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sulfate, sulfite, nitrate and carbonate have previously been investigated, however only 

pentavalent ions have been found to stimulate AK activity [51 ;52]. 

AK is a member of the PfkB family ofcarbohydrate kinases. We have recently 

shown that similar to .AK the catalytic activity ofRK, another member of the PfkB 

family, was also stron~,ly stimulated by PVI, which acted by lowering the Km of the 

enzyme forD-ribose. In addition to AK and RK, three other enzymes involved in the 

transfer of phosphate fi·om ATP to a sugar derivative (viz. 6-phosphofructo-2-kinase (EC 

2.7.1.105) [62], phosphoribosylpyrophosphate synthetase (EC 2.7.6.1) [63] and 6­

phosphofructokinase (EC 2.7.1.11) [64] have been reported to show a similar dependence 

on P04 for activity. It is thus likely that PVI dependency is a common characteristic of 

the PfkB family of proteins as well as some other carbohydrate kinases. 

The mechanism by which PVI stimulates, or are required for the activity of AK 

and RK (or the other above mentioned enzymes), is presently not understood. However, 

potentially useful information in this regard was provided by the crystallographic data of 

AK and RK. These data indicated that asparagine 239 and glutamic acid 242 in the CHO 

AK sequence, which are part of the conserved NXXE motif found in both these enzymes 

as well as various other Pfk:B family members, make close contacts with Mg2 
+ (M2) and 

P04 ions in their respe~;tive structures. To determine whether these residues indeed play 

an important role in the interaction ofP04 and Mg2 
+ ions, these residues were replaced 

with other amino acids and the effect ofthese alterations on the activities ofthese 

enzymes and their response to P04 and Mg2 
+ ions was determined. Results of these 
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adenosine increased about two-fold, and the Km for ATP increased approximately 5-fold 

for the largest active deletion compared to the wild-type enzyme. Inspection of the 3D 

structure showed that the residues at the C-terminus were involved in a hydrogen bonding 

network which stabilized an unconventional P-loop structure, suggesting that substrate 

binding site near the C-terminus represented the ATP site. Recent crystallographic data of 

Toxoplasma gondii AK bound with a variety ofligands has confirmed this hypothesis [2]. 

In 1996, the cloning ofhuman AK was reported, and similarity to microbial 

ribokinases and fiuctohnases within two small motifs was identified [3]. These microbial 

sugar kinases belonged to the PfkB family of carbohydrate kinases [ 4; 5]. Accordingly, 

AK was included into 1his family. Another member of the PfkB family was bacterial 

ribokinase. The 3D stntcture ofRK was reported in 1997 [6], and the first insights into 

the structure of this fanily was revealed. The enzyme was co-crystallized with a 

phosphate group bound near the active site, though far enough away as not to represent 

they-phosphate positicn of ATP. Later that year, the structure of AK was published [7], 

revealing a strong similarity to RK. Though the amino acid sequence similarity was less 

that 30%, the residues at the active site were conserved in 3D space. An aspartic acid 

residue was found positioned near the 5 '-hydroxyl group of the sugar moiety such that it 

was concluded that thi ; residue may act as the catalytic base for both RK and AK. A 

magnesium ion with 6 ..coordinated water molecules was also shown near the active site 

of AK, similar to the phosphate found in the RK structure. 

The structural !:imilarities prompted first the investigation as to study the effects 

of mutating this putative catalytic base in AK, and second to determine if the activity of 
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RK is affected by pentCJvalent ions. As shown in Chapter 3, it was found that mutation of 

the putative catalytic bccse to either glutamic acid, asparagine and glycine, results in 

nearly complete loss of activity. Therefore, it was determined that this residue is 

instrumental for the activity of AK. 

Biochemical investigation to determine ifRK activity is affected by pentavalent 

ions ensued. The work presented in Chapter 4 reveals that RK, similar to AK, 

experiences stimulatior1 of activity and a decrease in Km for the phosphate accepting 

substrate in the presence of increasing concentrations ofpentavalent ions. Though RK is 

not inhibited by high concentrations of ribose, similar to AK, it is inhibited by high 

concentrations of free magnesium and ATP. A survey of literature regarding the activity 

of other PfkB family members also reveals a number of the proteins are inhibited at high 

free magnesium and ATP concentrations. The similar effect of pentavalent ions on two 

distantly related proteins may suggest a common mechanism of activity for enzymes of 

this class. 

In the 3D structures, phosphate was bound near the active site ofRK, and 

magnesium was similarly bound to AK. Both molecules interacted with 2 residues which 

are conserved in 3D sp:tce. Sequence alignment of a number ofPfkB proteins revealed 

that this NXXE motif i; highly conserved. Consequently, these residues were mutated, 

and the activity ofthe resulting proteins were studied and presented in Chapter 5. N239 

was altered to glutamir e or lysine. Mutation to glutamine resulted in a protein which is 

not inhibited by high concentrations of adenosine, ATP nor magnesium. However, the 

activity ofN239Q was not stimulated in the presence of phosphate, nor is the Km for co­
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substrates altered. N23 9L mutant showed a significant decrease in activity and altered 

Mg2 
+ requirement. E2<12 was mutated to aspartic acid and lysine. The presence of 

phosphate did stimulat1~ the activity of the E242D protein, though the Km for adenosine 

was not significantly altered. However, the concentration of co-substrates and magnesium 

necessary to evoke inhibition and the Km for ATP was greatly decreased. Mutation of 

E242 to lysine required a much higher Km for Mg2 
+ than the wild-type enzyme. The 

results ofNXXE mutagenesis studies suggest that both N239 and E242 play an important 

role for magnesium bin ding and requirement. So to are these residues implicated in the 

phosphate effect seen f :>r the wild-type enzyme. The results of replacement of either 

N239 and E242 with lysine further suggests that a second magnesium ion, different from 

that which is required for ATP binding, may be important for regulating AK activity. 

Lastly, the study of AK activity in the past has been greatly different among 

enzyme sources in the choice ofbuffering systems, the pH of study, and the 

determination of optim:tl magnesium to ATP concentrations. As a result, it is difficult to 

compare the activity of enzymes from different species. In order to compare the activities 

of divergent AK, maximum velocity and Km determinations for co-substrates ofAK from 

cell extracts of CHO, spinach, yeast and L. donovani were performed under similar 

conditions. The activiti ;!S of all enzymes studied were found to be stimulated in the 

presence of pentavalen1 ions. The Km for adenosine was decreased for all enzymes 

studied, suggesting tha1 the effect of phosphate is an intrinsic property of AK. 



227 

6.2 Future Directions 

Steady-state kinetic methods, described within this thesis, have been used to 

identify that the presence of phosphate alters the kcat, Km and Ki values for AK. 

Mutational analysis ha; identified a region distal to the active site which may be 

exploited in the creation of novel pharmaceutical agents. The most important question 

remaining is which step in the AK reaction pathway is affected by phosphate. Studies 

such as solvent viscosity and isotope effects could be employed to determine if substrate 

binding or product relt::ase and/or proton abstraction, respectively, is limiting. If an effect 

is seen, these studies would be repeated in the presence of phosphate. 

Transient-state kinetic analysis, as reviewed by Johnson (1992) [8], allows for the 

direct measurement of the sequential events leading to the conversion of substrates 

through to products. These studies may provide insights as to the specific role of 

phosphate on the activity of AK. Stopped-flow or substrate trapping methods would 

measure the rates of substrate binding and release [8]. Presteady-state product formation 

measured by chemical-quench-flow techniques would provide information regarding the 

rate of the chemistry step of the reaction and if events immediately after the bond­

breaking or bond-formation steps are involved in the limitation of overall activity [8]. 

Chemical-quench-flow measurements of single enzyme turnover can also yield 

information regarding enzyme intermediates [8]. These analyses would be performed 

both in the presence and absence of phosphate. 

AK inhibitors which include substituents which bind at the NXXE motif should 

also be investigated. During an hypoxic episode in mammalian tissues, the concentration 
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receptors which prevert tissue damage. Substrate inhibition of AK at these high 

concentrations of aden1)sine may be an endogenous response to augment this protective 

effect. If phosphate, or phosphorylated metabolites can stimulate the activity ofAK, this 

increased concentration of adenosine would rapidly be converted to AMP, thereby 

decreasing the concentration of adenosine available for interaction with cell surface 

receptors. 

Therefore, pharmaceuticals designed to inhibit AK activity which have 

incorporated substituents to bind at the NXXE motif may result in increased specificity of 

binding and decrease the likelihood ofbeing displaced by phosphorylated metabolites. A 

hypothetical inhibitor 5' -amino-pentyl-5' -deoxy adenosine phosphate has been created 

with HyperChem, version 4, and modeled in to the active site ofCHO AK with SwissProt 

PDB viewer (Fig. 6.1). The residue interactions of the adenosine moiety found in the 

human AK structure i~ retained in this model. New interactions include H-bonding of the 

phosphate group with Asn 239, Glu 242, Asn 212, and Ser 214. Hydrogen bonds are 

shown in green (within 3.5 angstroms), and close interactions of residues to substrate are 

shown in pink (3.5 to 4 angstroms). The hydrophobic interaction ofPhe 186 with the 

adenine base is shown as a pink cloud. 

Inhibitors such as the modeled 5 '-amino-pentyl-5 '-deoxy adenosine phosphate, 

and theoretical 4-amiro-5-iodo-7-(5' -deoxy-5 '-amino-pentyl-b-D-ribofuranosyl) 

phosphate, should be :;ynthesized and analyzed for their ability to inhibit AK activity. 

These compounds may be more specific for AK with reduced non-specific binding to cell 

surface adenosine receptors. 
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Figure 6.1 The Adenosine Binding site of AK. 

The residues at the adenosine binding site which interact with adenosine and a putative 
inhibitor are shown. :3ased on the coordinates for human AK bound with adenosine, 
inhibitor 5'-amino-pentyl-5' -deoxy adenosine phosphate was modeled into the active site. 



230 

6.3 References 

1. 	 Hao, W. & GuptH, R. S. (1996) Pentavalent ions dependency of mammalian 
adenosine kinase. Biochem. Mol. Bioi. Int. 38: 889-899. 

2. 	 Schumacher, M. A..., Scott, D. M., Mathews, I. I., Ealick, S. E., Roos, D. S., Ullman, 
B., & Brennan, R. G. (2000) Crystal Structures ofToxoplasma gondii Adenosine 
Kinase Reveal a Novel Catalytic Mechanism and Prodrug Binding. J. Mol. Bioi. 
296: 549-567. 

3. 	 Spychala, J., Datta, N. S., Takabayashi, K., Datta, M., Fox, I. H., Gribbin, T., & 
Mitchell, B. S. (1996) Cloning ofhuman adenosine kinase eDNA: sequence 
similarity to microbial ribokinases and fiuctokinases. Proc. Nat!. A cad. Sci. U S. A. 
93: 1232-1237. 

4. 	 Bork, P., Sander, C., & Valencia, A (1993) Convergent evolution of similar 
enzymatic function on different protein folds: the hexokinase, ribokinase, and 
galactokinase families of sugar kinases. Protein Sci. 2: 31-40. 

5. 	 Wu, L. F., Reizer, A, Reizer, J., Cai, B., Tomich, J. M., & Saier, M. H., Jr. (1991) 
Nucleotide sequence of the Rhodobacter capsulatus fruK gene, which encodes 
fructose-1-phosp hate kinase: evidence for a kinase superfamily including both 
phosphofructokinases ofEscherichia coli. J. Bacterial. 173: 3117-3127. 

6. 	 Sigrell, J. A, Cameron, A D., Jones, T. A, & Mowbray, S. L. (1998) Structure of 
Escherichia coli ribokinase in complex with ribose and dinucleotide determined to 
1.8 A resolution: insights into a new family ofkinase structures. Structure. 6: 183­
193. 

7. 	 Mathews, I. 1., Erion, M.D., & Ealick, S. E. (1998) Structure ofhuman adenosine 
kinase at 1.5 A wsolution. Biochemistry. 37: 15607-15620. 

8. 	 Johnson, K. A (J 992) in The Enzymes (Sigman, D. S., Ed.) pp 1-61, Academic 
Press, San Diego. 




