMKKβ 1-470 Cloned by M. Green pSG5 CaMKKβ truncation mutant - Does not express well 

pSG5-FLAG-rCaMKKβ 1-477 Cloned by M. Green pSG5 CaMKKβ truncation mutant - Does not express well 

pSG5-FLAG-rCAMKKβ 1-500 Cloned by M. Green pSG5 CaMKKβ truncation mutant - Expresses well 

pSG5-HA-rCaMKKβ, FL WT Cloned by M. Green pSG5 Expression of CaMKKβ in mammalian cells 

pSG5-HA-rCaMKKβ, FL T462A Cloned by M. Green pSG5 
Expression of CaMKKβ phospho mutant in mammalian 
cells 
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pSG5-HA-rCaMKKβ, FL D311A Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ in mammalian 
cells 

pSG5-HA-rCaMKKβ, FL K193M Cloned by M. Green pSG5 
Expression of kinase dead CaMKKβ in mammalian 
cells 

pSG5-HA-rCaMKKβ RP deletion Cloned by M. Green pSG5 
Expression of CaMKKβ RP deletion mutant in 
mammalian cells 

pSG5-HA-rCaMKKβ 1-460 Cloned by M. Green pSG5 Expression of CaMKKβ truncation in mammalian cells 

pSG5-FLAG-rCaMKKα, FL WT 
Cloned in lab by P. 
Noldner pSG5 Expression of CaMKKα in mammalian cells 

pSG5-FLAG-rCaMKKα RP deletion Cloned in lab by P. 
Noldner pSG5 

Expression of CaMKKα RP deletion mutant in 
mammalian cells 

pSG5-HA-rCaMKKα FL WT Cloned by M. Green pSG5 Expression of CaMKKα in mammalian cells 
pSG5-FLAG-rCaMKKα N-terminus 
on CaMKKβ Cloned by M. Green pSG5 

CaMKKα/CaMKKβ chimera for expression in 
mammalian cells 

pSG5-FLAG-rCaMKKβ N-terminus 
on CaMKKα Cloned by M. Green pSG5 

CaMKKα/CaMKKβ chimera for expression in 
mammalian cells 

pSG5-FLAG-rCaMKKa with 
CaMKKb RP domain Cloned by M. Green pSG5 

CaMKKα/CaMKKβ chimera for expression in 
mammalian cells 

pSG5-FLAG-rCaMKKβ with 
CaMKKα RP domain Cloned by M. Green pSG5 

CaMKKα/CaMKKβ chimera for expression in 
mammalian cells 

pEGFP-NI Clonetech Empty 
Vector control-for expression of GFP in mammalian 
cells 

pEGFP-N1-mCaMKKβ WT Cloned by M. Green pEGFP-N1 
Expression of CaMKKβ-GFP fusion in mammalian 
cells 

pEGFP-N1-mCaMKKβ S129A, 
S133A, S137A Cloned by M. Green pEGFP-N1 

Expression of CaMKKβ-GFP fusion in mammalian 
cells 

pEGFP-N1-mCaMKKβ S129D, 
S133D, S137D Cloned by M. Green pEGFP-N1 

Expression of CaMKKβ-GFP fusion in mammalian 
cells 

pBABE-neo-mCaMKKβ-GFP fusion Cloned by M. Green pBABE Expression of CaMKKβ-GFP fusion from retrovirus 
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pCL/10A1 Addgene pCL Shuttle vector for pBABE retrovirus 

pSG5-CaMKIV FL WT Cloned in lab pSG5 Expression of untagged CaMKIV in mammalian cells 
FLAG-mouseCaMKKβ FL WT 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP Expression of WT CaMKKβ from lentivirus 

FLAG-mouseCaMKKβ FL K193A 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP Expression of kinase dead CaMKKβ from lentivirus 

FLAG-mouseCaMKKβ FL D311A 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP Expression of kinase dead CaMKKβ from lentivirus 

FLAG-mouseCaMKKβ FL S137A 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mutant from 
lentivurus 

FLAG-mouseCaMKKβ RP deletion 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ RP deletion mutant from 
lentivirus 

FLAG-mouseCaMKKβ S129A, 
S133A, S137A lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mutant from 
lentivurus 

FLAG-mouseCaMKKβ S129D, 
S133D, S137D lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mimetic from 
lentivurus 

HA-mouseCaMKKβ FL WT lentivirus Cloned by M. Green 
pRRL Sin,PPT-hPKG-
IRES-GFP Expression of WT CaMKKβ from lentivirus 

HA-mouseCaMKKβ FL S137A 
lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mutant from 
lentivurus 

HA-mouseCaMKKβ (S129, 133, 
137A) lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mutant from 
lentivurus 

HA-mouseCaMKKβ (S129, 133, 
137D) lentivirus Cloned by M. Green 

pRRL Sin,PPT-hPKG-
IRES-GFP 

Expression of CaMKKβ phospho mimetic from 
lentivurus 

untagged mouse CaMKKβ WT FL 
lentivirus 

Cloned by M. 
Kokubo 

pRRL Sin,PPT-hPKG-
IRES-GFP Expression of WT CaMKKβ from lentivirus 

untagged mouse CaMKKβ FL K193A 
lentivirus 

Cloned by M. 
Kokubo 

pRRL Sin,PPT-hPKG-
IRES-GFP Expression of kinase dead CaMKKβ from lentivirus 

pγ1β1His-α1 From Schlattner lab pET14 Expression of AMPK heterotrimer in bacteria 

33 

Table 1: (continued) 



 

 

 

pGEX-CaMKI   pGEX Expression of GST-CaMKI from bacteria 

pMAL-AMPK1-312 6X His 
Gift from L. Witters 
lab pMAL Expression of MBP-AMPK1-312 from bacteria 

pEGB-AMPKα FL 
Gift from L. Witters 
lab pEGB Used to express GST-AMPK in mammalian cells 

pEGB-AMPKα 1-312 
Gift from L. Witters 
lab pEGB 

Used to express the kinase domain of AMPKα in 
mammalian cells 

pEGP-AMPKα 1-395 
Gift from L. Witters 
lab pEGB 

Used to express and autoinhibited form of GST-AMPK 
in mammalian cells 

pEGP-AMPKα T172A 
Gift from L. Witters 
lab pEGB 

Used to express a mutant form of GST-AMPKα which 
cannot be phosphorylated 

pEGP-AMPKγ 
Gift from L. Witters 
lab pEGB 

Used to express the AMPKγ subunit in mammalian 
cells 

GST-LKB1 WT 
Gift from L. Witters 
lab   

Used to express the AMPK kinase LKB1 as GST fusion 
in mammalian cells 

STAD 
Gift from L. Witters 
lab   

Used to express the LKB1 activator STAD in 
mammalian cells 

FLAG-MO25 
Gift from L. Witters 
lab   

Used to express the LKB1 activator MO25 in 
mammalian cells 

CMV-CDK5 Gift from L.H. Tsai CMV Used to express WT CDK5 in mammalian cells 

CMV-p35 Gift from L.H. Tsai CMV 
Used to express the CDK5 activator p35 in mammalian 
cells 
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Table 2: Primers 

Name Sequence 5'-3' Use 
Site-Directed Primers     

S129A.F CCA TCC CTG TCC TAC GCA CCA GCC AGC TCC CC CaMKKβ point mutant 

S129A.R GGG GAG CTG GCT GGT GCG TAG GAC AGG GAT GG CaMKKβ point mutant 

S133A.F C TAC TCA CCA GCC AGC GCC CCA CAG TCC TCT C CaMKKβ point mutant 

S133A.R GAG AGG ACT GTG GGG CGC TGG CTG GTG AGT AG CaMKKβ point mutant 

S137A.F C AGC TCC CCA CAG TCC GCT CCC CGG ATG CCC CGG CaMKKβ point mutant 
S137A.R CCG GGG CAT CCG GGG AGC GGA CTG TGG GGA GCT G CaMKKβ point mutant 

S129,S133,S137D.F 
CCC TGT CCT ACG ATC CAG CCA GCG ACC CAC AGT CCG ATC CCC 
GGA TGC CC CaMKKβ point mutant 

S129,S133,S137D.R 
GGG CAT CCG GGG ATC GGA CTG TGG GTC GCT GGC TGG ATC GTA 
GGA CAG GG CaMKKβ point mutant 

S100A.F CT GGT CGC AAG ATG GCC CTC CAG GAG CGG CaMKKβ point mutant 

S100A.R CCG CTC CTG GAG GGC CAT CTT GCG ACC AG CaMKKβ point mutant 

S495A.F G ATT CGG AAA CGG GCT TTT GGG AAC CCA TTT G CaMKKβ point mutant 

S495A.R CAA ATG GGT TCC CAA AAG CCC GTT TCC GAA TC CaMKKβ point mutant 

S511A.F GAG GAG CGT TCC TTG GCA GCA CCC GGA AAC CaMKKβ point mutant 

S511A.R GTT TCC GGG TGC TGC CAA GGA ACG CTC CTC CaMKKβ point mutant 

S572A.F G GCC CCT GGC GCC CCG CCA CGC ACG CaMKKβ point mutant 

S572A.R CGT GCG TGG CGG GGC GCC AGG GGC C CaMKKβ point mutant 

K193A.F CTT ATT ATG CAA TGA ATG TGC TGT CCA AAA AGA AGC CaMKKβ point mutant 

K193A.R GCT TCT TTT TGG ACA GCA CAT TCA TTG CAT AAT AAG CaMKKβ point mutant 

D311A.F GAA GAT CAT TCA CCG GGC CAT CAA ACC CTC CAA C CaMKKβ point mutant 

D311A.R GTT GGA GGG TTT GAT GGC CCG GTG AAT GAT CTT C CaMKKβ point mutant 
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CaMKKα RP del.F CCAAAAAGAAGTTACTGAAGCTGCTGCCCCTGGAGCG CaMKKα RP deletion 

CaMKKα RP del.R CGC TCC AGG GGC AGC AGC TTC AGT AAC TTC TTT TTG G CaMKKα RP deletion 

CaMKKβ RP del.F Primers from KA CaMKKβ RP deletion 

CaMKKβ RP del.R Primers from KA CaMKKβ RP deletion 

P210A.F CTT TCC ACG TCG AGC TCC ACC TGA AGG TAC CaMKKβ point mutant 

P210A.R GTA CCT TCA GGT GGA GCT CGA CGT GGA AAG CaMKKβ point mutant 
P217A.F GAG GTA CTC GCG CAG CTC CAG GGG CaMKKβ point mutant 

P217A.R CCC CTG GAG CTG CGC GAG TAC CTC CaMKKβ point mutant 

P219A.F CTC GCC CAG CTG CAG GGG GCT GCA TC CaMKKβ point mutant 

P219A.R GAT GCA GCC CCC TGC AGC TGG GCG AG CaMKKβ point mutant 

Q203E.F GAA GCT GAT CCG AGA GGC CGG CTT TCC CaMKKβ point mutant 

Q203E.R GGA AAG CCG GCC TCT CGG ATC AGC TTC CaMKKβ point mutant 

1-460 stop.F Primers from KA CaMKKβ truncation mutant 

1-460 stop.R Primers from KA CaMKKβ truncation mutant 

1-470 stop.F GTG ACC GAA GAG GAG TAG GAG AAT TCA GTC AAA C CaMKKβ truncation mutant 

1-470 stop.R GTT TGA CTG AAT TCT CCT ACT CCT CTT CGG TCA C CaMKKβ truncation mutant 

1-477 stop.F GAA TTC AGT CAA ACA CTA GCC CAG CCT GGC AAC CaMKKβ truncation mutant 

1-477 stop.R GTT GCC AGG CTG GGC TAG TGT TTG ACT GAA TTC CaMKKβ truncation mutant 

1-500 stop.F GGG AAC CCA TTT TAG GGT AGC CGG CGG GAG CaMKKβ truncation mutant 

1-500 stop.F CTC CCG CCG GCT ACC CTA AAA TGG GTT CCC CaMKKβ truncation mutant 

T462A.F GAG GAC GAG AAC TGC GCA CTG GTC GAG GTG ACC CaMKKβ point mutant 

T462A.R GGT CAC CTC GAC CAG TGC GCA GTT CTC GTC CTC CaMKKβ point mutant 

AMPK K45A.F CAT AAA GTT GCT GTG ATG ATA CTC AAC CGG CAG AMPKα point mutant 

AMPK K45A.R CTG CCG GTT GAG TAT CAT CAC AGC AAC TTT ATG AMPKα point mutant 

AMPK D139A.F GGT GGT CCA CAG AGC TTT GAA ACC TGA AAA CG AMPKα point mutant 
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AMPK D139A.R CGT TTT CAG GTT TCA AAG CTC TGT GGA CCA CC AMPKα point mutant 

AMPK T172A.F GAT GGT GAA TTT TTA AGA GCG AGC TGT GGC TCG CCC AMPKα point mutant 

AMPK T172A.R GGG CGA GCC ACA GCT CGC TCT TAA AAA TTC ACC ATC AMPKα point mutant 

Chimera primers     

KK1 KK2 RP.F MFG 
CCA AAA AGA AGT TAC TGA AGC AGG CCG GCT TTC CAC 

Construction of CaMKKα/β 
chimeras 

KK1 KK2 RP.R MFG GTG GAA AGC CGG CCT GCT TCA GTA ACT TCT TTT TGG 
Construction of CaMKKα/β 
chimeras 

KK2 RP KK1.F MFG GGC TGC ATC CAG CCC CTG CTG CCC CTG GAG 
Construction of CaMKKα/β 
chimeras 

KK2 RP KK1.R MFG CTC CAG GGG CAG CAG GGG CTG GAT GCA GCC 
Construction of CaMKKα/β 
chimeras 

KK2 KK1 RP. F MFG GAA GCT GAT CCG ACA GTA TGG CTT TCC TCG C 
Construction of CaMKKα/β 
chimeras 

KK2 KK1 RP.R MFG GCG AGG AAA GCC ATA CTG TCG GAT CAG CTT C 
Construction of CaMKKα/β 
chimeras 

KK1 RP KK2.F MFG GGA GGG CCA GCC AAA CAG AGG GGC CCC ATC GAG 
Construction of CaMKKα/β 
chimeras 

KK1 RP KK2.R MFG CTC GAT GGG GCC CCT CTG TTT GGC TGG CCC TCC 
Construction of CaMKKα/β 
chimeras 

MFG BaM FLAG.F CGC GGA TCC ATG GAC TAC AAG GAC GAC  
Construction of CaMKKα/β 
chimeras 

MFG KK1N-
KK2KD.F GTG CAA CTG AAC CAG TAC ACG CTG AAG GAT G 

Construction of CaMKKα/β 
chimeras 

MFG KK1N-
KK2KD.R CAT CCT TCA GCG TGT ACT GGT TCA GTT GCA C 

Construction of CaMKKα/β 
chimeras 

MFG BaM KK2.R GCG GGA TCC CTA CTC CGG CTC CAT G 
Construction of CaMKKα/β 
chimeras 

Table 2: (continued) 
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MFG KK2N-
KK1KD.F GT GTG CAG CTG AAT CAG TAC AAG CTG CAG AGT GAG 

Construction of CaMKKα/β 
chimeras 

MFG KK2N-
KK1KD.R CTC ACT CTG CAG CTT GTA CTG ATT CAG CTG CAC AC 

Construction of CaMKKα/β 
chimeras 

MFG BaM KK1.R GCG GGA TCC TCA GGA TGC AGC CTC 
Construction of CaMKKα/β 
chimeras 

Real-Time Primers     

18S.F AGG GTT CGA TTC CGG AGA GG   

18S.R CAA CTT TAA TAT ACG CTA TTG G   

CaMKKβ.F CAT GAA TGG ACG CTG C   

CaMKKβ.R TGA CAA CGC CAT AGG AGC C   

Sequencing Primers     
AMPK γ 633-654 TGTCTATGTGGCTCTGGGCATC   

AMPK β 139-161 TTCCACACCGAGGAAATGAAGGC   

AMPK β 644-665 TGAACAAGGACACGGGCATCTC   

AMPK α 236-258 TGTACCAGGTCATCAGTACACCG   

AMPK α 749-771 AGGTAGATCCTATGAAGAGGGCC   

T7 terminator GCT AGT TAT TGC TCA GCG G   

rat CaMKKβ 818-
837 CTG TGA TGG AAG TTC CCA CC   

rat CaMKKβ 1317-
1332 CAA GCT GCA CCC TTG G   
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Table 3: Small Molecules 

Chemical Source Vehicle Use 
STO-609 Tocris DMSO Inhibitor of the CaMKKs 

KN-93 Tocris DMSO Inhibitor of CaMKs (I, II and IV) 

Roscovitine Santa Cruz DMSO 
Inhibitor of CDKs, including 
CDK5 

TRITC-Phalloidin 
Molecular 
Probes MeOH 

Visualization of actin in fixed 
cells 

Oregon Green- 
Phalloidin 

Molecular 
Probes MeOH 

Visualization of actin in fixed 
cells 

GSK3 Inhibitor XV Calbiochem DMSO Inhibitor of GSK3α/β 

Geldinamycin Calbiochem DMSO Inhibitor of Hsp90 

Ionomycin Calbiochem DMSO Allows Ca2+ to enter cell 
 

Table 4: Antibodies 

Immunogen Catalog # Source Dilution Use Notes 

pan CaMKK 610545 
BD 
Biosciences 1:1000 WB 

Only CaMKK antibody that gives decent signal. Recognizes CaMKKα and 
CaMKKβ. 

phospho-
Serine 612546 

BD 
Biosciences 1:1000 WB Specifically recognizes S129, S133 and S137 in CaMKKβ. 

FLAG F1806 Sigma 1:1000 WB Made in mouse. 

OctA (FLAG) sc-807 Santa Cruz 1:500 WB 
Much less sensitive and specific than antibody from Sigma, but made in 
rabbit. 

CaMKI     1:1000 WB 
Antibody made in lab by C. Kahl. Raised against full length CaMKIα. 
Recognizes 4 bands (α,β,δ and γ?) 
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CDK5 sc-173 Santa Cruz 
1:200-
1:500 WB   

p35 sc-820 Santa Cruz 
1:200-
1:500 

WB 
and IP   

β-actin A5441 Sigma 
1: 
10,000 WB   

pan 14-3-3 ab14112 Abcam 1:1000 WB   
pT172-
AMPKα 2531 

Cell 
Signaling 1:1000 WB   

pT172-
AMPKα   B. Kemp lab 1:1000 WB 

Used this in early work. Much more sensitive than cell signaling product, 
but eventually ran out of it. 

Total 
AMPKα 1596-1 Epitomics 1:5000 WB   
Total 
AMPKβ 1604-1 Epitomics 1:5000 WB   

Total AMPKγ 1592-1 Epitomics 1:1000 WB   

CaMKIV 610275 
BD 
Biosciences 1:1000 WB   

GST sc-138 Santa Cruz 1:200 WB   

PP2Aα  610556 
BD 
Biosciences 1:1000 WB 

Works best with overnight incubation at 4˚C followed by 2 h room 
temperature incubation.  

CaMKKβ L-
19  sc-9629 Santa Cruz 1:200 

WB 
and IP  Large amounts (16 µg) will work to IP CaMKKβ from brain. 

CaMKKβ H-
95  sc-50341 Santa Cruz 1:200  Useless 

CREB   Upstate 1:1000 WB   

pS133CREB   Upstate 1:1000 WB   

Tau-1  T9450 Sigma 1:250 IF   
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GFP  A11122 
Molecular 
Probes 1:100 IF   

MAP2  M9942  Sigma  1:500 IF   

HA  sc-805 Santa Cruz 1:500 WB   

NPY  N9528 Sigma 1:1000 IF   

α-Tubulin  ab4074 Abcam 
1:1000, 
1:100 

WB 
and IF   

acetylated-
Tubulin  ab24610 Abcam 

1:1000, 
1:100 

WB 
and IF   

TrkB  ab9872 Millipore 1:1000  IF   
TrkB 

610101 
BD 
Biosciences 1:1000 
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3. Characterization of the CaMKKββββ-AMPK Signaling 
Complex1 

3.1 Introduction 

AMP-activated protein kinase (AMPK) has been described as a “cellular energy gauge” 

because of its ability to respond to changes in the cellular AMP:ATP ratio caused by nutrient or 

exercise induced stress [39]. When cellular ATP levels fall AMP levels rise due to coupling by 

adenylate kinase (2ADP → ATP + AMP) [40]. AMPK activation down-regulates pathways 

which consume energy such as protein synthesis, glycogen production and glucose-regulated 

gene transcription while simultaneously up-regulating pathways which produce ATP such as fatty 

acid oxidation, glycolysis and glucose transport [41].  

The functional AMPK complex is a heterotrimer consisting of a catalytic α subunit, and 

two regulatory subunits (β and γ). The AMPK complex with its three subunits has homology to 

the Snf1p kinase complex in yeast. The Snf1p complex controls several genes that are expressed 

in response to glucose limitation, and is essential for growth on alternative carbon sources such as 

sucrose [42]. AMPK/Snf1p kinase homologs are found in all eukaryotic cells and demonstrate the 

importance of this highly conserved metabolic-stress sensing protein kinase sub-family. 

 In mammals there are two genes which code for the α subunit of AMPK (α1 and α2), 

with one yeast homolog (Snf1p). The mammalian AMPKα isoforms share 90% sequence identity 

in their N-terminal kinase domains, but only about 60% identity in their C-terminal domains [43]. 

                                                      

1 Anderson KA, Ribar TJ, Lin F, Noeldner PK, Green MF, Muehlbauer MJ, Witters LA, Kemp BE, Means AR. 
Hypothalamic CaMKK2 contributes to the regulation of energy balance. Cell Metab. 2008 May;7(5):377-88. Some of 
the results presented in this chapter were previously published in the above manuscript. Permission to reproduce the 
material here was kindly granted by Elsevier.  
Green MF, Anderson KA, Means AR. Characterization of the CaMKKβ-AMPK Signaling 
Complex. Cell Signal. 2011 Manuscript Accepted 
Some of the results presented here have also been accepted for publication in the journal Cellular Signaling. Permission 
to reproduce the material here was kindly granted by Elsevier. 
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Structure/function studies have shown that the C-terminal portion of the α subunit is important 

for complex formation. A partial crystal structure of AMPK from Schizosaccharomyces pombe 

supports this biochemical data as it shows that the β subunit lacks a hydrophobic core, but instead 

wraps tightly around the C-terminus of the α subunit [44]. A truncated (amino acids 1-392 as 

opposed to the full length 548 amino acid product) form of the α subunit was unable to bind the β 

and γ subunits and is catalytically inactive [45]. When a further truncation was made (1-312) the 

resulting α subunit was constituently active in addition to not being able to bind the β and γ 

subunits [45]. This implies that residues 312-392 form an autoregulatory domain.     

There are two mammalian genes which code for the β subunits of AMPK (β1 and β2), and 

three yeast homologs. The β subunit homologs in yeast are Gal83p, Sip1p, and Sip2p. The yeast β 

subunit homologs are responsible for the subcellular localization of the Snf1p complex with 

Gal83p targeting to the nucleus, Sip1p targeting to vacuoles, and Sip2p targeting to the cytoplasm 

[46]. The function of the mammalian β subunits have not been so clearly established, but both 

isoforms contain glycogen binding domains which target the AMPK complex to glycogen [47]. In 

addition, the C-terminus of the β subunit (186-270) is responsible for binding to α and γ to anchor 

the AMPK complex [45].  

There are three γ subunit isoforms in mammals (γ1, γ2, and γ3) and a single yeast homolog 

(Snf4p). All three mammalian isoforms contain four CBS domains which were first identified in 

cystathionine β-synthase [48]. Two CBS motifs together form a Bateman domain which has the 

ability to bind a single ATP or AMP molecule [49]. Thus, it is the γ domain which allows AMPK 

to be sensitive to the levels of AMP in cells. In fact, there have been mutations identified in the 

CBS domains, such as R70Q, which lead to a loss of AMP activation of AMPK [50]. 

Examination of full length AMPKα1β1γ1 using single-particle electron-microscopy gives insight 
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into the allosteric regulation of AMPK by AMP [51]. These studies indicate that there is 

surprisingly little change to the structure of AMPK in the ATP versus AMP bound state. Instead 

these studies illustrate the importance of a linker sequence in the α subunit which transverses the 

core complex and forms contacts with the γ subunit. When ATP is exchanged for AMP in the γ 

subunit, contacts with the linker sequence are altered allowing for activation of the kinase domain 

in the α subunit.  

In addition to AMP binding, AMPK is also activated by phosphorylation of the activation 

loop T172 in the catalytic α subunit. The activation of AMPK by AMP and phosphorylation are 

coupled as AMP binding prevents dephosphorylation of the enzyme by PP2C [52]. Recent work 

has also demonstrated that AMP directly stimulates AMPK phosphorylation provided that the 

AMPK β subunit is myristoylated [53].  

Insight into possible mammalian AMPK upstream kinases has come from the 

identification of the Snf1p upstream kinases in yeast. The three upstream kinases in yeast are 

tos3, sak1(formally pak1), and elm1 [54]. To replicate the Snf1∆ phenotype, all three of the 

upstream kinases must be removed suggesting redundant functions [54]. The Ca+2/calmodulin- 

dependent kinase kinases (CaMKKs) have the highest degree of homology to the yeast Snf1 

upstream kinases. Although the CaMKKs were shown to activate AMPK in vitro [55], the closely 

related tumor suppressor kinase LKB1 was identified as the major AMPK kinase in liver [56]. 

The active form of LKB1 is a heterotrimer consisting of LKB1, the inactive pseudokinase 

STRAD and the scaffold-like MO25. The functions of STRAD and MO25 are to control the 

activity and localization of LKB1 [57]. LKB1 is ubiquitously expressed and appears to be the 

kinase most important for activation of AMPK in response to cellular stress in liver and skeletal 

muscle. For years this finding distracted research away from other possible AMPK kinases 

including the CaMKKs, even though there were several indicators that other AMPK kinases 
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existed. These indicators included the fact that cells which do not express LKB1 still have 

significant AMPK activity [29], that  LKB-/-MEFs still retain residual AMPK activity [58], and 

that in yeast there are several upstream AMPK kinases [54]. 

Recently, the role of the CaMKKs as AMPK kinases has been reevaluated and CaMKKβ 

has been identified as an AMPK kinase [29, 59, 60]. The activity of CaMKKβ towards AMPK is 

much higher than that of CaMKKα and the physiological relevance of CaMKKα as an AMPK 

requires further investigation. In contrast to LKB1, the activation of AMPK by CaMKKβ does 

not require an alteration of the ATP:AMP ratio, but rather occurs in response to an increase in 

intracellular Ca2+. The expression pattern of CaMKKβ in cells and tissues is more limited than 

that of LKB1 and is highest in multiple regions of the brain [61]. The function of AMPK in the 

brain is to respond to changes in nutrient and hormonal signals to regulate food intake which 

occurs in the arcuate nucleus of the hypothalamus [62]. AMPK activity in the arcuate nucleus of 

the hypothalamus is inhibited by the anorexigenic hormone leptin [62], and is stimulated by the 

orexigenic hormone ghrelin [63]. Neuropeptide Y (NPY) and agouti-related peptide (AgRP) 

mRNA levels both decrease when AMPK activity decreases due to leptin stimulation [62]. The 

mechanism by which this occurs is unknown, but both NPY and AgRP are orexigenic, meaning 

they stimulate feeding behavior. Ghrelin signals through the growth hormone secretagogue 

receptor (GHSR), which is a G-protein coupled receptor coupled to Gq, to activate AMPK [64]. 

Activation of Gq leads to generation of IP3 which in turn liberates Ca+2 from the endoplasmic 

reticulum. Thus, there is a Ca+2-dependent step in ghrelin signaling, and it is hypothesized that 

this could involve CaMKKβ.  

CaMKKβ null mice display a number of phenotypes which support the hypothesis that 

CaMKKβ regulated AMPK downstream of ghrelin signaling in the hypothalamus [30]. AMPK 

activity is decreased 30% in hypothalamic extracts from the CaMKKβ mice and this correlates 
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with a decrease in NPY and AgRP mRNA levels. In addition, CaMKKβ null mice do not increase 

food intake after injection of ghrelin. This decrease in NPY and AgRP as well as insensitivity to 

ghrelin should lead to decreased food intake in CaMKKβ null mice following a fast, and in fact 

CaMKKβ null mice show a 30% reduction in refeeding following a 48 hr fast. It is important to 

note that the phenotypes described above are not present in the CaMKIV knockout mouse. 

CaMKIV is an alternative CaMKK downstream target, and the absence of these phenotypes 

indicates that the effects seen in the CaMKKβ mice are due to a separate CaMKK signaling 

pathway. 

Formation of multi-protein complexes is an important mechanism by which specificity is 

obtained in signaling pathways. CaMKKβ exist in protein complexes with both CaMKIV [22, 23] 

and CaMKI [18]. This implies that CaMKKβ may also be present in a complex with AMPK. 

Here we perform a detailed examination of the CaMKKβ-AMPK signaling complex. We show 

that CaMKKβ, but not CaMKKα, forms a complex with and activates AMPK. We find that 

CaMKKβ and AMPK associate through their kinase domains, and that CaMKKβ must be in an 

active conformation in order to bind AMPK but not to associate with an alternative substrate, 

CaMKIV. Thus, CaMKKβ and AMPK form a unique signaling complex which raises the 

possibility that this complex could be specifically targeted by small molecule drugs to inhibit 

CaMKKβ-AMPK signaling pathways.   

3.2 Results 

CaMKKβ and AMPK exist in a stable complex2- To determine if CaMKKβ and AMPK 

exist in a complex, AMPK was immuneprecipitated from mouse brain lysates and probed for the 

                                                      

2 Co-immuneprecipitation of AMPK and CaMKKβ was performed by Kristin Anderson. In addition, Kristin developed 
the HEK 293a cell model as a tool for studying the CaMKKβ-AMPK complex.  



 

 

47

presence of CaMKKβ. We found that CaMKKβ and AMPK do co-immuneprecipitate from brain 

lysates (Fig. 1A).

 

Figure 1: CaMKKββββ forms a signaling complex with AMPK 

(A) Brain lysates were incubated with AMPK a antibody( lanes 1 and 3) or preimmune 
control (lanes 2 and 4) and immuneprecipitates were probed for the presence of 
CaMKKβ. 
(B) FLAG-CaMKKβ was immuneprecipitated from HEK 293a cells transfected with 
FLAG-CaMKKβ in either the presence or absence of the EDTA and EGTA as indicated. 
Immuneprecipitates were probed for p-T172-AMPK α, p-Ser79 ACC, CaM or CaMKKβ 
as indicated.  
(C) FLAG-CaMKKβ was immuneprecipitated from HEK 293a cells and run alongside a 
standard curve of purified AMPK heterotrimer before probing for the presence of the 
subunits of the AMPK heterotimer. 
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 In order to further study the CaMKKβ-AMPK complex a cell based system was 

developed  in which we expressed FLAG-tagged CaMKKβ in HEK 293a cells and examined its 

ability to immuneprecipitate endogenous AMPK. Using this system we were able to repeat our 

findings from brain lysates and demonstrate the presence of a CaMKKβ-AMPK complex (Fig. 

1B). In addition to CaMKKβ and AMPK we find that this complex also consists of CaM and the 

AMPK target ACC. Interestingly, while we are able to find the AMPK α and β subunits in the 

CaMKKβ immuneprecipitate, the AMPKγ subunit is missing (Fig. 1C). To insure that this is not 

due to antibody sensitivity we ran a standard curve of purified AMPK alongside the 

immuneprecipitated CaMKKβ-AMPK complex to show that while similar levels of the α and β 

subunit are present the γ subunit is missing. These data illustrate the presence of a CaMKKβ-

AMPK complex. Furthermore, the absence of the AMPK γ subunit explains why activation of 

AMPK by CaMKKb is not regulated by AMP levels.    

CaMKKβ, but not CaMKKα, is an AMPK kinase- Previous reports have demonstrated 

that CaMKKα can phosphorylate AMPK, but at a much lower rate than CaMKKβ [29, 65, 66]. 

We decided to examine the regulation of AMPK by CaMKKα more carefully in vitro and in our 

cell based system. First, we purified both FLAG-CaMKKα and FLAG-CaMKKβ which had been 

expressed in the human HEK 293a cell line. We then used these partially purified kinases in an in 

vitro kinase assay to examine their ability to phosphorylate the bacterially purified, catalytically 

inactive AMPK mutant AMPKα1(D139A)β1γ1 (Fig. 2A). We found that CaMKKα activity 

against AMPK was much lower than CaMKKβ activity in either the presence or absence of 

calmodulin (CaM). As a control we tested the ability of CaMKKα and CaMKKβ to 

phosphorylate CaMKI, and found their activities against this substrate to be identical (Fig. 2B). 

We then examined the ability of CaMKKα to phosphorylate AMPK on the activating residue 
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Thr-172 in response to a Ca2+ signal in cells.

 

Figure 2: CaMKKββββ, but not CaMKKαααα, is an AMPK kinase 

(A) In virto kinase assay measuring the ability of CaMKKα or CaMKKβ to 
phosphorylate AMPK. CaMKK preparations were incubated with bacterially produced 
AMPKα1(D139A)β1γ1 in the presence of γ

32P-ATP and Ca2+/CaM or EGTA for the 
indicated amounts of time. Reactions were then subjected to SDS-PAGE and staining 
with Coomassie brilliant blue. Bands corresponding to the AMPKα subunit were excised 
and amount of 32P incorporated was measured by scintillation counting. Data shown are 
from a single experiment and results are representative of 3 independent experiments.   
(B) In vitro kinase assay measuring the ability of CaMKKα and CaMKKβ to 
phosphorylate CaMKI. CaMKK preparations were incubated with increasing amounts of 
bacterially expressed GST-CaMKI (K49A) in the presence of Ca2+/CaM and γ32P-ATP as 
described in Materials and Methods. Reactions were then subjected to SDS-PAGE and 
staining with Coomassie brilliant blue. Bands corresponding to CaMKI were excised and 
amount of 32P incorporated was measured by scintillation counting. Data shown are from 
a single experiment and results are representative of 3 independent experiments. 
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Figure 2:  (continued) 
(C) HEK 293a cells transfected with pSG5 vector control, FLAG-CaMKKβ or FLAG-
CaMKKα were treated with DMSO or 1µM ionomycin for 5 minutes as indicated prior 
to lysis and immuno-blot analysis with the antibodies indicated on the right. In each lane 
25 µg of total protein were analyzed. Blots shown are from a single experiment and 
results are representative of 3 independent experiments.  
(D) FLAG-CaMKKβ and FLAG-CaMKKα were transfected into HEK 293a cells and 
immuneprecipitated with anti-FLAG M2 agarose in the presence or absence of the metal 
chelators EGTA and EDTA as indicated. Immuneprecipitates were analyzed by immuno-
blot for the presence of AMPK. Membranes were stained with Coomassie brilliant blue 
(CBB) as a loading control. Blots shown are from a single experiment and results are 
representative of 3 independent experiments.  
  

For this experiment we transfected HEK 293a cells with vector control, CaMKKα or CaMKKβ 

before stimulating them with the Ca2+ ionophore, ionomycin. As seen in Fig. 2 C, cells expressing 

CaMKKβ have higher levels of both basal and ionomycin stimulated p-Thr172 AMPKα levels 

compared to vector control. However, cells expressing CaMKKα have p-Thr172 AMPKα levels 

similar to vector control. Finally, we tested the ability of CaMKKα to co-immuneprecipitate with 

AMPK. For this experiment we expressed FLAG-CaMKKα and FLAG-CaMKKβ in HEK 293a 

cells and immuneprecipitated the CaMKKs with anti-FLAG M2-agarose. We immuno-blotted the 

precipitates for total AMPKα and found that while CaMKKβ was able to form a complex with 

AMPK, CaMKKα was not (Fig. 2D). Thus, we confirm previous reports that CaMKKα has 

limited activity against AMPK either in vitro or in a cell based system and show for the first time 

that CaMKKα does not form a complex with AMPK whereas CaMKKβ does.  

The CaMKKβ-AMPK complex is regulated by the activity of CaMKKβ− Τhe CaMKKβ-

AMPK complex is disrupted in the presence of the metal chelators EDTA and EGTA implying a 

requirement for metal binding. Since CaMKKβ binds Mg2+/ATP and Ca2+/CaM we wanted to 

examine the contribution of each to formation of the CaMKKβ-AMPK complex. To test the 

requirements for Mg2+/ATP and Ca2+/CaM, we developed an in vitro binding assay in which we 
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incubated purified FLAG-CaMKKβ attached to anti-FLAG M2-agarose with bacterially purified 

heterotrimeric AMPKα1β1γ1. Using this system the concentrations of Mg2+/ATP and Ca2+/CaM 

were easily controlled. We found that only samples where Mg2+/ATP and Ca2+/CaM were present 

allowed for an interaction between CaMKKβ and AMPK (Fig. 3A). Since Ca2+/CaM binding to 

CaMKKβ may be required prior to ATP binding, as is the case for CaMKI [9], we tested the 

requirement for Mg2+/ATP vs. Ca2+/CaM binding more thoroughly.  To accomplish this, a series 

of CaMKKβ mutants was expressed in HEK 293a cells and tested for ability to co-

immuneprecipitate with endogenous AMPK. First, we used a truncated from of 

CaMKKβ (CaMKKβ 1-460) which lacks the autoinhibitory and CaM-binding domains and is 

active in the absence of Ca2+/CaM. We found this mutant able to form a complex with AMPK 

(Fig. 3B). The ATP-binding lysine (lys-193) and the catalytic aspartic acid (glu-311) were then 

mutated in the context of this constitutively active truncation mutant. These mutants were unable 

to form a complex with AMPK (Fig. 3B). Interestingly, while the truncated, inactive mutants 

were unable to form a complex with AMPK, they did form a complex with CaMKIV, another 

well characterized target of CaMKKβ (Fig. 3C). In fact, interaction with CaMKIV was enhanced 

considerably with the inactive mutants of CaMKKβ. These data indicate that Ca2+/CaM binding 

is required for full length CaMKKβ to bind AMPK, but that the autoregulatory and C-terminal 

domains are not required for the interaction. In addition, there is a requirement for Mg2+/ATP 

binding to CaMKKβ for interaction with AMPK, but not CaMKIV. 
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Figure 3: The CaMKKββββ-AMPK complex is regulated by the activity of CaMKKββββ    

(A) In vitro binding assay to examine association of FLAG-CaMKKβ and bacterially 
produced AMPKα1β1γ1 in buffers containing Ca2+/CaM and Mg2+/ATP as indicated.  
(B) HEK 293a cells were transfected with the indicated FLAG-CaMKK constructs. 
FLAG-CaMKK was then immuneprecipitated with anti-FLAG M2 agaorse, and 
immuneprecipitates were blotted for the presence of endogenous AMPKα. Membranes 
were stained with Coomassie brilliant blue and a loading control. The blot shown is 
representative of 3 independent experiments. 
(C) HEK 293a cells were transfected with the indicated FLAG-CaMKK constructs and 
untagged CaMKIV. FLAG-CaMKK was then immuneprecipitated with anti-FLAG M2 
agaorse, and immuneprecipitates were blotted for the presence of CaMKIV. Membranes  
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Figure 3: (continued) 
were stained with Coomassie brilliant blue as a loading control. The blot shown is 
representative of 3 independent experiments. 
(D) Diagram showing CaMKK chimeras. N indicates N-terminal domain, AR indicates 
auto-regulatory domain and C indicates C-terminal domain. Chimeras are labeled from 1 
to 4. 
(E) HEK 293a cells were transfected with the indicated FLAG-CaMKK constructs. 
Numbers 1-4 correspond to chimeras illustrated in (D). FLAG-CaMKK was then 
immuneprecipitated with anti-FLAG M2 agarose, and immuneprecipitates were blotted 
for the presence of AMPK. Membranes were also blotted with FLAG antibody as a 
loading control. 
 

CaMKKβ and AMPK associate through their kinase domains-We next designed a series 

of experiments to determine the domains of CaMKKβ and AMPK required for their interaction. 

Since the truncated CaMKKβ 1-460 can immunoprecipitate AMPK, we concluded that the 

autoregulatory and C-terminal domains of CaMKKβ are not critical for complex formation. We 

then examined the requirement for the N-terminal and kinase domains of CaMKKβ for 

interaction with AMPK. Since N-terminal truncation mutants of CaMKKβ are unstable in 

HEK293a cells (unpublished observations), we made a series of CaMKKα/CaMKKβ chimeras. 

The CaMKKs share a similar domain structure with N- and C-terminal domains of unknown 

function, a kinase domain and an autoregulatory domain consisting of overlapping autoinhibitory 

and CaM-binding domains (Fig. 3D). Since CaMKKα does not bind AMPK we were interested 

in identifying chimeras where replacing a domain of CaMKKα with the equivalent domain of 

CaMKKβ leads to complex formation with AMPK, or chimeras where switching a CaMKKβ 

domain with the equivalent CaMKKα domain leads to loss of AMPK complex formation. First, 

we examined if the N-terminal domain was involved in CaMKKβ complex formation with 

AMPK by generating a CaMKKα construct with the CaMKKβ N-terminal domain and a 

CaMKKβ construct with a CaMKKα N-terminal domain (chimeras 1 and 2, Fig. 3D).  Our data 

reveal that only the construct containing the CaMKKα N-terminus fused to CaMKKβ co-
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immuneprecipitated with AMPK (chimera 2, Fig. 3E). This indicates that the N-terminus is not 

involved in binding to AMPK. Next we examined the need for the RP domain. The RP domain is 

an arginine and proline rich domain inserted into the kinase domain of both CaMKKs. Previous 

reports have shown that the RP domain of CaMKKα is critical for interaction with CaMKIV [67]. 

The RP domain of CaMKKβ is required for its interaction with AMPK, but not CaMKIV. We 

thus make CaMKKα and CaMKKβ constructs where the RP domains had been switched for that 

of CaMKKβ and CaMKKα, respectively (chimeras 3 and 4, Fig. 3D). When these constructs 

were tested in our co-immuneprecipitation assay, only the CaMKKβ with the CaMKKα RP 

domain formed a complex with AMPK (chimera 4, Fig. 3E). This indicates that the RP domain of 

CaMKKβ is not sufficient to confer AMPK binding to CaMKKα. From these collective data we 

conclude that the kinase domain of CaMKKβ is responsible for binding to AMPK, as only 

constructs containing this domain were able to co-immuneprecipitate with AMPK.We then 

examined the domains of AMPK necessary for interaction with CaMKKβ. To this end we 

expressed full length FLAG-CaMKKβ with GST fusions of the AMPKα1 subunit, and examined 

their ability to co-immuneprecipitate. We found that AMPKα1T172A as well as truncated 

AMPKα11-312, which contains only the AMPK kinase domain, co-immuneprecipitated with 

CaMKKβ to the same extent as wild type (Fig. 4A). Thus, the kinase domain of AMPKα1 is 

sufficient to interact with CaMKKβ. 
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Figure 4: The kinase domain of AMPK interacts with CaMKKββββ    

(A) HEK 293a cells were transfected with FLAG-CaMKKβ and the indicated GST-AMPK 
constructs. FLAG-CaMKK was then immuneprecipitated with anti-FLAG M2 agarose, and 
immuneprecipitates were blotted for the presence of GST-AMPK. Membranes were blotted with 
FLAG as a loading control. The blot shown is representative of 3 independent experiments. 
(B) FLAG-CaMKKβ-AMPK complexes were isolated from HEK 293a cells and activity of 
AMPK was measured in the presence or absence of AMP against SAMS peptide. As a control, 
total AMPK was immuneprecipitated from HEK 293a cells and assayed under the same 
conditions. Data shown are the average of 3 independent experiments. Error bars represent 
standard error and p-values were calculated using an unpaired Student’s t-test. 
 
 

We next performed an experiment to examine the effects of AMP on the CaMKKβ-

AMPK complex. Co-immunoprecipitation experiments demonstrate that the CaMKKβ-AMPK 

complex lacks the γ subunit of AMPK necessary for AMP binding (Fig. 1C). Here, we purified 

CaMKKβ-AMPK complexes by co-immuneprecipitation from HEK 293a cells and measured 

their activity against the AMPK substrate SAMS peptide in the presence or absence of AMP. 

Consistent with our previous data, we found that AMP had no effect on AMPK activity when the 

AMPK is associated with CaMKKβ (Fig 4B). As a positive control we immuneprecipitated 
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endogenous AMPK from HEK 293a cells and tested its activity in the same assay. Here we did 

show a statistically significant increase in AMPK kinase activity in the presence of AMP (Fig. 

4B). From these data we conclude that the CaMKKβ-AMPK signaling complex is not 

allosterically activated by AMP.  

The CaMKKβ-AMPK complex is cytoplasmic- Recent work with an AMPK activity 

reporter indicates that LKB1 activation of AMPK activity is limited to the cytoplasm, while 

AMPK activated downstream of CaMKKβ is present in both the cytoplasm and the nucleus [68]. 

We thus examined the localization of CaMKKβ in HEK 293a cells transfected with HA-

CaMKKβ and stained with an antibody against HA. Using confocal microscopy, we generated a 

series of z-stacked images to examine co-localization of the HA-CaMKKβ signal and the nucleus 

stained with DAPI. We found the majority of the CaMKKβ signal to be present in the cytoplasm, 

but were unable to detect any signal in the nucleus (Fig. 5A). However, we also observed 

CaMKKβ at the plasma membrane where it co-localized with actin (Fig. 5B). Recent work has 

demonstrated that AMP and nutrient stress lead to membrane association of AMPK [53] so we 

questioned where the CaMKKβ-AMPK complex localized by transfecting HEK 293a cells with 

FLAG-CaMKKβ followed by detergent fractionation to isolate cytoplasmic and membrane 

fractions. To determine purity of our fractions we immuno-blotted for the ER resident calreticulin 

and the cytoplasmic metabolic enzyme ATP-citrate lyase (ACL) which we found enriched in the 

membrane and cytoplasmic fractions, respectively. We detected FLAG-CaMKK β in the 

cytoplasmic and membrane fractions in accordance with our immunofluorescence data (Fig. 5C). 

We next immuneprecipitated CaMKKβ from these cell fractions and then immuno-blotted for 

AMPK. We found that while CaMKKβ was present in both cytoplasmic and membrane fractions, 

only the CaMKKβ present in the cytoplasm formed a complex with AMPK (Fig 5C). We also 
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examined localization of the CaMKKβ-AMPK complex following Ca2+-stimulation. For these 

experiments, the cells were treated for 5 min with the Ca2+ ionophore, ionomycin prior to 

fractionation and immuneprecipitation. Following Ca2+-stimulation we were unable to observe 

any change in the localization of the CaMKKβ-AMPK complex (Fig. 5C). From these 

experiments we conclude that interaction between CaMKKβ and AMPK predominantly occurs in 

the cytoplasm.  
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Figure 5: The CaMKKββββ-AMPK complex is cytoplasmic 

(A) HEK 293a cells expressing HA-CaMKKβ were stained with HA antibody to visualize 
CaMKKβ (red), Oregon Green phalloidin to stain actin (green) and DAPI (blue) to visualize 
nucleus. Confocal microscopy was used to generate a series of Z-stacked images. The panel on  
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Figure 5: (continued) 
top shows the Z-plane through the green bar while the panel on right shows the Z-plane through 
the red bar. 
(B) HEK 293a cells expressing HA-CaMKKβ were stained with Oregon green phalloidin to 
visualize actin (left), HA antibody to visualize CaMKKβ (middle) and DAPI to visualize the 
nucleus. The right panel shows an overlay of all three signals.  
(C) Subcellular fractionation of HEK 293a cells expressing FLAG-CaMKKβ shows CaMKKβ in 
both membrane and cytoplasm fractions. Cells were treated with DMSO or 1µM ionomycin for 5 
min prior to fractionation as indicated. The membrane marker calreticulin and the cytoplasm 
marker ACL were used to determine purity of fractions (left). Immuneprecipitation of FLAG-
CaMKKβ from membrane and cytoplasm fractions shows that the CaMKKβ-AMPK complex is 
cytoplasmic (right). As a control CaMKKβ was also immuneprecipitated from unfractionated 
cells.  

 

3.3 Discussion 

In this study we characterize the CaMKKβ-AMPK signaling complex. From our 

experiments we conclude that CaMKKβ is an AMPK kinase while CaMKKα is not, most likely 

due to its inability to form a complex with AMPK. We show here that CaMKKβ and AMPK 

associate through their kinase domains and formation of the CaMKKβ-AMPK complex requires 

active CaMKKβ which is bound to Mg2+/ATP and Ca2+/CaM.  In addition, an RP domain is 

required for interaction of CaMKKβ and AMPK. These requirements are unique to the 

CaMKKβ-AMPK complex, and are not required for interaction of CaMKKβ with CaMKIV. 

Examination of a crystal structure of the kinase domain of CaMKKβ bound to its inhibitor STO-

609 gives insight into these biochemical data (Fig. 6 and [69]). In the structure, lys-193 forms 

contacts with both STO-609 and glu-234 located on the αC helix (Sup. Fig. 1). In structures of 

active kinases this lys-193 to glu-234 contact is required for ATP phosphate orientation and Mg2+ 

coordination which is critical for catalysis [70, 71]. In addition, this contact is important in 

stabilizing the change in orientation of the αC helix in several kinases from the “out” 

conformation of the inactive kinase to the “in” conformation of the active kinase [72, 73]. 

Furthermore, in the case of cyclin A binding to CDK2, the “in” conformation of the αC helix in 
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CDK2 generates a large part of the surface to which cyclin A binds [72]. Thus, the K193A 

mutation could both destabilize the conformation of the active, closed ATP binding pocket and 

disrupt orientation of the αC helix. Since the K193A mutation in CaMKKβ disrupts binding to 

AMPK, but not CaMKIV we conclude that an active, closed ATP binding pocket and properly 

orientated αC helix could be required for CaMKKβ association with AMPK, but not CaMKIV. 

Interestingly, in most kinases the β3 sheet, which contains the ATP coordinating lysine, is 

connected to the αC helix, which contains the conserved glutamic acid, through a short loop. In 

the CaMKKs the RP domain is inserted between the β3 sheet and αC helix, and in the structure of 

CaMKKβ with STO-609 the RP domain is unordered. Again, our data show that removal of the 

RP domain from CaMKKβ disrupts interaction with AMPK but not CaMKIV. However, 

replacing the RP domain of CaMKKβ with that of CaMKKα maintains the interaction with 

AMPK. These data imply that it is not the sequence of the RP domain that is required to interact 

with AMPK. Rather, one possible explanation for these observations is that the RP domain may 

contribute to the appropriate alignment of the β3 sheet and the αC helix in the active, closed 

conformation of the ATP binding pocket. At any rate, we conclude that CaMKKβ interacts with 

its substrates AMPK and CaMKIV through different mechanisms. In addition, we suggest that, 

based on examination of the CaMKKβ crystal structure, proper alignment of the ATP binding 

pocket and αC helix is required for CaMKKβ interaction with AMPK, but not CaMKIV.  
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Figure 6: The CaMKKββββ ATP-binding pocket 

(A) The kinase domain of CaMKKβ in complex with STO-609. The catalytic aspartic 
acid (D311), ATP binding lysine (K193) and coordinating glutamic acid (E234) are 
labeled. The β3 sheet containing K193 and the αC helix containing E234 are also 
labeled. 
 

These observations are provocative as they imply that the CaMKKβ-AMPK complex 

could be targeted with a small molecule independently of the CaMKKβ-CaMKIV complex, 

which could be helpful for the treatment of disease. Certainly this idea is worthy of future 

research efforts. 

Finally, we show herein that the CaMKKβ-AMPK complex is present in the cytoplasm in 

resting cells as well as following Ca2+ stimulation. Recent work with a genetically encoded 

AMPK sensor shows that LKB1 can activate AMPK in the cytoplasm, but not the nucleus 

following energy stress. In contrast, activation of AMPK following a Ca2+ stimulation occurs first 

in the cytoplasm, followed by activation in the nucleus [68]. While we are unable to detect 

CaMKKβ in the nucleus, it is possible that phosphorylation of AMPK by CaMKKβ is required 
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for shuttling AMPK into the nucleus. Such a situation would be analogous to the requirement of 

CaMKKβ phosphorylation of CaMKIV for entry of CaMKIV into the nucleus [24].  
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4. Regulation of CaMKKββββ by Multi-Site Phosphorylation1 

4.1 Introduction 

The Ca2+/Calmodulin-dependent protein kinase kinases (CaMKKs) are serine/threonine 

directed protein kinases that are activated following increases in intracellular Ca2+ concentration. 

There are two CaMKK isoforms, CaMKKα and CaMKKβ, which are encoded by two separate 

genes. The CaMKKs have similar domain structures consisting of  N and C terminal domains of 

unknown function, a kinase domain and an autoregulatory domain comprising overlapping 

autoinhibitory and calmodulin (CaM) binding regions [74]. Binding of Ca2+/CaM to the CaM 

binding domain releases autoinhibition allowing for maximal catalytic activity. Human CaMKKα 

and CaMKKβ share 65% protein sequence homology, with the highest degree of similarity in 

their kinase domains, and the biggest differences in the N and C terminal domains [61].  

The CaMKKs are well characterized activators of the Ca2+/Calmodulin-dependent protein 

kinases I (CaMKI) and IV (CaMKIV) [61, 75, 76]. In this context the CaMKKs are upstream 

activators of Ca2+/CaM-dependent signaling cascades. These cascades are activated following an 

elevation in intracellular Ca2+ which leads to Ca2+ binding to CaM. Upon Ca2+ binding, CaM 

assumes an active conformation which allows it to bind target proteins including the CaMKKs 

and the CaMKs [13]. Binding of Ca2+/CaM to the CaMKs allows the activation loop of the kinase 

to assume a conformation in which it can then be phosphorylated by the CaMKKs [77, 78]. Thus, 

CaMKK/CaMK signaling cascades are regulated at multiple levels by Ca2+/CaM.  

 CaMKKα and CaMKKβ are expressed most abundantly in the brain [61], where 

CaMKK/CaMK signaling cascades play important roles in a number of physiologically important 
                                                      

1 Green MF, Scott JW, Steel R, Oakhill J, Kemp BE, Means AR. Regulation of CaMKKβ by multisite 

phosphorylation. J Biol Chem. 2011. The results presented in this chapter were previously published in the above 
manuscript. Permission to reproduce the material here was kindly granted by The American Society for Biochemistry 
and Molecular Biology, Inc. 
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neuronal processes including learning and memory [79, 80], neuronal differentiation and 

migration [26], neurite outgrowth [19-21], and synaptogenesis [18]. In addition, CaMKK β, but 

not CaMKKα, is an upstream activator of the AMP-dependent protein kinase (AMPK) [29, 65, 

66]. The regulation of AMPK by CaMKKβ is important for regulating energy balance in the 

hypothalamus [30].  

 While both CaMKKs activate CaMKI and CaMKIV similarly, there are 

important differences in how the two are regulated. First, CaMKKα can be phosphorylated by 

protein kinase A (PKA) leading to the recruitment of 14-3-3 and inactivation of the enzyme[81, 

82]. Although some PKA sites are conserved in both CaMKKs, the regulation of CaMKKβ by 

PKA has not been reported. In addition, while CaMKKα activity is almost exclusively dependent 

on Ca2+/CaM for activity, CaMKKβ has considerable autonomous activity in the absence of 

Ca2+/CaM binding [31, 61]. In spite of high automomous activity, CaMKKβ pathways involving 

substrates that are not themselves Ca2+/CaM regulated, such as AMPK, still require a Ca2+/CaM 

signal for activation [29]. In addition, CaMKKβ purified from bacterial and mammalian sources 

display varying amounts of autonomous activity [31, 65]. These observations led us to believe 

that there are additional Ca2+/CaM independent methods of CaMKKβ regulation. 

In the present study, we describe the regulation of CaMKKβ by phosphorylation and 

identify cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase 3 (GSK3) as putative 

upstream kinases. Phosphorylation of CaMKKβ in vitro decreases the Ca2+/CaM-independent, 

autonomous activity of the enzyme. In addition, we find that CDK5/GSK3 phosphorylation 

regulates the turnover of CaMKKβ in vivo. Finally, we demonstrate that appropriate 

phosphorylation of CaMKKβ is critical for its function in neurite development in primary 

neuronal cultures. 
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4.2 Results 

N-terminal phosphorylation of CaMKKβ results in altered CaM-dependence- In order to 

evaluate the differences in CaMKKβ autonomous activity between enzyme preparations isolated 

from bacterial and mammalian sources, we purified CaMKKβ from E. coli and the human HEK 

293a cell line. We tested the Ca2+/CaM-dependent and independent activities of these enzyme 

preparations using bacterially expressed AMPKα1D139Aβ1γ1 as a substrate. AMPK was chosen as a 

substrate because it does not require Ca2+/CaM binding to be phosphorylated by CaMKKβ, as is 

the case with CaMKI and CaMKIV [16, 78, 83, 84]. Thus, the use of AMPK makes it possible to 

measure the Ca2+/CaM-dependence of CaMKKβ without concern for the Ca2+/CaM-dependence 

of its substrate. When we tested the activity of our preparations of CaMKKβ, we confirmed the 

observation that bacterially expressed CaMKKβ has higher levels of Ca2+/CaM autonomous 

activity than that prepared from mammalian cells (Fig. 7A).  This led us to hypothesize that 

CaMKKβ is modified in mammalian cells in a manner that keeps autonomous activity low and 

increases Ca2+/CaM-dependence. As CaMKKβ has many putative phosphorylation sites, we 

questioned if this modification could be phosphorylation. To examine this possibility, we isolated 

CaMKKβ from cells that had been labeled with 32P-ortho phosphate, treated it with λ-phosphatase 

and found that phosphatase treatment decreased the total phosphate incorporation by 80% (Fig. 

8). This result reveals that CaMKKβ is phosphorylated in vivo, and that we can successfully 

remove the majority of this phosphorylation with λ-phosphatase treatment. Next, the Ca2+/CaM-

dependent and independent activities of phosphatase-treated HEK 293a produced CaMKKβ were 

assayed using the same bacterially expressed AMPKα1D139Aβ1γ1 as a substrate. As shown in Fig. 

7B, the phosphatase-treated CaMKKβ had increased Ca2+/CaM-independent activity compared to 

untreated CaMKKβ.  
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Figure 7: CaMKKββββ activity is modified by phosphorylation 

(A) In vitro kinase assay measuring the ability of mammalian HEK 293a CaMKKβ or E. 
coli CaMKKβ to phosphorylate AMPK. CaMKKβ preparations were incubated with 
bacterially produced AMPKα1D139Aβ1γ1 in the presence of [γ

32P]ATP and Ca2+/CaM or 
EGTA for the indicated amounts of time. Reactions were then subjected to SDS-PAGE 
and staining with coomassie blue. Bands corresponding to the AMPKα subunit were 
excised and amount of 32P incorporated was measured by scintillation counting. 
Activities are presented as a percent of the maximal activity (CaM-dependent activity at 
45 min) to correct for variation in protein yields. Data shown are the average of at least 
three independent experiments. Error bars represent standard error.   
(B) In vitro kinase assay comparing the activity of wild type and λ-phosphatase treated 
CaMKKβ purified from mammalian cells. Assays were performed as in (A). Data shown  
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Figure 7: (continued) 
are the average of at least three independent experiments. Error bars represent standard 
error.  
(C) TOF-MS analysis of wild type (WT) CaMKKβ. The major peak corresponds to a 
triple phosphorylated form of CaMKKβ. Shift of dominant peak in TOF-MS analysis of 
CaMKKβ S129A, S133A and S137A single mutants implies sequential phosphorylation.  
(D) Schematic of CaMKKβ domain structure showing phosphorylated residues identified 
by mass spectrometry. Autoreg/CaM, Autoregulatory domain and calmodulin binding 
domains which overlap in CaMKKβ. 
(E) Alignment of region surrounding N-terminal phosphorylation sites Ser-129, Ser-133 
and Ser-137. Phosphorylation sites with neighboring prolines are highlighted in bold text. 
Motif is conserved in mouse, rat and human CaMKKβ, but not in CaMKKα. 

 

 
Figure 8: CaMKKββββ is phosphorylated in vivo 

(A) FLAG-CaMKKβ was transiently over-expressed in HEK 293a cells and labeled for 4 
h with 0.77 mCi/ml of 32P-orthophosphate. CaMKKβ was then partially purified using 
anti-FLAG M2-agarose. The sample was split and half was treated with λ-phosphtase for 
1 h while the other half was left untreated. After phosphatase treatment, CaMKKβ 
attached to anti-FLAG M2-agarose was washed extensively before CaMKKβ was eluted 
using the FLAG peptide. Samples were run on a SDS-PAGE gel, silver stained, and then 
visualized on autoradiograph film.  
(B) Bands containing CaMKKβ were cut from the gel in (A) and levels of 32P 
incorporation were measured using scintillation counting.  
 

Using TOF mass spectrometry analysis of FLAG-CaMKKβ produced in the mammalian 

COS-7 cell line we observed multiple peaks corresponding to multiple phosphorylated forms of 

CaMKKβ (Fig. 7C). Phosphopeptide sequencing was then used to identify 7 phosphorylation 
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sites on CaMKKβ (Fig. 7D, Fig. 9, and data not shown).  

 

Figure 9: Phosphopeptide sequence of human CaMKKβ (121-142) 

Human FLAG-CaMKKβ was isolated by immunoprecipitation, digested with trypsin and 
subjected to targeted MS/MS as described in Experimental Procedures.  The parent triply 
charged ion is marked * (909.05); annotated a, b and y ions of the MS/MS spectrum are 
shown, the specific ions identifying pSer137, pSer133 and pSer129 are highlighted on the 
sequence. 
 

To determine which of these sites contribute to the Ca2+/CaM-dependence of CaMKKβ, a series 

of serine to alanine mutants was constructed.  S100, S495, and S511 are homologous to PKA 

sites in CaMKKα [85, 86] and phosphorylation of CaMKKα by PKA on S100 and S511 leads to 

the recruitment of 14-3-3 and inactivation of the enzyme [81, 82].  Interestingly, while we were 

able to confirm the observation that CaMKKα associates with 14-3-3 after stimulation of PKA 
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activity, CaMKKβ was unable to recruit 14-3-3 under the same conditions (Fig. 10).  

 

Figure 10: CaMKKββββ does not bind 14-3-3 following activation of PKA 

FLAG-CaMKKα and FLAG-CaMKKβ were transiently over-expressed in HEK 293a 
cells. The cells were then treated as indicated with 100mM dibutryl-cAMP for 10 min 
before being harvested in lysis buffer. FLAG-CaMKK constructs were 
immunoprecipitated with anti-FLAG M2 agarose and the immunoprecipitates were 
blotted with a pan 14-3-3 antibody as well as a FLAG antibody as a loading control. 
 

Furthermore, a CaMKKβ S100A, S495A, S511A triple mutant had activity similar to the wild 

type protein in our in vitro kinase assays (data not shown). From these data we conclude that the 

phosphorylated residues that alter CaMKKβ autonomous activity are not homologous to the PKA 

sites in CaMKKα. 

Previous studies involving truncation mutants of CaMKKβ suggest that a region of the 

N-terminus spanning residues 129-151 is responsible for generating autonomous activity of the 

enzyme [31]. Our mass spectrometry phosphopeptide sequencing data revealed three CaMKKβ 
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phosphorylation sites, Ser-129, Ser-133 and Ser-137, which fall within this region (Fig. 9). These 

sites are conserved in mouse, rat and human isoforms of CaMKKβ, but the region shares little 

homology with CaMKKα (Fig. 7E). Thus, we made a CaMKKβ S129A, S133A, S137A triple 

mutant (CaMKKβ (S129, 133, 137A)) and compared its activity to the wild type protein. We 

found that this phospho-deficient mutant did indeed exhibit increased autonomous activity with 

no change in Ca2+/CaM-dependent activity (Fig. 11A). In addition, activity of CaMKKβ (S129, 

133, 137A) was unaltered by λ-phosphatase treatment indicating that these are the primary 

residues responsible for altering Ca2+/CaM autonomous activity (data not shown).  

To further validate importance of Ser-129, Ser-133 and Ser-137 in generation of 

CaMKKβ autonomous activity, we mutated them to aspartic acid in a bacterially produced 

version of CaMKKβ (CaMKKβ (S129, 133, 137D)) in an attempt to mimic the phosphorylated 

state.  Comparison of the activity of this phospho-mimetic to the wild type protein revealed that 

CaMKKβ (S129, 133, 137D) had decreased autonomous activity (Fig. 11B). Thus, the bacterially 

produced CaMKKβ (S129, 133, S137D) mimics the phosphorylated form of the wild type protein 

purified from mammalian cells. Taken together these data indicate that phosphorylation of 

CaMKKβ at Ser-129, Ser-133 and Ser-137 in the N-terminus of the protein leads to decreased 

Ca2+/CaM autonomous activity, and that phosphorylation of these sites can be mimicked in the 

bacterially expressed form of the enzyme by mutating the serines to aspartic acids. 

The dominant peak from our TOF mass spectrometry corresponds to a triple 

phosphorylated form of CaMKKβ. We then questioned if this peak corresponded to CaMKKβ 

phosphorylated on Ser-129, Ser-133 and Ser-137. To test this we performed TOF mass 

spectrometry on the corresponding serine to alanine mutants of CaMKKβ expressed in COS-7 
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cells. 

 

Figure 11: Phosphorylation of CaMKKββββ on S129, S133 and S137 in the N-terminus 
is responsible for decreased autonomous activity 

(A) In vitro kinase assay measuring the ability of wild type CaMKKβ and 
CaMKKβ (S129, 133, 137A) produced in mammalian cells to phosphorylate AMPK.  
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Figure 11: (continued) 
Assays were performed as in Fig. 7A. Data shown are the average of at least three 
independent experiments. Error bars represent standard error.   
(B) In vitro kinase assay measuring the activity of bacterially expressed wild type 
CaMKKβ or CaMKKβ (S129, 133, 137D). Assays were performed as in Fig. 7A. Data 
shown are the average of at least three independent experiments. Error bars represent 
standard error. 
(C) FLAG-tagged wild type CaMKKβ or CaMKKβ (S129, 133, 137A) were partially 
purified from HEK 293a cells and immuno-blotted with a commercially available 
phosphoserine antibody. The membrane was also blotted for FLAG as a loading control.  
(D) FLAG-tagged wild type CaMKKβ or CaMKKβ S129A, S133A or S137A single 
point mutants were partially purified from HEK 293a cells and immuno-blotted with a 
commercially available phosphoserine antibody. The membrane was also blotted for 
FLAG as a loading control.  
(E) Two dimensional gel analysis of wild type CaMKKβ and CaMKKβ (S129, 133, 
137A) purified from mammalian cells. Top and middle panels show wild type CaMKKβ 
blotted with FLAG and pSerine antibodies, respectively. Bottom panel shows CaMKKβ 
(S129, 133, 137A) blotted with FLAG antibody. 
 

The S137A mutant resulted in the dominant CaMKKβ peak having no phosphates whereas the 

S133A mutant major peak had a single phosphate and the S129A mutant had two phosphates 

(Fig. 7C). These data indicate that Ser-129, Ser-133 and Ser-137 contribute to the dominant 

phosphorylated form of CaMKKβ. In addition, these data indicate that phosphorylation of Ser-

129, Ser-133, and Ser-137 are coordinately regulated with priming of Ser-137 being required 

before subsequent phosphorylation of Ser-133 and then Ser-129. To further validate our TOF 

mass spectrometry data, we performed a two dimensional gel analysis on wild type CaMKKβ and 

CaMKKβ (S129, 133, 137A). To detect phosphorylated protein we used a commercially available 

phosphoserine antibody which we found recognized wild type CaMKKβ, but not CaMKKβ 

(S129, 133, 137A) (Fig. 11C). To determine which sites the phosphoserine antibody recognized, 

we tested its reactivity with CaMKKβ S129A, S133A and S137A single point mutants. As seen 

in Fig. 11D, mutating any one of these three sites individually leads to loss of reactivity with the 

phosphoserine antibody. Since our TOF mass spectrometry data with the CaMKKβ single 

mutants indicate mutation of Ser-133 blocks phosphorylation of Ser-129 and mutation of Ser-137 
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blocks phosphorylation of Ser-133 and Ser-129, we suggest that the phosphoserine antibody is 

most likely recognizing Ser-129.   In the two dimensional gel wild type CaMKKβ resolved into a 

series of four spots which all reacted with the phosphoserine antibody (Fig. 11E). CaMKKβ 

(S129, 133, 137A) resolved into a single spot which was right shifted when compared to the wild 

type protein and failed to show any reactivity with the phosphoserine antibody (Fig. 11E and data 

not shown). From this experiment we conclude that in cells CaMKKβ is phosphorylated 

constitutively on Ser-129, Ser-133 and Ser-137. 

The N-terminus of CaMKKβ is sequentially phosphorylated by CDK5 and GSK3- Since 

CaMKKβ is phosphorylated in mammalian cells, we wanted to determine the protein kinase or 

kinases responsible. From our TOF mass spectrometry data we suspected that phosphorylation of 

Ser-129, Ser-133 and Ser-137 is coordinately regulated. Supporting this idea, the spacing of the 

residues resembles a consensus glycogen synthase kinase 3 (GSK3) phosphorylation motif and it 

is common for GSK3 to require a priming phosphorylation event [87]. If this were the case for 

CaMKKβ, the prediction would be that Ser-137 is phosphorylated first, followed by GSK3-

dependent phosphorylation of Ser-133 and Ser-129. To help direct the search for the putative 

CaMKKβ priming kinase, we used the Scansite program to search kinases that might recognize 

the region around the Ser-137 site and identified cyclin-dependent kinase 5 (CDK5) [88]. To test 

this idea, we incubated purified, active CDK5 with bacterially-produced catalytically-inactive 

GST-CaMKKβ D311A in the presence of [γ-32P]ATP and found CaMKKβ to be phosphorylated 

with 32P (Fig. 12A). Since there was greatly diminished phosphorylation of a GST-CaMKKβ 

(D311A, S137A) mutant, it is likely that Ser-137 is the primary site of phosphorylation by CDK5 

(Fig. 12A). We then examined the phosphorylation of CaMKKβ by GSK3β. For these 

experiments we incubated phosphatase treated HEK 293a purified CaMKKβ in the presence or 

absence of CDK5 for an hour before addition of purified, active GSK3β. We used the 
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phosphoserine antibody to detect phosphorylation of CaMKKβ. We found that incubation with 

either CDK5 or GSK3β alone was insufficient to produce reactivity with the phosphoserine 

antibody. However, incubation with CDK5 followed by GSK3β produced a robust phosphoserine 

signal (Fig. 12B). These data demonstrate that CDK5 and GSK3β can phosphorylate CaMKKβ in 

vitro, and that the phosphorylation events catalyzed by these protein kinases are sequential, with 

phosphorylation of Ser-137 by CDK5 being required for the subsequent phosphorylation of 

CaMKKβ by GSK3β on Ser-133 and Ser-129.  

We next questioned if CaMKKβ could be phosphorylated by CDK5 and GSK3 in our 

HEK 293a cell system. To test if CaMKKβ is phosphorylated by GSK3, we inhibited GSK3 

activity using the GSK3 Inhibitor XV compound [89]. After an overnight treatment of the cells 

with 0.1 µM of the GSK3 inhibitor, all reactivity with the phosphoserine antibody was lost (Fig. 

12C). This indicates that CaMKKβ fails to be phosphorylated in the absence of GSK3 activity. 

We also treated HEK 293a cells with 10 µM roscovitine, an inhibitor of CDC2, CDK2 and 

CDK5. Treatment of cells with roscovitine was limited to 1 h as previous reports have 

demonstrated that CDK5/p35 is turned over rapidly and newly synthesized kinase will be free of 

inhibitor [90]. Following this short treatment we were unable to detect any change in 

phosphoserine levels on CaMKKβ (data not shown). This is most likely due to the short duration 

of treatment, and does not exclude CDK5 as the kinase responsible for CaMKKβ 

phosphorylation.    
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Figure 12: CDK5 and GSK3 phosphorylate CaMKKββββ in vivo 
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Figure 12: (continued) 
(A) In vitro kinase assay in which 5 µg of bacterially purified GST-CaMKKβ D311A or 
GST-CaMKKβ D311A, S137A was incubated with 0.234 µg of active p35/CDK5 in the 
presence of [γ32p]ATP for the indicated times. Top panel is autoradiograph and bottom 
panel is coomassie stained gel to show loading. 
(B) In vitro kinase assay in which 0.5 µg of HEK 293a expressed FLAG-CaMKKβ was 
incubated with active GSK3β either with (right) or without (left) pre-incubation with 
CDK5/p35.  
(C) FLAG-CaMKKβ was transiently over-expressed in HEK293a cells. The cells were 
then treated overnight with 0.1 µM GSK3 inhibitor XV before being lysed. CaMKKβ 
was immunoprecipitated from the lysate and immuno-blotted using the phosphoserine 
antibody described in Fig. 2C and FLAG antibody as a loading control.   
(D) FLAG-CaMKKβ WT and mutants were over-expressed in HEK 293a cells along 
with CMV-p35. FLAG-CaMKKβ was immunoprecipitated with anti-FLAG M2 agarose, 
and immunoprecipitates were immuno-blotted for p35 and FLAG as a loading control. 
Immunoprecipitates contained EGTA/EDTA as indicated. 
 
CaMKKβ and p35, a CDK5 activator, are in a protein complex- Formation of multi-

protein complexes is one mechanism employed to regulate specificity and timing of signaling 

events. This has been shown to be the case for several CaMKKβ complexes [18, 22, 23, 30], as 

well as for CDK5 [35, 91] and GSK3 complexes [92]. Much like the cyclin-dependent kinases, 

CDK5 activity is dependent on binding of a small protein activator [93]. Two CDK5 activators, 

p35 and p39, have been identified with p35 being the better studied of the two. Previous reports 

have shown that CDK5 interacts with its effector molecules, such as Rac and CASK, through 

mutual association with p35 [35, 91].Thus, we performed experiments to see if CaMKKβ forms 

complexes with CDK5, its activator p35 or GSK3 in our HEK 293a cell model. For these 

experiments, FLAG-CaMKKβ and CMV-p35 were transiently over-expressed in HEK 293a cells 

which express CDK5 and GSK3 endogenously. CaMKKβ was immunoprecipitated with anti-

FLAG M2 agarose, and blotted for the presence of p35, CDK5 and GSK3. While we were not 

able to detect CDK5 or GSK3 in the immunoprecipitates (data not shown), we readily detected 

p35 (Fig. 12D). Formation of the p35-CaMKKβ complex was also observed for CaMKKβ (S129, 

133, 137A) and CaMKKβ (S129, 133, 137D), and the complexes were not Ca2+/CaM-dependent 
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as they were not disrupted by the addition of metal chelators to the lysis buffer (Fig. 12D). As a 

negative control we included CaMKKα, which immunoprecipitated very little p35 when 

compared to CaMKKβ (Fig. 12D). Thus, CDK5 and CaMKKβ most likely associate with each 

other through mutual association with p35. 

CDK5-dependent phosphorylation regulates the turnover of CaMKKβ- While working 

with the CaMKKβ mutants, we noted that expression of CaMKKβ (S129, 133, 137D) was higher 

than wild type CaMKKβ (data not shown). This suggested to us that phosphorylation of 

CaMKKβ may influence its turnover. To test this theory we used a pulse-chase experiment to 

measure the rate of turnover of wild-type CaMKKβ and CaMKKβ (S129, 133, 137A). Mouse 

embryonic fibroblasts (MEFs), a readily available primary cell line, were infected with 

lentiviruses expressing either wild type CaMKKβ or CaMKKβ (S129, 133, 137A). The MEFs 

were then pulsed with media containing 35S-labeled methionine and cysteine. After a 10 min 

pulse, the cells were chased in label free media for the indicated times. We found that wild type 

CaMKKβ decays linearly with a half-life of 30.7 h (Fig. 13A). Interestingly, decay of CaMKKβ 

(S129, 133, 137A) is bi-phasic. During the first phase, the mutant protein is rapidly degraded with 

a half-life of 2.1 h. However, by the 6 h chase time point approximately 60% of the labeled 

protein remains and the decay curve levels off giving a half-life of 51.2 h. As a control, we 

measured the rate of 35S turnover in crude lysates, and found no difference between those derived 

from the CaMKKβ (S129, 133, 137A) or wild type lysates (Fig. 13B). These data indicate 

phosphorylation of newly synthesized CaMKKβ is critical for its stability, as protein which 

cannot be phosphorylated is rapidly degraded. Thus, one function of phosphorylation of 

CaMKKβ is to regulate stability of newly synthesized protein. Since CDK5 phosphorylation is 

required prior to GSK3β, we believe that regulation of CDK5 activity is probably most influential 
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in determining CaMKKβ phosphorylation status. Thus, we predicted that the absence of CDK5 

activity would lead to decreased levels of CaMKKβ protein.  

 

Figure 13: Phosphorylation of CaMKKββββ regulates its turnover 

(A) Pulse-chase experiment examining the half-life of CaMKKβ in MEFs. MEFS were 
infected with a lentivirus containing either wild type FLAG-CaMKKβ or FLAG-
CaMKKβ (S129, 133, 137A). Cells were pulsed with 35S labeled Cys/Met mixture and 
after pulse cells were chased in normal medium supplemented with 5mM methionine and 
cysteine. Cells were harvested at the indicated times, and CaMKKβ was 
immunoprecipitated with α-FLAG M2 agarose. The immunoprecipitates were subjected  
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Figure 13: (continued) 
to SDS-PAGE, silver stained and 35S incorporated into CaMKKβ was quantified using a 
phosphoimager. These values were expressed as a percent of signal at time zero. Data are 
average of 4 experiments. Error bars represent standard error. 
(B) To insure that 35S labeling was properly quenched during the pulse-chase experiments 
in (A), 5-10 mg of total protein from each time point was precipitated with TCA and total 
counts present were quantified by scintillation counting. As expected, amount of 35S 
radioactivity decreases rapidly throughout the experiment. Data are average of 4 
experiments. Error bars represent standard error. 
 
CDK5/p35 activity regulates the level of CaMKKβ in primary brain tissues and cultured 

neurons- To examine the consequence of loss of CDK5 activity on CaMKKβ we examined 

CaMKKβ levels in a CDK5 knockout mouse model. The CDK5 global knockout mouse displays 

embryonic and perinatal mortality [94], so we used CDK5 conditional knockouts which lack 

CDK5 in CaMKIIα positive neurons [35]. We examined CaMKKβ in cortex and hippocampus 

from these animals, as these are regions of the brain where both CaMKKβ and CDK5 are 

expressed [61, 95]. In accordance with our prediction that CDK5 phophorylation regulates 

CaMKKβ levels, we found a 43% reduction of CaMKKβ in cortex and a 45% reduction in 

hippocampus in the CDK5 conditional knockouts (Fig. 14A and B). Levels of the CaMKKβ 

substrate CaMKI were unchanged, indicating specificity for CaMKKβ (Fig. 14A and B). From 

this we concluded that absence of CDK5 activity leads to a reduction in CaMKKβ, and this effect 

is specific as CaMKI levels are not altered.    
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Figure 14: CDK5 activity correlates with CaMKKββββ levels in mouse brain tissues 

(A) Lysates made from control or CDK5 conditional knockout (CDK5 cKO) cortex (Ctx) or 
hippocampus (Hipp) were blotted with antibodies to panCaMKK, CaMKI, β-actin, and CDK5. 
To help in the identification of CaMKKβ versus CaMKKα, brain extracts from wild type and 
CaMKKβ knockout mice were run in the left two lanes.  
(B) Quantification of (A). Error bars represent standard error and p-values were calculated using 
an unpaired Student’s t-test. 

 
Interestingly, levels of CDK5 activity are developmentally regulated in the central 

nervous system, and correlate with the cessation of neuronal proliferation and the start of 

migration and neurite outgrowth [95]. Much like the cyclin-dependent kinases, CDK5 activity is 

dependent on expression and binding of a small protein activator [93]. Two CDK5 activators, p35 

and p39, have been identified with p35 being the better studied of the two. A good in vitro model 

of neuronal differentiation is the culture of cerebellar granule cells (CGCs). Cerebellar granule 
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precursors can be isolated from neonatal mouse cerebellum and differentiate in culture. Previous 

work from our lab has shown that lack of CaMKKβ impairs the ability of CGCs to cease 

proliferation in the external granule cell layer (EGL) and migrate into the internal granule cell 

layer (IGL) of the cerebellum [26]. Thus, we decided to examine the relationship between CDK5 

and CaMKKβ in cultured primary CGCs. We compared the protein levels of CDK5, p35, and 

CaMKKβ in lysates from freshly isolated, mitotically-active CGC precursors and CGCs that had 

been cultured for 1 day in vitro allowing them to differentiate. While levels of CDK5 were 

unchanged, we observed a large increase in p35 levels in differentiated cells which correlated 

with an increase in total CaMKKβ (Fig. 15A and B). This increase in CaMKKβ was not due to a 

change in the level of CaMKKβ transcription, as levels of mRNA remained constant (Fig. 15C). 

Thus, levels of CaMKKβ increase during neuronal development, and this increase correlates with 

increased CDK5 activity. 

 

Figure 15: CDK5 activity correlates with CaMKKββββ levels in primary CGC cultures 
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Figure 15: (continued) 
(A) 75 µg of lysate from freshly isolated WT or 1 day in vitro (1DIV) WT CGCs were 
immuno-blotted with panCaMKK, p35, CDK5, and β-actin antibodies. Representative 
blot from 4 independent experiments. 
(B) Quantification of (A). Combined analysis from 4 independent experiments. Error bars 
represent standard error and p-values were calculated using an unpaired Student’s t-test.   
(C) Real-time PCR analysis of CaMKKβ mRNA from freshly isolated WT or 1 day in 
vitro (1DIV) WT CGCs. Combined analysis from 3 independent experiments. Error bars 
represent standard error and changes in CaMKKβ mRNA were determined to be 
nonsignificant (NS) based on a p-value > 0.05 as calculated by an unpaired student’s t-
test. 
 
Phosphorylation of CaMKKβ by CDK5 is important in neurite outgrowth – We next 

questioned why induction of CaMKKβ is important during development of CGC. To address this 

question we first examined the subcellular localization of CaMKKβ in developing CGCs after 

transfection of CaMKKβ null CGCs with GFP fusions of wild type CaMKKβ, CaMKKβ (S129, 

133, 137A) or CaMKKβ (S129, 133, 137D). CaMKKβ was visualized by staining for GFP in 

fixed neurons while axons were visualized with Tau-1 staining. We found that all three CaMKKβ 

constructs shared a similar distribution pattern with signal in the cell body and along the axon. In 

addition, we found CaMKKβ to be enriched in growth cones (indicated with arrows, Fig. 16A-C). 

Thus, CaMKKβ is widely distributed in neurons, and localization is not grossly disrupted by 

changing phosphorylation status.   

The growth cone is a specialized structure which controls outgrowth of neurites by 

responding to extracellular cues, some of which trigger Ca2+ signaling [96]. Since CaMKKβ 

localizes to growth cones, we hypothesized that it may play a role in neurite outgrowth. In 

cerebellar granule neurons, as in most other neurons, neurite outgrowth is polar leading to a 

typical morphology characterized by a single long axon and several shorter dendrites. To examine 

the role of CaMKKβ in neurite outgrowth we examined the morphology of CGCs isolated from 

wild type and CaMKKβ null mice transfected with GFP. After 3 days in vitro, neurons isolated 
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from both wild type and CaMKKβ null mice displayed a consistent polar morphology including a 

single long process (axon) and multiple shorter processes (dendrites) (Fig. 17A, B and G). 

However, when we measured the length of the longest, primary neurite, we found a significant 

decrease in the CaMKKβ null CGCs (Fig. 17F). This indicated a defect in neurite extension, and 

is consistent with previous reports [19, 20]. We then questioned what effect wild type CaMKKβ, 

CaMKKβ (S129, 133, 137A) or CaMKKβ (S129, 133, 137D) would have on CGC morphology 

and neurite outgrowth. Thus, we transfected CaMKKβ null CGCs with GFP fusions of these 

constructs and analyzed them as we did the wild-type and CaMKKβ null CGCs. We found that 

the neurons expressing both the wild type and CaMKKβ (S129, 133, 137A) constructs had 

normal, polar morphology (Fig 8. C, D and G). However, the neurons transfected with 

CaMKKβ (S129, 133, 137D) displayed a striking phenotype whereby they failed to establish 

appropriate axon-dendrite polarity and instead grew several long neurites (Fig. 17E and 17G). 

This defect is similar to that seen in rat hippocampal neurons overexpressing active CaMKI [21], 

and indicates a defect in establishment of appropriate polarity during neurite outgrowth. We next 

measured the length of the longest neurite in the CaMKKβ null CGC expressing wild type 

CaMKKβ, CaMKKβ (S129, 133, 137A), and CaMKKβ (S129, 133, 137D) constructs. We found 

that both wild type CaMKKβ and CaMKKβ (S129, 133, 137A) were able to restore the decrease 

in primary neurite length observed in the CaMKKβ null neurons (Fig 17F). However, CaMKKβ 

(S129, 133, 137D) was unable to rescue the defect in primary neurite length (Fig. 17F). This is 

consistent with the observation that these neurons are nonpolar and fail to grow a single long 

process (Fig 17E and 17G). Together these data indicate that appropriate regulation of CaMKKβ 

by phosphorylation is critical for neurite outgrowth during neuronal development.   
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Figure 16: Localization of CaMKKββββ in developing CGCs 

(A-C) CaMKKβ null CGCs were transfected with GFP-tagged wild type CaMKKβ (A), 
CaMKKβ (S129, 133, 137A) (B), or CaMKKβ (S129, 133, 137D) (C) constructs as 
indicated on the left. Cells were then stained for GFP (red) to visualize CaMKKβ and 
Tau-1 (green) to visualize axons. Panel on right shows overlay of signals along with 
DAPI (blue) to stain nucleus. Arrows point to growth cones. Scale bar equals 20 µM. 
Representative images from 4 independent experiments. 
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Figure 17: Phosphorylation of CaMKKββββ is important in neurite outgrowth 

(A-E) Representative images showing morphology of wild type neurons transfected with 
GFP (A), CaMKKβ null neurons transfected with GFP (B), or CaMKKβ null neurons 
rescued with wild-type CaMKKβ-GFP (C), CaMKKβ (S129, 133, 137A)-GFP (D), or 
CaMKKβ (S129, 133, 137D)-GFP (E). Neurons were stained with GFP (red) to visualize 
CaMKKβ and Tau (green) to visualize axons. Panel on right shows overlay of signals 
along with DAPI (blue) to stain nucleus. Arrows point to primary neurite (axon) that 
continues out of view and arrow heads indicate shorter secondary neurites (dendrites). 
Scale bar equals 20 µM.  
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Figure 17: (continued) 
(F) Length of axons as measured in WT or CaMKKβ null (KO) CGCs transfected with 
the indicated GFP-fusion constructs after 3 days in vitro. At least 40 neurons were 
measured for each condition from 3 independent experiments. Error bars represent 
standard error and p-values were calculated using an unpaired Student’s t-test. 
(G) Polarity of neurons was determined for WT and CaMKKβ null (KO) CGCs 
transfected with the indicated GFP-fusion constructs after 3 days in vitro. At least 40 
neurons were measured for each condition from 3 independent experiments. Error bars 
represent standard error. 
 

4.3 Discussion 

In this study we report the novel regulation of CaMKKβ activity by multi-site 

phosphorylation. We find that CaMKKβ autonomous activity is decreased following 

phosphorylation on three sites in the N-terminus (S129, S133 and S137), identify CDK5 and 

GSK3 as the kinases responsible for these phosphorylation events, and show they act sequentially 

with CDK5 priming for subsequent phosphorylation by GSK3. In addition, we find that 

CaMKKβ isolated from mammalian cells is constitutively phosphorylated, leading us to believe 

that this is a mechanism by which cells keep CaMKKβ autonomous activity low allowing for 

tight control of activity by Ca2+/CaM. 

In addition to regulation of autonomous activity, we find that phosphorylation of 

CaMKKβ by CDK5 and GSK3 regulates its half-life. From the results of pulse-chase experiments 

we conclude that phosphorylation of S129, S133 and S137 is critical for stability of newly 

synthesized protein. Since CaMKKβ needs to be phosphorylated by CDK5 before it can be 

phosphorylated by GSK3β, we predicted that regulation of CDK5 activity would correlate with 

CaMKKβ phosphorylation and stability. Our data from CDK5 conditional knockout mice support 

this as cortex and hippocampus from these animals have a significant decrease in CaMKKβ 

protein. In addition to CaMKKβ, the CDK5 substrate tyrosine hydroxylase is regulated in a 
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similar fashion as phosphorylation also regulates its stability [97]. Thus, one important effect of 

CaMKKβ phosphorylation is to stabilize and thereby increase cellular levels of CaMKKβ.  

CDK5 activity is developmentally regulated and correlates with a switch from a 

proliferative state to a migratory state in neurons [95]. While CDK5 is ubiquitously expressed, its 

activity is regulated by co-expression of two small protein activators p35 and p39 [93, 98, 99]. 

Studies in CDK5, p35 and p39 knockout models demonstrate the importance of CDK5 activity in 

neuronal development, especially in the cortex [94, 100]. In addition, CDK5 activity is important 

in migration of granule cells in the developing cerebellum [101]. Previous data from our lab 

demonstrated that the absence of CaMKKβ causes a defect in the developing cerebellum whereby 

granule cells fail to cease proliferation and migrate properly [26]. This led us to believe that 

induction of CDK5 activity during development would increase CaMKKβ levels allowing for its 

proper function in developing neurons. Our data from cultured CGCs supports this theory. In 

CGCs we reveal that CaMKKβ levels increase in concert with p35 levels as the cells differentiate 

in culture. Thus, CaMKKβ levels are regulated during development. 

We then questioned the role up-regulation of CaMKKβ may play during CGC 

development. When we examined CaMKKβ localization in CGC, we noticed it was enriched in 

growth cones. Enrichment of CDK5 and its activator p35 have also been reported in growth 

cones, and work in cultured cortical neurons demonstrated a requirement for CDK5 during 

neurite outgrowth [102]. Previous work has demonstrated that a CaMKK/CaMKI pathway 

contributes to axon outgrowth through the regulation of growth cone motility [19]. This led us to 

believe that phosporylation of CaMKKβ by CDK5 in the growth cone could be important in 

neurite outgrowth, so we examined neurite outgrowth in our CGC model. We found that 

CaMKKβ null CGCs grow shorter primary neurites than wild types, and we were able to rescue 

this defect with wild type CaMKKβ and CaMKKβ (S129, 133, 137A). This indicates that 
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phosphorylation of CaMKKβ is not critical for its role in neurite extension. Surprisingly, 

CaMKKβ (S129, 133, 137D) was unable to recover the defect in primary neurite outgrowth, and 

caused an additional defect in the establishment of appropriate neuronal polarity. This indicates 

CaMKKβ has an additional role in the early stages of neurite outgrowth during which appropriate 

axon-dendrite polarity is established from the polarized emergence of axons and dendrites [103]. 

This is consistent with previous work showing that constitutive activation of a CaMKK/CaMKI 

pathways during the early stages of hippocampal neuron differentiation leads to the development 

of multiple axons [21]. Thus, we conclude from our data that appropriate phosphorylation of 

CaMKKβ is most critical during the early stages of neurite outgrowth in which neuronal polarity 

is established.  

 During the establishment of neuronal polarity signaling molecules acquire a polarized 

distribution due to processes such as local protein translation and degradation in the emerging 

processes [103]. One intriguing explanation for the phenotype generated by CaMKKβ (S129, 

133, 137D) is that CaMKKβ is locally synthesized and phosphorylated in the neurite that will 

become the axon leading to its enhanced stability. Local synthesis of polarity proteins such as 

Par-3 is known to occur in axons and be essential for axon specification and growth [104]. In 

addition, the CaMKKβ downstream target CREB is also known to be locally translated in axons 

where it is postulated to be more susceptible to modification before being transported to the 

nucleus where it influences transcription of target genes [105]. If CaMKKβ was also locally 

modified by CDK5, in the case of CaMKKβ (S129, 133, 137D) this localized regulation would be 

lost and could lead to the inappropriate initiation and growth of the multiple non-polarized 

neurites seen in our experiments. Additional work will be required to confirm this theory.  
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There are several possible CaMKKβ downstream targets which could mediate its role in 

neurite outgrowth. In cortical neurons, CaMKK-CaMKIα and CaMKK-CaMKIγ pathways have 

been implicated in the growth of axons and dendrites, respectively [15, 20]. In addition, 

regulation of CaMKIγ by CaMKK has also been implicated in the early stages of axon formation 

[21]. In cortical and hippocampal neurons both CaMKKα and CaMKKβ are expressed and it is 

not clear in these model systems which isoform is most important for CaMKI activation. Since 

CGCs express higher levels of CaMKKβ than CaMKKα [106], it is reasonable to assume 

CaMKKβ may be the more important kinase isoform in this type of neuron.   

In addition to regulating CaMKI, CaMKKβ also regulates CaMKIV. Our previous work 

on the cerebellum of CaMKIV and CaMKKβ null animals implicates a 

CaMKKβ/CaMKIV/CREB signaling pathway in the regulation of brain-derived neurotrophic 

factor (BDNF) transcription. BDNF is an important neurotrophin in CGC development 

influencing survival, migration, neurite outgrowth, and synapse development [107-109]. Recent 

work also demonstrates that the BDNF receptor TrkB adopts a polarized distribution in CGCs 

with the highest levels present in the leading process [110]. This polarization is critical for 

migration of CGCs along BDNF gradients in the developing cerebellum. Since CaMKKβ 

regulates BDNF levels, disruption of this signaling pathway may adversely influence the 

establishment of BDNF gradients critical for appropriate CGC polarization and migration.   

Recent work has also implicated the CaMKKβ target AMPK in neuronal polarization and 

neurite growth [111]. In these studies hippocampal neurons were treated with the AMPK agonists 

metformin or AICAR and the authors noticed a failure to establish appropriate polarity as well as 

a decrease in total neurite length. This is similar to what we observe when we overexpress 
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CaMKKβ (S129, 133, 137D). Further work is required to determine if the phenotype we observe 

is due to increased activation of AMPK.  

Thus, we have described herein a novel CDK5/GSK3-dependent mechanism responsible 

for the regulation of CaMKKβ activity. In the future it will be necessary to consider the 

phosphorylation status of CaMKKβ in addition to Ca2+/CaM binding to better understand 

regulation of CaMKKβ-dependent signaling pathways.   
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5. Conclusions and Future Directions 

5.1 Chacterization of the CaMKKββββ-AMPK Signaling Complex 

The CaMKKs were initially described and are well studied as activators of CaMKIV and 

CaMKI. The CaMKK are activated upon binding of Ca2+/CaM which occurs following an 

increase in intracellular Ca2+. Previously a CaMKKβ-CaMKIV signaling complex has been 

characterized and its role in regulation of CREB-mediated transcription has been evaluated [22-

25]. Here we characterize a protein complex which exists between CaMKKβ and another of its 

substrates, AMPK. We demonstrate that CaMKKβ and AMPK are present in a protein complex 

both in brain lysates and cultured cells. In addition, biochemical analysis of the CaMKKβ-AMPK 

association reveals the uniqueness of this signaling complex. Interestingly, the AMPK bound to 

CaMKKβ does not include the AMPK γ subunit which is responsible for allosteric activation of 

the enzyme by AMP (Fig. 1C), and in vitro kinase assays show that AMPK is not activated by 

AMP when purified with CaMKKβ (Fig. 4B). This observation is consistent with data from 

experiments which examine the activation of AMPK in HeLa cells and lung adenocarcinoma-

derived A549 cells, both of which lack LKB1 expression [29]. The CaMKK activation of AMPK 

in these studies was not AMP-dependent as treatment with AICAR did not lead to increased 

activity, but was Ca+2-dependent as treatment with ionomycin did increase activity. In addition, a 

crystal structure of the AMPK homolog from S. pombe show a tight association between the 

AMPK α and β subunits, but a much weaker association between the γ subunit and the remainder 

of the AMPK complex [44]. This lead the authors to speculate that binding of the γ subunit may 

not be obligatory. 

While the CaMKKβ-AMPK complex is not regulated by AMP, there is a requirement for 

metal binding as the complex is disrupted in the presence of the chelators EGTA and EDTA (Fig. 
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1B). Through the use of a series of CaMKKβ mutants we demonstrate that this is due to a 

requirement for catalytic activity and Mg2+/ATP binding. We also demonstrate that CaMKKβ and 

AMPK interact through association of their kinase domains and that CaMKKβ must have an RP 

domain. Interestingly, we find that the CaMKKβ-CaMKIV complex is not bound by these 

requirements. In fact mutants which lack catalytic activity, where the ATP binding lysine is 

mutated, or which lack an RP domain still allow for a complex between CaMKKβ and CaMKIV. 

These data illustrate that CaMKKβ can exist in two fundamentally different complexes. 

Examination of the ATP binding pocket in a crystal structure of the kinase domain of CaMKKβ 

bound to its inhibitor STO-609 allowed us to speculate as to why this is the case. In the structure 

CaMKKβ assumes a closed conformation characteristic of active kinases with the ATP binding 

lysine of the β3 sheet making contacts with both STO-609 and a conserved glutamic acid on the 

αC helix. In structure of active kinases this lysine binds both ATP and the conserved glutamic 

acid of the αC helix which are critical for catalysis as it is required for ATP phosphate orientation 

and Mg2+ coordination [70, 71]. In addition, this contact is important in stabilizing the orientation 

of the αC helix into the “in” conformation [72, 73]. In the case of cyclin A binding to CDK2, the 

“in” conformation of the αC helix in CDK2 generates a large part of the surface to which cyclin 

A binds [72]. Interestingly, while the β3 sheet and αC helix are usually connected by a short 

loop, in the case of the CaMKKs this loop is replaced by the RP domain. This leads us to 

hypothesize that the surface surrounding the αC helix of CaMKKβ is that which binds AMPK 

and that this is different for the surface responsible for binding of CaMKIV. Further work is 

required to validate this hypothesis. A series of experiments where residues on the αC helix of 

CaMKKβ are mutated and then used to examine complex formation with CaMKIV and AMPK 

would be interesting and could support this hypothesis. In addition, definitive proof of the binding 
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surfaces of CaMKKβ required for binding to its substrates could be gained by co-crystalization of 

CaMKKβ with either CaMKI or AMPK. Since all three have been crystallized individually, it 

may be possible to identify conditions where co-crystalization is possible.  

A casual observation made during our work with both the CaMKKβ-AMPK and 

CaMKKβ-CaMKIV complexes is that only a fraction of total cellular AMPK or CaMKIV present 

in the cell appears to exist in a complex with CaMKKβ at a given time. While this implies some 

limiting factor to the association of CaMKKβ with its substrates, further work is required to 

understand the significance of this observation. One explanation for this observation may be that 

CaMKKβ complexes are spatially restricted. We are able to show using fractionation experiments 

that the localization of the CaMKKβ-AMPK complex is cytoplasmic and that this is unaltered by  

Ca2+ stimulation. A similar analysis should be performed for the CaMKKβ-CaMKIV complex. 

The ability to examine the co-localization of CaMKKβ, AMPK and CaMKIV by 

immunofluorescene in cells would also be of use. Unfortunately, the reagents available at this 

time are not sensitive enough to detect endogenous levels of these proteins with the sensitivity 

required to perform these experiments. While tagged versions of these proteins could be used, this 

adds the additional complexity of the possibility of improper localization of the proteins due to 

over-expression.   

Our data demonstrating that the CaMKKβ-AMPK complex is cytoplasmic is intriguing in 

reference to recent work involving a genetically encoded sensor of AMPK activity which shows 

that activation of AMPK by a Ca2+ stimulus leads to AMPK activity first in the cytoplasm 

followed by activity in the nucleus [68]. This is in contrast to activation of AMPK by LKB1 

which only increased AMPK activity in the cytoplasm. While we are unable to detect any 

CaMKKβ in the nucleus, the possibility exist that phosphorylation of AMPK by CaMKKβ could 
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lead to shuttling of the enzyme into the nucleus. This could be analogous to the requirement of 

CaMKK phosphorylation of CaMKIV for its entry into the nucleus [24]. Future experiments 

examining the localization of CaMKKβ activated AMPK would be informative. In addition, this 

implies that the activation of AMPK by CaMKKβ may be critical for the effects AMPK has on 

gene transcription. Thus, array analysis of transcriptional changes following Ca2+ stimulation of 

AMPK would also be interesting.   

Further study of the specificity of CaMKKβ signaling complexes in cell such as neurons 

which express multiple CaMKKβ targets would also be interesting. One question that remains to 

be answered is if there is competition for CaMKKβ binding between its substrates. If there is 

competition, what factors allow for binding of one substrate versus another? Further work in this 

area will be insightful into regulation of specificity in CaMKKβ-dependent signaling and could 

be exploited in the development of small molecule drugs to specifically target a single branch of 

this pathway.  

5.2 Regulation of CaMKKββββ by Multi-Site Phosphorylation 

The series of experiments performed in this section of my dissertation come about 

following the observation that CaMKKβ isolated from bacteria and mammalian cells had 

different amounts of Ca2+/CaM-independent autonomous activity. While the CaMKKβ isolated 

from E. coli had high levels of Ca2+/CaM-independent activity that isolated from mammalian 

cells did not. This was an intriguing observation as it implied that CaMKKβ was modified in 

mammalian cells in a way which made it more dependent on increases in Ca2+ for activity. If this 

were the case, this would indicate an additional level of regulation of CaMKKβ activity which 

could have consequences in the regulation of CaMKKβ-dependent signaling pathways. We found 

that the discrepancy in levels of Ca2+/CaM-independent autonomous activity between 
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preparations of CaMKKβ was due to phosphorylation of the kinase in mammalian cells. Our 

analysis shows that CaMKKβ is phosphorylated on three residues in its N-terminus (Ser-129, Ser-

133 and Ser-137) which lead to these alterations in autonomous activity. Furthermore, CaMKKβ 

isolated from mammalian cells is constitutively phosphorylated on these three residues which 

implies this is a mechanism by which cells keep the autonomous activity of CaMKKβ low.  

The kinases responsible for the phosphorylation of CaMKKβ were identified as CDK5 

and GSK3. These phosphorylation events are sequential with phosphorylation of CaMKKβ at 

Ser-137 by CDK5 being required prior to phosphorylation of Ser-133 and Ser-129 by GSK3. 

Since phosphorylation of CaMKKβ prevents autonomous activity, inactivation of CDK5 and 

GSK3 and dephosphorylation of CaMKKβ should increase activity of the enzyme in the absence 

of a Ca2+/CaM stimulus and enhanced signaling through CaMKKβ-dependent pathways. While 

we attempted a number of experiments to test this hypothesis, we ultimately failed due to a 

number of technical issues. First, we were unable to generate an antibody that specifically 

recognizes CaMKKβ phosphorylated on Ser-129, Ser-133 or Ser-137. This prevented us from 

easily monitoring the levels of phosphorylated CaMKKβ. While we were able to identify a 

phosphoserine antibody which recognized Ser-129, this required that CaMKKβ first be 

immunoprecipitated and there are no CaMKKβ antibodies which efficiently immunoprecipitate 

CaMKKβ from endogenous sources such as brain. If an antibody to phospho-CaMKKβ could be 

generated levels could be monitored in the context of processes involving CaMKKβ signaling 

including feeding and fasting, formation of memories, neuronal migration and neurite extension. 

While we were unable to study changes in levels of CaMKKβ phosphorylation, through 

the use of mutants we observed that phosphorylation regulated the stability of newly synthesized 

CaMKKβ protein. Since CDK5 phosphorylation is required prior to GSK3 phosphorylation we 
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speculated that regulation of CDK5 activity was more critical for regulating levels of 

phosphorylated CaMKKβ, and this was supported by our data showing a decrease of cellular 

CaMKKβ is CDK5 conditional knockout brain lysates. Interestingly, CDK5 is critical for 

neuronal differentiation and levels of CDK5 activity are developmentally regulated. Our work in 

cerebellar granule cells show that CaMKKβ levels increase as CDK5 activity increased during 

differentiation of these cells in culture. This requirement for CDK5 activity to stabilize CaMKKβ 

protein is interesting in light of the fact that CaMKKβ mRNA is found ubiquitously, while 

protein is hard to detect in tissues other than the brain. In addition, it raises the possibility that 

CaMKKβ protein can be induced during processes such as differentiation following increases in 

CDK5 activity. Other work in the lab supports this hypothesis as CaMKKβ levels have been 

shown to change during the differentiation of a number of cell types including preadipocytes, 

monocytes and hematophoetic stem cells. Further work is required to establish that these changes 

in CaMKKβ levels are due to changes in phosphorylation of the protein by CDK5.  

In addition, examination of the consequences of CaMKKβ phosphorylation on substrate 

specificity would be informative, as this could be an additional method by which specificity is 

established in CaMKKβ-dependent signaling pathways. Preliminary data indicate that 

phosphorylation of CaMKKβ impedes its ability to co-immmuneprecipitate with AMPK. 

Examination of the ability of CaMKKβ phospho-mutants to interact with other CaMKKβ 

substrates is still needed.  

In conclusion, the work contained in this dissertation illustrates multiple levels of 

CaMKKβ regulation. These observations add to our knowledge of CaMKKβ-dependent signaling 

will need to be considered in the future study of these signaling pathways. 
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