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CHAPTER I 

INTRODUCTION 

Post-translational modification is a common event in protein 

chemistry. It has become evident in recent years that reversible 

phosphorylation-dephosphorylation is an important mechanism in 

the regulation of protein function. Phosphorylation-

dephosphorylation is important in many cellular processes including: 

regulation of enzymatic activity (Krebs, 1986), regulation of receptor 

function (Benovic and Lefkowitz, 1987), regulation of ion channels 

(Rossie and Catterall, 1987), control of contractile activity (Sellers 

and Adelstein, 1987), and control of cell division (Rozengurt, 1986; 

and Mailer, 1990). 

The reversible phosphorylation of a protein was first described 

for glycogen phosphorylase in the 1950's (Fischer and Krebs, 1955). 

Shortly thereafter, the kinase involved in this process, phosphorylase 

kinase, was shown to also be regulated by reversible 

phosphorylation (Krebs, Graves, and Fischer, 1959). Initially, it was 

thought that this control mechanism was specific for the pathway of 

glycogen metabolism. Later, pyruvate dehydrogenase was also 

shown to undergo phosphorylation-dephosphorylation (Linn, Pettit, 

Hucho, and Reed, 1969). When phosphorylase kinase was shown to 

be regulated by a cAMP-dependent protein kinase, which could also 

phosphorylate other proteins (Walsh, Perkins, and Krebs, 1968; and 

Kuo and Greengard, 1969), it led to speculation that phosphorylation 



might be a general mechanism for controlling enzyme activity. In 

the years that have followed several enzymes as well as other 

functional proteins have been shown to be controlled by reversible 

phosphorylation, validating these earlier speculations (Krebs, 1986). 

The importance of the pioneering work of Fischer and Krebs was 

recently recognized by the awarding of the Nobel prize in medicine. 

A classical case of receptor phosphorylation occurs with the 

insulin receptor (Czech, 1977). Binding of insulin to its receptor 

causes autophosphorylation of the receptor which then results in its 

activation (Zick and Whittaker, 1983). The activated receptor itself 

possess protein kinase activity (Stadtmauer and Rosen, 1983). This 

phosphorylation cascade is the mechanism by which many of the 

effects of insulin are produced (Zick, 1989). In analogous manner, 

many peptide growth factors stimulate cell proliferation through 

receptor binding and phosphorylation (Rozengurt, 1986; and Mailer, 

1990). The events that occur between receptor phosphorylation and 

cell growth are unclear; however, it is clear that phosphorylation is 

an important early event in cellular proliferation (Bishop, 1985) 

Another process in which protein phosphorylation is important is 

cellular transformation. Hunter and Sefton (1980) showed that the 

src gene product, pp60src^ was a protein tyrosine kinase. It was 

previously known that this 60 kilodalton protein was necessary for 

transformation of cells in culture and for the development of 

sarcomas in birds (Hanafusa, 1977). From this information it was 

deduced and later shown that the protein tyrosine kinase activity 

associated with pp60 was the element required for transformation 



by the Rous sarcoma virus (Sefton, Hunter, and Beemon 1980). With 

these findings, it became apparent that tyrosine phosphorylation is 

an important mechanism in transformation. 

Glucose metabolism is another attractive candidate for control by 

phosphorylation. Some of the enzymes in the glycolytic pathway 

such as fructose-1,6-bisphosphatase and phosphofructokinase are 

regulated by serine/threonine kinases (Mieskes, Brand, and Soling; 

1984; and Hers and van Schaftlingen, 1982). Some evidence 

indicates that protein tyrosine kinases may play a role in the 

determination of the rate of glycolysis in both normal and 

transformed cells (Jarett, Kiechle, and Parker, 1982; Sale, White, and 

Kahn, 1987; Reiss, Kanety, and Schlessinger, 1986; Eigenbrodt et al. 

1983; Cooper et al. 1984; and Zhong and Howard, 1990). Hexokinase 

can also serve as a substrate for cAMP-dependent protein kinase in 

vitro (Vojtek and Fraenkel, 1990; Fernandez et al. 1988; Adams et al. 

1991; and Ekman and Nilsson, 1988). The results of this 

phosphorylation on the activity of hexokinase are unclear. It has 

been shown that the activity of hexokinase is increased twenty-fold 

in tumor cells versus normal cells of similar tissue origin (Nakashima 

et al. 1988). Since hexokinase catalyzes the first step in the 

glycolytic pathway, it is possible that phosphorylation plays a role in 

regulating the activity of hexokinase in both tumor and normal cells. 

With the emerging evidence for the important role of protein 

phosphorylation in many cellular processes, it is obvious that the 

identification of new phosphoproteins and their phosphorylation 

site(s) will help to better understand the role of phosphorylation in 



many processes from enzymatic regulation to cellular transformation. 

Toward this goal, I have undertaken the study of the role of 

phosphorylation of hexokinase in both normal and tumor cells. 



CHAPTER II 

PHOSPHORYLATION OF HEXOKINASES BY 

TYROSINE AND SERINE/THREONINE SPECMC 

PROTEIN KINASES IN VITRO 

Introduct ion 

Hexokinase catalyzes the initial step in the glycolytic pathway, 

the phosphorylation of glucose to glucose-6-phosphate. In 

mammalian tissues, four different isozymes catalyze this phosphoryl 

group transfer from ATP to glucose (Nunez, De loannes, and Ureta, 

1985). Types I, II, and III hexokinase share very similar properties. 

The molecular weights of these three isozymes are all approximately 

100 kilodaltons. All three isozymes have a low Km for glucose and 

are sensitive to feedback inhibition by the product, glucose-6-

phosphate. These isozymes are expressed in a tissue specific 

manner . 

The type I isozyme is the predominant form expressed in normal 

tissues exhibiting high aerobic glycolysis, such as brain (Wilson, 

1980). Hexokinase in these tissues is mostly bound to an outer 

mitochondrial membrane pore protein known as VDAC, or porin 

(Feigner, Messer, and Wilson, 1979; Linden, Gellerfors, and Nelson, 

1982; and Fiek et al., 1982). Binding of hexokinase to this pore 

protein is apparently important in regulating the activity of 

hexokinase. Several groups have reported that binding of 

hexokinase to the outer mitochondrial membrane gives the enzyme 



preferential access to mitochondrially generated ATP and releases 

hexokinase from inhibition by glucose-6-phosphate (Wilson, 1980; 

Gumaa and McLean, 1969; Nakashima et al., 1988; and Arora and 

Pedersen, 1988). 

In contrast to normal tissues with high aerobic glycolysis, the 

type II isozyme is the predominant form of hexokinase expressed in 

insulin-sensitive tissues such as skeletal muscle (Wilson, 1984). The 

predominant isozyme present in highly glycolytic transformed cells 

is apparently also a type Il-like isozyme (Nakashima et al., 1988; and 

Shinohara, Ichihara, and Terada, 1991). Like the type I isozyme, the 

type II hexokinase is also capable of binding to an outer 

mitochondrial membrane pore protein (Nakashima et al., 1988). It is 

expected that this binding to the outer mitochondrial membrane also 

regulates the activity of the type II isozyme in a manner similar to 

type I hexokinase. 

Unlike the types I and II isozymes, type III hexokinase is 

apparently not preferentially expressed in any tissue type (Preller 

and Wilson, 1992). The type III hexokinase is also susceptible to 

inhibition by the substrate glucose at physiological glucose 

concentrations and is less susceptible to inhibition by glucose-6-

phosphate than the type I and II isozymes (Radojkovic and Ureta, 

1987). Type III hexokinase is found to be localized near the nuclear 

periphery (Preller and Wilson, 1992). The role of this association 

between the nuclear membrane and type III hexokinase is unclear. 

The type IV isozyme, also known as glucokinase, is quite unlike 

the other isozymes of hexokinase. Its molecular weight of 50 
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kilodaltons is about one-half the molecular weight of the other 

isozymes. In addition, glucokinase has a higher Km for glucose and is 

not sensitive to inhibition by glucose-6-phosphate (Wilson, 1984). 

Type IV hexokinase is found only in the liver and pancreas where it 

may serve as a glucose sensor helping to regulate glucose metabolism 

in the liver and insulin secretion in pancreatic tissue (Matschinsky, 

1990). 

It has been suggested that hexokinase activity is important in 

determining the overall rate of aerobic glycolysis in a variety of 

normal and tumor tissues (Wilson, 1980; Gumaa and McLean, 1969: 

Nakashima et al., 1988; and Arora and Pedersen, 1988). The activity 

of hexokinase in the AS30-D hepatoma cell line is elevated 

approximately twenty-fold over normal liver hexokinase activity 

(Nakashima et al., 1988). The mechanism behind this elevation of 

hexokinase activity in tumor cells is unclear. Changes at the genetic 

level, such as gene duplication, could be responsible (Wigley and 

Nakashima, 1992). Likewise, changes in mRNA levels or increased 

mRNA stability could be responsible for increased hexokinase 

activity. Another plausible explanation is that hexokinase undergoes 

a post-translational modification, such as phosphorylation, which 

increases its activity. 

Regulation of glucose metabolism through reversible 

phosphorylation by serine/threonine specific protein kinases is well 

established (Mieskes, Brand, and Soling, 1984; and Hers and van 

Schaftlingen, 1982). Indirect evidence suggests that tyrosine specific 

protein kinases could also play a regulatory role in determining the 
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rates of glycolysis in normal and transformed cells (Jarett, Kiechle, 

and Parker, 1982; Sale, White, and Kahn, 1987; Reiss, Kanety, and 

Schlessinger, 1986; Eigenbrodt et al., 1983; Cooper et al., 1984; and 

Zhong and Howard, 1990). Many transforming oncogene proteins are 

known to possess tyrosine kinase activity (Eigenbrodt et al., 1983; 

Cooper et al., 1984; Zhong and Howard, 1990; and Neckameyer and 

Wang, 1985). Using cells transformed by the Rous sarcoma virus, 

whose transforming proteins are tyrosine kinases. Cooper and co

workers (1983) have demonstrated that the glycolytic enzymes 

enolase, phosphoglycerate mutase, and lactate dehydrogenase 

become phosphorylated at tyrosine residues. The level of 

phosphorylation was low at about 1% (Cooper et al.l983). Tyrosine 

phosphorylation of glycolytic enzymes by the insulin receptor and 

EGF receptor has also been observed (Sale, White, and Kahn, 1987, 

and Reiss, Kanety, and Schlessinger, 1986). Although apparent 

effects of tyrosine phosphorylation on either glycolytic enzyme 

activities or subcellular distributions have been reported (Eigenbrodt 

et al., 1983; and Zhong and Howard, 1990), the functional significance 

of phosphorylation with respect to glycolytic activity remains 

unknown (Sale, White, and Kahn, 1987; Cooper et al., 1984; and 

Cooper et al., 1983). 

It has recently been reported that hexokinases from yeast and 

rat brain can serve as substrates for cAMP-dependent protein kinase 

in vitro and can also undergo autophosphorylation (Vojtek and 

Fraenkel, 1990; Fernandez et al., 1988; Adams et al., 1991; and 

Ekman and Nilsson, 1988). However, the reported effects of 
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phosphorylation on the catalytic activity of hexokinase differ. 

Adams et al. (1991) observed no effect of autophosphorylation on 

the catalytic activity of rat brain hexokinase, while Ekman and 

Nilsson (1988) reported a decrease in the activity of rat liver 

glucokinase upon phosphorylation by cAMP-dependent protein 

kinase. Other reports (Vojtek and Fraenkel, 1990, and Fernandez et 

al., 1988) have not directly addressed the effects of phosphorylation 

on the kinetics of hexokinase. 

The results presented here show for the first time the 

phosphorylation of hexokinase by the tyrosine specific protein 

kinase, pp60^"Src These results also confirm the previous report 

(Fernandez et al., 1988) that yeast hexokinase is capable of 

autophosphorylation. Significantly, this work identifies the 

autophosphorylated residue as phosphotyrosine. This appears to be 

the first report of a glycolytic enzyme undergoing tyrosine 

autophosphorylation. There were no observed effects of 

phosphorylation on the kinetic activity of hexokinase in the studies. 

In addition, this work suggests that hexokinase from a tumor cell 

line may be phosphorylated in vivo. Pretreatment of partially 

purified hexokinase from the AS-30D rat hepatoma cell line with 

alkaline phosphatase resulted in increased [^^P] incorporation upon 

subsequent incubation with [32p]-ATP and p43v-abl. jhe 

significance of this putative in vivo phosphorylation is not known. 
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Materials 

The AS-30D tumor cell line was the generous gift of Dr. Peter L. 

Pedersen, the Johns Hopkins University, School of Medicine, 

(Baltimore, MD). Hexokinase from AS-30D cells was isolated as 

described previously (Parry and Pedersen, 1983). Hexokinases from 

yeast and beef heart, and cAMP-dependent protein kinase, were 

obtained from Sigma Chemical Co. Tyrosine protein kinases p43v-abl 

and pp60c-src were obtained from Oncogene Science (Mannhasset, 

NY). Glucose-6-phosphate dehydrogenase and NADP+ were 

purchased from Boehringer Mannheim. Superdex G-25 was from 

Pharmacia. 7-[32p] A T P was obtained from New England Nuclear. X-

OMAT XAR-5 X-ray film was from Kodak. All other reagents and 

buffers were of the highest quality commercially available. 

Methods 

In Vitro Phosphorylation of Hexokinases with p43̂ )̂ lî M and 

pp60<î ~? '̂̂ . Hexokinase (1 mg/ml) in assay buffer containing 50 mM 

HEPES, pH 7.5, 0.1 mM EDTA, 10 mM MgCl2, 0.1 mg/ml BSA, 0.2% P-

mercaptoethanol and 0.015% Triton X-100 was incubated with 67 

^iCi/ml Y-[32p] ATP (1000 Ci/mmol final specific activity) and 0.2 

units of tyrosine protein kinase in a final volume of 30 |il. The 

reaction was started by the addition of ATP. Phosphorylation was 

carried out at 30°C for 30 minutes. For SDS-PAGE, the reaction was 

stopped by adding 9 volumes of acetone and precipitating on ice for 

5 minutes, followed by centrifugation. Proteins were then dissolved 

in gel loading buffer and separated on \2% polyacrylamide gels. 
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Phosphoproteins were visualized by autoradiography. Exposure 

times were from 1-4 days. For steady state kinetics, the 

phosphorylated hexokinase was placed on ice, and the kinetics 

performed immediately. 

In Vitro Phosphorylation of Hexokinases with cAMP-dependent 

Protein Kinase. Hexokinase (1 mg/ml) in 50 wM potassium 

phosphate, pH 6.8, 3 mM MgCl2, and 2 mg/ml dithiothreitol was 

incubated with 67 ^iCi/ml Y-[32p] ATP (1000 Ci/mmol) and 30 units 

of cAMP-dependent protein kinase in a final volume of 30 p.1. 

Phosphorylation was initiated by the addition of ATP and carried out 

at 30°C for 30 minutes. For SDS-PAGE, the reaction was stopped by 

acetone precipitation as described above. For steady state kinetic 

analyses, the phosphorylated hexokinase was placed on ice and the 

kinetics performed immediately. 

In Vitro Autophosphorvlation of Hexokinases. Hexokinase 

(1 mg/ml) was allowed to undergo autophosphorylation under each 

of the conditions described above except that no exogenous protein 

kinase was added. No significant difference in autophosphorylation 

activity was observed between the two buffer conditions. 

Alkaline Phosphatase Treatment of AS-30D Hexokinase. 

Hexokinase solubilized from purified AS-30D mitochondria was 

treated with 10 units of agarose conjugated alkaline phosphatase 

(from Sigma) at room temperature for 30 minutes. After removal of 

the agarose beads by centrifugation at 12,500 rpm, hexokinase was 

purified from the resulting supernatant as previously described 

(Nakashima et al., 1988). 
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Steady State Kinetics Analvsis of Phosphorylated Hexokinases. 

Yeast hexokinase was phosphorylated as described above. 

Hexokinase activity was assayed in 50 mM HEPES buffer, pH 7.6 

containing 22.5 mM MgCl2, 1.5 mM dithiothreitol, 1.5 mM NADP+, 2.1 

units of glucose-6-phosphate dehydrogenase, and varying 

concentrations of glucose and ATP in a final volume of 1.5 ml. 

Enzyme and assay mixes were preequilibrated at 30°C, and the 

reaction was started by the addition of hexokinase. The change in 

absorbance at 340 nm due to the formation of NADPH was measured, 

and a millimolar extinction coefficient of 6.22 was used to calculate 

the activity of hexokinase. Steady state kinetic parameters were 

determined by nonlinear regression analysis of initial velocity versus 

substrate concentration curves using the algorithm described by 

Duggleby (1981). 

Determination of Stoichiometry of Phosphorylation. 

Phosphorylated hexokinases from yeast were separated from protein 

kinases by SDS-PAGE on 12% gels. Proteins were visualized by 

staining with Coomassie blue. After visualization, gel slices 

containing hexokinases were cut from the gel and placed in vials 

with liquid scintillation cocktail. The amount of 32p incorporated 

into hexokinases was determined by liquid scintillation counting. To 

determine the specific activity of the [^^p] ATP stock, an aliquot of 

the stock was also counted. A gel slice containing no protein was also 

counted as a background control. The effects of possible quenching 

were not directly addressed. 
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Analvsis and THentification of Phosphoamino Acids. 

Phosphorylated hexokinase was acetone precipitated and 

resuspended in 500 îl of 6N HCl. The mixture was placed in a 

Reactivial (Pierce) and incubated at 110°C for 1-1.5 hours. The 

protein hydrolysate was then enriched for phosphoamino acids by 

chromatography on a Dowex 50W-X8(H+) minicolumn as described in 

(Ringer, 1991). The Dowex eluate was lyophilized and resuspended 

in 500 îl of pH 1.9 buffer (7.8% acetic acid, 2.5% formic acid in 

water). This eluate was run through a Centricon concentrator with a 

cut-off size of 30,000 kilodaltons to rid the sample of unhydrolyzed 

protein. Next, the sample was chromatographed on a Superdex G-25 

column to remove large peptide fragments that might interfere with 

the identification of phosphoamino acids. The sample was eluted 

with 10 mM potassium phosphate, pH 7.0. Fractions (1.0 ml) 

containing radiolabel were collected and lyophilized for analysis. 

Phosphoamino acids were identified using reversed-phase high 

performance thin layer chromatography as described in Chapter III. 

Briefly, the sample was applied to a CI8 high performance thin layer 

chromatography plate and air dried. The sample was then placed in 

a twin-trough chromatography chamber containing 80% 

methanol/20% pH 1.9 buffer in one trough. The plate was allowed to 

equilibrate with the solvent vapors for 30 minutes. After the 

equilibration, the plate was developed until the solvent front 

migrated approximately 75% of the length of the plate. The plate 

was then allowed to completely air dry. Phosphoamino acid 

standards were visualized using 0.33% ninhydrin in acetone followed 
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by baking at 100°C for 10 minutes. Radiolabeled amino acids were 

identified by autoradiography. 

Results 

In Vitro Phosphorvlation of Hexokinases. Figure 2.1 shows that 

hexokinases can serve as substrates for the tyrosine kinases p43v-

abl and pp60c-src. por the beef heart and AS-30D hexokinases, ^ 

[32p]_phosphate incorporation was greater for the pp60C"Src treated 

samples (lanes a and c, respectively) than the p43V"abl treated 

samples (lanes b and d, respectively). Phosphorylation of yeast 

hexokinase was approximately equal with both tyrosine specific 

protein kinases (lanes e and f). The degree of phosphorylation of all 

three hexokinases as determined by liquid scintillation counting was 

less than 1%. This apparent low degree of phosphorylation is 

comparable with reports of phosphorylation of other glycolytic 

enzymes (Sale, White, and Kahn, 1987; and Zhong, and Howard, 

1990). The other radiolabeled band at approximately 66 kilodaltons 

is most likely serum albumin which is added to the phosphorylation 

mixture to increase the stability of the kinase. 

Figure 2.2 shows that these hexokinases can also serve as 

substrates for the serine/threonine specific cAMP-dependent protein 

kinase. In confirmation of a previous report (Fernandez et al., 1988), 

it was demonstrated that yeast hexokinase is capable of 

autophosphorylation. As can be seen in Figure 2.2, lanes b, d, and f, 

all three hexokinases appear to be good subsUates for 

phosphorylation by cAMP-dependent protein kinase. The apparent 
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increase in phosphorylation of hexokinase by cAMP-dependent 

protein kinase (lanes b, d, and f) compared to that observed with the 

p43v-abl protein kinase (lanes a, c, and e) may be due to the greater 

activity of the cAMP-dependent protein kinase. The 

autophosphorylated yeast hexokinase (lane g) shows [32p] 

incorporation equal to that observed with the p43v-abl treated yeast 

hexokinase (lane e). The degree of phosphorylation by cAMP-

dependent kinase and that of autophosphorylated hexokinase was 

comparable to the tyrosine phosphorylated hexokinases at 

approximately 1%. Denaturation of hexokinase by heating or acetone 

precipitation prior to phosphorylation resulted in no incorporation of 

radiolabel (data not shown). This suggests that phosphorylation is 

dependent upon the native structure of hexokinase and is therefore 

somewhat specific. No consensus sequences for tyrosine 

autophosphorylation sites have been observed for any of the 

hexokinases sequenced to date (Neckameyer and Wang, 1985; Nishi, 

Seino, and Bell, 1988; Andreone et al., 1989; Kopetzki, Entian, and 

Mecke, 1985; Schwab and Wilson, 1989; Thelen and Wilson, 1991; 

Schwab and Wilson, 1991; and Arora, Fanciulli, and Pedersen, 1990). 

The yeast hexokinase does contain the RRXS consensus sequence for 

cAMP-dependent protein kinase phosphorylation (Pearson and Keys, 

1991). The other major phosphorylated bands at a molecular weight 

below 50 kilodaltons are contaminant proteins from the commercial 

preparations of beef heart and yeast hexokinase. It is possible that 

these bands correspond to proteolytic fragments of hexokinase. 
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In Vivo PhosphorylaHnn pf AS-30D Hexokinase. Figure 2.3 

provides evidence that the AS-30D rat hepatoma hexokinase might 

be phosphorylated in vivo. Treatment of AS-30D hexokinase with 

alkalme phosphatase prior to phosphorylation of hexokinase gives 

increased [32p] incorporation. Lane A shows AS-30D hexokinase 

treated with p43v-abl and Y-[32p] A T P . There is a small amount of 

radiolabel incorporated into this sample. Lane B contains AS-30D 

hexokinase that was pretreated with alkaline phosphatase prior to 

purification and subsequent phosphorylation with p43v-abl. There 

is an increase in [32p]-iabelling over lane A. This preliminary 

evidence suggests that the tumor hexokinase might be 

phosphorylated in vivo. Pretreatment of hexokinase from yeast or 

beef heart prior to incubation with p43v-abl and [32p]-ATP does not 

significantly increase the amount of radiolabel incorporated into 

hexokinase (data not shown). It should also be noted that alkaline 

phosphatase is capable of reversing the phosphorylation of 

hexokinase by cAMP-dependent protein kinase (data not shown). 

Identification of Phosphoamino Acids. The results of 

phosphoamino acid analysis by reverse phase high performance thin 

layer chromatography are presented in Figure 2.4. Although 

phosphoserine and phosphothreonine were difficult to resolve with 

this technique, there was a good separation of phosphotyrosine from 

phosphoserine and phosphothreonine (Fig. 4). Lane I shows yeast 

hexokinase that was allowed to undergo autophosphorylation 

followed by acid hydrolysis. A radiolabelled amino acid that co-

migrated with the phosphotyrosine standard is clearly visible. The 
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smear underneath the phosphotyrosine in lane 1 is probably due to 

overloading of this sample. Dilution of the sample reduces the smear; 

however, complete elimination of the smear is difficult due to 

reduced signal from the phosphoamino acids. Upon expanding the 

chromatography to two dimensions, the smear does not comigrate 

with the phosphoserine or phosphothreonine standards (data not 

shown). It is interesting that the modified amino acid is 

phosphotyrosine. This appears to be the first report of a glycolytic 

enzyme undergoing tyrosine autophosphorylation. 

The phosphoamino acid analysis was performed on samples 

phosphorylated by pp60C~src and cAMP not only as a confirmation of 

the fidelity of these kinases, but also to serve as a positive control for 

the HPTLC technique. Lane 2 contains hexokinase treated with 

cAMP-dependent protein kinase followed by acid hydrolysis. It 

confirms that the phosphorylated residue is phosphoserine. Lane 3 

contains yeast hexokinase incubated with pp60^"Src followed by acid 

hydrolysis. As expected, the modified residue is phosphotyrosine. 

Steady-state Kinetic Analysis of Phosphorylated Yeast 

Hexokinase. Yeast hexokinase was used as a model to test the effects 

of phosphorylation on hexokinase activity. Table 1 summarizes the 

results of these experiments. Steady state kinetic analysis shows 

that upon phosphorylation with either exogenously added tyrosine or 

serine/threonine specific protein kinases there is little change in the 

Km for either ATP or glucose. A slight decrease in apparent Vmax 

resulted from phosphorylation of yeast hexokinase by tyrosine 

kinase. In contrast, when yeast hexokinase is allowed to undergo 
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autophosphorylation, there is a 30% decrease in apparent Km for 

glucose and about a 25% increase in Vmax- Due to the evidence for 

in vivo phosphorylation of the tumor enzyme, kinetic analyses were 

also performed on alkaline phosphatase treated yeast hexokinase. 

There was a 117% increase in apparent Km for ATP and a 44% 

increase in apparent Km for glucose. These small changes in the 

kinetic properties of yeast hexokinase do not appear to be significant 

enough to account for the increased hexokinase activity observed in 

tumor cells (Nakashima et al., 1988). 

Discussion 

The results presented above show for the first time that 

hexokinases are substrates for tyrosine kinase activity in vitro. 

Incubation of purified hexokinases with Y-[32p] A T P and pp60C-src 

or p43v~abl gives radiolabel incorporation into hexokinases from 

yeast, beef heart and rat hepatoma (Figs. 1, 2 and 3). In 

confirmation of a previous report (Ekman and Nilsson, 1988), it was 

also found that hexokinase could serve as a substrate for cAMP-

dependent protein kinase in vitro (Fig.2). In addition, these results 

provide evidence for the possible in vivo phosphorylation of 

hexokinase in the AS-30D rat hepatoma cell line (Fig.3). It is 

conceivable that phosphorylation could play a role in the greatly 

increased activity of hexokinase found in rapidly growing 

transformed cells (Gumaa and McLean, 1969; Nakashima et al. 1988; 

Arora and Pedersen, 1988; Parry and Pedersen, 1983; and Arora, 

Fanciulli, and Pedersen, 1990). 
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The results presented in Figure 2.2 confirm the previous report 

(Fernandez et al. 1988) that yeast hexokinase is capable of 

autophosphorylation. The results shown in Figure 2.4 provide the 

first evidence that the phosphorylated residue is phosphotyrosine. 

The possible significance of tyrosine autophosphorylation activity in 

yeast hexokinase is purely speculative. It is doubtful that 

hexokinase has a role in cellular signaling analogous to that of the 

insulin or EGF receptors. Upon autophosphorylation of yeast 

hexokinase, there is a small but reproducible decrease in the Km for 

glucose. Whether this decrease has physiological relevance is 

unknown. 

The relatively small effects of phosphorylation on the observed 

kinetic properties of yeast hexokinase are enigmatic with respect to a 

role in the regulation of hexokinase catalytic activity. A minimalistic 

interpretation of the low degree of phosphorylation is that there is 

no physiological significance of phosphorylation of hexokinase, but 

that there is an exposed tyrosine in hexokinase that can serve as a 

substrate for tyrosine kinases. 

Because of the low degree of phosphorylation, it is possible that 

the kinetic data from these experiments are not reflective of the 

kinetics of the phosphorylated hexokinase. The kinetic data here 

may represent the kinetics of the ninety-nine percent of the 

unphosphorylated hexokinase. If phosphorylation is an important 

regulatory mechanism for hexokinase, one might expect to see 

stoichiometric levels of phosphorylation. Whether stoichiometric 

levels of phosphorylation occur in vivo is unknown. 
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If stoichiometric levels of phosphorylation occur in vivo, it is 

plausible that this phosphorylation may affect inhibition of type I or 

II hexokinases by glucose-6-phosphate. Yeast hexokinase used in 

these studies is insensitive to glucose-6-phosphate inhibition, similar 

to type IV glucokinase. The effects of phosphorylation on the 

inhibition of a type I or II hexokinase by glucose-6-phosphate would 

possibly answer this question. 

Conceivably, low levels of phosphorylation could play an 

important role in regulating hexokinase. It is possible that a low 

degree of phosphorylation could affect binding of hexokinase to the 

outer mitochondrial membrane. Another report (Adams et al., 

1991) has suggested that the phosphorylation of brain hexokinase 

occurs in the N-terminal half of the enzyme near the region 

responsible for binding to the mitochondrial membrane. The authors 

suggest that phosphorylation of hexokinase results in an increased 

negative charge on the enzyme thereby decreasing mitochondrial 

binding. 

Another possibility is that low levels of phosphorylation of 

hexokinase may play a role in the turnover of the enzyme. 

Phosphorylation might cause a conformational change that increases 

the susceptibility of hexokinase to proteases. This hypothesis is 

attractive in light of the low degree of phosphorylation. Targeting of 

significant amounts of hexokinase for destruction by proteases would 

not be beneficial to the cell. 

The results presented here show that hexokinase can serve as a 

substrate for tyrosine kinase activity in vitro. With these results, it 
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is now clear that hexokinase is capable of undergoing the gamut of 

protein phosphorylation, from tyrosine and serine/threonine 

phosphorylation to autophosphorylation. However, the role of these 

phosphorylations in the regulation of hexokinase remains unclear. 

There was little effect of phosphorylation on the catalytic activity of 

hexokinase. The most interesting of these results is that the 

autophosphorylation of hexokinase occurs on tyrosine. This is the 

first report of a glycolytic enzyme undergoing tyrosine 

autophosphorylation. The evidence for in vivo phosphorylation of a 

tumor cell hexokinase is likewise noteworthy, and raises interesting 

questions regarding the role of phosphorylation of glycolytic 

enzymes and transformation. In addition to determining the actual 

phosphorylation site of hexokinase, an interesting avenue of further 

research would be the effects of phosphorylation on hexokinase 

binding to mitochondria, glucose-6-phosphate inhibition, and 

hexokinase stability. 
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CHAPTER III 

SEPARATION OF PHOSPHOAMINO ACIDS BY 

HIGH PERFORMANCE REVERSED PHASE THIN 

LAYER CHROMATOGRAPHY 

Introduct ion 

It is now widely accepted that protein phosphorylation plays an 

important role in many cellular processes including regulation of 

receptor function (Benovic and Lefkowitz, 1987), regulation of ion 

channels (Rossie and Catterall, 1987), control of contractile activity 

(Sellers and Adelstein, 1987), and control of cell division (Rosengurtz, 

1986; and Mailer, 1990). Because phosphorylation is responsible for 

the regulation of many important cellular events, it is important to 

have an efficient means of identifying phosphoamino acids in order 

to better understand the mechanism by which these processes are 

controlled. 

Phosphorylation occurs more frequently on serine and threonine 

and to a lesser extent on tyrosine (Hunter and Cooper, 1985). Hunter 

and Sefton (1980) were the first to report the existence of 

phosphotyrosine in a protein, pp60C-src. Since that time, many more 

protein tyrosine kinases have been identified (Hunter and Cooper, 

1985). The phosphorylation of proteins on tyrosine has been 

implicated in cell growth and transformation (Hunter and Cooper, 

1985, and Sibley et al., 1988). It is therefore important to identify 
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proteins phosphorylated on tyrosine as a means to better understand 

many cellular processes. 

Plimmer (1941) was the first to show that the phosphorylated 

esters of the hydroxyamino acids were stable over a large pH range. 

This makes possible the use of limited acid hydrolysis to liberate 

phosphoamino acids from phosphoproteins for phosphoamino acid 

analysis. The analysis of protein hydrolysates for phosphoamino 

acids can be severely hampered by the presence of other compounds 

containing radiolabelled phosphate. These include mononucleotides, 

ATP, and inorganic phosphate in those cases in which the 

phosphorylation was performed in vitro, and ribose phosphate and 

other nucleotides for phosphorylation occurring in vivo (Cooper, 

Sefton, and Hunter, 1983). 

The most common method of identifying phosphoamino acids is 

by thin layer electrophoresis (Cooper, Sefton, and Hunter, 1983). 

While this method is reliable, the technique is tedious and the 

electrophoresis apparatus is costly. This technique is incapable of 

resolving phosphothreonine and phosphotyrosine in one dimension 

at pH 1.9. Therefore, a second development at pH 3.5 is required for 

complete resolution of all three phosphoamino acids. 

Recently, there have been several reports of phosphoamino acid 

identification by HPLC (Steiner et al., 1980; Niedbalski and Ringer, 

1986; Murthy and Iqbal, 1991). Most of the HPLC methods involve 

derivatization of the amino acids prior to analysis, involving steps 

that are tedious and time consuming. In addition, separation times 

can take up to one hour (Yang, Fujitaki, and Smith, 1982). Ascending 
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chromatography has also been used to analyze phosphoamino acids 

(Cooper, Sefton, and Hunter, 1983; Munoz and Marshall, 1990). The 

conventional TLC method requires a development of up to 16 hours 

(Cooper, Sefton, and Hunter, 1983). A recently reported method 

requires multiple developments to completely resolve all three 

phosphoamino acids (Munoz, and Marshall, 1990). 

High performance TLC is a modified version of the classic 

technique. HPTLC plates tend to have smaller particle sizes and a 

smaller sorbent layer thickness which offers enhancements in speed 

and separation efficiency. An additional advantage of HPTLC is the 

reduced sample size needed for analysis. Sample volumes in the 

nanoliter range can be analyzed by HPTLC (Costanzo, 1984). As a 

result smaller amounts of sample can be analyzed by HPTLC than 

conventional TLC. HPTLC of amino acids can provide complete 

resolution of 23 amino acids (as PTH derivatives) in less than one 

hour with two different mobile phases (Application Update 159, 

Whatman Chemical Separations Inc., 1982). 

The results presented here show that HPTLC provides a fast, 

relatively efficient means of analyzing protein hydrolysates for 

phosphoamino acids. A solvent system containing methanol/acetic 

acid/formic acid can separate phosphotyrosine from phosphoserine 

and phosphothreonine in as little as fifteen minutes. This appears to 

be the fastest means of separating phosphotyrosine from the other 

phosphoamino acids. In addition, as many as thirty samples can be 

analyzed on a single TLC plate. This efficiency helps to alleviate the 

moderate cost of the TLC plates, making this technique competitive 
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with thin layer electrophoresis. The results of the effects of solvent 

composition on the separation are in agreement with a mechanism of 

ion-pair formation with a solvent ion and the phosphoamino acids. 

This appears to be the first report of an ion-pair based mechanism 

for separating phosphoamino acids. 

In addition, a solvent consisting of ammonium 

hydroxide/propanoic acid/isopropanol is capable of resolving a 

mixture of all three phosphoamino acids. An analysis of the factors 

affecting the separation is also consistent with a mechanism of ion-

pair formation. 

Materials 

The AS30-D tumor cell line was the generous gift of Dr. Peter 

Pedersen, Johns Hopkins University, School of Medicine (Baltimore, 

MD). Hexokinase from AS30-D cells was isolated as described 

previously (11). Hexokinase from yeast and beef heart, cAMP 

dependent protein kinase, trypsin, phosphoserine, phosphothreonine, 

phosphotyrosine, and a-chymotrypsin were obtained from Sigma 

Chemical Co. and used without further purification. Protein kinases 

p43v-abl and pp60^"'^''^ were obtained from Oncogene Science 

(Mannhasset, NY). Reversed phase high performance thin layer 

chromatography plates were from EM Sciences. Cellulose high 

performance thin layer chromatography plates were the generous 

gift of Camag Scientific, Inc. y [32p] ATP was obtained from New 

England Nuclear. X-OMAT XAR-5 X-ray film was from Kodak. All 
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other reagents and buffers were of the highest quality commercially 

available. 

Methods 

Phosphorvlation of Hexokinases Hexokinases from yeast, beef 

heart, and the AS30-D tumor cell line were phosphorylated by 

cAMP-dependent protein kinase, pp60c-src, or allowed to undergo 

autophosphorylation as previously described in Chapter II. 

Recovery of Phosphoamino Acids. Phosphorylated hexokinases 

were hydrolyzed for 1 to 1.5 hours. The hydrolysate was then run 

through a Centricon microconcentrator with a molecular weight 

cutoff of 30 kilodaltons to remove any unhydrolyzed protein. Next 

the sample was lyophilized and resuspended in 0.1 N formic acid. 

The sample was enriched for phosphoamino acids by 

chromatography on a Dowex 50W X-80(H+) column that had been 

equilibrated with 0.1 N formic acid as described previously (Ringer, 

1991). The eluate containing phosphoamino acids was lyophilized 

and resuspended in pH 1.9 buffer (7.8% acetic acid, 2.5% formic acid). 

The sample was then chromatographed on a Superdex G-25 column 

equilibrated with 10 mM potassium phosphate pH 7.0 to separate 

any peptide fragments that might interfere with the detection of 

phosphoamino acids. Fractions containing radiolabel corresponding 

to the bed volume of the column were lyophilized and saved for RP-

HPTLC. 

Reversed Phase High Performance Thin Layer Chromatography ol 

Phosphoamino Acids. In order to remove any contaminants that may 
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have been present on the TLC plates, all plates were washed in 100% 

methanol followed by baking at 110°C for 30 minutes prior to use. 

Fractions from the G-25 column were spotted on a RP-HPTLC plate. 

Phosphoamino acid standards were spotted in separate lanes. The 

samples were air dried completely. The plate was placed in a twin-

trough chromatography chamber containing the appropriate solvent 

in the opposite chamber using a Whatman 3M chromatography paper 

wick. After the plate was allowed to equilibrate with the solvent 

vapors, the plate was developed until the solvent front had migrated 

approximately two-thirds of the total distance of the plate. The plate 

was removed and air dried completely. Phosphoamino acid 

standards were visualized with 0.33% ninhydrin in acetone followed 

by baking for 10 minutes at 100°C. Phosphoamino acids from 

radiolabeled proteins were visualized by autoradiography. The pH of 

each solvent system was measured with a glass electrode. 

Cellulose High Performance Thin Layer Chromatography of 

Phosphoamino Acids. High performance thin layer chromatography 

was performed on high performance cellulose plates. The high 

performance cellulose plates were the generous gift of Camag. The 

solvent system used was that of Neufeld and coworkers (1989). 

Phosphoamino acid standards were visualized by ninhydrin staining. 

Results 

Cellulose High Performance Thin Layer Chromatography. There 

has been a previous report of the separation of phosphoamino acids 

using microcrystalline cellulose plates and a solvent containing l.\l 
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ammonium hydroxide, propionic acid, and isopropanol 

(17.5/45/17.5, v/v/v) (Neufeld, Goren, and Boland, 1989). These 

authors reported Rf values of 0.29, 0.36, and 0.44 for phosphoserine, 

phosphothreonine, and phosphotyrosine, respectively. We attempted 

to reproduce these results using cellulose high performance thin 

layer plates. In these experiments, resolution of phosphothreonine 

and phosphotyrosine was not accomplished. The Rf values for these 

experiments were as follows: phosphoserine 0.37, phosphothreonine 

0.54, and phosphotyrosine 0.55. The authors suggest that the 

separation is based on the differing hydrophobicities of the 

phosphoamino acid side chains. Since we were unable to reproduce 

their results using a high performance system that should in theory 

give improved results, it is possible that their separation may be 

dependent upon a property unique to the specific brand of TLC plate 

used. 

Due to the inability to reproduce these results, it was decided that 

a modification of this procedure might produce a better separation of 

phosphoamino acids. Since the solid support used in these studies 

was polar in nature, I decided to use the Neufeld solvent system on 

CI8 reversed phase HPTLC plates. It was thought that by increasing 

the difference in the hydrophobicity between the solvent and solid 

phase, the separation would improve. This method is fully capable of 

separating all three phosphoamino acids. The Rf values for the 

phosphoamino acids were as follows: phosphoserine 0.62, 

phosphothreonine 0.67, and phosphotyrosine 0.74. Figure 3.6 shows 

a chromatogram of this separation. The large peak represents 
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phosphotyrosine. The next two smaller peaks represent 

phosphothreonine and phosphoserine, respectively. The peaks for 

phosphothreonine and phosphoserine are not as sharp as the 

phosphotyrosine peak due to significant band broadening and tailing 

of these two spots. 

In an attempt to understand the basis of the separation, the 

effects of the propionate to anunonium ratio on the separation were 

studied. The results of these experiments are presented in Figure 

3.7. In the initial separation, the propionate to ammonium ratio was 

1.0. When the propionate to ammonium ratio is changed to 0.5, there 

is no separation and little retention of the phosphoamino acids on the 

plate. Increasing the propionate to ammonium ratio to 2.0 had little 

effect on the resolution or separation. These results are similar to 

the results with the acetate solvent system described below 

indicating that ion-pair formation may also be important in this 

system. 

Reversed Phase High Performance Thin Layer Chromatography. 

In order to try and improve the separation of phosphoamino acids, 

reversed phase HPTLC was carried out in a solvent system containing 

80% methanol, 1.5% acetic acid, and 0.5% formic acid. The aqueous 

portion of this solvent is the solvent used in thin layer 

electrophoresis (Cooper, Sefton, and Hunter, 1983). The Rf values for 

the phosphoamino acids were as follows: phosphoserine 0.71, 

phosphothreonine 0.71, and phosphotyrosine 0.84. While this solvent 

system does not fully resolve all three phosphoamino acids, there is 
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good reproducible separation of phosphotyrosine from phosphoserine 

and phosphothreonine. 

To try to understand the mechanism involved in the separation, 

the effects of the various components of the solvent on the 

separation of the phosphoamino acids were investigated. These 

results are presented in Figures 3.1-3.8. The dependence of Rf on 

methanol concentration is presented in Figure 3.1. The concentration 

of methanol was varied from 60% to 90% while the concentrations of 

the other components were held constant. For the case of 100% 

methanol, no acetic acid or formic acid was added. Figure 3.1 shows 

that with increasing methanol concentration, there is a corresponding 

decrease in the Rf s of all the phosphoamino acids. This decrease in 

Rf is fairly linear over the range tested. The pH measured with a 

glass electrode for each solvent system was constant with a value of 

about 3.0. These results are consistent with a salting out effect with 

increasing organic modifier concentration, which is indicative of a 

reversed phase based separation. 

The results of the effect of the acetic acid concentration are 

presented in Figure 3.2. The acetic acid concentration was varied 

over the range 0.15% to 3.0%. The Rfs of all phosphoamino acids 

decrease with increasing acetic acid concentration. However, unlike 

the changes observed with changing methanol concentration, the 

decrease in the Rfs was not linear over the range tested. The pH 

measured with a glass electrode for each solvent system was 

constant with a value of about 3.0. 
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The results of varying the formic acid concentration are 

presented in Figure 3.3. The formic acid concentration was varied 

over the range 0.25% to 1.0%. There was a small change in Rfs for 

the phosphoamino acids over the entire range of formic acid 

concentrations. The pH measured in methanol over this range of 

formic acid concentrations varied from 1.85 to 3.0. 

The results of the effects of acetic acid concentration on the 

separation of phosphoamino acids suggest that ion-pair formation 

might be the basis for the separation. I decided to try to improve 

the separation by using a longer chain alkyl acid in the solvent. If 

ion-pair formation is responsible for the separation, increasing the 

length of the carbon chain of the ion-pairing agent should increase 

the retention of the samples on the solid phase (Jost and Huack, 

1987). When acetic acid is replaced by hexanesulfonic acid in the 

solvent, there was no apparent improvement in the separation. The 

effects of varying the hexanesulfonic acid concentration on the 

separation are shown in Figure 3.4. There was little effect on the Rfs 

of any of the phosphoamino acids over the hexanesulfonic acid 

concentration range tested. However, the Rfs for the phosphoamino 

acids in the hexanesulfonate solvent system were lower than for the 

acetic acid based system. Since increasing the hydrocarbon chain 

length of the putative ion-pairing agent results in a decrease in Rf 

values, these results suggest that the mechanism of separation in 

both solvent systems is ion-pair formation. Attempts at increasing 

the length of the carbon chain to twelve using sodium dodecyl sulfate 

were unsuccessful due to the insolubility of the SDS in the high 
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methanol concentration. A plot of selectivity factor versus carbon 

chain length is shown in Figure 3.8. An increase in selectivity 

between serine and threonine is seen when the carbon chain length 

is increased from acetate to hexanesulfonate. These results provide 

strong evidence for an ion-pairing based mechanism in the 

separation of phosphoamino acids in this chromatographic system. 

The results of varying the concentration of a cationic ion-pairing 

agent, tetrabutyl ammonium chloride, are shown in Figure 3.5. Once 

again, there appears to be little improvement in the separation of 

phosphoamino acids over the acetic acid based solvent system. The 

Rfs for each of the three phosphoamino acids are relatively 

unchanged over the tetrabutyl ammonium chloride concentration 

range tested. 

Discussion 

The lack of equipment necessary for thin layer electrophoresis 

and the unsatisfactory results of conventional TLC required the 

development of a new method for phosphoamino acid analysis. 

Because of the small particle size of the high performance TLC plates, 

it was expected that these solid supports would provide rapid and 

efficient separation of the phosphoamino acids. 

A method for separating all three phosphoamino acids on 

microcrystalline cellulose has been reported (Neufeld, Goren, and 

Boland, 1989). The pH of the NH40H/propionic acid/isopropanol 

(17.5/45/17.5, v/v/v) solvent is approximately 3.5. At this pH all 

three phosphoamino acids presumably carry a similar charge, one 
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positive and one negative charge. Thus, the separation is presumably 

based on the differing hydrophobicities of the phosphoamino acid 

sidechains. Attempts at reproducing these results were unsuccessful. 

However, it was decided to use this solvent system with a reversed 

phase HPTLC plate. The thought was that by increasing the 

difference in the hydrophobicity between the solvent and solid 

phase, the separation would improve. Based on this rationale, I tried 

this solvent system on CI8 reversed phase TLC plates. The results in 

Figure 3.6 show that this system is capable of resolving all three 

phosphoamino acids. Unlike the methanol/acetic acid based solvent, 

the time required for the separation is approximately the same as for 

thin layer electrophoresis. Therefore, the ease and low cost of TLC 

are the advantages this system offers over the conventional 

technique. 

The solvent system that is used for thin layer electrophoresis was 

also used on reversed HPTLC plates. As is shown in Figure 3.2, at an 

acetic acid concentration of 1.5%, this solvent gave reasonable 

separation of phosphotyrosine from phosphoserine and 

phosphothreonine. However, this system is unable to resolve 

phosphoserine from phosphothreonine. The advantage of this 

technique is that the time required for separation is about 40 

minutes. This is better than the 2 hours required for separation by 

thin layer electrophoresis (Cooper, Sefton, and Hunter, 1983). When 

the methanol concentration is raised to 100%, this separation is 

complete in about 15 minutes. This is the fastest technique for 

separating phosphoamino acids. The major disadvantage to this 
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technique is the lack of separation of phosphoserine and 

phosphothreonine. However, when considering the classification 

scheme of protein kinases and the relative speed of the separation, 

this technique can be useful as a first step in the classification of 

protein kinase substrates. Protein kinases are usually classified into 

tyrosine kinases and serine/threonine kinases, therefore absolute 

identification of the phosphoamino acid is not necessary. The 

identification of the precise phosphoamino acid can be made during 

sequence analysis of the phosphopeptide. 

In an attempt to better understand the mechanism behind the 

separation of phosphoamino acids, I varied the components of the 

solvent system. The results of the effect of acetic acid concentration 

on separating the phosphoamino acids suggested that ion-pairing 

may play an important role in the separation. The role of the ion-

pairing agent is to increase the retention of the solute on the 

stationary phase. There are two fundamental relationships in ion-

pair chromatography: (1) when using nonpolar supports, increasing 

the hydrophobicity of the ion-pairing agent will increase the 

retention of the sample, (2) increasing the concentration of the ion-

pairing agent will increase the retention of the sample (Jost and 

Huack, 1987). As is shown in Figure 3.8, increasing the length of the 

carbon chain of the ion-pairing agent from 2 to 6 causes an increase 

in the selectivity for the phosphoamino acids. These results support 

the hypothesis that ion-pair formation is the basis for the separation 

of phosphoamino acids in this system. 
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It is expected that the propionate based solvent system behaves 

in an analogous manner to the acetate and hexanesulfonate based 

solvent systems. If indeed ion-pairing is occurring in the propionate 

based system, one would expect that the Rf values for this system 

would be in between those for acetate and hexanesulfonate. 

However, because the concentration ranges used in the propionate 

system were much higher than in the other two cases, it is not 

possible to directly compare these results. 

Because these phosphoamino acids have both a positive and a 

negative charge at pH 3.5, it is reasonable to expect that they may 

also form ion pairs with cations. It would be expected that the 

tetrabutylanmionium cation would form an ion-pair with the 

negatively charged phosphate group of the phosphoamino acids. As 

a test of this hypothesis, I substituted tetrabutylammonium chloride 

in place of acetic acid. The results in Figure 3.5 show that this 

system is capable of separating the phosphoamino acids. As is the 

case with the anionic ion-pairing agents, there is a decrease in the Rf 

values of the phosphoamino acids with increasing 

tetrabutylammonium chloride concentration. This suggests that ion-

pair formation may also be responsible for this separation. However, 

because a series of cationic ion-pairing agents were not tested, the 

possibility of another mechanism cannot be ruled out. 

The separation of phosphoamino acids using reversed phase 

HPTLC is a complex process. Several factors such as pH, ionic 

strength, and solvent polarity are likely to influence the resolution of 

a mixture of phosphoamino acids. The results presented here show 



45 

that using reversed phase HPTLC, it is possible to separate the three 

commonly occurring phosphoamino acids. This technique is simple, 

fast, and efficient. Using HPTLC, phosphotyrosine can be separated 

from phosphoserine and phosphothreonine in as little as fifteen 

minutes. The high sample throughput of this technique makes it an 

attractive alternative to thin layer electrophoresis. As many as 

thirty samples can be analyzed on a single HPTLC plate in as little as 

thirty minutes. This is faster than the conventional techniques. The 

factors influencing the separations are indicative of a mechanism 

based on ion-pair formation between a solvent ion and the 

phosphoamino acid. This appears to be the first report of ion-pair 

formation for the separation of phosphoamino acids. By optimizing 

the ion-pairing agent and the solvent composition, it should be 

possible to further improve the separation. 
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Figure 3.1. Effect of Methanol Concentration on Phosphoamino 
Acid Separation. Phosphoamino Acid standards were separated on 
CI8 reversed phase HPTLC plates as described under Methods. 
Phosphoamino acid standards were visualized by ninhydrin staining. 
The solvent system contained the indicated amount of methanol, 
0.5% formic acid, and 1.5% acetic acid. In the case of 100% methanol, 
no formic acid or acetic acid was added. Open squares are for 
phosphoserine, solid circles are for phosphothreonine, open circles 
are for phosphotyrosine. 
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Figure 3.2. Effect of Acetic Acid Concentration on Phosphoamino 
Acid Separation. Phosphoamino Acid standards were separated on 
CI8 reversed phase HPTLC plates as described under Methods. 
Phosphoamino acid standards were visualized by ninhydrin staining. 
The solvent system contained the indicated amount of acetic acid, 
0.5% formic acid, and 80% methanol. Open squares are for 
phosphoserine, solid circles are for phosphothreonine, open circles 
are for phosphotyrosine. 
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Figure 3.3. Effect of Formic Acid Concentration on 
Phosphoamino Acid Separation. Phosphoamino Acid standards were 
separated on CI8 reversed phase HPTLC plates as described under 
Methods. Phosphoamino acid standards were visualized by 
ninhydrin staining. The solvent system contained the indicated 
amount of formic acid, 1.5% acetic acid, and 80% methanol. Open 
squares are for phosphoserine, solid circles are for phosphothreonine, 
open circles are for phosphotyrosine. 
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Figure 3.4. Effect of Hexanesulfonic Acid Concentration on 
Phosphoamino Acid Separation. Phosphoamino Acid standards were 
separated on CI8 reversed phase HPTLC plates as described under 
Methods. Phosphoamino acid standards were visualized by 
ninhydrin staining. The solvent system contained the indicated 
amount of hexanesulfonic acid, 80% methanol, 0.1% acetic acid and 
0.5% formic acid. Open squares are for phosphoserine, solid circles 
are for phosphothreonine, open circles are for phosphotyrosine. 
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Figure 3.5. Effect of Tetrabutylammonium Chloride Concentration 
on Phosphoamino Acid Separation. Phosphoamino Acid standards 
were separated on CI8 reversed phase HPTLC plates as described 
under Methods. Phosphoamino acid standards were visualized by 
ninhydrin staining. The solvent system contained the indicated 
amount of tetrabutylammonium chloride, 80% methanol, and 0.5% 
formic acid. Open squares are for phosphoserine, solid circles are for 
phosphothreonine, open circles are for phosphotyrosine. 



51 



<-. p-tyrosine 

P-serine 



53 

S 

l.U 

0.9 

0.8 

0.7 

n A 

Q 
n 

1 

o 

• 

•? 

-

-

o 

• 

n 
0 1 

Ammonium Propionate Ratio 

Figure 3.7. Effect of Ammonium : Propionate Ratio on 
Phosphoamino Acid Separation. Phosphoamino Acid standards were 
separated on CI8 reversed phase HPTLC plates as described under 
Methods. Phosphoamino acid standards were visualized by 
ninhydrin staining. The solvent system contained the indicated ratio 
of anmionium hydroxide : propanoic acid, and 56% isopropanol. Open 
squares are for phosphoserine, solid circles are for phosphothreonine, 
open circles are for phosphotyrosine. 
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Figure 3.8. Effect of Ion-pairing Agent Carbon Chain Length on 
Selectivity of Phosphoamino Acid Separation. Phosphoamino Acid 
standards were separated on CI8 reversed phase HPTLC plates as 
described under Methods. Phosphoamino acid standards were 
visualized by ninhydrin staining. The solvent system contained ion-
pairing agents of either 1,2, or 6 carbon chain lengths, and 80% 
methanol. Open circles are for selectivity between phosphotyrosine 
and phosphothreonine, open squares are for selectivity between 
phosphoserine and phosphothreonine. (For a discussion of selectivity 
factor see Skoog, J.A. & Leary, J.J., Principles of Instrumental 
Analysis, Fourth Edition, p. 665). 
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APPENDDC 

THE EFFECTS OF THE COMPONENTS OF THE 

ANTITUMOR ANTIBIOTIC LUZOPEPTIN C 

ON THE ACTIVITY OF REVERSE 

TRANSCRIPTASE 

Introduction 

It is now known that the causative agent of Acquired Immune 

Deficiency Syndrome (AIDS) is the Human Immunodeficiency Virus 

(HIV) (Popovic et al., 1984). The HIV uses the enzyme reverse 

transcriptase to replicate the viral genome. Unlike other human 

retroviruses which appear to induce monoclonal transformations 

(Yoshida, Miyoshi, and Hinuma, 1982), HIV produces disease solely 

as a result of its multiplication, a process strictly subordinate to 

dependable reverse transcriptase activity. This has made the viral 

reverse transcriptase the target of many attempts to halt the onset of 

AIDS. 

An agent seemingly capable of inhibiting reverse transcriptase 

without causing excessive harm to the host T4 cells is luzopeptin C 

(Inouye et al., 1987). Luzopeptin C, a natural product isolated from 

Actinomadura luzonensis, is a dimeric cyclodecadepsipeptide 

containing some very unusual amino acid analogues. It might be 

expected that some of the unusual components of luzopeptin C might 

be responsible for inhibition of reverse transcriptase activity. In 

order to determine if any of the unusual components of luzopeptin C 
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are responsible for inhibition of reverse transcriptase, I have 

assayed the effects of these components on the activity of AMV 

reverse transcriptase. None of the components alone appear to be 

effective inhibitors of reverse transcriptase activity. In addition, a 

tripeptide consisting of hydroxymethyl valine, the quinaldic acid, and 

the sarcosine residues found in luzopeptin C was tested and also 

found to be ineffective as an inhibitor of reverse transcriptase. 

Materials 

AMV reverse transcriptase was purchased from United States 

Biochemical and used without further purification. The RNA 

template poly(rA):dTi2-18 was purchased from Pharmacia LKB 

Biotechnology- [ 3 H ] -methyl dTTP (6000 Ci/mmol) was purchased 

from ICN Radiochemicals. Glass microfiber filters, type GF/B, were 

obtained from Whatman. All other chemicals and reagents were of 

the highest quality commercially available. 

The components of luzopeptin C were the gracious gift of Dr. 

Marco Ciufolini of Rice University, and their syntheses are reported 

elsewhere (Ciufolini and Swaminathan, 1989). 

All glassware used in these experiments was treated overnight 

in water containing 0.1% diethyl pyrocarbonate (DEPC), followed by 

baking at 180 C for 4 hours to remove any ubiquitous ribonuclease 

activity. The glassware was then autoclaved prior to use. All buffers 

were made in water treated overnight with 0.1% DEPC, then 

autoclaved prior to use. 
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Methods 

Assay of Reverse Transcriptase Activity in the Presence of the 

Components of Lnyopeptin C AMV reverse transcriptase was 

preincubated for 10 minutes on ice in 25 ^l of assay mix containing 

50 mM Tris-HCl (pH 8.4), 50 mM KCl, 2 mM dithiothreitol, 10 mM 

MgCl2, 0.1% Triton X-100, 100 mg/ml poly(rA):dTi2-18 and with 

various concentrations of the component to be tested. Depending 

upon their solubility properties, the compounds were dissolved in 

either ethanol or water. Reverse transcriptase preincubated in 

solvent alone served as the control. After preincubation, the reaction 

was started by the addition of 1.25 |iCi [3H] -methyl dTTP (6000 

Ci/mmol). After a 30 minute incubation at 37°C, the radiolabeled 

oligonucleotide was precipitated by the addition of 250 |il of ice-cold 

10% trichloroacetic acid (TCA). The precipitate was then collected by 

filtration on a GF/B glass microfiber filter. The filter was then 

washed in 5 ml ice-cold 10% TCA for 10 minutes, followed by 3 

washes in 5 ml ice-cold 5% TCA for 2 minutes each. These washes 

were then followed by 2 washes in 5 ml ice-cold 95% ethanol for 1 

minute. All washes were carried out on ice. The filter was then air 

dried, and the amount of radiolabeled oligonucleotide bound to the 

filter was determined by liquid scintillation counting. One sample 

was treated as above with the omission of reverse transcriptase to 

check the quality of the wash procedure. 
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Results 

In order to determine if the unusual components of luzopeptin C 

are responsible for the antiviral effects exhibited by this compound 

toward HIV, I assayed the components for inhibition of viral reverse 

transcriptase. As can be seen in Table A.l , none of the components 

tested appeared to possess inhibitory effects toward reverse 

t ranscr ip tase . 

The solution structure of luzopeptin C shows that the quinaldic 

acid moieties are positioned in such a way that they may intercalate 

into DNA (Searle, Hall, and Wakelin, 1988). It has been proposed 

that this is the mode by which luzopeptin C exhibits its antitumor 

properties (Searle et al., 1989). This may be the manner by which 

luzopeptin C interferes with viral replication. Since the quinaldic 

acid moiety contained in luzopeptin C was apparently not effective in 

inhibiting reverse transcriptase activity, we tested a number of other 

quinoline containing compounds for their effects on reverse 

transcriptase. These results are presented in Table A. l . It appears 

that quinoline compounds in general do not have a significant effect 

on reverse transcriptase activity. A patent application filed by the 

Upjohn company concludes that some quinoline compounds possess 

reverse transcriptase inhibition in the range of 20-60% (Althaus et 

al., 1989). Two of the compounds we tested, 8-hydroxy quinoline 

and the acid form of the quinoline contained in luzopeptin C, showed 

inhibition in the lower portion of this range. 

At best, the results from these experiments are difficult to 

interpret. There is apparently a problem in the assay of reverse 



65 

transcriptase activity. Initially, I performed a check of the 

procedure for washing away the unincorporated nucleotide. When I 

was satisfied that the wash procedure was sufficient, I checked for 

effects from the ethanol. The results indicated that there was 

sufficient inhibition of the enzyme by ethanol as compared to a 

control using water. Since most of these quinolines are insoluble in 

water, I assayed the enzyme in the presence of DMSO. It appeared 

that there was no significant inhibition of reverse transcriptase 

activity by DMSO. However, the variability in the assay persisted. A 

similar check of the reverse transcriptase and RNA template stocks 

also failed to reveal a source of variability- The only possible source 

of error that was not tested was the precipitation of the 

oligonucleotide product. Since no carrier nucleic acid or protein was 

added before the trichloroacetic acid, it seems likely that a 

considerable amount of oligonucleotide was not precipitated. If these 

experiments are pursued further, this would be a logical first step to 

try to improve the reliability of the assay. 

Discussion 

The antitumor antibiotic luzopeptin C has been shown to inhibit 

reverse transcriptase activity and HIV replication at low 

concentrations (Inouye et al., 1987). Because luzopeptin C contains 

some unusual components, it was thought that some of these 

components might be responsible for the inhibitory effects on 

reverse transcriptase activity. From the results presented above it 

appears that these components alone are not responsible for the 
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action of luzopeptin C. If this is indeed the case, these results can be 

explained in the context of the structure of luzopeptin C. The 

solution structure of luzopeptin C shows that the quinaldic acid 

moieties are positioned in such a way that they may intercalate into 

DNA (Searle, Hall, and Wakelin, 1988). It is probable that the other 

subunits of luzopeptin C are responsible for helping to stabilize the 

interaction between luzopeptin C and its target nucleic acid. It 

should be noted that the tripeptide containing the quinaldic acid, 

hydroxymethyl valine, and sarcosine was also apparently not 

effective in inhibiting reverse transcriptase indicating that properly 

spaced quinolines are probably necessary for the action of luzopeptin 

C. Monomeric quinolines are not capable of bisintercalation 

formation as is the case with the appropriately spaced quinaldic acid 

moieties in the parent compound. A reasonable avenue for further 

research would be to synthesize quinoline compounds joined 

together by appropriate spacers. It would appear possible to vary 

the substituents on the quinoline rings to maximize the interaction 

between the compound and the target nucleic acid. 

Lastly, the variability in the assay of reverse transcriptase 

activity should be addressed. There are several possibilities for 

these errors. The variability could be due to errors in pipeting the 

small volumes of reagents. In addition, the radioisotope is in ethanol 

solution. After the preincubation time the reaction was started by 

addition of isotope and hence ethanol. This change in solution 

conditions could affect the enzyme. Another source of error could 

arise from the lack of quantitative precipitation of the 
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oligonucleotide product. In any case, it is likely that the variability 

in the assay masks the effects of the components and any definite 

conclusions about the effects can not be made unless the variability 

in the assay is eliminated. 
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Table A.2. Inhibition of Reverse Transcriptase by the 
Components of Luzopeptin C and Quinoline 
Compounds 

Compound Percent Inhibition Number 

Tripeptide 

Quinoline Ketone 

Quinoline Acid 

Quinoline 

Quinoline HCl 

Quinoline Yellow 

N-ethoxycarbonyl-2-ethoxy-l ,2-

dihydroquinoline 

8-hydroxyquinoline 

6-methoxy-8 nitroquinoline 

8-hydroxyquinoline-5-sulfonic 

acid 

8.2 ± 21 

18.5 ± 3 4 

36 ± 11 

+0.5 ±28* 

+1.0 ± 17 

+12 ± 0 

17 ± 2 9 

32 ± 2 5 

+19 ±76 

15 ± 2 7 

6 

10 

2 

2 

3 

1 

2 

3 

3 

4 

* (+) inhibition indicates enzyme activation 




