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ABSTRACT 

Tyrosine hydroxylase (TH) is regulated by the reversible phosphorylation of serines 8, 

19. 31 and 40. Upon initiation of this study, serine 19 was unique due to its requirement 

of 14-3-3 binding after phosphorylation for optimal enzyme activity, although it has been 

more recently demonstrated that phosphorylated serine 40 also binds 14-3-3. To identify 

proteins that interact with TH following phosphorylation of serine 19, this amino acid 

was mutated to alanine and THS19A was used as bait in a yeast two-hybrid system. 

From this, mouse derived cyclin-dependent kinase 11 (CDKll)'''"^ was identified as an 

interacting partner with THS19A. CDKl 1''"". formerly known as PITSLRE, is a 

serine/threonine kinase whose catalytic activity has been associated with transcription 

and RNA processing. The interaction between TH and CDKl 1^"^' was confirmed using 

human CDKl 1''"" cDNA in a mammalian system. To further evaluate the regulation of 

CDKl F"'' catalytic activity, interacting proteins were identified by liquid 

chromatography and tandem mass spectrometry (LC-MS/MS). Following the 

immunoprecipitation of CDKl 1''"" from COS-7 cells, the serine/threonine kinase CK2 

was identified by LC-MS/MS. Similar to the mouse homolog, CDKl P"" was found to 

serve as a substrate for CK2. To obtain CDKlF"" devoid of CK2, CDKll^"" was 

expressed in High Five insect cells and secreted into the media due to the presence of a 

honeybee melittin signal sequence encoded at the N-terminus of CDKl 1''"". After 

demonstrating retention of CDKll''"" kinase activity, it was evaluated for activity on the 

C-terminal domain (CTD) of the largest subunit of RNA polymerase II (pol II) since 

previous research suggested that CDKl 1''"" phosphorylates the CTD. However, only 
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CK2 was found to phosphorylate the CTD in vitro. In contrast, both CK2 and CDKl 1^"° 

phosphorylatcd TH in vitro. In addition, CDKll^"^ over-expression was observed to 

inhibit the interaction between TH and 14-3-3. A mechanism contributing to disruption 

of the interaction between TH and 14-3-3 may be due to CK2 phosphorylation of specific 

14-3-3 isoforms, i.e. 14-3-3 x. Collectively, these results imply that CDKll^"® and CK2 

negatively regulate TH catecholamine biosynthetic activity since phosphoserine 19 of TH 

requires 14-3-3 binding for optimal enzyme activity and a decreased rate of 

dephosphorylation. 
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CHAPTER 1: INTRODUCTION 

Tyrosine 3-monooxygenase (hydroxylase) catalyzes the hydroxylation of tyrosine 

in a reaction requiring molecular oxygen and tetrahydrohiopterin (BH4) as substrates to 

form L-3.4-dihydroxyphenylalanine (L-dopa), with byproducts of H2O and 

dihydrobiopterin. Formation of L-dopa, by tyrosine hydroxylase (EC 1.14.16.2, TH) is 

the first and rate-limiting step of catecholamine biosynthesis in mammalian central and 

peripheral catecholaminergic nerve terminals and the adrenal medulla (1). Following 

decarboxylation of L-dopa. by L-aromatic amino acid decarboxylase, dopamine is 

formed. In subsequent reactions, dopamine ^-hydroxylase and phenylethanolamine-iV-

methyl transferase catalyze formation of the neurotransmitters norepinehrine and 

epinephrine, respectively (see Figure 1 for a review of catecholamine biosynthesis). 

Epinephrine is unique because it also serves as a hormone when released from the adrenal 

medulla following adrenergic secretory cell stimulation. Norepinephrine is 

predominantly released following stimulation of postganglionic sympathetic nerve 

endings of the enteric and sympathetic divisions of the autonomic nervous system. 

Additionally, dopamine is released from postganglionic sympathetic nerve endings as 

well, for example in renal smooth muscle cells. 

In the central nervous system, TH is present in four distinct pathways, in addition 

to the dopaminergic nerve cells of the retina and olfactory bulb. The first is the 

nigrostriatal pathway which projects from the substantia nigra to the basal ganglia. The 

second is the mesolimbic pathway that projects from the ventral tegmental area to the 

limbic system. The mesocortical pathway projects from the ventral tegmental area to the 



neocortex, and the fourth pathway is the tuberoinfundibular system, which projects from 

the hypothalamus to the pituitary and median eminence. TH is also localized in the 

noradrenergic neurons of the locus coeruleus, pons, medulla, and the adrenergic neurons 

of the brainstem (2). 

Under normal physiological conditions, TH forms dimers that noncovalently 

interact with the twenty C-terminal amino acids of another dimer to form a functional 

tetramer, perhaps in the fashion of a leucine zipper motif (2). In the rat, TH functions as 

a homotetramer, with each subunit complexed to ferrous iron (Fe^"^) in its active state, or 

ferric iron (Fe^"^) in its inactive form (3). Coordination between TH and iron is known to 

involve histidine residues 331 and 336. as identified by mutagenesis (4). The 

stoichiometry is 1 iron atom per enzyme subunit, (5) where each subunit has an estimated 

molecular weight of 56 kilodaltons (kDa), but migrates on a SDS-polyacrylamide gel 

between 60-61 kDa (2, 6). Thus, the homotetramer has a predicted molecular weight of 

approximately 240 kDa. In humans, four isoforms of TH (hTH) have been isolated from 

a single gene through alternative splicing and are designated hTH 1 through hTH4 (7-11). 

Comparable to the rat. hTH may function as a homotetramer. but it has alternatively been 

suggested to exist as a heterotetramer (2). 

The four hTH protein isoforms are generated from alternative splicing of the same 

primary transcript and differ only in their 5' end. TH isolated from rat or non-primates 

exists as one isoform that is most similar to hTH 1 with 89% homology (6, 7). hTH2 

differs from hTH 1 due to an inclusion of 12 nucleotides from the first exon/intron 

boundary at nucleotide 90 (Figure 2). Thus, hTH2 contains a 3' extension of exon 1 



resulting in a protein of 501 amino acids compared to 497 amino acids for hTHl (6). 

hTH2 mRNA is sometimes denoted as hTH mRNA lb-3-4, while hTHl mRNA is called 

la-3-4, indicating the presence (lb) or absence (la) of the 12 nucleotide insertion (10). 

hTH3 includes an insertion of 81 nucleotides from intron 1 at residue 90 of hTHl 

resulting in a protein of 524 amino acids. This 81 nucleotide addition occurs downstream 

from the 4 amino acid insert of hTH2, and, in the fashion of a cassette-exon, has been 

designated ex on 2 (12). hTH3 mRNA is sometimes denoted as hTH mRNA la-2-3-4, 

indicating the presence of cassette-exon 2. hTH4 is 528 amino acids and includes both 

the 12 and 81 nucleotide insertions found in hTH2 and hTH3, respectively. Three 

additional hTH mRNAs are generated by the absence of exon 3, combined with the 

permutations explained above for hTHl, 3 and 4. These alternative splice variants are 

designated hTH mRNA 1 a-2-4. lb-2-4, or la-4, in accordance with the nomenclature 

explained above (10). Although the hTH mRNAs lacking exon 3 have been 

demonstrated to exist, the expression of each corresponding protein remains 

controversial. Bodeau-Pean et al. (13) raised an antibody specific to hTH exon 3, and 

infer the presence of hTH protein lacking exon 3, by initially probing with anti-TH 

antibody, followed by antibody removal and subsequent probing with anti-hTH exon 3 

antibody. In the previous scenario, only anti-TH antibody revealed immunoreactivity, 

but Haycock (14) argues that N-terminal proteolysis and/or antibody cross-reactivity may 

be responsible for the initial immunoreactivity observed. In fact. Haycock (14) did not 

detect the presence of any hTH protein isoforms lacking exon 3 from human 

pheochromocytoma (PC), nonnal adrenal medulla, or adrenal medulla from individuals 



with progressive supranuclear palsy (PSP). PC is a tumor of the adrenal medulla 

resulting in excessive catecholamine release, while PSP is a neurodegenerative disease 

characterized by the loss of catecholaminergic neurons with subsequent catecholamine 

deficiency (15, 16). The final hTH mRNA is devoid of exon 4 resulting in a premature 

stop codon at amino acid 147 and has not been demonstrated to exist as a protein (11). 

hTH 1-4 are expressed in the adrenal medulla and brains of humans. Specifically, 

antibodies unique to each hTH isoform react with solubilized human substantia nigra, 

indicating the presence of all four isoforms. Dual labeling of single neurons from the 

substantia nigra also revealed the presence of hTH 1-4. In other words, individual 

neurons do not contain only hTH 1 or 2, rather all four isoforms are present. Examination 

of individual neurons from the locus coeruleus with immunocytochemistry yielded 

similar results, except that all isoforms were present in diminished quantities where hTHl 

expression was much greater than the remaining isoforms (hTH4>hTH2>hTH3). hTH 1 

and. to a lesser extent, the remaining isoforms were also detected in human tegmentum, 

caudate nucleus and putamen, while only hTH 1 was detected in the rostral linear nucleus 

(a part of the tegmentum). However, the presence of the remaining hTH isoforms in the 

rostral linear nucleus was not ruled out because immunocytochemical techniques may not 

have been sensitive enough (17. 18). 

TH protein contains an N-tcrminal regulator}' and a C-terminal catalytic domain. 

Deletion of the N-terminal domain results in autoactivity, demonstrating the necessity of 

the regulator^' domain to prevent renegade TH activity (19). The means by which the N-

terminus exerts an inhibitor}' influence over the C-terminus is thought to be through 
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electrostatic interactions between the overall positive charge on the N-terminus and 

negative charge on the C-terminus. One of the ways that inliibition is relieved is through 

the phosphorylation of serine residues in the N-terminal regulatory domain. 

Additionally, heparin and polyanions are thought to promote TH activity by interacting 

with amino acids 76 through 90 of the N-terminus through electrostatic interactions (20). 

Since TH is the rate-limiting enzyme of catecholamine biosynthesis, pertubation 

of TH activity is fundamental to the regulation of catecholamine levels, and a number of 

mechanisms exist to regulate TH activity. Transient regulation of TH activity occurs 

through aforementioned electrostatic interactions, phosphorylation of the enzyme in the 

N-terminus, or feedback inhibition by catecholamines (2). Phosphorylation is considered 

to be the primary mechanism for short-term increases of TH activity (21, 22). Rat TH is 

phosphorylated in vivo at serines 8, 19, 31, and 40, following increased levels of 

intracellular calcium, incubation with protein phosphatase inhibitors, treatment with 

nerve growth factor (NGF), or through stimulation of adenylyl cyclase or guanylyl 

cyclase (23-26). 

Phosphorylation of TH in vitro is mediated through various protein kinases. 

Serine 8 is phosphorylated by the proline-directed protein kinase, p34cdc2 complexed 

with its cyclin partner, p58cyclin A (27). However, the physiological significance of this 

event remains to be determined as phosphorylation of this site in vivo has not been shown 

to regulate TH activity. In hTH, a threonine residue replaces serine 8 and physiological 

relevance of phosphorylation at this site has not been ascribed to hTH either. Serine 19 is 

phosphorylated by Ca^Vcalmodulin-dependent protein kinase type II (CaMKII) (28). TH 
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and hTHl are additionally phosphorylated by mitogen-activated protein kinase-activated 

protein kinase (MAPKAP kinase) 2 or p38 regulated/activated kinase (PRAK) at serine 

19 (29, 30). The extracellular regulated kinases (ERK)-l and -2, or MAPKAP kinase 2 

recognizes serine 31 (31, 32). Serine 31 of hTH is also recognized by the ERK kinases. 

Modification of serine 40 occurs through phosphorylation by protein kinase C (PKC) (33, 

34), protein kinase G (PKG) (26, 35). CaMKII (36), cAMP-dependent protein kinase 

(PKA) (23), and MAPKAP kinases 1 and 2 (29). CaMKII also phosphorylates hTHl and 

2 at serines 19 and 40, while PKA phosphorylates serine 40 alone. Additionally, all hTH 

isoforms are phosphorylated at serine 40 by MAPKAP kinases 1 and 2, despite the 

various residue insertions between methionine 30 and serine 31 of hTH2-4 (29), while 

serine 40 of hTH 1 is recognized by mitogen and stress-activated protein kinase 1 (MSKl) 

(30). Due to the four amino acid addition at position 30. hTH2 has been demonstrated to 

be phosphorylated by CaMKII at serine 31 (37). 

Since various protein kinase systems mediate phosphorylation of TH at serines 8, 

19, 31. and 40 of TH. research has focused on whether these phosphorylation events also 

result in increased enzyme activity, thus demonstrating that phosphorylation is the 

primary mechanism for short-term regulation of TH activity (38). As stated above, no 

physiological function has been ascribed to serine 8 following phosphorylation. In 

contrast, increased TH activity from preparations of stably transfected cells has been 

demonstrated following forskolin mediated phosphorylation of serine 40 in vivo (39). 

Stimulation of adenylyl cyclase with forskolin to mediate serine 40 phosphorylation in rat 

striatal slices also correlates with increased TH activity (40). In PC-12 cells, muscarine. 



19 

bradykinin, NGF and phorobol esters mediate phosphorylation of TH at serine 31 in situ 

through the stimulation of ERK, where muscarine, bradykinin. and phorbol esters activate 

ERK through prior stimulation of PKC (29, 31). These events have also been observed to 

increase TH activity. In bovine adrenal chromaffin cells, stimulation with phorbol esters 

leads to serine 40 phosphorylation and increased TH activity in vitro (41). Sodium 

arsenile, osmotic shock and some nicotinic agonists mediate TH phosphorylation at 

serine 19 in bovine adrenal chromaffin cells, followed by increased TH activity. Serine 

19 phosphorylation has often not appeared to correlate with increased L-dopa 

accumulation (29, 42. 43) and may be due to the lack of 14-3-3 protein as discussed 

below (44). The mechanism responsible for the phosphorylation and activation of TH 

following sodium arsenite treatment or osmotic stress is probably due to activation of the 

stress-activated protein kinases (SAPK), whose downstream effector is MAPKAP kinase 

2 (32). Over-expression of glia maturation factor in PC-12 cells selected for 

responsiveness to NGF also results in MAPKAP kinase 2 activation and consequentially 

increased TH phosphorylation and activity (45). In the case of nicotine, stimulation of 

nicotinic acetylcholine receptors permits receptor-mediated influx of calcium (46). The 

increased levels of calcium stimulate CaMKIl (47), which phosphorylates TH at serines 

19 and 40 (23, 38). Increased TH activity in a PKA-dependent, but cAMP-independent 

manner, has also been observed following nicotinic stimulation of bovine adrenal 

chromaffin cells in a mechanism that remains to be characterized (48). Alternatively, the 

nicotinic receptor agonist, acetylcholine is also observed to mediate phosphorylation of 

serine 31 after prolonged stimulation, probably through actions on the MAP kinases (32). 



Additionally, agents that promote calcium influx, such as ionomycin, histamine and 

supplementation of extracellular K^, also mediate increased TH activity following 

phosphorylation of TH at serine 19 in bovine adrenal chromaffin cells (46, 49). This is in 

contrast to studies of histamine-1 receptor stimulation of bovine adrenal chromaffin cells, 

where the mobilization of intracellular calcium stores sensitive to caffeine appears to be 

the primary mechanism for the increased phosphorylation of TH, mainly at serine 19 

(50). 

Other agents that increase the in vivo phosphorylation of TH in bovine adrenal 

chromaffin cells include muscarine (via PKC), ATP (via purinergic receptors), 

prostaglandin El. angiotensin II (via Gq/n), and endothelin I (34). These stimuli have 

been observed to increase the phosphorylation of TH at serine 31, whereas in a separate 

study, angiotensin 11 was observed to mediate phosphorylation and increase TH activity 

in an extracellular calcium-dependent manner at both serines 19 and 31 (51). Overall, the 

studies are in agreement as serine 31 phosphorylation was considered more robust than 

that of serine 19 (51). In contrast, angiotensin II stimulated phosphorylation of TH at 

serine 40 followed by increased activity in a mechanism independent of extracellular 

calcium has also been observed. In PC-12 cells, endothelin I was observed to upregulate 

TH mRNA and promote TH activity and is thought to exert its effects through actions on 

the A-type endothelin Gq/n-protein coupled receptor, which is linked to activation of 

PKC (52). 

Analysis of the inhibitory or synergistic regulation of TH activity mediated by 

peptides co-localized with catecholamines has provided information into more complex. 



physiologically relevant mechanisms for catecholamine regulation. Neuropeptide Y, 

which is also stored and released with catecholamines, was examined for actions on TH 

following acetylcholine receptor stimulation in bovine adrenal chromaffin cells (53). 

Neuropeptide Y has been demonstrated to decrease TH phosphorylation and activity 

under these circumstances, and the decreased TH activity observed has been attributed to 

stimulation of neuropeptide Y-Yl receptors which are Gi/o-protein coupled receptors that 

inhibit the accumulation of adenylyl cyclase. Since neuropeptide Y is slow acting, it has 

been hypothesized to return TH activity to basal levels after acetylcholine stimulation. In 

contrast, secretin and vasoactive intestinal peptides, mediate positive effects on TH 

activation, which are further increased when the muscarinic agonists, carbachol and 

bethanechol, are also incubated with preparations of rat superior cervical ganglion (54). 

Unique to serine 19 phosphorylation by CaMKII is the requirement of 14-3-3 

binding for TH enzyme activation (55-57). 14-3-3 proteins are prevalent in mammalian 

brain and isoforms of 14-3-3 serve diverse functions including the regulation of 

intracellular signal transduction cascades by serving as a scaffold between proteins or 

promoting the localization of protein complexes (58). There are at least seven 

mammalian isoforms of 14-3-3 ([3, e, y, x, r\, o), which function as homo- or 

heterodimers and are typically thought to recognize phosphoserine residues (59, 60). In 

the absence of 14-3-3. it has been demonstrated that CaMKII cannot activate TH through 

phosphorylation alone (44, 55, 56). 

The abovementioned studies illustrate the complexities of transient TH activity 

regulation that are only beginning to be revealed. In many cases data obtained from 



studies in vitro do not correlate with later studies performed in vivo. For instance, 

although stimulation of PKC in vitro has been linked to serine 40 phosphorylation, it is 

generally agreed that in vivo activation of PKC does not significantly contribute to the 

phosphorylation of TH at this residue (61, 62). 

Although diverse mechanisms are responsible for the phosphorylation of TH, 

protein phosphatase 2A (PP2A) is the only known phosphatase contributing to 

dephosphorylation at serines 19. 31 and 40 (24, 63). To examine dephosphorylation of 

TH, bovine adrenal chromaffin cells were permeabilized with digitonin to allow inhibitor 

access to protein phosphatases. Permeabilization, following nicotine treatment and 

labeling with | '^'P]orthophosphate, resulted in TH dephosphorylation that was 71% at 

serine 40, 37% at serine 31, 38% at serine 19 and 30% at serine 8 over a 5 min treatment. 

Incubation with the protein phosphatase 1 (PPl) and PP2A inhibitor, microcystin, fully 

blocked dephosphorylation at all sites except serine 8. PPl did not contribute to 

dephosphorylation of serines 19, 31 or 40, because permeabilized cells incubated with 

PPl peptide inhibitor were still dephosphorylated at serines 19. 31 or 40. Since serine 8 

was unaffected by microcystin or PPl inhibitor peptide, dephosphorylation at this site 

occurs through a mechanism, other than PP1 or PP2A, that remains to be characterized 

(63). In another model examining dephosphorylation of TH, incubation of male Sprague-

Dawley rat striatal slices with the broadly active PPl or PP2A inhibitor, okadaic acid, 

also prevented dephosphorylation at serines 19 and 40. However, serine 31 

phosphorylation was not affected, indicating that dephosphorylation at this residue occurs 

by another mechanism (24, 40). 



One of the long-term mechanisms to regulate TH activity includes transcription. 

As true for any investigations, the observations described next should be interpreted with 

caution because only some describe changes in TH mRNA levels and these variations 

should not be assumed to lead to the alteration of protein levels that would ultimately 

influence catecholamine biosynthesis. The proximal promoter of TH contains a number 

of DNA elements to regulate TH mRNA expression following treatment with various 

stimuli. For instance, stimulation of adenylyl cyclase promotes cAMP formation, 

resulting in the stimulation of PKA. PKA then phosphorylates cAMP response element 

binding protein (CREB), resulting in its binding to a consensus cAMP response element 

(CRE) sequence located -45 to -38 base pairs (bp) upstream of the transcription start site 

for TH. TH mRNA induction, as well as an increase of TH activity, has been observed in 

the following studies (64-66). In PC-12 cells, hypoxia mediates phosphorylation of 

members of the activator protein-1 (AP-1) transcription factor complex, c-fos, c-jun and 

Jun D, to bind AP-1 promoter elements located -207 to -200 bp in the proximal promoter 

of TH. Binding of the AP-1 transcription factor complex, where c-fos binding is critical 

for activation of AP-1, results in an increase of TH gene expression (67). 

Phosphorylation of the AP-1 transcription factor complex is also mediated by treatment 

with the PKC activator 12-0-tetradecanoylphorbol 13-acetate (68-70), angiotensin II 

(71), carbachol (72). neurotensin agonsists via Jun D and c-fos AP-1 complexes (73), or 

NGF (74). Treatment of rats with reserpine. which acts to deplete catecholamine stores, 

promotes AP-1 binding, as well as CREB binding, to a consensus CRE. Both of these 

events not only stimulate TH mRNA production, but an increase of TH activity has also 



been confimied (75). However, the increased TH activity observed following reserpine 

treatment is unique to the adrenal gland, peripheral sympathetic cells, the locus coeruleus 

and perhaps other catecholaminergic cells, but not to cells of the substantia nigra (2). 

Different types of stress, such as cold exposure (76), repeated immobilization 

stress (77), and insulin-induced hypoglycemia (78) contribute to the induction of TH 

mRNA in the adrenal medulla of rats through various mechanisms. Additionally, the 

induction of stress through the administration of the glucocorticoid receptor agonist, 

dexamethasone, has been observed to increase the production of TH mRNA, which also 

translated into increased TH activity, catecholamines, and systolic blood pressure (79. 

80). The mechanism contributing to elevated TH mRNA levels may be due to the 

glucocorticoid receptor binding to a consensus glucocorticoid response element (GRE) on 

TH. A consensus GRE has only recently been identified to exist and is located -2435 to -

2421 in the 5' promoter region of the mouse TH gene (81). However, consensus GREs 

that promote TH mRNA transcription have not been identified from the TH promoter 

regions of rat, quail or chicken (65. 82, 83). Since it is widely accepted that 

catecholamine production is stimulated following the administration of glucocorticoids, 

the presence of a consensus GRE in other species should be re-examined. This is 

especially true since previous analysis of a GRE-like sequence in mouse TH promoter 

was not functional, while the aforementioned study identified a consensus GRE from a 

different location of the mouse TH promoter and is the first and only example of a 

functional GRE located in TH (81). 
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The only known negative transcriptional element in the TH promoter is a 

heptamer sequence, known as HEPT, which binds the Oct-2 transcription factor. 

Deletion of the HEPT sequence from a bovine TH promoter results in increased TH 

promoter activity in nontransformed adrenal medullary cells (2, 70). Oct-2 has been 

observed to exert an overall negative effect on transcription in neuronal cells, as opposed 

to B cells where transcription is stimulated. Transcription is inhibited in neuronal cells 

because alternative splicing yields an Oct-2 protein without an activation domain 

necessary for stimulatory transcription events, while the activation domain is present in B 

cells (84). Examination of Oct-2 reveals the common theme; alteration of TH promoter 

activity is often cell-type specific. 

Selective induction of TH mRNA demonstrates that transduction systems and 

proteins unique to different types of catecholaminergic cclls permits intricate regulation 

of TH mRNA induction, which might also translate into alteration of TH activity. For 

example, the transcription factor, Ptx3, which is only expressed in dopaminergic neurons 

of the ventral tegmental area and substantia nigra, binds upstream of the TH promoter (-

50 to -45) to affect TH mRNA levels. Both stimulatory and inhibitory effects on TH 

transcription were observed with Ptx3, depending on whether the cell-type origin was 

neuronal or non-neuronal, respectively (85). In a similar vein, phosphorylation and 

binding of two proteins (rITF2 and CDP2) that recognizc the TH gene dyad element, 

whose center 6 bp sequence was previously characterized as an E-box, leads to increased 

or decreased TH mRNA levels in specific tissues and cell lines (86). The upstream 

region of TH mRNA also contains multiple binding sites for the retinoic acid-inducible 



transcription factor AP-2, whose role in the upregulation of TH gene expression seems to 

be specific to noradrenergic, adrenergic and adrenal chromaffin cells derived from adult 

rodents (87). Since AP-2 immunoreactivity was not observed in specific dopaminergic 

neurons, these results suggest that alternate mechanisms are responsible for the induction 

of TH gene expression in these areas, for example the abovementioned Ptx3. 

The orphan nuclear receptor. A'»r-related factor 1 (Nurrl), mediates the induction 

of TH mRNA through binding to three Nurrl binding response elements (NBREs) in the 

proximal promoter region of the TH gene (88-90). Nurrl has been renamed NR4A2, 

following its initial isolation from the mouse (91). Since NR4A2 has been observed to 

mediate TH transcription as well as the transcription of other genes specific to dopamine 

neurons, but not dopamine P-hydroxylase transcription, it has been hypothesized that 

NR4A2 helps confer the phenotype of dopamine neurons and promote their development. 

This idea was based on targeted disraption of the NR4A2 gene, which resulted in 

incomplete development of dopamine neurons (92-95). Also, multipotent neural stem 

cells have been demonstrated to acquire dopamine phenotype following the over-

expression of NR4A2 and co-culturing with type I astrocytes (96). 

Transcription factors may also influence one another following binding to the 

proximal promoter region of TH to promote or decrease the production of TH mRNA. 

For example, a consensus site for binding Egrl also occurs in the promoter region of TH, 

where binding of Egrl is stimulated following exposure of rats to immobilization stress 

(97). However, when a member of the AP-1 transcription factor family, fra-2, was also 

transfectcd with Egrl, a decrease of TH mRNA transcription occurred (98). It was 



hypothesized that the composition of AP-1 transcription factors (e.g. combinations of c-

jun with c-fos, c-jun or fra-2) that bind with Egrl influence the promotion or inhibition of 

TH mRNA synthesis (98). 

Whereas all previous studies involved characterization of the proximal TH 

promoter from rodents, the hTH promoter remains to be characterized. The sequence has 

recently been isolated and contains highly homologous regions with the rat TH promoter 

(99). In these conserved regions, the hTH promoter also contains binding sites for 

NR4A2. islets of Langerhans (Isl-1), AP-1. AP-3, HNF-3p, H0XA4, and H0XA5 

transcription factors. Similar to the rodent, the hTH gene promoter also contains 

potential binding sites for Ptx3, AP-2, Egrl and CREB (99). Future studies are necessary 

to determine if these transcription factors bind to the hTH gene promoter to affect TH 

mRNA levels and subsequent protein activity. 

More recent work has begun to uncover complexes between TH mRNA and 

proteins that are responsible for the stability of TH mRNA following hypoxia or 

treatment with reserpine in PC-12 cells or male Sprague-Dawley rats, respectively (100, 

101). Under conditions of hypoxia, poly(C)-binding protein (PCBP) (102) was found to 

have increased binding to the hypoxia-inducible protein-binding sequence 

(U/C)(C/U)CCCU, located in the 3'-untranslated region of TH (101). PCBP is a member 

of the heterogeneous nuclear ribonucleoprotein family (103), whose members have 

diverse functions including heteronuclcar RNA (hnRNA) splicing, nuclear to cytoplasmic 

shuttling of mRNA (104). transcriptional activation (105), translational silencing (106) 

and alteration of RNA-binding protein folding (107). The decision to search for proteins 



involved with the stabilization of TH mRNA following reserpine treatment was because 

stimulation with this catecholaniinc-depleting drug results in high levels of TH mRNA 

days after treatment (108), yet TH mRNA synthesis is only increased for 4 h following 

stimulation (109). This incongruity provided researchers with the impetus to search for 

mechanisms involved in the stabilization of TH mRNA following reserpine treatment 

(110). Locus coeruleus, substantia nigra and adrenal medulla tissue derived from rats 

treated with reserpine revealed three proteins, with molecular weights of 43, 54, and 105 

kDa, that bound to the 3'-untranslated region of TH (100). While the 54 kDa protein was 

thought to be PCBP, the 54 kDa protein was not responsible for the long-term 

stabilization of TH mRNA following reserpine treatment. While it is possible that the 43 

and/or 105 kDa proteins may contribute to TH mRNA stability they remain to be 

characterized. Other mechanisms such as the presence of c/.v-sequences in the coding or 

5'-untranslated region of TH may also confer mRNA stability (101, 111). 

The measurement of TH activity has provided important information with regard 

to how alterations in TH phosphorylation, mRNA levels and mRNA stability may 

ultimately affect catecholamine biosynthesis. Kinetic analysis demonstrates that the hTH 

protein isoforms exhibit discrepancies in their activity. These differences are often 

attributed to pH of the assay, source of TH, and presence of inhibitory catecholamines. 

Differences in activity profiles between the hTH isoforms are thought to provide an 

additional mechanism to regulate catecholamine biosynthesis. Comparison of the relative 

specific activities of hTH 1 -4. by injecting oocytes with each hTH mRNA, revealed that 

hTHl had the greatest specific activity followed by hTH3, 4 and 2. hTH3 and 4 were 



found 10 possess almost identical specific activities (112). Alterio and colleagues 

compared enzyme kinetics of bacterial preparations of hTH I and 3 pre- and post-

phosphorylation of serines 19 and 40 by CaMKII, or phosphorylation of serine 40 by 

PKA (113). Since hTHl and 3 exhibited similar phosphorylation profiles from these two 

kinases, this provided a reasonable point of comparison for the two isoforms. Both hTH l 

and 3 activities were affected by their cosubstrate, BH4, when inhibitory constants were 

derived from initial velocity conditions. The activity of hTH3 did not increase following 

phosphorylation with CaMKII, which was similar to results obtained with rat TH (most 

similar to hTHl) following phosphorylation by CaMKII. The absence of an effect on 

activity following phosphorylation is probably due to the requirement of 14-3-3 proteins 

to stabilize phosphorylation or promote TH activity in a mechanism that remains to be 

characterized. When the appropriate concentration of BH4 was utilized for maximum 

velocity conditions, comparison of catalytic constants (kcat) revealed that hTH3 was not 

affected by PKA phosphorylation, whereas the turnover of hTHl doubled following PKA 

phosphorylation. hTH3 activity was approximately five or two times that of hTH 1 in the 

absence or presence of hTH 1 phosphorylation by PKA, respectively. 

The main consequence of phosphorylation on TH activity is attributed to the 

prevention of dopamine binding to TH and the release of catecholamines bound to TH, 

where catecholamine binding serves to inhibit enzyme activity (114-116). Since the 

previous results analyzed turnover number in the absence of catecholamines, these results 

do not address feedback inhibition on TH activity resulting from excess catecholamines. 

Rather, the increase of hTH 1 activity, following PKA phosphorylation, is attributed to a 



reduction in the Michaelis constant (Km) of BH4. That is, TH has a greater affinity for 

BH4 (117-120). For example, a reduction in the Km for BH4 was observed when bacterial 

preparations of hTHl and 2 were analyzed following phosphorylation with PKA (37). 

Additionally, numerous studies confirm that the maximum velocity (V„ax) is nearly 

unchanged following phosphorylation with PKA (2). In contrast to the studies with PKA, 

the Km for BH4 was unaltered by hTHl-3 phosphorylation with CaMKIl and these results 

may again be explained by the absence of 14-3-3 (37, 113). When feedback inhibition by 

dopamine was measured, the inhibitory constant for dopamine was found to increase 

following PKA phosphorylation of rat TH, hTHl or hTH2 (37, 119, 121). These results 

support previous research where phosphorylation is thought to relieve inhibitor^' 

constraint by catecholamines (37). 

Although feedback inhibition by catecholamines was not addressed in the Alterio 

study, their results demonstrate that hTH3 exhibits more activity, which is in contrast to a 

previous study comparing hTH isoforms 1-4 (112). The discrepancy may be explained 

by the use of a biopterin analog versus the natural cofactor, BH4, as well as differences in 

hTH derivation; that is, bacterial (113) versus Xenopus oocytes injected with hTH mRNA 

for protein expression (112). 

However, assuming the differences observed between hTH 1 and 3 activities are 

accurate, these must be due to the 27 amino acid addition located in the N-tcrminus of 

hTH3, as opposed to hTH 1 (113). The Alterio et al. and Le Bourdelles et al. studies 

demonstrate that along with TH enzyme activity inhibition resulting from catecholamine 

(122) and tyrosine binding (121), the cosubstrate BH4 may also diminish TH activity (37, 



] 13). Furthermore, these studies demonstrate that the ability of hTH to use BH4 

increases, while feedback inhibition by catecholamines decreases, when the enzyme is 

phosphorylated by PKA. The latter point is corroborated by studies demonstrating an 

increase in the maximum velocity of phosphorylated TH when the enzyme is assayed 

bound to catecholamines (114, 123). 

Although only a few studies concerning TH enzyme activity have been discussed 

above, there is general agreement that feedback inhibition from catecholamines reduces 

TH activity, while phosphorylation of TH relieves this inhibition (2, 124). In some cases, 

TH phosphorylation further increases TH activity through the promotion of BH4 binding. 

TH activity also depends on levels of its co-factor BH4, which is synthesized in a 

pathway by GTP cyclohydrolase 1, the rate-limiting enzyme. Thus, pertubation of GTP 

cyclohydrolase 1 modifies TH enzyme activity depending on the quantity of BH4 

produced. It also appears that the order in which TH is phosphorylated may promote 

activity (125). For example, phosphorylation of serine 19 promotes the phosphorylation 

rate of serine 40. Since TH also exhibits a more open conformation when it is 

phosphorylated at serines 19 and 40, this implies that the phosphorylation of these sites 

may act cooperatively to promote TH activity. 

The necessity for TH in development has been demonstrated through gene knock

out studies in mice (126). Mice died mid-gestation, probably of cardiovascular failure, 

indicating that catecholamines are essential for cardiovascular function. Since 

neurotransmission has not developed mid-gestation, yet catecholamines arc essential, it 

has been hypothesized that they are delivered via paracrine signaling. Supplementation 



with L-dopa in ulero resulted in rescue, whereas supplementation with the substrate, D,L-

threo-3,4-dihydrozyphenylserine (DOPS) only resulted in partial rescue. Since DOPS 

can only be converted to norepinephrine, not dopamine, this demonstrates the necessity 

of dopamine during development. A few TH knock-out mice were born to hybrid 

mothers, probably because maternal catecholamines were supplied to their offspring. 

However, once these mice were born, they became weak, exhibited poor motor control 

and died around five weeks, a result similar to the L-dopa and DOPS rescued mice (126). 

Gene-targeting has also been used to produce dopamine-deficient mice that can 

synthesize TH in noradrenergic neurons, but cannot synthesize TH in dopaminergic 

neurons (127). Following the rescue of these mice to adulthood with L-dopa, removal 

resulted in mice which did not eat, and died within days (128). The loss of appetite was 

due to the ab.sence of dopamine in neurons which project from the ventral tegmental area 

to the nucleus accumbens, projections that are associated with reward pathways (129, 

130), since dopamine is released in the nucleus accumbens and amygdala following the 

visualization of palatable food (131, 132). In fact, when dopamine-deficient mice were 

injected with L-dopa, this was followed by a 6 h hyperactive, eating, and drinking period. 

Results obtained following the removal of L-dopa from adult-rescued dopamine-deficient 

mice were different than those observed for locomoter activity, which appeared intact 1 

to 2 d following the removal of L-dopa (128). 

Locomotion depends on dopaminergic neurons of the nigrostriatal pathway, 

which project from the substantia nigra to the striatum (133). Thus, observations of the 

behaviors of rescued dopamine-deficient mice provide evidence that locomotion and 



feeding are controlled through independent mechanisms (128). Moreover, because 

locomoter activity remains intact, the loss of feeding desire is due to drive, rather than 

locomoter insufficiency. When dopamine-deficient mice were injected with recombinant 

adeno-associated viruses encoding human TH and GTP cyclohydrolase 1 into the ventral 

caudate putamen and nucleus accumbens, animal feeding was rescued, but locomoter 

activity remained sub-optimal. The lack of rescue in animals injected only with 

recombinant human TH adeno-associated virus demonstrates the inability of cells to 

synthesize adequate amounts of BH4. Many ideas exist to explain the absence of 

complete locomoter rescue, including the thought that the dopaminergic projections 

involved in feeding and locomotion are distinct. Additionally, the region where the 

viruses were injected and integrated will also determine the outcome of rescue. Future 

studies using dopamine-deficient mice will help to map dopaminergic pathways involved 

in locomoter and feeding behaviors. Past models for mapping dopaminergic pathways 

include 6-hydroxydopamine lesioning or treatment with N-methyl-4-phenyl-1,2,3.6-

tetrahydropyridine (MPT?) (134. 135). Importantly, the dopamine-deficient mice may 

provide a better model for mapping because dopamine neuronal projections remain intact 

and functional in the event that L-dopa is provided. Additionally, these studies provide 

evidence that recombinant adeno-associated viruses may also be useful in the treatment 

of neurodegenerative disorders in humans, such as Parkinson's disease (128). 

The importance of maintaining normal TH activity is demonstrated by possible 

alterations contributing to disease. Previous research has demonstrated that various point 

mutations in hTH are associated with infantile Parkinsonism, L-dopa-responsive 



dystonia, and Segawa's syndrome (136-139). Prior to treatment of patients with 

persecution-type delusional disorder, high levels of the dopamine metabolite, 

homovanillic acid, have been observed in plasma. In addition to positive correlations 

with specific dopamine receptor genotype, high levels of homovanillic acid in the plasma 

were also associated with the polymoiphic (TCAT)n repeat in intron 1 of the TH gene 

(140). A variable number of tetranucleotide repeats in the TH gene has also been 

positively correlated to schizophrenia (141, 142). The neurodegenerative disorder PSP is 

characterized (16) by an abundance of TH mRNA lacking exon 3 in the adrenal medulla 

of afflicted individuals (10, 13). Existence of the corresponding protein is debated (14), 

but if an abundance of TH protein does, in fact, exist in patients with PSP, the lack of 

exon 3 results in the loss of the region surrounding, and including, serines 19 and 40. 

This region is important for feedback inhibition by catecholamines and control of enzyme 

activity. Thus, a TH enzyme lacking exon 3 in people afflicted with PSP has been 

hypothesized to result in renegade enzyme activity, resulting in the generation of free 

radicals and consequent degeneration of catecholaminergic neurons (13, 143). In 

summary, there are a number of mechanisms to regulate TH activity, which may 

contribute to a variety of pathological conditions, suggesting that regulation of this 

enzyme is crucial to normal physiological function. 
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Figure 1: Catecholamine biosynthesis 
TH converts tyrosine to L-dopa by adding a hydroxy! moiety to the meta position of 
tyrosine and as detailed in the text. L-dopa is then decarboxylated hy aromatic L-
amino acid decarboxylase to form dopamine in a reaction that requires pyridoxal 
phosphate (vitamin Be) as a cofactor. All steps up to the production of dopamine 
occur in the cytoplasm of nerve terminals, at which point dopamine is packaged 
into synaptic vesicles by the vesicular monoamine transporter. Within synaptic 
vesicles of noradrenergic and adrenergic neurons, dopamine is oxidized by 
dopamine ^-hydroxylase to form norepinephrine. Dopamine ^-hydroxylase is 
complexed with Cu'^, which is necessary for the transfer of electrons from the 
cofactor ascorbate to form norepinephrine. Within adrenergic neurons as well as 
chromaffin cells of the adrenal medulla, norepinephrine is N-methylated in the 
cytoplasm to form epinephrine, where 5-adenosylmethionine serves as the methyl 
donor. Following the fonnation of epinephrine in the adrenal medulla it is re
packaged into chromaffin granules until its release [modified from (2)]. 
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Figure 2: hTH mRNA and identified protein isoforms 
Four hTH mRNAs have been isolated from the alternative splicing of exons 1 and 2 
(la-3-4, lb-3-4, la-2-3-4. lb-2-3-4), while three additional hTH mRNAs are 
derived from the skipping of exon 3 (la-2-4, lb-2-4 and 1 a-4) as detailed in the 
text. Of fourteen exons, only the first four exons are depicted here, as boxes, while 
the lines denote introns. Only four hTH protein isoforms (hTH 1-4) are generally 
agreed to exist and they are depicted beneath their equivalent mRNA. Boxes 
containing numbers denote the corresponding amino acid insertions as a result of 
alternative splicing [modified from (2, 10)]. 
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CHAPTER 2: A NOVEL INTERACTION BETWEEN TYROSINE HYDROXYLASE AND 
PITSLRE 

INTRODUCTION 

The purpose of this study was to identify novel interacting proteins in order to 

characterize the physiological relevance of heterogeneous phosphorylation of TH. It was 

projected that the identification of novel interacting proteins might provide a mechanistic 

understanding for the existence of three phosphorylation sites to positively regulate TH 

activity, as well as possible mechanisms contributing to the negative regulation of TH 

activity. Serine 19 was chosen due to the original discovery that 14-3-3 proteins are 

required, following phosphorylation of this site, for TH activity (55, 56). As stated in 

chapter 1, 14-3-3 proteins are a prevalent family of proteins found in mammalian brain, 

and in their absence, Ca^'^/calmodulin-dependent protein kinase type II (CaMKII) cannot 

activate TH through phosphorylation alone (55, 144). Secondly, nicotine mediates 

phosphorylation at serine 19 through CaMKII, and this has implications on the dopamine 

reward system where increased TH activity would augment dopamine synthesis (25). 

For purposes of characterizing the significance of phosphorylation at serine 19 

through the identification of novel interacting proteins, the yeast two-hybrid system was 

employed. To facilitate the identification of proteins in a yeast two-hybrid system, TH 

was mutated at serine 19 to alanine (THS19A). The rationale for mutating this site to 

alanine was based on previous research where mutation of Mitogen Activated Protein 

Kinase Kinase 1 (MEK1) permitted the identification of A-, B-, and c-Raf as interacting 

with S218/222A MEK 1, whereas wild-type MEK I did not interact with Raf in the yeast 



two-hybrid system (145). Mutation of MEKI at serines 218 and 222 was hypothesized to 

produce a dominant negative MEKl that could form stable complexes with upstream 

kinases in the yeast two-hybrid system. Therefore, to identify proteins that interact with 

TH, THS19A was co-transformed with a mouse embryo cDNA library into a host yeast 

strain. Mutation of TH at serine 19 to alanine was reasoned to produce a dominant 

negative TH enzyme for the identification of interactions that would otherwise be 

transient in a yeast two-hybrid system. This study commenced with the identification of 

a novel interacting protein, following the mutation of TH at serine 19 to alanine and 

provision in a yeast two-hybrid system. Various truncations of the PITSLRE mouse 

homolog, were initially detected as interacting partners with THS19A in a 

yeast two-hybrid system. The more extensive cDNA sequence encoding pi 

(339 bp) was utilized for subsequent experimentation with THS19A or TH. 

Following identification of the interaction between pi30^^^^"^ and THS19A, TH 

was also provided in a yeast two-hybrid system and identified as an interacting partner 

with the PITSLRE mouse homolog. To ensure that results obtained from the yeast two-

hybrid screen were not an artifact of the system, a recombinant glutathione S-transferase 

(GST) fusion protein comprising amino acids 149-262 of pLK/'^^' *^'' was produced to 

characterize its interaction with TH in a mammalian system. Following confirmation of 

the interaction between GST-pl3(/'^'^'''^'' and TH derived from PC-12 cells, a full-length 

a splice variant 5 (aSV5) isoform of human PITSLRE was cloned by RT-PCR to further 

characterize the interaction. A more extensive GST fusion protein encoding the N-

terminus of the aSV5 isoform of human PITSLRE was also found to interact with TH. 
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To characterize the full-length interaction, PITSLRE was cloned downstream from a 

FLAG epitope tag containing vector and transiently transfected in human embroyonic 

kidney (HEK) 293 cells. Imniunoprecipitation of full-length FLAG-PITSLRE revealed 

an interaction with in vitro transcribed and translated TH. 
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METHODS 

Cell culture 

PC-12 (rat pheochromocytoma) cells were cultured at 37°C, in a humidified 

incubator containing 5% CO2, with Dulbecco's modified Eagle's medium (DMEM, 

Invitrogen) pH 7.4, supplemented with 10% fetal bovine serum (Invitrogen), 5% equine 

serum (Invitrogen), and 50 fig/ml penicillin/streptomycin (Invitrogen) and seeded on 100 

X 20 mm tissue culture dishes. Jurkat cells (ATCC) were cultured in RPMI 1640 medium 

with 2 mM L-glutamine (Invitrogen), and supplemented with 10% fetal bovine serum, 50 

jig/ml penicillin/streptomycin, 1.5 g/1 sodium bicarbonate, 4.5 g/1 glucose, 10 mM N-[2-

hydroxyethyl]piperazine-N'-[2-ethancsulfonic acid] (Hepes), and 1.0 mM sodium 

pyruvate. COS-7 cells were cultured in DMEM, pH 7.4, supplemented with 10% fetal 

bovine serum and 50 fig/ml penicillin/streptomycin. 

Total RNA isolation via TRlzol 

To isolate total RNA, 7.85 ml TRlzol (Invitrogen) was added to each 10 cm tissue 

culture dish of PC-12 cells (1 ml TRlzol/100 x 20 mm tissue culture dish). The solution 

was pipetted up and down several times to remove adherent cells and form a viscous 

solution. The solution was then transferred to two 14 ml Falcon 2059 polypropylene 

tubes (Beeton Dickinson Labvvare), 200 |.U chloroform/ml TRlzol was added and mixed 

on high for 15 s. After incubation at ambient temperature for 2-3 min, samples were 

collected by centrifugation at 12,000 x g for 15 min at 4°C using inserts provided for the 

rotor and no cap on the Falcon 2059 tubes. The aqueous layer (upper) was placed into a 



fresh Falcon 2059 tube and 0.5 ml isopropanol/ml TRIzol was added. After incubation at 

ambient temperature for 10 niin, RNA was collected by centrifugation at 12,000 x g, 4°C 

for 10 min. The supernatant was discarded and the RNA pellet was washed with 1 ml 

75% ethanol (in 0.1 % diethyl pyrocarbonate (DEPC) ddH20)/ml TRIzol. The solution 

was then mixed with a vortex machine and RNA was collected by centrifugation at 7500 

X g, 4°C for 10 min. The supernatant was removed and the RNA pellet was resuspended 

with approximately 100 |il 0.1% DEPC ddH20/100 x 20 mm tissue culture dish when the 

pellet was about 90% air-dried. The OD260/280 was recorded using 0.1% DEPC ddHzO as 

a blank in quartz cuvettes, where total RNA (fig/^il) = [(Abs26o)*(dilution 

factor)*(40)]/1000. 

RNA formaldehyde/agarose gel 

Prior to resolving samples, the gel apparatus was cleaned with LiquiNox 

detergent, rinsed with ddH^O. dried with 70% ethanol, and soaked with 3% H2O2 at room 

temperature for 10 min. Finally, the gel apparatus was rinsed with 0.1% DEPC ddH20. 

To ensure total RNA integrity, 1 |il of total RNA was separated on a 1% formaldehyde 

gel [0.5 g agarose, 36 ml 0.1% DEPC ddH^O and 5 ml lOX northern buffer (100 ml of 1 

M Hepes, pH 7.0. 4 ml of 0.5 M ethylenediamine-tetraacetic acid (EDTA), pH 8.0, 3.3 ml 

of 3 M sodium acetate, pH 5.2, with a final adjustment of volume and pH to 200 ml with 

0.1 % DEPC ddH^O and pH to 7.0, respectively. Northern buffer was filter sterilized 

using a 0.22 fim Steritop filter (Millipore) and stored at room temperature until use.)]. 

The 1% gel components were combined in an Erienmeyer flask and then zeroed on a 



balance before heating for approximately 1 min in a microwave. After microwave 

heating, the weight was re-adjusted to zero with 0.1 % DEPC ddHaO and then 9 ml 

formaldehyde (37%) was combined in the fume hood. The gel was poured and resolved 

in a fume hood with RNA running buffer (50 ml lOX northern buffer, 90 ml 

formaldehyde (37%), 360 ml 0.1% DEPC ddH20) at lOOV for approximately 1 h. Total 

RNA samples were resolved in a total loading volume of 20 |il, consisting of 16 {il RNA 

sample buffer, [100 }xl lOX northern buffer, 500 |il formamide, 180 {LII formaldehyde 

(37%), 100 ^1 10 mg/ml bromophenol blue, 100 jil sterile glycerol and brought to a final 

volume of 1 ml with 0.1% DEPC ddHaO (stored at -20°C)], 2 fil 1% ethidium bromide 

(Fisher), 1 ).il total RNA. and 1 jil 0.1% DEPC ddH^O. Total RNA was frozen using 

liquid N2, before storage at -80°C. 

Reverse transcriptase polymerase chain reaction (RT-PCR) ofTH 

First strand cDNA synthesis was performed using random primers according to 

protocols supplied by the manufacturer (Invitrogen). In brief, the reaction consisted of 1 

jiil of random hexamers (50 ng/pl). at least 2 |ig of total RNA. and 0.5 )il of RNASE OUT 

Recombinant Ribonuclease Inhibitor (40 units/}il) combined in a nuclease-free tube with 

0.1% DEPC ddH20 to a final volume of 10 }xl. A negative control tube consisted of the 

same amount of RNA. which had been treated with 1 |il 10 mg/ml RNAse A (United 

States Biochemicals) for 1 h at 37°C. Both conditions were heated for 10 min at 70°C in 

a heated block. Samples were immediately chilled on ice for 2 min and collected briefly 



in a microcentrifuge to collect contents. Each tube was then supplemented with 4 |il of 

5X First Strand buffer (Invitrogen), 2 ^l of 0.1 M dithiothreitol (DTT, Sigma 

Biosciences). 5 )i.l of 2 niM deoxynucleoside-triphosphate (dNTPs, Invitrogen). mixed 

gently by flicking, and incubated for 2 min at 42°C. Following this incubation, 1 |il of 

Superscript II RT (Invitrogen) was only added to the first reaction, not to the negative 

control (RT minus). The reaction was mixed by gentle pipetting up and down, and then 

returned to incubate in a water bath for 50 min at 42°C. Following, the reactions were 

incubated for 15 min at 70°C using a heated block. Finally, reactions were treated with 1 

|il of Escherichia coli RNAse H (2 units/jil, Invitrogen) to remove RNA template from 

cDNA:RNA hybrids by incubating in a water bath for 20 min at 37°C. cDNA was then 

stored at -20°C until PCR amplification and was generally stable for up to 6 months. 

To amplify TH, 2 )il of cDNA derived from PC-12 cells (10% cDNA reaction) 

was used as template for PCR using Deep VentR DNA polymerase (New England 

BioLabs) according to standard protocols. RT-PCR of TH was carried out with primers 

specific to each half, and designed based from sequence in the National Library of 

Medicine (NLM) database. A corresponding RT minus control using 2 jil of PC-12 

cDNA from the reaction treated with 10 mg/ml RNAse A and incubated in the absence of 

Superscript II RT was included as a negative control, where no product should be 

observed. Attempts to clone full-length TH were unsuccessful. Therefore, amplification 

from the same aliquot of PC-12 cDNA was carried out with primers specific to each half 

of TH, and the RT minus control (2 jil PC-12 cDNA from the reaction treated with 10 



mg/ml RNAse A and incubated in the absence of Superscript II RT) was not repeated, 

although in retrospect it should have been included. The sense primer for the first half of 

TH was 5'-CCA GGA TCC ACT ATG CCC ACC CCC AGC GCC-3' and consisted of 

a BamUl restriction enzyme site engineered at the N-terrninus. The antisense primer 5'-

GTA CCG TTC TAG AAG CTG GAA ACC-3' was designed to amplify approximately 

the first half of TH, where the sequence conveniently contained a unique restriction 

enzyme site at 1145 bp (XbaT). Amplification of the second half, included the sense 

primer 5-GGT TTC CAG CTT CIA GAA CGG TAC-3" (Xbal at 1145 bp). The 

antisense primer was 5'-TGG TAA GCT TTG CAT TTA GCT A AT GGC ACT-3" and 

contained a Hindlll restriction enzyme site engineered at the C-temiinus. The reaction 

consisted of 10 )al of lOX Deep VentR polymerase buffer with MgS04 (New England 

BioLabs). 10 }il of 2 mM dNTPs, 1 unit (u) of Deep VentR DNA polymerase (New 

England BioLabs. 2000 units/ml), 2 |il of 20 [iM sense and antisense primers. 2 jil of PC-

12 cDNA with a final volume brought to 100 jil with nuclease-free ddHiO. After 

overlaying 50 |il mineral oil to prevent evaporation, amplification was performed as 

follows: 99°C for 8 min, followed by 40 cycles of 99°C for 1 min, 55 °C for 1 min, and 

75°C for 1 min. Final extension was 75°C for 7 min. Samples were then held at 4°C for 

16 h, or until samples were removed from the thermocycler. Due to the fact Deep VentR 

DNA polymerase contains capabilities for 3' to 5' exonuclease proofreading, the 3' 

adenine single-base overhangs were not present on PCR products. Since the 3' adenine 

single-base overhang is essential for cloning into pGEM-T (Promega). the overhangs 

were added by incubating the reactions for 8-10 min at 72°C with 1 |il of Taq polymerase 



(Invitrogen) per reaction. Both halves of TH were then resolved on a 1.2% Tris-HCl, 

acetic acid, EDTA, pH 8.0 (TAE) agarose gel, purified from the agarose gel using a 

GENECLEAN kit (Bio 101), ligated into pGEM-T, and then transformed into E. coli 

JM109 as described in the section immediately following. The nucleotide sequences of 

TH matched that which is published in the NLM database after DNA sequencing by the 

University of Arizona's Laboratory of Molecular Systematics and Evolution (LMSE). 

The products were designated TH {BamBl, XZ?aI)/pGEM-T [219], and TH (Xbal, 

i?OTdIII)/pGEM-T [220]. Of note, all constructs are denoted by a number in [brackets] 

according to the numbering system utilized by the Vaillancourt Lab. 

Tris-HCl, acetic acid, EDTA (TAE) agarose gel, GENECLEAN, and ligation into pGEM-

T 

PCR products were separated on 1.2% TAE agarose gels [2 ml of SOX TAE, (242 

g Tris Base, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA, pH 8.0, with a final volume 

brought to 1 1 with ddHaO and pH 8.5) 98 ml ddlLO and 1.2 g agarose (Invitrogen)]. 

Contents were transferred to a 500 ml Erlenmeyer flask and microwaved until almost 

boiling, or approximately 1.5 min. After the agarose cooled slightly, it was supplemented 

with 0.5 |il 1% ethidium bromide/10 ml gel, for purposes of visualizing DNA. Before 

separating the DNA, it was supplemented with lOX agarose gel sample buffer (0.4% 

bromophenol blue, 0.4% xylene cyanole, 50% glycerol and 49.2% ddH^O) to make a 

final concentration of IX. To ensure the size of DNA fragments. 1 kilobase (kb) and 100 

bp DNA ladders (New England BioLabs, prepared in a solution of lOX React 4 buffer 



(Invitrogen), l OX agarose gel sample buffer, DNA ladder and ddHiO; 1:1:1:7) were also 

separated. Samples on 1.2% TAB agarose gels were resolved in a chamber containing 

750 ml IX TAE, 5 jill % ethidium bromide and visualized using an ultraviolet light box. 

Products were excised using a scalpel and transferred to a 1.5 ml Eppendorf tube and 

purified according to protocols supplied by the manufacturer (Bio 101). In brief, three 

volumes of Nal were added to the excised DNA band and incubated approximately 5 min 

(in a 45°-55° C water bath), until the DNA band was solubilized. After mixing 

GLASSMILK/silica matrix on high for 30 s with a vortex machine, 10 |il was added to 

the mixture for 5 min. During this 5 min. the sample was mixed by hand every 1-2 min 

to ensure the GLASSMILK does not settle. The sample was then collected for 5 s at 

16,000 X g by cenirifugation. Supernatant was removed and the pellet (silica matrix 

bound to DNA) was resuspended with 700 [il ice cold NEW Wash by pipetting up and 

down. Sample was then collected as before and resuspended with NEW Wash for a total 

of 3 times. After removing traces of NEW Wash by a final collection for 5 s at 16,000 x 

g. the pellet was resuspended with 20 fil ddHiO and incubated for 2-3 min at 45°-55°C to 

elute DNA from the silica matrix. GLASSMILK was collected for 1 min at 16,000 x g 

by centrifugation. and supernatant containing DNA was removed into a fresh 0.65 ml 

Eppendorf tube. DNA was again collected for 1 min at 16,000 x g by centrifugation to 

remove all traces of the silica matrix before proceeding. Samples were ligated overnight 

at room temperature, or 4°C, into pGEM-T according to protocols supplied by the 

manufacturer. In brief, 1 )il of pGEM-T Vector. T4 DNA Ligase, and lOX Ligase buffer 



were combined with 5-7 fil PCR product containing adenine overhang and brought to a 

final volume of 10 |il with ddHiO. if necessary. 

DNA purification via UltraClean DNA Purification kit 

In some cases, DNA was purified using an UltraClean DNA Purification kit (Mol 

Bio Laboratories, Inc.) rather than a GENECLEAN kit as detailed above. PCR products 

were separated on 1.2% TAE gels as described above. Products were again excised using 

a scalpel and transferred to a 1.5 ml Eppendorf tube and purified using an UltraClean 

DNA Purification kit according to protocols supplied by the manufacturer (Mol Bio 

Laboratories, Inc.). In brief, three volumes of ULTRA SALT were added to the excised 

DNA band and incubated approximately 5 min, in a 55°-65°C water bath, until DNA 

band was resolubilized. After mixing ULTRA BIND on high for 30 s with a vortex 

machine, 5 jil plus 1 }il/}ig DNA expected to recover was added to the mixture for 5 min 

at ambient temperature (Usually 7 |jl ULTRA BIND was added.). During this 5 min, the 

sample was mixed by hand every 1-2 min to ensure the ULTRA BIND did not settle. 

The sample was then collected for 5 s at 16,000 x g by centrifugation. Supernatant was 

removed and the pellet (silica matrix bound to DNA) was resuspended with 1 ml 

reconstituted ULTRA WASH by pipetting up and down. Sample was then collected as 

before and resuspended with ULTRA WASH. After removing traces of ULTRA WASH 

by a final collection for 5 s at 16,000 x g, the pellet was resuspended with a volume of 

ddH20 which was twice the volume of ULTRA BIND added (usually 14 |Lil ddH^O) and 

incubated at ambient temperature for 5 min to elute DNA from the silica matrix. ULTRA 



BIND was collected for 1 min at 16,000 x g by centrifugation and supernatant, containing 

DNA, was removed into a fresh 0.65 ml Eppendorf tube. DNA was again collected for 1 

min at 16,000 x g by centrifugation to remove all traces of the silica matrix before 

proceeding. 

DNA purification via Quantum Prep Freeze 'N Squeeze DNA gel extraction spin columns 

PCR products were separated on TAE gels as described, but rather than 

purification of DNA as described by the aforementioned methods, DNA was purified 

using a Quantum Prep Freeze 'N Squeeze kit (Bio-Rad). Products were again excised 

using a scalpel, diced into approximately 2-3 mm cubes, and transferred to a Quantum 

Prep Freeze 'N Squeeze DNA gel extraction spin column and purified according to 

manufacturer specifications. Briefly, after transferring gel cubes to spin column fitted in 

collection tube, the sample was placed at -20°C for at least 10 min. Following 

incubation, the sample was collected by centrifugation at 16.000 x g for 5 min at ambient 

temperature. The spin column was discarded and the volume of sample in the collection 

tube was determined for purposes of ethanol-precipitating DNA. Precipitation was 

carried out through the addition of 0.1 volumes 7.5 M ammonium acetate, 2.5 volumes 

100% ethanol. followed by incubation at -80°C for at least 0.5 h. Sample was then 

collected by centrifugation at 16,000 x g for 15 min at 4°C. Supernatant was decanted 

and the DNA pellet was washed with approximately 0.5 ml 70% ethanol. Sample was 

again collected and supernatant was decanted as before. After allowing DNA pellet to 

air-dry it was resuspended with 20 jJLl ddHiO. 
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Transformation into supercompetent E. coli JM109 

Transformation was carried out according to standard protocols supplied by the 

manufacturer (Promega) and as detailed briefly in the next paragraph, and plated on 100 

X 20 mm petri dishes containing Luria Broth-ampicillin agar (LB; 10 g tryptone, 5 g yeast 

extract. 10 g NaCI per liter, pH 7.0. LB is supplemented with 15 g/1 agar and then both 

agar and liquid media are sterilized for 30 min in an autoclave (liquid setting). LB agar 

was then supplemented with 50 jjg/ml ampicillin immediately before pouring plates, or 

when LB agar media cooled to approximately 50°C.). Transformation reactions 

involving vectors, such as pGEM-T, which contain the lacZ gene for selection purposes 

were plated onto LB-ampicillin agar containing 80 }ig/ml 5-bromo-4-chloro-3-indolyl-P-

D-galactoside (X-gal, Invitrogen) and 0.5 mM isopropyl-P-D-thiogalactoside (IPTG, 

Fisher). IPTG and X-gal were supplemented 0.5 h prior to the end of transformation and 

incubated at 3TC to allow absorption. Transformation contents, X-gal and IPTG were 

spread onto LB-ampicillin agar plates using a sterile glass 9" Pasteur pipette which had 

been formed into a spreader using a Bunsen burner, and subsequently sterilized by 

soaking in ethanol and flaming with a Bunsen burner. Plates were incubated at 37°C, for 

16 h, at which time white colonies were plucked and cultured in 5 ml LB media 

supplemented with 50 jjg/ml ampicillin at 37°C for 16 h with shaking (250 rpm). 

Ampicillin was supplemented immediately before growing cultures. 

For transformation into supercompetent JM109, cells were removed from -80°C 

and immediately transferred to ice for approximately 10 min, or until thawed. In the 
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meantime, one 17 x 100 mm sterile Falcon 2059 polypropylene culture tubes was pre-

chilled on ice for each transfonnation. After supercompetent cells were thawed, 100 |il 

was transferred to each culture tube. Approximately 1-100 ng of DNA to be transformed 

was immediately added to supercompetent cells, culture tubes were flicked gently, and 

returned to ice for 10 min. After 10 min, cells were heat-shocked in a 42°C water bath, 

without shaking, for 45-50 s. Tubes were immediately returned to ice for 2 min and then 

900 |il pre-chilled SOC medium (SOB medium; 20 g tryptone, 5 g yeast extract, 0.5 g 

NaCl, with final volume and pH adjusted to 990 ml with ddH20 and 7.0, respectively. 

Immediately before use, SOC is prepared from the SOB through the addition of 20 mM 

glucose, 10 mM MgCli and 10 mM MgS04) was added to each transformation reaction. 

The reaction was incubated for 1 h at 37°C with shaking (225 rpm). After 1 h, the 

transformation reaction was plated onto LB-ampicillin agar plates as detailed in the 

previous paragraph. Usually the entire reaction was transferred back to a 1.7 ml 

Eppendorf tube and collected at 16,000 x g for 5 s by centrifugation. Following this, 800 

(Xl SOC medium was removed and the remaining 200 {il was used to resuspend the cells, 

gently. The cells were then plated onto 150 x 15 mm LB-ampicillin agar petri dishes. If 

cDNA was being re-transformed for purposes of making a CsCl DNA Maxiprep, only 

100 or 200 }il of the original 1 ml transformation reaction was plated onto 150 x 15 mm 

LB-ampicillin agar petri dishes. 

Constructs 



Using the same reaction and amplification conditions as detailed for RT-PCR, the 

BaniHl site at the 5' end of TH was adjusted for purposes of cloning TH or THS19A in 

frame into pBTM 116. TH (BamHI-Zi»aI)/pGEM-T cDNA [219] was provided as 

template where the forward primer was 5'-CCG GGG ATC CGT ACC ATG CCC ACC 

CCC AGC GCC-3' and the reverse primer was 5'-CAA GGA GGA GGG TTT TGT 

ACC-3'. The final product was separated on a 1.2% TAE gel, purified using a 

GENECLEAN kit, and ligated into pGEM-T. The product was sequenced by the 

University of Arizona's LMSE and designated as Y2H-TH {BanMl, fi.swI)/pGEM-T 

[238], Although the position of the reverse primer was chosen due to a unique 5.vw36I 

restriction site, the enzyme is less than 10% efficient for ligations. Therefore, an enzyme 

further upstream, Bsm\. was selected for purposes of cloning. 

THS19A was mutated according to the megaprimer method of site-directed 

mutagenesis (146). The two step PGR consisted of 1 fil (100 ng) Y2H-TH (BamHl-

5.vA«l)/pGEM-T [238] as template, 1.0 pi Taq polymerase (Invitrogen). 10 }il lOX Taq 

buffer without MgCh, 0.2 mM dNTPs. 1.5 mM MgCla, 1 }ll sense primer, 1 |ll reverse 

primer and nuclease-free ddH20 was added to bring the final volume to 100 |il for the 

first reaction. After overlaying approximately 50 |il of mineral oil, amplification was 

95°C for 8 min, followed by 40 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 

min. Final extension was 72°C for 7 min. Samples were then held at 4°C for 16 h, or 

until samples were removed from the thermocycler. The forward primer was 5'-CCC 

AAG GGC TIC CGG AGG GCC GTC GCA GAG CAG GAT-3' and was engineered to 

contain a unique AccIII restriction site (underlined) if the serine to alanine mutation was 



incorporated (highlighted in bold). The AccIII restriction site was engineered as a silent 

mutation, so as not to affect the amino acid sequence surrounding the desired mutation of 

serine to alanine. The reverse primer was 5'-T ACC TAG CAT GAA CAG ATT GGG 

TGA CAC TAT AGA ATA C-3' and was designed to incorporate a portion of the SP6 

sequence from pGEM-T vector, along with nonspecific sequence. The product of the 

first reaction was separated on a 1.3% TAE gel. purified using a GENECLEAN kit, and 

10 |il was used as template in the second reaction, along with 1 jil original template 

(Y2H-TH (J5amHI-5smI)/pGEM-T). The remaining reaction conditions included 1.0 |il 

Taq polymerase, 10 fll lOX Taq buffer without MgCli, 0.2 mM dNTPs, 1.5 niM MgCU. 

and nuclease-free ddHoO to bring the final volume to 94 |il for the second reaction, part a 

(Ila). Amplification conditions were the same as listed above, save the number of cycles 

were reduced to five. After five cycles, when the original template theoretically filled in 

the 5' end of TH, including T7 sequence at the 5' end of pGEM-T, 1 p,l T7 sense 5'-TAA 

TAC GAG TCA CTA TAG GGC-3', and 5 }il of the nonspecific sequence reverse 

primer 5'-T ACC TAG CAT GAA CAG ATT G-3' were added to the reaction (part 

lib). Amplification was carried out for 25 cycles using the same conditions as detailed 

for the first reaction. Using this strategy, the T7 sense primer fills in the 5' end of TH, so 

the BamRl site is restored. The reverse primer was designed to nonspecific sequence, 

which enables PGR lib to selectively amplify the sequence containing the serine to 

alanine mutation. Without the incorporation of the nonspecific sequence, the original 

template (Y2H-TH (BamBl-Bsml)/pGEM-T) would have been amplified as readily as the 

one incorporating the serine to alanine mutation. PGR product was separated on a 1.0% 



TAE gel, purified using a GENECLEAN kit, and ligated into pGEM-T as detailed 

previously, to generate THS19A (fioA«HI-S.S7nI)/pGEM-T [250]. Sequence identity was 

confirmed after sequencing by the University of Arizona's LMSE. 

Full-length TH/pBlueBacHis2A [239] was generated by digesting TH (BamHl 

(361), Xbal (1145)/pGEM-T) [219] with BamHl and Xbal, TH (Xbal (1145), HindUl 

(1883)/pGEM-T) [220] with Xbal and ffindlll, and pBlueBacHis2A with BamHl and 

HindlU. After performing restriction digests with appropriate enzymes, DNA were 

separated on a 1 % TAE gel and bands were excised and purified using a GENECLEAN 

kit. Products were ligated into pBlueBacHis2A using 6 [il of each insert, 2 }il 

pBlueBacHis2A, heating DNA at 45°C for 5 min in a water bath, and then bringing the 

final volume to 20 |il with 2 jal T4 DNA Ligase and 4 |i,l 5X ligation buffer (Invitrogen). 

A negative control ligation was always included and consisted of the same conditions, 

save insert volume was replaced with ddH20. After incubating overnight at ambient 

temperature, ligations were transformed into E. coli JM109 as described previously. 

Full-length THS19A/pBTM 116 [245] was generated by digesting THS19A 

{BamHl-Bsml)/pGEM-T [250] with BamHl and Bsml, full-length TH/pBlueBacHis2A 

[239] with HindUl and Bsml, and pBTMl 16 with Sail and BamHl. HindlU and Sail 

restriction digests were performed first on each corresponding construct to enable a blunt 

ligation of the 3' terminus through the addition of mononucleotides from dNTPs using 

the Large Fragment (Klenow) of DNA polymerase I (Invitrogen) according to 

manufacturer specifications. Following Klenow treatment, products were purified using 

a GENECLEAN kit by adding 60 \i\ ddHaO, 300 |il Nal, 10 |il GLASSMILK and 
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proceeding as usual. The Hindlll digested portion of full-length TH/pBlueBacHis2A was 

eluted with 12 |il ddHiO and 10 p.1 was provided in a restriction digest reaction with 

Bsml. pBTM116 was eluted with 20 |il ddH^O. and 18 |il was provided in a restriction 

digest reaction with BamlU. Digested pBTM 116 was incubated with 1.5 jil diluted calf 

intestinal alkaline phosphatase (2 |.il ClAP in 18 pi ddH20, Invitrogen) and 3 |il 1 OX 

dephosphorylation buffer to prevent vector self-ligation. The DNA samples were 

resolved, purified as detailed previously and ligation into pBTM 116 was performed in a 

final volume of 30 jil. The ligation consisted of 3 fil pBTMl 16, 9 |il of each insert, 3 jil 

T4 DNA Ligase and 6 }il 5X ligation buffer. 20 }il of ligation reactions were transformed 

into E. coli JM109 as described previously. 

Apl30 PITSLRE was subcloned from pVP16 into pGEX-5X-l (Amersham 

Biosciences) using the Notl restriction site present on all library inserts. Following 

digestion of pGEX-5X-l with Notl, vector was incubated with diluted CIAP as described 

previously. After purifying products as described previously, the ligation consisted of 2 

jil digested pGEX-5X-l and 9 jil Ap 130 PITSLRE prior to heating samples at 45°C for 5 

min. The ligation reaction was then brought to a final volume of 20 |il with 2 jil T4 DNA 

Ligase, 4 |il 5X ligation buffer and 3 |il ddH20. Ligations were transformed into E. coli 

JM109 as described previously. After confirming success of the ligation by digesting 

minipreps with Notl, Apl30 PITSLRE/pGEX-5X-1 [266] was ultimately confirmed for 

orientation using the restriction enzyme Avail. 
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Full-length wt-TH/pBTM 116 was generated by removing the 5' THS19A 

fragment with BamRl to Pstl (partial digest) from THS19A/pBTM 116 [245], and 

replacing this fragment with the BatnlM and Pstl (partial digest) fragment from TH 

Y2H/pGEM-T [238]. After resolving and purifying DNA, products were ligated for 15 

min using the Rapid DNA Ligation kit (Roche Applied Science) according to 

manufacturer instructions. Briefly, 6 pi of the BamRl to Pstl (partial digest) fragment 

from TH Y2H/pGEM-T or ddH20 was combined with 2 jil THS19A/pBTMl 16 where 

the BamRl to Pstl (partial digest) fragment was removed. After mixing the DNA 

combinations described above, 2 }il DNA dilution buffer (5X conc.) was added to each 

tube and mixed. Following, 10 }il T4 DNA ligation buffer (2X conc.) was supplemented 

and products were again mixed. Finally, 1 jil T4 DNA Ligase (5 units/jil) was added and 

tubes were incubated at ambient temperature for 15 min. Half of the ligation reaction 

was then transformed into 50 jil HBlOl bacteria, and the entire transformation reaction 

was spread onto LB-ampicillin agar petri dishes. Full-length wt-TH identity was 

confirmed after sequencing by the University of Arizona's LMSE. 

Full-length TH/pcDNA3.1/HisC [246] was generated by digesting full-length 

TH/pBlueBacHis2A [239] with Hindlll and BaniSl, and pcDNA3.1/HisC with BamWl 

and EcoKW The overhang generated following digestion with Hindlll was filled-in 

using Klenow as described previously. It was unnecessary to fill-in the conesponding 

vector fragment, because EcoKV generates a blunt fragment. After performing 

restriction digests, pcDNA3.1/HisC was incubated with diluted CIAP as described 

previously. After resolving and purifying DNA, 1 |il pcDNA3.1/HisC was combined 
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with 14 }il insert and incubated for 5 min at 45°C. Following 5 min, the ligation volume 

was brought to 20 (il with 1 |il T4 DNA Ligase, 2 |il 1 mg/ml BSA, and 2 jil lOX ligation 

buffer. After incubating the ligation reaction at ambient temperature overnight, 

transformation into E. coli JM109 was carried out as described previously. 

Yeast two-hybrid system 

The cDNA encoding full-length THS19A was subcloned downstream of the LexA 

DNA binding domain of pBTM116 vector, which was constructed by Paul Bartel and 

Stan Fields, and contains the TRPl gene as a selection marker (147). The second hybrid 

carries the LEU2 gene as a selection marker and consisted of a mouse embryo cDNA 

library, generated by random-primed cDNA synthesis and size selected for inserts 

between 350 to 700 nucleotides, fused to the acidic activation domain of pVP16 (148). 

Before library transformation, THS19A/pBTM116 was transformed into the host 

Saccharomyces cerevisiae strain L40 [Mata his3A200 trpl-901 leu 2-3, 112 ade2 LYS 

2:;(LexAop)4-His3 URA3::(LexAop)8-lacZ GAL4 gal80 (incomplete genotype)] by the 

lithium acetate method (149-151). To test for the expression of THS19A before library 

transformation, yeast extracts were prepared by the Urea/SDS method as previously 

described by Printen and Sprague (152). and western blot analysis was performed with an 

antibody to TH (Chemicon International). The absence of reporter gene auto-activation 

was also confirmed prior to library transformation by measuring P-galactosidase activity 

induced in the presence of LexA-THS19A alone (153, 154). For the identification of 

proteins that interact with THS19A, it was co-transformed with a mouse embryo cDNA 



library fused to the acidic activation domain of pVP16 [kindly provided by Dr. Stanley 

M. Hollenberg and as described previously (155)]. Positive clones were identified by 

selection on yeast media lacking tryptophan, histidine, and leucine and containing 0, 1, or 

5 niM 3-amino-l ,2.4-triazole (3-AT). The next sections detail the methods 

comprehensively. 

Yeast two-hybrid screen 

Yeast containing LexA-THS19A/pBTM116 were streaked from a glycerol stock, 

onto 100 X 20 mm YC-UT agar plates [100 mg adenine, 50 mg tyrosine, 4 ml of 25 

mg/ml lysine, 5 ml of 10 mg/ml histidine, 10 ml of 10 mg/ml leucine, 10 g succinic acid, 

6 g NaOH, yeast media supplements (5 g (NH4)2S04 and 1.2 g yeast nitrogen base 

(without amino acids or (NH4)2S04),) and 100 ml 1 OX dropout solution (1 mg/ml 

arginine monohydrochloride, 1 mg/ml cysteine hydrochloride, 1 mg/ml threonine, 0.5 

mg/ml aspartic acid, 0.5 mg/ml isoleucine, 0.5 mg/ml methionine, 0.5 mg/ml 

phenylalanine, 0.5 mg/ml proline, 0.5 mg/ml serine, and 0.5 mg/ml valine). All yeast 

agar were brought to a final volume of 900 ml with ddH^O and 20 g of agar was then 

added before autoclaving at 30 min using the liquid cycle. After the media cooled to 

approximately 50°C, 100 ml of 20% glucose was supplemented before pouring plates (if 

specified)] two weeks prior to the screen. Following growth at 30°C. six to eight colonies 

were transferred to 10 ml YC-UT (with glucose) in a 50 ml Erlenmeyer flask. Yeast 

were incubated at 200 rpm for 24 h at 30°C and then 50 pi of overnight culture was 

added to 950 |il of YC-UT for measurement of the optical density (OD)6oo- Ten OD units 



were removed and added to 96 ml of YC-UT (with glucose) in a 250 ml flask. Yeast 

were grown overnight at 30°C and then 50 |il of the overnight culture was removed and 

combined with 950 }il of YC-UT for ODeoo- After accounting for the dilution factor of 

twenty, 200 OD units (100 ml of overnight culture) were added to 900 ml YPAD [10 g 

yeast extract with amino acids, 20 g peptone, 0.1 g adenine, with a final volume of 900 

ml following the addition of ddH20. Autoclave as detailed previously and supplement 

with 100 ml 20% glucose when media is designated with the letter D (YPA is not 

supplemented with glucose)] and rotated 200 rpm, 30°C until OD6(X)=0.5. Log phase 

growth occurred in approximately 4 h. Yeast were then collected by centrifugation in 

four 250 ml sterile Nalgene bottles at 959 x g for 6 min at ambient temperature. Yeast 

were then washed with 125 ml of sterile TE per bottle and collected again. Yeast were 

resuspended in 20 ml of 0.1 M lithium acetate/0.5X TE (2 ml IM lithium acetate. 1 ml 

lOX TE, 17 ml ddHaO). Resuspended yeast were transferred to a 500 ml sterile 

Erlenmeyer flask containing 140 ml 100 mM lithium acetate/40% PEG 3350/lX TE (112 

ml 50% PEG. 14 ml 1 OX TE, 14 ml lOX lithium acetate), 0.85 ml mouse embryo library 

DNA (0.5 mg) and 1 ml 10 mg/ml salmon sperm DNA. The flask was swirled and yeast 

were transferred (= 20 ml) into the 500 ml Erlenmeyer flask and incubated 30°C for 30 

min at 175 rpm. Yeast were transferred to a 2 1 flask and 17.6 ml dimethyl sulfoxide 

(DMSO, Sigma Biosciences) was added while swirling the flask gently. Heat shock 

occurred at 42°C for 15 min, with swirling every 2 min. Next, 400 ml YPA was 

supplemented and yeast were chilled on ice for a few minutes to return temperature of the 

yeast to ambient temperature. Collection of yeast in sterile bottles by centrifugation 



occurred at 959 x g for 6 min at ambient temperature. Yeast were then washed with 500 

ml of YPA (4 bottles * 125 ml) and collected as detailed above. Yeast were resuspended 

in 1 1 of pre-warmed YPAD (with glucose) and incubated at 30°C for 1 h at 175 rpm in a 

2 1 flask. Following 1 h, 1 ml of culture was collected at 735 x g for 5 min at ambient 

temperature, and the yeast were resuspended in 1 ml YC-UTL [same as detailed for YC-

UT except no leucine (with glucose)]. Yeast resuspended in YC-UTL were plated at a 

volume of 10/100 jil onto two separate plates to reveal potential transformants. The total 

number of transformants was calculated as detailed: number of yeast colonies * dilution 

factor (10^ or 10^) = number of transformants/liter. Since yeast were concentrated into 30 

ml, the number of transformants/ml = number of transfonnants/liter/30 ml. Finally 

accounting for the fact that 0.3 ml of yeast was spread/plate onto a total of 96 plates, this 

reveals the total number of transformants screened (transformants/ml * 0.3 ml * 96 plates 

= total yeast transformants). The remaining yeast were collected in four, 250 ml sterile 

bottles at 959 x g for 6 min at ambient temperature. Each yeast pellet was washed with 

125 ml of YC-UTL (without glucose) and collected as detailed above. Pre-warmed YC-

UTL (with glucose) was prepared at a volume of 1 1 to resuspend yeast, which was then 

transferred to a 2 1 sterile flask and incubated at 30°C for 4 h. Yeast were then collected 

by centrifugation as detailed above and each pellet was washed with 125 ml of YC-

THULL [Same as YC-UT except no lysine, histidine or leucine supplemented (without 

glucose)]. Yeast were collected again, washed with YC-THULL as detailed above and 

finally resuspended in a total volume of 30 ml YC-THULL (with glucose). Yeast were 

plated in a volume of 0.3 ml on 96, 150 x 15 mm YC-THULL plates containing 0, 1 or 5 



mM 3-aminotriazole (AT). Yeast transformants were grown at 30°C for approximately 4 

to 28 d. Yeast colonies which grew on YC-THULL. lacking tryptophan, histidine and 

leucine were transferred to 2 ml liquid YC-THULL (with glucose) at 225 rpm for 24 h at 

30°C. Colonies selected included surrounding YC-THULL agar using a 200 |il wide 

bore tip. Before selection, the outsides of the plates were marked to denote colony 

number and location. 

Isolation of library cDNA 

After growth of the yeast colonies. 1.5 ml of the culture was transferred to an 

Eppendorf tube. Yeast culture was collected by centrifugation at 16,000 x g for 5 s at 

ambient temperature and all, save 100 |il of supernatant, was decanted. Yeast were 

resuspended with a vortex mixer and 0.2 ml yeast lysis buffer (2% Triton X-100, 1% 

SDS, 100 niM NaCl, 10 mM Tris pH 8.0, and 1 mM EDTA pH 8.0), 0.3 g of glass beads 

(0.5 mm diameter), and 0.2 ml phenolxhloroformdsoamyl alcohol (25:24:1) were 

supplemented. Samples were mixed without interruption at high speed for 2 min with a 

vortex machine and then collected at • 16,000 x g for 5 min at room temperature. 

Supernatant (~ 200 }il) was transferred to a 1.5 ml Eppendorf tube and 1/10 volume 3M 

sodium acetate, pH 5.2, and 2.5 volumes of ethanol was supplemented to precipitate 

DNA at -80°C for at least 30 min. DNA was collected at 16,000 x g for 5 min and then 

washed twice with 1 ml 70% ethanol. After air-drying the pellet, it was resuspended with 

20 III of 1 mM Tris pH 7.4/0.1 mM EDTA pH 8.0 (TE pH 7.4). After purification of 

total yeast DNA. the library cDNA/pVP16 was selected for by transformation of 5 |al 



total DNA into the E. coli strain HBlOl (Promega) and grown on minimal M9 media 

lacking leucine 115 g agar was autoclaved in 783 ml ddH20 for 15 min. After cooling to 

48-55°C. agar was supplemented with 200 ml 5X M9 media (30 g Na2HP04, 15 g 

KH2PO4, 5 g NH4CI, 2.5 g NaCl per liter) 50 }ig/ml ampicillin, 4 ml 10 mg/ml L-proline, 

1 ml 1 M thiamine-HCL (337 mg/ml), 10 ml 20% glucose and 1 ml IM MgS04]. 

Colonies containing library cDNA were grown in 4 ml of LB containing 50 pg/ml 

ampicillin at 250 rpm for 16 h at 37°C. 

Minipreps and TAE agarose gel 

Minipreps of library cDNA were carried out according to protocols supplied by 

the manufacturer (Wizard kit, Promega). To confirm the presence of library cDNA, 

aliquots of each miniprep cDNA were separated on 1.2% TAE agarose gel. 

Small-scale lithium acetate yeast transformation 

Small-scale transformation of yeast was completed by the lithium acetate method 

as described previously (149-151) and detailed here. L40 yeast were grown at 30°C for 

48 h from a glycerol stock, where a sterile inoculation loop was used to spread yeast onto 

YPAD agar. A 10 ml volume of YPAD was inoculated with a colony of S. cerevisiae 

strain L40 at 225 rpm for 16 h at 30 °C. Colonies of L40 should not be used for 

transformation if they were plated greater than two or three weeks prior from a glycerol 

stock. Overnight stock was diluted to an ODeoo of 0.4 in a final volume of 50 ml YPAD. 

Yeast growth was continued for 2-4 h and then collected by centrifugation at 1180 x g for 



5 min at ambient temperature. Yeast pellet was resuspended in 40 ml TE, collected by 

centrifugation as detailed above and resuspended in 2 ml 100 mM lithium acetate/0.5 X 

TE. The yeast suspension was incubated at room temperature for 10 min, during which 

time 1 |j.g of each plasmid DNA to be transformed and 10 }il denatured, sheared salmon 

sperm DNA was dispensed into 1.5 ml Eppendorf tubes. After 10 min, 100 jil of the 

yeast suspension was added to each tube, mixed well and then 700 jil of fresh 100 mM 

lithium acetate/40% PEG-3350/1X TE was added to each tube and mixed well. 

Following incubation at 30°C for 30 rain, yeast were heat shocked at 42°C for 7 min after 

adding 88 fil DMSO. Samples were then collected at 16,000 x g for 10 s by 

centrifugation. Supernatant was removed by aspiration and the pellet was resuspended in 

1 ml TE. Samples were again collected by centrifugation and supernatant was aspirated. 

The final yeast pellet was resuspended in 50 }il TE and streaked with a 200 jdl pipette tip 

onto YC-UT or YC-UTL agar plates. Plates were grown for 2-3 d at 30°C and then yeast 

were assayed for P-galactosidase activity. 

Liquid /5-galactosidase assay for lacZ reporter gene expression 

A liquid P-galactosidase assay was carried out as described previously (153. 154) 

and detailed here. At least 10 colonies or a swab of yeast from YC-UT or YC-UTL agar 

plates were chosen using a sterile 200 jil pipette tip and grown in liquid YC-UTL at 225 

rpm for 16 h at 30°C. Three tubes were prepared for each condition because the assay 

was performed in triplicate. A 4 ml volume of YPAD was inoculated with 1 ml of 



overnight YC-UTL culture and yeast were returned to the incubator until they reached 

mid-log phase (approximately 3-5 h) or until ODgoo equaled 0.5-0.8. During this time, 

1.5 ml Eppendoif tubes were labeled and 4 mg o-nitrophenyl P-D-galactopyranoside 

(ONPG)/ml Z buffer (16.1 g Na2HP04 x THiO, 5.5 g NaH2P04 x H.O, 0.75 g KCl, 0.246 

g MgS04 X 7H2O per liter with pH adjusted to 7.0 and solution sterilized by autoclaving) 

was prepared. To dissolve 4 mg ONPG/ml Z buffer, it was either fastened to a vortex 

mixer for 5 min on high or rotated at 30°C for approximately 1-2 h. After yeast reached 

mid-log phase, 1.0 ml of each culture was transferred to a cuvette and the ODeoo was 

recorded immediately. Another 1.5 ml of each culture was transferred to the previously 

labeled Eppendorf tubes and yeast were collected by centrifugation at 16,000 x g for 30 s 

at ambient temperature. Supernatant was removed and yeast were washed by 

resuspension with 1.0 ml Z buffer. Yeast were collected as before and supernatant was 

removed by aspiration. (If continuing at a later date, yeast pellets were stored at -20°C.) 

Yeast pellet was then resuspended in 300 p,l Z buffer, to concentrate yeast approximately 

5 times, and 100 |il of this suspension was transferred to a fresh Eppendorf tube. Cell 

suspension was frozen using liquid N2 or a crushed dry ice, 95% ethanol bath and then 

thawed in a 37°C dH20 bath for 1 min. Samples were removed and 0.7 ml Z buffer/p-

mercaptocthanol solution (0.27 ml P-mercaptoethanol in 100 ml Z buffer) was 

supplemented to each tube, remembering to include a blank initially containing 100 jil Z 

buffer. Each tube was supplemented with 0.16 ml of the 4 mg ONPG/ml Z buffer 

solution and after inverting tubes the time was recorded. Incubation continued for 10-15 

min at 30°C and after yellow color developed, the time elapsed was recorded and reaction 



was quenched by adding 0.4 ml fresh 1 M NaiCO?. Cell debris was removed by 

centrifugation at 16,000 x g for 10 min at ambient temperature and then transferring the 

supernatant to a cuvette. OD420 of the samples was recorded relative to the prepared 

blank. P-galactosidase units were calculated using the following equation: [1000 * 

OD42o)/(t * V * ODgoo) where t = time elapsed in minutes and V = 0.1 ml * concentration 

factor (5)1. 

Sequencing 

His^, lacZ"^ transformants were sequenced by the University of Arizona's LMSE 

using the VP 16 sense primer, 5'-GAG TTT GAG CAG ATG TTT-3' and the VP 16 

antisense primer, 5'-TGT AAA ACG ACG GCC AGT-3" 

Urea/SDS protein extraction from yeast cell extracts 

To test for the expression of THS19A or wt-TH, yeast extracts were prepared by 

the Urea/SDS method as previously described by Printen and Sprague (152) and protocol 

#PT3024-1 from Clontech Laboratories (Version #PR67090). In brief, yeast were 

transformed according to the previous small-scale lithium acetate yeast transformation 

protocol with wt-TH or THS19A alone, or in combination with pVP16, or 14-3-3. One 

additional co-transformation consisted of LexA-lamin with pVP16. A single colony from 

the small-scale yeast transformation was grown at 30°C for approximately 16 h at 225 

rpm in 5 ml appropriate media (YC-UT or YC-UTL). The ODgoo was recorded from 1 ml 

of 16 h yeast culture and 2.5 OD units were collected by centrifugation at 735 x g for 5 



min at ambient temperature. Supernatant was aspirated and yeast pellet was washed by 

resuspension with 1 ml ddHaO. Yeast were collected as before and the supernatant was 

discarded. Yeast pellet was frozen with a crushed dry ice, 95% ethanol bath and placed 

at -80°C for at least 5 min. Yeast were resuspended with 100 jil pre-warmed (95°C) 

cracking buffer (8 M urea, 5% w/v SDS, 1% P-mercaptoethanol. 40 mM Tris-HCl (pH 

6.8), 0.1 mM EDTA, pH 8.0, 0.4 nig/ml bromophenol blue, and ddH^O to a final volume 

of 100 ml). Samples were mixed on high for at least 1 min with a vortex machine 

following the addition of 80 |il glass beads and then samples were collected by 

centrifugation at 16.000 x g for 5 min at ambient temperature. A fresh tube containing 70 

}il IX Laemmli DTT buffer was supplemented with 30 pi of the supernatant. Proteins 

were then resolved by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (156) 

and western blot analysis was performed with an antibody to LexA (THS19A only, data 

not shown) or TH. If desired, remaining yeast were frozen at -80°C. 

Western blot 

Protein samples were resolved on SDS-PAGE gels consisting of varying 

percentages of acrylamide depending on the size of proteins to be resolved. A 10% SDS-

PAGE gel consists of 10 ml acrylamide (30% acrylamide, 0.8% bisacrylaniide), 7.5 ml 

4X separating gel buffer, (3.0 M Tris/HCl pH 8.8, 0.4% SDS Bio-Rad) 12.4 ml ddH.O. 

125 jil 10% ammonium persulfate (Sigma Biosciences) and 30 jil N. N, N', N'-

tetramethylethylenediamine (TEMED, Sigma Biosciences). Separating gel was 

immediately overlayed with 100% ethanol until polymerization. Ethanol was thoroughly 



removed by rinsing the top portion of the gel with ddHaO, and stacking gel was then 

overlayed. The stacking gel consisted of 6.05 ml ddH^O, 1.35 ml aery 1 amide, 2.5 ml 4X 

stacking gel (0.5 M Tris/HCl pH 6.8, 0.4% SDS), 125 ).il 10% ammonium persulfate and 

15 |il TEMED. The appropriate comb was placed between the gel plates to demarcate 

lanes. After polymerization, the gel comb was removed and lanes were rinsed with 

ddHoO, and then aspirated. After loading protein samples diluted to a final volume of 

either Ix or 2x Laemmli sample buffer using a 5x stock solution (50% glycerol, 0.3 M 

Tris, pH 6.8, 11.5% SDS, 0.1% bromophenol blue, 50 mM DTT), the gel was separated 

using IX running buffer (1 OX running buffer consisted of 0.5 M Trizma (Sigma 

Biosciences). 1.92 M glycine, and 34.7 mM SDS per liter). Gels were usually resolved 

for approximately 16 h at constant voltage (~8V/gel). 

After resolving samples by SDS-PAGE, gels were transferred to PROTRAN pure 

nitrocellulose membranes (Schleicher & Schuell Bioscience) at constant current (1000 

mA) for at least 1 h, while larger proteins [>100 kilodaltons (kDa)] were transferred 

approximately 2 h. Gels were transferred by wetting 8 pieces of 140 mm x 120 mm 

Whatmann 3 mm filter paper (Life Science Products, Inc.) in transfer buffer (50 ml of 1 

M 3-lcyclohexylamino]-1 -propanesulfonic acid (CAPS) pH 11.0 (Sigma Biosciences), 

500 ml methanol, in a final volume of 5 1 completed with ddHaO). Four pieces of soaked 

Whatmann 3 mm filter paper, nitrocellulose membrane, gel, and four pieces of 

Whatmann 3 mm filter paper were layered within casing and filters provided by the 

manufacturer (Hoefer, Amersham Biosciences). To prevent or remove air bubbles, a test 

tube was rolled over each layer. To confirm transfer, proteins were visualized with 1X 



Ponceau stain (Acros Organics). Excess dye was then removed with IX polyoxyethylene 

sorbitan monolaurate (Tween-20, Sigma Biosciences), Tris buffered saline pH 7.4 

(TTBS) (100 ml 20X TBS (20X TBS; 0.5 M Trizma base, 2.74 M NaCl, 0.054 M KCl, 

pH 7.4), 1.9 1 ddH20, 3 ml Tween-20). Antibody binding to nonspecific sites was 

blocked by incubating the nitrocellulose membrane for 1 h with agitation in blocking 

solution (2.5% w/v non-fat dry milk in IX TTBS, supplemented with 0.0001% 

thimerosal). Blocking solution was removed and the nitrocellulose membrane was 

incubated with primary antibody for 1 h by rotating in a microseal bag with the 

appropriate dilution of antibody in blocking solution, or according to manufacturer's 

instruction. Unbound antibody was removed by incubating the nitrocellulose membrane 

in IX TTBS at least 5 min, a total of 3 times, with agitation. The nitrocellulose 

membrane was again transferred to a microseal bag and incubated, by rotation, with the 

appropriate dilution of secondary antibody conjugated to horseradish peroxidase (HRP) 

in blocking solution for approximately 45 min (no longer than 1 h). The nitrocellulose 

membrane was washed at liberty 3 times, by agitation, in IX TTBS. The blot was then 

developed via chemiluminescence using a 1:1 mixture of ] 0 ml each, solution 1 (2.5 mM 

5-amino-2,3-dihydro-l,4-phthalazinedione (luminol, Sigma Biosciences) in DMSO, 396 

|iM p-coumaric acid (Sigma Biosciences) in DMSO. 0.1 M Tris. pH 8.5) and solution 2 

(0.018% H2O2 (w/v), 0.1 M Tris, pH 8.5). Solutions were mixed immediately before use 

and incubated with the nitrocellulose membrane for exactly 1 min. without shaking, 

before removal. After blotting off excess reagent from the nitrocellulose membrane 

using Whatmann 1 mm filter paper (Life Science Products, Inc.), the nitrocellulose 



membrane was taped to a piece of Whatmann 3 mm filter paper, covered with Saran 

Wrap and developed by autoradiography. 

Removal of antibodies from nitrocellulose membranes following western blotting (i.e. 

stripping) 

Nitrocellulose membranes were incubated with 62.5 mM Tris-HCl, pH 6.7, 2% 

SDS, and 0.1 M P-mercaptoethanol in a sealed plastic container for at least 1.5 h at 50°C 

with gentle agitation to remove antibodies. Following incubation, solution was disposed 

and the nitrocellulose membranes were incubated with TTBS at least two times for 10 

min each, with agitation. To re-probe the nitrocellulose membranes, western blotting 

protocol was followed as detailed above. 

Generation of Glulathione-S-Transferase (GST)-Apl3(f'^^^^ or GST-APITSLRE fusion 

proteins 

For purposes of purifying GST fusion proteins, constructs were re-transformed 

into E. coli BL21 (DE3)pLysS competent cells (Stratagene) because this strain usually 

permits a more robust expression of recombinant proteins. For transformation into 

competent cells, E. coli BL21(DE3)pLysS competent cells were thawed on ice 

(approximately 10 min). After cells were thawed, 50 |il competent cells were aliquoted 

into a prechilled 17 x 100 mm sterile polypropylene Falcon 2059 culture tube. For every 

50 pi of competent cells, 0.9 jul of P-mercaptoethanol (or 14.2 M j3-mercaptoethanol 

diluted to 25 mM) was added to the competent cells. Culture tube(s) containing 



competent cells were swirled gently every 2 min, while incubating on ice for a total of 10 

min. Between 1-50 ng DNA, or 1 |il Ap 130'''^'^^'^^7pGEX-5X-1, was added to competent 

cells and swirled gently. Incubation of the tube on icc continued for 30 min, at which 

time the reaction was heat shocked in a 42°C water bath for 45 s. Culture tubes were 

returned to ice for 2 min and then sufficient 42°C prewarmed SOC was supplemented to 

bring the final volume of the transformation to 1 ml. The culture lube was transferred to 

a 37°C incubator, rotating at 225 rpm, for Ih. Following 1 h, approximately 100-200 jil 

of the transfomation reaction was plated onto a 100 x 20 mm LB-ampicillin agar plate, 

as detailed in the previous transformation section. 

Purification of GST fusion proteins were completed according to manufacturer 

specifications (Amersham Biosciences) and as detailed below. After culturing bacteria at 

37°C for 16 h, one colony was transferred to 5 ml LB-ampicillin (50 fig/ml) and cultured 

at 37°C for approximately 8 h at 250 rpm. Culture was then transferred to a 50 ml 

culture, and after 16 h, culture was transferred to 450 ml LB-ampicillin (50 p,g/ml) and 

incubated at 37°C for approximately 1-1.5 h at 250 rpm, or until culture had an ODgoo of 

0.5 to 0.6. At this point a time zero sample was collected by transferring 200 )il of 

culture to a 1.7 ml Eppendorf tube and collecting bacteria for 15 s at 16,000 x g by 

centrifugation. After the supernatant was discarded, 75 |il pre-heated (100°C) IX 

Laemmli sample buffer was added to bacteria. After collecting the time zero sample, 0.2 

mM IPTG was added to culture and sample was returned to incubate at 37°C for 3 h at 

250 rpm. When control GST fusion proteins were induced, cultures were only incubated 

for 1.5 h. After incubating for the designated time, bacteria were collected by 



centrifugation at 5520 x g for 6 min at 4°C in 250 ml Nalgene centrifuge bottles. 

(Bacteria may be frozen at -20°C if not proceeding with protocol.) Bacteria were 

resuspended in 30 ml resuspension buffer [1% Triton X-100 (Sigma Biosciences), 15 

|ig/ml aprotinin (Sigma Biosciences, A6279). 5 |ig/ml leupeptin (Sigma Biosciences. 

L2884), 1 mM phenylmethyl-sulfonyl fluoride (PMSF) (Sigma Biosciences, P7627), 1 

mM EDTA, pH 8.0 and IX phosphate buffered saline, (PBS, for a 1 OX stock 80 g NaCl, 

2 g KCl, 14.4 g Na2P04*7 H2O, 2.4 g KH2PO4 were combined with 800 ml ddHaO and 

solution pH was adjusted to 7.4. Following, the final volume of lOX PBS was brought to 

1 1 with ddH20.)]. Bacteria were transferred to a 50 ml Falcon tube (Becton Dickinson 

Labware) and cells were sonicated three times while on ice, for 30 s bursts, with the 

sonicator set at six and collected by centrifugation at 12,100 x g for 10 min at 4°C. If the 

protein was suspected as insoluble, the bacterial pellet was resuspended using 0.1 M Tris, 

pH 8.0, 0 .5% SDS. Otherwise, the pellet was discarded and 30 ml of soluble protein was 

transferred to two, pre-chilled 15 ml Falcon conical tubes (Becton Dickinson Labware), 

which contained 0.4 ml washed Glutathione Sepharose 4B (GST-Sepharose, Amersham 

Biosciences) (add 1 ml 1:1 slurry per 2.5 mg of GST fusion protein, remembering that 

pGEX vectors typically yield 2.5 }ig GST fusion protein/ml culture.). Prior to the 

addition of GST-Sepharose, 1.33 ml/500 ml bacterial culture was washed in 10 ml 

resuspension buffer followed by centrifugation at 500 x g for 1 min at 4"C (i .33 ml GST-

Sepharose = 1 ml packed beads). Supernatant was aspirated and 10 ml resuspension 

buffer was again added to the GST-Sepharose. which was then inverted to mix and again 

collected by centrifugation as detailed above. Supernatant was removed and GST-



Sepharose was resuspended with 1 ml resuspension buffer (1 ml packed beads:! ml 

resuspension buffer =1:1 slurry) and the washed GST-Sepharose was then incubated 

with soluble protein as detailed above. Conical tubes were rotated 4°C for at least 1 h. 

Nonspecific proteins were removed by collecting GST-Sepharose plus bound proteins by 

centrifugation at 500 x g for 1 min at 4°C. Supernatant was removed and 10-15 ml 

resuspension buffer was added to sedimented matrix. After brief rotation at 4°C, GST-

Sepharose and bound proteins were again collected and washed as described previously. 

Removal of nonspecific proteins was repeated for a total of three times. If GST fusion 

proteins were to remain bound to Sepharose, samples were resuspended in 0.2 ml storage 

buffer (lOX phosphate-buffered saline:glycerol:ddH20, 2:5:3) to make a 1:1 (v/v) slurry, 

transferred to a 1.7 ml scrcw-cap tube (BioRad) and stored at -20°C until use. 

RT-PCR of PITSLRE from Jurkat cells 

Total RNA was isolated from Jurkat cells using TRIzol as detailed for TH. First 

strand cDNA synthesis was performed using oligo(dT)i2-i8 primers according to protocols 

supplied by the manufacturer (Invitrogen). In brief, the reaction consisted of 1 }il 

oligo(dT)i2-i8 (500 |ig/ml), and 5 jig total RNA which were combined in a nuclease-free 

tube with DEPC ddHaO to a final volume of 10 )il. A negative control tube consisted of 

the same conditions, save the addition of Superscript II RT. Both conditions were healed 

at 70°C for 10 min in a heated block. Samples were immediately chilled on ice for 2 min 

and microcentrifuged briefly to collect contents. Each tube was then supplemented with 

4 |il of 5X First Strand buffer. 2 |il of 0.1 M DTT, 5 jil of 2 mM dNTPs, mixed gently by 



flicking tubes, and incubated in a 42°C dHaO bath for 2 min. Following this incubation, 1 

111 of Superscript II RT was only added to the first reaction, not to the negative control 

(RT minus). The reaction was mixed by gentle pipetting up and down and then returned 

to incubate in a water bath at 42°C for 50 min. Following, the reactions were incubated 

at 70°C for 15 min using a heated block. Finally, reactions were treated with 1 |il of E. 

coli RNAsc H (2 units/jil) and incubated in a water bath at 37°C for 20 min. The cDNA 

was stored at -20°C until PCR amplification. 

Jurkat cDNA (10% cDNA reaction) was used as template for PCR amplification 

using 50X Advantage 2 polymerase Mix (Clontech) according to standard protocols. RT-

PCR of PITSLRE was carried out with primers that were designed based on sequence in 

the NLM database. A corresponding RT minus negative control utilizing 1 fil of Jurkat 

cDNA from the RT minus reaction was provided in a separate reaction. The sense primer 

for PITSLRE was 5'-TAG GGG A AT TCA ACT CAA ATG GGT GAT GAA AAG-3' 

and consisted of an £roRI restriction enzyme site engineered at the N-terminus. The 

antisense primer was 5'-CGG GGT CGA CTC TGA CCT TCA GAA CTT GAG GCT-3' 

and contained a Sail restriction enzyme site engineered at the C-terminus. The reaction 

consisted of 5 jil lOX Advantage PCR buffer, 2 jil 10 mM dNTPs, 1 fil 50X Advantage 2 

polymerase Mix, 1 jil 20 |iM sense and antisense primers, 1 |il Jurkat cDNA, with a final 

volume brought to 50 jil with nuclease-free ddHjO. After overlaying mineral oil, 

amplification was 95°C for 8 min, followed by 35 cycles of 95°C for 1 min, 58 °C for 1 

min. and 72°C for 5 min. Final extension was 72°C for 8 min. Samples were then held 



at 4°C for 16 h, or until samples were removed from the thermocycler. Samples were 

then resolved on a 1.1% TAE gel. purified from the agarose gel using an UltraClean 

DNA Purification kit, ligated into pGEM-T, and then transformed into supercompetent E. 

coli JM109 as described previously. The product was designated PITSLRE/pGEM-T 

[415] after DNA sequencing by the University of Arizona's LMSE and identification in 

the NLM database as the aSV5 isoform of PITSLRE (Af067514). Seven deviations from 

the sequence listed in the NLM database existed, while only four affected the amino acid 

sequence of PITSLRE. Firstly, at 480 bp, an insert of CGG occurs, which does not alter 

the reading frame of PITSLRE. At 446 bp, GCT is present rather than GTT, which is 

listed in the NLM database, thus altering the amino acid sequence from valine to alanine. 

At 716 bp, GTG instead of the listed GCG is present, thus altering the amino acid 

sequence from alanine to valine. Finally, at 1757 bp, ACC is present rather than ATC, 

which alters the amino acid sequence from that which is listed in the NLM database as 

isoleucine to threonine. The last three deviations in sequence occur at the wobble 

position, and therefore do not alter the amino acid sequence of PITSLRE. At 975 bp, 

GCG occurs rather than the NLM database listing of GCA. At 588 bp, GAG occurs 

instead of GAA. and lastly at 531 bp. CGG occurs rather than CGA. Whether the 

sequence in the NLM database is listed correctly requires further scrutiny. 

PITSLRE constructs 

PITSLRE/pFLAG-CM V-2 was initially generated by digesting PITSLRE/pGEM-

T [415] and pFLAG-CMV-2 with £V;oRI and Sail in two separate reactions. Reactions 



were then resolved on a 1.1% TAE gel and purified using an UltraClean DNA 

Purification kit as described previously. For ligation, 2 |il of pFLAG-CMV-2 was 

combined with 12 jil insert, or 12 |jl ddHiO, and incubated for 5 min at 45°C. Following 

5 min, the ligation volume was brought to 20 |il with 2 }il T4 DNA Ligase, and 4 |il 5X 

ligation buffer (Invitrogen). After incubating the ligation at ambient temperature 

overnight, transformation into supercompetent E. coli JM109 (Promega) was carried out 

as described previously. Minipreps were performed to screen for a positive clone and the 

final clone chosen was digested with various restriction enzymes to ensure its identity. 

Importantly, when any PITSLRE construct requires DNA isolation, it must be re-

transformed from approximately 50 ng of DNA. A glycerol stock will not work for the 

growth and isolation of PITSLRE DNA for unknown reasons. One colony was plucked 

and grown in sequentially increasing amounts of Terrific Broth [TB; 12 g tryptone, 24 g 

yeast extract, 4 ml glycerol, with final volume brought to 900 ml with ddH20. TB is then 

autoclaved using liquid cycle and then supplemented with 100 ml filter sterilized lOX TB 

phosphate (0.17 M KH2PO4, 0.72 M K2HPO4).] for a DNA Maxiprep. 

The RT-PCR of PITSLRE amplified 161 bp upstream from the start site of the 

Af067514 isoform because the original primers were designed for the amplification of 

another PITSLRE a isoform. Since pFLAG-CMV-2 contains a start site prior to the 

FLAG sequence and PITSLRE, this would result in translation of 150 bp of normally 

untranslated sequence. To eliminate the 5' untranslated region, new primers were 

generated to the actual start site occurring at 260 bp. Two separate PGR amplifications 

were completed to remove the 5' untranslated region and generate the fcoRI to Pstl 



fragment of PITSLRE with or without the ATG codon at 260 bp. The PGR consisted of 

50 ng PITSLRE/pFLAG-CMV-2 as template. 2.5 |il of DMSO and the remaining 

reaction and amplification conditions were the same as detailed for RT-PCR of 

PITSLRE, save extension was 72°C for 2.5 min, rather than 5 min. The forward primers 

incorporated an JScoRI restriction enzyme site for purposes of cloning and were 5'-GTT 

CTT TTG AAT TCC CAA ATG TCG GAG TGT GAT-3' or 5'-TTG TAG TTG GAG 

AAT TGG GAG TGT GAT GAG GG-3' consisting of either the inclusion or exclusion of 

ATG, respectively. The reverse primer for both reactions was 5'-GCG TGG AGG GGG 

GGG AGG TAG TT-3' and incorporated a unique Pstl restriction enzyme site already 

present in the PITSLRE sequence. PGR product was separated on a 1.1% TAE gel, 

purified using the UltraClean DNA Purification kit, and ligated into pGEM-T as detailed 

previously to generate PITSLRE (with ATG) (Ecr^RI-P.sil)/pGEM-T [431] or PITSLRE 

(no ATG) (£coRI-jPsrt)/pGEM-T [432], The nucleotide sequence of each permutation of 

PITSLRE was confirmed after DNA sequencing by the University of Arizona's LMSE. 

PITSLRE/pFLAG-GMV-2 [437] was produced by removing the defunct £coRI-

Pstl fragment from the original FITSLRE/pFLAG-CMV-2 and replacing this fragment 

with the EcoRl-Pstl fragment from PITSLRE (no ATG) (£'coRI-F5rl)/pGEM-T [432]. 

DNA purification, ligation and transformation into supercompetent E. coli JM109 were 

completed as described for the version of PITLSRE/pFLAG-GMV-2 containing 161 bp 

upstream from the start of the Af067514 isoform. 

PITSLRE (no ATG) (£f oRI-P.if/I)/pGEX-5X-2 [439] was generated by digesting 

pGEX-5X-2 with Smal, and PITSLRE (no ATG) (EcoRI-P.s7l)/pGEM-T [432] with Pstl 
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and fcoRI. Following digestion of pGEX-5X-2, reaction was incubated with 1 |il ClAP, 

3.5 |il lOX Dephosphorylatlon buffer (Roche Applied Science) and ddHaO to a final 

volume of 35 jil. After digesting PITSLRE (no ATG) (£'coRI-P5fl)/pGEM-T [432], it 

was incubated with Klenow, to enable a blunt ligation of the EcoR\-Psil fragment into 

pGEX-5X-2. DNA purification, ligation, and transformation into supercompetent E. coli 

JM109 were completed as described for the defunct version of PITLSRE/pFLAG-CMV-

2. 

DEAE-Dextran transient transfection of COS-7 cells 

COS-7 cells were seeded on 100 x 20 mm tissue culture dishes and cultured to 70-

80% confluency. For transfection. 2 jig of DNA was combined with 40 fil of Solution C 

[10 ml Solution A (8 g NaCl, 0.38 g KCl, 0.2 g anhydrous Na2HP04, 3 g Tris base, with 

pH adjusted to 7.4 and volume brought to 100 ml with ddHaO), 1 ml Solution B (1.5 g 

CaClo X 2H2O. 1.0 g MgCl2 X 6H2O with final volume adjusted to 100 ml with ddHaO) 

and ddHiO to 100 ml. All solutions were filter sterilized through a 0.45 jim 150 ml 

Stericup filter (Millipore) and stored at 4°C.] in a 1.5 ml Eppendorf tube. After mixing 

transfection solution, 200 jil filter sterilized 10 mg DEAE-dextran (Amersham 

Biosciences)/ml Solution C and 36 jil filter sterilized 52 mg chloroquine diphosphate salt 

(Sigma Biosciences)/ml Solution C was supplemented in each tube and then mixed again. 

COS-7 cells were rinsed with 4 ml IX PBS to remove traces of COS-7 media. After 

removal of the PBS, cells were supplemented with 4 ml Nu-Serum IV culture media 

(10% Nu-Senim IV culture supplement (Calbiochem), 50 jig/ml penicillin/streptomycin 



in DM EM. pH 7.4) and the transfection cocktail was added drop wise to the tissue culture 

dish. After rocking the tissue culture dish side to side to mix, plates were returned to the 

incubator for 4 h. All media were then removed and cells were rinsed with 4 ml IX PBS 

to remove traces of transfection media. After aspiration, cells were shocked for exactly 2 

min with filter sterilized 10% DMSO/IX PBS. Media was removed and cells were 

washed with 4 ml COS-7 media. After aspiration of COS-7 media, cells were 

supplemented with 10 ml COS-7 media and incubated for approximately 48 h before 

harvest. 

Co-precipitalion experiments 

PC-12 cells were harvested on ice after rinsing cells two times with ice-cold PBS. 

Washed cells were lysed using Extraction buffer (EB) (1% Triton X-100, 10 mM Tris-

HCl, pH 7.4, 5 mM EDTA, pH 8.0. 50 mM NaCl, 50 mM NaF, 20 fig/ml aprotinin, 2 

mM Na3V04, 0.1 mM PMSF). Nuclei and cell debris were removed by centrifugation at 

16,000 X g for 10 min at 4°C. After normalizing for protein by the method of Bradford, 

and using bovine serum albumin (BSA, Sigma Biosciences, A-4503) as a standard (157), 

cell extracts were incubated with GST. GST-Ap 130''"(amino acids 149-262) or 

GST-APITSLRE (amino acids 1-372) coupled to Glutathione-Sepharose 4B, as indicated. 

After rotating approximately 3 h at 4°C, protein complexes were collected by 

centrifugation at 325 x g for 1 min at 4°C and aspirated until approximately 40 }il sample 

remained. Samples were then supplemented with 1 ml PAN NP40, (10 mM 1,4-

piperazine diethane sulfonic acid, 1.5 sodium salt (PIPES), pH 7.0, 100 mM NaCl, 15 
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jig/ml aprotinin, 0.5% NP40) rotated for approximately 5 min at 4°C, and again collected 

by centrifugation at 325 x g for 1 min. This step was repeated three times, where the 

final incubation was with 1 ml PAN (PAN NP40 without NP40). Protein complexes 

were resuspended in 40 |il of 2X Laemmli sample buffer diluted from a 5X stock and 

heated for 5 min at 100°C (156). Samples were resolved by 8% SDS-PAGE and western 

blot analysis was performed with a mouse monoclonal antibody to TH (1:60,000 dilution, 

Chemicon, MAB318), HRP-conjugated goat anti-mouse IgG secondary antibody 

(Zymed, 62-6520), followed by protein visualization by enhanced chemiluminescence. 

Dilution of secondary antibody was 1:6000 for GST-Ap 1or 1:10,000 for GST-

APITSLRE experiments. All future experiments necessitating HRP-conjugated goat anti-

mouse IgG were performed with a dilution of 1:10.000. 

TnT coupled reticulocyte lysate transcription/translation from plasmid DNA 

[ S]TH synthesis was performed using an in vitro transcription and translation 

system directed to the T7 promoter of pcDNA3.1/HisC, according to the manufacturer's 

specifications (TNT Coupled Reticulocyte Lysate Transcription/Translation Systems, 

Promega). Briefly, TNT Quick Master Mix and [^^S]methionine (1000 Ci/mmol at 10 

mCi/ml. New England Nuclear) were removed from -80°C, thawed, and placed on ice. 

The [ S]niethionine was thawed at room temperature whereas the TNT Quick Master 

Mix was thawed by hand and then placed immediately on ice. In a 0.5 ml RNase free 

tube. 40 |il TNT Quick Master Mix, 2 |il [^^Sjmethionine, and 2 |jg plasmid DNA were 
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combined. The final volume was brought to 50 fil with nuclease-free ddHaO and 

incubated at 30°C for 90 niin. Reaction was stored at -20°C until use. 

Confirmation of transcription/translation was assessed by resolving 1 or .5 |il of 

the reaction by SDS-PAGE. Gels were fixed (50% methanol. 10% acetic acid) for 1 h 

TM 

with gentle agitation. Following, gels were incubated with gentle agitation in Amplify 

Reagent (Amersham Biosciences) for 30 min. After removal of Amplify Reagent, gels 

were placed on moist Whatmann 3 mm filter paper, overlayed with Saran Wrap and dried 

for at 80°C for 2h. The overlaying Saran Wrap was removed after drying and the gel was 

exposed overnight at -80°C, or time designated, by fluorography usiBg Kodak X-OMAT® 

AR film (Kodak). 

Immunoprecipitation of FLA G-PITSLRE 

COS-7 cells were transfected with pFLAG-CMV-2 or PITSLRE/pFLAG-CMV-2 

expression plasmids using the DEAE-dextran method and harvested after approximately 

36 h with EB as described previously. For each condition cell extract was incubated at 

4°C on a rotating platform with 5 jil of [^^S]TH and subjected to immunoprecipitation 

using anti-FLAG M2 affinity gel (Sigma Biosciences). After washing twice with PAN 

NP40 and once with PAN, samples were resolved by 8% SDS-PAGE. The upper portion 

of the gel was transferred to a nitrocellulose membrane and probed with a rabbit 

polyclonal PITSLRE (C-17) antibody (Santa Cruz Biotechnology, sc-928) followed by 

HRP-conjugated goat anti-rabbit IgG (1:10,000, Zymed, 65-6120). The lower portion of 

the gel was fixed and incubated with Amplify Reagent according to manufacturer 
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specifications. After drying, exposure to X-Omat Scientific Imaging Film (Kodak) 

occurred for approximately 72 h at -80°C. 
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RESULTS 

Characterization of the interaction between PITSLRE and TH 

To focus on interactions unique to serine 19 phosphorylation, THS19A was used 

as bait to screen approximately 86 x 10^ clones of a mouse embryo cDNA library for 

interacting proteins (schematic of the yeast two-hybrid system depicted in Figure 3). 

Among the transfonnants, 152 positive clones were selected by growth on media lacking 

tryptophan, histidine and leucine. Of the positive clones, 101 cDNA clones in the VP16 

vector were isolated from HBLOL bacteria. Next, a second round of selection occurred 

when 70 isolated library cDNA were re-transformed by the lithium acetate method with 

THS19A or lamin (negative control) and grown on YC-UTL media lacking leucine and 

tryptophan to assay for lacZ reporter gene expression using a liquid P-galactosidase assay 

(153, 154). Based on p-galactosidase activity measurement specific to the re-

transformation of library cDNA with THS19A, 25 cDNA clones were selected for 

PITSLRE 
sequence analysis. Sequencing resulted in the identification of two clones as pi30 

in the NLM database with Basic Local Alignment Search Tool (BLAST). The clone 

which contained a more extensive cDNA sequence (339 bp) was chosen for further 

characterization with TH. The fragment of plBO^''^^^'^^ (amino acids 149-262), which 

was found to interact with THS19A in the yeast two-hybrid system does not correspond 

to amino acids 424-679, which comprise the highly conserved protein kinase domain (see 

Figure 7A for comparison). 

Since the bait in the yeast two-hybrid screen was a mutant form of TH, the 

interaction between wild-type TH and amino acids 149-262 of pi30''^'''^^'^® was 



subsequently assessed. First, expression of the TH fusion to the Lex A DNA binding 

domain was confirmed. Yeast cell extracts from various transformations or co-

transformation conditions were prepared by the Urea/SDS method utilizing cracking 

buffer. Samples were separated by 10% SDS-PAGE and western blot analysis was 

completed with an antibody specific to TH (Figure 4). TH immunoreactivity from 

preparations of extracts where TH was transformed alone (lane 1) or in combination with 

VP16 (lane 2) or 14-3-3 (lane 3) demonstrated that TH is expressed in yeast when 

transformed alone or in combination. THS19A transformed alone (lane 4), or with 

hybrid proteins as described for TH (lanes 5-6, respectively), serves as a positive control 

because THS19A expression was confirmed prior to the yeast two-hybrid screen (data not 

shown). No immunoreactivity was present when lamin was co-transformed with pVP16 

(lane 7), demonstrating that immunoreactivity to TH or THS19A was specific and only 

occurs when the TH hybrid proteins are expressed. 

Once the expression of TH was confirmed, the interaction between TH and 

TjTnpoi O'er 
pi 30 was characterized by co-transforming combinations of hybrid proteins. After 

co-expression in yeast, the production of (3-galactosidase activity would determine if the 

two-hybrid proteins interact (schematic depicted in Figure 5). In the first condition TH 

was fused to the LexA DNA binding domain while the second hybrid consisted of 

p 130^'"fused to the VP16 acidic activation domain. When pl30^''''^^'^^ and TH were 

co-transformed, the production of approximately 85 units of P-galactosidase activity 

revealed that TH interacts with pi 30*'"^^^'^'^ (Figure 6). In the second condition, TH was 

co-transformed with vector control pVP16, resulting in negligible P-galactosidase 



activity. In the next condition, THS19A was co-transformed with p 1resulting 

in approximately 60 units of P-galactosidase activity. Therefore, as originally detected in 

the yeast two-hybrid system, the production of P-galactosidase demonstrates that 

THS19A and piinteract. In the fourth and sixth conditions, the co-

transformation of THS19A with pVP16. or LexA-lamin with pi30'^^'^^'"'^, indicates the 

USTT^CT 
necessity of either pi30 or TH for lacZ expression, respectively. Finally, the co-

transformation of lamin with pVP16 results in negligible p-galactosidase activity, thus 

indicating the necessity of both TH and pl30'''^^^'^^ for activation of the lacZ gene. 

Additionally, co-transformation of the negative controls pVP16 or LexA-lamin in the 

presence or absence of pi30''''^^'^'^^, TH or THS19A, demonstrates the specificity of the 

interaction because negligible amounts of P-galactosidase were produced. Therefore, 

these data demonstrate that amino acids 149-262 of pi 30^'"^'^"^'^ interact with THS19A or 

TH in a yeast two-hybrid system. 

To ensure that results obtained were not an artifact of the yeast two-hybrid 

system, mammalian cells were employed to further characterize the interaction between 

TH and a GST fusion protein incorporating amino acids 149-262 of pOO™^^*^^. When 

PC-12 cell extract was incubated with GST-Apl 30'"^^^'^'''. a specific association with 

endogenous TH was observed (Figure 7B, lane 2) following the removal of nonspecific 

proteins and separation by 10% SDS-PAGE. Incubation of PC-12 cell extract with GST 

fusion protein did not cause the precipitation of TH (lane 1). PC-12 cell extract was 

resolved in lane 3 to denote positive immunoreactivity and the size of TH. Based on 



these data, amino acids 149-262 of piare required for an interaction with PC-12 

cell TH. 

To additionally characterize the interaction between TH and PITSLRE, the aSV5 

isoform of the human homolog to PITSLRE was cloned from Jurkat cells by RT-PCR. A 

GST fusion protein incorporating amino acids 1-372 of human derived PITSLRE (GST-

APITSLRE, see Figure 7A for comparison to full-length) was incubated with cell extract 

from PC-12 cells to determine if this portion of human derived PITSLRE interacts with 

TH. Retained proteins were fractionated by 10% SDS-PAGE. transferred to a 

nitrocellulose membrane and probed with an antibody recognizing TH (Figure 7C). 

Immunoreactivity to TH was observed when PC-12 cell extract was incubated with GST-

APITSLRE (amino acids 1-372) (lane 2), but not GST protein (lane 1). Lane 3 contains 

PC-12 cell extract, where TH resolves at its expected molecular mass of approximately 

60 kDa. Tliis result demonstrates lhat the N-terminal domain of PITSLRE interacts with 

TH. 

To determine whether TH interacts with full-length PITSLRE, COS-7 cells were 

transiently transfected with the aSV5 PITSLRE isoform, which was engineered to 

contain a FLAG epitope (see Figure 7A for schematic). ^^[S]TH was synthesized using 

an in vitro rabbit reticulocyte transcription and translation system and then incubated with 

COS-7 cell extract. From this extract, FLAG-PITSLRE was immunoprecipitated with 

anti-FLAG M2 affinity gel. Proteins that specifically associated with FLAG-PITSLRE 

were separated by 10% SDS-PAGE and visualized by autoradiography. Reactivity for 

TH at its expected molecular mass demonstrates that TH selectively immunoprecipiiates 



with FLAG-CDKll'^"" (Figure 8, lower panel, lane 2). No reactivity was observed 

when COS-7 cell extracts lacking FLAG-PITSLRE were subjected to 

immunoprecipitation (lane 1). To confirm immunoprecipitation of FLAG-PITSLRE. the 

top half of the gel was transferred to a nitrocellulose membrane and probed with an 

antibody to FLAG (top panel). Therefore, these results demonstrate that full-length 

PITSLRE interacts with TH, and more importantly, that amino acids 149-262 of 

PITSLRE are sufficient to mediate the interaction between these proteins. 
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Figure 3: Yeast two-hybrid screen 
THS19A/pBTM 116 was used as bait to screen the mouse embryo cDNA 
library/pVP16 for interacting proteins with THS19A. In the event of a physical 
interaction between THS19A and a library protein, the LexA DNA binding domain 
and VP 16 acidic activation domains are localized. This allows for transactivation of 
the reporter genes lacZ and His3 to occur because the S. cerevisiae L40 yeast 
contain binding sites for LexA. Among the 86 million transformants, 152 positive 
clones were selected by growth. Of these 152, 101 cDNA clones were isolated from 

HBlOl bacteria and 70 transformants were subsequently analyzed for (3-
galactosidase activity. Of these 70, 25 cDNA clones were selected for sequence 

analysis and two clones were identified as mouse derived (Apl30). The 
clones differed slightly in cDNA size, so the longer of the two was chosen for 
subsequent analysis. It encoded amino acids 147-262 of mouse derived pi30'''^^^^^. 
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Figure 4: Expression of wt-TH in yeast 
Yeast protein extract was prepared and samples were resolved by 10% SDS-
PAGE. Western blot analysis was completed with an antibody recognizing TH 
(1:1000, Chemicon). Lane 1, wt-TH was transformed alone, or in combination 
with pVP16 (lane 2) or 14-3-3 (lane 3). Similarly, THS19A was transformed alone 
(lane 4) or in combination with pVP16 (lane 5) or 14-3-3 (lane 6). Lane 7, LexA-
lamin was co-transformed with pVP16. 
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Figure 5: Premise for p-galactosldase activity measurement 
TH was fused to the LexA DNA binding domain while the second hybrid consisted 
of Apl30 PITSLRE fused to the VP16 acidic activation domain. After co-expression 
in S. cerevisiae L40 yeast, if the two hybrids interact the LexA DNA binding domain 
and VP 16 acidic activation domains are localized resulting in the activation of the 

reporter gene lacZ. Therefore, measurement of P-galactosidase confirms an 
interaction between two-hybrid proteins. 
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Figure 6: Interaction between TH and THS19A with Apl30 PITSLRE (amino 
acids 149-262) 
TH and Apl30 PITSLRE were co-transformed as hybrids and P-galactosidase 
activity was measured to characterize their interaction. Each condition was analyzed 
in triplicate, and in the first condition TH was fused to the LexA DNA binding 

domain while the second hybrid consisted of Apl30 PITSLRE fused to the VP16 
acidic activation domain. The other conditions included co-transformations of 
TH/pBTMJ 16 with the empty vector control pVP16, THS19A/pBTM116 with 
Apl30/pVP16, THS19A/pBTMl 16 with pVP16, lamin/pBTMl 16 with pVP16 or 

lamin/pBTM 116 with Apl30/pVP16. A representative experiment is depicted, 
where the total number of independent experiments completed for wt-TH or 
THS19A was two or greater than three, respectively. 
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Figure 7: TH interacts with PITSLEE 
(A) Amino acids 149-262 of mediate an interaction with THS19A. as 
identified in the yeast two-hybrid system. The mouse homolog of full-length 
pi30"^^^*^^ comprises 783 residues, whereas the human homolog cloned by RT-

PCR from Jurkat cells was identified as the aSV5 isoform (GenBank accession 

number Af067514.1) and spans 739 amino acids. A GST-APITSLRE fusion protein 
was designed to comprise the first 372 amino acids of the human homolog. (B) Co-

precipitation of endogenous TH with GST-Apl30^''^^^'^^ (amino acids 149-262) from 
PC-12 cell extract. Samples were resolved by 10% SDS-PAGE and western blot 
analysis was performed with a mouse monoclonal antibody to TH (1:1250 dilution). 

PC-12 cell extract was incubated with GST-Apl30''''^^'^'^^ in lane 2, while extract in 
lane 1 was incubated with GST. Lane 3 contains PC-12 cell extract to denote the 

position of TH. (C) Co-prccipitation of endogenous TH with GST-APITSLRE (1-
372). Samples were resolved by 8% SDS-PAGE and western blot analysis was 
performed with a mouse monoclonal antibody to TH (1:60,000 dilution). PC-12 cell 
extract was incubated with GST (lane 1), or GST-APITSLRE (lane 2). To ensure 

that cross-reactivity between the antibody to TH, and GST or GST-APITSLRE does 
not occur, an amount of fusion protein that was equal to the volume used in the 
initial co-precipitation experiment was separated without PC-12 cell extract (lanes 4 
and 5 respectively). Lane 3 represents 25 |ig of PC-12 cell extract. 
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Figure 8: TH interacts with FLAG-PITSLRE 
COS-7 cells were transiently transfected with vector (lane 1) or FLAG-PITSLRE 

oc 
(lane 2). For each condition, cell extract was incubated with 5 }il of [ S]TH and 
subjected to immunoprecipitation using anti-FLAG M2 affinity gel. The upper 
portion of the gel was transferred to a nitrocellulose membrane and probed with a 
rabbit polyclonal PITSLRE (C-17) antibody (1:1000 dilution, Santa Cruz 
Biotechnology). The lower portion of the gel is an autoradiograph. 
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DISCUSSION 

Utilization of a common expression cloning technique, the yeast two-hybrid 

system, revealed an interaction between THS19A and amino acids 149-262 of the 

PITSLRE mouse homolog piSubsequent analysis with wild-type TH revealed 

that it also interacts with this domain of the mouse homolog to PITSLRE in a yeast two-

hybrid system. As stated, the interaction between TH and PITSLRE was then pursued in 

a mammalian system to ensure that results using the yeast two-hybrid system were not an 

artifact. In fact, expression of amino acids 149-262 of PITSLRE as a GST fusion protein 

revealed that endogenous TH, from PC-12 cells, specifically associates with PITSLRE. 

Characterization with the human aSV5 isoform to PITSLRE, which was isolated by RT-

PCR from Jurkat cells revealed that a GST fusion protein comprising amino acids 1-373 

interacts with PC-12 cell TH. Finally, production of TH through in vitro transcription 

and translation demonstrated an interaction with full-length FLAG-PITSLRE, which was 

transiently expressed and immunoprecipitated from COS-7 cells. Therefore, these 

experiments demonstrate that amino acids 149-262 of pi30^"^' '^'^ are adequate for an 

interaction with TH, while the full-length proteins also associate. Support for the 

interaction between these proteins in vivo stems from previous research demonstrating 

that TH is localized to the cytoplasm, with a predominance at the nerve terminal (158-

161), while PITSLRE is ubiquitously expressed in both nuclear and non-nuclear 

compartments (162). 

At least 20 PITSLRE isoforms are derived from the genes CdclLl and Cdc2L2, 

which are located on human chromosome lp36.3 (162-164). PITSLRE has homology to 



the cdc2 family of CDKs, whose cyclin partner has been recently identified as activity 

and neurotransmitter induced (Ania)-6a^° (165, 166) or cyclin L (167). Ania-6 mRNA 

exists as both a short and long form, where the shorter mRNA species encodes a protein 

of 60 kDa (Ania-6a'^'), and the longer mRNA encodes the shorter, 25 kDa protein (Ania-

6a ), which is truncated within the cyclin box and does not bind PITSLRE. Following 

identification of cyclin L as a partner for PITSLRE, this kinase was re-named CDKl 1''"" 

based on standard nomenclature, where new cyclin-dependent kinases are numbered in 

the order of their identification (168). From here forth, PITSLRE will be referred to 

as cyclin-dependent kinase (CDK)ll''''". 

Despite the association of CDKl 1''"" with cyclin L, whose function is ascribed to 

the regulation of transcription, this CDK may also be involved with progression of the 

cell cycle (167). CDKll'^"" may phosphorylate key proteins normally involved with 

inhibition of cell cycle progression and this would be in line with a function ascribed to 

some CDKs. For example, the retinoblastoma tumor suppressor protein inhibits 

progression from G| to S phase, where G| is the gap between mitosis and the beginning 

of DNA synthesis, denoted by S phase. However, if retinoblastoma tumor suppressor 

protein is phosphorylated by specific CDKs complexed with their cyclin partners, cell 

cycle progression continues. Thus, it is also possible that CDKl 1''"^' affects general 

progression through the cell cycle, regardless of its association with cyclin L. 

Since the function of CDKl P"" remains speculative and is based on documented 

associations and data gleaned from other CDKs, significance of the previously 

uncharacterized interaction between TH and CDKlF"° must be inferred from known 



functions. To realize this significance, we needed to examine known functions of this 

serine/threonine kinase and extrapolate possible mechanisms with which CDKl P"" 

might regulate TH. Research where CDKl F"" activity was inhibited through the 

addition of antibody, and a decrease of in vitro RNA polymerase Il-dependent 

transcription was observed from specific promoters, suggests tliat CDKlF"" is involved 

in the promotion of transcription (169). Thus, if CDKl 1''"" does promote transcription 

as Trembley et al. suggest, the transcripts produced might mediate positive or negative 

regulatory effects on TH activity or alter the transcription of TH (169). 

In addition to modulating TH activity through the production of transcripts, 

CDK11P"° may also alter TH activity through phosphorylation. This dual kinase 

function hypothesis is based on studies where CaMKIl has been observed to 

phosphorylate TH at serines 19 and/or 40 (36, 44). as well as phosphorylate CREB at 

serine 133, following an increase in intracellular Ca'"^ concentration (170). 

Phosphorylated CREB binds to CREs. which also function as calcium regulator}' 

elements, located in the promoter region of rat TH. These events augment TH 

transcription following the recruitment of RNA polymerase II (pol II) (171). Thus, on 

one hand CDKl 1''"" may facilitate the production of transcripts associated with TH 

degradation or inhibition of TH activity, whereas an additional function may be to 

phosphorylate TH leading to alterations in activity. 

Based on the idea that CDKl P'"" may have functions analogous to CaMKIl, an 

important question to address is whether CDKl 1''"" phosphor}'lates TH and regulates 

activity. Analysis of CDKlF"" interacting partners will also provide information 
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regarding the significance of the interaction between TH and CDKl Moreover, 

since TH activity is thought to require 14-3-3 binding in some cases (30, 55, 56, 172), 

determination of whether CDKll''"" modulates this interaction will be important to 

address. Therefore, although CDKl 1''"" may regulate transcription, the remaining 

chapters explore aspects of CDKl 1''"" function related to its interaction with TH, rather 

than analysis of CDKl 1^'"" kinase involvement in the production of transcripts that may 

regulate TH activity. 
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CHAPTER 3: CHARACTERIZATION OF THE INTERACTION BETWEEN CDKll' "" AND 
CK2 WITH REGARD TO TH 

INTRODUCTION 

One of the mechanisms regulating TH activity is through phosphorylation of 

serines 8, 19, 31 and 40 by various intracellular pathways (23, 25, 173-175) and is 

reviewed in chapter 1. Phosphorylation of serine 8 has not been demonstrated to regulate 

TH activity in vivo (176). Phosphorylation of serines 31 or 40 increase TH activity, (29, 

31) however, only phosphorylation of serine 40 by PKA has a dramatic effect on TH 

activity, while phosphorylation of serine 31 by ERK-1 or -2 results in approximately 10-

fold less TH activity (114, 115). The dramatic effect observed when dopamine-bound 

TH is phosphorylated at serine 40 is due to an increase in the rate of dissociation of 

catecholamines from the ferric-bound inactive enzyme, permitting ferric iron reduction, 

by BH4, to ferrous iron for an active en/yme (4. 177). Phosphorylation is thought to 

increase TH activity due to the introduction of a negative charge, which may confer a 

conformation of TH that permits the dissociation of catecholamines more readily (125). 

As mentioned in chapter 1, serine 19 phosphorylation was originally thought to be 

unique, due to several properties, including its requirement of 14-3-3 binding for 

activation following phosphorylation by CaMKII (55, 56). 14-3-3 C TJ, P, and 0, as well 

as the S. cerevisiae 14-3-3 isoform, BMHl, and various 14-3-3 isoforms isolated from 

sheep brain, have been identified to interact with hTHl following phosphorylation of 

serine 19 (30, 144, 172). However. BMHl and BMH2. as well as 14-3-3 isoforms 

isolated from sheep brain, have recently been established to bind hTHl following 



phosphorylation of serine 40 (30, 172). These authors observed that unlike serine 19, 

serine 40 does not require 14-3-3 binding for optimal enzyme activity. In both cases, 

binding was observed to reduce the ability of protein phosphatase type 2A (PP2A) to 

access TH for dephosphorylation. Although the significance of the interaction between 

TH and 14-3-3 remains to be delineated, it has been proposed that association with 14-3-

3 may stabilize or promote TH activity following phosphorylation, or impede 

dephosphorylation of the enzyme (172). 

Following phosphorylation of serine 19, and in the presence of 14-3-3, TH 

activity is comparable to the modest amount observed after phosphorylation of serine 31 

(31, 55, 125, 144). Although TH activity is not very dramatic following serine 19 

phosphorylation, this event does alter the conformation of TH in a manner, whereby 

serine 40 becomes more accessible to phosphorylation and this has been proposed as a 

mechanism permitting intricate regulation of enzyme activity (30, 125). Bevilaqua et al. 

likened the N-terminal regulatory domain's restriction of the C-terminal catalytic domain 

from substrate, as a hinge slightly downstream of serine 40, whereby phosphorylation of 

serine 19 helps eliminate substrate constraint. In this model, since serine 40 lies closer to 

the hinge, phosphorylation of this residue is superior in promoting substrate access, while 

phosphorylation of both residues has an additive effect (125). 

After detection of the interaction between TH and CDKl 1'^'"^', the next objective 

was to determine whether CDKl 1''"" might alter TH activity through TH 

phosphorylation or modulation of the interaction between TH and 14-3-3. These 

objectives were based on mechanisms that control short-term regulation of TH activity, 
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which were briefly reviewed above. Since CDKl I''"*' is a relatively uncharacterized 

kinase, associating proteins with CDKl I''"" were identified to provide information 

r e g a r d i n g  t h e  s i g n i f i c a n c e  o f  t h e  i n t e r a c t i o n  b e t w e e n  T H  a n d  C D K  1 1 A d d i t i o n a l l y ,  

the interaction between TH and CDKl was readdressed through various 

experimental paradigms to help determine if the interaction is direct, or if the interaction 

may be inhibited by a co-associating protein with CDK 11''"". 

Based on the idea that CDKl 1'^'"' may possess functions analogous to CaMKII, 

one objective was to determine whether this serine/threonine CDK phosphorylates TH. 

Multiple stimuli were used to mediate activation of CDKl 1'^"'^' because most CDKs 

require T-loop phosphorylation for activation and eye 1 in partner binding. For example. 

CDK7 binds cyclin H and this event requires phosphorylation of threonine 170 in the T-

loop of CDK7 (178. 179). However, CDK7 is unique because its association with cyclin 

H can also occur independently of T-loop phosphorylation in the presence of menage a 

trois 1 (MATl) (180, 181). Additionally, CDK7. cyclin H and MATl are collectively 

known as CDK activating kinase (CAK) (182). As its name implies. CAK is responsible 

for the phosphorylation of CDKs 1. 4 and 6 in their T-loop to permit an interaction with 

each CDK's respective cyclin partner(s) (182, 183). It remains to be determined if 

CDK11P"° requires T-loop phosphorylation for an interaction with its partner, cyclin L. 

In another example, unphosphorylated ERK-2 corresponds to a conformation that 

cannot bind and phosphorylate substrates, such as TH. However, when ERK-2 is 

phosphorylated by MEK at tyrosine 185, followed by tyrosine 183, the steric inhibition of 
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substrate binding is relieved (184). Therefore, phosphorylated/active ERK-2 is capable 

of phosphorylating TH at serine 31. 

Analysis of CDK2, a kinase in the superlamily with CDKl F"", revealed that it 

also requires T-loop phosphorylation for kinase activity (184). Phosphorylation often 

promotes activity by removing autoinhibitory domains present within the kinase or 

facilitating dissociation of binding partners important in the negative regulation of 

activity. Since CDK2, as well as other CDKs. requires prior phosphorylation for an 

active enzyme conformation, we hypothesized that CDKll''"® may also. For this reason, 

numerous stimuli were utilized to mediate phosphorylation and, consequently, 

CDKllP"%ctivity. Additionally, CDK11P"° is a relatively uncharacterized kinase and 

if one of the stimuli employed phosphorylated CDK11''''°, this would provide 

information to facilitate the identification of an upstream regulatory kinase. Conversely, 

CDK11P"° may undergo autophosphorylation for activation, analogous to PKA-Ca, 

which phosphorylates itself at threonine 197 (184). 

To determine if TH serves as a substrate for CDKl 1''"", recombinant 

FLAG(His)(rTH was produced using a baculovirus system and TH produced in this 

manner has been previously characterized by researchers (121). As reported for many 

recombinant proteins produced using a baculovirus system, TH is phosphorylated when 

expressed and purified in Sf-9 insect cells (121). Notably, recombinant TH from 

baculovirus forms functional tetramers, as is true for endogenous enzyme (121). 

However, TH does not contain iron when produced in this manner. To circumvent this 

issue, ferrous sulfate is provided when the enzyme is assayed, at which point the iron is 
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readily incorporated by TH to result in a functional enzyme (3, 5). This is in contrast to 

TH produced in E. coli as a GST fusion protein, where 0.1 M ferrous sulfate is 

incorporated in the LB growth media (185) to increase the amount of functional GST-TH. 

When GST-TH is purified in the absence of ferrous sulfate, only about 60% of the 

recombinant enzyme is functional, whereas incorporation of ferrous sulfate results in 

greater amounts of operational enzyme (186). 

Another possibility to address was whether CDKll^"*^ might positively or 

negatively regulate TH activity without mediating phosphorylation of TH. If so, this 

could occur through a number of mechanisms, including the ability of CDKlP"^ to 

negatively regulate TH activity through the recruitment of a phosphatase, recruitment of 

ubiquitin-dependent proteolytic machinery, or disruption of the interaction between TH 

and 14-3-3. Thus, to attribute functional significance to the interaction between a splice 

variant of the a isoform of human CDKll'''''^ and TH, both proteins were over-expressed 

in HEK293 cells and TH was evaluated for its ability to bind endogenous 14-3-3 

isoforms. 

Next, to address a potential mechanism responsible for disruption of the 

interaction between TH and 14-3-3, phosphorylation of 14-3-3 isoforms was analyzed. 

Basis for this examination was due to previous research, where phosphorylation of 14-3-3 

isoforms in their C-terminus results in disruption of their interaction with binding 

partners. This is because the C-terminus is important for target protein interaction, as 

analyzed by deletion mutant studies (187-190). For example, only unphosphorylated 14-

3-3 ^ binds to the N-terminus of c-Raf, where the purpose of 14-3-3 C binding may be to 



101 

stabilize c-Raf in an inactive conformation (191). When activated Ras phosphorylates 

and binds with the N-terminus of c-Raf, 14-3-3 ^ dissociates from this region. However. 

14-3-3 C, is still capable of an independent association with the C-terminus of c-Raf. 

Displacement of 14-3-3 ^ from the N-terminus of c-Raf is probably due to a 

conformational change rather than phosphorylation by Ras. Accordingly, the mechanism 

resulting in the recruitment of c-Raf by Ras to the plasma membrane, followed by 

activation of c-Raf, remains unclear (192-194). In another example, CKla (formerly 

known as casein kinase 1) phosphorylates 14-3-3 ^ or x at threonine 233, or serine 233 

respectively, and these phosphorylation events are thought to disrupt the interaction 

between the N-terminus of c-Raf and 14-3-3 C (see Figure 9 (191, 195)]. These authors 

also tested and confirmed that CK2 phosphorylates 14-3-3 ^ and x at position 233 in the 

C-terminus, while sequence alignment of the other mammalian 14-3-3 isoforms 

demonstrated that they do not contain a homologous residue at position 233 that can be 

phosphorylated. 

An interaction between CDKl l*^"" and the SH2 domain of Src was examined 

because previous research established that pi30^''^^^^ binds to the SH2 domain of Blk. 

Lyn and Fyn(T), where binding was dependent on the phosphorylation of p 130'''^'^^'^'^ by 

recombinant CK2 (196). Class I or 11 SH2 domains typically bind proteins containing 

specific phosphotyrosine containing motifs, while the Src SH2 domain used for the 

present studies is a class I protein whose SH2 domain typically recognizes the amino acid 

motif Y(P04)-hydrophillic-x-hydrophillic-I/P of other proteins, pi30''"^^'^^ binds these 

motifs independently of tyrosine phosphorylation. The domain of pi30'''™''^'^ required 



for this phosphotyrosine-independent interaction was mapped between residues 223 to 

324, a region highly enriched with serine residues and polyglutamic acid stretches. 

Although this interaction was reported, physiological significance remains to be ascribed. 

Since the human aSV5 CDKlF'"^ protein also contains a glutamic acid-rich domain, it 

was tested for an interaction with the SH2 domain of Src. It was projected that 

introduction of this domain might facilitate an interaction between TH and CDKl 1''"" 

through the introduction or removal of proteins necessary for the interaction. 



103 

Q 

Figure 9: CKl or CK2 phosphorylation of 14-3-3 disrupts an interaction 
CKl or CK2 phosphorylate 14-3-3 in the C-terminus to disrupt its interaction with 
the N-terminus of c-Raf as detailed in the text (191, 195). Based on these data 14-3-
3 isoform phosphorylation by CDKl 1''"° was analyzed as a potential mechanism 
for disruption of the TH interaction with 14-3-3 when CDKl 1^"° is over-expressed. 
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METHODS 

Cell culture 

HEK293 cells (Invitrogen) were cultured with DMEM pH 7.4, supplemented with 

10% fetal bovine serum, 50 ^ig/ml penicillin/streptomycin and 250 jig/ml geneticin 

[Invitrogen, geneticin (125 mg) was dissolved into 3 ml ddHaO and then filter sterilized 

directly into 500 ml DMEM using a 0.45 fim filter (Millipore) fitted with a 3 ml luer lock 

syringe (Becton Dickinson).] at 3TC in a humidified incubator containing 5% CO2. 

Spodoptera frugiperda (Sf-9) cells were routinely cultured in a 50 ml volume in a 250 ml 

Erlenmeyer flask at 27°C, 120 rpm in Grace's media with supplements [10 jig/ml 

gentamicin (Invitrogen), 0.25 jig/ml filter sterilized fungizone (Invitrogen), 50 |ig/ml 

penicillin/streptomycin, 10% FBS (origin Mexico), 2% 50X lactalbumin hydrolysate 

(Invitrogen), and 2% 5OX yeastolate (Invitrogen)]. Sf-9 cells grown in suspension were 

supplemented with 0.1% (w/v) filter sterilized pluronic acid (F68, Sigma Biosciences) in 

ddH.O. 

Constructs 

FLAG epitope tagged TH was generated in a two-step PGR using the forward 

primer 5-GAG GAG GAT GAG AAG CCC ACQ CCC AGG GGG GGG-3'and the 

reverse primer 5'-GAA GGA GGA GGG TTT TGT AGG-3'. Reaction and amplification 

conditions were the same as those detailed for RT-PGR, save template consisted of 

approximately 100 ng TH (BamHl-XbaiypGEM-T cDNA [219]. The product was 



separated on a 1.2% TAE gel, purified using a GENECLEAN kit, and 5 jil was used as 

template in the second reaction, consisting of the same reaction and amplification 

conditions as detailed for RT-PCR. The sense primer was 5'-TGG GGA TCC ACC 

ATG GAC TAG AAG GAC GAG GAT GAG AAG-3' and the reverse primer was again, 

5'-CAA GGA GGA GGG TTT TGT ACC-3.' Following ligation into pGEM-T, the 

product was designated as FLAG-TH (BamHl-Bsml)/pGEM-T [237]. 

Full-length FLAG(His)6-TH/pBlueBacHis2A [240] was generated by removing 

the BamHl to Bsml fragment from full-length TH/pBlueBacHis2A [239] and replacing it 

with the BamHl to Bsml fragment from FLAG-TH (jSamHI-SsmI)/pGEM-T [237]. DNA 

were resolved, purified, ligated and transformed as described previously. 

Full-length THS19A/pcDNA3.1 /HisA [267] was generated after two separate 

ligations. First, THS19A/pBTM116 [245] was digested with BamHl and Xbal, and 

FLAG-TH/pBlueBacHis2A [240] was digested with Hindlll and Xbal, where the Hindlll 

restriction site was filled in using Klenow. The vector, pcDNA3.1/HisC was digested 

with BamHl and EcoRV, and then incubated with diluted CIAP as described previously. 

After resolving and purifying DNA, 3fj] pcDNA3.1/HisC, 6 |.tl THS19A (BamHl-Xbal) 

insert, and 12 |il TH [Xbal-Hindlll (Klenow treated)] were combined in a 0.65 ml 

Eppendorf tube and heated for 5 min at 45 °C. The final reaction volume was brought to 

30 |L11 with 3 |al T4 DNA Ligase, 6 |j,l 5X ligation buffer and 20 jil of the ligation 

reactions were transformed into E. coU JM109 as described previously. Full-length 

THS19A/pcDNA3.1/HisA [267] was then generated by digesting 

THS 19A/pcDNA3.1 /HisG with BamHl and Natl, and pcDNA3.1/HisC with BamHl and 
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Notl. Ligations were carried out as described above, save the ligation consisted of a final 

20 [il reaction volume with 10 |il insert and 4 jil digested pcDNA3.1/HisA. 

Transformations were carried out as previously described. 

Full-length THS19A/pBlueBacHis2C [277] was generated after two separate 

ligations as well. First, THS 19A/pBTM 116 [245] was digested with BamWl and Xbal, 

and FLAG-TH/pBlueBacHis2A [240] was digested with BamHl and Xhal. After 

resolving and purifying DNA. the BamHl to Xbal fragment from THS 19A/pBTM 116 

was used to replace the BamMl to Xbal fragment removed from FLAG-

TH/pBlueBacHis2A. In this manner, digested FLAG-TH/pBlueBacHis2A was serving as 

the vector for the first ligation, consisting of 11 }il insert and 3 jil vector with the 

remaining ligation and transformation conditions as described previously. 

THS19A/pBlueBacHis2A was then digested with the restriction enzymes BamRl and 

ffindlll and thus, THS19A (no tag) was transferred to pBlueBacHis2C by digesting the 

vector with BamHl and Hindlll. The final ligation was as detailed above and 20 |il of the 

ligation reactions were used for transformation into E. coli JM109 as described 

previously. 

THS19E was mutated in a two-step PGR according to the megaprimer method of 

site-directed mutagenesis (146). with conditions similar to those described for THS 19A 

mutagenesis. Y2H-TH (Bamlil-Bsml)/pGEM-T [238] was again provided as template 

(100 ng) with reaction and cycling conditions the same as those described for THS19A 

mutagenesis. The forward primer was 5'-CCC AAG GGC TTC CGG AGG GCC GTC 

GAA GAG CAG GAT-3' and was engineered to contain a unique AccIII (underlined) 
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endonuclease site if the glutamic acid mutation was incorporated at serine 19 (highlighted 

in bold). The reverse primer was 5'-T ACC TAG CAT GAA CAG ATT GGG TGA 

CAC TAT AG A ATA C-3" and was designed to incorporate nonspecific sequence. The 

product of the first reaction was separated on a 1.2% TAE gel, purified using the 

GENECLEAN kit, and 10 |il was used as template in the second reaction, along with 100 

ng original template [Y2H-TH (BamHl-BsmT)/pGEM-T]. The remaining reaction and 

amplification conditions were the same as those stated for THS19A reaction Ila. After 

five cycles, 1 |il (0.4 jiM) T7 sense 5'-TAA TAC GAC TCA CTA TAG GGC-3', and 5 

jil (0.4 |iM) of the nonspecific sequence reverse primer 5-T ACC TAG CAT GAA 

CAG ATT G-3" were added to the reaction (part lib). Amplification was can ied out for 

40 cycles using the same conditions as detailed for the first reaction of THS19A 

mutagenesis. PCR products were ligated into pGEM-T as detailed previously to generate 

THS19E (BamHhBsm])/pGEM-T [287] and incorporation of the mutation was confirmed 

after sequencing by the University of Arizona's LMSE. 

THS 19E/pBlueBacHis2C [291] was generated by removing THS19E/pGEM-T 

[287] with BamBl and Bsml, and the latter portion of TH from FLAG-

TH/pBlueBacHis2A [240] with Bsml and Hindlll. These two fragments were ligated into 

pBlueBacHis2C which was digested with the restriction enzymes BamUl and Hindlll. 

Ligation consisted of 1.5 |ll dige.sted pBlueBacHis2C, 4.5 jll of the Bsml to Hindlll 

fragment of TH and 8 |Jl of the BamEl to Bsml fragment of THS19E, with the remaining 

ligation and transformation conditions as described previously. 
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THS19E/pcDNA3.1/HisA [294] was completed by digesting 

THS 19E/pBlueBacHis2C [291] with ffindlll and then creating a blunt end with Klenow 

as described previously. After purifying DNA with the GENECLEAN kit, product was 

digested with the restriction enzyme BamRl. pcDNA3.1/HisA was digested with JECORV 

and BanMl. Ligation consisted of 4 |il digested pcDNA3.1/HisA and 10 |al insert with 

the remaining ligation and transformation conditions as described previously. 

CDKl 1''"" (EFORI-P.vriypGEM-T [487] with a HA epitope at its N-terminus was 

produced in a two-step PGR by providing 100 ng GDKl 1''"° (with ATG) (EcoRl-

As7l)/pGEM-T [431J as template. The remaining conditions included 5 |il of lOX High 

Fidelity Taq buffer with 1.5 niM MgGl:. 0.4 mM dNTPs, 1 jll High Fidelity Taq 

polymerase (Roche Applied Science), 0.4 ^.M forward and reverse primers, with a final 

volume brought to 50 }il with ddHiO. The forward primer was 5'-GTT CCA GAT TAG 

GCT TGG GAG TGT GAT GAG GGG-3' and the reverse primer was 5-CGG TGG 

AGG GCC GGG AGG TAG TT-3'. After overlaying mineral oil, amplification was 

95°C for 8 min, followed by 30 cycles of 95°C for 1 min, 55 °C for 1 min, and 72°G for 2 

min. Final extension was 72°C for 8 min. After resolving DNA. it was purified using a 

Quantum Prep Freeze 'N Squeeze DNA gel extraction spin column as detailed 

previously. Template for the second reaction consisted of 5 |il of DNA purified from the 

first reaction along with 0.76 )iM forward primer. 5'-GIT CTT TTG GAA TTC CAA 

ATG TAG CCA TAG GAT GTT CCA GAT TAG GCT-3' and 0.4 )iM of the reverse 

primer as detailed in the first reaction. DNA was purified as detailed for the product of 

the first reaction, ligated into pGEM-T, and transformed into supercompetent E. coli 
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JM109. The nucleotide sequence of 5' HA-CDKll''"" (Z:coRI-/'.v/I) [487] was 

confirmed after DNA sequencing by the University of Arizona's LMSE. 

HA-CDK11 ""'"VpFLAG-CMV-2 [497] was generated by replacing the EcoRi to 

Pstl fragment from CDKl l''"*VpFLAG-CMV-2 [437] with the corresponding fragment 

from HA-CDKl (£coRI-PstI)/pGEM-T [487]. DNA was purified, ligated, and 

transformed into supercompetent E. coli JM109 as described previously. Importantly, 

HA-CDKl l''"%FLAG-CMV-2 [497] does not contain a FLAG tag due to the fact that 

the EcoRl restriction site was engineered to be out of frame with the existing EcoRI site 

in pFLAG-CMV-2. Therefore, the FLAG sequence is not expressed while the remaining 

HA-CDKllP"° sequence is expressed. 

KM-CDKllP"" (P,sfI/A>(I)/pGEM-T [421] was generated in a two-step PCR 

using 50 ng CDKllP''°/pFLAG-CMV-2 [437] as template, 1.0 ^il High Fidelity Taq 

polymerase, 10 lil High Fidelity Taq buffer without MgCla, 0.9 mM MgCh, 0.4 mM 

dNTPs, 1 }xl sense and antisense primers and nuclease-free ddHaO to a final volume of 

100 jil. Amplification conditions were the same as detailed for THS19A, where the 

forward primer was 5'-GTG GCT CTA ATG CGG CTG-3' and the reverse primer was 

5'-T ACC TAG CAT GAA CAG ATT GGA CCA CAT GTC CAC GGC C-3'. The 

product of the first reaction was resolved, purified and reaction Ila was completed as 

detailed for THS19A mutagenesis, save 1 }xl original template consisted of 

CDK11"VpFLAG-CMV-2 [416]. After five cycles, 1 pd of the forward primer, 5'-GAC 

TAT GTG CCC GAC TCC-3' and 5 jil of the nonspecific sequence reverse primer were 

added to the reaction (part lib) and amplification was carried out for 40 cycles using the 



same conditions as detailed for THS19A mutagenesis. PGR product was separated on a 

1.1% TAE gel, purified using the UltraClean DNA Purification kit, and ligated into 

pGEM-T to generate KM-CDKll'""^ (ft?I/Zp«I)/pGEM-T [421]. The nucleotide 

sequence of KM-CDKUT"" was confirmed after DNA sequencing by the University of 

Arizona's LMSE. 

KM-CDK1 F"%FLAG-CMV-2 was generated by digesting KM-CDKll""" 

(P^fI/ZpnI)/pGEM-T [421] or CDKl 1P"%FLAG-CMV-2 with Pstl and Kpnl. The Pstl-

Kpnl fragment from KM-CDK 11'"'" was used to replace the corresponding Pstl-Kpnl 

fragment from CDKlP''°/pFLAG-CMV-2. Products were ligated and transformed into 

supercompetent E. coli JM109 as described for CDKll''"%FLAG-CMV-2. 

The final version of KM-CDK 1 l'""VpFLAG-CMV-2 [438] was produced by 

removing the fcoRI-Fsfl fragment from the original KM-CDK 11 P^'°/pFLAG-CMV-2 

that contained 161 bp upstream from the start site of CDKl F''" (as detailed in chapter 2) 

and replacing this fragment with the EcoRl-Pstl fragment from CDKlP''" (no ATG) 

(EcoRI, Ry/I)/pGEM-T [432]. DNA purification, ligation and transformation into 

supercompetent E. coli JM109 were completed as described for the version of 

CDKl 1'*7pFLAG-CMV-2 that contained 161 bp of sequence upstream from the 

initiation codon. 

HA-KM-CDK11''' "VpFLAG-CMV-2 [498] was generated by replacing the 

EroRl-/'.v?l fragment from KM-CDKl l''""/pFLAG-CMV-2 [438] with the corresponding 

fragment from HA-CDKll''"" (£coRl, R«l)/pGEM-T [487], DNA were purified, 

ligated, and transformed into supercompetent E. coli JM109 as described previously. 
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Importantly, HA-KM-CDK11 "VpFLAG-CMV-2 [498] does not contain a FLAG tag 

due to the fact that the EcoRl restriction site was engineered to be out of frame with the 

existing £coRl site in pFLAG-CMV-2. Therefore the FLAG sequence is out of frame, 

and not expressed, however, the remaining HA-KM-CDK 11''"^' sequence is expressed. 

HA(His)6-CDKllP"%GEM-T [507] or HA(His)(rKM-CDK 11 '°/pGEM-T 

[508] with C-terminal HA and (Hisje epitopes were generated in a three-step PGR by 

providing 100 ng CDKl 1P"%FLAG-CMV-2 [437] or KM-CDKl P'^VpFLAG-CMV-l 

[438] as template, respectively. The remaining reaction contents are the same as those 

listed for the second reaction of the production of HA-CDKlF"'' (EcoRl, f.s7l)/pGEM-T 

[487]. The forward primer was the same as that used to generate CDKlF''® (with ATG) 

(£'coRI-P5rI)/pGEM-T [431] and the reverse primer was 5'-AGC GTA ATG TGG AAC 

ATG GTA TGG GTA GAA CTT GAG GCT GAA GCC-3'. After overlaying with 

mineral oil, amplification was 95°C for 8 min, followed by 35 cycles of 95°C for 1 min, 

56 °C for 1 min, and 72°C for 5 min. Final extension was 72°C for 8 min. After 

resolving DNA, it was purified using Quantum Prep Freeze 'N Squeeze DNA gel 

extraction spin columns as detailed previously. Template for the second reaction 

consisted of 3-5 |il of DNA purified from the first reaction, along with conditions as 

listed for the first reaction. The forward primer was the same as detailed in the first 

reaction, while the reverse primer was 5'-GTG GTG ATG GTG ATG ATG TCC GCT 

CCG AGC GTA ATC TGG AAC-3'. Amplification conditions for 3' HA(His)6-

CDKl 1^^^° were the same as detailed for the first reaction. However, amplification for 3' 

HA(His)6-KM CDKl 1''"^' was 95°C for 8 min, followed by 35 cycles of 95°C for 1 min. 
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64 °C for 1 min, and 72°C for 5 min. The remaining conditions were the same as 

detailed for the first reaction. Products were again resolved and purified using Quantum 

Prep Freeze 'N Squeeze DNA gel extraction spin columns as detailed previously. The 

third reaction consisted of 5 |il of the second reaction as template, 5 [il DMSO (5%) and 

the reverse primer 5'-CGG GGT CGA CTC TGA CCT TCA GTG GTG ATG GTG 

ATG-3". with the remaining contents and amplification conditions as detailed for the first 

reaction. Products were resolved, purified, ligated into pGEM-T, and transformed into 

supercompetent E. coli JM109 as described previously. Products were completely 

sequenced by the University of Arizona's LMSE until sequences were obtained that did 

not deviate from the CDK11''' "VpGEM-T [415] sequence. 

Serine 227 of CDKl 1''"" was mutated to alanine (S227A) according to the 

megaprimer method of site-directed mutagenesis in a two-step PCR using 200 ng 

HA(His)6-CDK 11 "VpGEM-T [507] as template (146). The forward primer was 5 -TTA 

CAG GAT ATC AGC GAG GCC GAG AGG AAG-3' and the reverse primer was 5'-

TAC CTA GCA TGA ACA GAT TGC AGC CCT GCA GGG CCG GC-3'. The forward 

primer was engineered to contain a silent EcoRY mutation if the corresponding mutation 

at serine 227 is also incorporated and is indicated by underline or bold, respectively. The 

product of the first reaction was purified and provided as template in the second reaction, 

along with original template. After 5 cycles, the forward primer 5'-AAA CGG AAG 

CAT GCT AGA GTG-3' was added along with the reverse primer 5'-T ACC TAG CAT 

GAA CAG ATT G-3". Final product was ligated into pGEM-T [589]. Full-length 

S227A HA(His)6-CDKllP"° [593] was generated by digesting S227A HA(His)6-
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CDK11'^"%GEM-T [589] with Sphl, Sail and Pstl, while HA(His)6-CDKl l""" [507] 

was digested with Sail and Pstl and in a separate reaction HA(His)6-CDKl 1'''"' [507] 

was digested with Sphl. The Sphl to Pstl and vector fragments from the digestion of 

S227A HA(His)f,-CDK] [589] were then ligated with the Pstl to Sail and Sphl to 

Sphl fragments from the digestion of HA(His)6-CDKl 1"^"® in a four piece ligation to 

generate full-length S227A HA(His)6-CDKl F'^'/pGEM-T [593], All sequence 

verification was completed at the University of Arizona's LMSE 

GST-fusion proteins 

GST-14-3-3 P and x were graciously provided by Dr. Henrik Leffers from the 

Danish Centre for Human Genome Research. Dr. Robert J. Lefkowitz at the Duke 

University Medical Center in Durham, NC generously provided GST-SH2 and GST-SH3 

fusion proteins (197). GST-fusion protein purification and elution was completed as 

described in chapter 2. 

Elution of proteins from GST-Sepharose 

Before storage buffer was added to GST fusion proteins, they were washed with 

10 ml of 50 niM Tris, pH 8.0. If a GST fusion protein already contained storage buffer, it 

was collected at 735 x g for 1 min at 4°C by centrifugation. Supernatant was removed 

and 1 ml of 50 mM Tris, pH 8.0 was added. GST fusion protein was again collected by 

centrifugation for a total of 3 times. At this point, if GST fusion protein was not in a 1.7 

ml screw-cap tube, it was transferred after adding 0.5 bed volumes of 10 mM glutathione 
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(Amersham Biosciences) in 50 niM Tris, pH 8.0 (100 }xl 10 niM glutathione/500 ml 

culture). Samples were rotated in 1.7 ml tubes, 4°C for 15 min. GST-Sepharose was 

collected at 735 x g for 1 min at 4°C by centrifugation and the supernatant was 

transferred to a fresh 1.7 ml screw-cap tube at 4°C. Elution step was repeated twice 

more. Pooled glutathione elution fractions were then supplemented with storage buffer to 

make a 1:1 (v/v) solution. 

Production of recombinant FIAG(His)f,-TH or (Hi.s)(,-THS19A baculovirus 

Production of recombinant baculovirus was carried out according to protocols 

supplied by the manufacturer (Invitrogen. Bac-N-Blue transfection kit manual, version F. 

catalog no. K855-01). Transfection into Sf-9 inscct cells was completed using 4 |ig of 

Recombinant Transfer Plasmid {e.g. FLAG(His)f,-TH/pBlueBacHis2C [240]) as 

recommended. Following transfection, 60 x 15 mm tissue culture plates were incubated 

for 7 d at 27°C in a sealed plastic bag with paper towel or Va blue pad wetted with 5 mM 

EDTA. All of the medium (designated as transfection viral stock) from the transfection 

was harvested, filter sterilized into a 15 ml Falcon 2059 polypropylene tube, and stored at 

4°C. Of important note, future viral stocks (i.e. transfection, P-1, P-2 or P-3 viral stocks) 

should not be filter sterilized at any step because of the possibility of lowering viral titer. 

To purify recombinant virus from uncut or non-reconibinant virus, a plaque assay was 

performed as described by the manufacturer. Each plaque assay consisted of three 

infections with 10"*, 10"\ and 10"^ dilutions of the transfection viral stock, for a total of 

nine infected 100 x 20 mm tissue culture plates. Plates were incubated for 5-6 d at 27°C 
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in a sealed plastic bag with 5 mM EDTA as detailed previously. Blue recombinant 

plaques were selected as described by the manufacturer and based on the absence of 

occlusion bodies (occ"). Blue occ' plaques, and one occ"^ plaque for control purposes, 

were selected by using 200 |il wide bore tips and pressing tip to the bottom of the tissue 

culture dish and sucking out the agarose plug. Plugs were then transferred to a 12-well 

microtiter plate as described by the manufacturer. Edges of the 12-well microtiter plate 

were then sealed with parafilm and incubated for 7 d at 27°C, or until all of the cells 

lysed. Approximately 2 ml of medium was harvested by centrifugation at 2040 x g for 3 

min in a 2 ml Eppendorf tube. Supernatant (0.75 ml) was removed to isolate viral DNA 

according to the "Alternative Protocol to Isolate Viral DNA," as detailed by the 

manufacturer, and DNA was precipitated at -80°C for at least 30 min. The remainder of 

the supernatant, designated as the P-1 viral stock, was transferred to a 1.7 ml Eppendorf 

tube and stored at 4°C. 

PGR analysis of recombinant virus was completed as described by the 

manufacturer, with minor modifications as detailed here. FLAG(His)6-

TH/pBlueBacHis2A viral DNA was amplified in a reaction containing Taq buffer. 1.5 

mM MgCl2, 0.2 mM dNTPs, 500 ng forward baculoviras primer 5'-TTT ACT GTT TTC 

GTA AC A GTT TTG-3' (100 ng/|il). 500 ng reverse baculovirus primer 5'-CAA CAA 

CGC ACA GAA TCT AGC-3' (100 ng/}il), 1.5 units Taq polymerase (Invitrogen). 10% 

DMSO and 5 |il viral DNA per 100 ).il reaction. A separate reaction using the same 

conditions was completed using TH forward 5'-CCA GGA TCC ACT ATG CCC ACC 

CCC AGC GCC-3' and TH reverse 5'-GTA CCG TTC TAG AAG CTG GAA ACC-3' 



primers. Negative control included viral DNA isolated from normal Sf-9 cells, while a 

positive control for PCR consisted of pBlueBacHis2C plasmid DNA. After overlaying 

50 |xl mineral oil to prevent evaporation, amplification was 94°C for 2 min, followed by 

40 cycles of 94°C for 1 min, 55 °C for 2 min, and 72°C for 3 min. Final extension was 

72°C for 10 min. 

THS J9A/pBlueBacHis2C [277] viral DNA was amplified in a reaction containing 

1 |ig Forward Baculovirus Primer (100 ng/|il), 8.8 jil Reverse TH Primer 5'-GTA CCG 

TTC TAG A AG CTG GAA ACC-3', 5 units Taq polymerase, with the remaining 

conditions as described for FLAG(His)6-TH. Negative control included viral DNA 

isolated from an occ"^ plaque. Amplification conditions were the same as those detailed 

for FLAG(His)6-TH viral DNA. 

Samples were then visualized by resolving on 1% TAB agarose gels and positive 

P-1 viral stocks were used to infect two separate 25 cm t-flasks as described by the 

manufacturer to generate and store the P-2 viral stock. When generating the P-3 viral 

stock as described by the manufacturer, the infection was monitored by the trypan blue 

exclusion assay, rather than transferring 5 ml of the viral suspension from the 500 ml 

suspension culture to a 25 cm T-flask. The P-3 high titer viral stock was harvested by 

centrifugation at 2460 x g for 20 min at 4°C when 90% of the cells lysed. Supernatant 

was then filter sterilized (this should not be filter sterilized in future studies) into a 500 ml 

bottle wrapped with aluminum foil. Finally, the viral titer was determined by performing 

a plaque assay and calculations as described by the manufacturer. 
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Sf-9 recombinant protein purification of FLAG{His)f,-TH 

Sf-9 cells at a density of 1 x 10® were infected with 0.6 ml of the FLAG(His)(,-TH 

P-3 high titer viral stock, where the multiplicity of infection (MOI) was 2.5 and the titer 

was 4.16 X 10^ plaque forming units (pfu)/ml. After 36 h, 5 x 10^ cells (approximately 

200 }il) were collected by centrifugation at 2040 x g for 5 min at 4°C. Supernatant was 

aspirated and Sf-9 cell pellet was resuspended with 70 |il IX Laemnili sample buffer. 

Remaining cells were harvested by centrifugation at 5520 x g for 10 min at 4°C. (5/-9 

cell pellets may be frozen at -20°C if not proceeding with protocol.) Supernatant was 

removed and the pellet was resuspended with 10 ml lysis buffer pH 7.4 (25 mM Hepes 

pH 7.4, 150 mM NaCl, 0.1% NP40, 0.1% P-mercaptoethanol, 1 fig/ml leupeptin, 15 

jig/ml aprotinin). Cells were sonicated three times while on ice, for 30 s bursts, with the 

sonicator set at six and then collected by centrifugation at 10,000 x g for 10 min at 4°C. 

Supernatant containing soluble protein was then incubated at 4°C with 300 jil anti-FLAG 

M2 affinity gel that had been previously equilibrated in lysis buffer pH 7.4. [If protein is 

insoluble, pellet may be resuspended with 0.1 M Tris, pH 8.0. 0.5% SDS (20 ml/500 ml 

culture).] After rotation for 1 h or overnight at 4°C, FLAG-TH was collected in a 

swinging bucket rotor at 57 x g for 1 min and the supernatant was discarded. 

FLAG(His)6-TH was then washed with 10-14 ml lysis buffer pH 7.4 supplemented with 

1% Empigen BB (Calbiochem). Samples were returned to rotate and washed as 

described above for a total of three times and then FLAG(His)6-TH was resuspended in 

storage buffer as described in chapter 2. TH was eluted from anti-FLAG M2 affinity gel 

by incubating with 1 ml of lysis buffer supplemented with 1% Empigen BB and 200 



jig/ml FLAG peptide (3.6 mg/18 ml) and rotated for 15 min at 4°C. Anti-FLAG M2 

affinity gel was collected at 735 x g for 1 min at 4°C by centrifugation and the 

supernatant was saved as eluted fraction. The elution was repeated for a total of four 

times and pooled supematants containing FLAG(His)6-TH were then dialyzed for 1 h 

against dialysis buffer I (10 mM Hepes. pH 7.2, 1 mM EDTA. pH 8.0, 0.1% P-

mercaptoethanol, 1.5 |ig/ml aprotinin, and 0.025% Triton X-100), and overnight in 

dialysis buffer II (dialysis buffer I containing 50% glycerol) to remove FLAG peptide. 

The Spectra/For molecular porous membrane tubing had a molecular weight cut-off of 

12-14,000 (Spectrum Laboratories, #132-678). For any processing by LC-MS/MS, NP40 

was replaced with Triton X-100 in the purification procedure. 

Sf-9 recombinant protein purification of (His)6-THS19A 

Sf-9 cells at a density of 7.5 x l(f were infected with (His)6-THS19A F-3 high 

titer viral stock, where the MOI was 1.5. After 36 h, cells were collected as detailed for 

the purification of recombinant FLAG(His)(,-TH. Cell pellets were resuspended in 25 ml 

hexahistidine lysis buffer (50 mM NaP04, pH 8.0 (for 0.5 M stock solution mix 0.466 M 

Na2HP04 with 0.034 M NaH2P04), 0.1 M KCl, 0.1% NP40. 0.07% p-mercaptoethanol. 1 

)j,g/ml leupeptin. and 15 jjg/ml aprotinin) for every 500 ml of infected cells. Cells were 

sonicated and collected by centrifugation as detailed for the purification of recombinant 

FLAG(His)6-TH. 

ProBond resin (Invitrogen) was prepared by washing 1.2 ml of the resin with 10 

ml 50 mM NaP04, pH 8.0. ProBond resin was then collected at 57 x g for 1 min at 4°C 
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and wash was repeated for a total of two times. After removing the supernatant of the 

final wash, ProBond resin was resuspended with 0.6 ml 50 mM NaP04, pH 8.0 to make a 

1:1 (v/v) beaded slurry. ProBond resin (Ni-agarose) at a volume of 0.45 ml was added to 

each 15 ml conical tube containing soluble protein and rotated for 1 h to overnight at 4°C. 

(His)6-THS19A bound to Ni-agarose was collected in a swinging bucket rotor at 57 x g 

for 1 min at 4°C and the supernatant containing unbound proteins was discarded. Two 

samples were then consolidated into one 15 ml conical tube and Ni-agarose bound (His)6-

THS19A slurry was resuspended with 12.5 ml 114 column volumes (cv)] wash buffer. pH 

8.0 (0.05 M NaP04, pH 8.0, 0.1 M KCl, 0.1% NP40. 0.07% p-mercaptoethanol). 

Samples were returned to rotate for 5 min and washed as described above for a total of 

three times. Beaded slurry was then washed three times with 12.5 ml (14 cv) of wash 

buffer. pH 6.2 (0.05 M NaP04, pH 6.2 (87.5 mM Na2HP04 mixed with 413 mM 

NaH2P04 to make a 0.5 M NaP04, pH 6.2 stock solution) with remaining components as 

detailed for wash buffer. pH 8.0). Finally (His)6-THS19A was washed once with 12.5 ml 

of 50 mM NaP04, pH 8.0 and an amount of storage buffer was added to make a 1:1 (v/v) 

slurry and proteins were stored at -20°C until use. 

(His)(,-THS19A was eluted from Ni-agarose with 1 ml of elution buffer (0.05 M 

NaH2P04, 0.1 M KCl, 0.1% NP40, 0.07% |3-mercaptoethano 1) supplemented with 17 

mg/nil imidazole before resuspending sample in storage buffer. Samples were rotated for 

15 min at 4°C and then Ni-agarose was collected at 735 x g for 1 min at 4"C by 

centrifugation and the supernatant was saved as eluted (His)(,-THS I9A. The elution was 

repeated for a total of four times and pooled supernatants containing (His)6-THS19A 



were dialyzed using Spectra/Por molecular porous membrane tubing as detailed for 

FLAG(His)6-TH, except that samples were dialyzed for 1 h against dialysis buffer III 

(dialysis buffer I where NP40 replaces Triton X-100) and overnight against dialysis 

buffer IV (dialysis buffer III containing 50% glycerol) to remove imidazole. Proteins 

were then stored at -20°C until use. 

TH antibody coupling to Protein A 

Coupling of TH antibody to Protein A immobilized on Sepharose CL-4B (Sigma 

Biosciences, P-3391) with dimethylpimelimidate (DMP, Pierce) was performed as 

detailed by Harlow et al. (198). DMP forms covalent bonds between antibodies and 

Protein A by reacting with primary amine groups. Protein A was prepared by rotating 

0.03 g in 600 jil PBS overnight at 4°C. Sepharose was collected by centrifugation at 735 

X g for 1 min and resuspended with 1 ml PBS. Wash step was repeated and then 

Sepharose was resuspended with 140 p,l PBS. Protein A Sepharose was then 

supplemented with 140 |il of a rabbit polyclonal TH antibody (9.24 jig, Pel-Freez 

Biologicals) and rotated overnight at 4°C. Samples were then collected by centrifugation 

at 3000 X g for 5 min. The supernatant was saved as uncoupled antibody and stored at -

20°C and a fraction of coupled antibody was also removed for separation by SDS-PAGE 

to confirm that the TH antibody bound to the Protein A. Bound antibody was then 

transferred to a Falcon 2059 polypropylene tube and washed with 10 volumes of 0.2 M 

sodium borate, pH 9.0. followed by collection at 47 x g for 5 min at 4°C. Wash step was 

repeated twice and then bound antibody slurry was resuspended with 10 volumes of 0.2 



M sodium borate, pH 9.0. DMP was supplemented to a final concentration of 20 mM 

and then rotated at ambient temperature for 1 h. Sample was collected as detailed above 

and the entire supernatant fraction was saved along with a small aliquot of the bound 

antibody fraction to confirm binding by SDS-PAGE. Samples were then washed with 0.2 

M ethanolaminc, pH 8.0, collected again and incubated with an excess of 0.2 M 

ethanolamine, pH 8.0 for 2 h at ambient temperature in the dark. Covalently linked 

antibody was then collected by centrifugation and washed twice with at least 10 volumes 

of PBS. Covalently linked TH Ab beads were transferred to a 1 ml screw-cap tube after 

resuspension with PBS and 0.1% sodium azide. 

Calcium phosphate transient transfection of HEK cells 

HEK293 cells were grown to approximately 40-60% confluency and for each 100 

X 20 mm tissue culture dish to be transfected, a single sterile 15 ml conical tube was used. 

After adding 500 }il 2X Hepes-buffered saline (2X HBS/500 ml; 5 g Hepes, 8 g NaCl, 

0.37 g KCl, 0.125 g Na2HP04 x 2H2O. 1 g glucose, 425 ml ddHsO, with a final pH to 

exactly 7.05 with NaOH. Solution was filter sterilized with a 0.45 |im filter into 15 ml 

conical tubes and stored at -20°C until use. Solution was made fresh every 3-4 months.) 

to each tube, 10 |iig of each DNA construct was supplemented for the completion of a co-

transfection. If the transient transfection only consisted of one DNA plasmid, 20 fig of 

DNA was supplemented. While mixing on high with a vortex machine, 500 |J1 of 250 

mM CaCh (3.678 g CaCb x 2H2O, with a final volume brought to 100 ml with ddH20. 

Solution was filter sterilized with a 0.45 jim filter into 15 ml conical tubes and stored at -



20°C until use. Solution was made fresh every 3-4 months.) was added drop by drop. 

Transfection precipitates were incubated for 20 min at ambient temperature. Meanwhile, 

HEK media was removed from cells and the transfection precipitate was added drop by 

drop to each 100 x 20 mm tissue culture dish using a sterile 1 ml pipet. After adding 

precipitate, 5 ml HEK media was added and cells were returned to the incubator for 4-5 

h. Following this incubation, media was aspirated and replaced with 4 ml filter sterilized 

10% DM SO in IX PBS for 1-2 min. (Cells were incubated for the same amount of time 

for each experiment, but the time of 1-2 min varied from experiment to experiment.) 

Media were removed and cells were washed with 4 ml HEK media. After aspiration of 

HEK media, cells were supplemented with 10 ml HEK media and incubated for 

approximately 48 h before harvest. 

FuGENE 6 transient transfection 

FuGENE 6 transfection was according to protocols supplied by the manufacturer 

(Roche). In brief, for each 100 x 20 mm tissue culture dish, 18 |il FuGENE 6 was added 

to a Falcon polystyrene snap cap tube (Becton Dickinson Labware) containing 800 }il 

OFTI-MEM (Invitrogen). After mixing briefly by hand, 3 or 5 |ag each DNA construct 

was added, tubes were mixed by tapping gently and incubated at ambient temperature in 

a laminar flow hood for 15 min. Transfection solution was then added drop-wise to 

HEK293 cells, whose HEK media was replaced with 5 ml OFTI-MEM after rinsing cells 

with 6-10 ml IX PBS. Cells were returned to 37°C for approximately 4-5 h, at which 

time media was aspirated and replaced with HEK media until harvest 36 h later. 



According to the manufacturer, for each }ig of DNA to be transfected, at least 1 |il of 

FuGENE 6 should be used. To optimize transfection conditions, Green Fluorescent 

Protein (GFP, Clontech) was transfected at a 6 |Jg concentration with 9 |il (1.5X), 12 |il 

(2X), or 18 |il (3X) of FuGENE 6. Following transfection, the 3X concentration of 

FuGENE 6 was identified as optimal and used for the remainder of transfections. 

Production ofHA(His)f,-CDKI by in vitro transcription and translation 

As detailed for TH synthesis in chapter 2, ['^''SJHA(His)6-CDKl P"" synthesis 

was also performed using the TNT Quick Coupled Transcription/Translation System 

directed to the T7 promoter of pGEM-T, according to manufacturer's specifications 

(Promega). Control reactions utilized pGEM-T vector or nuclease-free dHaO alone with 

conditions exactly as described for the synthesis of [^^S]HA(His)6-CDKll''"°. 

Modification from the TH protocol only included the use of [^^S] methionine (1000 

Ci/mmol at 10 mCi/ml, Amersham Biosciences) from a different vendor, and storage at 

4°C. Confirmation of transcription/translation was again assessed by resolving 1 or 5 p,l 

of the reaction by SDS-PAGE as detailed for TH. Additionally, the TNT Quick Coupled 

Transcription/Translation System was also employed for the production of HA(His)6-

CDKl l"""" or S227A HA(His)6-CDK 11'''In this permutation, 1 }il 1 mM methionine 

was added instead of [^^S J methionine, and the reaction was carried out as detailed above. 

Co-precipitation 



Sf-9 cells were grown to about 50% confluency on 100 x 20 mm tissue culture 

dishes and infected with recombinant mock protein, FLAG(His)6-TH, or (His)(,-THS19A 

baculovirus with a MOI of 2.5. Cells were harvested after 36 h with EB as described in 

chapter 2. After normalizing for protein by the method of Bradford, and using bovine 

serum albumin (BSA) as a standard (157), 750 }ig cell extracts were incubated with 10 jil 

Ni-agarose (ProBond resin) at 4°C for 3 h. Ni-agarose was washed twice with 1 ml PBS 

and resuspended to make a 1:1 slurry before supplementation. Washing was performed 

to remove preservatives (ethanol and sodium azide). Protein complexes were collected, 

nonspecific proteins were removed and samples were resolved as detailed for the co-

precipitation experiments in chapter 2. Samples were resolved by 8% SDS-PAGE and 

gels were transferred to a nitrocellulose membrane for western blot analysis with 

antibody directed to TH (1:15,000) and then HRP-conjugated goat anti-mouse IgG 

(1:5000) secondary antibody as detailed previously. 

HEK293 cells were transiently transfected by calcium phosphate with 

combinations of FLAG-CDKl 1""" and TH, FLAG-CDKl 1""'" and vector 

(pcDNA3.1/His). TH and vector (pFLAG-CMV-2) or vector (pcDNA3.1/His) and vector 

(pFLAG-CMV-2). Cells were harvested after 36 h with EB as detailed in chapter 2. 

Extracts were incubated with GST-SH2. GST-SH3 or GST-lamin at 4°C for 3 h with 

rotation. The cDNA sequence used for the production of GST-lamin (amino acids 65-

230) was the same as that discussed in chapter 2. After incubation for 3 h at 4°C, 

samples were washed with PAN NP40 and PAN as described above. Retained proteins 

were fractionated by 8% SDS-PAGE, transferred to a nitrocellulose membrane and 



probed with antibodies to CDKUP"" {1:1000), TH (1:40,000). 14-3-3 p (1:2000. Santa 

Cruz Biotechnology, sc-1657) or CK2a (H-286) (1:1000, Santa Cruz Biotechnology, sc-

9030). HRP-conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG 

secondary antibodies (1:10,000 for both) were used accordingly and immunoblotting was 

detected by chemiluminescence. 

Immunoprecipitation 

Sf-9 cells were infected, harvested, and normalized for protein as described in the 

previous section. Immunoprecipitation was completed by incubating cell extracts on ice 

for 1 h with antibody recognizing TH (1:500), followed by the addition of 10 p,l Protein 

A/G Sepharose (Amersham Biosciences). Protein A/G was washed as described in the 

previous section for the Ni-agarose. Samples were rotated for at least 1.5 h and then 

washed twice with PAN NP40 and once with PAN. The remaining conditions were as 

described in the previous section for co-precipitation with Ni-agarose except that western 

blot analysis was completed with anti-FLAG as the primary antibody (Sigma 

Biosciences, 1:1000). 

COS-7 cells were transiently transfected by the DEAE-dexlran method as detailed 

in chapter 2. with FLAG-CDKl F"" and TH, FLAG-CDK11 p'and vector 

(pcDNA3.1/His), or vector (pcDNA3.1/His) and vector (pFLAG-CMV-2). Cells were 

harvested with EB as described in chapter 2, and 2.7 mg of extract was 

immunoprecipitated with anti-FLAG M2 affinity gel. Following 3 h, nonspecific 

proteins were removed by washing with PAN NP40 and PAN as described in chapter 2 



126 

and resolved by 8% SDS-PAGE. Following gel staining with imidazole, zinc salts as 

detailed below, gel was destained with gentle agitation in 5X concentrated SDS-PAGE 

running buffer, transferred to a nitrocellulose membrane and probed with CK2a primary 

antibody and then HRP-conjugated goat anti-rabbit IgG secondary antibody, where 

immunoblotting was detected by chemiluminescence. Alternatively, cells were harvested 

with MAPK A lysis buffer (50 mM P-glycerophosphoric acid, disodium salt, 1 mM 

ethylene glycol-bis (2-aminoethylether)-N, N. N', N'-tetraacetic acid (EGTA), O.I mM 

Na3V04, 1 mM DTT, 2 niM MgCla, 0.5% Triton X-100, 15 jig/ml aprotinin, and 5 |ig/ml 

leupeptin) and subjected to immunoprecipitation with 10 [il of TH antibody crosslinked 

to Protein A (via DMP) by rotating at 4°C for 2 h. Samples were washed and resolved as 

detailed above. After transfer to a nitrocellulose membrane the top half was probed with 

an antibody recognizing FLAG (1:1000) or TH (1:400 dilution of a previous 1:100 

dilution). After incubation with HRP-conjugated goat anti-mouse IgG secondary 

antibody, immunoblotting was detected by chemiluminescence. 

HEK293 cells were transiently co-transfected with vector, FLAG-CDKl 1''"" or 

HA-CDKll""^ and TH, THS19A. THS19E or vector via FuGENE 6 or calcium 

phosphate. Cells were harvested and normalized for protein as detailed for co-

precipitation experiments. Cell extracts were immunoprecipitated using a 14-3-3 j3 rabbit 

polyclonal antibody (1:100, Santa Cruz Biotechnology, sc-629) or normal rabbit IgG 

(1:100). (Normal rabbit IgG was generated by passing normal rabbit sera over a Protein 

A column and eluting the bound fraction as IgG.) Cell extract was incubated for 1 h at 

4°C and then 10 [il of Protein A was added and samples were rotated for 1.5 h at 4°C, 
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collected by centrifugation at 325 x g for 1 min at 4°C. Protein complexes were 

collected, nonspecific proteins were removed and samples were resolved as detailed 

above. Western blot analysis was performed with antibodies recognizing the FLAG 

(1:1000) or HA epitopes (1:500, Roche Applied Science). TH (1:30.000), and 14-3-3 p 

(1:1000). HRP-conjugated goat anti-rat IgG (1:6000, Zymed. 62-9520) and HRP-

conjugated goat anti-mouse IgG (1:10,000) secondary antibodies were used accordingly, 

and immunoblotting was detected by chemiluminescence. 

In some experiments, HEK293 cells were transiently transfected using calcium 

phosphate with HA-CDKlF"® or vector. Cell extracts were immunoprecipitated with 

antibodies recognizing the HA epitope (1:100) or normal rabbit IgG. After 1 h at 4°C, 

extracts incubated with HA monoclonal antibody were supplemented with rabbit anti-rat 

IgG (Zymed, 61-9500) for 45 min at 4°C, prior to the addition of 10 jil Protein A. 

Samples were processed as described above and western blot analysis was completed 

with antibodies recognizing the HA epitope or CDKll''"", and CK2a as described 

previously. 

To detect the association between PAKP and CDKl l""'", HEK293 cells were 

transiently transfected using FuGENE 6 with FLAG-CDKl I''"" and TH, FLAG-

CDKl P"" and vector (pcDNA3.1/His), TH and vector (pFLAG-CMV-2), or vector 

(pcDNA3.1/His) and vector (pFLAG-CMV-2). Cell extracts were prepared with EB as 

described previously and immunoprecipitation was carried out with anti-FLAG M2 

affinity gel. Nonspecific proteins were removed by washing and retained proteins were 

fractionated by 8% SDS-PAGE as detailed previously. Immunoblotting was completed 
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with PAKp antibody (1:5000, Santa Craz Biotechnology, sc-1871) and HRP-conjugated 

rabbit anti-goat IgG secondary antibody (1:8500, Zymed, 81-1620). 

Immunoprecipitation and in vitro kinase assay 

COS-7 cells were transiently transfected by the DEAE-dextran method with 

vector (pCMV5), HA-ERK, FLAG-CDKl l""'", or vector (pFLAG-CMV-2). 

Approximately 24 h post transfection, cells were serum starved for 16 h with DMEM pH 

7.4 containing 0.1% BSA (Sigma Biosciences). Cells transfected with vector (pCMV5) 

and HA-ERK were stimulated for 5 min with 10 ng/ml EGF (Upstate) or water as 

vehicle. Cells were harvested with EB as described previously. Samples were 

immunoprecipitated with 5 [il rat monoclonal antibody which recognizes the HA peptide 

sequence, followed by 1 }il rabbit anti-rat IgG and subsequent incubation with 10 jil 

Protein A Sepharose. Alternatively, cells transiently transfected with vector (pFLAG-

CMV-2) or FLAG-CDKl were stimulated for 6 min with 50 jiM forskolin 

(Alomone) or DMSO as vehicle. After harvest with EB, samples were 

immunoprecipitated with anti-FLAG M2 affinity gel as described in chapter 2. All 

samples were then washed with PAN NP40, PAN and once with Kinase Assay buffer 

(KAS) (20 mM Hepes pH 7.4. 10 mM MgCh. 1 mM DTT) (199). The in vitro kinase 

assay consisted of samples where cither no substrate or recombinant FLAG(His)6-TH 

purified from Sf'9 cells was provided as substrate. The kinase assay reaction mixture 

consisted of IX KAS, 2 jiCi [y'PjATP and an additional 4 jii of IX KAS or 4 jal of 

recombinant FLAG(His)6-TH for a final volume of 40 |il. After incubation for 20 min at 



30°C, the reaction was quenched with 2X Laemmli sample buffer. Samples were then 

resolved by 8% SDS-PAGE followed by autoradiography. 

S227A HA(Hi.s)6-CDKlP'"" or wild-type HA(His)6-CDKl P"" were in vitro 

transcribed and translated and processed as described for TH, except some reactions were 

completed with methionine rather than [^^S]methionine (Amersham Biosciences). 

Following the in vitro transcription and translation of HA(His)(,-CDKll''"" or S227A 

HA(His)6-CDKl 1''"", five reactions were pooled, diluted to 1 ml with PAN 

(supplemented with 20 }ig/ml leupeptin and 15 }ig/ml aprotinin) and immunoprecipitated 

with HA antibody as described above. Immunoprecipitated CDKl 1''"° was then washed 

five times with PAN NP40 and twice with PAN. HA(His)6-CDKl F"" or S227A 

HA(His)6-CDKll''"^ were incubated with 50 units of recombinant CK2 (New England 

BioLabs), where 1 unit is defined by the manufacturer as the amount of CK2 necessary to 

catalyze the transfer of 1 pmol of phosphate to the peptide RRREEETEEE (400 }iM), in 1 

min at 30°C in 25 ^1 volume. Reactions were also supplemented with CK2 buffer as 

detailed by the manufacturer, and 2 |iCi IY-"^'PJATP. Samples were incubated for 20 min 

at 30°C and then reactions were terminated with 2X Laemmli sample buffer, resolved by 

8% SDS-PAGE and CDKl 1'^"° phosphorylation was detected by autoradiography. 

For analysis of GST-14-3-3 T. GST-14-3-3 p or CDKll""^' phosphorylation. 

HEK293 cells were transiently transfected with vector, HA-CDKl 1''"" or FLAG-

CDKl F"", lysed with EB and immunoprecipitated with anti-FLAG M2 affinity gel or 

antibody directed to the HA epitope as detailed previously. In some cases, HEK293 cells 

were treated for 10 min with 30 p.M 5.6-dichloro-l-((3-D-ribofuranosyl)-benzimidazole 
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(DRB) or ethanol vehicle prior to cell harvest. Samples were washed as described 

previously, and retained proteins were incubated as indicated with 55 or 150 units of 

recombinant CK2 (later experiments identified 50 units of recombinant CK2 as 

sufficient), 2 jil GST-14-3-3 i and/or GST-14-3-3 P with the remaining conditions as 

described above. 

For the immunoprecipitation of TH, HEK293 cells were transiently transfected 

using FuGENE 6 with combinations of FLAG-CDKl 1''"" or vector (pFLAG-CMV-2) 

and TH, THS19A, THS19E. or vector (pcDNA3.1/His). Cells were harvested with EB as 

detailed above and incubated on ice for 1 h with a 1:120 dilution of mouse monoclonal 

TH antibody, followed by the addition of 1.2 |il rabbit anti-mouse IgG (Zymed, 61-6500) 

for 45 min. Samples were then rotated at 4°C for 1.5 h following the addition of 10 jil 

Protein A Sepharose. Bound proteins were washed as described above except that after 

resuspension in PAN, samples were mixed briefly with a vortex machine and 100 |JL1 of 

sample was immediately removed to a fresh tube containing 20 jil 5X Laemmli sample 

buffer. For the analysis of TH phosphorylation, immunoprecipitates were incubated with 

amended universal kinase buffer A (UKB A) (20 mM Pipes. pH 7.0. 20 mM MgCh, 200 

jig/ml aprotinin) and 2 )jCi [y-^^PJATP and processed as described above. As positive 

control. 2 |il of recombinant FLAG(His)6-TH was phosphorylated with 2.5 units of the 

catalytic subunit of PKA (Promcga). 

In vitro kinase assay with recombinant proteins 



131 

For the analysis of TH phosphorylation, recombinant FLAG(His)6-TH or (Hisjf,-

THS19A (4 |il each) were incubated with UKB A, 2 [iCi [y-^^PJATP and processed as 

described above. To assess TH phosphorylation by recombinant CK2 or HA(His)6-

CDKl 1''"" produced using an in vitro transcription and translation reaction, 2 |i,l 

FLAG(His)6-TH, 5 |il HA(His)6-CDKl 1''"", 5 |il control reticulocyte lysate or 150 units 

recombinant CK2 were incubated with CK2 buffer. 2 |iCi IY-"^"P|ATP, incubated and 

resolved as described above. HA(His)6-CDKl 1''"^' or control reticulocyte lysate used for 

this reaction was derived directly from the in vitro transcription and translation reaction, 

instead of an immunoprecipitation of the transcribed protein. 

Staining of SDS-PAGE with imidazole, zinc salts and mass spectrometry 

Immunoprecipitations were completed as described above except that 1.5 ml 

micro tubes (Sarstedt, 39 x 10 mm) were used for any samples intended for sequencing 

by LC-MS/MS. Also, for the subjection of recombinant FL.AG(His)f,-TH to LC-MS/MS, 

enrichment for TH was completed with NP40 lysis buffer, while elution was carried out 

in dialysis buffers III and IV. Negative staining of proteins using imidazole, zinc salts 

was completed as described by (200). In brief, after resolving proteins by SDS-PAGE, 

the gel was transferred to a sterile pyrex glass container and immersed in ddHaO with 

gentle agitation for 5 min. Following. ddHaO was removed and the gel was incubated for 

15 min in 0.2 M imidazole, 0.1% SDS. Solution was removed and the gel was rinsed 

briefly in ddH20 before it was incubated in 0.2 M zinc sulfate for approximately 30 s. or 

until staining occurred. To prevent further staining, the 0.2 M zinc sulfate was removed 
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and gel was rinsed with ddHaO. If desired, gel was de-stained by incubation in copious 

amounts of 5X concentrated SDS-PAGE running buffer. With exception to the SDS-

PAGE running buffer, ail reagents should be prepared immediately before use. 

Trypsinization, LC-MS/MS and the comparison of mass spectra using the computer 

program SEQUEST was completed as described previously (201). 
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RESULTS 

Over-expressed CDKl I''"" diminishes the interaction between TH and 14-3-3 proteins 

To help determine the physiological relevance of the interaction between 

CDKl and TH, HEK293 cells were transiently co-transfected with CDKl or an 

empty vector along with TH, THS19A, THS19E or vector control. Serine 19 was 

mutated to glutamate to mimic phosphorylation at this site. Glutamate was chosen 

because mutation of serine 40 with this amino acid, as opposed to aspartate, results in an 

association constant (Ka) for L-dopa or dopamine binding to TH, which is most similar to 

the phosphorylated enzyme (202). Dissociation of catecholamines from ferric-bound TH 

are considered to be the most significant factor affected by phosphorylation (177), while 

steady-state kinctic parameters are altered modestly (202). These authors also 

demonstrate that mutation of serine 40 to alanine resembles an intermediate form of 

phosphorylation at this site. Therefore, as previously suggested, we hypothesized that 

mutation of serine 19 to alanine would yield similar consequences and that mutation to 

glutamate would mimic phosphorylation more closely than other mutations, such as 

aspartate. 

Cell extracts from the various transfection conditions were immunoprecipitated 

with an antibody that recognizes a common epitope on 14-3-3 proteins (Figure lOA and 

B) or normal rabbit IgG (nr IgG, Figure IOC and D) and associated proteins were 

resolved by 7% SDS-PAGE and transferred to a nitrocellulose membrane. 

Immunoblotting with antibody recognizing TH revealed a significant reduction in the 

amount of TH that associated with 14-3-3 proteins when CDKl 1''"" was over-expressed. 
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This was in comparison to identical conditions where CDKl 1''"" was not over-expressed 

(lane 1 compared with lane 5). Similarly, less THS19A and THS19E associated with 14-

3-3 proteins when CDKl l*"'" was over-expressed (lanes 2 and 3 compared to lanes 6 and 

7, respectively). Verification of the immunoprecipitation of 14-3-3 proteins was assessed 

by immunoblotting the bottom portion of the nitrocellulose membrane with antibody 

recognizing 14-3-3 (panel B). Immunoblotting with antibody recognizing TH or 14-3-3 

revealed no immunoreactivity to TH (panel C). or immunoreactivity which does not 

correspond to 14-3-3 proteins (panel D). Probing HEK293 cell extract from each 

transient transfection condition with antibodies recognizing the FLAG epitope (Figure 

1§E), TH (Figure lOF) or 14-3-3 (Figure IDG) respectively, confirmed the transient 

transfection of FLAG-CDKl 1^"° (panel E, lanes 9-12), TH or mutant TH (panel F, lanes 

9-11 and 13-15). or the endogenous expression of 14-3-3 proteins (panel G, lanes 9-16). 

To ensure that differences between the association of TH and 14-3-3 proteins 

when CDKl 1P"° was over-expressed were not simply due to transfection variability, the 

immunoblots from three separate experiments were quantitated by densitometry and the 

data were normalized based on their corresponding lysate values. Following 

normalization, a significant decrease in the amount of TH immunoprecipitating with 14-

3-3 proteins was observed when CDKl 1''"" was over-expressed. Three independent 

experiments revealed that 2.4 ± 0.3 fold more TH associated with 14-3-3 proteins when 

CDKl 1''"" was not over-expressed (Figure II). Similarly. 1.6 fold more THS19E 

associated with 14-3-3 proteins when CDKl was not over-expressed. In contrast, 



values for THS19A were not statistically significant over three experiments, although 

THS19A exhibited a similar trend. 

Over-expressed CDKl F"'' diminishes phosphorylation of TH 

Since previous research demonstrated that phosphoserine 19 of TH requires 14-3-

3 binding for activity (55, 56), where binding is thought to stabilize TH activity or 

prevent dephosphorylation (172). the next objective of these studies was to determine if 

CDKl IP"" over-expression also mediates a decrease in TH phosphorylation. Therefore, 

it was hypothesized that since CDKlP^'^ disrupts the interaction between 14-3-3 and 

TH, a concomitant decrease in TH phosphorylation would also result. To examine TH 

phosphorylation, HEK293 cells were transiently transfected with or without FLAG-

CDKll^"^ and TH was immunoprecipitated from cell extract. Phosphorylation of TH 

was examined in an in vitro kinase assay, revealing that less TH, THS19A, or THS19E 

are phosphorylated in conditions where CDKl 1^"" was over-expressed (Figure 12. lanes 

1-3 compared to lanes 5-7). In the bottom panel of Figure 12, 100 |il of each 

immunoprecipitation was removed and resolved to ensure that equal amounts of TH were 

immunoprecipitated in each condition. Immunoprecipitation of TH from conditions 

where FLAG-CDKl 1^"" and vector or vector controls were transfected resulted in no TH 

phosphorylation or TH immunoreactivity (lanes 4 and 8, respectively). Lane 9 of the top 

panel of Figure 12 serves as a positive control for TH phosphorylation, where 

recombinant FLAG(His)6-TH was incubated with the catalytic subunit to PKA. Since 

equal amounts of TH were immunoprecipitated, these data reveal that CDKl 1*^"" over-
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expression not only disrupts the interaction between TH and 14-3-3 as shown in Figure 

10, but also mediates diminished TH phosphorylation. 

CDKll'''^" interacts with and serves as a substrate for CK2 

Previous research has demonstrated that CKla selectively phosphorylates 14-3-3 

^ and t, to disrupt their interaction with the N-terminus of c-Raf (191, 195). Based on 

these findings, the next objective was to determine if CDKIIP^^", or another interacting 

protein kinase with CDKl 1''"°, might phosphorylate specific 14-3-3 isoforms to interrupt 

their interaction with TH. The rationale for examining whether another protein kinase 

may be involved in the phosphorylation of 14-3-3 was based on studies with kinase 

inactive CDKl 1''"", where its provision in an in vitro kinase assay resulted in robust 

phosphorylation of CDKll''"'^ (see Figure 36). Assuming that the mutation rendering 

CDKll"^"" inactive was correct, the kinase(s) responsible for phosphorylating CDKlP"^ 

was determined before exploring whether CDKlF"" phosphorylates 14-3-3 isoforms. 

Once associating proteins were identified, 14-3-3 isoform phosphorylation by CDKl 1''"" 

and its associating kinase(s) would be evaluated. To identify proteins that associate with 

CDKl 1''"", FLAG-CDKl 1''"" was transiently transfected in COS-7 cells. A condition 

with TH and FLAG-CDKl 1''"" was included (Figure 14, lane 1, data not shown), in 

hopes of identifying proteins that specifically associate with both proteins as opposed to 

FLAG-CDKl 1''"". Following imnumoprecipitation of cell extracts with anti-FLAG M2 

affinity gel, precipitated proteins were separated by SDS-PAGE, and the gel was 

reversibly stained with imidazole, zinc salts [Figure 14, (200)]. No difference between 
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the conditions, including the presence or absence of TH with FLAG-CDKl F"", was 

observed (Figure 14, lanes 1 and 2, where data is not shown for lane 1). However, 

unique proteins migrating with FLAG-CDKl F"" versus vector controls were observed 

(lane 2 compared to lane 3, respectively). Proteins at ~110 kDa (2 bands), -74 kDa (2 

bands), -44 kDa and -40 kDa were excised and subjected to digestion with trypsin 

(Proteins removed from lane 1, which is not pictured, correspond to those depicted in 

lane 2 and marked with an "arrow."). Peptides were separated by liquid chromatography 

and then ionized and collided using tandem mass spectrometry to generate mass spectra 

of individual peptides. SEQUEST analysis then compared the numerous mass spectra to 

predicted database spectra (the owl FASTA database was utilized) to deduce peptide 

origin along with phosphopeptides corresponding to phosphoserine, threonine, or tyrosine 

(203). A schematic for the identification of proteins following immunoprecipitation is 

depicted in Figure 13. 

The -44 kDa protein was identified as the a subunit of the serine/threonine kinase 

CK2 by LC-JMS/MS, while the -40 kDa band was identified as the a" subunit of CK2. 

Peptides detected by LC-MS/MS for each corresponding subunit of CK2 arc underlined 

in Figure 15A and B. To confirm that the serine/threonine kinase CK2 associates with 

immunoprecipitated FLAG-CDKL I''"", the gel stained with imidazole, zinc salts from 

Figure 13 was dcstained with SDS-PAGE running buffer, transferred to a nitrocellulose 

membrane, and probed with antibody recognizing CK2A. Immunoreactivity for CK2a 

was only present when FLAG-CDKL I''"" and vector were transfected and 



immunoprecipitated (Figure 16, lane 2 compared to lane 3). Lane 4 confirms the 

position of endogenous CK2a derived from COS-7 cell extract. 

Other proteins excised, digested with trypsin, and subjected to LC-MS/MS, 

included two bands removed at -110 kDa. Since CDKl 1''"" resolves at -110 kDa, the 

identity of the more robust band resolving at this molecular weight was expected to be 

CDKl 1''"'I In fact, SEQUEST confirmed the identity of the protein as CDKl 1''"° with 

25.6% amino acid coverage. However, the isoform identified was the a2-2 isoform 

(GenBank accession number hsu04816), not the aSV5 isoform (GenBank accession 

number Af067514.1) cloned and used for these studies. This discrepancy is due to the 

fact that PITSLRE a isofonns arc highly homologous in their C-terminus and most of the 

amino acids identified using LC-MS/MS and SEQUEST were derived from this portion 

of the protein. In fact, all of the peptides identified as the a2-2 isoform exactly matched 

corresponding peptides of the CDKll'''"^ aSV5 isoform. 

The SEQUEST summary derived from the other proteins resolving at a similar 

molecular weight with CDKl 1^"*^ was not as extensive. One of the peptides matched the 

sequence of a novel human homolog to the yeast SPS1 /STE20 proteins, which are known 

as mitogen activated protein kinase kinase kinase kinases (MAPKKKK, GenBank 

accession number hsu77129) or p21 -activated kinases (PAK) in humans. There are four 

known family members of the PAK kinases; PAKl (PAKa), PAK2 (PAKy), PAK3 

(PAKP) and PAK4. An interaction with PAK was only pursued to the extent that a 

western blot was performed from HEK293 cells transiently transfected with and 

immunoprecipitated for FLAG-CDKl 1''"^'. An interaction between PAKp, a 
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MAPKKKK, and CDK11P"° was assessed following the transient transfection of 

HEK293 cells with combinations of FLAG-CDKl I''"" and TH, FLAG-CDKl 1^"" and 

vector, TH and vector or vector controls (Figure 17, lanes 1-4 and lanes 5-8, 

respectively). Following the immunoprecipitation of FLAG-CDKl with anti-FLAG 

M2 affinity gel, immunoblotting was completed with a polyclonal antibody recognizing 

PAKp to reveal an interaction with FLAG-CDKl P"" (bottom panel, lanes 1 and 2). The 

interaction of PAK(3 with FLAG-CDK11''"'^ is not dependent on TH because CDKl I''"" 

associates with PAKp in the absence of transiently transfected TH, and endogenous TH is 

not delectable in HEK293 cells. The top panel was probed with an antibody recognizing 

CDKl to confirm the immunoprecipitation of FLAG-CDKl F"" in lanes 1 and 2. 

PAKp was not immunoprecipitatcd from conditions where TH was expressed without 

CDKll''"^ (lanes 3 and 4, respectively). In lanes 5-8, HEK293 protein extract was 

separated to confirm the transient transfection of FLAG-CDKl 1^"° (lanes 5 and 6) and 

endogenous presence of CDKl 1''"" (top band, lanes 5-8). In the bottom panel, separated 

cell extract reveals the presence of endogenous PAKP (lanes 5-8). These experiments 

demonstrate that PAKP interacts with immunoprecipitated FLAG-CDKl while the 

inclusion of normal rabbit IgG as a negative control would help validate these results. 

Two proteins resolving at -74 kDa from Figure 14 were also excised, digested 

with trypsin and subjected to LC-MS/MS. Following the comparison of spectra by 

SEQUEST, the proteins were identified as heat-shock protein (hsp)70 and hsp71. The 

protein coverage for hsp70 or hsp71 was 144/641 amino acids or 22.5% and 170/646 

amino acids or 26.3%, respectively. 
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Since multiple proteins appeared to resolve around 110 kDa, the experiment 

depicted in Figure 14 (and as detailed schematically in Figure 13) was repeated 

similarly, except that 1.5 mg of cell extract was utilized for imniunoprecipitation with 

anti-FLAG M2 affinity gel. Proteins were separated by 6% SDS-PAGE. rather than 8%, 

to permit improved resolution around 100 kDa and three bands were removed following 

staining with imidazole, zinc salts (data not shown). Proteins were again subjected to 

digestion with trypsin, separated by LC-MS/MS and identified using SEQUEST. Four 

peptides matched p58 galactosyltransferase-associated protein kinase, which was later re

named PITSLRE pi. Due to the fact that the band removed was around 100 kDa, the 

identity of the protein cannot be a protein of 58 kDa, but homology between the 

CDKl 1^"" kinases permitted identification of the pi isoform, rather than the isoform 

used in these studies (aSV5 isoform). As demonstrated to be true for peptides identified 

as the a2-2 isoform in Figure 14, the peptides identified as p58 galactosyltransferase-

associated protein kinase were also identical to peptides corresponding to the CDKlP^'" 

aSV5 isoform. The other two bands that were processed had peptides corresponding to 

hsp90a (data not shown). Since previous research has demonstrated that hsp70 and 

hsp90 interact with CK2 in resting platelets of human origin, their interaction with 

CDKl 1''"'^ may be mediated by CK2 and hsp70 or hsp90 were not pursued further in the 

context of these studies (204, 205). 

To corroborate LC-MS/MS results demonstrating that CDKl l"^"" interacts with 

CK2a and a, HA-CDKlF"" was transiently expressed and immunoprecipitated from 

HEK293 cell extracts using an antibody that recognizes the HA epitope located on the N-
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terminus of CDK11P"° The reason a HA-CDKl 1''"" construct was used, rather than the 

aforementioned FLAG-CDKl F"", was due to the fact that immunoprecipitation witli 

HA antibody resulted in a western blot with less background. Proteins were separated by 

8% SDS-PAGE and immunoblotting was completed with antibodies recognizing the HA 

epitope or CK2a (Figure 18, top or lower panels, respectively). Lane 1 in the bottom 

panel of Figure 18 demonstrates that CK2a interacts with HA-CDKl I''"", while lane 1 

of the top panel confirms immunoprecipitation of HA-CDKlP"^'. Immunoprecipitation 

of HEK293 extracts in the absence of transiently transfected HA-CDKldid not 

result in immunoreactivity (lane 2, both panels). Similarly, normal rabbit IgG did not 

immunoprecipitate HA-CDKl P"" or CK2 (lanes 3 and 4, both panels). Extract from 

cells transiently transfected with HA-CDKl 1''"" or vector were separated in lanes 5 and 

6, respectively, to confirm the expression of HA-CDKl 1^"^ (top panel). The lower panel 

from lanes 5 and 6 denotes immunoreactivity to endogenous CK2a. Therefore, the 

precipitation of CK2, from HEK293 cells, with HA-CDKl 1'''''' validated results using 

LC-MS/MS where the association between FLAG-CDKl 1^"'^ and CK2 in COS-7 cells 

was initially observed. 

Since previous research demonstrated that CK2 phosphorylates the mouse 

homolog of CDK11P"° (196). the human homolog of CDKll""" was also tested to 

determine if it serves as a substrate for CK2 in an in vitro kinase assay. Since CDK1 

and CK2 are extremely ubiquitous kinases, analysis of whether CDKl 1''"" serves as a 

substrate for CK2 was not a simple matter of immunoprecipitating one and providing the 

other in an in vitro kinase assay. This was compounded with the fact that the purification 



of functional CDKl 1''"", devoid of CK2 was not straightforward, and will be described 

in detail in chapter 4. In an attempt to demonstrate phosphorylation of CDKl F"", HA-

CDKll^"" was transiently transfected and immunoprecipitated from HEK293 cells with 

antibody recognizing the HA epitope on CDKl l"^"" (Figure 19). However, 

immunoprecipitated HA-CDKl 1"^'"^ exhibited phosphorylation (Figure 19. lane 1). 

Since CK2 has been demonstrated to interact with CDKl 1^"". as shown in Figures 14 

and 18, the observed phosphorylation of HA-CDKl F"" may be due to CK2 activity. 

Additionally, CDKl 1''"" autophosphorylation or the association of other protein kinases, 

which immunoprecipitate with CDKl 1"^"" might contribute to its phosphorylation. For 

example, although the interaction between CDKl and PAK^ was less characterized 

( F i g u r e  1 7 ) ,  t h i s  M A P K K K K  m a y  a l s o  c o n t r i b u t e  t o  p h o s p h o r y l a t i o n  o f  C D K l  1 T o  

circumvent the issue presented by additional kinases immunoprecipitating with HA-

CDKl l"""". recombinant CK2 was purchased from a commercial vendor and 

supplemented following the immunoprecipitation of HA-CDKl l*^"" in lane 2 of Figure 

19. Supplementation of recombinant CK2 resulted in increased phosphorylation of HA-

CDKl 1'''"' (lane 2 compared to lane 1). The transient transfection of an empty vector 

and subsequent immunoprecipitation served as a negative control, where no 

phosphorylation was observed after supplementation of recombinant CK2 (lane 3). 

Therefore, these data demonstrate that HA-CDK11''"" serves as a substrate for CK2. 

In an attempt to decisively demonstrate phosphorylation of CDKl 1''"". HA(His)e,-

CDKlwas transcribed and translated using a rabbit reticulocyte system. In this 

manner, it was projected that CDKl P"" might be provided in an in vitro kinase assay in 
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the absence of associating proteins/kinases. After transcribing and translating, HA(His)6-

CDKll'''"^ was provided as a non-radiolabeled substrate in an in vitro kinase assay with 

[y-^2p]ATp and recombinant CK2. Samples were resolved by SDS-PAGE and 

radioactivity was detected by autoradiography, revealing phosphorylation of HA(His)6-

CDKl 1''"° by CK2 (Figure 20A, lane 3). The phosphorylated band migrating below 

CDKl F"" may represent a proteolytic or internally initiated product of CDKl 1''"". The 

protein doublet migrating at 40 kDa is recombinant CK2 (pane! A, lane 1 and 3), because 

the recombinant protein was provided without HA(His)6-CDKll^^''' in the kinase 

reaction (lane 1), and was also phosphorylated when provided in combination with 

HA(His)6-CDKll'''"^ (lane 3). Therefore, these data demonstrate that the human aSV5 

isoform of CDKll'" '" serves as a substrate for CK2 in an in vitro kinase assay. Panel B 

of Figure 20 confirms in vitro transcription and translation of [^^S]CDK11''"° in a 

separate reaction where [^^S]methionine was utilized to label CDK11^"°. 

Although phosphorylation of CDKl 1''"° was not observed in lane 2 of Figure 20, 

the presence of CK2 was suspected because it was first identified in rabbit reticulocyte 

lysate (206). In fact, immunoblotting a fraction of lysate derived from the in vitro 

transcription and translation system confirmed the presence of CK2 in rabbit reticulocyte 

lysate (Figure 20C, lane 2). Lanes 1 and 3 serve as positive controls where the 

separation of recombinant CK2 or 100 jig HEK293 cell extract, respectively, demonstrate 

the presence and migration of CK2. Collectively, these data demonstrate that CDKl 1^^'° 

interacts with, and serves as a substrate for CK2. Unfortunately, data discussing the 

interaction between CDKl P"" and CK2 were in press by Trembley and co-workers 
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slightly before our data was to be submitted (168). To dilTerentiate our work from that of 

Trembley et ai, phosphorylation by CK2 at serine 227 of CDKll''"® was pursued and 

these data are discussed in the next section. 

Determination of whether CK2 phosphorylates CDKJJ''"" at serine 227 

Analysis of tryptic peptides derived from CDKl P"" that was expressed in COS-7 

cells produced one phosphopeptide from the band removed in Figure 14 that corresponds 

to CDKl 1''"'^. Since CK2 also precipitated under the conditions described for Figure 14, 

it was hypothesized that CK2 phosphorylates CDK11''"° at serine 227. The 

corresponding MS/MS spectrum for the phosphopeptide, ^'^DLLSDLQDISDpSER^^^ 

with an mJz ratio of 843.45 for the [M + lYif'* ion is shown in Figure 21. This spectrum 

was matched with the theoretical peptide ion fragmentation obtained from 

ProteinProspector version 4.0.4 (http://prospector.ucsf.edii/) and virtually all of the 

fragmented ions matched the theoretical fragmentation pattern. The second most 

abundant ion with an m/z ratio of 794.2 was derived from the neutral loss of the doubly 

charged phosphate, which has a mass of 49 Da. Although the loss of phosphate 

demonstrates the identification of phosphopeptide 216-229, corroborating evidence that 

serine 227, rather than serine 219 or serine 225, is the phosphorylated amino acid was 

provided by the [y4-H3P04] fragment ion of 488 m/z. This fragment ion incorporates the 

neutral loss of phosphate (98 Da) from DpSER. Since serine 227 is the only amino acid 

which can be phosphorylated from the fragment ion DSER, this provided the most 

persuasive evidence that serine 227 is the phosphorylated amino acid in the peptide, 

http://prospector.ucsf.edii/
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^'^'DLLSDLQDISDSER-''^ Of the b series ions, the [bi3-H3P04] fragment ion of 1413 

m/z provides additional evidence that serine 227 is phosphorylated because none of the 

other b scries ions incorporate the neutral loss of phosphate. Additionally, 

phosphorylation of the peptide was substantiated by the neutral loss of phosphate in other 

fragment ions listed below: [y4-H3P04] of 488 m/z, [y4-NH3] of 569 m/z, |y5-H3P04| of 

575 m/z, y? of 673 rti/z. |y7-H3P04] of 803 m/z, y? of 901 m/z, [yg-NHs] of 1012 m/z, ys of 

1029 m/z, yi) of 1142 m/z, yio of 1257 m/z, and yu of 1344 m/z. The presence of ions b4 

of 429 m/z, be of 657 m/z, by of 785 m/z, bg of 900 m/z, and bo of 1013 m/z confirm that 

serine 219 is unphosphorylated, while the fragment ions [bio-NHs] of 1084 m/z and [bir 

H2O] of 1197 m/z, confirm that serine 225 is unphosphorylated. Therefore, these data 

demonstrate that CDKl 1''"'^ is phosphorylated on serine 227. 

Detection of phosphorylation at serine 227 of CDKlP'"^ from the same sample 

where the interaction with CK2 was first identified prompted the hypothesis that CK2 

might be responsible for phosphorylation of CDKll'''"^ at serine 227. To demonstrate 

phosphorylation of HA(His)(,-CDKl l""'"' at serine 227, a rabbit reticulocyte system was 

used to transcribe and translate wild-type HA(His)6-CDKl l'"'"^' and S227A HA(His)6-

CDKlP"" using non-radioactive methionine (Figure 22). These recombinant proteins 

were then provided as non-radiolabeled substrates in an in vitro kinase assay with [y-

''PJATP and recombinant CK2. Samples were resolved by SDS-PAGE and radioactivity 

was detected by autoradiography, revealing phosphorylation of HA(His)6-CDKl 1'^"" by 

CK2 (Figure 22, lane 4). Incubation of S227A HA(His)6-CDKl 1''"^' with CK2 resulted 

in a similar amount of phosphorylation when compared to HA(His)6-CDKl 1''"" (lane 3 
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compared to lane 4). Phosphorylation of S227A HA(His)6-CDKl 1''"" or HA(His)6-

CDKl was negligible when analyzed in the absence of CK2 (lanes 1 and 2, 

respectively). In the absence of in viiro translated CDKl l*""". CK2 did not 

phosphorylate any proteins that migrate at the position of CDKl 1''"'^ (lane 5). Western 

blotting with antibody recognizing the HA epitope confirmed that equal amounts of 

S227A HA(His)6-CDKllP"° or HA(His),-CDKlF"" were used in the in vitro kinase 

assay (data not shown). Therefore, these data demonstrate that a splice variant of the 

human aSV5 isoform of CDKlP"'' does not appear to be phosphorylated by CK2 at 

serine 227. 

CK2 phosphorylates 14-3-3 T 

As described above, previous research established that CKla phosphorylates 14-

3-3 ^ at threonine 233 (195). Following sequence alignment of 14-3-3 P, e, y, x, r\, and o 

around threonine 233 of 14-3-3 Dubois and co-workers demonstrated that only 14-3-3 

X also has a homologous residue at position 233 that can be phosphorylated. These 

authors therefore tested position 233 of 14-3-3 x, which corresponds to a serine residue, 

and concluded that CK2 phosphorylates 14-3-3 x modestly at serine 233 (195). In an 

analogous manner we tested whether disruption of the interaction between TH and 14-3-3 

might be attributed to 14-3-3 phosphorylation. Before analyzing phosphorylation of 14-

3-3 proteins, the purification of GST-14-3-3 p or x was confirmed by resolving each 

isoform by SDS-PAGE and staining the gel as described in Figure 23 (lanes 2 and 4, 

respectively). 
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Following the transient expression and immunoprecipitation of HA-CDKl 1'''"^ 

from HEK293 cells, GST-14-3-3 T or GST-14-3-3 (3 were provided as substrates in an in 

vitro kinase assay (Figure 24). In some conditions recombinant CK2 was supplemented 

in the kinase assay (Figure 24, lanes 7-12). Recombinant CK2 was observed to 

phosphorylate GST-14-3-3 i. but not GST-14-3-3 (3 (lane 12 compared to lane 10), and 

phosphorylation of GST-14-3-3 x, but not GST-14-3-3 (3, also occurred in the presence of 

transiently transfected HA-CDKl 1''"^' (lane 9 compared to lane 7). As shown in Figure 

18, immunoprecipitation of HA-CDKl also results in the selective precipitation of 

CK2. Therefore, transiently transfected HA-CDKl 1''''° and endogenous CK2 were 

tested for their ability to phosphorylate GST-14-3-3 |3 or GST-14-3-3 T (Figure 24, lanes 

4 and 6). Despite longer exposure, endogenous CK2 was not observed to phosphorylate 

GST-14-3-3 X in the presence of transiently transfected HA-CDKl 1''"^. These 

conditions also reveal that transiently transfected HA-CDKl 1''"^' does not phosphorylate 

either 14-3-3 isoform expressed as a GST fusion protein. When cell extracts lacking HA-

CDKl 1''"" were immunoprecipitated, phosphorylation of GST-14-3-3 x or GST-14-3-3 P 

was not detected (lanes 1 and 3). Phosphorylation of 14-3-3 was also not observed from 

conditions where these fusion proteins were not provided as substrates (lanes 2, 5, 8 and 

11). In conclusion, these data demonstrate that recombinant CK2 phosphorylates GST-

14-3-3 X, but not GST-14-3-3 [3. whereas HA-CDK11^"° did not phosphorylate either 14-

3-3 X or (3. Additionally, recombinant CK2 did not phosphorylate 14-3-3 e, which is 

highly homologous to 14-3-3 (3 (data not shown). These results also corroborate the 

aforementioned Figures 19 and 20, where CDKl F'"' serves as a substrate for CK2. 
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Comparing lanes 5 and 8 at the exposure level depicted in Figure 24 reveals that 

recombinant CK2 phosphorylates immunoprecipitated HA-CDKl l''"" in lane 8. Lane 5 

represents phosphorylation of immunoprecipitated HA-CDKl 1''"" in the absence of 

recombinant CK2, and at this exposure level no phosphorylation of HA-CDKl 1''"'^ is 

observed by endogenous CK2. 

To substantiate the idea that CDKl 1''"'* does not phosphorylate GST-14-3-3 x, as 

well as the hypothesis that CDKl P"" interferes with the ability of CK2 to phosphorylate 

GST-14-3-3 X or p, transiently transfected FLAG-CDKl 1''"" was immunoprecipitated 

from HEK293 cells (Figure 25). GST-14-3-3 |3. x and/or recombinant CK2 were then 

supplemented in an in vitro kinase assay. When FLAG-CDKl 1''"" was 

immunoprecipitated (Figure 25, lanes 1-4), no phosphorylation of GST-14-3-3 f3 (lane 1) 

or X (lane 3) was observed. The presence of additional phosphorylated bands, which 

resolve at the approximate size of the GST-14-3-3 proteins appears to be a function of the 

immunoprecipitation of FL.AC1-CDKI 1''"" with anti-FLAG M2 affinity gel (lanes 1-4 

and 9). Comparing lanes 1 and 3 where GST-14-3-3 (3 or x were provided, respectively, 

with lanes 2 and 4 where no substrate was provided, substantiates the idea that the 

phosphorylation of bands resolving at the approximate size of 14-3-3 is due to the 

immunoprecipitation of FLAG-CDKl 1''"", rather than phosphorylation of GST-14-3-3. 

Supplementation of recombinant CK2 to a condition where FLAG-CDKl 1''"" was 

immunoprecipitated did not reveal phosphorylation of GST-14-3-3 x. Phosphorylation 

did not occur when HEK293 cells transiently transfected with vector were subjected to 

immunoprecipitation with anti-FLAG M2 affinity gel and then combinations of GST-14-
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3-3 p, X or no substrate were provided in an in vitro kinase assay (lanes 5-8). In 

combination with Figure 24. these results demonstrate that neither HA-CDKl P"" or 

FLAG-CDKl 1''"" phosphorylate GST-14-3-3 {3 or x. However, recombinant CK2 does 

phosphorylate GST-14-3-3 x when the proteins are provided individually or in the 

presence of immunoprecipitated HA-CDKl 1''"^'. Moreover, endogenous CK2, which 

was demonstrated to immunoprecipitate with HA or FLAG-CDK11in Figures 14 and 

18, respectively, does not phosphorylate GST-14-3-3 x. 

CK2 phosphorylation of CDKJ is inhibited by DRB 

To provide additional evidence that the phosphorylation of CDKlF'"^ is due to 

CK2, the nucleotide analog DRB was utilized. DRB was initially observed as an 

inhibitor of transcription (207, 208), while later studies identified its mechanism of action 

to be the inhibition of CK2 activity (209). Inhibition of CK2 activity is considered to be 

selective, although CKl activity is also diminished appreciably by DRB (210). 

Following the incubation of HEK293 cells with 30 fjM DRB for 10 min. cclls were 

harvested and immunoprecipitated with antibody directed to the HA epitope of 

CDKl 1''"". Following immunoprecipitation from conditions which included the 

transient transfection of HA-CDKl 1''"" or vector control, an in vitro kinase assay was 

completed by providing GST-14-3-3 x with or without recombinant CK2. The addition 

of DRB inhibited the phosphorylation of HA-CDKl 1^'^° by endogenous CK2 when lanes 

1 and 2 of Figure 26 are compared. However, this is assuming that DRB is specific for 

CK2 and that the compound does not affect HA-CDKl 1''"° kinase activity or the kinase 



activity of additional kinases i m munoprec i pi tat ing with HA-CDKl Since DRB 

nearly obliterated all phosphorylation present in the in vitro kinase assay, its specificity 

for CK2 alone remains suspect. It is however, possible that endogenous CK2 kinase is 

responsible for all of the phosphorylation observed in lane 1 of Figure 26, including that 

of immunoprecipitated HA-CDKl 1'^"". This is a reasonable possibility because CK2 is 

such a promiscuous and ubiquitous kinase, which has the minimal consensus recognition 

motif for phosphorylation of serine or threonine residues, S/T-X-X-E/D (204). 

Supplementation of recombinant CK2 to conditions where HA-CDKl 1''"'^ was 

immunoprecipitated, resulted in more robust phosphorylation of HA-CDKl l*^"® (lane 5 

compared to lane 1), while this phosphorylation was nearly demolished by incubation 

with DRB in lane 6. As expected, no phosphorylation was observed following vehicle or 

DRB treatment when cells transiently transfected with empty vector were subjected to 

immunoprecipitation (lanes 3 and 4). The supplementation and possible phosphorylation 

of GST-14-3-3 X will not be discussed in the context of Figure 26 because the 

appropriate negative control was not included to ensure that the phosphorylated band 

migrating at the size of GST-14-3-3 x is not attributed to background from the 

phosphorylation of immunoprecipitated HA-CDKl l"^"". 

Attempts to delect the interaction between TH and CDKl 1''"" 

It would be too lengthy to discuss every additional attempt to detect the 

interaction between the full-length versions of CDKl P"" and TH. Therefore, only 

notable attempts without mention of general condition changes {i.e. lysis or wash buffers) 
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will be discussed. One of the initial problems of detecting the interaction between TH 

and CDKl 1''"" was due to the fact that the CDKl 1''"*^ C-17 antibody from Santa Cruz 

Biotechnology did not i m munoprec ipi tate the protein. Therefore, the antibody was only 

useful for western blotting. Thus, production of FLAG-CDKl F"® provided a version of 

the protein which could be subjected to immunoprecipitation. Additionally, the epitope 

tag provided a method to separate endogenous CDKl 1''"" from transiently transfected 

protein. Separation of endogenous CDKl 1''"" from over-expressed protein was an 

important quality since a cell line devoid of CDKl l"^"" expression has not been 

identified. Although immunoprecipitation with anti-FLAG M2 affinity gel, or FLAG 

antibody proved successful, western blotting to detect an interaction with TH resulted in 

too much background. The reciprocal experiment; immunoprecipitation of TH and 

probing for FLAG-CDKlF"" also resulted in too much background following western 

blotting. To circumvent these issues, a CDKl 1''"" protein with an HA epitope was 

designed. Although immunoprecipitation with this antibody provided better resolution 

upon immunoblotting, the interaction between TH and CDKl 1''"" remained undetected. 

TH did appear to immunoprecipitate with HA-CDKl specifically in a couple of 

experiments. However, when reproducing these data independently it appeared that TH 

associated nonspecifically with HA antibody or HA agarose. That is, TH 

immunoprecipitated in conditions where HA-CDKl 1''"" was not transiently transfected 

(data not shown for all of the above). 

In an effort to eliminate the nonspecific association of TH with HA antibody or 

intense background present upon immunobloUing, a rabbit polyclonal TH antibody was 
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covalently linked to Protein A. The linked antibody was then incubated with COS-7 cell 

extract transiently transfected with combinations of FLAG-CDKl I''"" and/or TH. As 

demonstrated in the bottom panel of Figure 27, transiently transfected TH protein 

immunoprecipitated with TH antibody cross-linked to Protein A (lanes 1 and 3). 

However FLAG-CDKll''"*' did not immunoprecipitate with TH (top panel, lane 1). 

Despite increasing the length of exposure, no immunoreactivity to FLAG-CDKl 1^'"^' was 

observed. Confirmation of the transfection of FLAG-CDKl P'or TH is demonstrated 

by the resolution of cell extract in lanes 5 through 8. Thus, although demonstration of the 

interaction between TH and the N-terminal half of CDKl 1''"^', or amino acids 149-262 of 

the mouse homolog to CDKI P"" was unproblcmatic. demonstration of the full-length 

interaction between TH and CDKl 1''"" was only successful when in vitro transcribed and 

translated TH was incubated with a condition where FLAG-CDKlP'"" was 

immunoprecipitated (Figure 8). 

C D K J T H ,  1 4 - 3 - 3  a n d  C K 2  i n t e r a c t  w i t h  t h e  S H 2  d o m a i n  o f S r c  

Previous research established that after piis phosphorylated by CK2, 

pi30^'"'''^^^ interacts with SH2 ligands from A20 cells (196). Unlike most interactions 

with SH2 domains, the interaction with p 130''""^'-'^^' is thought to be mediated 

independent of tyrosine phosphorylation. Rather pi30''"^^'"'^' appears to require CK2 

phosphorylation at serine/threonine residues and interact with SH2 domains through a 

glutamic acid-rich cluster of amino acids. Since the human aSV5 isoform to CDKl l*""'' 

also contains a glutamic acid-rich cluster of residues in its N-terminus, it was tested for 



an association with the SH2 domain of Src. GST fusion proteins to the SH3 domain of 

Src or lamin served as negative controls. Additionally, it was hypothesized that 

precipitation with the SH2 ligand might introduce or remove a protein necessary to 

demonstrate the interaction between CDKI1?"^' and TH. To test whether GST-SH2 

mediates an interaction between CDKI 1''"" and TH, combinations of FLAG-CDKll'^"" 

and TH, FLAG-CDK11^^'° and vector. TH and vector, or vector controls were transiently 

transfected into HEK293 cells (Figure 28. lanes 1-4. 5-8, 9-12, respectively). 

Precipitation for each condition was completed with SH2 (lanes 5-8), SH3 (lanes 9-12), 

or lamin (lanes 1-4) fusion proteins. Following the removal of nonspecific proteins, 

samples were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. The 

lop portion was probed with an antibody recognizing CDKI 1''"", where 

immunoreactivity is present when cell extract from the four transfcction conditions were 

incubated with GST-SH2 (lanes 5-8). CDKI 1''"" immunoreactivity is also present in 

conditions where it was not over-expressed because endogenous CDKI 1''"" is present in 

HEK293 cells. Confirmation of the expression of CDKI is demonstrated in lane 15. 

To test for the association of TH. the middle portion of the nitrocellulose membrane was 

probed with an antibody to TH. Lane 7 reveals that TH only interacts with GST-SH2 

when CDKll""" is not over-expressed, while lane 15 confirms the transient expression 

of TH in cell extract. The bottom portion of the blot was probed with an antibody 

recognizing 14-3-3 proteins, revealing that 14-3-3 interacts with the SH2 domain of Src 

(lanes 5-8). In contrast, 14-3-3 does not interact with GST-SH3 (lanes 9-12) because 
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immunoreactivity is also present when GST-SH3 was separated in the absence of 

HEK293 cell extract (lane 14). 

In an independent experiment, the association of CK2 with GST fusion proteins to 

SH2. SH3 or lam in was analyzed (Figure 29). HEK293 cells transiently transfected with 

FLAG-CDKl 1''"" (lanes 4-6) or vector (lanes 1-3) were incubated with respective fusion 

proteins and immunoblotting was completed with antibodies recognizing CDKl 1''' (top 

panel) or CK2 (lower panel). As demonstrated in Figure 28, endogenous or transiently 

transfected FLAG-CDKl 1''"" also interacts with GST-SH2 in Figure 29 (lanes 2 and 5), 

while the presence of CDKl 1''"'^ is confirmed by cell extract separated in lane 8. CK2 

also interacts with GST-SH2 (Figure 29, lanes 2 and 5). despite the presence of 

immunoreactivity around the migration of CK2 in lane 10, where GST-SH2 was 

separated in the absence of cell extract. Additionally. CK2 also interacts with GST-SH3 

(lanes 3 and 6), and the migration of endogenous CK2 is confirmed in lane 8. CK2 did 

not interact with GST-lamin because the immunoreactivity present from the condition 

where GST-lamin was incubated with cell extract is also present from the condition 

where GST-lamin was separated without cell extract. 

Therefore Figures 28 and 29 demonstrate that over-expressed FLAG-CDKl 1''"" 

or endogenous CDKl 1''"" interacts with GST-SH2. TH only interacts with the SH2 

domain of Src when CDKl F"" is not over-expressed. The co-precipitation of 

endogenous CDKl 1''"^' and TH with GST-SH2 imply that TH and CDKl 1''"'^ interact. 

Additionally, CK2 and 14-3-3 precipitated with GST-SH2, regardless of respective 
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transfection conditions for CDKl 1'^"^'. CK2 was the only protein analyzed which 

interacted with GST-SH3. 

Attempts to phosphorylate FLAG(His)6-TH with CDKJ I''" 

As stated in the results section detailing attempts to detect the interaction between 

TH and CDKl 1''"^. a discussion of all the attempts to determine whether TH serves as a 

substrate for CDK11^'^° would also be much too lengthy, and only a few experimental 

conditions will be discussed in detail. Following the purification of recombinant 

FLAG(His)6-TH or (His)6-THS19A utilizing anti-FLAG M2 affinity gel or Ni-agarose, 

samples of the purified proteins were separated by SDS-PAGE and the gels were stained 

with imidazole, zinc salts as depicted in Figure 30A and B, respectively. In lane 3 of 

panel A, 50 |il of FLAG(His)6-TH was separated following elution from anti-FLAG M2 

affinity gel. When mock protein was purified alongside TH, separation of 50 fil of the 

final eluted fraction revealed the absence of co-purifying proteins with the FLAG agarose 

(lane 5). Lanes 2 and 4 depict Sf-9 cells prior to purification of TH or mock protein; note 

the induction of FLAG(His)6-TH in lane 2 at approximately 74 kDa. In panel B, (His)^-

THS19A was purified using Ni-agarose and 90 jil was separated by SDS-PAGE (lane 2). 

Following the elution of (His)6-THS19A from Ni-agarose, 90 |il was resolved in lane 1. 

From a similar purification of TH as depicted in panel A of Figure 30, the most 

prominent band resolving at the expected molecular mass for TH was excised, subjected 

to digestion with trypsin, and sequenced by LC-MS/MS. A SEQUEST search of the non-

redundant human database confirmed the presence of rat derived TH (cloned from rat 



derived PC-12 cells), with 266 out of the 498 amino acids identified as TH, or 53.4% 

amino acid coverage. 

The presence FLAG(His)6-TH or (His)6-THS19A was also confirmed through the 

infection of Sf-9 cells with recombinant FLAG(His)6-TH, (His)6-THS19A or mock 

baculovirus. In this manner, the identity of THS19A could be confirmed through 

immunoprecipitation. Cells were harvested after 36 h and cell extract was subjected to 

imniunoprecipitation with antibody recognizing TH or alternatively, cell extract was 

precipitated with Ni-agarose. Samples immunoprecipitated with TH antibody were 

resolved by 8% SDS-PAGE and the nitrocellulose membrane was immunoblotted with 

antibody that recognizes the FLAG epitope (Figure 31, left panel). Immunoreactivity 

was only present in the condition where cells were infected with FLAG(His)6-TH (lane 

2), not from cells infected with baculovirus encoding mock or (His)6-THS19A (lanes 1 

and 3, respectively). The right panel of Figure 31 was probed with an antibody 

recognizing TH to confirm that FLAG(His)6-TH or (His)6-THS19A precipitated with Ni-

agarose (lanes 2 and 3, respectively). Incubation of Ni-agarose with a condition where Sf-

9 cells were infected with mock baculovirus did not result in immunoreactivity to TH 

(lane 1). 

Following confirmation of the purification of recombinant FLAG(His)6-TH or 

(His)6-THS19A, both proteins were provided singly in an in vitro kinase assay to ensure 

that other kinases responsible for TH phosphorylation did not co-purify. Panel C of 

Figure 30 illustrates that FLAG(His)6-TH (lane 1) does not exhibit appreciable 

phosphorylation at this exposure, while (His)6-THS19A exhibits robust phosphorylation 
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(lane 2). This discrepancy is due to the difference in the purification of the proteins. 

FLAG(His)6-TH was purified using anti-FLAG M2 affinity gel, while (His)6-THS19A 

was purified using Ni-agarose because the mutated protein was not engineered to contain 

a FLAG epitope. The only other difference present in the purification schemes was the 

inclusion of Empigen BB in the steps to remove nonspecific proteins from binding 

FLAG(His)6-TH. These two differences provided extremely different purification 

qualities of the proteins. It is also of note that the additional enrichment of FLAG(His)6-

TH with Ni-agarose, following anti-FLAG M2 affinity gel purification, did not increase 

the purity of FLAG(His)6-TH protein as determined by imidazole, zinc staining separated 

protein fractions (data not shown). 

Since the enrichment for FLAG(His)(s-TH was successful it was provided in an in 

vitro kinase assay after the transient transfection and immunoprecipitation of HA-ERK, 

FI..AG-CDK1 P"" or vector, from COS-7 cells, utilizing antibodies directed to HA or 

FLAG epitopes, respectively (Figure 32A and B). ERK was transfected because it is 

known to phosphor)'late TH at serine 31 and therefore served as a positive control (31). 

In one of a series of attempts to decipher the appropriate stimulus necessary for the 

induction of CDKl 1''"'^ activity, forskolin was utilized for this experiment. In panel A of 

Figure 32. FLAG(His)(,-TH was provided as substrate whereas in panel B no substrate 

was provided in the in vitro kinase assay. Although there was an appreciable amount of 

basal FLAG(His)6-TH phosphorylation in panel A, a clear increase in FLAG(His)6-TH 

phosphor)'1 at ion was present from the condition where COS-7 cells were stimulated for 5 

min with 10 ng/ml EGF and then immunoprecipitated for HA-ERK (lane 4). In contrast. 



158 

no increase of FLAG(His)(,-TH phosphorylation was observed from the condition where 

cells were stimulated for 5 min with water vehicle followed by HA-ERK 

immunoprecipitation (lane 3). In lanes 5-6 of panel A, immunoprecipitation of FLAG-

CDKl 1''"'^ following the stimulation of cells with 50 pM forskolin for 6 min (lane 6) or 

DMSO vehicle for 6 min (lane 5) did not result in FLAG(His)6-TH phosphorylation 

above basal levels. Lanes 1-2 or 7-8 only differ with respect to the fact that vector 

controls were immunoprecipitated with HA or FLAG epitope antibodies, respectively. 

Immunoprecipitation of empty vector demonstrates the basal level of FLAG(His)6-TH 

phosphorylation (lanes 1-2 and 7-8, respectively). Under the exact conditions of panel A, 

but in the absence of substrate, phosphorylation of FLAG(His)6-TH was not observed in 

panel B (Figure 32, lanes 1-8). Therefore these data indicate that FLAG(His)6-TH is 

competent as a substrate, that is for HA-ERK, but that it does not serve as substrate for 

FLAG-CDKllP"". 

In another example to deduce whether TH serves as a substrate for CDKll'^"®, in 

vitro transcribed and translated HA(His)6-CDKl 1'^"" or vector control were provided in 

an in vitro kinase assay with FLAG(His)6-TH (Figure 33). When HA(His)6-CDK H 

was provided with FLAG(His)6-TH in lane 7, phosphorylation of a protein migrating at 

the size of TH occurs. TH phosphorylation was not present when HA(His)6-CDKl 1''' 

was incubated in the absence of TH (lane 9). FLAG(His)(,-TH phosphorylation was 

absent when incubated singly (lane 10). Confirmation of the migration of TH occurred 

when the catalytic subunit to PKA was used as a positive control (data not shown). 

However, when the same amount of vector control was incubated with FLAG(His)6-TH, 
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was phosphorylated (lane 6), while TH phosphorylation did not occur when vector 

control was incubated alone (lane 5). Therefore, a protein inherent to rabbit reticulocyte 

lysate mediates FLAG(His)6-TH phosphorylation, rather than in vitro transcribed and 

translated HA(His)6-CDKl 1''"". When recombinant CK2 was supplemented to 

conditions including vector control and FLAG(His)f,-TH (lane 3) or HA(His)6-CDKl 1^^'" 

and FLAG(His)6-TH (lane 4) phosphorylation of TH above background was not 

observed. Phosphorylation of TH by CK2 will be readdressed in chapter 4. Additionally, 

when CK2 was incubated alone, phosphorylation of TH was not observed (lane 8). The 

incubation of HA(His)6-CDKl 1'^"'" or vector control with recombinant CK2 did not 

phosphorylate TH cither (lanes 1 and 2, respectively). Therefore, these data indicate that 

FLAG(His)(,-TH does not serve as a substrate for HA(His)(,-CDK 11'''produced using 

an in vitro transcription and translation system. 

In a series of experiments, additional stimuli utilized to induce CDKll'''"^' activity 

for the determination of whether TH serves as a substrate for CDKl 1''"" included: 10 

ng/ml EGF, 20 )iM ionomycin (Calbiochem), 1.8 mM CaCla, 1 mM staurosporine 

(Alexis), 8-bromo-cyclic AMP (various concentrations, Calbiochem), 10 [ig/ml 

anisomycin (Sigma Biosciences). 150 |aM cobalt chloride (hypoxia induction. Sigma 

Biosciences), 100 |iM H2O2, and 0.3 M soribitol. Determination of whether TH serves as 

a substrate for CDKl 1"^"". as well as demonstration of the interaction between TH and 

CDKIP'"" will be readdressed in chapter 4. 
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Figure 10: Over-expression of CDKll'^"'' diminishes the interaction 
between 14-3-3 and TH 
HEK293 cells were transiently co-transfected with FLAG-CDKlF"° (lanes 1-
4, 9-12) or vector (lanes 5-8 and 13-16) along with TH (lanes 1, 5, 9 and 13), 
THS19A (lanes 2, 6. 10 and 14). THS19E (lanes 3, 7, 11 and 15), or vector 
(lanes 4, 8, 12 and 16). Cell extract was immunoprecipitated with an antibody 
that recognizes a common epitope on 14-3-3 proteins (panels A and B) or 
normal rabbit IgG as negative control (panels C and D). (E-G) A representative 
amount of cell extract from each transfection condition loaded in the same order 
as the immunoprecipitations was separated in lanes 9-16. Samples were 
separated by 7% SDS-PAGE and gel was transferred to a nitrocellulose 
membrane. Panel E was probed with an antibody against the FLAG epitope. 
Panels A, C, and F were probed with an antibody to TH, while panels B, D, and 
G were probed with an antibody to 14-3-3. (A) TH, THS19A, or THS19E were 
tested for their association with 14-3-3 when CDKl 1'''was over-expressed 
(lanes 1-4), as compared to vector control (lanes 5-8). Results are 
representative of three independent experiments. 
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THS19E 

Figure 11: CDKll''"*' over-expression significantly diminishes the interaction 
between 14-3-3 and TH or THS19E 
Densitometric analysis using Scion Image Version Beta 4.02 (www.scioncorp.com. 
based on NIH image for Windows) was utilized to determine whether less TH, 
THS19A or THS19E associate with 14-3-3 isoforms when CDK11^"° is over-
expressed. Values are expressed as fold difference (where 1 = basal levels) 
following normalization of immunoprecipitation values based on cell extract 
variation using the formula: 
(THip/THLysate)/(TH+CDKllP"V/TH+CDKllP'^%sate)- Fold difference refers to 
the amount of TH associating with 14-3-3 when CDKlF^^® is not over-expressed. 
A significant fold difference over 1 for either TH or THS19E to p < 0.05 was 
observed. Additionally, the fold difference observed for TH is significantly 
different from THS19E to p < 0.05. The association of THS19A with 14-3-3 is not 
shown because values were not statistically significant. Each bar represents the 

mean ± standard error of the mean, where statistical comparisons were based on 
three independent experiments. 

http://www.scioncorp.com
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Figure 12: CDKll''"® over-expression diminishes the phosphorylation of TH 
(Top) Cell extract from conditions where TH was immunoprecipitated from HEK293 
cells transiently transfectcd with combinations of FLAG-CDKl 1''"" or vector with 
TH. THS19A, THS19E or vector control were provided in an in vitro kinase assay 
with ly-'^'PlATP. Proteins were resolved by 8% SDS-PAGE and the gel was 
subjected to autoradiography. In lanes 1-4, TH was immunoprecipitated from 
conditions where FLAG-CDKl was transiently transfected with TH, THS19A, 
THS19E, or vector, respectively. In lanes 5-8, TH was immunoprecipitated from 
conditions where vector was transiently transfected with TH, THS19A, THS19E, or 
vector, respectively. In lane 9, 2.5 units of the catalytic subunit of PKA was 
incubated with recombinant FLAG(His)6-TH. (Bottom) From the exact conditions 
detailed above, 100 |il of each immunoprecipitation was removed following the 
removal of nonspecific proteins with PAN NP40 and resuspension in PAN wash 
buffer. Samples were loaded on an 8% SDS-PAGE gel in the exact order as detailed 
for the kinase assay (top) and the gel was transferred to a nitrocellulose membrane 
for probing with TH antibody. 
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Figure 13: Identification of proteins interacting with CDKll''"" using 
SEQUEST 
COS-7 cells were transiently transfected with combinations of P"LAG-CDK11''"° 
and TH (data not shown). FLAG-CDKl and vector, or vector controls and 
subjected to i ni mu noprec ipi tat i on with anti-FLAG M2 affinity gel. Following the 
removal of nonspecific proteins, samples were separated by SDS-PAGE and the gel 
was stained reversibly with imidazole, zinc salts. Proteins that specifically 
associated with Fl^AG-CDKl 1''"" were excised, diced, and destained. Proteins 
were subjected to digestion with trypsin and peptides were separated by LC-
MS/MS to generate mass spectra which were compared by SEQUEST to determine 
peptide source. 
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Figure 14: CK2, hsp70 and hsp90 associate with CDKl l"'"'' 
FLAG-CDKll'"'" and TH (lane 1, data not shown), FLAG-CDKl 1'"'" and vector 
(lane 2), or TH and vector (lane 3) were transiently transfected in COS-7 cells. 
Samples were processed as described in Figure 13. Since the same proteins 
associated with FLAG-CDKl P'"" whether or not TH was present in the transient 
transfection, proteins which specifically associated with FLAG-CDKl were 
excised from lane 1 (not depicted), where arrows to the left of lane 2 denote the 
position of removal. Proteins migrating at approximately 110 kDa, -74 kDa, -44 
kDa and -40 kDa, specifically associated with FLAG-CDKl F"" (lane 2 compared 
to lane 3). These protein bands were excised and processed as detailed in Figure 
13. Potential peptide origin, as determined by SEQUEST, is depicted to the left of 
each protein band excised. "Stds," denotes molecular weight standards in kDa. 
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Figure 15: CK2 peptides identified using SEQUEST 

Underlined peptides from the CK2a (panel A) or CK2a' (panel B) subunits were 
identified using SEQUEST (201) to search the owl FASTA database. 
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Figure 16: CK2 imniunoprecipitates with FLAG-CDKll''"" 
Following staining with imidazole, zinc salts and the removal of proteins for 
sequencing by LC-MS/MS from the condition where FLAG-CDKll''"® was 
transiently transfected with TH (lane 1), the gel from Figure 14 was destained with 
SDS-PAGE running buffer. Following several washes the first lane, where FLAG-
CDK11P"° was transfected with TH, was discarded and the gel was transferred to a 
nitrocellulose membrane and probed with a rabbit polyclonal antibody recognizing 

CK2a and/or a' (Santa Cruz Biotechnology, sc-9030). Lanes 2 and 3 were 
transiently transfected with FLAG-CDKlF''^ and vector, or TH and vector, 
respectively. These lanes are from conditions where cell extract was subjected to 
immunoprecipitation with FLAG-M2 affinity gel. In lane 4, 100 jig of COS-7 cell 
extract transiently transfected with FLAG-CDK1and vector was resolved. 
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Figure 17: PAKp interacts with CDKll''"" 
HEK293 cells were transiently transfected with FLAG-CDKll^^'" and TH (lanes 1 
and 5), FLAG-CDKlP^'*^ and vector (lanes 2 and 6), TH and vector (lanes 3 and 7) 
or vector controls (lanes 4 and 8). Cell extract was subjected to 
immunoprecipitation with anti-FLAG M2 affinity gel in lanes 1-4. Following the 
removal of nonspecifically associating proteins, samples were resolved by 8% SDS-
PAGE and gel was transferred to a nitrocellulose membrane for immunoblotting 
with antibodies directed to CDKl F"'' (top) or a goal polyclonal antibody to PAKp 
p65 (Santa Cruz Biotechnology, sc-1871, bottom). Results are representative of two 
separate experiments. 
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Figure 18: CK2 immunoprecipitates with HA-CDKll''"^' 
HEK293 cells were transiently transfected with HA-CDKll^"® (+) or vector (-), 
and subjected to imniunoprecipitation with anti-HA antibody (lanes 1 and 2) or 
normal rabbit IgG (nr IgG, lanes 3 and 4), followed by western blot analysis with 
antibodies that recognize the HA epitope (top panel) or CK2 (lower panel). Lanes 5 
and 6, HA-CDKl or vector cell extract were resolved, respectively. Results are 
representative of at least three independent experiments. 
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Figure 19: Inimunopredpitated HA-CDKll''"® serves as a substrate for 
recombinant CK2 
HEK293 cells transiently transfected with HA-CDK11''''° (lanes 1 and 2) or vector 
(lane 3) underwent immunoprecipitation with antibody that recognizes the HA 
epitope. Proteins that specifically associated with antibody were provided in an in 

vitro kinase assay with [y- P]ATP and recombinant CK2 (lanes 2 and 3). 

Following incubation for 20 min at 30°C, kinase reactions were resolved by 8% 
SDS-PAGE and phosphorylation was revealed by autoradiography. Results are 
representative of three independent experiments. 
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Figure 20: in vitro transcribed and translated CDKll''"" serves as a substrate 
for recombinant CK2 
(A) Unlabeled HA(His)6-CDKl (lanes 2 and 3) was provided with ly-^'PIATP 
in an in vitro kinase assay with (lanes 1 and 3) or without (lane 2) recombinant 
CK2. Proteins were resolved by 8% SDS-PAGE and subjected to autoradiography. 
(B) [^^SlHA(His)6-CDKllP"° was resolved by 8% SDS-PAGE. followed by 
autoradiography, to confirm in vitro transcription and translation. (C) Recombinant 
CK2 (lane 1), 5 }il rabbit reticulocyte lysate derived from Promega's in vitro 

transcription and translation system (lane 2), or 100 jig HEK293 cell extract (lane 3) 
were resolved by 8% SDS-PAGE and western blot analysis was completed with 
antibody recognizing CK2. Results are representative of three independent 
experiments in panels A and B. 
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Figure 21: Detection of CDKll''"® phosphorylation at serine 227 
Tandem mass spectra of phosphopeptide, ""^'DLLSDLQDlSDpSER^'^ (inset) 
permitted the identification of FLAG-CDKl 1*'"" phosphorylation at serine 227 
(201). 
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Figure 22: CK2 does not phosphorylate wild-type CDKll''"" more than S227A 
CDKll""® 
Unlabeled S227A HA(His)6-CDKl 1'""' (lanes 1 and 3) or wild-type HA(HisV 

CDKl 1''"^' (lanes 2 and 4) were provided with |y-^'PJATP in an in vitro kinase 
assay with (lanes 3 and 4) or without (lanes 1 and 2) recombinant CK2. CK2 was 
provided with negative control protein (water control subjected to in vitro 
transcription and translation and ininiunoprecipitated exactly as described for 
HA(His){,-CDKl 1^'"^) in lane 5. Proteins were resolved by 8% SDS-PAGE and 
subjected to autoradiography. 
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Figure 23: Confirmation of the purification of GST-14-3-3 p or x 

GST-14-3-3 P or X were separated by 10% SDS-PAGE and the gel was stained 
reversibly with zinc, imidazole salts (lanes 2 and 4). Following induction of GST 
fusion protein expression, 0.04% of the total bacteria were resolved to show 
induction of respective GST-14-3-3 fusion proteins (lanes 1 and 3). 
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Figure 24: Recombinant CK2 phosphorylates 14-3-3 x, but not P in vitro 
HEK293 cells were transfected with vector control (lanes 1-3 and 10-12) or HA-
CDKll''''® (lanes 4-9) and cell extracts were immunoprecipitated with anti-HA 
antibody. Following the removal of nonspecific proteins, recombinant CK2 (lanes 

7-12), GST-14-3-3 x (lanes 3, 6, 9 and 12) or GST-14-3-3 p (lanes 1, 4, 7 and 10) 

were provided in an in vitro kinase assay with [y-'^PJATP. Proteins were then 
resolved by 8% SDS-PAGE and the gel was subjected to autoradiography. Lanes 2. 
5, 8 and 11, the absence of substrate is denoted by Results are representative of 
three independent experiments. 
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Figure 25: Recombinant CK2 does not phosphorylate 14-3-3 x or P, when 
FLAG-CDKllP"" is present 
HEK293 cells were transiently transfected with FLAG-CDKll'^''^ (lanes 1-4 and 9) 
or vector (lanes 5-8) and cell extracts were immunoprecipitated with anti-FLAG M2 

affinity gel. Recombinant CK2 (lane 9), GST-14-3-3 x (lanes 3, 7 and 9) or GST-14-

3-3 (3 (lanes 1 and 5) were supplemented in an in vitro kinase assay with [y-^^P]ATP. 
Proteins were then resolved by 8% SDS-PAGE and the gel was subjected to 
autoradiography. In lanes 2, 4, 6, and 8, the absence of substrate is denoted by 
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Figure 26: DRB inhibits CK2 phosphorylation of CDKll''"" in vitro 
HEK293 cells were transiently transfected with HA-CDK11'''^° (lanes 1-2 and 5-6) 

or vector (lanes 3-4) and cells were incubated with 30 |iM DRB (lanes 2, 4 and 6) or 
ethanol vehicle (lanes 1, 3 and 5) for 10 min immediately prior to cell lysis. 
Immunoprecipitation was completed with anti-HA antibody and nonspecifically 
associating proteins were removed. Recombinant CK2 (lanes 5 and 6) or GST-14-

on 
3-3 X (lanes 1-6) were supplemented in an in vitro kinase assay with [j- P]ATP. 
Kinase reactions were resolved by 8% SDS-PAGE and the gel was subjected to 
autoradiography. 
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Figure 27: TH does not iniinunoprecipitate with FLAG-CDKl 1'*"" using TH 
antibody covalently linked to Protein A 
COS-7 cells were transiently transfected with combinations of FLAG-CDKl 1''"" 
and TH (lanes 1 and 5), FLAG-CDKll^^"^ and vector (lanes 2 and 6), TH and 
vector (lanes 3 and 7) or vector controls (lanes 4 and 8) using DEAE-dextran and 
harvested after 36 h with MAPK A lysis buffer. Lanes 1-4, cell extract was 
incubated with antibody directed to TH, which was covalently linked to Protein A 
with DMP. After processing samples as described, gel was transferred to a 
nitrocellulose membrane and western blot analysis was completed with antibodies 

directed to FLAG or TH (upper or lower panels, respectively). Lanes 5-8, 100 |ig 
COS-7 cell extract was removed prior to immunoprecipitation. 
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Figure 28: CDKll''"", TH and 14-3-3 interact with the SH2 domain derived 
from Src 
GST-lamin (lanes 1-4), GST-SH2 (lanes 5-8), or GST-SH3 (lanes 9-12) were 
incubated with HEK293 extract from conditions where combinations of FLAG-
CDKll''"" and TH (lanes 1, 5 and 9). FLAG-CDKlF"" and vector (lanes 2, 6 and 
10), TH and vector (lanes 3, 7 and 11) or vector controls (lanes 4, 8 and 12) were 
transiently transfected. Lanes 13-14, the same amount of GST-SH2 or GST-SH3 
added to the co-precipitation conditions was separated without cell extract. Lane 15 
contains cell extract from the condition where FLAG-CDKl 1'''"^ was transiently 
transfected with TH. Samples were resolved by 8% SDS-PAGE and western blot 
analysis was completed with antibodies recognizing FLAG (top panel). TH (top of 
lower panel), or 14-3-3 proteins (bottom of lower panel). 
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^K2 î MIB 
1 2 3 4 5 6 7 8 9  1 0  1 1  

Figure 29: CK2 interacts with the SH2 and SH3 domains derived from Src 
GST-lamin (lanes 1 and 4), GST-SH2 (lanes 2 and 5), or GST-SH3 (lanes 3 and 6) 
were incubated with HEK293 extract from conditions where FLAG-CDKl 1''"" 
(lanes 4-6) or vector (lanes 1-3) was transiently transfected. Lanes 9-11. the same 
amount of GST-lamin. GST-SH2 or GST-SH3 added to the co-precipitation 
conditions was separated without cell extract. Lane 8 contains cell extract from the 
condition where FLAG-CDKl l"""" was transiently transfected. Samples were 
resolved by 8% SDS-PAGE and western blot analysis was completed with 
antibodies recognizing FLAG (top panel) or CK2 (lower panel). No proteins were 
resolved in lane 7. 
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Figure 30: Confirmation of the purification for recombinant FLAG(His)6-TH 
or (His)6-THS19A baculovirus. (His)6-THS19A is phosphorylated when it is 
provided singly in an in vitro kinase assay 
(A) Fractions of recombinant FLAG(His)6-TH (lane 3) or control (lane 5) were 
resolved by 8% SDS-PAGE and gel was stained with imidazole, zinc salts. Protein 
extract from 5 x 10^ Sf-9 cells that were infected with baculovirus encoding 
FLAG(His)(,-TH or control were resolved in lanes 2 and 4, respectively. Lane 1, 
molecular weight standards in kDa. (B) Fractions of (His)6-THS19A (lane 1) or 
(His)6-THS 19A bound to Ni-agarose (lane 2) were resolved by 8% SDS-PAGE and 

gel was stained with imidazole, zinc salts. (C) Lanes 1 and 2, 4 |il recombinant 
FLAG(His)6-TH or (His)6-THS 19A respectively, were incubated with UKB A and 
[y-^'P]ATP for 20 min, 30°C. Samples were resolved by 8% SDS-PAGE and 
phosphorylation was detected by autoradiography. 
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Figure 31: FLAG(His)6-TH or (His)6-THS19A baculovirus inimunoprecipitatcs 
from infected Sf-9 cells 
Sf-9 cells were infected for 36 h with FLAG(His)6-TH (lane 2, both panels), (His)6-
THS19A (lane 3, both panels), or mock baculovirus (lane 1, both panels). Cell 
extracts from conditions in the left panel were subjected to immunoprecipitation 
with TH antibody, while extracts from the right panel were precipitated with Ni-
agarose. Samples were then resolved by SDS-PAGE and western blot analysis was 
completed with antibodies recognizing FLAG (left panel) or TH (right panel). 
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Figure 32: TH does not serve as a substrate for CDKll''''" in an in vitro kinase 
assay. ERK, but not CDKll'*''", mediates TH phosphorylation 
COS-7 cells were transiently transfected and 40 h post-transfection, conditions 
transiently transfected with vector (lanes 1-2) and HA-ERK (lanes 3-4) were 
stimulated for 5 min with 10 ng/ml EGF (lanes 2 and 4) or water vchicle (lanes 1 
and 3). Cells transiently transfccted with FLAG-CDKl(lanes 5-6) or vector 

(lanes 7-8) were stimulated for 6 min with 50 }iM forskolin (lanes 6 and 8) or 6 min 
with DMSO vehicle (lanes 5 and 7). Samples were immunoprecipitated with anti-
HA (lanes 1-4. both panels) or anti-FLAG M2 affinity gel (lanes 5-8, both panels) 

and then provided in an in vitro kinase assay with [y"P|ATP, recombinant 
FLAG(His)6-TH (A) or no substrate (B). Samples were then resolved by 8% SDS-
PAGE followed by autoradiography. 
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Figure 33: TH does not serve as a substrate for in vitro transcribed and 
translated HA(His)6-CDKllP"" 
HA(His)6-CDKl 1''"" (lanes 2, 4, 7 and 9) or control (lanes 1, 3, 5 and 6) were in 

vitro transcribed and translated and 5 }il fractions were provided in an in vitro kinase 
assay with FLAG(His)6-TH (lanes 3, 4. 6. 7 and 10) and/or recombinant CK2 (lanes 
1, 2, 3, 4 and 8). Samples were resolved by 8% SDS-PAGE followed by 
autoradiography. 
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DISCUSSION 

Over-expression of CDK11in HEK293 cells, followed by 

immunoprecipitation with a pan antibody to 14-3-3, revealed that CDKl 1''"" disrupts the 

interaction between TH and 14-3-3 (Figure 10). Since 14-3-3 is thought to stabilize TH 

phosphorylation to promote activity (172), combined with the observation that 

CDKl 1'''^" decreases the association between TH and 14-3-3, makes it tempting to 

propose that CDKl 1^"° negatively regulates TH activity. 

In view of the fact that phosphorylation at serines 19, 31, and 40 of TH result in 

temporary increases of enzyme activity (38), the in vitro phosphorylation of TH was 

examined when CDKlF"'' was over-expressed. CDK11''"° over-expression diminished 

TH, THS19A and THS19E phosphorylation compared to conditions when CDKlF"° 

was not over-expressed (Figure 12, top panel, comparing lanes 1-3 with lanes 5-7). 

Mutation of TH at serine 19 prevented the ability of TH to incorporate the y-phosphate 

from ATP at this amino acid. The serine 19 mutants were included with the idea that if 

wild-type TH was phosphorylated the same amount as THS19A or THS19E, then 

CDKl over-expression does not affect the phosphorylation of TH at serine 19. Since 

the TH mutants arc phosphorylated more, this indicates that the conformation caused by 

TH mutation increased the ability of kinases, that imniunoprecipitated with TH from 

HEK293 cells, to phosphorylate serines 8, 31 and 40. 

The preceding results demonstrate that the over-expression of CDKl 

decreases the interaction between TH and 14-3-3 as well as the in vitro phosphorylation 

of TH (see Figure 34 for model). Since previous research has demonstrated that TH 



phosphorylation correlates to increased TH activity at all serine residues, except serine 8, 

our results indicate that CDKl F'"' contributes to the inhibition of mechanisms 

controlling short-term regulation of TH activity. Given the importance of 14-3-3 proteins 

in the regulation of TH activity, the interaction between TH and CDKl 1''"° provides a 

new paradigm to consider in the understanding of TH activity and disease states. 

Interestingly, the CDKl human gene has been mapped to chromosome lp36 and this 

gene locus is frequently deleted in PC (163, 211). Therefore, if TH activity is negatively 

regulated by CDKl 1'^'"". as hypothesized here, deletion of the CDKl gene locus 

might be expected to result in renegade TH activity, which is a characteristic of PC. 

The demonstration of THS19A interacting with 14-3-3 (Figure 10) is in contrast 

to previous studies where baculovims purified (His)6-THS19A did not bind GST fused 

14-3-3 Tj (144). This discrepancy may be due to the fact that the previous study used a 

GST fusion protein of 14-3-3 r\, while our study employed endogenous 14-3-3 isoforms 

expressed in HEK293 cells (Figure 10). Immunoprecipitation occurred with 14-3-3 P 

antibody (Santa Cruz), whose epitope recognizes a group of highly conserved residues 

(3-21). contained in seven of the mammalian 14-3-3 isoforms. The discrepancy with 

Itagaki et al. may also be due to the source of TH. Their study used recombinant 

baculovims enriched for (His)6-TH or (His)6-THS19A. which they state as 83 or 80% 

pure by SDS-PAGE and Coomassie blue staining, respectively. Data was presented in 

their study that (His)6-TH interacted with GST-14-3-3 r}, (3. or 0 only after CaMKlI 

phosphorylation of TH at serine 19 and that these events culminated in increased TH 

activity. In contrast to our study. Itagaki and co-workers reported that (His)(,-THS19A 
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does not bind to GST-14-3-3, suggesting that phosphoserine 19 is required for the 

interaction between TH and 14-3-3. In our study, TH interacted with 14-3-3. where the 

wild-type enzyme may be phosphorylated in vivo, to permit 14-3-3 binding. THS19A 

and THS19E were also observed to bind i4-3-3. where the mutated forms of the enzyme 

may correspond to a conformation of the enzyme similar to the phosphorylated form to 

permit 14-3-3 binding. THS19A or THS19E may also bind to 14-3-3 following 

phosphorylation of serine 40. This idea comes from recent research completed by Kleppe 

and co-workers, who demonstrated that the yeast 14-3-3 homologs, BMHl and BMH2, 

as well as 14-3-3 isoforms isolated from sheep brain, bind hTH 1 following 

phosphorylation of serine 40 (30, 172). Therefore, three independent studies, including 

ours, refute the idea presented by Itagaki and co-workers that 14-3-3 only binds TH 

following phosphorylation at serine 19 (30. 144, 172). 

The main impetus to search for interacting partners with CDKl 1'^'"' was because 

kinase inactive CDKl 1''"^' exhibited robust phosphorylation in an in vitro kinase assay 

(see Figure 36). To determine whether this phosphorylation event was due to the 

association of another kinase with CDKl 1''"", LC-MS/MS were utilized to identify 

associating proteins. The a and a' subunits of the serine/threonine kinase CK2 [a 

heterotetramcr composed of two catalytic subunits, a and/or a', and two regulatory p 

subunits (212)1 were identified (Figure 14). The interaction between CDKl 1''"" and 

C K 2  w a s  t h e n  c o n f i r m e d  b y  t h e  i m m u n o p r e c i p i t a t i o n  o f  C D K l  1 c o n t a i n i n g  a  

hemagglutinin (HA) epitope tag at the N-terminus, from HEK cells followed by 

immunoblotting for CK2 (Figure 18). LC-MS/MS data from the immunoprecipitation of 
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F1.AG-CDK1 F"® also established an interaction with hspVO, hsp9() and perhaps PAKp. 

Since previous research has demonstrated that hsp70 and hsp90 interact with CK2 in 

resting platelets of human origin, their interaction with CDKl 1''"" may be mediated by 

CK2 (204, 205). 

Akin to studies of the CDKl mouse homolog (196), the human homolog also 

served as a substrate for CK2 in an in vitro kinase assay (Figure 20). LC-MS/MS 

identified the serine at position 227 of CDKl 1'''"^ as a possible phosphorylation site by 

CK2. CDKllP"^' was mutated at serine 227 to alanine and compared with wild-type 

CDKl F' '" as a substrate for CK2 in an in vitro kinase assay. S227A CDKl I''"" 

exhibited a similar amount of CK2 phosphorylation when evaluated against CDKl 1''"". 

thus demonstrating that CDKll"^"" does not serve as a substrate for CK2 at serine 227 

(Figure 22). We had expected to see decreased phosphorylation of S227A CDKlP''° 

when compared to wild-type. Obliteration of S227A CDKl 1''''° phosphorylation by CK2 

was not expected, because CDK11''''° contains 32 consensus sites for CK2 

phosphorylation and it is therefore likely that CK2 phosphorylates more than one site on 

CDKl 1''"". Based on preliminary evidence presented in this chapter (Figure 17), it is 

possible that the CDKl 1''"*' associating kinase, PAKj3, may phosphorylate CDKl 1''"^' at 

serine 227. It is also possible that an as yet unidentified serine/threonine kinase may 

phosphorylate CDKl at serine 227, while autophosphorylation at this amino acid 

seems unlikely because S227A CDKl 1''"^' and CDKl exhibited similar amounts of 

phosphorylation when provided alone in an in vitro kinase assay (Figure 22). 
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Re-examination of the phosphopeptide detected by SEQUEST, 

"'^'DLLSDLQDISDpSER''^ reveals that perhaps serine 225 is the actual site for 

phosphorylation by CK2, and in retrospect this site should have been mutated to alanine 

and compared with wild-type CDKl 1''^'° and the S227A point mutant as well. Moreover, 

serine 225 fits the prototypical consensus site for CK2 phosphorylation, which is [S/T]-

X-X-D/E (where X is any amino acid) (212), while serine 227 is not a consensus site for 

CK2 phosphorylation. Serine 227 was pursued because it is contained within the 

glutamic acid-rich domain (amino acids 81-335 of CDKl l'''"^*). where 84/255 amino 

acids are glutamic acid and CK2 phosphorylation prefers acidic regions. Furthermore, 

other proteins, such as HMG protein 14. have been reported to serve as substrates for 

CK2 even though the phosphate acceptor sites do not fit prototypical consensus sites for 

CK2 phosphorylation (212). 

If CK2 phosphorylates CDKl 1''"^' at serine 225. the importance of 

phosphorylation may be to promote processing by caspasc-3. The consensus site for 

cleavage by caspase-3 is D-X-X-D and occurs within and immediately upstream from 

serine 225 ( ̂ "'DLLSDLQDlSDpSER-'') (213). CDKll'^"" has been previously 

demonstrated to undergo cleavage by caspascs-1, -3 and/or -8 during Fas-mediated 

apoptosis in vitro and in vivo (214, 215). Cleavage of CDKl 1'''promotes its activity, 

which is associated with increased apoptosis in melanoma cells through the activation of 

CDKl 1''"" substrates that remain to be characterized (216). Previous research has also 

demonstrated that phosphorylation located near caspase cleavage sites in the N-terminus 

of CDKll''"" promotes its processing, perhaps through a mechanism relieving inhibition 
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by associating proteins, or relieving autoinhibition caused by electrostatic interactions 

within the kinase (214). Future experiments are necessary to determine if CK2 

phosphorylates serine 225 of CDKl 1''"^' and if this phosphorylation event will promote 

CDKlF"" cleavage by caspase-3, leading to augmented CDKl l*""" activity to culminate 

in increased apoptosis. 

Identification of the interaction between CDKl 1''"'^ and CK2 (Figures 14, 16, 

and 18) provided insight into the interaction between TH and CDKl For instance, 

the observation that CDKl 1''"" over-expression disrupts the interaction between TH and 

14-3-3 (Figure 10), directed us to the pursuit of 14-3-3 isoform phosphorylation because 

CK2 was previously shown to phosphorylate 14-3-3 isoforms (195). Moreover, 14-3-3 

isoform phosphorylation has been demonstrated to disrupt 14-3-3 target protein binding. 

With regard to TH activity. 14-3-3 binding to phosphoserines 19 and 40. located in the N-

tcrminal regulator}' domain of the enzyme is thought to stabilize TH activity and/or 

diminish the rate of dephosphorylation (172). Additionally, phosphoserine 19 has been 

observed to require 14-3-3 binding for TH activity (44, 55, 144). In the present study, 

phosphorylation of 14-3-3 t or p, by CDKl l''"*^* and/or CK2 was tested and results 

demonstrate that 14-3-3 x is phosphorylated by CK2 (Figure 24). Although experiments 

were intended to determine if either 14-3-3 protein was phosphorylated by CDKl ip"". 

this was hard to assess because CK2 also precipitates (Figure 18). The next chapter will 

detail methods used to purify CDKl 1''"" devoid of CK2. This form will permit 

determination of whether 14-3-3 proteins are phosphorylated by CDKl I''"". 
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Although this study docs not confirm that CK2 phosphorylates 14-3-3 as well 

as which residue is phosphorylated by CK2, findings presented here are probably similar 

to Dubois et ai. where CK2 phosphorylates 14-3-3 t and t at threonine 233, or serine 

233, respectively (195). (Dubois et al. presented data demonstrating that 14-3-3 ^ and x 

are phosphorylated at serine 233, but data for phosphorylation by CK2 was not shown.) 

CK2 phosphorylates BMHl and BMH2 on a site equivalent to residue 233 (217), while 

BMHl, BMH2 and 14-3-3 C are all documented to interact with TH (30, 172), supporting 

the notion that CK2 phosphorylates additional 14-3-3 isoforms to interrupt their 

interaction with TH. Therefore, these combined data present the possibility that 

disruption of the interaction between TH and 14-3-3 by CDKll''"*^ over-expression, and 

CK2 phosphorylation of 14-3-3 x, BMHl and/or BMH2, may ultimately result in 

decreased TH activity. 

An interaction between TH and 14-3-3 x has not been reported, but the interaction 

is probable because 14-3-3 x is expressed in mammalian brain, epithelial cells and T-cells 

(218), while TH is also expressed in brain and has been identified in murine thymocytes, 

enriched T-cells from spleen. T-cell hybridoma 101, and the human leukemia T-cell lines, 

Jurkat-T and MOLT-4 (219). In T-cell hybridoma 101. treatment with the dopamine 

receptor antagonist, haloperidol. resulted in decreased TH expression and cell growth. 

From these studies it was hypothesized that following mitogen stimulation, an increase of 

TH activity correlating to increased TH expression promotes dopamine production. 

Following its release, dopamine is thought to mediate cell growth through an autocrine or 

paracrine mechanism (219). In the context of our study, since CDKl 1' "" and CK2 are 
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also expressed in T-cells, where they might also contribute to an interruption of the 

interaction between TH and 14-3-3, one of the ultimate effects might be decreased 

immune T-cell proliferation. 

The hypothesis that CDKl 1''"" and CK2 mediate decreased TH activity is based 

on previous research where 14-3-3 binding to TH is thought to stabilize phosphorylation 

of serines 19 and 40, while binding at phosphoserine 19 has been reported as a 

requirement for optimal TH activity (44, 55, 144, 172). Therefore, these observations, 

combined with results presented here, indicate that since CDKlF'^^ and CK2 may serve 

to disrupt the interaction between TH and 14-3-3, a concomitant decrease of 

catecholamine biosynthesis would ultimately be expected. Since there is a significant 

loss of the capacity to synthesize catecholamines in Parkinson's disease (220-223), it is 

conceivable that pertubation of CDKl 1*^"^' and/or CK2 kinase activities may contribute 

to the pathogenesis of Parkinson's disease. In fact, a recent report from Chun et al. 

demonstrates that Parkinson's disease related neurotoxicants. like l-methyl-4-

phenylpyridinium (MPP'j or H2O2, result in the activation of caspases-1 and -3 whose 

substrate is CDKl 1''"" (224). CDKl 1''"" activity is associated with an increase in 

apoptosis (214, 225) and these events culminated in dopaminergic cell death. Therefore, 

these observations make it tempting to speculate that increased CDKl P"" contributes to 

dopaminergic cell death and decreased catecholamine biosynthesis, characteristics of 

Parkinson's disease (220-222). 

Alternatively, a mechanism contributing to disruption of the association between 

14-3-3 and TH. when CDKlF"^' is over-expressed in HEK293 cells, may be due to the 
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recruitment of a phosphatase. This is despite evidence that 14-3-3 binding to 

phosphoserine 19 and/or 40 diminishes the ability of PP2A to dephosphorylate TH (30, 

172). and may be explained by the over-expression of CDKl 1^"" and increased 

phosphatase accessibility rates because less TH is associated with 14-3-3. Phosphatase 

recruitment seems conceivable because disruption of the association between THS19E 

with 14-3-3 was significantly less affected by CDKl F"" over-expression when 

compared to TH. Since mutation of serine 19 to glutamate probably most closely mimics 

phosphorylated TH, based on previous studies with THS40E (202), one might expect 14-

3-3 to be more closely associated with the THS19E mutant. In this manner. THS19E 

would remain in a conformation, similar to the phosphorylated enzyme, and despite 

phosphatase recmitment, would maintain its conformation. CK2 may be less accessible 

to 14-3-3 T in this case as well. Additional evidence that a phosphatase may be recruited 

comes from previous research demonstrating that CK2a associates with, and 

phosphorylates PP2A to enhance phosphatase activity (226, 227). 

Based on the results that endogenous CK2 could not phosphorylate 14-3-3 t when 

CDKllf"" was over-expressed (Figures 24 and 25), while CDKllP"" could not 

associate with, or phosphorylate TH in the presence of CK2. suggests that CK2 inhibits 

CDKll'^"" activity. It is known that heparin and polyglutamic acid are efficient 

inhibitors of CK2 activity (228. 229). and the presence of a glutamic acid-rich domain 

(amino acids 81-335) in CDKl 1'^"" suggests that perhaps this region of CDKlF''® 

serves to inhibit CK2 activity. In an analogous manner, we hypothesized that the 

inability to reproduce the interaction between FLAG-CDKl 1''"" and TH (Figure 8) 
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through other examples (Figure 27) may be due to the association of CK2 with 

CDKl l"""". The association between CK2 and CDKl 1''"" may inhibit the ability of TH 

to bind CDKl P'through a steric mechanism. 

In a similar vein, the phosphorylation of CDKl F"" by CK2 (Figures 19 and 20) 

may be an inhibitory event, which might explain the inability of TH to serve as a 

substrate for CDKl (Figures 32 and 33). This was despite the utilization of multiple 

stimuli to mediate activation of CDKl 1''"". for example; forskolin, epidermal growth 

factor (EOF), NGF. ionomycin, CaC^, staurosporine, 8-bromo-cyclic AMP, anisomycin, 

cobalt chloride, and sorbitol were employed. Multiple stimuli were tested because 

kinases sometimes remain inactive unless they have been activated by phosphorylation, 

while CDKs may also require their cyclin partner. Of course, another possibility is that 

TH does not serve as a substrate for CDKl F"''. 

An interaction between the SH2 domain of Src and CDKl 1'^"" was analyzed with 

the idea that an association with SH2 might also assist TH binding. In contrast to the 

previous study by Malek and co-workers utilizing in vitro transcribed and translated 

pl30''""^'''^'^ to demonstrate a phosphotyrosine-independent association with SH2 domains 

(196). HEK293 cell extracts transiently transfected with FLAG-CDKl 1''"" and/or TH 

were used for studies here. Both CDKl 1''"" and TH were found to co-precipitate with 

GST-SH2. SH2 binding with CDKl 1""*' may also be phosphorylation dependent in our 

study since CK2 kinase co-precipitates and phosphorylates CDKl 1''"". However, 

phosphorylation dependence of CDKlF"" binding to SH2 was not examined in this 

study. Endogenous CDKl 1''"" from HEK293 cells also bound GST-SH2. The fact that 
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TH only precipitated from the condition where FLAG-CDKl 1''"^' was not transiently 

transfected demonstrates that; firstly. TH interacts with endogenous CDKl l"^"" and 

secondly, that the over-expression of CDKl 1''"" eliminates the interaction between TH 

and GST-SH2. Since 14-3-3 and CK2 also precipitate with GST-SH2, an interaction 

with TH and CDKl 1''^'" is inferred. HEK293 derived CK2 was the only protein analyzed 

that interacts with GST-SH3. 

Significance of the interaction between GST-SH2 and CDKl 1''"" might include 

the regulation of Raf-1 activity. Preliminary evidence from Figure 17 indicates that 

PAKP interacts with CDKl 1'^"". while previous work has suggested that PAK and Src 

are two of a number of kinases to regulate Raf-1 activity. Alteration of Raf-1 activity 

occurs through phosphorylation at serine 338 or tyrosine 341 by the serine/threonine 

kinase PAK or the tyrosine kinase Src, respectively, where phosphorylation by PAK is 

less of an activating event in terms of Raf-1 activity (230. 231). In the case that Raf-1 is 

phosphorylated at both residues, kinase activity may be potentiated, while the 

phosphorylation of additional sites may also contribute to further increases in Raf-1 

activity. The activation of Raf-1 converges from various stimuli, resulting in varied 

downstream events. For example, Raf-1 in a highly activated state is thought to 

contribute to cell cycle arrest, whereas low Raf-1 activity begets proliferatory events 

(232). Although, numerous functions have been ascribed to the PAK kinases including, 

suppression or promotion of apoptosis (233), neurite outgrowth (234). cell motility and 

act in stress fiber formation/cytoskeletal organization (232), the data discussed above 
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present the possibility that the interaction between CDK11^"° and PAKj3 connect these 

proteins to cell cycle regulatory events. 

To summarize, when kinases were previously pursued in reference to TH, they 

contributed to phosphorylation of the enzyme and/or increased TH activity. This study 

presents the unique possibility that a negative regulatory mechanism mediated by the 

kinases CK2 and CDKl l''"*^* contribute to decreased TH activity. In our model, it is not 

clear whether CDKl 1'''and CK2 act in concert, or whether these kinases negatively 

regulate one another. Data presented suggest that CDK11''"° over-expression inhibits 

CK2 phosphorylation of 14-3-3 x. Additionally, attempts to demonstrate that TH serves 

as a substrate, and interacts with CDKl 1''"" remain elusive. For these reasons, it was 

suspected that CK2 inhibits CDKll^'"^ activity and the next chapter focuses on methods 

to separate the two kinases. Following separation of CK2 and CDK11''"°, the interaction 

between CDKl 1''"° and TH as well as CDKl phosphorylation of TH is readdressed. 
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Figure 34: CDKll''"" over-expression diminishes the in vitro phosphorylation 
of TH and the interaction between TH and 14-3-3 
Results from Figures 10 and 12 demonstrate that CDKl 1''"'^ over-expression 
significantly decreases the association between TH and 14-3-3, as well as the in 
vitro phosphorylation of TH. Since 14-3-3 is essential to TH activity, while TH 
phosphorylation is generally accepted as a mechanism to increase enzyme activity, 
the results observed indicate that CDKl 1''"^' over-expression diminishes TH activity 
(38, 172). 
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CHAPTER 4: TH SERVES AS A SUBSTRATE, AND AN INTERACTING PARTNER TO 
CDKl l''"" IN THE ABSENCE OF CK2 

INTRODUCTION 

CDKll''"" and CK2 interact with proteins that are central to transcription by pol 

II. For CDKl F'this supports the hypothesis that since the CDKl ]'''cyclin partner is 

associated with transcription, CDKl 1''"" should also regulate transcription. CDKII''"'^' 

has been demonstrated to associate with the splicing factor. RNA-binding protein with 

serine-rich domain (RNPSl) (235), facilitates chromatin transcription (FACT), RNA 

polymerase elongation factor 2 (ELL2), general transcription factor IIF (TFIIF), and 

general transcription factor IIS (TFIIS ) (169). All of the proteins identified as interacting 

partners with CDKlF"° are components of transcription initiation and elongation 

processes, further indicating a role for CDKlP"^ and its cyclin partner in hnRNA 

synthesis by RNA polymerase II. CK2 interacts with and/or phosphorylates the CTD of 

pol II, TATA box binding protein. TFIIB TATA binding protein and a variety of 

transcription factors, e.g. CREB, MAX, c-Myc. iKbp, and HOXB-6 [for a more extensive 

list see (236)]. 

RNA polymerase II is a twelve subunit enzyme, whose crystal structure (237) 

helped reveal how the DNA promoter interacts with RNA polymerase II, as well as the 

positioning of its subunits to stabilize the elongation complex (238). For transcription 

initiation to occur. RNA polymerase II also requires the initiation factors, or general 

transcription factors; IIB (TFIIB), I ID, HE. IIF and IIH to form the pre-initiation 

complex. In addition to initiation. TFIIF is thought to stimulate elongation rates (239). 
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while TFIIH and TFIIE help prevent elongation arrest (240-243). Arrest occurs when 

DNA is displaced from the catalytic site of RNA polymerase II and the nascent transcript 

must then be cleaved upstream from its 3-OH terminus to permit a re-aligning with the 

catalytic site, while other examples are possible, this process is mediated by SlI (238). In 

contrast, pausing is spontaneously reversible and ELL2, TFIIF. as well as other 

elongation factors mediate suppression of pausing. DNA helicases XPB and XPD, which 

are subunits of TFIIH, help unwind DNA in an ATP-dependent reaction. Once the DNA 

is accessible, RNA polymerase II proceeds with hnRNA synthesis and after 

approximately nine nucleotides of the primary transcript are produced, the initiation 

factors TFIID and TFIIB dissociate from RNA polymerase II and elongation proceeds. 

Among other elongation factors, FACT, which is composed of additional subunits, helps 

to remodel chromatin in a manner promoting DNA accessibility to transcript elongation 

processes and is specific for templates whose chromatin does not containhistone HI. 

Active elongation also corresponds with phosphorylation of the C-terminal 

domain (CTD) of the largest subunit of pol II, where the phosphorylated form is 

designated as pol IIo, and the unphosphorylated form as pol Ila. The mammalian CTD 

contains 52 tandem heptapeptide repeats of the consensus sequence, YSPTSPS, and it is 

generally agreed that hyperphosphorylated CTD regulates transcription initiation and 

elongation, although the exact mechanism remains unclear (244). Phosphorylation of the 

CTD is also thought to coincide with new protein associations important for intron 

removal from hnRNA, polyadenylation and cleavage at the polyA site (245). Also, 

depending on the phosphorylation state of the CTD, different aspccts of these RNA 
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processing events occur (246). Both CDKl F"" and its cyclin partner, cyclin L, have 

been observed in nuclear speckles and associate with splicing factors as well as the CTD 

of pol IIo, further indicating the involvement of CDKl l"^"" and cyclin L in hnRNA 

processing and/or synthesis (166). It is unclear whether hnRNA processing occurs in 

nuclear speckles, because research indicates that these compartments serve as storage 

units for splicing factors, and other transcription factors, rather than actual hnRNA 

processing event centers (247). 

As stated above, CDKll''^'" associates with pol IIo, while CK2 phosphorylates 

the CTD of pol II, and depending on the phosphorylation state of the CTD, different 

aspects of transcription result (168, 248, 249). For example, a complex between cyclin C 

and CDK8 has been demonstrated to phosphorylate the CTD at serines 2 (250) and 5 

(251, 252) of the consensus heptapeptide repeat YSPTSPS. Since phosphorylation 

occurs before pol II binds to the gene promoter, along with the rest of the proteins 

essential to the initiation stages of transcription, this phosphorylation event serves to 

inhibit transcription of specific genes concerned with meiosis and control of cell-type 

specificity (253, 254). In another example, a complex of CAK and eight other subunits. 

which comprise TFllH, are involved in the phosphorylation of the CTD of pol II at 

serines 2 and 5 (255). However, this phosphorylation event permits the synthesis of 

transcripts because it occurs after the pre-initiation complex assembles and binds to the 

promoter (256). When CDKl 1''"*' is associated with cyclin L. it is unclear whether their 

association with pol IIo results in the promotion or inhibition of transcript initiation 

and/or elongation, as well as the ultimate function of these transcripts. 
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Previous research indicated that CDKl l"""" was responsible for phosphorylation 

of the CTD of pol II (167). Based on the fact that CK2 has been demonstrated to 

phosphorylate the CTD, it was hypothesized that the results observed by Dickinson and 

colleagues may be due to co-associating CK2, rather than CDKl 1''"" activity (204, 249). 

To determine whether CDKll"^"" phosphorylates the CTD of pol II, CDKl 1''"" kinase 

activity was separated from CK2. 

Numerous methods were undertaken to purify CDKl l""'" without contaminating 

CK2 activity. In a first attempt, non-secreted CDKl F"" that was expressed in Sf-9 

insect cells was purified with Ni-agarose, but found to contain insect cell derived CK2 by 

LC-MS/MS and western blotting. Other attempts to separate the two kinases included 

subjection of recombinant CDKl P"" purified from Sf-9 insect cells, to anion exchange 

chromatography, ammonium sulfate precipitation, purification of a GST fusion protein 

encoding full-length CDK11'''and the elution of protein from gel pieces corresponding 

to the size of CDKl F"^'. Unfortunately, all attempts were deemed unsuccessful in terms 

of separating CK2 from CDKl and, at the same time, maintaining kinase activity. 

To ehminate the co-purification of CK2. recombinant baculovirus containing a 

honeybee melittin signal sequence to direct CDK 1secretion permitted the production 

of CDKl 1''^'° devoid of CK2. After establishing that CDKl 1''^"' was a functional kinase 

in the absence of CK2, the CTD of pol II or 14-3-3 T were tested as substrates for 

CDK 1and/or CK2. Following the separation of CDKl from CK2 analysis of an 

interaction with TH. as well as the ability of this enzyme to serve as a substrate for either 

kinase was also addressed. 
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As demonstrated in chapter 3, Figure 26, incubation with the nucleotide analog, 

DRB, demonstrated that CDKll^"" phosphorylation by CK2 was reduced. Although 

DRB is considered to be selective for CK2, the interaction between CK2 and CDKl 1''"° 

has only recently been demonstrated (168). Since the two kinases are so closely 

associated, it seems difficult to discern whether DRB might also reduce CDK11^^^° 

activity, especially since incubation with DRB obliterated phosphorylation in Figure 26. 

Therefore, the separation of CDKl 1''"'^ from CK2 permitted testing as to the 

selectiveness of DRB. 
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METHODS 

Cell culture 

High Five insect cells (Invitrogen) were cultured at 27°C, 90 rpm in EX-CELL 

400 Insect Serum-Free medium (JRH Biosciences. 14412) with supplements (10 |Jg/ml 

gentamicin, 0.25 )ig/ml filter sterilized fungizone, 50 |ig/ml penicillin/streptomycin). 

High Five cells were grown in spinner flasks with impeller assemblies (Bellco 

Biotechnology) positioned on a Bell-ennium 5-Position Magnetic Stirrer (Bellco 

Biotechnology) and supplemented with 10 units/ml filter sterilized heparin (Sigma 

Biosciences, H-3149) in ddHaO. 

Constructs 

CDKllP"" (no ATG) {EcoRh Sr//I)/pBlueBacHis2C [440] and KM-CDKll''"" 

(no ATG) (£coRI, 5a/I)/pBIueBacHis2C [441] were generated by digesting 

CDK11 P""/pFLAG-CMV-2 [437] or KM-CDK11 p' '%FLAG-CMV-2 [438] with EcoRl 

and Sail. The EcoRl-Sall fragment was then ligated into pBlueBacHis2C [154], which 

was digested with the same restriction enzymes. DNA purification, ligation and 

transformation into supercompetent E. coli JM109 were completed as described for the 

defunct version of CDKll'""VpFLAG-CMV-2. 

HA(His)ft-CDK 11''" '"/pMelBacC [509] or HA(His)(,-KM-CDKl 1"VpMelBacC 

[510] with C-terminal epitope tags were produced by excising HA(His)6-

CDKll"'"VpGEM-T [507] or HA(His)6-KM-CDK 11"""VpGEM-T [508] from pGEM-T 

with the restriction enzymes EcoRl and Sail. The EcoRl-Sall CDKlF"*' fragments. 
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containing C-terminal HA and hexahistidine epitope tags, were then ligated into 

pMelBacC, which had also been digested with EcoM and Sail. Samples were resolved, 

purified using Quantum Prep Freeze 'N Squeeze DNA gel extraction spin columns, 

ligated, and transformed into supercompetent E. coli JM109 as described previously. 

CDKl 1''"" (£cy;R1, S<i/r)/pGEX-5X-3 [515] was generated by digesting both 

pGEX-5X-3 and CDKl F'"VpFLAG-CMV-2 [437] with froRl and Sail. After digestion 

of pGEX-5X-3, it was incubated with 5 fiJ LOX Dephosphorylation buffer, 3 |il ClAP 

(Roche Applied Science), with a final volume brought to 50 {il with ddH20. The fcoRI-

Sall fragment from CDKlP^^/pFLAG-CMV-l [437] was ligated into pGEX-5X-3 after 

resolving fragments and purification using the UltraClean DNA Purification kit. 

Ligations were transformed into supercompetent E. coli JM109 as described previously. 

GST-CTD/pGEX-4T-3 containing heptapeptide repeats 32-52 was graciously 

provided by Dr. Xavier Grana (GenBank accession number U89930) (199). 

Production of haculovirus 

Production of recombinant baculovirus was completed as described in chapter 3, 

with modifications as described here. (His)6-CDK1 l''""/pBlueBacHis2C or (His)6-KM-

CDKll"""/pBlueBacHis2C viral DNA were amplified in a reaction containing Taq 

buffer without MgCla, 1.5 niM MgCb, 0.4 mM dNTPs, 250 ng forward baculovirus 

primer (100 ng/jil), 250 ng reverse baculovirus primer (100 ng/|il), 2.5 units Taq 

polymerase, 5% DM SO and 8% viral DNA. Negative control included viral DNA 

isolated from an occ"^ plaque. Positive controls included (His)6-
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CDKl lP"%BlueBacHis2C. (His)6-KM-CDK11 p'"'/pBlueBacHis2C, or pBlueBacHis2A 

plasmid DNA. After overlaying 50 }il mineral oil, amplification was 94°C for 2 min, 

followed by 30 cycles of 94°C for 1 min, 55 °C for 2 min, and 72°C for 4 min. Final 

extension was 72°C for 10 min. Production of baculovirus encoding HA(His)6-

CDKl 1^"" or HA(His)6-KM-CDKl F"" was essentially the same as described 

previously. 

Purification of recombinant (His)(rCDKJ or (His)t-KM-CDK] /'''from Sf-9 insect 

cells by their hexahistidine epitope 

Sf-9 cells in a 500 ml suspension culture at a density of 1.5 x 10^ cells/ml were 

infected with a high titer viral stock that encodes (His)6-CDK11^"° or (His)6-KM-

CDKlP^'^ where the MOI was 5 and the titer was 3.1 x 10® pfu/ml or 1.6 x 10^ pfu/ml, 

respectively. An MOI of 5 or higher was used for CDKlF'"^ constructs after 

determining that it was optimal to 1.5. After 36 h, cells were collected as detailed for the 

purification of recombinant FLAG(His)6-TH in chapter 3. Cell pellets were resuspended 

in 25 ml hexahistidine lysis buffer as detailed for the purification of (His)6-THS19A in 

chapter 3. The remaining conditions for the purification and elution of (His)6-CDK11''"" 

or (His)6-KM-CDK1 was exactly as detailed for (His)6-THS19A in chapter 3. 

Purification of recombinant (H i s } ( , - C D K I F ' o r  ( H i s j ^ - K M - C D K I d e v o i d  o f  C K 2  

(His)6-CDK11''"'^ or {His)6-KM-CDK 11were purified using Ni-agarose as 

detailed in the previous section except that an MOI of 7.5 was used. Following 
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purification, both versions of the protein were separated by SDS-PAGE using a three-

well comb; where the major well contained 2-3 ml protein enriched for wild-type or 

kinase inactive CDKl 1''"". The other two minor wells were on either end of the major 

well and a small aliquot of purified protein was also separated in the minor wells with 

molecular weight standards. In this manner, molecular weight standards as well as the 

position of CDKll''"*^ could be determined after removing the minor lanes, transferring 

them to a nilrocellulose membrane and probing the western blot with an antibody 

recognizing CDKl F"". Following western blotting, the position of CDKl 1''"*' in the 

major well was determined by aligning the CDKl F"" immunoreactive portion of the 

western blot with the gel. Gel pieces at the size where CDKl 1^"° immunoreactivity was 

observed were removed with a razor blade, diced into small pieces and placed into a 50 

ml conical tube containing ddHiO. CDKl 1''"° was removed from the gel by end-over 

end-rotation at 4°C overnight. In an attempt to remove SDS-PAGE compounds, which 

were probably present in the eluted protein. CDKl P"" was dialyzed overnight at 4°C in 

dialysis buffer V (50 niM NaCl, 25 mM Hepes pH 7.2, 0.05% p-mercaptoethanol and 1.5 

fig/ml aprotinin) using Spectra/Por molecular porous membrane tubing with a molecular 

weight cut off of 12-14 kDa. When discussed in the future, (His)6-CDK11''"*' or (His)6-

KM-CDKllP"" eluted from SDS-PAGE, will be referred to as CDKll^"" (gs) or KM-

CDKllP"" (gs). 

Subjection of (His)(-CDK1 to anion exchange chromatography 
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Recombinant (His)6-CDK1 or (His)6-KM-CDKhp'"' were purified from 5.0 x 10® 

Sf-9 cells, which had been infected with an MOI of 7.5. CDKl F"" was then purified 

using Ni-agarose and eluted as described above. Proteins were filter sterilized through an 

Acrodisc 25 mm PF Syringe Filter with 0.8/0.2 p,m Super Membrane (Pall Gelman 

Laboratory) before fast protein liquid chromatography (FPLC). Either 500 }il or 1 ml 

was injected on a MonoQ column, and the loop was changed to 500 }il or 1 ml depending 

on the initial fraction size to be separated. The MonoQ was equilibrated with 2 cv of 

100% filter sterilized buffer A.l, pH 6.0 (0.02 M Pipes, 50 mM NaF, 0.1 mM Na3V04 

and 1 mM DTT) at a flow rate of 1.0 ml/min. Following the injection of (His)6-

CDKlP"", the loop was emptied with 2 cv of buffer A.l. Fractions of 1 ml were 

collected when 2.5% filter sterilized buffer B.l pH 6.0 (buffer A.l supplemented with 1 

M NaCl) was attained. The length of the gradient was 40 cv, at which point 100% B.l 

was maintained for 5 cv. The column was re-equilibrated to 100% A.l over 5 cv and 

then the column was maintained at 100% A.l for 7 cv. The remaining variables were 

default values. Other buffers utilized include buffer A.l (20 mM Tris pH 7.4, 5 mM 

EDTA. 50 mM NaF, 0.1 mM Na3V04, and ImM DTT) and B.2 (buffer A.2 

supplemented with 1 M NaCl) or alternatively, buffer A.l was supplemented with 0.5 M 

NaCl, while buffer B.l was supplemented with 2.5 M NaCl. 

Concentration of proteins by precipitation for SDS-PAGE 

From the 3 ml fractions collected by HIC, 0.9 ml (0.9 vol) were precipitated with 

0.1 ml (0.1 vol) 0.15% sodium deoxycholate, 72% trichloroacetic acid. Samples were 
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mixed with a vortex machine and incubated 10 min to overnight at 4°C, followed by 

collection at 16,000 x g for 10 min at 4°C. Samples were then washed twice with 1 ml 

ice cold acetone. Between acetonc washes, samples were collected as before if protein 

pellet became dislodged from 1.7 ml microcentrifuge tube. Protein pellets were then 

dried in a fume hood, or on benchtop, followed by the addition of 80 |il 5X Laemmli 

sample buffer to resuspend proteins. If the pH of the Laemmli sample buffer was altered, 

as evidenced by yellow color. 5 fil of IM Tris pH 8.0 was added to the sample, followed 

by mixing with a vortex machine. Samples were then heated at 100°C for 5 min and 

separated by 8% SDS-PAGE as detailed previously. 

Purification of recomhinanl HA(His)6-CDKn''"" or HA(Hisk,-KM-CDKIV'secreted 

proteins from High Five insect cells 

Baculovirus encoding HA(His)6-CDKllP"'' or HA(ffis)6-KM-CDKllP'"^ was 

o 
used to infect 7.5 x 10 High Five insect cells. Infection with baculovirus encoding MEK 

kinase 3 (MEKK3), without a (His)6 epitope, was used as a negative control and all 

purification steps were the same as detailed for CDKl l"""". The pMelBac series of 

vectors contain a honeybee melittin signal sequence engineered upstream from either 

CDKl 1'^'"^ permutation to form a recombinant protein. The honeybee melittin signal 

sequence is a highly expressed protein which directs secretion of either HA(His)6-

CDKll""" or HA(His)6-KM-CDKll'""' protein from the cell after translation 

(Invitrogen, Catalog # VI950-20). After 24 h cells were supplemented with 10 }ig/ml E-

64 to prevent proteolysis (257). Following 96 h of infection, cells were harvested as 
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detailed for (His)6-CDK11''"". All subsequent procedures were completed at 4°C. 

Immediately following harvest of 0.5 liters of media, 0.4 M NaCl was supplemented. 

Proteins were then precipitated using 20% polyethylene glycol (PEG) 6000 with constant 

stirring for 4 h. Proteins were then collected by centrifugation at 9800 x g for 30 min. 

Protein pellets were resuspended with 300 ml dialysis buffer VI (10 niM Hepes, pH 8.0, 

0.1 M KCl, 0.1% P-mercaptoethanol, 0.25 (ig/ml leupeptin, 0.25 |ig/ml E-64 and 1.5 

|ig/ml aprotinin) and precipitated with 50% ammonium sulfate (w/v), while stirring 

constantly for 4 h. Proteins were then collected by centrifugation at 9800 x g for 2 h. 

Proteins were resuspended in 50 ml dialysis buffer VI. dialyzed twice for 4 h against 4 

liters of dialysis buffer VI and then enriched for HA(His)6-CDKl 1'''"' or MEKK3 with 

ProBond resin as detailed for (HisVCDKl jp"®, except that 5 mM imidazole. 0.02 mg/ml 

leupeptin and E-64 were included during incubation with ProBond resin and storage 

buffer included 0.02 mg/ml leupeptin and E-64. In the future. HA(His)6-CDKl 1''"" or 

MEKK3 secreted proteins will be referred to as CDKl 1''"" (sec) or mock, respectively. 

Proteins could not initially be precipitated with ammonium sulfate because the 

surfactant, Pluronic F-68, present in the EX-CELL 400 Insect Serum-Free medium 

interferes with this process. Additionally, proteins were precipitated with PEG 6000, 

followed by ammonium sulfate because the second precipitation served to remove PEG 

6000, which is not easily removed by dialysis (258). 

In vitro kinase assay 
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Glycerol was removed prior to assessment of CDKl F"" kinase activity, because 

high concentrations may interfere with kinase activity. To remove glycerol present in the 

storage buffer. 100 {il of CDKlF"° (sec) bound to Ni-agarose was washed twice with 1 

ml PAN. After the second wash. CDKl l"""® (sec) was resuspended in 100-200 jul PAN 

and 50 |xl was supplied in kinase assays. Recombinant (His)6-CDK11''"" (non-secreted) 

was washed in a similar manner to make a 1:1 solution of beaded slurry:PAN. 

Recombinant FLAG(His)6-TH was diluted 1:4 in PAN and 2 jil was used per kinase 

reaction as indicated. Recombinant CK2 was diluted accordingly in PAN so that 33, 50, 

100, 167, or 333 units of CK2 were supplemented in kinase reactions. 

C D K l ( g s )  o r  K M - C D K l  1 ' ' " "  ( g s )  w e r e  i n c u b a t e d  w i t h  C K 2  b u f f e r  a s  

detailed by the manufacturer, 20 units of recombinant CK2 and GST-14-3-3 x as 

indicated, with 2 }iCi [y-^^P]ATP. 

Prior to the provision of GST-CDKl 1'^'"^ in an in vitro kinase assay, 350 |jl of the 

protein was washed with 1 ml EB, collected by centrifugation at 735 x g and resuspended 

with 125 jJLl PAN. From the washed fraction, 25 or 50 |il of GST-CDKl F"" was then 

incubated with CK2 buffer, 2 fiCi [y-'-PJATP, and 0.25 jil GST-CTD (diluted 1:12 in 

PAN and 3 p,l used per reaction), 0.8 |il recombinant FLAG(His)(,-TH (diluted 1:5 and 4 

jJl supplemented per reaction). 2 |il eluted GST-14-3-3 x, or 27 units of recombinant CK2 

as indicated. 

For the analysis of histone HI (Roche Applied Science. 2.5 fig) or GST-CTD 

phosphorylation, recombinant proteins were incubated with IJKB A, 2 |iCi [y-'^PlATP 
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and/or PKA (Promega. 5 units), mock protein, (His)6-CDK] 1''"", CDKll''"® (sec) and 2 

|iCi [y-^^P]ATP. When CK2 kinase activity was evaluated with GST-CTD or histone HI, 

it was incubated in CK2 buffer, with the remaining conditions as described above. 

Incubation with 0.1, 1, 5, or 10 jig/ml heparin occurred as indicated, 6 min prior to the 

addition of kinase buffer and substrate (168). 

For analysis of FLAG-TH phosphorylation, 2 |j,Ci fy-'^PJATP along with CK2 

buffer or UKB A were incubated with 50 or 75 units recombinant CK2, (His)^-

CDKll''"", CDKlF''*^ (sec), mock protein and/or FLAG-TH as indicated. Incubation 

with 10 p-g/mi heparin or 50, 100 or 200 pM DRB, or ethanol as vehicle control for DRB 

treatment occurred as detailed above. 

For analysis of GST-14-3-3 i phosphorylation, 2 |aCi ly-^'PJATP and 50 units 

recombinant CK2, {His)(,-CDK11'''CDKl 1''"" (sec), mock protein and/or GST-14-3-3 

T were incubated as indicated with kinase buffer or CK2 buffer as detailed above. 

Incubation with 5 f^g/ml heparin was completed as detailed above. All reactions were 

incubated for 20 min at 30°C and then terminated with 2X Laemmli sample buffer, 

resolved by 8% SDS-PAGE and phosphorylation was detected by autoradiography. 

Purification oj GSTfiision proteins 

Full-length GST-CDKl or GST-CTD were purified and/or eluted as 

described in chapters 2 and 3 except that GST-CDKl 1''"" was induced with 0.2 mM 

IPTG for 5 h at ambient temperature. 
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RESULTS 

CK2 co-purifies with recomhinant (His)f,-CDK1or (His)6-KM-CDKl 1''"" 

To confirm that the purification for (His)6- C D K 1 o r  (His)6-KM-CDK11''"® 

with Ni-agarose was successful, a portion of the purified protein was resolved by 8% 

SDS-PAGE and the gel was stained with imidazole, zinc salts. There were prominent 

bands at approximately 47 kDa, which were suspected to be CK2a subunits. Two 

avenues were pursued to confirm the presence of CK2 in the enrichment for (His)6-

CDKll'''"' with Ni-agarose. First, the proteins thought to correspond to CK2 were 

removed for identification through trypsinization, LC-MS/MS and SEQUEST to confirm 

the presence of CK2 peptides. Secondly, after the removal of additional bands at 90, 74, 

47, 36 and 28 kDa, indicating proteins which also co-purified with (His)6-CDK11'''''^, the 

gel was destained with running buffer as detailed in chapter 3 and transferred to a 

nitrocellulose membrane for western blotting with antibodies directed to CDK11''"°, 

CK2 or 14-3-3 (Figure 35 top, middle, or lower portions, respectively). Black boxes in 

Figure 35 denote portions of gel removed prior to its transfer to a nitrocellulose 

membrane. Since these portions were removed before transferring to a nitrocellulose 

membrane, no immunoreactivity was expected from these portions of the blot. Probing 

the middle panel with an antibody directed to CK2 revealed that it co-purified with 

(His)fi-CDKl F"" or (His){,-KM-CDK1 F'(lanes 3 and 7). Positive immunoreactivity 

for CK2 was not present in lanes 2 and 8 because bands were excised at this position for 

sequencing by LC-MS/MS. CK2 immunoreactivity was weakly detected from Sf-9 cell 

extract (lane 1). This is probably because the resolved fraction of Sf-9 cell extract in 
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lanes 1 and 6 was only equivalent to 5 x 10^ cells, while CK2 iinniunoreactivity in lanes 3 

and 7 was present from the concentration of 7.5 x 10® Sf-9 cells for the purification of 

(His)6-CDK11^"°. Probing the top portion of the nitrocellulose membrane with an 

antibody directed to CDKl P"" revealed that wild-type or kinase inactive CDKlP"^ 

were present in Sf-9 cell extract (lanes 1 and 6. respectively). Wild-type or (His)6-KM-

CDKl 1''"^' were also present following their purification with Ni-agarose (lanes 2 and 7, 

respectively) and following their elution from Ni-agarose (lanes 3 and 8, respectively). 

Lane 4 denotes any remaining (His)6-CDK11''"'' bound to Ni-agarose following its 

elution. The absence of CDKl 1''"° immunoreactivity in this lane confirms that the 

elution of (His)6-CDKllP"° was successful. Lastly, the bottom panel was probed with an 

antibody to 14-3-3 because protein bands of the estimated size for 14-3-3, between 28 

and 36 kDa, co-purified with CDKlP^^'^. Although 14-3-3 was observed in Sf-9 cell 

extract (lanes 1 and 6), it did not co-purify with either wild-type or (His)6-KM-

CDK11P"° (lanes 3, 7, and 8). 

As stated in the previous paragraph, all black boxes in lane 2 denote portions of 

the gel removed for protein sequencing. Proteins removed from lanes 3, 7, and 8 were 

used for other purposes, which will not be addressed here. Following trypsinization of 

the proteins removed from lane 2, peptides were subjected to LC-MS/MS followed by 

SEQUEST analysis to deduce peptide origin using a non-redundant human database. The 

protein removed at approximately 47 kDa was identified as Sf-9 derived CK2a with 

126/353 amino acids identified, or 35.7% amino acid coverage. The excised 36 kDa 

protein contained one peptide corresponding to CK2(3 of Sf-9 cell origin. Following 
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western blotting for 14-3-3, panel D was not probed for CK2|3, because the commercial 

antibody used for these studies only detects CK2a or a'. Nor was a commercial antibody 

directed to CK2p purchased to validate this result. From the two proteins removed at 

approximately 74 kDa, SEQUEST only matched a couple peptides to hsp 70. All other 

gel bands removed, which corresponded to proteins that co-purify with (His)6-CDK1 P"" 

were of indecisive origin based on LC-MS/MS and respective SEQUEST searches. 

Additionally, although the bands removed at approximately 90 kDa were suspected to be 

CDKl 1''"", the western blot demonstrated that the wrong band was removed because 

immunoreactivity was still present, despite its suspected removal (90 kDa band removed 

from lanes 2, 3. and 7). Rather, the 90 kDa band removed had one peptide which 

matched MAPKKKK3. As detailed in chapter 3, this result was only pursued to the 

extent that a western blot for PAKP was completed (Figure 17). 

(His)6-CDK11''"® or (His)6-KM-CDK1 P"" were produced in hopes of obtaining 

a purified protein, which was devoid of CK2 kinase. Since these recombinant proteins 

were not devoid of CK2, similar results to Figure 19 were expected when these proteins 

were provided by themselves in an in vitro kinase assay. In fact, when (His)6-CDK1 

or (His)6-KM-CDK11'^"- were provided alone, phosphorylation occuned in the absence 

of any other supplemented protein (Figure 36, lanes 1 and 2, respectively). This result 

helps provide additional evidence that co-purifying CK2 phosphorylates CDKl 1''"", but 

does not rule out the idea that other co-purifying kinases may also contribute to the 

phosphorylation of recombinant (His)6-CDK] F"** or (His)6-KM-CDK11 Another 

remaining conundrum is whether or not the kinase activity exhibited by (His)6-KM-
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CDKllP"" is due to its phosphorylation by a co-purifying kinase, such as CK2, or 

whether the mutation engineered into the kinase inactive mutant is incorrect. If (His)6-

KM-CDKllP"" is still active, then autophosphorylation is another possibility to explain 

the phosphorylation observed. 

Purification of recombinant (His)6-CDK1 F"" or (His)6-KM-CDK1F"° devoid ofCK2 

Since it was suspected that CK2 might interfere with the ability of CDKl 1''"" to 

interact with and/or phosphorylate TH, these questions remained unaddressed with 

recombinant (His)6-CDK1enriched in the manner detailed for Figure 35. In order to 

produce a form of CDKl 1''"" devoid of CK2, recombinant (His)6-CDK11^"" or (His)6-

KM-CDK11^"° bound to Ni-agarose were resolved by SDS-PAGE and each protein was 

eluted from gel pieces as depicted schematically in Figure 37. Since CK2 resolves at 

approximately 45 kDa, whereas CDKlF'^® resolves around 97 kDa, it was simple to 

remove only portions of the gel matching the size of (His)6-CDK11''''" or (His)6-KM-

CDKl CDKl 1''"^ purified in this manner will be referred to as CDKl 1''"" (gs) or 

KM-CDKl (gs). When CDKl 1^"° (gs) was incubated in an in vitro kinase assay no 

autophosphory I at ion (or phosphorylation by a co-purifying kinase) of CDKl 1''"" (gs) or 

KM-CDKl 1'"'" (gs) was observed (Figure 38, lanes 1 and 4, respectively). When 

recombinant CK2 was supplemented with CDKl l*^"" (gs) or KM-CDKl F"" (gs), 

phosphorylation by CK2 was observed (lanes 2 and 3, respectively). The band at 

approximately 65 kDa in lane 2 may represent a proteolytic product of CDKl 1''"" (gs). 

When CDKl 1''"'^ (gs) was incubated with GST-14-3-3 x, phosphorylation of 14-3-3 x 
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was not observed (lane 5). When CDKl (gs) or KM-CDKl 1''"° (gs) were incubated 

with a GST fusion to the CTD of pol II, phosphorylation was also not observed (data not 

shown). Incubation of recombinant CK2 alone (lane 7), reveals that the protein present 

around 52 kDa, in lanes 2 and 3, is phosphorylated CK2. Therefore these data 

demonstrate that CDKl l"^"" (gs) or KM-CDKl 1''"" (gs) serve as substrates for 

recombinant CK2. However, these data do not necessarily mean that 14-3-3 x or GST-

CTD do not serve as substrates for CDKl 1because the concentration of SDS 

remaining after dialysis may have been too large for the protein to fold into its native 

conformation. 

Attempted separation of wild-type or (His)(,-KM-CDK 1F'from co-purifying CK2 by 

anion exchange chromatography 

An additional method employed to separate CK2 from CDKll^"® was anion 

exchange chromatography (MonoQ column) using FPLC. Anion exchange 

chromatography, rather than cation exchange, was chosen because technical data from 

the manufacturer suggested anion exchange for proteins with an isoelectric point (pi) 

below 7.0. Analysis of the protein sequence for CDKl 1''"", using GPMAW, revealed 

that it has a theoretical pi of approximately 5.0. Since it is necessary for CDKll''"® to be 

charged when it is supplemented on the MonoQ column, a buffer of one pH unit above 

the theoretical pi for CDKl l"^"" was chosen. Therefore, choosing a buffer of pH 6.0 

should result in a net negative charge for CDKlF"" that is needed for binding the 

MonoQ column. Additionally, buffers with a higher NaCl concentration were utilized for 
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anion exchange chromatography (data not shown). Before CDKll"^"" was separated 

using anion exchange chromatography, purification of CDKl 1''^^'^ was confirmed through 

SDS-PAGE resolution of 50 |il of (His)6-CDK11^"'" or (His)6-KM-CDKllP"° that was 

eluted from Ni-agarose. After transfer of the gel to a nitrocellulose membrane, it was 

probed with an antibody recognizing CDKl 1''"". Lanes 1 and 2 of Figure 39A 

demonstrate that the enrichment for (His)6-CDK11''"" or (His)6-KM-CDK1 F'"* 

respectively, was successful. 

Once the purification of CDK11'^'^° was confirmed, (His)6-CDK11''"° was 

separated by FPLC using a MonoQ column and buffers as detailed. Fractions of 1 ml 

were collected and 100 ^il of these fractions were separated by 8% SDS-PAGE with the 

fraction numbers denoted below each lane (Figure 39B). The lane marked '-t-,' 

represents the separation of 100 ill of (His)6-CDK11''^'° prior to anion exchange 

chromatography. Thus, this lane serves as a positive control and immunoblotting with an 

antibody recognizing CDKlF"° (panel B, top) or CK2 (panel B, bottom) designates the 

respective migration of each protein. Although immunoreactivity for CK2 occurs from 

fractions 25-34, and fraction 36, no immunoreactivity to CDK11^'^° occurs in any of the 

resolved fractions. Therefore, these data demonstrate that although CK2 eluted at 

specific fractions, albeit with poor resolution. CDKll'^'did not appear in the elution. 

The lack of (His)6-CDK11''"" immunoreactivity could be due to a number of reasons, 

including excessive dilution combined with extremely poor resolution. These factors 

would result in the elution of CDKl 1''"*^' throughout the entire collection process. 

Alternatively. CDKl 1''"" may not have bound via anion exchange or was never eluted 
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from the column. However, separation of the first two fractions by SDS-PAGE should 

have revealed CDKl immunoreactivity if it did not bind to the MonoQ column, and 

this was not the case. To account for the possibility that CDKlmay not have been 

eluted; an increased ionic strength buffer was utilized in subsequent runs (data not 

shown). In some additional attempts utilizing different buffers, CDKll''"" was 

visualized in specific fractions, however, CK2 was also observed in these fractions (data 

not shown). Therefore, CDKl l''"" was not separated from CK2 utilizing the 

aforementioned anion exchange chromatography conditions. 

Attempted separation of wild-type or (His)6-KM-CDK1 P'"from co-purifying CK2 by 

ammonium sulfate precipitation 

Since previous attempts to separate functional CDKlF'^° from CK2 were 

unsuccessful, an additional effort was to separate the proteins through ammonium sulfate 

precipitation. This was completed in hopes that CDK11''"° might precipitate out with a 

concentration of ammonium sulfate before, or after, CK2 salts out. An advantage to 

ammonium sulfate is that it is relatively straightforward and proteins salted out with 

ammonium sulfate usually retain their stability and function (259). Concentrations of 20, 

25, 30, 35, 40, and 50% ammonium sulfate (w/v) were employed to precipitate (His)(,-

KM-CDK1 F"® and/or CK2 from 1 ml fractions in Figure 40, left. These fractions were 

separated by 8% SDS-PAGE and immunoblotting with an antibody to CDKl 1''"" 

revealed its presence with all of the concentrations of ammonium sulfate (top panel, left). 

However, CK2 was also present at all of the concentrations of ammonium sulfate used 
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(bottom panel, left). Since this experiment was designed to separate the two proteins, it 

was anticipated that CDKl l*"'"" might be contained in a supernatant fraction without 

CK2. To test this idea, 20% of the supernatant from each ammonium sulfate 

precipitation was separated on the right half of the gel. These fractions were also 

separated because once CDKl 1''"" or CK2 salted out, the protein should theoretically be 

undetected by immunobiotting the supernatant fraction. However, the only fraction of 

supernatant lacking CK2 immunoreactivity also lackcd CDKl l"^"^ immunoreactivity 

[50% ammonium sulfate (w/v)]. The lane denoted by '+' contains 100 {ll of (His)(,-KM-

CDKll'""' prior to its dilution for ammonium sulfate precipitation. Although the gel ran 

amorphously due to the high salt concentration, the migration of CDKl 1^''° or CK2 was 

still distinguishable enough to demonstrate that CDKlF"" and CK2 could not be 

separated by the concentrations of ammonium sulfate tested. 

GST-CDKlserves as a substrate for CK2, but does not phosphorylate GST-CTD, 

GST-14-3-3 Tor FLAG(His)6-TH 

An alternative method to produce CDKl 1''"" devoid of CK2 was through the 

production of recombinant GST fusion protein encoding full-length CDKl 1^"^'. GST-

CDKllP"" was resolved by SDS-PAGE. transferred to a nitrocellulose membrane and 

western blotting was completed with an antibody directed to CDKlF"° to confirm 

purification (Figure 41, top panel, lanes 3, 7, or 8). In lane 3, GST-CDKl was 

purified from JM109 bacteria, while GST-CDKl 1''^'° was purified from BL21 bacteria in 

lanes 7 and 8. The insoluble fraction of GST-CDKl F"" purified from JM109 bacteria. 
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was resuspended with 5 ml buffer as detailed in chapter 2, and 100 jil of this fraction was 

separated (lane 4). As demonstrated by western blotting, a large fraction of GST-

CDKl remained in the insoluble fraction (lane 4). In lanes 1 and 5, a fraction of 

JM109 or BL21 bacteria were separated prior to the induction of GST-CDKl 1''"", 

respectively. Separation of bacteria prior to induction demonstrates that negligible 

amounts of CDKl I''"" are endogenous to JM109 or BL21 bacteria. A fraction of JM109 

or BL21 bacteria were also separated following 5 h induction, at ambient temperature 

(lanes 2 and 6, respectively). CDKlP"'' immunoreactivity was also negligible following 

its induction, and this is probably due to the fact that the fraction separated only 

represents 0.04% of the 0.5 1 preparation, whereas the final purification fractions 

separated in lanes 3, 7 or 8, are following the concentration of 0.5 1 of bacteria. 

Since the CTD of pol II is known to serve as a substrate for CK2 (249), while 

CDKlF"*^ has been reported to associate with the CTD of pol II (169), it seemed 

reasonable to determine whether CDK11''"° might also phosphorylate the CTD. To test 

this hypothesis, GST-CTD was purified (data not shown) and provided as a substrate for 

GST-CDKI1''''° or recombinant CK2 (Figure 41. lower panel). 

Since GST-CDKl 1''"" was purified, albeit modestly, it was provided in an in 

vitro kinase assay individually or with potential substrates as indicated. Provision of 

GST-CDKll'"'" with various substrates demonstrates that it does not phosphorylate 

GST-CTD (Figure 41. lane 2). recombinant FLAG(His)6-TH (lanes 3 and 8), or GST-14-

3-3 % (lane 7). Additionally, GST-CDKl 1''"" was incubated with CK2 to confirm that 

CDKl 1''"*' is a CK2 substrate. Lane 12 demonstrates that recombinant CK2 
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phosphorylates GST-CDKl Recombinant CK2 was also used as a positive control 

for phosphorylation of GST-14-3-3 x or GST-CTD (lanes 10 and 11, respectively). As 

stated previously, 14-3-3 x is known to serve as a substrate for CK2 (195). When CK2 

was not provided with another recombinant protein (lane 9), only phosphorylation of a 

band migrating at the size of CK2 was observed (approximately 30 kDa). GST-

CDKl 1""" (lane 1), GST-CTD (lane 4), FLAG(His)6-TH (lane 5) or GST-14-3-3 x (lane 

6) did not exhibit phosphorylation when incubated separately, thus demonstrating that 

GST-14-3-3 X, GST-CTD and GST-CDK11P"° phosphorylation in lanes 10, 11 and 12, 

respectively, are due to CK2 activity. Therefore, these results suggest that GST-

CDKll'''''' does not phosphorylate GST-CTD, recombinant FLAG(His)6-TH, or GST-14-

3-3 X. 

Secreted HA{His){,-CDKl is an active kinase that does not contain co-purifying CK2 

Since the previous purifications of CDKlP'"^ did not seem to provide a 

functional kinase in the absence of CK2, recombinant baculoviras containing an upstream 

honeybee melittin signal sequence to direct secretion of CDKl 1'"'was produced [see 

Figure 42A for schematic comparison between (His)6-CDK11''"" and HA(His)6-

CDKl 1''"" (sec)]. Recombinant protein purified in this manner will be referred to as 

CDKl 1'""" (sec). To confirm the purification of CDKl 1''"" (see) in the absence of CK2, 

it was resolved by SDS-PAGE and western blotting was completed with antibodies 

recognizing the HA epitope (Figure 42B, top) or CK2 (Figure 42B, bottom). The top 

panel of lane 2 demonstrates that CDKl 1'''(sec) was purified successfully, while the 
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lower panel of the same lane demonstrates the absence of CK2. As mentioned above, 

this is in contrast to the resolution of (His)6-CDK11"^"*', which co-purifies with CK2 (lane 

1, bottom). No immunoreactivity to (His)6-CDK11''"" occurs in the top panel because 

the non-secreted form of CDKl 1''''° does not contain the HA epitope (lane 1, top). CK2a 

endogenous to Sf-9 cells resolves at a slightly lower molecular weight than CK2 derived 

from HEK293 cell extract (bottom, lane 1 compared to lane 4. respectively). Transiently 

transfected HA-CDKl 1''"" from HEK293 extracts was also resolved to denote the 

migration of HA-CDK11'''^° (lane 4, top) and the endogenous presence of CK2 (lane 4, 

bottom). As expected, there was no immunoreactivity to the HA epitope or CK2 when 

mock protein was resolved (lane 3, top and bottom). Therefore, from these results we 

conclude that CDKl (sec) is devoid of CK2 kinase. 

To ensure that (sec) was an active kinase in the absence of CK2, it 

was provided in an in vitro kinase assay to assess catalytic activity. Histone HI was 

utilized because PITSLRE (31 (p58), which is homologous to CDKl has previously 

been demonstrated to phosphorylate histone H1 (260). Provision of CDKl (sec) 

with histone HI demonstrated phosphorylation (Figure 43. lane 6), while the analysis of 

CDKl l"^"" (sec) or histone HI activities alone, did not result in the phosphorylation of 

histone H1 (lanes 4 and 5, respectively). Recombinant CK2 also phosphorylated histone 

HI (lane 10), while the addition of CK2 alone did not result in phosphorylation of any 

protein that migrates at the same position as histone HI (lane 9). The provision of non-

secreted (His)6-CDK11''"^' also resulted in the phosphorylation of histone H1 (lane 8), 

but since CK2 co-purifies with (His)(,-CDK11''"" it is unclear from these data whether 
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phosphorylation of the substrate is due to CK2 and/or CDKl l"""" activity. For this 

reason, it was essential to purify CDKll''"" (sec) to demonstrate that CDKlF"" is a 

functional kinase in the absence of CK2 (lane 6). Additional evidence that CDKl 1''"" 

activity was responsible for the phosphorylation of histone HI was provided by the 

absence of histone HI phosphorylation by mock protein (lane 3), which was purified 

exactly as detailed for CDK11'''(sec). PKA was used as a positive control for the 

demonstration of histone HI phosphorylation along with denoting its migration (lane 2). 

The supplementation of PKA or (His)6-CDK11'''^° alone did not result in the 

phosphorylation of histone HI (lanes 1 and 7, respectively). Therefore, these results 

demonstrate that CDKl 1'''(sec) is a functional kinase in the absence of CK2. 

Recombinant CK2 and CDK 1F'phosphorylute TH in vitro 

Once CDKIF"" was established as a functional kinase in the absence of CK2, it 

could be provided in an in vitro kinase assay with TH to determine if TH serves as a 

substrate for CDKl 1*^"". Although determining whether TH serves as a substrate for 

CDKl 1''"" was addressed previously, it was hypothesized that CK2 inhibits CDKl 

kinase activity. Since CK2 co-purified with recombinant (His )6-CDK11''"" from Sf-9 

cells (Figure 35), co-eluted with (His)6-CDK1 F"" separated using FPLC (Figure 39), 

salted out with CK2 (Figure 40), or immunoprecipitated with transiently transfected 

CDK11P"° (Figures 16 and 18). it was not possible to determine whether CDKl was 

capable of phosphorylating TH individually. In fact, CK2 was also an endogenous 

component of rabbit reticulocyte lysate when HA(His)6-CDKlF"° was produced using 
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an in vitro transcription and translation system (Figure 20). Therefore, CDKllf'"' (sec) 

provided a form of recombinant protein to assess TH phosphorylation in the absence of 

CK2. Since. CDKl 1^^'° interacts with CK2 utilizing the various conditions listed above, 

TH was also analyzed as a CK2 substrate, as well as detennining whether a combination 

ofCK2and CDKlF"" are necessary for the phosphorylation of TH. 

When CDKl l''"*^ (sec) was provided in an in vitro kinase assay, it was found to 

phosphorylate FLAG(His)6-TH, that was expressed and purified from Sf-9 insect cells, in 

either kinase buffer tested (Figure 44, lanes 7 and 9, respectively), while mock protein 

[purified with conditions exactly as described for CDKll''''^ (sec)] did not phosphorylate 

FLAG(His)6-TH (lane 11). Additionally, FLAG(His)6-TH served as a substrate for 

recombinant CK2 (lane 5). FLAG(His)6-TH also served as a substrate for the 

combination of CK2 and CDKlP'^® kinases [(His)6-CDK1 when incubated in CK2 

buffer (lane 2). However. FLAG(His)6-TH did not serve as a substrate for (His)(,-

CDKlF"" (lane 14) when incubated in UKB A buffer. Phosphorylation of FLAG(His)6-

TH was not observed under any other condition (lanes 1, 3, 4. 6, 8, 10, 12 and 13). 

Therefore, these data demonstrate that recombinant CK2 or CDKll''"" (sec) 

phosphorylate recombinant TH in vitro. However, the combination of CK2 and 

CDKl 1''"" kinases [(His)6-CDK11^'^°J only result in TH phosphorylation when 

incubated in CK2 buffer, not UKB A buffer. 

The difference between CK2 buffer and UKB A buffer is that the former includes 

20 mM Tris-HCl pH 7.5, 50 mM KCl and 10 niM MgCh, while the latter includes 20 

mM Pipes, 200 (ig/ml aprotinin and 20 mM MgC^. While CK2 buffer is recommended 
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by the manufacturer for analysis of CK2 activity, we have identified UKB A buffer as 

optimal for the analysis of TH phosphorylation by PKA and ERK-1 and/or -2 (Figures 

12 and 32). For these reasons, CDKl 1''"° and CK2 were assessed in both CK2 and UKB 

A kinase buffers. Since the combination of CK2 and CDKl I''"" only phosphorylate TH 

in the presence of CK2 buffer, while CDKl 1^"° (sec) phosphorylates TH in either buffer, 

this supports the hypothesis that CK2 inhibits CDKl 1''"" activity. 

Heparin and DRB are established inhibitors of CK2 activity, although heparin is 

thought to inhibit CK2 activity more exclusively (209, 228, 236). These inhibitors were 

employed to demonstrate TH phosphorylation specificity by CK2. Moreover, DRB and 

heparin were tested for their ability to inhibit CDKll''"'' activity since the interaction 

between CK2 and CDKll''"^ has only recently been characterized and DRB or heparin 

might also modulate CDK11''"° activity. CK2 phosphorylation of TH was inhibited by 

10 ^ig/ml heparin or 200 DRB when compared to TH phosphorylation in the absence 

of inhibitors (Figure 45. lane 8 compared with lane 7 or lane 10 compared with lane 9, 

respectively). TH phosphorylation by CDKl 1''"'^ (sec) was unaffected by incubation 

with 10 fig/ml heparin, 50 or 100 jiM DRB (lane 2 compared with lanes 3. 4 and 5, 

respectively). Moreover, 200 jiM DRB was also tested for its ability to inhibit 

CDKl(sec) activity, hut did not result in diminished TH phosphorylation (data not 

shown). Therefore, these data demonstrate that heparin and DRB inhibit TH 

phosphorylation by CK2, while CDKl 1''"" activity remained unchanged. 

Since CDKl 1''"" (sec) was demonstrated to phosphorylate TH, the next objective 

was to determine which site was phosphorylated by CDKl 1''"". Since recombinant 
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(His)6-THS19A baculovirus was available for purification using Ni-agarose, it could be 

provided in an in vitro kinase assay alongside FLAG(His)6-TH to determine if CDKl 1^^^° 

also phosphorylated THS19A. If TI1S19A was not phosphorylated this would 

demonstrate that CDKl l''"*' phosphorylated TH at serine 19. However, if THS19A was 

still phosphorylated this would indicate that other serine/threonine residues on TH were 

phosphorylated by CDK11'''"\ However, based on the fact that THS19A exhibited 

robust phosphorylation (Figure 30C, lane 2), this indicated that THS19A probably co-

purified with a kinase, while recombinant TH did not (lane 1). For this reason, (His)6-

THS19A was not provided in a kinase assay with (sec). In a separate attempt 

to determine which site(s) on TH was phosphorylated by CDKl 1'"'"" (sec), an in vitro 

kinase assay as detailed in Figure 44 was completed except that non-radiolabeled ATP 

was utilized. Proteins were separated by 8% SDS-PAGE and the gel was stained using 

BioSafe Coomassie (BioRad). Samples correlating to phosphorylated or non-

phosphorylated TH were excised for digestion with trypsin, followed by peptide 

sequencing and identification with SEQUEST as detailed previously. Unfortunately, 

none of the peptides detected matched that of phosphorylated TH. Moreover, 

identification of peptides from the extreme N-terminus of TH was very difficult to assess 

because TH is less sensitive to trypsin at the N-terminal end and this may be due to steric 

hindrance (125). 

Recombinant CK2, but not CDKl J''"", phosphorylates GST-14-3-3 T in vitro 



Based on data presented in chapter 3, where CDKl over-expression disrupts 

the interaction between TH and 14-3-3 (Figure 10), the potential phosphorylation of 14-

3-3 isoforms was readdressed now that CDKl l"""" was purified devoid of CK2. Since 

previous research has demonstrated that CKla selectively phosphorylates 14-3-3 ^ and T, 

to disrupt their interaction with the N-terminus of c-Raf (191, 195), we wished to address 

whether CDKl F"" (sec) could phosphorylate 14-3-3 x, as a potential mechanism for 

disruption of the interaction between TH and 14-3-3. 

As established previously, CK2 was observed to phosphorylate GST-14-3-3 x 

(Figure 46A, lane 3). However, CDKll"^"® did not phosphorylate GST-14-3-3 x in 

either kinase buffer tested (lanes 7 and 9, respectively). The combination of CK2 and 

CDKll'''"' kinases, as occurs when CDKll''"^ is purified from 5/-9 insect cells, only 

phosphorylated GST-14-3-3 x in the presence of buffer that favors CK2 activity (lane 1), 

but not in UKB A (lane 14). Mock protein did not phosphorylate GST-14-3-3 x (lane 

11), while incubation of recombinant proteins alone did not result in phosphorylation of 

GST-14-3-3 X (lanes 2, 4, 5, 6, 8, 10,12 and 13). 

CK2 phosphorylation of GST-14-3-3 x was inhibited following incubation with 5 

jig/ml heparin (Figure 46B, lane 5 compared with lane 6). Elimination of GST-14-3-3 x 

phosphorylation by (His)(,-CDK11''"". following incubation with 5 pg/mi heparin (lane 2 

compared with lane 3) demonstrates that phosphorylation of GST-14-3-3 x is due to co-

purifying CK2 activity, because CDK11''"° activity is unaltered by this concentration of 

heparin (see Figure 45 for unaltered CDKl 1''"" activity following heparin treatment). 

Incubation of (His)6-CDK11''"*^'. CK2 or GST-14-3-3 x alone did not result in 
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phosphorylation of GST-14-3-3 x (Figure 46B, lanes 1, 4 and 7, respectively). 

Therefore, CK2, but not CDKl 1''"", phosphorylates GST-14-3-3 x. 

Recombinant CK2, hut not CDKl F"", phosphorylates GST-CTD in vitro 

Previous research indicated that CDK11''"° was responsible for phosphorylation 

of the CTD of pol II (167). Since the aforementioned paper did not characterize the 

interaction between CDKl P"" and CK2, we suspected that pol 11 phosphorylation may 

be due to co-purifying CK2. Moreover. CK2 was already documented to phosphorylate 

pol II (249). To test whether CDKll'^"" also phosphorylates GST-CTD. CDK11P"° 

(sec) was provided singly, or with GST-CTD (Figure 47A, lanes 1 and 3. respectively). 

GST-CTD did not serve as a substrate for CDKl 1^'"" (sec). In contrast, CK2 

phosphorylated GST-CTD (lane 6). while incubation of GST-CTD or CK2 alone did not 

result in phosphorylation (lanes 2 and 7, respectively). (His)6-CDK1 F'"' also 

phosphorylated GST-CTD (lane 5) where phosphorylation of GST-CTD was likely 

mediated by co-purifying CK2. When (His)6-CDK11''"'^ was incubated alone (lane 4), 

no phosphorylation was observed that migrated at the position of GST-CTD. To ensure 

that GST-CTD phosphorylation by (His)6-CDK] was mediaied by CK2, heparin was 

employed to inhibit CK2 activity. Inclusion of 0.1, 1, 5, or 10 |.ig/ml heparin inhibited 

phosphorylation of GST-CTD by (His)(,-CDK11''"" or CK2 (Figure 47B. lanes 3-6 

c o m p a r e d  w i t h  l a n e  2  a n d  l a n e s  9 - 1 2  c o m p a r e d  w i t h  l a n e  8 ) .  S i n c e  h e p a r i n  i n h i b i t s  C K 2  

activity. CK2, but not CDKl P"", phosphorylates GST-CTD. Similar to demonstration 

of the interaction between CDKl 1''"" and CK2. phosphorylation of GST-CTD by CK2 
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rather than CDKl 1''"" was published by Trembley and co-workers just before our 

manuscript was to be submitted (168). 

CDKl (sec) interacts with PC-12 cell TH, but non-secreted (His)(,-CDK] 1''"^' does 

not 

To test the hypothesis that CK2 competes for CDKl 1''"" binding with TH, the 

purification of CDKl 1''"*^ (sec) provided protein that could be compared to the 

recombinant form of CDKll'^'^^ that co-purifies with CK2. To this end, PC-12 cell 

extract, which expresses TH endogenously, was incubated with either CDKll^^^® (sec) 

(Figure 48, lane 1), (His)6-CDK11''"" (lane 2), or MEKK4 (lane 3) bound to Ni-agarose. 

The western blot was probed with antibody recognizing TH. Lane 1 demonstrates that 

CDKl P"" (sec) interacts with PC-12 cell derived TH. For comparison, when non-

secreted (His)6-CDK11''"" was incubated with PC-12 cell extract, TH did not bind (lane 

2). As negative control, PC-12 cell extract was incubated with MEKK4 demonstrating 

that endogenous TH does not bind MEKK4 (lane 3). Extract separated in lanes 7 and 8 

demonstrate the absence or presence of endogenous TH in HEK293 or PC-12 cells, 

respectively. In lanes 4-6, the same amount of recombinant protein bound to Ni-agarose 

that was supplemented to cell extract in lanes 1-3 was separated without cell extract, 

demonstrating no immunoreactivity to TH. In summary, these data demonstrate the full-

length interaction between TH and CDKl 1''"" (sec). Since the interaction between 

CDKl 1''"® and TH only appears in the absence of co-purifying CK2, these data support 

the hypothesis that CK2 binding to CDKlinterferes with TH binding. 
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Figure 35: CK2 co-purilles with (HisVCDKllP"" or (His)6-KM-CDK11''"" 
Following the purification of (His)6-CDK11'^"" or (His)6-KM-CDK11''"" using Ni-
agarosc, samples were resolved by 8% SDS-PAGE and gel was stained with 
imidazole, zinc salts. Following the removal of protein bands, gel was destained 
and transferred to a nitrocellulose membrane for immunoblotting with antibodies 

directed to CDKl 1'"'"" (top), CK2cx (middle) or 14-3-3 proteins (lower). Boxes 
depicted on the autoradiograph illustrate the removal of bands for LC-MS/MS (lane 
2), or other purposes (ianes 3, 7, and 8), prior to gel transfer to a nitrocellulose 
membrane. Fractions of (His)6-CDK11''"" or (His)fi-KM-CDKl F"" bound to Ni-
agarose were separated in lanes 2 and 7, respectively. Fractions of (His)(,-
CDK11''"° or (His)6-KM-CDK11''"" eluted from Ni-agarose were also separated 
(lanes 3 and 8, respectively). A sample of Ni-agarose was also separated following 

the elution of (His)fi-CDKl 1''"" (lane 4), while 1 |ig BSA was separated in lane 5. 
Lanes 1 and 6 contain 5 x 10^ Sf-9 insect cells prior to the enrichment for (His)^-
CDKl 1P"° or (His)6-KM-CDK11^"°, respectively. 
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CDK11P"0 

Figure 36: (His)6-CDK11""" or (His)6-KM-CDK11''"" are phosphorylated 
when provided alone in an in vitro kinase assay 
Fractions of (His)(,-CDK1 (lane 1) or (His)6-KM-CDK1 F"" (lane 2) eluted 
from Ni-agarose were provided in an in vitro kinase assay with [y-^^PJATP and 

incubated for 20 min at 30°C. Proteins were then resolved by 8% SDS-PAGE and 
gel was subjected to autoradiography. 
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Figure37: Separation of (HisVCDKllP"" or (Hisk-KM-CDKll""" from CK2 
Essentially all of the recombinant (HisVCDKl F"" or (His)e,-KM-CDK 11 
derived from 0.5 1 of infected Sf-9 cells were resolved by 8% SDS-PAGE using a 3-
well comb. As depicted, the outer wells were used to separate molecular weight 
standards or small fractions of recombinant (His)6-CDK11''"" or (His)6-KM-
CDKl while the major well of two separate gels was used to separate the bulk 
of (His)6-CDK11P"° or (His)6-KM-CDKI IP"". One outer well from each gel was 
transferred to a nitrocellulose membrane and immunoblotted with antibody 
recognizing CDKl F"". The autoradiographs were then re-aligned with the gels 
and the portions of gel corresponding to (His)6-CDK11''"*' or (His)f,-KM-CDK11''"" 
immunoreactivity were excised and diced into small pieces (-97 kDa). Gel pieces 

were rotated at 4°C overnight to permit diffusion of (His)6-CDK11''"'' or (His)(,-
KM-CDKl 1''"^' from the gel pieces. Following protein diffusion, samples were 
dialyzed as detailed to produce CDKl P"® (gs) or KM-CDKl 1^^'° (gs). 
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CDKl IPi 'o  

Figure 38: CDKll''"" (gs) or KM-CDKll''^'" (gs) serve as substrates for CK2, 
but do not phosphorylate GST-14-3-3 % 
The purification and nomenclature for CDKl P"" (gs) and KM-CDK11^"° (gs) is 
as detailed in Figure 37. CDKli'""^ (gs) or KM-CDKll'^"" (gs) were provided 
individually or with 20 units of recombinant CK2 (lanes 1 and 4 or lanes 2 and 3, 
respectively) in an in vitro kinase assay with [y-^'PIATP. GST-14-3-3 x was 
provided as a substrate for CDKl 1''"" (gs) in lane 5. GST-14-3-3 T or CK2 were 

incubated alone in lanes 6 and 7, respectively. After incubating for 20 min at 30°C, 
proteins were resolved by 8% SDS-PAGE and the gel was subjected to 
autoradiography. 
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Figure 39: (HisVCDKll''''" or (His)6-KM-CDK11^"'' purification, and 
attempted separation from CK2, by anion exchange chromatography 
(A) (His)6-CDK11'"'" (lane 1) or (His)6-KM-CDK11"""' (lane 2) were separated by 
8% SDS-PAGE following their purification and elution using Ni-agarosc. The gel 
was transferred to a nitrocellulose membrane and probed with antibody recognizing 
CDK11""°. (B) (His)6-CDK11'"'" was subjected to FPLC with a MonoQ column 

and 1 ml fractions were collected. From the 1 ml fractions, 100 )LI1 were separated 
by 8% SDS-PAGE and following gel transfer to a nitrocellulose membrane, the top 
ponion was probed with an antibody directed to CDKl l'''"l while the lower portion 
was probed with CK2 antibody. The lane denoted with '+' represents the separation 

of 100 111 (His)6-CDK11''"*^ prior to anion exchange chromatography, while the 
numbers depicted below represent fraction numbers. 
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Figure 40: Attempted separation of (His)5-KM-CDK11''"" from CK2 by 
ammonium sulfate precipitation 
(Hi.s)(,-KM-CDK 11'''was diluted and precipitated with concentrations of 20, 25. 
30, 35, 40, or 50% ammonium sulfate (w/v). Following precipitation, 100 }il 
fractions were resuspended with Laemmli sample buffer (left half of the gel). After 

precipitation, 200 [il of the corresponding supernatant fractions (20, 30, 35, 40, or 
50% ammonium sulfate) were resuspended with Laemmli sample buffer (right half 
of the gel). The lane denoted with '+' represents the separation of 100 |il (His)6-
KM-CDKll""" prior to dilution and ammonium sulfate precipitation. All samples 
were resolved by 8% SDS-PAGE and the top was immunoblotted with an antibody 
to CDKl I''"", while the lower portion was probed with an antibody to CK2. 
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Figure 41: Confirmation of the purification of GST-CDKlF"". GST-
CDKll''"" serves as a substrate for CK2, but does not phosphorylate GST-
CTD, GST-14-3-3 X or FLAG(His)6-TH 
(Top) Fractions prior to, and following the purification of, GST-CDKll''"^ were 
separated by 8% SDS-PAGE, gel was transferred to a nitrocellulose membrane and 
probed with CDKlP"® antibody. GST-CDK11^"° derived from JM109 bacteria 
was resolved in lane 3. Approximately 2% of the GST-CDK11'''^° insoluble 
fraction derived from JM109 bacteria was resolved in lane 4. Fractions of JM109 
bacteria were separated prior to GST-CDKl F"" induction, or 5 h after induction at 
ambient temperature (lanes 1 and 2, respectively). Lanes 5 and 6 are the same as 
lanes 1 and 2 respectively, except that fractions from GST-CDKl expressed in 
BL21 bacteria were resolved. Each fraction separated in lanes 1, 2, 5 or 6 represent 
0.04% of the total bacterial preparation used for the production of GST-CDKl 1''"°. 

BL21 derived GST-CDKl I''"" was separated in volumes of 150 or 250 |il (lanes 7 
and 8, respectively). (Bottom) GST-CDKl 1''"" was incubated individually (lane 
1), or with GST-CTD (lane 2), FLAG(His)6-TH (lanes 3 and 8), GST-14-3-3 x 

(lane 7) or CK2 (lane 12) in an in vitro kinase assay with [y-^PJATP. GST-14-3-3 

T or GST-CTD were incubated with CK2 in lanes 10 and 11, respectively. GST-

CTD. FLAG(His)6-TH, GST-14-3-3 x. or recombinant CK2 were incubated alone 

(lanes 4, 5, 6 and 9, respectively). After incubating for 20 min at 30°C. proteins 
were resolved by 8% SDS-PAGE and the gel was subjected to autoradiography. 
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Figure 42: CK2 does not co-purify with secreted HA(His)6-CDKll'''"' 
( A )  S c h e m a t i c  o f  ( H i s ) 6 - C D K 1  P " ®  ( l e f t )  o r  H A ( H i s ) 6 - C D K l ( s e c )  ( r i g h t ) .  O n  
the left, cDNA that encodes CDKl 1''"® was cloned into pBlueBacHis to introduce 
a (His)6 epitope on the N-terminus of the cDNA that encodes CDKll''"^. 
Baculovirus encoding (His)6-CDKlP"° was produced in, and also used to infect, 
Sf-9 insect cells. On the right, HA and (His)6 epitopes were introduced onto the C-
terminus of the cDNA that encodes CDKl 1''"*' and the cDNA was cloned into the 
pMelBac vector, which introduced the honeybee melittin secretion signal sequence 
(denoted as Mel at the N-terminus) that directs secretion of the encoded protein. 
Baculovirus that encodes this construct was prepared in Sf-9 insect cells and the 
resulting baculovirus was used to infect High Five insect cells. (B) Following 
purification of CDKlF''^ (sec), a portion of the sample was resolved by 8% SDS-
PAGE (lane 2), transferred to a nitrocellulose membrane and probed with 
antibodies recognizing the HA epitope (top panel) or CK2a (bottom panel). Mock 
protein derived from the infection of High Five cells with MEKK3 baculovirus that 
does not contain a (His)6 epitope, and purified exactly as described for CDKlF'''' 
(sec), was resolved in lane 3. (His)(,-CDK11''"" that was purified from Sf-9 insect 
cells was resolved in lane 1. Cell extract from HEK293 cells transfected with HA-
CDKl (lane 4) was included for comparison. 
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Figure 43: CDKll''"® (sec) is a functional kinase in the absence of CK2 
CDKlP''" (sec) was provided with [y-^^PjATP in an in vitro kinase assay with 
(lane 6) or without (lane 4) histone Hi. For comparison PKA. (His)(,-CDK11^"" or 
recombinant CK2 were also analyzed in the presence (lanes 2, 8 and 10, 
respectively) or absence of histone HI (lanes 1, 7 and 9 respectively). Mock protein 
was provided with histone HI in lane 3. Incubation of histone HI alone occurred in 
lane 5. Proteins were then resolved by 8% SDS-PAGE and conditions including 
PKA were subjected to autoradiography for 15 min (lanes 1 and 2), while conditions 
including histone HI and CK2 or (His)6-CDK11''"" were subjected to 
autoradiography for 3 h (lanes 8-10) with the remaining conditions exposed for 16 h 
(lanes 3-7). Results are representative of three independent experiments. 
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Figure 44: CDKll""" and CK2 phosphorylate TH 
(His)6-CDK11''^''^, which contains co-purifying CK2, was tested for its ability to 
phosphorylate FLAG(His)6-TH in vitro by incubation with [y-^^P]ATP in CK2 or 
UKB A buffers (lanes 2 and 14, respectively). CK2 was incubated in CK2 buffer 
with the absence or presence of FLAG(His)(,-TH (lanes 4 and 5, respectively). 
CDKl (sec), which does not co-purify with CK2, was tested for its ability to 
phosphorylate FLAG(His)6-TH in CK2 or UKB A buffer (lanes 7 and 9. 
respectively). Mock protein [purified cxactly as CDKl F"" (sec)] was incubated in 
UKB A buffer along with the absence or presence of FLAG(His)6-TH, and served as 
the negative control for CDKl 1''"" (sec) (lanes 10 and 11. respectively). Incubation 
of (His)6-CDK11P"°, FLAG(His)6-TH or CDKll""" (sec) in CK2 buffer occurred 
in lanes 1, 3 and 6, respectively, while incubation of CDKl 1''"" (sec). FLAG(His)(,-
TH or (His)6-CDK11''"" with UKB A buffer occurred in lanes 8, 12 and 13, 
respectively. Proteins were resolved by 8% SDS-PAGE and subjected to 
autoradiography. Results are representative of three independent experiments. 
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Figure 45: DRB or heparin inhibit CK2, but not CDKll''"*', activity 
CDK11''' (sec) was tested for the in vitro phosphorylation of FLAG(His)6-TH 
following incubation with ethanol as vehicle control, 10 [ig/ml heparin, 50 or 100 
}iM DRB (lanes 2, 3, 4 and 5, respectively). CK2 was provided with FLAG(His)6-
TH without treatment, 10 jig/ml heparin, ethanol as vehicle control, or 200 DRB 
(lanes 7, 8, 9 and 10, respectively). CDKl l"""" (sec) or CK2 were incubated alone 
in lanes 1 and 6, respectively. All reactions were completed in CK2 buffer along 
with [y-'^PJATP and proteins were then resolved as described above and subjected 
to autoradiography. Results are representative of three independent experiments. 
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Figure 46: Recombinant CK2, but not CDKll''"", phosphorylates 14-3-3 x 
(A) (His)6-CDK11'''^° was incubated in CK2 or UKB A buffer, along with [y-
'^PJATP and GST-14-3-3 T in an in vitro kinase assay (lanes 1 and 14, respectively). 
CK2 was incubated in CK2 buffer along with or without GST-14-3-3 x in lanes 3 
and 4, respectively. CDKl 1''"" (sec) was analyzed for GST-14-3-3 x 
phosphorylation in CK2 or UKB A buffer (lanes 7 and 9, respectively). Mock 
protein was incubated in UKB A buffer along with or without GST-14-3-3 x (lanes 
11 and 12, respectively). Incubation of (His)6-CDK1 jP"", GST-14-3-3 x, or 
CDKl 1^"" (sec) in CK2 buffer occurred in lanes 2, 5 and 6, respectively, while 
incubation ofCDKllf"" (sec), GST-14-3-3 x or (His)6-CDK1 F"'' in UKB A buffer 
occurred in lanes 8, 10 and 13, respectively. Proteins were resolved by 8% SDS-
PAGE and subjected to autoradiography. Results arc representative of three 
independent experiments. (B) (His)6-CDK11''"" was tested for the in vitro 
phosphorylation of GST-14-3-3 x without treatment or incubation with 5 |ig/ml 
heparin (lanes 2 and 3. respectively). CK2 was provided with GST-14-3-3 x without 
treatment or 5 ng/ml heparin (lanes 5 and 6. respectively). (His)6-CDKTP'"", CK2 
or GST-14-3-3 x were incubated alone in lanes 1, 4 and 7, respectively. All 
incubations were completed in CK2 buffer followed by 8% SDS-PAGE resolution 
and then gels were subjected to autoradiography. Results are representative of three 
independent experiments. 
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Figure 47: CK2 phosphorylates GST-CTD, hut CDKll""" does not 
(A) CDK11''"° (sec) was provided with [y-^^PJATP in an in vitro kinase assay with 
(lane 3) or without (lane 1) GST-CTD. For comparison. (His)6-CDK11''"*' or 
recombinant CK2 were also analyzed in the presence (lanes 5 and 6, respectively) or 
absence of GST-CTD (lanes 4 and 7, respectively). Phosphorylation of GST-CTD 
in the absence of a kinase was analyzed in lane 2. Proteins were then resolved by 
8% SDS-PAGE and subjected to autoradiography. Results are representative of 
three independent experiments. (B) (His)6-CDK1 P"" or CK2 were incubated with 
0, 0.1, 1, 5, or 10 jig/ml heparin prior to provision in an in vitro kinase assay with 

[Y-''P1.ATP and GST-CTD (lanes 2-6 and 8-12, respectively). (His)6-CDK11''"" or 
CK2 were incubated without additional recombinant proteins in lanes 1 and 7, 
respectively. Results are representative of three independent experiments. 
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Figure 48: HA(Hi.s)6-CDK 11''^(sec) interacts with PC-12 cell TH, but non-
secreted (His)6-CDK11''"® does not 
CDKll""" (sec) (lane 1), (His)6-CDK11""" (lane 2) or MEKK4 (lane 3) 
recombinant proteins bound to Ni-agarose were incubated with PC-12 cell extract. 
Following the removal of nonspecifically associating proteins, samples were 
resolved by 8% SDS-PAGE, gel was transferred to a nitrocellulose membrane and 
probed with antibody recognizing TH (1:8000). CDKl 1'^'"' (sec) (lane 4), (His)6-
CDKl F"" (lane 5) or MEKK4 (lane 6) recombinant proteins were resolved in the 

absence of PC-12 cell extract. Lanes 7 and 8. 100 }ig HEK293 or 50 )ig PC-12 cell 
extract were resolved, respectively. 
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DISCUSSION 

Initial methods to purify functional CDKl 1''"", without CK2, included the 

purification of (His)6-CDK1from Sf-9 insect cells (Figure 35), the separation of 

(His)6-CDK11'""' from CK2 by SDS-PAGE (Figure 38). purification of (His)^-

CDKlF^'^ by anion exchange chromatography (Figure 39), ammonium sulfate 

precipitation of (His)(,-CDK1(Figure 40). and the production of GST-CDKl 1''"" 

(Figure 41). None of these attempts were successful in terms of separating functional 

CDKll^^''^ from CK2, As mentioned in the results section, one of the potential problems 

with the method of (His)6-CDK11'^'"' (gs) purification was that the SDS present 

following its elution was probably not removed and therefore would have interfered with 

its ability to serve as a functional kinase. In fact, (His)6-CDK11''"^ (gs) did not 

phosphorylate any substrates tested (Figure 38). In retrospect, the attempt to purify 

(His)6-CDK11''"" via anion exchange chromatography may not have been successful 

because the amount of CDKl 1''"" eluted in the 1 ml fractions was too dilute. 

Precipitation of proteins following FPLC may have concentrated CDKll''"" enough for 

visualization by SDS-PAGE. In fact. TCA precipitation of a fraction derived from 

proteins that did not bind the anion exchange column revealed the presence of CDKl 1'^"" 

only in the fraction subjected to precipitation (data not shown). These findings would 

have been pursued with future attempts to separate the two kinases, but these experiments 

were ongoing when the production of CDKl 1''"" (sec) was discovered a success. For 

this reason, attempts to separate the kinases by anion exchange chromatography were 

discontinued. 
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Utilization of a honeybee melittin signal sequence engineered upstream from 

CDKll''"'" permitted production of secreted CDK11protein that was purified from 

the media of High Five insect cells, in the absence of CK2 (Figure 42B). Previous 

results demonstrating that CK2, rather than CDKll''"", is the responsible kinase for 

phosphorylation of the CTD of pol II arc confirmed in Figure 47 (168). However, the 

previous study did not demonstrate functional kinase activity of CDKl 1''"'^ when it was 

separated from CK2. Results are expanded here through the demonstration that 

CDKll^"" (sec) maintains kinase activity, even when isolated from CK2. In fact. 

CDKll''"" (sec) was observed to phosphorylate histone HI and FLAG(His)6-TH 

(Figures 43 and 44, respectively). 

CDKl F"" (sec) was also compared with previous isolations of CDKl 1''"", that 

co-purified with CK2, in terms of autophosphorylation and ability to serve as a CK2 

substrate. Provision of CDKl I''"" (sec) in an in vitro kinase assay demonstrated that 

autophosphorylation was extremely weak. Therefore as hypothesized in chapter 3, the 

seemingly robust autophosphorylation of CDKl 1''"^' can be attributed to phosphorylation 

by CK2 and perhaps yet uncharacterized kinases that phosphorylate CDKlF"". 

Supplementation of CK2 in an in vitro kinase assay with CDKl 1''"" (sec) demonstrated 

that this form of recombinant CDKl F"" also serves as a substrate for CK2 (data not 

shown). The ability of CDKl 1"""'" (sec) to serve as a CK2 substrate was important 

because it provided evidence that CDKl 1''"" (sec) was similar in conformation to other 

isolations of CDKl F"" that also served as CK2 substrates, e.g. CDKl 1'"'"^' that was 

immunoprecipitatcd from HEK293 cells and shown to serve as a substrate for CK2. 
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Phosphorylation of the CTD or 14-3-3 x was again analyzed following the 

separation of CDKll''"" from CK2. CTD phosphorylation was analyzed because 

previous research indicated that CDKl 1^'"" phosphorylated CTD (167). Analysis of 14-

3-3 T phosphorylation was readdresscd with the idea that phosphorylation by CDKl 1^"" 

would also (along with CK2) contribute to disruption of the interaction between TH and 

14-3-3 when CDKlF"" is over-expressed (see for model). While phosphorylation of 

GST-CTD and 14-3-3 x by CDKl 1"^"" (sec) was not observed, additional studies are 

necessary to determine if cyclin L might be required for 14-3-3 T or GST-CTD 

phosphorylation by CDK11^"" (167). Additionally, although CDKldid not 

phosphorylate 14-3-3 x. it may phosphorylate other 14-3-3 isoforms and this remains to 

be examined in future studies. It is also possible that CDKl l''"*^ kinase activity requires 

its partner, cyclin L, for some phosphorylation events. CDKl 1''"" may require 

phosphorylation by CDK activating kinase (or another kinase) for binding to cyclin L and 

subsequent kinase activation. The necessity of cyclin L might be expected because the 

requirement of cyclin binding, in combination with phosphorylation of a conserved 

threonine by CDK activating kinase, for CDK activation is well documented (261). 

Since CDKll''"", like CK2. is a serine/threonine kinase, TH was assessed as a 

CDKl 1^"° and/or CK2 substrate. TH was phosphorylated by CDK 11^^^® or recombinant 

CK2. However, based on the results that TH was only phosphorylated by the 

combination of co-purifying CK2 and CDKl 1^"® in CK2 buffer, while CDKl 1''' 

phosphorylated TH in either CK2 or UKB A buffer, suggests that CK2 inhibits 

CDKl I''"" activity. Future experiments are needed to assess the validity of this 
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hypothesis, but until a specific substrate for CDKl 1''"" is identified that does not also 

undergo phosphorylation by CK2, the problem will remain difficult to address. 

Furthermore, analysis of individual kinase contribution to the eukaryotic 

phosphoprotcome reveals that CK2 contributes most significantly [last tally numbering 

over 300 substrates (236)], and leaves the task of finding a specific CDKlP""' substrate 

daunting. 

Since TH served as a substrate for CDKl 1''"" (sec), determination of which 

residue was phosphorylated by CDKlP'"^ was addressed. If TH was phosphorylated at 

serines 19, 31, or 40 this may be interpreted as an activating event since previous 

research has demonstrated that phosphorylation of these sites leads to increased TH 

activity. In the case of serine 19, however, phosphorylation by CaMKII only increases 

TH activity in the presence of 14-3-3 proteins (55, 56). If CDKll'''"^ phosphorylates an 

alternate site, analysis of whether this is an overall stimulatory or inhibitor}' event would 

need to be evaluated. Experiments to determine which site(s) of TH is phosphorylated by 

CDKll''''® were unsuccessful, while its eventual determination will provide important 

information regarding TH activity. 

Data presented here support our hypothesis that TH binding to CDKl P"" occurs 

at the same site for CK2 recruitment. Figure 48 demonstrates that CDKl 1''"" (sec) 

interacts with TH. while incubation of PC-12 cell extract with (His)6-CDK11''"^' (form of 

CDKl 1''"" that co-purifies with CK2) does not result in the precipitation of TH. 

Additional possibilities exist, such as the recruitment of other proteins during the 

association of TH and CDKl 1'''^°. Based on the idea that CK2 prevents CDKl 1''"" from 
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binding TH. it is also interesting to note thai heparin, as well as other polyanions, have 

been observed to bind TH and promote its activity (20). In contrast, it is well established 

that CK2 is inhibited by heparin (228). This suggests that results obtained with heparin, 

in regards to TH activity, may be related to inhibition of CK2, in addition to heparin 

directly binding TH to relieve N-terminal inhibition. 

Preliminary results with KM-CDKl 1''"" (sec) revealed that it also phosphorylates 

TH, demonstrating that the hypothesized active site lysine mutated to methionine at 

amino acid 409 may be incorrect (data not shown). In subdomain 1 of most kinase 

domains, the consensus motif GXGXXGXV occurs fifteen amino acids upstream from 

the active site lysine, which is necessary for binding and orienting the a- and (3-

phosphates of ATP so that the kinase can transfer the y-phosphate of ATP to a substrate 

(184). CDKl ]contains the consensus ^^'EXGXXGXV^'" and the substitution of 

glutamic acid for glycine is not a conserved alteration. The lysine to methionine 

mutation incorporated for this study is located in kinase subdomain 2 and is fifteen amino 

acids downstream from the glycine-rich consensus sequence located in subdomain 1. 

Since other kinases in the CMGC group (CDK, ERK/MAP, GSK3, CLK) with 

CDKl 1''"" contain a conserved lysine fifteen amino acids downstream from the 

consensus motif in subdomain 1, lysine 409 of CDKl 1''"" was mutated to methionine 

(184, 262, 263). 

Trembley and associates reported the production of kinase inactive mutants using 

the point mutations K439N, D534N, or D552N, but they did not state which isoform of 

CDKl 1''"^' corresponds to which mutation (168). Examination of the works cited by 
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Trembley and co-workers (262-265) for the rationale of their point mutations, reveals that 

the aspartic acid to asparagine mutations were probably selected because these residues 

are essential for transfer of the y-phosphate from ATP in the CDKl 1''"" related kinase, 

CDK2 (168). In CDK2 the conserved aspartic acid necessary for y-phosphate ATP 

transfer is located within the consensus sequence '"^"KLADFGLAR' which is located 

112 amino acids downstream from the conserved lysine in subdomain 1 (262, 263). In 

fact, mutation of CDK2 at aspartic acid 146 to asparagine has been previously 

demonstrated to result in a kinase inactive form of CDK2 that retains cyclin partner 

binding capability (265). cAMP-dependent protein kinase also contains a corresponding 

aspartic acid (D184) which is essential for catalytic function (262), while CDKl l''"*' 

contains the equivalent sequence ^'^KVGDFGLAR^^'. where underlined amino acids are 

identical to the consensus sequence of CDK2. Similar to CDK2 and cAMP-dependent 

protein kinase, the aspartic acid contained in the corresponding CDKl 1''"" sequence is 

located 113 amino acids downstream from the conserved lysine in subdomain 1. 

Therefore, based on the studies to produce kinase inactive forms of CDK2 and cAMP-

dependent protein kinase, future dominant-negative studies with the aSV5 CDKlF"" 

isoform should utilize a D522N mutant (262-265). 

The fact that CK2 and CDKl 1''"*' individually phosphorylate TH, while the 

provision of both kinases only resulted in TH phosphorylation under certain conditions 

adds complexity to the idea presented here that CK2 and CDKl 1''"^' inhibit the 

interaction between 14-3-3 and TH. This is because most kinases identified that 

phosphorylate TH also contribute to increased enzyme activity. Future experiments will 
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determine where CK2 and CDK l phosphorylate TH and whether these individual 

phosphorylation events will serve to activate or inhibit the enzyme. Additionally, future 

studies will need to focus on events leading to an interruption of the interaction between 

CK2 and CDKll''"" in vivo, since these kinases associate and co-purify with the 

conditions used in this study, as well as previously (168). In conclusion, this study is 

unique as it presents a possible TH negative regulatory mechanism mediated by the 

kinases CK2 and CDK11P"°. 
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Figure 49: Determination of whether CDKl l''"" phosphorylates 14-3-3 
A potential mechanism resulting in disruption of the interaction between TH and 14-
3-3, when CDKl 1''"" is over-expressed, may be due to 14-3-3 isoform 
phosphorylation by CK2. Since CDKl 1'''^° is a tightly associated kinase with CK2, 
it was also analyzed for phosphorylation of 14-3-3 T. Studies presented here did not 
demonstrate phosphorylation of 14-3-3 x by CDKll'''''', although future studies will 
be necessary to determine if cyclin L is a requirement for 14-3-3 isoform 
phosphorylation and whether other 14-3-3 isoforms serve as substrates for 
CDKllP"" 



CHAPTER 5: DISCUSSION AND CONCLUSIONS 

Results presented here demonstrate novel interactions with CDKl First, TH 

was identified as an interacting partner with CDKl F"" (see Figure 50 for summary 

model). Interacting kinase partners that might inhibit CDK11''"° activity were pursued 

using LC-MS/MS because initial analysis of TH phosphorylation by CDKll^"^ was not 

observed, and kinase inactive CDKl 1''"" exhibited robust phosphorylation when 

provided alone in an in vitro kinase assay (Figure 36). Following FLAG-CDKl F"" 

immunoprecipitation, CK2, hsp7(). hsp90 and PAKp were identified as interacting 

partners with CDK11'''^° by LC-MS/MS. As hypothesized, CDK11''^^° interacts with a 

serine/threonine kinase, CK2, and analysis of the interaction between the two proteins 

reveals that they have a high affinity for one another, and CDKl 1''"" serves as a CK2 

substrate. While the interactions between hspVO, hsp90 and CDKl were not 

pursued, the interaction between PAKP and CDKl 1''"" was only investigated with 

preliminary western blotting. CDK11''''° also interacts with the SH2 domain of Src and 

t h e s e  d a t a  c o r r o b o r a t e  r e s u l t s  d e m o n s t r a t e d  w i t h  t h e  m o u s e  h o m o l o g  p i ( 1 9 6 )  t o  

present the possibility that CDKl 1'^'"^' regulates, or is regulated by. MAPKs. Since 

PAKp also influences gene expression, its interaction with CDKl 1''"" may be a 

mechanism to provide more intricate regulation of the production of targeted genes. 

Following identification of the interaction between full-length CDKl F'"' and TH 

through the transient expression and immunoprecipitation of FLAG-CDKl l"""" from 

COS-7 cells incubated with [^^S]TH (Figure 8), additional attempts to demonstrate the 

interaction between TH and CDKl 1''"" remained elusive. Consequent detection of the 
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region necessary for the interaction between CK2 and CDKl may provide an 

explanation for this discrepancy. The arginine/glutamic acid-rich or arginine/aspartic 

acid-rich domain (RD/RE) domain of CDKl 1''"" was assessed as the region necessary 

for CK2 binding because a previous study with the splicing associated factor, YT521-B, 

demonstrated that its RE domain was important for an interaction with Sam68, a member 

of the signal transduction and activation of RNA domain containing family, in both yeast 

and mammalian cells (266). In fact, CDKl binds CK2 through its RD/RE domain 

(168), which is located from amino acids 84-197 of the aSV5 CDKl 1''"" isoform used 

for our studies. Deletion of the CDKl P"" RD/RE domain demonstrated that it is 

necessary for CK2 or RNPSl binding since neither CDK11^"° associated protein could 

bind in its absence (168). Deletion of the RE or RD/RE domains in YT521-B or 

CDKll''^"^ also demonstrated necessity of the domain for protein localization, where its 

deletion from CDKl 1'^"" disrupted the localization of CDKl 1''"" from nuclear speckles. 

Since the RD/RE domain also overlaps with the minimal sequence of CDKl F"" 

demonstrated to bind TH (identified as amino acids 149-262 of CDKll''"'^ from initial 

yeast two-hybrid analysis in Figures 6 and 7) suggests that CK2 binding to CDKl 1''"^' 

competes with/prevents TH binding at an overlapping site. Figure 48 provides the best 

example in support of the hypothesis that TH or CK2 binding to CDKl 1''"^' prevents the 

other protein from binding, because TH only interacts with CDKll''"^, in the absence of 

co-purifying CK2. 

Additional support for the idea that CK2 interferes with TH binding to CDKl 1^"° 

was based on conditions used for the initial experiment demonstrating a full-length 
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interaction between TH and CDKl (Figure 8). Here, TH was produced using an in 

vitro transcription and translation system and components present within the system 

(rabbit reticulocyte lysate) appear to inhibit CK2 from binding CDKl F"". This is 

despite the fact that only 5 pi of TH (containing rabbit reticulocyte lysate) was incubated 

with the condition where CDKll'''"^' was immunoprecipitated from COS-7 cells. 

Trembley and co-workers support the hypothesis that a component from rabbit 

reticulocyte lysate inhibits CK2 from binding CDKl 1^'"^', because they could not 

demonstrate an interaction between the two proteins following in vitro transcription and 

translation (168). Therefore, TH may bind CDK11''''° with conditions as described for 

Figure 8, because factors present in rabbit reticulocyte lysate prevented CK2 binding. 

Moreover, factors present following in vitro transcription and translation also prevented 

CK2 from phosphorylating CDK11^"° (Figure 33). Here, despite the fact that 

CDKll""" is produced efficiently using the translation system (as shown in Figure 20B), 

CDKllP"° was not phosphorylated by endogenous (present in rabbit reticulocyte lysate, 

Figure 20C) or recombinant CK2. To eliminate the components that inhibit CK2 

activity, CDKll""" was immunoprecipitated following its in vitro transcription and 

translation, and then incubated with recombinant CK2 to demonstrate phosphorylation of 

CDKl 11'"" (Figure 20A). 

The interaction between CK2 and CDKl 1''"" was also observed to inhibit 

CDKl l*""" phosphorylation of TH. Figure 44 demonstrates that under the same 

conditions where CDKl 1''"" phosphorylates TH. that a combination of CK2 and 

CDK11''"do not phosphorylate TH. Likewise, from conditions where CK2 
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inrmunoprecipitates with CDK11''"° (e.g. immunoprecipilation of FLAG-CDKl F"" 

from COS-7 cells as in Figure 14), TH did not serve as a CDKl 1''"° substrate (Figure 

32). Therefore, these data indicate that CK2 inhibits CDKl 1''"" activity. However, as 

stated at the end of chapter 4, it remains difficult to ascertain whether CK2 inhibits 

CDKl 1activity because identification of a specific CDKl F"" substrate will prove 

difficult due to the pleiotropic nature of CK2 (236). 

Over-expression of CDKl I''"" interrupted the interaction between TH and 14-3-

3, thus providing a hypothetical model that links the deregulation of CDKll''^^^ activity 

to decreased catecholamine biosynthesis. Part of the mechanism contributing to 

disruption of the interaction between TH and 14-3-3, may be due to phosphorylation of 

specific 14-3-3 isoforms by CK2 (see Figure 50 for summary model). The possibility 

that 14-3-3 isoforms, other than x, might be phosphorylated by CDK11'^''°, or related 

CDKl l"^"" isoforms. has not been eliminated. Decreased TH activity as a consequence 

of the interruption of 14-3-3 binding has been proposed because previous research has 

demonstrated that 14-3-3 binding is necessary for, or promotes, TH activity when 14-3-3 

binds to serines 19 or 40, respectively (144, 172). Thus, this study is unique because 

previous studies have only pursued protein kinases with reference to increased TH 

activity following phosphorylation, or the potential of increased TH activity following 

TH niRNA induction. 

In addition to the previously discussed ideas that CDKll''"^ over-expression, 

phosphatase recruitment, transcriptional regulation, or feedback inhibition from 

catecholamines result in decreased TH activity, peroxynitrite has also been found to 



reduce TH activity, although its mechanism of action is disputed (185, 267, 268). 

Peroxynitrite has been examined because neurotoxin treatment leads to the production of 

this free radical, which is thought to contribute to dopamine neurodegeneration as 

observed in Parkinson's disease (267). The mechanism through which peroxynitrite 

contributes to Parkinson's disease is thought to be due to increased nitration of tyrosine 

residues in proteins that may then accumulate in Lewy bodies, which are a pathological 

feature of the disease (269-273). Based on the idea that decreased TH activity is a 

characteristic of Parkinson's disease, TH was also examined to determine whether 

tyrosine residues within the protein are nitrated by peroxynitrite to culminate in decreased 

TH activity. A more recent study used matrix-assisted laser desorption ionization, time-

of-flight mass spectrometry to map the tyrosine sites subjected to peroxynitrite nitration 

to tyrosines 423, 428 and 432 (268). These tyrosine residues were then mutated to 

phenylalanine to ensure that nitration of these residues was responsible for the decreased 

TH activity observed following peroxynitrite exposure. Although analysis of all possible 

permutations of mutants demonstrated that tyrosines 423, 428 and 432 are the only 

residues undergoing nitration by peroxynitrite, a corresponding decrease in TH activity 

was not observed. Therefore, although TH activity is decreased following peroxynitrite 

exposure, its mechanism of action is not through the nitration of tyrosine residues within 

TH. An alternative hypothesis to explain the decreased TH activity observed following 

peroxynitrite exposure is that cysteine residues are instead oxidized by peroxynitrite 

(268). Therefore, the potential decreased TH activity that may ensue following over-

expression of CDKl I''"" presents a novel mechanism, along with peroxynitrite exposure. 
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that may contribute to the progression of Parkinson's disease sincc decreased TH activity 

is a characteristic of the disease. An additional link between CDKlP'"^ and Parkinson's 

disease is that caspase processing of CDKl 1''"® correlates with increased dopaminergic 

cell death by apoptosis (224). 

The binding of a-synuclein to TH also results in decreased TH activity (274), 

while CK2 may also modulate TH activity by phosphorylating a-synuclein (275). As 

stated above, one of the pathological characteristics of Parkinson's disease is the 

accumulation of proteins, such as a-synuclein, in Lewy bodies. Additionally, in rare 

inherited forms of the disease, a-synuclein is mutated at alanines 30 or 53 to proline or 

threonine, respectively (276, 277). Mutation of a-synuclein in familial Parkinson's 

disease is thought to alter protein conformation, which affects normal target protein 

interactions and stimulates the formation of aggregates (274. 278-284). The production 

of protein aggregates are thought to contribute to neuronal degeneration by binding other 

proteins or metals and stimulating free radical production through Fenton chemistry (285-

287). The link between a-synuclein and TH occurred following the discovery that a-

synuclein is homologous to 14-3-3 proteins in their dimerization domain (288). Based on 

this observation a-synuclein was assessed and found to interact with 14-3-3, suggesting 

that a-synuclein also functions as a chaperone. 

In contrast to the proposed protective effect that 14-3-3 has on TH activity, over-

expression of a-synuclein decreased TH phosphorylation in vivo and TH activity in vitro. 

Perez and co-workers proposed that in Parkinson's disease, the formation of protein 

aggregates, which include a-synuclein, would lower the availability of a-synuclein to 
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bind TH and decrease its activity (274). Thus, in their model of Parkinson's disease, 

increased catecholamine production would result from the increased availability of 14-3-

3 to bind TH and stabilize and/or promote TH activity. The resultant increased cytosolic 

dopamine concentrations would promote the degeneration of neurons because it is well 

established that increased levels of free dopamine promote the production of dopamine 

quinones that can contribute to neurodegeneration (289-292). However, in opposition to 

the Parkinson's disease model where TH activity is increased, Perez and co-workers did 

not address the fact that the production of dopamine quinones could decrease TH activity, 

because it has been previously established that dopamine quinones covalently bind TH to 

prevent activity (293). Future studies are necessary to validate the hypothesis presented 

by Perez and colleagues, that decreased availability of a-synuclein in Parkinson's disease 

would promote TH activity and consequent formation of dopamine quinones (274). The 

finding that a-synuclein modulates TH activity is relevant to our studies where we 

propose that CK2 decreases TH activity by 14-3-3 phosphorylation, since a separate 

study has identified serines 87 and 129 of a-synuclein as phosphorylation sites for CK2 

(275). Thus. CK2 may also regulate TH activity through a-synuclein phosphorylation, 

although a function remains to be ascribed following a-synuclein phosphorylation. 

The hypothesized negative regulatory effects exerted by CDKl 1''"" on TH 

activity, despite TH phosphorylation, are somewhat analogous to studies of A'-methyl-D 

aspartate (NMDA) or dopamine D; receptor stimulation in the striatum of male Sprague-

Davvley rats |see Figure 51 for model (40, 43)]. Striatal slices incubated with NMDA 

contained increased amounts of phosphorylated TH at serine 19. but no significant 



increases of TH activity. Stimulation of rat striatal slices with forskolin increased 

phosphorylation of TH at serine 40 along with significantly increasing TH activity, as 

measured by L-dopa accumulation. Since NMDA and quinpirole (dopamine D2 receptor 

agonist) decreased serine 40 phosphorylation following treatments with forskolin or the 

phosphatase inhibitor, okadaic acid, but not the nonhydrolyzable cAMP analogue. 8-

bromo-cyclic AMP, it was hypothesized that NMDA or dopamine D2 receptor 

stimulation decreased cAMP levels. Support of the hypothesis that quinpirole exerts its 

effect through inhibition of cAMP accumulation, rather than a cAMP phosphodiesterase, 

was corroborated by data demonstrating that incubation with a phosphodiesterase 

inhibitor promoted phosphorylation of TH at serine 40, while incubation with quinpirole 

could still reduce phosphodiesterase inhibitor mediated phosphorylation of TH at serine 

40. Additional support of the idea that NMDA and quinpirole exert effects through 

inhibition of cAMP production is also corroborated by data demonstiating that dopamine 

D2 receptors located in the striatum are coupled negatively to adenylyl cyclase (294). 

Further evidence is provided by other studies, where the transection of nigrostriatal 

dopaminergic neurons or administration of y-butyrolactone. to inhibit dopamine striatal 

activity, resulted in increased phosphorylation at serines 19 and 40 of TH (295-298). 

Again, treatment with dopamine agonist prevented phosphorylation at serines 19 and 40 

and this was hypothesized to occur through inhibition of presynaptic dopamine 

autoreceptors which are negatively coupled to the production of cAMP (297, 298). The 

above data demonstrating that NMDA receptor stimulation reduces forskolin mediated 

increases of TH activity following phosphorylation of TH at serine 40 was not resolved 
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with the additional data demonstrating that NMDA receptor stimulation mediates TH 

phosphorylation at serine 19. The seemingly contradictory data where TH 

phosphorylation is increased by CDKl 1''"" or NMDA in some instances, while in other 

cases CDKl 1''"" and NMDA decreased TH phosphorylation and/or activity, remains to 

be understood through future investigations. 

As suggested in chapter 4, CDKland CK2 may also modulate TH activity by 

influencing the production of TH transcripts, or transcripts important for the regulation of 

TH phosphorylation and/or activity. Research where CDKll''''® activity was inhibited 

through the addition of antibody, and a decrease of in vitro pol Il-dependent transcription 

was observed from specific promoters, suggests that CDKll''"" is involved in the 

promotion of transcription (169). Identification of the CDKl 1''"" associated proteins. 

hsp70/71 and hsp90, by LC-MS/MS also suggests a transcriptional role since the 

aforementioned proteins have been previously described as chaperones important for 

nuclear transport and stabilization of transcription complexes (299). Evidence that CK2 

is also connected to hnRNA elongation stems from the observation that numerous 

transcription factors, along with the CTD of pol II. serve as CK2 substrates (204. 249). 

and depending on the phosphorylation state of the CTD, different aspects of RNA 

processing occur (246). 

It is premature to rule out the idea that CDKl CK2. hsp70/71, and hsp90 are 

involved in regulation of the cell division cycle rather than transcription alone. This is 

especially true since CK2 phosphorylates Cdc2 and this event is thought to prevent cyclin 

binding so that the cell is retained in Gl. Thus, fluctuations of CK2 activity are thought 
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to be necessary for normal cell cycle progression since advancement through S phase 

relies on low CK2 activity to permit Cdc2 dephosphorylation for cyclin partner binding 

(248, 300, 301). Additionally. hsp70/71 and hsp90 are both reported to promote cell 

cycle progression when over-expressed (212, 299). Research is necessary to determine 

the general significance of the interaction between these multiprotein complexes, as well 

as the relationship of CDK11^^^" and CK2 kinases with respect to their activity. 

The data presented here propose a model where CDK 11^'and CK2 contribute to 

decreased TH activity, while the future experiments listed below are only a few of the 

necessary experiments to support this hypothesis. First, TH activity should be analyzed 

according to the method detailed by Reinhard and colleagues (302). Conditions should 

analyze whether the presence of CDKll'''^® alone can decrease TH activity, or whether 

combinations including 14-3-3 and/or CK2 are necessary for decreased TH activity. 

Second, labeling cells with ('^"Pjorthophosphate following the over-expression of 

CDK 11''"" will help determine if the in vivo phosphorylation of TH is also diminished by 

CDKl 1''"". If possible, it would also be interesting to compare the over-expression of 

CK2 and/or CDKl 1''"" to determine if both kinases act synergislically to diminish TH 

phosphorylation. Since the promoter for the hTH gene has recently been sequenced by 

Kessler and co-workers (99). it would be beneficial to obtain their expression construct 

containing the proximal hTH promoter fused to green fluorescent protein to determine if 

CDKl P"*' and/or CK2 over-expression reduces TH expression. Likewise, it would be 

helpful to co-express CDKl 1''"" and/or CK2 with a luciferase reporter construct 

containing the 5' hTH promoter. Decreased luciferase production would support the 
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hypothesis that CDKl l"""" and CK2 negatively regulate TH expression. To address the 

idea that CDKll'"'" alters the expression of genes, other than TH, cDNA micorarray 

screening, combined with quantitative RT-PCR to confirm altered gene expression levels, 

would provide a reasonable starting point for the identification of transcription factors or 

other proteins that regulate TH niRNA production and/or activity. 
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T 

14-3-1̂  

CDK11P 

Figure 50: Hypothetical model 
CDKIF"" interacts with CK2 and TH, although results presented here indicate that 
TH and CK2 may compete for binding to CDKl 1''"" at an overlapping site. 
Moreover, CK2 may inhibit CDKl 1''"" activity because the in vitro 
phosphorylation of TH by CDK11'''^° and CK2 was only observed with conditions 
favoring CK2 activity. CDKl 1^"° serves as a substrate for CK2, while it remains to 
be determined in future studies whether phosphorylation activates or inhibits 
CDKl Finally, a contributing mechanism resulting in disruption of the TH 
interaction with 14-3-3, when CDKl 1''"" is over-expressed, may be due to 
phosphorylation of 14-3-3 isoforms by CK2. 
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Figure 51: NMDA has functions analogous to CDKll''"" 
CDKl phosphorylates TH in vitro, while CDKl 1''"" over-expression disrupts 
TH phosphorylation along with the TH interaction with 14-3-3. These seemingly 
contradictory data arc analogous to results obtained following NMDA receptor 
stimulation. In some cases, NMDA mediates phosphorylation of TH at serine 19, 
while NMDA receptor stimulation following forskolin mediated phosphorylation of 
TH at serine 40 results in diminished phosphorylation at this site. The potential 
differences observed in TH activity may represent intricacies involved in the 
regulation of TH. 
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